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Helicity of magnetic domains in holmium studied with circularly polarized x rays
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We have studied the helicity of magnetic domains in antiferromagnetic holmium using circularly polarized
x rays. The spiral magnetic structure of holmium gives rise to pairs of magnetic satellites split symmetrically
around each of the main charge Bragg reflections. For circularly polarized light the nonresonant scattering
amplitudes at these satellites depend upon the helicity of the spiral, and thereby yield information about the
distribution of magnetic domains with opposite helicity in the sample. The high degree of circular polarization
~96%! in the incident beam was obtained by transforming a linearly polarized undulator beam with the help of
a diamond quarter-wave plate. The data reveal that domains with opposite helicity were nearly equally dis-
tributed in the crystal under investigation.@S0163-1829~97!03901-5#
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I. INTRODUCTION

The polarization and resonance properties of the x-
magnetic scattering cross section have been used suc
fully to elucidate the magnetic properties of rare earth,
tinide, and transition metal systems. The polarization dep
dence of the nonresonant magnetic cross section
calculated by Blume and Gibbs1 in 1988. They showed tha
the spin and orbital magnetization densities contribute
early, but with different polarization dependencies to t
cross section. This makes it possible not only to distingu
between charge and magnetic scattering but also to d
mine the spin (S) and orbital angular (L) momentum by
measuring the polarization dependence of the x-ray magn
scattering cross section. Pioneering experiments explo
the magnetic cross section with linearly polarized x ra
were carried out in antiferromagnetic holmium2 and uranium
arsenide.3 Substantial parts of the cross section depend
upon the degree of circular polarization, however, remai
largely unexplored experimentally due to the lack of inten
sources for circularly polarized light. Among them are elas
interference scattering in ferromagnets@inelastic interference
~Compton! scattering has been observed in several system4#
and the possibility of studying the helicity of spiral antife
romagnets. It has been predicted1 that the circular compo-
nents of the nonresonant cross section of the positive (1t)
and negative (2t) satellites in a spiral antiferromagnet ha
opposite helicity in a simple spiral domain. A magnetic sc
tering experiment with circularly polarized x rays therefo
allows direct determination of the distribution of domai
550163-1829/97/55~2!/954~6!/$10.00
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with opposite helicity. Circular polarization also gives acce
to the interference between charge and magnetic scatte
~interference scattering!, thus allowing magnetic scattering i
ferromagnets to be studied without an external field.

Intense circularly polarized x-ray beams can be produ
either by special insertion devices like asymmetric wiggl
and helical undulators or by combining a planar undula
with an x-ray phase plate.5 We have used a diamond pha
plate to convert the linearly polarized radiation emitted by
planar undulator from the ESRF into left- and right-ha
circularly polarized x rays with a degree of circular polariz
tion of Ph560.96 to study the helicity of magnetic domain
in antiferromagnetic holmium. More specifically, we ha
measured the nonresonant scattering intensity of
(00L6t) magnetic satellites~where t is the modulation
wave vector andL52,4,6! for circularly polarized light of
both helicities~left and right!. Our results prove that mag
netic domains of opposite helicity exist in the sample un
investigation and were about equally distributed. The res
are consistent with previous neutron topography studies6 on
holmium and show that nonresonant magnetic x-ray sca
ing with circularly polarized light can reveal valuable info
mation about the helicity and distribution of spiral domai
in antiferromagnets.

II. EXPERIMENTAL DETAILS

The experiments were performed at beamline 9/ID10
~Troı̈ka! of the European Synchrotron Radiation Facili
~ESRF!. A schematic layout of the experimental setup
954 © 1997 The American Physical Society
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55 955HELICITY OF MAGNETIC DOMAINS IN HOLMIUM . . .
shown in Fig. 1. The magnetic gap of the planar 46 m
undulator was set to 23.40 mm and the~111! reflection from
a diamond in horizontal asymmetric Laue geometry was
to accept photons of 10.44 keV. The degree of linear pol
ization for this setup isPz8520.97.7 A second thin dia-
mond crystal@0.77 mm thick and cut parallel to the set o
~111! planes# was installed downstream of the monochr
mator and operated in quarter-wave plate~QWP! mode.5 The
Bragg angle for this crystal was 16.7° and the effective thic
ness crossed by the beam was 2.7 mm, with a transmis
coefficient of 1/6. The scattering plane of the QWP is i
clined by 45° relative to the horizontal polarization of th
incident beam, so that itss andp components are equal. In
order to transform the linear and horizontal polarization
the undulator into circular polarization by birefringence, th
scattering angle of the crystal has to be slightly offset~here
0.014°!, from the ~111!-Bragg reflection. The phase differ
ence between the two amplitudes, which must bep/2 for a
QWP ~p for a half-wave plate!, is inversely proportional to
the offset.

