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GdsGe, crystallizes in the orthorhombic space grdeipma and orders antiferromagnetically below the Néel
temperaturely~ 127 K. We have employed x-ray resonant magnetic scattering to elucidate the details of the
magnetic structure. The magnetic unit cell is the same as the chemical unit cell. From azimuth scans and the
Q dependence of the magnetic scattering, all three Gd sites in the structure were determined to be in the same
magnetic space groupnm'a. The magnetic moments are primarily aligned along thexis and thec
components of the magnetic moments at the three different sites are equal. The ferromagnetic Gd-rich slabs are
stacked antiferromagnetically along thedirection.
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I. INTRODUCTION tals were extracted from the ingot and prepared with polished

The Gd(SiGe,), alloys have received attention re- sqrfaces perpendicu!ar to the crystallographiandb axes,
cently because of their unusually strong magnetocaldric, With @ size of approximately 2 mm2 mm. The temperature
magnetostrictivé;* and magnetoresisti%e properties when dependence of the magnetization was measured with a
x=<0.5. All of these properties appear to be related to a firsBQUID magnetometer and is shown in Fig. 2. These data
order magnetic transition accompanied by a martensiticlikélearly show an antiferromagnetic transition g{=127 K,
structural chang@. and indicate that the magnetic moment direction is likely

One of the endmembers of this series of compoundsgalong thec axis since the magnetization mdirection de-
GdsGe,, crystallizes in the SgGey-type orthorhombic struc- creases to zero as temperature decreases to the base tempera-
ture with space groupPnma and lattice constants  ture. These results are in agreement with previous magneti-
=7.6838 A,b=14.7930 A, ant=7.7628 A aiT=6 K2 The  zation measurement.

Gd ions are located at one ¥Vyckoff site and two inequiva- The XRMS experiment was performed on the 6ID-B
lent 8d Wyckoff sites. They form two Gd-rich slabs, sepa- beamline in the MUCAT sector at the Advanced Photon
rated by sheets of Ge as shown in Fig:°Below the Néel  Source at the Gd., absorption edgéE=7.934 keVj. The
temperature,Ty~127 K, a second-order transition oCCUrs jncident radiation was linearly polarized perpendicular to the
where the Gq moments order antlferrc_)magnencally. A firstertical scattering planéo polarized with a spatial cross
order magnetic transition from the antiferromagnetic phasgqction of 1 mmm(horizonta) X 0.2 mm (vertica). In this

(AFM) to a ferromagnetic phagé&M) occurs in an applied . . . : .
g _ 0 . configuration the resonant magnetic scattering, arising from
magnetic field of 18 kOe ar=4.5 K.© Alternatively, when electric dipole transition¢E1, from the 2-to-5d state$, ro-

Si is substituted for Ge in G@Si,Ge, ), up to x<<0.2, a ; AT :
similar AFM— FM first order transition occurs upon cooling tates the.pla_ne of linear polarization into the scattering plane
(7 polarization. In contrast, charge scattering does not

in zero field*! In both cases, the magnetic transition occurs o
concomitantly with a structural tran%ition where the slabsCh"’mge the polarization of the scattered photansr scat-
shift relative to one another in theedirection!'° From mag-
netization measurements and x-ray structural studies, it has ® b ¢ @ 4
been proposed that the Gd magnetic moments are ferromag- ®
netically aligned within the slabs, while the coupling be- P wu®
tween slabs can be antiferromagnetic or ferromagnetic. This
indicates the presence of strong magnetoelastic coupling. @ ' &)
Details of the microscopic magnetic structure of;Gé, - -
or, in fact, any of the G4ISi,Ge, ), alloys have not been v Ge - w
determined largely due to the large neutron absorption cross .Gd [ ‘ &
section of naturally occurring Gd. The aim of the present |
measurement is to elucidate the antiferromagnetic structure b 9% &P
of Gd;Ge, using x-ray resonant magnetic scattering

