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Crystal-field-induced magnetic frustration in NdMIns and Nd,M Ing (M =Rh, Ir) antiferromagnets
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We have synthesized the series of compounddhg and N@MIng in single crystal form, wherév
=Rh or Ir. These materials form in tetragonal derivatives of thg/Qestructure NdIin compound. Measure-
ments of magnetic susceptibility, electrical resistivity, and low-temperature heat capacity are reported. These
compounds order antiferromagnetically at low temperatlig<(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(RhdnihCe(Rh,Ir)Ing
suggests that crystal field effects and magnetic anisotropy should be taken into account to understand the rich
phase diagram of these compounds.

. INTRODUCTION and NgM ng single crystals, foM =Rh or Ir. Each orders
antiferromagnetically witil'y=<14 K. Comparisons to their
Recently, a new series &,M I3y, 2, tetragonal vari-  cubic relative Ndlg suggest that the symmetry of the crystal
ants of the CyAu-structure compounds have been synthe<ield ground state drives the evolution of the magnetic prop-
sized in single crystal form, foM=Rh or I, m=1,2; n  erties for the tetragonal variants. An analogous interpretation
=1 andR=La, Ce, Pr, Nd, Sm, and GdTheir tetragonal for the Ce-based materials is also discussed.
structure can be viewed am layers of RIng units stacked
sequentially along the axis with interveningn layers of
MIn,. The Ce-based compounds include a new class of Il. EXPERIMENT
heavy-fermion materials for which unconventional magnetic i
and superconducting behavior have been repdrted.  Single crystalline samples of the Ntns and NgMing
CeRhlny is an antiferromagnet at ambient pressure With (M=Rh or I compounds Were grown from the m_elt n
~3.8 K and an electronic specific hept400 mJ/mol 1.2 In flux as described previousfy.Typical crystal sizes
Pressure dependent electrical resistivity and specific heat e¥/€r¢ 1 cnx1 cmx  several mm. The tetragonal

periments on CeRhi(Ref. 2 show an unconventionial evo- HO"?CO‘WG%W 2n .(m= 1.2n=1) structure types and phase
lution to a superconducting state P ~16 kbar where purity were confirmed by x-ray powder diffraction, and the
superconductivity sets in at,~2.0 K ¢ crystal orientation was determined by the usual Laue

Another member of this family, Celrin shows ambient- method. The lattice parametessandc for the studied com-

. N . pounds are given in Table |. Specific heat measurements
pressure b_ulk sup_e_rco_nductlwty '5;~0.4_ K ,nfe_rre_d by @ were performed in a small-mass calorimeter system that em-
diamagnetic transition in the ac susceptibility coincident with

X . Y- g i ploys a quasiadiabatic thermal relaxation techniue.
a jump in heat capacity” Just abovel, C/T is essentially Samples used here ranged from 10 to 30 mg. Magnetization
constant and gives a Sommerfeld coefficient of measurements up te5 kbar were made in a Quantum De-
~720 mJ/mole R* The n=2 variants of these Ce-based gjgn dc Superconducting Quantum Interference Device mag-
compounds include an antiferromagnetic ground stdi¢ ( petometer using a small clamp-type cell with flourinert-75 as
~2.8 K and y~400 mJ/molK) for CeRhing, while e pressure medium. Electrical resistivity was measured us-

Celring remains a heavy-fermion paramagnet to 50 mK,ing g |ow-frequency ac resistance bridge and four-contact
with no evidence for a phase transition y ( configuration.

