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Magnetism and crystal-field effects in theR,Rh;Sis (R=La, Ce, Pr, Nd, Tb,
Gd, Dy, Er, Ho, and Tm) system
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It is demonstrated through detailed studies that compounds belongingRaRkgSis series exhibit unusual
superconducting and magnetic properties. Although a reasonable number of studies have been made on this
series, only a few investigations have been carried out on closely réRafel;Sis series. In this work, we
attempt to provide a comprehensive study of bulk properties such as resistivity, susceptibility, and heat capacity
of large number of compounds which form in this series. Our measurements indicate the existence of a
considerable contribution from the splitting of the energy levels due to crystalline electric(fEH#ss) to the
bulk properties of all magnetic rare-earth compounds. We also propose a model to account for this CEF
contribution.

DOI: 10.1103/PhysRevB.64.064514 PACS nuniber74.70.Ad, 74.25.Bt, 74.25.Ha

I. INTRODUCTION tails, and Sec. Ill deals with results. A detailed discussion of
the results is presented in Sec. IV, and Sec. V concludes our
Ternary silicides, which form in a variety of crystal struc- study.

tures, have led to a large number of studies due to their
remarkable physical propertiéd. Some of these also un- Il EXPERIMENTAL DETAILS
dergo superconducting transitions at low temperattifes. _
Considerable work has been done to understand the super- Samples ofR,Rh;Sis (R=La and Ly were made by
conductivity and magnetism exhibited by compounds pemelting the individual constituent§aken in stoichiometric
longing to theR,Fe;Sis systen® In this family the Fe proportiong in an arc furnace under a high-purity argon at-
atoms do not carry any moment but help in building a |argénosphere. The purity of t_he rare—.earth elements and Rh was
density of states at the Fermi levelt is now well estab- 99.9%, whereas the purity O_f Si was 99.999%. The al.loy
lished that a member of this series, namely,,FmSic, ' is buttons were remelted 5—6 times to ensure proper mixing.

the first reentrant antiferromagnetic superconductor. A recen-Ehe samples were annealed at 900 °C for a week. The x-ray

. . powder diffraction pattern of the samples did not show the
report suggested that an antiferromagnef&Sis (Ref. 1 S .
(bglow 5 %gK) becomes superconducti?]ggbelovfl( K Whj;reaspresence of any parasitic impurity phases. The dependence
. , o

lier h . indi d arunl _o-of the lattice constants, b, and c in seriesR,Rh;Sis is
an earlier heat-capacity stutindicated quadruple magnetic g qn in Table I. The unit cells of the orthorhombic structure

transitions without any superconductivity down to 1.5 K in (U,CosSis, space grougbam) are shown in Fig. 1. Both
this system. On thg othe'r hand, very few studies have beeﬁzFesSiS and R,Rh,Sis are derived from BaAkype struc-
made of theR,Rh;Sis series, whose structure is closely re- yres R,Fe,Sis forms in a tetragonal structure in which two
lated to that ofR,Fe;Sis compounds. In particular, we are gifferent sets of Fe sites form chains along fbe1] direc-
aware of only three reports on the superconductivity andjoy [Feg2)] and isolated squares parallel to the basal
magnetism ofR,Rh;Sis seriest?>~1® Although both iron sili-

cides and rhodium silicides are derived from a Bafjipe TABLE I. Lattice parameters obtained from the powder x-ray
structure, the former form in a tetragonal structdspace giffraction pattern of samples of seri@Rh;Sis.

group P4/mnc) while the latter exist in an orthorhombic

structure(space groupbam). Since the compounds belong- Sample a b c

ing to R,Fe;Sis series exhibit unusual superconducting and (A) (A) (A)
exotic magnetic properties, it will be worthwhile to study the

magnetic ordering and superconductivity in tReRhsSis La,Rh;Sis  10.00:.005 ~ 11.96-.005  5.88-.005
family. Earlier, a brief account of susceptibility and heat- C&RMSis 9.89-.005  11.8#.005 5.82£.005
capacity studies of some of compounds was repdrted. PrRhsSis 9.88-.005  11.85-.005  5.8G-.005
this study, we report our detailed resistivity, susceptibility, ~Nd2RSis 9.87+.005  11.8%.005 5.78:.005
magnetization, and heat-capacity measuremeni,&n;Sis Gd,Rh;Sis 9.86-.005  11.8%-.005 5.77-.005

alloys. Furthermore, we provide a crystal-field scheme to ac- Th,Rh;Sis 9.85+.005 11.7%.005 5.76-.005
count for the temperature dependence of the susceptibility Dy,Rh;Sis 9.84+.005 11.72.005 5.75-.005
and entropy above the magnetic transition temperature ob- Ho,Rh;Sis 9.82+.005 11.75-.005 5.74-.005
served in compounds containing magnetic rare-earth Er,Rh;Sis 9.80+.005  11.72%.005 5.73:.005
systems—except for GRh;Sis which is a well-established Tm,Rh,;Sis 9.78+.005 11.68.005 5.72:.005

strongly hybridized nonmagnetic system. The paper is orga- | u,Rh,Sis 9.76+.005 11.66-.005 5.71.005
nized as follows. Section Il describes the experimental de
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FIG. 1. Structure of the unit cell of the seriBsRh;Sis.

