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Magnetic structure of GdAgSb2 determined by x-ray resonant exchange scattering
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X-ray resonant exchange-scattering experiments were performed on a single crystal of GdAgSb2 to deter-

mine the magnetic structure. Long-range antiferromagnetic ordering, characterized by a wave vector oftW

5( 1
2 00), develops below the Ne´el temperature (TN513 K), consistent with the dc susceptibility measure-

ments. For the scattering geometry employed in these measurements, the resonant enhancement at the (1
2 08)

magnetic peak arises from electric quadrupole transitions only while the resonant enhancement at the (0
2

1
2 8) magnetic peak arises from electric dipole transitions.Q-dependent integrated intensity measurements

were carried out, along with polarization analysis of the scattered beam, and demonstrated that the moments lie
in the tetragonal basal plane and are perpendicular to the magnetic wave vector.

DOI: 10.1103/PhysRevB.65.172415 PACS number~s!: 75.25.1z, 75.50.2y, 75.50.Ee
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The recent availability of high quality single cryst
samples of theRAgSb2 (R5rare-earth ion! compounds has
stimulated new interest in the highly anisotropic electro
and magnetic properties of these materials and their man
tation in various physical phenomena.1,2 Along with some
generic features reported for the members of this family
compounds, some display exotic low-temperature phys
properties as well. For example, CeAgSb2 displays Kondo
lattice behavior,3 with ground-state ferromagnetism
DyAgSb2 exhibits 11 well-defined metamagnetic transitio
in applied field at low temperature.4

Most of theRAgSb2 compounds display long-range an
ferromagnetic ordering at low temperature.5 The reported
transition temperatures, for the heavy rare-earth compou
scale with the de Gennes factor indicating that
Ruderman-Kittel-Kasuya-Yoshida~RKKY ! interaction is the
primary exchange interaction between local moments of
rare-earth ions.1,5 For the light rare-earth compounds, how
ever, there are significant deviations from de Gennes sca
which are claimed to result from the influence of strong cr
talline electric-field ~CEF! effects.5 Indeed, these author
have noted that the incommensurate magnetic struc
found in NdAgSb2 is consistent with the predominance
the RKKY-type exchange interaction over CEF effects in t
case.

Due to the fact that the orbital angular momentumL50
for the 4f orbitals of Gd, GdAgSb2 should be free of CEF
effects. A determination of the magnetic structure of this s
tem, then, can help to resolve issues regarding the rol
CEF effects on magnetic ordering in this family of com
pounds. The extensive neutron scattering experiments
powder samples ofRAgSb2 compounds reported by Andr´
et al.,5 however, did not include the Gd compound, presu
ably because of the neutron opacity of the naturally abund
Gd ion.8

In this paper, we report on the magnetic structure
GdAgSb2 determined from x-ray resonant exchang
scattering measurements performed on a single cry
GdAgSb2, along with other family members, crystallizes
the tetragonal ZrCuSi2-type structure~space groupP4/nmm)
with the Gd ions at the 2c positions6,7 as shown in Fig. 1.
For this compound, antiferromagnetism was reported fr
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the bulk susceptibility measurements with a transition te
perature ofTN512.8 K. Our results show that belowTN
'13 K, GdAgSb2 orders in a commensurate antiferroma

netic structure with a wave vector oftW5( 1
2 00). The mag-

netic unit cell is twice the chemical unit cell along one of t
basal plane axes. From measurements of theQ dependence
of the integrated intensity as well as from a polarizati
analysis of the scattered beam, we show that the mom

FIG. 1. The crystal structure of GdAgSb2 (P4/nmm, No. 129!.
The large dark gray circles represent Gd ions, the medium l
gray circles represent Sb, and the small black circles represen
©2002 The American Physical Society15-1
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are confined to the basal plane, and transverse to the ord
wave vector.