(XRMS). ] 2 .“ R
c a

Il. EXPERIMENTAL DETAILS

Single crystals of Ggl5e, were grown using the Bridg- FIG. 1. The crystal structure of G8e,. Shaded regions indicate
man techniqué? For the XRMS measurements, single crys-the Gd-rich “slabs” stacked along thedirection.
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FIG. 2. Magnetic susceptibilitiv/H of the GdGe, single crys- B i v =59.9deg.
tal. The temperature dependence of the susceptibility was measures E = e
on heating of the zero-field cooled sample in a field of 100 Oe% 0.005 L x .
applied parallel to the three crystallographic axes. § o A . ,l
00_000 T se® I: I'.'.?..
7.92 7.93 7.94 7.95
tering). Pyrolytic graphite PGO 0 6) was used as a polariza- Energy (keV)

tion analyzer to suppress the charge background relative to ) . .
the magnetic scattering signal. FIG._ 3. (a) Contour map of the mtgr_]sny as a_functlon_ of energy
Based on the predictioRsof the AFM structure described 2nd azimuth angle) at the (5 0 0) position andT=8 K. Disconti-
. nuities in the bands of multiple scattering across the energy range
above, the(0 k 0) reflections(for k odd) are expected to be ) ) .

. . . are artifacts of the scanning process dbgsingle energy scan at
strong magnetic reflections and forbidden for normal chargg,e 4simuth angley=59.9°, which is depicted as a horizontal
scattering. Therefore, the sample was mounted on the end gfshed line in(a). In (b), the vertical dashed line represents the
the cold finger of a displex cryogenic refrigerator with the position of the Gd_,, absorption edge.
crystallographidy axis parallel to the axis of the displex and
set in the Scattering plane. This Configuration allows the IIl. RESULTS AND DISCUSSION

sample to be rotated around the scattering veQtdparallel _ )
With the sample at low temperature and oriented so that

to theb axis) while keepingQ constant. In such an azimuth g Rt )
() mode, either tha-b or b-c planes can be brought into the b-c orthorhombic axes were coincident with the scatter-

coincidence with the scattering plane through a rotatio. of ng plane, a §trong magnetic reflectlon was f'o'und at. the
; oY " nominally forbidden(0 3 0 charge reflection position as il-
Since the resonariil scattering is sensitive only to the com-

t of th . t within th tteri | lustrated in Fig. &a). The full-width-half-maximum of the
ponent of the magnetic moment within the scattering panemagnetic peak measured h scans(rocking curvey was

with a cross sectioh<k’ - 4 (K’ and i are the wave vectorof g 1° the same as that from charge scattering. In order
the scattered photons and the magnetic moment, respegs confirm that the scattered intensity does indeed arise
tively), all three Cartesian components of the moment mayrom resonant magnetic scattering, energy scans through the
be probed in this mode without remounting the sample.  GdL, absorption edge were performed above and below the
In this particular experiment the magnetic peak positionsNéel temperaturgsee Fig. 4o)]. At T=145 K, only charge
are forbidden for normal charge scattering, but can bescattering, arising from the tails of multiple scattering peaks,
strongly contaminated by multiple charge scattefinglow-  was observed. At low temperature, however, there is clear
ever, the intensity of the multiple scattering is highly sensi-evidence of strong resonant scattering at(thd 0) magnetic
tive to both the incident beam energy and the azimuth anglpeak position. Figure (8) displays the temperature depen-
. For example, in Fig. @ a contour map of intensity in dence of the integrated intensity of tH@ 7 0 magnetic
dependence on energy and azimuth angle is shown at thmeak. A Lorentzian peak shape was used to#fiscans
position of the(50 0 reflection measured on the sample through the reciprocal lattice points to obtain the integrated
surface cut perpendicular to tlaeaxis. The multiple scatter- intensities. The intensity decreases smoothly to zero as tem-
ing contribution at the resonant energy can be minimizecerature increases up i6=-125 K. Magnetic reflections were
through a judicious choice of azimuth angle as shown in Figfound only at reciprocal lattice point® k 0), wherek is odd.
3(b), where the resonant scattering is well separated from th&herefore, the magnetic unit cell is the same as the crystal-
multiple scattering. We note that resonant scattering can aridegraphic unit cell.
from anomalous charge scattering in addition to magnetic Having identified the location of the magnetic peaks and,
scatteringi® which will be discussed later. therefore, the magnetic unit cell, we now turn to the deter-
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FIG. 4. (a) 6 scan through th€0 3 0 magnetic peak at 10 K

(filled circles and 145 K(open circleg and (b) energy scans at FIG. 6. The integrated intensity of th® 3 0 magnetic peak
10 K (filled circles and 145 K(open circlesthrough the magnetic  normalized by thg0 4 0) charge peak aT=8 K. The solid curve
peak. The data were measured at an azimuth angle=80° using  represents the variation expected for magnetic moments alorg the
aluminum attenuator with 0.41 transmission. The dashed line repaxis.