The degrees of linear (Pz) and circular (Ph) polarization
are defined as

Pz5
I h2I v
I h1I v

, Ph5
I r2I l
I r1I l

, ~1!

with the four intensitiesI h ,I v ,I r ,I l having linear horizontal
and vertical as well as circular right-hand and left-hand p
larization, respectively. We callPz8 the degree of horizontal
polarization as delivered by the undulator and the monoch
mator, andPz ,Ph the degrees of polarization obtained aft
the phase plate. In the following, the same notationI x8 ,I x will
designate the intensities in polarization statex before and
after the phase plate.

In these experiments the degree of circular polarizat
produced by the QWP is inferred from the measurement
the degree of linear polarization. The degree of linear pol
ization was determined by either using a powder diffracti
polarimeter5,8 or by measuring the intensity scattered by
kapton foil, at 90° in the vertical direction, which is esse
tially proportional to the horizontally polarized intensity
Due to the background scattering and to the aperture of
detector, the degrees of polarization are underestimated
the latter method. A value for the circular polarization in th
QWP setting of the phase plate is obtained by comparing

FIG. 1. Experimental setup. The linearly and horizontally pola
ized radiation from a planar undulator is monochromatized at 10
keV and then transformed into left- and right-handed circular p
larization with the help of a diamond phase plate. The sample un
investigation is a holmium single crystal mounted in a four-circ
diffractometer and cooled toT538 K. A standard scintillation de-
tector mounted on the 2u arm of the diffractometer is used as th
detector.
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horizontally polarized intensity measured for the plate set
from the Bragg reflection@in zero-wave plate~ZWP! condi-
tion# with the intensity when set at the half-wave plate po
tion ~HWP!. R is defined as the ratio of both intensities:

R5
I h~HWP!

I h~ZWP!
. ~2!

These intensities are corrected by the absorption of
plate so that we may replaceI h~ZWP! by I h8 in Eq. ~2!. The
depolarizing effects coming from angular and spectral d
persion of the incident beam are discussed in Appendix
Assuming that this beam does not contain any other po
ization states than linear horizontal, we can estimate the
gree of circular polarization for the QWP as

Ph5
1

16
@1115Pz82~11Pz8!R#. ~3!

With Pz8520.97 andR50.063 ~measured! we determined
the degree of circular polarization to be 96% for the setup
this experiment.

The sample under investigation was a single crystal
holmium (93434 mm3!, with one surface cut perpendicu
lar to the crystallographicc axis. The crystal structure o
holmium is hexagonal closed packed. Below the Ne´el tem-
perature ofTN5131.5 K, the magnetic moments~saturation
moment of 10.3mB per atom! order in a spiral with a period
which in general is incommensurate with the crystal lattic2

Within the basal planes, the magnetic moments are orde
ferromagnetically. From one plane to the other, the direct
of the magnetic moment is turned by a constant angle. W
decreasing temperature the magnetic wave vectort, which is
proportional to the turn angle, changes from aboutt;0.3c*
at 131.5 K tot; 1

6c* at 20 K. BelowTc5 20 K the magnetic
moments are tilted out of theab planes by about 10° and
form a conical magnetic structure with a net moment alo
the c direction.

The crystal was mounted in a displex type cryostat a
installed in the four-circle diffractometer with thec axis ly-
ing in the horizontal scattering plane. The mosaic width
the crystal as determined by the full width at half maximu
of the rocking curve at the~002! reflection was 0.02°. All
data were taken atT538 K. The scattered intensity wa
measured with a standard scintillation detector. The incid
intensity was monitored by an ion chamber located upstre
of the phase plate. On-line monitoring of the degree of c
cular polarization was performed with a scintillation coun
recording the 90° scattering from a 80mm kapton foil sitting
downstream of the phase plate.

III. CROSS SECTION AND EXPERIMENTAL RESULTS

The nonresonant magnetic scattering cross section f
single basal plane spiral is given1 by

ds

dV
5C sin22u$Fs

212 sin2u~F l1Fs!
21~2 sin2uF l1Fs!

2

24Pz@sin
2uF l~sin

2uF l1Fs!#

74Phsinu~F l1Fs!~sin
2uF l1Fs!%. ~4!
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956 55C. SUTTERet al.
Here, C is a constant which is independent of the Bra
angleu. F l andFs are the Fourier transforms of the ion
form factors ~assumed to be real! of the orbital and spin
magnetization densities, respectively, given in the dipole
proximation. Their dependence on the scattering vectoQ
will be discussed in Appendix B.t is the modulation wave
vector andPz andPh are the degrees of the incident line
and circular polarization as discussed in Sec. II. The min
plus sign in front ofPh refers to the sign of the magnet
satellites,1t and2t, respectively.

