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Crystal structure and low-temperature magnetic properties ofR,,MInz,,+, compounds
(M=Rh or Ir; m=1,2; R=Sm or Gd)
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We have synthesized the series of compouRd4n; andR,MIng in single crystal form, wher&=Sm or
Gd andM =Rh or Ir. These materials form in tetragonal derivatives of thgAQustructureRIn;. Measure-
ments of magnetic susceptibility, electrical resistivity, and low-temperature heat capacity are reported. These
compounds order antiferromagnetically at low temperatig<(45 K) and their low-temperature magnetic
properties remain nearly unaltered compared to their i Gdln cubic relatives. The present data are
compared to the magnetic properties of the isostruct{€alNd (Rh,Ir)Ing and (Ce,Nd)(Rh,Ir)Ing com-
pounds, and the validity of de Gennes scaling as a function of rare earth in a given structure is discussed.
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. INTRODUCTION that the insertion ofMIn, layers along thec axis in
(Gd,SmMIns; and (Gd,SmyMIng (M=Rh or Ir) only
Recently, a new series &,MIn;,, ., tetragonal variants weakly affects the low-temperature magnetic ground state
of the CuAu-structure compounds foM=Rh or Ir, m  for the tetragonal variants. The data for the Ce and Nd-based
=1,2; andR=light rare earth have become a particularly homologues are also included to help the discussion.
relevant area of research since the discovery of a new class
of heavy-fermion superconductors for some of the Ce-based Il. EXPERIMENT
compound$ 3 The R,MIn,,, , tetragonal structures can be ) )
viewed asm layers ofRIn; units stacked sequentially along ~_Single crystalline samples of the (Gd,3vhns and
the ¢ axis with intervening layers oftIn, (Ref. 4 and un-  (Gd,SmpMIng (M=Rh or I compounds were grown from

conventional magnetic and superconducting behavior havi'® Meltin In flux as described previoustifypical crystal
been reported for CeRhjr(Ref. 1) and Celrlr.2 The first sizes were X1 cmxseveral mm. The tetragonal HoCoGa

one is an antiferromagnet at ambient pressurg~3.8 K (m=1) (Ref. 4 and .HQCOGQ‘ (m:2) (Ref. 7 structure .
and y~400 mJ/mol K),* and presents an unconventionial typeg and phase purity were conf irmed by x-ray P owder dif-

lution t ' ducti tate B P.~16 Kb fraction, and the crystal orientation was determined by the
evolution 1o a superconducting s aNe B Pe~ arS ysual Laue method. The lattice parametarand c for the
whe(e superconductivity sets in ag~2 K. Celrlrg_ S_hOWS studied compounds are given in Table I. Lattice constants for
ambient-pressure heavy-fermion superconductivity Tat

“ : - - the nonmagnetic variants Ming and LgMIng are also in-
~04 K with a Sommerfeld coefficient 0fy~720 gy, ged for reference. Specific-heat measurements were per-
mJ/mol K*. The m=2 variants of these Ce-based com-

pounds include an antiferromagnetic ground statg~2.8 TABLE |. Experimental parameters for (Gd,Ski)ns,

K and y~400 mJ/mol K) for Ce,Rhling, while Celring re- (Gd,SmyMIng (M=Rh or I, and (Gd,Sm)lg
mains a heavy-fermion paramagnet to 50 mK, with no evi-

dence for a phase transitiory4 700 mJ/mol K) 2 a c Ty Lott Op

It has been suggested that the reduced spatial dimension- A A K us K
ality and magnetic anisotropy resulting from the quasi-two
dimensional structure of these compounds may control the Gdirins  4.6224)  7.4138) 42  791) ~-64
nature of their heavy-fermion ground statésturthermore, ~ Gdlring ~ 4.6184) 12.0347) 41 821 ~-75
studies of NdIns and NgMIng analogs forM =Rh or Ir GdRhiny  4.6094)  7.4447) 40 8041 ~-69
suggest that crystal-field effect€EF’'S) and related mag- GdRhing  4.6044) 12.06@9) 40  7.41)  —73

netic anisotropy play an important role in the evolution of Smirlns  4.6344)  7.4467) 143
the magnetic properties within these sefi@herefore stud- Smylring  4.6264) 12.0887) 14.2
ies of the magnetic properties through the rare earths forSmRhin, ~ 4.6184) 7.4708) 15.0
RnMuInzmi2n (M=Rh or Ir) appear to be a promising in- Sm,Rhing,  4.6214) 12.1069) 15.0
vestigation. The Pr-based homologues are nonmagnetic sin-Lalring ~ 4.7104)  7.6256)
glet ground-state systems and a detailed CEF analysis ofa,Iring  4.7034) 12.3147)

these materials will be given elsewhére. LaRhiny ~ 4.6724)  7.6027)