plane[Fe(1)]. R,Rh;Sis forms in an orthorhombic structure sample of 2-mm diameter and 10-mm length. The tempera-
where the arrangements of th@01] columns lead to a dif- ture was measured using a calibrated Si dificeke Shore
ferent coordination of the transition metal and of silicon.Inc., USA sensor. The sample voltage was measured with a
Here two-thirds of the transition-metal atoms are surrounde@anovoltmetefmodel 182, Keithley, USAwith a current of

by a deformed square pyramid of silicon atoms, and each o5 MA using a 20-ppm stablgiewlett Packard, USAcur-

the remaining transition-metal atoms is in the center of gent source. All the data were collected using an IBM com-
silicon tetrahedron. The latter transition-metal atoms formpatible PC/AT via an IEEE-488 interface. The heat capacity
chains along th€001] direction. The rare-earth atoms in the in zero field between 1.7 and 40 K was measured using an
R,Rh;Sis structure form a distorted square net with distancegtutomated adiabatic heat pulse method. A calibrated germa-
from 3.9 to 4.2 A within the layers, and interlayer distanceshium resistance thermometérake Shore Inc, USAwas

of 5.4-6.2 A. The nearest rare-earth distanceRjRe;Sis ~ used as a temperature sensor in this range.

is 3.7 A. A small monoclinic distortion of the structure

R,Rh;Si5 (Lu,Co;Sis-type) is adopted by heavier rare IIl. RESULTS
earths of theR,Rh;Si5 series.
The temperature dependence of the susceptibilidywas A. Study of magnetism in R,Rh3Sig

measured using the Faraday method in a field of 4 kOe in a
temperature range from 4 to 300 K. The ac susceptibility was
measured using a home built susceptontéfeom 1.5 to 20 The temperature dependence of the inverse dc magnetic
K. The resistivity was measured using a four-probe dc techsusceptibility (Lkq4c) of R,RhSis (R=La, Pr, Nd, and Th
nique, with contacts made using silver paint on a cylindricalseries in a field of 4 kOe from 2 to 300 K is shown in Fig. 2.

1. Magnetic susceptibility studies

064514-2
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FIG. 2. Variation of

Similar data for the rest of the compound?=t Gd, Dy, Ho,

250 300

inverse susceptibility (d4.) of
R,Rh;Sis (R=La, Nd, and Th series in a field of 4 kOe from 2 to
300 K. The inset show the low-temperature ac data of
R,Rh;Sis (R=La, Nd, and Th.
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TABLE Il. Parameters obtained from the high temperature sus-
ceptibility fit to the Curie-Weiss form iR,Rh;Sis from 100 to 300
K. w, is the theoretical value antiy=6,,.

Sample T, Xo Meff  Mth T zJ
K emu/molK ug ug K cm™?

La,Rh;Sis 4.4 1.7x10°% - - - -
CeRhSiE? - - - 254 - -
PL,RhSis - 2.6x10°% 3.44 358 —9.15 —0.6
Nd,Rh;Sis 2.7 9.4x10°% 349 362 —275 —3.6
Gd,Rh;Sis 8.1 1.9x10°% 7.89 7.94 -153 -

Tb,RhSis 7.5,8 —7.2x10°° 10.22 9.72 —17.95 —0.7
Dy,Rh,Sis 4,8.6 —8.9x10* 10.59 10.65  1.25—0.65
Ho,h;Sis 3 -5x10"% 1057 1061  0.77 -0.6
Er,RhSis 2.5 2x1072 11.95 959 12.8 —0.7
Tm,RhSis 1.5° —1.3x10° 754 756 —-598 -

aSuperconducting transition.