The first term of this formula is independent of the deg
of polarization of the incident light and is identical to that f
the scattering of unpolarized light. The second term
scribes the contribution of linearly polarized light to the sc
tering amplitude. Due to the minus sign before the sec
term, the scattering amplitude is reduced when using incid
s-polarized radiation (Pz.0) while it is enhanced for inci-
dentp-polarized radiation (Pz,0). This term is neglected in
the further discussion because the contribution of linea
polarized light in the experiment is negligible. We note th
the first two terms are independent of the sign of the m
netic satellite. The third term describes the contribution
the circular polarization to the scattering amplitude. Its s
~2 or 1! depends on the helicity of the circularly polarize
light in the same way as on the sign of the magnetic satel
The scattered intensity of a magnetic satellite reflection
therefore changed by twice this term upon flipping the he
ity of the incident circular polarization. The scattering am
plitude is also modulated by twice this term when switchi
from the2t to the1t satellite, if the corresponding sma
changes inu andF l ,s are neglected. A quantitative analys
of the integrated intensities taken at different satellites
with right- and left-hand circular polarization will therefor
allow the determination of the distribution of domains wi
different helicities.

Figure 2 shows the magnetic scattering intensities for
(2Ph) and right (1Ph) handed circularly polarized light a
a function of the deviationf from the Bragg angle
(f :5u2uB). They were recorded atT538 K(t50.202) by
rocking the crystal at the magnetic satellite reflections.

Several qualitative features of the cross section are im
diately apparent in the data. For both left~left column! and
right ~right column! handed circularly polarized light th
peak intensity tends to increase with increasing scatte
vector, reflecting the sin22u dependence of the cross secti
@Eq. ~4!#. @The decrease in intensity expected from the
crease of the magnetic form factor with momentum trans
begins to manifest itself at the~006!6 and higher satellites a
these incident photon energies (E510.44keV!.# The inten-
sity of the negative satellites~004!2and~006!2 appears to be
enhanced for right-handed circular polarization and redu
for left-handed circular polarization, as expected from
cross section. On the other hand, we see from Fig. 2 tha
~002!1 satellite is slightly more intense for left-handed c
cular polarization~left column! compared to the right-hande
circular polarization~right column!. The same behavior, bu
with more pronounced differences in the peak intensities
observed for the two other positive satellites, i.e.,~004!1 in
the middle and~006!1 in the top of the figure. Summarizing
the peak count rates are higher for right~left! handed circular
polarization at the2t ~1t! satellites and lower for the two
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opposite cases. The maximum intensity for one degree
circular polarization~vertical columns! alternates when go
ing from one satellite to the next one, i.e, when regarding
1Ph column, the maximum intensity for the1t satellite is
always lower than for the2t satellite. The opposite behavio
is observed for the2Ph column. This behavior is not ob
served with linearly polarized light and reflects the polariz
tion dependence of the cross section for circularly polariz
x rays.

All scans exhibit comparable peak widths~;0.02°! and
similar background levels except for the~004!2 satellite,
which is contaminated by an increased background. Th
high background levels have also been seen in scans a
the reciprocalL direction through the magnetic satellite p
sition and in experiments carried out with linear polarizatio
To explore its characteristics further, we have perform
rocking scans at positions slightly off the magnetic satel
position at~00L10.02! and (00L20.02) with L546t. At
these two positions the rocking scans show flat horizon
curves with no maxima lying about 50c/s above (00L10.02)
and 30c/s below (00L20.02) the background level of th
(00L) rocking curve. The origin of this background is un

FIG. 2. Rocking scans of the five magnetic satellite reflectio
~002!1, ~004!6, and~006!6 of holmium atT538 K for incident left
(2Pz) and right (1Ph) handed circularly polarized x rays.
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55 957HELICITY OF MAGNETIC DOMAINS IN HOLMIUM . . .
known. Because of its flatness in the region of the peak
should not affect the analysis of the data.

For a quantitative analysis, the transverse line sha
were fitted to the sum of a Gaussian and Lorentzian~pseudo-
Voigt! function including the linear background termI b
1I sf:

I5I b1I sf1I ge
24 ln2~f2/d2!1I l

d2

4f21d2
. ~5!

f is the deviation from the peak position,d is the full width
at half maximum~FWHM! of the peak, andI g ,I l are the
amplitudes of the Gaussian and Lorentzian functions, res
tively. The integrated intensityA can then be calculated from
the amplitudesI g ,I l and the widthd with the appropriate
prefactors as

A5
1

2
d~ I gAp/ ln21I lp!. ~6!

