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Characterization of a microfocused circularly polarized x-ray probe
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We report on the development of a circularly polarized x-ray microprobe in the intermediate energy
range from 5 to 10 keV. In this experiment linearly polarized synchrotron radiation was circularly
polarized by means of a Bragg-diffracting diamond phase retarder and subsequently focused down
to a spot size of about 432 mm2 by a Fresnel zone plate. The properties of the microprobe were
characterized, and the technique was applied to the two-dimensional mapping of magnetic domains
in HoFe2 . © 2000 American Institute of Physics.@S0034-6748~00!01206-5#
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I. INTRODUCTION

The magnetic contribution to the cross section for sc
tering of x rays by matter has been of significant scient
interest for a long time because of its capability to rev
information about the angular and spin momentum distri
tion in the scattering medium.1 Since the magnetic contribu
tion is typically several orders of magnitude smaller than
charge contribution, experimentally an intense x-ray beam
well-defined polarization is highly desirable. Only recent
with the advent of high-intensity synchrotron radiation x-r
sources, has it become possible to use polarized x-ray be
particularly circularly polarized beams, of reasonable int
sity to probe magnetic properties of matter, especially
ferromagnets. Furthermore, the availability of high-brillian
synchrotron sources, such as the Advanced Photon So
the European Synchrotron Radiation Facility, and the Su
Photon Ring-8, and of high-quality focusing x-ray optic
such as Fresnel zone plates, has allowed materials chara
ization on micron and submicron length scales.

In this article, we report the results of combining micr
focusing x-ray optics with Bragg-diffracting phase retard
for producing a circularly polarized x-ray microprobe in th
energy range from 5 to 10 keV. Such an x-ray beam w
enable a wide variety of spatially resolved magnetic scat
ing experiments, yielding results in applied fields like mo
ern magnetic materials and superconducting compound
well as in more basic physics. An important advantage o
rays of this energy is their relatively high penetration pow
allowing real bulk measurements of magnetic samples, c
pared to surface-sensitive techniques like magnetic force
croscopy or the magneto-optical Kerr effect. This is es
cially useful for samples with nonmagnetic surface laye
Compared to neutron scattering, x rays are at an advan
when used to probe for element-specific properties by wo
ing at an x-ray resonance.

The requirements for an experiment that uses a micro
cused circularly polarized x-ray probe are:~i! the beam inci-
dent onto the polarizing optics should be monochromatic

a!Electronic mail: pollmann@aps.anl.gov
2380034-6748/2000/71(6)/2386/5/$17.00

Downloaded 13 Nov 2001 to 164.54.85.15. Redistribution subject to A
t-
c
l
-

e
of
,

s,
-
f

ce,
er
,
ter-

s

ll
r-
-
as
x
,
-
i-
-
.
ge
-

-

d

have a low divergence in order to reach a high degree
polarization after transmission through the phase retar
~ii ! the beam should have good spatial coherence to ach
diffraction- limited resolution with a microfocusing zon
plate, and~iii ! the x-ray radiation source should deliver a
intense beam to yield reasonable count rates~on the order of
108 to 109 photons per second! after polarizing and focusing
optics.

In the following section, we will briefly review the tech
nique for producing a circularly polarized x-ray beam usi
phase-retarding optics. In Sec. III we will describe the pr
ciple of microfocusing with Fresnel zone plates. The expe
mental setup combining the two optics is described and c
acterizing results are presented in Sec. IV. In Sec.
preliminary results on the mapping of magnetic domains i
HoFe2 crystal are shown. This demonstrates one of the p
sible applications of the microprobe. Finally, conclusions
given and future improvements of the setup are presente

II. PHASE-RETARDING OPTICS

Circularly polarized radiation is of particular interest fo
magnetic x-ray scattering, since it couples linearly to t
direction of the magnetic moment, thereby providing sen
tivity to the direction of the local moment upon helicity re
versal. Several approaches exist for producing circularly
larized x-ray beams from a linearly polarized synchrotr
beam.2 For the energy range between 5 and 10 keV, ho
ever, Bragg transmission phase retarders have proven t
the most practical. The feasibility of using this type of pha
retarder was first demonstrated by Hirano and co-worke3