Single crystals of GdAgSb2 were grown using a high
temperature flux technique at the Ames Laboratory.9 The re-
sulting crystals are shaped as platelets with the flat sur

perpendicular to the crystallographicĉ direction ~the @00l#
unique axis of the tetragonal structure!. Further polishing of
the sample surface was not possible without degrading
sample quality~increasing the sample mosaicity! due to its
softness. For the magnetic x-ray-diffraction experiment,
cleanest sample, without noticeable flux inclusions from
growth process, was chosen. For this sample, the mosaic
measured to be 0.015° at the~008! reflection.

The resonant x-ray scattering experiments were car
out on the 6-ID undulator beam line in the Midwest Unive
sity Collaborative Access Team~MUCAT! sector at the Ad-
vanced Photon Source using a double-crystal Si~111! mono-
chromator. Polarization analysis of the scattered radia
was accomplished by using a pyrolytic graphite~PG! ~006!
analyzer set to scatter in the horizontal plane~perpendicular
to the sample scattering plane!. In this configuration, the ana
lyzer scattering angle is close to 90° at the GdLIII absorp-
tion edge, and thesW -polarized component~polarization vec-
tor out of the sample scattering plane! of the scattered
radiation is effectively suppressed by the analyzer. By m
ing from the PG~006! reflection to the PG~002! reflection,
the analyzer scattering angle changes from 99.6° to 29
allowing thesW -polarized component to pass as well.

The single crystal of GdAgSb2 was mounted on a coppe
rod, using silver paint, and wrapped with 15-mm aluminum
foil to ensure good thermal contact. The Cu rod was attac
to the cold finger of a closed cycle displex cryogenic refr
erator. The sample was oriented with the (h0l ) zone in the
scattering plane. The polarization of the incident beam~pre-
dominantlysW polarized! was perpendicular to the scatterin
plane$parallel to the@0k0# direction for any (h0l ) reflec-
tion%. As discussed by Hill and McMorrow, in this configu
ration the resonant scattering that arises from electric dip
transitions (E1) is pW polarized and sensitive only to th
component of the magnetic moment in the (h0l ) plane (ac
plane!.10 The measured intensity is proportional to (zhcosu
1zl sinu)2, wherezh andzl are components of the magnet
moment along the@h00# and @00l # directions, respectively
On the other hand, thesW -polarized component of the sca
tered radiation can arise from both nonresonant and ele
quadrupole (E2) transitions, and is sensitive to the comp
nent of the magnetic moment along@0k0#. By a straightfor-
ward change in the analyzer angle from the PG~006! to
PG~002! reflection, then, both the in-plane and out-of-pla
components of the magnetic moment can be probed.

After an extensive search for the magnetic peak in
pW -polarized scattering from the sample, no signal could
found. However, as shown in Fig. 2, after changing the s
tering angle of the analyzer crystal to make use of
PG~002! reflection, allowing bothsW andpW scattering to pass
magnetic peaks were observed at positions correspondin

tW5( 1
2 00). This result indicates that~i! the ordered momen
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direction in the antiferromagnetic state is oriented out of
scattering plane transverse to the magnetic wave vector,
~ii ! any resonant scattering enhancement in this geom
arises from electric quadrupole (E2) rather than dipole (E1)
transitions.

In order to confirm that the observed scattering attW

5( 1
2 00) arises from quadrupole resonant scattering, ene

scans through the GdLIII absorption edge were done at se

FIG. 2. Reciprocal space scan with polarization analysis us

the PG analyzer crystal at the (1
2 08) magnetic satellite peak o

GdAgSb2 at 8 K. The extinction of the magnetic signal in thesW -to-

pW channel is clearly observed.

FIG. 3. Energy scans through the GdLIII edge of GdAgSb2 at
T56 K showing~a! the background fluorescence from the samp

~b! the resonant scattering enhancement at the (1
2 08) magnetic sat-

ellite, and~c! the resonant enhancement of the (02
1
2 8) magnetic

satellite.
5-2
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eral magnetic satellite peaks. Figure 3~a! shows the energy
profile of the fluorescence background from the sample
is used to define the energy position of the absorption ed
The resonant enhancement observed at the magnetic sa

position @( 1
2 08)# is shown in Fig. 3~b!. The solid line here

represents a fit of the data to a Lorentzian squared line sh
As clearly shown by the vertical line in the figure, the pe
of the resonance is found at an energy lower than the m
mum in the derivative of the absorption edge~solid vertical
line!. This feature of a quadrupole resonance is commo
observed and arises from the strong attractive interaction
tween the core hole in the 2p3/2 orbital and an electron ex
cited to the strongly localized 4f band.11,12 We note that it
should be possible to observe dipole resonant magnetic
tering by moving to a magnetic wave vector such as
2 1

