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1. Present operations & scientific activities

APS Upgrade & Future Outlook of Sector 3

Unique combination of spectroscopy, scattering and 
diffraction: High pressure, 4-4000 K, in-situ ruby 
laser, membrane DAC:  
DREAM station for Geophysicists & Geochemists

HERIX-3: 6 m arm, 4 analyzer, 2.2 meV resolution 
One of the five (5) working spectrometers in the 
world:
Physics, chemistry, biology, geology, mat.sci



1. Present operations & scientific activities @ Sector 3-ID

There are (3) distinct but integrated scientific operational modes: 

i) Nuclear resonant COHERENT FORWARD Scattering: NFS or SMS 
ii) Nuclear resonant INELASTIC X-RAY Scattering: NRIXS or NRVS 
iii) Momentum-resolved INELASTIC X-Ray Scattering: HERIX-3 

 

0 25 50 75 100 125 150
Energy (meV)

0

200

400

600

800

1000

0 0.1 0.2 0.3 0.4 0.5
0

25

50

75

100

125

En
er

gy
 (m

eV
)

(ξξξ)

Nuclear Forward Scattering NR inelastic x-ray scattering Momentum-resolved IXS 

diamond



sure range, whereas a correction factor is needed to account for
the higher pressure (density) effect on the VP at a given tempera-
ture (25–28) (Fig. 2). We found that an empirical power-law func-
tion can be used to satisfactorily describe our VP − ρ data of hcp-
Fe (26–28):

VP ¼ CðMÞðρþ aðTÞÞλ; [1]

where CðMÞ is an atomic mass constant at a given temperature, λ
is a correction factor for the nonlinear behavior of the VP − ρ
relationship (see SI Methods) (26–28), and aðTÞ is a temperature-
dependent correction factor that is given to account for the
high-temperature effect on the VP at higher densities. Assuming
a linear VP − ρ relationship [by removing aðTÞ and λ in the
equation], on the other hand, would result in an overestimation
of the VP by 1.4% at our maximum experimental density of
11.141 %0.008ð Þ g∕cm3 (approximately 105 GPa using the equa-
tion of state parameters given in refs. 29 and 30) (Fig. 2). Com-
parison of our hcp-Fe and Fe-Si alloy results with previous studies
on Fe at high pressures showed that hcp-Fe0.85Si0.15 systemati-
cally exhibits much higher VP and much lower ρ than hcp-Fe
(10, 31–34) (Fig. 2). The overall alloying effects of Si in Fe have
resulted in reduced density and increased velocity at high pres-
sures. Systematic VP − ρ comparisons between hcp-Fe0.85Si0.15
and hcp-Fe clearly show that the addition of Si mainly contributes
to the density reduction in the VP − ρ relation of hcp-Fe at high
pressures, as the VP − ρ line of hcp-Fe0.85Si0.15 matches well with
that of hcp-Fe with a density decrease of approximately 1 g∕cm3

(Fig. 2). This density reduction behavior has been reported to
occur in the body-centered cubic (bcc) Fe-Si alloy at ambient con-
ditions (35). The finding on the solid-solution alloying effect on
the VP − ρ profile permits one to extrapolate and to interpolate
experimental data to higher pressures with more confidence.

Sound Velocities of Fe Alloys. In the past few decades, various tech-
niques, including synchrotron XRD (29, 30), NRIXS (11, 22, 36,
37), HERIX (10, 31–33, 38, 39), and impulsive stimulated light
scattering (ISLS) (40), combined with DACs, have been applied
to measure the VP of Fe-light element alloys at high pressures
(Fig. 3A). Although large systematic uncertainties exist in com-
parison to each dataset (10, 11, 22, 23, 41–43), the VP data
of hcp-Fe generally seem to follow an empirical linear VP − ρ
relation, so-called Birch’s law, for the first-order approximation

without considering potential high-temperature anharmonic and
higher pressure effects (10, 11) (Fig. 3A). Without higher P-T
data, extrapolation and interpolation of the linear relationships
in Fe alloys have been extensively used to estimate the amount
and identity of light elements in the core. Nevertheless, high tem-
peratures are reported to result in reduced sound velocities of
hcp-Fe and Fe3C in high P-T NRIXS measurements (22, 44)
and in theoretical calculations (4). However, NRIXS is relatively
sensitive to the shear-wave velocity, VS, and much less sensitive

Fig. 2. VP − ρ of hcp-Fe and hcp-Fe0.85Si0.15 at high pressures and tempera-
tures. (A) hcp-Fe. Dashed lines: linear fitting at 300 K; solid lines: the power-
law fitting. (B) hcp-Fe (solid circles) and hcp-Fe0.85Si0.15 (open circles). Insert
figure: deviations of the power-law fit (black circles) and the linear fit (red
circles) from the experimental VP of hcp-Fe (Fig. 2A) or hcp-Fe0.85Si0.15(Fig. 2B)
at high pressures and 300 K. Error bars for VP in the order of 1% or less are
smaller than the circles and are not shown (see Table S1 for details).
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Fig. 1. Representative inelastic X-ray scattering
spectra of hcp-Fe and hcp-Fe0.85Si0.15. (A) hcp-Fe at
105 GPa [corresponding to ρ ¼ 11.141 %0.008ð Þ g∕
cm3] at 300 K. (B) hcp-Fe at 67 GPa [corresponding
to ρ ¼ 10.304 %0.004ð Þ g∕cm3] and 700 K. (C) hcp-
Fe0.85Si0.15 at 82 GPa [corresponding to ρ ¼ 9.845
ð%0.005Þ g∕cm3] and 300 K. Pressures were calcu-
lated using the equation of state of hcp-Fe (29, 30)
and hcp-Fe0.85Si0.15 (35). Experimental data in open
circles with error bars were fitted with a Lorentzian
function (solid lines) for the longitudinal acoustic
phonon peak (LA). Transverse acoustic phonon peaks
(TA) from diamond anvils were observed when the
momentum transfer (Q) was lower than approxi-
mately 8 nm−1.
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Nuclear Forward Scattering
(Synchrotron Mössbauer Spectroscopy)

Nuclear Resonant Inelastic Scattering
(NRIXS or NRVS)

Momentum-resolved 
Inelastic X-ray Scattering (HERIX-3)

• Akin to Mössbauer Spectroscopy 
performed in the time domain 

• valence state 
• spin state 
• magnetic ordering 
• local atomic environment 
• under extreme pressure and 

temperature 
• crystalline, amorphous, mono- 

layers, dilute systems 
• physics-chemistry-geology-

materials science..

• Akin to Raman spectroscopy and 
FTIR 

• Vibrational density of states 
• Force constant and kinetic energy 
• sound velocity, shear and 

compression moduli 
• vibrational entropy 
• mode Gruneisen constant 
• buried monolayers, high-low P/T 
• physics-chemistry-geology-

materials science..

