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advanced photon source
center for nanoscale Materials

advanced protein characterization facility

T HE A DvANCED P HOTON S OUrCE FACILITy

AT

A rgONNE N ATIONAL L AbOrATOry

the Advanced Photon Source (APS) occupies an 80-acre site on the Argonne national laboratory campus,
about 25 miles from downtown Chicago, illinois.
it shares the site with the Center for nanoscale materials and the Advanced Protein Characterization Facility.
For directions to Argonne, see http://www.anl.gov/directions-and-visitor-information.

the APS, a national synchrotron radiation research facility operated by Argonne for the u.S. department of energy (dOe) Office of Science, provides this nation’s brightest high-energy x-ray beams for science. research by APS
users extends from the center of the earth to outer space, from new information on combustion engines and microcircuits to new drugs and nanotechnologies whose scale is measured in billionths of a meter. the APS helps researchers illuminate answers to the challenges of our high-tech world, from developing new forms of energy, to sustaining our nation’s technological and economic competitiveness, to pushing back against the ravages of disease.
research at the APS promises to have far-reaching impact on our technology, our economy, our health, and fundamental knowledge of the materials that make up our world.

c o n ta c t u s
For more information about the APS or to order additional copies of this, or previous, issues of APS Science,
send an email to apsinfo@aps.anl.gov, or write to APS info, bldg. 401, rm. A4115, Argonne national laboratory,
9700 S. Cass Ave., Argonne, il 60439, or go to http://www.aps.anl.gov/Science/reports/ to download PdF versions.
visit the APS on the Web at www.aps.anl.gov
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Stephen k. Streiffer

May 2015
On march 26, 2015, we paused to
celebrate the 20th anniversary of first
light from our facility, the u.S. department of energy Office of Science (dOeSC) Advanced Photon Source (APS) at
Argonne. those first APS x-rays arrived
by design 100 years (although not to
the day) from Wilhelm Conrad röntgen’s discovery of the x-ray. One remarkable aspect of röntgen’s monumental achievement was the speed with
which the x-ray was adapted to a vast
array of uses, most scientific, a few not.
the evolution and proliferation of
synchrotron x-ray user facilities has
been equally remarkable. According to
a recent Nature Photonics editorial
(“Synchrotron sources accelerate,” nat.
Photonics 9, 281 [2015]), “there are 47
synchrotron radiation research facilities
based on electron storage rings (some
with more than one ring) in 23 countries
currently in operation, under construction or being planned.” As Fig. 1 shows,
industrialized nations have long realized that membership in the light-source
community is a necessity. An effort is
now under way to bring an x-ray light
source to Africa, which is, as Nature
Photonics points out, “the only habitable continent that is without a synchrotron source.”
the u.S. is a charter member of
that light-source community. the first
sighting of synchrotron radiation oc2 APS S CIENCE 2014

curred in 1947 at the general electric
research laboratory in Schenectady,
new york. the first synchrotron radiation experiment with an insertion device
was carried out at Stanford university in
1953.
today, on behalf of our nation, the
dOe-SC basic energy Sciences (beS)
Scientific user Facilities division maintains a leadership role in synchrotron
x-ray science by developing and supporting five complementary synchrotron radiation light source user facilities. the APS is one of those five,
alongside the Advanced light Source,
the linac Coherent light Source, the
Stanford Synchrotron radiation laboratory, and the new national Synchrotron light Source-ii.
Some examples of the frontier science produced by our users and the
critical technological advances
achieved by our staff follow this “Welcome.” regrettably, space in this book
does not allow for complete coverage of
even a significant fraction of the excellent results APS users produce in a
year, but more highlights can be found
on our Web site at https://www1.aps.
anl.gov.
Five new APS beamlines are in the
final stages of commissioning and are
readying to start accepting proposals
for research from the general user contingent of our user community:
• At the higher-energy diffraction
(COmPreS) beamline at 6-bm,
operated by the X-ray Science division (XSd) materials Physics &
engineering group, users can
choose between a large-volume
press for high-pressure energydispersive diffraction (edd) experiments or general edd with spatially resolved x-ray diffraction.
• the resonant inelastic x-ray scattering (riXS) beamline at 27-id-b,
operated by the XSd inelastic Xray and nuclear Scattering (iXnS)
group, will consolidate the riXS
program at the APS on one dedicated, state-of-the art insertion device beamline, offering superb en-

ergy resolution (20 mev to 30
mev) combined with advanced
beam focusing, high photon flux,
and a selection of extreme sample
environments (high-P/low-t) for
meaningful in situ experimentation.
• the intermediate energy x-ray
beamline at 29-id, operated by the
XSd magnetic materials group, is
optimized to study emergent phenomena in correlated electron systems using angle-resolved photoemission spectroscopy and
resonant soft x-ray spectroscopy.
• the dynamic Compression Sector
(dCS) at 35-id, funded by the
dOe national nuclear Security
Administration, is a first-of-its-kind
facility designed to enable mechanistic understanding of condensed
matter phenomena at extremes,
dynamic loading conditions, and
time-resolved multi-scale measurements in single-event experiments.
Other notable improvements occurred on the x-ray source side of our
facility:
• next-generation fluorescence and
Compton x-ray beam position
monitors were installed and
tested at beamlines 27-id and 35id. early results from tests at 27id were very good and further refinement of the designs are under
way to simplify and enhance
beam stability.
• the APS superconducting undulator (SCu1), which contains a
longer magnet than the SCu0
prototype but in the same kind of
cryostat, was installed at Sector
1. the SCu0, commissioned in
2013 at Sector 6, immediately began enabling excellent results for
users of that beamline — see for
instance, “making Aperiodic
Structure Crystal Clear,” APS Science 2013, pg. 32. (A revolver
undulator prototype was completed for installation at dCS in
january 2015. See page 180 of
this book.)

Fig. 1. Storage ring and free-electron laser x-ray light sources of the world.

• beamline 30-id-b,C, also operated by the XSd iXS group, received new short-period, 1.72cm-period insertion devices that
double the incident flux, and substantially improve flux density,
beam divergence, and stability for
the high-energy resolution inelastic x-ray scattering instrument.
this is having an immediate, significant impact on user operations
at 30-id; doubling the incident
flux enables users to obtain publishable data sets within as little
as one visit to the APS, instead of
multiple visits.
• At gSeCArS Sector 13, one of
three sectors at the APS managed by the Consortium for Advanced radiation Sources at the
university of Chicago, the bending magnet beamline 13-bm-C is
receiving a new diamond anvil
cell to upgrade an already worldleading high-pressure research
program.
each year, the APS produces considerable software for data reduction,
analysis, and simulation for x-ray imaging, scattering, and spectroscopy. An
on-line catalog of both nascent and ma-

ture active software development efforts
contains more than 20 on-going software development projects that have
been documented through discussion
of the scope of each code, how it is
funded and distributed, and its impact
and future development directions; additional projects are still being added.
2014 was also the year for the triennial review of the APS program by
our sponsors in the beS Scientific user
Facilities division. the reviewers noted
that, overall, the APS is doing well (“the
accelerator research and development
program…exhibits high quality and is
well managed...there are a number of
well-defined optics and detector development projects…the number of users
and publications continues to grow
every year...,” and accelerator performance was “stellar”). there were, of
course, areas where we can, and will,
improve in order to be efficient and effective in all aspects of our operation,
and thus maximize both our users’ experience at the APS and the return on
taxpayer funding of our program. high
on the beS request list was submission
of a strategic plan. that document, “the
Advanced Photon Source Five-year Facility Plan,” is now online at www1.aps.

anl.gov/the-Advanced-Photon-SourceFive-year-Facility-Plan.
When we talk about the future of
the APS, topic “A” is the proposed upgrade of our storage ring to a multibend achromat (mbA) lattice. Stuart
henderson, who leads the APS upgrade Project, has more to say on this
subject on the pages immediately following, so i will just note that this revolutionary accelerator technology can
provide our users with an x-ray source
of increased brightness that could reach
three full orders of magnitude beyond
that of the current APS. An mbA lattice
can deliver a powerful, versatile, nextgeneration facility for users of highbrightness, high-energy x-rays.
the purpose of these APS Science
highlight books is to look back at the
past year’s achievements by our users
and staff. but we always keep an eye
on future research possibilities, just as
we celebrated the first-light anniversary
as a prelude to new opportunities on
the horizon.
Stephen K. Streiffer
Argonne National Laboratory
Associate Laboratory Director,
Photon Sciences;
and Director, Advanced Photon Source
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T HE A DVANCED P HOTON S OURCE
U PGRADE P ROJECT

Stuart D. Henderson

May 2015
this has been an exciting and productive year for the APS upgrade Project. in the 11 months since i joined the
Project, we have made tremendous
progress toward our goal of building the
ultimate 3-d x-ray microscope, opening
new research frontiers for our users,
and assuring continued u.S. leadership
in the x-ray sciences.
this Project is critically important to
the future of American science. the development of a new storage ring magnet lattice design—the multi-bend
achromat (mbA)— will make it possible
to transform the APS into a fourth-generation storage ring source that will provide orders-of-magnitude increases in
brightness and coherence. the exceptional capabilities of the upgraded APS
will offer researchers access to a new
frontier of x-ray science, making it possible to map matter and dynamics
across length scales – in real time, in 3d, in macroscopic systems, in a single
experiment.
the upgrade will put the APS on
the path to continued world leadership
in hard x-ray science, creating a revolutionary scientific tool that will provide
unparalleled brightness and spatial coherence at high energies. the potential
impacts of these new capabilities will include the ability to observe and characterize individual structures as small as
single atoms inside materials, making it
possible to solve important problems in
4 APS S CIENCE 2014

chemical catalysis, cell biology, environmental science, structural materials,
and functional materials. the unprecedented coherent flux at high energies
enabled by the mbA lattice will facilitate
exciting new research techniques, such
as coherent diffractive imaging with resolution approaching the x-ray wavelength, and photon correlation spectroscopy that promises to open new
frontiers in dynamic studies. this new
technology also will provide researchers
with the highest possible spatial resolution over a broad temporal range, and
with x-ray sensitivity to atomic structure
and strain, elemental composition and
chemical states, and electronic and
magnetic structure.
it is no small task to undertake a
Project of this magnitude. but over the
past year, the APS-u team has done an
amazing job of moving forward on all
three vital and interconnected components of this Project: A credible technical concept, a robust and well-defined
Project plan, and – most importantly – a
visionary science case that will fully
convey the transformative future impacts of the APS-u.
On the technical side, we’ve done
some great work on the nuts and bolts
of the Project. We have completed a
draft of the Conceptual design report
(Cdr), a 440-page document that describes a full, coherent technical concept to meet the APS upgrade mission
need. the Cdr includes all technical
aspects of the project: Accelerator,
front-ends and insertion devices, beamlines, storage ring removal and installa-

tion, utilities, and issues related to environment, safety, health & quality
(eSh&q.) Our new machine Advisory
Committee, chaired by bob hettel at
SlAC, came to Argonne to review the
Cdr in February – despite a major
snowstorm. they were extremely positive in their comments on the accelerator concept, and they agreed that our
Cdr is well advanced for a project at
this stage.
As we move ahead on our technical plan, we are fortunate that we can
draw on the expertise of colleagues
around the world. in november, the 4th
diffraction limited Storage ring
(dlSr) Workshop was held here at Argonne. the Workshop featured presentations by distinguished scientists at
other synchrotron facilities around the
world that are adopting multi-bend
achromat (mbA) lattice technology,
which will push the performance of
high-energy storage rings towards the
diffraction limit in the hard x-ray regime.
mAX iv (Sweden) is well along in construction, SiriuS (brazil) is in the final
design stages, and several other major
facilities in europe and Asia are at various stages of design. At the Workshop,
it was instructive to hear our international and u.S. colleagues talk about
their own approaches to the challenges
we all are facing in the design, construction, commissioning and operation
of mbA storage rings.
Our Project team has made great
strides in refining APS-u’s scope, cost
and schedule over the past months.
the team is getting strong support from

a thoughtful collaboration that brings together lead personnel from Argonne’s
programmatic and mission support
staff, alumni of similar projects in the
national laboratory complex, dOe Argonne Site Office staff, and our dOeSC sponsors. to provide additional
guidance as we move forward, laboratory director Peter littlewood has convened a group of tremendously qualified leaders to serve on the APS-u’s
Project management Advisory Committee (PmAC) and provide expert guidance as we work together to launch the
upgrade, and execute the Project
within budget and on schedule.
Our good efforts on the technical
and Project fronts have been more than
matched by the progress we are making with our science case, which is the
heart of this Project. Our science team
has put together a tremendous set of
examples of ambitious science that will
be enabled by the upgrade’s high energy, brightness and coherence, and
that demonstrate how crucial the upgrade is to our nation’s scientific and
economic competitiveness.
the upgrade’s science case has
benefited greatly from the work of Stefan vogt, group leader for the microscopy X-ray Science division, who
has become the APS’ Principal Science
Advisor to the upgrade Project, and
Paul evans, Professor of materials Science and engineering at university of
Wisconsin, who is serving as a senior
consultant on the Project. Stefan, Paul,
and APS director Stephen Streiffer
have been engaging with leaders

across the community to identify and
develop some of the user community’s
most exciting research ideas. Over the
next year, they will be working with the
full user community to expand and
deepen our vision of the upgrade’s revolutionary multidisciplinary impacts.
At this writing, we are working to
organize a series of Science Planning
workshops to identify some of the highest-impact early science opportunities
that will be enabled by the upgrade.
the workshops are designed to focus
on the wide range of science that the
APS upgrade will make possible. We
expect these workshops to lead to a report, Early Science at an Upgraded Advanced Photon Source, that will help us
document the upgrade’s most exciting
scientific opportunities and map out the
high-level technical requirements necessary to pursue them.
to keep our user community up-todate on our plans and progress, we
have established the APS upgrade Forum, a regular meeting to provide information and promote discussion around
upgrade topics of mutual interest to
beamline scientists, accelerator and
Project staff, and the larger scientific
community. Associate Project manager
dean haeffner and Stefan vogt are organizing these forums, which have become a useful mechanism for communication and discussion between the
upgrade team and our resident scientific community at the APS. the Forums
have provided some good opportunities
to connect with users, talk about our
plans, and discuss their questions and

concerns, and we look forward to continuing those conversations in the
months to come.
ultimately the success of the APS
lies in the excellence and creativity of
the researchers who have made it one
of the most productive and successful
scientific tools in the world. As we take
the next steps in this important Project,
our top goal is to work even more
closely with our users to articulate and
implement a clear, compelling longterm vision of the APS upgrade and the
revolutionary science it will make possible.
i encourage every member of our
user community and staff to contribute
energetically and creatively to this
process, sharing your thoughts, concerns, expertise and ideas as we work
together to achieve this vital upgrade
and keep the APS at the forefront of the
world’s hard x-ray lightsources. As this
Project moves forward, we are counting
on you to bring your best ideas and
your most creative solutions to this
shared enterprise.
thank you.

Stuart D. Henderson

Argonne National Laboratory
Deputy Associate Laboratory Director,
Facility Development, Photon Sciences;
and Director,
Advanced Photon Source Upgrade Project
the APS upgrade Project is funded by the
u.S. department of energy Office of Science under Contract no. de-AC02-06Ch11
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A CCESS

TO

B EAM T IME

AT THE

APS

Five types of proposals are used at the APS: general user, Partner or Project user, Collaborative Access team (CAt) member, CAt staff, and APS staff. All beam time at the APS must be requested each cycle through the web-based beam time request System. each beam time request
(btr) must be associated with one of the proposals mentioned above.

gENErAL USEr PrOPOSALS AND bTrS

Proposals are peer reviewed and scored by a general user Proposal review Panel, and time
is allocated on the basis of scores and feasibility. A new btr must be submitted each cycle; or
each cycle, allocation is competitive. Proposals expire in two years or when the number of shifts
recommended in the peer review has been utilized, whichever comes first.

PArTNEr Or PrOjECT USEr PrOPOSALS AND bTrS

Proposals are peer reviewed by a general user Proposal review Panel and reviewed further
by a subcommittee of the APS Scientific Advisory Committee and by APS senior management. Although a new btr must be submitted each cycle, a specific amount of beam time is guaranteed for
up to three years.

CAT mEmbEr PrOPOSALS

Proposals from CAt members are typically much shorter and are reviewed by processes developed by individual CAts. Allocation/scheduling is determined by the CAt management.

CAT AND APS STAFF mEmbEr PrOPOSALS AND bTrS

these proposals are also very short and are reviewed through processes developed by either
the CAt or the APS. each CAt/beamline determines how beam time is allocated/scheduled. Collaborative Access team and/or APS staff may submit general user proposals, in which case the
rules for general user proposals and btrs are followed.
in addition to the above, the APS has developed a pilot industrial measurement Access mode
(mAm) program to provide a way for industrial users to gain rapid access for one-time measurements to investigate specific problems. A mAm proposal expires after one visit.
the “APS user information” page (https://www1.aps.anl.gov/users-informationl) provides access to comprehensive information for prospective and current APS users.
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APS S ECTORS : At the APS, a “sector” comprises the radiation sources (one bending magnet and nominally one
insertion device, although the number of insertion devices in the straight sections of the storage ring can
vary), and the beamlines, enclosures, and instrumentation that are associated with a particular storage ring
sector. The APS has 35 sectors dedicated to user science and experimental apparatus. X-ray Science Division (XSD) sectors comprise those beamlines operated by the APS. Collaborative access team (CAT) sectors
comprise beamlines operated by independent groups made up of scientists from universities, industry, and/or
research laboratories.
Key to the beamline descriptions that accompany each science highlight: beamline designation • Sector operator •
Disciplines • Techniques • radiation source energy • User access mode(s) • general-User status •
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E LECTRONIC &
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S TRESSING O UT C OPPER TSV S

I

WITH

T EMPERATURE

n the past, microelectronics were essentially a two-dimensional
affair based upon flat integrated circuit chips connected to each
other. then, engineers opened up the third dimension, with
integrated circuit chips stacked one atop another and joined
electrically by vertical copper interconnects called through-silicon vias
(tsvs) that passed completely through the silicon wafers (fig. 1). But
while such tsv technology allows denser circuit design with higher
performance, it also increases susceptibility to the inevitable thermal
fatigue that occurs in any physical system repeatedly subjected to
fluctuating temperature extremes. to understand how thermal cycling
leads to mechanical stresses and failure in tsvs, a team of
investigators examined copper (cu) tsvs with synchrotron-based x-ray
micro-diffraction experiments carried out at the aps. their work
provides an important and previously unavailable in situ perspective
into the fundamental effects of thermal cycling in copper tsvs.

10

circuit board: aps feedback power supply interface, courtesy of robert laird,
aEs-controls • lightning photo: thomas Bresson, https://commons.wikimedia.org/wiki/file:thomas_Bresson_-_Eclairs-1_%28by%29.jpg
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higher stresses obbased on these
served in the 1000-cyexperiments, the invescled tSv sample, which
tigators from the nameasured 353 ± 21 mPa
tional institute of Stanat their maximum value
dards and technology,
in the center of the tSv.
Argonne, and SemAtthe continued ineCh suggest that curcrease in dislocation
rently employed “keepdensity and entangleout zone” design rules
ment caused by reshould be modified to
peated thermal cycling
account for the obwill eventually lead to
served evolution of
the formation of defects
these thermally-insuch as microscopic
duced stresses over
cracks and voids, which
time, instead of merely
can result in structural
accounting for only the
weakness and failure as
static stresses present
Fig. 1. Schematic diagram of a three-dimensional stacked integrated circuit, achieved using
damage continues to acin newly-fabricated Cu
copper through-silicon via (TSv) interconnects. The large mismatch in the coefficient of thercumulate. these retSvs.
mal expansion (CTE) between copper TSv and surrounding Si leads to large stress build-up.
searchers note that such
While some previrepeated thermal cycling
ous studies have exand damage in Cu tSvs
amined the reliability of
will
adversely
affect
the performance
Cu tSv interconnects after thermal cytSv depth. the mean absolute hydroand lifespan of neighboring front-endcling, no work had been published that
static stress in the sample was measof-line devices. — Mark Wolverton
experimentally related the built-up
ured at 16 ± 44 mPa, a value attributed
stresses (which are the underlying
to stress relaxation resulting from storSee: Chukwudi Okoro1, lyle e.
cause of failure in Cu tSvs) with the
age at room temperature for nine
witnessed number of thermal cycles.
months.
levine1, ruqing Xu2, klaus
in this experiment, the researchers
the tSv subjected to 1000 therhummler3, and yaw Obeng1,
examined and compared Cu tSvs in
mal cycles also displayed significant
“Synchrotron-based measurement of
an “as received” state (new and unfluctuations in stress along its depth.
the impact of thermal cycling on the
used, without any thermal cycling exhowever, the stresses were signifievolution of stresses in Cu throughcept during the manufacturing process)
cantly greater, measuring an average of
silicon vias,” j. Appl. Phys. 115,
with identical tSvs subjected to 1000
eight times higher at 123 ± 37 mPa.
243509 (2014). dOi:
thermal cycles.
Significant differences were also meas10.1063/1.4885461]
utilizing their previously demonured in shear stresses between the asAuthor affiliations: 1national institute
strated measurement procedure, which
received sample and the cycled tSv at
of Standards and technology,
2Argonne national laboratory,
includes a depth-profiler and three optidifferent depths.
3SemAteCh
mally positioned area detectors, the inthe as-received tSv showed a
vestigators achieved in situ determinamean absolute shear stress of 28 ± 20
Correspondence:
tion of the full strain and stress tensors
mPa with a maximum of 73 ± 19 mPa
* chukwudi.okoro@nist.gov
as a function of tSv depth.
at a 32.5-µm depth, while the cycled
this research used resources of the AdSamples were studied at the XSd
tSv demonstrated a maximum shear
vanced Photon Source, a u.S. department
34-id-e beamline at the APS. the team
stress of -118 ± 18 mPa at 22.5-µm
of energy Office of Science user Facility
subjected one tSv to thermal cycling
depth, and a mean absolute shear
operated for the dOe Office of Science by
that involved repeated heating and
stress of approximately 34 mPa. differArgonne national laboratory under Concooling from 30˚ C to 150˚ C. the x-ray
ences in grain orientation coupled with
tract no. de-AC02-06Ch11357.
micro-diffraction instrument on the 34the variation in the confinement of the
id-e beamline provided depth-depentSv resulted in the depth-dependent
34-id-e • XSd • materials science, physics,
environmental science, geoscience • mident data for stress characterization,
stress fluctuations measured in both
crodiffraction, laue crystallography, mialong with information on lattice and
the as-received and cycled tSv samcrobeam • 7-30 kev • On-site • Accepting
crystallographic structure.
ples.
general users •
the stresses in the as-received Cu
the researchers cite strain hardentSv sample were quite low, although
ing resulting from the entanglement of
they fluctuated somewhat along the
dislocations as the cause of the much
a rgonnE n ational l aBoratory
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E ARTH -C RUSHING P RESSURE ?
T HIS E LECTRON S PIN D OESN ’ T C ARE

T

o fully understand something, it is often instructive to view it at its extremes. how do materials behave when their bits are forced much closer
together than is comfortable? how do electrons accommodate proximity?
What normal behaviors break down? the highest pressure a nuclear submarine
can safely experience is around 850 lbs per sq in. (psi), or nearly 6 million Pascals
(Pa). Pressure washers spew out water at roughly five times this pressure, or 30
million Pa. three-hundred miles below the surface of the earth, in a part of the
mantle called the transition zone, minerals are squeezed at an immense 15-billion
Pa — enough to turn carbon into diamonds. this is the kind of intense environment
that researchers working at the APS applied to gdSi, a compound of gadolinium
(gd) and silicon (Si) with the potential to be well-suited for computer memory and
magnetic sensors. these results provide new information about the interplay between electron spin, charge, and atomic arrangement, and how a material’s magnetic properties change under extreme conditions.
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While a diamond anvil cell bore
down on the crystalline fleck, x-rays
penetrated within, bouncing off of,
ejecting, and energizing the material’s
component parts, and relaying back to
the researchers information about the
locations and states of its atoms and
electrons.
despite shrinking by one-seventh
of its volume, the team discovered that
gdSi’s magnetism remained robust.
this behavior was surprising. high
pressure will often quench a magnet.
but here, the electrons responded to
the harsh conditions by forming a resilient superstructure —ideal behavior
for digital memory that needs to withstand abuse.
Some computer memory is based
on a concept called “giant magnetoresistance.” these devices consist of
thin, alternating layers of magnetic and
non-magnetic materials that interact
such that changes in magnetic attraction and repulsion of one layer affect
the electrical resistance in the next.
Small magnetic fluctuations can create
large electronic variations. in this way,
digital information can be stored: electric signals change the characteristics
of the magnetic material and when the
user wants that information back, the
magnetic material changes electron
flow in the adjacent non-magnetic layer
and the digital information is read back.
< Fig. 1. X-rays from a synchrotron-based
source are so brilliant that it is now possible to
perform magnetic diffraction in a specially-designed, high-pressure diamond anvil cell at
pressures above 15 gPa (circular inset). A
sample’s magnetic nature is reflected in the
modified polarization of the x-rays in both
transverse directions. When applied to gdSi,
the researchers were able to directly trace its
antiferromagnetism over a large volume reduction of up to 1/7th of the original size (main
figure). The magnetism was found to remain
constant, while the pressure's effect is reflected
in the gradual change in the material's band
structure. The Fermi surface, which supports
the formation of itinerant antiferromagnetism
at ambient pressure, grows increasingly one dimensional (to a sheet shape) under pressure
(three inset panels). However, as long as it survives, magnetism does as well.

One of the challenges with memory storage is stability. Sometimes the
thin layers of material do not match up,
and this causes great internal stress.
heat adds another layer of instability. if
these stresses change the magnetic
material, information is lost. A material
like gdSi, which retains its magnetism
despite great stress, could make for
very stable memory storage.
but what causes this behavior? it
can be traced, in part, to a cooperative
interaction between mobile electrons
and localized spins. With high-sensitivity x-ray diffraction, the researchers examined both the atomic structure and
the magnetic state of the gdSi crystal
as it was squeezed from all sides (see
the figure). until recently, such direct
magnetic tracking was nearly impossible and in fact, this is the first successful use of x-ray magnetic diffraction at
such high pressures.
Previously, researchers had to rely
on more indirect methods. now, utilizing the high-brightness x-rays from the
4-id-d x-ray beamline at the APS, the
team could “watch” how the magnetic
states evolved and compare their observations with theoretical calculations.
Previous work had shown that these interactions should stabilize gdSi’s magnetism, but now the researchers were
able to prove that these effects remained under high pressure.
With experimentally sourced lattice
information, the researchers in this
study from Argonne; the university of
Chicago; los Alamos national laboratory; the national Science Foundation;
the university of tennessee, knoxville;
and Oak ridge national laboratory
then calculated the structure of gdSi’s
electronic energy bands — the ranges
of energy that an electron within the
material may assume. these energy
bands depend on many factors, including the location of atomic species, as
well as the long-range atomic patterns
(Fig. 1).
the researchers found that
through the entire pressure range one
dominant band flattened yet still persisted. this continuity likely benefited
from the material’s stable atomic structure — gd atoms in hexagonal sheets,
layered to form tubes surrounding

paired Si atoms, a linear arrangement
that translated into robust electronic
bands. each is connected: the lattice
created a stable electron band, which
together with stable local spins helped
to maintain the material’s robust magnetism despite immense pressure.
the interplay between electron
spin, charge, and atomic arrangement
is complex and not always fully understood. gdSi clearly has potential as a
material well-suited to computer memory and magnetic sensors but beyond
this, the ability to observe how a material’s magnetic properties change under
extreme conditions should promote
more discoveries. researchers now
have a new window into the complex
lives of electrons under stress.
— Jenny Morber

See: yejun Feng1, 2*, jiyang Wang2, A.
Palmer2, j.A. Aguiar3, b. mihaila4, j.-q.
yan5,6, P.b. littlewood2,1, and t.F.
rosenbaum2**, “hidden one-dimensional spin modulation in a three-dimensional metal,” nat. Commun. 5,
4218 (2014).
dOi: 10.1038/ncomms5218
Author affiliations: 1Argonne national
laboratory; 2the university of Chicago;
3los Alamos national laboratory; 4national Science Foundation; 5university
of tennessee, knoxville; 6Oak ridge
national laboratory
Correspondence: * yejun@aps.anl.gov,
** t-rosenbaum@uchicago.edu
P.b.l. was supported by the materials Sciences and engineering division, basic energy Sciences, u.S. department of energy
(dOe). b.m. was supported in part by the
dOe under the lAnl-ldrd program. A.P
was supported in part by the dOe Office of
Science graduate Fellowship under Contract no. deAC05-06Or23100. under a material transfer Agreement. this research
used resources of the Advanced Photon
Source, a dOe Office of Science user Facility operated for the dOe Office of Science
by Argonne national laboratory under Contract no. de-AC02-06Ch11357.
4-id-d • XSd • Physics, materials science •
Anomalous and resonant scattering (hard xray), magnetic x-ray scattering (hard x-ray),
magnetic circular dichroism • 2.7-40 kev • Onsite • Accepting general users •
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TO U NDERSTAND W HAT M AKES A
TOPOLOGICAL I NSULATOR , Z OOM O UT

T

en years ago, a student in an undergraduate physics course would likely learn
electron behavior in three basic material types: conductors, insulators, and
semiconductors. but about five years ago, an exciting newcomer hit the physics
spotlight – topological insulators. topological insulators act like insulators on the interior, but conduct on the surface. to better understand these unique materials, an international team of researchers carried out experiments at the APS seeking answers
to questions such as: Which compounds can exhibit topological states? And what, exactly, are the necessary conditions? A better understanding of the electron interactions
that lead to topological states may help advance spintronics devices and practical
quantum computing. Perhaps more importantly, studies like these give scientists another puzzle piece to a phenomenon many regard as one of the most exciting physics
developments of this decade.
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unlike most materials, which are
insulators or conductors through and
through, topological insulators conduct only on the surface. these materials behave as if there is a strong
magnetic field holding otherwise conducting electrons in place on the inside whose influence breaks up at the
edges. except there is no external
magnetic field—the effect comes
about from interactions between electrons’ orbital movements around the
nucleus and their spin. it’s a little like
a waltz. if electron spins match up
just right with their orbital motion, they
can “dance” around the outside, while
electrons in the middle only spin and
never move around.
to probe electron behavior, the
researchers from iFW dresden (germany), the university of toronto
(Canada), Seoul national university
(South korea), the max-Planck-institut für Physik komplexer Systeme
(germany), the joint institute for nuclear research (russia), POSteCh
(South korea), Argonne, and the
technical university dresden (germany) utilized inelastic x-ray scattering at XSd beamline 9-id-b,C at the
APS. (Supplementary high-resolution
measurements using the meriX
spectrometer were carried out on
XSd beamline 30-id-b,C). the research team employed the inelastic xray scattering technique, in which energy in the form of an x-ray photon
kicks an electron up to a higher energy level, leaving a lower-level hole.
A nearby electron falls down to fill the
hole, and releases its own photon. by
carefully recording the energy of the
photons going into a material, and the
energy of the photons coming out, researchers can develop an understanding of how the material’s electrons are arranged.
the team studied how electrons

< Fig. 1. Three-dimensional network of cornersharing Iridium (Ir) tetrahedra (blue) in A2Ir2O7
iridates, and the hexagonal rings of A ions
(yellow) around four of the Ir sites. Each hexagon is part of a planar kagome net. (A
kagome net is a two-dimensional pattern of
edge-sharing hexagons and triangles.) The
smaller-volume O-ligand cages around each
cation, distorted O6 octahedra around Ir, and
distorted O8 cubes around the A sites, are not
shown.

in compounds that may form topological insulators fill their energy levels,
and how these energy levels change
as key elements change. here the investigated compounds were of the
form A2ir2O7, where A can be any of
the lanthanide metal elements samarium (Sm), europium (eu), lutetium
(lu), or transition metal yttrium (y; ir
is iridium and O is oxygen.)
topological states had been predicted in these compounds, but whether
the materials actually exhibit the unique
conducting behavior was unclear. in
these materials, the strength of spin-orbit interactions matches well with that of
the electron-electron interactions. the
former give rise to topological states,
while the latter are detrimental to them.
it is a competition, and it was felt that
the outcome hinged on distortions
around small groups of atoms.
in A2ir2O7 compounds, the A
atoms frame a hexagonal ring around
each irO6 octahedron. Above and below are three additional irO6 octahedra
(Fig. 1). theory predicted that jostling
and distortions of and among the O6 ligand cages would determine topological
phase behavior in such A2ir2O7 materials. instead, the x-ray measurements
and electronic-structure calculations
showed that the influence from interactions across the extended three-dimensional networks of both A and ir sites is
much stronger (Fig. 2). it turns out that
local ligand distortions don’t matter
nearly as much as longer-range lowsymmetry fields.
these results are not just relevant
for the few compounds investigated
here. the authors suggest that researchers may have underestimated
longer-range electrostatics in numerous
transition-metal series compounds.
Failure to accurately predict topological
states indicates that we do not yet fully
understand them. Work such as this
draws us closer to understanding and
exploiting this exciting new topological
state of matter. — Jenny Morber

See: l. hozoi1*, h. gretarsson2,
j.P. Clancy2, b.-g. jeon3, b. lee3,
k.h. kim3, v. yushankhai4,5, Peter
Fulde4,6, d. Casa7, t. gog7, jungho
kim7, A.h. Said7, m.h. upton7, youngjune kim2, and jeroen van den
brink1,8, “longer-range lattice

Fig. 2. resonant inelastic x-ray scattering spectra of y2Ir2O7 and Eu2Ir2O7 at the Ir L-edge.
(The edge name depends on the core electron
excited by the x-ray. Here, L-edge indicates
2p electrons.) Dashed curves are the result of
fitting; vertical dashed lines show the results of
electronic-structure calculations for the Ir 5dlevel excitations. Two distinct spectral features,
E1 and E2, in the range of 0.5-1 ev indicates
significant deviations from cubic symmetry.

anisotropy strongly competing with
spin-orbit interactions in pyrochlore iridates,” Phys. rev. b 89, 115111 (2014).
dOi: 10.1103/Physrevb.89.115111
Author affiliations: 1iFW dresden, 2university of toronto, 3Seoul national university, 4max-Planck-institut für Physik
komplexer Systeme, 5joint institute for
nuclear research, 6POSteCh, 7Argonne national laboratory, 8technical
university dresden
Correspondence:
* l.hozoi@ifw-dresden.de
research at the university of toronto was
supported by the natural Sciences and engineering research Council of Canada, the
Canada Foundation for innovation, and the
Organic materials review institute. Work at
Seoul national university was supported by
the national Cri (2010-0018300) program.
l.h. acknowledges financial support from
the german research Foundation
(deutsche Forschungsgemeinschaft, dFg).
this research used resources of the Advanced Photon Source, a u.S. department
of energy Office of Science user Facility operated for the dOe Office of Science by Argonne national laboratory under Contract
no. de-AC02-06Ch11357.
9-id-b,C • XSd • Chemistry, materials science
• liquid surface diffraction, ultra-small-angle xray scattering • 4.5-30 kev • On-site • Accepting general users

30-id-b,C • XSd • Physics, materials science
• inelastic x-ray scattering • 5-30 kev, 23.723.9 kev • On-site• Accepting general users •
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H OW M AGNETIC D IMERS I NTERACT
TO C REATE LONG -R ANGE O RDER

R

esearchers carrying out experiments at the APS and at the Spallation neutron Source at Oak ridge national laboratory have shed new light on how
magnetic long-range order forms and remains stable despite the presence of
disruptive quantum fluctuations. Since the material under study, SrCu2(bO3)2 (SCbO),
bears important similarities to layered Cu-O compounds that exhibit high-temperature superconductivity, the research may provide insights into this form of quantum
magnets as well, which has eluded thorough understanding for nearly 30 years.

Fig. 1. Schematic of local dimer rearrangements at the onset of long-range order. (A) magnetic structure of SCbO based on the theoretical model’s prediction of an antiferromagnetic ground state. The
solid lines show the intra-dimer Cu2+ couplings. (b) Proposed magnetic structure of SCbO extracted
from diffraction data collected at a pressure of 5.5 gPa and temperatures below about 122 k. The
no longer equivalent red and blue Cu–Cu dimers are elongated and compressed, respectively, and tilt
out of the crystallographic a–b plane.
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SCbO contains magnetic spins that
derive from Cu2+ ions sitting at the corners of square lattices on stacked, wellseparated, two-dimensional sheets. the
result is a network of Cu-Cu couplings of
various strengths. Copper ions that are
closest to one another on each atomic
sheet are strongly bound together, forming dimers through exchange interactions. these Cu ion dimers experience
inter-dimer couplings with nearest-neighbor dimers on the same sheet and with
nearby dimers on adjacent sheets. the
dimers give rise to a non-magnetic state
at ambient pressure; however, it has
been theoretically predicted that SCbO
can be driven to an antiferromagnetic
state by applying sufficient pressure.
SCbO is an experimental realization
of an important theoretical model of how
sheets of magnetic spins interact. Although the antiferromagnetically ordered
phase was predicted, it had not been directly measured nor was there any insight into how a two-dimensional system
could accommodate long-range order.
the researchers in this study, who are
based at the university of Chicago, Argonne, the university of bristol, Oak
ridge national laboratory, and mcmaster university, were able to observe the
long-anticipated ordered phase using a
new high-pressure single-crystal neutron
scattering technique at the SnAP beamline of the u.S. department of energy’s
Spallation neutron Source at Oak ridge
national laboratory.
the team performed a battery of experiments using x ray and neutron diffraction techniques at pressures up to 6
gPa. these measurements revealed the
complex interplay of structural distortions
and spin alignments that permit longrange magnetic order to emerge.

Co-author Sara Haravifard with the six-circle diffraction stage in the 4-ID-D experiment station.

the data showed that the antiferromagnetic state of SCbO becomes stabilized through subtle dimer contractions, elongations, and tilts, which
impact the relative strengths of the intra-dimer and inter-dimer couplings.
the results of x-ray scattering
measurements at XSd beamline 4-id-d
of the APS were particularly valuable in
showing that couplings between the ordered, tilted dimers on consecutive
sheets contribute importantly to the
long-range order that arises, and thus
that the antiferromagnetic phase
emerges from inherently three-dimensional magnetic and structural distortions. the x-ray data also enabled the
researchers to pinpoint the phase transition temperature as being 122 k.
Complementary high-resolution
powder neutron diffraction measurements conducted at the SnAP beamline added more detail to this picture by
determining the atomic positions of the
copper ions as they shifted with temperature at a pressure of 5.5 gPa.
Above 122 k, all of the dimers were
found to be equivalent in that they were
of equal length and remained within the
plane of their respective atomic sheet.
At 122 k and below, these previously equivalent dimers separated into
two interleaved sets of dimers of different lengths. One set consisted of elongated dimers, while the other set contained contracted dimers. both sets of

dimers became tilted as well, with the
elongated dimers showing a larger slant
(13°) than the subtle tilt (5°) evidenced
by the contracted dimers (Fig. 1). these
results provided additional evidence
that the antiferromagnetic state in
SCbO is due to three-dimensional magnetic and structural distortions.
At a pressure of 5.5 gPa, the researchers observed that the system
went into the antiferromagnetic phase
at temperatures below 122 k. the results illuminate the microscopic mechanism needed to stabilize long-range order, revealing that the very subtle
expansions, contractions, and tilts of
the dimers permit the long-range order
to emerge.
So although the system has a dimensional crossover from two dimensions to three dimensions, it is barely
three dimensional, and the combination
of x-ray and neutron diffraction results
indicate that this subtle emergence in
the third dimension is driven by the
anisotropic weak spin-orbit magnetic interactions between the Cu dimer layers.
this underscores the importance of
such interactions to the formation of exotic magnetic ground states.
— Vic Comello

See: S. haravifard1,2, A. banerjee1,3, j.
van Wezel4, d.m. Silevitch1, A.m. dos
Santos3, j.C. lang2, e. kermarrec5, g.
Srajer2, b.d. gaulin5, j.j. molaison4,

h.A. dabkowska5, and t.F. rosenbaum1,*‡, “emergence of long-range
Order in Sheets of magnetic dimers”,
Proc. natl. Acad. Sci. uSA 111, 14372
(2014). dOi: 10.1073/pnas.1413318111
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I

S QUEEZING O UT

THE

H IDDEN L IVES

OF

E LECTRONS

n our daily lives we tend to think of electrical conductivity as largely static:
Copper is a good choice for conduction; clay is not. but heat up that copper wire, and electron conduction slows. give a flake of that ceramic a
good squeeze, and conduction may perk up. Conductivity is determined by
much more than simple chemistry. metal-to-insulator transitions have excited
and perplexed researchers for over a century, and they continue to provide
fodder for research today. the key to understanding what causes changes in
material conductivity lies in teasing out contributions from structural atomic
arrangements and electron interactions. researchers using high-energy xrays from the APS have managed to disentangle these components in vanadium sesquioxide (v2O3), an extensively studied model solid. by decoupling
the effects of spin, charge, and lattice variables in v2O3, the team is uncovering a mechanism that has eluded researchers for six decades.

Fig. 1. Electrical resistance as a function of pressure in v2O3. As pressure increases from 5 gPa,
resistance decreases as expected. At 12.5 gPa the sharp increase in resistance is an unexpected result of electron-lattice interactions. At ~33 gPa, the material's corundum hexagonal
structure changes to monoclinic, and resistance rises more sharply due to electron-electron interactions. Here the material is on the cusp of a metal-to-insulator transition.
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With measurements performed at
the leriX instrument at XSd beamline
20-id-b,C, and at the hP-CAt beamline 16-bm-d, both at the APS, and calculations from the XSd theory group,
the researchers have identified a structural phase change in v2O3 that occurs
under great pressure, but without the
usual metal-to-insulator transition. the
interplay between crystal structure and
electronic properties underlies almost
every modern device, from pressure
sensors to superconducting high speed
trains.
under normal conditions, v2O3 is a
black metallic solid with a corundum
crystal structure, like that of rubies and
sapphires. With changes in temperature it undergoes spectacular metal-toinsulator transitions, often with changes
in magnetic behavior as well. these unusual properties make v2O3 a material
of choice in devices that include temperature sensors and current regulators.
researchers had previously reported interesting behavior in v2O3 as
temperature changed and pressure remained constant. here the team tested
the opposite condition, monitoring the
material's resistance while increasing
the pressure at a constant temperature.
At first everything seemed normal:
as the pressure increased the material's resistance also decreased. but
around 12.5 gPa the resistance began
to rise. this result was unexpected.
even more unusual, at greater pressures near 33 gPa, the material's
structure changed from corundum to a
more compact monoclinic arrangement
of atoms, but this change was not accompanied by a corresponding spike in
resistance (Fig. 1). the material remained metallic. Previously, all corundum to monoclinic changes in structure
had been accompanied by a simultaneous transition from metallic to insulating
behavior.
to understand what was happening, the researchers from Argonne;
Stanford university; the korea Advanced institute of Science and technology; the Pacific northwest Consortium Synchrotron radiation Facility; the
Carnegie institution of Washington; jilin

university (China); the university of nevada, las vegas; the Center for high
Pressure Science and technology Advanced research (China); and northern illinois university performed inelastic x-ray scattering measurements and
compared the results with theoretical
simulations. because inelastic x-ray
spectroscopy measures the unoccupied
vanadium electron valence states,
these measurements provide a more
detailed picture of electron screening
interactions.
While the resistivity measurements
clearly showed changes at 12.5 gPa,
the inelastic x-ray spectra showed no
differences up to the phase change
pressure of 33 gPa. this means that
the early changes in resistance were
due not to changes in electron correlations, but to interactions between electrons and the lattice (or phonons).
At high pressure the electronic
structure changed drastically in the inelastic x-ray spectra, suggesting an increase in electron correlations, but not
quite enough to tip the material into the
category of an insulator. At such high
pressure, v2O3 is on the verge of becoming an insulator, but can't quite
make the change due to competing effects from the lattice.
this work adds another clue to our
understanding of how long-range
atomic arrangement and local electron
interactions work competitively to manifest metal-to-insulator transitions in
solids.
the next step will be to explore
electron correlations in v2O3 by using
more advanced techniques, such as
the resonant x-ray inelastic scattering
method with temperature, as another
parameter to extend the unique phase
diagram of v2O3. — Jenny Morber
See: yang ding1*, Cheng-Chien Chen1,
qiaoshi zeng2, heung-Sik kim3, myung
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Steve m. heald1, thomas gog1, hokwang mao5,8, and michel van veenendaal1,9, “novel high-pressure
monoclinic metallic phase of v2O3,”
Phys. rev. lett. 112, 056401 (2014).
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X- RAY S CATTERING S TUDIES OF THE S PIN D ISORDER
AND M AGNETIC C OUPLING IN C HROMIUM S PINELS

W

hile magnesium chromite (mgCr2O4) and zinc chromite (znCr2O4) spinels have been
extensively studied, the effects of spin and lattice disorder on the structural ground
states of these frustrated materials had not been investigated until recently. employing variable-temperature high-resolution x-ray diffraction, performed on the XSd 11-bm-b
powder diffraction beamline at the APS, and time-of-flight neutron scattering, performed at the
neutron Powder diffractometer (nPd) at los Alamos national laboratory, researchers from the
university of California, Santa barbara; Argonne; the university of illinois at urbana-Champaign;
and los Alamos national laboratory have shown that even slight spin disorder on the nonmagnetic mg2+ and zn2+ sites can significantly alter the structural ground states of these systems.
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Chromium-rich spinels (ACr2O4,
where A = mg, zn) have attracted intense interest in recent years due to
their multifaceted and often surprising
magnetic ground state configurations.
these ground states arise from a complex network of strong magnetic and
structural interactions involving cations
on two sublattices; A2+ cations occupy
tetrahedral sites on one sublattice and
Cr3+ cations with antiferromagnetically
interacting spins populate octahedral
sites on the other sublattice. the geometric arrangement of Cr3+ cations on a
pyrocholore network of corner sharing
tetrahedra inhibits antiferromagnetic
coupling, thus resulting in “geometric
frustration.” Spin frustration suppresses
the onset of magnetic order to low temperatures and leads to structural distortions occurring concomitantly with antiferromagnetic ordering, an effect known
as spin-jahn-teller ordering. Spinels
exhibit a vast array of magnetic phenomena due to the presence of two
cation sites, which accommodate significant compositional diversity along
with the high degree of interconnectivity
in this structure.
the researchers introduced small
amounts of magnetic cations on the nonmagnetic A sites of mgCr2O4 and
znCr2O4. Specifically, they examined the
effects of these dilute A-site spins on the
structural changes that accompany mag< Fig. 1. The evolution of magnetism (top panels) and structure (bottom panels) in the spinels
ZnCr2O4, Zn0.8Co0.2Cr2O4, and Zn0.8Cu0.2Cr2O4.
All of these spinels show frustrated magnetic
interactions with magnetic ordering occurring
at 12.3 k, 11 k, and 16 k in ZnCr2O4,
Zn0.8Co0.2Cr2O4, and Zn0.8Cu0.2Cr2O4, respectively. magnetism evolves from antiferromagnetism in ZnCr2O4 to ferrimagnetism in
Zn0.8Co0.2Cr2O4 and Zn0.8Cu0.2Cr2O4. The bottom
panels show the changes in the high-temperature cubic (800) reflections with temperature.
While the onset of antiferromagnetic order in
ZnCr2O4 is accompanied by a structural distortion, substitution of Co2+ for Zn2+ completely
suppresses the spin-jahn-Teller distortion of
Zn0.8Co0.2Cr2O4. In contrast, the substitution of
Cu2+ for Zn2+ introduces lattice distortions
above the magnetic ordering temperature of
Zn0.8Cu0.2Cr2O4. Despite the high-temperature
average structure distortion in Zn0.8Cu0.2Cr2O4,
this system remains geometrically frustrated.

netic ordering in these spinels. the magnetic substituents Co2+ and Cu2+ were
selected, resulting in the powder samples of zn1-xCoxCr2O4, mg1-xCuxCr2O4,
and zn1-xCuxCr2O4 (in all cases, x ≤ 0.2).
the similarity in ionic radii between the
A-site cations in these compositions
minimized lattice distortions due to
cation size discrepancies while allowing
the researchers to probe the effect of
dilute A-site spins on the structural
ground states of these spinels. While
Co2+ and Cu2+ substitutions both introduce spin interactions on the nonmagnetic A sites of mgCr2O4 and znCr2O4,
Cu2+ cations have degenerate electronic ground states, and therefore they
also introduce structural distortions
around the Cu2+ cation in order to
achieve a unique electronic ground
state. the researchers showed that
both Co2+ and Cu2+ substitutions alter
the spin-jahn-teller distortions of
mgCr2O4 and znCr2O4; however, these
cations influence the structural ground
states of mgCr2O4 and znCr2O4 differently.
the substitution of magnetic Co2+
on the nonmagnetic zn2+ site in
zn1−xCoxCr2O4 completely suppressed
the spin-jahn-teller distortion of
znCr2O4, although zn1-xCoxCr2O4 remained frustrated with magnetic ordering transitions occurring at temperatures below 20 k. in contrast, spin and
lattice disorder due to the substitution
of Cu2+ in mg1−xCuxCr2O4 and
zn1−xCuxCr2O4 induced so-called jahnteller distortions above the magnetic
ordering temperatures of these compounds. despite the jahn-teller structural distortions in mg1−xCuxCr2O4 and
zn1−xCuxCr2O4, antiferromagnetic interactions remained frustrated with longrange magnetic ordering occurring below 20 k with no accompanying
structural transformations. in other
words, the jahn-teller-active Cu2+
cations decoupled structural and magnetic ordering in mgCr2O4 and
znCr2O4, even when substituted in only
small amounts. the jahn-teller-distorted solid solutions mg1−xCuxCr2O4
and zn1−xCuxCr2O4 adopted the orthorhombic structure of ferrimagnetic
CuCr2O4, with analysis of distortions in
zn0.8Cu0.2Cr2O4 indicating a flattening
of AO4 tetrahedra in the orthorhombic

phase. total neutron scattering studies
of zn1−xCuxCr2O4 suggested that there
were local AO4 distortions in these
Cu2+-containing solid solutions at room
temperature and that these distortions
became cooperative at the jahn-tellerdistortion temperature at which average
structural distortions occur (Fig. 1).
magnetism in these frustrated compounds evolves from compensated antiferromagnetism in mgCr2O4 and
znCr2O4 to uncompensated antiferromagnetism when magnetic cations are
substituted on the nonmagnetic sites.
this finding shows that spin-jahn-teller
ordering is extremely sensitive to spin
disorder, while jahn-teller ordering is
robust, occurring even when only a few
jahn-teller-active cations are substituted into the spinel structure.
— Vic Comello
See: moureen C. kemei1, Stephanie l.
moffitt1, lucy e. darago1, ram Seshadri1*, matthew r. Suchomel2, daniel
P. Shoemaker3, katharine Page4, and
joan Siewenie4, “Structural ground
states of (A, A′)Cr2O4(A = mg, zn; A′ =
Co, Cu) spinel solid solutions: Spinjahn-teller and jahn-teller effects,”
Phys. rev. b 89, 174410 (2014).
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T UNING THE M AGNETIC E NERGY S CALES
S TRONTIUM I RIDATE T HIN F ILMS

T

OF

here is a great deal of interest in strontium iridate (Sr2irO4) because its novel magnetic
properties are strikingly similar to those of the parent compounds of cuprate
superconductors, raising the possibility that unconventional superconductivity could
be realized in Sr2irO4 by tuning elements of its crystal structure, such as its ir-related bond
angles and bond lengths. Strain engineering accomplishes structural tuning by growing a
Sr2irO4 thin film on a substrate whose crystal lattice differs slightly in size, thereby inducing
strain-related structural distortions in the interfacial layers of the film. to date, most research
has focused on the structural and electronic properties of strained Sr2irO4 thin films, making
recent experiments at the APS among the first to explore the effects of strain on their
magnetic properties.