They utilized the fact that, according to the dynamical theo
of x-ray diffraction, the wave fields inside a crystal belon
ing to different linear directions of polarization propaga
with different phase velocities close to a Bragg reflectio
The difference in velocities is a function of the deviationDu
of the angle of incidence from the exact Bragg conditio
The phase differenced thus induced by a crystal of thicknes
t is given by4
6 © 2000 American Institute of Physics
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FIG. 1. The experimental setup at the APS beamli
1-ID. The beam coming from the undulator~I! is mono-
chromatized by a double-crystal monochromator~II !
and then circularly polarized by a Bragg-transmissi
diamond phase plate~III !. The ion chamber close to the
diamond is used to find the diamond~111! Bragg re-
flection. A Pd mirror~IV ! suppresses higher harmonic
in the beam. The microfocusing setup~V! consists of
the Fresnel zone plate and an order sorting aperture
magnetic field can be applied to the sample~VI ! in the
diffraction plane. Different detectors~VII ! allow fluo-
rescence as well as diffraction experiments.
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pV D 2 t sin~2uB!

lDu sin~uB!
R~FHFH̄!, ~1!

wherer e is the classical electron radius,l is the x-ray wave-
length, andFH is the structure factor of the Bragg reflectio
with Bragg angleuB . To obtain circularly polarized radia
tion with linearly polarized radiation incident on the pha
retarder, the phase difference must bep/2. For arbitrary
choice of the thickness of the crystal and the energy of
incident radiation, such ap/2 phase difference can always b
achieved by proper adjustment of the deviationDu. The de-
gree of polarization of the transmitted x ray is proportional
sin~d! and depends, of course, also on the intensities of
transmitted linear wave fields. Due to their low absorptio
diamond crystals are well suited for this application,5 with
only a few different crystal thicknesses required to cover
whole energy range between 3 and 12 keV.

Sinced is linear in Du, the transition from one side o
the rocking curve of the Bragg reflection to the other~6Du!
leads to an inversion of the helicity of circular polarization
the transmitted beam. This rotation of the phase retarder
the order of tens of arcseconds. Therefore switching
beam helicity requires only minimal time and can be do
several times during the course of a measurement, the
reducing systematic errors. Thus a highly tunable and rap
switching circular polarizer for x rays can be built.

III. MICROFOCUSING OPTICS

Microzone plates are a well-established tool to produ
x-ray beams with submicron cross-section that are used
variety of different experiments~for a review of recent ex-
periments see Ref. 6!. They can be understood as circul
diffractive gratings with radially increasing line densit
whose operation principle is based on Fresnel’s theory
diffracting zones.7 By choosing a grating thickness that lea
to a phase shift close top/2, relatively efficient focusing
phase zone plates can be built. Zone plates made of abs
ing as well as of phase shifting materials are in use.

The theory of Fresnel zone plates is well understo
The focal lengthf m for themth order of diffraction of a zone
plate depends solely on the radius of the innermost zonr 1

and the wavelength of the radiationl8:

f m5
r 1

2

ml
. ~2!
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On the other hand, the spatial resolutionD of a zone
plate~i.e., the smallest distance between two points that
be resolved! is a function of the numerical aperture. Usin
the Rayleigh criterion forD and the well-known relations fo
Fresnel zones, the resolution can be determined from
width of the outermost ringdrn :

D51.223
drn

m
. ~3!

Since the efficiency of a zone plate is proportional
m22, use of higher diffraction orders for focusing leads to
significant reduction of the efficiency of the zone plate. Se
eral approaches have been proposed to increase the
ciency of Fresnel zone plates, including using high asp
ratios and special zone profiles.8

Challenges in the production of zone plates, especi
for high-energy x-ray applications, are to achieve a sm
zone width~and thus a good resolution! and a thickness of
the zone plate material that results in the necessary abs
tion or phase shift at high x-ray energies. Zone plates
manufactured by a combination of electron-beam writi
into photoresists and several steps to transfer this patter
the selected zone plate material. Newer methods
multilayer deposition techniques.8

Since the different diffraction orders of a zone plate c
respond to distinct focal lengths, an experimental micro
cusing setup normally includes an order sorting apert
~OSA!, e.g., a pinhole, to reduce unwanted diffraction o
ders. The position of the OSA between the zone plate and
focus is chosen in such a way that unwanted orders are
pressed due to their divergences, which are different from
divergence of the desired diffraction order.

IV. EXPERIMENTAL SETUP

The polarized microprobe was setup at the 1-ID insert
device beamline at the Advanced Photon Source~APS!. Fig-
ure 1 shows the setup schematically. The beam was c
mated using white-beam tungsten slits close to the sou
The radiation was then monochromatized using a stand
LN2-cooled double-crystal Si~111! monochromator. To
maximize the flux, the undulator gap was adjusted to
selected energy. An additional set of slits downstream of
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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monochromator was used to further define the beam to a
of 0.530.5 mm2 ~horizontally3vertically! 60 m from the
source.

