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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 investigatidi$0163-1827)03901-3

I. INTRODUCTION with opposite helicity. Circular polarization also gives access
o . to the interference between charge and magnetic scattering
The _polarlzatlt_)n and resonance properties of the x-ra interference scatteringthus allowing magnetic scattering in
magnetic scattering cross section have been used SUCCeg§:omagnets to be studied without an external field.
fully to elucidate the magnetic properties of rare earth, ac- |nense circularly polarized x-ray beams can be produced
tinide, and transition metal systems. The polarization depengjther by special insertion devices like asymmetric wigglers
dence of the nonresonant magnetic Cross section Waghd helical undulators or by combining a planar undulator
calculated by Blume and Gibbin 1988. They showed that \ith an x-ray phase plattWe have used a diamond phase
the spin and orbital magnetization densities contribute linplate to convert the linearly polarized radiation emitted by a
early, but with different polarization dependencies to theplanar undulator from the ESRF into left- and right-hand
cross section. This makes it possible not only to distinguisttircularly polarized x rays with a degree of circular polariza-
between charge and magnetic scattering but also to detetion of B,=+0.96 to study the helicity of magnetic domains
mine the spin §) and orbital angular I{) momentum by in antiferromagnetic holmium. More specifically, we have
measuring the polarization dependence of the x-ray magnetimeasured the nonresonant scattering intensity of the
scattering cross section. Pioneering experiments explorin(POL = 7) magnetic satellitegwhere 7 is the modulation
the magnetic cross section with linearly polarized x rayswave vector and.=2,4,6 for circularly polarized light of
were carried out in antiferromagnetic holmitiand uranium  both helicities(left and righy. Our results prove that mag-
arsenid€. Substantial parts of the cross section dependingietic domains of opposite helicity exist in the sample under
upon the degree of circular polarization, however, remainednvestigation and were about equally distributed. The results
largely unexplored experimentally due to the lack of intensed"® consistent with previous neutron topography stides
sources for circularly polarized light. Among them are elastich®Imium and show that nonresonant magnetic x-ray scatter-
interference scattering in ferromagnéitselastic interference N9 With circularly polarized light can reveal valuable infor-
(Compton scattering has been observed in several sy§ﬂemsmat'°_n about the helicity and distribution of spiral domains
and the possibility of studying the helicity of spiral antifer- I antiferromagnets.
romagnets. It has been predictatiat the circular compo-
nents of the nonresona_nt cross section Qf the positive)( Il. EXPERIMENTAL DETAILS
and negative { 7) satellites in a spiral antiferromagnet have
opposite helicity in a simple spiral domain. A magnetic scat- The experiments were performed at beamlinéDa0
tering experiment with circularly polarized x rays therefore (Trolka) of the European Synchrotron Radiation Facility
allows direct determination of the distribution of domains (ESRF. A schematic layout of the experimental setup is
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horizontally polarized intensity measured for the plate set far
from the Bragg reflectiofiin zero-wave platéZWP) condi-
—— == tion] with the intensity when set at the half-wave plate posi-
tion (HWP). R is defined as the ratio of both intensities:

Undulator Monochromator

horizontal

polarization | h( HWP)

h late detector =— 0. (2)
phase P sample I h( ZWP)

FIG. 1. Experimental setup. The linearly and horizontally polar-

ized radiation from a planar undulator is monochromatized at 10.44 These intensities are corrected by the absorption of the
keV and then transformed into left- and right-handed circular po-plate so that we may repla¢g(ZWP) by I}, in Eq. (2). The
larization with the help of a diamond phase plate. The sample undedepolarizing effects coming from angular and spectral dis-
investigation is a holmium single crystal mounted in a four-circle persion of the incident beam are discussed in Appendix A.
diffractometer and cooled to=38 K. A standard scintillation de-  Assuming that this beam does not contain any other polar-
tector mounted on the®arm of the diffractometer is used as the ization states than linear horizontaL we can estimate the de-
detector. gree of circular polarization for the QWP as

shown in Fig. 1. The magnetic gap of the planar 46 mm 1

undulator was set to 23.40 mm and (14.1) reflection from Py=1el1t 15P;—(1+P{)R]. €)

a diamond in horizontal asymmetric Laue geometry was set

to accept photons of 10.44 keV. The degree of linear polarwith P;=-0.97 andR=0.063 (measureflwe determined
ization for this setup ingz —0.97.7 A second thin dia- the degree of circular polarization to be 96% for the setup of
mond crystal[0.77 mm thick and cut parallel to the set of this experiment.