• Akin to Brillouin scattering or 
ultrasound 

• phonon dispersion relations 
• shear and compressional sound 

velocity 
• Young and shear moduli 
• mode softening during phase 

transitions 
• role of magnetism 
• applicable to nanogram 

samples, high pressure, low 
temperature, liquids, glasses 

• physics-chemistry-geology-
biology-materials science..
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Nuclear Forward Scattering
(Synchrotron Mössbauer Spectroscopy)

Nuclear Resonant Inelastic Scattering
(NRIXS or NRVS)

Momentum-resolved 
Inelastic X-ray Scattering (HERIX-3)

Example1:	 Pressure	 induced	 valence	 change	 in	 EuO
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Example2:	 Pressure	 induced	 bcc-hcp	 change	 in	 iron

Example1:	 Protonation	 of	 myoglobin

Example2:	 Pressure	 dependence	 of	 phonon	 dos
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Time structure determines the scientific use

Nuclear Forward Scattering
(Synchrotron Mössbauer Spectroscopy)

Nuclear Resonant Inelastic Scattering
(NRIXS or NRVS)

Momentum-resolved 
Inelastic X-ray Scattering (HERIX-3)
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sure range, whereas a correction factor is needed to account for
the higher pressure (density) effect on the VP at a given tempera-
ture (25–28) (Fig. 2). We found that an empirical power-law func-
tion can be used to satisfactorily describe our VP − ρ data of hcp-
Fe (26–28):

VP ¼ CðMÞðρþ aðTÞÞλ; [1]

where CðMÞ is an atomic mass constant at a given temperature, λ
is a correction factor for the nonlinear behavior of the VP − ρ
relationship (see SI Methods) (26–28), and aðTÞ is a temperature-
dependent correction factor that is given to account for the
high-temperature effect on the VP at higher densities. Assuming
a linear VP − ρ relationship [by removing aðTÞ and λ in the
equation], on the other hand, would result in an overestimation
of the VP by 1.4% at our maximum experimental density of
11.141 %0.008ð Þ g∕cm3 (approximately 105 GPa using the equa-
tion of state parameters given in refs. 29 and 30) (Fig. 2). Com-
parison of our hcp-Fe and Fe-Si alloy results with previous studies
on Fe at high pressures showed that hcp-Fe0.85Si0.15 systemati-
cally exhibits much higher VP and much lower ρ than hcp-Fe
(10, 31–34) (Fig. 2). The overall alloying effects of Si in Fe have
resulted in reduced density and increased velocity at high pres-
sures. Systematic VP − ρ comparisons between hcp-Fe0.85Si0.15
and hcp-Fe clearly show that the addition of Si mainly contributes
to the density reduction in the VP − ρ relation of hcp-Fe at high
pressures, as the VP − ρ line of hcp-Fe0.85Si0.15 matches well with
that of hcp-Fe with a density decrease of approximately 1 g∕cm3

(Fig. 2). This density reduction behavior has been reported to
occur in the body-centered cubic (bcc) Fe-Si alloy at ambient con-
ditions (35). The finding on the solid-solution alloying effect on
the VP − ρ profile permits one to extrapolate and to interpolate
experimental data to higher pressures with more confidence.

Sound Velocities of Fe Alloys. In the past few decades, various tech-
niques, including synchrotron XRD (29, 30), NRIXS (11, 22, 36,
37), HERIX (10, 31–33, 38, 39), and impulsive stimulated light
scattering (ISLS) (40), combined with DACs, have been applied
to measure the VP of Fe-light element alloys at high pressures
(Fig. 3A). Although large systematic uncertainties exist in com-
parison to each dataset (10, 11, 22, 23, 41–43), the VP data
of hcp-Fe generally seem to follow an empirical linear VP − ρ
relation, so-called Birch’s law, for the first-order approximation

without considering potential high-temperature anharmonic and
higher pressure effects (10, 11) (Fig. 3A). Without higher P-T
data, extrapolation and interpolation of the linear relationships
in Fe alloys have been extensively used to estimate the amount
and identity of light elements in the core. Nevertheless, high tem-
peratures are reported to result in reduced sound velocities of
hcp-Fe and Fe3C in high P-T NRIXS measurements (22, 44)
and in theoretical calculations (4). However, NRIXS is relatively
sensitive to the shear-wave velocity, VS, and much less sensitive

Fig. 2. VP − ρ of hcp-Fe and hcp-Fe0.85Si0.15 at high pressures and tempera-
tures. (A) hcp-Fe. Dashed lines: linear fitting at 300 K; solid lines: the power-
law fitting. (B) hcp-Fe (solid circles) and hcp-Fe0.85Si0.15 (open circles). Insert
figure: deviations of the power-law fit (black circles) and the linear fit (red
circles) from the experimental VP of hcp-Fe (Fig. 2A) or hcp-Fe0.85Si0.15(Fig. 2B)
at high pressures and 300 K. Error bars for VP in the order of 1% or less are
smaller than the circles and are not shown (see Table S1 for details).
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Fig. 1. Representative inelastic X-ray scattering
spectra of hcp-Fe and hcp-Fe0.85Si0.15. (A) hcp-Fe at
105 GPa [corresponding to ρ ¼ 11.141 %0.008ð Þ g∕
cm3] at 300 K. (B) hcp-Fe at 67 GPa [corresponding
to ρ ¼ 10.304 %0.004ð Þ g∕cm3] and 700 K. (C) hcp-
Fe0.85Si0.15 at 82 GPa [corresponding to ρ ¼ 9.845
ð%0.005Þ g∕cm3] and 300 K. Pressures were calcu-
lated using the equation of state of hcp-Fe (29, 30)
and hcp-Fe0.85Si0.15 (35). Experimental data in open
circles with error bars were fitted with a Lorentzian
function (solid lines) for the longitudinal acoustic
phonon peak (LA). Transverse acoustic phonon peaks
(TA) from diamond anvils were observed when the
momentum transfer (Q) was lower than approxi-
mately 8 nm−1.
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Sector 3 Proposal Distribution

Physics and Materials (46 %)
Chemistry and Biochemistry (24 %)
Geophysics and geochemistry (24 %)
Methodology (3 %)
NX School and Others (3 %)

B

Sector 3 Proposals 
(547 between 2003-2015)

Nuclear Resonance (66 %)
HERIX (34 %)



Near Future (2016-2021) for Sector 3
Revolving Undulator :  
factor of 2 flux gain @ 14 keV

LN2-cooled Si HHLM: Fast Shutter: time manipulation 

Polarizer / Analyzer opticsΔE ~ 0.2 meV,  
all-vacuum, non-dispersive 

high resolution monochromators

Pixellated CdTe detector for  
HERIX-3 (and HERIX-30)
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!0 = 4.67 neV is the width of the nuclear excited state. A time
spectrum of the nuclear resonant emission in the forward
direction for the !-Fe foil is shown in Fig. 2. Hyperfine fields
at the nucleus produce nuclear level splittings that result in
different resonant transition energies interfering and produ-
cing temporal beating that dominates the time spectrum. At
our placement of the transmission window the shutter
suppressed the excitation pulse by approximately 2 ! 10"9

resulting in a counting rate of non-resonant scattering (at zero
time) of 8.5 counts s"1. A very similar measurement of the
stainless steel foil produced a time spectrum that is also shown
in Fig. 2. The time spectrum also shows temporal beating, but
this is due to multiple scattering that occurs in thick materials.
We detected 11.5 counts s"1 in a time window of 60–330 ns
after the excitation pulse, while the counting rate at zero time
was 3 counts s"1. The expected energy-integrated transmission
for this stainless steel foil is 1.7!0.

