PHYSICAL REVIEW B VOLUME 56, NUMBER 6 1 AUGUST 1997-II
Magnetism in the RsT,Sno (R=Ce, Pr, and Nd; T=Rh and Ir) system
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We report the study of magnetism in a series of compounds of theRypgSn,, (R=Ce, Pr, and Nd;
T=Rh and Iy at low temperatures. Magnetization, resistivity, and heat-capacity studies show that the three
compounds of the serid®;Rh,Sn;; undergo magnetic ordering below 10 K. The transition temperatures are
4.4,5.5, ad 7 K for Ce, Pr, and Nd compounds, respectively. There is a sharp anomaly in the heat-capacity
and resistivity data of NgRh,Sn,q below 6.5 K which we attribute to a first-order magnetic transition.
However, susceptibility, resistivity, and heat-capacity studies show that although,Se,, orders antiferro-
magnetically below 4.2 K, Rir,Sn,q remains paramagnetic down to 1.5 K.dlg,Sn,q shows temperature-
independent Pauli paramagnetism and does not exhibit superconductivity down to 1.5 K. The results are
compared with that oRslr,Si;, series[S0163-1827)02230-3

I. INTRODUCTION the samples apart from L&h,Sn;; and Ndslr,Sny,
showed that these compounds form in the structure of the
Among the large number of ternary silicides which form type SgCo0,Siq (P4/mbm without the presence of any
in a variety of crystal structures, there exist a structure of thgarasitic impurity phases and the lattice constants along
type RsT4,Mio (R=Dy to Lu, T=Co, Ir, and Rh, withthe density are given in Table I. Si is used as the inter-
M=Si,Ge)! In this crystal structurgScsCo,Si;y, space nal standard for the powder diffraction measurements and the
group P4/mbm), there are neither transition metal clustersthe lattice constants are determined using least square refine-
nor is there any direct transition-metal—transition-metal conment. The errors in the estimated values of the lattice con-
tact. This is in contrast to that of tHeMogS; or RRh,B,  stants are given in brackets. The structure of the unit cell of
series which have been studied in great détilSome of theRsT,Sn,,compound is illustrated in Fig. 1. However, the
the compounds belonging to tHe;T,M;, series undergo samples LaRh,Sn;,q and Ndlr,Sn,q contained mul-
superconducting transition at low temperatures with chargetiphases(as inferred from x-ray analysisand no measure-
density wavegCDW)-type ordering at higher temperatufs. ments were made on those samples. Previous stadieso
The compounds with magnetic rare-earth elements which odid not report the successful formation of the these two
der antiferromagnetically at low temperatures also show possamples. The temperature dependence of the magnetic sus-
sible CDW or spin-density wav€SDW) transition at high  ceptibility (x) was measured using a commercial supercon-
temperaturesT~ 100 K).” Recently, we have establisfedt  ducting quantum interference devic@QUID) magnetometer
a coexistence of superconductivity and magnetism in soméQuantum Design MPMS 5, U.S.Ain a field of 4 kOe in
pseudo-ternary alloys of this system. The light rare-earth elthe temperature range from 2—-300 K. A few isothermal mag-
ements(La, Ce, Pr, and Nddo not form in this structure netization runs were also made using the same magnetome-
with Si or Ge. However, recent studi@have shown that ter. The accuracy of the magnetization measurements is bet-
these light rare-earth elements form compounds of the typter than 1%. The ac susceptibility was measured using a
RsT4Snhy, (T=Rh,Ir) which have the same structure as thathome built susceptometéifrom 1.5 to 20 K. The resistivity
of RsT,M ;o System. We report the results of the susceptibil-was measured using a four-probe dc technique with contacts
ity (1.5—-300 K, resistivity (1.5—-300 K, and heat-capacity made using silver paint on a cylindrical sample of 2 mm
(1.5-40 K studies of these compounds. We also compargliameter and 10 mm length. The relative accuracy of the
the nature of the magnetism exhibited by these compoundegsistivity measurements is 100 ppm and the absolute accu-
with those belonging to thRglr,Si;q series.
TABLE |I. Structural and normal state of properties of
RsRh,Sng andRslr,Siyg.

Il. EXPERIMENTAL DETAILS

Samples of RsT,Sn, (R=La, Ce, Pr, and Nd, Sample ah) & Density (gm/cq
T=Rh,Ir) were made by melting the individual constituents CesRh,Sn,, 14.04-0.01 4.62:0.01 8.01
(taken in stoichiometric proportiohg an arc furnace under PrsRh,Sny, 13.96+0.01 4.60-0.01 8.15
high-purity argon atmosphere. The purity of La, Ce, Pr, andNdsRh,Sn,, 13.91+0.01 4.5%-0.01 8.30
Nd was 99.9% whereas the purity of Rh, Si were 99.95% andaclIr ,Sny, 14.80:£0.01  4.68-0.01 8.27
99.999%, respectively. The alloy buttons were remelted sixeIr,Sn,, 14.10:0.01  4.610.01 9.27
times to ensure proper mixing. The samples were annealed pf,|r ,Sn,, 13.91+0.01 4.48 001 9.81

900 °C for a week. The x-ray powder diffraction pattern of
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FIG. 1. Structure of the unit cell of thesT,Sny series. 0 N R L AT B
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racy of the resistivity measurements is only around 1% due Temperature (K)

to the error in the estimation of the geometrical factor of the - _ L
samples. The temperature was measured using acalibratedCSiF'G' 2. Variation of the inverse susceptibilityy (") of
diode (Lake Shore Inc., U.S.A.sensor. The sample voltage €sRh,Snyo from 2 to 300 K. The inset shows the low-temperature
was measured wita a nanovoltmetgimodel 182, Keithley, x data with the magnetic transition below 4.4 K.

