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Magnetism and crystal-field effects in theR2Rh3Si5 „RÄLa, Ce, Pr, Nd, Tb,
Gd, Dy, Er, Ho, and Tm… system

S. Ramakrishnan, N. G. Patil, Aravind D. Chinchure, and V. R. Marathe
Tata Institute Of Fundamental Research, Mumbai-400005, India

~Received 1 September 2000; revised manuscript received 19 January 2001; published 23 July 2001!

It is demonstrated through detailed studies that compounds belonging to theR2Fe3Si5 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 relatedR2Rh3Si5 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 fields~CEF’s! to the
bulk properties of all magnetic rare-earth compounds. We also propose a model to account for this CEF
contribution.
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I. INTRODUCTION

Ternary silicides, which form in a variety of crystal stru
tures, have led to a large number of studies due to t
remarkable physical properties.1,2 Some of these also un
dergo superconducting transitions at low temperature3,4

Considerable work has been done to understand the su
conductivity and magnetism exhibited by compounds
longing to theR2Fe3Si5 system.5–8 In this family the Fe
atoms do not carry any moment but help in building a la
density of states at the Fermi level.9 It is now well estab-
lished that a member of this series, namely, Tm2Fe3Si5 ,10 is
the first reentrant antiferromagnetic superconductor. A rec
report suggested that an antiferromagnet Er2Fe3Si5 ~Ref. 11!
~below 2.5 K! becomes superconducting below 1 K, where
an earlier heat-capacity study8 indicated quadruple magneti
transitions without any superconductivity down to 1.5 K
this system. On the other hand, very few studies have b
made of theR2Rh3Si5 series, whose structure is closely r
lated to that ofR2Fe3Si5 compounds. In particular, we ar
aware of only three reports on the superconductivity a
magnetism ofR2Rh3Si5 series.12–16Although both iron sili-
cides and rhodium silicides are derived from a BaAl4-type
structure, the former form in a tetragonal structure~space
group P4/mnc) while the latter exist in an orthorhombi
structure~space groupIbam). Since the compounds belong
ing to R2Fe3Si5 series exhibit unusual superconducting a
exotic magnetic properties, it will be worthwhile to study th
magnetic ordering and superconductivity in theR2Rh3Si5
family. Earlier, a brief account of susceptibility and hea
capacity studies of some of compounds was reported.17 In
this study, we report our detailed resistivity, susceptibili
magnetization, and heat-capacity measurements onR2Rh3Si5
alloys. Furthermore, we provide a crystal-field scheme to
count for the temperature dependence of the susceptib
and entropy above the magnetic transition temperature
served in compounds containing magnetic rare-ea
systems—except for Ce2Rh3Si5 which is a well-established
strongly hybridized nonmagnetic system. The paper is o
nized as follows. Section II describes the experimental
0163-1829/2001/64~6!/064514~11!/$20.00 64 0645
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tails, and Sec. III deals with results. A detailed discussion
the results is presented in Sec. IV, and Sec. V concludes
study.

II. EXPERIMENTAL DETAILS

Samples ofR2Rh3Si5 (R5La and Lu! were made by
melting the individual constituents~taken in stoichiometric
proportions! in an arc furnace under a high-purity argon a
mosphere. The purity of the rare-earth elements and Rh
99.9%, whereas the purity of Si was 99.999%. The al
buttons were remelted 5–6 times to ensure proper mix
The samples were annealed at 900 °C for a week. The x
powder diffraction pattern of the samples did not show
presence of any parasitic impurity phases. The depende
of the lattice constantsa, b, and c in seriesR2Rh3Si5 is
shown in Table I. The unit cells of the orthorhombic structu
(U2Co3Si5, space groupIbam) are shown in Fig. 1. Both
R2Fe3Si5 andR2Rh3Si5 are derived from BaAl4-type struc-
tures.R2Fe3Si5 forms in a tetragonal structure in which tw
different sets of Fe sites form chains along the@001# direc-
tion @Fe~2!# and isolated squares parallel to the ba

TABLE I. Lattice parameters obtained from the powder x-r
diffraction pattern of samples of seriesR2Rh3Si5.