Fig. 1. (a) Comparison of the pseudo-cubic, in-plane lattice parameter of Sr2IrO4 with the lattice parameters
of the (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) and SrTiO3 (STO) substrates. (b) Schematic diagram depicting the
change in lattice parameters with strain (proportions are exaggerated for clarity). (c) The change in integrated intensity with temperature for the (0, 1, 14) reflection, for the Sr2IrO4 (SIO) film on the LSAT substrate
(red triangles) and the STO substrate (blue squares). The black arrow indicates the magnetic transition temperature of bulk SIO, and the red and blue dotted lines are provided as a guide to the eye. (d) The magnetic transition temperature, TN, and the energy of the zone boundary magnon, E(π,0), as a function of strain.
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these results suggest that the
most significant structural change
taking place in the films was a tuning of
the ir-O bond length. this and related
studies suggest that epitaxial strain can
be an excellent means of studying the
magnetic properties of iridates.
the researchers from the
university of toronto (Canada), the
university of kentucky, Argonne, iFW
dresden (germany), and the
universität Stuttgart (germany)
performed complementary
investigations using x-ray resonant
magnetic scattering (XrmS) and
resonant inelastic x-ray scattering
(riXS) to study Sr2irO4 thin-film
samples that were epitaxially grown on
SrtiO3 and (laAlO3)0.3 (Sr2AltaO6)0.7
substrates, which were chosen to
provide slight amounts of tensile and
compressive strain, respectively.
the XrmS measurements were
conducted using XSd beamline 6-idb,C, while the riXS measurements
were carried out on XSd beamline 30id-b,C. both sets of measurements
involved the ir l3 absorption edge.
Although the strained Sr2irO4 thin
films developed magnetic structures
that were reminiscent of bulk Sr2irO4,
the magnetic correlation lengths were
found to be extremely anisotropic, with
correlation lengths in the interfacial
plane being significantly longer (300 Å
to 400 Å) than the out-of-plane
correlation lengths (10 Å to 20 Å).
the most surprising finding was
that the magnetic ordering temperature
(néel temperature) was suppressed
(210 k) relative to the néel temperature
of bulk Sr2irO4 (240 k) in samples
under compressive strain, and elevated
(270 k) in samples under tensile strain.
this was surprising because the
magnetic exchange interactions
determined from the riXS
measurements increased in energy
under compressive strain and
decreased under tensile strain (Fig. 1).
because precise structural details
about how the Sr2irO4 crystal lattices
changed under stress were

experimentally difficult to access in the
films, the researchers performed ab
initio multireference configurationinteraction simulations using two
different structural models.
in the first set of calculations, the
ir-O-ir bond angles were kept the same
as those in bulk Sr2irO4 and only the irO/ir-ir interatomic distances were
allowed to change with strain (model i).
At the other extreme, the
researchers considered a structural
model (model ii) in which the in-plane ir
O bond lengths were fixed to the values
measured in bulk Sr2irO4 and the ir-O-ir
angles could be modified by epitaxial
strain. the model i results were closer
to the experimental data, suggesting
that the structural changes occurring in
the epitaxial thin films concerned the
tuning of the ir-ir and ir-O bond lengths.
All of these results pointed to the
following picture of what was going on.
Application of compressive
epitaxial strain reduced the bond
lengths in the interfacial plane while
enlarging the out-of-plane bond length.
because the magnetic exchange
interactions between neighboring ir
ions are very sensitive to bond lengths,
compressive strain strengthened the inplane interactions and weakened the
out-of-plane interactions.
Since the energy scale associated
with magnetic excitations is primarily
set by the strength of the in-plane
exchange interactions, compressive
strain led to an increase in the energy
of the magnetic interactions. in
contrast, the energy scale associated
with magnetic ordering is set by the
strength of the interactions between
neighboring ir-O layers, which
decreased under compressive strain,
leading to a reduction in the néel
temperature.
because tensile epitaxial strain
enlarged the in-plane bond lengths
while reducing the out-of-plane bond
length, similar, but opposite,
consequences occurred when tensile
strain was applied: stretching the inplane bond lengths reduced the in

plane interactions and lowered the
energy of the interactions, while
shrinking the out-of-plane bond length
enhanced the out-of-plane interactions,
thus increasing the néel temperature.
Overall, the results suggest that the
most significant structural change
taking place in the films was a tuning of
the ir-O bond length. this result and
related studies suggest that epitaxial
strain can be an excellent means of
studying the magnetic properties of
iridates. — Vic Comello
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I NTERFACIAL O CTAHEDRAL R OTATIONS AND
M AGNETISM IN OXIDE S UPERLATTICES

E

lectric interfaces in oxide materials are the new frontier for use in thin-film devices.
Although experimental evidence has thus far been scarce, lattice distortion due to
oxygen octahedral rotations has been believed to be useful for mediating oxide magnetism. this study based on research carried out at the APS and the beijing Synchrotron radiation Facility demonstrates that octahedral rotation is closely correlated to strongly
modified ferromagnetism in oxide superlattices. the fact that new interfacial states and associated novel properties can be created in oxide heterostructures with variant interfacial reconstruction mechanisms opens a new path for engineering functional magnetic materials.
knowledge of the varieties of interfacial mechanisms is crucial for the design of future-generation electronic devices.
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the revolution in oxide materials
at electric interfaces parallels the success that thin semiconductor films
have had in photonic and electronic
applications for more than four
decades. the important electronic and
ionic characteristics of oxide materials
include magnetism, superconductivity,
ionic condition and ferroelectricity. As
in semiconductor films, interactions
between oxide layers can be controlled to regulate and increase the
properties that are beneficial for use in
batteries, fuel cells, and information
storage, among other things. Oxide
crystals are better than conventional
semiconductors in these applications
because the polar character of the
bonds between ions enhances their interactions. rapid breakthroughs in this
technology in the past decade have resulted from the realization of new functionality at oxide interfaces.
to advance the technological uses
of oxide materials, scientists need to
better understand the electronic interactions of these complex materials.
For example, samples grown in different crystallographic orientations may
reveal new useful properties. the addition of diverse chemical elements
into the oxide crystal structure can increase the variety of applications for
the oxide compounds. to be valuable
for use in thin films, these characteristics must be present at room temperature and need to be very strong; in addition, expensive or rare elements
should not be used.
in this study, the researchers from
the university of Science and technology of China, Argonne, Southeast university (China), the Chinese Academy
of Sciences, and the university of illinois at urbana-Champaign looked at
the intimate correlation between oxy< Fig. 1. A three-dimensional atomic structure
model showing the fitted octahedral rotations.
green, purple, and red-filled circles indicate
La, mn, and O atoms, respectively.

gen octahedral rotations (OOr) and
magnetic properties in (lamnO3+d)
and (SrtiO3)N (N=2,3,4,6,8,16) superlattices to investigate the impact of interface OOr misfit.
by utilizing state-of-the-art research advances in synchrotron x-ray
diffraction (Xrd), the researchers
were able to track the OOr in thin
films, heterostructures, and artificial
superlattices, which are the major work
horses in oxides for generating novel
electronic and magnetic functions.
Xrdx-ray diffraction measurements were carried out at the XSd 33bm-C beamline of the APS. the researchers also conducted synchrotron
x-ray absorption fine structure experiments at the 1W1b beamline of the
beijing Synchrotron radiation Facility
to identify the valence change of the
superlattice samples upon the change
of the layer period.
these experimental results together provide strong support for the
idea that the maximized ferromagnetic
moment found in the N=6 superlattice
has a metastable structure that is related to minimal octahedral rotations.
On the other hand, the almost
quenched ferromagnetism for N<4 superlattices is intimately correlated to a
substantially enhanced c-axis rotation.
the authors used monte-Carlo simulation to qualitatively reproduce the experimental results, and suggest that
the OOr tips the balance between two
important magnetic interactions, i.e.,
double exchange and super exchange
interaction, and causes the magnetism
to change.
interconnecting conventional
semiconductors and oxides promises
to combine semiconductor electronics
with correlated electron systems. Scientists are beginning to understand
how to design and control emergent
phenomena in these material systems.
this work demonstrates that engineering superlattices with controllable interfacial structures will be a new path to-

ward developing functional magnetic
materials. — Dana Desonie
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H IGH -P ERFORMANCE P IEZOELECTRICS —
C OMING S OON IN U NLEADED

P

iezoelectricity can seem a little like magic. give the piezoelectric material a
squeeze and it produces an electric charge. zap it with a little electricity and it
will stretch and move. Amazing! the “trick” is a disturbance in the material’s
structural symmetry, so that positive charges get squeezed a bit one way, and negative
charges the other. Only certain structures will react to pressure in this way, so only certain materials and phases are piezoelectric. researchers from labs and universities in
the u.S., China, and the ukraine used cutting edge optical microscopy, and x-ray diffraction microscopy at the APS to peek inside classical ferroelectric (and piezoelectric)
materials barium titanate (batiO3) and potassium niobate (knbO3). the researchers
sought to identify why certain areas within these materials exhibit much stronger piezoelectricity (and different optical properties, too) than their surroundings. the work ends
a longstanding debate about the source of strong piezoelectric domains in lead-free ferroelectrics, and indicates that these materials can be engineered to demonstrate highperformance piezoelectric properties – a boon for green technologies.
the term piezoelectric is derived
from the greek “piezo,” meaning press
or squeeze. the material’s ability to
transfer mechanical deformation into
electric energy and vice-versa make
piezoelectric materials valuable in numerous applications, from transducers
to sensors to tiny generators. microphones, clocks, stove lighters, and
scanning probe microscopes all include
piezoelectric materials as crucial components.
many materials exhibit a piezoelectric effect, including silk, collagen,
viral proteins, quartz, and others, but
some of the best-performing piezoelectric materials, and therefore some of
the most widely used, are lead-based
ferroelectrics. the problem with leadbased ferroelectrics is lead. the combination of lead’s biological and environmental toxicity and its low melting point
have pushed researchers to seek robust piezoelectric performance in other,
more benign materials.
Scientists have known that certain
areas in batiO3 and knbO3 demonstrated strong piezoelectric behavior in
response to stress from external electric fields, but they disagreed on its origin. Were these areas the result of an
intrinsic intermediate phase within the
material that could be reproduced and
exploited, or the summation of a bunch
of tiny bits of the original phase?
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Fig. 1. Optical second harmonic generation imaging of domains in a thermotropic baTiO3 crystal.
Dark and purple colors correspond to conventional, parent phase domains, and bright orange/yellow
domains depict the large property enhancements in the newly discovered intermediate phase. Insets
depict the nanoscale variation in the structural characteristics of this distinct intermediate phase, as
measured at the Hard X-ray Nanoprobe at the APS. Two sets of diffraction peaks are shown, corresponding to two different positions on the sample. These structural variations are shown to directly
correlate to the observed property enhancements in the lead-free ferroelectric material.

Fig. 2. Optical second harmonic generation imaging of domains in a kNbO3 crystal. The purple regions are conventional orthorhombic phases, while the bright yellow regions are the newly discovered
intermediate phase that exhibit large property enhancements.

Previous reports had relied on conventional x-ray techniques, in which the
large spread of the beam probed many
ferroelectric domains at once. there
was no way to resolve individual structural contributions. to solve the debate,
the researchers in this study from the
Pennsylvania State university, the university of Science and technology beijing (China), Oak ridge national laboratory, Argonne, and the national
Academy of Sciences of ukraine
needed a smaller pixel.
they turned to the hard X-ray
nanoprobe at the Cnm/XSd 26-id-C
beamline of the APS to perform a stateof-the-art focused beam diffraction
technique. Coupled with detailed optical
microscopy and other experiments, including band-excitation piezoresponse
force microscopy at Oak ridge national
laboratory, the results showed that as
the materials were heated through a
phase boundary, intermediate piezoelectric phase domains appeared and
remained (Figs. 1 and 2). these areas
were not just piezoelectric, but strongly
so, exceeding values in both the parent
phases by up to 440%.
the results are the first direct experimental evidence of such thermal
ferroelectric phase transitions in these
materials, which have been studied for
over 60 years. the authors note similarities to compositional phase boundaries
in lead-based ferroelectrics and the

temperature-dependent order of liquid
crystals.
And there is no reason why this behavior should be unique to batiO3 and
knbO3 — any non-triclinic ferroelectric
crystal system should demonstrate similar intermediate phases with potentially
enhanced properties. it doesn’t even
take much energy: Small strains can
produce relatively large property enhancements. the trick is to manipulate
the symmetry of the material to create
new phases.
these are fundamental insights,
but they point to exciting new avenues
for property enhancement, tuning, and
optimization in the future. there is potential, the authors say, for creating
high-performance materials through
“domain-engineering-by-design.” leadbased piezoelectric materials may have
some tough new competition.
— Jenny Morber
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U LTRAFAST I NHOMOGENEOUS S TRAIN IN
R OOM -T EMPERATURE M ULTIFERROICS

M

ultiferroics are materials that exhibit a ferroelectric and magnetic
order simultaneously. these orders have been the building blocks
for technologically and economically important applications such
as ferroelectric memory and spintronics. the ferroelectric polarization couples strongly to ultraviolet light by exciting electron-hole pairs. the charge
separation under the influence of remnant polarization generates a large electric field across the multiferroic film. these novel properties arising from lightmatter interaction open opportunities for efficient electric-field control of
magnetism on ultrafast time scales. to facilitate the application of multiferroics in new technologies, a microscopic picture needs to be developed to illustrate the process that starts from light-matter interaction and carries through
to the relaxation of the photoinduced effects so that we can fully understand
how these new properties come about and how best to harness them. Scientists using the APS discovered a strong and inhomogeneous lattice deformation in a few-nanometer-thick film of biFeO3 after photoexcitation due to the
generation of localized excited charge carriers. the deeper understanding of
the transient processes will allow for much faster and even more efficient devices in future technology.

Fig. 1. The transient θ/2θ scans reveal a maximum shift of the biFeO3002
bragg peak around 30.8 nm-1 to smaller values of the scattering vector qz
within 10 ps while the substrate SrTiO3 peak at 32.2 nm-1 remains unchanged. (a) The black dots and gray circles correspond to slices of (b) at
t<0 ps and t=10 ps, respectively.

Optical pump x-ray probe experiments were carried out at the Plasma
X-ray Source (PXS) at the university of
Potsdam (germany) and at the XSd 7id-b,C,d time-resolved beamline at the
APS. the combined analysis of the
transient diffraction data from both the
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PXS and the APS allowed the researchers to follow the amplitude and
spatial profile of photoinduced structural dynamics in biFeO3 on multiple
time scales, from femtosecond up to
microsecond delays under comparable
excitation conditions (Fig. 1). As a re-

sult, a new model of the dynamics and
lattice coupling of photoexcited charge
carriers in biFeO3 was developed.
the researchers from the universität Potsdam (germany), Fritz-haberinstitute der max-Planck- gesellschaft
(germany), helmholtz-zentrum berlin
(germany), Argonne, the university of
Wisconsin-madison, Cornell university,
Stanford university, and kavli institute
at Cornell for nanoscale Science
showed that the force driving the ultrafast lattice expansion in biFeO3 must
be quasi-instantaneous (< 100-fs rise
time), possibly due to the inverse
piezoelectric effect caused by photoexcited charge carriers. Further, a
strongly inhomogeneous deformation
of the biFeO3 film from the picosecond
up to the microsecond indicates a fast
trapping and localization of these
charge carriers.
Complete analysis of the diffraction data gives very detailed information on the material’s excitation and
decay dynamics over several orders of
time scales. this technique can be applied for a broad range of functional
materials with a strong coupling of
electronic degrees of freedom to the
crystal lattice.
the success of this project exemplifies the synergetic collaboration of
time-resolved research utilizing unique
capabilities around the world to gain
significant insight on the challenging
problems that cannot be solved with the
limited resources of any one institute.
Contact: Haidan Wen
(wen@aps.anl.gov)
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112, 097602 (2014).
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hen is an electron hole like a quasiparticle (qP)? more specifically, what happens when a single electron hole is doped into a
two-dimensional quantum antiferromagnet? quasiparticle phenomena in such a system are predicted by theory, but have eluded observation, complicating the understanding of electron behavior in high-temperature
superconducting cuprates. A team of experimenters working at the APS have
taken a different approach to the problem with their recent observation of an
excitonic quasiparticle in strontium iridate (Sr2irO4), a quasi-two-dimensional,
spin-1/2, antiferromagnetic mott insulator. their work sheds new light on a
classic problem in condensed matter physics and opens a new pathway for
the study of high-temperature superconductors.

Fig. 1. Selective mapping of the two-exciton modes and their comparison to SCbA calculations. (a) Image plot of rIXS spectra measured along high-symmetry lines in the normal and
grazing incidence geometry. (b) SCbA calculations.

Strontium iridate is a newly-discovered pseudospin-1/2 heisenberg
antiferromagnet in which superconductivity has also been predicted but not
yet observed. the experimenters from
Argonne, the institute for theoretical
Solid State Physics, and the max
Planck institute for Solid State re-

search (germany) used resonant inelastic x-ray scattering (riXS) at the
XSd 30-id-b,C beamline of the APS.
they carried out their studies utilizing
the meriX spectrometer, a mediumenergy-resolution diffractometer for
non-resonant and resonant inelastic xray scattering (riXS) measurements of

samples that had been prepared at the
Argonne materials Science division.
earlier riXS studies of Sr2irO4 showed
that the dispersions of an electron hole
excited across spin-orbit coupling levels could be related to the qP problem
(Fig 1). the investigators attempted to
reflect the behavior of an electron hole
in Sr2irO4 by using an exciton analog.
using a theoretical model structured around the observation that the
propagation of an orbital excitation
through a mott insulator such as
Sr2irO4 can be mapped on the motion
of a single hole, the researchers employed a self-consistent born approximation (SCbA) for comparison and interpretation of the riXS data. they
found an excellent agreement between
the effective t-j model (used to calculate high-tc states) calculated within
the SCbA and the experimental spectra. energy distribution curves showed
a sharp exciton peak, which is both
narrower than the sharpest peak
measured in Sr2irO4 by angle-resolved
photoemission spectroscopy (ArPeS)
and smaller than the total bandwidth of
about 112 mev, which reveals the exciton to be a qP.
While this demonstrates that a coherent particle can propagate through a
quantum antiferromagnet, it does not
yet explain the lack of a qP with a single-hole excitation. the researchers attribute this to the charge-neutral nature
of an exciton compared to the chargedparticle character of a hole. because a
charged hole interacts much more
strongly with the lattice structure and
the inevitable impurities present in an
insulator, it also tends to dampen or
completely wash out qP phenomena,
particularly in ArPeS measurements.
On the other hand, a charge-neutral exciton is not subject to these effects and
thus can more readily reveal subtle qP
dynamics that can elude experimenters.
the work confirms that qPs can
definitely be observed in mott insulators
and that these materials can display
striking parallels with high-temperature
cuprate superconductors. by showing
that an exciton in a spin-1/2 antiferro“Exciton” cont’d on page 32
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ON THE C OUCH :
D EFORMED A LUMINUM R ETAIN I NTERNAL S TRESS ?

etalworking is, and for centuries has been, about making tiny crystals. long ago, blacksmiths heated, cooled, and pounded steels to
make them stronger, lengthening the tiny crystallites we call grains,
nucleating new grains, and pinning them in place. today we repeat these
processes, helped by machines to do the working and specialized tools to observe and understand the changes. but despite centuries of metalworking and
decades of careful scientific study, we are still seeking stronger, lighter metals,
and still working to understand the complex processes that transpire to create
them. in aluminum, a remaining question is whether large deformations can
leave the material with long-range internal stresses — areas of unresolved
stress between atoms. external and internal stresses can be additive, so the
presence of internal stresses in metals can be beneficial or detrimental, depending on their nature. in a material undergoing fatigue, such as the skin of an
airplane, compressive internal stresses may toughen the material, while tensile
stresses can hasten cracking. researchers used high intensity x-rays at the
APS to peek inside a bit of aluminum subjected to repeated, severe deformations and probe the nature of long range stresses within the material. this work,
which is an extension of an earlier report, suggests that long-range internal
stresses only modestly increase with plastic strain.

Fig. 1. (a) Transmission electron microscopy image of AA1050 (commercial purity Aluminum) after two
ECAP passes (b) False-color image of the energy-integrated diffracted intensity from an individual
grain/subgrain in a two-pass sample. The peaks are from low-dislocation density regions and the
smeared intensity is from the high dislocation density volumes from walls or cell interiors with a relatively high dislocation density. Image in (b) is taken from earlier work on the same alloy as (a).
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Small grains make a metal hard
and tough. One way to impart ultrafine
grains into a metal is by grossly deforming it, a process called “severe
plastic deformation.” Plastically deformed materials cannot pop back into
their former state, and obtaining very
fine grains requires that metals must
be really worked over, and uniformly
so.
One popular method of metal deformation is a process called eCAP,
which stands for “equal-channel angular processing.” much like an oldschool play dough extruder, in eCAP a
bit of metal is placed into the top of an
l-shaped channel, mashed down, and
forced through the connecting perpendicular chute. the metal flows into the
horizontal cavity having undergone
massive structural changes. in this
study, the researchers from the university of Southern California, the national institute of Standards and technology, Argonne, the university of
Southampton (uk), and the Asian university (thailand) repeated this
process on a sample of commercial
purity aluminum. After intervals of 1, 2,
4, and 8 presses, they took a look inside the metal by sending x-rays careening into the sample, and observed
how the signals changed.
X-ray diffraction is ideal for measuring crystalline structure, atomic defects, and deviations from the mean.
but to probe the very small regions required here, the x-rays had to be both
intense and highly focused. this capability was provided by microbeam x-ray
diffraction at XSd beamline 34-id-e of
the APS, with supporting measurements at XSd beamline 11-bm-b.
the results suggested that the
aluminum deformed according to the
so-called “composite model,” in which
a deforming metal contains “hard” areas, dense with atomic dislocations,
and “softer” regions that deform more
“Metals” cont’d on page 32
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he quest for high-temperature superconducting materials that can be put to new
practical uses has been a major preoccupation in solid-state physics for decades,
and it is hardly slowing down. One of the most intriguing recent developments is
the discovery of new classes of iron (Fe)-based high-temperature superconductors.
Among these are the Ca10(Pt3As8)(Fe2-xPtxAs2)5 and Ca10(Pt4As8)(Fe2-xPtxAs2)5 compounds,
known more simply as the 10-3-8 and 10-4-8 compounds, respectively. these compounds
become superconducting with transition temperatures up to 38 k. but knowledge of their
precise structure and phase behavior, not to mention the similarities and differences of
their properties compared to other known Fe-based superconductors, has remained ambiguous. now a group of investigators has pinned down some of the nagging unknowns
of these 10-3-8 and 10-4-8 materials.

Previous attempts to study these
compounds have been hindered by the
difficulty in comparing samples prepared with different techniques and the
wide variation in properties they display.
to overcome this problem, the researchers from Ames laboratory; iowa
State university; Oak ridge national
laboratory; the university of California,
los Angeles; and Princeton university
examined a single homogeneous crystal of Ca10(Pt3As8) (Fe2As2)5, conducting both high-resolution, high-energy xray diffraction (Xrd) studies at the XSd
6-id-d beamline of the APS and elastic
neutron scattering studies on the same
sample at the high Flux isotope reactor at Oak ridge national laboratory.
in the crystal's (H K 0) reciprocal
lattice plane at high temperatures, the
Xrd studies show essentially two
groups of bragg peaks. One group

Fig. 1(a). High-energy x-ray diffraction patterns of the Ca10(Pt3As8)(Fe2As2)5 single crystal recorded by
a mAr345 detector as the sample was rocked about axes perpendicular to the incident beam. The
measured reciprocal lattice plane shows strong bragg peaks related to the body-centered tetragonal
base structure built by the Fe-As layers and Ca planes that are marked with squares. Circles depict selected bragg peaks related to the Pt3As8 superstructure. The ring-like scattering features are caused
by the Cu-sample holder and the be domes. (b). High-resolution, high-energy x-ray diffraction patterns
measured with the ScintX detector at three different spots on the sample. The (220) bragg peak of the
tetragonal body-centered base structure splits due to the orthorhombic distortion of the lattice at low
temperatures. Adapted from A. Sapkota et al., Phys. rev. b 90, 100504(r) (2014)

consists of strong peaks on a large,
square-like lattice related to the structure of the Fe-As layers, while the
other, weaker group of bragg peaks on
a tilted, smaller square-like lattice
arises from a complex Pt3As8 layer
structure. below 110 k, the high-resolution Xrd patterns show splitting or
broadening of bragg peaks consistent
with a tetragonal-to-orthorhombic distortion.
the neutron diffraction studies
show a second phase transition in the
single crystal involving the Fe magnetic

moments. below 96 k, these adopt a
stripe-like antiferromagnetic order along
the [110] direction and ferromagnetic
arrangements in both perpendicular directions.
both of these structural and magnetic phase transitions are seen to be
continuous. each is distinct and separate from the other as demonstrated by
the lack of an antiferromagnetic signal
at the temperatures at which the orthorhombic lattice distortion sets in.
“Pinning” cont’d on page 32
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magnet can display fundamentally similar dynamics to a charged hole doped
into the same kind of system, the researchers have cast new light on a
classic problem in condensed matter
physics and opened a new pathway for
the study of high-temperature superconductors. — Mark Wolverton
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easily (Fig. 1). As the composite is
strained, areas of high and low stress
form.
the team observed compressive
internal elastic strains along the pressing direction for all eCAP passes, increasing slightly after each pass. the
authors lament that this study did not
allow them to measure the strains in
all directions within a given metal
grain, and say that this information will
be the focus of future efforts. Still, the
results are informative. eCAP, it appears, may be ideal for creating
stronger, lighter-weight metal structures that can take a beating.
— Jenny Morber
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this work provides strong evidence
for the similarity in physical properties
of the 10-3-8 class compounds with
other Fe-based superconducting substances. Such similarities persist despite some considerable structural
differences in the 10-3-8 compounds
from the other compounds, including a
much more complex structure with
lower crystal symmetry, and much
greater separation of the Fe-As layers
from each other along with strong disorder in the Pt-As layers.
the experiments confirm that the
major physical features appear to be
quite robust in this class of compounds
and that the Fe-As layers chiefly determine their properties. by answering
some pesky questions concerning
these particular materials, the research
team has helped bring them a little
closer to their eventual practical application. — Mark Wolverton
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P ROTECTIVE C ERAMIC C OATINGS

A

FOR

ccelerated development of more energy-efficient, longer-lasting turbine blades for aircraft, along with similarly enhanced blades in use
in industrial gas turbines, is the expected result of groundbreaking
research carried out by a unique international partnership between scientists.
These studies have produced accurate laboratory simulations of extreme conditions (temperature gradients and mechanical loadings) experienced by ceramic-coated super-alloy blades within turbine engines. The conditions during
measurement are comparable to what is experienced by such blades within
operational engines. Of critical importance to this novel, first-time experiment
was the development of a new research instrument at the APS.
The hollow blades of internally
cooled turbine engines used in aircraft
are under extreme conditions during
flights. They experience very high temperatures including thermal cycling and
stresses brought on by mechanical
loads in addition to corrosion. Because
of extreme conditions, the blades are
manufactured from high-temperature
alloys and their surfaces overlaid with a
thermal barrier coating (TBC) to protect
the blades. This makes them extradurable and much more efficient over
the engine's lifetime. The use of TBCs
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can increase the operational temperature of alloy-based turbines by 100° C
(about 180° F).
Over the past 30 years or more,
there has been a need to find ways to
improve further the life and performance of these TBCs without relying
solely on real-time flights of aircraft and
demonstration engines. It is imperative
to better research coating durability to
prevent failure of these blades while in
flight. Tasked with this goal, the research team from the University of
Central Florida, Cleveland State Uni-

E NGINE B LADES
versity, Deutsches Zentrum für Luftund Raumfahrt e.V. (DLR, Germany),
and Argonne successfully developed a
modified test facility at the APS. This
test facility, for the first time, was able to
simulate accurately the relevant extreme operating conditions experienced
by turbine engines within a synchrotron
beamline and provide data on the effects of those operating conditions.
A custom-built furnace (Fig. 1) and
a unique coolant system were interfaced to the existing mechanical testing
system at XSD beamline 1-ID-B,C,E.
The ceramic-coated tubular test objects
that mimicked engine blades had an inner radius of 2 mm and an outer radius
of 4 mm, for cooling of the inner-substrate surface while heating the outercoated surface. High-energy synchrotron x-ray diffraction (XRD) was used to
probe the test objects at different distances from the surface. The TBC consisted of a top layer composed of yttriastabilized zirconia, with a thickness of
about two-tenths of a millimeter; a bond
coat of a high-aluminum content NiC-

< Fig. 1. The custom-built, compact furnace
oCrAly alloy, with a thickness of
and cooling system at beamline 1-ID-b,C,E
about a tenth of a millimeter; and a
at the APS. It accurately simulates the exthermally grown oxide (tgO) layer,
treme conditions existing when turbine enwith a thickness of approximately
gines are operating in real time for
300 nm, which developed between
mechanical stress tests that probe experithe other two layers with exposure.
mental specimens with high-energy x-rays.
load and thermal instrumentation
analyzed the resulting deformations
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and temperature changes within the
coatings.
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ver the past 400 million years, spider silks have evolved into biomaterials with remarkable mechanical properties, ranging from
medical to military. but, because spiders are difficult to raise in
captivity, mass production of natural silks is not possible, leaving scientists
with the job of developing synthetic spider silk fibers with the same attributes
as the native fibers. Synthetic silk’s molecular structure and the conditions
under which the fibers are spun, and then stretched, determine its strength,
elasticity, and stiffness. Although stretching the fibers generally enhanced
these properties, researchers failed to observe structural differences between
as-spun and stretched fibers. the chemical composition and temperature of
the bath solution in which stretching occurred had mixed effects on the properties of synthetic fibers composed of increasing ratios of an amino acid motif
thought to confer elasticity. research at the APS is helping scientists understand the precise impact of the post-spin environment and gain detailed
knowledge of these unique interactions, which may make it possible to create
designer fibers with tunable mechanical properties for specific applications.
Spider silk proteins are made up of
hundreds of specific, highly conserved
amino acid motifs, each of which contribute specific mechanical properties.
Orb-web weaving spiders use separate
glands in their abdomens to spin six
functionally different types of silk. For
example, flagelliform silk is very elastic
in order to absorb the energy of a flying
insect without breaking. in contrast,
major ampullate silk — also known as
dragline silk — is incredibly strong and
provides a lifeline for the spider.
dragline silk is made up of two proteins: major ampullate Spidroin 1
(maSp1) lends strength to the fiber
while major ampullate Spidroin 2
(maSp2) lends elasticity through a
spring-like β-spiral structure.
Silk’s protein composition is not always predictive of its mechanical properties. the dragline silk of the spider
species Argiope aurantia is stronger
and stiffer, yet not any more elastic,
than that of the spider species Nephila
clavipes, although A. aurantia contains,
proportionately, three times more elasticity-conferring maSp2 protein.
Post-spin stretching emulates natural processes occurring in spiders’
spinning apparatuses and enhances
synthetic silk’s characteristics. however, the precise impacts of various
conditions under which stretching occurs have not been thoroughly exam36
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ined. researchers from the university
of Wyoming and Arizona State university tested these conditions on three
versions of the A. aurantia maSp2 protein designed with increasing elasticityto-strength amino acid motif ratios: 1e,
2e, and 3e. 3e was hypothesized to
form the most elastic and weakest of
the three fiber types, while 1e was hypothesized to yield the strongest, least
elastic fibers.
to identify structural features underlying stretched silk’s improved mechanical properties relative to as-spun
silk, the researchers subjected both
fiber types to x-ray diffraction and raman spectroscopy carried out at the
bioCArS beamline 14-bm-C at the
APS.
Surprisingly, even though stretched
silk, regardless of its elasticity ratio,
was half the diameter of as-spun silk,
few differences were observed between
the fibers in the amount of β-sheet formation or the β-sheet secondary structure or orientation. Any functional differences, the researchers suspected,
must depend on changes in the fibers’
molecular confirmation as a result of
the stretching process.
Aqueous isopropanol (iPA) was
found to be the most effective solution
for increasing the extensibility of postspin fibers. Other solutions, such as
aqueous ethanol and aqueous

methanol, were optimal for increasing
tensile strength in some cases, depending on the specific fiber type.
iPA post-spin stretching produced
a significant increase in the strain and
extensibility values for all three fibers.
the increase in extensibility correlated
to the elasticity ratio, with 3e having the
greatest increase, followed by 2e then
1e fibers. in contrast, although the average strength of 1e and 3e fibers was
similar, the strongest individual fiber
was a 3e fiber.
heating the iPA bath to 60° C also
had unpredictable results. For example,
heat substantially improved the maximum strain and extensibility values for
2e and 3e but not 1e fibers, while heating increased tensile strength of 1e and
2e, but not 3e fibers.
the researchers attributed the fact
that the synthetic fibers did not necessarily perform in ways predicted by their
elasticity ratio to a combination of factors, including non-linear interactions
between water in the iPA solution and
the proteins’ primary structures and the
unpredictable nature of β-sheet alignment. — Chris Palmer
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Fig. 1. Two-dimensional wide-angle x-ray diffraction pattern of a synthetic silk fiber stretched in isopropanol after spinning.
The Argiope aurantia (left above, not to scale) is one of the more conspicuous species of orb-weaving spiders. The species name “aurantia” comes from
medieval Latin urantium meaning orange (the fruit). The argiope breeds
once a year. They are carnivorous predators, attacking aphids, flies,
grasshoppers, mosquitoes, wasps and bees that are trapped in the web.
The female spider hangs, head down, in the center of its web while waiting,
often holding her legs together in pairs so that it looks as if there are only
four of them. When an insect hits the web, the spider feels the vibrations and
comes running. As is the case for all spiders, A. aurantia has a venomous bite
that paralyzes its prey. Source: galveston County master gardners,
http://aggie-horticulture.tamu.edu/galveston/beneficials/beneficial24_spider_ blackandyellow_argiope.htm
this research used resources of the Advanced Photon Source, a u.S. dOe Office of Science user Facility operated for the dOe Office of Science by
Argonne national laboratory under Contract

In Florida and other southeastern states, the golden silk spider (right above,
not to scale), Nephila clavipes (Linnaeus), a large orange and brown spider
with feathery tufts on its legs, is particularly despised by hikers and hunters
because the large golden webs of this species make a sticky trap for the
unwary. As is typical with most spiders, there is little real danger from an
encounter; the spider will bite only if held or pinched, and the bite itself will
produce only localized pain with a slight redness, which quickly goes away.
The webs are made in open woods or edges of dense forest, usually attached to trees and low shrubs, although they may be in the tops of trees
or between the wires of utility lines. Source: University of Florida,
http://entnemdept. ufl.edu/creatures/misc/golden_silk_spider.htm
14-bm-C • bioCArS • life sciences • macromolecular crystallography, fiber diffraction,
biohazards at the bSl2/3 level, subatomic
(<0.85 Å) resolution, large unit cell crystallography • 8-14.9 kev • On-site • Accepting general users •
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ew, highly efficient organic and inorganic light-emitting diodes (Oleds and leds, respectively)
and environmental and medical sensors might be made possible by utilizing porous materials
known as metal-organic frameworks (mOFs) that combine metallic elements with a diverse range
of fluorescent molecules — usually organic molecules — as ligands. the design and synthesis of rigid, fluorescent materials has been APS — research that could lead to new applications as well as allowing researchers to fine tune the properties of the materials.

Fig. 1. A new tetraphenylethylene-based zirconium mOF exhibits a deep-blue fluorescent emission at
470 nm with a unity quantum yield (99.9 ± 0.5%) under Ar, representing ca. 3600 cm−1 blue shift
and tripled radiative decay efficiency vs the linker precursor.
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Over the last 50 years, electronic
devices have been built around semiconductor elements such as silicon and
germanium, or toxic inorganic semiconductors such as gallium arsenide and
cadmium sulfide. there are, however, a
myriad of fluorescent molecules, known
as fluorophores, in the realm of organic
chemistry that have interesting optoelectronic properties, which could be
exploited as novel glowing sensors and
Oleds/leds. even state-of-the-art
molecular materials for such applications usually incorporate elements that
are rare in the earth’s crust, such as
lanthanide metals, whereas the new
mOFs do not contain such rare elements, promoting sustainability and
green chemistry technologies.
unfortunately, incorporating such
molecules into a working device is difficult because these molecules tend to
quench their own fluorescence and so
produce only weak light. Additionally,
blue light emitters that are both efficient
and stable remain the most coveted active device materials, especially for
Oleds.
researchers from texas A&m university and the university of north
texas now think they have a solution to
these problems by using organic components as the fluorophores of the solid
frameworks (bright blue-emitting solid
mOFs). the team produced rigid fluorescent mOF materials that respond to
external stimuli by glowing strongly with
no possibility for the fluorophores to
dim through quenching, as occurs in
solution or even the solid organic molecule without metal coordination.
the team has investigated a newly
synthesized mOF based on the organic
fluorophore, tetraphenylethylene and
clusters of the metal zirconium, present
in groups of six. the group carried out
studies of the mOF, dubbed PCn-94,
using powder x-ray diffraction (PXrd)
data collected on XSd beamline 17bm-b at the APS to help ascertain its
rigid structure that is critical to its fluorescence color and circumvention of
quenching.
the new mOF glows with a deepblue fluorescence at a wavelength of
470 nm as peak maximum (Fig. 1). the
team reports that PCn-94 is highly efficient, which is quantified by the quantum yield (qy) of the material. they

found that the qy of PCn-94 is 99.9 ±
0.5% when held under an unreactive
atmosphere of argon gas — even at
room temperature, which is both remarkable and unprecedented in fluorescent mOFs! tetraphenylethylene,
when coordinated to zirconium metal in
the PCn-94, was showing a blue shift
with higher efficiency compared to the
isolated tetraphenylethylene molecule,
which glows a weaker yellow color at a
spectral wavelength of 545 nm as peak
maximum.
moreover, the fluorescence
process is over three times as efficient
as the isolated tetraphenylethylene
(approximately 100% vs 30% in qy)
under complete deaeration conditions,
whereas under ambient air the improvement in radiative decay and qy
is approximately 2x for the solid mOF
vs the free ligand. the team expected
efficiency to be greatest at the cryogenic chilling temperature of 110 k
(about -163° C) because self-quenching of the emission from the fluorophores is inhibited by the lower temperature, i.e., 110 k vs ambient room
temperature (about 293 k or 20° C).
Paradoxically, however, they saw the
fluorescence lifetime — how long the
glow lasts — as well as the relative intensity of the light increase as they
warmed the solid mOF from cryogenic
to room temperature, whereas the solid
organic fluorophores follows the normal
behavior with lower emission intensity
upon heating from cryogenic toward
ambient temperatures. the team reports that this unusual fluorescence behavior is perhaps due to the fact that
the fluorophores are “frozen” in their
twisted connections between the metals in the framework at all temperatures
while heating provides thermal assistance to a secondary excitation mechanism from a higher-lying excited state
that feeds the blue-fluorescent excited
state. in the free organic molecule,
however, the twisting becomes more
important as the temperature rises
(which again impedes quenching).
the team suggests that their discovery of an efficiency boost and the
“shift” of the fluorescent glow of the organic unit from yellow to the strongly
sought-after deep-blue could open a
new strategy for making Oled/led
and sensor materials that are based on

this and other related mOFs that the
two complementary research groups
are currently designing on the heels of
this pioneering work as a backdrop.
the field of mOF research has
grown rather significantly since the turn
of the millennium and — given that
there are dozens of different metals that
can be used to build frameworks with
thousands of different organic fluorophores —numerous possibilities exist
toward building mOFs that fluoresce
across the entire visible spectrum with
similarly-remarkable efficiency as that
of PCn-94 for a wide range of molecular electronic device and sensor applications. — David Bradley
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I N C ERTAIN P OLYMER S OLAR C ELLS ,
D ISORDER C AN B E A D ELIGHT

Fig. 1. visualization of photovoltaic copolymers. In the foreground is a computer-generated three-dimensional
image with an electron donating polymer molecules in yellow and an electron accepting fullerene molecules in
blue. Exciton separation occurs at the interface between the two materials. Note the alternately tangled and ordered polymer sections. The left inset is a visualization of high-efficiency charge transfer copolymers such as
PTb7. This copolymer has small crystalline regions on the order of 2 nm with large areas of disorder between.
Fullerene density is high. Single chains can pass multiple separation sites to enhance charge carrier mobility. The
right inset shows photovoltaic polymers like P3HT. Here the crystalline areas are larger, on the order of 10 nm,
and fullerene density is reduced. Polymer chains are bunched, with a single chain fitting within a 10-nm-diameter sphere. Here, slower exciton separation means more recombination and less efficient electricity production.
Image by jenny morber and Lin X. Chen based on j.m. Szarko et al., Adv. Funct. mater. 24, 10 (2014).
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ossil fuels began as sun-powered plants and animals. Wind begins as
unevenly heated air. Only recently have we learned how to harvest our
electricity directly from sunlight. We do this using the photovoltaic effect — literally “light voltage” — in which solar energy frees charge carriers to
move about. A photoelectric device, or solar cell, uses this conversion to generate electrical current. traditional solar cells are made of stiff semiconductors, but polymer solar cells use long, flexible carbon-based molecules.
Polymer solar cells aspire to be everything traditional solar cells are not: lightweight, flexible, simple to produce, environmentally friendly, low-cost, and
ubiquitous. unfortunately, they currently suffer problems with efficiency and
stability — enough to all but cancel out their attributes. recently, a polymer
was discovered with excellent solar efficiency, meaning that each bit of sunlight absorbed produces more power than other polymers. researchers working at the APS went looking for the why. What they found may force others to
reevaluate how they select solar cell polymers, and help to create more efficient, market-valuable devices.
the new promising polymer is
called Ptb7. if this were sports instead
of science, Ptb7 would be the young
upstart and P3ht would be the seasoned champion unceremoniously
knocked off the leader board. but how
was Ptb7 able to perform so well?
to answer their questions, the researchers needed a thorough understanding of both polymers’ structures,
and intimate knowledge of how their
electrons interact and move in and between their molecules. For structural
studies, the researchers from northwestern university and Argonne turned
to the XSd 8-id-e beamline at the
APS. there, the researchers from
northwestern university and Argonne
performed grazing-incidence small angle x-ray scattering (giSAXS) and
wide-angle x-ray scattering (giWAXS)
measurements, which supplied information such as the presence and size
of repeating units with the polymers,
and how they were arranged. Polymers
are notoriously difficult to probe because their long molecules often tangle
like a bowl of spaghetti. the high
brightness of the APS x-rays and the
state-of-the-art 8-id-e x-ray beamline
enabled the scientists to find tiny crystalline areas inside the tangles.
Current polymer photovoltaics are
usually a film of mixed materials. the
mixture contains polymers that donate
electrons, and soccer ball-like fullerene
derivatives that grab electrons (Fig. 1).
An efficient polymer solar cell must

do four things well: harvest sunlight to
create highly energetic excitons, move
excitons to the boundary of the electron
donor/acceptor materials, split excitons
into positive and negative charges
(holes and electrons), and collect these
charges at the electrodes to generate
current. the interface between electron
donor materials and electron acceptor
materials act as exciton separation
sites. the researchers found that Ptb7
excitons separated into electrons and
holes more easily than other polymers.
Structural measurements showed
that molecules within Ptb7 arranged
themselves into a much more disordered arrangement than P3ht, whose
molecules formed more crystalline
blocks. this meant that exciton separation sites were interspersed throughout
Ptb7, while separation sites in P3ht
tended to pack together at the crystallite edges.
excitons also separated into
charge carriers at junctions within Ptb7
molecules. this was strange because
exciton separation usually occurs at interfaces between donor and acceptor
materials. Ptb7 molecules were working as both.
the researchers propose that the
structural and chemical characteristics
of Ptb7 help excitons move along and
between molecules and to separation
sites more efficiently. An exciton travels
along the polymer backbone until it
comes to a charge acceptor. this acceptor can be an added material, or it

can be a polymer segment within the
molecule with different electron affinity.
With so many available sites, exciton
dissociation happens quickly. this super-fast carrier transport decreases instances in which excitons re-combine,
leading to more efficient solar to electrical energy generation.
this work is significant because it
had been assumed that charge transfer
and separation processes within molecules were unimportant for device performance. here the researchers found
that structural and chemical variations
caused stark differences in exciton
splitting in the two polymers, with intramolecular charge separation playing
an important role.
the researchers suggest that others reevaluate the necessary conditions for exciton splitting in photovoltaic
polymers, using PCb7 as a model.
greater efficiency is crucial for polymer
solar cells to become the solar energy
device of choice, and this information
brings polymer photovoltaics closer to
the consumer market. — Jenny Morber
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H OW ATOMIC V IBRATIONS S TABILIZE
M ETALLIC VANADIUM D IOXIDE

M

aterials that undergo metal-to-insulator transitions are of wide practical importance in semiconductor and optoelectronic devices, but
their behavior still presents some fundamental challenges for condensed matter theory. vanadium dioxide, an archetype of such materials,
changes from insulator to conductor when heated through 340 k, and the transition is accompanied by a change in lattice structure (Fig. 1). using both x-ray
scattering and spectroscopy measurements at the APS and at the Oak ridge
national laboratory’s (Ornl’s) Spallation neutron Source (SnS), respectively,
researchers have shown that the phase transition is driven by a large change in
the entropy associated with lattice vibrations. this new evidence, backed up by
detailed calculations of the bonding in the metallic phase, brings theoretical insight that will be valuable for predictive design of novel materials.

Fig. 1. Left: monoclinic lattice structure of vanadium dioxide in its insulating phase, with vanadium
atoms (blue) paired up in dimers and electrons bound to them. Right: In the conducting phase, large
vibrational motions stabilize the tetragonal phase and free up conduction electrons.
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in its metallic phase, vanadium
dioxide has a tetragonal lattice in
which the vanadium atoms form a regularly spaced rectilinear network. On
cooling through the transition temperature, the vanadium atoms pair up and
the spacing between them becomes unequal, and they lie on
zigzag lines. the lattice is now
monoclinic. At the same time, the
conduction electrons that were
free to move throughout the lattice become localized to the
paired vanadiums. in this material, as in others of this sort, the
fact that both the lattice and electronic configurations change has
made it difficult to know whether
this is primarily a Peierls transition (driven by electron-lattice interactions) or a mott transition
(driven by electron-electron interactions).
An additional difficulty is that
vanadium scatters neutrons incoherently, so that identifying lattice
vibration modes through traditional single-crystal inelastic neutron scattering studies is impossible. So a team of researchers
from Ornl and Argonne turned to
newly-developed x-ray and neutron
scattering techniques to shed light on
the phonon physics involved in the
vanadium dioxide metal-insulator transition.
using powder-averaged neutron
spectroscopy measurements at the
SnS, the team found that a high density of soft phonons, with energies
around 12 mev, appears in the vanadium dioxide lattice as it goes from insulator to metal. Ab initio calculations of
lattice vibrations provided good agreement with the measured phonon density of states, provided that a significant
degree of anharmonicity was included
in the interatomic potential. through
these calculations the researchers
were able to conclude that the appearance of low-energy phonons accounts
for about two-thirds of the entropy
change of the transition.
X-ray thermal diffuse scattering
measurements at XSd beamline 33bm-C at the APS identified these
phonons as coherent vibrations of the
vanadium atoms associated with particular lattice periodicities (wave vectors).

but the team had only an incomplete
picture of the phonons: the neutron
studies revealed their energy, and the
diffuse x-ray scattering their wavevectors, but more work was needed to put
those two things together.

A single crystal of vanadium dioxide.

the team therefore conducted inelastic x-ray scattering measurement
with the heriX spectrometer at XSd
beamline 30-id-b,C, where the instrumentation can detect energy changes
in kiloelectronvolt x-rays with millielectronvolt resolution while also recording
the direction of scattered photons. the
energy measurements found that the
low-energy photons, associated with
motions of the vanadium atoms, had
unusually broad and asymmetric peaks,
indicating very short phonon lifetimes
and strong damping. the phonon dispersion spectrum in metallic vanadium
dioxide is similar to that in titanium
dioxide (rutile), which has the same
tetragonal structure, but is shifted to
lower energies. the amplitude of the
vanadium atomic vibrations is correspondingly remarkably large, about
0.02 nm, and not much less than the
shift in vanadium positions that occurs
in the transition from the monoclinic to
the tetragonal lattice.
Combining the new experimental
data with calculations of lattice motion,
the team concludes that large amplitude vibrations of the vanadium atoms

stabilize the tetragonal structure above
340 k. below that transition temperature, by contrast, the lattice is distorted
by a Peierls instability that causes conduction electrons to localize to paired
vanadium atoms. the researchers say
that this detailed understanding of the
relationship between changes in electronic and lattice structure will be
helpful in efforts to refine the performance of metal oxides in practical applications. — David Lindley
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nderstanding how cracks spread through a material is important for
predicting how long a structure might last before breaking, as well
as for designing new materials more resistant to failure. researchers have long been able to watch a crack spread along a surface, but
because cracks propagate in three dimensions (3-d), such two-dimensional
(2-d) studies missed crucial information. Some 3-d methods use x-rays or
electron beams to characterize the structure of the cracked crystals that make
up the material, but these tend to study only a portion of a crack and typically
have no information about its 3-d evolution over time. researchers using the
high-brightness, highly penetrating x-rays from the APS have combined experimental methods to obtain high-resolution, quantitative measurements of
the events involved in material cracking, and link the measurements to a history of how a crack evolved.
the cracks in question are microstructurally small, meaning that their
dimensions are on the order of the
grain size in a crystalline material, and
that their growth is sensitive to the crystalline structure; the way local grains
respond to forces at the leading edge
of the crack will determine the next step
in the crack’s evolution. the researchers — from Cornell university,
lawrence livermore national laboratory, and Carnegie mellon university, —
studied an aluminum-magnesium-silicon alloy used as a liner in a container
that stores pressurized fluids.
they started by taking a small
sample of the alloy, 9.5 mm x 44.5 mm
x 1.75 mm with a region in the center
milled down to a thickness of 400 µm,
where they hoped a crack would form.
they alternately applied and released
tension to the sample, generating a series of marker bands that let them calibrate how the crack grew over time.
they periodically imaged the sample
using a scanning electron microscope
(Sem) to see how far the crack had
spread on the visible surface. Once the
sample broke in two, they used the

< Fig. 1. An aluminum-magnesium-silicon sample was mechanically tested until a crack
formed and grew to failure (a), then excess
material was cut away around the crack-formation site (b) to create a smaller sample for
study using x-ray CT (c) and near-field HEDm
(d). A top-down view shows crack growth
along grain boundaries (black regions) or
within grains (colored regions), with white
curves representing crack shape over time (e).
Also shown is the local variability in rate of
crack evolution (f).

marker bands and Sem images to map
the crack history and trace the crack to
the site where it originated.
next, they bonded the two halves
back-to-back for ease of imaging and
mounted the sample at the XSd 1-idb,C,e beamline at the APS. they performed x-ray computed tomography
(Ct), taking approximately 900 tomograms as they rotated the sample 180°,
then stacked the 2-d images together
to reconstruct 3-d images of the exposed crack surfaces.
the team also used the beamline
to perform near-field, high-energy x-ray
diffraction microscopy (hedm). that
technique yielded 3-d maps of the
grain shapes and orientations, letting
the researchers see whether the crack
had grown within grains or along
boundaries between grains.
Combining the fracture map, the xray Ct, and the hedm provided an unprecedented view of crack evolution
from a “naturally” initiated crack (Fig.
1). the collected data can now be used
to run a computer simulation of cracking, which will help scientists learn
what factors control a crack’s evolution
in 3-d. they may discover, for example,
how big a crack has to grow before
forces acting on the bulk of a material
become more important than the local
microstructure in directing the fracture.
the researchers would like to validate their findings with other aluminum
alloys, as well as with other materials,
though in some it may be difficult to create the marker bands. there is still
much to learn about microstructurally
small cracks, the researchers say, but
the fact that the APS beamline enables

3-d studies of materials that are actually used in real engineering applications could advance the science significantly. — Neil Savage
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ithium-sulfur (li-S) batteries are promising for the next generation of
energy storage devices, for potential use in electric vehicles, and to
capture renewable energy generated by solar and wind power. they
can have three to five times the energy of a comparable lithium-ion battery,
and sulfur is lightweight and inexpensive. but the efficiency of li-S batteries drops quickly, and their lifetimes currently are too short for commercial
use. Part of the reason is that sulfur forms compounds, polysufides, which
dissolve in the battery’s electrolyte, then travel back and forth between the
positive and negative electrodes, undergoing chemical reactions that reduce the efficiency of the cell, a phenomenon known as the “shuttle effect.”
two teams of researchers have proposed different solutions to these problems, and used user facilities including the APS to test their ideas. graphic
above from P. zhu et al., j. Phys. Chem. C 118, 7765 (2014). © 2014 American Chemical Society. All rights reserved.
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One team of scientists from the
Pennsylvania State university, the national institute of Standards and technology (niSt), and Argonne developed
a cathode material that trapped the
new sulfur species and reduced the
shuttle effect [1]. they created their
cathode out of mesoporous carbon,
studded with pores between 2 nm and
50 nm in size, which they doped with
nitrogen. Sulfur molecules are adsorbed in the pores and immobilized,
unable to return to the electrolyte, and
during subsequent charge-discharge
cycles, the battery retained approximately 99.5% of its capacity. the researchers wanted to understand why
the carbon doped with nitrogen
achieved a higher capacity retention
than un-doped mesoporous carbon.
the researchers started with
doped and un-doped samples of the
carbon, then added sulfur to simulate
battery performance and performed xray absorption near-edge structure
(XAneS) spectroscopy on the samples.
they used the niSt u7A beamline at
brookhaven national laboratory to determine the coordination structures of
the carbon, nitrogen, and oxygen elements on the carbon cathode materials
before and after sulfur loading. to
measure the sulfur, they performed the
same procedure with the XSd 9-bm-bb,C beamline at APS, which provided
the higher-energy x-rays needed to
produce spectra from that element.
the team looked at the chemical
environment of the nitrogen before and
after the sulfur was adsorbed and saw
no change, which showed that the nitrogen was not directly forming chemical bonds with the sulfur to immobilize
it. there was, however, a change in the
oxygen functional group and an increase in sulfates in the nitrogen-doped
sample. the team’s theory is that the
presence of the nitrogen weakens the
double bond between carbon and oxygen, rendering the carbon more reactive with the sulfur.
the second team of scientists from
the university of Waterloo (Canada)
and bASF Se (germany), and Argonne
attacked the problem with a new class
of electrolytes, consisting of a solventsalt complex and a highly fluorinated
ether [2]. the electrolyte, they expected, would be less likely to dissolve

Fig. 1. A graph of voltage profiles (left) shows better discharge (lines descending to right)
and charge (ascending lines) for batteries using a non-solvent electrolyte (orange) than a
typical electrolyte (blue). In a typical lithium ion 1,2-dimethoxy ethane solvent (top right),
sulfur atoms (yellow squiggles) form polysulfides that dissolve (yellow field). In the non-solvent electrolyte (bottom right), the polysulfide remain near the carbon (black circles) of the
electrode. Adapted from m. Cuisinier et al., Energy. Environ. Sci 7, 2697 (2014).

the polysulfides, thus limiting their ability to participate in the shuttle effect.
the trick was to make an electrolyte
with low solubility to control the polysulfides, but also low enough viscosity that
the lithium ion carrier could move easily
between the electrodes. the researchers made several electrolytes
with different chemistries, then measured their viscosity and conductance.
they built coin-style batteries with
their materials, and brought them to the
9-bm-b,C beamline at the APS, where
they performed XAneS spectroscopy
while the batteries continuously
charged and discharged (Fig. 1). the
experiment confirmed the mechanism
at work: the polysulfides were, in fact,
formed.
however, the researchers found
that the polysulfides’ limited dissolution
and mobility in the electrolyte strongly
affected their equilibria processes, so
that li-S precipitated in a smoother,
more controlled way than in the traditional electrolyte, allowing the battery to
reach almost its theoretical capacity.
the non-solvent electrolyte also prevents the polysulfides from migrating
away from the positive electrode, eliminating the drop in capacity caused by
the shuttle effect.
the knowledge the teams gained
from their work will help them to design
even better electrolytes, and suggests
ways they might change the architecture of the electrodes to handle even
more sulfur, thus increasing the energy
density of the battery. — Neil Savage
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ithium-ion (li-ion) batteries provide the juice for many portable electronic devices. these rechargeable batteries offer several advantages, such as a
high energy density and low maintenance. but like all batteries, they degrade over time. the constant charging and discharging of a lithium-ion battery
causes volume contraction and expansion inside electrode components. this mechanical strain can eventually lead to cracking and is one of the main causes of liion battery failure. to better understand the impact of strain, researchers have
produced the first three-dimensional mapping of atom-level strain inside metal oxide
nanoparticles that store and release charge. the experiments, performed at the
APS, show that strain is not uniform across these battery components. these precise nanoscale images may help in optimizing the shape and size of nanoparticles,
so that strain is less of a drain on battery life.

Fig. 1. (a) Coherent x-rays are produced that illuminate the sample and scatter to
give (b) a coherent diffraction pattern from a particular cathode particle. (c) Electron microscopy image of the pristine cathode powder and (d) unit cell for the cathode material. From A. Ulvestad et al., Appl. Phys. Lett. 104, 073108 (2014)
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Lithium (from the greek word for stone, “lithos”) was discovered in the mineral petalite by johann August Arfvedson in 1817. It was first isolated by William Thomas brande and Sir Humphrey Davy through
the electrolysis of lithium oxide. Today, larger amounts of the metal are obtained through the electrolysis of lithium chloride. Lithium is not found free in nature and makes up only 0.0007% of the Earth's crust.
many uses have been found for lithium and its compounds. Lithium has the highest specific heat of any
solid element and is used in heat transfer applications. It is used to make special glasses and ceramics,
including the 200-in. mirror in the Hale Telescope at the Palomar Observatory in California. Lithium is
the lightest known metal and can be alloyed with aluminum, copper, manganese, and cadmium to make
strong, lightweight metals for aircraft. Lithium hydroxide is used to remove carbon dioxide from the atmosphere of spacecraft. Lithium stearate is used as a general purpose and high-temperature lubricant.
Lithium carbonate is used as a drug to treat manic depression disorder. Lithium reacts with water, but not
as violently as sodium. Source: jefferson Lab, “It’s Elemental,” http://education.jlab.org/itselemental/
ele003.html. Hale Telescope photo by Paul vladuchick, https://www.flickr.com/photos/vladdythephotogeek/ 3828538652/

like most batteries, the li-ion variety consist of a cathode and an anode
separated by an electrolyte. the cathode in this case is made of a lithium
metal oxide that allows lithium ions –
which are the battery’s charge carriers
– to leave and reenter. to facilitate this
ion movement, the metal oxide is routinely fabricated as a powder of small
particles that are micrometers or
nanometers in size. during charging,
lithium ions diffuse out of these particles and travel through the electrolyte
to the anode, which is often some form
of carbon such as graphite. the loss of
lithium in the cathode particles results
in a contraction of their crystal structure. When the battery starts to discharge, the lithium ions flow back into
the particles, causing them to re-expand. the strain from this cycling of
ions into and out of the cathode material may induce structural damage. For
this reason, battery manufacturers are
interested in understanding how and
where strain occurs.
to see the strain inside nanoscale
particles, researchers from the university of California, San diego; Argonne;
los Alamos national laboratory; and
new mexico State university employed
coherent x-ray diffraction imaging
(CXdi) at the XSd 34-id-C beamline at
the APS. this relatively new technique
was developed to take images of nanosized objects, like gold nanoparticles
and semiconductor quantum dots. the
beam used in CXdi is formed by extracting a small fraction of coherent
light from the APS x-ray output (see top
of Fig. 1). the 34-id-C beamline is optimized for performing CXdi, with a set
of curved kirkpatrick-baez mirrors for
focusing the synchrotron light on a

sample. When the coherent x-rays
scatter off the sample’s atoms, they
produce a high-precision diffraction pattern, which can be transformed –
through a computer algorithm – into a
three-dimensional map of the crystal
structure in the sample.
For their experiments, the research
team chose to look at cathode materials called spinels, which are used in
special high-performance batteries.
Spinels are a type of oxide with a specific cubic crystal lattice structure. in
spinels containing lithium, this cubic
structure allows lithium ions to diffuse
out in three different directions, as compared to a single direction in other
metal oxide materials. this greater ion
mobility results in a higher voltage for
spinel-based batteries than for the
more common lithium cobalt oxide battery. A further advantage of spinels is
that they don’t require environmentally
hazardous materials in their fabrication.
the researchers performed CXdi
experiments on nanoparticles made
from the spinel material lithium-nickelmanganese-oxide. by examining the
asymmetrical shape of bragg peaks in
the diffraction pattern, the team recovered the strain inside single nanoparticles that were isolated from both a prepared powder sample and a coin cell
battery (see bottom of the Fig. 1).
the maximum strain was measured to be around one part in 103,
which is about ten times the strain
found in gold nanoparticles of similar
size. interestingly, the strain was not
uniform across the nanoparticles. the
research team assumed this inhomogeneity was due to differing concentrations of lithium ions in the crystal structure. this would imply that lithium

The Hale Telescope

diffuses out of the nanoparticles in a
non-uniform way, contradicting certain
theoretical models that predict diffusion
proceeds uniformly from the surface to
the core.
Subsequent work with CXdi techniques has shown how strain evolves
over time in these spinel materials as
they cycle through charge and discharge. by experimenting with different
nanoparticle shapes and sizes, the researchers hope to find ways to limit the
effects of strain. — Michael Schirber
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lithium-ion battery gets its name from the fact that it charges and discharges
by shuttling lithium ions back and forth through an electrolyte in passing between the battery’s cathode and anode electrodes. the reversibility of the
charge and discharge process ensures the energy received from an external source
of electrical power upon charging can be delivered during discharge. many emerging
applications, such as powering electric vehicles, require cathode materials to release
lithium ions very quickly while charging and then swiftly reincorporate them when the
battery discharges upon use. nanoparticulate lithium iron phosphate (liFePO4) cathodes are commercially important because they do that with ease, yet until recently
scientists did not understand why. that understanding came thanks to work by an international team of researchers utilizing the APS.

