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We report here our low temperature {30K) heat capacity,C, measurements oR,Ni3Sis (R
=Pr, Nd, Sm, Gd-Ho). Large peaks in heat capacity data at magnetic transition tempergfgresr(firm
the bulk nature of magnetic order in these compounds. IsNN&i;, Gd,Ni;Sis, and DyNisSis, magneti-
zation studies indicated only one magnetic transition, whereas, heat-capacity data show two trafngitdns.
the heavier rare-earth member,,Ni;Sis, showing significant deviation from de Gennes scaling is notable.
Magnetic entropyA S, estimated from heat-capacity data suggest that the magnetic ground state is a doublet in
R,NizSis (R=Pr, Nd, Sm, Dy, Ho) and a quartet in Mi;Si5. In all the casesA S, at Ty is slightly less
than that expected due to the suggested states, which we attribute to the occurrence of precursor effects of
magnetic order abovEy . Except for GdNi;Si;, AS of the compounds does not reach the saturation limit of
RIn(2J+1) even at 30K, indicating the presence of crystalline electric i€l F) effects. A hump inC, is
observed belowly in Gd,Ni;Sis which is interpreted in terms of a possible amplitude-modulated magnetic
spin structure[S0163-18209)12605-5

[. INTRODUCTION sample preparation and unit-cell parameters are given
) ] ) ) elsewheré=® The heat-capacity measurements were per-
Physical properties of rare-earth intermetallic materialsormed at T.I.F.R., using a home built, fully automated adia-
have been of interest due to the effect of hybridization bf 4 j5tic calorimetett in the temperature range 1.5-30K. The
orbitals with the 8l orbitals resulting in anomalous phenom- 5,50)yte accuracy of our heat-capacity measurements is bet-
ena such as, valence fluctuation, heavy fermion behaviote, than 194 in this temperature range. The measurements
Kondo effect, magnetic transition temperature higher thane,, 1o here have been performed on samples obtained from
expected, efc. In this context we had investigated the serigae s e patch on which the magnetic measurements were
R,Ni;3Sis (R=Y, rare earth =’ Our synthesis and magnetic reported earlief=°
susceptibility studies oR,Ni3Sis (R=Pr, Nd, Sm, Gd, Th, P '
Dy, Ho) (Refs. 4-F showed that they crystallize in

U,CoSis  structuré and order antiferromagnetically. Il. RESULTS AND DISCUSSION
Th,Ni;Sis revealed a well-separated double magnetic transi-
tion (TN1=19-5K andTN2=12.5 K)8 We had found posi- The heat-capacity results of our measurements on

tive giant magnetoresistand&MR) in R,NizSis (R=Tb,  ReNizSis (R=Pr, Sm, Ho, Gd, Nd, Tb, Dy) are given
Sm, Nd (Ref. 9 and anomalous magnetoresistance inin Figs. 1,2, 3,4, 5,6, and 7. R;Ni3Sis (R=Pr, Sm, Ho,
R,NisSis (R=Pr, Dy, Ho)® The positve GMR in asingle large peatat 8.5, 10.4, and 6.7 K, respectivegnd
Th,NizSis at 4.4 K and at 45 kG £85%) is the largest N RoNisSis (R=Nd,Gd,Tb,Dy) two peaks(at 9.2 and
among polycrystalline materialsFrom our studies of the 9.5K, 13.5 and 15.0K, 12.4 and 19.2K, and 3.9 and 9.0K,
temperature dependence of magnetoresistance, we had suigspectively are seen in the heat capacity. The temperature
gested the possibility of the existence of short-range ferroat which the peaks occiithe higher temperature peak where
magnetic correlations abovig, in these material¥ In order  two peaks are segragree with the magnetic ordering tem-
to get further insight into the nature of the magnetic orderingperature, Ty, as seen in magnetic susceptibility data con-
in these materials, we have studied the low-temperature he#itming the magnetic origin of the peaks in heat capacity. In
capacity of the serie®;Ni;Si; (R=Pr, Nd, Sm, Gd, Tb, the case of TiNi;Sis, two peaks are seen in magnetic
Dy, Ho), the results of which are reported here. susceptibility as well as in resistivitf# and they correspond
to the peaks seen in heat-capacity data. In the case of
Dy,Ni3Sig, two clear peaks are seen in heat-capacity, but in
The compoundsR,Ni;Sis (R= rare earth), were pre- the magnetic susceptibility, only the higher transition at
pared by the standard arc melting procedure. Details of-9.5K is seen clearly; the lower transition appears as a very