®No Curie-Weiss behavior. Strongly hybridized Ce system.
‘Polycrystalline sample shows superconductivity below 1.8 K with
a transition width of 0.8 K(Ref. 20.

were further supported by the nonlinelsr vs H behavior
below T,,*® without any significant hysteresiglata not
shown for brevity. A previous stud} indicated that antifer-
romagnetism is possible in many well-characterized samples
of this series. However, that study did not establish the bulk

Er, and Tm are shown in Fig. 3. The insets show the inverseantiferromagnetic ordering observed in this series. Some or-
ac susceptibility behavior of the samples at low temperaturelerings exhibit multiple magnetic transitions, which will be
in an ac field of 2 Oe. These insets clearly indicate an antidiscussed below in connection with heat-capacity studies. In
ferromagnetic ordering of magnetic rare earth compoundshese compounds tHe-R distance is estimated to be of the
with the exception of Ce-, Pr-, and Tm-based compoundsorder of 4 A. It is possible that théRudermann-, Kittel-,
The antiferromagnetic orderings of heavy-earth compound&asuya-Yosida (RKKY) interaction between the magnetic

30 T T
6.0 . Gd,Rh,Sig
50 [ m‘ﬁﬁw Dy,Rh,Sis
3 Ho,Rh,Si,
§eor Er,Rh,Si;
Sa0l Pi:'w.ﬂ Tm,RhSi;
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FIG. 3. \Variation of

250 300

inverse susceptibility (d4.) of
R,Rh;Sis (R=Gd, Dy, Ho, Er, and Tmseries in a field of 4 kOe
from 2 to 300 K. The inset show the low temperatureyadata of
R,Rh;Sis (R=Gd, Dy, Ho, and Ex.

R3* ions is responsible for the low-temperature ordering of
R spins. However, at these low temperatures, there is also a
possibility that dipole-dipole interactions can also contribute
to the observed antiferromagnetism. Microscopic investiga-
tions such as NMR are required to resolve this issue.

The  high-temperature  susceptibility — (100<R
<300 K) is fitted to a modified Curie-Weiss expression,
which is given by

B C
X=Xo+t m 1

Here x, is the temperature independent susceptibiléiym
of Pauli, Landau, and core susceptibilijie€ is the Curie
constant, and), is the Curie-Weiss temperature. The Curie
constaniC can be written in terms of the effective moment as

2
_ MeriX
8 1

@

where x is the concentration ofR®* ions (x=2 for
R,Rh;Sis). The values ofy,, C, 6,, and the experi-
mentally determined are given in Table Il. In most cases,
the estimated effective moment is found to be nearly equal to
the free ion moment of the magne®3" ion. In some cases,
the observation of slightly larget.¢s implies a contribution
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FIG. 4. Temperature dependence of the resistivip) ©f FIG. 5. Temperature dependence of resistivity) ( of

R,Rh;Sis (R=La, Ce, Pr, Nd, and Thfrom 2 to 300 K. The inset R,Rh;Sis (R=Gd, Dy, Ho, Er, and Tmfrom 2 to 300 K. The
shows the low-temperature data of R,Rh;Sis (R=La, Nd, and  inset shows the low-temperatusedata on an expanded scale. The
Tb) on an expanded scale. The solid lines are fits to the md@sieés ~ solid lines are fits to the modeisee the te3t

the tex}.

The optimum values of iyg anda are found given in Table

from the conduction electronffrom the Rh bangto the !ll. The low-temperature resistivity of some of the magnetic
rare-earth magnetic moment. Below 100 K, fhelata show rare-earth compounds showTa dependence, while others
a deviation from Curie-Weiss plot which could be due to theShow linear(Tb and Ho samplgsand cubic(Gd samplg
presence of crystal-field contributions. We have proposed geépendences which are not understood at present. The data
crystal-field scheme to account for this behavior, which willare fit in the temperature range from abdyeto about 30 K.
be described in Sec. IV. On the other hand, for nonmagnetic ,RiLSis and
Lu,Rh;Sis, we obtain a value oh=3, and this value ohf
agrees with the Wilson’'s-d scattering model, which pre-
dicted aT® dependence op(T) for transition metal alloys

The temperature dependence of the resistivity data of  below 6p/10, whered,, is the Debye temperature.
R,Rh;Sis (R=La, Ce, Pr, Nd, and Thare shown in Fig. 4. At high temperatures (100 KT<300 K), thep data
Similar data for the rest of the compoun@= Gd, Dy, Ho,  significantly deviate from the linear temperature dependence.
Er, and Tm are shown in Fig. 5. The insets show the low- Such a deviation from linear temperature dependence at high
temperaturep data on an expanded scale. Thedata of
samples containing heavy-rare earth elemeigxcept TABLE Ill. Parameters obtained from the low-temperature re-
Tm,Rh;Sis) and NgRh;Sis show a change of slope near the sistivity fit in R,Rh,Sis.
temperature, where magnetic ordering is expected based en