(111 planeg was installed downstream of the monochro- The sample under investigation was a single crystal of
mator and operated in quarter-wave plé@WP) mode® The  holmium (9x4x 4 mn?), with one surface cut perpendicu-
Bragg angle for this crystal was 16.7° and the effective thicklar to the crystallographic axis. The crystal structure of
ness crossed by the beam was 2.7 mm, with a transmissidmlmium is hexagonal closed packed. Below theeNem-
coefficient of 1/6. The scattering plane of the QWP is in-perature ofTy=131.5 K, the magnetic momentsaturation
clined by 45° relative to the horizontal polarization of the moment of 10.3ug per atom order in a spiral with a period
incident beam, so that its and = components are equal. In which in general is incommensurate with the crystal latfice.
order to transform the linear and horizontal polarization ofWithin the basal planes, the magnetic moments are ordered
the undulator into circular polarization by birefringence, theferromagnetically. From one plane to the other, the direction
scattering angle of the crystal has to be slightly off¢etre  of the magnetic moment is turned by a constant angle. With
0.0149, from the (111)-Bragg reflection. The phase differ- decreasing temperature the magnetic wave vegtahich is
ence between the two amplitudes, which must#2 for a  proportional to the turn angle, changes from abou0.3c*
QWP (r for a half-wave platg is inversely proportional to at 131.5 K tor~ ¢c* at 20 K. BelowT .= 20 K the magnetic

the offset. moments are tilted out of thab planes by about 10° and
The degrees of lineaR;) and circular P,) polarization  form a conical magnetic structure with a net moment along
are defined as the c direction.
The crystal was mounted in a displex type cryostat and
=1, =1, installed in the four-circle diffractometer with tteeaxis ly-
P= T P":|r+||’ (1) ing in the horizontal scattering plane. The mosaic width of

the crystal as determined by the full width at half maximum

with the four intensitied ., I, I, having linear horizontal ~Of the rocking curve at the002 reflection was 0.02°. All
and vertical as well as circular right-hand and left-hand podata were taken af=38 K. The scattered intensity was
larization, respectively. We caR/ the degree of horizontal measured with a standard scintillation detector. The incident
polarization as delivered by the undulator and the monochrolnténsity was monitored by an ion chamber located upstream

mator, andP,,P,, the degrees of polarization obtained after Of the phase plate. On-line monitoring of the degree of cir-
the phase plate. In the following, the same notatipy, will cular polarization was performed with a scintillation counter

designate the intensities in polarization statdefore and 'ecording the 90° scattering from a gn kapton foil sitting
after the phase plate. downstream of the phase plate.

In these experiments the degree of circular polarization
produced by the QWP is inferred from the measurement of Ill. CROSS SECTION AND EXPERIMENTAL RESULTS
the degree of linear polarization. The degree of linear polar- . . .
ization was determined by either using a powder diffraction_. Tlhebnonrleslonant r.nalglnetllc\:;esg: attering cross section for a
polarimete?® or by measuring the intensity scattered by g>'Ng'e basal plane spiral s gively
kapton foil, at 90° in the vertical direction, which is essen- o
tially proportional to the horizontally polarized intensity. — =C sin220{c1>§+2sir?0(<D|+<Ds)2+(2 Sirfed, + d )2
Due to the background scattering and to the aperture of th
detector, the degrees of polarization are underestimated by — 4P [Sir? 0D, (SirP 6D+ D) ]
the latter method. A value for the circular polarization in the ¢ ' ' s
QWP setting of the phase plate is obtained by comparing the I4Pnsin0(<b|+<bs)(sin20<D, +dJ)}. (4)
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Here, C is a constant which is independent of the Bragg 500
angle . ®, and ® are the Fourier transforms of the ionic
form factors (assumed to be reabf the orbital and spin 400 ¢
magnetization densities, respectively, given in the dipole ap-

300 | . ]

proximation. Their dependence on the scattering veGor 200 ¢ g% 1]
will be discussed in Appendix Br is the modulation wave 100 ] ._._._..gﬁ&._._._._.
vector andP, and P,, are the degrees of the incident linear ' o —
and circular polarization as discussed in Sec. Il. The minus-
plus sign in front ofP, refers to the sign of the magnetic
satellites,+ r and — 7, respectively. 300 ¢ 2 ]