U.S.A) with a current of 25 mA using a 20 ppm stable 2
(Hewlett Packard, U.S.Acurrent source. All the data were c— MetX @)
collected using an IBM compatible PC/AT via |IEEE-488 8 ’

interface. The heat-capacity in zero field between 1.7 to 40 K . . .

was measured using an automated adiabatic heat puldd'eré X is the concentration of Ce ionsx¢5 for
method. A calibrated germanium resistance thermomete?e5Rh4S_n310)' The values ofy,, C, and d; are found to be
(Lake Shore Inc, U.S.Awas used as the temperature sensor-- 2410 * emu/mol, 3.43 emu K/mol, ane-8.04 K, re-

in this range. The accuracy of the heat-capacity value is 105Pectively. The main contributions to the temperature inde-
over this temperature range. pendenty, are namely, the diamagnetic susceptibility which

arises due to the presence of ion cores and the susceptibility

of the conduction electrons. The estimated effective moment
lll. RESULTS AND DISCUSSION is found to be 2.34g which is smaller than the free ion
moment of the C&" ion (2.54ug). The structure of
CesRh,Sn, g has three sites for the Ce ion and it is possible
1. Magnetic susceptibility studies that the valency of Ce is different from 3 in one or more sites
which could account for the smaller effective moment com-

The temperature dependence of the inverse dc magnetic : - .
susceptibility (Xd_cl) of the Ca,Rh,Sn,, sample in a field of pared to the free ion value. Similar observations have been

4 kOe from 2 10 300 K is shown in Fig. 2. The inset shows20€ IN C8RUGey5 (Ref. 14 (with two different sites for

tibility behavi f th le at low t Ce), where the effective moment is only 1,35. Below 100
susceptibiiity benavior of tn€ same sample at low lemperag =, x data of Ce&Rh,Sn;q show significant deviation

ture. This inset clearly shows the antiferromagnetic transitior}rom Clrie-Weiss plot which could be due to the presence of
below 4.4 K. It is possible that the Rudermann, Kittel, Ka- crystal-field contributions.

suya, and YosiddRKKY) interaction between the Cé&
ions is responsible for the low-temperature ordering of Ce
spins. However, at these low temperatures, there is also a o
possibility that the dipole-dipole interactions can also con- The temperature dependence of the resistivity) (
tribute to the observed antiferromagnetism. One requires e$-€sRh4Sny is shown in Fig. 3. The inset shows the low-
timation of the RKKY interaction using microscopic tech- temperature data on an expanded scale. Theata show a
niques such as NMR in this material in order to resolve thissharp fall at 4.4 K which is the antiferromagnetic transition
issue. The high-temperature susceptibility (400<300 K)  temperature T,) of this sample. This is in accord with the
is fitted to a modified Curie-Weiss expression which is givenTn value obtained fromy data. In the paramagnetic state
by (10<T< 30 K), the temperature dependencegtould be
fitted to a power law which can be written as

A. Magnetism in CesRh,Sny,

2. Resistivity studies

C
X=Xot F=g7 1) p=potaTl. ©)
P
The optimum value oh is found to be 3/2 and the values of
whereC is the Curie constant which can be written in termspy and a are found to be 109u() cm and 0.27 u{}
of the effective moment as cm/K32, respectively. This value af suggests the presence
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350 — . ——— ™ — T TABLE II. Parameters obtained from the parallel resistor model
I fit in RgRh,Snyg.
Ce,Rh,Sn,
300 - o ] Sample Pmax P1 C Op
d CezRh,Sny, 447 155 866 167
PrsRh,Sny, 467 49.3 639 196
_ 250 ] NdsRh,Sn;, 609 44.8 600 135
g o
g
< 00l 1 (T)y=pot+C T >3J0D/T X
| PRITPOT M G0 ) Jo [1—exp(—x)T[expx)— 1]’
5
150 - . i wherep(0) is the residual resistivity and the second term is
0 5 10 15 20 25 30 due to phonon-assisted electron scattering similar testtle
e ) scattering in transition metal alloy®y, is the Debye tem-
100 L . L L ' perature andC, is a numerical constant. Equatiof) can be
0 50 100 150 200 250 300 derived if we assume that the electron mean-free path
Temperature (K) replaced byl +a (a being an average interatomic spading

FIG. 3. Temperature dependence of resistivity) (of Such an assumption is reasonable, since infinitely strong
CesRh,Sny from 2 to 300 K. The inset shows the low-temperature scattering can only reduce the electron m.ean-.free p_alah_to
p data from 2 to 30 K. The solid lines are fits to the modaiee Chakraborty and Allet? have made a detailed ',nveSt_'g_at'on
text). of the effect of strong electron-phonon scattering within the
framework of the Boltzmann transport equation. They find

of ferromagnetic correlations or spin-glass-type excitationghat the interband scattering opens up “nonclassical chan-
at these temperatures. However, magnetization measurB€!S” which account for the parallel resistor model. The val-
ments indicate only antiferromagnetic ordering below 4.4 K.U€S of the various parameters obtained by fitting the data
At present, we do not understand the reason for this poWe,petween 100 to 300 K to the parallel resistor model are given
law (3/2) dependence. The high residual resistivity of 109in Table II.