Fig. 1. The in situ XrD pattern clearly shows the intermediate phases as evidenced by the intensities observed in the intermediate 2θ region (labeled LixFePO4 in red).
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the difficulty was that, although
liFePO4 nanoparticulate cathodes cycle lithium ions very quickly, the reason
this occurred remained unclear, if the
results of previous ex situ investigations told the whole story. those investigations, which studied the cathodes
before and after but not while cycling,
suggested that cycling induced a
liFePO4-FePO4 phase transition, implying that a moving phase boundary
formed and then swept back and forth
across the nanoparticles. yet such
phase transitions usually proceed very
slowly, providing no explanation for the
cathodes’ great cycling speed.
to find out what was going on, the
researchers from the university of
Cambridge (uk), Argonne, and Stony
brook university utilized XSd beamline
17-bm-b at the APS to perform in situ
synchrotron x-ray powder diffraction
(Xrd) measurements on liFePO4
cathodes as they were being cycled at
high rates while inside liFePO4-li battery cells. the Xrd patterns showed
the expected disappearance of
liFePO4 bragg reflections on charging
and the simultaneous formation of
FePO4 reflections.
but they also showed reflections in
between indicating that particles with
lattice parameters deviating from the
equilibrium values of liFePO4 and
FePO4 were being formed (Fig. 1). this
phenomenon was even more pronounced at high currents.
the researchers then compared
their experimental results with simu“Ions” cont’d on page 52
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agnetic data storage on hard drives is running into a brick wall. After
continually improving through the years, the technology has now
reached a density limit on the tiny magnetic grains that represent 1s
and 0s: if they get any smaller they will become thermally unstable, flipping randomly and corrupting data. One potential solution is to use grains with high magnetic anisotropy, which are directionally dependent. the magnetization of such
grains is very stable and hard to flip at the temperature of data storage. but writing data onto such stable magnetic grains also becomes a challenge, requiring
either a very high magnetic field or heated grains. the heating approach seems
to be more practical with existing technology, so a team of researchers used the
APS to better understand how heat moves through the layers of metal and ceramic in next-generation high-density hard drives. the results of their research
could lead to heat assisted magnetic recording (hAmr) devices with much higher
density information storage than is currently available.

Fig. 1. The contour plots of the FePt diffraction peak as a function of the time delay between xray and laser pulses from -264 ps to 1038 ps are shown in (a) for Ta/FePt/mgO and (c) for
Ta/FePt/Ag/mgO. (b) and (d) show the diffraction curves at three marked time delays with corresponding colors (black, blue, and red), highlighting the bragg peak’s shift in energy when the
laser was applied. The diffraction peak shifted to lower energy (arrow from black to blue) indicates the lattice expansion during heating, whereas the peak shifting to higher energy (arrow
from blue to red) indicates the contraction of expanded lattice in cooling. From D.b. Xu et al., j.
Appl. Phys. 115 (24), 243907 (2014).

One attractive candidate for hAmr
devices is iron-platinum (FePt) magnetic thin film. FePt has high magnetic
anisotropy and high corrosion resistance, making it both stable and long
lasting. to record on such a material, it
is heated with a laser to reduce the
magnetic field necessary to flip the
magnetization direction of the magnetic
grains, and data is written into it with a
magnetic writing head. then the FePt
must be rapidly cooled to fix the magnetization in place. this can be done by
layering a heat sink, such as silver, underneath the FePt. Silver (Ag) is particularly good because its crystallographic
structure is compatible with the desirable growth direction of the magnetic
FePt layer. Such metal-metal layers
need to be supported on a substrate;
for this experiment, the researchers
supported the FePt and Ag layers on
top of a ceramic, magnesium oxide.
heat moves differently through the
interfaces of metal-to-metal and metalto-ceramic. in metals, heat travels primarily via electrons, while phonons (vibrations moving through the atomic
structure of a material) conduct heat in
ceramics. if heat conducts in unexpected ways at the interface between
metal and ceramic, this could complicate the operation of a hAmr device.
the researchers in this study from Argonne, the national university of Singapore, and Chonbuk national university (republic of korea) probed the
FePt-Ag and Ag-mgO interfaces at sub“Writing” cont’d on page 52
a rgonnE n ational l aBoratory
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lated Xrd patterns and found that the
lattice parameter variation could not be
explained by a moving liFePO4-FePO4
interface within the particles. instead,
the results indicated a continuous compositional variation either within or between the particles. this is only plausible if a solid solution was being formed
— in this case, only under nonequilibrium conditions.
the researchers finally adapted a
whole-pattern fitting method to quantify
the compositional variation in the electrodes during cycling. the results
demonstrated the formation of a nonequilibrium solid solution phase,
lixFePO4 (0 < x < 1), during high-rate
cycling, with compositions spanning the
entire range between the two thermodynamic phases, liFePO4 and FePO4.
this showed that, at least at high rates,
phase transformations in nanoparticulate liFePO4 proceed via a continuous
change in structure rather than a distinct moving phase boundary between
liFePO4 and FePO4. the ability of
liFePO4 to transform via a nonequilibrium single-phase solid solution that
avoids major structural rearrangements
across a moving interface helps to explain its high-rate performance despite
the very limited solubility of lithium in
liFePO4 and FePO4 at room temperature. the existence of nonequilibrium
solid solution phases may also underpin the high-rate capability of other materials that nominally operate via twophase reactions. this result additionally
suggests that the creation of a low-energy nonequilibrium path by, for example, particle size reduction or cation
doping could enable the high-rate capabilities of other phase-transforming
electrode materials. — Vic Comello
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nanosecond timescales. the goal was
to more precisely understand how electron- and phonon-heat transport couple
at the interfaces, and how heat moves
through these interfaces over time.
the researchers pulsed a laser
beam onto the FePt layer to heat it, and
then performed picosecond time-resolved laser pump/x-ray probe diffraction to trace the heat as it moved
through the samples (Fig. 1). they
used the XSd 20-id-b,C beamline at
the APS because of its excellent set-up
both for x-ray scattering and spectroscopy, and because the scientists
working on that beamline are always
ready to modify the existing setup to
explore new experiments.
the team found that the laser
transferred heat energy to electrons a
few hundred femtoseconds after the
pulse. the heat energy was transferred
through the entire FePt film within a few
picoseconds via electron diffusion.
the researchers believe that two
mechanisms of thermal transport are
coupling at the metal-nonmetal interface. electrons and phonons exchange
the thermal energy within the metal
layer first, and the energy then transfers from the metal to the ceramic
through phonon-phonon interactions.
Of the current technologies under
consideration for next-generation magnetic recording, hAmr is the most
compatible with current hard drive architecture and manufacturing capabilities. hAmr devices could break the
current storage wall, allowing data stor-

age densities of up to 50 terabits per
square inch, about 100 times denser
than current commercial technology.
the researchers believe that a stochastic model which incorporates ballistic
phonons and electrons should be developed to provide a realistic description of heat transfer in such layered
metal-ceramic structures. Such a model
could provide insights into how to better
structure hAmr devices, bringing them
closer to commercial feasibility.
— David Bradley
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ew transparent materials for use in liquid-crystal displays, light emitting diodes, photovoltaic cells, and other optoelectronic devices are
being developed by researchers from the u.S. and South korea
and investigated utilizing high-brightness x-rays from the APS. the researchers’ focus on the structure and properties of amorphous thin films made
from zinc (zn) tin (Sn) oxide (a-ztO) could lead to less costly devices with
none of the disposal problems of other experimental devices that use toxic indium and gallium compounds.
many amorphous metal-oxide
semiconductor materials are transparent and have potential in optoelectronic devices in which transparency
and the ability to transmit light is just
as important as the ability to carry a
current, a flow of electrons. the fact
that these materials are amorphous,
with no crystalline order, also means
that they cannot, by definition, have
crystal structure defects, which also
means greater electron mobility and
faster operation with no barriers
thrown up by random defects. in addition, amorphous materials can be
grown at low temperatures, thereby reducing thermally induced defects during fabrication.
Other researchers have worked
with amorphous indium-gallium-zincoxide, but the researchers in this study
from the massachusetts institute of
technology, harvard university, Chonnam national university (South korea), and the illinois institute of technology point out that indium and
gallium are much more expensive than
other metals with potential such as tin,
as well as having toxicity problems.
this makes indium and gallium compounds less attractive overall for consumer products from both the end-user
safety perspective and in terms of recycling and disposal when the device
reaches end of life. the team believes
that with appropriate structural control
and the right setup tin might provide
the necessary electron mobility and
transparency characteristics to displace its indium or gallium counterparts.
indeed, other researchers have investigated methods for making high-

quality zinc tin oxide films including sol-gel methods, sputtering, pulsed laser deposition,
and the most promising: atomic
layer deposition (Ald). the
team explains that Ald allows
them to control more precisely
the exact proportions of each
element as they are deposited
on the thin layer, which is being grown on a smooth quartz
surface at 120° C from the
organometallic starting materials diethylzinc and a cyclic tin
amide compound.
Specifically, controlling the
ratio of tin to zinc atoms allows
optoelectronic properties to be
tuned and optimized for solidstate device applications. the
significant impact of the zinc/tin
ratio of a-ztO thin film on device performance suggests a
strong correlation between the
atomic structure and electronic
transport properties of the films.
because amorphous materials
can exhibit a continuum of structures, a local probe is required.
the team used synchrotron
x-ray absorption spectroscopy
(XAS) at the mr-CAt 10-id-b
beamline to probe the chemical
environment of zinc and tin
atoms and investigate how the
local atomic structure of an
amorphous thin film of a-ztO affects its electron transport properties (Fig. 1). both quantitative
extended x-ray absorption fine
structure and qualitative x-ray
absorption near-edge structure
“Displays” cont’d on page 55

Fig. 1. Field-effect and Hall-effect mobilities and
pseudo-Debye-Waller factors are plotted against film
composition, [Sn]/([Sn]+[Zn]).

Fig. 2. XANES spectra at (a) Zn and (b) Sn k-edges.
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he designers of nuclear fission reactors would like to use steel that can last longer in the
high temperatures and radiation produced in the crucible of nuclear reactions. Scientists
know that yttrium, titanium, and oxygen within a steel alloy can form nanoscale features
that make the metal less susceptible to cracking and weakening, but the details of those features
are not well understood. now researchers have used the APS to better understand how oxide
nanostructures form in steel alloys, which could lead to the creation of even more durable steel. >

Fig. 1. A schematic representation of bulk steel shows grain boundaries (black lines) and nanofeatures
(circles). The researchers in this study postulate that the nanofeatures’ structure (above) consists mainly
of yttrium oxide surrounded by titanium oxide (blue=yttrium, gray=titanium, red=oxygen).

54

APS S CIENCE 2014

titanium (ti) within the steel can
remain in the metallic steel matrix, or
can combine with yttrium (y) and oxygen (O) into complex oxide compounds, creating tiny structures within
the alloy. these nanofeatures block incipient cracks and helium bubbles
(which are produced in the steel by the
nuclear reaction) from spreading and
weakening the metal.
by using x-ray absorption spectroscopy, researchers from the illinois
institute of technology and the university of California, Santa barbara, have
discovered that titanium atoms migrate
from the steel matrix to the surface of
oxide nanoparticles during high-temperature processing to form these nanofeatures (Fig. 1).
the researchers began with a
powdered alloy, into which they mixed
yttrium-trioxide (y2O3) by ball-milling
the powders together for 8 h in an inert
argon atmosphere. the elements involved don’t form alloys chemically, but
the ball milling dispersed the y2O3
throughout the steel and created a mechanical alloy. the powders were annealed at 850° C, 1000° C, or 1150° C,
as well as hot pressed at 1150° C at a
pressure of 200 mPa.
these samples, along with commercial steel alloys manufactured in
japan, were studied using high-brightness x-rays at the APS. the characteristic absorption energies of y and ti are
very different and required the use of
two separate beam lines: the mr-CAt
10-1d beamline to examine the y in the
samples and the XSd 9-bm beamline
to study the ti, with a method called extended x-ray absorption fine-structure
spectroscopy. the researchers found
that the oxidation state and the local
structural environment of ti changed
most during processing.
they found no difference between
the characteristics of the annealed
and hot-pressed powders. the results
showed that nearly all of the ti in the
milled powder started in a metallic
state, but was mostly oxidized during
the hot-pressing or annealing process.
Additionally, powders that were
treated at higher temperatures
showed somewhat more oxidation of
the ti than at lower temperatures. in

contrast, the ti in the commercial alloys was found to be mostly in the
metallic steel matrix.
the results were consistent with
the possibility that the ti, y, and O had
formed one of several compounds such
as y2ti2O7, but there was also evidence
that the titanium had formed a shell
around the surface of an yttrium-oxide
nanoparticle.
With this new understanding of the
differences between these newly prepared alloys and the proprietary commercial steels, it will be possible to evaluate how the structure and composition
of the nanofeatures affect the durability
and performance of such advanced
steels under irradiation.
eventually, this work may allow engineers to produce steel alloys that are
more durable for the nuclear reactors of
the future. — Neil Savage

See: S. liu1, g.r. Odette2, C.u.
Segre1*, “evidence for core–shell nanoclusters in oxygen dispersion strengthened steels measured using X-ray
absorption spectroscopy,” j. nucl. mat.
445, 50 (2014).
dOi: 10.1016/j.jnucmat.2013.10.042
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Santa barbara
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the u.S. dOe Office of Science-basic energy Sciences and by the u.S. national Science Foundation division of materials
research. this research used resources of
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Office of Science user Facility operated for
the dOe Office of Science by Argonne national laboratory under Contract no. deAC02-06Ch11357.
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(XAneS) analyses showed that in aztO, structural disorder around the zinc
atoms, as indicated by the debyeWaller factor, increases with the tin content (Fig. 2). Furthermore, increasing
the local structural disorder surrounding
zinc atoms is correlated with decreasing
charge-carrier mobility.
the team hypothesized that in
zinc-rich a-ztO films, the predominant
conduction paths are between hybridized zn-4s and O-2p orbitals.
therefore, reduced hybridization
strength of zn-4s and O-2p orbitals due
to structural disorder may reduce mobility. these insights can be used today to
tune the material to optimize carrier
transport, and might be useful tomorrow
when designing the next generation of
transparent contact materials.
— David Bradley

See: Sin Cheng Siah1*, Sang Woon
lee2, yun Seog lee1‡, jaeyeong heo3,
tomohiro Shibata4, Carlo u. Segre4,
roy g. gordon2, and tonio buonassisi1**, “X-ray absorption spectroscopy
elucidates the impact of structural disorder on electron mobility in amorphous
zinc-tin-oxide thin films,” Appl. Phys.
lett. 104, 242113 (2014).
dOi: 10.1063/1.4884115]
Author affiliations: 1massachusetts institute of technology, 2harvard university,
3Chonnam national university, 4illinois
institute of technology ‡Present address: Ajou university
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* sincheng@alum.mit.edu,
** buonassisi@mit.edu
this work was supported by the Office of
naval research Onr n00014-10-1-0937,
the u.S. national Science Foundation (nSF)
Award no. Cbet-1032955, and nSF CAreer Award no. eCCS-1150878. mr-CAt
operations are supported by the u.S. department of energy (dOe) and the mr-CAt
member institutions. this research used resources of the Advanced Photon Source, a
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liquid nitrogen (ln2) is an essential commodity at the APS because it is utilized for cooling experimental equipment and samples. to
facilitate easy access to ln2 for
users, a fully automated liquid nitrogen distribution system (lndS) was
installed in 1999.
the original system consists of
four separate modules, each of which
supplies ln2 to 25% of the sectors in
the APS experiment hall. each module includes a 3000-gal ln2 storage
tank, vacuum jacketed piping, valves,
and automatic controls.
each module maintains a steady
supply of ln2 to the beamlines
through a manifold system that encircles the inside perimeter of the experiment hall. the modules operate
independently of each other but can
be connected to adjacent modules
through a series of interconnect
valves. these connections allow one
module to supply ln2 to the beamlines of an adjacent module if the
need arises.
the demand for ln2 has substantially increased since the system
was originally installed. Prior to recent improvements, some of the
3000-gal tanks required daily filling.
For various reasons (e.g., mechanical problems with delivery
trucks) delivery to these tanks was
occasionally delayed. to prevent the
tanks from running completely empty,
they were valved out of the system
when they reached a predetermined
minimum level. to ensure a steady
delivery of ln2 to the affected
beamilnes, the interconnect valve
from the adjacent module was
opened. in each instance, when the
interconnect valves were opened, the
ln2 supply to several beamlines was
affected.
to reduce the likelihood of tanks
running low again, larger tanks were
installed. the two highest usage
tanks were replaced with 9000-gal
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Fig 1. One of the 9000-gal LN2 tanks.

Fig. 2. Typical liquid nitrogen consumption and refill
cycle for the “C” module tank before and after the
larger tank was installed.

APS U SERS

tanks (Fig. 1) during the 2014 Aprilmay maintenance shutdown of the
APS electron accelerator. these
tanks will now last three days or
more before they require a refill.
Figure 2 illustrates the tank level
vs. days of use for the 3000-gal and
9000-gal tanks. under normal conditions, the tanks are not allowed to fall
below the 3/8-full level, which allows
for a reserve margin. the new tanks
provide approximately a two-day reserve at current usage levels. Additionally, to assist the supplier in maintaining proper tank levels, telemetry
units were installed on each tank.
these devices are solar powered
and supply level and pressure data
directly to the supplier in real time using cellular technology.
in addition to the tank upgrade,
the APS has also completed an upgrade to the lndS control systems
for each module. the original controls were no longer supported by the
manufacturer and new spare parts
were unavailable. the new control
systems are PlC-based and use
touch-screen displays and interfaces.
these new controls provide a greater
level of flexibility to modify or add
controls, improve system reliability,
and increase the availability of spare
parts.
the new system is performing
well. Since installation, there have
been no low-level ln2 conditions observed. the reorder process has become automatic; the ln2 supplier receives the tank level data via the
telemetry units and initiates an order
8 h in advance of the predicted 3/8full level. this allows ample time for
refilling the tanks. in practice, the
tanks are usually refilled at about the
50% of full level. this leaves about a
2.5-day safety margin before the
tanks run low.
Contact: Jeffrey Toeller,
jtoeller@anl.gov
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hen a soft, elastic semisolid natural or synthetic material such
as a thin film, fiber, or gel gets wet, interfacial tensions between
its surface, the wetting liquid, and the surrounding air can create
ripples, wrinkles, and other deformations. these deformations can profoundly
affect a material's behavior, causing problems when it is used in applications
such as microfluidic devices and inkjet printing. recent work by a group of researchers utilizing the APS has achieved direct visualization of the previously
uncharacterized wetting ridge tip, shedding new light on the miniscule geometry of moisture on soft solid surfaces and revealing the presence of a “wetting ridge” structure at the liquid-surface interface.
traditionally, young's modulus,
which is a measure of the stiffness of
an elastic material and is used to describe the elastic properties of objects
like wires, rods or columns when they
are stretched or compressed, has been
employed quite successfully to explain
wetting behavior on solid materials.
When it comes to semisoft materials,
however, young's modulus fails to provide the full picture, because it does not
take into account the component of vertical surface tension that gives rise to
the wetting ridge structure. to allow a
more accurate characterization of wetting on soft surfaces, various attempts
have been made to directly visualize
the wetting ridge through optical microscopy techniques, but light scattering in the interfacial regions inevitably
limited the resolution of the images,
making the ridge tip impossible to see.
the experimenters in this study
from the Pohang university of Science
and technology (South korea) and the
Skku Advanced institute of nanotechnology (South korea) utilized transmission x-ray microscopy (tXm) at the
XSd 32-id-b,C beamline of the APS
(see page 179) to overcome these difficulties, allowing the team to precisely
measure the geometry of the wetting

Fig. 1. Direct visualization of a wetting ridge
by transmission x-ray microscopy. (a): A representative x-ray image of a wetting ridge on a
silicone gel (E ≈ 3 kPa). The wetting ridge
forms asymmetrically by a water droplet (r ≈
1 mm). (b): A surface profile extracted from
the x-ray image in a clearly shows an asymmetric cusp compared with three linear elastic
models by Style (solid line), Limat (dashed
line), and Shanahan (dash-dotted line). The
Shanahan’s model is basically invalid in the
observed region here because the experimental data are in the plastic deformation region.

ridge tip and devise a basic theoretical
approach for describing the wetting behavior of soft solids. because of the
high temporal resolution of tXm, they
were also able to obtain real-time
movies of the formation of wetting
ridges during the growth process.
the team focused on drops of water and a 40% ethylene glycol solution
on a silicone gel or polydimethylsiloxane surface. they found that the wetting ridge consisted of a bent cusp with
an asymmetric tip rotated toward the
liquid-vapor (air) interface. the shape
of the ridge tip in various samples was
nearly identical despite variations in
elasticity (e) or the height of the ridge.
using the surface profiles they were
able to determine from the tXm imaging, the researchers attempted to fit
them with three different linear elastic
models.
neither the de gennes/Shanahan
model nor the limat model matched
well with the experimental data. the
former could not be applied to the cusp
regions, while the latter could not adequately account for the asymmetric surface energies observed. the Style and
dufresne model proved to fit most
closely with experimental observations,
although not with respect to the asymmetric microscopic contact angles of
the wetting ridge tips.
to reconcile the differences between theoretical models and their experimental data, the researchers settled
on a dual-scale approach that simultaneously links young's modulus with respect to the macroscopic contact angles and neuman's law for the
microscopic contact angles. this also
accounts for the invariant geometry of
the asymmetric ridge tips, which seems
to result from macroscopic and microscopic force balances.

the team notes that their characterization of the wetting ridge geometry,
achieved here for the first time in unprecedented detail and accuracy, can
provide a good general framework for a
useful new approach to the description
of wetting behavior and the measurement of surface stresses on soft solid
materials. the experiments also
demonstrate the great utility of tXm for
further investigation of a variety of wetting phenomena involving soft solids.
Such work promises to be valuable
not only for industrial applications such
as microfluidics but also in the study of
biological microenvironments and biomechanical processes.
— Mark Wolverton

See: Su ji Park1, byung mook Weon2,
ji San lee1, junho lee1, jinkyung
kim1, and jung ho je1*, “visualization
of asymmetric wetting ridges on soft
solids with X-ray microscopy,” nat.
Commun. 5, 4369 (2014).
dOi: 10.1038/ncomms5369
Author affiliations: 1Pohang university
of Science and technology, 2Skku Advanced institute of nanotechnology
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he failure of a solid object when subjected to a load can have dramatic and even tragic consequences but is often difficult to predict. A solid’s strength and its behavior when it fails
are directly related to its microscopic structure. most of our knowledge about materials’ microstructures comes from measurements taken when they are at rest, leaving out crucial information about how microstructure changes during non-equilibrium processes such as mechanical
deformation and failure. hoping to learn more about these changes, researchers used x-ray photon correlation spectroscopy (XPCS) at the APS to measure the nanoscale dynamics of a concentrated colloidal gel subjected to oscillatory shear. the gel was found to undergo a sharp
transition to irreversible microscopic deformation at a threshold strain amplitude (near 7%). however, macroscopically strain softening occurred well below this threshold. these XPCS measurements under in situ strain provide clues to the nanoscale roots underlying the observed
fundamental properties of bulk materials and show XPCS to be a valuable tool in studying and
assessing the structural dynamics associated with yielding in nanostructured soft solids.

Fig. 1. Image of the coherent x-ray scattering intensity from a concentrated nanocolloidal gel under oscillatory shear. The incident beam position, corresponding to q = 0, is obscured by the shadow of the
beam stop in the upper right. The wave-vector directions parallel to the flow direction qv and parallel to
the vorticity direction qω are indicated by arrows. regions of approximately fixed wave vector, such as
those shown by the red boxes, were analyzed to identify changes in the speckle pattern due to shear-induced irreversible microscopic rearrangements. These two partitions are located at q = 0.19 nm−1.
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Fig. 1. A sequence of cross-sections of the arrangement of wet glass beads, taken from x-ray microtomography images, shows the evolution of structure as the system is repeatedly tapped. From a to f,
the number of taps is 0, 10, 40, 100, 1,000 and 5,000. Scale bar at bottom right is 1 mm.
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lasses, gels, and collections of granular particles display similarities in
both structure and dynamics. the components of all these systems
show a variety of short- and long-range ordering, form local structures
with various symmetries, and exhibit dynamic frustration mechanisms that prevent
the formation of more orderly arrangements. going back to the 1960s, researchers
have studied granular packing of dry materials in order to gain insight into the behavior of liquids and glasses. tapping such a system causes its structure to evolve
as the granules shift around, but that evolution can be blocked when the particles
get stuck in clumps that resist further shifting. geometrical frustration of this sort
is also characteristic of glasses. however, glasses typically also have attractive or
repulsive intermolecular forces that affect their dynamics, but these forces are absent from dry granules. researchers utilizing the APS mapped out the detailed
structures in a system of wet glass beads. the team found that the stickiness of
the beads led to the appearance of small-scale structuring that is not seen in dry
granules, and conclude that the system offers a good model for frustration mechanisms in glasses.
the researchers from Shanghai
jiao tong university (China) and Argonne reasoned that wet granules
might offer a more accurate analogy to
the behavior of glasses, because capillary effects provide a local attractive
force between touching granules. they
studied a system of glass beads, 200µm in diameter, moistened with an
aqueous solution of potassium iodine.
the ratio of liquid volume to that of the
beads was 0.033. under these conditions, the capillary adhesion between
beads was a few hundred times their
weight.
After thorough stirring, the wet
beads were poured into a container
that could be tapped by an electromagnetic mechanism that delivered one cycle of a 30-hz sine wave, with a peak
acceleration 12 times that of gravity.
the team used microtomography at
XSd beamline 2-bm-A,b at the APS to
map out the positions of the particles in
the system (Fig 1.). each map was
compiled from 1800 separate images
and gave the researchers a full threedimensional picture of the system, with
beads, liquid, and air all distinguishable. From these maps the team calculated a number of characteristics of the
granular packing and tracked how they
changed as the system was repeatedly
tapped. the fractional volume of air fell
rapidly at first, much faster than in a
comparable system of dry particles, because the wet system began with larger
open pores in its structure. Consistent
with this observation, the average num-

ber of beads touching a bead rose
quickly as the system became more
compact.
more interesting results emerged
when the researchers investigated the
structures in the system more closely.
Pair correlation functions suggested
that wet bead systems had more smallscale structures than dry beads. that
result was reinforced by analysis of the
angular distributions of pairs of beads
touching the same third bead, which
showed evidence of both equilateral triangles and bipyramids.
to confirm these suggestions, the
team looked at a variety of multipole
moments of the distribution of particles
that were in contact with another particle. the fourth and sixth order moments
exhibited no sign of local crystal order
in either wet or dry packing, but a modified sixth-order moment (based on
Wigner symbols and representing products of spherical harmonics) showed a
significant peak in the wet system, corresponding to the presence of local ordered structures with 5-fold symmetry.
these structures were not seen in drybead packing, but have been observed
in some colloidal systems.
Finally, the researchers looked directly for local structures by noting the
positions of beads in contact with each
other. they found tetragonal and pentagonal bipyramids, octahedra, and
other shapes, several of which displayed 5-fold symmetry.
local structures with 5-fold symmetry have been implicated in theoreti-

cal arguments for dynamical arrest of
the evolution of glassy systems through
geometric frustration. the researchers
conclude that such effects are at work
in wet-bead but not dry-bead systems,
which suggests that short-range capillary attraction is an important ingredient
in the dynamics of wet granular packing. the results also suggest that wet
granular systems are useful and easily
studied models for the structure and dynamics of glasses with short-range attractions. — David Lindley
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A P HOTO -C ATHODE R F G UN FOR
B RIGHTER B EAMS AT THE APS

As part of the process that produces high-brightness x-ray beams at
the APS, electrons orbiting in the APS
storage ring are extracted from the
thermionic cathode of a radio-frequency
(rf) gun. in 2013, the APS acquired a
state-of-the-art photocathode (PC) rf
gun [1], which produces much brighter
electron beams compared to the
thermionic cathode rf gun that feeds the
APS accelerator complex. this new gun
will supply high-brightness x-ray beams
to experimenters.

Above: Fig. 1. Forward and reflected rf waveforms at the PC gun waveguide.
below: Fig. 2. Normalized emittance measured
for bunch charge ~ 25 pC.

the PC gun consists of a half and
a full copper cell, with the length of the
half-cell designed to be 0.6 times that of
the full cell. the two cells resonate at
2856 mhz in the tm010 π-mode. the
polished copper back plate of the halfcell also serves as the photocathode.
the repetition rate can be as high as
120 hz but is limited to the 30-hz maximum operating repetition rate of the
APS linac. When a class-iv laser of
263-nm wavelength and a couple of pi64
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cosecond-duration impinges on the
cathode, electron bunches with a timestructure similar to the drive-laser are
photo-emitted and instantly accelerated
by the rf field of the gun. On the cathode surface, the acceleration gradient
can be as high as 120 mv/m. immediately downstream of the PC gun, a
main solenoid magnet with integrated
dipole and quadrupole correction components provides cylindrically symmetric focusing to the electron beam and is
critical in preserving the high brightness
of the electron beam.
For high-power rf conditioning, the
PC gun was installed on the APS injector test stand. the gun was conditioned
to 12-mW forward rf power, 2.5-µs rf
pulse length, and 30-hz repetition rate
over a two-week period in march 2014
(Fig. 1).
Following the successful rf conditioning, electron beam commissioning
started and first photo-electron beams
were observed April 10, 2014.
there are several parameters that
characterize the quality of the electron
beam, including normalized beam emittance, bunch length, average energy,
energy spread, and the quantum efficiency of the photocathode. these parameters are affected by the rf field of
the gun (particularly the accelerating
gradient on the cathode), the photocathode drive-laser transverse and longitudinal profiles, external focusing provided by the solenoid magnets, and the
vacuum pressure inside the gun. the
photo-electron beams were systematically characterized under various operating conditions [2]. normalized emittances at different bunch charges and
drive-laser spot sizes were measured
as functions of the solenoid strength,
gun gradient, and phase. At ~25-pC
bunch charge, a normalized emittance
of ~0.8 µm was obtained (Fig. 2). A
beam energy of > 6 mev was measured, and the cathode quantum efficiency was found to be in the range of
(2~4) x 10-5 during the first beam-commissioning period.
the PC gun and its newly de-

signed beamline were installed in the
APS linac front end during the September 2014 machine maintenance period
(Fig. 3). After rf conditioning and photocathode drive-laser alignment, the first
photo-electron beam was extracted at
the front end of the APS linac in december 2014 (Fig. 4).
Future plans call for accelerating
the high-brightness photo-electron
beam through the APS linac in 2015. At
the end of the linac, the beam can be
either transported to the existing
straight-ahead beamline tunnel for experiments that require high-brightness
pulsed electron beams, or injected into
the particle accumulator ring/booster

Above: Fig. 3. PC gun and its solenoids as installed in the APS linac front end.
below: Fig. 4. First photo-electrons ~50 pC on
the yAg screen in the PC gun front end installed in the APS linac.

synchrotron and eventually into the
storage ring for x-ray generation in support of APS user experiments, provided
that sufficient bunch charge can be extracted from the photocathode once the
quantum efficiency improves.
Contact: Yine Sun, yinesun@aps.anl.gov
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-ray absorption fine structure (eXAFS) measurements carried out at the APS,
coupled with state-of-the-art density functional theory (dFt) simulations reveal
that strong acids, such as hydrochloric acid, form counter-ion pairs in solution
across all concentrations, a result that had not been seen in gas-phase studies. the discovery suggests that it is not simply the release of protons — hydrogen ions — that is
important for the properties of acids and provides a template to investigate and understand the details of other acids and their chemistries under a variety of different environments including interfaces.
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When a strong acid, such as hydrochloric acid, forms a solution in water, the hydrogen ions break away from
the compound and give rise to the acidity of the solution. these hydrogen ions
can diffuse quickly in the solution and
attack other chemicals present, neutralizing basic, or alkaline, substances, or
corroding metals and reacting with organic substances. meanwhile, the
counter ion (the chloride in the example
of hydrochloric acid) was assumed to
form independent, negatively charged
solvated fragments, but little was
known about the properties of the
counter ions or precisely what ion fragments they generated.
Chemists had computer models at
their disposal, often based on gasphase studies of the particles involved.
however, acids are present in the condensed phase and, thus, the role of the
condensed phase environment, as opposed to an isolated molecule in the
vapor, should be considered. moreover,
the researchers in this study found that
the gas-phase studies are not representative of the more common acidic
solution.
Countless chemical reactions
hinge on the presence of an excess of
protons in the reaction solution, formed
by the dissociation of a strong acid into
dissolved hydrogen ions and the
counter ion. indeed, these so-called
“brønsted acids” are used in many industrially important chemical reactions,
are involved in numerous biological reactions, and play a role in atmospheric
chemistry.
Chemists have assumed that the
dissociation of a strong acid has two
steps. First, the hydrogen-bearing, or
protic, acid bonds loosely to a water

molecule and the electrical charge is
redistributed so that the counter ion becomes more negative while the water
molecule gains a positive charge. in the
second step, the counter ion is released as a free-floating chloride ion,
for instance, and the positively charged
water molecule grabs the proton from
the acid to form h3O+, the hydronium
ion. the extra proton on this chemical
species is free to diffuse through the
solution, endowing the solution with its
acidic character. these researchers
from Pacific northwest national laboratory and Argonne have provided a
molecular picture of deviations from
ideal acid dissociation.
the team carried out extended xray absorption fine structure studies at
the XSd 20-bm-b beamline at the APS.
they combined these data with molecular dynamics and corroborated earlier
neutron and x-ray diffraction data.
Specifically, the bond distance between
chloride ion and the oxygen in the hydronium ion comprising the contact ion
pair significantly shorter than the interaction between chloride and the oxygen
of water in the ideal dissociation picture
(Fig. 1). this difference in distance and
geometry can be measured. Furthermore, the newly discovered molecular
moieties can be used to re-interpret in a
new light long-standing neutron and xray diffraction data.
thus, the contact ion pair between
the h3O+ and chloride suggests that the
long-misunderstood counter ion of a
protic acid is not a mere spectator but
is integral to defining the properties of
acids across a broad concentration
range. indeed, across the concentration
range, the team demonstrates that the
contact ion pair is ubiquitous with very

< Fig. 1. The experimental prediction and theoretical confirmation of persistent ion pairing between hydronium and chloride provides a unified description of the molecular structure of concentrated hydrogen-chloride solutions. The partial decompositions into Cl−O (H3O+) and Cl−O (H2O)
are shown in orange and green, respectively, with the structural portions depicted as insets in (b)
and (c). Water hydrogens and oxygens are rendered as small and large gray-scaled spheres, respectively. Charge is indicated with “+” or “−” and the chloride is rendered as a green sphere. (d)
is the experimental set-up.

few free protons in solution at the highest concentrations. the study provides
a template to investigate and understand the details of other acids and
their chemistries under a variety of different environments including interfaces. — David Bradley

See: marcel d. baer1, john l. Fulton1,
mahalingam balasubramanian2, gregory k. Schenter1, and Christopher j.
mundy1*, “Persistent ion Pairing in
Aqueous hydrochloric Acid,” j. Phys.
Chem. b 118, 7211 (2014). dOi:
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he sugar from corn kernels can be used to make ethanol, an alternative to fossil
fuels that can help reduce greenhouse gas emissions. however, since corn kernels are a major source of food for humans and livestock, many efforts are turning to the evaluation of corn stover — the stalk and leaves left over after the sweet ears
have been removed — for its viability as a source of ethanol. experiments at two u.S. department of energy x-ray light sources, including the APS, provided some answers when
researchers characterized corn stover after it was chemically treated in preparation for
ethanol production. this treatment is intended to fragment cellulose fibrils —polysaccharide chains in corn stover cells which bond together — into individual chains from which
glucose molecules can be obtained. the efficacy of these treatments determines the
amount of glucose available for conversion to ethanol. these new results show that treatments that break fibrils into fragments yield higher amounts of sugar, and are preferable
to those that only remove non-sugar molecules from the fibrils' surfaces to make the glucose molecules more accessible.
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the sugar in corn stover comes
from its cellulose, the main structural
component forming plant cell walls.
Cellulose is a long, linear chain of glucose molecules. each polysaccharide
chain bonds side-to-side with other
chains into stiff, stable columns (fibrils).
these connected chains form a crystalline lattice that breaks only when the
strong hydrogen bonds — which hold
the chains together as a fibril — are
broken. Fibrils are further grouped into
the columns that make up the plant's
cell wall, with the orientation of the fibrils parallel to the column they comprise.
the process of producing ethanol
begins by treating plant cell walls to
weaken the hydrogen bonds between
their polysaccharide chains in order to
partially free individual glucose molecules. the treatment options include
hot water, dilute sulfuric acid, and iron
sulfate, both separately and in different
combinations. the second step is hydrolysis: breaking the hydrogen bonds
between chains. After pretreatment and
hydrolysis, the glucose molecules are
fermented to produce ethanol and carbon dioxide, which are distilled to separate out the ethanol.
to determine how the cellulose is
affected by the pretreatments, the research team from northeastern university, brookhaven national laboratory,
Argonne, rensselaer Polytechnic institute, renewable energy laboratory,
and northeastern university began by
milling, drying, and steam-exploding
< Fig. 1. (a) USAXS patterns (left to right), untreated; DA-pretreated; DA/Fe-pretreated.
(b) WAXS patterns (left to right), untreated;
DA-pretreated; DA/Fe-pretreated samples.
(c) WAXS pattern from a sample exhibiting
sharp SAXS reflections observed from very
small (<5 μ3) scattering volumes of untreated
material. Insets show an enlargement of the
small angle region (top) and a high-pass filtered version to enhance their visualization
(bottom). From H. Inouye et al., Sci. rep. 4,
3756 (2014). © 2015 macmillan Publishers
Limited. All rights reserved.

the corn stover. they pretreated the
corn stover, then measured the saccharine yield of each pretreated sample.
the dilute acid with iron pretreatment
produced the most sugar, the acid-only
treatment the second highest amount,
and the hot water-only treatment the
lowest amount.
next, the team characterized the
pretreated samples to determine the
amount of cellulose degradation that resulted from each pretreatment. Figure 1
shows the extent to which two pretreatments permeated the samples; the iron
sulfate remains in the plant cell wall
while the dilute acid spreads through
the entire cell. ultra-small angle x-ray
scattering (uSAXS) at beamline X9 of
the u.S. department of energy’s national Synchrotron light Source and
scanning electron microscope data
showed that none of the pretreatments
affected the size of the cellulose fibrils
but did change their texture and their
orientation with respect to that of their
wall column. the dilute acid changed
the orientations of the fibrils so they no
longer ran parallel to the column. using
wide-angle x-ray scattering (WAXS) at
the gm/CA-XSd 23-id-b beamline at
the APS, the team discovered that the
dilute acid pretreatment partially broke
down fibrils into groups of cellulose
chains. the dilute acid with iron pretreatment degraded the cellulose further: it removed a sufficient amount of
non-cellulose molecules to allow the remaining fibrils to coil around themselves, no longer orienting parallel to
their column, and broke some fibrils
into fragments.
neither the pre-treatments of dilute
acid nor the dilute acid with iron
changed the radial extent of the crystalline lattice of cellulose within a fibril.
the team concluded that the sugars
produced after these pretreatment
methods come from fibril fragments
rather than the hydrolysis of the crystalline lattice within intact fibrils. they
further concluded that the most effective pretreatments would break down
the crystalline lattice within the corn

stover's cellulose. these pretreatments
would do more damage than the dilute
acid with iron, ripping the lattice apart
— although not exploding it like popcorn — and through that destruction
make corn stover a more viable source
of ethanol. — Mary Alexandra Agner
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W

ith so much of our 21st century technology dependent on ever smaller
and more efficient rechargeable lithium-ion (li-ion) batteries, finding
new ways to non-destructively peer inside an operating battery is of critical importance, because so many of the physical characteristics of each battery material change during the cycling process. understanding what those changes are is
the first step in choosing and developing new and better battery components, such
as moving to metallic electrodes instead of the traditional graphitic carbon materials. X-ray-based microcomputed tomography (microCt) can provide a valuable window into li-ion batteries, although with a somewhat slow collection rate. to overcome
that problem, a group of researchers from mit and Argonne working at the APS has
developed a synchrotron-based, full-field microCt technique that can capture highresolution tomography images in as fast as 15 sec. the research provides the first
detailed observations of structural and electrochemical phenomena in candidates for
new, high-capacity li-ion battery anode materials.

Fig. 1. (a-c) A series of in situ qualitative microtomographic images of the same Cu6Sn5 on Cu foam
electrode were taken at various points over the life
of the beamline cell. These images show the electrochemically-driven topological changes in the
electrode structure. The blue arrows are intended
to guide the eye to the more prominent changes
from cycle to cycle. The horizontal and vertical
scale bars are 90 μm and 60 μm, respectively.
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In 1799, Alessandro volta developed the first electrical battery, known as the voltaic Cell, which consisted of two plates
of different metals immersed in a chemical solution. volta introduced the theory of electrical current and observed electricity separating water into its component parts of hydrogen and oxygen. before volta, it was assumed that electricity
was generated by living beings (animal electricity). He discovered that electricity could be generated chemically and
made to flow evenly through a conductor in a closed circuit. In 1801 he was summoned to Paris by Napoleon who had
a special medal struck in volta's honor. The world honored volta by naming the unit of electric potential — the volt —
after him. Source: IEEE global History Network. http://ethw.org/milestones:volta%27s_Electrical_battery_Invention,_1799. © Copyright 2013 IEEE. All rights reserved

using XSd beamline 2-bm-A,b at
the APS, the investigators examined
two non-graphitic, high-capacity anode
materials. One was a copper-tin alloy
(Cu6Sn5) electrodeposited onto copper
foam; the other was a silicon (Si)-based
laminate. both were studied ex situ and
in situ before and after cycling to determine changes in three-dimensional
structure and other properties.
metal foams are a promising substrate for rechargeable li-ion battery
electrodes for several reasons, includ-

ing the facts that they can provide void
volume to accommodate electrode expansion, their porosity supports highpower systems, and the deposition of
electrochemically active materials is a
good method to produce economically
viable electrodes.
the fine three-dimensional structure of the Cu foam in the Cu6Sn5/Cu
foam electrode model, as well as the
overlying copper-tin anode, was clearly
discernible with high detail on microtomographic images (Fig. 1). upon cy-

cling in coin cells, these electrodes displayed stable lithiation/delithiation for
20-30 cycles before beginning to decay.
utilizing filtered white beam, synchrotron microCt is able to visualize
the alterations in the Cu6Sn5 layer by
showing how the surface area-to-volume ratio (SA/v) changes with cycling.
the SA/v in these electrodes showed
an increase of about 10-15% over cycling, without any changes in thickness.
the current experiments represent the
first time it has been possible to observe such structural and electrochemical phenomena in this way and with this
detail.
the Si laminate electrodes were
investigated using monochromatic 50kev x-ray energy and a suitable sample-to-detector distance as to enable
phase contrast imaging. With quantitative phase retrieval, the separate components of the laminate electrodes, including Si particles, carbonaceous
material, and voids, were readily distinguished from one another.
these anodes were also cycled inside coin cells and examined, showing
a considerably different response than
the foam electrodes.
After cycling, large Si particles
were seen to break down into smaller
pieces and the amount of carbonaceous material and void space increased. this was accompanied by an
increased SA/v ratio, growth in the
solid-electrolyte interphase (Sei) layer,
and decreased porosity. most significantly, the overall thickness of the laminate electrode increased by about
267% compared to the foam electrode,
which showed no increase in thickness.
the researchers note that these in
situ full-field microtomography studies,
the first to be published on high-capacity li-ion anodes operando, promise an
exciting direction for further research
and the design of new types of materials for rechargeable li-ion batteries.

As the techniques demonstrated
here are improved and expanded, they
can provide more detailed and precise
data on the various physical characteristics of potential battery materials for
better modeling and simulations.
the microCt methods used in this
work also reveal phenomena that could
lead to electrode breakdown and failure
(such as the thickening observed in the
Si laminate) that might be overlooked
by other imaging modalities.
Synchrotron microCt should prove
to be an invaluable addition to the scientific toolbox as the search for fresh
approaches to developing and perfecting the next generation of rechargeable
batteries continues. — Mark Wolverton
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H YDROGEN A DSORPTION ON
S HAPE -S HIFTING P LATINUM N ANOPARTICLES

T

he adsorption of hydrogen gas onto a solid material is a technologically-important phenomenon, showing promise, for instance, as a safe and efficient means of hydrogen
storage. in the case of platinum, the adsorbed hydrogen resides in a thin layer on its
surface. Considerable attention has been devoted to increasing the efficiency of hydrogen adsorption, including the use of solid nanoparticles (typically 1 nm to 100 nm across). recent theoretical and experimental results indicate that decreasing nanoparticle size below the nanometer
level enhances adsorption. now, research carried out at the APS by scientists from the university of Central Florida, uOP llC (honeywell), and ruhr-university bochum (germany) confirms
earlier theoretical work linking nanoparticle morphology with hydrogen coverage. Since the pressures and temperatures used in this research mimic industrial conditions, these results may well
lead to improvements in hydrogen storage, hydrogenation reactions, and electrocatalysis.

Fig. 1. The number of hydrogen atoms per surface Pt atom (H/Pt) determined from
XANES measurements on 22 atom Pt/g-Al2O3 nanoparticles in H2 pressures from 121 bar. The inset shows the initial biplanar 2-D shape of the Pt22 particles and a
possible model 3-D shape at higher pressures after a shape transformation.

10-id-b • mr-CAt • materials science, environmental science, chemistry • X-ray absorption fine structure, time-resolved x-ray
absorption fine structure, micro x-ray absorption fine structure, microfluorescence (hard xray) • 4.3-27 kev, 4.3-32 kev, 15-90 kev •
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in this research, the degree of hydrogen adsorption on sub-nanometersized platinum (Pt) particles deposited
on aluminum oxide (Al2O3) was measured at room temperature as hydrogen
pressure ranged from one to twentyone bar. X-ray absorption measurements performed at mr-CAt beamline
10-id-b of the APS showed that the hydrogen to platinum ratio (h/Pt) increased with increasing pressure,
which was accompanied by a change
in nanoparticle shape from a raft-like
two-dimensional (2-d) structure into a
three-dimensional (3-d) form.
the platinum nanoparticles used
here were both shape- and size-selected, with an average diameter of 0.8
nm (± 0.2 nm). the nanoparticles were
deposited onto a high-surface-area aluminum oxide support (Pt/gAl2O3,
where g denotes the crystalline phase
of the Al2O3). the supported platinum
nanoparticles possessed a raft-like
shape (see 2-d inset, Fig. 1).
two x-ray absorption techniques
were used to probe the Pt/gAl2O3
sample: x-ray absorption near-edge
structure (XAneS) and extended x-ray
absorption fine structure (eXAFS). in
both techniques, x-rays were used to
excite core electrons in the platinum
atoms. the XAneS technique was
used to determine the sample's hydrogen to platinum ratio (h/Pt) as the pressure of the hydrogen gas was steadily
increased. the XAneS measurements
showed that as h2 pressure increased,
the adsorption of hydrogen onto the
surface of the platinum nanoparticles
also increased. the average h/Pt ratio
rose from ~1.9 at a pressure of 1 bar, to
a maximum ratio of ~2.5 at 21 bar.
however, this rise in the h/Pt ratio as a
function of pressure was non-linear, as
indicated by Fig. 1.
the other x-ray technique, eXAFS,
was employed to determine any structural changes in the platinum nanoparticles as hydrogen gas pressure rose.
these structural changes were deduced from two parameters: the first
nearest neighbor (nn) coordination
number, and the atomic bond lengths.
the platinum-to-platinum (Pt-Pt) coordination number indicates the average
number of neighboring platinum atoms
forming a Pt-Pt bond within the
nanoparticles. On the other hand, the

Pt-O coordination number indicates the average number
of oxygen atoms neighboring
a platinum atom, representing the Pt-O bonds formed
between a platinum atom at
the nanoparticle-support interface and oxygen atoms in
the support material.
Figure 2a shows how
the first nn coordination
number for the platinum
atoms rose with increasing
hydrogen adsorption (due to
increasing h2 pressure). by
contrast, the coordination
number for Pt-O pairs (not
shown) decreased as the hydrogen pressure and coverage grew larger, indicating a
rupture of the interfacial connection between the platinum
nanoparticles and their Al2O3
support.
Fig. 2. EXAFS data revealing structural changes in Pt22
Figure 2b shows a gradnanoparticles supported on g-Al2O3 with increasing surface
ual increase in the Pt-Pt
hydrogen coverage. a) Average Pt-Pt 1st nearest neighbor
bond lengths with increasing
coordination number acquired from EXAFS data of Pt22
hydrogen coverage (due to
nanoparticles (black triangles) as a function of the H/Pt
increased pressure) from 1
ratio at the particle surface. blue circles show theoretical
through 16 bar, with a sudpredictions for Pt13 nanoparticles from mager-maurey et
den decrease at 21 bar, likely
al. b) Average Pt-Pt bond length in Pt22 nanoparticles as a
associated with the decrease
function of H/Pt.
in the contact area of the
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nanoparticles,” Chem. Cat. Chem. 6,
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dOi: 10.1002/cctc.201300783
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ATOMIC -L EVEL C LUSTERING R ESPONSES OF M ETALLIC
A LLOY L IQUIDS TO C HANGING T EMPERATURES

A

lthough the general tendency of most liquids is to expand in volume when heated
to higher temperatures, atomic clusters inside some liquids may partially contract
in response to heat influxes. this behavior is prevalent among many metallic
alloy liquids, researchers in this study found. On the basis of data obtained at the XSd
6-id beamline of the APS and molecular dynamics simulations, the researchers developed a qualitative understanding as to why some alloys exhibit such contractions while
others do not. Structural studies of metallic liquids such as these are crucial to understanding the processes of melting, solidification, and glass formation.
metallic alloy liquids possess a
surprising amount of short- and
medium-range order (SrO and mrO),
which may extend over several interatomic distances. this behavior is due
to attractive bonds and may be quantified in terms of the liquid’s pair correlation function, which estimates average
interatomic distances based on x-ray
scattering data. Such data show a tendency for the atoms to cluster (SrO),
with packing of these clusters extending over several atomic distances
(mrO). the basic clusters contain a
central atom and its nearest neighbors,
with a second shell containing next
nearest neighbors, and so on; the number of neighbors of the central atom inside each shell is the shell’s coordination number.
the researchers from Washington
university in St. louis studied a total of
30 binary, ternary, and quaternary alloy
liquids at the 6-id-d beamline using the
Washington university-beamline electrostatic levitation facility, which permits x ray scattering experiments on
liquid drops (approximately 2.5 mm in
diameter) under high vacuum while
they remain levitated. eighteen of the
alloy liquids held at equilibrium or in a
supercooled state clearly exhibited contractions of the nearest neighbor atomic
distances as their temperature was increased, although the liquids expanded
in overall volume.
the researchers found that the coordination number of each shell decreases with increasing temperature,
but that only the first coordination shell
may decrease in volume as this happens. they theorized that the decrease
in the liquid’s first coordination number
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is the fundamental reason for the
anomalous contractions. Since atoms
have only a fixed number of valence
electrons to share in forming bonds
with their neighbors, a smaller coordination number means more shared
electrons for each bond and therefore
stronger chemical bonds with the central atom. Stronger bonds tend to be
shorter in length, thereby decreasing
nearest neighbor separations, which
would show up as a contraction in the
first coordination shell.
to explain why some alloy liquids
show first-shell contractions while others do not, the researchers noted that
atomic packing inside the first shell is
influenced by the relative sizes of the
atoms, their chemical interactions, and
their relative concentrations, so that
both solute- and solvent-based clusters
are possible. this means that in the alloy A1-xbx, for example, the AA, bb, and
Ab bonds would need to be considered
in terms of a total pair distribution function (PdF) that is a weighted sum of the
AA, bb, and Ab partial distribution functions. this weighted sum determines
the position of the first peak in the PdF,
which gives a measure of the nearest
neighbor atomic distance. depending
on the relative contributions of the AA,
bb, and Ab bonds (which all try to
shrink in length, producing a sort of tugof-war), the first coordination shell may
appear to contract or expand with increasing temperature.
experimentally, it is impossible to
determine the partial pair correlation
functions of an alloy liquid from the results of a single x-ray scattering experiment. therefore, the researchers
demonstrated the utility of their concept

by studying the temperature dependences of the partial and total PdFs for
Cu64zr36 and Cu46zr54 alloy liquids using molecular dynamics simulations.
the results were consistent with their
scattering data, as were comparisons
involving several other alloy liquids.
the development of a more quantitative model will require detailed temperature-dependent structural information about metallic alloy liquids, which is
lacking at the present time.
— Vic Comello
See: A.k. gangopadhyay, m.e. blodgett, m.l. johnson, j. mcknight, v.
Wessels, A.j. vogt, n.A. mauro, j.C.
bendert, r. Soklaski, l. yang, and k.F.
kelton*, “Anomalous thermal contraction of the first coordination shell in
metallic alloy liquids,” j. Chem. Phys.
140, 044505 (2014).
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G RAPHENE G OES O RGANIC

he all-carbon material graphene has interesting and useful electronic
and optical properties. electronic and optoelectronic components
based on carbon and carbon-containing organic semiconductors have
come to the fore recently as researchers look for the natural successor to silicon, which is ubiquitous in current microelectronics. graphene exists as single sheets of carbon atoms, with each atom at the vertex of a hexagon and the
hexagons connected in such a way as to resemble chicken wire fencing or a
honeycomb. the material was the subject of the 2010 nobel Prize in Physics
and has become the focus of countless research groups around the world intrigued by its unique properties. it is one hundred times stronger than steel,
weight for weight, it is a highly efficient conductor of heat and electricity, and
is almost transparent. but in order to fully exploit graphene, scientists must
find ways to stabilize and modify the surface of the atomic layers. now, utilizing information obtained by research at the APS, scientists have found they
can add an organic coating that is exceptionally stable up to 260° C and provides the chemical hooks for connecting graphene to other components as
well as enhancing graphene's properties.
investigations of the electronic
properties of graphene have led to the
observation of a bipolar transistor effect, ballistic transport of electrical
charges and large quantum oscillations
that all point to possible applications in
novel devices. these researchers from
northwestern university, have demonstrated how they can coat a graphene
layer supported on silicon carbide with
the organic compound perylenetetracarboxylic diimide (PtCdi). this
compound and its chemical cousins are
well known to chemists for their ability
to self-assemble spontaneously into
structured systems, which means fabricating devices is a lot easier than using
complex sequences of synthetic reactions. moreover, once self-assembled,
PtCdi can be further modified, or functionalized, by chemically connecting
other groups to its nanostructure.
One possible application of PtCdi
that emerged from theoretical studies
and experiment was the possibility of
combining PtCdi with a graphene
layer so that the repertoire and utility of
the carbon material might be extended.
Others have tried, but the thermal stability of prototype hybrid materials was
somewhat limited; those made with
3,4,9,10-perylenetetracarboxylic dianhydride (PtCdA) break down at a temperature of 38°C, lower than the PtCdi
hybrid. the northwestern university re-

searchers employed scanning tunneling
microscopy (Stm) using a home-built
room temperature uhv Stm system,
and x-ray reflectivity (Xrr) performed
at the dnd-CAt 5-id-b,C,d x-ray
beamline at the Advanced Photon
Source to characterize so-called adlayers of PtCdi on epitaxial graphene.
this form of graphene is made by sublimating, or evaporating, silicon atoms
from silicon carbide in vacuum, resulting in a carbon-rich surface that adopts
the structure of graphene.
the addition of PtCdi to graphene
in this way to make a stable hybrid material opens many new possibilities.
Pristine, pure graphene, although interesting, has two important limitations
that have precluded its more rapid development and exploitation in electronic
devices. First, unlike the conventional
semiconductors of electronic devices it
has no band gap; there is no energy
difference when electrons jump from a
low-energy state to an active excited
state. Secondly, it is chemically rather
inert and so has been difficult to modify
and conjoin with other components.
the team, having found a way to modify graphene, might now be able to adjust the material's intrinsic electronic
and physical properties indirectly
through chemical tweaks to the PtCdi
coating and make useful connections.
An additional feature of the PtCdi

layer revealed by the Stm experiments
is that the organic compound easily
traverses any defects in the underlying
graphene layer and also forms a herringbone pattern of molecules. this pattern had been predicted theoretically
but had never been observed experimentally with PtCdi as revealed by the
pattern of brighter and darker stripes in
the Stm images. this herringbone pattern is very different from that observed
with this and other organic molecules
used to form layers on graphite and
other types of mixed graphene layers
where parallel rows were seen. the
team suggests that the herringbone
pattern is a manifestation of underlying
graphene corrugations and could be
further exploited to create specific patterned areas on the hybrid material.
— David Bradley
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M ETALS AND OXIDES W ORK TOGETHER
TO M AKE B ETTER C ATALYSTS

C

arbon monoxide (CO) is a poisonous gas generated in a variety of industrial
processes and is abundant in fossil fuel feedstock (synthesis gas). Copperbased catalysts are often used to oxidize CO, converting the environmental pollutant and protecting fuel cell catalysts from deactivation. Powdered mixtures
of copper oxide (CuO) supported on oxides (i.e., CeOx) are popular catalysts for oxidizing CO in industrial processes. however, because the powder has a heterogeneous structure, it is difficult to decipher the precise catalytic mechanism and the
relative roles of CuO and CeO2 in the reaction. to unravel these mysteries, researchers utilized a novel experimental setup at the u.S. department of energy’s Advanced Photon Source for a study of nanorods composed of CeO2 and dispersed
with very small CuO nanoparticles. they watched as the CuO/CeO2 nanorod oxidized
CO, gaining new mechanistic insights and understanding of the structure-function
chemistry that may help produce better catalysts in the future.