During initial testing we obtained a time spectrum without
any nuclear resonant material to measure the background
owing to spurious X-ray pulses. This was with a slightly larger
slit opening (30 mm). This is shown in Fig. 3 and produced
an integrated counting rate of 0.8 counts s"1 within a time
window that starts 20 ns after the excitation pulse. These
spurious pulses arrive at integer multiples of the storage ring’s
RF period (2.8 ns) after the main X-ray pulse, and are due to

electrons in the storage ring that occupy stable orbital posi-
tions other than those of the main electron bunches. This
measurement of the spurious pulses cannot substitute for a
proper measurement of the background but is representative
of the nature and magnitude of the background lying within
the transmission window. The actual background to the time
spectra of Fig. 2 would be somewhat less owing to smaller slits
and absorption in the foil; we estimate it to be approximately
0.2 counts s"1 in a time window of 60–330 ns after the exci-
tation pulse.

For SMS measurements the shutter’s performance depends
critically on its attenuation, overall transition time and full-
open duration. The nuclear resonant measurements demon-
strate excellent attenuation (10"9) of the electronic scattering
owing to the excitation pulse, and a full-open duration of
approximately 270 ns. The overall transition time can be
estimated from the time spectra as that time after the excita-
tion pulse when the nuclear resonant signal is no longer
suppressed by the shutter. The overall transition time is
approximately 60 ns and has two principal contributions:
phase instability of the transmission window and the time for
the shutter’s edge to traverse the microfocused beam. We
measured the phase instability of the shutter’s transmission
window using the 493 ns-long segmented pulse-train. We
reduced the beam size to approximately 1 mm and collected
time spectra of the pulse-train. By this we effectively made the
one-shot transition time small (<1 ns) and were able to assess
the long-term (20 min) phase instability from the closed-to-
open time duration reflected in those time spectra. From this
procedure we estimated the phase instability as reflected in
the movement of the transmission window to be approxi-
mately #20 ns. The measured phase instability has a fast
component (jitter) that is reportedly 2 ns r.m.s. (Lindenau et
al., 2004) and a slow component that clearly dominates. In
addition to the phase instability, the time to traverse a
microfocused beam contributes to the overall transition time
and is estimated to be approximately 20 ns for a 20 mm beam
size.

research papers
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Figure 3
Measurement of contamination within the transmission window owing to
spurious X-ray pulses from the storage ring. Intensities are relative to the
X-ray excitation pulse. Spurious pulses are suppressed during the
transition time (0–60 ns) of the shutter. The inset shows a magnified
region of raw data in counts and clearly displays the 2.8 ns period of the
storage ring’s RF. Data collection time was 15 h.

Figure 2
SMS measurements in the time domain using a fast shutter. The top panel
shows the approximate transmission window of the shutter on a time
scale; zero time corresponds to the X-ray excitation pulse. The middle
panel shows the time spectrum of nuclear resonant decay in the forward
direction of a 3 mm-thick !-Fe foil enriched with 95% 57Fe. The bottom
panel shows the same for a 12 mm-thick stainless steel foil enriched with
95% 57Fe. Solid lines are simulations assuming the shutter opens
immediately and help to demonstrate that the transmission window is
fully open 60–330 ns after nuclear excitation. Insets are magnified regions
that show contamination from spurious X-ray pulses.

3. Discussion

The measurements demonstrate the clear potential of using
a fast shutter to perform SMS. There are two losses in the
current set-up that could be removed in a future imple-
mentation: low duty cycle of the shutter and large focal spot.
Operating at a higher duty cycle with an alternate shutter
design would give a signal rate increase of as much as 275.
This could be achieved by using a multi-slotted disc with its
rotation axis parallel to the X-ray beam as shown in Fig. 4.
Operating with a smaller focal spot would contribute by
eliminating the loss at the slit (a factor of 1.5) and allow access
to earlier time after the excitation pulse where more of the
signal resides (a factor of 2). These factors alone would
increase the measured signal rates for our two test materials
by 825, which would lead to signal rates that are much higher
than has ever been demonstrated for comparable resonant
foils. This still assumes that one uses only 16 mA of the
100 mA of electron current in the storage ring. Further gains
would be possible by using other storage-ring fill patterns and
by improving high-speed shutter technology to achieve shorter
transition times by reducing both phase instability and shutter
traversal-time.

As shown in the insets of Fig. 2, spurious X-ray pulses
contaminate the measurement and limit the usefulness of the
technique for low-signal-rate applications. From the observed
counting rates we estimate that the electron bunches respon-
sible for the spurious X-ray pulses contain an average of
approximately ten electrons. This translates to a bunch purity
of 10!11 for the individual spurious pulses relative to the
16 mA excitation pulse. As this is already very good, it is
unlikely that one will be able to suppress the background
adequately for low-signal applications by improving the bunch
purity within the storage ring.

This gives considerable impetus for employing a second
shutter upstream (but still near a focal spot) of any nuclear
resonant medium to suppress spurious X-ray pulses by being
closed when the downstream shutter is open: an anti-shutter.
Such an anti-shutter could also serve to alter the time period
between excitation pulses and thus allow measurements to be
performed using different timing modes that are implemented
at various synchrotrons. The attenuation required for
suppression of spurious pulses is quite moderate (15
attenuation lengths), while that for altering the excitation
period would be substantially more (35 attenuation lengths).
Note that a rotating shutter with greater attenuation will be
more massive (thicker) and thus necessitate slower shutter
speeds so as not to exceed maximum allowed tensile stresses.

Substantial suppression of both excitation and spurious
pulses would allow one to produce a new source for Möss-
bauer studies. By removing the prompt electronic scattering
from a thin nuclear resonant absorber one can produce a
polarized X-ray beam with a Lorentzian spectral profile that
approaches that of the nuclear level. In the case of 57Fe, a near-
single-line resonant absorber, such as potassium ferrocyanide
[K4

57Fe(CN)6], placed on a velocity transducer between a
shutter–anti-shutter pair would result in a new Mössbauer

source that could be used to perform SMS in the energy
domain. The velocity transducer would allow scanning the
incident beam in energy through Doppler shifting in the same
manner as in traditional Mössbauer spectroscopy.

The shutter will truncate the time response of the nuclear
resonant emission, and this will modify the spectral composi-
tion of the X-ray beam after the shutter. This must be
considered in order to produce a useful Mössbauer source.
Assuming the shutter suppresses the electronic charge scat-
tering completely, the spectral distribution I(!) of the X-ray
beam after the shutter owing to the transmission window
(assuming a single Lorentzian-shaped resonance of width ! in
the thin resonant absorber limit) is given by

Ið!Þ ’ exp !t1=!ð Þ expð!"=2!Þ
ð1=2!Þ2 þ ð!o ! !Þ

2

% coshð"=2!Þ ! cosð!o ! !Þ"
! "

;

where t1 and " are the beginning and duration of the time
window, respectively, while !, !o and ! = h- =! are the spectral
frequency, resonant frequency and mean lifetime, respectively.
In the limit of a thin resonant absorber, the spectral shape is
affected by the width of the time window, but not the starting
time. The starting time of the transmission window only affects
the intensity. This would not be true for a thick resonant
absorber owing to multiple scattering. Therefore, in order to
produce a source with an acceptable spectral profile, it is
important that both a thin resonant absorber be used and a
time window of three to six mean lifetimes be available to
avoid excessive spectral sidebands owing to an artificially
truncated time response.