u cm of the sample decreases sharply helbK due to _ ]

magnetic ordering. Measurements hvel? K are required to 3. Heat-capacity studies

study the influence of magnetic ordering on the resistivity of The temperature dependence of the heat capa€lty (
this sample. At high temperatures (¥00<300 K), thep  from 2 to 35 K of CeRh,Sn;,is shown in Fig. 4. The inset
data significantly deviates from the linear temperature depenshows the low temperatur@, vs T data. The jump irC, at
dence. Such a deviation from linear temperature dependeneg4 K (AC= 23 J/mol K) clearly shows bulk magnetic order-

at high temperatures has been seen in many alloys where thigy in this sample below this temperature. The temperature
saturation is attributed to the high value @bf these alloys dependence oF, is fitted to the expression,
at these temperatures. This deviation from linearity occurs

because the mean-free path becomes short, of the order o* 5 : : . . : 50
few atomic spacings. When that happens, the scattering cros:
section will no longer be linear in the scattering perturbation. “© CesRh,Sn,,
Since the dominant temperature-dependent scattering meche 125 | 2 1 40
nism is the electron-phonon interaction here, th&ill no T
longer be proportional to the mean square atomic displace- 100 [ 3
ment, which is proportional td for a harmonic potential. ) ] 30Q
Instead, the resistance will rise less rapidly than linearly in — 172
T and will show negative curvature{p/dT><0). This be- £ 75 ] §
havior was also seen in previous studies on silicides and 3& 1 g
germanides> © 120
One of the models which describe th€T) of these com- S0 ¢
pounds is known as the parallel resistor madeln this
model the expression gf(T) is given by a5 | 110
1 1 . 1 A
p(T)  pi(T)  pmax’ @ O s o 15 20 25 30 35

. . L L Temperature
wherep .y IS the saturation resistivity which is independent pe ®

of temperature angd,(T) is the ideal temperature-dependent  FIG. 4. Plot ofC,, vs T of CesRh,Sny, from 2 to 40 K. The
resistivity. Further, the ideal resistivity is given by the ex- inset shows the same plot from 2 to 10 K to illustrate the bulk
pression magnetic ordering.
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FIG. 5. Variation of inverse susceptibility (') of

PrsRh,Sn;g from 2 to 300 K. The inset shows the low-temperature FIG. 6. Isothsrmatl) magr:jetization of _gﬁza‘snlo at (ljiffererlwlt
y data with a slope change around 5.5 K. temperatures. The observed curvature in Mevs H plot we

aboveT, suggests contributions from CEF effects. Metamagnetic

transition occurs in this compound at very low fields.
Cp=7yT+BT3, (6) P y

wherey is due to the electronic contribution agtis due to  (100Kk<T<300 K) is fitted to a modified Curie-Weiss ex-
the lattice contribution. The fit to the heat-capacity data USpression which is given by Eq1) with yo=0. The values of
ing Eq.(6) in the temperature range from 10 to 20 K yielded 6, and pe are found to be-0.72 K and 3.4%g, respec-
104 mJ/ Ce mol K and 0.411 mJ/mol K for y and B,  tjvely. The estimated effective moment of 3,43 is slightly
respectively. From thg value of 0.411 mJ/mol K, we es-  |ower than the free ion moment of the Prion (3.58ug).
timate thedp to be 440 K using the relation Below 100 K, they data show deviation from Curie-Weiss
plot which could be due to the presence of crystal-field con-

7) tributions. Figure 6 shows the isothermal magnetization data
of PrgRh,Sn;q at various temperatures from 2 to 20 K. At
higher temperaturest¢T,), one observes nonlinear behav-
ior in the magnetization which can be attributed to crystalline
electric field (CEF) effects. However, at low temperatures
(T<T,), one observes a large jump in the magnetization at
c{;)w fields with very little hysteresis in the forward and re-

. P erse direction of the field sweep. This could be due to a
Sj)ggr;]noms v\\:;ﬁ(\;\;] Iizsntrlggg ?ﬁgxe tgg Iéx;)oeucr:g dtovglieaifspin-ﬂop transition. However, more magnetization studies
RIn(2J+1), and shows that crystal field contributions are(preferably in single-crystal sampleare necessary to justify

present. The total entropy beloly, is found to be 2 J/mol K, this speculation.
which is significantly less than the value Rn2 (entropy for

127*Nrkg)| 13

D_ SB 1

whereN is the Avogadro’s number, is the number of atoms
per formula unit, andkg is the Boltzmann's constant. The

value of 104 mJ/Ce mol K for y suggests that
CesRh,Sn,g is @ moderate heavy fermion antiferromagnet.