~700 mJ/mol K).*
It has been suggested that the reduced spatial dimension- .
ality and magnetic anisotropy resulting from the quasi-2D _ TABLE I. Experimental parameters for Ntins, Nd,Ming
structure of these compounds may control the nature of theff™ =Rh or In and Ndin.
heavy-fermion ground staté$. Therefore, studies in non-
Kondo isostructural magnetic materials of the same 2 /; AVS T per %
RmM N4 05 S€ries may be useful in understanding the role K KB K
of spatial dimensionality, magnetic anisotropy, and crystaNdirin;  4.6483) 7.4776) 161.534) 13.75 3.58) =~18
field effects(CEP in the evolution of the magnetic proper- Nd,lrlng  4.6473) 12.1396) 262.14(3)* 12.30 3.603) ~13
ties within these series. As the Pr-based homologues are NORyRrhin, 4.6303) 7.5026) 160.824) 11 3.683) ~17
magnetic singlet ground state systehibe Nd-based mate- Nd,Rhin; 4.6403) 12.1716) 262.043) 10.7 3.573) ~14
rials are the obvious candidates for such a study. Nding 4.65302 100.74 ~62 3.622 ~172
Thus, we have performed magnetic susceptibility, electri-
cal resistivity, and heat capacity measurements iMNd ~ 2See Refs. 8—10.

0163-1829/2000/628)/122665)/$15.00 PRB 62 12 266 ©2000 The American Physical Society



PRB 62 CRYSTAL-FIELD-INDUCED MAGNETIC FRUSTRATION . .. 12 267
100.00 <
o 3000 —oa— NdIrln, .,T a)
—v— =2 {—=—Nd,IrIn
. Ndirin, - 2 8 o
D 75.00- N g 2000 { —*— NdRhin, P4 '
2" 4 Nd,irn 5 ]—0—Nd,Rhin, _%¢* "
© _a 2l o] 2 8 4O S |
g N £ 1000 o,o*ii.{l"‘ L% m g
—0— Vol L8 o T\ 4
5 NdRhI - Wopd o0 e,
g s0004 - * c':f 0 mg:ﬁ:ﬁﬁﬁﬁigg»ﬂ“‘“” i3 1L ERRLLERELEY
o —o0—
o —a_ Nd,RhIn, L N —
o 4 refO9g
= _ 1504 0 F S L
=2 4 =0 N L I e
25.00 %ﬂ\ g g 1.00 ] T Irlr?
—$=g-u_ =0 o i 21Ny
V=== & 050. NdRhin,
9] SR Nd,Rhin,
0.00 -1 : . . 0.00 ] N S + Ndin,
0 25 50 75 100 —+ 1t ' 1+ r + 1+ 1 ' T * T ' 1

2 4 6 8 10 12 14 16 18 20

Temperature (K) Temperature (K)

FIG. 1. Temperature dependence of the magnetic susceptibility,
for applied fieldH along thec axis, x| (open symbols and in the
ab plane,y, (solid symbols, for the studied NgM ,IN3y,+ 2, Ma-
terials. Theu; and 6, , obtained from Curie-Weiss law fitting for
T>150 K using polycrystalline average of these data, are given i
Table I.

FIG. 2. The magnetic contribution to the specific heat divided
by temperaturda) and the corresponding magnetic entrapy in

the temperature range 2 KT=<20 K, for NdMIn; and NgM Ing

n(M =Rh or In.

the high temperature data show a metallic behavior for these
compounds. At low temperatures, clear features can be seen
at the respective ordering temperatures for all compounds.

Figure 1 presents the temperature dependence of the mag- " Fig- 4 we replot the magnetic specific heat divided by

netic susceptibility, for an applied field along thec axis, x| temperature now as a function Bf. The solid Iines_ are the
and in theab plane, x, for the Nd,M INsm, », Materials. expected linear dependence for antiferromagnetic magnons

Each shows antiferromagnetic order, with<14 K. As atT<Ty. The inset presents the magnetic specific heat di-
might be expected from their quasi-2D structure, the mag¥ided by temperature as a function B for Nd,Rhirg. The
netic susceptibility of these materials is anisotropic and de€roSses in the inset represent a simulation of a crystal field

pends on the value ah as well as the transition metd. ~ Schottky anqmaK/ obtained from a doublet ground state
The ratio ofy/x, atTy is larger form=1 than form=2, with an excited doublet 20 K above. Subtracting this

ranging from greater than 3 fan=1, M=Rh to 1.9 form Schottky contribution from the N&Rhlng specific heat data,

=2, M=Rh, and the ratio is always greater than one. TheVe recover the expected linear behavior.
effective magnetic momeni(ys) and the paramagnetic
Curie-Weiss temperatures)(), obtained from Curie-Weiss
law fits for T>150 K using polycrystalline average of these
data, are given in Table 1.