Fig. 4 shows a two-shutter set-up suitable for SMS
measurements in either the time domain or energy domain.

research papers
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Figure 4
Proposed set-up for performing SMS using high-speed shutters. Axes of
shutters are parallel to the X-ray beam. Focusing system (A), anti-shutter
(B), sample or near-single-line resonant absorber (C), shutter (D), slits
(E), sample or near-single-line resonant absorber (F), detector (G). For
time-domain measurements a nuclear resonant sample is placed at
position C, while nothing is placed at position F, and the detector needs a
nanosecond time-resolution. For energy-domain measurements a near-
single-line resonant material is mounted on a velocity transducer at
position C (F), while the sample is placed at F (C), with the detector not
requiring time resolution.

Fast Shutter:  
A way to manipulate the bunch structure in the future MBA lattice

Currently under construction at Jülich. We expect delivery in 2016.  
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Figure 3. Angle–energy–reflectivity relationship for Si (8 4 0) channel-cut crystals for the (a) symmetric,
(b) α = −43◦ asymmetric case for pσ polarization, and (c) symmetric, and (d) α = −43◦ asymmetric
case for pπ polarization. Notice the peak reflectivities of pσ and pπ are six to eight orders of magnitude

different, depending on asymmetry.

Figure 4. (a) The geometrical arrangement of polarizer–analyzer optics in forward scattering geometry.
(b) The analyzer can be placed on a diffractometer arm and can be used after reflection from thin films,

or diffraction from single crystals.
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Table 3
Source and undulator characteristics at 3-ID beamline of the Advanced Photon Source.

Property Unit Value

Electron energy GeV 7.0
Horizontal emittance (1σ) nm · rad 6.5
Vertical emittance (1σ) nm · rad 0.06
Horizontal source size (1σ) µm 300
Vertical source size (1σ) µm 30
Horizontal beta-function βx m 15.5 ± 3
Vertical beta-function βy m 6.3± 0.6

Measured horizontal divergence µrad (FWHM)∗ 42
Measured vertical divergence µrad (FWHM) 16.9
Calculated horizontal divergence µrad (FWHM) 50
Calculated vertical divergence µrad (FWHM) 12.7

Undulator period λu cm 2.7
Length L m 2.5
Number of magnetic periods N 90
Harmonic number n 1
Deflection parameter K at 14.4 keV 0.6
Relative energy γ = E (GeV)/mc2 13680
∗ FWHM for normal distribution corresponds to 1.66σ.

Figure 6. The measured vertical and horizontal beam divergence at the beamline 3-ID at the APS. The
dashed line is the angular spread of the incident beam without the collimating mirror, and the solid line
is beam divergence after the mirror. These measurements require an angular aperture of about 1 µrad
and energy bandpass of about 10 meV, which can be provided by placing two high order reflection

Si monochromators in an energy dispersive setting.

VII-1 E.E. Alp et al. / Polarizer–analyzer optics 59

Figure 7. Magnetic nuclear level splitting for the 14.413 keV transition of 57Fe. This situation presents
a special case of unidirectional symmetry.

where ρ is the area density of resonant nuclei in the direction of s, σN is the nuclear
resonant cross section, and F is the Lamb–Mössbauer factor. The sum is over all
sublevels of nuclear ground and excited states. The function zmm′ = 2!(ωmm′ −ω)/Γ
depends on the energy difference between excited and ground states !ωmm′ and the
nuclear level width Γ. The weight of each resonance at !ωmm′ is given by the second-
rank tensor Wmm′ . The weights are normalized by

∑
mm′ Wmm′ = 1. We now focus

on the study of the 14.413 keV transition of 57Fe. In figure 7, a schematic of the nuclear
ground and excited states is shown for a case of unidirectional symmetry induced by a
magnetic field. For this case of pure magnetic hyperfine interactions, the weights take
the simple form

Wm,m+M (s) =
8π
3
C2(II ′1;mm + M

)
Y(0)1M (s)⊗ Y

(0)∗
1M (s), (4.14)

where I , I ′ are spin quantum numbers of nuclear ground and excited states, Y(0)1M gives
the vector spherical harmonic representing the M1 multipole transition of 57Fe, and
C(. . .) are Clebsch–Gordan coefficients in the notation of Rose [21]. The representation
of the weight tensors in the previously chosen basis {pσ,pπ, s} is now easily calculated
from the vector spherical harmonics:

Y(0)11 (s)=
√

3
16π

{
pσ(− cosϕ + i sinϕ cos θ)− pπ(sinϕ + i cosϕ cos θ)

}
,

Y(0)10 (s)= i
√
3
8π
sin θ{pσ sinϕ− pπ cosϕ}, (4.15)

Y(0)1,−1(s)=
√

3
16π

{
pσ(− cosϕ cos θ + i sinϕ)− pπ(sinϕ cos θ + i cosϕ)

}
,
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Figure 3. Angle–energy–reflectivity relationship for Si (8 4 0) channel-cut crystals for the (a) symmetric,
(b) α = −43◦ asymmetric case for pσ polarization, and (c) symmetric, and (d) α = −43◦ asymmetric
case for pπ polarization. Notice the peak reflectivities of pσ and pπ are six to eight orders of magnitude

different, depending on asymmetry.

Figure 4. (a) The geometrical arrangement of polarizer–analyzer optics in forward scattering geometry.
(b) The analyzer can be placed on a diffractometer arm and can be used after reflection from thin films,

or diffraction from single crystals.
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Figure 8. The time spectra of (a) α-Fe, and (b) Fe3Al, obtained using polarizer/analyzer optics described
in figure 4. The solid lines are fits obtained by including the proper polarization geometry using the
CONUSS program, as described in [20]. This allows one to extract the internal hyperfine field strengths

and field distributions, as shown in the right-hand figure.

first application in nuclear resonant scattering was carried out at an undulator source [5]
on a storage ring that was not optimized for low emittance. The primary purpose of
the early measurements was to evaluate the efficiency of the polarization filtering,
determine the prompt/delayed ratio, and see how close to the origin of excitation the
nuclear resonant signal can be observed.

