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Crystal-field-induced magnetic frustration in NdM In5 and Nd2M In8 „MÄRh, Ir … antiferromagnets

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

~Received 6 June 2000!

We have synthesized the series of compounds NdM In5 and Nd2M In8 in single crystal form, whereM
5Rh or Ir. These materials form in tetragonal derivatives of the Cu3Au-structure NdIn3 compound. Measure-
ments of magnetic susceptibility, electrical resistivity, and low-temperature heat capacity are reported. These
compounds order antiferromagnetically at low temperature (TN,14 K) and the evolution of their magnetic
properties depends on the crystal-field ground-state configuration. Comparison between the present data and
magnetic properties of the isostrucutural new heavy fermion compounds Ce(Rh,Ir)In5 and Ce2(Rh,Ir)In8

suggests that crystal field effects and magnetic anisotropy should be taken into account to understand the rich
phase diagram of these compounds.
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I. INTRODUCTION

Recently, a new series ofRmMnIn3m12n tetragonal vari-
ants of the Cu3Au-structure compounds have been synth
sized in single crystal form, forM5Rh or Ir, m51,2; n
51 andR5La, Ce, Pr, Nd, Sm, and Gd.1 Their tetragonal
structure can be viewed asm layers of RIn3 units stacked
sequentially along thec axis with interveningn layers of
M In2. The Ce-based compounds include a new class
heavy-fermion materials for which unconventional magne
and superconducting behavior have been reported2–5

CeRhIn5 is an antiferromagnet at ambient pressure withTN

'3.8 K and an electronic specific heatg'400 mJ/mol K2.2

Pressure dependent electrical resistivity and specific hea
periments on CeRhIn5 ~Ref. 2! show an unconventionial evo
lution to a superconducting state forP.Pc'16 kbar where
superconductivity sets in atTc'2.0 K.

Another member of this family, CeIrIn5, shows ambient-
pressure bulk superconductivity atTc'0.4 K, inferred by a
diamagnetic transition in the ac susceptibility coincident w
a jump in heat capacity.3,5 Just aboveTc , C/T is essentially
constant and gives a Sommerfeld coefficient ofg
'720 mJ/mole K2.3 The n52 variants of these Ce-base
compounds include an antiferromagnetic ground stateTN
'2.8 K and g'400 mJ/mol K2) for Ce2RhIn8, while
Ce2IrIn8 remains a heavy-fermion paramagnet to 50 m
with no evidence for a phase transition (g
'700 mJ/mol K2).4

It has been suggested that the reduced spatial dimen
ality and magnetic anisotropy resulting from the quasi-
structure of these compounds may control the nature of t
heavy-fermion ground states.2,4 Therefore, studies in non
Kondo isostructural magnetic materials of the sa
RmMnIn3m12n series may be useful in understanding the r
of spatial dimensionality, magnetic anisotropy, and crys
field effects~CEF! in the evolution of the magnetic prope
ties within these series. As the Pr-based homologues are
magnetic singlet ground state systems,1 the Nd-based mate
rials are the obvious candidates for such a study.

Thus, we have performed magnetic susceptibility, elec
cal resistivity, and heat capacity measurements in NdM In5
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and Nd2M In8 single crystals, forM5Rh or Ir. Each orders
antiferromagnetically withTN&14 K. Comparisons to their
cubic relative NdIn3 suggest that the symmetry of the cryst
field ground state drives the evolution of the magnetic pr
erties for the tetragonal variants. An analogous interpreta
for the Ce-based materials is also discussed.

II. EXPERIMENT

Single crystalline samples of the NdM In5 and Nd2M In8
(M5Rh or Ir! compounds were grown from the melt i
In flux as described previously.2 Typical crystal sizes
were 1 cm31 cm3 several mm. The tetragona
HomConGa3m12n (m51,2;n51) structure types and phas
purity were confirmed by x-ray powder diffraction, and th
crystal orientation was determined by the usual La
method. The lattice parametersa andc for the studied com-
pounds are given in Table I. Specific heat measureme
were performed in a small-mass calorimeter system that
ploys a quasiadiabatic thermal relaxation techniqu6

Samples used here ranged from 10 to 30 mg. Magnetiza
measurements up to'5 kbar were made in a Quantum De
sign dc Superconducting Quantum Interference Device m
netometer using a small clamp-type cell with flourinert-75
the pressure medium. Electrical resistivity was measured
ing a low-frequency ac resistance bridge and four-con
configuration.

