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Magnetic structure and fluctuations of Gd2IrIn 8: A resonant x-ray diffraction study
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1Laboratório Nacional de Luz Sı´ncrotron, Caixa Postal 6192, CEP 13084-971 Campinas, Sa˜o Paulo, Brazil

2Instituto de Fı´sica ‘‘Gleb Wataghin,’’ UNICAMP, 13083-970 Campinas, Sa˜o Paulo, Brazil
3Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

~Received 10 November 2003; published 9 April 2004!

Resonant x-ray diffraction measurements on Gd2IrIn8 reveal an antiferromagnetic structure belowTN

540.8 K with wave vectorz5( 1
2 ,0,0) and the Gd moments lying in the tetragonalab plane, indicating partly

frustrated exchange interactions. Strong~over three orders of magnitude! dipolar resonant enhancements of the
magnetic reflections were observed at both GdL II andL III edges, indicating a relatively high magnetic polar-
ization of the Gd 5d levels. Three-dimensional magnetic fluctuations are evidenced belowTN , while mea-
surements taken slightly aboveTN are consistent with two coexisting length scales for the magnetic correla-
tions. Implications of these results for the physics of CenMmIn3n12m (M5Co, Rh, or Ir! heavy-fermion
superconductors are discussed.

DOI: 10.1103/PhysRevB.69.144411 PACS number~s!: 75.25.1z, 74.70.Tx, 75.40.2s, 75.10.2b
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I. INTRODUCTION

The series of intermetallic compoundsRnMmIn3n12m (R
5 rare earth;M5Co, Rh, or Ir! has recently attracted con
siderable interest due to the discovery of a new class
heavy-fermion superconductors for some compounds w
R5Ce.1–4 While the Cooper pairing mechanism remains u
known, most evidence points to antiferromagnetic s
fluctuations.5 In order to fully understand the nature of th
magnetic interactions in this system and their possible c
nection with the superconductivity found forR5Ce, it is
necessary to investigate the evolution of the magnetic st
ture as a function of the rare-earth ionR, as well as the
dimensionality (n,m).6–10

In general terms, the magnetic properties of the se
depend on the balance between anisotropic Ruderman-K
Kasuya-Yosida~RKKY ! interactions, crystal-field anisotro
pies, and, forR5Ce, Kondo interactions. While the crysta
field effects are highly dependent on the ground state of e
particular rare-earth ion, some aspects of the RKKY inter
tions, on the other hand, are expected to be much less de
dent onR, because they are mediated through spatially
tended conduction electrons. In this context, the magne
of Gd-based compounds is particularly relevant. This is
cause the 4f shell of this ion is half filled with seven elec
trons, thus being spherically symmetric with null orbit
magnetic moment. In this case, the crystal-field anisotro
as well as any effect arising from the spin-orbit couplin
does not play a dominant role. Therefore, the magnet
shown by Gd-based compounds is a reliable signature of
dominant RKKY interactions, and by extension of the Fer
surface of the system under investigation. Since the neu
nuclear absorption cross section of Gd is prohibitively hig
alternative techniques must be employed to understand
microscopic magnetism of Gd-based compounds.

In this work, we investigate the magnetism of bilay
Gd2IrIn8 by means of magnetic resonant x-ray diffraction
the GdL II and L III edges.„(2n11)/2,k,l … magnetic Bragg
reflections (n, k, and l integers! were observed belowTN
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540.8 K, corresponding to a commensurate magnetic w

vectorz5( 1
2 ,0,0). The Gd magnetic moments lie in the t

tragonalab plane. Remarkably, large dipolar enhanceme
of the magnetic Bragg reflections were observed at the
L II and L III edges. Such characteristics suggest a relativ
high Gd:5d magnetic polarization in this compound. Anoth
interesting feature of the resonances is the magnetic diff
tion anomalous fine structure~DAFS! observed above both
studied edges. TheT dependence of the magnetic order p
rameter is typical for a three-dimensional Heisenberg syst
with the critical exponent for the sublattice magnetizati
b50.394(4). Interestingly, two length scales for the ma
netic correlations aboveTN are evidenced by our data. Som
aspects of the nature and dimensionality of the excha
interactions are discussed from the perspective of our res
Possible implications of this work to the physics of th
CenMmIn3n12m (M5Co, Rh, and Ir! heavy-fermion super-
conductors are suggested.