2 8). For this reflection, the moment direction, now alo
(h00), lies in the scattering plane. Figure 3~c! shows energy
scans through the GdLIII edge at the (02 1

2 8) reflection,
where we see that the peak of the dipole (E1) resonance for
this reflection lies above the absorption edge and is sig

cantly stronger than that found for the (1
2 08) reflection. This

is consistent with our original assignment of a quadrup

resonance for the (1
2 08) magnetic peak with the magnet

moment transverse to the magnetic wave vector.
Finally, to confirm that the resonant enhancement at

(h/208) magnetic peak arises from electric quadrupole tr
sitions with the moment transverse to the magnetic w
vector, as determined from the polarization analysis d
cussed above,Q-dependent integrated intensity measu

ments were performed using those magnetic peaks, (1
2 0l ),

that could be accessed in the symmetric scatte
geometry.13 The integrated intensity was measured with op
detector slits using the PG~002! reflection from the analyze
crystal. The rather broad mosaic of the analyzer,;0.5°, is
significantly larger than the full width at half maximum o
magnetic satellites of;0.1°, ensuring adequate integratio
of the scattered intensity. Proper integration over 2u and x
was achieved by opening the detector slits until a flat top w

FIG. 4. Q-dependent integrated intensities of (1
2 0l ) magnetic

satellites of GdAgSb2 at 8 K. The solid line is the calculatedE2
cross section for a moment direction along@0k0#.
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observed in 2u andx scans through the magnetic peaks. T
integrated intensity of these satellite peaks was calcula
from rocking scans of the sample crystal through the m
netic reflections. The observed integrated intensities of
magnetic satellites are plotted in Fig. 4. The solid line in F
4 represents a fit to the theoretical quadrupole resona
scattering cross section with the moment direction alo
@0k0# showing reasonable agreement with the data.10,14

The temperature dependence of the integrated inten

(I ; m2) of the (1
2 08) magnetic satellite peak at theLIII

resonance energy is displayed in Fig. 5. The solid line is a
to the power law,I;A(TN2T)2b. A transition temperature
TN513.0 K, obtained from the fit, is close to the valueTN
512.8 K obtained from the bulk susceptibilit
measurement.1

The principal result of this work is theab initio determi-
nation of the magnetic structure of GdAgSb2 by x-ray reso-
nant exchange scattering. Below 13 K, the local magn
moments order antiferromagnetically, doubling the unit c
along theaW direction~or equivalently in the tetragonal struc
ture’s bW direction! in the basal plane, with the moments o
dered transverse to this direction also within the basal pla
These results then indicate that the commensurate antife
magnetic ordering observed in several of theRAgSb2 com-
pounds is not necessarily driven by the strong CEF effect
proposed by Andreet al.5 Indeed, it should be noted that i
the relatedRNi2B2C family, the Gd compound, as well a
many of the strongly anisotropic member compoundsR
5Er, Tb, Ho!, orders in an incommensurate structure det
mined largely by Fermi-surface nesting.15,16The interactions
that conspire to produce magnetic ordering in many of th
systems are quite complex, involving the RKKY-type ind
rect exchange, CEF anisotropies, and, especially for the l
rare-earth ions, hybridization effects and possible change
the indirect exchange coupling. Clearly, a great deal of f
ther study is necessary to unravel the contributions of al
these mechanisms.

The authors are thankful to B. N. Harmon, J. Y. Rhee

FIG. 5. The temperature dependence of the integrated inten

of ( 1
2 08) magnetic satellites of GdAgSb2. The solid line is a fit of

the data to a power-law fit as described in the text.
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