the magnetic doubletand this shows the existence of anti- 2. Resistivity studies
ferromagnetic correlations abovg, . The temperature dependence of the resistivipy ©f
PrsRh,Sn;, is shown in Fig. 7. The inset shows the low-
B. Magnetism in PrsRh,Sny, temperaturg data on an expanded scale. Thdata show a

change of slope at 5.5 K which is the antiferromagnetic or-
dering temperatureT(,) of this sample. This is same as the
The temperature dependence of the inverse dc magnetik, value obtained fronmy data. In the paramagnetic region
susceptibility ¢ ') of the PERh,Sn;osample in a field of 4 (10<T<30 K), the temperature dependencepotould be
kOe from 2 to 300 K is shown in Fig. 5. The inset shows thefitted to a linearT dependence in contrast to thé? depen-
susceptibility behavior of the same sample at low temperadence observed in GRh,Sn;q. The residual resistivity ra-
tures. This inset clearly indicates the antiferromagnetic ortio (RRR) of the PiRh,;Sn;y compound is rather high
dering of Pr spins below 5.5 K. As in the case of (RRR=~60) and the linear temperature dependence i
CesRh,Sn,g, we expect the RKKY interaction to be mainly quite puzzling. However, below 5.5 K, the resistivity shows
responsible for the observed antiferromagnetic ordering im power-law dependence ih (T", wheren=2). At high
this alloy. The high-temperature  susceptibility temperatures, the behavior is similar to that observed in

1. Magnetic susceptibility studies
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FIG. 9. Magnetic contribution to the heat capacity and entropy
FIG. 7. Temperature dependence of resistivity) ( of for PrsRh,Sny, from 2 to 35 K.

PrsRh,Sn;g from 2 to 300 K. The inset shows the low-temperature

p data from 2 to 30 K. A small kink irp near 5.5 K in the inset b df th I th ts. E
indicates antiferromagnetic ordering in this compound. The soliaoh serveb rom. &, as we allsd Eph meﬁ_suremerll S: crjom
lines are fit to the modelsee text these observations, we conclude that this sample undergoes

antiferromagnetic ordering below 5.5 K. The magnetic con-
CecRh,Sny, and the data could be fitted to the parallel re_tr|but|0n to the heat capacitjwhich is obtained after sub-

sistor model. The values of the fitted parameters are given iHacting. the_ measure@, data from that c_)f Lalr 4Sno) iTQ‘
Table II. shown in Fig. 9. The calculated entropy is also shown in the

same figure. Entropy above 30 K found to be 10.4
J/Pr mol K which is less than expected valueRdh(2J+1);
this signifies a contribution from crystal-field effects in this
The temperature dependence @f from 2 to 35 K of sample. The total entropy beloW, is found to be 2.5
PrsRh,Sn,, is shown in Fig. 8. The inset shows the low- J/mol K, which is significantly less than the value Rin2
temperatureC,, data. The large jump at 5.5 KAC=6.1  (entropy for the magnetic doubjeand this shows the exis-
J/imol K) clearly shows bulk magnetic ordering in this tence of antiferromagnetic correlations abolg. Prelimi-
sample. This temperature is slightly lower than Thevalue  nary calculations suggest that the next excited state is also a
doublet and its separation from this doublet ground state is
approximately 42 K. Exact calculation of the crystal-field
contribution to the heat-capacity, susceptibility, and resistiv-
ity requires a detailed model which is in progress and will be
published elsewhere. From the high-temperature heat-
capacity data, we estimate the Debye temperature for this
sample to 400 K, which disagrees with the result obtained
from the resistivity analysis.

C. Heat-capacity studies on PgRh,Sny,
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75+ & D. Magnetism in NdsRh,Sny,
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1. Magnetic susceptibility studies

50 | ] The temperature dependence of the inverse dc magnetic
susceptibility (chl) of the Nd;Rh,Sn;q sample in a field of
4 kOe from 2 to 300 K is shown in Fig. 10. The low-
25 ] temperaturey behavior is shown in the inset. One finds that
the Nd moments order anitferromagnetically bel@ K in
. . ‘ . . . this alloy. As in the case of other two alloys, we expect the

00 5 10 15 20 25 30 35 RKKY interaction to be mainly responsible for the antiferro-
magnetism bel 7 K in this alloy. The high-temperature
susceptibility (108<T<300 K) is fitted to a modified Curie-

FIG. 8. Plot ofC,, vs T of PrsRh,Sn;, from 2 to 40 K. The inset Weiss expression which is given by E@) and the values of
shows the same plot from 2 to 10 K. A large jump of 6.1 J/mol K 6, and u¢ are found to be-3.8 K and 3.925, respec-
signifies bulk magnetic ordering of Pt spins. tively. The estimated effective moment of 382 is higher

Temperature (K)
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FIG. 10. Variation of inverse susceptibility (1) of NdsRh,Sny from 2 to 300 K. The inset shows the low-temperature

NdsRh,Sn;, from 2 to 300 K. The inset shows the low-temperature p data from 2 to 30 K. A small kink irp near 7.0 K in the inset

x data with a slope change around 7.0 K. indicates antiferromagnetic ordering in this compound. The solid
lines are fit to the model&see text

than the free ion moment of the Rd ion (3.62ug). This _ . o
suggests the contribution from conduction electrons of th@PServed in the Pr sample. Ferromagnetic ordering is ruled
Rh band to the effective moment. Below 100 K, thelata out because there was no measurable hysteresis in the for-
show a deviation from the Curie-Weiss plot which could be'Va'd and reverse cycles.

due to the presence of crystal-field excitations. The isother- o _

mal magnetization data at 5 and 20 K are shown in Fig. 11. 2. Resistivity studies