II. EXPERIMENTAL DETAILS

Gd2IrIn8 was grown from the melt in In flux as describe
previously.1 The unit-cell dimensions and macroscopic pro
erties of this compound are described in Ref. 11. A crys
with dimensions 53230.3 mm3 was chosen for our study
and the (0,0,l ) flat surface was finely polished to yield
mosaic width of;0.05° full width at half maximum.

The x-ray-diffraction measurements were performed
the XRD2 beamline, placed after a dipolar source at
Laboratório Nacional de Luz Sı´ncrotron, Campinas, Brazil.12

The sample was mounted on the cold finger of a commer
closed-cycle He cryostat with a cylindrical Be window. Th
cryostat was fixed onto the Eulerian cradle of a commer
412 circle diffractometer, appropriate for single-cryst
x-ray-diffraction studies. The energy of the incident photo
was selected by a double-bounce Si~111! monochromator,
with water refrigeration in the first crystal, while the seco
crystal was bent for sagittal focusing. The beam was ve
cally focused or collimated by a bent Rh-coated mirr
©2004 The American Physical Society11-1
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placed before the monochromator, which also provided
tering of high-energy photons~third- and higher-order har
monics!. Unless otherwise noted, a vertically focused be
was used in our measurements, delivering, at 7.24 keV, a
of 331010 photons/s at 100 mA in a spot of;0.6 mm~ver-
tical! 32.0 mm ~horizontal! at the sample, with an energ
resolution of;5 eV. Our experiments were performed
the vertical scattering plane, i.e., perpendicular to the lin
polarization of the incident photons. In most measureme
a solid-state detector was used, except in the polariza
study, where a scintillation detector was placed afte
Ge~111/333! analyzer crystal. At the energy corresponding
the GdL II edge, the analyzer placed at the Ge~333! reflection
selects (s→s8) scattering from the sample~i.e., scattered
photons with the same polarization as the incident photo!,
while Ge~111! does not significantly discriminate the photo
polarization@(s→s8)1(s→p8) channel#.

III. RESULTS AND ANALYSIS

Above ;41K, all the observed Bragg peaks of Gd2IrIn8
are consistent with a tetragonal crystal structure~space group
P4/mmm), without any detectable magnetic contributio
No evidence for symmetry lowering of the crystal structu
was found between 10 and 300 K. Specifically, any distort
in the ab plane must satisfyua2bu&0.002 Å.

Below TN540.8 K, additional„(2n11)/2,k,l … Bragg re-
flections (n, k, and l integers! were observed. Such reflec
tions were dramatically enhanced at the GdL II andL III edges
(E57.93 and 7.24 keV, respectively! due to resonance phe
nomena~see below!. The polarization properties of a se

lected reflection, (12 ,0,4), were investigated at theL II edge.
While a strong reflection was observed at the (s→s8)
1(s→p8) channel, no intensity was detected at thes
→s8) channel, indicating pure (s→p8) scattering. This re-
sult indicates that the„(2n11)/2,k,l … reflections are mag
netic in origin, with a dipolar resonance at the GdL II edge.13

This is of course in stark contrast with the polarization pro
erties of the (h,k,l ) lattice Bragg peaks (h, k, l integers!,
where comparable intensities at both channels were
served, indicating a purely unrotated polarization as expe
for conventional charge scattering. The observation of ((n
11)/2,k,l ) magnetic reflections for Gd2IrIn8 is consistent
with an antiferromagnetic~AFM! structure with wave vecto

z5( 1
2 ,0,0).

For collinear magnetic structures ands-polarized incident
photons, the polarization dependence of the x-ray magn
scattering assumes a simple form for dipolar resonances13,14

and the intensities of magnetic Bragg peaks are given
I M(t)}@( jmj•kfcos(t•r j)#2, where the sum is over thej th
resonant ion in the magnetic unit cell,r j is the position of
such an ion,t is the reciprocal-lattice vector for the Brag
reflection,mj is the magnetic moment at sitej, andkf is the
wave vector of the scattered light. This expression is valid
long as the quadratic term inmj on the magnetic scatterin
amplitude can be neglected.13,14 The magnetic structure o
Gd2IrIn8 was thus resolved by comparing the intensities
((2n11)/2,k,l ) Bragg reflections with those expected a
14441
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suming distinct physical models with collinear Gd magne
moments, using the expression given above forI M(t).