Figure 2 shows the magnetic contribution to the specifi
heat divided by temperaturg(a)] and the corresponding
magnetic entropy2(b)] in the temperature range 2 KT
=20 K, for NdMIngs and NgMIng (M=Rh or Ir). To ob-
tain the magnetic contribution to the specific heat, the pho-
non contribution was subtracted from the original data using
the specific heat data of Ming and LaMIng (M =Rh or
Ir). The peaks irC,,/T corresponding to the onset of anti-
ferromagnetic order can be seenfat=13.75, 12.30, 11.00,
and 10.70 K for Ndirlg, Nd,lring, NdRhIn;, and
Nd,Rhling, respectively[Fig 2(a)]. The Nel temperatures
obtained from the specific heat data are in very good agree @
ment with the temperatures where the maximum in the mag-
netic susceptibility occurésee Fig. 1. The magnetic entropy
recovered byTy ranges between 1.2-Rin2 [see Fig.

2(b)], suggesting that the magnetic order develops in a crys-
tal field doublet groundstate with a nearby doublet excited 0.00
state. 0

The temperature dependence of the normalized electrica
resistivity for NoMlIns and NgMIng (M =Rh or Ir) single
crystals is plotted in Fig. 3. The room temperature value of
the electrical resistivity varies between 10—3d) cm and

Ill. RESULTS

IV. DISCUSSION

The cubic compound Ndnis an antiferromagnet withy
~6 K.2° Magnetic order develops in By quartet crystal-
Sield ground state witf001] being the easy axfs™ Below
Ty, additional magnetic transitions were observed. The re-
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FIG. 3. Temperature dependence of the normalized electrical
resistivity for NdM Ins and N@MIng (M =Rh or Ir) single crystals.
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FIG. 4. Magnetic specific heat divided by temperature replotted
as a function off2 for the data presented in Fig. 2. The solid lines ~ FIG. 5. Temperature and pressure dependence of the magnetic
are the expected linear dependence for antiferromagnetic magnogygsceptibility derivative for NdRhin powdered crystals up to
atT<Ty. The inset presents the magnetic specific heat divided by=4.5 kbar. The inset presents the original data from which the
temperature as a function @ for Nd,Rhing. The crosses in the derivatives were taken.
inset are the expected crystal field Schottky anomaly contribution
due to a doublet ground state with an excited doubi2d K above.  (see Fig. 5 According to the ansatz above, a shift of about 2

K should have had been observed in this experiment. Thus,

eekoo oo s 1o e prosenes o Sy s e, Yok Ty g es compOUTS Ao b e
P P y ained by only a spatial dependencel@fi.ng-

magneto-elastic effects and both bilinear and quadrupolar e On the other hand, the evolution f, can be explained

change interaction. o :
Surprisingly, the insertion df-In layers along the axis qualitatively by the character of the crystal field ground state

in NdMIns and NgMIng (M=Rh or I causes the Ng
—
/ T

temperatures to increase by a factor ds8e Table | and Fig
6). Among the tetragonal variant§, is larger for Ir variants 3
and for single layers variantésee Table | and Fig.)6 No
evidence for extra transitions beldly, was observed for the
tetragonal compounds. ™
The simplest interpretation for the observed evolution ofO
Ty among these Nd-based compounds would be a spatieT_
dependence of the effective exchange parameter between '\t
ions (Ing-ng) - The average distance between Nd ions, which
can be deduced from the lattice paramet@rable ), can |_