The integrated intensities determined by the fits of
transverse scans are shown in Fig. 3 as a function of
scattering vector in units ofc* . The open~full ! circles rep-
resent the data for incident left~right! circularly polarized
light.

The data points show the expected qualitative behav
The integrated intensities of the negative satellites taken w
right-handed circular polarization~filled circles! are always
higher than for the positive satellites. For left-handed circu
polarization~open circles! the opposite behavior is observe
The difference in the intensities at one magnetic satellite
right- and left-handed circular polarization is determined
the circular polarization term in Eq.~4!.

The upper and lower dashed lines in Fig. 3 show
results of a fit of Eq.~4! to the data assuming a single ma
netic domain,Ph560.96, and varying the constantC as the
only fit parameter. The Lorentz factorL5(sin2u)21 and the
Q dependence ofF l and Fs ~see Appendix B! have also

FIG. 3. Integrated intensities of the magnetic satellite reflecti
for left- ~s! and right-~d! handed circular polarization. The dashe
lines are fits of Eq.~4! to the data assuming a simple magne
domain with positive or negative helicity. The full lines are fits
the modified equation~4! ~see text! to the data assuming a distribu
tion of magnetic domains with opposite helicity.
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been taken into account. ForQ50, the ratio of the atomic
spin and orbital magnetization densities w
F l(0)/Fs(0)53, as inferred from Refs. 2 and 9. The quali
of the fit is relatively poor indicating either a drastic redu
tion in the degree of circular polarization or the existence
more than two types of magnetic domains with opposite
licity. The first explanation can be excluded because o
unphysically small values ofPh;0.2 would be compatible
with the data. We therefore have to conclude that more t
one magnetic domain contributes to the scattering and
~4!, which is strictly valid only for one magnetic domai
with positive helicity~the magnetical spiral turns clockwis
in the coordinate system defined in the paper by Blume
Gibbs1! fails to describe the data. A spiral domain of opp
site helicity can be taken into account by changing the s
before the circular polarization term. The coexistence of s
eral domains with opposite helicity can then be includ
within a simple model by replacingPh in Eq. ~4! by
Ph(2x21), wherex is the domain fraction.x51 describes a
single domain with positive helicity andx50 a domain with
negative helicity. For equally distributed domains with opp
site helicities~x5 1

2) the contribution of circular polarization
to the scattering amplitude as described by the third term
Eq. ~4! is zero and the only contribution is due to the fir
term, which is independent of the degree of polarization
the incident beam.

The solid lines in Fig. 3 are the results of the fit of th
modified equation~4! with C and x as parameters, an
Ph560.96. The results of a fit taking into account the d
main fractionx50.64 are shown as solid lines in Fig. 3. A
can be seen the simple domain-fraction model allows a
sonable description of the data and establishes the exist
of at least two domains with opposite helicity in the samp
There remain quantitative deviations from the theoretica
expected behavior, especially for the~004!2 and the~006!1

satellites. Possible explanations for these differences
e.g., changes in the beam footprint on the sample and s
differences in the absolute beam position on the sample
face for differentQ values. These can result in changes
the scattering amplitude which is dependent on the dom

s FIG. 4. Fractionx of magnetic domains with opposite helicity o
the magnetic spiral as calculated from the difference in the scatt
intensities at each magnetic satellite position.
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958 55C. SUTTERet al.
distribution illuminated by the incident beam.
The domain fractionx was also calculated for each sate

lite reflection from the difference in the scattering intensit
obtained from opposite helicities of the circular incident p
larization. The results are shown in Fig. 4. The average
the calculated domain fractionsx is 0.660.1. The value for
the ~002!1 satellite is slightly smaller, probably due to th
;2 times larger footprint on the sample compared to
~006!1 satellite. This interpretation could imply the existen
of magnetic domains with sizes comparable or sligh
smaller than the illuminated sample area thus allowing a
viation from the statistically expected domain fraction
x50.5. We have no independent information on the dom
size in the sample under investigation but note however
domain sizes of 0.1 mm to several millimeters have be
observed in neutron topography measurements6 and domain
fractions from x51/2 to 2/3 have been reported in the
experiments.