At 20 K, we observe usual paramagnetic behavior of the The temperature dependence of the resistivity ©f
Nd3* ions with a linearM vs H in contrast to the nonlinear NdsRh,Sn,, is shown in Fig. 12. The inset shows the low-
behavior observed in BRh,Sn;,. However, we observe a temperature data on an expanded scale. Thdata show a
magnetic transition bele 5 K at low fields similar to the one  change of slope at 7.0 K which is the antiferromagnetic or-
dering temperatureT(,) of this sample. This is in accord
6 : — ‘ with the T,, value obtained fromy data. In the temperature
Nd.Rh.Sn / range (1Q<T<30 K),2 the temperaturg dependence of
547710 / could be fitted to thd“ dependence which suggests that the
50 / 1 spin fluctuations play a dominant role in scattering the con-
/ duction electrons. The low-temperature resistivity fit yields a
/ value of 460 cm and 30uQ) cm/K? for p, anda, respec-
41 / - tively. There is a sudden jump in the resistivity data below
/ 6.5 K which is not present in thg measurements. We at-
/ _ tribute this behavior irp to a first-order antiferromagnetic
= 3t - e 8 magnetic transition involving incommensurate to commensu-
3 [ AA/;K / rate transition at 6.5 K. We confirm the first-order transition
= // by the observation of a small hysteresis in thelata in the
cooling and warming cycle as shown in Fig. 13. Further, the
heat-capacity measuremeritiscussed in the next sectjon
Pl also support this conclusion. At high temperatures, ghe
1y e q behavior is similar to that observed in gh,Sn;y and
w PrsRh,Sn;o. The values of the fitted parameters to the par-
L allel resistor model are given in Table II.

3
H (Tesla) E. Heat-capacity studies on NgRh,Sn;q

FIG. 11. Isothermal magnetization of Mah,Sn,, at different The temperature dependence @f from 2 to 35 K of
temperatures. The usual linedr vs H plot well aboveT, suggests NdsRh;Snyg is shown in Fig. 14. The inset shows the low-
paramagnetism and it is different from that ofsRh,Sn,o. Mag- ~ temperatureC, data. TheC, data show two large jumps at 7
netic transition also occurs in this compound at very low fields. and 6.5 K, respectively. The first jumpg & K (AC=28
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o .. . for NdsRh,Sn,o from 2 to 35 K.
FIG. 13. Hysteresis in the temperature dependence of resistivity

(p) of NdsRh,Sn,;q from belowT,,. This hysteresis although small

(~50 mK) suggests first order magnetic transition. The calculated entropy is also shown in the same figure.

Entropy above 30 K found to be 11.2 J/Nd mol K which is

J/mol K) clearly shows bulk magnetic ordering Ritlions in ~ 1€ss than expected value Bin(2J+1), this signifies contri-
this sample. But even larger and a sharper jumE € 250 bution from CEF in this sample. The total entropy below
Jimol K) at 6.5 K shows the evidence of first-order antifer- Tn is found to be 4.4 J/mol K, which is almost equal to the
romagnetic ordering in the absence of structural transitioryalue ofRIn2 and this shows that the ground state is a dou-
(inferred from powder x-ray data at low temperatirasthis ~ Plet. Preliminary calculations support this view and the next
temperature. Similar observations are recently reported i§Xcited state is also a doublet and its separation from this
CePdAl system by Donrét al*® However, detailed neutron- doublet ground state is approximately 50 K. Exact calcula-
scattering measurements are required to understand this tra#2n of the crystal-field contribution to the heat-capacity, sus-
sition. These measurements are in progress and will be r&eptibility, and resistivity requires a detailed model which is
ported elsewhere. The magnetic contribution to the heal? Progress and will be published elsewhere. From the high-
capacity (which is obtained after subtracting the measured€mperature heat-capacity data, we estimate the Debye tem-

C, data from that of Lalr ;Snyq) is also shown in Fig. 15. Perature for this sample to be 300 K, which is much larger
than the result obtained from the resistivity analysis which is

quite puzzling. Moreover, the value is of the order of 200

300 T T T T T T
mJ/Nd mol K? which is very large and the reason for this
large value is not understood. Heat-capacity data below 2 K
250 | = - are needed to understand this behavior.
200 o F. Magnetism in Ceslr ,Sny,
% 1. Magnetic susceptibility studies
§ 150 | The temperature dependence of the inverse dc magnetic
= susceptibility ¢g.) of the Ceslr ,Snyo sample in a field of 4
O kOe from 2 to 300 K is shown in Fig. 16. The inset shows
100 | ) susceptibility behavior of the same sample at low tempera-
» yd ture. This inset clearly shows the antiferromagnetic transition
below 4.2 K. As in the case with Rh compounds, we beleive
501 that the major contribution towards the magnetic ordering
3 arises from the indirect Rudermann, Kittel, Kasuya, and
0 . . Yosida (RKKY) interaction between the Gé ions. It is

interesting to note that there is only small decrease in the

antiferromagnetic ordering temperature ins8gSn;, com-

pared to that of CeRh,Sny, (T,=4.4 K). The high-
FIG. 14. Plot ofC, vs T of NdsRh,Sny, from 2 to 40 K. The ~ temperature susceptibility (160T<300 K) is fitted to a

inset shows the same plot from 2 to 10 K. A large jump of 28 J/molmodified Curie-Weiss expression which is given by EQ.