Il. EXPERIMENT
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FIG. 1. Low-temperature heat capaci®/R) of Pr,Ni;Sig(O). FIG. 3. Low-temperature heat capacity C/R) of
The solid line represents the magnetic contribution of the entropyt102NizSis(O). The solid line represents the magnetic cqntrlbutlon
AS. For comparisonC/R of Lu,Ni5Sis(V) is also shown. of the entropyAS. For comparisonC/R of Lu,Ni;Sis(V) is also

shown. Inset: Magnetic contribution to heat capaélty as a func-

o tion of temperature. The solid line represents TRebehavior. Note
small anomaly at-4 K. In the case of NgNi;Sis also, tWo  he deviation ofC,, from the T® behavior at low temperature.
well-resolved peaks are seéat ~9.5 and~9.1 K) in the
heat-capacity data but are not well resolved in the magnetic- Since it is known that the crystalline electric field can
susceptibility data, probably due to the ordering temperaturegnhance the magnetic transition temperatineossibly the
being very close to each other. In the case 0fM8gSis both  crystalline field effect is responsible for the enhancement of
the susceptibility and resistivity measurements show only & for lighter rare-earth members of this serigdg. 8). If
single transition: while the magnetic susceptibility exhibits agne adds the CEE terms to the exchange Hamiltonian, the

peaK at the higher transition temperatui4.7 K), the resis-  ordering temperature then can be expressédi as
tivity exhibits a change of slofat the lower transition tem-

perature(13.5K). Absence of the resistivity anomaly &j

=15K may be due to competiting effects of increase of re- ZJ(QJ_l)ZJE JZ exp(—3B222/Ty)
sistivity due to formation of superzone energy ddpsnd Tn= 2 : (3.2
decrease of resistivity due to ordering of spins. > (exp(—3B2IZ/Ty))

Normally, theTy's of rare-earth members of a series are 3

expected to follow the well-known de Gennes scaling. In , 0:
Fig. 8, Ty's of the different members of the series are plotted'VhereJ is the exchange constant for thé atoms and; is
along with those expecte@vith respect to Gpon the basis the crystal-field parameter. Since Gd is tBstate ion, its
of de Gennes scaling. We find thBy's of the lighter mem- ordering temperature can be used to fix the value of ex-

bers of the series do not follow the de Gennes scaling. Oftefj7@N9€ constant. At present there is no experimental data on
this is found to be the case with other rare-earth series df'€ crystal-field parameters of these compounds. Therefore,

compounds also. However, even among the heavier rardt is difficult to decide if CEF effects alone are responsible
earth members in this series, taking the highgr the agree- 10" the observed deviation from de Gennes scaling.

ment is only marginal. Particularly significant is the devia- !N order to obtain the magnetic contributidy, to the

tion of Ty of Th,NisSis. Though the lower s fall closer _heat capacity, we nee_d to subtrac_t from the total heat capac-
to that expected from de Gennes scaling, we believe that th®Y Cp the lattice contributiorC, , arising from phonon exci-
scaling is applicable only for the higher magnetic orderingtat'ons' and electronic contributio@., originating from
temperature. At present, the reason for the anomalously high
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FIG. 2. Low-temperature heat capacitZ/R) of Sm,Ni;Sig shown. Inset: The magnetic contribution to heat capaCityas a

(O). The solid line represents the magnetic contribution of thefunction of temperature. The solid line represents TRebehavior
entropy,AS. For comparisonC/R of Lu,Ni3Sig(V) is also shown.  and indicates thaE,, does not follow ar® behavior.
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FIG. 5. Low-temperature heat capacity C/R) of FIG. 7. Low-temperature heat capacity C/R) of

Nd,Ni3Sis(O). The solid line represents the magnetic contribution Dy,Ni3Sis(O). The solid line represents the magnetic contribution
of the entropyAS. For comparisonC/R of Lu,Ni3Sis(V) is also  of the entropyAS. For comparisonC/R of Lu,Ni;sSiz(V) is also
shown. Inset: The expanded plot showing the occurrence doublghown.