Fig. 1. Transmission electron microscopy image of Cu-CeO2 nanorod catalysts.

76

APS S CIENCE 2014

to make the catalyst, the researchers from brookhaven national
laboratory, Argonne, Consejo Superior
de investigaciones Científicas (Spain),
and Peking university (republic of
China) prepared CeO2 support
nanorods using wet chemical methods
derived from the literature. then, CuO
was finely dispersed on the support to
achieve a CeO2 nanorod with 5% copper by weight.
the researchers analyzed the
structure of the CuO/CeO2 nanorods
using transmission electron microscopy
and scanning transmission electron microscopy. the nanorods were 50 nm to
100 nm in length and 11 nm in diameter
(Fig. 1).
Complex chemical reactions can
involve myriad reaction intermediates
and a catalyst with a continuously
evolving structure. to identify and monitor all the moving parts in the
CuO/CeO2 catalyzed oxidation of CO,
the researchers combined, for the first
time, diffuse reflectance infrared
Fourier transform spectroscopy
(driFtS) and fluorescence time-resolved x-ray absorption near-edge
spectroscopy (XAneS). the combination was made possible by adding extra
windows to a harrick in situ reaction
cell (Fig. 2), allowing infrared radiation
in and out while simultaneously allowing x-ray photons in and out (fluorescence). this set-up facilitated the simultaneous collection of fluorescence data

Fig. 2. Left: The Harrick cell used at beamline 9-bm-C for combined DrIFTS and XANES under catalytic CO oxidation conditions. Below: Illustration of the improved Harrick in situ reaction
cell and the schematic explanation for the instrumental configuration. From S. yao et al., ACS Catal. 4, 1650 (2014).
© 2014 American Chemical Society. All rights reserved.

and x-ray data while the reaction was
under catalytic conditions.
to perform the experiment, the researchers placed the CuO/CeO2
nanorods in the reaction cell at the XSd
9-bm-b,C beamline at APS under a
steady stream of CO and O2 while collecting driFtS and XAneS data.
Some experiments were also performed at the X7b beamline of the national Synchrotron light Source at
brookhaven national laboratory.
the driFtS data provided chemical information about the catalyst's surface and the reaction intermediates.
meanwhile, fluorescence XAneS detected chemical signatures and allowed
the researchers to identify the structures that prevailed within the driFtSdetermined surfaces.
by collecting data sets simultaneously while the reaction proceeded, the
team observed where and how chemical species changed during the CO oxidation process. they studied the reaction under a variety of temperature and
pressure conditions, to see how these
variables altered the chemical reaction,
which could provide valuable information on optimal catalytic conditions.
the team compared the chemistry
observed with the CuO/CeO2 nanorod
to that of plain CuO. this provided a
means to explore the role of the CeO2
as a support and further study the CuCe interaction. this comparison reinforced the importance of the dispersion

of CuO on CeO2 and the interaction between CuO and CeO2 to this reaction.
based on their results, the researchers proposed a four-step mechanism for the CO oxidation reaction over
a CuO/CeO2 nanorod catalyst. typically, copper oxide is considered the
most active component while cerium
oxide is considered an inactive support.
however, steps three and four of the reaction scheme directly involve cerium in
the redox chemistry.
this is the key point, according to
the researchers: CeO2 is not an idle bystander. Cerium and copper work together to catalyze the oxidation reaction, an observation that will be critical
to improving catalytic performance.
the researchers also observed
that the concentration of copper (i) on
the surface of the nanorod corresponded with catalytic efficiency, offering another potential strategy for improving catalytic activity.
using their new multi-technique
approach, the team plans to study catalysts with different shapes, such as
nanocubes and nanospheres, to assess what aspects of structure affect
chemical reactivity.
— Erika Gebel Berg
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maller is better for a metal catalyst, but smaller also means more compact in terms of the metal's atomic structure. Chemical engineers often
fabricate metal catalysts in the form of nanoparticles in order to increase their reactive surface area. however, the small size can lead to structural changes in how the metal atoms assemble together. A new suite of x-ray
experiments on platinum (Pt) nanoparticles gives the most detailed picture
yet of the consequences of going small. measurements taken at three different x-ray beamlines at the APS confirm that atom-spacing becomes smaller
as the size of a nanoparticle decreases, but the spacing expands back to near
normal when gas molecules adsorb on the surface (Fig. 1). because this contraction-relaxation affects the way reactants behave on the metal surface, the
results of these experiments may help in designing better catalysts.

pt/al2o3

Fig. 1. Combined experimental and theoretical studies of Pt nanoparticles on alumina (Al2O3)
characterize precisely the contract and expansion of the lattice parameter caused by different
chemical environments.

Platinum, nickel, palladium, and
similar metals are used as catalysts in
the petroleum and pharmaceutical industries to accelerate organic synthesis, as well as in car exhaust systems
to remove toxic fumes. these metals
are able to drive reactions by trapping
reactants on their surface. therefore,
for a given amount of metal, reaction
rates can be increased if the material is
divided up into nanoparticles that have
a high surface-to-volume ratio.
earlier x-ray studies suggested
that metal nanoparticles are slightly
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smaller in size than one would expect
from the atom-spacing found in normal
chunks of metal. One possible explanation for this contraction is that atoms
forming the outer surface are pulled inward because they have no neighbors
pulling from the other side. Previous experiments have found evidence for this
model, but scientists would still like to
understand precisely how the surface
atoms behave in different circumstances.
Scientists from the Argonne and
brookhaven national laboratories, the

university of Alabama in huntsville,
kansas State university, and Purdue
university performed both x-ray scattering and spectroscopy measurements
on Pt nanoparticles.
the team began by growing Pt
nanoparticles on powder grains of alumina (Al2O3). A powder substrate like
this is often used for industrial catalysts.
however, the researchers used a special atomic layer deposition process
that controlled the size of the Pt
nanoparticles by varying the number of
deposition cycles. three separate sam-

ples were produced with nanoparticle
widths of 1, 2, and 3 nm, as measured
through small-angle x-ray scattering
(SAXS) at the XSd 12-id-b x-ray
beamline at the APS.
the prepared samples were next
placed in the XSd beamline 11-id-b,
where total scattering measurements
revealed typical atom separations as
represented by the pair distribution
function (PdF, Fig. 2, left).
the sample chamber was initially
filled with helium gas, which doesn't absorb on platinum. in this “bare surface”
case, the atomic separations for 1-nm
wide Pt particles were on average 1.4%
smaller than those in normal bulk metal.
Similar contraction was observed — but
to a lesser degree — for the bigger
nanoparticles in the other two samples.
however, during catalysis, the
nanoparticle surfaces will not be bare.
to explore this, the team first injected
hydrogen gas (h2) into the sample
chamber. the hydrogen adsorbed on
the platinum, exemplifying the typical
reduction step in a catalytic cycle. Afterwards, the team purged the system and
introduced carbon monoxide (CO),
which represents the complementary
oxidation step in a catalytic cycle.
For both gas exposures, x-ray scattering measurements showed that the
adsorption caused the nanoparticles to
expand from their contracted bare surface state. however, the amount of expansion was not the same in the two
cases. nanoparticles with CO on their
surfaces had slightly larger interatomic
separations than nanoparticles with h2
adsorption.
to understand the chemical bond
behavior during this contraction and expansion, the researchers performed xray absorption spectroscopy (XAS) at
the 10-bm-A,b beamline of the mrCAt at the APS (Fig. 2, right).
the nanoparticles exhibited different absorption spectra, depending on
whether the surrounding gas was helium, hydrogen or carbon monoxide.
the largest spectral differences occurred for the 1-nm wide sample, which
suggests that smaller nanoparticles
form stronger bonds with the adsorbed
gas molecules.

Fig. 2. Left: The PDF, which is derived from x-ray scattering data, has peaks that correspond to atomic separations in Pt nanoparticles that are 1-nm wide (labeled 1c Pt), 2-nm
wide (labeled 3c Pt) and 3-nm wide (labeled 5c Pt). The two-dimensional diffraction
image (upper right inset) represents the data used to construct the PDF. Right: X-ray absorption spectroscopy measurements show differences in the chemical bond structure when
1-nm-wide Pt nanoparticles are exposed to the following gases: helium (black), hydrogen
(solid green), and carbon monoxide (solid red). Also displayed are the spectral differences
between hydrogen-helium (dashed green) and carbon monoxide-helium (dashed red).

Such quantitative information could
be useful in designing catalysts, since
engineers want a material that can hold
reactants on its surface, but not too
strongly. Finding the right balance may
simply be a question of sizing up
nanoparticles. — Michael Schirber
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PAIRED -U P M ETALS

etals often work in pairs in enzymes, nature's chemical catalysts,
accelerating tardy reactions to make life possible. now, researchers using the APS have investigated the bonds that form between pairs of metals including cobalt (Co), iron (Fe), and manganese (mn).
their findings could help us to better understand how bimetallic enzymes work
and how to copy their chemistry in industrial catalysts for making pharmaceuticals and agrochemicals more efficiently, trapping greenhouse gases such as
carbon dioxide from the atmosphere, or degrading toxic chemicals. bimetallic
clusters may also have useful magnetic properties for applications in electronics and computing, such as magnetic data storage.

Fig.1. Taking advantage of changes in x-ray anomalous scattering factors near different metal k-edge
energies.

the researchers from the university of minnesota, the university of
Chicago, and the max Planck institut
für Chemische energiekonversion
(germany) employed a raft of techniques to investigate the properties of
pairs of transition metal atoms locked
together using a molecule with bite.
the team points out that metal
clusters are commonly used by nature
as cofactors in various enzymes. For
instance, molybdenum (mo) and iron
team up in a multimetallic cluster in nitrogenase enzymes, which allow some
80

APS S CIENCE 2014

organisms to "fix" nitrogen gas from the
atmosphere. nitrogen-fixing nodules on
members of the legume family carry
these organisms and provide a source
of nitrogen that allows the plants to
grow. Some species are now known to
have a vFe (vanadium-iron) unit at the
core of their nitrogen-fixing enzymes.
Finding ways to simulate it artificially is
an important focus of future low-energy,
artificial fertilizer production.
nickel (ni) and iron form a bimetallic pair, niFe, in some hydrogenase enzymes found in anaerobic sulfur-reduc-

ing enzymes that use hydrogen as an
energy source. these enzymes are of
particular interest for the possible development of clean and zero-carbon energy supplies. Other enzymes containing bimetallic clusters include the
ni-[3Fe-4S] carbon monoxide dehydrogenases, and class ic ribonucleotide reductases and many others involved in
diverse aspects of the metabolism of
countless organisms.
intriguingly, most of these bimetallic pairs bring together metal atoms
from different parts of the transition

Fig. 2. X-ray structures of the heterobimetallics where the purity of the metal compositions at each site is shown using pie charts.

metal block in the periodic table. From
this perspective, the class ic ribonucleotide reductases are more interesting because they use metallic pairings
of neighboring metals that are challenging to differentiate. these enzymes are
involved in the synthesis of the genetic
molecule dnA, deoxyribonucleic acid,
on which all life depends, rnA viruses
excepted. they are unique enzymes in
that their metal pairing involves atoms
that are close together in the periodic
table, manganese and iron. these two
similar metals lock together to tune the
chemical properties of the enzyme precisely, something that class i, as opposed to class ic rnrs, do with clusters of iron atoms rather than two
different metals. understanding why
this might be so will provide new insights into these enzymes and perhaps
point the way to new applications.
in the class i rnrs, the cluster is
FeFe, with both iron atoms in the ii oxidation state abutting a tyrosine amino
acid group in the enzyme structure.
When an oxygen molecule touches the
active center in this enzyme, a tyrosyl
radical is formed and each atom in the
Fe(ii)Fe(ii) is oxidized to the three state
to form Fe(iii)Fe(iii) chemically bonded
to the tyrosyl radical. Class ic rnrs
lack this tyrosine amino acid next to the
metal center, so they have evolved to
exploit iron's near neighbor, manganese. in this case, instead of Fe(ii)
Fe(ii) being converted to Fe(iii) Fe(iii)
by reaction with an oxygen molecule,
an Fe(iii)mn(iv) species is formed.

to understand the details, the team
has constructed a molecule with bite —
the multidentate molecule, n,n,n-tris(2(2-pyridylamino)ethyl)amine — that can
grab on to the bimetallic clusters to allow them to investigate the bonds between the metal atoms without the complications of a whole enzyme protein
structure being present.
the team used various techniques,
including x-ray anomalous scattering
studies, spectroscopy, and theoretical
calculations to study the interactions
between two metals. A basic problem
that the team faced was identifying
which metal atom is cobalt, iron, or
manganese, as these metals “look” the
same by standard x-ray studies. X-ray
anomalous studies, conducted at the
ChemmatCArS 15-id-b,C,d beamline
at the APS, resolved cobalt from iron
from manganese by using diffraction
data collected at the different metals' kedge energies (Fig. 1). three heterobimetallic complexes, Comn, CoFe, and
Femn, were studied using this technique (Fig. 2). the team found that
each complex behaves very differently
from FeFe complexes perhaps because
of the short iron to iron bonds.
these findings do not rationalize
entirely the behavior of bimetallic metal
clusters in different enzymes, but this
and future work is closing in on an explanation. — David Bradley
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LOW-T EMPERATURE , LOW-C OST H YDROGEN P RODUCTION

ydrogen gas (h2) is used in a variety of commercial applications, including fertilizer production and as fuel for automotive and industrial fuel cells. most h2 is
extracted from hydrocarbons, especially via steam reforming of natural gas and
the gasification of coal. these extraction processes produce a hydrogen/carbon monoxide (h2/CO) mix referred to as “synthesis gas.” A long-established catalytic reaction called
the “water-gas shift” removes CO from synthesis gas by combining CO with water to form
additional hydrogen plus CO2. now, a research team has unveiled a promising catalyst for
low-temperature and low-cost water-gas shift processing. X-ray measurements performed
at the APS were used to probe the distribution of various forms of the catalyst under realworld operating conditions. the new catalyst holds considerable potential for producing
less-expensive alternative fuels, and for removing CO impurities from hydrogen for fuel
cells. but perhaps the most far-reaching implication of this research is that current catalytic
systems employing nanoparticles of precious metals may be overusing these expensive
and rare materials, since catalysis is actually taking place at the scale of single atoms. this
finding could lead to more efficient utilization of precious metals in the catalysts of the future. Catalysts with single-precious-metal-centers may also find use in other fuel processing reactions, and in the production of chemicals.

the researchers from tufts university, the university of Wisconsin–
madison, louisiana State university,
Oak ridge national laboratory, Argonne, and the university of Sydney
(Australia) found that each catalytic
site is composed of a single gold atom
attached to peripheral sodium or
potassium ions through oxygen bonds.
the gold-centric clusters can be adsorbed on a variety of supports, including zeolites and mesoporous silica, and are stable over a range of
catalytic temperatures.
Although many catalysts can perform the water-gas shift reaction, each
has certain limitations. Copper oxide,
for instance, is widely used by industry
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Fig. 1. Four possible structures of atomic-gold catalysts stabilized with alkali (in this case sodium)
ions. The clusters shown are derived from computational modeling used to determine the most energetically favored, and hence the most stable, arrangements involving the atomic-gold catalyst
with sodium ions. Note that each gold (Au) atom only bonds directly with oxygen (O) atoms. Hydrogen (H) and sodium (Na) atoms are also shown. The OH groups on Na ions play an essential
role in the water-gas shift reaction and are easy to populate by splitting water molecules. both
the gold and sodium ions are stabilized in the cluster structure.

to catalyze the water-gas shift. however, copper is pyrophoric, meaning it
can spontaneously ignite in air at relatively low temperatures unless properly
protected. this limits copper's usefulness with automotive fuel cells. Although there are non-pyrophoric catalysts, they typically have other
drawbacks, such as requiring higher operating temperatures than gold, or using
excessive amounts of expensive and/or

scarce carrier materials (i.e., the materials supporting the catalyst).
the new gold-based catalyst
avoids these problems. it is non-pyrophoric, and it provides a sustainable
solution to CO removal: by incorporating just a single gold atom within each
catalytic site, utilization of the precious
metal is maximized. moreover, the alkali metals used in the gold-centric catalyst are abundant and inexpensive, as

are the silica-based and other non-exotic carriers. Figure 1 illustrates four
computationally-derived catalytic clusters that best fit the actual structures of
the catalytic sites produced in this research.
this single-gold-atom catalyst is
based on a similar platinum catalyst developed previously by the same tufts
university team that led this research.
the original platinum-based catalyst
features a single platinum atom combined with oxygen, hydroxide, and
sodium/potassium. the researchers
substituted gold for platinum since gold
has a lower activation energy, ea,
which yields a lower catalytic temperature (<200º C [~400º F]). to the surprise
of the researchers, the substitution succeeded, with gold performing well in
place of platinum.
to gauge the effects of adding alkali ions to the atomic-gold catalyst, different samples were prepared, with
some containing potassium or sodium
ions, and some not. each sample was
subsequently dispersed into a silicabased carrier. electron microscopy and
various x-ray techniques were then
used to probe the distribution of the catalysts within the carrier. electron micrographs (Fig. 2) indicate that the atomicgold catalysts containing alkali ions
were thoroughly distributed throughout
their carriers, with no clumping observed.
X-ray absorption spectroscopy
(XAS) was likewise used to probe the
distributions of the atomic-gold catalysts within the silica-based carriers.
the x-ray measurements were performed at XSd x-ray beamline 12-bmb of the APS. the XAS data on the
atomic-gold catalysts were collected
while their carrier materials were subjected to conditions mimicking an actual water-gas shift conversion, including prolonged exposure to a CO/h2O
mixture at catalytic temperatures (Fig
3). the XAS results confirmed the excellent distribution of the alkali-stabilized gold catalysts within the carriers,
with no observed metallic aggregation,
including the complete absence of
nanoparticle formation. Conversely,
both electron microscopy and XAS revealed that the atomic-gold catalysts

lacking alkali ions did not disperse well within the supports,
but instead formed nanoparticles
that suppressed their catalytic
activity.
the new alkali-stabilized
atomic gold catalysts, dispersed
within silica carriers, demonstrated stability in excess of four
days (100 h) under catalytic conditions. moreover, they performed as well as conventional
gold catalysts deposited on
more-costly and less-abundant
metal-oxide carriers.
— Philip Koth
See: ming yang1, Sha li2, yuan
Wang1, jeffrey A. herron2, ye
Xu3, lawrence F. Allard4, Sungsik
lee5, jun huang6, manos
mavrikakis2, and maria FlytzaniStephanopoulos1*, “Catalytically
active Au-O(Oh)x species stabilized by alkali ions on zeolites
and mesoporous oxides,” Science 346(6216), 1498 (19 december 2014).
dOi: 0.1126/science.1260526
Author affiliations: 1tufts university, 2university of Wisconsin–
madison, 3louisiana State
university, 4Oak ridge national
laboratory, 5Argonne national
laboratory, 6university of Sydney
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Fig. 2. Electron micrograph revealing individual atomicgold catalysts (gold atoms circled) anchored on a silicabased support. Inset: reaction rates for gold-based
catalytic systems at various temperatures. For this study,
the atomic-gold catalysts stabilized by alkali ions were
dispersed on silica-based supports (zeolites and mesoporous silica). The plot shows low-temperature catalytic
activity for the water-gas shift reaction for the new
gold/zeolite and gold/mesoporous silica systems, similar
to that of conventional “reducible oxide” supports of
ceria, iron oxide, and titania.

Fig. 3. X-ray absorption performed at the APS of the alkali-stabilized gold species within a zeolite carrier, at
room temperature (rT) and at 200º C in a water-gas shift
reaction atmosphere, with the references of metallic gold
foil and gold hydroxide, Au (OH)3. The x-ray absorption
plot, featuring a dramatic spike followed by a dip, indicates that the gold-oxygen bonds remained intact over a
range of temperatures for the alkali-stabilized gold catalytic systems.
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J UST S AY NO

TO I RON

P ORPHYRINS

Fig. 1. This schematic diagram illustrated the effects of NO orientation on the in-plane iron vibrations.
Note that the motion of iron is approximately parallel or perpendicular to the NO plane. Iron is colored
light blue in the figures. values are the DFT predicted frequencies. The red arrows show the eigenvectors
of the dynamical matrix, indicating the direction and magnitude of motion associated with this mode.
From j.W. Pavlik et al., Inorg. Chem. 53, 2582 (2014). ©American Chemical Society. All rights reserved.
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small gas molecule, nitric oxide (nO), once thought to be nothing
more than a poison turns out to be an important neurotransmitter involved in regulating our blood pressure, sexual arousal, and other biological functions. understanding how it is made in our bodies by a group of
enzymes that process the amino acid arginine could lead to new ways to controlling nO release and fixing problems such as high blood pressure and sexual dysfunction. model compounds of the flat iron porphyrin systems found in
the active site of several enzymes and the oxygen-carrying center in the blood
protein hemoglobin reveal important clues about function and form. given that
the same iron-porphyrin system is so critical in the processing of the neurotransmitter nO, and the transport of the toxic gas carbon monoxide (CO) as
well as oxygen (O2), research carried out at the APS could lead to important
insights about how our bodies use and are harmed by small gas molecules.
nitric oxide is a small molecule
that exists as a gas, but in the body it is
an important signaling molecule, or
neurotransmitter. its involvement in
blood pressure regulation through the
dilation of blood vessels makes it a vital
key to many physical processes. indeed, the role of nO is inextricably
linked to heart function and the release
of nO from the drug nitroglycerin is explained by this role.
the researchers in this study from
the university of notre dame, Argonne,
and northeastern university hoped to
explain how these iron porphyrin compounds in proteins can discriminate between the different small molecules —
nO, CO, and O2 — with which they interact, something that was not apparent
previously.
they point out that studies using
vibrational spectroscopy have not generally been fruitful in unraveling the
properties of the active site and how
different chemical bonding interactions
between gas molecule and the ironporphyrin center give rise to the discriminatory behavior of the same group
present in different proteins, whether
enzyme or hemoglobin.
they utilized nuclear resonance vibrational spectroscopy (nrvS), a synchrotron-based measurement carried at
the XSd 3-id-b,C,d beamline at the
APS, concentrating on oriented single
crystals to get a clearer picture of the
interactions beyond the insights that
would be available through an x-ray
crystal structure determination alone.
the nrvS data they obtained allowed them to probe the low-frequency

vibrations of chemical bonds between a
nitric oxide molecule, or nitrosyl group,
attached to one of two different ironporphyrin compounds acting as molecular models of the natural units found in
the enzyme, a synthetic heme group.
by observing the spectra of the
crystals of these compounds from
two different directions at right angles to each other, the team teased
apart the various vibration modes of
the bonds connecting the iron atom
to the nO group and to the flat porphyrin molecule.
vibrational motions of the iron
atom in the first, easily synthesized
iron-porphyrin complex, were found to
differ significantly along two directions
parallel to the plane of the molecule,
but rotated by 90° in the plane.
A second, more sophisticated
model compound offered a similar distinction. the team then used computational chemistry, in the form of density
functional theory (dFt) to help them
explain why this might be so (Fig. 1).
Fundamentally, it is the orientation
of the bent bond between the iron atom
at the porphyrin center and the attached n-O group attached to it, the
Fe-n-O bond, in other words, that give
rise to the different spectra dependent
on the angle at which they are measured. the orientation of the Fe-n-O unit
controls the vibration of the iron atom
within the plane of the porphyrin group.
the team suggests that this offaxis tilting of the Fe-n-O unit and its influence on bonding highlights how unusual the nO molecule is despite its
small size and superficial simplicity.

the degree of vibration seen in different directions is related to the
strength of the bond between the iron
center and the nO group, as opposed
to other small molecules, such as CO
or O2, and given that the team used an
iron-porphyrin group closely resembling
that found in the nO enzyme, the finding provides a new clue as to the natural affinity of the enzyme for its target
molecule, nO. — David Bradley
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C HARACTERIZING S TRONTIUM R UTHENATE C RYSTALS
FOR E LECTROCHEMICAL A PPLICATIONS

S

ummer's heat and humidity bring us to the controls for the air conditioning unit long before we
receive a government alert to monitor our use of electricity. While we may lower the thermostat
setting or switch off the unit once the ambient temperature drops after sunset, we may only give
a passing thought to our area's power grid. it is even less likely that we’d wonder about the fuel cells
powering the grid's backup system or the electrolysers that produce the hydrogen and oxygen fuel for
those cells. researchers from Argonne using the APS have characterized a new electrolyser catalyst
with the potential to improve the production of hydrogen for input into fuel cells. their study is the first
to focus on methods for predicting how to synthesize well-defined oxide surfaces with the specific characteristics necessary for electrolysers, and for tailoring those characteristics to different engineering
needs. their results speak not only to the behavior of this specific material, but also offer guidelines for
designing future oxide-surface electrocatalysts.

Fig. 1. Left: Schematic of in situ x-ray studies conducted at the APS for oxygen evolution reaction. A cylindrical sample, SrruO3 (red) on Nb:SrTiO3 (gray) is exposed to a thin electrolyte
layer (blue, 0.1 m kOH). Right: The model system [SrruO3 (001)-red, (110)-blue, and (111)green dashed line] produces oxygen and dissolves simultaneously during oxygen evolution reaction. Bottom: structure-function relation of SrruO3 film.
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Fuel cells rely on an electrolyser (a
method of using a direct electric current
to drive an otherwise non-spontaneous
chemical reaction) to provide their hydrogen fuel. electrolysers depend on
active, stable catalyst materials to operate. in an alkaline-based electrolyser,
the anode catalyst accelerates the oxygen evolution reaction, which generates molecular oxygen through a chemical reaction.
One choice for the electrolyser's
anode catalyst material is a functional
oxide. Since the oxide surface can degrade through a number of mechanisms, it is necessary to balance its
stability and activity in order to produce
cost-effective, active, stable catalysts,
as shown in the figure. the results described in the team's paper provide a
basis for predicting how to synthesize
oxide surfaces with the desired activity
and stability properties.
utilizing the XSd x-ray beamlines
12-bm-b and 12-id-C,d at the APS,
the researchers investigated three orientations of a perovskite-type, singlecrystal film, SrruO3.
the team began by growing films
at the Argonne materials Science division , creating three orientations of a
SrruO3 crystal. then they characterized and monitored changes
“Stability” cont’d on page 88

P EELING B ACK THE L AYERS OF T HIN -F ILM
S TRUCTURE AND C HEMISTRY

P

erovskites — any material with the same structure as calcium titanium oxide
(CatiO3) —continue to entice materials scientists with their ferroelectricity, ferromagnetism, catalytic activity, and oxygen-ion conductivity. in recent years, scientists realized that they could vastly improve the properties of perovskites by assembling
them into thin films. the problem was that no one understood why thin films beat out bulk
materials. researchers gained new insight into thin-film superiority by probing the structure of perovskites utilizing APS high-brightness x-rays and a groundbreaking approach
to tease apart the thin-film structure and chemistry layer-by-layer.

As the researchers
greater number of electrons,
peeled back the layers, they
allowing the researchers to
found that, instead of having a
differentiate elements at difuniform distribution of eleferent sites within the lSCO
ments, there were drastic difthin films.
ferences in composition bebut CObrA alone does
tween the thin-film layers. this
not give information about
observation may help rethe distribution of elements
searchers design thin-film perthat occupy the same
ovskites with enhanced activatomic site within the layers.
ity and stability.
therefore, the researchers
industrial applications for
applied a second method
perovskites, which efficiently
called “energy differential
reduce oxygen, include the
CObrA,” namely, performconversion of energy from fosing CObrA measurements
sil fuels to electricity, oxygen
along bragg rods by varying
purification, and electrocatalythe incident x-ray energies
sis. the research team from
around the strontium kthe massachusetts institute of
edge at each reciprocal
technology, hebrew universpace point. this approach
sity (israel), Argonne, and Oak
provided the absolute stronridge national laboratory
tium occupation fraction in a
studied lSCO thin films —
layer-by-layer fashion.
Fig. 1. The layer-by-layer analysis of the concentration of strontium within a
perovskites made from lanthe end result of com40-Å thick (La, Sr)CoO thin film applied to a SiTiO3 substrate. Examples of
thanum, strontium, cobalt, and
bining
conventional CObrA
3-D electron density maps of layers within the thin film are shown (top)
oxygen (lSCO) — as a model
with
energy
differential COalong with a crystal model inset.
system for studying why thin
brA was high-resolution
films have greater reducing
(sub-angstrom) 3-d atomic
power than their bulk counterparts.
images
of
the
lSCO thin films that inthe researchers then collected
the researchers studied two 4-nm
cluded
information
about elemental disdiffraction intensities along 10 different
lSCO thin films at the XSd 33-id-d,e
tribution (Fig. 1).
reciprocal space objects (bragg rods)
beamline at the APS; one annealed
the 3-d atomic images clearly
defined by the substrate. they used
thin film had been previously heated to
showed that strontium tended to cluster
Coherent bragg rod Analysis (CO550° C for 1 h to simulate real-world inin the outer layers of the lSCO thin
brA) to determine the three-dimendustrial settings, while the other as-defilms, while lanthanum filled those posisional (3-d) atomic structure of each
posited thin film was left at ambient
tions in the deeper layers of the film.
thin-film layer, with higher peaks in the
temperatures.
“Peeling” cont’d on page 88
map indicating an element with a
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“Stability” cont’d from page 86
in the films' morphology, thickness, and
surface roughness using in situ x-ray
scattering, finding that the films were
well-defined and smooth.
Working at the Argonne Center for
nanoscale materials, they applied high
voltage (>1.23 v) to the films in alkaline
environments; the films changed.
these changes allowed the team to determine the stability of each crystal orientation.
unlike previous studies, this work
was able to overcome the difficulties of
monitoring the stability of high-surface
area catalysts at the atomic thanks to
the in situ x-ray scattering technique.
to understand the relationship between structure and function during the
oxygen evolution reaction, the team
compared results from a series of
measurements: oxygen evolution reaction activity, the stability of the films, the
change in the cation oxidation state,
and the variations in structural properties. they concluded that the degree of
stability — with the (001)-oriented film
being the most stable — was inversely
proportional to the activity: surfaces
with more defects were more active but
less stable. Put another way, the activity of the oxygen evolution reaction depends on the surface energy and the
number of defects.
these results are the first published example of the structure-function
relationship of single-crystal oxide surfaces in the electrochemical environment. in addition to characterizing the
structure-function relationship of SrruO3, this research demonstrates a viable method — usable by other research teams and applicable to other
functional oxides — of investigating this
relationship in other materials to assess
their feasibility as catalysts for the oxygen evolution reaction in electrolyzers.
Further, the researchers’ results reveal the basis for a predictive ability to
synthesize electrolyser oxide surfaces
with characteristics tailored to electrochemical challenges. While SrruO3
may not be supplying backup power to
your town during the next heat wave,
this research shows its promise for future electrolysers.
— Mary Alexandra Agner
See: Seo hyoung Chang, nemanja
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Strontium is almost entirely absent in
the thin-film layers closest to the substrate.
the researchers suspect that surface strontium segregation observed in
the lSCO thin films may explain why
they outperform bulk materials. lanthanum and strontium have different
charges, such that if a layer has more
strontium, it must also have less oxygen, or more oxygen vacancies. A
dearth of oxygen in a thin-film outer
layer, where strontium was found to be
plentiful, means that the material may
have more opportunities to react with
oxygen at its surface, explaining the enhanced performance.

the structure and chemistry of the
annealed and as-deposited thin films
were similar, suggesting that heat itself
does not alter the material's structure or
activity. in future experiments, the researchers will study thin films subjected
to harsher real-world conditions. they
also aim to use the insights gained at
the APS to design better perovskite materials in the future. — Erika Gebel Berg
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aloxifene is a u.S. Food and drug Administration-approved treatment for decreasing fracture
risk in osteoporosis. While raloxifene is as effective at reducing fracture risk as other current
treatments, this works only partially by suppressing bone loss. With the use of wide- and smallangle x-ray scattering (WAXS and SAXS, respectively), researchers carried out experiments at the
APS that revealed an additional mechanism underlying raloxifene action, providing an explanation for
how this drug can achieve equivalent clinical benefit. these data, together with complementary techniques, help define a novel mechanism by which raloxifene increases inherent bone toughness.

In osteoporosis, the bone mineral density is reduced, bone microarchitecture deteriorates, and the
amount and variety of proteins in bone are altered. Image: "blausen 0686 Osteoporosis 01" by
bruceblaus - Own work. Licensed under Creative Commons Attribution 3.0 via Wikimedia Commons http://commons.wikimedia.org/wiki/File:blausen_0686_Osteoporosis_01.png#mediaviewer/File:bla
usen_0686_Osteoporosis_01.png
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Osteoporosis (“porous bones” from
the greek: οστούν/ostoun, “bone;” and
πόρος/poros, “pore”) is a progressive
bone disease that is characterized by a
decrease in bone mass and density. According to the national Osteoporosis
Foundation (http://nof.org/), approximately 54 million Americans have osteoporosis, or low bone mass placing
them at increased risk for osteoporosis.
Studies suggest that approximately 1 in
2 women and up to 1 in 4 men age 50
and older will break a bone due to osteoporosis.
All current drugs for treatment of
this disease act upon living cells within
the bone matrix to either decrease bone
resorption, a process by which the mineral components of bone are broken
down and released into the bloodstream, or to increase net bone formation during remodeling, a process by
which bone is also broken down but
then reforms bone. in either case, treatment results in an overall increase in
bone density, and therefore a reduction
in fracture risk.
While raloxifene is known to mildly
suppress bone loss, it has always been
somewhat paradoxical that raloxifene
suppresses bone loss less than other
osteoporosis therapies, yet reduces
fracture risk to about the same level.
to uncover the density-independent mechanism by which raloxifene
(marketed as evista® by eli lilly and
Company) increases bone toughness,
researchers in this study from the indiana university School of medicine; Purdue university; indiana university–Purdue university at indianapolis; the
university of California, San diego;
northwestern university; and Argonne
assessed the effect of the drug on devitalized bone cleared of living cells that
normally mediate resorption and remodeling. in these bone samples, raloxifene prolonged the loading that the
bone could bear before fracturing, indicating that the drug was acting upon
the physical properties of the bone itself. using ultra-short-echo-time nuclear magnetic resonance, researchers
found that raloxifene-mediated water
retention within the bone matrix is associated with the observed increase in
toughness.
in order to elucidate the mechanism underlying this association, re-

Fig. 1. Schematic of the mechanical testing apparatus utilized during collection of WAXS diffraction
data at the APS. bone beams were subjected to 4-point bending, and after each displacement of 20
mm (black arrow), 20 x-ray scattering measurements were taken (red dashed line). Diffraction patterns collected by the detector (indicated) allow for quantification of strain experienced by hydroxyapatite crystals and mineralized collagen within the bone. Adapted from m.A. gallant et al., bone
61, 191 (2014).

searchers collected WAXS and SAXS
diffraction patterns of carbonated hydroxyapatite crystals (cAp), the mineral
component of bone that had been subjected to four-point bending. these
data, collected at the XSd 1-id-b,C,e
x-ray beamline at the APS (Fig. 1) allowed the researchers to measure mechanical strains on cAp crystals at a
resolution of 1 μm and showed that
raloxifene increased the amount of
physical deformation, or strain, that occurred at the collagen-mineral interface
before fracture.
this increased strain between cAp
and collagen reduces stresses and
may be caused by water-mediated
slipping between these components at
their interface, increasing the amount
of energy the bone can absorb prior to
fracture.
this work uncovers an entirely
novel mechanism of action for raloxifene and paves the way for a new
class of drugs to treat osteoporosis,
therapies that do not act by altering cellular activity or bone remodeling, but
act by directly changing the physical
properties of the bone matrix constituents. — Emma Nichols
See: maxime A. gallant1, drew m.
brown1, max hammond2, joseph m.
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P ROTEIN -L IPID I NTERACTIONS D ICTATE
C ELLULAR FATES

T

he immune system is the judge, jury, and executioner of the body,
deciding whether a cell lives or dies. When a cell approaches its
natural end (apoptosis), the immune system targets that cell for
removal. defects in this process can lead to disease, including cancer. t
cell immunoglobulin and mucin-domain-containing molecule 4 (tim4), a
protein displayed on the surface of immune cells, binds to specific lipids in
cellular membranes. that interaction helps the immune system
differentiate between apoptotic and healthy cells, but the details have
remained fuzzy. to better understand how the immune system picks out
apoptotic cells, researchers from the university of Chicago and the
university of illinois at Chicago collaborated to perform x-ray
reflectivity measurements on interactions between tim4
and lipids at the APS, as well as additional
experiments. their structural insights may
spur the development of novel anticancer
medications or drugs for immune
system disorders.
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Previous studies identified a binding site in tim4 for phosphatidylserine
(PS) lipids, a component of the cellular
membrane. however, that fact alone
cannot explain how tim4 identifies
apoptotic cells since even healthy cells
can be decorated with PS lipids.
the researchers suspected the selectivity may come from tim4’s ability to
detect the concentration of PS on the
cell surface; apoptotic cells cannot regulate their cellular lipids and end up
with an uptick in PS on their surfaces.
to test this hypothesis, the research team needed an innovative
strategy, since crystallographic structural studies of protein-lipid interactions
are notoriously challenging due to the
dynamic nature of lipids. they settled
on a three-pronged approach that included interfacial x-ray scattering, molecular dynamics simulations, and
membrane binding assays.
the crystal structure of tim4 is
known, but scientists lacked data on
how tim4 interacts with PS in a membrane. to determine how tim4 orients
itself relative to a lipid membrane, the
researchers performed x-ray reflectivity
experiments at the ChemmatCArS 15id-b,C,d beamline at the APS.
they constructed an imitation
membrane for experimental purposes
by spreading a lipid film containing PS
at the surface of a buffer solution. the
lipids formed a monolayer at the buffer
surface, the mock membrane, with hydrophobic tails pointing into the air and
hydrophilic head groups pointing into
the buffer. they added tim4 into the
buffer and collected reflectivity measurements as the protein bound to the
lipids. the reflectivity data provide information on molecular thickness —
electron density — perpendicular to the
air-buffer interface. using molecular
modeling, the researchers fit tim4
crystal structures into the reflectivitybased electron density to determine

< Fig. 1. Screen shot of a molecular dynamics
simulation showing Tim4 (yellow) binding a
lipid bilayer.

tim4’s orientation relative to the lipid
monolayer.
the next step was to use an allatom molecular dynamics simulation to
check whether the tim4 orientation with
the monolayer is compatible in the context of a physiological lipid bilayer. using the protein orientation obtained
from x-ray reflectivity as the initial configuration, the protein is found to remain
stably bound to the membrane throughout the simulation (Fig. 1), confirming
the orientation determined with the xray reflectivity experiments.
Confident that they'd hit on the correct orientation, the researchers analyzed their structural models, finding
that in addition to the known strong
binding site, tim4 appears to bind PS
weakly at four additional sites via ionic
interactions. to confirm that these sites
contribute to binding between tim4 and
PS, the researchers mutated basic
residues in the four potential binding
sites to alanine. three of these mutations led to significantly weaker binding
between tim4 and PS, while the fourth
mutation led to stronger binding, supporting the existence of other factors
contributing to the strength and stability
of binding.
As a final test, the researchers
measured binding affinity of tim4 with
liposomes containing different concentrations of PS. they repeated the experiments with two other tim proteins,
tim1 and tim3, which are structurally
similar but functionally distinct. the researchers observed that tim4 was
much more sensitive to the density of
PS than was tim1 or tim3. the binding
curve they observed suggests that
tim4 binds only moderately with cells
having an intermediate PS surface density, while binding tightly to those cells
with high PS surface densities. this offers a potential mechanism for how
tim4 identifies apoptotic cells; the PS
concentration tunes tim4's binding
affinity, and thus whether tim4 alerts
the immune system to an apoptotic cell.
— Erika Gebel Berg
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ow does one kill an infectious invader that is not technically alive?
that question has vexed researchers studying prions—aggregates of
aberrantly folded protein that propagate by inducing properly folded
proteins to convert into misfolded, disease-associated forms—since these infectious agents were identified as the source of a range of devastating neurological diseases such as transmissible spongiform encephalopathies (tSes),
which include Creutzfeldt-jakob disease and “mad cow disease.” Prions contain
no genetic material, so their structure determines their biological activity. that
structure, made rigid and insoluble through aberrant protein folding, also makes
prions difficult to combat. researchers used two u.S. department of energy synchrotron light sources including the APS to pry out new structural information
about prions, yielding insights into the fundamental mechanisms of prion at a
level of complexity that has not been observed in short-peptide amyloids used as
prion model systems.

Fig. 1. X-ray fiber diffraction patterns of fungal prion HET-s(218-289). The pattern on the left represents the wild-type with two-rung β-solenoid diffraction while the pattern on the right represents a
mutant version of HET-s with stacked β-sheets that are not in the β-solenoid structure.
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unlike viruses, bacteria, fungi,
and parasites, prions do not spread
disease through the transfer of genetic
material. they propagate through the
insidious conversion of properly folded
proteins into deviant forms, which consist of aggregates of amyloids — long,
unbranched fibrils assembled into
cross-β architecture consisting of one
or more tiers of β-strands running perpendicular to the fiber axis, forming βsheets that run the length of the fibril.
notable examples of prion-caused diseases are the aforementioned tSes,
which involve amyloids of the prion
protein PrP. non-PrP amyloids have
been implicated in diseases such as
Parkinson’s and Alzheimer’s as well as
type ii diabetes.
researchers from vanderbilt university used site-directed mutagenesis
together with x-ray fiber diffraction studies to determine the relative importance
of various structural features that facilitate deviant folding in a prion model
system, the fungal prion het-s. their
analysis suggests a redundancy of features that enable robust folding and
stability even in the face of significant
changes to prions’ sequence of constituent amino acids.
Prions’ insolubility and rigid structure make them hard to denature with
chemical agents. A possible method to
thwart prions is to make them unstable
or prevent them from misfolding. in order to develop compounds that exploit
these possible mechanisms, it is essential to determine the structural features that give prions the ability to propagate their structures.
to figure out how important each
structural element of prions is to the
ability to consistently misfold, researchers have looked to a prion model
system, the fungal prion het-s(218289). Fungal prions are not only incapable of causing diseases, they are in
many cases thought to be adaptive.
het-s works well as a model system
owing to its highly ordered structure
that readily folds into a complex amyloid with two tiers of β-strands.
the researchers used site-directed
mutagenesis of amino acid residues to
alter the flexible loop sequences,
buried polar interactions, salt bridges,
and asparagine ladders found in hets(218–289) in order to probe the rela-

Diseases caused by prions are known as spongiform
diseases, because the brain tissue in infected individuals is filled with holes, giving it a sponge-like appearance. Although prions are found throughout the
brain, the symptoms of spongiform diseases vary according to the regions they are most concentrated in.
There are currently no effective treatments for spongiform diseases and all are fatal. Source (text and
graphic): “Prions: On the Trail of killer Proteins,” genetic Science Learning Center at the University of Utah,
http://learn.genetics.utah.edu/content/molecules/prions/ © 2014 University of Utah. All rights reserved.

tive importance of these features for the
formation of β-solenoid structure. they
also investigated the cumulative effects
of multiple mutations.
to determine whether the modified
structures contained cross-β fibers, the
researchers studied the samples with xray diffraction (Fig. 1) at the bio-CAt
beamline 18-id-d at the APS and at
beamline 4-2 at the Stanford Synchrotron radiation lightsource at the SlAC
national Accelerator laboratory.
As a final step, mutants that formed
β-solenoids were subjected to assays
examining the protein denaturation and
the kinetics of fibril formation to assess
the effects of mutations on the biophysical properties of the β-solenoid structure. the β-solenoid architecture of
het-s(218–289) was found to be surprisingly robust because of the redundancy of important biophysical features.
Several mutations significantly impacted fibril nucleation, the rate of fibril
formation, and fibril stability, but x-ray
fiber diffraction revealed that the β-solenoid structure formed in most cases.
to effectively wipe out the β-solenoid structure required completely rearranging or reversing the long flexible
loop connecting the two rungs of the βsolenoid or removing both asparagine
ladders and all three salt bridges.
in addition, comparing the sequence alignment of het-s(218-289) to
one of its homologs, Fghet-s(218-289)
suggests that of these three features,
the long flexible loop and the asparagine ladders were most necessary
for β-solenoid formation.

the investigation of the fungal
prion het-s(218-289) provides insights
into the fundamental mechanisms of
prion assembly and propagation of its
infectious fold, which is made robust by
a complex and diverse array of interand intramolecular structural features.
this level of complexity has not been
observed in short-peptide amyloids that
have been used as prion model systems. — Chris Palmer
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or many proteins, the ability to change shape is essential for their proper functioning within
cells. One longstanding question concerns the process proteins follow when shifting from
an unfolded to a three-dimensional globular form. most previous studies have supported the
idea that when an unfolded protein is exposed to native conditions (i.e., to an environment favoring its typically fully-folded, physiological form) a continuous unfolded-to-semi-folded collapse ensues. however, other studies suggest that there is an energetic bottleneck to this step that renders
it an all-or-none transition. to resolve the issue, researchers from the university of massachusetts
medical School and the illinois institute of technology probed the folding stages of cytochrome c,
an archetype for protein folding behavior. its microsecond-scale folding dynamics were unambiguously characterized with Förster resonance energy transfer (Fret) complimented by smallangle x-ray scattering (SAXS) carried out at the APS. the SAXS and Fret measurements refuted
the conventional view that cytochrome c folding proceeds immediately and smoothly when exposed to native conditions; instead, subpopulations of unfolded and semi-folded protein were observed to coexist during brief intervals. these results provide fundamental insights for biochemistry,
as well as for human diseases characterized by protein misfolding, including Parkinson’s, huntington’s, Alzheimer’s, and lysosomal storage diseases.

Fig. 1. (a) An illustration of the fully-folded globular protein cytochrome c. Different segments of the protein are color-coded, including key segments containing
Trp59 (yellow) and heme (fuchsia). (b) An unfolded state of cytochrome c showing
its worm-like chain structure. Note: The fully-folded and unfolded states are scaled
to different lengths, i.e., the unfolded, chain-like state in panel (b) is much longer
than the diameter of the protein's globular form in (a).
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Fig. 2. kinetic model for cytochrome c folding immediately following denaturant dilution (i.e., to an
environment favoring compaction). The semi-quantitative reaction coordinate shows the approximate
free energy (g) and barrier heights for various states of protein folding. The left portion of the
blue plot indicates the state that dominates at the barrier to the next folding step: well within the first
30 microseconds (<<30 µs), unfolded state 1 dominates. At ~30 µs, the most numerous protein structure is partially-folded state 2. And ~100-µs later, partially-folded state 3 dominates. (Previous
state-of-the-art measurements, with ~1-msec resolution, lumped states 1, 2, and 3 together as indicated by “SF [stopped-flow] burst phase ensemble.”) SAXS measurements give the radius of gyration, rg, for each state. While state 3 was known previously, these experiments filled in knowledge
of early folding dynamics, i.e., <100 µs. The right portion of the blue plot shows that folding to the
final, globular structure occurs very quickly (<<650 µs) once the barrier after state 3 is overcome.
red and green plots at bottom show two reaction coordinates, rg and “average FrET efficiency,” illustrating the global and pairwise distance changes, respectively.

in the laboratory, protein structure
can be altered by varying the temperature, chemical environment, etc. For instance, the shapes of proteins suspended in solution can be changed by
varying the concentration of a chemical
denaturant. in this study, guanidinium
hydrochloride (gdnhCl) was used as a
denaturant to uncoil cytochrome c, a
small, globular, iron-containing protein
(hemeprotein). Figure 1a shows its
globule form, Fig. 1b an unfolded state.
Cytochrome c molecules were initially suspended in a highly-concentrated solution of gdnhCl, which relaxed some of the protein globules into
a chain-like (unfolded) form. to start the
folding process, the protein chains
were suddenly exposed to a near-native state (i.e., to an environment with
little denaturant) using microfluidics
techniques that allowed extreme dilution of the gdnhCl-concentrated solution in just 25-30 µs.
Previous experiments capable of
resolving early (<100 µs) folding dynamics were unable to differentiate between partially-folded and unfolded
forms mixed together. by contrast, the
Fret and SAXS techniques were capable of detecting the presence of both
folded and unfolded subpopulations immediately following dilution of the
gdnhCl denaturant.
Fret employed rapid laser pulses
to excite the trp59 chromophore (a molecular segment that gives the protein
its color). due to their close proximity
(several nanometers) and similar electronic energy levels (the “resonance” in
Fret), energy could pass from the
trp59 to the heme molecule (called the
“donor” and “acceptor,” respectively).
this is a quantum mechanical, non-radiative process (i.e., no actual photon is
transferred). energy accepted by the
heme molecule in this process was dis-

sipated. however, sometimes the excited trp59 molecule re-emitted the energy as a photon, which could then be
detected by a sensor. the time between a laser pulse and trp59 photon
emission was measured. because this
interval varied according to the trp59to-heme distance (which indicates protein shape) the proportions of any unfolded and partially-folded states could
be calculated.
the Fret results revealed that following denaturant dilution, certain subpopulations dominated during particular
time intervals: within the first 30 µs after
dilution, the unfolded state (denoted as
“state 1” for convenience) dominated,
accompanied by a small proportion of
partially-folded states. After 30 µs, a
transition to a partially-folded “state 2”
occurred, followed still later by dominance of partially-folded “state 3.”
these discrete jumps in subpopulation
ratios, which occurred as the initiallyunfolded protein transitioned to the
globular form, are referred to as “barrier-limited chain collapse.”
the SAXS experiments, which
were carried out at the bio-CAt 18-idd beamline at the APS were performed
as an independent check on the Fret
results. SAXS measured a parameter
called the radius of gyration (rg). this
parameter quantified the spatial distribution of all of the molecular components of cytochrome c, thereby indicating the degree of folding. Figure 2
depicts folding dynamics as measured
by a combination of the SAXS and
Fret methods. the top curve in the
figure gives a sense of the barrier limits
seen at various stages of the folding
process. each phase in the dynamic
folding process exhibits a particular rg,
which in turn indicates a particular
structural state (a smaller rg implies
greater protein compaction).

the SAXS and Fret results highlight the importance of employing techniques that can detect subpopulations
in folding reactions. moreover, firmly establishing the existence of barrier-limited protein folding will propel the
search for the physical source of this
behavior. — Philip Koth
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roteases are specialized enzymes responsible for degrading damaged, misfolded, or unneeded proteins within the cell. the human mitochondrial presequence protease (hPreP) breaks down several
distinct proteins, including beta amyloid (Aβ) species known to aggregate and
form the amyloid plaques associated with Alzheimer’s disease. using a combination of high-resolution x-ray crystallography and small angle x-ray scattering (SAXS) at the APS, researchers from the university of Chicago and
the university of illinois at Chicago were able to define the mechanism by
which hPreP recognizes a diverse array of amyloid proteins. the findings reveal that hPreP uses a large catalytic chamber to capture “toxic” peptides on
the basis of their size and charge distribution. understanding the mechanism
of hPreP substrate recognition and degradation paves the way for the development of small-molecule modulators of hPreP, which could ultimately serve
as a new therapeutic approach in the treatment of Alzheimer’s disease.

Proteases are specialized enzymes responsible for degrading damaged, misfolded, or unneeded proteins
within the cell. the human presequence protease (hPreP) is responsible
for degrading “presequences,” which
are amino acid sequences that direct
newly synthesized proteins to the mitochondria. Once inside the mitochondria, however, presequences are toxic,
and can interfere with the mitochondria’s ability to provide energy to the
cell. in addition to degrading presequences, hPreP also degrades several
Aβ proteins. Aβ peptides, when they
accumulate, form the amyloid aggregates, or plaques, characteristic of
Alzheimer’s disease.
diffraction data critical for defining
the crystal structure of hPreP alone and
bound to Aβ were collected at the SbCCAt 19-id-d beamline at the APS.
SAXS data were collected at the bioCAt 18-id-d beamline at the APS.
the data (Fig. 1) reveal how hPreP
is able to accommodate distinct molecules within its catalytic site, and how
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Fig. 1. (a) hPreP is comprised of an N-terminal
domain (purple) and C-terminal domain (blue),
which enclose the catalytic chamber and active-site (green) (b) hPreP captures Ab using
an exosite (dashed box; D) and active site
(dashed box; C) (c) Close-up of the hPreP active site (blue mesh), bound to Ab (gray) prior
to cleavage between Ab residues F20 and
A21. The Ab peptide is trapped in the catalytic site by the S1 site (indicated) (d) Closeup view of Ab (blue mesh) anchored in the
hydrophobic hPreP exosite (shaded gray).
Adapted from j.v. king et al., Structure 22,
996 (july 8, 2014).

this enzyme specifically recognizes
amyloid proteins. the high-resolution
diffraction patterns of hPreP alone and
in complex with Aβ provide an atomiclevel snapshot of the large (~13,000 Å)
catalytic chamber and the molecular interactions required for substrate capture and cleavage. Within this chamber,
amino acid residues form a hydrophobic pocket, a basic pocket adjacent to
the catalytic site, and a hydrophobic exosite distant from the catalytic site. this

IN

arrangement indicates that charge complementarity is a driving force for
hPreP’s ability to bind Aβ in an orientation that permits specific cleavage of Aβ
within regions likely to form aggregates.
Additional SAXS data show that in solution, hPreP exists in a mixture of “open”
and “closed” conformations at ~1:4 ratio. Substrate binding promotes most of
the hPreP to adopt the “closed” conformation, which induces the alignment of
the catalytic residues in the proper orientation. this observation confirms that
hPreP excludes molecules from the catalytic site on the basis of their size.
the flexibility of hPreP substrate
recognition leaves unanswered the
question of whether additional, currently unidentified proteins are targeted
by hPreP for degradation.
identification of hPreP
substrates will illuminate
additional roles hPreP
has in other important
cellular pathways.
— Emma Nichols
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iologists would like to be able to design synthetic proteins that can
spontaneously assemble themselves into a desired shape. in nature,
proteins self-assemble all the time, but being able to control their final
shape could help scientists create better vaccines or build tiny containers to
carry drugs directly to cancer cells and other targets. now researchers have
created a computer program that could potentially find the right dnA sequence to make proteins form into whatever shape the user desires. the research team utilized high-brightness x-rays from the APS to check their
computer models against actual protein structures.
the researchers from the university of Washington; the university of
California, los Angeles; and the
howard hughes medical institute fed
into the computer a desired shape,
along with constraints on how the proteins could be moved. they started with
two different building blocks, each a
protein complex consisting of three different molecules. each building block
had patches that could bind to itself or
to the other component through various
forces, such as hydrogen bonding — in
which a positively charge hydrogen
atom sticks to a negatively charged
atom — or the hydrophobic effect,
where atoms stick to one another to
avoid water. these protein-to-protein
interfaces both provide the energy to
drive the self-assembly, and define how
the building blocks can be oriented to
one another. by controlling which part
of which protein would bind to another,
the method encodes the final shape
into the building blocks.
in the next step, the computer
looked at the sequence of amino acids
that encoded features of the interfaces
between the building blocks, such as
whether the molecules had hydrophobic side chains. the computer randomly mutated an amino acid sequence, then checked to see whether
that made the interface more or less
stable. if it was less stable, the computer discarded that mutation and tried
a new one. if the mutation improved
stability, the computer kept it and
moved on to another spot. Once the
computer had determined a complete
set of dnA sequences, the team sent it

to a laboratory that makes synthetic
dnA, which then used e. coli to produce the designed proteins.
in the first part of the study, the
computer docked several hundred thousand pairs of proteins to get the best
shape. then it performed several hundred thousand mutations to come up
with about 100,000 potential pathways
to a final design. After combing through
those for the ones that seemed most
promising, the team delivered 57 different design sequences to the synthetic
dnA lab, five of which successfully selfassembled into protein nanocages capable of carrying a drug molecule.
to verify that the final products
matched the initial design, the researchers turned to the ne-CAt 24-idC beamline of the APS where they performed protein crystallography studies.
the high brightness of the APS x-ray
beam allowed them to get high-resolution images, which is important when
one is designing protein cages down to
the atomic level. the actual structures
turned out to be extremely similar to the
models in the computer.
One potential use of this method is
to build protein structures that very
closely resemble actual viruses, without
being infectious; that could lead to
novel, more effective vaccines. the researchers say that by working with
more than two building blocks, their
program should be able to build much
more complex shapes with a variety of
biological properties. — Neil Savage
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< Fig. 1. Two different building blocks (green and orange) were synthesized in bacteria and then
self-assembled into this protein nanocage, based on the computer’s design.
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he human immunodeficiency virus type 1 (hiv-1) was responsible for 1.5 million deaths
around the world in 2013. Although researchers have been able to develop anti-retroviral therapies that allow patients to live longer with the disease, it has been a struggle to
develop an effective vaccine that prevents the spread of infection. theoretically, the problem is one
we think we know how to solve. hiv-1 has a single spike protein on its surface called env that mediates viral fusion and entry into host cells. if we can prime the immune system to recognize env
and neutralize it, we should be able to stop hiv-1 in its tracks. however, up to this point, hiv-1 has
used molecular trickery to evade our efforts to bolster anti-hiv-1 immunity. now, new structural
data collected at the APS by a research team from universities in the united States and South
Africa, has revealed the basis for some of hiv-1’s elusiveness. their work maps sites of potential
vulnerability identified in the sera of patients who have made neutralizing antibodies to hiv-1,
opening the door to the design of potentially more effective vaccines against hiv.