K signifies bulk magnetic ordering of Nd spins. The values ofyq, C, and 6, are found to be 1.5810°°

0 5 10 15 20 25 30 35
Temperature (K)
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100 —m@m™Mm———— 71— TABLE IIl. Parameters obtained from the low-temperature re-
I CeSIr4Sn10 sistivity fit in RsRh,Snyg and Rglr,Siyg.
r Sample Q a n
80 I p PoM
[ CezRh,Sny, 109 0.27 1.5
! PrsRh,Sn, 5 4.4 1
E 60 | NdsRh,Sny, 46 0.034 2
% s Laslr ,Snyo 16.6 0.00034 3
g 20 Ceslr ,Snyg 116 0.0987 15
T B ’ Pr5|r4snlo 784 22 1
> 40 = ]
£
EIS
= Below 100 K, they data show a deviation from the Curie-
20 . Weiss plot which could be due to the presence of crystal-
y 1.0 . o
L L ] field contributions.
L /" 4 T© 5 6 1
0 fi N e AT 2. Resistivity studies

0 50 100 150 200 250 300

The temperature dependence of the resistivity) (
Temperature (K)

Ceglr 4Snyq is shown in Fig. 17. The inset shows the low-
temperature data on an expanded scale. Thedata show a
FIG. 16. Variation of inverse susceptibilty x(*) of  minimum around 14 K followed by a sharp rise up to 4.2 K
Ceslr4Snyg from 2 to 300 K. The inset show the low-temperature gnq then a rapid fall at 4.2 K which is the antiferromagnetic
x data with the magnetic transition below 4.2 K. transition temperatureT(,) of this sample. This is in agree-
ment with theT, value obtained frony data. The minima at
emu/mol, 2.7326 emu K/mol, anet 11.88 K, respectively. 14 K and the subsequent rise gncould be associated with
The main contributions to the temperature independent the formation of superzone gaps which arise when the lattice
are, namely, the diamagnetic susceptibility which arises dugeriodicity is incommensurate with the periodicity magnetic
to the presence of ion cores and the susceptibility of theyrdering. Similar observations have been made in
conduction electrons. The estimated effective moment iy Ir,Si,,.?° In the paramagnetic state (&0 <30 K), the
found to be 2.0fg which is smaller than the free ion mo- temperature dependence pfcould be fitted to a power law
ment of the C&* ion (2.54ug). As in the case of ysing Eq(3). The values of the parameters for the best fit are
CesRh,Sny, the structure of Cdr 4Sn;g has three sites for  given in Table IIl. The high residual resistivity of 1250
the Ce ion and it is possible that the valency of Ce is differ-cm of the sample decreases sharply below 4.2 K due to mag-
ent from 3 in one or more sites which could account for thenetic ordering. Measurements bel®® K are required to
smaller effective moment compared to the free ion valuestudy the influence of magnetic ordering on the resistivity of
this sample. At high temperatures (X0T<300 K), the p

250 . AR data significantly deviates from the linear temperature depen-
dence similar to that of other members in this series. The
CeIr,Sn, values of the various parameters obtained by fitting the data
between 100 to 300 K to the parallel resistor model are given
in Table IV.
200 i 3. Heat-capacity studies
g * s The temperature dependence of the heat capadipy (
g wl ] from 2 to 35 K of Celr ,Sn;yis shown in F_ig. 18_. The inset
g 2 shows the low-temperatufg, vs data. The jump i€, at 4.2
Sor ] K (AC=18 J/mol K clearly shows bulk magnetic ordering
150 | . im_M 1 in this sample below this temperature. The fit to the heat-
7 ol ] capacity data using E@6) in the temperature range from 10
- to 20 K yielded 108 mJ/Ce mol Kand 0.40 mJ/mol K for
5\/ e s w0
T TABLE IV. Parameters obtained from the parallel resistor
100 ) . . ! . model fit in Rglr,Sny.
0 50 100 150 200 250 300
Temperature (K) Sample Pmaxtt ) pLu) C uQ) OpK
FIG. 17. Temperature dependence of resistivity) (of Laslr,Snyg 778 35 615 312
Ceglr ,Snyo from 2 to 300 K. The insets show the low-temperature Ceslr ,Snyq 337 223 1106 225
p data from 2 to 30 K. The solid lines are fits to the modalse  Prglr ,Snyq 323 248 786 135

text).




3368 N. G. PATIL AND S. RAMAKRISHNAN 56
150 T T T T T T 30 L T
25 . . CeIr,Sn, 1:)1‘511‘481110
sr Ll i
2
_:g. 15 4
. loo- > ] 20 - ]
A 10} R =
=) g
L I o
§ ’5F % ] =2 ‘ :
s g
@) n L
> =
- - 10 | 3 -
20 i £1st .
s g |
25 ¢ 1 f T ]
d 03 ; :t (ls zlz 0]
0 1 L L 1 1 1 0;...|...‘|...|....r.T<K)‘,|.‘,.
0 5 10 15 20 25 30 35 0 50 100 150 200 250 300
Temperature (K) Temperature (K)
FIG. 18. Plot ofC,, vs T of Ceslr,Sny, from 2 to 35 K. The FIG. 19. The temperature dependence of the inverse susceptibil-
inset shows the same plot from 2 8 K to illustrate the bulk ity (x~*) of Prsir,Sny from 2 to 300 K. The inset shows the
magnetic ordering. low-temperaturey data.