magnetic transition'(N1=9.5 K andTN2=9.l K) in the compound. )

We discuss now the nature of the ground state of the
conduction electrons and filled electron orbitaly.andC,  €nergy level of the rare-earth ions in these materials on the
for a rare-earth member can be estimated from the nonmadpasis of their magnetic entropy. The magnetic entropiés
netic analog, La- or Lu-based member. Our attempts to syrat the Ty and at 28 K(the maximum temperature of our
thesize LaNi3Sis did not succeed and therefore, the heatmeasurementfor different members of th&,Ni;Sis series,
capacity of LyNi;Sis was taken to represer®; and C,. along with the totaA S expected on the basis of Hund’s rule
Though this material forms with a monoclinic variation of total angular momenturd of the energy level of the trivalent
U,Co,Sis-type structure, to a first-order approximation we rare-earth ion, are summarized in Table I. In these discus-
assume that this distortion would not significantly alter thesions, wherever two magnetic transitions are observed, we
values ofC, andC,. consider the value oA S at the highefTy .

Since LyNizSis superconducts below 2 Kfor our con- In the case of GsNi;Sis where no crystal-field effects
siderations, the experimental data was used down to 3K andEP would be presentAS at Ty(~1.88R), is slightly less
for the region below 3 K, the experimental data in the regiorthan the expected totalS, [J=7/2, RIn8(=~2.08R)]
3—6 K was fit to a polynomial and the values extrapolated towhich it very closely reaches as a plateau at 28 K
T—0K was used. The same procedure was adopted fdr—2.0R). For ThNi3Sis AS (~1.1R) at Ty is much
other materials also to get the extrapolated values below thi@rger than that expected for a doublet ground st&én @
lower limit of our measuring temperature. The magnetic con—= 0.6%R) and therefore, the ground state of the Tb ion is not
tribution to heat capacitg,, of the magnetic members of the @ doublet. The value is only slightly less thaRIn4
seriesR,Ni;Sis was obtained by subtracting heat capacity of
Lu,Ni3Sis from the heat capacity oR,Ni;Sis. Numerical 20
integration was performed on the magnetic heat capacity
thus obtained, to calculate the magnetic entropy of the com-T> 15
pounds(shown as solid lines in Figs. 1%7n this procedure  ~—
the reasonable assumption, of the nuclear specific heat anco
nuclear Schottky effect being negligibly smallis made. In ~ — 10
the calculations, the fact that one moleRy¥Ni;Sis contains =
two moles of rare-earth ions has been taken into account. EZ 5

T
[
=3
=
-~
>
[
L]

S RNi.Si
Tz (deGennes) 2 370

<
G
o
I\Ill\lll‘ll\lll\ll

/°'\ E T 1T | L | T ‘%‘ T ‘ LI ‘ L ‘ L -
g 3 htdagnet(iAcS/R) % Heat capacity (C/R) of 3 0 La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

E entro i i 3
3 cof TbjiiSis(—)ﬁ EEZEE:Z E; w0 E Rare earth
i g lT % E FIG. 8. Magnetic ordering temperatures f&,Ni;Sis com-
= 2 E leo ¢ 3 pounds. @) symbols represent the ordering temperatures as the
E E ° ) 4 E occurrence of a peak in the magnetic-susceptibility measurement
a1 = = and (O) represents the ordering temperatures as the occurrence of a
o I O e E peak in the heat-capacity data. The solid line represents the ordering
o 0k ‘ dop T E temperatures expected from the de Gennes scaling Wisea good

0 5 10 15 20 25 30 quantum number. The higher ordering temperat(t& K) of

Temperature (K) Gd;Ni3Sis is used as the reference temperature. The paramagnetic

Curie temperaturé®, whenever positive, are represented %y
FIG. 6. Low-temperature heat capacity C/R) of Since®,, is negative for NgNi;Sis, Gd,NizSis, and HgNizSis,
Th,Ni;Si;(O). The solid line represents the magnetic contributionthey are not shown in this figure. Note that the de Gennes scaling
of the entropy AS. For comparisonC/R of Lu,Ni3Sis(V) is also  breaks down severely in the case of lighter rare-earth members as
shown. well as in the case ofy, of Th,Ni3Sis.
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TABLE |. Magnetic properties, including the magnetic entropies, of different members 8thigSis series. T values from de Gennes
scaling, @;—1)2J(J+ 1), were obtained with GiNi;Sis as a reference material adcas good quantum number.

