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Imaging spiral magnetic domains in Ho metal using circularly
polarized Bragg diffraction
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We have used circularly polarized x rays to image the spiral magnetic domain structure in a single
crystal of Ho metal. In these structures, the magnetization direction rotates between successive
atomic layers forming a helix. At magnetic Bragg diffraction peaks, circularly polarized x rays are
sensitive to the handedness of such a hgléx, either right or left handedBy reversing the helicity

of the incident beam with phase-retarding optics and measuring the difference in the Bragg
scattering, contrast between domains of opposing handedness can be obtaid@d4 @merican
Institute of Physics.[DOI: 10.1063/1.1688252

I. INTRODUCTION HereC is a constantl. andS are the Fourier transforms
i ) of the spin and orbital magnetization, aRg, and P, are

In order to fully understand the magnetic properties of &he gegrees of linear and circular polarization of the incident
material, the ability to measure its magnetic domain structurgeam The+ sign in the last term depends both on the mag-
is essential. Many techniques have been developed to imaggic wave vectofi.e., + 7) and the handedness of the spiral
r.nagnetic.domains, buf[ most measure either.ferromagnetic ?f.e., either right or left handedTherefore, by using circu-
linear antiferromagnetic Str”Ct“rég\ wide variety of mate- |51y polarized photons, the scattering becomes sensitive to
rials, however, exhibit more exotic magnetic ordering, parhe chirality of the magnetic structure. If the incident beam is
t!cularly materials containing rare earth elements. Spiral ang 4 enough to scatter from a single chiral domain, the last
tiferromagnets are one such structure, where the momen{s., in Eq.(1) can be isolated by reversing the helicity of the

align in ferromagnetic planes within an atomic layer but ro-pa5m ¢ P:0) and measuring the difference in the scattering
tate by a characteristic angle between successive layers aloﬂﬂensity.

the magnetic propagation direction. The sense of this rotation
can be either right or left handed leading to the formation ofg|ative to charge scattering. Near an absorption edge, how-
chirality domains within the sample. In this paper, we deé-g\er the magnetic scattering intensity can be strongly en-
scribe a new technique for imaging this type of domainpanced. The additional anomalous contributions to the scat-

structure using circularly polarized x rays. Such domain§ering cross section from resonant terms can be calculated
have only been observed previously using neutrorhsing the following expressidh:

topography? Using x rays to image spiral domains, however,
can provide some unigue advantages over neutron measure-
ments, due to the element specific information obtained from
x-ray measurements and the significantly higher achievable
image resolution €1 um).

The magnetic structure of Ho metal has been widely
studied using both neutrons and x rdy3Ho orders mag-
netically in the spiral structure belowy=133 K, with the C :>
propagation direction along theaxis of the hexagonal unit
cell. BelowT=19 K, the moments cant away from the basal
plane forming a conical structur@~ig. 1). This magnetic
super structure results in the appearance of satellite peaks c€
either side of charge Bragg diffraction peaks at (@ O,
*+ 7). The intensity of these magnetic peaks depends strongh
on the energy of the incident x rays. Far from a resonance =7
the scattering cross section for a spiral magnetic structure it

Magnetic x-ray scattering is an inherently weak process

L
fEL=4Tr)\MZL (ef - Yim)(Yim- €)FLm- )

given by’
do ) ) ]
g0 -C Sir? 26{S?+2(L+ S)? sir? 9+ (2L sir? 6+ S)?
. . T< 19K 19<T<133°K
—4P;[L sir? 6(L sir? +9S)]
) ) FIG. 1. The low temperature conicdéft) and high temperature basal plane
+4P.sinO(L+S)(L sir? 9+ S)}. (1) spiral (right) magnetic structure of Ho.
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FIG. 2. Schematic of the experimental setup. The x-ray beam from thef'a’ M
undulator(A) is monochromatized by a $111) double-crystal monochro- 10° . ®
mator (B). The linearly polarized x-ray beam is then converted to a circu- /
larly polarized beam using a diamofitlL1) transmission phase retard€s). ;° $°
A toroidal mirror (D) focuses the beam to 25000 um? at the sample, and . | | | | | \arj \"H
then slits(E) were used to further reduce the beam size ta 25 um?. The 107 bt L L

3.70 3.80 3.90 4.00 4.10 4.20 4.30

sample is placed inside a He refrigerator on a Huber gonioniEter L ¢l
r.iu

) o ) FIG. 3. X-ray scattering around tf(@,0,4 Bragg reflection showing the 7
Heree is the beam polarizatiory, y, are vector spherical magnetic peaks a&=60 K.

harmonics, and-,, are the matrix elements of the transi-

tion. At resonance, the scattering still retains its sensitivity to

the chirality of the magnetic structure, but its polarizationchiral domain images, the sample was oriented on a mag-
dependent behavior is much more complicated than thdtetic Bragg peak and the goniometer and sample were
given by Eq.(1) due to the presence of both dipolar and scanned through the beam, reversing the helicity at each
quadrupolar resonant terms. point.

