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PHYSICAL REVIEW B, VOLUME 63, 054426
Crystal structure and low-temperature magnetic properties ofRmM In3m¿2 compounds
„MÄRh or Ir; mÄ1,2; RÄSm or Gd…

P. G. Pagliuso, J. D. Thompson, M. F. Hundley, J. L. Sarrao, and Z. Fisk*
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 29 August 2000; published 11 January 2001!

We have synthesized the series of compoundsRMIn5 andR2M In8 in single crystal form, whereR5Sm or
Gd andM5Rh or Ir. These materials form in tetragonal derivatives of the Cu3Au structureRIn3. Measure-
ments of magnetic susceptibility, electrical resistivity, and low-temperature heat capacity are reported. These
compounds order antiferromagnetically at low temperature (TN,45 K! and their low-temperature magnetic
properties remain nearly unaltered compared to their SmIn3 and GdIn3 cubic relatives. The present data are
compared to the magnetic properties of the isostructural~Ce,Nd! (Rh,Ir)In5 and (Ce,Nd)2(Rh,Ir)In8 com-
pounds, and the validity of de Gennes scaling as a function of rare earth in a given structure is discussed.

DOI: 10.1103/PhysRevB.63.054426 PACS number~s!: 75.50.Ee, 75.30.Gw, 75.10.Dg, 75.20.En
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I. INTRODUCTION

Recently, a new series ofRmM In3m12 tetragonal variants
of the Cu3Au-structure compounds forM5Rh or Ir, m
51,2; andR5 light rare earth have become a particula
relevant area of research since the discovery of a new c
of heavy-fermion superconductors for some of the Ce-ba
compounds.1–3 TheRmM In3m12 tetragonal structures can b
viewed asm layers ofRIn3 units stacked sequentially alon
the c axis with intervening layers ofM In2 ~Ref. 4! and un-
conventional magnetic and superconducting behavior h
been reported for CeRhIn5 ~Ref. 1! and CeIrIn5.2 The first
one is an antiferromagnet at ambient pressure (TN'3.8 K
and g'400 mJ/mol K2),1 and presents an unconventioni
evolution to a superconducting state forP.Pc'16 kbars
where superconductivity sets in atTc'2 K. CeIrIn5 shows
ambient-pressure heavy-fermion superconductivity atTc
'0.4 K with a Sommerfeld coefficient ofg'720
mJ/mol K2.2 The m52 variants of these Ce-based com
pounds include an antiferromagnetic ground state (TN'2.8
K and g'400 mJ/mol K2) for Ce2RhIn8, while Ce2IrIn8 re-
mains a heavy-fermion paramagnet to 50 mK, with no e
dence for a phase transition (g'700 mJ/mol K2).3

It has been suggested that the reduced spatial dimen
ality and magnetic anisotropy resulting from the quasi-tw
dimensional structure of these compounds may control
nature of their heavy-fermion ground states.1,3 Furthermore,
studies of NdM In5 and Nd2M In8 analogs forM5Rh or Ir
suggest that crystal-field effects~CEF’s! and related mag-
netic anisotropy play an important role in the evolution
the magnetic properties within these series.5 Therefore stud-
ies of the magnetic properties through the rare earths
RmMnIn3m12n (M5Rh or Ir! appear to be a promising in
vestigation. The Pr-based homologues are nonmagnetic
glet ground-state systems and a detailed CEF analysi
these materials will be given elsewhere.6

In the present work, we report magnetic susceptibil
electrical resistivity, and heat-capacity measurements
(Gd,Sm)M In5 and (Gd,Sm)2M In8 single crystals, forM
5Rh or Ir. Each orders antiferromagnetically withTN&45
K. Comparisons to their cubic relative (Gd,Sm)In3 suggest
0163-1829/2001/63~5!/054426~4!/$15.00 63 0544
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that the insertion ofM In2 layers along thec axis in
(Gd,Sm)M In5 and (Gd,Sm)2M In8 (M5Rh or Ir! only
weakly affects the low-temperature magnetic ground s
for the tetragonal variants. The data for the Ce and Nd-ba
homologues are also included to help the discussion.