IV. CONCLUSION

In this experiment we have shown the feasibility of usi
a circularly polarized x-ray beam in a nonresonant magn
scattering experiment to measure the helicity of spiral m
netic domains. A thin diamond crystal phase plate was u
in quarter-wave mode to efficiently transform the linea
polarized radiation of an undulator into right- and le
handed circular polarization (Ph560.96). A quantitative
analysis of the measured magnetic scattering intensitie
the spiral antiferromagnet holmium shows the existence
magnetic domains with opposite helicity in the sample un
investigation. X-ray magnetic scattering studies of sp
magnetic structures using circularly polarized light theref
yield information both about the magnetic structure as w
as details of the distributions of magnetic domains. By us
two-dimensional detectors with a reasonable spatial res
tion or by scanning the sample with a sufficiently small
cident beam, magnetic domains with sizes down to abou
mm might be detectable and yield complementary inform
tion to Kerr effect and neutron topography measurement

ACKNOWLEDGMENTS

We gratefully acknowledge Professor Lang and Dr.
Moore for the loan of the diamond crystal as well as Ro
Marie Galera for the loan of the displex cryostat. Work p
formed at Brookhaven is supported by the U.S. DOE, Di
sion of Materials Science under Contract No. DE-AC0
76CH00016.

APPENDIX A: DEPOLARIZATION EFFECTS

Depolarization effects occur when an x-ray beam pas
through a phase plate, because of the spectral and an
spread of the radiation and the nonuniform thickness of
plate. The former spreads are usually dominant and both
in the same manner. They will be represented by a sin
equivalent angular dispersionsDu ~Du is the angular offset
of the beam relative to the Bragg position!. Let f be the
phase difference produced by the plate between thes andp
component. Sincef is inversely proportional toDu,
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sf5f
sDu

Du
~A1!

and this results in

sf~HWP!54sf~QWP! ~A2!

for the samesDu . Such a spread inf produces in turn a
‘‘depolarization rate’’« which, in the case of the HWP, w
define as

Pz~HWP!52~12«HWP!Pz8 . ~A3!

When neglecting the absorption in the plate~by using a
suitable normalization!

I h1I v5I h81I v8 , ~A4!

we can write

I h~HWP!5S «HWP

2 D I h81S 12
«HWP

2 D I v8,
I v~HWP!5S 12

«HWP

2 D I h81S «HWP

2 D I v8 . ~A5!

Making the assumption that the incident beam does
contain any circular or inclined linear polarization, we m
calculate«HWP. If the outphase differs from the ideal phas
p by df, one gets for the intensities

I h~HWP!5
12cosdf

2
I h81

11cosdf

2
I v8 ,

I v~HWP!5
11cosdf

2
I h81

12cosdf

2
I v8 . ~A6!

FIG. 5. Magnetic form factors for the orbital^g02
1
2g2& and spin

^ j 0& magnetization densities. The arrows mark the position of
magnetic satellites~002!1, ~004!6, and ~006!6 of holmium for
E510.44 keV. The solid lines are polynomial fits of order 4 to t
data.
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55 959HELICITY OF MAGNETIC DOMAINS IN HOLMIUM . . .
By averaging df over a small spread of varianc
sf~HWP! ~A5! and ~A6! give

«HWP5
sf~HWP!2

2
. ~A7!

In the case of a QWP similar equations can be defined
replacing the ‘‘HWP’’ indices by ‘‘QWP’’ in ~A5!, ~A6!,
and ~A7! and defining the outphase asdf:5f2~p/2!. From
Eqs.~A2! and~A7! it follows that the depolarization rate fo
the QWP is 16 times smaller than for the HWP. Some al
bra yields the degree of circular polarization in the form
Eq. ~3! as a function of the quantities obtained in the expe
ment @Pz8 andR5I h~HWP!/I h8#.

APPENDIX B: Q DEPENDENCE OF FL AND FS

Because of the spatial extent of the atomic spin and
bital magnetization densities, their Fourier transformsFs
.

ns

l-
.

A
nd
y

-
f
-

r-

andF l are functions of the scattering vectorQ. Using the
calculations of Blumeet al.10 for the magnetic form factors
of the spherical part of the spin̂j 0& and orbital^g02

1
2g2&

magnetization densities one can write

F l5F l~Q50!^g02
1
2g2&, Fs5Fs~Q50!^ j 0&.

~B1!

The Q dependencies of the functionŝj 0& and ^g0
2 1

2g2& are tabulated10 for most of the rare earth element
but unfortunately not for holmium. To estimate the magne
form factors for holmium we follow a proposition of th
authors and use the average of the form factors of the ne
boring elements dysprosium and erbium. The respective
ues for^ j 0& and^g02

1
2g2& are plotted in Fig. 5 as a function

of the scattering vector.
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