The first term of this formula is independent of the degree § 200 ]
of polarization of the incident light and is identical to that for 100 ¢ ]
the scattering of unpolarized light. The second term de- 0 : : :
scribes the contribution of linearly polarized light to the scat- 500 [~ ' ‘ b ) '
tering amplitude. Due to the minus sign before the second & 400 | (004)” Py (004" *
term, the scattering amplitude is reduced when using incident™, 300
o-polarized radiation R,>0) while it is enhanced for inci- 200 |
dentw-polarized radiation® ,<0). This term is neglected in 100 |
the further discussion because the contribution of linearly ol
polarized light in the experiment is negligible. We note that 50

Intensity (cps)

500
400

Intensity (cps)

Intensity (cps

the first two terms are independent of the sign of the mag- T 400 |

netic satellite. The third term describes the contribution of = 300

the circular polarization to the scattering amplitude. Its sign £

(= or +) depends on the helicity of the circularly polarized g 200

light in the same way as on the sign of the magnetic satellite. = 100y

The scattered intensity of a magnetic satellite reflection is 0

therefore changed by twice this term upon flipping the helic- __ 500 | (002); - (002); p
ity of the incident circular polarization. The scattering am- & 400 ? ?
plitude is also modulated by twice this term when switching g 300

from the —7 to the + 7 satellite, if the corresponding small g 200 . 1 1
changes ip and®, ¢ are neglected. A quantitative analysis 2 100 | ﬁ;i 1 r FLY 1

of the integrated intensities taken at different satellites and 0
with right- and left-hand circular polarization will therefore

allow the determination of the distribution of domains with
different helicities.

Figure 2 shows the magnetic scattering intensities for lef
(—P,) and right (+ P,) handed circularly polarized light as
a function of the deviation¢ from the Bragg angle
(¢p:=6—0g). They were recorded dt=38 K(7=0.202) by
rocking the crystal at the magnetic satellite reflections. opposite cases. The maximum intensity for one degree of

Several qualitative features of the cross section are immesircular polarization(vertical columng alternates when go-
diately apparent in the data. For both |@&ft column and  ing from one satellite to the next one, i.e, when regarding the
right (right column handed circularly polarized light the +P, column, the maximum intensity for the  satellite is
peak intensity tends to increase with increasing scatteringlways lower than for the- r satellite. The opposite behavior
vector, reflecting the sf29 dependence of the cross sectionis observed for the- P, column. This behavior is not ob-
[Eqg. (4)]. [The decrease in intensity expected from the deserved with linearly polarized light and reflects the polariza-
crease of the magnetic form factor with momentum transfetion dependence of the cross section for circularly polarized
begins to manifest itself at th@®06)“ and higher satellites at x rays.
these incident photon energieE € 10.44ke\).] The inten- All scans exhibit comparable peak widtkrs0.029 and
sity of the negative satelliteg®04) "and(006)~ appears to be similar background levels except for tH804)~ satellite,
enhanced for right-handed circular polarization and reducewhich is contaminated by an increased background. These
for left-handed circular polarization, as expected from thehigh background levels have also been seen in scans along
cross section. On the other hand, we see from Fig. 2 that thiae reciprocalL direction through the magnetic satellite po-
(002 satellite is slightly more intense for left-handed cir- sition and in experiments carried out with linear polarization.
cular polarizatior(left column compared to the right-handed To explore its characteristics further, we have performed
circular polarization(right columr. The same behavior, but rocking scans at positions slightly off the magnetic satellite
with more pronounced differences in the peak intensities, iposition at(O0L +0.02 and (OQ —0.02) withL=4=* 7. At
observed for the two other positive satellites, i(@04)" in these two positions the rocking scans show flat horizontal
the middle and006)* in the top of the figure. Summarizing, curves with no maxima lying about 50c/s abovel(800.02)
the peak count rates are higher for rigleft) handed circular and 30c/s below (Q0—0.02) the background level of the
polarization at the-7 (4 7) satellites and lower for the two (OOL) rocking curve. The origin of this background is un-

-02 -01 0 01 02 02 01 0 01 02
¢ (deg) ¢ (deg)

t FIG. 2. Rocking scans of the five magnetic satellite reflections
(002", (004, and(006)™ of holmium atT=238 K for incident left
(—P,) and right (+P,) handed circularly polarized x rays.
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FIG. 3. Integrated intensities of the magnetic satellite reflections ~FIG. 4. Fractionx of magnetic domains with opposite helicity of
for left- (O) and right-(®) handed circular polarization. The dashed the magnetic spiral as calculated from the difference in the scattered
lines are fits of Eq(4) to the data assuming a simple magnetic intensities at each magnetic satellite position.
domain with positive or negative helicity. The full lines are fits of
the modified equatiof¥) (see textto the data assuming a distribu- peen taken into account. FQ=0, the ratio of the atomic
tion of magnetic domains with opposite helicity. spin and orbital magnetization  densities  was