II. EXPERIMENT

Single crystalline samples of the (Gd,Sm)M In5 and
(Gd,Sm)2M In8 (M5Rh or Ir! compounds were grown from
the melt in In flux as described previously.1 Typical crystal
sizes were 131 cm3several mm. The tetragonal HoCoGa5
(m51) ~Ref. 4! and Ho2CoGa8 (m52) ~Ref. 7! structure
types and phase purity were confirmed by x-ray powder
fraction, and the crystal orientation was determined by
usual Laue method. The lattice parametersa and c for the
studied compounds are given in Table I. Lattice constants
the nonmagnetic variants LaM In5 and La2M In8 are also in-
cluded for reference. Specific-heat measurements were

TABLE I. Experimental parameters for (Gd,Sm)M In5 ,
(Gd,Sm)2M In8 (M5Rh or Ir!, and (Gd,Sm)In3.

a c TN me f f up

Å Å K mB K

GdIrIn5 4.622~4! 7.413~8! 42 7.9~1! '264
Gd2IrIn8 4.615~4! 12.034~7! 41 8.2~1! '275
GdRhIn5 4.609~4! 7.444~7! 40 8.0~1! '269
Gd2RhIn8 4.604~4! 12.060~9! 40 7.4~1! 273
SmIrIn5 4.634~4! 7.446~7! 14.3
Sm2IrIn8 4.626~4! 12.088~7! 14.2
SmRhIn5 4.618~4! 7.470~8! 15.0
Sm2RhIn8 4.621~4! 12.106~9! 15.0

LaIrIn5 4.710~4! 7.625~6!

La2IrIn8 4.703~4! 12.314~7!

LaRhIn5 4.672~4! 7.602~7!

La2RhIn8 4.699~4! 12.336~7!

GdIn3 4.6068a '45a 8.2a '285a

SmIn3 4.6265a '16a

aSee Ref. 7.
©2001 The American Physical Society26-1
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formed in a small-mass calorimeter that employs a qu
adiabatic thermal relaxation technique.8 Samples used her
ranged from 10 to 30 mg. Magnetization measurements w
made in a Quantum Design dc superconducting quantum
terference device and electrical resistivity was measured
ing a low-frequency ac resistance bridge and four-con
configuration.

III. RESULTS

Figures 1 and 2 present the temperature dependence o
magnetic susceptibility, for an applied fieldH along thec
axis,x i , and in theab plane,x' , for the GdmM In3m12 and
SmmM In3m12 materials, respectively. Each shows antifer
magnetic order, withTN,45 K. For the Gd-based materia
the magnetic susceptibility is significantly anisotropic on
belowTN showing a typical anisotropy of an antiferromagn
with an easy axis in the plane. The effective magnetic m

FIG. 1. Temperature dependence of the magnetic susceptib
for applied fieldH along thec axis, x i ~open symbols!, and in the
ab plane, x' ~solid symbols!, for GdmM In3m12 (M5Rh or Ir!
materials~a! for m51 and~b! for m52. Theme f f andup , obtained
from Curie-Weiss law fitting forT.150 K are given in Table I.

FIG. 2. Temperature dependence of the magnetic susceptib
for applied fieldH along thec axis, x i ~open symbols!, and in the
ab plane, x' ~solid symbols!, for SmmM In3m12 (M5Rh or Ir!
materials~a! for m51 and~b! for m52.
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ment (me f f) and the paramagnetic Curie-Weiss temperatu
(up) obtained from Curie-Weiss law fits forT.150 K for
the Gd-based compounds are given in Table I. In the S
based case, the high-temperature magnetic anisotrop
probably associated with CEF in both groundJ55/2 and
excitedJ57/2 multiplet states of the Sm31 ion.9,10 As typi-
cal in Sm-based materials, the high-T behavior of the inverse
of magnetic susceptibility does not show a linear tempera
dependence due to a Van Vleck contribution~which compli-
cates the extraction ofme f f andup from the data!.9,10

The temperature dependence of the electrical resisti
for (Gd,Sm)M In5 and (Gd,Sm)2M In8 (M5Rh or Ir! single
crystals is plotted in Fig. 3. The room-temperature value
the electrical resistivity varies between 20 and 30mV cm and
the high-temperature data show a metallic behavior for th
compounds. At low temperatures, clear features can be
at the respective ordering temperatures for all compoun
For the Sm-based homologues extra features also ma
present in the data forT,TN for some of the compounds.

Figure 4 shows the specific heat divided by temperat
~a! and the corresponding magnetic entropy~b! in the tem-
perature range 2&T&20 K, for SmM In5 and Sm2M In8
(M5Rh or Ir!.