Fig. 1. The HIv-1 trimer structure is shown in
Ca representation with gp120s in yellow and
gp41s in red. The bound neutralizing antibodies are shown in white. Image courtesy of
marie Pancera and jonathan Stuckey, National
Institutes of Health/National Institute of Allergy and Infectious Diseases/vaccine research Center
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One of the challenges in our understanding of hiv-1 has been in obtaining good structural information on
the env protein. this protein is a complex fusion machine composed of three
copies of a subunit called gp120 (receptor binding domain) and three
copies of a subunit called gp41 (fusion
domain). these assemble on the surface of hiv-1 in a closed pre-fusion mature state that is activated upon receptor binding to undergo a dramatic
conformational change in which the
gp41 env protein pierces the host cell
and merges the viral membrane with
the host cell membrane. this process
allows the hiv-1 genome entry to the
host cell cytoplasm.
researchers believe that neutralizing antibodies that target the pre-fusion
state of env have the best chance of
conferring lasting immunity. however,
because the pre-fusion association between gp120 and gp41 is fragile and
because the post-fusion state is more
energetically favored, it has been difficult to crystallize the pre-fusion state.
the researchers in this study from the
national institutes of health, the national institute for Communicable diseases of the national health laboratory Service (South Africa), the
university of north Carolina at Chapel
hill, the duke university School of
medicine and the Center for hiv/AidS
vaccine immunology-immunogen discovery at duke university, the university of the Witwatersrand (South Africa),
the university of kwazulu-natal (South
Africa), the yale university School of
medicine, and the Weill Cornell medical
College of Cornell university used their
own molecular trick to overcome this
they were able to crystallize the
gp120/gp41 complex by stabilizing it
with two antibodies that recognize different parts of the structure.
the structural data obtained by utilizing the Ser-CAt 22-id-d beamline
at the APS show a number of interesting features of the complex. the subunits are generally oriented into a propeller-like shape, and each molecule of
gp41 in the structure forms a kind of
collar through which the ends of gp120
extend towards the viral membrane
(Fig. 1). the collar is formed by helices

and loops of gp41 and is fastened with
a molecular clasp.
Comparison to the structure of the
post-fusion complex shows that gp120
binding to the host cell causes the gp41
collar to rearrange and become a pair
of extended helices that force a molecular spike through the host membrane
and pull the two membranes together.
the team compared the hiv-1 fusion machine to other known viral fusion machines and found that the topology of the interaction is similar to the
influenza, respiratory syncytial, and
ebola viruses. but what makes it so
hard to recognize immunologically?
the answer lies, in part, in sugar
modifications (glycosylations) that are
added to the surface of the molecule after it is made. modeling showed that
glycosylation, which is less likely to
cause an immune response, leaves
only 3% of the protein surface free for
antibodies to bind. Compared to influenza at 14% and respiratory syncytial virus at 48%, that is precious little
space for mounting an immune response. in addition, the exposed surface of hiv-1 exhibits extreme genetic
variability that makes it even more difficult to target effectively with antibodies.
the final part of this study was to
look at some immunological successes.
despite hiv-1’s molecular trickery,
some patients have developed neutralizing antibodies to hiv-1. the team
looked at these to see where they bind
and found that, in general, successful
antibodies can accommodate hiv-1’s
variability in their recognition pattern
and incorporate recognition of glycosylation as well.
the researchers hope that this
new information will provide the edge
they need to finally block hiv-1’s spike.
— Sandy Field
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eptide amphiphiles (PAs) are an emerging class of molecules that can
be designed for novel therapies in advanced medicine. they are designed with structural regions that allow them to spontaneously assemble into large complex structures like nanofibers (fibers with diameters of
approximately 10 nm). the researchers in this study investigated how positively charged PAs interact with cells when water-hating properties and hydrogen bonding (a force that holds the nanofibers together) are altered. using
the APS to collect data, they evaluated forces within the biological assemblies. their research shows that when bonding between molecules is weak,
it allows them to rapidly associate with lipids in the cell membrane, leading to
cell breakdown and death. in contrast, stronger bonds between molecules
favor cell survival. these findings will be important in guiding future work to
design biological materials for various therapeutic uses.
Peptides that are amphiphilic contain water-loving (hydrophilic) and water-hating (hydrophobic) structural regions. many of these peptides that
exist in nature have positive charge
(cationic) in the hydrophilic region,
which contributes to various functions
such as self-defense. it is their positively charged and water-hating regions that allow the peptides to associate so strongly with cell membranes
that they can even lead to peptide
breakdown. there are two classes of
these peptides: cell penetrating peptides and natural host defense peptides; both are useful in many therapeutic areas, including cancer therapy,
anti-microbials, and delivery of genes
or drugs.
Self-assembling peptides are a
class of designer peptide-based molecules that make use of interactions between molecules that cause them to
spontaneously assemble into large
complex molecular structures of different shapes. interest in these peptides
continues to increase due to their potential for applications in the biomedical field, where they serve as building
blocks for numerous materials and devices. this technology aims to mimic
what happens in nature, basically using forces and bonds between molecules to produce ordered biological assemblies of building blocks with
biochemical functions. One example of
this involves nanofibers that mimic
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components of the mammalian extracellular matrix.
PAs are a type of self-assembling
peptide. Some studies have shown
that changing the amino acid sequence and degree of hydrogen bonding in PAs can significantly alter their
shape and ability to assemble into
three-dimensional networks. Other
studies have also shown that changes
in hydrogen bonding and electrostatic
forces in these biological assemblies
affects the strength of the materials
they form, and their ability to signal
cells. however, the interactions between cell membranes and these materials are not well understood. With
this in mind, the researchers from
northwestern university aimed to investigate how hydrogen bonding, the
presence of structural water-hating regions, and the charge of PAs affect
how they interact with cells.
the researchers used data from
wide-angle x-ray diffraction studies
performed at the bioCArS 14-bm-C
beamline at the APS to show that
forces between molecules, particularly
hydrogen bonding, influence the cell’s
ability to survive. they determined that
differences in attractive forces in biological assemblies are the key in determining cell membrane stability, and
therefore whether the cell dies or survives.
the most significant finding was in
relation to changes in hydrogen bond-

TO I NFLUENCE
ing among molecules. the results
show that, when biological assemblies
were fortified by strong hydrogen bond
forces between molecules, cell survival
was favored. however, when bonds
between molecules were weak, biological assemblies were able to integrate
into, and break down, the lipid layer of
the cell membrane, and thereby stimulate cell death (Fig. 1). they also
demonstrated that both the water-hating region and the positive charge of
the PA were required to promote cell
death. — Nicola Parry
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Fig. 1. An image of a cell growing on a strongly cohesive material that encourages cells to grow and spread
(bottom), and a small group of dying cells in contact with the weakly cohesive material (top). The presence of the
green dye inside the cell confirms that it is living, and the red dye stains the cell membrane for visualization.
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bola virus causes a deadly hemorrhagic disease with case fatality rates
up to 90%. this is due to the virus’ ability to rapidly shut down innate
immune responses and cause a severe immune reaction called a “cytokine storm.” but how does it do this and why is it so effective? researchers
using two u.S. department of energy x-ray light sources, including the APS,
have uncovered an important part of the answer. their work has shown how
an ebola virus protein called vP24 blocks cellular responses to interferons,
which exert a critical antiviral effect as part of the innate immune response.
ebola virus vP24 protein (evP24) does this by blocking the movement of a
critical signaling molecule into the nucleus where it normally activates the antiviral state in cells. their structural and biochemical analysis of the interaction
between evP24 and the protein that acts as a shuttle to move cargo through
the nuclear gate, kPnA5, reveals details of the interaction that might be exploited for designing pharmaceutical interventions to fight ebola.
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When the body encounters a virus,
it sends out signals, activating a cascade of events that sound the alarm
and produce an antiviral state in cells.
this state is triggered by interferon
(iFn), which activates the transcription
factor StAt1. Once activated, StAt1 is
able to access a special entrance into
the nucleus through transporters via a
non-classical pathway. the non-classical pathway is a secondary pathway
that is distinct from the classical transport pathways through which most protein traffic enters the nucleus. StAt1’s
access to the non-classical pathway is
facilitated by several nuclear transporters from the nPi-1 subfamily, including kPnA5, which was the protein
used in this study. Once inside the nucleus, StAt1 activates a group of
genes that gets the antiviral arsenal up
and running.
the researchers in this study from
Washington university School of medicine in St. louis, icahn School of medicine at mount Sinai, the university of
texas Southwestern medical Center at
dallas, and Washington university in
St. louis started their investigation on
the basis of previous work. they knew
that ebola blocks the entry of StAt1
into the nucleus, effectively blocking
antiviral gene transcription, and they
knew that it did it by blocking StAt1’s
access to kPnA5 with evP24. What
they didn’t know was the molecular details of the evP24-kPnA5 interaction
that might suggest a way to block
evP24 with pharmaceutical interventions. For this they needed structural
information.
< Fig. 1. Effects of Ebola vP24 in cells and
structural interaction with kPNA5. A cell expressing fluorescent Ebola vP24 (red) and labeled for STAT1 (green) after interferon
activation shows that vP24 effectively blocks
STAT1 entry into the nucleus (overlap of two
proteins in yellow). ribbon diagram shows
structural interactions between evP24 (magenta) and the C-terminal end of kPNA (cyan)
(PDb: 4U2X ). Full-length kPNA5 is overlaid
into the image in white (PDb: 1bk5 ). Image
courtesy of Daisy W. Leung (Washington University School of medicine in St. Louis) and
Christopher F. basler (Icahn School of medicine
at mount Sinai)

the team’s first step was to define
the interaction between kPnA5 and
evP24. they determined that evP24
binds just to one end of kPnA5, allowing them to use this smaller region of
the protein for crystallization. the crystal structure of evP24 bound to the
fragment of kPnA5 was obtained at the
SbC-CAt beamline 19-id-d at the APS
and the Advanced light Source beamline 4.2.2 at lawrence berkeley laboratory. the structure revealed a number
of important features of the interaction
(Fig.1). First, the binding site for evP24
on kPnA5 is unique and, while it overlaps the known site for StAt1, it does
not resemble that for any other cargo
that come in through the non-classical
pathway. Also, while neither protein
changes conformation much in the
binding interaction, evP24 contributes
a large binding interface to the interaction involving several amino acids from
various loops on the structure.
biochemical analysis of evP24
proteins with these amino acids mutated showed that the loss of single
contacts only resulted in slightly impaired binding while loss of several
contacts resulted in completely abolished binding. interestingly, the specificity of the interaction is mediated
mostly by evP24 amino acids that are
different from those in the same region
in the related marburg virus vP24
(mvP24) protein. in fact, despite significant protein sequence similarity to
evP24, mvP24 adopts a different
structure in this region. this may explain why marburg does not block interferon signaling using the same
mechanism.
Further analysis of evP24 proteins
possessing mutations in the kPnA5
binding domain showed that evP24 mutants with reduced kPnA5 binding also
have reduced ability to block StAt1 nuclear transport and iFn-induced gene
activation. this supports a model in
which the evP24 interaction with
kPnA5 is critical to its ability to block innate immune system activation by iFn.
Similar assays also show that evP24
does not block the classical transport
pathway. this is important because it allows ebola to block progress to the antiviral state while at the same time
keeping cellular machinery up and run-

ning to churn out viral proteins needed
to propagate its deadly progeny.
the research team hopes that this
work will provide clues that will allow
them to identify new or existing drugs
that can block the interaction between
evP24 with kPnA5 while leaving
StAt1 signaling intact. — Sandy Field
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unlight is the basis for all life on earth so it should come as no surprise that many organisms have
developed complex systems for detecting the quality and quantity of light in their environment.
Plants, fungi, and many species of bacteria use light-sensitive proteins called phytochromes to
control biological functions that respond to changes in light. in the bacterial species Deinococcus radiodurans, a red/far-red-light absorbing phytochrome controls the production of light-protective pigments.
the structure of the phytochrome in the resting state has been solved, but the question of how the signal from light gets transformed into a biological action has remained elusive. now, in work that used the
bioCArS beamline 14-id-b at the APS, as well as beamlines at the european Synchrotron radiation
Facility (France) and the Swiss light Source, researchers have collected structural data on the active
state of the phytochrome sensory module that provide exciting new insights into how it transforms light
into action. these findings fill in critical steps in our understanding of these complex sensory systems,
manipulation of which may have many future applications in agriculture.

Fig. 1. model of protein secondary structural changes in the photosensory module
from D. radiodurans between the resting (Pr, this page) and active (Pfr, next
page) states in response to light. red-light absorption by the chromophore (red)
in the Pr form of the phytochrome results in dramatic changes in both the
“tongue” structure (green) and the overall interaction between the two copies of
the protein in the dimer (gray).
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A research team from the university of jyväskylä (Finland), the university of gothenburg (Sweden),the university of Chicago, and the Paul
Scherrer institut (Switzerland) sought to
learn more about the active-state structure of phytochrome systems by comparing structural data for the resting
and the activated forms of the phytochrome from D. radiodurans. their
initial experiment involved utilizing the
bioCArS beamline at the APS for timeresolved solution x-ray scattering
measurements of the phytochrome
sensory module in the two states. to
achieve this, they flashed a solution of
the phytochrome with short bursts of
red light to convert between the resting
and the active state. in the
interim between the flashes,
they collected the x-ray scattering data. Analysis of the
data revealed the build-up of
large conformational
changes between the two
structures at the nanometer
scale.
With this promising data
in hand, the team sought
higher resolution data to determine the exact nature of
the molecular changes that
were taking place between
the two states. For this, they
crystallized the phytochrome
in both the resting, Pr (redabsorbing) and active, Pfr
(far-red absorbing) state.
both structures showed that
the phytochrome forms a
dimer with two copies of the
protein forming a single unit.
in the resting state, the
dimer is in a “closed” configuration and a highly evolutionarily conserved amino
acid sequence forms a tongue-like
structure (Fig. 1).
in the resting state, the tongue
forms a β-sheet secondary protein
structure. Absorption of red light by the
Pr form causes dramatic changes in
the protein. the two halves of the dimer
adopt an “open” conformation, widening the gap between them by several
nanometers. remarkably, the tongue
now converts to a completely different
protein secondary structure and adopts

a much shorter, α-helical conformation.
the new tongue is 2.5 Å shorter and interacts with different conserved amino
acids than the resting state tongue.
this change is sufficient to explain how
the active state of the protein may
transmit changes to the next protein in
the signaling cascade in response to
the light.
the data obtained by the team provide the sequences of steps required to
convert light into action. First, red light
absorption causes changes in the chromophore at the atomic level, which are
amplified and transmitted to the surrounding phytochrome. these changes
result in dramatic rearrangement of the
tongue, which shortens by 2.5 Å. Short-

ening of the tongue causes a shift in
the rigid dimer structure of the phytochrome and the dimer “opens” by
several nanometers. the conformational signal is amplified from a small
nudge at the atomic level to a dramatic
protein rearrangement on the nanometer scale. Action!
According to the team, this mechanism of action has fallen on fruitful
ground in the research community and
different aspects of the structural mech-

anism have already been verified in
publications by other groups. the
team’s next goal is to decipher how the
structural signal is converted into a biochemical signal in the output domain of
the phytochrome. this will require collecting more structural data on the D.
radiodurans and other phytochromes.
— Sandy Field
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he majority of excitatory brain signals are transmitted by the simple amino acid glutamate, which
activates metabotropic and ionotrophic glutamate
receptors (mglur and iglur, respectively) embedded in
neuronal membranes. activation of mglurs kicks off a series of chemical cascades that can alter the function of
neurons, while activation of iglurs opens ion channels in
the neuronal membrane that can trigger the neuron to fire
action potentials. disruptions in glutamate signaling are
implicated in many neurological diseases including
alzheimer’s, parkinson’s, schizophrenia, and depression.
not surprisingly, glutamate receptors are the target of a
significant proportion of pharmacological therapies. the
complexity of the glutamate receptors bears some of the
credit for the large number of targeting compounds; in addition to binding glutamate, mglurs and iglurs have multiple binding sites for other molecules that can modulate
receptor function. Knowing these receptors’ precise physical structure can facilitate the design of drugs to treat
specific diseases. studies carried out at the aps by two
separate groups of researchers have provided the first xray crystal structures of an mglur called mglu1 and the
nMda receptor, one of three iglurs. comparisons of the
new structures to those of closely related glutamate receptors have contributed to a deeper understanding of the
relationship between structure and function in both
classes of receptor.
nmdA receptors are heterotetramers mainly composed of two copies
each of glun1 and glun2 subunits,
which activate upon concurrent binding
of glycine to glun1 and l-glutamate to
glun2. researchers from Cold Spring
harbor laboratory used the gm/CA-XSd
23-id-b and -d beamlines at the APS,
and the bl41Xu beamline at the SPring8 synchrotron x-ray facility in japan to
capture the x-ray crystallographic structure of the glun1a-glun2b nmdA receptor in the presence of glycine, l-glutamate, and ifenprodil, an inhibitory
allosteric modulator (i.e., a compound
that binds to a secondary site) [1]. the
structure was initially resolved at 5.7 Å.
mutations to select amino acids residues
facilitated a series of cross links to improve the resolution to better than 4 Å.
the resulting structure had the shape of
a bouquet of flowers where the blooming
flowers and stems correspond to the extracellular domains, which bind neurotransmitters and modulators and control
ion channel opening, and the transmem-
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Fig. 1. Structure of NmDA receptor.
The crystal structure of the NmDA
receptor is shown bound by L-glutamate (large molecular structure, middle left), glycine (large molecular
structure, middle right), and two ifenprodil molecules (large molecular
structures buried behind top portion
of purple subunit). The gluN1aα (orange), gluN1aβ (yellow), gluN2bα
(cyan), and gluN2bβ (magenta) subunits form NmDA’s heterotetrameric
structure.

brane domain, which forms the heterotetrameric ion channel, respectively
(Fig. 1). the overall shape of the
nmdA receptor is distinct from that of
the “y”-shaped homotetrameric
gluA2AmPA receptor — the only other
iglur whose structure has been solved
— despite both receptors having a
tetrameric arrangement. this difference

in shape can be attributed to the fact
that extracellular domains in the nmdA
receptors are packed tightly, whereas
those in the gluA2AmPA are not, causing it to splout. the researchers also
identified several other structural differences between the nmdA and AmPA
receptors that reflect differences in receptor function.

like the nmdA receptor, the
mglu1 receptor is a promising
therapeutic target. because its
glutamate-binding site is so selective for glutamate, the most accessible target for drug candidates
are allosteric receptors on the extracellular portion of mglu1’s
seven-transmembrane (7tm) domain.
to gain a better understanding of the geometry of those allosteric binding sites, researchers
from the Scripps research institute, vanderbilt university, and
monash university (Australia) likewise used the gm/CA-XSd beamline 23-id-d at the APS to determine the crystal structure of the
human mglu1 receptor 7tm domain (residues 581-860) with an
inhibitory modulator, Fitm, bound
to the allosteric site (Fig. 2) [2].
the original resolution of 4.0 Å
was improved to 2.8 Å by integrat- Fig. 2. Structure of mglu1 transmembrane domain. Foreground illustrates the seven-transmembrane domain of
ing data collected from 14 crystals. the human mglu1 glutamate receptor bound by the negative allosteric modulator compound, FITm
the crystal structure revealed (yellow/blue/red/white). background illustrates mglu1’s role as a post-synaptic metabotropic receptor for gluthat Fitm fits tightly into a long,
tamate, the most abundant excitatory neurotransmitter in the brain.
narrow, boomerang-shaped
pocket. examination of contact residues
in the binding pocket revealed only four
this work was supported by the national inopment (v.C. and r.C.S.); nih grants r01
residues of mglu1 that differ from
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nA damage is a fact of life. On any given day, an organism’s dnA will suffer
between 10,000 and 1,000,000 breaks or other damage. these problems are
repaired by enzymes in our cells that fix the breaks, remove errors, and maintain
the integrity of the genome. One of these dnA repair enzymes acts as a kind of molecular
scissors to cut dnA at damage points and resolve tangles that can form when things go
wrong. this must be done with great specificity in order to restore the dnA code to its previous
state and not generate mutations. researchers utilizing the APS and the Pohang Accelerator
laboratory in South korea solved the structure of one of these molecular scissor proteins,
called mus81-eme1, in a complex with dnA. their analysis reveals the elegant way the
enzyme recognizes, positions, and cuts the dnA, and then secures the two ends to avoid a
new tangle and furthers our understanding of the mechanisms of dnA repair, with positive
implications for fields such as reproduction, cancer, and aging.

Fig. 1. a) A complex structure containing mus81 (cyan) Eme1 (pink) bound to a 3¢ flap DNA. The DNA
strand to be cut is shown in yellow, the 5¢ end (orange) is shown in the 5¢ binding pocket (blue dotted
circle) and the complementary DNA strand is shown in green. The wedge is shown as a black dotted
circle. b) A 90° rotated view of 1a. On the right and left of the wedge, the 5¢ junction of the 5¢ end
junction strand and the 3¢ end of the strand to be cut are placed at the 5¢ end binding pocket and
the active site, respectively.
19-id-d • SbC-CAt • life sciences • macromolecular crystallography, multi-wavelength
anomalous dispersion, subatomic (<0.85 Å)
resolution, microbeam, ultra-low-temperature
(15k), large unit cell crystallography, singlewavelength anomalous dispersion • 6.5-19.5
kev • On-site, remote, mail-in • Accepting general users •
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most genes that have been found
to affect lifespan are involved in dnA
repair. if breaks and other dnA damage are not repaired, disease can result from adverse effects on normal
gene expression and cell division functions that are critical to life.
One type of enzyme involved in
dnA repair is a molecular scissors
called an endonuclease. mus81-eme1
is one of a family of structure-selective
endonucleases responsible for resolution of complex dnA overlaps that are
the result of dnA damage. these overlaps, or flaps, come in two different flavors, 5¢ and 3¢ (pronounced “5-prime”
and “3-prime” in dnA parlance) depending on the direction of the dnA
break that occurred.
the researchers from the Pohang
university of Science and technology
(South korea) and Argonne were interested in why the mus81-eme1 endonuclease specifically recognizes only the
3¢ flaps and not the 5¢ flaps. to study
this, they crystallized mus81-eme1 in
complex with small pieces of dnA with
either 3¢ or 5¢ flaps and collected diffraction data for the crystals at the
SbC-CAt beamline 19-id-d at the
APS, and at the Pohang Accelerator
laboratory.
As one might expect for an enzyme that performs an important basic
dnA repair function, mus81-eme1
works with elegance and precision. the
team compared structures for mus81eme1 in complex with one 5¢ flap dnA
and two 3¢ flap dnAs. the 5¢ flap structure showed that the dnA could bind to
mus81-eme1 but the binding did not result in cutting of the dnA. Analysis of
the 3¢ flap structures revealed why.
When mus81-eme1 binds to the 3¢
flap dnAs it undergoes a dramatic
shape change and convertst from a
compact structure to a more open
structure (Fig. 1), unmasking a protein
domain that acts as a wedge to keep
the two cut ends separated. the 5¢ end
that is not being cut is held in place by
a specialized binding pocket that keeps
the end away from the action.
next, mus81-eme1 bends the dnA
to position the 3¢ end right in the active
site. biochemically, the 5¢ flaps don’t
work because the free 3¢ ends don’t fit
properly into the binding pocket and so
the dnA doesn’t bend to place the 5¢

end into the active site.
the team validated their model in
two ways. First, they confirmed reduced
enzyme activity in mutant versions of
mus81-eme1 based on structure model
predictions. Second, in experiments in
which they labeled both ends of the
dnA with fluorescent tags, the addition
of mus81-eme1 resulted in the two
ends of the dnA moving closer together, supporting the bending formation in the structure.
What’s next? because endonucleases like mus81-eme1 are responsible
for repair of some of the most complex
types of dnA damage, when these are
not repaired due to a malfunction of an
endonuclease, serious developmental
and genetic disease can occur. the
next step for the team will be to study
the structures of other members of this
endonuclease family, including one involved in a disease called Fanconi anemia, in order to provide a frame-work
for curing these diseases.
— Sandy Field
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“Crystal structures of the structureselective nuclease mus81-eme1 bound
to flap dnA substrates,” embO j. 33
(9), 937 (2014).
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rosalind Franklin was a brilliant x-ray crystallographer whose
photograph of a fiber of dnA
[above] was critical to james Watson and Francis Crick's discovery
of the double helix. her x-ray studies of dnA provided data that
helped to bring into being the theoretical model constructed by Watson and Crick.
her colleague at king's College, maurice Wilkins, showed her
photograph of the “b” form of dnA
to Watson early in 1953, when she
was preparing to leave king's to
start a new project at birkbeck College, london. Watson describes
his reaction in The Double Helix:
“the instant i saw the picture my
mouth fell open and my pulse began to race... the black cross of reflections which dominated the picture could arise only from a helical
structure... mere inspection of the
x-ray picture gave several of the vital helical parameters.” … the laboratory notebooks in which
Franklin set out her findings and
noted her own thoughts about the
structure… contain annotations
made ten years after her untimely
death by her colleague Aaron klug,
who published a paper in Nature in
1968 showing that she had been
ahead of Watson and Crick in establishing key parameters of the
structure.
dnA was only an interlude in
Franklin's career. She had made
important contributions to the study
of carbon at the british Coal utilisation research Association; subsequently she used her skills to reveal the hollow centre of the
tobacco mosaic virus particle, and
to trace the helical form of its genetic material within this cylinder.
Excerpted from: “Codebreakers:
Makers of Modern Genetics, The Rosalind Franklin papers,” the Wellcome
Library, http://wellcomelibrary.org
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he tet family of enzymes regulates gene expression through chemical modification
(demethylation) of dnA, turning specific genes “on” for important cellular events during development and cell proliferation. to understand how the tet enzymes interact
with dnA and perform the chemical reactions required for gene regulation, researchers from
the emory university School of medicine, new england biolabs, the university of georgia,
and Ser-CAt used x-ray crystallography at the Ser-CAt 22-bm-d and 22-id-d beamlines of
the APS to a resolution of 2.9 Å. to obtain high-resolution snapshots of the Naegleria tet-like
dioxygenase (ngtet1) in complex with 5-methylcytosine (5mC) dnA (Fig. 1). the findings show
that tet enzymes interact with dnA in a fashion distinct from other dnA modifying enzymes.
understanding how tet enzymes interact with target dnA is important for understanding of
their regulation and for potential development of inhibitors to modulate their activity in contexts
ranging from brain development to cancer.
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the important roles of the tet family of enzymes have only recently
emerged. these enzymes are dioxygenases, which bind to dnA with a chemically modified building block, a 5methylcytosine (5mC), and catalyze its
conversion to three possible products,
5-hydroxymethylcytosine (5hmC), 5formylcytosine (5fC), and 5-carboxylcytosine (5caC) through three consecutive oxidation reactions. by carrying out
this reaction, tet-dioxygenase chemically changes dnA, turning the expression of genes from “off” to “on.” Control
of both the timing and level of gene expression is critically important during
development, and in the control of cell
growth and differentiation. indeed, tet
is required for maintaining the developmental plasticity of stem cells, is involved in early embryonic development,
brain development, and is implicated in
some cancers.
the tet-dioxgenases are present
throughout the tree of life in a wide
range of organisms. the free-living
amoeboflagellate Naegleria gruberi
possesses a tet protein (ngtet1) remarkably similar to that present in humans. this protein was used in the current study to model tet interactions with
dnA, and the findings here can be applied to understanding the human tet
proteins.
the high-resolution crystal structures obtained at the Ser-CAt beamlines reveled that ngtet1 interacts with
the dnA through interactions with the
basic surface of the protein (Fig. 1).
this surface interacts with the negatively charged phosphate backbone of
the dnA in the minor groove of the
dnA helix. this interaction causes the
dnA phosphate backbone surrounding
< Fig. 1. The structure of the Naegleria gruberi
Tet protein (NgTet1, beige) in complex with
DNA containing a 5mC cytosine 5’ to a guanine (5mCpg dinucleotide). molecular components of DNA are indicated: carbon (yellow),
phosphate (orange), oxygen (red) and nitrogen
(blue). NgTet1 binding to the DNA minor
groove bends the DNA towards the major
groove, flipping out the 5mC base into the active site of the protein.

the 5mC to kink, flipping out the 5mC
base into the active site of ngtet1.
Once in the active site, this base
undergoes chemical reactions that result in the demethylation of the dnA.
the current work describes the first detailed molecular structure of a tet enzyme and describes the unique way
that this enzyme induces base flipping,
which is distinct from the mode employed by other dnA repair and modifying enzymes.
understanding the regulation and
structural bases of tet activity provides
a platform for researchers to develop inhibitors that modulate tet in contexts
beneficial to human health.
— Emma Nichols
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ispecific antibodies (bsAbs) are an emerging class of biological therapeutic agents
designed to bind to two distinct regions on either the same or different targets, and
therefore improve the body’s efficiency in fighting disease. however, their development for clinical use has been slowed, particularly due to issues with their structure that
allow mispairing between the heavy and light chain regions of the antibody. researchers
in this study designed a computer-assisted experimental approach, and using the lrl-CAt
beamline 31-id-d at the APS to collect x-ray diffraction data, they produced novel mutant
antibodies that were more stable and had the desired structure to reduce this indiscriminate
pairing. these findings will be important in guiding future work to design new agents for varied therapeutic use.

cyan: design model
green: Wt structure

Fig. 1. This page and next: Computer-based redesign of amino acid packing at the
interface between an antibody light chain (top, L) and an antibody heavy chain
(bottom, H). The panel on this page compares the computer model with the starting antibody structure (wildtype, WT). The panel on the facing page shows experimental validation of the computer model via a high-resolution crystal structure
solved at the APS.
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monoclonal antibodies (mAbs)
have become an increasingly important
source of therapeutic agents in recent
years. these are antibodies that can
recognize a single target antigen. however, bsAbs recognize two different
antigens at the same time and can
therefore bridge two distinct targets.
this produces opportunities for increased therapeutic impact.
Although bsAbs have been produced for clinical use using a variety of
approaches, production methods have
been hindered by problems of manufacturability and issues with their physical and chemical properties.
Antibodies, or immunoglobulins,
are large y-shaped proteins used by
the immune system to attack foreign
substances such as bacteria, viruses, and even
cancer cells. the two basic structural units of an
antibody are heavy chains
and light chains. the antibody recognizes a specific
part (antigen) of the foreign substance – the tip of
the “y” contains a region
that is specific for a particular part (epitope), on a
target antigen, allowing
them to bind together very
precisely. the fragment
antigen-binding (Fab fragment) is the region that
binds to antigens, and
contains one constant and
one variable domain region of each of the heavy
and light chain.
the “variable region”
at the tip is made up of
amino acids belonging to
both light and heavy
chains. this region also binds to antigen, but allows for variations in amino
acid components, thereby enabling millions of antibodies with slightly different
antigen-binding sites to exist. As a result of this, antibody heavy chains have
evolved to bind light chains in a relatively nonspecific manner. this can be
a major challenge with respect to generating bsAbs for clinical use, because
this indiscriminate pairing leads to production of non-functional bsAbs. Specific pairing is essential for their optimal
manufacturability and effectiveness.

because Fab fragments can be
produced in the laboratory, one solution
to potentially produce a more specific
bsAb and prevent mispairing of heavy
and light chains involves the design of
an antibody Fab with a fully orthogonal
(perpendicularly arranged) structural interface where the heavy and light chain
connect. re-engineering a specific area
of the antibody, known as the Ch3 domain, plays a key role in efficient heavy
chain pairing.
in this study, researchers from the
the university of north Carolina at
Chapel hill and the eli lilly biotechnology Center used a combination of computational and rational design methods
to produce novel bsAbs with the desired structure. this computer-aided

cyan: design model
Magenta: crystal structure of

approach involved choosing a suitable
antibody to act as a protein “scaffold”
from which new mutant Fabs were engineered following specific changes to
the structure of the original scaffold.
the researchers inserted mutations into
the Ch3 domains of various parental
mAbs to allow expression of correctly
paired bsAbs.
using x-ray diffraction data sets
collected from the 31-id-d beamline,
they were then able to validate the
three dimensional crystal structures of
the newly produced proteins (Fig. 1).

the researchers identified mutant
antibodies that were more stable and
prevented mispairing of heavy and light
chains, facilitating expression of correctly assembled bsAbs using a variety
of parental mAbs containing the mutant
Fab interface.
these results will be important in
guiding future work to investigate
whether this strategy can be applied
successfully to all antibodies, and may
hold the potential to generate powerful
therapeutic agents for the effective
treatment of complex diseases.
— Nicola Parry
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T HE V IRAL S ECRETS OF R EPLICATION
AND I MMUNE S YSTEM E VASION

Fig. 1. The external face of the flavivirus nonstructural protein 1 (NS1) dimer (subunits in blue and
yellow) is exposed on infected cell surfaces where it can interact with the immune system. NS1 contains sugar moieties (grey balls). NS1's external face is also exposed in secreted NS1 particles present in patient sera. The background image shows artificial spherical membrane particles coated with
the NS1 protein. Image: David Akey and Somnath Dutta, both University of michigan
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A

mosquito or tick bite may trigger more than an itchy welt; these bloodsuckers
can transmit flaviviruses, which cause dengue fever and West nile fever, among
other illnesses. no vaccine exists that can curb their spread. the dengue virus
alone may infect more than four hundred million people each year. Scientists trying to decipher how flaviviruses replicate inside a host's cells and evade detection by the immune
system have honed in on a flavivirus protein called nonstructural protein 1 (nS1). evidence suggests that nS1 is involved in both the replication of the viral genome and the manipulation of the host immune system that allows the viruses to spread from cell to cell.
however, the structure of this enticing molecule had long remained a mystery because
nS1 proved difficult to produce in the laboratory and its sequence doesn't match that of
any protein with a known structure. but a research team from the university of michigan,
gm/CA-XSd, and Purdue university achieved a breakthrough that allowed them to make
nS1 in the lab. they then proceeded to solve the protein's three-dimensional structure
with x-ray diffraction data collected at the APS (Fig. 1). the molecular structure reveals the
parts of nS1 involved in the replication and spread of the flavivirus, providing targets that
may help speed the development of vaccines and antiviral medications.

Scientists have been trying to
make nS1 crystals for 15 to 20 years,
with little success. the problem was
that nS1 has a hydrophobic surface,
which encourages the molecule to stick
to membranes and not let go. Several
years of research by members of this
team were required to determine the
appropriate protocol for production of
nS1. the final “a-ha” moment came
when they treated broken cells from the
expression culture with a mild detergent, gently convincing the membranes
to release nS1. After that, crystallization was relatively straightforward.
the researchers next visited the
gm/CA-XSd beamline 23-id-d at the
APS and proceeded to collect data on
18 nS1 crystals, ending up with more
than 100 data points per diffraction
spot. due to the lack of structural homologues, they relied on anomalous
scattering from nS1's native sulfurs in
12 cysteines and 5 methionines to elucidate the structure. the researchers
solved the structure of nS1 from West
nile virus, but found that crystals from
the dengue virus nS1 yielded an identical structure. As the primary sequence
suggested, the structure of nS1 is unlike any other known protein structure.
Previous research indicated that,
early in infection, nS1 forms a dimer inside a host's cell and interacts with the
viral replication complex on the opposite surface of the endoplasmic reticulum membrane. to explore nS1's role
in viral replication, the team mixed the

protein with liposomes, as a proxy for
endoplasmic reticulum membranes.
nS1 coated the liposomes and broke
the vesicles apart, forming smaller
lipoprotein nanoparticles. this observation suggested that nS1 may organize
the viral replication complex through
membrane remodeling. using the structure as a guide, the researchers identified the greasy face of nS1 most likely
to interact with the membrane-bound
replication complex.
in addition to its intracellular functions, nS1 carries a secretion tag that
sends the protein outside the cell and
into the bloodstream. While nS1 is a
dimer inside of cells, evidence from
electron microscopy shows that nS1
forms a hexamer in the extracellular
space. the nS1 hexamer interacts with
immune system components, suggesting that the function of extracellular
nS1 is to trick the immune system into
ignoring the infection. Previous studies
showed that human antibodies, immune system proteins, recognize 108
different pieces of the nS1 protein. to
identify the parts of nS1 involved in immune system manipulation, the researchers mapped these 108 epitopes
onto the structure of hexameric nS1.
the epitopes clustered into a few
“hotspots,” all on a face of the protein
opposite to the one used in membrane
remodeling. One hotspot resembled a
human protein involved in the defense
against flaviviruses. this suggests that
nS1 may thwart the immune system via

protein mimicry, though more research
is needed to tease out the details.
— Erika Gebel Berg
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A C OMMON F ORM OF P ROTEIN M ODIFICATION
THAT IS A BUNDANT IN B ACTERIA

A

nimals can rapidly adapt to changes in the environment through subtle changes to the structure of their bodies’ proteins. this process is referred to as “post-translational modification,” which can impact the
function, structure, stability, and location of proteins involved in essential cellular processes, including translation, transcription and metabolism. Such modifications give organisms the flexibility to adapt rapidly to changes in their
environment. One ubiquitous form of post-translational modifications is acetylation, the donation of an acetyl functional group from acetyl coenzyme A to a
lysine residue. X-ray crystallography studies at the APS helped reveal that
acetylation of Escherichia coli proteins can also be non-enzymatic, specific, and
occurs at both active sites and co-factor binding sites. Additional experiments
demonstrated that acetylation is likely capable of modifying the function of important enzymes, a finding that could have implications for the engineering of
bacteria for specific applications in a variety of fields such as energy production,
medicine, and environmental remediation.
Acetylation can have a variety of
impacts on cellular processes, including altering protein size, dnA binding
affinity, and enzymatic activity. While
acetylation has been well documented
in eukaryotes, only in the past few
years have researchers obtained genetic, mass spectrometric, chemical,
and structural evidence of acetylation
of thousands of lysine residues in hundreds of E. coli proteins, suggesting
that acetylation is every bit as critical
and widespread in bacteria as it is in
eukaryotes. multiple threads of evidence also indicated that the molecule
acetyl phosphate can function as an
acetyl donor in bacteria, along with the
better known acetyl coenzyme A.
One type of post-translational
modification is ne-lysine acetylation, in
which an enzyme catalyzes the donation of an acetyl group from acetylcoenzyme A (acCoA) to the ε-amino
group of a lysine residue within a protein. this is known to be very common
in eukaryotes, but has only recently
been shown to occur in bacteria. however, the prevalence of acetylation and
its mechanism(s) had not yet been examined in detail.
the research team in this study,
which included scientists from northwestern university Feinberg School of
medicine; loyola university; the buck
institute for research on Aging; north120
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western university; and the university
of California, San Francisco had previously discovered an E. coli mutant with
markedly different acetylation patterns
compared to wild type. the mutant accumulates a molecule called acetyl
phosphate (acP), leading the scientists
to hypothesize that acP regulates
acetylation. in the current study, increased acetylation in the presence of
glucose was observed in the E. coli
acP-accumulating mutants. in contrast,
acetylation decreased, but was not
eliminated, in other mutants that could
not synthesize acP, results that confirmed the team’s hypothesis.
mass spectrometry and Western
immunoblot analysis revealed thousands of acetylation sites on hundreds
of lysine proteins across a handful of E.
coli strains. most of the acetylated proteins contained one or two acetylated
lysines, but some contained as many
as 24. these experiments also verified
the existence of both acP-dependent
and acP-independent acetylation. Other
mass spectrometry experiments indicated that acP can act directly as an
acetyl donor without the need of an enzyme such as lysine acetyltransferase.
because acP is a small molecule it can
access active sites that most enzymes
cannot, leading the researchers to
speculate that acP could have a role in
acetylating, and thereby inhibiting, mol-

ecules such as rnA polymerase.
Searching through the gene function database PAnther revealed that
the most common functions of the observed acetylated lysines were metabolic in nature. AcP-driven acetylation
was also found to target proteins involved in translation and transcription.
using the lS-CAt 21-id-d, 21-id-F,
and 21-id-g beamlines at the APS, the
researchers derived x-ray crystal structures of two of these proteins,
triosephosphate isomerase (tpiA) and
glyceraldehyde-3-phosphate dehydrogenase (gapA), both of which are involved in glycolysis [Fig.1(a) and (b)].
Comparing the three-dimensional structures before and after briefly bathing
the proteins in acP confirmed that acP
can bind lysine in the absence of an enzyme and can do so at both active sites
and co-factor binding sites.
given the geometry of acP binding
sites observed in the crystal structures,
as well as previously reported effects of
acetylation in other organisms, the research team inferred that acetylation
would likely inhibit the enzymatic activity of both tpiA and gapA.
the finding that acetylation of bacterial proteins involved in crucial cellular
processes is commonplace, and likely
carries functional consequences, opens
avenues for custom engineering microbes used in a variety of fields. the

research team plans to investigate how
acetylation impacts protein function, as
well as determine how the process is
regulated within living bacteria.
— Chris Palmer
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Fig. 1. Three-dimensional structures of glycolytic enzymes reveal that acetyl-phosphate (acP) can
acetylate bacterial proteins non-enzymatically. (a) above: Surface representation of E. coli triosephosphate isomerase (TpiA) with acP bound in the active site. Polar contacts between acP and Ser
212 and the main-chain nitrogen of gly 234 are indicated with yellow dashes. The catalytic Lys
11 is also shown. (b) below: glyceraldehye 3-phosphate dehydrogenase (gapA) structure with selected acetylated lysine residues 249 and 257. residues in the local environment of acetylated
lysines are labeled. modified lysine residues became non-enzymatically acetylated after quickly
soaking crystals with acP.
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C

TARGETING C ERTAIN C ARDIOVASCULAR D ISEASES

yclic guanosine monophosphate (cgmP) and cyclic adenosine monophosphate (cAmP) are important intracellular modulators of essential physiological processes which bind and activate the
enzymes protein kinase g (Pkg) and A (PkA), respectively. the interaction between cgmP
and a form of Pkg known as Pkg i is particularly important in the cardiovascular system because existing drug therapies such as organic nitrates and phosphodiesterase inhibitors are ultimately designed
to sustain the activity of Pkg by elevating cellular cgmP. therefore developing compounds to target
Pkg would be useful to treat certain cardiovascular diseases. but this has been difficult, particularly due
to a lack of knowledge about its structure and poor understanding of its selective activation by cgmP. the
researchers in this study showed that a specific region of the structure of Pkg i, known as the C-terminal cyclic nucleotide binding domain (Cnb-b), is important for selective cgmP binding, and that two
amino acids in particular are key to this specificity. they also used the APS to examine the crystal structure of Cnb-b with and without bound cgmP. in this way, they showed important structural changes in
the cyclic nucleotide pocket of Pkg i upon binding of cgmP, namely its capping by another amino acid
which stabilizes the active site region. these findings will be important in guiding future work to design
new drugs for treating hypertensive diseases such as arterial and pulmonary hypertension, heart failure
and erectile dysfunction.

Fig. 1. Left panel, this page: Affinity measurements of Pkg I CNb-b for cgmP and cAmP. Pkg I
CNb-b provides ~200-fold selectivity for cgmP over cAmP. Competition fluorescence polarization
(FP) curves are shown in red, and competition surface plasmon resonance (SPr) curves are shown in
black. Error bars denote standard error of the mean SEm. Middle panel (this page) and right panel
(facing page): Detailed interactions at cgmP pocket of Pkg I CNb-b (middle panel) and cAmP
pocket of PkA I CNb-b (right panel). The individual cgmP or cAmP interacting residues are shown,
with the following color theme: side chain carbon, black; oxygen, red; nitrogen, blue. key amino
acid contacts are shown as dotted lines.
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the intercellul;ar modulators cgmP
and cAmP are important secondary
messengers – signaling molecules released by cells to trigger certain physiological responses. the enzymes Pkg
and PkA are activated after binding to
cgmP and cAmP, and regulate many
important physiological processes such
as glycogen and steroid metabolism,
vascular and smooth muscle tone, and
memory formation. in the heart, for example, cAmP acts to increase the
strength of contraction, while cgmP
acts to weaken contractions. Although
these opposing processes are kept in
balance in the cell, selective binding of
cgmP and cAmP is critical to keep the
2 pathways separated. however, the
exact mechanism of this selectivity has
so far been poorly understood.

Pkg is a key intermediary in a signaling pathway involving cgmP and nitric oxide, a compound produced in cellular reactions in the cardiovascular
system, and the physiological importance of their interaction is highlighted
by the abnormalities found in mice that
lack the gene for certain forms of Pkg
i. these mice have high blood pressure
and abnormal smooth muscle contraction, and they die young. People with
similar mutations also suffer from

aneurysms and dissection of the aorta.
Since Pkg is also involved in the
mechanism of action of drugs that increase cgmP in cells, either by stimulating its production (example: organic
nitrate) or by preventing its degradation
(example: sildenafil citrate), there is a
strong interest in using compounds that
activate Pkg in particular. however,
this has been difficult due to the lack of
information about the structure of Pkg
and poor understanding of how it is
specifically activated by cgmP.
in this study, researchers from the
baylor College of medicine; the university of kassel (germany); rice university; the university of California, San
diego; mcmaster university (Canada);
rigaku Americas; and lawrence berkeley national laboratory performed studies to further investigate the biochemical nature of the cgmP specificity of
Pkg, as well as its crystal and nmr
structures.
the team discovered that the key
to selectivity for cgmP binding lies in a
specific part of the regulatory region of
the structure of Pkg i known as Cnbb. two particular amino acids (leucine
and arginine at positions 296 and 297,
respectively) were found to be essential
for cgmP selectivity. moreover these
amino acids are replaced with valine
and glycine in the corresponding region
in PkA and no such interactions are
seen between cAmP, further explaining
the cyclic nucleotide selectivity mechanism (Fig. 1). using diffraction data sets
collected from the lrl-CAt beamline
31-id-d of the APS, they were also able
to determine the three-dimensional
crystal structures of Cnb-b with and
without bound cgmP.
As a result of this study, the researchers were able to suggest a
mechanism for the specific activation of
Pkg i by cgmP. by comparing the crystal structures of Cnb-b with and without
bound cgmP, they found structural
changes in the C-terminal helix of Cnbb, which bridges the enzyme's n-terminal regulatory domain with its C-terminal catalytic domain. binding of cgmP
resulted in its capping by the amino

acid tyrosine at position 351, and subsequent stabilization of the structure of
the C-terminal region.
these results will be important in
guiding future work to investigate this
activation mechanism in more detail,
and may play an important role in the
development of therapeutic agents for
the treatment of hypertensive diseases.
— Nicola Parry
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A N E NGINEERED P ROTEIN FOR E XTRACTING
U RANIUM FROM S EAWATER

B

y many estimates, the worldwide reserves of uranium — between 5 and 6 million
tons — could be exhausted by the end of this century. however, nearly 1,000 times
as much of this key element used in nuclear energy production is thought to be dissolved in the world’s oceans. efforts to extract uranyl, the predominant aerobic form of uranium, from seawater date back many decades. So far, though, all solutions have been cost
prohibitive. last year, researchers used a computational algorithm and high-brightness xrays from the APS to guide the engineering of a protein to selectively bind uranyl with a very
high affinity. because the protein can be expressed in a common bacteria species, it can be
used to mine ocean-based uranium cheaply and with far less environmental consequences
than land-based deposits.

Fig. 1. Uranyl sequestration strategy. Immobilization of the computationally designed super uranylbinding protein on a solid support selectively adsorbs uranyl from synthetic seawater. After uranyl is
removed by washing with a solvent, SUP is recovered for continued use.
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the oceans of the world contain
enormous amounts of precious metals,
though at miniscule concentrations. to
tap these dispersed, yet highly lucrative, resources, scientists have devised
numerous extraction systems. A common approach is constructing an inorganic binding surface that selects for
the size and charge of the metal ion of
interest. however, this general strategy
is not suitable for the selective enrichment of metals such as uranyl that are
similar in size and charge to other ions
found in seawater.
While inorganic filters have been
either too expensive to make and deploy or not sufficiently selective, nature
freely produces proteins that can recognize metal ions in the femtomolar
range. researchers from the university of Chicago, Peking university
(China), and Argonne developed a
computational screening algorithm
called urAntein to search the Protein data bank for proteins containing
pockets, or binding sites, that could
accommodate uranyl. included in the
search were proteins that could be
readily modified to display amino acid
residues that would optimally bind and
hold uranyl. this initial search turned
up more than 5000 candidate proteins.
Further selections considering stability,
potential steric clashes, and accessibility of the binding site led to 10 suitable candidates. Of these, 9 expressed well in a biological system,
and 4 of those had sufficiently low
binding affinities.
One of the candidates, a small
protein with an unknown function from
Methanobacterium thermoautotrophicum, an anaerobe isolated from
sewage sludge in urbana, illinois, was
particularly stable and useful. Several
rounds of amino acid mutations
brought the binding affinity down from
37 nm to 7.4 fm. next, the team
demonstrated that the uranyl binding
selectivity of the protein — dubbed super uranyl-binding protein (SuP) —
was significantly higher than that of 17

metal ions that are commonly targeted
for seawater extraction, as shown in
Fig. 1.
the high-resolution crystal structure of SuP — captured using the lSCAt 21-id-F x-ray beamline and the
ne-CAt 24-id-C x-ray beamline, both
at the APS — revealed a binding-site
geometry similar to that predicted by
the urAntein model. the crystal
structure also helped identify amino
acid residues of SuP involved in functions such as binding and holding
uranyl, creating a negative charge environment to hold uranyl in place, contributing to the high selectivity, and stabilizing the binding site.
to test the efficiency of SuP, the
researchers treated water containing
158 parts per billion of uranyl with SuP
fused to a maltose binding protein immobilized on resin. this setup resulted
in sequestration of more than 95% of
the uranyl. next they tested the efficiency of uranyl enrichment in synthetic
seawater, which was composed of
many of the metal ions present in real
seawater. the amount of uranyl sequestered depended significantly on
the concentration of the SuP-maltose
fusion protein; when fusion protein concentration was equivalent to that of
uranyl, 17% of the uranyl was extracted; an excess of SuP (6,000 times
that of uranyl) resulted in enrichment
exceeding 90%.
the team genetically expressed
SuP on the surface of Escherichia coli
and found that this bacterial system
could extract more than 60% of the
uranyl in synthetic seawater. this is the
first known demonstration of a bacterial
system used to sequester uranyl.
in summary, a computational approach guided the rational design of a
protein that can be used to extract
uranyl from seawater. the efficiency of
uranyl extraction exceeded 60% when
SuP was expressed in E. coli and 90%
when bound to resin. in the future, similar cost-effective protein engineering
strategies can be extended to the min-

ing of other precious metals or in the remediation of polluted environmental
sites. — Chris Palmer
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C

F INDING N OVEL A NTIBIOTIC TARGETS

ooks know that getting the water-based and the oil-based components of a dish to agree can take some work. they just don’t get
along. Cells have exactly the same problem. getting oily lipids from
where they are made to where they need to be in a watery cellular environment can be a daunting task, but not if you are a skilled biochemist, as cells
are. One of the ways that cells have developed to solve the oil-water problem
is to design a protein that shuttles lipids between biosynthetic enzymes. these
proteins, called acyl carrier proteins (ACPs), are found in all domains of life,
from bacteria to humans. One particularly interesting version is found in bacteria where ACPs are used in the biosynthesis of membrane lipids that form
the bacterial endotoxin called lipid A. lipid A is an activator of the human immune system and, because it is essential for bacterial survival, represents a
possible novel target for antibiotic therapy. recent work by researchers from
the duke university medical Center has elucidated the structure of a bacterial ACP interacting with one of the key lipid A biosynthetic enzymes, lpxd.
their work, conducted at the APS, reveals new information about the catalytic
interactions between ACP and lpxd and a surprising new role for ACP in
product release that may offer just the target they were seeking.

the researchers crystallized three
different versions of the lpxd-ACP
complex in order to get structural data
on what was going on at each step of
the catalytic interaction. the methods
for purifying and crystallizing lpxd
were already known, their advance was
in their ability to make different versions
of the ACP and to manipulate the catalytic process to “stall” it at different
stages. Central to this was the ability to
make ACP with its 4¢-phosphopantetheine (4¢-PPt) prosthetic arm, which is
responsible for binding to the oily
cargo, with the 14-carbon acyl chain already loaded (acyl-ACP) and with it unloaded (holo-ACP) [Fig. 1(a) and 1(f)].
then, they mixed these ACP versions
with either catalytically active lpxd or a
mutant of lpxd that was not catalytically active. biochemical tricks to slow
catalysis also helped to stall the enzyme in intermediate states.
three structures were obtained at
the Ser-CAt 22-bm-d and 22-id-d
beamlines at the APS. each structure
showed that three lpxd molecules
combine to form a trimer and that one
molecule of ACP binds to each of these
through a C-terminal ACP recognition
domain (Ard). Aspects of the intact
acyl-ACP structure [pre-catalysis, Fig.
1(b)] allowed them to elucidate the basis for the strict 14-carbon acyl chain
126
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(a)

(b)

(c)

trigger release of the new acylated
product [Fig. 1(e)] and then finally the
holo-ACP [Fig. 1(f)]. these unprecedented structural snapshots provide insight into movements within ACP and
uncover key molecular interactions at
the protein-protein interface. molecules
that could block acyl-ACP from binding
to lpxd would potentially serve as
novel antibiotics because the lpxd reaction is essential to bacterial life.
the next step is to determine the
structure of lpxd in complex with the
acylated lipid product, which will complete the “molecular landscape” of the
active site and facilitate the design of
novel antibiotics to treat bacterial infections. — Sandy Field
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(f)

Fig. 1. molecular model of ordered reaction mechanism between ACP and LpxD. (a) acyl-ACP is
shown in green with 4¢-phosphopantetheine (4¢-PPT) group in orange and lipid “cargo” in black. (b)
Three acyl-ACPs bind to LpxD trimer (purple/white). (c) Uridine diphosphate 3-O-(b-OH-C14)-a-Dglucosamine (UDP-acyl-glcN), which will accept acyl group from ACP, binds next. (d) Acyl group is
transferred to UDP-acyl-glcN, 4¢-PPT blocks release (transparent orange), then moves away (orange). (e) UDP-diacyl-glcN is released. (f) holo-ACP is released.

specificity of lpxd. the structure shows
that one end of the acyl chain packs
against an amino acid, methionine 290,
which acts as a “ruler” that keeps the
allowable chain length at 14 carbons.
the second step structure, in
which the acyl group had been delivered to the recipient molecule but neither had left the complex, showed that
the 4¢-PPt prosthetic arm covers the
exit site of the enzyme and keeps ACP
and the product from leaving [Fig. 1(d)],
transparent orange). interestingly, in the
final snapshot of catalysis, the 4¢-PPt
group moves a significant distance up
and out of the way [Fig. 1(d), orange] to
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N OL R-M EDIATED R EGULATION OF
S YMBIOTIC R OOT N ODULE -D EPENDENT G ENES

T

he nolr protein regulates the complex network of gene expression
that guides formation of rhizobia root nodules, a process critical for
establishing the symbiotic relationship between nitrogen-fixing bacteria and legume plants. to explain the structural basis for nolr’s ability to bind
to genes, specifically variant regulatory sequences with genes, researchers
used high-resolution x-ray crystallography of nolr alone and in complex with
varying dnA sequences. the x-ray diffraction data, collected at the SbC-CAt
19-id-d beamline, at a wavelength of 0.979 Å, shows how nolr uses a conformational switch to accommodate variation in the dnA sequences to which
it binds. understanding the molecular basis for the control of nodulation is important for potential applications that may improve nitrogen fixation in the soil,
a process on which agriculture depends heavily.