Sample a b c
(Å) (Å) (Å)

La2Rh3Si5 10.006.005 11.966.005 5.886.005
Ce2Rh3Si5 9.896.005 11.876.005 5.826.005
Pr2Rh3Si5 9.886.005 11.856.005 5.806.005
Nd2Rh3Si5 9.876.005 11.836.005 5.786.005
Gd2Rh3Si5 9.866.005 11.816.005 5.776.005
Tb2Rh3Si5 9.856.005 11.796.005 5.766.005
Dy2Rh3Si5 9.846.005 11.776.005 5.756.005
Ho2Rh3Si5 9.826.005 11.756.005 5.746.005
Er2Rh3Si5 9.806.005 11.7216.005 5.736.005
Tm2Rh3Si5 9.786.005 11.686.005 5.726.005
Lu2Rh3Si5 9.766.005 11.666.005 5.716.005
©2001 The American Physical Society14-1
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FIG. 1. Structure of the unit cell of the seriesR2Rh3Si5.
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plane@Fe~1!#. R2Rh3Si5 forms in an orthorhombic structur
where the arrangements of the@001# columns lead to a dif-
ferent coordination of the transition metal and of silico
Here two-thirds of the transition-metal atoms are surroun
by a deformed square pyramid of silicon atoms, and eac
the remaining transition-metal atoms is in the center o
silicon tetrahedron. The latter transition-metal atoms fo
chains along the@001# direction. The rare-earth atoms in th
R2Rh3Si5 structure form a distorted square net with distan
from 3.9 to 4.2 Å within the layers, and interlayer distanc
of 5.4–6.2 Å. The nearest rare-earth distances inR2Fe3Si5
is 3.7 Å. A small monoclinic distortion of the structur
R2Rh3Si5 (Lu2Co3Si5-type! is adopted by heavier rar
earths of theR2Rh3Si5 series.

The temperature dependence of the susceptibility (x) was
measured using the Faraday method in a field of 4 kOe
temperature range from 4 to 300 K. The ac susceptibility w
measured using a home built susceptometer18 from 1.5 to 20
K. The resistivity was measured using a four-probe dc te
nique, with contacts made using silver paint on a cylindri
06451
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sample of 2-mm diameter and 10-mm length. The tempe
ture was measured using a calibrated Si diode~Lake Shore
Inc., USA! sensor. The sample voltage was measured wi
nanovoltmeter~model 182, Keithley, USA! with a current of
25 mA using a 20-ppm stable~Hewlett Packard, USA! cur-
rent source. All the data were collected using an IBM co
patible PC/AT via an IEEE-488 interface. The heat capac
in zero field between 1.7 and 40 K was measured using
automated adiabatic heat pulse method. A calibrated ger
nium resistance thermometer~Lake Shore Inc, USA! was
used as a temperature sensor in this range.

III. RESULTS

A. Study of magnetism inR2Rh3Si5

1. Magnetic susceptibility studies

The temperature dependence of the inverse dc magn
susceptibility (1/xdc) of R2Rh3Si5 (R5La, Pr, Nd, and Tb!
series in a field of 4 kOe from 2 to 300 K is shown in Fig.
4-2
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Similar data for the rest of the compounds (R5Gd, Dy, Ho,
Er, and Tm! are shown in Fig. 3. The insets show the inve
ac susceptibility behavior of the samples at low tempera
in an ac field of 2 Oe. These insets clearly indicate an a
ferromagnetic ordering of magnetic rare earth compou
with the exception of Ce-, Pr-, and Tm-based compoun
The antiferromagnetic orderings of heavy-earth compou

FIG. 2. Variation of inverse susceptibility (1/xdc) of
R2Rh3Si5 (R5La, Nd, and Tb! series in a field of 4 kOe from 2 to
300 K. The inset show the low-temperature acx data of
R2Rh3Si5 (R5La, Nd, and Tb!.

FIG. 3. Variation of inverse susceptibility (1/xdc) of
R2Rh3Si5 (R5Gd, Dy, Ho, Er, and Tm! series in a field of 4 kOe
from 2 to 300 K. The inset show the low temperature acx data of
R2Rh3Si5 (R5Gd, Dy, Ho, and Er!.
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were further supported by the nonlinearM vs H behavior
below Tn ,19 without any significant hysteresis~data not
shown for brevity!. A previous study14 indicated that antifer-
romagnetism is possible in many well-characterized sam
of this series. However, that study did not establish the b
antiferromagnetic ordering observed in this series. Some
derings exhibit multiple magnetic transitions, which will b
discussed below in connection with heat-capacity studies
these compounds theR-R distance is estimated to be of th
order of 4 Å. It is possible that the~Rudermann-, Kittel-,
Kasuya-Yosida! ~RKKY ! interaction between the magnet
R31 ions is responsible for the low-temperature ordering
R spins. However, at these low temperatures, there is al
possibility that dipole-dipole interactions can also contribu
to the observed antiferromagnetism. Microscopic investi
tions such as NMR are required to resolve this issue.