TABLE I. Experimental parameters for NdM In5 , Nd2M In8

(M5Rh or Ir! and NdIn3.

a c V TN meff up

Å Å Å 3 K mB K

NdIrIn5 4.648~3! 7.477~6! 161.53~4! 13.75 3.58~3! '18
Nd2IrIn8 4.647~3! 12.139~6! 262.14(3)a 12.30 3.60~3! '13
NdRhIn5 4.630~3! 7.502~6! 160.82~4! 11 3.66~3! '17
Nd2RhIn8 4.640~3! 12.171~6! 262.04~3! 10.7 3.57~3! '14
NdIn3 4.6530a 100.74 '6 a 3.62a '17 a

aSee Refs. 8–10.
12 266 ©2000 The American Physical Society
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III. RESULTS

Figure 1 presents the temperature dependence of the
netic susceptibility, for an applied fieldH along thec axis,x i
and in theab plane,x' for the NdmMnIn3m12n materials.
Each shows antiferromagnetic order, withTN,14 K. As
might be expected from their quasi-2D structure, the m
netic susceptibility of these materials is anisotropic and
pends on the value ofm as well as the transition metalM.
The ratio ofx i /x' at TN is larger form51 than form52,
ranging from greater than 3 form51, M5Rh to 1.9 form
52, M5Rh, and the ratio is always greater than one. T
effective magnetic moment(meff) and the paramagneti
Curie-Weiss temperatures (up), obtained from Curie-Weiss
law fits for T.150 K using polycrystalline average of the
data, are given in Table 1.

Figure 2 shows the magnetic contribution to the spec
heat divided by temperature@2~a!# and the corresponding
magnetic entropy@2~b!# in the temperature range 2 K&T
&20 K, for NdM In5 and Nd2M In8 (M5Rh or Ir!. To ob-
tain the magnetic contribution to the specific heat, the p
non contribution was subtracted from the original data us
the specific heat data of LaM In5 and La2M In8 (M5Rh or
Ir!. The peaks inCm /T corresponding to the onset of ant
ferromagnetic order can be seen atTN513.75, 12.30, 11.00
and 10.70 K for NdIrIn5 , Nd2IrIn8 , NdRhIn5, and
Nd2RhIn8, respectively@Fig 2~a!#. The Néel temperatures
obtained from the specific heat data are in very good ag
ment with the temperatures where the maximum in the m
netic susceptibility occurs~see Fig. 1!. The magnetic entropy
recovered byTN ranges between 1.2-1.7R ln 2 @see Fig.
2~b!#, suggesting that the magnetic order develops in a c
tal field doublet groundstate with a nearby doublet exci
state.

The temperature dependence of the normalized elect
resistivity for NdM In5 and Nd2M In8 (M5Rh or Ir! single
crystals is plotted in Fig. 3. The room temperature value
the electrical resistivity varies between 10–30mV cm and

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 the studied NdmMnIn3m12n ma-
terials. Themeff andup , obtained from Curie-Weiss law fitting fo
T.150 K using polycrystalline average of these data, are give
Table I.
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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 compound

In Fig. 4 we replot the magnetic specific heat divided
temperature now as a function ofT2. The solid lines are the
expected linear dependence for antiferromagnetic magn
at T,TN . The inset presents the magnetic specific heat
vided by temperature as a function ofT2 for Nd2RhIn8. The
crosses in the inset represent a simulation of a crystal fi
Schottky anomaly7 obtained from a doublet ground sta
with an excited doublet 20 K above. Subtracting th
Schottky contribution from the Nd2RhIn8 specific heat data
we recover the expected linear behavior.

IV. DISCUSSION

The cubic compound NdIn3 is an antiferromagnet withTN
'6 K.8,9 Magnetic order develops in aG8 quartet crystal-
field ground state with@001# being the easy axis.9,10 Below
TN , additional magnetic transitions were observed. The

y,

in

FIG. 2. The magnetic contribution to the specific heat divid
by temperature~a! and the corresponding magnetic entropy~b! in
the temperature range 2 K&T&20 K, for NdM In5 and Nd2M In8

(M5Rh or Ir!.

FIG. 3. Temperature dependence of the normalized electr
resistivity for NdM In5 and Nd2M In8 (M5Rh or Ir! single crystals.
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sulting complex magnetic phase diagram with metamagn
processes arises due to the presence of crystal field
magneto-elastic effects and both bilinear and quadrupolar
change interactions.9

Surprisingly, the insertion ofM -In layers along thec axis
in NdM In5 and Nd2M In8 (M5Rh or Ir! causes the Ne´el
temperatures to increase by a factor of 2~see Table I and Fig
6!. Among the tetragonal variants,TN is larger for Ir variants
and for single layers variants.~see Table I and Fig. 6!. No
evidence for extra transitions belowTN was observed for the
tetragonal compounds.