v and B, respectively. From the8 value of 0.40 mJ/mol change of slopeta3 K which has no correspondence with
K4, we estimate th@p to be 443 K using the relatiofv).  x data. In the temperature range €0<30 K), the tem-
The value of 108 mJ/Ce molXK for y suggests that perature dependence pfcould be fitted to a lineaf depen-
Cexlr ,Snyo is a moderate heavy fermion antiferromagnet.dence in contrast to thel> dependence observed in
However, C, measurements down to 0.3 K are needed tdCeslr 4Snyo. The fact that the residual resistivity ratieRR)
confirm this view. of the sample is greater than 6 suggests a good quality
sample and the linear dependencep @$ quite puzzling. The

G. Magnetism in Prglr ,Sn;q
1. Magnetic susceptibility studies

The temperature dependence of the inverse dc magnetic
susceptibility ()(gcl) of the Pi;Ir ,Sn,o sample in a field of 4
kOe from 2 to 300 K is shown in Fig. 19. The inset shows
the susceptibility behavior of the same sample at low tem-
peratures. This inset shows paramagnetic behavior of Pr
spins down to 1.5 K. It is possible that we have a nonmag-
netic singlet ground state for Pr in this compound. However,
we need to confirm this using neutron-scattering studies at
low temperatures. The high-temperature susceptibility g
(100<T<300 K) is fitted to a modified Curie-Weiss expres-
sion which is given by Eq(1) with x,=0.0 emu/mol. The
values of 6, and ues are found to be—2.19 K and
3.86ug, respectively. The estimated effective moment of
3.86ug is slightly higher than the free ion moment of*Pr
ion (3.58ug). This probably indicates a contribution from Ir
band to the effective moment. Below 100 K, thelata show
very small deviation from Curie-Weiss plot which could be
due to the presence of crystal-field contributions. This is in
contrast to that of CgRh,Snh,y where we see a large devia-
tion in y due to crystal-field effects.

p (uoc

250

200 -

150

100

values of the parameters used in the low-temperature resis-
tivity fit [Eq. (3)] are given in Table Ill. At high tempera-
tures, the p behavior is similar to that observed in

60
0 5 10 15 20 25 30
TK)

0

50

100 150 200 250
Temperature (K)

300

2. Resistivity studies FIG. 20. Temperature dependence of resistivity) (of
Prslr 4Sn.q from 2 to 300 K. The inset shows the low-temperature
The temperature dependence of the resistivity 6f  , data from 2 to 30 K. A slope change jnnear 3 K in thenset has
PrslIr ,Snyq is shown in Fig. 20. The inset shows the low- no correspondence with the data. The solid lines are fit to the
temperaturg data on an expanded scale. Thdata show a models(see text
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FIG. 22. Magnetic contribution to the heat capacity and entropy

FIG. 21. Plot ofC, vs T of Prslr,Sn,o from 2 to 40 K. The inset  for Prglr ,Sny, from 2 to 30 K.
shows the same plot from 2 to 10 K. A large value of 375 mJ/Pr

> . A
mol K* suggests heavy-fermion behavior in this system. kOe from 4 to 300 K is shown in Fig. 23. The inset shows

) . the susceptibility behavior of the same sample at low tem-
Ceslr 4Sn,g and the data could be fitted to the parallel resiS-peratures. The normal stagg, of this sample has a tempera-
tor model. The values of the fitted parameters are given if, e independent value of 3@L0~* emu/mol down to 10 K.
Table Iv. Below 10 K, there is a small increagg%) in x4 which we
attribute to the presence of paramagnetic impurities in this
H. Heat-capacity studies on PEglr ,Sn;q sample. The temperature independgpt has contributions
from the core diamagnetism, Landau diamagnetism, and

The temperature dependence ©f from 2 to 35 K of Pauli paramagnetism. This can be expressed as

Prglr ,Snyq is shown in Fig. 21. The inset shows the low-
temperatureC, data. The absence of a peak @ clearly
shows nonbulk magnetic ordering in this sample down to 2
K. This is in agreement with thg and p measurements.
However, there are changes of slop&nbelow 10 and 3 K
which are not understood at this moment. The magnetic corwhereS is the Stoner enhancement factor. This can be fur-
tribution to the heat capacitfobtained after subtracting the ther simplified as,

measured, data from that of Lglr ,Sn,() is shown in Fig.

22. The calculated entropy is also shown in the same figure. ¢, 04
The increase in the entropy at high temperatuies 20 K)

signifies contribution from crystal-field effects in this | Lagr,Sn,,
sample. Exact calculation of the crystal-field contribution to

Xdc— Xcore™ S XLandadt Xpaul) (8

the heat capacity, susceptibility, and resistivity requires a 6e-004 ]
detailed model which is in progress and will be published
elsewhere. From the high-temperature heat-capacity data, we s

estimate the Debye temperature for this sample to be 225 K,g
which is higher than the result obtained from the resistivity
analysis. The large value of 354 mJ/Pr md for the Som-

merfeld coefficienty suggests that Bhr ,Sn; is a nonmag-

netic heavy fermion compound. However, heat-capacity
studies well belw 2 K are essential to resolve this issue. I ]
Similar results for Pr compounds have been reported  4e-004 §

recently?1?2

u/]

e-004 —'}\ R

5¢-004 | ]