This beam was incident on the phase-retarding opt
which was the first component of the polarized micropro
A 400-mm-thick diamond in~111! reflection geometry was
chosen as the phase retarder. This diamond thickness
vides a suitable compromise between beam attenuation a
large offset valueDu. A large offset value is desirable, sinc
it minimizes phase-shift variations caused by the diverge
and energy spread of the incident beam. For the Ho L
edge~8.07 keV!, the incident flux on the diamond was me
sured to be'231012 photons per second, and the transm
ted circularly polarized flux was 431011 photons per second
Although we did not measure the degree of circular polari
tion in this experiment, it is reasonable to assume a valu
0.99 for the degree of polarization, based on earlier meas
ments on a similar Bragg transmission phase retarder
calculations using the dynamical theory of x-ray diffractio
In the previous experiments,4 we had used a multibeam dif
fraction method9 to determine the Stokes parameters a
found excellent agreement with the theory. Furthermore,
estimate of 0.99 is supported by measurements of the de
of circular polarization transmitted through a diamond ph
retarder performed by other groups.10,11 To suppress highe
harmonics, the beam was reflected by a Pd mirror pla
after the phase retarder. The beam path was enclose
evacuated beam pipes to reduce intensity loss due to air
tering.

The microfocusing setup following the diamond co
sisted of two parts, the zone plate and the OSA. The
based zone plate had a thickness of 1.5mm, a diameter of
250 mm, and a focal length of about 40 cm at 8 keV. It w
produced by combined electron-beam and x-ray lithogra
techniques. The zone plate was mounted on a three-axis
torized stage to allow for linear alignment relative to t
sample. Pinholes of various sizes from 20 to 50mm were
used as OSAs. The OSA mount was motorized for alignm
in the x andy directions. Thez position ~in-beam direction!
could be adjusted manually, which was sufficient due to
large focal length of the zone plate.

The alignment of the zone plate, OSA, and center of
standard diffractometer~where the sample was placed! with
respect to each other and the x-ray beam was done usi
combination of optical and x-ray alignment techniques. Fi
a transverse prealignment~perpendicular to the beam! was
done, watching an image of the x-ray beam on a CdW4

scintillator with an optical microscope downstream of t
optical components. In this way, diffractometer center, zo
plate, and OSA were each subsequently centered on
beam.

Next, the focus of the microfocusing optics had to
positioned on the center of the diffractometer. This was d
by placing a Cr-coated knife edge on the diffractometer c
ter. The zone plate and OSA were aligned to the knife e
using the signal of the Cr K-fluorescence. This was done
two perpendicular orientations of the knife-edge to ens
the two-dimensional alignment of the microfocusing setu

In the next part of the experiment, the size of the mic
Downloaded 13 Nov 2001 to 164.54.85.15. Redistribution subject to A
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focused beam was measured. This was done by scan
the knife edge, which was mounted on a precision thr
axis motorized linear stage with an absolute accuracy be
than 0.5mm and a relative accuracy of'1024, horizontally
and vertically through the beam, and measuring
Cr K-fluorescence of the knife edge as a function of its p
sition. The width of the slope of the fluorescence count r
is a measure of the size of the beam. Quantitative res
were obtained from Gaussian fits to the derivative of
signal. Figure 2 shows such a horizontal knife-edge s
together with the obtained Gaussian fit.

Generally, the size of the beam cross-section thus m
sured is a function of the distance from the focusing zo
plate. To find the optimum position for the zone plate, kn
edge scans were performed for different distances betw
the zone plate and the knife-edge. However, the meas
spot size for the used zone plate depended only weakly
the distance. This is a consequence of the large focal len
of this zone plate, leading to a relatively large depth of foc
~of about 1.6 mm!. The optimum focus size that could b
reached with this zone plate was 4.032.3 mm2 ~horizontally
3vertically!, with a measured flux on the order of 108 pho-
tons per second.

Horizontally, the measured focus size agrees very w
with the calculated value, taking into account the demag
fied size of the source and the divergence of the beam.
vertical size, however, is significantly larger than the calc
lated value. By temporary clamping the knife edge holder
the zone-plate mounting, it could be shown that this diff
ence is mainly due to vibrations of the knife-edge relative
the zone plate. Other sources of error are imperfections~like
slope errors and surface roughness! in the optical compo-
nents in the beam~monochromator, mirror!, which diffract
and reflect the beam in vertical direction and thus may int
duce distortions.