The simplest interpretation for the observed evolution
TN among these Nd-based compounds would be a sp
dependence of the effective exchange parameter betwee
ions (JNd-Nd). The average distance between Nd ions, wh
can be deduced from the lattice parameters~Table I!, can
increase or decreaseJNd-Nd and consequentlyTN . In this
simple scenario, one can assume thatJNd-Nd is volume de-
pendent and make the following estimate. The increase
volume for NdIrIn5 compared to NdRhIn5 is about 1 Å3 and
the difference between theTNs of these compounds is 2.7
K, with TN larger for the compound with larger volume~see
Table I and Fig. 6!. A similar trend is also observed for th
bilayer variants~see Table I and Fig. 6!. Using a bulk modu-
lus of ;1 Mbar,11 a positive pressure of about 6 kbar
required to produce the difference in volume betwe
NdIrIn5 and NdRhIn5. Thus, one should expect a pressu
induced evolution inTN (dTN /dP) of '20.5 K/kbar for
NdM In5, assuming that the evolution ofTN is simply related
to the change in lattice parameters. To test this supposi
pressure dependent magnetic susceptibility experiments
performed for NdRhIn5 powdered crystals. The derivative o
the magnetic susceptibility as a function of temperature
different applied pressures is shown in Fig. 5. The inset p
sents the original data from which the derivatives we
taken. No appreciable changes in the Ne´el temperatures
(dTN /dP'0) were observed up to'4.5 kbar for NdRhIn5

FIG. 4. Magnetic specific heat divided by temperature replot
as a function ofT2 for the data presented in Fig. 2. The solid lin
are the expected linear dependence for antiferromagnetic mag
at T,TN . The inset presents the magnetic specific heat divided
temperature as a function ofT2 for Nd2RhIn8. The crosses in the
inset are the expected crystal field Schottky anomaly contribu
due to a doublet ground state with an excited doublet;20 K above.
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~see Fig. 5! According to the ansatz above, a shift of abou
K should have had been observed in this experiment. Th
the evolution ofTN among these compounds cannot be e
plained by only a spatial dependence ofJNd-Nd.

On the other hand, the evolution ofTN can be explained
qualitatively by the character of the crystal field ground st
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FIG. 5. Temperature and pressure dependence of the mag
susceptibility derivative for NdRhIn5 powdered crystals up to
'4.5 kbar. The inset presents the original data from which
derivatives were taken.

FIG. 6. Evolution of the normalized Ne´el and paramagnetic
Curie-Weiss temperatures for the studied Nd-based compounds
comparison, data for the homologous Ce- and Gd-based compo
and for cubic CeIn3 , GdIn3, and NdIn3 are also shown.
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and the extent to which it is isolated. Figure 2~b! shows that
NdIrIn5 recovers the least magnetic entropy byT520 K
among the tetragonal variants, and the amount of entr
recovered by 20 K increases sequentially
NdIrIn5-Nd2IrIn8-NdRhIn5-Nd2RhIn8. Although specific
heat data for NdIn3 to T520 K are not available, the recov
ered entropy atTN and theG8 quartet ground state sugge
that the recovered entropy by 20 K would be even bigger
cubic NdIn3 @see Fig. 2~a!#. Below, we argue that the fac
that TN decreases in the same sequen
NdIrIn5-Nd2IrIn8-NdRhIn5-Nd2RhIn8-NdIn3 is not acciden-
tal ~see Table I!.

Figure 4 shows a stronger deviation from the expectedT3

behavior (T,TN) for those compounds in which more e
tropy is recovered, and the simulation presented in the in
of the figure suggests that the deviation is due to the po
lation of a nearby excited crystal field doublet. In oth
words, NdIrIn5, which recovers the least entropy by 20
has the more isolated crystal field doublet ground state
the largestTN of the series. These results suggest thatTN is
increased by the splitting of theG8 quartet ground state into
two doublets for the less symmetric variants and also thatTN
increases with increasing doublet-doublet splitting.

The Nd31 (J59/2) ion in axial symmetry can have a ve
anisotropic~with its g valuegic@g') doublet as its ground
state.12 The interplay among interionic anisotropic exchan
coupling, anisotropic CEF, and magnetocrystalline anis
ropy can lead to frustration of the magnetic state at redu
ordering temperatures.13–15The reported anisotropic mag
netic susceptibility data, the quasi-2D crystal structure of
tetragonal variants and the complex magnetic ordering s
observed in NdIn3 suggest that these effects may be pres
in the studied compounds~see Fig. 1 and Ref. 9!. Further, it
has been reported that NdIn3 has@001# as an easy axis9,10and
the tetragonal variants are also more susceptible forHic ~see
Fig. 1!, suggesting a@001# easy axis. Based on this scenar
it is not unreasonable to suppose that the splitting of theG8
quartet ground state into highly anisotropic doublets m
decrease magnetic frustration, favoring order along the@001#
direction at higher temperatures. Similar trends in lo
temperature magnetic properties have been reported for o
Nd-based compounds in tetragonal structures, for wh
competing CEF and magnetic anisotropies are present.16–19