The experiments conducted at the NE3 beamline of the KEK-Accumulator ring
in 1994 are shown in figure 8. In these measurements the sample was placed at 90◦
to the photon propagation direction, and the external magnetic field was oriented to
be 45◦ to the σ and π directions [5]. The thickness of the Fe foil (95% 57Fe) was
10.6 µm, yielding an effective bandpass of 36Γ◦. The ratio of nonresonant, prompt, to
resonant, delayed photons was 0.62. The Fe3Al foil was 10 µm, and it was similarly
enriched. The avalanche photodiode detector used in these measurements had a time
resolution of 0.7 ns. The total count rate was 18 Hz in a time window of 2–500 ns.
Similar measurements were also carried out at ESRF by Siddons et al. [6], where they
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Figure 7. Magnetic nuclear level splitting for the 14.413 keV transition of 57Fe. This situation presents
a special case of unidirectional symmetry.

where ρ is the area density of resonant nuclei in the direction of s, σN is the nuclear
resonant cross section, and F is the Lamb–Mössbauer factor. The sum is over all
sublevels of nuclear ground and excited states. The function zmm′ = 2!(ωmm′ −ω)/Γ
depends on the energy difference between excited and ground states !ωmm′ and the
nuclear level width Γ. The weight of each resonance at !ωmm′ is given by the second-
rank tensor Wmm′ . The weights are normalized by

∑
mm′ Wmm′ = 1. We now focus

on the study of the 14.413 keV transition of 57Fe. In figure 7, a schematic of the nuclear
ground and excited states is shown for a case of unidirectional symmetry induced by a
magnetic field. For this case of pure magnetic hyperfine interactions, the weights take
the simple form

Wm,m+M (s) =
8π
3
C2(II ′1;mm + M

)
Y(0)1M (s)⊗ Y

(0)∗
1M (s), (4.14)

where I , I ′ are spin quantum numbers of nuclear ground and excited states, Y(0)1M gives
the vector spherical harmonic representing the M1 multipole transition of 57Fe, and
C(. . .) are Clebsch–Gordan coefficients in the notation of Rose [21]. The representation
of the weight tensors in the previously chosen basis {pσ,pπ, s} is now easily calculated
from the vector spherical harmonics:

Y(0)11 (s)=
√

3
16π

{
pσ(− cosϕ + i sinϕ cos θ)− pπ(sinϕ + i cosϕ cos θ)

}
,

Y(0)10 (s)= i
√
3
8π
sin θ{pσ sinϕ− pπ cosϕ}, (4.15)

Y(0)1,−1(s)=
√

3
16π

{
pσ(− cosϕ cos θ + i sinϕ)− pπ(sinϕ cos θ + i cosϕ)

}
,
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Figure 3. Angle–energy–reflectivity relationship for Si (8 4 0) channel-cut crystals for the (a) symmetric,
(b) α = −43◦ asymmetric case for pσ polarization, and (c) symmetric, and (d) α = −43◦ asymmetric
case for pπ polarization. Notice the peak reflectivities of pσ and pπ are six to eight orders of magnitude

different, depending on asymmetry.

Figure 4. (a) The geometrical arrangement of polarizer–analyzer optics in forward scattering geometry.
(b) The analyzer can be placed on a diffractometer arm and can be used after reflection from thin films,

or diffraction from single crystals.
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Table 2
Performance characteristics of channel-cut polarizers using ΘB ≈ 45◦ Bragg reflections in

silicon/germanium at selected Mössbauer transition energies.

Isotope Energy τ1/2 Crystal ΘB ∆θa
∫
R2

σ dθ δo
(keV) (ns) reflection (deg.) (µrad) (µrad)

181Ta 6.215 6800 Si(4 0 0) 47.28 142.0 59.8 5.5× 10−4
Ge(4 0 0) 44.88 318.0 126.2 4.8× 10−9

169Tm 8.410 4.0 Si(3 3 3) 44.85 44.4 19.0 1.2× 10−8
83Kr 9.410 147 Si(5 3 1) 45.86 31.2 14.1 1.5× 10−5
57Fe 14.413 97.8 Si(8 4 0) 45.10 10.2 6.1 1.0× 10−8
151Eu 21.532 9.7 Ge(8 8 8) 44.87 0.78 0.15 1.7× 10−9

Si(12 4 4) 44.69 0.31 0.26 9.1× 10−6
149Sm 22.494 7.1 Ge(11 9 3) 45.07 0.55 0.05 6.0× 10−11

Si(8 8 8) 44.68 0.25 0.21 9.7× 10−6
119Sn 23.878 17.8 Ge(15 3 1) 44.73 0.35 0.03 1.6× 10−8

Si(12 6 6) 44.63 0.19 0.16 1.5× 10−5

a The first four energies have the same crystal asymmetry factor; the angle between incident
beam and crystal surface is 2◦. The crystal reflections at the higher energies (>20 keV) are
symmetrically cut.

whether Si, Ge, diamond, or saphhire, depends on the availability of high quality single
crystals with negligible mosaicity or lattice space uniformity over several extinction
depths perpendicular to the crystal planes and over the beam footprint on the crystal.
A summary of such choices was described by Toellner and others [5]. In table 2 we
present a simpler version for those Mössbauer isotopes in the range that is of current
interest to us.

3. Source characteristics

Efficient operation of polarizer–analyzer optics requires that the incident beam
divergence should be comparable to the angular acceptance of the crystals. The angular
acceptance (the width of the reflectivity curves given in figure 2) can be manipulated to
a certain extent by cutting the crystals asymmetrically, as we have seen in the previous
section as well as elsewhere in this book [11]. Similarly, the characteristics of the
incident beam can also be manipulated to a certain degree, even though this would
require changes in the accelerator parameters and in the undulator periodicity.

The divergences of the X-rays for current synchrotron radiation sources are given
by Mühlhaupt and Rüffer [18]. The angular divergence of the incident radiation has
two contributions: the particle (i.e., electron or positron) beam divergence σ′

x,y and
the photon divergence for X-rays emitted from the undulator in the cone of the first
or third harmonic, σ′

r. Here, the quantities related to divergence are indicated with a
prime. The particle and radiative divergences can be added in quadrature to calculate



Scientific scope of nuclear resonant scattering

– materials of current technological interest:  
– energy storage and conversion : Li-ion battery, skutterudites, clathrates, 

pnictides, multiferroics  

– proteins, enyzmes¨  
– mechanism of metabolic and catalytic reactions  
– porphyrins, cubanes, bioinorganic mimics 

– minerals:  
– crust, mantle, outer core, inner core  
– sound velocity, spin state, shear modulus under extreme conditions 

– nanomaterials,  
– nanocatalysts, semiconductors, superconductors 

– thin layers, multilayers 
– buried layers, interfaces, wedges, terraces, magnetism & superconductivity 

Measurement of thermodynamic and elastic properties of wide range of materials 
through the measurement of phonon excitation spectrum. 



APS 3-ID: Inelastic and nuclear resonant scattering beamline
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Molecular basis for selectivity (or recognition) 
of diatomic ligands : NO, CO, O2, OH

One of the important issues in nitrosyl (nitric oxide, NO) iron 
porphyrinate derivatives, or hemes, is to develop a functional 
understanding of the molecular basis for selectivity (recognition) 
between the diatomic ligands NO, CO, and O2. 

The sensing of these gaseous molecules is predominantly carried 
out by heme-based proteins. Therefore, heme protein– diatomic 
ligand interactions continues to be an active area of research.