Fig. 1. Symbiosis between legume plants and rhizobial microbes is initiated by formation of rhizobia
nitrogen-fixing root nodules (left, nodule indicated by yellow circle). The global regulatory protein
Nolr (right, shown in green and gold) controls gene expression patterns in rhizobia by binding to
nodulation-dependent regulatory elements (DNA in gray).

bacteria permeate and are central
to the function of every ecosystem on
earth. Plants, including those used in
agriculture, rely on soil-dwelling microorganisms for nitrogen, a nutrient
whose availability is often growth limiting. While nitrogen is abundant in the
atmosphere in the form n2, this form is
unreactive and cannot be taken up by
plants as a molecular building block until it is “fixed,” or converted into ammonia (nh3), a process plants are unable
to complete independently. in the case
of legume plants, rhizobial bacteria
form root nodules (Fig. 1), which fix ni-

trogen so efficiently that legumes such
as soybeans are commonly used to enrich nitrogen-deficient soil. indeed, the
amount of nitrogen fixed by rhizobial
bacteria surpasses that present in commercially available fertilizers.
A complex network of gene expression governs the switch from the free-living form of rhizobia to the nodule form.
to initiate this process, genes required
for nodulation must be turned on and
others that interfere with the process
turned off by regulatory proteins. these
proteins bind dnA upstream of the
genes they control, modulating their

transcription and expression. nolr is an
important regulatory protein responsible
for controlling expression of number of
different nodulation-dependent genes
during initiation of symbiosis. Prior to this
work, however, it remained unclear how
this single protein interacts with regulatory elements of varying sequences. Often, dnA sequences to which regulatory
proteins bind are strictly defined, and interactions are disrupted by any change
in dnA sequence.
using x-ray crystallography at 19id-d to solve the structure of both free
nolr and nolr bound to 22 base-pair
dnA operator sequences comprised of
nucleotides At or AA, the researchers
from Washington university in St. louis
and the united States department of
Agriculture showed that nolr’s ability to
tolerate dnA base changes is reliant
upon conformational switching of a single amino acid, glutamine 56.
unraveling the nature of the molecular networks involved in root nodule
formation, including those genes controlled by regulators other than nolr, is
critical for potential technological applications such as improving the efficiency
of nitrogen fixation in existing systems
or engineering non-legume crops to
form symbiotic associations, eliminating
the need for chemical fertilizers.
— Emma Nichols

See: Soon goo lee1, hari b. krishnan2,
and joseph m. jez1*, “Structural basis
for regulation of rhizobial nodulation
and symbiosis gene expression by the
regulatory protein nolr,” Proc. natl.
Acad. Sci. uSA, 111(17), 6509 (2014).
dOi: 10.1073/pnas.1402243111
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as” is the name of a family of proteins found in all cell types. it
is recruited to cell membranes and acts as a molecular switch,
converting signals from the cell surface to the nucleus and
other parts of the cell. ras proteins are abnormal in most human cancers due
to activating mutations in the ras genes themselves or changes in upstream
signaling components. While switching off activated ras represents a rational
therapeutic strategy for the treatment of such cancers, this has proven to be
more difficult than previously thought, because the ras protein lacks pockets
on its surface for adequate binding of inhibitor compounds. different therapeutic approaches using new methods to target ras are therefore necessary
for these cancers. With this in mind, researchers in this study characterized
unique small molecules that bind to a pocket in the complex between ras and
the guanine nucleotide exchange factor (geF) Son of Sevenless (SOS). they
used x-ray crystallography at lS-CAt beamline 21-id-F to evaluate this interaction. the results of this research will be important in guiding future studies in the search for new approaches for the therapeutic modulation of ras
signaling in cancer.

the ras proteins control cell-signaling pathways.
ras is switched on by incoming signals in the cell,
and then turns on other proteins that regulate numerous aspects of normal cell
growth. ras binds to the
guanine nucleotides guanosine triphosphate (gtP)
and guanosine diphosphate
(gdP). in its “off” state it
binds gdP, while in its “on”
state it binds gtP. it is
switched on by exchange of
Fig. 1. X-ray structure of a small molecule that binds to ras:SOS:ras.
gdP for gtP, and this reaction is controlled by geFs.
tein. these tumors therefore remain
Over-activation of ras can result
among the most difficult to treat. Alterfrom situations including alterations in
nate cancer treatment approaches
upstream signaling components or muhave therefore been used, including the
tations at specific sites on the ras gene
targeting of proteins that regulate the
that favor gtP binding. Abnormal actiactivity of ras.
vation of ras in this way has been
in this study, researchers from the
shown to be involved in the deregulavanderbilt university School of medition of cell signals guiding growth and
cine investigated the use of molecules
survival in about 30% of all human canthat activate SOS, a key upstream sigcers.
nal regulator that controls gdP/gtP
however, although it therefore
exchange on ras, and therefore its
seems logical that ras inhibitors would
state of activation. during this exrepresent a good therapeutic approach
change, ras and SOS interact to form
to inhibit cancer growth, survival, and
a complex containing one SOS and two
spread, such compounds have proven
ras molecules (ras:SOS:ras).
difficult to develop. this is due to the
the x-ray diffraction data sets colabsence of suitable inhibitor binding
lected at lS-CAt helped the research
pockets on the surface of the ras proteam identify small molecules that bind
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to a unique and important pocket in the
ras:SOS:ras complex (Fig. 1). they
evaluated the crystal structures of the
complex to further investigate this
pocket that may be used as a new approach to regulate ras signaling. the
pocket was formed by the CdC25 domain of SOS (the part responsible for
stimulating ras nucleotide exchange)
near the region of ras known as Switch
ii, which undergoes a shape change
during the exchange. the researchers
also discovered that these small molecules increase the rate of nucleotide exchange and levels of gtP-bound ras,
yet also disrupt downstream ras signaling processes in the cell.
— Nicola Parry
See: michael C. burns, qi Sun, r.
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j. Phillip kennedy, jason Phan,
edward t. Olejniczak, taekyu lee,
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rossanese, and Stephen W.
Fesik*, “Approach for targeting ras
with small molecules that
activate SOS-mediated nucleotide
exchange,” Proc. natl. Acad. Sci.
111(9), 3401 (march 4, 2014).
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ntibiotics represent a tremendous advance in modern medicine, and are central to treatment of bacterial infections. Since their introduction overuse and misuse have contributed
to an “arms race” in which bacteria develop resistance to even the most powerful antibiotics. vancomycin is an antibiotic often used as a last-line treatment for bacterial infections caused
by Staphylococcus and Enterococcus species. vancomycin disrupts bacterial cell wall synthesis
though high-affinity binding to cell wall peptidoglycan precursors, rendering them unsuitable for
use by the cell and ultimately causing the bacteria to die. bacteria can develop vancomycin resistance through acquisition of genes that synthesize cell wall building blocks with lower affinity for
vancomycin along with genes for peptidases that ensure the concomitant depletion of vancomycinsensitive precursors. researchers used high-resolution x-ray crystallography at the APS to describe the resistance d,d-peptidase vanXy, which has the unusual ability to selectively hydrolyze,
or break apart, vancomycin-sensitive dipeptide and pentapeptide peptidoglycan precursors. this
research reveals the mechanism of this bisubstrate selectivity and supports the development of
drugs to be used to treat increasingly prevalent vancomycin resistant bacterial infections.
in gram-positive bacteria such as
Staphylococcus, the antibiotic vancomycin binds tightly to cell wall peptidoglycan precursors, interfering with
proper cell wall synthesis, causing the
bacteria to die. Acquisition of resistance
genes permits synthesis of cell wall
components that, while still able to
serve as building blocks, are structurally distinct enough to bind vancomycin with lower affinity. Along with
this ability, the bacteria must be able to
selectively degrade vancomycin-sensitive cell wall precursors still being synthesized by the cell.
in one type of resistance, two distinct enzymes, vanX and vany, degrade dipeptide and pentapeptide cell
wall precursors, respectively. these enzymes are d,d-peptidases which break
apart these peptides by hydrolyzing the
bonds between terminal alanine amino
acids, d-Ala-d-Ala. in a second type of
resistance, a single enzyme, van Xy,
has evolved to selectively hydrolyze
both the sensitive dipeptide and pentapeptide precursors.
in this work, researchers from the
institut Pasteur (France), the university
of toronto (Canada), and the Center for
Structural genomics of infectious diseases used lS-CAt beamlines 21-id-d
and 21-id-g at the APS to understand
how vanXy can act upon both a small

dipeptide and a bulky pentapeptide.
the researchers grew crystals of
vanXy alone, in complex with intermediate analogs, and in complex with dAla-d-Ala substrate and d-Ala hydrolyzed product. diffraction data were
collected at the 21-id-d and -g beamlines, and the presence of zinc, a metal
known to be critical for the function of
vanXy, was confirmed using x-ray fluorescence at the 21-id-d beamline.
the three-dimensional structures
obtained revealed how this enzyme is
able to differentiate between vancomycin resistant and sensitive cell wall
components and identified a cap structure unique to vanXy. the structures
also permitted researchers to compare
van Xy with potential evolutionary precursors vanX and vany, and form a
better understanding of how bacteria
evolve new tools against the action of
vancomycin.
understanding the relationship between the structure of this resistance
peptidase and its function allows researchers to develop new antibiotics or
new drugs that can resensitize the bacteria to vancomycin. — Emma Nichols

See: djalal meziane-Cherif1, Peter j.
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tion of vancomycin resistance d,d-peptidases,” Proc. natl. Acad. Sci. uSA
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H IJACKING THE S ULFUR-D ELIVERY M ACHINERY
B ACTERIAL T HIOSUGAR F ORMATION

C

arbohydrates are abundant in nature and play many critical functional and structural roles in biology. they are generally composed
of carbon, hydrogen, and oxygen. however, some sugars, called
“thiosugars,” also contain function groups derived from reduced sulfur. these
unusual thiosugars play an important role in determining the biological activities of the parent molecules. yet, while sulfur itself is an essential element
widely found in living organisms, many questions remain about the natural
formation of thiosugars due to both their scarcity in primary metabolism and
a general lack of knowledge regarding the mechanism of sulfur delivery and
incorporation. bacterial natural products, in particular those with antibiotic activity, are rich sources of thiosugars, making them a research focus for the
study of thiosugar formation in secondary metabolism. With this in mind, researchers working at the APS investigated the production of a thiosugar component of an antibiotic produced by the bacterium Amycolatopsis orientalis.
the results of their study, the first to completely characterize thiosugar formation in a biological system, have important implications for understanding
the mechanism of thiosugar formation and its application to the development
of sulfur-containing pharmaceuticals.
the researchers from the university of texas at Austin, Cornell university, Academia Sinica (China), and national Cheng-kung university (taiwan)
studied the formation of the 2-thiosugar
component of an antibiotic known as
be-7585A, which is produced by A. orientalis, subsp. vinearia bA-07585
strain. they identified a new enzyme,
bexX, which is structurally similar to thiazole synthase (thig), an important
enzyme responsible for incorporation of
sulfur into thiamine (vitamin b1). the
researchers therefore hypothesized
that bexX might play a similar role in
the formation of be-7585A where it
may catalyze the modification of sugar
precursor glucose-6-phosphate (g6P)
to produce 2-thioglucose, a sulfur-containing sugar.
On closer inspection, however, the
researchers were unable to find a gene
encoding a sulfur-carrier protein directly
associated with be-7585A formation in
A. orientalis. After sequencing the entire bacterial genome, they only found
genes that encode the four sulfur-carrier proteins thiS, moad, CysO, and
moad2 involved in the production of
primary metabolites. Furthermore,
genes encoding the activating enzymes
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thiamine pathway. instead, sulfur insertion is achieved by an efficient strategy
that recruits sulfur-carrier systems from
other biosynthetic pathways in primary
metabolism.
According to the researchers, this
study also demonstrates the relaxed receptor specificity of the A. orientalis sulfur-delivery system. the researchers
further speculate that the sulfur-delivery
components of primary metabolism
may, in general, play important roles in
the production of rare sulfur-containing
compounds associated with secondary
metabolism. — Nicola Parry

See: eita Sasaki1, Xuan zhang2, he g.
Sun1 mei-yeh jade lu3, tsung-lin liu3,4,
Albert Ou3, jeng-yi li3, yu-hsiang
Chen3, Steven e. ealick2, and hungwen liu1*, “Co-opting sulphur-carrier
proteins from primary metabolic path-

Fig. 1. A ribbon diagram of the crystal structure of bexX–CysO.

required by thiS, moad and CysO
were missing. in fact, in the entire
genome they only found one activating
enzyme, named moez, capable of activating all of the sulfur-carrier proteins.
using x-ray diffraction data collected at the ne-CAt 24-id-C beamline
at the APS and the A1 beamline at the
Cornell high energy Synchrotron
Source to solve the crystal structure of
bexX and the sulfur-carrier proteins
(Fig. 1), the researchers demonstrated
that bexX can selectively distinguish
between sulfur-carrier proteins. thus,
despite the mechanistic similarity of 2thiosugar formation in be-7585A with
thiamine production, bexX cannot use
the sulfur-carrier protein, thiS, from the

ways for 2-thiosugar biosynthesis,” nature 510, 427 (19 june 2014).
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iny rocks with a likely origin in the local interstellar medium have been
returned to earth and analyzed for the first time. Since the seven particles are diverse in elemental composition, crystallinity, and physical
structure, they likely did not all originate in the same environment. the Stardust interstellar dust Collector (SidC) on the Stardust spacecraft was the first
mission to return solid samples from beyond the moon. the two goals of the
mission were to collect solid samples from comet 81P/Wild 2, and to collect
interstellar dust (iSd) particles streaming into the heliosphere. research by a
large international collaboration, including studies carried out at the APS, identified the seven iSd particles collected by the SidC. Previously, iSd was
known only from astronomical observations of the interstellar medium and remote optical and spectroscopic data from instruments aboard the ulysses and
galileo spacecraft.
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Main image above: Artist’s conception of the
Stardudt craft, courtesy of NASA/jPL.
Inset: Fig. 1. This image depicts a “picokeystone” — a tiny wedge of aerogel mounted on
micromachined “pickle forks”. The researchers
extracted tracks from the aerogel tiles in such
picokeystones using tools borrowed from microbiology labs.

Solid particles were collected in ultra-low density aerogel tiles and aluminum foil strips. Collection on the foil
was unplanned, but when the foil was
returned to earth, impact craters were
identified by scanning electron microscopy. the collectors were exposed
for a total of 195 days in 2000 and
2002, and the sample capsule parachuted back to earth in january 2006.
by volume, the aerogel is 99.8% empty
space so that the high-speed particles
survive capture better than in any other
medium. As it slows in the aerogel,
each particle creates a long track and
stops hundreds of microns to millimeters deep. thousands of citizen-science
volunteers searched optical micrographs of the aerogel to identify the tiny
tracks.
Seventy-one tracks were identified;
the most promising were extracted (Fig.
1) and analyzed with infrared and x-ray
microprobes at multiple facilities, including the u.S. department of energy’s (dOe’s) X-ray Science division
2-1d-d x-ray microprobe at the APS;
the Advanced light Source at
lawrence berkeley national laboratory
(lbnl); the national Synchrotron light
Source at brookhaven national laboratory; and at the national Center for
electron microscopy; as well as the european Synchrotron radiation Facility
(eSrF, France).
tracks and particles identified as
iSds were consistent with interstellar
particles in the following ways: morphology, trajectory, chemical analysis of
the tracks; and mass distribution, structure, and composition of the particles.
According to the terms of the interstellar Preliminary examination, analyses
were limited to those that were non-destructive and non-invasive to preserve
them as much as possible for future investigators. most of the particles were
secondary ejecta from impacts with the
solar panels and the sample-return
capsule.
based on their elemental composition and impact features, seven particles were identified as likely interstellar,
three collected in the aerogel and four
in the foil. the identification of a particle as interstellar is a process of elimination of other possibilities; statistical
analyses of their features revealed that
they are much more likely to be inter-

stellar than from any other origin. the
particles are compositionally different
from each other suggesting different
sources.
One is a single silicate with a mantle-core structure, and the others are
complex aggregates of various micrometer- to nanometer-size phases, such
as oxides, metal, and sulfides in addition to silicates. the iSd from the aerogel were much more massive than expected, but the particles from the foil
were closer to the average size of iSd
inferred from astronomical observations. the ratio of smaller particles to
larger particles was higher than expected. models predicted that iSd impacts would be very high speed, but of
the three particles that were captured
by the aerogel, two arrived at much
slower speed, suggesting that some interstellar dust particles have much
lower density than expected.
While the preponderance of evidence supports an interstellar origin for
the seven particles, alternative origins
cannot be eliminated entirely until oxygen isotope analyses can be performed. 18O/17O values equal 5.2 in the
solar system, but about 4 in the local
galaxy. Future studies will include isotopic analyses. — Dana Desonie
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ost liquids flow with greater resistance when squeezed. But certain
molten silicate rocks actually do
the opposite: they become less viscous as
the pressure rises. a detailed explanation of
these silicate melts has been lacking, but now
x-ray scattering measurements taken at the
aps have characterized the role of connected
molecular units, or “polymers,” in the fluid
properties of the melts. With the help of complementary computer simulations, researchers have constructed an atomistic model in
which polymer breakage is responsible for the
viscosity drop at high pressure. this model
may help explain certain geological phenomena, such as chemical evolution in the Earth's
early magma ocean and the low-velocity zone
seen in seismic data.

Fig. 1. (a) viscosities of silicate
melts vs. pressure in gigapascals
(gPa). blue symbols are for polymerized melts and gold symbols
for depolymerized melts. Note
the difference in response to pressure for polymerized versus depolymerized liquids. (b)
viscosities of silicate melts normalized with respect to their ambient
pressure values. All depoymerized melts fall onto a single line, in
which viscosity increases with
pressure. viscosities of polymerized melts, on the other hand, decrease with increasing pressure,
many reaching turn-over within
the pressure range displayed.
Approximate values of NbO/T for
the polymerized melts are given
on the right side of the figure.
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Silicate melts are commonly found
underneath the earth's surface as
magma, or erupting as lava through a
volcano. As their name suggests, these
molten rocks contain “silica,” or silicon
dioxide. in most cases, the silicon and
oxygen form tetrahedral-shaped clusters with one silicon atom in the center
and four oxygen atoms at the corners.
these tetrahedra can also link up to
form chains, sheets, or three-dimensional networks, but this polymerization
depends on the exact chemical makeup of the silicate (Fig. 1).
the silicate diopside, for example,
contains calcium and magnesium
atoms, which crowd around the siliconoxygen tetrahedra preventing polymerization. by contrast, the green mineral
jadeite is a highly polymerized silicate
whose make-up includes sodium and
aluminum, the latter of which can form
tetrahedra with oxygen atoms. Poly-

merized silicate melts differ from depolymerized melts in that their viscosity
decreases with rising pressure — at
least up until a threshold pressure, after
which point the viscosity begins to increase as in normal fluids.
viscosity is due to diffusion of
groups of atoms trying to move past
each other. Clearly, large polymer units
are major obstacles in a silicate melt,
so the question is why increasing pressure reduces this friction.
in order to find the answer, scientists from the university of Chicago,
Stony brook university, and the
Carnegie institution of Washington performed a detailed x-ray study of three
types of silicate melts – a polymerized
melt (jadeite), a depolymerized melt
(diopside), and a 50-50 mixture of both.
this research counts as one of the
first attempts to probe the atomic properties of silicate melts at subterranean
pressures. the main hurdle in performing such experiments is that the materials utilized to contain the melt strongly
scatter x-rays. extracting the relatively
weak scattering signal from the light
atoms in a silicate melt requires a
highly collimated x-ray beam.
For this study, the researchers
chose the hP-CAt beamline 16-bm-d
at the APS. the hP-CAt beamline allows the detection of x-rays over a wide
range of scattering angles.
during each run, millimeter-sized
samples were exposed to temperatures
up to 1800° C and pressures ranging
from 0.2 to 4.9 gPa. to maintain stability under such extreme conditions, the
experiments at 16-bm-d used a Parisedinburgh press developed jointly by
hP-CAt, gSeCArS at Sector 13 of the
APS, and the Consortium for materials
Properties research in earth Sciences.
the x-ray scattering data showed
several peaks at particular scattering
angles. From these peaks, the team
could estimate the atomic ordering over
short and intermediate distances.
in particular, they found the distance between neighboring tetrahedra
decreased rapidly with increasing pressure in the case of polymerized melts. A
similarly dramatic change was observed in the angle between two tetrahedra, which implied that the tetrahedra
folded toward each other as pressure
mounted. by contrast, the angle and

Fig. 2. Left: molecular dynamics (mD) simulation of structural parameters for jadeite (jd) melt, showing decrease in the fraction of bridging oxygens (bO) with the increase in number density (or increase
in pressure). This bO decrease is offset by an increase in tri-clusters (TrI), which are oxygen atoms
shared by three separate molecular units. The population of non-bridging oxygens (NbO) remains virtually unchanged with pressure. Inset shows a snapshot of the jd melt, with SiO4 (dark-blue tetrahedra), AlO4 (light-blue tetrahedra), and sodium atoms (orange circles). Right: mD simulation of
diopside (Di) melt. Note increasing bO and decreasing NbO populations with increasing number density/pressure (or number density). Inset is a snapshot of the melt structure, with with SiO4 (blue tetrahedra) and calcicum/magnesium atoms (orange circles).

atomic separations for depolymerized
melts only showed a weak pressure-dependence.
to help make sense of this data,
the team performed molecular dynamics simulations that tracked what fraction of oxygen atoms are acting as
links, or “bridges,” between two tetrahedra. these computations showed that
polymerized melts begin with roughly
90% bridging oxygens, forming an interconnected network resembling a
sponge (Fig. 2). As the pressure increases, the tetrahedral links try to
bend but are obstructed by other atoms
(in jadeite's case, sodium). So instead,
the links break under the pressure, resulting in less bridging oxygens and
lower viscosity. At a certain pressure,
the polymerized melt becomes largely
depolymerized, and the viscosity starts
to increase with pressure.
— Michael Schirber
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icrobes living deep underground must “breathe” without oxygen.
many microorganisms survive by reducing ferric iron (Feiii), sulfur
(S0), sulfate, and other substrates. research carried out at the
APS produced results that explore how dissimilar metal-reducing bacteria that
have the ability to respire both iron and sulfur may gain an ecological advantage under fluctuating environmental conditions. their findings shed new light
on the coupled biogeochemical cycling of iron and sulfur, critical processes
that in part determine the fate and transport of environmental contaminants
(particularly in aquifers), the atmospheric flux of carbon from the subsurface,
and even the geochemical evolution of the early earth.

Sulfur (white-yellow powder, on top) may be far more essential than previously thought in helping microbes harvest energy from iron minerals (clockwise from top) yellow goethite, red hematite, orange lepidocrocite) and produce sulfur-iron minerals, like mackinawite (black). Photo: mark Lopez, Argonne
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dissimilatory metal-reducing bacteria (dmrb) are able to breathe using
insoluble minerals as electron acceptors; the best studied of these involves
the reductive dissolution of Feiii minerals such as goethite. many dmrb can
also respire elemental sulfur, yet while
S0 is abundant in marine sediments, it
is much less prevalent in the freshwater
sediments found in aquifers, but dmrb
that can reduce both Feiii and S0 are
common in these aquifers. researchers from Argonne, the university
of Chicago, the illinois institute of technology, and the georgia institute of
technology sought to understand why
such organisms would incur the cost of
maintaining separate genetic pathways
for Feiii and S0 reduction in the apparent absence of available S0 to respire.
using geochemical modeling, the
researchers calculated the amount of
thermodynamic energy available for microbial respiration from both Feiii and
S0 reactions. the calculations revealed
that under acidic conditions the microbes favor Feiii, but that as ph increases S0 becomes more energetically favorable. these results were
confirmed in laboratory experiments
where a dmrb, Shewanella oneidensis, was found to reduce iron when
conditions were acidic, but sulfur when
ph was 9 and above. the S0 originated as sulfate, which is common in
deep aquifers. Sulfate-reducing bacteria breathe in the sulfate, and exhale
sulfide, which then reacts with iron minerals to form S0 and reduced iron. the
S0 is then immediately used by Shewanella, resulting in the observed
scarcity of sulfur in the aquifer (Fig 1.).
For analyzing the varied sulfur
species, the authors used synchrotron
measurement by x-ray absorption nearedge structure (XAneS) spectroscopy
at the gSeCArS 13-id-e x-ray beamline at the APS.
the researchers hypothesize that
dmrb with the genetic apparatus to
enable them to respire both Feiii and S0
would gain a competitive advantage
over those that could respire only one.
they suggest that these separate pathways likely evolved on the early earth,
where parts of the primordial ocean
may have been alkaline. these pathways were conserved since they allowed dmrb to generate energy over

the wide ph ranges found
on an evolving earth. Although the direct reduction
of Feiii likely predominates in
younger sediments, which
tend to be slightly acidic, the
reduction of Feiii through a
S0 intermediate may be an
important pathway in older,
deeper aquifers, which tend
to be more alkaline.
understanding the activity of dmrb in the environment is critical to mitigating human problems such
as the contamination of
groundwater with heavy
metals and the storage of
excess atmospheric carbon
in the subsurface. the goal
of carbon capture and sequestration is to scrub excess carbon dioxide (CO2),
which contributes to global
warming, from the atmosphere and store it in geological formations. One possible
technique would be to compress and inject supercritical
CO2 into a deep aquifer
where it would react with reFig. 1. Sulfur k-edge XANES spectra of S-containing bioreactors.
duced iron to form the mineral siderite, thus sequestering the cartional laboratory supported by the Subsurface biogeochemical research Program,
bon. because dmrb are the primary
u.S. department of energy (dOe) Office of
drivers of the production of reduced
Science-biological and environmental reiron in the subsurface, the creation of
search, under dOe contract de-AC02conditions favoring their growth is es06Ch11357. t.F. was supported in part by
sential. removing pollutants from
an Argonne director’s Fellowship and the
aquifers is important because about
national institute of Allergy and infectious
one-fifth of the world’s people depend
diseases, national institutes of health, deon groundwater for drinking and many
partment of health and human Services
more depend on it for agriculture.
(contract no. hhSn272200900040C). t.d.
— Dana Desonie
was supported by the u.S. national Science
See: theodore m. Flynn1,2, edward j.
O’loughlin1, bhoopesh mishra1,3,
thomas j. diChristina4, and kenneth
m. kemner1*, “Sulfur-mediated electron
shuttling during bacterial iron reduction,” Science 344(6187), 1039 (30 may
2014). dOi: 10.1126/science.1252066
Author affiliations: 1Argonne national
laboratory, 2the university of Chicago,
3illinois institute of technology, 4georgia institute of technology
Correspondence: * kemner@anl.gov

this research is part of the Subsurface Science Scientific Focus Area at Argonne na-

Foundation (molecular and Cellular biosciences grant no. 1021735). gSeCArS is
supported by the national Science Foundation-earth Sciences (eAr-1128799) and
dOe-geoSciences (de-Fg02-94er14466).
this research used resources of the Advanced Photon Source, a u.S. dOe Office of
Science user Facility operated for the dOe
Office of Science by Argonne national laboratory under Contract no. de-AC0206Ch11357.

13-id-e • gSeCArS • geoscience, environmental science • microfluorescence (hard xray), micro x-ray absorption fine structure,
microdiffraction • 2.4-28 kev • On-site • Accepting general users •

a rgonnE n ational l aBoratory

137

T HE E ARTH ' S D EEP LOWER M ANTLE IS
L ESS S TABLE THAN W E T HOUGHT

U

nderstanding what our earth is made of is crucial to understanding
our globe, how seismic waves travel through it, and the life cycle of
any given mineral. but exploring what lies under the earth's crust isn't
simple — indeed, it can be just as difficult as determining what makes up other
planets. Short of burrowing down some 1800 miles into the earth, scientists
must rely on work in the lab to understand the behavior of minerals at the intense heat and pressures experienced in such inaccessible regions.

recent work at the APS shows
that the mineral perovskite, which had
been thought to be the dominant mineral in the entire lower mantle –
stretching from around 400 miles to
1800 miles down – is unstable at the
lowest depths. When studied under
high temperatures and high pressures
in the lab to simulate conditions at the
deep lower mantle, perovskite separates into two distinct atomic structures, or phases. including new minerals in our understanding of the earth

formed by scientists from the Center for
high Pressure Science and technology
Advanced research (China), the
Carnegie institution of Washington,
Stanford university, SlAC national Accelerator laboratory, the university of
minnesota, and Argonne, the team simulated deep lower mantle conditions to
tease out just what was happening in
this region.
the researchers squeezed pervoskite between diamond anvil cells to
bring the samples to the appropriate
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Fig. 1. X-ray diffraction images show the atomic structure of perovskite after it has experienced pressures and temperatures like those of Earth's deep lower mantle. Two distinct phases — perovskite and
the H-phase — are visible.

could lead to a serious readjustment of
current theories.
the lower mantle may contain major amounts of previously unidentified
phases of perovskite. All earth models
need to be reconsidered to take this
into account.
indeed, such geodynamic models
have already been changed quite a bit
in the last 10 years. the prevailing theory in the 20th century was that perovskite dominated the lower mantle.
the perovskite was not thought to
change structure until the bottommost
part of the mantle, where the pressures
help it transition into an iron-poor mineral called postperovskite.
however, data showing how seismic waves move through the earth at
about 1200 miles deep doesn't perfectly jibe with this theory. the waves
travel in puzzling ways that simply can't
be explained if they're traveling through
perovskite and post-perovskite.
For the current research, per-

pressure. Simultaneously, the samples
were heated with lasers to between
3500° and 3800° F.
the team then determined the
atomic structure of the samples via synchrotron x-ray diffraction using the
gSeCArS 13-id-C,d beamline, the
hP-CAt 16-id-b beamline, and the
XSd 34-id-e beamline, all at the APS.
the scientists found that the pervoskite had undergone an unexpected
change.
Surprisingly, the perovskite was
unstable. it split into two phases, one
without iron and one that was iron-rich,
with a hexagonal structure, called the
h-phase (Fig. 1). this h-phase may
well help explain the enigmatic ways
that seismic waves travel through the
deep lower mantle.
the team will next try to tease out
more detail about the mineral's structure and determine if it jibes with seismic observation. — Karen Fox
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meteorite is playing a role in helping scientists characterize an important mineral in earth's mantle. this mantle mineral is mgSiO3 in its
perovskite crystal form, which scientists theorize constitutes approximately 38% of earth's mantle by volume. through examination of the meteorite at the APS, scientists were able to study the crystal chemistry of this
mineral, offering a window into conditions near the core-mantle boundary as
well as heat and mass transfer throughout earth's mantle. Additionally, the
team was able to detect sufficient quantities of the mgSiO3-perovskite to meet
the requirements of the international mineralogical Association for naming a
new mineral. this scientific body has approved the team's choice of “bridgmanite” in honor of Percy W. bridgman, a 1946 nobel laureate in Physics.

Fig. 1. regions containing bridgmanite in mixture with akimotoite (another high-pressure silicate
phase). The red circles indicate points of microchemical analysis where bridgmanite and akimotoite
were found. As one can see, bridgmanite and akimotoite occur only in the dark gray regions. The
brighter grey regions are ringwoodite (silicate-spinel) and the very bright regions are iron-sulfide
(troillite). The aggregates of bridgmanite and akimotoite formed by transformation of low pressure
silicate crystals (the mineral enstatite) that were trapped in shock-generated melt. This melt is now the
fine-grained checquered matrix surrounding the aggregates of bridgmanite plus akimotoite, ringwoodite, and troillite.
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meteorites offer an opportunity to
peer into earth's depths for multiple
reasons. the minerals they contain are
more easily accessible than mantle
minerals, by virtue of being found on
earth's surface as opposed to deep
within our planet. Also, meteorites may
preserve these minerals in a way that
rocks subject to heat-related movement
(convection) cannot.
bridgmanite doesn't survive the trip
via convection to earth's upper mantle
because it vitrifies — turning into a
glass-like substance — at temperatures
around 37° C (98° F). bridgmanite is
only stable in its crystalline form at high
pressure and temperature, but remains
stable down to a depth of approximately 2700 km, near the earth coremantle boundary.
most meteorites experience heavy
shock melting from collisions in space
prior to their passage through the
earth's atmosphere. during shock melting, pressures and temperatures can
be high enough to produce bridgmanite, but — equally important — shock
melting returns the newly-formed bridgmanite to ambient conditions quickly
enough to keep it from deteriorating.
the meteorite containing the
team's bridgmanite is not a new one.
the tenham meteorite fell in South
gregory, queensland, Australia, in
1879. it was approximately 51 kg before breaking up on entering the earth's
atmosphere. the tenham meteorite
may be classified as an “ordinary chon-

drite” — a common type of meteorite
theorized to be from one of three asteroid parent bodies — but this is not the
first time it has been used to identify a
new mineral nor name said mineral: in
1969 it was used as the first natural occurrence of ringwoodite.
because chondrites are pieces of
undifferentiated, or unmelted, parent
bodies, their composition provides information about conditions in the early
solar system. Since the tenham meteorite must have collided with another
body in order to produce the shock-melt
veins within it, it tells scientists about
the conditions for forming bridgmanite,
which constrains those formation conditions here on earth.
researchers in this study from the
university of nevada, las vegas; the
California institute of technology; and
the university of Chicago searched the
shock-melt veins of tenham and other
meteorites using microfocused synchrotron x-ray beams at the gSeCArS
13-id-C,d beamline at the APS. they
chose microfocused synchrotron x-ray
diffraction over transmission electron
microscopy because the beams from

the latter turn bridgmanite to glass during testing. the researchers always
found bridgmanite in the presence of
the rare silicate mineral akimotoite and
never as isolated crystals within the
shock-melted portion of the tenham
meteorite (Fig. 1).
the pairing of bridgmanite and akimotoite sets limits for the formation of
bridgmanite based on the known pressure and temperature limits for akimotoite. the lack of isolated crystals indicates that the conditions of bridgmanite
formation were not of high enough
pressure to crystallize it out of the liquid
shock melt. the pressure and temperature values calculated from the team's
results agree with previously-published
data from both microscopy and computer modeling.
— Mary Alexandra Agner
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“The Tenham meteorite. Interesting specimens,” from the Queensland Times,
published at Ipswich, Queensland, August, 1911, as quoted in The Mineralogical Magazine and Journal of the Mineralogical Society, No. 156, march, 1937
vol. XXIv, “The Tenham (Queensland) meteoritic shower of 1879,” by by L.j.
Spencer, C.b.E., b.Sc., m.A., Se.D., F.r.S., Formerly keeper of minerals in the
british museum: “One night in February, 1869, mr. m. Hammond, owner of Tenham Station, was camped with his brothers, whilst mustering cattle, near the
junction of Cooper and kyabra Creeks in southwest Queensland. The darkness was suddenly illuminated as if by a lightning flash, a noise like a rushing
motor-car was heard, and upon looking up the brothers beheld a brilliant meteoric shower passing from west to east. Soon afterwards the locality in which
the meteorites fell was found, and from time to time a number of specimens
were collected, the largest weighing 130 lb. Twelve months ago mr. Hammond
told mr. r. A. Wearne, b.A., Principal of the Ipswich Technical College, about
these meteorites, and upon being urged to give publicity to such an important
discovery, he promised to bring them to brisbane at the first opportunity. On
the 8th of july ultimo mr. Hammond fulfilled his promise and brought a number of the meteoric fragments with him to brisbane. A photo of the meteorites
was taken at the Wiley Studio, and the collection was then handed to mr.
Wearne for distribution. mr. Wearne then interviewed mr. macDonald of the
University Department of mines and mr. Dunstan, government geologist, and
arranged to have analyses made of these most interesting extra-terrestrial
rocks. The complete analyses are not yet to hand, but preliminary tests show
that the Tenham meteorites are of the stony variety, but contain a somewhat
large percentage of nickel and iron. Small stony like enclosures can be seen
between the bright metallic patches upon a polished surface. The specific
gravity of the specimens averages about 3•5.”
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The Tenham meteorite, on display in the Natural History
museum, London. Photo: Chemical Engineer — Own work.
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ertain seismic waves move slower than expected through the earth’s core,
causing researchers to rethink our ideas about the composition of the innermost region of our planet. One possibility is that the core contains a large
amount of carbon. new research on a form of iron-carbide, Fe7C3, shows that it may
have the required low seismic wave velocity at high pressure. the experiments, performed at two APS beamlines, provide a first-ever estimate of the speed of seismic
waves in this iron-carbide at core conditions and suggest that the iron-carbide’s anomalous velocity behavior is due to a change in the electron spin configuration of iron in
the material. the results could imply that the earth’s core is rich in Fe7C3, which might
explain where some of earth’s supposedly “missing carbon” is hiding.

Fig. 1. Observations at the APS have provided the first-ever estimates of the seismic wave velocities
of Fe7C3 at high pressure. The S-wave velocity (vS) data points are represented by red diamonds,
while the P-wave velocity (vP) data points are green squares. The transition from high-spin to low-spin
Fe7C3 occurs around 50 gPa. The solid red and green lines show the extrapolations towards inner
core pressures (330 gPa) at room temperature. For comparison, the dashed line regions show the
seismic wave estimates for pure iron. It’s clear that the iron-carbide estimates come closer than the
pure iron estimates to the empirically-defined values, shown as crosses, which come from preliminary
reference Earth model, or PrEm. Illustration: bin Chen, University of Hawaii at manoa
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earthquakes produce seismic
waves of two varieties: compression
waves (P-waves) and shear waves (Swaves). Observations of waves traversing the center of the earth have revealed that S-waves arrive much later
(with respect to the P-waves) than
would be expected for a solid pure-iron
core. A potential explanation is that iron
in the core is mixed with lighter elements — such as carbon, silicon, or
oxygen. geologists are currently studying different iron alloy candidates to find
one that might explain the seismic
wave observations.
As far as carbon is concerned,
past work looked at the iron-carbide,
Fe3C, but recent studies showed that a
different iron-carbide, Fe7C3, is more
stable at high pressure. A group of researchers from the university of michigan, the university of illinois at urbanaChampaign, the university of hawaii at
manoa, the California institute of technology, the Carnegie institution of
Washington, and Argonne performed
the high-pressure experiments on
Fe7C3.
the Fe7C3 samples were synthesized at the university of michigan and
at the gSeCArS facility at the APS.
the team used the iron isotope 57 because it is a mössbauer isotope. the
nuclear resonance, excited with 14.4kev x-rays, provided unique information about the valence, spin state, and
geometric arrangement of atoms
around the iron atom. the team loaded
their samples into a diamond anvil cell
to apply pressure up to a maximum of
154 gPa and measured the effects of
high pressure on Fe7C3 using nuclear
resonant inelastic x-ray scattering
(nriXS), which was performed at the
XSd beamline 3-id-b,C,d. this beamline offers tightly-focused synchrotron
radiation (with a beam-waist of less
than 10 µm) and a small energy bandwidth (1 mev) at the 57Fe resonance of
~14 kev.
the nriXS data provided a measurement of the phonon density-ofstates, from which the researchers derived the seismic wave velocities for
P-waves and S-waves. At low pressures, both velocities increased with
pressure, as is usually the case, but

near 50 gPa, the S-wave velocity
dropped abruptly from 3.1 to 2.8 km/s.
beyond this dip (toward higher pressures) both seismic wave velocities increased, but at a slower rate than before the dip.
the velocity dip corresponds to a
spin-pairing transition in Fe7C3 near 50
gPa. in this transition, the electrons in
the 3d orbital of iron atoms pair up in a
way that lowers the total spin momentum of the atoms. the team explored
this transition using x-ray emission
spectroscopy at the hP-CAt 16-id-d
beamline, as well as synchrotron mössbauer spectroscopy at the 3-id-b,C,d
beamline. the observations suggested
that the paired electrons exert less resistance to shearing, and this “shear
softening” may explain why the S-wave
velocity remains low above the transition.
When the team extrapolated their
results to higher pressure, they found
that the S-wave velocity of Fe7C3 at
330 gPa and room temperature was
only 14% above the empirically inferred
S-wave velocity in the core (Fig. 1). the
discrepancy is small enough that it
could be explained by a modest temperature-dependence in the seismic
wave velocity of Fe7C3. by comparison,
pure iron has an S-wave velocity that is
65% above observed values, which is
hard to account for without invoking a
dramatic temperature-dependence.
One way, therefore, to explain the
low S-wave velocity in the core is to assume that it is principally made up of
Fe7C3. if such were the case, then the
core would contain 60 x 1020 kg of carbon, which is roughly 10 times the current core estimate. that amount of carbon would make the core the largest
reservoir of carbon on earth. moreover,
this could help explain why the carbon
abundance is so low — relative to silicon — on the earth’s surface. According to this hypothesis, roughly twothirds of the planet’s carbon inventory is
locked in the core — trapped there by
its interaction with iron during the formation of the planet.
— Michael Schirber
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cientists have uncovered much about the earth’s solid inner core, but
many mysteries still surround our planet’s deep interior. the major element in the core is iron, but the exact crystal form of this element continues to be debated. Also uncertain is the identity and quantity of light
elements that are likely alloyed with iron in the core. laboratory experiments
on candidate core materials have generally focused on a specific crystal form
of iron called hexagonal close-packed (hcp), but recent theoretical evidence
shows that pure hcp iron may not explain some seismic observations. A new
study looks at an alternative possibility: body-centered cubic (bcc) iron and its
alloy with silicon. using high-brightness x-rays from the APS, researchers
measured for the first time the sound speed of bcc iron at high temperature
and pressure simultaneously. When compared with other observations, the
new results suggest that bcc iron alloy could be a core constituent.

Fig. 1. representative HErIX spectra of bcc
iron (bcc-Fe) and iron-silicon alloy (bccFe0.85Si0.15). Each row provides data at a specific scattering angle, which corresponds to
different values of the momentum transfer (Q).
The columns from left to right correspond to:
bcc-Fe at 7 gPa and 500 k; bcc-Fe at 11
gPa and 700 k; bcc-Fe0.85Si0.15 at 9 gPa and
300 k. The location of the longitudinal acoustic
phonon peak (LA) allows for the sound speed
to be determined.

much of our knowledge about the
earth’s core has come from studying
seismic waves that pass through the
center of the planet. A puzzling aspect
about these waves is that they travel
about 3% to 4% faster in the direction
along the earth’s rotation axis than in
the plane of the equator. the current
understanding of this seismic wave
anisotropy is that crystals in the inner
core are preferentially aligned in such a
way that the core materials display elastic anisotropy. this elasticity affects the
sound speed at which seismic waves
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propagate. however, the elasticity of
hcp iron crystals — which are thought to
be the most stable iron phase in the extreme environment of the core — is
fairly constant (or isotropic) with respect
to direction. by contrast, bcc iron crystals exhibit a large elastic anisotropy (as
high as 30%), so one plausible hypothesis is that a fraction of the core is made
up of bcc iron, with the rest being perhaps hcp iron.
in order to validate this possibility,
geologists need more data on bcc iron.
Previously, ultrasonic studies of bcc
iron have measured its sound speed
and other properties at high temperature, but not at high pressure. Scientists
from the university of texas at Austin,
Argonne, and the university of illinois at
urbana-Champaign investigated bcc
iron simultaneously at high temperatures and pressures. they also performed high-pressure, room-temperature measurements on a bcc iron alloy
containing 8% silicon by weight. using
an externally-heated diamond anvil cell,
the team was able to heat samples to
temperatures as high as 700 k (330°
C), while squeezing them to pressures
as high as 11 gPa.
to probe the iron under these extreme conditions, the researchers used
synchrotron radiation from the high-energy resolution inelastic x-ray scattering
(heriX ) instrument at the XSd 3-idb,C,d beamline at the APS and
recorded the results. the heriX data
showed peaks (Fig. 1) that correspond

to x-ray photons interacting with iron
crystal phonons (i.e., quantized sound
waves). Analysis of the heriX spectra
allowed the researchers to derive the
sound speed at different temperatures
and pressures. they also measured the
density of their samples using in situ xray diffraction measurements.
by combining their data, the researchers showed that the sound
speed of bcc iron decreases by about
1% as the temperature increases from
300 k to 700 k. A similar drop in sound
speed was recently found for hcp iron.
if this velocity reduction continues at
higher temperatures like those in the
core, then the sound speed of pure iron
may be too low to explain seismic wave
observations. One way to offset the
temperature effect would be to include
more light elements, like silicon. the research team showed that the sound
speed of their iron-silicon alloy is 1%2% higher than pure bcc iron.
Of course, these measurements
were all taken at temperatures and
pressures that are far below those in
the core (5000 k and 350 gPas). but
the authors argue that trends in their
data and the data from previous studies
imply that the sound speed and elastic
anisotropy of bcc iron alloy could help
explain seismic wave observations.
— Michael Schirber
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echniques for creating complex nanostructured materials through self-assembly of molecules have grown increasingly sophisticated. but carrying these
techniques to the biological realm has been problematic. Scientists from northwestern university used self-assembly under controlled conditions to create a membrane consisting of layers with distinctly different structures. then, working at the APS,
the team utilized small-angle x-ray scattering (SAXS) to better determine these structures and study how they form. this new information paves the way for design and
synthesis of hierarchical structures with biomedical applications.

Fig. 1. a) Schematic representation of one hemisphere in a closed sac with a hierarchically structured
membrane of three zones, (1) a gel phase, (2)parallel nanofibers in the plane of the membrane, and
(3) nanofibers perpendicular to the plane of the membrane. b) Small-angle x-ray scattering patterns of HA/HbPA sacs self-assembled with heparin. Curves were shifted vertically for visual convenience. c) and d) Scanning electron micrographs of membrane cross-sections of HA/HbPA sacs
self-assembled with c) 0 wt% heparin, and d) 0.5 wt% heparin.
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Peptide amphiphiles (PAs) are
chains of amino acids tipped with other
molecules so that one end is hydrophilic
(mixes well with water) and the other hydrophobic (not fond of water). in aqueous
solution, PAs form long, thin nanofibers
as the amino acid chains bind to adjacent
chains to form β–sheets. the northwestern university scientists had previously
found that when an aqueous solution
containing positively-charged PAs was
put into contact with an aqueous solution
of negatively charged hyaluronic acid (hA
— a large biological molecule that occurs
in connective and other tissues), a
dense, fibrous layer formed within milliseconds, creating a barrier that kept the
two solutions from mixing.
more precisely, the researchers
found that the fibrous layer prevents aggregated PAs from migrating to the hA
side, but allows hA molecules to slowly
insinuate themselves through the barrier
to the PA side, on a timescale of minutes
or longer.
the result was a three-zone membrane structure: a gel-like layer on the hA
side, a fibrous mat consisting of PA
nanofibers lying in the plane of the interface between the solutions, and a coating
of fibers directed perpendicularly away
from the interface and formed by electrostatically bound complexes of PA and hA
(Fig. 1).
the team’s interest in these membranes hinged on possible biomedical
uses in which the peptide sequence
forming the nanofibers would have a
chosen biological activity. in one example, they incorporated a heparin-binding
sequence to promote angiogenesis (the

formation of new blood vessels), so
that the membrane might assist with
tissue repair. For the three-zone structure to form, the researchers found
that the hA solution had to contain heparin in a certain concentration range.
Scanning electron microscopy clearly
showed linear structure crossing the
membrane that formed when heparin
was present at 0.5% by weight (Fig.
2a), in contrast to the more homogeneous appearance of the membrane
created in the absence of heparin
(Fig. 2b).
the scientists turned to SAXS at
the dnd-CAt beamline 5-id-b,C,d at
the APS. the studies provide insight
about the precise structure of the
three-zone membranes and a better
understanding of the dynamics of their
formation.
the heparin-free membranes produced well-defined bragg peaks, while
the three-zone membranes did not.
moreover, membranes that arose in the
presence of smaller heparin concentrations showed larger bragg peaks than
those produced when the heparin concentration was higher, indicating a competition between two structures whose
outcome depended on heparin levels.
A time-series of SAXS measurements on a heparin-free experiment
showed that the bragg peaks began to
form a few minutes after the two solutions were brought into contact and
reached full strength after about 45
minutes.
interpreting the SAXS findings in
the light of their previous experiments
and the known properties of PAs and
hA, the scientists explain the differences between the two types of membrane as the result of different kinds of
aggregation. in the absence of heparin,
the PA and hA come together in nanospherical aggregates that pack together
in a cubic arrangement, over a period
of some tens of minutes, to form a
membrane that generates well-defined
bragg peaks.
When heparin is present, by contrast, it binds strongly with the PA and
alters its interaction with Ah molecules.
in this case, a barrier of nanofibers ly-

Fig. 2. Scanning electron micrographs show the homogeneous membrane that forms in the
absence of heparin (a), while in the presence of heparin is a fibrous structure forms transverse to the membrane (b). (c) and (d): Schematic representation of the nanostructured
membrane formed by peptide amphiphiles (blue) and polyelectrolytes (red) in the case of
weak aggregation (c) or strong aggregation (d) at the interface.

ing parallel to the solution interface
forms immediately, then acts as a diffusion barrier through which hA slowly
passes. As it emerges on the other
side, it binds to PA to form nanofibers
that grow perpendicular to the interface.
this ordered nanofiber array produces
no bragg peaks.
the increased understanding and
control of these processes derived from
this research could make it possible to
build bioactive membranes with a variety of structures and purposes.
— David Lindley
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acromolecular structures that self-assemble in solution have a number of uses,
such as drug delivery nanocapsules and nanoscale vessels for chemical reactions.
Often, these nanocarriers form in a suitably chosen mixture of solvents to create
well-defined structures with desired properties, and then are transferred to a purely aqueous
environment for application. researchers from the university of delaware wondered whether
conditions of actual use would affect the stability of nanocarriers over periods of days to weeks.
using diagnostic techniques including small-angle x-ray scattering (SAXS) at the APS, they
found that agitation of a solution containing spherical, polymer-based structures caused the
size of the carriers to grow significantly, potentially affecting their performance and utility.

Fig. 1. Top: SAXS data shows evolution in size distribution of micelle populations. before THF was removed (left), the SAXS peaks
(triangles) show a monodisperse micelle population with radius that decreases with THF concentration. Three days after THF removal (center), the micelle populations that formed in low THF concentrations showed no change, but in other cases, the SAXS peak
disappeared, indicating a range of micelle sizes. Thirty days after THF removal (right), reappearance of SAXS peaks at smaller
wavenumbers than the original peaks indicated the emergence of a new monodisperse population of larger micelles. Bottom:
Cryo-TEm images of micelle populations made at 43% THF concentration at the same time as the SAXS results above. An initially
monodisperse population (left) evolves through the emergence of larger micelles of a single size (center), which eventually form a
new monodisperse population (right).
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the team built nanocarriers from
the block polymer poly(butadiene-bethylene oxide), or Pb-PeO. dissolved
in water, the Pb-PeO self-assembles
into spherical nanostructures, or micelles, with a core made of the hydrophobic Pb surrounded by a corona
of the hydrophilic PeO. if the micelles
were being made for drug delivery, molecules of the drug would have been
added to the water, and the micelles
would form around the drug molecules.
but the purpose of these experiments
was to study the micelles alone.
A dynamic light-scattering (dlS)
technique showed that, in pure water,
the micelles had a radius of approximately 35 nm. this radius was near the
equilibrium micelle size resulting from
the thermodynamic balance between
the hydrophobic portion of the polymer
and the water. to mirror common solution processing conditions, the researchers then added a second solvent, tetrahydrofuran (thF), in various
concentrations ranging up to 50% by
volume. the greater the amount of
thF, the smaller the micelles became,
down to a radius of less than 15 nm, as
a result of the changed thermodynamic
balance in the modified solvent mixture.
After the thF was carefully removed using dialysis, leaving the micelles once again in pure water, the micelle sizes remained constant provided
that the solutions were not agitated
(Fig. 1). but the researchers found that
stirring the water fairly gently caused
the smaller micelles — those that
formed in solutions with thF concentrations greater than 10% and hence
were furthest from their equilibrium
sizes in pure water — to grow, reaching
a new stable radius of approximately
25 nm after three weeks. the dlS
technique revealed little about the nature of this evolution, so the team
turned to other methods.
Working at XSd beamline 12-idC,d, they conducted SAXS measurements at a wavelength of 0.073 nm, on
samples modified with various thF
concentrations, at different times after

the thF had been removed. in all
cases, the SAXS plots initially had a
prominent peak, indicative of a micelle
population with a single characteristic
size. For micelle samples that had not
been treated with thF, that peak remained unchanged. in the case of samples to which more than 10% thF had
been added and later removed, however, the SAXS peak largely subsided
after just three days of stirring, suggesting that the micelle distribution now was
polydisperse. later still, at 30 days,
peaks reappeared in the SAXS plots,
but at a position corresponding to the
enlarged size of the micelles revealed
by dlS.
the SAXS measurements suggested that the micelle population had
started at one size, evolved into a mixture of sizes, then reformed at a single,
larger size. to further understand this
transformation, the researchers used
cryogenic-transmission electron microscopy (cryo-tem) to study frozen
samples of a few micelles, along with
small-angle neutron scattering conducted at the national institute of Standards and technology Center for neutron research and at the Oak ridge
national laboratory high Flux isotope
reactor to study the micelle populations. both methods indicated that the
micelle population evolved bimodally,
with larger micelles appearing among
the smaller ones. Surprisingly, the volume of the larger micelles was up to 8fold larger than that of the smaller micelles in some cases, and no
intermediate-sized micelles were noted
during the growth process. Over a period of weeks, the larger micelle population became dominant, while the
smaller micelles vanished.
the researchers noted that if pairs
of micelles occasionally fused and then
intermittently combined with additional
micelles, there should have been a
range of micelle sizes evident during
the evolution process. they argue instead that an evolving bimodal population is often characteristic of a mechanism of cooperative self-assembly

involving nucleation and growth. because agitation evidently was essential
to the growth of the micelles, they suggest that the introduction of an air-water
interface into the solution may provide a
nucleation site for the aggregation of
the hydrophobic components of the micelles. Such nucleation and growth
processes are well known to affect the
stability of protein biopharmaceuticals
during storage and handling, yet have
not previously been documented in
polymer assemblies.
the researchers say that their findings point out a need for further study of
micelle stability in realistic conditions,
where solutions are inevitably subjected
to various kinds of disturbance.
— David Lindley

See: elizabeth g. kelley, ryan P. murphy, jonathan e. Seppala, thomas P.
Smart, Sarah d. hann, millicent O. Sullivan*, and thomas h. epps, iii**, “Size
evolution of highly amphiphilic macromolecular solution assemblies via a distinct bimodal pathway,” nat. Commun.
5, 3599 (7 April 2014).
dOi: 10.1038/ncomms4599 (2014)
Author affiliation: university of delaware
Correspondence: * msullivan@udel.edu,
** thepps@udel.edu
this research was supported by an institutional development Award from the national
institute of general medical Sciences of the
national institutes of health grant, P20gm
103541. e.g.k. also acknowledges support
from a department of defense, Air Force Office of Scientific research, national defense
Science and engineering graduate Fellowship, 32 CFr 168a. this research used resources of the Advanced Photon Source, a
u.S. department of energy (dOe) Office of
Science user Facility operated for the dOe
Office of Science by Argonne national laboratory under Contract no. de-AC0206Ch11357.

12-id-C,d • XSd • Chemistry, physics, materials science • Small-angle x-ray scattering,
grazing incidence small-angle scattering,
wide-angle x-ray scattering, surface diffraction
• 4.5-40 kev • On-site • Accepting general
users •

a rgonnE n ational l aBoratory

149

T

B UILDING N ANOCRYSTALS

TO

O RDER W ITH DNA

he formation of crystals is one of nature's most highly-organized and systematic
processes, resulting in objects of singular beauty and exquisite form. however, certain crystallization processes can be hard to control when one wants to build crystals
to order for specific purposes. A group of northwestern university researchers working at the
APS has developed a novel way to engineer the crystallization of nanoparticles, creating highquality Wulff equilibrium structures using a set of well-established design rules that culminate
nearly 20 years of research. in the future, the researchers will use their experimental design
rules and theoretical models to predict formation of nanoparticle microcrystals of other shapes
and synthesize them for specific purposes, including practical applications in electronics, photonics, catalysis, and materials science. just as the ability to reliably grow atomic crystals has
revolutionized many industries, the ability to precisely fashion nanoparticle crystals promises
to be just as game-changing.