1

increase or decreasfy.ng and consequentlyly . In this

simple scenario, one can assume thaing IS Volume de- T4
pendent and make the following estimate. The increase ir 0

volume for NdlIrln, compared to NdRhiis about 1 & and 3

the difference between thEys of these compounds is 2.75 —=— NdlIr

K, with Ty larger for the compound with larger volufisee —0— NdRh

Table | and Fig. & A similar trend is also observed for the &5 —e—GdlIr

bilayer variantgsee Table | and Fig.)6Using a bulk modu- & 2+ —o— GdRh

lus of ~1 Mbar!! a positive pressure of about 6 kbar is - | —A— Celr

required to produce the difference in volume between™Ta —A— CeRh

NdlIrins and NdRhIg. Thus, one should expect a pressure- =, 4 L} A
induced evolution inTy (dTy/dP) of ~—0.5 K/kbar for S .‘gfi

NdM Ins, assuming that the evolution @, is simply related

to the change in lattice parameters. To test this supposition

pressure dependent magnetic susceptibility experiments wer 0

performed for NdRhlg powdered crystals. The derivative of 1-0-3 1-1-5 2_1" -8

the magnetic susceptibility as a function of temperature for

different applied pressures is shown in Fig. 5. The inset pre- F|G. 6. Evolution of the normalized & and paramagnetic
sents the original data from which the derivatives wereCurie-Weiss temperatures for the studied Nd-based compounds. For
taken. No appreciable changes in theeNéemperatures comparison, data for the homologous Ce- and Gd-based compounds
(dTy/dP~0) were observed up te4.5 kbar for NdRhlg  and for cubic Celg, Gdln;, and Ndiny are also shown.
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and the extent to which it is isolated. FigurébRshows that Finally, to compareR=Ce, Nd, and Gd materials, Fig. 6
Ndliring recovers the least magnetic entropy By=20 K  shows the evolution of the Né temperature and the para-
among the tetragonal variants, and the amount of entropgnagnetic Curie-Weiss temperatures for the homologous
recovered by 20 K increases sequentially asRMins and R,MIng (R=Nd, Ce,Gd, T=Rh or Ir) com-
NdIring-Nd,Iring-NdRhIns-Nd,RhiIng.  Although  specific  pounds compared to the their cubdi®ing (Nd,Ce,Gd rela-
heat data for Ndlnto T=20 K are not available, the recov- tives. As one can sed), shows little change among these
ered entropy afy and thel's quartet ground state suggest series forR=Nd, Ce, and Gd. The result indicates that in the
that the recovered entropy by 20 K would be even bigger fomolecular field approximation, the effective exchange pa-
cubic NdIn [see Fig. 2a)]. Below, we argue that the fact rameter between rare-earths remains about the same at high
that Ty decreases in the same  sequencdemperatures through these homologous seriesRfeiNd,
NdIrling-Nd,Iring-NdRhIns-Nd,RhiIng-NdIng is not acciden- Ce, and Gd. On the other hanfl, shows significant evolu-
tal (see Table)l tion for the nonS R=Nd and Ce materials, suggesting again
Figure 4 shows a stronger deviation from the expedtéd that the low-temperature crystal field configuration is an im-
behavior T<Ty) for those compounds in which more en- portant contribution to the observed evolution. Further, the
tropy is recovered, and the simulation presented in the insefy evolution forR=Nd and Ce based compounds appears to
of the figure suggests that the deviation is due to the popuse qualitatively similar, but occurring in opposite directions
lation of a nearby excited crystal field doublet. In other(see Fig. & Ty is raised by a factor 2 for the Nd-based
words, Ndirlny, which recovers the least entropy by 20 K, tetragonal variants and is suppressed completély=(r) or
has the more isolated crystal field doublet ground state antb less than 0.5 of the Cejwvalue (M =Rh) for the Ce-based
the largesfTy of the series. These results suggest fyais  homologous compounds® The M=Ir versions have the
increased by the splitting of thég quartet ground state into largest Ty values for the Nd-based compounds and are the
two doublets for the less symmetric variants and alsoThat ones where the magnetism is totally suppressed in the Ce
increases with increasing doublet-doublet splitting. case’® As was discussed above, tfig evolution for the
The N&* (J=9/2) ion in axial symmetry can have a very Nd-based compounds, for which Kondo effects are not
anisotropic(with its g valueg.>g,) doublet as its ground present, can be qualitatively explained by a crystal field in-
state'? The interplay among interionic anisotropic exchangeduced enhancement idyg.ng among these compounds.
coupling, anisotropic CEF, and magnetocrystalline anisotBased on the similarities with the Nd catee Fig. it is
ropy can lead to frustration of the magnetic state at reducedot unreasonable to suppose that similar CEF can interfere in
ordering temperaturés-*°The reported anisotropic mag- the interplay between the Kondo effects and the RKKY mag-
netic susceptibility data, the quasi-2D crystal structure of thenetic interaction driving different ground states for these new
tetragonal variants and the complex magnetic ordering stateeavy fermion Ce-based compounds. Similar competing
observed in Ndlg suggest that these effects may be presenCEF and magnetic exchange anisotropies drive non-
in the studied compoundsee Fig. 1 and Ref.)9Further, it  Doniach-like phase diagrams for other heavy fermion com-
has been reported that Ndlhas[001] as an easy axis®and  pounds such as YbNiSn and YbPt&I}
the tetragonal variants are also more susceptibléifar (see
Fig. 1), suggesting 4001] easy axis. Based on this scenario
it is not unreasonable to suppose that the splitting oflthe V. CONCLUSIONS
quartet ground state into highly anisotropic doublets may