In the present work, we report magnetic susceptibility, | g Rhin,  4.6994) 12.3367)
electrical resistivity, and heat-capacity measurements on gqjp, 4.6068 ~4F 8R ~_85
(Gd,SmMIn; and (Gd,Sm)MIng single crystals, forM Smin, 4.626% ~16

=Rh or Ir. Each orders antiferromagnetically witly<45
K. Comparisons to their cubic relative (Gd,Smylsuggest 2See Ref. 7.
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FIG. 1. Temperature dependence of the magnetic susceptibility,

for applied fieldH along thec axis, x| (open symbols and in the
ab plane, y, (solid symbol3, for Gd,MInz,,>, (M=Rh or I
materials(a) for m=1 and(b) for m=2. Theu.¢; andé,, obtained
from Curie-Weiss law fitting folT>150 K are given in Table I.

FIG. 3. Temperature dependence of the electrical resistivity for
(Gd,SmMIng and (Gd,SmyMIng (M =Rh or Ir) single crystals.
The solid arrows point out the etemperatures for the compounds
while the dashed arrows mark possible extra features b&lpw

formed in a small-mass calorimeter that employs a quasiment (u.¢f) and the paramagnetic Curie-Weiss temperatures
adiabatic thermal relaxation techniqi@amples used here (6p) obtained from Curie-Weiss law fits foF>150 K for
ranged from 10 to 30 mg. Magnetization measurements werthe Gd-based compounds are given in Table I. In the Sm-
made in a Quantum Design dc superconducting quantum irbased case, the high-temperature magnetic anisotropy is
terference device and electrical resistivity was measured ugprobably associated with CEF in both grouder5/2 and

ing a low-frequency ac resistance bridge and four-contacéxcitedJ=7/2 multiplet states of the Sth ion.>1° As typi-
configuration. cal in Sm-based materials, the highbehavior of the inverse

of magnetic susceptibility does not show a linear temperature
dependence due to a Van Vleck contributigvhich compli-
cates the extraction Qfe; and 6, from the data®*°

Figures 1 and 2 present the temperature dependence of the The temperature dependence of the electrical resistivity
magnetic susceptibility, for an applied field along thec  for (Gd,SmMIng and (Gd, SmyMIng (M =Rh or I1) single

axis, x|, and in theab plane,y, , for the Gg,MInsy., and  crystals is plotted in Fig. 3. The room-temperature value of
SmyMIng,, ., materials, respectively. Each shows antiferro-the electrical resistivity varies between 20 ands@®cm and
magnetic order, witily<<45 K. For the Gd-based materials the high-temperature data show a metallic behavior for these
the magnetic susceptibility is significantly anisotropic only compounds. At low temperatures, clear features can be seen
below Ty showing a typical anisotropy of an antiferromagnetat the respective ordering temperatures for all compounds.
with an easy axis in the plane. The effective magnetic mofor the Sm-based homologues extra features also may be

Ill. RESULTS
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present in the data foF<Ty for some of the compounds.

Figure 4 shows the specific heat divided by temperature
(a) and the corresponding magnetic entrgpy in the tem-
perature range 2T=<20 K, for SmMIng and SmMIng
(M=Rh or In.

To calculate the magnetic entropy, the phonon contribu-
tion was estimated from the specific-heat data oMllag
(Refs. 1 and Pand LgaMIng (Ref. 3 (M=Rh or Ir) and
subtracted from the total specific heat of the magnetic com-
pounds. The main peaks {©/T corresponding to the onset
of antiferromagnetic order can be seenTgt=14.18 and
14.30 K for Smiring and Smirlg, respectively, and at 15.00
K for both SmRhlg and SmRhing [Fig. 4(@)].