First of all, we note that the magnetic wave vectorz

5( 1
2 ,0,0) indicates antiparallel ordering of Gd magnetic m

ments along thea direction, and parallel moments alongb.
Thus, the problem reduces to finding the direction of t
magnetic moments, as well as the magnetic coupling alonc,
i.e., between the two Gd ions in the same chemical unit c
Table I shows the observed intensities of a few magn
Bragg peaks at the GdL III edge, and a comparison wit
calculated intensities assuming either parallel or antipara
coupling alongc, with the moments along eithera, b, or c
crystallographic directions. The calculated intensities
found to match the observed ones for an AFM coupling
tween the two Gd ions in the chemical unit cell, and t
moments lying in theab plane. However, a clear distinctio
of the moment direction in this plane with respect to t
magnetic wave vectorzia could not be made in our exper
ment ~see Table I!. The fact that the observed intensities
the„(2n11)/2,k,l … Bragg reflections could be accounted f
by a magnetic model further supports the magnetic natur
such peaks. Figure 1 illustrates the Gd magnetic structur
Gd2IrIn8. We should mention that magnetic„h,(2n
11)/2,l … Bragg reflections were also observed, revealing
twinning of the magnetic structure shown in Fig. 1. The
tensities of„(2n11)/2,k,l … and „h,(2n11)/2,l … reflections
were not comparable, suggesting large AFM domain sizes
the order of the beam dimensions (;1 mm2).

The resonance properties of the magnetic scattering
Gd2IrIn8 were studied at 10 K. Figures 2~a! and 2~b! show
the energy dependence of the absorption-corrected inten

of the (1
2 ,0,4) Bragg reflection, around the GdL III and L II

edges, respectively~filled symbols!. The energy dependen
cies of the absorption coefficientm(E), obtained from fluo-
rescence emission, are also given as solid lines. Remark
resonant enhancements of over three orders of magni
were observed both at theL II andL III edges. To the best o

TABLE I. Comparison between observed and calculated int
sities of magnetic Bragg reflections, assuming either antipara
~model I! or parallel~model II! alignment between the moments o
the two Gd ions in the same chemical unit cell, normalized by
most intense reflection. Error bars are mostly due to the absorp
correction procedure. For model I, calculations assuming the
mentsm along each one of the three axes of the tetragonal unit
are shown. For model II, the calculated intensities do not match
observed ones for any moment direction, and only data withmib
are shown. The tetragonal axesa and b are defined so that the
magnetic wave vectorzia. Experimental data were taken in res
nance conditions, at the GdL III edge.

Model I Model I Model I Model II
(h,k,l ) I obs mia mib mic mib

( 1
2 ,0,4) 100 100 100 9 0

( 1
2 ,0,5) 5~1! 1 1 0 100

( 1
2 ,0,6) 50~3! 45 41 53 12

( 1
2 ,0,7) 43~2! 46 40 100 10
1-2
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our knowledge, such strong enhancements are the large
ported in rare-earthL edges. The intensity maximums occ
;2 eV above the absorption edges, which were defined
the inflection points ofm(E). This result is consistent with a
dominantly dipolar nature (2p→5d) for both resonances

Intensity oscillations of the (12 ,0,4) magnetic peak were als
observed above the edges, which we ascribe to a mag
DAFS.15 Energy-dependent measurements similar to th
shown in Figs. 2~a! and 2~b! using a collimated beam with
optimum energy resolution (dE;1 eV) were also taken~not

FIG. 1. Magnetic structure of Gd2IrIn8.

FIG. 2. Energy-dependence of the integrated intensity of

( 1
2 ,0,4) Bragg reflection~symbols! across the GdL III ~a! andL II ~b!

edges. Data were corrected for absorption. Solid lines show
absorption coefficientm obtained from the fluorescence yield. Ve
tical dashed lines mark the absorption edges, defined as the in
tion points ofm(E).
14441
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shown!. From the fit of these data to a Lorentzian-squar
profile, I (E)}@(E2Eres)

21(v/2)2#22, the resonance
widthsv were found to be 7.3~2! and 6.8~2! eV at theL II and
L III edges, respectively~corrected for energy resolution!.