decrease magnetic frustration, favoring order alond @4 netic compounds. The evolution of their magnetic properties

direction at higher temperatures. Similar trends in IOW'depends on the crystal-field ground-state configuration. The

temperature magnetic properties have been reported for o.thSE)served evolution appears to be related to the symmetry of
Nd-based compounds in tetragonal structures, for which

competing CEF and magnetic anisotropies are pré§eht the crystal-field ground state and how isolated it is. Our re-
Preliminaries studies in the Gd-based homologue sults suggest that a splitting of thg quartet ground state to

%ighly anisotropic doublets for the tetragonal Mths and

_ ; _ 5

et ordering at about the same temperature as ubiogaai 2N (M=Rh or I compounds decreases magneti

T.~d45 K)891 for all tetragonal variarF:ts(see Fig. 6 Thig rfrustration, favoring order along t§@01] direction at higher

;bgence of significarit e?/olution for thé Gd b%sed com temperatures. Similarities between the present data and mag-
N - i i i i ' -

pounds, for which CEF should be small due @ion char- netic properties of the isostrucutural new heavy fermion ma

acter of Gd*, also suggest that observag, evolution for terials (HFS) Ce(Rh, N1y, Ce(Rh, INing suggest that CEF

non-S rare-earth compounds might be CEF related. In addi-and magnetic_anisotropy investigations for NCies and

. .. CeMIng (M=Rh or Ir) by neutron scattering and/or mag-
tion, the CEF and the consequent low-temperature splitting’ = g
should not be strongly affected by small values of pres%"ure.%etIC resonance techniquésMR, ESR NQR are needed to

In this respect, no significafly pressure dependence shouldfuIIy understand the rich phase diagram of these compounds.

be expected for these Nd-based compounds in the scenario
above, which agrees with the Fig. 5 data for NdRhlRur-

ther CEF studies and investigation of the character of the
magnetic state for NdIng and NgMIng (M =Rh or Ir) by We thank Z. Fisk and S.B. Oseroff for helpful discus-
neutron scattering and/or magnetic resonance techniquesons. Work at Los Alamos was performed under the aus-
(NMR,ESR,NQR would be valuable in confirming our sup- pices of the U.S. Dept. of Energy. P.G.P. also thanks
position. FAPESP(SP-Brazi) Grant No. 99/01062-0.

We have reported a new series of Nd-based antiferromag-
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