2. Resistivity studies

susceptibility studies. On the other hand, a similar slope sample Po a n Range
change inp is not observed in L&Rh;Si;, Ce,Rh;Sis and uwQ cm  nQ cm/K" (K)
Tm,Rh;Sis. La,Rh;Sis is a superconductor with & -
=4.4 K. Thisis in accord with th&, value obtained frony ~ L2RMSis 24.11 0.16 3 5-30
data. CeRh;Sis behaves as a nonmagnetic system, whereaS®&RhsSis 19.1 0.221 3 2-30
Tm,Rh;Sis does not order down to 1.8 K. A recent study P2RMSis 122.0 15.21 15  2-30
showed the presence of superconductivity and antiferromag¥dzRhsSis 28.95 15.40 20  4-30
netism below 1.7 K in polycrystaline samples of GtRSis 47.9 0.12 3 9-30
Tm,Rh;Sis. 2° However, studies on single-crystal samplesTb,Rh;Sis 21.09 487.6 1.0 9-30
are essential to establish this result. In the paramagnetic stafy,Rh;Sis 18.4 6.49 2 9-30
(T,<T<25 K), the temperature dependencepodf all the  Ho,Rh;Sis 120.6 232.6 1 5-30
samples could be fit to a power law which can be written a€r,Rh;Sis 15.3 34.8 1.5 4-30
Tm,Rh;Sis 17.5 257.0 1 2-30
Lu,RhsSis 57.3 0.04 3 2-30
p=po+aT’. 3
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temperatures has been seen in many alloys where saturation TABLE IV. Parameters obtained from the parallel resistor
is attributed to the high value gf of these alloys at these model fit in R;Rh;Sis.

temperatures. It occurs because the mean free path becontes
short, on the order of few atomic spacings. When this hap-Sample Pmax p1 c ) Range 6p?
pens, the scattering cross section will no longer be linear in € cm u) cm K K K
the scattering perturbation. Since the dominant temperatur

. . . .eL_a Rh;Si 224.43 14.1 850 332 100-300 338
dependent scattering mechanism here is electron-phonon ip-> hsSls

teractionp will no longer be proportional to the mean-square PRGSE - 503 112 645 132 100-300 335
atomic dﬁi)splacemeng whicr? ispproportional Tofor a hgr- NdthS? 1212 5 23'32 fﬁé ig'z 1133_2%2 3_52
monic potential. Instead, the resistance will rise less rapidl SQR h38_'5 348. 61'6 626 667. 100 _300 .
than linearly in T and will show a negative curvature _2 hSis : N

(d2p/dT?<0). This behavior was also seen in previous studDY2RMSs  505.7 21.3 626.24 389.4  100-300 403

ies on silicides and germanidé]SZZ Ho,Rh;Sis  963.2 20.68 560.3 279.9 100-300 477
One of the models which describe th€T) of these com- ErZRhEvSiS_ 5736 27.51  860.5 455.23 100-300 -
pounds is known as the parallel resistor mddeln this =~ TM2RhSis  496.5 261 605.3 359.15 100-300 430

model the expression f(T) is given by Calculated from heat capacity data.

1 1 1 . . .
= + , (4) However, both ThRh;Sis and DyRh;Sis show multiple
p(T)  pi(T)  pmax magnetic transitions in the heat-capacity data. A double tran-
. . L . it ; . :
wherepais a saturation resistivity which is independent of Sition was also seen in Fbe;Sis.” From these observations,
temperature, ang,(T) is the ideal temperature-dependentWe conclude that compounds undergoing magnetic transi-
resistivity. Further, the ideal resistivity is given by the ex- tions exhibit bulk antiferromagnetic ordering. The magnetic

pression contribution to the heat capacity of various compounds
(which are obtained after subtracting the measCgdlata
T\3 fooim Bdx from that of LgRh;Sis) are shown .in Fig;. 8,9, 10, 11. '_I’he
p1(T)=po+C; _) j b , estimated entropy from the experiment is also shown in the
Op) Jo [1—exp(—x)][expx)—1] same figure. The increase in the entropy at high temperatures
(5  (T>20 K) signifies a contribution from crystal-field effects
wherep(0) is the residual resistivity, and the second term i all samples except th"?‘t Of. La and Gd. An exact calculat|o_n
due to phonon-assisted electron scatterisg (scattering OT .the (_:rystal—ﬁeld. cont.r|but|on to the entropy and suscepti-
similar to thes-d scattering in transition-metal alloys where bility will be described in Sec. IV.
x=hwpl2wkgT, 6p is the Debye temperature, a@d is a