The temperature dependence of the resonant intensit

the (1
2 ,0,4) magnetic Bragg peak at theL II edge is shown in

Figs. 3~a! and 3~b!, taken on warming~filled circles! and
cooling ~open circles!. A power-law fit to the data betwee
36 and 41.2 K yields a critical exponent for the sublatti
magnetizationb50.393(4), and amagnetic ordering transi
tion temperatureTN540.817(10) K. Errors given in paren
theses are statistical only, and represent one standard d
tion. This value ofTN is consistent with previous magnet
susceptibility measurements.11 No thermal hysteresis was ob
served in the magnetic scattering, consistent with a seco
order transition. Magnetic critical scattering was also o
served at temperatures slightly aboveTN . Figure 3~c! shows

transverse scans of the (1
2 ,0,4) reflection at 0.995TN ~solid

line! and 1.01TN ~open symbols!. Below TN , the peak width
is basically due to the mosaic structure of our crystal, wh
aboveTN the finite magnetic correlation length is clearly th

e

e

c-

FIG. 3. ~a! and ~b! Temperature dependence of the magne

intensity of the (12 ,0,4) Bragg reflection, taken on warming~filled
circles! and cooling~empty circles!. The solid line in~b! is a fit to
a power law; the fitting results are also given.~c! Transverse scans

of the (1
2 ,0,4) reflection at 0.995TN ~solid line, arbitrarily translated

in the vertical! and 1.01TN ~empty circles!. The dashed line is a fit
to a broad Lorentzian plus a narrow squared Lorentzian line sh
~see Ref. 16!. Measurements shown in~a!–~c! were done on reso-
nant conditions at the GdL II edge (E57.924 keV).
1-3
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dominant factor. The peak shape aboveTN could not be sat-
isfactorily fitted by a single Lorentzian or squared Lorentz
function ~not shown!. Interestingly, considerable improve
ment in the fit was achieved when two components w
distinct widths were considered@see dashed line in Fig. 3~c!#,
consistent with two length scales in the magnetic criti
scattering of Gd2IrIn8. This effect seems to be analogous
that observed in a number of materials~see, for example
Refs. 16–19!. While it is generally believed that the ‘‘broad
component is due to conventional critical fluctuations,
‘‘narrow’’ component has been attributed to long-ranged c
related quenched disorder in the near surface region.20 A de-
tailed investigation of the temperature dependence of
critical scattering aboveTN , which might lead to the critica
exponent of the inverse correlation length,n, is beyond the
scope of the present work.

IV. DISCUSSION

The magnetic structure of Gd2IrIn8 illustrated in Fig. 1
reveals an interesting ground state for this compound. In f
the electronic configuration of the Gd 4f shell (S57/2;L
50) is uniquely simple among the rare earths, and exclu
the possibility of a competition, on the same footing,
RKKY interactions with other terms such as crystal-fie
anisotropies. Despite this apparent simplicity, the Gd m
ments are parallel along one Gd-Gd nearest-neighbor d
tion ~a axis!, and antiparallel along the other two. Perha
more intriguing is the fact that the magnetic unit cell do
not show the same tetragonal symmetry as the chemical
being doubled along a particular tetragonal direction. Th
characteristics are equivalent to those found in the magn
structure of NdRhIn5.10 It is therefore apparent that the firs
neighbor Gd-Gd magnetic interaction does not determine
magnetic structure of the title compound. Since RKKY int
actions are dominant for Gd-based compounds, the nontr
magnetic ground state of Gd2IrIn8 must be directly related to
the Fermi surface of this material. As already mention
some aspects of the Fermi surface of Gd-based compo
may be generalized to other members of theRnMmIn3n12m
(R5rare earth;M5Co, Rh, or Ir! family, and may be rel-
evant for a deeper understanding of the~presumably! mag-
netically driven heavy-fermion superconductivity of the C
based compounds.

Although it is clear that a detailed theoretical analysis
necessary to fully understand the magnetic structure
Gd2IrIn8, some insight is gained with a few simple consi
erations. First, the relatively large Gd-Gd first-neare
neighbor distance (;4.6 Å) indicates that the exchange in
teractions between Gd 4f electrons are mediated throug
conduction electrons with significant In 5p character, leading
to Gd-In-Gd exchange paths. Considering the magnetic
work formed by Gd ions at the vertices and In ions at
faces of a cube (GdIn3 blocks, see Fig. 1!, it is evident that
the magnetic coupling among Gd ions along the cube ed
~first Gd neighbors! and along the face diagonals~second Gd
neighbors! must be treated on the same footing, since b
interactions involve a Gd-In-Gd exchange path. Indeed,
argue that the magnetic structure of Gd2IrIn8 may be under-
14441
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stood assuming that Gd-In-Gd exchange integrals along b
the cube edges and the face diagonals have comparable
nitudes and the same AFM sign. In this case, inspection
Fig. 1 shows that each Gd spin interacts, on equal foot
with 13 Gd neighbors~five first neighbors along the cub
edges and eight second neighbors along the face diagon!.
For AFM coupling, it is easily seen that no long-range ma
netic structure can simultaneously satisfy all these inter
tions. Thus, the magnetism in this system is at least pa
frustrated. Interestingly, according to this scenario, the m
favorable collinear magnetic structure is the one actually
alized for Gd2IrIn8 ~see Fig. 1!, with a given Gd moment
showing antiferromagnetic alignment with nine~first or sec-
ond! Gd neighbors, and only four frustrated Gd-Gd intera
tions with ferromagnetic alignment. The fact thatTN
540.8 K is significantly lower than the paramagnetic Cur
Weiss temperature for Gd2IrIn8 (up5275 K) ~Ref. 11! is
consistent with the above scenario with partly frustrated
change interactions.