Binding and release of diatomic molecules may be facilitated by 
very low frequency doming modes, also referred to as reactive 
modes. Quantitative information is needed to study the energetics 
of chemical reactions or conformational changes. They lie at low 
frequencies and are rarely identified with traditional techniques 

Infrared and resonance Raman spectroscopy have provided insight 
into the interplay of structure and function of heme active sites. 
However, these techniques have some inherent limitations, 
especially in the low frequency regime where mode assignment is 
hampered by weak signal, spectral congestion and low sensitivity to 
isotopic substitution. 

Clostridium botulinum

In  nature,  NO  is  discriminated  from  O2  by  guanalyl 
cyclase  and  the  NO  sensing  protein  of  Clostridium 
botulinum.  Conformational  changes  in  the  protein  upon 
ligand binding is a plausible explanation.

C. botulinum bacterium produces neurotoxins which causes muscular 
paralysis seen in botulism, and is also the main paralytic agent 
in botox. It is an anaerobe, meaning that oxygen is poisonous to 
the cells. Neurotoxin production is the unifying feature of the 
C. botulinum. which acts specifically on neurons by interacting 
with membrane proteins such as ion channels.

Soluble guanalyl cyclase (sGC) is the only known receptor for 
NO,  which  leads  to  at least 200 fold increase  in  sGC  activity. 
Because nitric oxide has a partially filled pi* orbital, back 
bonding prefers a bent geometry for the heme-NO complex. 

The  histidine-iron  bond  is  weakened  when  NO  binding 
delocalizes electrons to the dz2 orbital toward the axial 
ligand,  resulting  in  ferrous  heme  at  the  distal  position 
dissociates to a 5-coordinate Fe-NO complex.

57Fe

14.4 keV

14.4 ke
V

x

y

Table of Contents

An oriented single-crystal vibrational study using Nuclear Resonance Vibrational Spectroscopy
has provided detailed information on the in-plane vibrational asymmetry bin the the nitrosyl
derivative [Fe(OEP)(NO)]. The axial nitrosyl ligand controls the direction of in-plane iron
motion.

Keywords: iron porphyrinates
Mössbauer spectroscopy
nuclear resonance vibrational spectra NO bonding � vs. ⇥
NO complexes

11

[Fe(OEP)(NO)]

guanalyl cyclase

0.01

0.02

0.03
Dx(ν)
Dy( )
Dz( )

0 100 200 300 400 500 600 700

V
D

O
S

 (c
m

)

 frequency (cm-1)

0

Figure 1. Directional contributions to the VDOS of [Fe(OEP)(NO)] for x, y and z directions. For “x”, the beam

is parallel to the porphyrin plane and to the Fe-N-O plane, for “y” the beam is parallel to the porphyrin plane

and perpendicular to the Fe–N–O plane and for“z”, the beam is perpendicular to the porphyrin plane.

DFT calculations[29] predict spectral assignments and kinetic energy distributions that sup-

port and enhance the oriented crystal data. The calculations suggest that three modes, pre-

dicted at 37, 41, and 47 cm�1, contribute to the broad unresolved observed band below 100

cm�1 (Figure S5). All three have substantial motions of the peripheral ethyl groups as well as

motion of both iron and porphyrin core atoms consistent with that of a doming mode (Figure

S6).[34] The 158 cm�1 mode (predicted 139 cm�1) is also a doming mode. The relatively high

frequency of this mode appears related to the peripheral groups of octaethylporphyrin; the

analogous signal observed at 140 cm-1 in [Fe(OEP)(Cl)] is also likely to involve heme dom-

ing, although previously misassigned to in-plane vibrations.[20] The very strong signal at 517

cm�1 is the Fe–NO stretch; the calculated frequency for this mode is 623 cm�1. The large

discrepancy is typical for predicted Fe–NO stretching modes in five-coordinate NO porphyri-

nate complexes.[8] This band has modest yet interesting shoulders, one on each side of the main

peak. These are coincident with the 510 cm�1 and 523 cm�1 vibrations of Fe observed along

the x- and y- directions, respectively (Fig. 1). The shoulders are also apparent in the powder

spectrum shown in Figure S4 which also displays the summation of x, y and z contributions.

The remarkable agreement between these spectra attests to the capability of NRVS for showing

subtle features that might have previously been dismissed as adventitious, and we judge the

shoulders as possible unforeseen z components of the predicted 503 and 522 cm�1 modes.

3

One of the important issues of nitrosyl (nitric oxide, NO) iron
porphyrinate derivatives (hemes) is to develop a detailed
understanding of the molecular basis for selectivity (recog-
nition) between the diatomic ligands NO, CO, and O2. The
sensing of these gaseous molecules is predominantly carried
out by heme-based proteins,[1] and heme and heme protein–
diatomic interactions continues to be an active area of
research.[2] In nature, NO is discriminated from O2 quite
efficiently by a number of systems;[3–5] most prominent are
those of soluble guanalyl cyclase and the NO sensing protein
of Clostridium botulinum. Conformational changes in the
protein imparted upon ligand binding is a plausible explan-
ation for such differentiation.[6,7] Very low frequency doming
modes, sometimes referred to as reactive modes,[8] may
facilitate binding and release of diatomic molecules.[9,10]

Infrared and resonance Raman spectroscopy have provided
insight into the interplay of structure and function of heme
active sites[11] However, these techniques have some inherent
limitations, especially in the low frequency regime where
mode assignment is hampered by weak signal, spectral
congestion and low sensitivity to isotopic substitution.[8]

Also, the directionality of iron within particular vibrations, a
potential mechanistic indicator, cannot easily be determined.
Our recent studies of the nitrosyl (NO) derivatives of iron
porphyrinates have emphasized interesting aspects of nitrosyl
dynamics of both the five- and six-coordinate NO spe-
cies,[8,12–16] including nuclear resonance vibrational spectros-
copy (NRVS, sometimes termed nuclear inelastic scattering,
NIS) studies.[8,15–19]

The direction of metal ion motion in a metal complex will
be influenced by the surroundings, with the most significant
interactions expected to be between the metal and its donor
atoms. Naively, the principal metal motion directions would
then be expected to be along the metal–ligand bonds.[20] We
report herein the remarkable directional nature of the iron
vibrations in [Fe(oep)(NO)],[21] as determined by an oriented
single-crystal NRVS experiment; the observed dynamics are
only partially in accord with the above expectations. NRVS is

a synchrotron-based vibrational technique with unique site
selectivity for iron and provides quantitative information on
all vibrational frequencies for which there is iron atom
motion.[17,22] We have previously used oriented single crystals
of heme derivatives[8,15,16,23,24] to assign the in-plane and out-
of-plane vibrations, a distinction that is well developed for
heme derivatives with the planar equatorial porphyrin ligand.
Selectivity between in-plane and out-of-plane modes results
because only iron atommotion in the direction of the incident
exciting beam will lead to signal intensity in the NRVS
experiment. In contrast with conventional approaches to
mode assignment based on isotope substitution, single-crystal
NRVS measurements simultaneously characterize the direc-
tional character of all vibrational motions of the 57Fe probe
atom and may distinguish among divergent predictions
resulting from quantum chemical calculations. In our previous
oriented crystal experiments, we made measurements in
which the X-ray beam was either perpendicular to all
porphyrin planes in the crystal or parallel to the porphyrin
planes; however the in-plane measurement was always made
in a single arbitrary general direction in the porphyrin plane.