numerical constant. Equatio@) can be derived if we as- 60 ' ‘
sume that the electron mean free péatis replaced byl o NdRh,Si;
+a (a being an average interatomic spadin§uch an as- = Tb,RhSi;
sumption is reasonable, since infinitely strong scattering car s Pr,Rh,Si;

only reduce the electron mean free pathatoChakraborty v  Ce,Rh,Si;

and Allerf* made a detailed investigation of the effect of
strong electron-phonon scattering within the framework of 40 [
the Boltzmann transport equation. They found that the inter-g
band scattering opens up “nonclassical channels” which ac-g
count for the parallel resistor model. The values of the pa-&
rameters such ag,.x and 6p are listed in Table IV from 6&
fitting the resistivity data to the above equations in the range

100-300 K. 20

B. Heat-capacity studies onR,Rh;Sis

The temperature-depende@f, data from 2 to 35 K of
R,Rh;Sis (R=Ce, Pr, Nd, and Tpare shown in Fig. 6.
Similar data for the rest of the compound?®= Gd, Dy, Ho, 0 adiarer
Er, Tm, and La are shown in Fig. 7. The insets show the 0 5 10
low-temperatureC, data. The large jumps at the respective
Ty's clearly show bulk magnetic ordering of many com-
pounds containing magnetic rare-earth elements except FiG. 6. Plot of the heat capacityCf) vs temperatureT) of
Ce,Rh;Sis, PRLR;Sis, and TmR;Sis. The ordering tem-  R,Rh,Si; (R=Ce, Pr, Nd, and Tbfrom 2 to 40 K. The inset
peratures obtained from heat-capacity measurements are $hows the low temperatuf®, data on an expanded scale. The solid
accord with those obtained fronpg and p measurements. lines are fits to the modelsee text

15 20 25 30
Temperature (K)
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FIG. 7. Plot of the heat-capacityCf) vs temperaturdT) of FIG. 9. Plot of the magnetic contribution to the heat capacity
R,Rh;Sis (R=Gd, Dy, Ho, Er, Tm and Lafrom 2 to 40 K. The  (C_) vs T of R,Rh,Sis (R=Ce and Pr from 2 to 35 K. The

inset shows the low temperatu@ data on an expanded scale. The calculated entropy from the experiment is shown in the same figure.
solid lines are guides to the eysee the tejt The solid lines are guides to the eye.

IV. DISCUSSION AND ANALYSIS Ce ion, or due to the presence of microcracks in the sample.

. L The low-temperature resistivityT(<T<30 K) of some of
From seen in Table Ill, most samples have resistivity val- P TG )

ues typical of rare-earth compounds at low temperature e>{nhe compounds containing heavy rare-earth magnetic ele-
C i T h 2 D N ing th
cept for CeRh;Sis. This is probably due to the inherent ents shows * dependencéDy and Nd, suggesting the

o 3° - dominance of spin fluctuations. However, it is surprising that
contribution arising from the strongly hybridized state of thethe low-temperature resistivity of compounds having the

30

30 T T T
s Ho,Rh,Si //‘/
< 20 20}
° X
S
> %
- N
£ 2
O 10 o 10 |
0 e i I I ] ] 0 . ) . .
0 5 10 15 20 25 30 0 5 10 15 20 25
Temperature (K) Temperature (K)

FIG. 8. Plot of the magnetic contribution to the heat capacity FIG. 10. Plot of the magnetic contribution to the heat capacity
(Cm) vs T of R,Rh;Sis (R=Nd and ThH from 2 to 35 K. The (C,) vs T of R,Rh;Sis (R=Ho, Er, and Tm from 2 to 35 K. The
calculated entropy from the experiment is shown in the same figurecalculated entropy from experimental data is shown in the same
The solid lines are guides to the eye. figure. The solid lines are guides to the eye.
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50

‘ T T data for most of the compoundsxcept La and Dy One of
o Gd,RhSi; the reasons for this could be due to an anharmonic contribu-
= Dy,Rh,Si; tion which is not considered in the parallel resistor model.
The values ofp,,,.x @lSo vary considerably across the series.
More investigations are clearly needed here in order to un-
derstand the transport properties of these compounds. The
values of the ordering temperatuflg,, entropy S(T,)/R,
J,In(2J+1), andS(30K)/R are given in Table V. We now
turn our attention to some of the systematic trends observed
in these data. We find a single magnetic transition in
Nd,RhsSis, Gd,RhsSis, Ho,Rh:Sis, and EpRh;Sis,
whereas ThRh;Sis and Dy,Rh;Sis show double transitions.
In general, the antiferromagnetic ordering temperaiyyés
given by