Il. EXPERIMENT llI. RESULTS AND DISCUSSION

The experiment was performed at the 4-ID-D insertion ~ F19ure 3 shows a scan through 0,4 charge and the
+ magnetic satellite peaks dt=60 K andE=8.071 keV.

device beamline of the Advanced Photon Soufca.sche- X ) : , : i
The intensity of the magnetic peaks is approximately five

matic of the experimental setup is shown in Figure 2. This

beamline uses a standard planar undulator insertion devic%rdﬁ,rs of magnitude smaller than the charge scattering peak
and a cryogenically cooled Si11) double crystal mono- at this temperature and energy. Near theedge absorption

chromator. Synchrotron radiation is predominantly linearly
polarized in the plane of the electron orbit. Therefore, a 400- r
um-thick diamond(111) phase-retarder crystal in the Bragg 20000 |
transmission geometry was used to convert the incident lin- C
ear polarization to circuldt!? The scattering plane of the :
phase retarder is inclined at 45° with respect to the synchro n
tron orbit plane. In this orientation, the phase retarder intro-3 C

15000

duces a phase lag between the linear components of th= 10000
transmitted beam. This phase lag is a function of the angulal
deviation from the Bragg diffraction conditiodd, and can

be adjusted to produce an x-ray beam with either positive or 5000

negative helicity P,.>0.98). The helicity of the beam can

be rapidly switched by rotating the phase retarder by a few  0.80 FFFFFFHHH .T‘.”f’{":. : : HH : HH : =i
tens of arcseconds. The beam was focused using a toroid: B

mirror to obtain a beam size of 250100 um? at the sample 0.60

position. This size beam yielded a photon flux on the sample ~

of ~2x 10" photons/s and was used for preliminary align- X 040
ment of the sample. For the imaging measurements, how = '
ever, the beam size was further reduced down to 257

X 25 um? using a set of slits immediately before the sample. + 0.20

It should be noted that, while the resolution for this measure-

ment was 2% 25 um?, improved focusing optics can be 0.00
used to obtain images with resolutions less thaon®.

TheHOCI‘ySta|(3<3X3mI’TP)UsedlnthISStudywaS _0'20 |||||||||||||||||||||||||||||||||||||||
grown at Ames Laboratory. A-axis face was oriented, me- 802 803 804 805 806 807 808 809 810
chanically polished, and finally electropolished vyielding a Energy

. . o
sample mosaic width of-0.02°. The Ho CryStaI was placed FIG. 4. Scattering intensity of magnetic peak with a circularly polarized

inside a closed cycle _H_e refrige_ratorT{=7—350 K), incident beam. Top: Total counts. Bottom: Normalized difference. Line:
mounted on a Huber psi-circle goniometer. To obtain theTheory.
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FIG. 5. (Color) Domain images (600
0.00 X 450 um?) taken at the- 7(left) and
+ 7(right) magnetic peaks.

0,25

0,50

resonance the scattering of the magnetic peaks is strongthermore, the features in these domains appear to be uncor-

enhanced due to the additional resonant terms. Figure #elated with the crystal latticéa axis was oriented up in

shows the energy dependence of the (010 peak taken  Figure 5.

using a 25%25um? circularly polarized beam. The top In summary, we have successfully imaged the spiral do-

panel in Fig. 4 is a plot of the sum of the intensities takenmains in a Ho single crystal. The energy and wave vector

with alternate helicitiesI(" +1~) showing the enhancement dependence vary according to theoretical predictions. The

of the magnetic scattering, while the bottom panel is a plot obbserved structure of the spiral domains does not appear to

the normalized intensity difference,l (—17)/(1"+17). correlate with the structure of the crystalline lattice.

The lines in Fig. 4 are the expected behavior calculated using

Eqg. (2) and published matrix elements assuming scattering\CKNOWLEDGMENTS
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