To calculate the magnetic entropy, the phonon contri
tion was estimated from the specific-heat data of LaM In5
~Refs. 1 and 2! and La2M In8 ~Ref. 3! (M5Rh or Ir! and
subtracted from the total specific heat of the magnetic co
pounds. The main peaks inC/T corresponding to the onse
of antiferromagnetic order can be seen atTN514.18 and
14.30 K for Sm2IrIn8 and SmIrIn5, respectively, and at 15.00
K for both SmRhIn5 and Sm2RhIn8 @Fig. 4~a!#.

The Néel temperatures obtained from the specific-h
data are in very good agreement with the temperatures w
the maximum in the magnetic susceptibility occurs~see Fig.
2!.

For the Sm2IrIn8, the antiferromagnetic transition at 14.1
was found to be a first order transition with a latent heat
;10 J/mol. However, no hysteresis was observed in the

y,

y,

FIG. 3. Temperature dependence of the electrical resistivity
(Gd,Sm)M In5 and (Gd,Sm)2M In8 (M5Rh or Ir! single crystals.
The solid arrows point out the Ne´el temperatures for the compound
while the dashed arrows mark possible extra features belowTN .
6-2
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CRYSTAL STRUCTURE AND LOW-TEMPERATURE . . . PHYSICAL REVIEW B 63 054426
sistivity or magnetic susceptibility measurements as a fu
tion of temperature. The magnetic entropy recovered byTN
ranges between 1.4 and 1.8R ln 2 @Fig. 4~b!#, suggesting that
the magnetic order develops in a crystal-field doublet gro
state with a nearby doublet excited state. BelowTN , a sec-
ondary feature inCm /T was observed at 11.5, 10.0, 8.0, a
12.0 K for Sm2IrIn8 , SmIrIn5 , SmRhIn5, and Sm2RhIn8,
respectively@Fig. 4~a!#. These secondary peaks are coin
dent with features in the resistivity for some of the co
pounds~see Fig. 3!. Similar extra transitions belowTN also
have been reported for SmIn3 and they have been interprete
as successive magnetic transitions associated with quadr
lar ordering.11

IV. DISCUSSION

The cubic compoundsRIn3 are antiferromagnets with
TN&50 K ~Ref. 9! and theirTN and up values follow de
Gennes scaling quite well, with the exception of CeIn3.9

NdIn3 and SmIn3, whose magnetic order develops in aG8
quartet crystal-field ground state, present additional magn
transitions belowTN .11–13 These complex magnetic state
with successive magnet ordering arise due to the presen
magnetoelastic effects and both bilinear and quadrupolar
change interactions.11–13

Surprisingly, the insertion ofm MIn2 layers along thec
axis in (Gd,Sm)M In5 and (Gd,Sm)2M In8 (M5Rh or Ir!
causes no significant changes in their Ne´el temperatures
whereasTN shows a strong variation among the Ce- a
Nd-based homologous.3,5 It has been reported that the ma
netization easy axis for (Ce,Nd)M In5 and (Ce,Nd)2M In8
(M5Rh or Ir! is along thec axis,3,5 while the present data
~see Figs. 1 and 2! suggest an easy axis in theab plane for
the (Gd,Sm)M In5 and (Gd,Sm)2M In8 (M5Rh or Ir! com-
pounds. As we discuss below, this change in the directio
the magnetic easy axis may be related to a reduction thro
the rare earths in the competing anisotropic magnetocry
line and crystal-field effects reported for Ce and Nd.3,5

In order to discuss the evolution of the magnetic prop
ties of theRMIn5 and R2M In8 (M5Rh or Ir!, we plot the

FIG. 4. Specific-heat data divided by temperature~a! and the
corresponding magnetic entropy~b! in the temperature range 2
&T&20 K for SmM In5 and Sm2M In8 (M5Rh or Ir!.
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TN and c/a ratio ~see also Table I! for RMIn5

(R5Ce,Nd,Sm,Gd; M5Rh,Ir! and R2M In8
(R5Ce,Nd,Sm,Gd;M5Rh or Ir! in Figs. 5 and 6, respec
tively. Figure 7 shows the evolution of the Ne´el temperature
for the homologousRMIn5 andR2M In8 (R5Ce,Nd,Gd,Sm;
M5Rh or Ir! compounds compared to the their cubicRIn3
~Ce,Nd,Sm,Gd! relatives.