resents the position of the Qg, absorption edge.

errors. At an azimuth angl¢=90°, where thea-b plane is
mination of the magnetic moment direction in the antiferro-coincident with the scattering plane, the integrated intensity
magnetic structure. This was accomplished by azimuth scaris close to zero. We note that the intensity/at90° is close
through the(0k 0) reflections. The(0 3 0 azimuth scan at to zero over the entire temperature range investigated in this
T=8 K is shown in Fig. 6. The integrated intensities of theexperiment(from 8 K to 140 K). This indicates that there is
magnetic peak are normalized by the intensity of @@ 0 no contribution to the scattering at this reflection fromaan
charge peakat the same azimuth angl® reduce systematic or b component of the magnetic moment. Two maxima are
found at azimuth values of=0° and 180° where thé-c
0.20 — T T T T T T T plane is coincident with the scattering plane. Therefore, only
 (a) the ¢ component contributes to the magnetic resonant scat-
s Gd Ge, ; Eg;g; tering at this reflection.
0415 | P . The solid line in Fig. 6 represents the expected depen-
s dence,l =A sir?(— i), for the integrated intensity witly,
s =(88.1+£1.8°. The small deviation ofj, from 90° results
o.10 - & 1 from a slight misalignment of the sample. The intensity at
. =0° deviates from the calculated curve because of particu-
*s larly strong contributions from multiple scattering. Figure 6
005 | . . indicates that either there is no magnetic moment component
*e T,~125K alonga or b, or the intensity of thé¢0 3 0) magnetic peak is
'o.‘ not sensitive to either tha or theb magnetic moment com-
0.00 [-----f0BE000850R00L00000000000008 - ponents due to cancelations arising from the symmetry of the
magnetic order.
In order to determine the sensitivity of the magnetic re-
00013 I (b) 7 flections to different spatial components of the magnetic mo-
. ment, we must look into the details of the possible magnetic
space groups. For the $@®es-type structure with the crys-

0.0012 |-
I } % %% % tallographic space groupnma eight magnetic space groups

Integrated Intensity (arb. units)

are possiblé/*® and are listed in Table I. Each magnetic
space group yields relations among the components of the
T e e e e e magnetic moments along the three crystallographlc axes de-
TK) scribed by modes. These modes represent the sign sequence
of the moment components of each ion, in each site, along a

FIG. 5. (a) Integrated intensity of thé0 7 0 magnetic peak Particular direction.
measured upon heating the sample, at an azimuth angle86°, In Table Il the magnetic modes for the and &1 Wyckoff
using an aluminum attenuator with 0.41 transmissibnintegrated ~ sites are listed along with the corresponding structure factors
intensity of the(5 0 0) resonant peak measured during heating at arfor magnetic diffraction. From here, we see that only one
azimuth angle ofy=60° without attenuator. mode,A, for the 4 site and two mode$k andAg, for the &l

0.0011 |-
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TABLE I. The magnetic modes of thecand & Wyckoff sites for the eight possible magnetic space groups of the crystallographic space
groupPnmaassociated with a magnetic unit cell that is the same as the crystallographic utliaseltl on Ref. 17 with a modified sequence
of the atomic positions according to Ref.)18he modegA, C, F, G for a 4c site,Ag, Cg, Fg, Gg, L, P, Q, Rfor an &l site) are characterized
by the sign sequence for the magnetic moment components along the three crystallographic axes.

Position Pn'ma Pnma Pnmd Pn'm'a Pnnia’ Pn'ma Pn'm'a’ Pnma
a b c a b c ab c ab c¢c a b c¢c a b ¢c a b c¢c a b c a b c