The Ne=l temperatures obtained from the specific-heat
data are in very good agreement with the temperatures where
the maximum in the magnetic susceptibility occ(sse Fig.

FIG. 2. Temperature dependence of the magnetic susceptibilityz,)-

for applied fieldH along thec axis, x| (open symbolgs and in the
ab plane, y, (solid symbol$, for Sm,MIns,.» (M=Rh or I

materials(a) for m=1 and(b) for m=2.

For the Smalring, the antiferromagnetic transition at 14.18
was found to be a first order transition with a latent heat of
~10 J/mol. However, no hysteresis was observed in the re-
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FIG. 4. Specific-heat data divided by temperat(ae and the

corresponding magnetic entrop) in the temperature range 2 FIG. 5. Ty andc/a values plotted through the rare-earth series
<T=20 K for SmMIng and SmMIng (M=Rh or In. for theRMIng (M =Rh or Ir) compounds. The solid lines are the de

Gennes facto[(gﬁ— 1)][I(I+1)] for ground-state multipled of

L . s the rare earths normalized by the I@th; (M =Rh or Ir) T values
sistivity or magnetic susceptibility measurements as a func:

tion of temperature. The magnetic entropy recovered Qy and the dashed lines are a guide for the eye.
ranges between 1.4 and RB 2 [Fig. 4(b)], suggesting that .
the magnetic order develops in a crystal-field doublet ground N @d ¢/a rat|.o (see also Table )I for RMins
state with a nearby doublet excited state. Belby, a sec- (R=CeNd,Sm,Gd; ~ M=Rh,In ~and  R,Ming
ondary feature irC,,/T was observed at 11.5, 10.0, 8.0, and (R=CeNd,Sm,GdM=Rh or In in Figs. 5 and 6, respec-
12.0 K for Smlring, Smirln;, SmRhir, and SmRhing, tively. Figure 7 shows the evolution of the &ldemperature
respectively[Fig. 4@]. These secondary peaks are coinci-Tor the homologou®Mins andR,MIng (R=Ce,Nd,Gd,Sm;
dent with features in the resistivity for some of the com-M =Rh or I) compounds compared to the their cuBitn;
pounds(see Fig. 3 Similar extra transitions belowy also (€& Nd,Sm,Gilrelatives.

have been reported for Smland they have been interpreted The solid lines in Figs. 5 and 6 are the de Gennes factor

2 .
as successive magnetic transitions associated with quadrups —1)[J(J+1)] for ground-state multipled through the
lar ordering?l rare earths. If one normalizes the de Gennes line to the

Gd,MInzy.» (M=Rh or Ir, m=1,2) Ty values, the Sm-
basedTy values sit on the line but th&y values for the
IV. DISCUSSION Nd-based and the magnetic Ce-based compounds are above
the line(see Figs. 5 and)6In addition, the evolution of the
Neel temperature for the homologo®MIns and R,MIng
compounds compared to their culiitn; relatives, varies by

The cubic compound®Rling are antiferromagnets with
Tn=50 K (Ref. 9 and theirTy and 6, values follow de
Gennes scaling quite well, with the exception of Geln
NdIn; and Smig, whose magnetic order develops inl'g

guartet crystal-field ground state, present additional magnetic RZAIna
transitions belowTy.1*"*® These complex magnetic states 0] o A |
with successive magnet ordering arise due to the presence of 30l © A=Rh
magnetoelastic effects and both bilinear and quadrupolar ex- £ 20— (g-DE+1)
change interactions: 3 =
Surprisingly, the insertion ofn Min, layers along the 10
0

axis in (Gd,SmMIng and (Gd,SmMIng (M=Rh or Ir)
causes no significant changes in theireNéemperatures, ] E
whereasTy shows a strong variation among the Ce- and 2641
Nd-based homologou’s’ It has been reported that the mag-
netization easy axis for (Ce,Nil)ing and (Ce,Nd)MIng
(M=Rh or In is along thec axis>® while the present data
(see Figs. 1 and)Xuggest an easy axis in tlad plane for
the (Gd,SmMIn; and (Gd,Sm)MIng (M =Rh or Ir) com-
pounds. As we discuss below, this change in the direction of
the magnetic easy axis may be related to a reduction through FiG. 6. T\, andc/a values plotted through the rare-earth series
the rare earths in the competing anisotropic magnetocrystajor the R,MIng (M =Rh or Ir) compounds. The solid lines are the
line and crystal-field effects reported for Ce and \d. de Gennes factdi(gZ—1)][J(J+1)] for ground-state multipled