The solid lines in Figs. 5 and 6 are the de Gennes fac
(gJ

221)@J(J11)# for ground-state multipletJ through the
rare earths. If one normalizes the de Gennes line to
GdmM In3m12 (M5Rh or Ir, m51,2) TN values, the Sm-
basedTN values sit on the line but theTN values for the
Nd-based and the magnetic Ce-based compounds are a
the line~see Figs. 5 and 6!. In addition, the evolution of the
Néel temperature for the homologousRMIn5 and R2M In8
compounds compared to their cubicRIn3 relatives, varies by

FIG. 5. TN andc/a values plotted through the rare-earth ser
for theRMIn5 (M5Rh or Ir! compounds. The solid lines are the d
Gennes factor@(gJ

221)#@J(J11)# for ground-state multipletJ of
the rare earths normalized by the GdM In5 (M5Rh or Ir! TN values
and the dashed lines are a guide for the eye.

FIG. 6. TN andc/a values plotted through the rare-earth ser
for the R2M In8 (M5Rh or Ir! compounds. The solid lines are th
de Gennes factor@(gJ

221)#@J(J11)# for ground-state multipletJ
of the rare earths normalized by the Gd2M In8 (M5Rh or Ir! TN

values and the dashed lines are a guide for the eye.
6-3



u

d

,
c
e
s

d
T

d
te

s

tal-
the
d to

-

of
he

hly

rs

an-

eir
e

ural

ture
etic
nal

at
.S.

PAGLIUSO, THOMPSON, HUNDLEY, SARRAO, AND FISK PHYSICAL REVIEW B63 054426
less than 10% forR5Gd and Sm whileTN is raised by a
factor of 2 for the Nd-based tetragonal variants and is s
pressed completely (M5Ir) or to less than 0.5 of the CeIn3
value (M5Rh) for the Ce-based homologous compoun
~see Fig. 7!.3,5

De Gennes scaling14 does not take into account CEF
Kondo effects, and/or spatial dependence and anisotropi
fects in the effective exchange parameter. Some of thes
fects are clearly present in the Ce-based and Nd-ba
homologues.1,3,5 Therefore it is not a surprise that theTN
values for the Ce-based and Nd-based homologues do
follow a de Gennes scaling. Furthermore, our data for G
and Sm-based compounds suggest that anisotropic an
CEF effects may decrease along the rare-earth series.
Sm-based compounds (Sm31 hasJ55/2, identical to Ce31)
show smaller ratiosxeasy/x'easy ranging between 1.05 an
1.30~see Fig. 2! while these ratios range from 1.20 to grea
than 2 for the Ce-based analogues.3 A possible explanation
for this behavior may be related to the systematic decrea

FIG. 7. Evolution of the normalized Ne´el temperatures for the
Gd- and Sm-based compounds. For comparison, data for the
mologous Ce- and Nd-based compounds and for cubicRIn3 (R
5Ce,Nd,Sm,Gd!, are also shown.
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of c/a ratio through the rare-earth series~see Figs. 5 and 6!
which may diminish the tetragonal character of the crys
electric field and/or the magnetic anisotropy effects in
Sm case. The Gd-based compounds, which are expecte
present small CEF due to theS character of the Gd31 (S
57/2, L50) ion, show only slight anisotropy in the mag
netic susceptibility aboveTN ~see Fig. 1! and also smallTN
evolution within theRmMnIn3m12n (M5Rh or Ir, m51,2;
n50,1) compounds. Therefore the absence or reduction
Kondo, CEF effects and/or magnetic anisotropy for t
(Gd,Sm)M In5 and (Gd,Sm)2M In8 (M5Rh or Ir! com-
pounds may cause their magnetic properties to be roug
the same as their cubic relatives GdIn3 and SmIn3. Further
investigation in the evolution of the crystal-field paramete
and the character of the magnetic state forRMIn5 and
R2M In8 including heaviest rare earths~e.g., R5Dy, Er, or
Yb! would be valuable in confirming our supposition.

V. CONCLUSIONS

We have reported a new series of Gd- and Sm-based
tiferromagnetic (TN,45 K! compounds. Their low-
temperature magnetic properties remain similar to th
SmIn3 and GdIn3 cubic relatives. Comparisons among th
present data and the magnetic properties of isostruct
~Ce,Nd! (Rh,Ir)In5 and (Ce,Nd)2(Rh,Ir)In8 and of de
Gennes scaling as a function of rare earth in a given struc
suggest that the reduction CEF effects and related magn
anisotropy through the rare-earth series for the tetrago
variants may cause the magnetic properties of (Gd,Sm)M In5
(Gd,Sm)2M In8 (M5Rh or Ir! and their cubic relatives
GdIn3 and SmIn3 to be nearly the same.
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