Fig. 1. Electron microscopy image (left) of faceted rhombic dodecahedra microcrystals comprised of
gold nanoparticles assembled by the DNA design rules. The observed crystal shape is consistent with
the structure predicted by mD simulations (right).

the experimenters began with
gold nanoparticles surface-functionalized with a high density of highly oriented dnA strands (namely, spherical
nucleic acids) and dnA linker strands
that were partially complementary to
the dnA strands on the surface of the
particles. by heating the solution and
then cooling it very slowly through the
system's melting temperature (a known
property for a particular dnA system)
over a period of two to three days — a
methodology often employed in crystallizing atoms and molecules — the researchers were able to deliberately anneal the nanoparticles into the
thermodynamically favored products of
micron-sized single crystalline nanoparticle assemblies with rhombic dodecahedron shapes or “crystal habit.” the
crystal structures were confirmed with
small-angle x-ray scattering at the
dnd-CAt beamline 5-id-b,C,d of the
APS. transmission electron microscopy and scanning electron mi-
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croscopy imaging were also performed.
(Fig.1)
the theoretical models and molecular dynamics (md) simulations were
used to validate the structures of the
experimentally obtained nanoparticle
microcrystals. these confirmed that
the surface energy of the system is a
crucial factor in determining crystal
shape. in this system, the observed
Wulff polyhedra emerge from the original mixture of nanoparticles because,
using a broken-bond approximation, the
formation of such shapes requires
breaking the smallest number of particle-to-particle interactions and exposes
the lowest surface energy facets. indeed, the experimental results and the
simulations were highly consistent,
showing that the approximations that
describe surface energies and crystal
growth in atomic systems can be applied to describe nanoparticle systems
with dnA links. — Mark Wolverton
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chunk of gold is just a chunk of gold, shiny and ductile and familiar.
but break that gold into tiny, nano-sized bits, or nanoparticles, and
it takes on new and different properties. in order to use those special nano properties, we must be able to easily manipulate and arrange the
particles. researchers used the APS to show that templates etched into a
substrate could guide nanoparticles into patterns of parallel lines. in principle, the technique could be used to make any conceivable pattern. For a lighttrapping nanoparticle such as gold, such templates could make it possible to
build nano-scale versions of lenses, electronics, and solar cells.

Fig. 1. The gold nanoparticles are mixed into the
polymer/small molecule solution (top). After the solution is spread over the templates, the supermolecules formed by the polymers and small molecules
help the nanoparticles align with the templates,
forming an ordered array (bottom). graphic: Ting
Xu, University of California, berkeley, from j. kao
et al., Nat. Commun. 5, 4053 (2014), © 2014
macmillan Publishers Limited

Previous attempts to assemble
nanoparticles into three-dimensional (3d) structures with long-range order had
been challenging, especially in thin
films containing more than two layers.
researchers from the university of California, berkeley; Argonne; the university of massachusetts; mit; and
lawrence berkeley national laboratory
showed that their patterned substrates
could jump the 3-d hurdle. they made
multi-layer nanoparticles structures
macroscopically aligned as thick as 200
nm using two different types of template, one made of saw-toothed sapphire and the other made of lithographically patterned silicon.
the process first required the researchers to mix small molecules into a
polymer solution so that they stuck to
block copolymer molecules and formed

supermolecules. the small molecules
mediate the interactions between
nanoparticles and the polymer, and are
a key factor in making the technique
work. the supermolecules were mixed
with nanoparticles, and the mix was
then spread over a silicon or sapphire
template and allowed to dry quickly.
the researchers found that with this
technique, not only could they make
three-dimensional arrays of nanoparticles; they could also control the orientation of the nanoparticles, making sure
they all faced in the same direction
(Fig. 1).
the team used the XSd 8-id-e
beamline at the APS to quantify the
structure and alignment of the nanoparticles. the beamline was chosen primarily for its geometry, which allowed the
researchers to know the incident angle
of the x-rays very precisely and characterize the position of the nanoparticles
to a precision of less than 1 nm.
the grazing incidence small-angle
x-ray scattering (giSAXS) pattern,
taken at an incident angle between the
x-ray direction and the direction of the
one-dimensional nanoparticle chains,
showed multiple orders of scattering in
the in-plane direction. As the sample rotated and the incident angle increased,
the giXAS peaks weakened and broadened, showing that the nanoparticles
were highly aligned in the in-plane direction over broad areas of the sample.
in this context, “broad” means on the
order of centimeters, which is huge for
a nanoscale phenomenon.
the beamline geometry also enabled the researchers to look at the
nanoparticle super structure at any
depth, allowing them to see if the orientation of particles in the middle was the
same as that of particles on the edge.

TO

P LAN

With a technique to align nanoparticles over broad areas, the researchers
intend to explore how they can mix and
match different types of nanoparticles
for different effects such as energy
transfer or exciton diffusion.
they will also start creating different template shapes, starting with a circular template for a nanoscale lens.
macroscopic lenses depend on altering
the thickness of the lensing material in
order to bend the light to a greater or
lesser degree. but nanoscale lenses
could work in a different way, using the
choice of nanoparticles with specific
properties to bend the light in the desired manner. Simply controlling the orientation of the nanoparticles can also
control their refractive index.
— Kim Krieger
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any electronic devices — batteries, solar cells, transistors — work
better under engineered strain. Carefully squeezing a semiconductor can improve its electron mobility so that current flows
through it more easily, making the device more efficient. modern computer
chips depend on this effect, but the individual devices can be as small as tens
of nanometers, so it’s important to understand exactly how strain can be applied at the smallest length scales. Previously, it had been difficult to study this
without cutting the device open and altering the strain. now, scientists have
developed a new, non-destructive technique that lets them analyze spatial
distortions inside the structure of a device using synchrotron x-rays from the
APS, which could help them design even better devices.

the researchers
from Argonne and
ibm based their
analysis on a technique, recently developed in the Argonne materials
Science division,
called bragg projection ptychography
(bPP), which creates
structural maps from
Fig. 1. The researchers imaged a sample device consisting of silicon-onthe diffraction patinsulator channels (green) surrounded by silicon germanium features (orterns created when
ange). They produced maps of the strain (blue) and the tilt (green) of
coherent x-rays are
scattered off a struc- each material utilizing bragg projection ptychography (bPP) (circles) and
mechanical models (solid lines).
ture. they made
their measurements
at the hard X-ray nanoprobe beamline
gave them a resolution of ~10 nm,
26-id-C operated jointly by the Center
much smaller than the 30-nm spot size
for nanoscale materials (Cnm) and
of the x-ray beam and enough to give
XSd. that beamline is one of the few
them several points of reference
worldwide that can focus hard x-rays
across the 60-nm-wide silicon channel.
to a 35-nm spot size with the ability to
X-rays scattering off the atomic lattice
change beam position by less than 5
of the materials created interference
nm.
patterns, which were caused both by
the team examined sample
changes in the orientation of the lattice
semiconductor devices provided by
and the sharp boundaries between the
ibm research that consisted of singlematerials.
crystal silicon on a buried oxide insulamapping distortions in the atomic
tor and etched into parallel channels
lattices revealed both lattice strain —
60-nm wide and 100-µm long, each
the spacing of the atoms — and lattice
separated by 460 nm. Silicon germatilt — the curvature of the structure
nium was deposited between and on
(Fig. 1). this is the first time those two
either side of those channels to imseparate characteristics have been
pose stress on the silicon-on-insulator.
measured independently and quantitathe researchers then scanned the
tively without sectioning, providing
x-ray beam over their device in a spiral
more detailed information than was
pattern, recording coherent diffraction
previously available. the team compatterns and acquiring 16 spiral scans
pared their results to mechanical modover 4 channel regions. taking a spiral
els of the nanostructure and found
scan in overlapping steps of 13 nm
they were in good agreement.
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this technique not only allows researchers to peer inside an intact
structure, it can also be used to watch
a device in operation, which can reveal
how electronic behavior is related to
mechanical properties of a structure.
this ability could be useful for studying
piezoelectric devices, which generate
a current in response to mechanical
stress or change shape in response to
a current. it could also shed light on
ferroelectric devices, which reverse
their electrical polarization in response
to an electric field.
A planned upgrade to the APS
coule allow researchers to use a more
intense and even smaller x-ray spot at
the Cnm/APS hard X-ray nanoprobe,
making their measurements more precise. the increased understanding
from these studies may lead to more
efficient nanoscale engineered materials such as transistors that operate on
lower voltages, batteries less likely to
produce excess heat, and more efficient photovoltaics. — Neil Savage
See: martin v. holt1*, Stephan O.
hruszkewycz1, Conal e. murray2, judson r. holt2, deborah m. Paskiewicz1,
and Paul h. Fuoss1, “Strain imaging of
nanoscale Semiconductor heterostructures with X-ray bragg Projection Ptychography,” Phys. rev. lett. 112,
165502 (2014).
dOi: 10.1103/Physrevlett.112.165502
Author affiliations: 1Argonne national
laboratory, 2ibm
Correspondence: * mvholt@anl.gov

the work performed at the Center for
nanoscale materials and use of the Advanced Photon Source were both supported
by the u. S. department of energy (dOe)
Office of Science-basic energy Sciences,
under Contract no. de-AC02-06Ch11357.
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N EW L IGHT FOR F LUORESCENCE M ICROSCOPY
AT THE APS

T

he powerful blend of fluorescence microscopy with x-ray synchrotron imaging is nothing
new. but as some recent experimental work has amply demonstrated, technical advances
at the APS have greatly enhanced the utility of techniques such as synchrotron-based x-ray
fluorescence microscopy (XFm). through increased data acquisition speed, it is now possible to
achieve both high spatial resolution and a large field of view at trace-element sensitivity. two recent
studies highlight the newly-enhanced capabilities of these imaging tools for tasks such as determining the elemental distribution and speciation in biological specimens.

Fig. 1. A composite of three elemental slices and a three-dimensional view of the embryo.

in one study [1], investigators
from the georgia institute of technology, Argonne, emory university, and
rowiak laserlabSolutions gmbh
(germany) employed XFm to delineate
elemental distribution of transition metals in the zebrafish embryo.
the ability to detect and quantify
trace metal levels within intact biologi154
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cal specimens remains challenging.
Compared to other microanalytical
techniques, XFm is currently the only
available method that is compatible
with fully hydrated biological specimens such as whole cells and tissues,
while simultaneously offering trace element sensitivity and submicron spatial
resolution.

the group worked at the XSd 2id-e beamline at the APS, using XFm
to obtain tomographic images in a zebrafish embryo that was cryogenically
preserved at 24 h post-fertilization in a
polymer that was later trimmed away
using a femtosecond laser microtome.
Sixty tomographic projections were acquired over more than 100 h of beam
time and used to reconstruct the threedimensional distribution of zinc, copper,
and iron in the specimen (Fig. 1).
they made a few unexpected observations regarding the elemental distribution within the embryo. Perhaps the
most striking observation was the
markedly increased levels of zinc and
copper at the posterior end of the embryo, an area that is involved in progenitor cell differentiation and cellular proliferation and responsible for most of the
body growth at this stage of development.
Although the spatial resolution in
this dataset was not quite sufficient to
allow the elemental distribution to be
related to specific cell types, the team
was able to identify larger anatomical
features, including the yolk extension
and regions of the brain.
in another notable study [2], investigators from the university of Adelaide (Australia), the university of
Sydney (Australia), and Argonne used
the APS, the Australian Synchrotron,
and the Stanford Synchrotron radiation lightsource to examine the biological distribution and speciation of
selenium and copper in rats fed diets
high in selenium. While both selenium and copper are essential elements for life, their actual activity
within the body depends upon the
particular form of each element, with

some forms more efficacious and
beneficial than others.
the (bio)- chemistry of these elements is fragile and having to “prepare”
the samples often leads to modification
of the properties that we are trying to
examine. by using both XFm and XAS,
the researchers could examine the distribution and speciation of selenium
and copper in intact tissues from animals exposed to some experimental
treatments.
the team took advantage of the
“fly-scanning” mode of XFm recently
developed at the APS, which allows
much faster imaging of wider sample
areas. before this, the sample image
was built up point by point, stopping at
each spot on the sample to collect a
spectrum, now the sample keeps moving and the spectrum is collected rapidly on the fly. this allows imaging
much larger areas of tissue than could
be achieved previously.
the work at the XSd 2-id-e beamline revealed a striking correlation between selenium and copper distribution
in the kidneys of rats on a 5-ppm selenite diet (Fig. 2). While this phenomenon had been identified before in cell
cultures, the current work using the
XFm/XAS combination allowed this intriguing co-localization of elements to
be studied in tissue specimens in vivo
for the first time.
this team plans to further refine
their experimental techniques to study
the causes of this unusual co-distribution of elemental concentrations.
both groups of researchers were
enthusiastic about the results they were
able to achieve with the fluorescence
microscopy facilities at the APS, and
are looking forward to future research.
With further improved data acquisition
times, it would be possible to perform
larger-scale comparative studies of organisms.
there are many other selenium
species that are important in the diet or
as potential treatments for various diseases and similar work would hopefully
yield useful information about their biochemistry. — Mark Wolverton

[1] See: daisy bourassa1, SophieCharlotte gleber2, Stefan vogt2, hong
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Fig. 2. Colocalization of copper and selenium in a kidney section of a rat fed a 5-ppm Se diet.

yi3, Fabian Will4, heiko richter4, Chong
hyun Shin1, and Christoph j. Fahrni1*,
“3d imaging of transition metals in the
zebrafish embryo by X-ray fluorescence
microtomography,” metallomics 6, 1648
(2014). dOi: 10.1039/c4mt00121d
Author affiliations: 1georgia institute of
technology, 2Argonne national laboratory, 3emory university, 4llS rowiak
laserlabSolutions gmbh
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u.S. department of energy (dOe) Office of
Science user Facility operated for the dOe
Office of Science by Argonne national laboratory under Contract no. de-AC0206Ch11357.

[2] See: Claire m. Weekley1, Anu
Shanu2, jade b. Aitken2, Stefan vogt3,
Paul k. Witting2, and hugh h. harris1*,
“XAS and XFm studies of selenium and
copper speciation and distribution in the
kidneys of selenite-supplemented rats,”

metallomics 6, 1602 (2014).
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P TYCHOGRAPHY: DIFFICULT TO PRONOUNCE,
B UT E ASY

TO

U SE

FOR

B EAUTIFUL I MAGES

code [3] that runs at the
Argonne leadership
Computing Facility to
speed up image reconstruction by more than a
factor of 100 relative to
previously-used code by
employing graphical
processing units on individual compute nodes
and distributing the task
over more than 100
nodes in the cluster.
nashed pioneered a
new approach to partitioning the data across
many compute nodes,
which then communiFig. 1. Simultaneous x-ray fluorescence and ptychographic microscopy of the green alga Chlamydomonas reinhardtii.
cated their results to
Left: X-ray fluorescence maps reveal the elemental composition of the alga. Right: The ptychographic reconstruction
each other during the
shows the biological ultra-structure in high resolution. The ptychograph reveals features not seen in the elemental maps
reconstruction. the reand adds rich contextual information.
sults from each node
are
then
stitched
together seamlessly
tychography is a coherent x-ray
significance of his work. the ptyas if the reconstruction was performed
microscopy method that uses
chographs reveal in amazing detail the
using a single node. the work of
multiple overlapping illumination
organelles and membranes which do
nashed allows experimenters like
spots to reconstruct an image
not fluoresce. taken together the ptydeng to see their images immediately,
from far-field diffraction patterns. it is
chographs aid identification of the celrather than waiting for days.
able to work at a resolution limited not
lular components and the quantified eltogether, these advances point
by optics, but by the scattering strength
emental concentrations may reveal the
the way toward high-speed imaging
of the sample, and it delivers a phase
underlying cause of diseases and diswithout lens limits to the resolution
image that can have a contrast hunorders in studies of mammalian cells.
achieved, and this capability is central
dreds of times higher than absorption
in another advance, deng and
to the planned multi-bend achromat
contrast for lighter atoms using highothers have shown that data collection
lattice upgrade of the APS.
energy x-rays. A team from Argonne
can be sped up by the use of continuContact: cjacobsen@anl.gov,
and northwestern university has
ous scanning [2], rather than having to
dvine@aps.anl.gov
worked together to achieve three separepeat a stop-measure-move serate advances in x-ray ptychography.
quence for each illumination spot. the
rEfErEncEs
northwestern university Ph.d.
stop-measure-move sequence is noto[1] j. deng, d. vine, S. Chen, y.S.g. nashed,
student junjing deng showed the use
riously inefficient because measureq. jin, n.W. Philips, t. Peterka, r. ross,
of two imaging methods at once to obments cannot be made while the stage
S. vogt, and C. jacobsen, “Simultaneous
tain complementary information on
accelerates, moves, and then decelercryo X-ray ptychographic and fluorescence
microscopy of green algae,” Proc. natl.
cells that were quickly frozen from the
ates. using the continuous scanning
Acad. Sci. uSA 112(8), 2314 (February 24,
living state: ultrastructural information
approach, the time required to com2015).
at sub-30-nm resolution by ptychograplete one scan is reduced by about
[2] j. deng, y.S.g. nashed, S. Chen, n.W.
Phillips, t. Peterka, r. ross, S. vogt, C.
phy, and x-ray fluorescence measurethreefold at present, but with the
jacobsen, and d. vine, “Continuous moments of trace element distributions at
planned high-brightness upgrade of
tion scan ptychography: characterization
sub-100-nm resolution [1]. this puts
the APS, the speedup can reach a facfor increased speed in coherent x-ray imaging,” Opt. express 23(5), 5438 (2015).
elemental distributions into their
tor of 100 or more.
[3] y.S.g nashed, d. vine, t. Peterka, j.
proper biological context. Figure 1
Finally, youssef nashed of the
deng, r. ross, and C. jacobsen, “Parallel
shows an image of a green alga
mathematics and Computer Science
ptychographic reconstruction,” Opt. express 22(26) 32082 (2014).
(Chlamydomonas reinhardtii) measdivision at Argonne and others have
ured by deng and demonstrates the
developed a ptychography computer

P
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D ATA E XCHANGE : A COMMON DATA FORMAT FOR
TOMOGRAPHIC D ATA S ETS

Fig. 1. region-of-interest reconstruction with TomoPy of a shale sample. Porosity
and micro-cracking in these rocks is vital for understanding the process of fracking. The middle image corresponds to the reconstruction using the full data set,
and the left and right images are the different reconstructions that are obtained
using a sub-sample of the full data to focus onto different locations within the
sample. The Data Exchange data standard allows the raw experimental images,
as well as provenance information and the reconstructed tomograph, to be included in a single file but yet be separated with simple utility programs.

T

he handling of datasets at scientific user facilities is becoming
progressively more challenging
as advances in sources and detectors drive increasingly aggressive
data acquisition rates. these recent developments allow for the studies of
multi-dimensional dynamic systems but
they also limit the ability to share and
process these data unless the originator
of the data and the persons making use
of that data are able to see and interpret the data equally and thus unequivocally agree on what these data mean.
this understanding is driven by use of
standardized data formats and by the
ability to capture all experimental metadata required by the following data
analysis.
the Scientific data exchange [1] is
a generic data model that is designed
to interface, or exchange data among
different experimentation instruments,
and to enable sharing of data analysis
tools. its implementation uses the
heirarchical data Format (hdF5), a
widely used and supported storage format for scientific data. the use of a

specialized area detector [2] plug-in allows all
tomography instruments of the XSd imaging group to save
Fig. 2. The simplest Scientific Data Exchange definition for storing
data natively as Scienraw tomographic data.
tific data exchange.
data exchange [3]
is an open-source softtroscopy, ptychography, and combinaware that provides different tomotions of multimodal techniques.
graphic raw data importers to allow toContact: Francesco De Carlo,
moPy [4] to be used at all major
decarlo@aps.anl.gov
synchrotron facilities. tomoPy, which
rEfErEncEs
was developed at the APS, is a Python
[1] F. de Carlo et al., j. Synchrotron rad. 21,
toolbox utilized to perform tomographic
1224 (2014).
data processing and image reconstruc[2] mark l. rivers, AiP Conference Proceedtion tasks, as shown in Fig. 1 [5].
ings, 1234, (2010)
[3] https://github.com/data-exchange/data-exdata exchange also allows tomogchange
raphy users running experiments at any
[4] doğa gürsoy et al., j. Synchrotron rad.
synchrotron facility to share data in a
21, 1188 (2014).
[5] doğa gürsoy et al., SPie Proceedings,
unified model.
9212 (2014).
Future plans include extending the
data exchange module to support other
this research was supported by the u.S.
techniques, starting with the ones being
department of energy Office of Science
under Contract no. de-AC02-06Ch11357.
added to tomoPy including x-ray transmission tomography, x-ray fluorescence
microscopy, x-ray diffraction tomography, x-ray photon correlation speca rgonnE n ational l aBoratory
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T

A N IMPULSE

FOR

DYNAMIC C OMPRESSION S CIENCE

he imPact system for ultrafast Synchrotron experiments (imPulSe)
gun was designed to perform dynamic compression experiments
using advanced x-ray imaging and diffraction methods at synchrotron
sources such as the APS. Over the past three years, scientists from los
Alamos national laboratory (lAnl), national Security technologies,
lawrence livermore national laboratory, and Argonne have successfully performed numerous experiments at the XSd beamline 32-id-b,C of the APS to
highlight the vast capabilities of imPulSe. their results provide novel information about material response at high strain rate loading, and have identified
new experimental methods and detector systems needed to perform these
high spatial resolution measurements on nanosecond timescales. this work
helps to highlight the importance of dynamic compression platforms at other
advanced light-source facilities such as the proposed lAnl matter-radiation
interactions in extremes (marie) facility.
the imPulSe efforts will be highlighted when the u.S. department of
energy national nuclear Security Administration-funded dynamic Compression Sector 35-id-b,C,d beamline
at the APS becomes the first facility
dedicated to dynamic compression science.
For over 50 years, shock wave or
dynamic compression experiments
have successfully examined material
response at extreme environments
(high temperatures and large strain
rates) on very short time scales (picoseconds to microseconds). Such
traditional experiments, including
those involving the formation and
propagation of cracks, phase transitions, and the elastic-plastic deformation of materials have resulted in the
measurement of a wide array of properties in many materials under extreme conditions.
however, imPulSe represents a
new paradigm over these traditional
diagnostic methods (which provide indirect information) because it is able to
examine in situ, and in real time, the
dynamic response of complex materials such as foams, powders, and high
explosives, and complicated
processes like phase transitions and
detonation initiation zones (hot spots)
in explosives (Fig. 1).
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three reasons lie at the heart of
imPulSe's success. First, its multiframe detector system is the first of its
kind to create “shock movies” of x-ray
imaging, and with an amazing spatial
resolution of 1 to 2 µm.
Second, the improved design of
the gun allows for better synchronization (bracketing) of the impact event
with the detectors and the incident xray pulses, and then is able to detect
the diffracted or transmitted x-rays
from a single, 80-psec x-ray bunch.
Finally, imPulSe has been utilized to educate and grow the user
knowledge base needed to take advantage of these new, advanced diagnostics.
imPulSe was designed specifically for use at synchrotron sources
and consists of a launcher system to
generate shock waves and a detection
system for x-ray imaging or diffraction
measurements. the launch system,
which consists of a gas breech, a barrel with a 12.6-mm bore, a target
chamber, and a mobile support structure can reach impact velocities of up
to approximately 1-km/sec. the system was designed to move easily into
and out of the x-ray beam, allowing for
rotation of the target chamber during
beam alignment. Further, the target
chamber can withstand detonations of

up to 750 mg of tnt-equivalent explosives.
the novel, high-spatial-resolution,
multi-frame imaging system uses xrays that have passed through the target chamber — after entering from a
side port — and through a series of
shutters and slits, eventually being diffracted or transmitted through the target. the x-rays finally impinge on the
scintillator within the detection system.
Four intensified charge-coupled device
detectors were optically multiplexed
and triggered to capture images generated from any desired x-ray bunch
from the synchrotron. in standard operating mode, x-ray bunches come
every 153.4 nsec.
For its first dynamic x-ray imaging
experiment, imPulSe demonstrated in
October 2011, at the APS 32-id-b,C
beamline, that it could create images
of dynamic compression using a single
80-psec-width x-ray pulse. Since then,
various other experiments have been
conducted involving detonator performance, shock wave propagation
through aerogels, high strain rate polymer extrusion, compaction in idealized
sphere systems to powders, spallation
in metals and plastics, and many others. For instance, an experiment involving laue x-ray diffraction showed
the ability of imPulSe to obtain high-

Fig. 1. X-ray phase contrast images of a
micro-lattice foam impacted by a projectile. The images show the deformation of the lattice as a function of time.
Images are approximately 1.4-mm
square. The projectile is observed entering the field-of-view from the left to the
right. Times are approximate, with microseconds (µs).

quality images on low-z molecular
crystals using a single x-ray bunch.
the ability of imPulSe to provide
in situ, nanosecond-resolution measurements at microscopic length scales
is the key to its future success in helping to achieve a better understanding
of condensed matter phenomena under extreme dynamic compression.
— William A. Atkins
See: brian j. jensen1*, k.j. ramos1,
A.j. iverson2, j. bernier3, C.A. Carlson2, j. d. yeager1, k. Fezzaa4, and
d.e. hooks1, “dynamic experiment
using imPulSe at the Advanced Photon Source,” j. Phys. Conf. Ser. 500,
042001 (2014).
Author affiliations: 1los Alamos national
laboratory, 2national Security technologies, 3lawrence livermore national

laboratory, 4Argonne national laboratory
Correspondence: * bjjensen@lanl.gov
this work was supported by lAnl’s marie
and Science Campaign programs and national Security technologies Shock Wave
Physics related diagnostics program. this
research used resources of the Advanced
Photon Source, a u.S. department of energy (dOe) Office of Science user Facility
operated for the dOe Office of Science by
Argonne national laboratory under contract
no. de-AC02-06Ch11357.

32-id-b,C • materials science, life sciences,
geoscience • Phase contrast imaging, radiography, transmission x-ray microscopy, tomography • 7-40 kev • On-site • Accepting
general users •

a rgonnE n ational l aBoratory

159

A NARROWER SPECTRUM FOR A
W IDER V IEW OF M ATTER

C

ondensed matter physicists, who study the physics of solids
and liquids, often use the experimental technique inelastic xray scattering (iXS), in which photons or neutrons of selected
energy are bounced off a material to measure the energy loss and examine the collective vibrations of atoms in that material, to understand
the dynamics of energy transfers that occur in picoseconds over distances of nanometers. but there are gaps in the resolutions of these
techniques — distances of one nanometer to a few hundredths of a
nanometer and time scales from a few picoseconds to approximately
100 psec. unfortunately, a key physical phenomenon takes place within
that gap: the liquid-glass transition. the details of how a material transforms from liquid to glass is one of the great mysteries of condensed
matter physics, and understanding it could not only provide new theoretical insights, but also help pharmaceutical researchers make drugs
that are more easily absorbed in the body. now, researchers have developed a new version of iXS that bridges those gaps. using the APS,
they were able to enter previously inaccessible time and length scales,
and then use that access to study the dynamics of liquid glycerol.

The IXS spectrometer development team. Left to right: yuri Shvyd'ko (XSD), Deming Shu (AES), kurt goetze (AES), and Tim roberts (XSD).
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Fig. 1. Ultra-high-resolution dispersive optics of the new IXS spectrometer (top) and the IXS spectrum of liquid glycerol measured with this spectrometer (bottom). In the dispersive optics of the IXS
spectrometer, an incoming beam of x-rays (double gray line) strikes a collimator crystal, which
sends a virtually parallel beam (single gray line) toward a dispersion element (top right). That in
turn spreads the beam into a rainbow and sends it to a second dispersion element (bottom left),
which spreads it further and sends it to a wavelength selector, which passes only photons traveling
within a narrow range of angles and wavelengths (green line). When measuring the IXS spectrum
of a sample of liquid glycerol, the system records exceptionally narrow 620-μev spectral lines
(solid circles).

the researchers from Argonne, the
diamond light Source (uk), and the
deutsches elektronen-Synchrotron
(germany) created an ultra-high-resolution inelastic x-ray scattering (iXS)
spectrometer containing crystals with
asymmetric, atomic-scale gratings that
diffract x-rays. in one end of the set-up,
the x-ray beam first strikes a collimator
crystal, which ensures that the photons
bouncing off it are close to parallel. the
beam then hits a dispersion element,
which spreads the photons into a “rainbow” depending on their wavelength.
the light strikes another crystal, a
wavelength selector, which only passes
that portion of the light that lies within a
very narrow angular window and is
spectrally pure.
using this basic setup, the researchers built a monochromator that

consisted of a collimator, two dispersion
elements, and a wavelength selector;
taken together, they deliver x-rays with
a very narrow band of wavelengths to a
sample of the material being studied.
the x-rays from the beamline pass
through the monochromator and other
focusing optics to the sample, and then
to an analyzer element. the analyzer is
a variant of the monochromator, with an
additional collimator of large acceptance angle to gather the scattered photons for the crystal optics. the analyzer
can measure the wavelength shift, or
energy loss, induced in the x-rays by
scattering from the sample. that tells
scientists how the sample atoms'
phonons transfer energy and momentum through the material.
high-brightness x-rays generated
in a well-directed beam to a small area

in the 9-kev energy range are required
by the new spectrometer. the traditional version of inelastic scattering
uses photons in the 20- to 25-kev
range, but the lower energies used in
the new setup provide better momentum resolution.
the technique also has spectral
resolution and contrast that are superior
to traditional techniques. the researchers measured a spectral bandwidth of 620 μev, a 3-fold improvement
over what was previously available. Additionally, spectral contrast improved by
an order of magnitude.
the technique was applied to a
sample of liquid glycerol. the researchers were, indeed, able to make
more precise measurements than had
ever been made on such a sample before (Fig. 1).
the researchers call their concept
a new paradigm, which could be developed into an even better spectrometer,
for instance by adding more focusing
optics and a position-sensitive detector,
thus opening it to a wide range of
measurement applications. because
this spectrometer uses a working energy of 9 kev, it is practical for most xray synchrotron and free-electron laser
facilities. — Neil Savage

See: yuri Shvyd'ko1*, Stanislav
Stoupin1, deming Shu1, Stephen P.
Collins2, kiran mundboth2, john Sutter2,
and martin tolkiehn3, “high-contrast
sub-millivolt inelastic X-ray scattering
for nano- and mesoscale science,” nat.
Commun. 5, 4219 (2014).
dOi: 10.1038/ncomms5219
Author affiliations: 1Argonne national
laboratory, 2diamond light Source
ltd., 3deutsches elektronenSynchrotron
Correspondence:
* shvydko@aps.anl.gov
this research used resources of the
Advanced Photon Source, a u.S.
department of energy (dOe) Office of
Science user Facility operated for the dOe
Office of Science by Argonne national
laboratory under Contract no. de-AC0206Ch11357.
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T WO G OOD T HINGS T HAT A RE B ETTER TOGETHER :
STM AND X- RAY S YNCHROTRON M ICROSCOPY

O

ver the past three decades, scanning tunneling microscopy (Stm)
has rapidly become a major component of the condensed matter
physics toolbox. While Stm can provide vast quantities of data about
the electronic, structural, and magnetic properties of materials at atomic resolution, its Achilles heel is its inability to characterize elemental species. but a team
from Argonne and Ohio university has found a way around this limitation by combining Stm with the spectroscopic versatility of synchrotron x-rays, achieving
chemical fingerprinting of individual nickel clusters on a copper surface at a resolution of 2 nm (Fig. 1), creating a powerful and versatile nanoscale imaging tool
with exciting promise and potential for the materials and biological sciences.

Fig. 1. Localized x-ray cross-section of a Ni island. (a) Perspective three-dimensional view of a STm topography scan (110 × 60 nm2, -1 v, 1 nA). (b) Height profile of the line shown in the topography scan.
(c) X-ray cross section of a single Ni island obtained from Ix–raysample (top) and Ix–raytip (bottom). (d) Sample
current Ix–raysample does not provide chemical contrast, when the x-ray energy (E = 8.25 kev) is below the
Ni k-edge (8.33 kev). (e) The Ni island on the Cu(111) terrace and islands along the Cu step edge become clearly visible for photon energies above the Ni k-edge, here E = 8.55 kev. Figures from N. Shirato et al., Nano. Lett. 14(11), 6499 (2014). © 2014 American Chemical Society
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Fig. 2. A diagram of the imaging setup, featuring the STm “smart tip” and an image of Ni clusters
(green) on the Cu surface (red).

Working at the Cnm/XSd 26-id-C
beamline at the APS, the researchers
took advantage of some new technological innovations developed by Argonne researchers.
however, the team had to overcome some experimental hurdles to
combine Stm with synchrotron x-rays.
the resolution and sensitivity of Stm
can be adversely affected by photoejected electrons from the sample interfering with the measurement of tunneling effects. the Argonne researchers
invented and patented a nanofabricated “smart tip” for the scanning tunneling microscope that sharply focuses
detection of electrons solely to those
collected at the scanning tip where it interacts with the sample, ignoring the
background electrons from the sidewalls of the tip (Fig. 2). the various
coatings for the smart tip were grown at
the Center for nanoscale materials
(Cnm) at Argonne. then, focused ion
beam milling at the Cnm electron microscopy Center at Argonne was used
to expose the tip apex.
the team also developed a filter
circuit that separates the chemical and
magnetic data from the x-ray-induced
currents and topographical data from

conventional tunneling effects into two
channels, allowing them to be recorded
separately without mutual interference.
using the markedly enhanced resolution and sensitivity made possible
with these advances in synchrotron xray tunneling microscopy (SX-Stm),
the Argonne/Ohio university experiment team analyzed nickel clusters deposited on a copper surface. usually,
because chemical fingerprinting using
x-rays is based on photoionization
cross sections, such measurements are
averaged over a rather wide surface
area and depth. but the new technique
was able to image and obtain a photoionization cross section of a single
nickel cluster on the sample surface
with 2-nm resolution.
the team demonstrated a world
record in the spatial resolution of chemical imaging using synchrotron x-ray
scanning tunneling microscopy, with
tremendous impact for many scientific
areas including materials science,
chemistry, and energy materials.
both that remarkable resolution
and the precise chemical fingerprinting
of individual nickel nanoclusters were
also clearly evident in the topographic
images of the sample surface, even

down to the height of a single atom.
the experimenters note that the thickness of individual clusters appears to
have no effect on the contrast intensity
of their chemical signature. they suggest that because tunneling is a local
effect sensitive only to the topmost
layer of materials, this phenomenon as
observed topographically results from
the tunneling of x-ray excited photoelectrons from states between the
Fermi level and the work function.
While the current experiments
were conducted at room temperature,
the researchers anticipate achieving
the same resolution of SX-Stm at far
lower temperatures.
even in its present form, the techniques demonstrated here can revolutionize nanoscale imaging in realms far
beyond materials science, including
electronics and biology. by overcoming
the inherent limitations of both Stm
and x-ray microscopy, this new work
has also combined the strengths of
each to create a powerful and versatile
imaging tool with an exciting promise
and potential. — Mark Wolverton

See: nozomi Shirato1, marvin Cummings1, heath kersell2, yang li2, benjamin Stripe1, daniel rosenmann2,
Saw-Wai hla1,2**, and volker rose1*,
“elemental Fingerprinting of materials
with Sensitivity at the Atomic limit,”
nano lett. 14(11), 6499 (2014).
dOi: 10.1021/nl5030613
Author affiliations: 1Argonne national
laboratory, 2Ohio university
Correspondence: * vrose@anl.gov,
** shla@anl.gov
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FABRICATING , T ESTING , AND I NSTALLING
A K IRKPATRICK-B AEZ M IRROR S YSTEM AT

O

ne of the earliest methods
developed for focusing xrays is the kirkpatrick-baez
(k-b) mirror system, which
was eventually adapted to focus the
hard x-rays generated in synchrotron
facilities, thereby greatly increasing the
illumination of micron- and sub-micronsized sample areas. in this article, we
describe the first fixed-geometry (i.e.,
non-bendable) k-b mirror system that
is entirely developed, fabricated, and
tested by the XSd Optics group in collaboration with the microscopy group in
XSd and staff in the APS engineering
Support division. the parameters for
this new k-b mirror system were specified (by lydia Finney, XSd) to focus the
8-bm-b beam to a 1-µm focal spot size
for microfluorescence imaging. Prior to
implementation and use at the host
beamline, the mirror system was fully
calibrated and tested at XSd beamline
1-bm-b,C, the new Optics and detector
test beamline (see “the newly reconfigured beamline 1-bm,” APS Science
2012, pg. 174). the focused beam
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achieved by the new system, measuring approximately 1 µm2, has provided
improved micro-fluorescence imaging
at 8-bm-b. Fixed-geometry k-b mirrors
offer great mechanical stability compared to bender-based k-b mirrors, especially for applications that do not require dynamical bending. they are also
the only viable solution for applications
requiring sub-100-nm focusing. the
delivery and implementation at 8-bm-b
constitutes a first complete technology
transfer of a k-b mirror arrangement
from design and fabrication in the Optics group, to testing at 1-bm-b,C, and
finally to successful commissioning at
8-bm-b, thereby demonstrating a new
in-house capability and laying solid
foundations to develop nanofocusing kb mirror systems for the proposed APS
mbA nanoprobes and beamlines.
Paul kirkpatrick and Albert baez
(father of folk singer joan baez) described the first k-b mirror system in
1948. A typical contemporary system
consists of two metal-coated silicon
bars acting as x-ray mirrors, with one

THE

APS

Lydia Finney (XSD) in the 8-bm-b enclosure.
The k-b mirrors (circled; horizontal focusing
mirror on the left and verical on the right)
made by the XSD Optics group are an integral component of the microprobe at the 8bm-b beamline.

mirror focusing in the vertical direction,
the other horizontally. the metal coating provides the elliptical shape necessary to focus the x-rays, which glance
off the mirrors at a very shallow angle
(referred to as grazing-incidence reflection). Compared to techniques that diffract or refract x-rays, k-b mirrors are
achromatic and permit x-ray focusing
over a larger range of focal distances
(the distance from the mirrors to the focal plane) and acceptance angles (the
largest angle for which incident x-rays
are efficiently gathered, which varies
according to x-ray energy).
the ideal elliptical shape of the
mirrors in a particular system is determined by three quantities: the distance
from the x-ray source to the mirrors; the
distance from the mirrors to the focal
plane; and the angle the x-rays graze

off the mirrors. (Fig. 1 illustrates distances in the test beamline.) the elliptical shapes of the mirrors in the new
system were calculated using the
source-to-mirror and mirror-to-focus distances for beamline 8-bm-b. Although
the 1-bm-b,C test beamline has different source/focal distances than 8-bm,
the researchers calculated that the minor differences in their layouts would
nonetheless permit successful performance evaluation at the test beamline.
the mirror fabrication process
started with two flat silicon bars, each
nearly an inch thick and wide (20 mm)
and superpolished at one surface to be
profiled to elliptical shape. the longer of
the two bars, intended for vertical focusing, is slightly over 3 in. (80 mm) in
length; the shorter bar, for horizontal focusing, is ~2.4 in. (60 mm) long. the required elliptical shape was achieved by
depositing platinum on the bars via profile-coating, a technique originally developed at the APS. Although profilecoating is very precise, slight
imperfections (or figure errors) inevitably arise, resulting in microscopic
surface deviations. measurement (done
at the APS metrology laboratory) of the
mirrors' surface figure errors before installation at beamline 8-bm-b were
quite small: 0.67 nm rms and 0.31 nm
rms. for the vertical and horizontal mirrors, respectively.
the finished mirrors were affixed to
mounting stages (designed by d. Shu,
AeS) that feature stepping motors for
very fine adjustments: one motor produces a linear motion perpendicular to
the mirror's surface, while a second motor adjusts mirror pitch, thereby varying
the grazing-incidence angle.
to measure system performance,
monochromatic (18-kev) x-rays were
separated from the multi-wavelength
beamline using a monochromator. Slits
narrowed this monochromatic beam to
a square measuring 180-by-180 µm2,
which the k-b mirrors further focused to
~1 µm2.
the optimum focus was determined using two techniques. the first
technique converted the focused x-rays
to a visible image, allowing the researchers to visually adjust mirror orientation. the second technique provided

quantitative measurements using a
wire scanning
method that passes
an ultrafine tungsten
wire stepwise
through the x-ray
beam. A detector
measured the
change in x-ray inFig. 1. Schematic depicting the focusing optics of the k-b mirror system
tensity as the wire
for testing at station 1-bm-b. The positions of mirrors m1 (vertical fomoved through and
cusing) and m2 (horizontal focusing) are shown within the test setup.
partially absorbed
Polychromatic x-rays are filtered by a double crystal monochromator
the beam, revealing
to yield a monochromatic (18-kev) beam, which is reduced by slits to
the beam's shape
dimensions of 180 µm x 180 µm. In rightmost of schematic, a Pin diode
and intensity.
registers x-ray absorption due to tungsten wire scanning, which deterusing these
mines best focus of the mirrors.
methods, the graz(a)
(b)
ing angle was adjusted to obtain a focal area of 1.3-µm
vertical by 1.21-µm
horizontal; these values compare favorably to the best theoretically-calculated
values for beamline
1-bm-b,C of 0.8-µm
Fig. 2. Focusing data from the tungsten wire absorption scanning
vertically by 1.18-µm
method using monochromatic 18-kev x-rays produced at beamline 1horizontally. Optibm-b,C. Panel (a) shows the vertical focused beam profile and panel (b)
mum focal size octhe horizontal focused beam profile. Optimum focus was determined by
curred at a
FWHm of the two plots: 1.3 µm (v) by 1.21 µm (H). The inserts in panbeam/mirror inciels (a) and (b) show tungsten wire scan intensity for vertical and horidence angle of 2.97
zontal focusing, respectively.
mrad (0.17° degrees). Figure 2
21, 662 (2014).
shows focusing data for beamline 1dOi: 10.1107/S1600577514006493 ]
bm-b,C.
Author affiliation:
the focal size achieved at 1-bmArgonne national laboratory
b,C was smaller than the value required
Correspondence:
for operations at 8-bm-b. Since calcula* assoufid@aps.anl.gov
tions indicated similar focusing performance between the two beamlines, the
this research used resources of the Adk-b mirror system was installed at
vanced Photon Source, a u.S. department
beamline 8-bm-b. Subsequent microof energy (dOe) Office of Science user Faprobe experiments have demonstrated
cility operated for the dOe Office of Science
the desired image resolution.
by Argonne national laboratory under Con— Philip Koth

See: naresh kujala*, Shashidhara
marathe, deming Shu, bing Shi, jun
qian, evan maxey, lydia Finney, Albert
macrander, and lahsen Assoufid, “kirkpatrick–baez mirrors to Focus hard Xrays in two dimensions as Fabricated,
tested and installed at the Advanced
Photon Source,” j. Synchrotron rad.
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-ray fluorescence microscopy (XFm) is a powerful method for studying biological samples; it can be used, for instance, to measure how
disease progresses within a group of cells, or how a particular population of cells affects whether a tumor is vulnerable to a particular drug. however, the quantity and complexity of the data produced using a highbrightness, high-resolution source for XFm, such as the APS, makes it extremely challenging for a human microscopist to sort through it manually. now,
researchers have developed a method that lets a computer locate and identify cell structures rapidly and without human supervision, allowing scientists
to take full advantage of the x-ray data.

C OMPUTER

(a)
XFm works by scanning a biological sample through a small, focused x-ray spot. the x-rays cause
the elements within the sample to
emit characteristic fluorescence
and with the help of a suitable detector, allow one to determine the
location and concentration of, say,
(b)
iron or zinc within the sample. the
balance of metals in a cell can be
critical indicators of disease progression; cancer patients, for instance, can lose 10% of the zinc
from their cells.
researchers from Argonne
and northwestern university devel(c)
oped a machine-learning algorithm
to locate and identify different types
of cells, even when some overlap.
the algorithm starts by assuming
that cells of a specific type have
generally similar shape and size,
and have the same signature concentration of elements. in this ex(d)
periment, the researchers used red
blood cells (characteristically high
in iron), yeast cells (with a high
concentration of zinc), and green
algae (high in manganese). both
the blood and algae cells were approximately 18 µm2 in area, while
the yeast cells were 2.7 µm2. the
Fig. 1. In a series of steps, the algorithm first sorts pixels into puteam tested the algorithm on XFm
tative cell groups (a), then merges or deletes groups to better fit
data taken at the XSd beamline 2the elemental content of cells (b). It optimizes the boundaries of
id-e at the APS. the x-ray beam,
the groups (c), and finally refines the shape by individual pixel
focused to a 0.8 µm x 0.8 µm spot,
(d). From S. Wang et al., j. Synchrotron rad. 21, 568 (2014),
was used to map elemental distri© 2014 International Union of Crystallography
butions of groups of cells typically
200 µm in size.
the algorithm divided the whole
it thought should go together, based on the
image into foreground and background
size and the elemental signature of the cell
pixels, based on their intensities, then
it sought (Fig. 1). in their initial experiment,
drew an ellipse around groups of pixels
the researchers aided this step by initializ166
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ing the algorithm with a handful of regions of interest, but in the future those
hand-drawn regions can be replaced by
other data or learned automatically.
the algorithm then looked at the
background pixels to see if it could refine the locations and figure out if cells
overlapped. it repeated these steps to
make sure each region it identified
matched well with the expected contents of the cell. the algorithm then examined these groups and determined
whether deleting some or merging
two together would make them fit
better. Finally, it replaced the ellipse
with a more realistic outline of the
cell, and performed statistical tests
to optimize the cell boundaries
down to the level of individual pixels. to validate their approach, the
researchers compared the results of
applying the program to data from
each of four different detectors and
with different initial elemental content hypotheses, and found a good
match.
the researchers believe this
new algorithm will allow biologists to
find and identify individual cells in
three dimensions and in real time,
making XFm an even more powerful
research tool. — Neil Savage

See: Siwei Wang1*, jesse Ward1,
Sven leyffer1, Stefan m.Wild1, Chris
jacobsen1,2, and Stefan vogt1, “unsupervised cell identification on multidimensional X-ray fluorescence
datasets,” j. Synchrotron rad. 21,
568 (2014).
dOi: 10.1107/S1600577514001416
Author affiliations:
1Argonne national laboratory,
2northwestern university
Correspondence:
* siweiw@gmail.com
this work was supported by the u.S.
department of energy Office of Science,
Advanced Scientific Computing research, and basic energy Sciences (deAC02-06Ch11357).
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TO

FASTER X- RAY P ULSES

ast x-ray pulses from the APS can act as powerful x-ray camera flashes to
image molecular motion. but some biological and chemical reactions — proteins refolding or molecular bonds shifting, for example — happen too fast
even for the APS, which can produce 100-psec bursts of x-rays at its speediest. A
team of researchers is trying to slice those bursts into a series of much shorter
pulses, using sound waves to deform a perfect crystal. their results, obtained in
tests at XSd beamline 7-id-b,C,d at the APS, could broaden the kind of time-resolved science possible at this facility.

Fig. 1. As the sound wave moves through the germanium, it deforms the crystalline structure and displaces atoms. by properly timing the sound wave, researchers can control the displacement of the
atoms and so reflect the incident x-ray pulse at different angles (dotted and solid lines).

there are many synchrotron radiation facilities in the world, but very few
match the APS in brightness or available beam time. One of its few drawbacks is that its pulses are not short
enough to image ultrafast phenomena.
there is another x-ray source in the
u.S. that does have that capability, the
linac Coherent light Source (lClS) at
the SlAC national Accelerator laboratory, but its x-ray pulses are so powerful
that they can destroy the sample under
examination, making it difficult to do repeatable experiments.
university of delaware and Argonne researchers may now be able to

tweak the APS to make its pulses as
short as those at the lClS by coating a
perfect germanium crystal with a thin
layer of gold and then illuminated it with
an ultrafast optical laser source. the
laser flash quickly heated the gold and
caused it to expand, sending a pressure wave through the crystal. As the
wave moved through the crystal it
moved the germanium atoms into a
slightly different configuration. After the
wave passed, the atoms snapped back
into their perfect crystal pattern.
X-rays are very sensitive to atomic
positions. Atoms in one crystalline pattern reflect x-rays one way; atoms in a

slightly different pattern will reflect the
x-rays in a different direction (Fig. 1). if
the sound wave can be precisely timed
and controlled, the researchers hope to
use the germanium crystal like a mirror
that can shift back and forth, dividing a
single 100-psec x-ray pulse into several
10-psec pulses.
Other researchers are trying ways
to divide up an x-ray pulse. One, at the
Advanced light Source at lawrence
berkeley national laboratory, shoots a
laser into an electron beam to produce
x-rays, but the process is inefficient. it
slices out just 1000 x-ray photons per
second, making a very weak beam.
At the european Synchrotron radiation Facility (France) a team used a
“Wave” cont’d on page 170
a rgonnE n ational l aBoratory
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ature is ever on the move, and our ability to understand it in detail is often improved by “freezing” the motion of the dynamic systems under study using “snapshot” images. Standard imaging techniques have been hugely successful, but
only when snapshot durations are much shorter than the time scales over which objects
move. this requirement is becoming increasingly difficult to meet when imaging living systems and complex materials at the nanometer scale. While it may seem impossible to avoid
blurred images when motions are much quicker than snapshot durations, there is actually
a technique that promises to accomplish exactly that, a lensless imaging method under development called ptychography. Working at the APS, scientists were able to demonstrate experimentally that x-ray ptychography could image a vibrating object whose frequency of
vibration was one order magnitude faster than the measurement time. this was accomplished for two types of vibration and two amplitudes of vibration as well. the researchers
speculate that this mode manipulation may prove very useful in designing custom mode
shapes for use in high-resolution x-ray or electron imaging where illuminations having very
specific properties are required.

Fig. 1. (a) reconstructed image of the sample when it was stationary. This can be compared to the reconstructions when the sample was moving horizontally with (b) square wave motion (i.e., occupying
two discrete positions) and when it was moving with (c) sine wave motion (i.e., moving continuously).
The motion in each case was approximately one order of magnitude faster than the measurement
time. reconstructions of the moving sample without using the mixed-state algorithm failed to provide
an interpretable image (not shown). The black scale bar in (a) is 1 µm.
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Ptychography is a form of coherent
diffractive imaging in which a specimen
is stepped through a localized “probe”
consisting of coherent x-rays, generating a series of diffraction patterns at the
plane of a detector. by stepping the
specimen in such a way that the illuminated area at each position overlaps
with its neighbors, redundancy is introduced into ptychographic data that can
be exploited during the mathematical
reconstruction of an image. Although it
was known since the late 1960s that
this type of data could, in principle, recover an image of a specimen from diffraction data having wavelength-limited
resolution, it was many years before
relatively fast and robust iterative computational methods were developed.
the key task has been to provide a solution to the classical phase-retrieval
problem. longstanding crystallographic
phase-retrieval methods are not applicable because the objects being studied are typically not structurally periodic
and are much more complicated than
crystal lattices.
in this experiment, the researchers
from university College london (uk),
brookhaven national laboratory, Argonne, and the research Complex at
harwell (uk) imaged a lithographed
“Ptychography” con’td on page 170

D EFINING THE T HERMAL FATIGUE L IMITS OF
G LID C OP ® H IGH -H EAT-LOAD X- RAY A BSORBERS

H

ard x-ray, third-generation synchrotron
facilities have commonly used aluminum oxide dispersionstrengthened copper alloy
(glidCop®) to fabricate x-ray
absorbers, and the material will
likely be used in the design of
new x-ray absorbers for the
proposed multibend achromat
lattice upgrade of the APS and
upgrades of other x-ray light
source facilities. glidCop® Xray absorbers are used
throughout the APS facility to
aperture or completely stop the
x-ray beam and therefore are
critical to proper operation of
the front ends, beamlines, and
storage ring. Although the deFig. 1. glidCop® sample tested under worst-case-possible beam
sign criteria limits used at the
conditions (1 scale division = 500 µm).
APS for x-ray absorbers have
been successful in avoiding
component failures over the
present life of the facility, the
aforementioned potential upgrade of the APS and other facilities may result in higher thermal loads on the x-ray
absorbers. efforts are being
made to establish less conserFig. 2. Proposed new design criteria limits for glidCop® x-ray
vative, more realistic design criabsorbers.
teria based on the thermomechanically-induced fatigue limits
of glidCop® [1,2].
tained and were used to develop a meFor these studies, carried out by
chanical fatigue model.
AeS division personnel, several tasks
using x-ray power from the APS,
were performed in parallel and used as
30 glidCop® test samples were subthe basis for development of a thermal
jected to 10,000 cycles each of severe
fatigue model for glidCop®. glidCop®
thermal loading under various beam
is a proprietary copper alloy, and conpower conditions. these samples were
sequently thermomechanical data and
metallurgically examined for crack presfatigue data available in the open literaence/geometry. the mechanical fatigue
ture are limited. temperature- dependmodel was used as a base to develop a
ent true stress versus true strain data
thermal fatigue model by matching obwere obtained for glidCop® and were
served damage with life cycle predicused in all transient non-linear finite eltions. this process allowed “failure” to
ement analysis (FeA) simulations.
be defined and quantified based on
temperature-dependent uniaxial methermal fatigue model predictions and
chanical fatigue data were also obobserved damage to the samples.

“Failure” was found to be the start
of shallow regions of surface grain
drop-out, resulting from surface
thermal compression ejecting
weakly bound grains, with the possibility of small, shallow cracks
less than 2 mm in surface length.
this is consistent with the criteria
adopted at the japanese x-ray
light source, SPring-8, based upon
japanese industrial standards [3].
A number of test samples
were subjected to beam power
conditions far beyond the “failure”
limit quantified by the thermal fatigue model. the sample shown
in Fig. 1 was tested at nearly six
times this limit under the worstcase possible beam conditions using two in-line u33.0 undulators
operating at maximum storage
ring current with closed gaps. Although the damage is significant,
with evidence of surface extrusion,
severe radial cracking, melting,
and evaporation, the maximum
crack length was less than 10 mm
and the maximum crack depth
was less than 2 mm. Considering
that the minimum cooling wall
thickness for any APS x-ray absorber design is 6.35 mm, and
modern designs use a 9-mm cooling wall thickness, the “failure”
limit quantified by the thermal fatigue model is still quite conservative.
based on the results of this study
and the transient non-linear FeA performed on all of the existing APS frontend x-ray absorbers, new design criteria limits are proposed for glidCop®
x-ray absorbers as summarized in Fig.
2. the new design criteria limits allow
operation significantly beyond the limits
imposed by the existing design criteria
limits. Consequently, new x-ray absorber designs for the proposed APS
upgrade could be made more compact,
saving on required beamline real estate, and at lower cost than previous
“Absorbers” cont’d on page 170
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“Wave” cont’d from page 167
laser-heated crystal to slice out x-ray
photons, but with a different geometry
than this team’s technique. the european effort is also low efficiency, obtaining just 1 in 10,000 x-ray photons from
the original source. these researchers,
by contrast, can potentially get 20% to
30% of x-ray photons from the beam
into each flash, which is 2 or 3 orders of
magnitude more photons than other
techniques.
the laser-heated pressure wave
approach worked; they switched x-rays
into different, precisely determined angles. the next step is to check how fast
the x-rays are switching direction by using a streak camera to map x-ray intensity over time.
the decision to use the XSd 7-idb,C,d beamline was primarily because
of familiarity with how the beamline
functioned. but the research could have
been done at any APS beamline
equipped with an ultrafast laser.
Commercial application of the technique could help computer chip manufacturers test chip integrity more quickly
and accurately. but the most significant
application could be for the APS itself,
which will finally be able to accommodate researchers in the biological and
chemical sciences who want to observe
chemical bonds and biological molecules in action. — Kim Krieger

See: A. loether1, y. gao1,2, z. Chen1,
m.F. deCamp1, e.m. dufresne2, d.A.
Walko2, and h. Wen2*, “transient crystalline superlattice generated by a photoacoustic transducer,” Str. dynamics 1,
024301 (2014).
dOi: 10.1063/1.4867494]
Author affiliations: 1university of
delaware, 2Argonne national laboratory
Correspondence: * wen@aps.anl.gov
this work was supported from the dOe-ePSCor grant no. de-Fg02-11er46816 and
used resources of the Advanced Photon
Source, a u.S. department of energy (dOe)
Office of Science user Facility operated for
the dOe Office of Science by Argonne national laboratory under Contract no. deAC02-06Ch11357.
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physics, chemistry • time-resolved x-ray scattering, time-resolved x-ray absorption fine
structure, phase contrast imaging • 6-21 kev •
On-site • Accepting general users •

170

APS S CIENCE 2014

“Ptychography” con’td from page 168
1.5-µm-thick tungsten Siemens star using coherent 9-kev x-rays from the
XSd 34-id-C beamline at the APS that
had been passed through horizontal
and vertical slits. X-ray diffraction pattern measurements were taken as the
sample was moved along a line perpendicular to the x-ray beam.
to examine the effect of sample vibration, the sample was simultaneously
vibrated using an analog signal generator. the sine-wave and square-wave vibrations that were introduced had a frequency of vibration of 1 hz, much faster
than the scanning time of 6 sec per position. vibration amplitudes of 1 µm and
1.5 µm were employed.
the researchers used a “mixed
state” iterative algorithm that allowed
for simultaneous reconstruction of
Siemens star dynamics (object modes)
and the probing x-ray wave fields
(probe modes). this approach permitted the researchers to demonstrate experimentally not only how ptychography
can be used image a quickly moving
sample, but also how the mode shapes
and coherence properties of the incident wave field can be manipulated and
customized through use of vibration.
Overall image quality was high
whether or not the sample was vibrating (Fig. 1). the estimated resolution of
49 nm was good enough to reveal
small defects in the lithographic
process used in making the Siemens
star. Achieving this resolution with the
vibrating sample required simultaneously reconstructing five probe modes
along with the sample.
the researchers also studied the
effect of vibration on the recovered
probe modes, showing that the addition
of different types of vibration changes
the form of the modes. — Vic Comello

See: jesse n. Clark1*‡, Xiaojing
huang2, ross j. harder3, and ian k.
robinson1,4, “dynamic imaging using
Ptychography,” Phys. rev. lett. 112,
113901 (2014).
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designs because less material will be
required. details of these studies were
recently presented at the mechanical
engineering design of Synchrotron radiation equipment and instrumentation
(medSi 2014) conference in melbourne, Australia [4].
Contact: Jeff T. Collins
(collins@aps.anl.gov), Jeremy Nudell
(nudell@aps.anl.gov), Gary Navrotski
(navrotski@aps.anl.gov), Zunping Liu
(zpliu@anl.gov), Patric Den Hartog
(denharto@aps.anl.gov)
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econd-order nonlinear optical imaging of chiral crystals (SOniCC) based on femtosecond
laser scanning microscopy has
been implemented at the gm/CA-XSd
undulator beamline 23-id-b for rapid
protein crystal localization and centering.
the technique is based on infrared
laser light impinging on non-centrosymmetric crystals of proteins, which may
selectively yield a frequency-doubled,
visible signal generated by the anharmonic response of the electron cloud of
the protein in response to the laser
field. One aim of this method is to locate small crystals grown in opaque
crystallization media for centering in xray beams of only a few microns or less
in cross-section.
the optical system implemented at
the beamline includes “trans” and “epi”
detection of second harmonic generation (Shg) signals. in addition, scanning visible laser light across the sample and detecting two-photon excited
uv fluorescence (tPe-uvF) provides
complementary contrast based on the
native fluorescence of proteins [3].
SOniCC provides the opportunity
to detect crystals of < 1 µm on an edge
even in opaque media, such as with
membrane protein crystals grown in lipidic cubic phase (lCP). A collaboration between the group of garth Simpson at Purdue university and gm/CAXSd, imCA-CAt, and SbC-CAt previously showed no evidence of damage
to protein crystals due to a SOniCC
laser [1]. A SOniCC system is installed
at beamline 23-id-b [2], and efforts are
under way to transition to SOniCC and
tPe-uvF as user capabilities, including
implementation of laser-safety interlocks for the experimental hutch, and
user-friendly software updates.
Shg signals vary greatly between
different protein crystals, depending on
the space group, intrinsic protein signal,
and crystal size [4]. to date, testing
with various g-protein-coupled receptors in the lipidic cubic phase has been
successful, but not all crystal systems
will necessarily show a readily-detectable signal. Systems that are favorable to Shg signals include lower-sym-

g-Protein Coupled receptor (gPCr ) crystals
– v. Cherezov (TSrI)

Intimin crystals – N. Noinaj, S. buchanan (NIH)

Left in both panels: Orthogonal views of smoothed, corrected bragg candidates from diffraction
raster in jbluIce. Right in both panels: Corresponding orthogonal views of SONICC images. Due to
the limited depth of the focal plane for SHg, SONICC images must be taken at several depths in
the sample. The top SONICC images show a sum of SHg signals acquired by rapidly translating
the sample in 15-µm steps through the laser focal plane. The bottom SONICC image shows the
SHg signal from one plane in the sample. Time for x-ray raster data collection was ~5 min., compared to ~2 min. for SONICC imaging.