i 4c G G A A C F F C F A G C
1 X 1/4 z + + + + + + + + + + + +
2 1/2-x 3/4 1/2+ + + - - - + + - + - + -
3 -X 3/4 -z — — — — + + + + + - — +
4 1/2+x 1/4 1/2-z - - + + - + + - + + - -
i 8d PLQLUPRG QR RUPGE C; Fg Fg Ag Gg A3 Fg Cg R Q L G Gg A
1 X y z + + + + + + + + + + + + 4+ + + + 4+ 4+ + + + + 4+ 4+
2 1/2x -y 124z + + - + + - - — 4+ - - 4+ 4+ + - 4+ + - - - 4+ - = +
3 - 1n2+y -z 4+ - + -+ - + - + + - 4+ + - + - 4+ - - + - - + =
4 1/2+x 1/2-y 1/2-z + - — — + + - + + - + + + - - - + + 4+ - - 4+ - -
5 -X -y -Z - - - - - - - - — 4+ 4+ 4+ 4+ + + 4+ 4+ 4+ - - - 4+ + +
6 1/2+x y 1/2-z - - + - — + + + - - - 4+ + 4+ - 4+ 4+ - 4+ 4+ - = - 4+
7 X 1/2-y z -+ - 4+ - + - + - + - 4+ 4+ - 4+ - 4+ - 4+ - 4+ - 4+ =
8 1/2-x 1/2+y 1/2+z — + + + - — + - - — + 4+ + - - — 4+ + — + 4+ + - -

sites can contribute to the magnetic intensity(0k 0) re-  modes'’ Considering all possible combinations, in our case,
flections. SelectedOk 0) reflections were measured, and there can be 17 different descriptions of the intensities for
their integrated intensities are shown in Table 1lI. Since only(0 k O) reflections. All cases were checked by comparing the
a c-component contribution to the magnetic scattering wasneasured integrated intensities of ik 0) reflections with
found for all (0k 0) reflections, only modes for the com-  the structure factors calculated from Table II. For example, if
ponent must to be considered f@k 0) reflections. We note gl three sites are described by the same magnetic space
that in general, all three Wyckoff sites need not be in thegroupPnma, only thec components in th& mode at the &
same magnetic space group with the same correspondingte and theR mode at the two @ sites contribute to the
intensity of the magneti¢0 k 0) reflections according to
TABLE Il. Magnetic modes for the @tand & Wyckoff sites,
and their corresponding structure factors for th® 0), (0k0), and
(0 01) reflections(h, k,| are odd. x*, y*¢, 2% and x84, y84, andz%

are the atomic positions ar;ui{1C and;LJsd are the magnetic moment co2 ¢
components along the correspondinaxis (j=a,b,c) at the 4 site I = ASirP(— ) ———| (- D* V220 + 2445% sin 277kyPd
and the 8l sites, respectively. sin 20
8dy ; dp (2
Mode (h00) (0kO0) (0ol) * 2ucsin 2mky ) @)
A 0 i -DD2 i sin 2z
C 1 cos 2mhxc 0 w; cos 2mlz*
F 4 _O 0 0 TABLE lIl. The measured and calculatglom Eqn.(1)] values
G —ipf®sin2mhx' 0 0 of the integrated intensity df0 k 0) reflections.
Ag 0 2u¥ cos 2rkyP 0 _ _ _ .
k Measured intensity Calculated intensity
Cs 0 0 0
Fg 0 0 0 3 0.123+£0.002 0.123
Gg  2ucos 2rhx 0 2u cos 2riz* 5 0.0045+0.0003 0.00021
L —2iu® sin 27hxé 0 0 7 0.186+0.006 0.186
P 0 0 0 9 0.0028+0.0002 0.0029
Q 0 0 0 11 0.0248+0.0008 0.0249
R 0 =213 sin 2mky®d  ~2i > sin 2nlz% 13 0.0221+0.0009 0.0221
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Here,Ais the scaling factory is the azimuth angle, an@él  based on only four reflections, specific features of the crys-

is half of the scattering angle. Additionally, tallographic structure may be used to obtain additional con-
strains on thea components. For example, in Jbe,, there
is noa component of the moment at the 4ite while size-
ablea components were identified for botld 8ites®2°This

1- (k_)‘>2 most likely arises from the environment of the dites in the
o2 glsin 20 = 2b structure. In both slabs shown in Fig. 1, each Gd ion at the 4
K\ ' site is located at the center of a deformed cube with four Gd

2b ions at the 8, site and four Gd ions at thed§ site at the

cornerst® This can result in a near compensation of the

component of the exchange field at the gltes by the sur-

rounding eight Gd ions for thBenm a magnetic space group.

If we assume that for Gge, noa component of the moment

exists at the @ site, then the upper limits for3% and 5%
re determined to be 0.26 and 0.0%, respectively, from
e constraints given by the measuiéd 0) reflections.