40 -

30

Cp:S m(W/mol K)

2

KAL) 2
:EJsf(gJ_ 1)2J(J+1)

TN: 0p

0 5 10 15 20 25 X >, F(2KeRo)cogko Rop)  (6)
Temperature (K) 140

, o _ whereEg is the Fermi energyls is the exchange integral,
CF'G' 1T1' f'gtsf tg_e msg_nGegc c;]%ntgbuftruopntg tthe3h5eal1<t C?Eac'tyko is the propagation vector of spinRg; is the distance
(Crm) vs T of RoRI:Ss (R= a y fro <t - "€ petween the central i0® with its i nearest neighbors, anmd
calculated entropy from the experimental data is shown in the same . . .
. o . IS the density of conduction electrons(x) is the RKKY
figure. The solid lines are guides to the eye.

interaction, and is given by

highestT,’s (Gd and Tbh have different power-law behav- [sin(x) —x cogX)]
iors. The low temperaturp of Gd,Rh;Sis shows aT® de- F(x)= 2 :
pendence, whilep’s of Th, Ho, and Tm samples show a

linear T behavior. We understand neither thé dependence This implies that the magnetic ordering temperatures for a
nor the mechanism for linear behavior. It is worthwhile to series of isostructural and isoelectronic metals are expected
recall here that a similar linear dependence was seen ito scale asq;— 1)?J(J+1), whereg; is the Lande factor
Rs0s,Gey, sampleg??® Although we could fit the high- andJis the total in this case. The dashed line is obtained by
temperature dependence @fto the parallel resistor model similar normalization to the observed ordering temperature
(see Table 1Y successfully, thedy values obtained from of Gd,Rh;Sis, and gives the ordering temperatures for the
such fits do not agree with those obtained from heat-capacitgase wherd is a good quantum number. From Fig. 12, it is

()

TABLE V. Parameters obtained from the specific-heat measuremdryRin;Sis.

Sample To(K) S(Ty)/R J In(2J+1) S(30 K)/R B3
Ce,Rh;Sig - - ; 1.79 0.24 -
Pr,Rh;Sis - - 4 2.079 2.10 300
Nd,Rh;Sis 2.7 0.27 g 2.302 0.78 330
Gd,Rh,Sis 8.5 1.62 ; 2.079 2.045 -
Thb,Rh;Sis 7.8,84 0.72 6 2.565 0.96 150
Dy,Rh;Sis 3.77, 8.76 0.66 175 2.773 1.45 210
Ho,Rh;Sis 3 0.60 8 2.833 1.9 200
Er,Rh,Sis 2.6 0.18 ? 2.773 1.44 —-300
Tm,Rh;Sis - - 6 2.56 - -

064514-7



RAMAKRISHNAN, PATIL, CHINCHURE, AND MARATHE PHYSICAL REVIEW B 64 064514

A. Crystal-field analysis

The low-temperature heat-capacity and magnetic suscep-
tibility data show strong influences of magnetic interaction.
The entropy calculated from the heat-capacity measurements
and the reduction in the magnetic susceptibility also show
that there is considerable effect of CEF’'s in these com-
pounds. We have analyzed the experimental results by taking
into account both CEF and magnetic interaction.

The Hamiltonian of a system consisting of spin-orbit cou-
pling, crystalline electric field, Zeeman and exchange field
terms,

Th (K)

H=NL-S+H+BH- (L+2S) + Hey, 9

is diagonalized within the substates arising from the all low-
est multiplets ofR** (R=Pr, Nd, Tb, Dy, Er, and Hpto
obtain the energy and eigenfunctions of respective ions.
In R,Rh;Sis compoundsR3* ions occupy only one site
T in the orthorhombic YCo,;Sis-type crystal structure which
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm belongs tolbam space group. In the orthorhombic symme-
Element try, the crystal-field effects dfelectrons are characterized by
nine parameters. However, the limited experimental data pre-
FIG. 12. Plot of the ordering temperatures of the compounds of/ented us from an independent unambiguous determination
the seriesR,Rh,Sis (R=Gd, Tb, Dy, Ho, and Br The dashed of all the crystal-field parameters. In order to keep the num-
lines represent a scaling law where only the spin quantum nuBiber her of parameters to a bare minimum, we retained only
is used, whereas the solid lines are for a scaling law using totadecond-order axial and rhombic crystal-field terms. We also
quantum numbed (de Gennes scaling; see the text for defails 555 med that the structure adopted by heavy rare compounds

id hat th deri f th q dof this series can be approximately assumed to be ortho-
evident that the ordering temperature52 of the compounds fhombic, since the real structure J@o0;Sis has only a small
not follow the de Gennes scaling{—1)-J(J+1). The fact monoclinic distortion