In a new study, we now explore iron atom motion in
specific directions in the porphyrin plane of [Fe-
(oep)(NO)],[25] which provides an additional dimension of
spectral analysis for heme derivatives. Single-crystal measure-
ments probed two orthogonal directions in the porphyrin
plane: x, parallel to the intersection of porphyrin and FeNO
planes, and y, perpendicular to the FeNO plane. Experimental
limitations require that a separate crystal be used for
measurements in the z direction, perpendicular to the
porphyrin plane. The observed VDOS (vibrational density
of states) in the three orthogonal directions are displayed in
Figure 1. The uniqueness of the observed vibrational spectra
was verified by replicate measurements on separately ori-
ented crystals (see the Supporting Information, Figure S1), by
measurement “nn” with the X-ray beam in-plane and parallel
to the N2-Fe-N4 direction of the porphyrin plane, and by a
measurement in a more general direction in the porphyrin
plane (Figures S2 and S3). These latter two measurements
confirm that the x and y directions can be taken as the
fundamental directions. Moreover, the sum of the x, y, and z
directional component spectra agree well with the exper-
imental powder (isotropic) spectrum (Figure S4). We also

Figure 1. Directional contributions to the VDOS of [Fe(oep)(NO)] for x,
y, and z directions. For “x”, the beam is parallel to the porphyrin plane
and to the Fe-N-O plane, for “y” the beam is parallel to the porphyrin
plane and perpendicular to the Fe!N!O plane, and for “z”, the beam
is perpendicular to the porphyrin plane.
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[Fe]-hydrogenase catalyzes the reduction of methenyl-H4MPT+ with H2 to 
form methylene-H4MPT and H+. 

This reaction is an intermediary step in the reduction of CO2 to methane.

There is still uncertainty in the exact coordination number and geometry of 
the Fe center. Current data suggest that the Fe center could be either
five-coordinate (square-pyramidal) or six-coordinate (octahedral).

In contrast to [NiFe] hydrogenases, [FeFe] hydrogenases are generally 
more active in production of molecular hydrogen. 

This prompted interest in [FeFe] hydrogenase for sustainable production of 
H2.

Understanding the catalytic mechanism of hydrogenase might help design 
clean biological energy sources, such as algae, that produce hydrogen.

Hyrdogenase enzyme D. Chen, R. Scopelliti, and Xile Hu, Angew. Chem. 2011, 123, 5789 –5791
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FeNOsubunit of 1 in all twelve conformers. Thiswas achieved by
varying the force constants listed inTable 1 in theDFT-calculated
force fields, according to the QCC-NCA approach.9b,30

Results and Analysis

A. Nuclear Resonance Vibrational Spectroscopy (NRVS)
on [Fe(OEP)(NO)] (1). Nuclear Resonance Vibrational

Spectroscopy (NRVS) is a method that is advantageous
for the investigation of the vibrational properties of transi-
tionmetal nitrosyl complexes because these compounds are
often times photolabile. Hence, the application of resonance
Raman spectroscopy can be problematic for these com-
pounds.9c,31 On the other hand, NRVS measures the in-
elastic scattering that is observed upon excitation of the 57Fe
nucleus at the 14.4125 keV nuclear resonance (M€ossbauer)
line.22,32 NRVS is ideal for the identification of metal-
ligand stretching vibrations, since NRVS intensities are
proportional to the amount of iron motion in a normal
mode.16b Hence, metal-ligand stretching vibrations are
often very intense in NRVS, and correspondingly, this
method has recently been successfully applied to ferrous
heme-nitrosyls and-carbonyls.9c,16a,c,33Figure3 shows the
NRVS raw data of [57Fe(OEP)(NO)] (1) and of the corre-
sponding 15N18O labeled analogue. Two isotope sensitive
features are observed at 522 and 388 cm-1, which shift to
508 and 381 cm-1, respectively, in the isotope labeled com-
plex. In comparison to [Fe(TPP)(NO)] (2, cf. Table 2),9b the
feature at 522 cm-1 can be assigned to the Fe-NO stretch
ν(Fe-NO), and the 388 cm-1 featuremust then correspond
to the in-plane Fe-N-O bend δip(Fe-N-O). Figure 4
shows the vibrational density of states (VDOS) obtained
from these data.As shownbySturhahn and co-workers, the
integrated VDOS intensity from NRVS is proportional to
the square of the amount of iron motion, eFe

2, of a given
normal mode.16b From Figure 4, the ratio eFe

2[522 cm-1]/
eFe

2[388 cm-1] is determined to be ∼3.5 experimentally.
Interestingly, the (powder) NRVS spectra of 1 previously
published by Scheidt and co-workers show the 388 cm-1

featurewith a larger intensity, leading to an estimated inten-
sity ratio of eFe

2[522 cm-1]/eFe
2[388 cm-1] = 1.6-1.8.16c

This difference could be related to the presence of different
conformers of 1 in the samples applied in these different
measurements (vide infra), or the different methods of
sample preparation. Alternatively, the comparatively low
intensity of the 388 cm-1 feature relative to the other
NRVS bands could be due to a (partial) preferential
orientation of the sample during our measurements. The
fact that this is observed for both the unlabeled and the
15N18O-labeled complex in exactly the same manner argues
against this explanation. Note that although the 388 cm-1

band is present as a strong feature in theNRVS spectra of 1
in ref 16c, no assignment of thismode couldhave beenmade
in this work because of the lack of NO isotope labeling.
The intensity ratio eFe

2[ν(Fe-NO)]/eFe
2[δip(Fe-N-O)]

can be calculated from a normal coordinate analysis
(NCA) or a quantum-chemical frequency calculation in
a straightforward fashion.9c,16c Here, we use DFT to
predict the NRVS spectra of 1, and, as discussed below,

Figure 2. Four possible orientations of NO in form II (cf. Scheme 2,
right) of [Fe(OEP)(NO)]. Here, 4 neighboring ethyl groups of the OEP
ligand point to each face of the porphyrin, respectively. The bound NO
ligand occupies positions between two adjacent nitrogen atoms of the
porphyrin core, leading to the four different structures indicated asK-N.
Each structure was fully optimized using B3LYP/LanL2DZ and corre-
sponds to an energy minimum on the potential energy surface.

Figure 3. NRVS spectrum of [57Fe(OEP)(NO)] (1; black, nai= natural
abundance isotopes NO), and of the corresponding 15N18O labeled
complex (red).

(30) Lehnert, N. Quantum Chemistry Centered Normal Coordinate
Analysis (QCC-NCA): Routine Application ofNormal Coordinate Analysis
for the Simulation of the Vibrational Spectra of large Molecules. In
Computational Inorganic and Bioinorganic Chemistry; Encyclopedia of In-
organic Chemistry; Solomon, E. I., King, R. B., Scott, R. A., Eds.; John Wiley &
Sons, Ltd.: Chichester, U.K., 2009; pp 123-140.