Compound Tn,  Th, Tn cw fit of y data )% ASpag/R ASpag/R - ASpg/R ASpag/R
K) (K) (K) Meit!/ R 0, Range 6K,55T Ty, Ty, 28 K In(2)+1)
de Gennes  4g) (K) (K) ()
Pr,Ni;Si5 8.5 0.8 3.67 4.7 9-300 1.15 0.38 0.78 2.20
Nd,Ni3Sis 9.5 9.1 1.7 3.75 —14.3 30-300 1.21 0.57 0.50 1.07 2.30
SmyNi3Sis 10.4 4.2 0.03 0.52 0.63 1.79
Gd;Ni3Sis 150 135 15.0 8.11 -15.0 16-300 2.73 1.88 1.70 2.02 2.08
Thb,Ni3Sis 194 124 10.0 9.89 8.1 80-300 2.50 121 0.45 151 2.56
Dy,Ni3Sis 9.0 3.9 6.8 10.79 5.8 60-300 6.36 0.562 0.16 142 2.77
Ho,Ni3Sis 6.7 4.3 10.47 14 7-300 5.99 0.73 1.83 2.83

(=1.39), and therefore, it is likely to be a quartet state. In theGd,Ni;Sis is consistent with the fact that since the¥don
case of HgNi;Sis, AS(~0.73) atTy is very close tdRIn2  is anS-state ion, there would no CEF effect.
and hence the ground state could be a doublet. In the cases of Considering that the three compounds,
RoNigSis (R=Nd, Sm, Dy), theAS at Ty(~0.57, 0.52,  Nd,Ni;Sis, SmNi;Sis, and TNi;Sis have different type
0.56, respectivelyis less but closer to that expected for a of ground states, we believe that the GMR exhibited by these
doublet ground state. In the case of,RiESis, AS  materials is unlikely to be due to CEF effects.
(~0.38) is considerably less thaRIn2.AS attains this We now discuss on the features of double magnetic tran-
value at~20K, which is much abové@ . sition in some of these material3.he heat-capacity result of
One mechanism which leads, &f, to a value ofAS  Gd,Ni;Sis (Fig. 4) is interesting due to the double magnetic
<RIn2, is the Ising model. A calculation based on a three-transition(which is not usually seen in Gd-based mateyials
dimensional Ising model for spin-1/2 system on a diamondas well as due to a significant nearly linear term belgyin
lattice (z=4) predicts a magnetic entropgS=0.511R."*°A  C,, (discussed later Considering that the Gd ion is an
similar value of entropy af y(~0.5R) had earlier been seen Sstate ion, the double magnetic transition must be due to
in a few members oR,Fe;Sis series which have been de- spin orientation arising from anisotropy of exchange cou-
scribed as Ising system3It may be noted thahS at Ty for  pling, and not due to CEF effect. The possibility of a spin
PrNi;Sis is less than even this value. reorientation is suggested from the observation of a change
A more likely alternate reason, which is applicable to allin slope in the isothermal magnetization curve of
the cases discussed hefas a reduced entropy @y than  Gd,Ni;Sis,° below its magnetic ordering temperature.
that expected from the suggested respective ground states, isWith respect to the double magnetic transition observed in
seen in all the cases except that of ,Ng;Sis) is due to a Th,Ni;Sis, we point out that double magnetic transition has
precursor effect of magnetic order arising from the short-also been seen in Fbe;Sis (Ref. 18 and in TbN}Si,.*°
range magnetic correlations that may occur just abbye  From neutron-scattering experiments on,F&Sis (Ref. 20
We had suggested, from our magnetoresistgiMie) mea- and on TbN;jSi,,'° the transition at higher temperature is
surements on these compounds, the existence of short-ranfjeind to be due to an onset of magnetic order which is in-
ferromagnetic correlations in all the compounds discussedommensurate with the lattice, and the transition at the lower
here?!%12 Precursor effects have earlier been observed inemperature is found to be due to a change of the magnetic
other systems such as GgY,Ni,Si, alsol’ The case of structure from incommensurate to commensurate structure
Ho,Ni;Sis, where also, MR has shown the existence of prewith the lattice. It is quite likely that the same is possible in
cursor effects of magentic order does not fit in this pictureour case of ThNi3Sis.2! A noticeable feature of the two
However, as discussed latekS below Ty in this case is transitions in our case is the differences in shape of the peaks
anomalous and the actualS may be higher than our ex- at the two transition temperatures. While the peak at 19.2K
trapolatedA S estimate. is nearly\ type and broad, the peak at 12.4K is very sharp
In all these cases, except for @;Sis, AS at 28K is  with a half-width of around 0.5 K. The sharpness of the sec-
considerably less than the calculated saturation valueS)f ond peak indicates the possibility of a first-order transition.
for the respective cases. This suggests crystalline electric In the case of DyNi;Sis which also shows double mag-
field (CEP) splitting of electronic levels in these compounds. netic transition(Fig. 7) both the peaks appear to helike
The continuous increase &S above Ty in the cases of which is unlike that of ThNi;Sis and indicates that the na-
RoNi3zSis (R=Pr, Nd, Th, Dy, Ho) indicates that the ture of the transition at lower magnetic transition tempera-
electronic levels oR ions in these compounds are CEF split ture is different in these two materids.
with closely spaced sublevels. In the case of,RigSis the Another notable feature in our results, is the unusual be-
well-defined plateau oA S aboveT), indicates that the next havior of C,,, in GhNi;Sis and HgNi3Sis below Ty . We
higher CEF level is at a considerably higher energy. A fewfind thatC,, in the present materials, except those of Ho and
degrees above the transition temperature, the magnetic e@d compounds, nearly follow & behavior as expected for
tropy reaches a plateau withS=0.6R~RIn 2, confirming  a typical antiferromagnet. In the case of Md,;Si;, we ob-
a doublet ground state. A closer value o8 in the case of serve an upward deviation froff behavior below 5KC,,
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of Ho,Ni;Sis at 2 K (the lowest limit of our measuremeng  deviation fromT? behavior inC,,, below Ty, will result in