Fhat.many of them QO .not fO”.OW the (.je Genffescaling . The crystal-field Hamiltonian in terms of tensor operators,
implies that the main interaction leading to the magnetic~(n o ar retaining only these terms, can be writteff as
transitions in this series is not RKKY interaction. All com- ~™ ' '

pounds(except Pr containing the magnetic rare-earth ele-

ments approximately show an entropy changeRdfh 2 at H.=B3>, CP(i)+B3>, CPAi) (10)
T,, which implies a doublet ground state. Large contribu- : !

tions from crystalline electric fieldsCEF’s) are evident since whereCk(a,d;) are defined by

the full entropy is not released at 35 K in all compounds i

except in the case of GRh;Sis where there is no CEF con-

tribution. It is well known that the crystalline electric fields C';(a,d)):
can influence the magnetic transition temperatuaad that

this could, in principle, account for the difference betweenand where Yiq(0.¢) are spherical harmonics of the

the observed data and the de Gennes scaling. If we add CEfelectrons. Thu$3 and B2 determine the strength of the
terms to the exchange Hamiltonian, one can write an expregyystal field due to axial and rhombic distortion.

2K+1

A 1/2
) qu( 01¢)1

sion for the transition temperature as We observed that the quality of fit to the Schottky
) ) 00 anomaly is poornearTy) in these compounds, because of

- _ZG(QJ_ 1) EJZ‘]Z exp(—3B3J;/Ty) ® magnetic correlations which persist even above the magnetic

N EJZ[eXFi—3BgJ§/TN)] ordering temperatures. These short-range correlations result

in an additional parameter, which is not included in our

whereG is the exchange constant for thé dtoms, and5is ~ model. Our model can explain the data only in the paramag-
the crystal-field parameter. Since Gd is &state ion, its €tic region. Moreover, in some compounds such as
ordering temperature can be used to fix the value of the exNd;RhsSis, we found that theB3 parameter was negligible
change constant. We find that the calculated valudg,aire ~ compared to th@®3 parameter. Therefore, in our final analy-
closer to the observed values,) if one uses thd®) values  sis, we neglected the effect &5. ThusBj is a single pa-
from CEF analysis—except for the h&h;Sis sample where rameter which could determine the strength of the crystalline
we find 6,~T,. Hence it is clear, that despite the presenceelectric field. We obtained reasonable fit to the total entropy
of CEF effects, the discrepancy between the obsefyeahd ~ of the magnetic heat capacities B,Rh;Sis (R=Pr, Nd,
that found from de Gennes scaling cannot be solely due tdb, Dy, Er, and Hp. The values o83 are given in Table V.
CEF’s. In all the compoundgexcept Pt"), we found that the best

064514-8
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FIG. 13. Plot of the magnetic contribution to the entrof84X
vs T of R,Rh;Sis (R=Ho, Er, Pr, and Thfrom 2 to 40 K. The

10 15 20 25
Temperature (K)

solid lines are fits to the CEF model.

100

50

NERbSi

— CEFfit

Temperature (K)

FIG. 15. Plot of the magnetic contribution to the heat capacity
(Cr) vs T of Nd,Rh;Sis from 2 to 30 K. The calculated and ex-
perimental entropy values are shown in the same figure. The solid
lines are fits to the CEF model. The proposed crystal-field scheme
for Nd,Rh;Sis is also shown.

fit was obtained for the crystal field parame&%which led

to M;==*J as the ground state; however, in,Rh;Sis the
best fit was obtained wittvi ;=0 as the ground state. This
led to a positive value oBS for all compounds except
Er,Rh;Sis. The calculated and experimental magnetic entro-

2y s pies of R,Rh;Sis (R=Pr, Tb, Dy, Er, and Hpcompounds
’ o are shown in Fig. 13t is clearly understood from the analy-
6 ] sis that the magnetic susceptibility as well as heat-capacity
data could not have been fitted at all without consideration
-~ 12 of crystal-field effectsSince the crystal-field parameters are
o drastically truncated, the fits give only approximate values of
E 6 Bg. For a quantitative comparison, one needs inelastic
o neutron-scattering data.
g 10 The temperature dependence of the experimental mag-
=~ netic susceptibilities o0R,Rh;Si5 in the entire range of tem-
'= 5 perature 5-300 K is shown in Fig. 14. The exchange inter-

[y
o

100
50

 Pr,Rh,Si

— CEFfit

150 200 250 300

Temperature (K)

action, in the molecular field framework above the Neel
temperature, is given by
Heoy=—22XS)-S. (12)

Herez is the number of nearest equivalent neighbors inter-
acting with the exchange interactidnand(S) is the expec-
tation value of the spin operat@ An iterative procedure
were used to calculat€S) self-consistently. The details of
this procedure were discussed by Marathe and Mtra.