(31) Ibrahim, M.; Xu, C.; Spiro, T. G. J. Am. Chem. Soc. 2006, 128,
16834–16845.

(32) Scheidt, W. R.; Durbin, S.M.; Sage, J. T. J. Inorg. Biochem. 2005, 99,
60–71.

(33) (a) Zeng,W.; Silvernail, N. J.; Wharton, D. C.; Georgiev, G. Y.; Leu,
B. M.; Scheidt, W. R.; Zhao, J.; Sturhahn, W.; Alp, E. E.; Sage, J. T. J. Am.
Chem. Soc. 2005, 127, 11200–11201. (b) Silvernail, N. J.; Barabanschikov, A.;
Pavlik, J. W.; Noll, B. C.; Zhao, J.; Alp, E. E.; Sturhahn, W.; Sage, J. T.; Scheidt,
W. R. J. Am. Chem. Soc. 2007, 129, 2200–2201. (c) Rai, B. K.; Durbin, S. M.;
Prohofsky, E. W.; Sage, J. T.; Ellison, M. K.; Roth, A.; Scheidt, W. R.; Sturhahn,
W.; Alp, E. E. J. Am. Chem. Soc. 2003, 125, 6927–6936. (d) Leu, B. M.;
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Density functional theory (DFT) 

• QM modelling is used to determine the electronic ground state of many-body systems in 
molecules and condensed matter.  

• DFT is popular in condensed-matter physics and chemistry. While it can be applied to molecular 
calculations, the local density approximations is more appropriate for delocalized electrons. 

• In molecular calculations complex exchange-correlation functionals are needed. For example, 
B3LYP, a hybrid functional that combines the exchange energy with Hartree–Fock energy is 
used. 

• The adjustable parameters in hybrid functionals are generally fitted to a 'training set' of 
molecules. (A set of atomization energies, ionization potentials, proton affinities, and total 
atomic energies)

• The results obtained with these functionals are sufficiently accurate but there is no systematic 
way of improving them.

• In the current DFT approach it is not possible to estimate the error of the calculations 
without comparing them to other methods or experiments.

• Phonon density of states provides an excellent benchmarking opportunity

• Nuclear resonance is the only technique that gives frequency, displacement amplitude, 
mode composition, polarization, element and isotope selectivity.



Fe-Immidazole stretch Fe-ligand tilt

in-plane torsional mode Fe-ligand stretch
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Scientific scope of nuclear resonant scattering

– materials of current technological interest:  
– energy storage and conversion : Li-ion battery, skutterudites, clathrates, 

pnictides, multiferroics  
– proteins, enyzmes¨  

– mechanism of metabolic and catalytic reactions  
– porphyrins, cubanes, bioinorganic mimics 

– minerals:  
– crust, mantle, outer core, inner core  
– sound velocity, spin state, shear modulus under extreme conditions 

– nanomaterials,  
– nanocatalysts, semiconductors, superconductors 

– thin layers, multilayers 
– buried layers, interfaces, wedges, terraces, magnetism & superconductivity 

Measurement of thermodynamic and elastic properties of wide range of materials 
through the measurement of phonon excitation spectrum. 



Fe3+ Pyroxene? 
QS = 0.5 mm/s 

Iron oxide 
H = 53 Tesla 
QS = 0.8 mm/s 

Troilite 
H = 31 Tesla 
QS = 0.3 mm/s 

Olivine 
QS = 2.9 mm/s 

Kamacite
H = 33 Tesla
QS = 0.2 mm/s

 L. Yan(2), S. P. Cramer(2), J. Y. Zhao(1), T. S. Toellner(1), Z. Cai (1)J. M. Friedrich(3),  J. Boesenberg(4), A. Alsmadi(5), W. Sturhahn(6), L. Gao (7), E. E. Alp(1) 
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History, New York, NY 10024, (5) Hashemite University, P.O.Box 150459, 13115 Zarqa, Jordan, (6) Jet Propulsion Laboratory, Pasadena, CA 91109, (7) University of Illinois Urbana-Champaign 

 
A MÖSSBAUER MICROSCOPE FOR MINERALOGY IN THE  SYNCHROTRON AGE 

 

The methodology 

We are introducing a new kind of x-ray imaging modality  for 
mineralogy that involves identifying the location of iron and 
determining its chemical state, and its structure via nuclear 
hyperfine interactions. Different detection modalities involve  
 
         i)  forward scattering : coherent, elastic, and 
        ii) back-scattering: incoherent, inelastic. 
 
Here, the first modality can be also called Synchrotron 
Mössbauer Spectroscopic (SMS) imaging, because the 
localized information obtained is equivalent to a traditional 
Mössbauer Spectrum in the time domain (1).   
 
The second mode allows imaging thick samples, and more 
importantly, in this mode, we can record phonon density of 
states of iron containing species (NRIXS: Nuclear Resonant 
Inelastic X-Ray Scattering (2) ). 
 
Recently it was demonstrated that iron isotope fractions can 
be obtained from the knowledge of phonon density of states 
(3). We have used the SMS imaging on meteorites to 
identify areas that correspond to well known phases like 
Kamacite, Olivine, or Troilite, and extracted the Fe partial 
phonon density of states. With this information, iron isotope 
fractionation has been determined. 

(1) E. E. Alp, W. Sturhahn, T. Toellner, "Synchrotron Mossbauer 
spectroscopy of powder samples." Nuclear Instruments and 
Methods in Physics Research B 97 (1995) 526.

(2)  W. Sturhahn, T. S. Toellner, E. E. Alp, X. Zhang, M. Ando, Y. 
Yoda, S. Kikuta, M. Seto, C. W. Kimball, and B. Dabrowski "Phonon 
Density-of-States Measured by Inelastic Nuclear Resonant 
Scattering." Phys. Rev. Lett. 74 (1995) 3832.

(3) V. B. Polyakov, “Equilibrium Iron Isotope Fractionation at Core-
Mantle Boundary”, Science, 323 (2009) 912. 
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What does future hold for IXS and NRS ?

1. Iron work will continue because of the large phase space in chemical composition, 
pressure and temperature, and ever increasing scope of the extracted data

• Debye temperature, recoil-free fraction,
• Debye sound velocity, anisotropy of shear and compressional velocity,
• Valence and spin state,Magnetism
• Local distortion,
• Isotope fractionation,

2. New methodologies will emerge: Fast shutter, energy domain measurements

3. New isotopes will get attention: Kr, Eu, Sn, Dy, Sm, Sb, Te, Ge....

4. Better monochromators with better resolution of 0.2 meV may come true

5. Area detectors will improve resolution & throughput, new class of materials will become 
the domain of IXS: e.g. thin films

5. Better data analysis programs may emerge...



In conclusion:

1. APS-U MBA lattice benefits the NRS & IXS experiments in terms of  

• better focusing,  
• lower horizontal divergence for P/A optics 
• increased flux,  
• upgraded beamline components  

- mirrors,  
- monochromators, and  
- detectors. 
- fast chopper  ..

2. Timing and bunch structure issues will be quite relevant in terms of 
general applicability of these techniques. 

3. We look forward to working with the APS-U project office.