In order to discuss the evolution of the magnetic properof the rare earths normalized by the Bting (M=Rh or In Ty
ties of theRMIng and R,MIng (M =Rh or Ir), we plot the values and the dashed lines are a guide for the eye.
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R-A-In of c/a ratio through the rare-earth seriesee Figs. 5 and)6
25 o GdRh . which may diminish the tetragonal character of the crystal-
1 —e—Gdir /\ electric field and/or the magnetic anisotropy effects in the
& 2.0 —°—SmRh " Sm case. The Gd-based compounds, which are expected to
- /—\
Y | Ta - o present small CEF due to th® character of the Gd (S
— 1.5 —%—Ndr =7/2, L=0) ion, show only slight anisotropy in the mag-
Tz 4= CeRn netic susceptibility abov@y (see Fig. 1 and also smallly
1 —A—Celr
EZ evolution within theR,M ,In31 2, (M=Rh or Ir, m=1,2;

n=0,1) compounds. Therefore the absence or reduction of

Kondo, CEF effects and/or magnetic anisotropy for the
(Gd,SmMIns and (Gd,SmMIng (M=Rh or I com-
pounds may cause their magnetic properties to be roughly
the same as their cubic relatives Gglland Smlg. Further

' investigation in the evolution of the crystal-field parameters
1-0-3 1-1-5 2-1-8 and the character of the magnetic state RMIng and
FIG. 7. Evolution of the normalized N temperatures for the R, MIng including heaviest rare eartlis.g., R=Dy, Er, or

Gd- and Sm-based compounds. For comparison, data for the h@(b) would be valuable in confirming our supposition.
mologous Ce- and Nd-based compounds and for caig (R

=Ce,Nd,Sm,Gy are also shown.

1.0+ 3\8
0.5

\yA
0.0 s A

T

V. CONCLUSIONS

less than 10% foR=Gd and Sm whileTy is raised by a We have reported a new series of Gd- and Sm-based an-
factor of 2 for the Nd-based tetragonal variants and is SUPiferromagnetic Ty<45 K) compounds. Their low-

pressed completelyM =1Ir) or to less than 0.5 of the C&Jn  temperature magnetic properties remain similar to their

value M=Rh) for the Ce-based homologous compoundsgin, and Gdin cubic relatives. Comparisons among the

: 3,5
(see Fig. 7. , , present data and the magnetic properties of isostructural
De Gennes scalifj does not take into account CEF, (¢ Nd (Rh,Inins and (Ce,Nd)(Rh,Ir)in; and of de

Kondo effects, and/or spatial dependence and anisotropic e5ennes scaling as a function of rare earth in a given structure

fects in the effective exchange parameter. Some of these efy et that the reduction CEF effects and related magnetic
fects are clearly present in the Ce-based and Nd-baseghisoiropy through the rare-earth series for the tetragonal

'315 .. .
homologues:>® Therefore it is not a surprise that thig, variants may cause the magnetic properties of (Gd\sm)
values for the Ce-based and Nd-based homologues do n&t;d SmyMing (M=Rh or Iy and their cubic relatives

follow a de Gennes scaling. Furthermore, our data for Gdelns and Smin to be nearly the same.
and Sm-based compounds suggest that anisotropic and/or
CEF effects may decrease along the rare-earth series. The
Sm-based compounds (8mhasJ=5/2, identical to C&")

show smaller ratioeasy/ X | easy Fanging between 1.05 and We thank S. B. Oseroff for helpful discussions. Work at
1.30(see Fig. 2while these ratios range from 1.20 to greaterLos Alamos is performed under the auspices of the U.S.
than 2 for the Ce-based analogdes.possible explanation Dept. of Energy. P. G. Pagliuso also thanks FAPESP-

for this behavior may be related to the systematic decreasinBrazil) Grant No. 99/01062-0.
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