We have fixed the crystal-field parametﬁﬁ obtained
from an analysis of the heat-capacity data, and varied the

FIG. 14. Variation of the inverse susceptibility 1) of  €xchange parameter] so as to obtain the best fit to the
R,Rh;Sis (R=Pr, Nd, Dy, Er, Ho, and Thseries in a field of 4 experimentally observed magnetic susceptibility data. The
kOe from 20 to 300 K. The solid lines are fits to the model based orcalculated magnetic susceptibility agrees very well with the
the proposed crystal-field scheme. experimentally observed data BfRh;Sis (R=Nd, Tb, Dy,

064514-9
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Er, and Ho in the entire paramagnetic region. The fitted Single-crystal studies are useful in this case, and efforts to
values ofzJ for various R,Rh;Sis compounds are given in grow them are in progress.

Table IV. For Pr, we observe a singlet ground state. The

calculated and experimentally observed susceptibilities are V. CONCLUSION

shown in Fig. 14. A tentative crystal-field scheme for one of

fahs?ir;ae:teegaer:tlrssgnslneds r%lj&nselfiéscizg\i,l\gzt:gn':tlg. tﬁg.h-gz c ing in many compounds of the senéQRh38|5 containing
pacity are also shown in the same figure 6}ﬂagnetlc rqre—earth elements below 10_ K with the exception
' of Ce,Rh;Si5, PLRh;Sis, and TmRh;Sis. Some of these
_ ) o _ _ exhibit multiple magnetic transitions. The nonmagnetic
B. Multiple magnetic ordering in Tb ,Rh;Sis and Dy,Rh3Sig sample LaRh;Sis shows bulk superconductivity at 4.4 K,
The multiple transitions observed in JRhSis and  whereas LuRh;Sis remains normal down to 1.7 K. This is in
Dy,Rh;Sis probably imply a typical second-order transition contrast to the LyF&;Sis compound, that shows supercon-
followed by a first-order transition which occurs at low tem- ductivity below 6 K. The magnetic ordering temperatures of
peratures due to successive spin reorientation effects. TH&Rh;Sis are similar in magnitude with respect to those be-
slope dx/dT) changes in the magnetization data at this trandonging to theR,Fe;Sis system, even thougR-R distances
sition, and is in agreement with the suggestion of a first-ordeare 10% of the former in the latter case. We suggest that the
transition. However, at present, this is only a conjectureR-R distances are large enough so that the exchange interac-
which has to be verified by direct microscopic techniquedion between the magnetic rare-earth atom and the conduc-
such as neutron-scattering measurements or magnetic x-réign electrons is weak. This is why antiferromagnetic order-
scattering. In the case off4systems, there is also a large ing temperatures ifR,Rh;Sis and R,Fe;Sis (Ref. 8 series
spin-orbit coupling due to the orbital contribution to the are quite low. Although we could fit the high-temperature
magnetic moment is only partially quenched by the crystaldependence gj to the parallel resistor modésee Table Il
field. This means, due to the highly directional nature of thesuccessfully, thedp values obtained from such fits do not
4f orbitals, that the exchange between tivions may be agree with those obtained from heat-capacity data for many
expected to contain certain anisotropic terms which dependompounds belonging to thB,Rh;Sis series. One of the
on the angles between the magnetic moments and the crysauses of this could be an anharmonic contribution which is
tallographic axes as well as on the relative angle between theot considered in the parallel resistor model. The values of
magnetic moment vectors. The presence of such anisotropjg, ., also vary considerably across the series. More studies
interactions were demonstrated in Refs. 30 and 31. This arare clearly warranted here to understand the transport prop-
isotropic interaction causes a canting of the local momenterties of these compounds. A crystal-field model is proposed
only if the total symmetry is the same in canted and uncantetb account for the contribution to the magnetic entropy and
states. The canting angle is usually of the order of the ratio o$usceptibility of magnetic-rare-earth samples of this series.
the anisotropic to isotropic exchange interaction. Such &he unusual multiple transitions observed in,Rb;Sis
theory could in principle, account for multiple transitions in and DyRh;Sis deserve further studies, preferably on single
systems wherd.#0, such as TfRh;Sis and DyRh;Sis.  crystals.

To conclude, we have observed antiferromagnetic order-
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