The knife edge was then replaced by the sample. Th
linear motorized stages on the diffractometer offered su
cient degrees of freedom to scan the sample in fluoresce
as well as in diffraction geometry. A magnetic field of abo
0.2 T could be applied to the sample parallel to the beam

The experimental setup included two different kinds

FIG. 2. Horizontal knife-edge scan. Points with error bars represent
measured K-fluorescence yield from the Cr-coated knife edge. The da
line shows the Gaussian fit to the derivative of the fluorescence signal.
full width at half maximum of this fit is a measure of the size of the focu
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2389Rev. Sci. Instrum., Vol. 71, No. 6, June 2000 Circularly polarized x-ray probe
detectors to monitor both the fluorescence yield and
Bragg-scattered intensity as a function of the position of
sample. Since the beam was circularly polarized, there
no preferred direction for the suppression of elastic scatte
in the fluorescence detector. A vertical mounting was cho
simply to avoid interference with the sample mounting sta
and the electromagnet. Two types of fluorescence detec
can be used in the setup, either a thermoelectric-cooled
Zn-Te detector with 2.2% to 3% energy resolution or
liquid-nitrogen- cooled Si detector with slightly better ener
resolution. A Na-I detector mounted on the 2u arm of the
diffractometer placed after collimating slits was used to m
sure the intensity of the Bragg-diffracted beam.

V. IMAGING MAGNETIC DOMAINS IN HOFE 2

As a demonstration experiment, we used the micropr
to image magnetic domains in a HoFe2 crystal at the Ho
L-III edge. Due to the spin polarization of the 5d orbitals, t
magnetic signal for rare earth elements is greatly enhan
close to the L-absorption edges. The difference in the s
tering cross-section between left- and right-circularly pol
ized incident beams can be obtained from the relations g
in Ref. 1. Taking into account simplifications which are va
for the geometry of our experiment, it can be written as

DS ds

dV D.A~E!3@mxcos~u!1mz sin~u!#

3@11cos~2u!#, ~4!

whereA(E) comprises the energy dependence of the cro
section andmx ,mz are the in-plane components of the loc
magnetic moment. In a first step,A(E) was maximized by
doing energy scans with left- and right-circularly polariz
radiation and observing the flipping ratio, which is defined
(I 12I 2)/(I 11I 2), the ratio of the difference of the mea
sured intensities for different polarization directions to t
sum of these intensities. To reduce systematic errors ari
from a temporal drift in the setup or the synchrotron bea
the intensities for both helicities were measured quasisim
taneously by tilting the diamond phase retarder with a f

FIG. 3. Measured flipping ratio as a function of energy at the L-III edge
Ho. The maximum normalized difference between the observed transm
signal for left- and right-circularly polarized incident radiation was less th
1%.
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quency on the order of 1021 Hz during these scans. Figure
shows the measured flipping ratio as a function of energ

After setting the beam energy to the found optimum
8.075 keV~Ho L-III edge!, the circularly polarized micro-
probe was used to image the magnetic domain structur
the HoFe2 crystal. Preliminary magnetic force microscop
scans had determined regions with in-plane magnetic
mains. Observing the~400! Bragg reflection of the crystal
two-dimensional scans of the regions of interest were p
formed while reversing the helicity of the incident beam
obtain the flipping ratio for each point on the sample. Figu
4 shows the measured flipping ratio for a 30mm330 mm
area. Obviously, regions with different flipping ratios can
identified. According to Eq.~4!, these differences in the mea
sured signal can be attributed to changes in the directio
the local magnetic moment.12

In summary, a circularly polarized x-ray beam with hig
degree of polarization and small beam cross-section coul
produced. The beam was polarized up to 99%. The be
spot had a size of about 432 mm. With this beam, a two-
dimensional scan of a HoFe2 crystal was performed while
simultaneously switching the helicity of the polarizatio
Clearly, domain structures in the sample could be identifi
by the different flipping ratios of the illuminated areas. In t
near future, the setup will be used to perform measurem
on materials like spring magnets or magnetic multilayers.
improve the spatial resolution, the use of a microzone p
with smaller zone structure is planned. An electromagnet
pable of delivering fields of up to 0.8 T is under comissio
ing.
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FIG. 4. Two-dimensional scan of a HoFe2 crystal, measured with the circu
larly polarized microprobe. The brightness of each spot is proportiona
the measured flipping ratio at this point. Clearly, domain structures can
identified.
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