, ) ) D,(0)/D40)=3, as inferred from Refs. 2 and 9. The quality
known. Because of its flatness in the region of the peak, ibf the fit is relatively poor indicating either a drastic reduc-
should not affect the analysis of the data. _ tion in the degree of circular polarization or the existence of

For. a gquantitative analysis, t_he transverse _I|ne shapeg,ore than two types of magnetic domains with opposite he-
were fitted to the sum of a Gaussian and Lorent¢iseudo- |icity. The first explanation can be excluded because only
Voigt) function including the linear background teriy unphysically small values oP,~0.2 would be compatible

+ls¢: with the data. We therefore have to conclude that more than
52 one magnetic domain contributes to the scattering and Eq.

I:|b+|s¢+|ge_4ln2(¢2/52)+llﬂ- (5)  (4), which is strictly valid only for one magnetic domain

47+ 6 with positive helicity (the magnetical spiral turns clockwise

¢ is the deviation from the peak positiodjs the full width  in the coordinate system defined in the paper by Blume and
at half maximum(FWHM) of the peak, andy,l, are the G_‘Ibb§) fails to describe the data. A spiral domain of oppo-

amplitudes of the Gaussian and Lorentzian functions, respeéité helicity can be taken into account by changing the sign
tively. The integrated intensité can then be calculated from before the circular polarization term. The coexistence of sev-

the amplitudes 4,1, and the widths with the appropriate eral domains with opposite helicity can then be included
prefactors as within a simple model by replacind®, in Eq. (4) by

P,(2x—1), wherex is the domain fractiorx=1 describes a
1 single domain with positive helicity and=0 a domain with
A= 2 S(IgVm/In2+1ym). (6) negative helicity. For equally distributed domains with oppo-
site helicities(x=3) the contribution of circular polarization

The integrated intensities determined by the fits of theto the scattering amplitude as described by the third term in
transverse scans are shown in Fig. 3 as a function of thEq. (4) is zero and the only contribution is due to the first
scattering vector in units af*. The open(full) circles rep-  term, which is independent of the degree of polarization of
resent the data for incident leftight) circularly polarized the incident beam.
light. The solid lines in Fig. 3 are the results of the fit of the

The data points show the expected qualitative behaviormodified equation(4) with C and x as parameters, and
The integrated intensities of the negative satellites taken witl?, = +0.96. The results of a fit taking into account the do-
right-handed circular polarizatioffilled circles are always main fractionx=0.64 are shown as solid lines in Fig. 3. As
higher than for the positive satellites. For left-handed circulacan be seen the simple domain-fraction model allows a rea-
polarization(open circlesthe opposite behavior is observed. sonable description of the data and establishes the existence
The difference in the intensities at one magnetic satellite foof at least two domains with opposite helicity in the sample.
right- and left-handed circular polarization is determined byThere remain quantitative deviations from the theoretically
the circular polarization term in Ed4). expected behavior, especially for tt@04)~ and the(006)"

The upper and lower dashed lines in Fig. 3 show thesatellites. Possible explanations for these differences are,
results of a fit of Eq(4) to the data assuming a single mag- e.g., changes in the beam footprint on the sample and small
netic domainP, = +0.96, and varying the consta@tas the differences in the absolute beam position on the sample sur-
only fit parameter. The Lorentz factar=(sin26) ! and the face for differentQ values. These can result in changes in
Q dependence ofb, and @, (see Appendix B have also the scattering amplitude which is dependent on the domain



958 C. SUTTEREet al. 55

distribution illuminated by the incident beam. Tap

The domain fractiorx was also calculated for each satel- 0= ¢A_0 (A1)
lite reflection from the difference in the scattering intensities
obtained from opposite helicities of the circular incident po-and this results in
larization. The results are shown in Fig. 4. The average of
the calculated domain fractionsis 0.6x0.1. The value for 0 4,(HWP) =40 4(QWP) (A2)
the (002" satellite is slightly smaller, probably due to the ] .
~2 times larger footprint on the sample compared to thdor the sameo,,. Such a spread i produces in turn a
(006" satellite. This interpretation could imply the existence depolarization rate”s which, in the case of the HWP, we
of magnetic domains with sizes comparable or slightlydefine as
smaller than the illuminated sample area thus allowing a de-
viation from the statistically expected domain fraction of P(HWP)=—(1—sgpwp)P;. (A3)
x=0.5. We have no independent information on the domain
size in the sample under investigation but note however that When neglecting the absorption in the pléby using a
domain sizes of 0.1 mm to several millimeters have beersuitable normalization
observed in neutron topography measurenfeatsi domain
fractions fromx=1/2 to 2/3 have been reported in these L1, =10 +1! (A4)