Preliminaries studies in the Gd-based homolog
GdM In5 and Gd2M In8 (M5Rh or Ir! show antiferromag-
netic ordering at about the same temperature as cubic G3
(TN'45 K)8,1 for all tetragonal variants.~see Fig. 6! This
absence of significantTN evolution for the Gd-based com
pounds, for which CEF should be small due theS-ion char-
acter of Gd31, also suggest that observedTN evolution for
non-S rare-earth compounds might be CEF related. In ad
tion, the CEF and the consequent low-temperature split
should not be strongly affected by small values of pressur11

In this respect, no significantTN pressure dependence shou
be expected for these Nd-based compounds in the sce
above, which agrees with the Fig. 5 data for NdRhIn5. Fur-
ther CEF studies and investigation of the character of
magnetic state for NdM In5 and Nd2M In8 (M5Rh or Ir! by
neutron scattering and/or magnetic resonance techni
~NMR,ESR,NQR! would be valuable in confirming our sup
position.
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Finally, to compareR5Ce, Nd, and Gd materials, Fig.
shows the evolution of the Ne´el temperature and the para
magnetic Curie-Weiss temperatures for the homolog
RMIn5 and R2M In8 (R5Nd, Ce,Gd,T5Rh or Ir! com-
pounds compared to the their cubicRIn3 ~Nd,Ce,Gd! rela-
tives. As one can see,up shows little change among thes
series forR5Nd, Ce, and Gd. The result indicates that in t
molecular field approximation, the effective exchange p
rameter between rare-earths remains about the same at
temperatures through these homologous series forR5Nd,
Ce, and Gd. On the other hand,TN shows significant evolu-
tion for the non-S R5Nd and Ce materials, suggesting aga
that the low-temperature crystal field configuration is an i
portant contribution to the observed evolution. Further,
TN evolution forR5Nd and Ce based compounds appears
be qualitatively similar, but occurring in opposite directio
~see Fig. 6!. TN is raised by a factor 2 for the Nd-base
tetragonal variants and is suppressed completely (M5Ir) or
to less than 0.5 of the CeIn3 value (M5Rh) for the Ce-based
homologous compounds.2–5 The M5Ir versions have the
largest TN values for the Nd-based compounds and are
ones where the magnetism is totally suppressed in the
case.2–5 As was discussed above, theTN evolution for the
Nd-based compounds, for which Kondo effects are
present, can be qualitatively explained by a crystal field
duced enhancement inJNd-Nd among these compounds
Based on the similarities with the Nd case~see Fig. 6! it is
not unreasonable to suppose that similar CEF can interfer
the interplay between the Kondo effects and the RKKY ma
netic interaction driving different ground states for these n
heavy fermion Ce-based compounds. Similar compet
CEF and magnetic exchange anisotropies drive n
Doniach-like phase diagrams for other heavy fermion co
pounds such as YbNiSn and YbPtAl.13,14

V. CONCLUSIONS

We have reported a new series of Nd-based antiferrom
netic compounds. The evolution of their magnetic propert
depends on the crystal-field ground-state configuration.
observed evolution appears to be related to the symmetr
the crystal-field ground state and how isolated it is. Our
sults suggest that a splitting of theG8 quartet ground state to
highly anisotropic doublets for the tetragonal NdM In5 and
Nd2M In8 (M5Rh or Ir! compounds decreases magne
frustration, favoring order along the@001# direction at higher
temperatures. Similarities between the present data and m
netic properties of the isostrucutural new heavy fermion m
terials~HFS! Ce(Rh,Ir)In5 , Ce2(Rh,Ir)In8 suggest that CEF
and magnetic anisotropy investigations for CeM In5 and
Ce2M In8 (M5Rh or Ir! by neutron scattering and/or mag
netic resonance techniques~NMR,ESR,NQR! are needed to
fully understand the rich phase diagram of these compou
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Hanzi, and A. Barthe´lémy, Physica B182, 105 ~1992!.

16W. Henggeler, T. Chattopadhyay, B. Roessli, D.I. Zhigunov, a
A. Furrer, Z. Phys. B99, 465 ~1996!.

17F. Fourgeot, B. Chevalier, D. Laffargue, and J. Etourneau
Magn. Magn. Mater.182, 124 ~1998!.

18A.N. Bazhan, J. Magn. Magn. Mater.185, 228 ~1998!.
19D. Givord, H.S. Li, and F. Tasset, J. Appl. Phys.57, 4100~1985!.