The distinct magnetic structures of Ce2RhIn8 ~Ref. 8! and
Gd2IrIn8 highlight the additional physics necessary to und
stand the former~and other Ce-based compounds of th
family!, possibly related with competition among RKKY in
teractions, the Kondo effect and crystal-field anisotropi
We emphasize that insight on the interplay between
change and crystal-field anisotropies in this system may
gained by a detailed investigation of the evolution of t
magnetic properties~including spin structure! as a function
of the rare-earth ion and dimensionality.11 In any case, the
partial frustration of the exchange interactions revealed
this work seems to be an important ingredient that pushes
Ce-based compounds close to the quantum criticality
presumably favors the formation of a superconduct
state.21,22

The resonance properties of the magnetic Bragg peak
Gd2IrIn8 are also of interest. In fact, the remarkable thr
orders of magnitude enhancement at both GdL II and L III
egdes, due to dipolar (2p→5d) resonances~see Fig. 2!, in-
dicates a relatively high magnetic polarization of electro
levels with significant Gd 5d character. This effect may b
due to hybridization of Gd 5d levels with the magnetic 4f
electrons of neighboring Gd sites, via In 5p. Alternatively,
on-site Gd 4f -5d hybridization is also possible, since the G
site is noncentrosymmetric in Gd2IrIn8 ~see Fig. 1!. The rela-
tively high magnetic polarization of rare-earth 5d levels is
possibly also realized in other members of this family.

The dimensionality of the magnetic fluctuations in th
family of compounds is an important element in understa
ing the origin of the superconducting pairing mechanism
CenMmIn3n12m (M5 Co, Rh, and Ir!, and to guide the
search for new superconducting heavy-fermion compou
with higher critical temperatures. The temperature dep
dence of the magnetic order parameter in Gd2IrIn8 @see Figs.
3~a! and 3~b!# is consistent with three-dimensional fluctu
tions in the ordered phase, with a relatively high value of
critical exponentb50.393(4). Theevolution of this expo-
nent with the dimensionality of the chemical unit cell~cubic
→ bilayer → single layer! is presently being investigated
and will be described in a subsequent paper. Perhaps
1-4
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more relevant to the context of heavy-fermion supercond
tivity of the Ce compounds is the nature of the antiferrom
netic correlations in the disordered phase. Interestingly,
measurements taken slightly aboveTN @see Fig. 3~c!# are
consistent with two coexisting length scales in the magn
critical scattering of Gd2IrIn8. In view of the apparent gen
erality of this effect,14,17–19we speculate that magnetic co
relations of different length scales might also be presen
the paramagnetic, and perhaps even in the supercondu
state of the Ce-based compounds. Although the magn
correlations in CeRhIn5 were already investigated by neutro
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20M. Altarelli, M.D. Núnez-Regueiro, and M. Papoular, Phys. Re
Lett. 74, 3840~1995!.

21V.A. Sidorov, M. Nicklas, P.G. Pagliuso, J.L. Sarrao, Y. Ban
A.V. Balatsky, and J.D. Thompson, Phys. Rev. Lett.89, 157004
~2002!.

22A. Bianchi, R. Movshovich, I. Vekhter, P.G. Pagliuso, and J
Sarrao, Phys. Rev. Lett.91, 257001~2003!.

23W. Bao, G. Aeppli, J.W. Lynn, P.G. Pagliuso, J.L. Sarrao, M
Hundley, J.D. Thompson, and Z. Fisk, Phys. Rev. B65, 100505
~2002!.
1-5