the largest among that observed in all the other materials i@ decrease in the peak height ©f, at Ty. Therefore, the

this series. An upward deviation @, has been reported in magnitude of jump irC,, at Ty can yield information on the

the case of HgFe,Sis alsol® The origin of this deviation is magnetic structure of the material.

not clear at presenf, Blanco et al. showed th& for an amplitude-modulated
In the case of GgNi;Sis, belowTy, the deviation ofC,,  System

from T2 behavior is rather sever€,, has a large linear

component with a small hump. A similar behavior below c _10 JU+1) 3.3

Ty, has been seen i8,, of the related material G&e;Sis AM™3 532492341 B 33

(Ref. 15 (tetragonal structujeand in the cases of other ma-

terials, such as GdG8i,, GdNi,Si,, GdGs, and and for the equal moment systems

GdCu.%% In the case of GsFe,Sis, the large linear term has

been suggested to be due to a two-dimensional ferromagnetic J(I+1)

spin wavegwhere the magnon dispersion relation is propor- ACem=5_— K. 34
2J°+2J+1

tional to g%, where q is the wave vectgror from one-

dimensional antiferromagnetic spin waveshere the mag- From the above two equations, one finds that the discon-

non dispersion relation is proportional ¢g.** tinuity (peak heightin C,, at Ty in equal moment systems is