-

experiments.
we can write

IV. CONCLUSION

. , - : EHwp| EHwp|
In this experiment we have shown the feasibility of using hW(HWP)=| == ]1h+| 1= —— ] 15,
a circularly polarized x-ray beam in a nonresonant magnetic
scattering experiment to measure the helicity of spiral mag-
netic domains. A thin diamond crystal phase plate was used _ Exwp| , [ EHwWP|
in quarter-wave mode to efficiently transform the linearly l,(HWP)=| 1- 2 I+ 2 - (AS)

polarized radiation of an undulator into right- and left-

handed circular polarizationP(,= =0.96). A quantitative Making the assumption that the incident beam does not
analysis of the measured magnetic scattering intensities @fontain any circular or inclined linear polarization, we may
the spiral antiferromagnet holmium shows the existence o€alculatesyp. If the outphase differs from the ideal phase
magnetic domains with opposite helicity in the sample underr by d¢, one gets for the intensities

investigation. X-ray magnetic scattering studies of spiral

magnetic structures using circularly polarized light therefore 1—cosd¢ 1+ cosde

yield information both about the magnetic structure as well I, (HWP) = 5 Ih+ 5 o

as details of the distributions of magnetic domains. By using

two-dimensional detectors with a reasonable spatial resolu-

tion or by scanning the sample with a sufficiently small in- l1+cosd¢p , 1l—cosie |

cident beam, magnetic domains with sizes down to about 10 1,(HWP)= 2 ht 2 Iy (A6)
um might be detectable and yield complementary informa-

tion to Kerr effect and neutron topography measurements.

T T T N t T T

o <g,-1/2g,>
* <jp> ]
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APPENDIX A: DEPOLARIZATION EFFECTS

Depolarization effects occur when an x-ray beam passes 0.2} + T+ 1 11
through a phase plate, because of the spectral and angular (') 01 0'2 0.3 0' 1 ‘ 0'6
spread of the radiation and the nonuniform thickness of the ’ T(1/4mq (&Y ’

plate. The former spreads are usually dominant and both act

in the same manner. They will be represented by a single FiG. 5. Magnetic form factors for the orbitéd, — 3g,) and spin
equivalent angular dispersian,, (A6 is the angular offset (j ) magnetization densities. The arrows mark the position of the
of the beam relative to the Bragg positioriLet ¢ be the  magnetic satelliteg002)*, (004*, and (006 of holmium for
phase difference produced by the plate betweervthed7  E=10.44 keV. The solid lines are polynomial fits of order 4 to the
component. Since is inversely proportional ta 6, data.
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By averaging ¢ over a small spread of variance and®, are functions of the scattering vectQ. Using the

o 4(HWP) (A5) and (A6) give calculations of Blumeet al° for the magnetic form factors
of the spherical part of the spifjo) and orbital{go— 39.)

o 4(HWP)? magnetization densities one can write

EHWPT T 5 - (A7)

In the case of a QWP similar equations can be defined by N )
replacing the “HWP” indices by “QWP” in (A5), (A6), O =D (Q=0)(go—292), Ps=P(Q=0)(jo)-
and (A7) and defining the outphase a@:=¢—(w/2). From (B1
Egs.(A2) and (A7) it follows that the depolarization rate for
the QWP is 16 times smaller than for the HWP. Some alge- ] o
bra yields the degree of circular polarization in the form of The Q dependencies of the function§o) and (go

Eq.(3) as a function of the quantities obtained in the experi-— 292) are tabulatetf for most of the rare earth elements,
ment[P} andR=I,(HWP)/I}]. but unfortunately not for holmium. To estimate the magnetic

form factors for holmium we follow a proposition of the
authors and use the average of the form factors of the neigh-
boring elements dysprosium and erbium. The respective val-

Because of the spatial extent of the atomic spin and orues for(j,) and(go— 3g,) are plotted in Fig. 5 as a function
bital magnetization densities, their Fourier transfordhg  of the scattering vector.
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