Close-up view of the upstream Nonlinear Optical
microscope in the SONICC
system installed at beamline 23-ID-b, with solid arrows representing incident
laser propagation (red:
1064 nm; green: 532 nm),
and dashed arrows representing the measured signal
(green: SHg at 532 nm,
blue: TPE-UvF).

metry space groups and low- background sample mounts, such as hampton loops or mitegen uv-vis loops. examples of systems that are challenging
for SOniCC include: examples of systems that are challenging for SOniCC
include high-symmetry space groups,
prior exposure of samples to x-rays that
generate spurious Shg signals [5], ice
on a sample that scatters laser light,
very thick samples that scatter laser
light, and some salt crystals that give
spurious large signals. if working with
opaque media and unfamiliar with crystal properties, an initial x-ray diffractionraster control experiment can be useful
for ascertaining the sensitivity of the
system.
Contact: Michael Becker
mbecker@anl.gov
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H IGH -P ERFORMANCE C OMPUTING S OFTWARE
TO I MPROVE B EAMLINE AND A CCELERATOR E FFICIENCY

Fig. 1. Left: Small-angle x-ray scattering pattern (plotted on a logarithmic scale) from a concentrated colloidal suspension of silica spheres dispersed in ethylene glycol. The strong structure factor peak due to
the spatial correlation of the colloids along with the form factor of the colloids is clearly seen. Right: Time
autocorrelation function measured from a colloidal suspension in polymer. The correlation function measured over nearly five decades in time was computed using the HPC software in near real-time.

S

oftware has become ubiquitous
in the operation of synchrotron
facilities such as the APS.
through both improvements in
existing software applications and the
development of new software applications, the APS can realize efficiencies
on par with conventional infrastructure
improvements.
the AeS Software Services group
(AeS-SSg) is engaging the power of
high-performance computing (hPC) by
developing scientific software applications that have helped improve the efficiency of both APS beamlines and the
APS accelerator.

Big-data analysis for 8-id-i
low latency between data acquisition and analysis is of critical importance to any experiment. the combination of a faster parallel algorithm and a
data pipeline for connecting disparate
components (detectors, computing resources, file formats) enables us to
greatly enhance the operational efficiency of the x-ray photon correlation
spectroscopy (XPCS) experiment facility at the APS (Fig. 1).
the workflow starts with raw data
(120 mb/s) streaming directly from a
detector, through an on-the-fly firmware
discriminator, to the hadoop distributed
File System (hdFS) in a structured
hdF5 file. the user then triggers the
172
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mapreduce-based parallel analysis on
the 96-core APS computing cluster.
Provenance information and reduced
results are added to the original hdF5
file. Finally, the data pipeline triggers

software for visualizing the data (Fig.
2).
the whole process is completed
shortly after data acquisition — a significant improvement over the previous
setup. the faster turnaround time helps
scientists make near-real-time adjustments to their experiments. the system
is in production use for almost 100% of
users at the XSd 8-id-i beamline. it
performs approximately 50 times faster
than a serial implementation.

Experiment planning
for Microscopy
Appropriate experiment planning is
also of importance to APS experiments.
uProbeX is a software tool that allows
users and beamline staff to more easily
plan and perform x-ray microscopy experiments on micro- and nano- fluorescence x-ray microscopes at the APS
(Fig. 3).

Fig. 2. Components of the XPCS acquisition and analysis workflow system in use at the APS.
These components are loosely connected via a well-defined HDF5 file interface. (1) The acquisition system writes data directly to the Hadoop Distributed File System (HDFS). (2) After acquisition, a message in the workflow pipeline is queued. When the message is processed, the
mapreduce job that computes multi-tau autocorrelation of raw input data from the detector is
launched. (3) The user has the option of running different data-fitting algorithms on the
mapreduce job’s output results. These are usually implemented as Python scripts. (4) The user
views the output using mATLAb. (5) results are saved in an HDF5 file on disk. The user can adjust input parameters and submit the job to be processed again.

First, an overview image is collected on a light microscope as a mosaic of smaller images. uProbeX reads
this mosaic and displays the image
along with the coordinates on the light
microscope. to calibrate the system,
users select calibration points on a
known visible light image, and enter
corresponding x-ray microscope coordinates. users can then draw regions
over which to perform x-ray microscope
scans.
this open-source tool is used regularly at the XSd 2-id-b, 2-id-d, and 2id-e fluorescence beamlines, and
saves users 10% to 20% of their beam
time in the case of conventional experiments, and up to 30% for more challenging experiments.

time-correlated
data acquisition system
in order to support the commissioning of the multi-bend achromat lattice
(mbA) for the proposed APS upgrade,
current accelerator machine studies,
and ongoing high availability of x-rays
from APS accelerator operations, a system-wide data acquisition system is being developed and deployed that can
provide continuous performance monitoring, postmortem fault analysis, and
abnormal condition detection.
the system captures synchronously sampled, time-correlated data
from several critical subsystems, such
as turn-by-turn beam position monitor
values, storage ring radio-frequency (rf)
cavity field measurements, fast injection
kickers, beam diagnostics, and power
supply readbacks. data is acquired
from multiple subsystems and correlated within 3.6 µs (turn-by-turn rate).
this ensures scalability so that additional components may be easily added
for monitoring by using commodity software message queue systems to aggregate data from sources and redistribute data to interested client
applications.
Currently, two data Acquisition
“front-ends” are deployed that capture
more than 2500 signals from the APS
real-time feedback system and the storage ring rf cavities. these have been
used for studying alternative feedback
algorithms for use by the APS upgrade.
the system allows continuous data
capture for long periods of time at the

Fig. 3. Top: uProbeX in calibration mode. Four calibration points are selected by the user on a
light-microscopy image, one at each corner of the calibrant sample. Positions of the points are
imported from the light microscope. Bottom: uProbeX in scan mode. A region box, over which a
scan is taken on the x-ray microscope, is drawn by the user.

full sample rate, a capability not previously available, giving researchers an
understanding of accelerator performance over long periods of time.
Contact: Nicholas Schwarz
(nschwarz@aps.anl.gov), Ned Arnold
(nda@aps.anl.gov), Arthur Glowacki
(aglowacki@aps.anl.gov), Sinisa Veseli
(sveseli@aps.anl.gov), Ke Yue
(kyue@aps.anl.gov)
the XPCS computing system was developed, and is supported and maintained by
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narayanan (XSd time resolved research
group) and tim madden (XSd detectors
group) with funding from the u.S. department of energy (dOe) Office of Science
under Contract no. de-AC02-06Ch11357.

the APS information technology group
maintains the high-performance computing
environment used by the software. uProbeX
was developed, and is supported and maintained by Arthur glowacki and ke yue (AeSSSg) in collaboration with Stefan vogt,
david vine, and Sophie Charlotte gleber
(XSd microscopy group) with funding from
the u.S. dOe Office of Science under Contract no. de-AC02-06Ch11357. the timecorrelated data Acquisition System was
developed by Sinisa veseli (AeS-SSg) and
ned Arnold (AeS technical Support Services
group) in collaboration with john Carwardine (APS-u), nick Sereno (ASd diagnostics group), and vadim Sajaev (ASd
Accelerator Operations and Physics group)
with funding from the u.S. dOe Office of Science under Contract no. de-AC02-06Ch11.
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HYBRID:

S IMULATING PARTIALLY C OHERENT X- RAY WAVEFRONTS
D OWN N ON -I DEAL B EAMLINE C OMPONENTS

T

he future advent of new storage
rings with ultra-low-emittance
[1], which includes the proposed multi-bend achromat upgrade of the APS, will enable new fields
of research as well as capabilities not
feasible with existing light sources.
these new capabilities will require
beamlines that can preserve the x-ray
beam coherence. this in turn demands
efficient tools capable of simulating the
expected beamline performance including the effects of diffraction and imperfections on the optical elements so that
experiment designers have near-realworld data from which to work. For this
purpose, we have developed hybrid
[2,3], a very fast simulation tool to evaluate beamline performance and determine the specifications required from
the optical elements. hybrid can simulate the performance of beamlines
when illuminated with coherent, partially coherent, and incoherent x-rays.
hybrid simulates the geometric
effects of the optical components (focusing, defocusing, or collimating) and
apertures (losses) by means of raytracing, where their diffraction contributions due to mirror sizes or apertures
are calculated independently for each
element using wavefront propagation.
the results from the diffraction contribution of an element are integrated into
the ray-tracing results by numerical
convolution and ray re-sampling. An
entire beamline can be simulated by iteratively applying this procedure. the
hybrid code uses ShAdOW [4] as
the ray-tracing program thanks to its
popularity in the synchrotron radiation
community. the wavefront propagation
part uses the fast Fourier transformbased algorithm for its calculation
speed. the hybrid code is incorporated in the ShAdOWvui distribution
[3,4].
hybrid was benchmarked
against the multi-electron SrW
“HYBRID” cont’d on page 177
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source

42.2 m
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29.74 m

hKB
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Fig 1. Schematic layout of the optical design of the ISN beamline in the horizontal plane.

Fig. 2. Horizontal intensity profiles of the ISN beamline at the focal
plane simulated using the HybrID method (black solid lines), the
multi-electron SrW (red dashed lines), and the ray-tracing by
SHADOW (blue dotted lines) with different bDA sizes of (a, b)
10.5 µm, (c, d) 21 µm, (e, f) 42 µm, and (g, h) 84 µm. The traces at
the left (right) were calculated for an ideal (with figure errors) elliptical cylinder mirror.
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N EW T RANSITION -E DGE S UPERCONDUCTING D ETECTOR

new transition-edge superconducting (teS) detector designed to overcome the challenges associated with
measurements of collective electron behavior in correlated electron systems
has been developed for the XSd intermediate energy X-ray (ieX) beamline
29-id of the APS. the new detector
was designed and built by the quantum
devices group at the national institute
of Standards and technology (niSt) at
boulder, CO, for the ieX beamline and
in collaboration with Peter Abbamonte,
of the university of illinois at urbanaChampaign, and at the time of writing is
being characterized as part of the ieX
commissioning activities.
electrons near the Fermi level determine the macroscopic properties of a
material. these include electronic properties (is the material a metal, insulator,
semiconductor, or superconductor);
thermal properties; magnetism; and
even physical properties such as color.
understanding the nature of these electrons, particularly their collective behavior, not only gives us a deeper understanding of the physics that govern the
world around us but enables us to design materials with very specific properties for any number of applications.
One way to investigate these interactions is by utilizing x-rays via resonant soft x-ray scattering (rSXS,
Fig. 1), which marries x-ray spectroscopy and x-ray diffraction and provides a direct probe of the real-space
ordering of charge, spin, and orbital degrees of freedom carried by electrons
near the Fermi level. this is done by
tuning the incident x-ray beam to a specific absorption edge, exciting a corelevel electron into the conduction band,
and then measuring the emitted x-rays
that are produced as the system decays
back into the ground state. by scanning
the photon energy and polarization, we
are able to probe the electronic structure with not only elemental specificity,
but (utilizing the dipole selection rules)
directly scatter from collective charge,
orbital and spin ordered states. traditionally, these x-rays are measured with

Left to right: Daniel Swetz, William randy Doriese, yifeng Wu, Fanny rodolakis, yifei Li, Hongping
yan, and Hideyuki Tatsun of NIST during installation of the TES detector. Photo: jessica mcChesney

non-energy-resolving detectors
such as a photodiode or an
area detector like a chargecoupled device. even though
there is a significant signal enhancement at resonance, this
signal can sit on a broad fluorescence background.
in order to overcome
these challenges, the new detector utilizes microcalorimetry
to measure the energy of the
emitted photon with ev resolution, by measuring the change
in temperature of the detector.
Fig. 1. In resonant soft x-ray scattering, an electron is photothe quantum efficiency of the
excited from a core level into the conduction band. Using the
teS detector is ten times bettransition-edge sensor detector being developed at 29-ID,
ter than that of soft x-ray gratthe photon emitted as the system decay back into the ground
ing spectrometers. each of the
state ca be measured with ~ 1 ev resolution.
detector’s 240, 105-µm x 85µm pixels is made of a supercrease in the film current is measured
conducting thin film (a 300-nm-thick
by a superconducting quantum interfercopper/molybdenum bilayer) cooled to
ence device (Squid) ammeter; the
100 mk and held in its superconductSquid readout is multiplexed into only
ing-to-normal-metal transition via a volteight output amplifier channels. each
age bias. A 2-µm-thick bismuth film on
detector pixel can receive several huneach pixel serves as an absorber and
dred x-ray counts per second, and
ensures high quantum efficiency. the
achieve an energy resolution of about 1
energy of an incoming x-ray is conev in the sub-kev energy range of interverted entirely to heat in the absorber,
est.
causing a small increase in the temperAs an imaging detector with energy
ature of the film but (due to the sharp
resolution that was previously available
superconducting phase transition) also
only in a grating spectrometer, the
causing a large increase in the film’s reteS-array detector represents a new
sistance. the resulting pulsed de“29-ID” cont’d on page 177
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TAMING THE T SUNAMI :
A N EW A PPROACH FOR TOMOGRAPHIC D ATA

T

o gather data about the universe they study, scientists
need tools to see in ways that
go beyond the powers of human sight. the crude optical microscopes and x-ray tubes of the past
could see only dimly and imperfectly
compared to the modern instruments
that scientists use to probe inorganic
and organic matter from its outside veneer down to the level of individual
atoms. the current generation of x-ray
synchrotron facilities boasts a dazzling
array of instruments, detectors, and
techniques of exquisite sensitivity and
capacities, and the next generation
promises to increase those capabilities
by orders of magnitude.
it all sounds like an indisputably
positive state of affairs, but ironically,
there is a down side. As our scientific
tools become ever more sensitive and
powerful, able to gather ever increasing
amounts of raw data, the need to
process and analyze all that data also
increases exponentially. the ubiquitous
digitization of scientific data does not
help the problem: while digitization
makes it easier than ever to collect and
store information, it has also led to proliferation of different and not always
compatible software and computing resources among different research facilities. As new synchrotron facilities come
online, this dilemma will only increase.
to tame this ever-growing tsunami
of data, a team of researchers at the
APS is developing a collaborative
framework for the analysis, processing,
and reconstruction of tomographic
datasets from diverse synchrotron
sources. based on the Python programming language, the tomoPy platform is intended to provide a common
means for researchers to share, integrate, and use data collected at different facilities.
Along with the growing number of
synchrotron x-ray sources inevitably
comes a somewhat greater diversity in
methods and techniques. Facilities naturally tend to rely upon and use data
analysis tools and software they have
developed with an eye to the specific
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Fig. 1. Comparison of filtered back-projection (FbP) and penalized maximum likelihood (PmL) reconstructions of a cathode electrode sample using 720 and 90 projections.

characteristics and capabilities of their
own instruments. but these may not be
quite fully compatible with software
used at other locations when attempting to share or integrate datasets and
results. there is also a growing need
for the flexibility of doing data processing either in real time at the synchrotron
site or at other times at off-site locales.
tomoPy addresses all of these issues
and others by utilizing a modular approach that manages to be both general enough to work for various sites
and flexible enough to be adaptable for
local site preferences and needs.
the team demonstrated the utility
of the tomoPy model by showing how
the process of tomographic data analysis can be divided into a series of sequential steps, grouping or "modularizing" them into a chain of related major
tasks that can be branched off into sub-

tasks specific to particular tomographic
types, such as x-ray transmission tomography, x-ray fluorescence microscopy, or x-ray diffraction tomography. As an example, the researchers
examine how x-ray transmission data
passes through the tomoPy framework
from acquisition to final image display.
the first main module in the tomoPy model is pre-processing, involving matters such as data normalization
of raw data (e.g., dark-field and whitefield adjustments, artifact removal,
compensating for insufficient field of
view). next comes reconstruction, in
which the raw corrected data is
mapped into image space. tomoPy
uses the Fourier-based gridrec method
by default for this task, chiefly for its
computational speed. however, the tomoPy reconstruction module can also
“Tsunami” cont’d on page 177
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(Synchrotron radiation Workshop) [5]
and ray-tracing using the technical
specifications for the in Situ nanoprobe
(iSn) [6] beamline, which was designed
with the current APS parameters as
one part of a proposed APS beamline
upgrade. the modeled comparisons
were carried out in the horizontal direction since the beam can be tuned from
diffraction limited (fully coherent) to partially coherent by adjusting the size of
an aperture (bdA). the design source
of this beamline is a 2.4-m-long APS
undulator A with a period of 3.3 cm
tuned to the first harmonic energy at 10
kev. the total horizontal beam size and
divergence used in the ray-tracing are
Σx = 274 μm and Σ¢x = 12.4 μrad. A
schematic layout of the in Situ
nanoprobe beamline along the horizontal direction is shown in Fig. 1. the horizontal kirkpatrick-baez mirror (hkb),
which images the bdA at the sample
position, is a 60-mm-long elliptical cylinder with a 2.5-mrad grazing angle. A
r.m.s. figure error of 2.3 nm was assumed in the calculations.
Figure 2 presents the simulation
results of the horizontal spot size at the
focal plane using hybrid (black solid
lines), the multi-electron SrW (red
dashed lines), and the ShAdOW raytracing (blue dotted lines) with different
bdA sizes. the figures on the left are
without (and the figures on the right,
with) the assumed mirror figure errors.
When the size of the bdA is limited to
10.5 μm [cf. Fig. 2(a, b)], the hkb is coherently illuminated and the beam size
is dominated by diffraction. A very good
agreement is found in this case between hybrid and SrW. the ray-tracing calculation fails since it excludes
the diffraction from both the finite size
of the bdA and the acceptance of the
hkb. in the partially coherent cases,
bdA 21 and 42 μm [cf. Fig. 2(c-f)] there
is a satisfactory agreement between
hybrid and the SrW results. the
ShAdOW result is again deviating
largely from the other two methods. For
a bdA of 84 μm [cf. Fig. 2(g, h)], the
beam can be considered completely incoherent and in the geometrical optics
regime. hybrid and multi-electron
SrW results are alike and are very similar to the ShAdOW results.
the main advantage of hybrid is

its speed, making it an excellent tool
for beamline design and optimization.
Further improvement of hybrid will
include the implementation of better
models to represent the source and its
coherence properties.
Contact: Xianbo Shi
(xshi@aps.anl.gov),
Ruben Reininger
(rreininger@aps.anl.gov)
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paradigm in rSXS measurements. not
only will users be able to probe the
electronic structure with elemental
specificity and directly couple to specific
orbitals or spin states via the dipole selection rules as with traditional rSXS
measurements, but they can further discriminate resonant, elastic emission
from the inelastic background, revealing
electronic ordering in complex materials
even when only a small fraction of the
valence electrons are involved.
Contact: Jessica McChesney
(jmcchesn@aps.anl.gov),
Peter Abbamonte
(abbamont@illinois.edu),
Daniel Swetz (daniel.swetz@nist.gov)
this research used resources of the Advanced Photon Source, a u.S. department
of energy (dOe) Office of Science user Facility operated for the dOe Office of Science
by Argonne national laboratory under Contract no. de-AC02-06Ch11357 and has
been supported, in part, by dOe grant # deFg02-06er46285 through the university of
illinois at urbana-Champaign.
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employ iterative model-based inversion
techniques, which can be useful particularly in cases where few projections
are available or the data is of low signal-to-noise ratio. the final post-processing module of tomoPy allows for
whatever further processing or imaging
steps may be needed or desired, including region segmentation or quantitative analysis of the images (Fig. 1).
the modular strategy of tomoPy
allows processing methods that are
common across different tomographic
techniques to be efficiently shared and
executed concurrently and in parallel by
multiple processor cores, saving time
and using available computer resources
to their best capabilities. the tomoPy
framework is open-source and designed to be platform- and data-format
independent, and while presently implemented for CPu and gPu computing,
can easily be integrated with large scale
computing facilities.
As our scientific instruments continue to become ever more powerful,
the tomoPy framework is intended to
unify and streamline the analysis and
sharing of the harvest of data they provide. by taking advantage of faster and
more efficient computing technology, increasingly sophisticated software, and
the collaboration of physicists and
mathematicians to create new mathematical methods, the designers of tomoPy hope to enhance the ability of scientists to use their ever-improving tools
to their ultimate capacities.
— Mark Wolverton
See: doğa gürsoy*, Francesco de
Carlo, Xianghui Xiao, and Chris jacobsen, “tomoPy: a framework for the
analysis of synchrotron tomographic
data,” j. Synchrotron rad. 21, 1188
(2014).
dOi: 10.1107/S1600577514013939
Author affiliation:
Argonne national laboratory
Correspondence: * dgursoy@aps.anl.gov
this work is supported by the u.S. department of energy Office of Science under Contract no. de-AC02-06Ch11357.
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S TATE - OF-THE -A RT MX D ETECTORS

hree macromolecular crystallography
(mX) beamlines at the APS have recently implemented new state-of-the
art detectors.
At the gm/CA-XSd beamline 23-id-d, a
Pilatus3 6m with a high-efficiency, 1000-µmthick sensor (deCtriS ltd., baden, Switzerland) was installed in january 2014.
At Ser-CAt beamline 22-id, an
mX300hS charge-coupled device (CCd) detector (rayonix, l.l.C.; evanston, il) was installed in February 2014.
bioCArS received an mX340-hS CCd
detector (rayonix, l.l.C.; evanston, il) at the
end of February 2014; it was installed on their
14-id-b beamline.
two other beamlines at the APS already
have Pilatus detectors: imCA-CAt has a Pilatus 6m on their 17-id-b beamline, and neCAt has a Pilatus-F 6m on their 24-id-e
beamline. the newest detectors employ advanced technologies providing even higher
frame rates, count rates (Pilatus 3) and dynamic range.
these high-frame-rate detectors have enabled increased throughput and several new
capabilities including shutterless data collection, rastering (grid search), and collection
along a vector (helical). many users now bring
to the beamlines sample mounting loops that
contain one or more microcrystals crystals
grown in the lipidic cubic phase (lCP), which
are difficult to visualize due to the high opacity
of the lCP medium. Shutterless rastering will
significantly reduce the time—from several
minutes to a few seconds—needed to screen
the sample mount, locate microcrystals, and
ascertain their quality. the low electronic
read-out noise and high dynamic range are
ideal for studying the structure of membrane
proteins and protein complexes, which tend to
form small, weakly scattering crystals. the
short read-out time allows for efficient employment of fine phi slicing to improve data quality
by reducing the amount of background in a
frame relative to the bragg diffraction intensity. the combination of a high degree of automation and high-intensity, micron-sized
beams allows users to rapidly screen many
samples.
Contact: v-srajer@uchicago.edu (BioCARS),
rfischetti@anl.gov (GM/CA-XSD),
keefe@anl.gov (IMCA-CAT),
chrzas@anl.gov (SER-CAT),
rajashankar@anl.gov (NE-CAT)
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> vukica Srajer, bioCArS
Senior Scientist, and robert
Henning, bioCArS Operations
manager, with the rayonix
mX340-HS detector in the
14-ID-b enclosure.

AT THE

APS

< john Chrzas, Sector manager, SEr-CAT, with the rayonix mX300-HS detector in
the 22-ID-D research station.

> robert Fischetti, Associate
Division Director and group
Leader, gm/CA, in the 23ID-D research station with
the Pilatus3 6m detector.

A N EW TXM I NSTRUMENT TO A DDRESS F UTURE
C HALLENGES IN N ANOSCIENCE AT THE APS

A

new dedicated
transmission x-ray
microscope (tXm)
at Sector 32 of the
APS was commissioned in
2014 and made available
for general-user operations,
replacing a former first-generation commercial system.
the new instrument, situated in the 32-id-C
research station, provides
superior analytical imaging
performance and in situ
capabilities. it was developed to explore and better
understand nanomaterials in
the fields of energy storage,
microelectronics, and nanoporous materials functions
as well as the life, earth, and
environmental sciences.
the analytical techniques currently available
include absorption, zerniketype phase contrast, and
x-ray absorption near edge
Advanced Photon Source physicist and beamline scientist vincent De Andrade, who is in charge of the TXm in the 32ID-C research station, during commissioning of the instrument. The setup consists in a condenser optic (mono-capillary,
structure (XAneS) tomogranot installed when this photo was taken) to focus x-rays at the sample location while defining the size of the illuminaphy.
tion; a high-stability sample stage; and an objective lens (Fresnel zone plate) forming a magnified image of the
One of the key design
sample on a charge-coupled device-based detector located between 3 m and 4 m downstream for magnification
features of the new tXm is
purposes.
the ability to perform routine
high energy (> 20 kev), which will enable
electrical and high-pressure fluid
operations with a spatial resolution of 20
tomography of denser materials within
feed-throughs were integrated into a
nm, making this instrument the highest
the next three years. Additional upgrades
high-accuracy, air-bearing rotary stage to
resolution hard x-ray full-field imaging
are planned for 2015.
facilitate a wide range of in situ environsystem at the APS. the energy range
the tXm is also the centerpiece for
mental controls, including temperature,
has also been expanded. the tXm,
a program focusing on scientific software
pressure, and chemical bath without
equipped with an undulator and a fixed
development of methods for merging
affecting the three-dimensional nanoexit double-crystal monochromator (Si
multilength scale and multi-modality
computed
tomography
imaging
111), now operates from 6 kev to more
data. the outcome of this activity is the
performance.
than 25 kev, but the objective zone
software framework called tomoPy
the instrument is supported by sevplates are optimized for 8 kev. the low(/www.aps.anl.gov/tomopy/) an openeral key r&d activities at the APS, such
energy limit will be pushed below 5
source Python-based toolbox for the
as the fabrication of new zone plates in
kev, enabling, for instance, specanalysis of synchrotron tomographic
the framework of the proposed multitroscopy at the Fe k-edge.
data that has the goal of unifying the
bend achromat lattice upgrade of the
the available set of optics provides
effort of different facilities and beamlines
APS. A more complete set of zone
fields of view ranging from 100 µm to 20
performing similar tasks (see page 176).
plates, which will provide a broader
µm with spatial resolutions of 60 nm and
Contacts: Vincent De Andrade
range of spatial resolution as well as a
20 nm. the Fresnel zone plate geometry
(vdeandrade@aps.anl.gov),
16-nm ∆rn zone plate, are in production.
also offers working distances from 20
Francesco De Carlo
the tXm will directly benefit from these
mm to 70 mm, allowing the tXm to
(decarlo@aps.anl.gov)
r&d programs by achieving 10-nm spaaccommodate a variety of sample envitial resolution and a higher efficiency at
ronments.
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A R EVOLVER U NDULATOR

A

FOR

S ECTOR 35

kevin D’Amico, DCS Project manager, with the newly installed prototype revolver undulator at Sector
35 in the APS storage ring.

prototype revolver undulator
was installed at Sector 35 of
the APS during the january
2015 shutdown. this insertion
device will provide the new dynamic
Compression Sector (dCS) with the
benefits of two undulators in the space
of one.
in a matter of minutes, the active
undulator magnet structure can be
switched between a 3.3-cm period and
a 2.7-cm period. this arrangement allows higher x-ray brightness and flux
over a broader energy range than could
be achieved with a single conventional
undulator.
the installation was the culmination
of a multi-year Argonne directed research and development (ldrd) program carried out by the magnetic
devices group in ASd to develop a robust revolver undulator platform for nearterm use at the APS. the platform is also
expected to be further developed in conjunction with a future upgrade of the
APS.
the demands for precise, fail-safe
positioning of powerful undulator magnetic arrays, in close proximity to the vac180
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end, the revolver undulator uses the wellproven gap separation mechanism of the
most-recent 33 APS undulators, and applies the same interlock and control
scheme to the revolver mechanisms.
the use of this gap separation mechanism also allows future repurposing of
these mechanisms as revolver undulators.
the revolver undulator installed at
Sector 35 is the final prototype of the revolver undulator ldrd program, and
benefits from post-ldrd development
primarily focused on control software.
the first “production” revolver undulator
is undergoing assembly at the APS, with
installation at Sector 35 planned for may
2015. that device uses 3.0-cm period
and 2.7-cm period magnet structures.
the new revolver undulator can accommodate undulator magnet structures
up to 2.4-m long. Any combination of the
APS-designed undulator magnet structures, from 1.72-cm to 3.6-cm periods
can be used. All of the functions of the
conventional undulator
are retained, including
gap tapering. the revolver undulator is compatible with all of the APS
insertion device vacuum
chambers, but requires
the insertion device vacuum chamber support
stands to be retrofitted to
a new design.
Contact: Efim Gluskin
(gluskin@aps.anl.gov),
John Grimmer
(grimmer@aps.anl.gov)

the dCS Project is funded
by the dOe/national nuclear
The prototype revolver undulator is the backdrop for the members of Security
Administration
the ASD magnetic Devices group who assembled the new device.
(nnSA) and is being carried
Left to right are: john TerHAAr, john grimmer, Eric mcCarthy, mike
out by the APS dCS project
merritt, and joe gagliano, III. martin Smith (not pictured) of the APS team. Washington State uniEngineering Support Division Controls group did the controls hardversity, with funding by
ware/software design and development.
nnSA, leads the effort to develop the dCS experimental program and
uum chambers that house the electron
build the instrumentation in collaboration with
the APS, dOe/nnSA national laboratories
beam, must be met by all of the APS un(los Alamos, livermore, and Sandia); dedulators. but the revolver undulator must
partment of defense laboratories, including
also precisely index the two sets of magthe Army research laboratory and the naval
netic arrays, and be safeguarded against
research laboratory; and academic institumore complex failure modes. toward this
tions.

A rOund
kIm OF ASD AWArDED 2014 WILSON PrIZE FOr
ACHIEvEmENT IN PHySICS OF PArTICLE ACCELErATOrS •

kwang-je kim of ASd was named the recipient
of the 2014 robert r. Wilson Prize for Achievement in the Physics of Particle Accelerators.
kim was cited for “his pioneering theoretical
work in synchrotron radiation and free electron
lasers [Fels] that laid the foundation for both
third and fourth generation x-ray sources." the
annual Wilson Prize was established in 1986 by
friends of the late robert r. Wilson, founding
director of Fermilab, and by the division of Particles and Fields and the division of Physics of
beams of the American Physical Society to recognize and encourage outstanding achievement
in the physics of particle accelerators. As noted
on the Wilson Prize website, kim made pioneering theoretical contributions to the understanding of photocathode electron guns, synchrotron
radiation, and Fels. in synchrotron radiation, he developed a method to
compute the brightness of partially coherent beams. this has become
more important as light sources have become brighter and moved closer
to the diffraction limit. he advanced the method of analyzing high-gain xray Fels and self-amplified spontaneous emission from 1d to 3d so that
a reliable prediction of the performance of practical devices can be
made. recently, he has revived the idea of an x-ray Fel in oscillator configuration employing bragg crystals as x-ray cavity mirrors, showing that
it could be a source of fully coherent x-ray pulses with extremely high
spectral purity. Contact: kwangje@aps.anl.gov

j OHN F rEELAND OF XSD N AmED
P HySICAL S OCIETy F ELLOW •

AN

A mErICAN

john W. Freeland, physicist
with the XSd magnetic materials group, has been named a
Fellow of the American Physical Society by the division of
Condensed matter Physics.
he was cited “for development
and use of new x-ray techniques to understand chemical, structural, electronic, and
magnetic features at oxide interfaces.” Freeland’s research interests include understanding the physics behind phase transitions in novel
oxide systems (e.g., metal to insulator transitions, spin
state transitions, multiferroics, etc.); emergent states at
the interface between dissimilar complex oxides; and the
effect of confinement on the ground-state of complex oxides. in 2014, Freeland became a co-principal investigator (Pi) of a dOe-funded team to explore how to
efficiently control the states of matter in designer materials on ultrafast time scales. he is also a co-Pi for the
indo-uS virtual research Center funded by the indo-uS
Science and technology Forum to advance understanding of the physics of nickelates in both bulk and heterostructure form. Contact: freeland@anl.gov

the
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ACS Division of Energy and Fuels 2014
Distinguished Service Award to Winans
of XSD •

the 2014 American Chemical Society division of energy & Fuels distinguished
Service Award was presented to randy Winans of
XSd. Winans has spent his
entire career at Argonne national laboratory where he
led programs that have had a
great impact on energy and
fuels research, including as
head of the heavy hydrocarbon group in the Argonne
Chemistry division and director of the basic energy
Sciences Synchrotron radiation Center at the APS.
he now heads the Chemical & materials Science
group in XSd. his major research accomplishments
include developing and applying methods to understand the fundamental chemistry of complex disordered systems such as catalysts, coals, heavy
petroleum, oil shale, and carbons. he combines
chemistry with characterization techniques including
mass spectrometry, nuclear magnetic resonance, and
small-angle x-ray scattering and spectroscopy.
Contact: rewinans@anl.gov

bOrLAND OF THE ASD NAmED AN ArgONNE
DISTINgUISHED FELLOW •

michael borland, Associate division director of ASd, is one of four Argonne scientists named as Argonne distinguished
Fellows for 2014, the laboratory’s highest
scientific and engineering rank. the Argonne distinguished Fellow title is comparable in stature to an endowed chair at a
top-ranked university and recognizes exceptional contributions in a person's field.
the rank is given for sustained outstanding
scientific and engineering research and
can also be associated with outstanding
technical leadership of major, complex,
high-priority projects. borland’s best-known work, named “elegAnt,” is an accelerator simulation code that provides physicists
world-wide with a flexible tool to design and understand linear accelerators and storage rings. elegAnt, the primary tool at the APS for
accelerator design and simulation, was used to develop the present
APS storage ring low-emittance lattice (the configuration of magnet
strengths) and played an essential role in the development of top-up
mode at the APS. elegAnt is also used to design and understand
free-electron lasers (Fels), including the world's first hard x-ray Fel,
the linac Coherent light Source at the SlAC national Accelerator
laboratory. Contact: borland@aps.anl.gov
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SAXS SOFTWArE PACkAgES IrENA AND NIkA 2014 COUrSES • mAy 19 (AbOvE) AND 15-16, SEPTEmbEr 18-19 • The APS small-angle scattering (SAXS) special interest group organized these hands-on
courses specifically on the SAXS software nika and irena. the
courses included installation of the igor Pro, and irena and nika
packages on users’ computers; data reduction using nika as an
example of SAXS data including calibration, mask design, and
necessary corrections; examples of transmission and grazing incidence data; data analysis using irena (all steps necessary);
presentation and hands-on education for the use of irena tools
(unified fit, size distribution, modeling, analytical models, smallangle diffraction, etc.); explanation of advanced support tools
such as the scripting tool; and discussion and help with reduction of users’ data. Contact: ilavsky@aps.anl.gov

NATIONAL SCHOOL ON NEUTrON AND X-rAy SCATTErINg • jUNE 14–28
• the main purpose of the national School on neutron and X-

ray Scattering is to educate graduate students on the utilization
of major neutron and x-ray facilities. lectures, presented by researchers from academia, industry, and national laboratories,
include basic tutorials on the principles of scattering theory and
the characteristics of the sources, as well as seminars on the
application of scattering methods to a variety of scientific subjects. Students conduct short experiments at Argonne's APS
and Oak ridge's Spallation neutron Source and high Flux isotope reactor facilities to provide hands-on experience for using
synchrotron and neutron sources. the target audience is graduate students attending north American universities majoring in
physics, chemistry, materials science, or related fields. the
school is jointly conducted by Argonne's Communications, education and Public Affairs division; materials Science division;
and the APS; and Oak ridge national laboratory's biology and
Soft matter, Chemical and engineering materials, and Condensed matter divisions. Contact: nxschool@dep.anl.gov
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SyNCHrOTrON ENvIrONmENTAL SCIENCE vI • SEPTEmbEr 11-12 • hosted
by gSeCSArS, SeS-vi brought together and promoted dialogue between synchrotron science experts and environmental
science experts. building on the recent excitement of science
that would be enabled by diffraction limited x-ray sources, as well
as by free-electron laser x-ray sources, the emphasis of the
meeting was on identification of new opportunities in environmental science afforded by new or soon-to-be-available x-ray
sources. 110 individuals attended the conference, which included presentations from synchrotron scientists describing the
projected qualities of these new sources (x-ray spot and/or illumination size, coherence/spectral qualities, timing capabilities,
etc.). Also included were presentations from scientists who have
used synchrotron radiation sources in their environmental science research describing their work and their vision for how
these new sources will benefit their research in the future.
Contact: lanzirotti@uchicago.edu, sutton@cars. uchicago.edu,
vdeandrade@aps.anl.gov, kemner@anl.gov

WOrkSHOP ON HIgH-PrESSUrE TImE-rESOLvED SyNCHrOTrON TECHNIQUES 2014 • SEPTEmbEr 25-27 • HP-CAt presented a two-and-

a-half day workshop dedicated to time-resolved x-ray scattering
techniques. ideas were exchanged through invited and contributed talks, discussion periods, and an evening poster session
for a diverse group of researchers in high-pressure and time-resolved techniques, with a significant number of young researchers attending. the workshop purpose and goals were to introduce time-resolved apparatus and techniques currently
available at hP-CAt and other synchrotron facilities; present the
results of time-resolved high-pressure research carried out at hPCAt and other facilities; motivate students and early career researchers to pursue time-resolved research programs; demonstrate available facilities and software during hands-on practical
sessions; identify scientific goals and associated technical challenges for future time-resolved studies; and anticipate the expanded scope of time-resolved high-pressure research that could
be enabled by the proposed APS upgrade.
Contact: HPTRWorkshop2014@ hpcat.aps.anl.gov

A rOund

the

mINErAL PHySICS PLANNINg WOrkSHOP • OCTObEr 10-12 • hosted by

gSeCSArS, the purpose of the Chicago workshop was to identify the most important challenges and opportunities in the discipline, review the main science drivers, and formulate a strategic
roadmap for the next decade. Particular emphasis was placed on
the possible role emerging new technologies (e.g., experimental,
cyberinfrastructure, etc.) play in furthering understanding of planetary interiors and high-pressure phenomena. Similar to the two
previous long-range planning workshops, the goal of the Chicago
workshop was to produce a written “mineral Physics long range
vision report,” following the examples of the 2003 “bass report”
and 2009 “Williams report,” which will then be distributed
throughout the community and to the funding agencies.
Contact: dweidner@notes.cc.sunysb.edu, pdera@hawaii.edu

NUCLEAr rESONANT SCATTErrINg WOrkSHOP • NOvEmbEr 7-9 • this

workshop was organized as part of the COmPreS education,
Outreach and infrastructure development programs to promote
the application of the state-of-the-art nuclear resonant scattering
(nrS) techniques for characterizing the properties of materials
under the high P-t conditions of planetary interiors. two nrS
techniques, synchrotron mössbauer spectroscopy (SmS) and
nuclear resonant inelastic x-ray scattering (nriXS), were covered. Synchrotron mössbauer spectroscopy provides information
on magnetic properties and valence state in minerals containing
Fe and other resonant isotopes (Sn, eu, dy, and kr); nriXS gives
phonon density-of-state, and therefore information on vibration
and elastic properties. the workshop offered an introduction to
SmS and nriXS techniques and beamline instrumentation; introduced COnuSS, PhOeniX, and SciPhon for data evaluation;
provided hands-on training in the use of COnuSS, PhOeniX,
and SciPhon; addressed common issues that users confront; and
discussed recently added features to the new version of the software. Contact: wbi@aps.anl.gov

APS: C OnFerenCeS & W OrkShOPS

4TH DIFFrACTION LImITED STOrAgE rINg WOrkSHOP • NOvEmbEr 19-21
• Synchrotron facilities around the world are developing plans for

multi-bend achromat (mbA) storage rings that will push the performance of high-energy storage rings toward the diffraction limit
in the hard x-ray regime. the very low electron-beam emittances
made possible by these facilities will enable dramatic improvements in many areas of x-ray science, especially for experiments
that directly use x-ray coherence. this workshop addressed
both accelerator and beamline technical challenges associated
with the design, construction, commissioning, and operation of
fourth-generation storage rings enabled by mbA lattices.
Contact: dwilkin@aps.anl.gov

SCHOOL FOr SyNCHrOTrON CrySTALLOgrAPHy: INTrODUCTION AND EXPErImENTAL mETHODS • DECEmbEr 3-6 • On december 3-6, 2014,

ChemmatCArS hosted a three-day (including a 16-hour handon session) school for synchrotron crystallography. the school
was attended by 26 participants from 6 countries, among them
graduate students, postdocs, crystallographic staff, and faculty.
the program included a series of lectures given by eight
speakers who are leaders in the field of synchrotron-based
crystallography, as well as 16 hours of hands-on sessions
aimed at introducing the participants to synchrotron-based, single-crystal x-ray diffraction techniques. A primary goal of the
school was to give students and postdocs a realistic inside look
at synchrotron research early in their careers. the school was
sponsored by bruker and ChemmatCArS.
Contact: Charles.Campana@bruker-axs.com,
yschen@cars.uchicago.edu, mpink@indiana.edu
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D ATA
X- RAY AVAILABILITY

APS funding levels, fiscal years 2003-2014

AND

R ELIABILITY

In fiscal year 2014*, the APS x-ray source continued to function
as a highly reliable delivery system for synchrotron x-ray beams
for research. Several factors support the overall growth in both
the APS user community and the number of experiments carried
out by that community. But there is a direct correlation between
the number of x-ray hours available to users; the success of the
APS experiment program; and the physicists, engineers, and
technicians responsible for achieving and maintaining optimum
x-ray source performance. Below are definitions of important
measures for the delivery of x-ray beam to users (latest data
shown graphically).

Storage Ring Reliability: A measure of the mean time between
beam losses (faults), or MTBF, calculated by taking the delivered
beam and dividing by the total number of faults. The APS targets,
and routinely exceeds, 70 h MTBF. A fault is defined as complete
unavailability of beam either via beam loss or removal of shutter
permit not related to weather. A fault also occurs when beam has
decayed to the point where stability and orbit can no longer be
considered reliable. At the APS, this threshold is 50 mA.

APS staffing levels, fiscal years 2003-2014

APS storage ring reliability (MTBF), fiscal years 1999-2014

Number of APS publications, calendar years 1998-2013, as of 5.14

X-ray Availability: The number of hours that the beam is available
to the users divided by the number of hours of scheduled beam
delivery prior to the beginning of a run. The specific definition of
available beam is that the APS Main Control Room has granted
permission to the users to open their shutters, and there is more
than 50-mA stored beam in the storage ring.

APS x-ray availability, fiscal years 1999-2014

For lists of APS publications see http://www.aps.anl.gov/Science/Publications/

Deposits in Protein Data Bank from research at the APS,
calendar years 1998-2013 (as of 5.15)

* While the highlights in, and title of, this report cover calendar year 2014,
data on accelerator performance and user statistics are measured on the
basis of fiscal years.
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Number of experiments at the APS, fiscal years 1998-2014

APS users by experiment subject, fiscal year 2014

APS users by employer, fiscal year 2014

APS users by proprietary type, fiscal year 2014

Number of unique on-site & off-site APS users, fiscal years 1998-2013

APS users by user type, fiscal year 2014

APS users by employment level, fiscal year 2014

APS users by institutional geographic distribution, fiscal year 2014
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T YPICAL APS M ACHINE PARAMETERS
linac

Output energy

375 mev

Output beam charge

1–3 nC

maximum energy

normalized emittance
Frequency

modulator pulse rep rate

gun rep rate
(1–6 pulses, 33.3 ms apart every 0.5 s)
beam pulse length
bunch length

particlE accuMulator ring

10–20 mm-mrad
2.856 ghz
30 hz

2–12 hz
8–15 ns

1–10 ps FWhm

nominal energy

375 mev

Circumference

30.66 m

maximum energy
Cycle time

Fundamental radio frequency (rF1)

12th harmonic rF frequency (rF12)
rmS bunch length
(after compression)

injEctor synchrotron (BoostEr)

450 mev
500 ms

9.77 mhz

117.3 mhz
0.34 ns

nominal extraction energy

7.0 gev

Circumference

368.0 m

injection energy

lattice structure

ramping rep rate

natural emittance
radio frequency

storagE ring systEM

375 mev
10 FOdO cells/
quadrant

2 hz

69 nm-rad (actual)

92 nm-rad (nominal)
351.930 mhz

nominal energy

7.0 gev

number of sectors

40

Circumference

length available for insertion device

1104 m
5.0 m

nominal circulating current, multibunch

100 mA

rmS momentum spread

0.096%

natural emittance

effective emittance
vertical emittance
Coupling

revolution frequency
radio frequency

number of bunches

time between bunches
rmS bunch length

rmS bunch length of 16 mA in hybrid mode
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2.5 nm-rad
3.1 nm-rad

0.040 nm-rad
1.5%

271.554 khz

351.930 mhz
24 to 1296

153 to 2.8 ns

40 ps to 22 ps

50 ps

APS S OURCE PARAMETERS

undulator a (28 insErtion dEvicEs [ids])

Period: 3.30 cm
length: 2.1 m in sectors 16, 21, 23, 24, 34; 2.3 m in Sector 6;
2.4 m in others
minimum gap: 10.5 mm
bmax/kmax: 0.892 t/2.75 (effective; at minimum gap)
tuning range: 3.0–13.0 kev (1st harmonic)
3.0–45.0 kev (1st–5th harmonic)
On-axis brilliance at 7 kev (ph/s/mrad2/mm2/0.1%bw):
4.1 x 1019 (2.4 m), 4.0 x 1019 (2.3 m), 3.3 x 1019 (2.1 m)
Source size and divergence at 8 kev:
Sx: 276 µm
Sy: 11 µm
Sx': 12.7 µrad (2.4 m), 12.8 µrad (2.3 m), 12.9 µrad (2.1 m)
Sy': 6.7 µrad (2.4 m), 6.8 µrad (2.3 m), 7.1 µrad (2.1 m)

2.30-cM undulator (3 ids in sEctors 1, 11, 14)

Period: 2.30 cm
length: 2.4 m
minimum gap: 10.5 mm
bmax/kmax: 0.558 t/1.20 (effective; at minimum gap)
tuning range: 11.8–20.0 kev (1st harmonic)
11.8–70.0 kev (1st-5th harmonic, non-contiguous)
On-axis brilliance at 12 kev (ph/s/mrad2/mm2/0.1%bw): 6.9 x 1019
Source size and divergence at 12 kev:
Sx: 276 µm
Sy: 11 µm
Sx': 12.3 µrad Sy': 5.9 µrad

2.70-cM undulator (4 ids in sEctors 3, 12, 14)

Period: 2.70 cm
length: 2.1 m in Sector 12; 2.4 m in others
minimum gap: 10.5 mm
bmax/kmax: 0.698 t/1.76 (effective; at minimum gap)
tuning range: 6.7–16.0 kev (1st harmonic)
6.7–60.0 kev (1st-5th harmonic, non-contiguous)
On-axis brilliance at 8.5 kev (ph/s/mrad2/mm2/0.1%bw):
5.7 x 1019 (2.4 m), 4.7 x 1019 (2.1 m)
Source size and divergence at 8 kev:
Sx: 276 µm
Sy: 11 µm
Sx': 12.7 µrad (2.4 m), 12.9 µrad (2.1 m)
Sy': 6.7 µrad (2.4 m), 7.1 µrad (2.1 m)

3.00-cM undulator
(8 ids in sEctors 12, 13, 16, 21, 23, 30, 34)

Period: 3.00 cm
length: 2.1 m in sectors 12, 13, 16, 21, 23, 34; 2.4 m in Sector 30
minimum gap: 10.5 mm
bmax/kmax: 0.787 t/2.20 (effective; at minimum gap)
tuning range: 4.6–14.5 kev (1st harmonic)
4.6–50.0 kev (1st-5th harmonic)
On-axis brilliance at 8 kev (ph/s/mrad2/mm2/0.1%bw):
4.8 x 1019 (2.4 m), 3.9 x 1019 (2.1 m)
Source size and divergence at 8 kev:
Sx: 276 µm
Sy: 11 µm
Sx': 12.7 µrad (2.4 m), 12.9 µrad (2.1 m)
Sy': 6.7 µrad (2.4 m), 7.1 µrad (2.1 m)
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3.50-cM sMco undulator (sEctor 4)

Period: 3.50 cm
length: 2.4 m
minimum gap: 9.75 mm
bmax/kmax: 0.918 t/3.00 (effective; at minimum gap)
tuning range: 2.4–12.5 kev (1st harmonic)
2.4–42.0 kev (1st-5th harmonic)
On-axis brilliance at 7 kev (ph/s/mrad2/mm2/0.1%bw): 3.7 x 1019
Source size and divergence at 8 kev:
Sx: 276 µm
Sy: 11 µm
Sx': 12.7 µrad Sy': 6.7 µrad

3.60-cM undulator (sEctor 13)

Period: 3.60 cm
length: 2.1 m
minimum gap: 11.0 mm
bmax/kmax: 0.936 t/3.15 (effective; at minimum gap)
tuning range: 2.2–11.8 kev (1st harmonic)
2.2–40.0 kev (1st-5th harmonic)
On-axis brilliance at 6.5 kev (ph/s/mrad2/mm2/0.1%bw): 2.8 x 1019
Source size and divergence at 8 kev:
Sx: 276 µm
Sy: 11 µm
Sx': 12.9 µrad Sy': 7.1 µrad

5.50-cM undulator (sEctor 2)

Period: 5.50 cm
length: 2.4 m
minimum gap: 14.0 mm
bmax/kmax: 0.965 t/4.96 (effective; at minimum gap)
tuning range: 0.64–7.0 kev (1st harmonic)
0.64–25.0 kev (1st-5th harmonic)
On-axis brilliance at 4 kev (ph/s/mrad2/mm2/0.1%bw): 1.7 x 1019
Source size and divergence at 4 kev:
Sx: 276 µm
Sy: 11 µm
Sx': 13.9 µrad Sy': 8.8 µrad

iEX 12.5-cM quasi-pEriodic polarizing undulator
(sEctor 29)
Period: 12.5 cm
length: 4.8 m
Circular polarization mode:
max. currents: horizontal coils 34.4 A, vertical coils 20.7 A
kmax: 2.73 (effective; at max. currents)
bmax: 0.27 t (peak; at max. currents)
tuning range: 0.44–3.5 kev (1st harmonic)
On-axis brilliance at 1.8 kev (ph/s/mrad2/mm2/0.1%bw): 1.4 x 1019
Linear horizontal polarization mode:
max. current: vertical coils 47.6 A
kmax: 5.39 (effective; at max. current
bmax: 0.54 t (peak; at max. current)
tuning range: 0.24–3.5 kev (1st harmonic)
0.24–11.0 kev (1st–5th harmonic)
On-axis brilliance at 2.1 kev (ph/s/mrad2/mm2/0.1%bw): 1.1 x 1019
Linear vertical polarization mode:
max. current: horizontal coils 50.3 A
kmax: 3.86 (effective; at max. current)
bmax: 0.37 t (peak; at max. current)
tuning range: 0.44–3.5 kev (1st harmonic)
0.44–11.0 kev (1st–5th harmonic)
On-axis brilliance at 2.1 kev (ph/s/mrad2/mm2/0.1%bw): 1.1 x 1019
Fast polarization switching not required
Source size and divergence at 2 kev:
Sx: 276 µm
Sy: 13 µm
Sx': 13.9 µrad Sy': 8.8 µrad
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12.8-cM circularly polarizing undulator
(sEctor 4)

Period: 12.8 cm
length: 2.1 m
Circular polarization mode:
max. currents: horizontal coils 1.34 kA, vertical coils 0.40 kA
kmax: 2.85 (effective; at max. currents)
bmax: 0.30 t (peak; at max. currents)
tuning range: 0.4–3.0 kev (1st harmonic)
On-axis brilliance at 1.8 kev (ph/s/mrad2/mm2/0.1%bw): 3.1 x 1018
Linear horizontal polarization mode:
max. current: vertical coils 0.40 kA
kmax: 2.85 (effective; at max. current)
bmax: 0.30 t (peak; at max. current)
tuning range: 0.72–3.0 kev (1st harmonic)
0.72–10.0 kev (1st–5th harmonic)
On-axis brilliance at 2.1 kev (ph/s/mrad2/mm2/0.1%bw): 2.3 x 1018
Linear vertical polarization mode:
max. current: horizontal coils 1.60 kA
kmax: 3.23 (effective; at max. current)
bmax: 0.34 t (peak; at max. current)
tuning range: 0.58–3.0 kev (1st harmonic)
0.58–10.0 kev (1st–5th harmonic)
On-axis brilliance at 2.1 kev (ph/s/mrad2/mm2/0.1%bw): 2.3 x 1018
Switching frequency (limited by storage ring operation): 0–0.5 hz
Switching rise time: 50 ms
Source size and divergence at 2 kev:
Sx: 276 µm
Sy: 12 µm
Sx': 16.7 µrad Sy': 12.7 µrad

scu0 supErconducting undulator (sEctor 6)

Period: 1.60 cm
length: 0.34 m
gap: 9.5 mm (fixed)
max. current: 650 A
bmax/kmax: 0.774 t/1.15 (effective; at maximum current)
tuning range: 17.5–26 kev (1st harmonic)
17.5–100.0 kev (1st-5th harmonic, non-contiguous)
On-axis brilliance at 87.5 kev (ph/s/mrad2/mm2/0.1%bw): 5.3 x 1017
Source size and divergence at 87.5 kev:
Sx: 276 µm
Sy: 11 µm
Sx': 12.3 µrad Sy': 5.8 µrad

aps BEnding MagnEt

Critical energy: 19.51 kev
energy range: 1–100 kev
On-axis brilliance at 16 kev (ph/s/mrad2/mm2/0.1%bw): 5.4 x 1015
On-axis angular flux density at 16 kev (ph/s/mrad2/0.1%bw): 9.6 x 1013
horizontal angular flux density at 6 kev (ph/s/mradh/0.1%bw): 1.6 x 1013
Source size and divergence at the critical energy:
Sx: 92 µm
Sy: 31 µm
Sx': 6 µrad
Sy': 47 µrad
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