Tsayet al*® and Laiet al*’ have explained the observa- 20.15 J/K mol. for a Gd system and that for amplitude-
tion of a hump in the heat capacity of several Gd-baaed modulated systems, the peak height is reduced to two-thirds
tiferromagnetic oxideompounds, on the basis of the model of that for an equal moment system.
proposed by Fishman and Lffi.Fishman and Litf have In our case, the maximum in th@, in Gd,Ni5Sis occurs
shown that a hump could originate in a Heisenbgo-  at around 13.5K with a value of about 17 J/K mol, which is
magnetfrom quantum spin fluctuations induced by a trans-considerably lower than that expected for a equal moment
verse degree of freedom. They have also shown that as t"t@‘/stem (20.15J/K mo). Since the system undergoes one
total spin increases, the hump becomes more prominent anflore transition at 15K which affects the magnitude of the
even may show up as a peak. The hump takes place atjgmp at 13.5 K, one cannot immediately conclude that the
temperatureT* =3T\/(S+1) (where S is the total spin  magnetic structure is amplitude modulated. However, be-
quantum number Since value ofS for Gd is maximum  cause of the presence of the hump along with the reduced
amongst rare earth§/2), the effect may show up more in maximum at 13.5K, we speculate that below this tempera-
the case of Gd-based compounds and would occur at a temre, the system has an amplitude-modulated magnetic struc-
perature T*=3Ty. However, in the intermetallics com- tyre. A neutron-diffraction study might help in this regard.
pounds, such as above mentioned,B#Sis, GdCySi>,  We point out that in some cases, e.g., heligatich is equal
and in the present case of, £d;Sis, T* is much smaller momenj and amplitude-modulated magnetic structures may
(T*/Ty~0.25) than predicted by this theory. Moreover, thealso produce a similar neutron-diffraction pattétn.
model is for ferromagnets and our materials are antiferro- All the above anomalous magnetic behavior points out
magnetic. Therefore, even though Tsayal?® and Lai that the magnetic structure of these materials is not a simple
et al?” have applied the model successfully in the antiferro-antiferromagnetic structure. Very likely, the magnetic cou-
magnetic oxide system, we believe that this mechanism mayling in the plane could be ferromagnetic whereas the planes
not be applicable in our cases. are coupled antiferromagnetically. Such a magnetic structure

Another approach to explain such a behavio€gfbelow  has been observed in closely related materials, e.g.,
Ty has been given by Blancet al*® They derived the ex-  Th,Fe;Sis, 2% U,(Ruy RNy 393Sis.>° Elastic and inelastic
pressions foiC,, for the case of the equal moment and theneutron-scattering experiments would be rewarding in these
case of amplitude-modulate@vhere the amplitude of the interesting materials.
magnetic moment exhibit a periodic variation, with a sine-
wave type below and nedi) antiferromagnetic systems, in IV. CONCLUSION
the mean-field approximation. Under this approach they
could successfully explain the heat-capacity behavior of Gd Our heat-capacity measurements have confirmed the bulk
systems, such as, Gdgsi,, GdNiLSi,, GdGg, and magnetic ordering oR,Ni;Sis (R=Pr, Nd, Sm, Gd-Ho)
GdCu. Gd-based systems had been chosen because of thetemperatures indicated by the magnetic-susceptibility re-

absence of crystal field in these compounds. sults. These heat-capacity measurements have not only con-
Blancoet al. showed that the€€,, of an antiferromagnetic firmed the occurrence of double magnetic transitions in
material, can be expressedas Th,Ni;Sis and Dy,NisSis seen earlier through susceptibility
studies, they have also revealed the occurrence of double
L T=Ty magnetic transitions in N#Ni;Sis and GgNi;Sis as well,
Crn(T)=ACy+Cp, TN T (32 which are not discerible in magnetic-susceptibility results.

T\'s of the lighter members of the series do not follow de
where theA C,, is the amplitude of the discontinuity @,,at  Gennes scaling. The deviation ©f; of Th,Ni;Sis from de
Ty, and the second term expresses the slojgg,/dT, of  Gennes scaling is rather large.
the C,,-T curve just belowTy. The shape of the hump The magnetic entropy estimate in these materials suggest
would depend on the strength of the Fourier transform of thehat in all these materials, except for £t;Sis (where there
exchange integratiof?.Since entropy has to be constant, anyis no CEF and ThNi5Sis, the ground state of the rare-earth
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ion is a doublet. In the case of TWi;Sis, it appears to be a feature of our results is the observation of a hump in the heat
quartet. In all these casesS at Ty is slightly less than that capacity of GgNi3Sis below its Ty, which may be due to
expected from the suggested ground states. We attribute thignplitude-modulated magnetic spin structure.

to the occurrence of a precursor effect coming from the

short-range magnetic correlations even above thgis, as
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