Unfortunately, théo components of the magnetic moment
The best fit to the data, shown in Table Il corresponds to alpontribute only to the magnetic intensity of charge forbidden,

three magnetic Gd sites described by the same magnetfgf'specmar(h k0) and(0k ) reflections and, therefore, no
space group, Pnma. The resulting ratios %/ % direct information concerning the component can be ob-
1 . C C

=0.98+0.03 andu®®/,%=0.99+0.04 indicate equal mag- tained. For theéh k0) reflections, the magnetic structure fac-
netic moment components along tiieaxis at the three [O'S arise from linear combinations of tleand b compo-
Wyckoff sites. An important result of this analysis is that the "€Nts: while for the(Ok ) reflections both theb and c

absence of intensity at th@® 3 0) reciprocal lattice point at components co.ntriblute. A cpmplicating factor in the analysis
azimuthy=90° does not require the absenceaadr b com- of these reflections is that, in both cases, the entanglement of

ponents of the magnetic moment but, rather, arises from threnagnetm components for two different crystallographic di-

. rections introduces magnetic domains whose populations
magnetic space group symmetry. A second consequence

thi Ivsis is that nb tof th i i grongly influence the intensity of the magnetic reflections.
this analysis IS that nb component ot the magnetic moment \yiie e have shown above that there istnoomponent of
is allowed for the 4 site (see Table)l

: . _ .. the magnetic moment at the 4ite, it is extremely difficult
Table Il also provides us with a means of investigatingy, ynambiguously determine the presence or absence of the
whether_ there is a component of the magnetic mpment alo_”ﬁwagnetic component&ﬁdl andﬂgdz with the limited number
the a axis through measurements of the magnetic scatteringf accessible magnetic reflections. However, if we assume
at the(h 0 0) lattice points(h odd). At these reflections, only  hat the magnitudes of the magnetic moment at all sites are
the component of the moment along thexis contributes to  the samé! the result that u%/u2°=0.98+0.03 and
the scattering according to mod&sandL in the magnetic MSdZ/M‘C‘C:O.99iO.O4(see aboveallows us to postulate that
space groufPnm'a. Because th@ component is parallel to  the magnetic moments lie primarily along theaxis for all
the scattering vectof, for (h 0 0) reflections, the integrated three sites.
intensities are not dependent upon the azimuth atiglehe Summarizing, this XRMS experiment on the &, sys-
(h00) reflections withh=1, 3, 5, and 7 were measured at tem has shown that, below the Néel temperatlige, 127 K,
the GdL, absorption edge. AT=10 K, the resonant inten- the antiferromagnetic order is described by a magnetic unit
sities are too weak to be separated from multiple scatteringzell which is the same as the crystallographic unit cell. As
except at thg5 0 0) reflection as shown in Fig. 3. Surpris- proposed by Leviret al,'® the magnetic moments are ferro-
ingly, although weak resonant scattering was indeed obmagnetically aligned within the slabs, while their stacking in
served for thg5 0 ) reflection, no temperature dependencethe b direction is antiferromagnetic. Furthermore, all Gd
of its intensity was observed, even above the Néel tempersites order within the same magnetic space grduma.
ture, as shown in Fig.(6). Therefore, this resonant scatter- The magnetic moments are primarily aligned alongalaeis
ing does not arise from magnetic scattering related to thend thec components of the magnetic moments at the three
magnetic order below,. We believe this resonant contribu- different sites are the same within the error. Within experi-
tion arises from Templeton scatteritfyl® perhaps originat- mental error, n@ component of the magnetic moments was
ing from long-range ordering of anisotropic charge distribu-detected. While & component of the moment at the dite
tions. Further investigations of this feature are planned.  can be excluded by the symmetry of the space group, the
Any magnetic scattering signal at tg 0 0) reflection  presence of & component of the moment at thel 8ites
must be very small. Furthermore, no significant resonancould not be unambiguously determined. Future XRMS mea-
scattering was found at th@ 00, (300, or (700 posi- surements of the G@Si,Ge,_,), alloys are planned to inves-
tions. These results suggest that there issmammponent of tigate changes in the magnetic structure upon alloying with
the magnetic moments. Although we cannot exclude seall Si as well as modifications of the magnetic structure in mag-
components for the magnetic moments on tbadd &l sites  netic fields.

where\ is the wavelength of the incident photorisijs the
lattice constant, and®%=0.1022 andy®%2=0.1168 for T
=6 K.9

For all 17 cases the calculated integrated intensity was f
to the measured data with two dependent paramete
w84/ pd and u8%/ 2° and an overall scaling factd( )2
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