=]
L
>

50 100 150 200 250 300
1. Magnetic susceptibility studies Temperature (K)

I. Physical properties of Laslr 4Snyg 4*3-0040

The temperature dependence of the inverse dc magnetic FIG. 23. The temperature dependence of inverse susceptibility
susceptibility ()(d_cl) of the Laglr ,Sn,g sample in a field of 4 () of Laglr,Sn,o with temperature from 2 to 300 K.
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FIG. 24. Temperature dependence of resistivity) (of
Laslr ,Sny from 2 to 300 K. The inset shows the low-temperature . FlGh 25. F:Ot ofCp VIS TfOf La;lu?ngfrom 210 40 K. The
p data from 2 to 30 K. The solid lines are fits to the modglse Inset shows the same plot from 2 to )

text).
v and B, respectively. From theB value of 0.4 mJ/

mol K*, we estimate th&p to be 339 K using the relation

1/ m .
Xdc™ Xcore™ S)(Paul[ 1- _( _) } ) given by Eq-(7)-
3 my

IV. CONCLUSION
wherexpau”:nNA,uzBN(EF) is the Pauli susceptibilityyg is
the Bohr magnetonn is the free electron mass, and, is

the band mass. Assuming the valence of La as 3, Ir as 3, al ;
Sn as 4, we estimate the core diamagnetism to b eratures are comparable to those of Ra& ,Si;o System. In

—2%10"* emu/mol. We have also calculated the value ofin€ Structure of tha5Rh43nl° series, there are no t_ransition—
the Pauli susceptibility as 2410~* emu/mol and this yields metal clusters and this structure can be described by the

a value of 2.75 for the Stoner factor of Lia,Sn;o. stz_;\cklng of two types of. building blocks, namely, Frlgonal
prisms SiRg and distorted tetragonal antiprisms

o _ Rh(Ir)Sn,R,4. The unit cell has 38 atoms. All Ri)-Sn and
2. Resistivity studies Sn-Sn distances are sha@-2.5 A which indicate strong
The temperature dependence of the resistivipy pf  covalentinteractions. As we mentioned earlier, the rare-earth
Laslr ,Snyo is shown in Fig. 24. The inset shows the low- atoms have three different sites to occupy and the minimum
temperaturep data on an expanded scale. In the low-distance between any two rare-earth atoms is greater than 5
temperature region (5T< 25 K), the temperature depen_ A. Moreover, the bond distance between rare eRrih any
dence Ofp could be fitted to a power law which is given by one of the three sites with the Rh atom is greater than 3 A
Eq. (1). The values of the parameters for this fit are given inThese distances are large enough so that the exchange inter-
Table Ill. The optimum value of is found to be 3. This action between the magnetic rare-earth atom and the conduc-
value of n agrees with the Wilson's-d scattering model tion electrons is weak. This could account for the low mag-
which predicts a2 dependence of(T) for T< 6,/10. netic ordering temperature observed in these compounds.
At high temperatures (160T<300 K), the p data sig- However, the compounds belonging to fReRh,Sny, series
nificantly deviates from the linear temperature dependencendergo a spin-flop transition at very low fields compared to
similar to those of the Cgr ,Sny, and Pxlr ,Sny, samples.  theRslr,Sijg ones. It is not clear whether the increase in the

The data could be fitted to the parallel resistor model and thg€onduction electron densityvhich is larger in the Sn series
values of the parameters are given in Table IV. compared to the Si series the cause for this unusual mag-
netic ordering. We observe a first-order magnetic transition

in NdsRh,Sn;g as evidenced by the hysteresis in the resis-
tivity and a sharp peak in the heat-capacity data. Neutron-
The temperature dependence of the heat capady ( scattering experiments will help us to know whether one has
from 2 to 35 K of Lalr ,Snqis shown in Fig. 25. The inset incommensurate to commensurate magnetic transisioni-
shows the low-temperatur€,/T vs T data. The fit to the lar to the one observed in CePdAl by Doretial™®) in this
heat capacity data using E¢6) in the temperature range compound. However, RRh,Sn,q undergoes antiferromag-
from 5 to 8 K yielded 29 mJ/mol Kand 0.4 mJ/mol ¥ for ~ netic ordering at 5.5 K whereas, 4ir,Sn;, exhibits para-

We have observed magnetic ordering below 10 K in the
r%ShalSnlo(Rz Ce, Pr, and Ngsystem. These ordering tem-

3. Heat-capacity studies



56 MAGNETISM IN THE RsT,Sn, (R=Ce, Pr, AND ... 3371

magnetism down to 1.5 K. The increase in the unit-cell vol-croscopic investigations such as neutron scattering are
ume (which is larger in Ir compared to the Rh sejigghich  clearly required to understand the nature of magnetism and
leads to a decrease in the strength of the RKKY interactiorcrystal-field states in thBsRh,Sn;, (R=Ce and Prsystem.
could be responsible for the absence of magnetic ordering ifthe absence of a CDW transition in th&T,Sn, series
Prsir 4,Snyg. The heavy-fermion behavior in this compound could be due to their large unit-cell volume compared to that
is interesting and requires further study for confirmation. Mi-of the Rslr,Si;o series.
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