The high-temperature susceptibility (100 K,T
,300 K) is fitted to a modified Curie-Weiss expressio
which is given by

x5x01
C

~T1up!
. ~1!

Here x0 is the temperature independent susceptibility~sum
of Pauli, Landau, and core susceptibilities!, C is the Curie
constant, andup is the Curie-Weiss temperature. The Cur
constantC can be written in terms of the effective moment

C5
me f f

2 x

8
, ~2!

where x is the concentration ofR31 ions (x52 for
R2Rh3Si5). The values ofx0 , C, up , and the experi-
mentally determinedTN are given in Table II. In most cases
the estimated effective moment is found to be nearly equa
the free ion moment of the magneticR31 ion. In some cases
the observation of slightly largerme f f implies a contribution

TABLE II. Parameters obtained from the high temperature s
ceptibility fit to the Curie-Weiss form inR2Rh3Si5 from 100 to 300
K. m th is the theoretical value andTN5up .

Sample Tn x0 me f f m th TN zJ
K emu/mol K mB mB K cm21

La2Rh3Si5 4.4a 1.731024 – – – –
Ce2Rh3Si5

b – – – 2.54 – –
Pr2Rh3Si5 – 2.631024 3.44 3.58 29.15 20.6
Nd2Rh3Si5 2.7 9.431024 3.49 3.62 22.75 23.6
Gd2Rh3Si5 8.1 1.931023 7.89 7.94 215.3 –
Tb2Rh3Si5 7.5, 8 27.231023 10.22 9.72 217.95 20.7
Dy2Rh3Si5 4, 8.6 28.931024 10.59 10.65 1.2520.65
Ho2h3Si5 3 2531023 10.57 10.61 0.77 –0.6
Er2Rh3Si5 2.5 231022 11.95 9.59 12.8 20.7
Tm2Rh3Si5 1.5c 21.331023 7.54 7.56 25.98 –

aSuperconducting transition.
bNo Curie-Weiss behavior. Strongly hybridized Ce system.
cPolycrystalline sample shows superconductivity below 1.8 K w
a transition width of 0.8 K~Ref. 20!.
4-3
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from the conduction electrons~from the Rh band! to the
rare-earth magnetic moment. Below 100 K, thex data show
a deviation from Curie-Weiss plot which could be due to t
presence of crystal-field contributions. We have propose
crystal-field scheme to account for this behavior, which w
be described in Sec. IV.

2. Resistivity studies

The temperature dependence of the resistivity (r) data of
R2Rh3Si5 (R5La, Ce, Pr, Nd, and Tb! are shown in Fig. 4.
Similar data for the rest of the compounds~R5 Gd, Dy, Ho,
Er, and Tm! are shown in Fig. 5. The insets show the lo
temperaturer data on an expanded scale. Ther data of
samples containing heavy-rare earth elements~except
Tm2Rh3Si5) and Nd2Rh3Si5 show a change of slope near th
temperature, where magnetic ordering is expected base
susceptibility studies. On the other hand, a similar slo
change inr is not observed in La2Rh3Si5 , Ce2Rh3Si5 and
Tm2Rh3Si5 . La2Rh3Si5 is a superconductor with aTc
54.4 K. This is in accord with theTc value obtained fromx
data. Ce2Rh3Si5 behaves as a nonmagnetic system, wher
Tm2Rh3Si5 does not order down to 1.8 K. A recent stud
showed the presence of superconductivity and antiferrom
netism below 1.7 K in polycrystalline samples
Tm2Rh3Si5. 20 However, studies on single-crystal sampl
are essential to establish this result. In the paramagnetic
(Tn,T,25 K), the temperature dependence ofr of all the
samples could be fit to a power law which can be written

r5r01aTn. ~3!

FIG. 4. Temperature dependence of the resistivity (r) of
R2Rh3Si5 (R5La, Ce, Pr, Nd, and Tb! from 2 to 300 K. The inset
shows the low-temperaturer data ofR2Rh3Si5 (R5La, Nd, and
Tb! on an expanded scale. The solid lines are fits to the models~see
the text!.
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The optimum values of n,r0 anda are found given in Table
III. The low-temperature resistivity of some of the magne
rare-earth compounds show aT2 dependence, while other
show linear~Tb and Ho samples! and cubic~Gd sample!
dependences which are not understood at present. The
are fit in the temperature range from aboveTN to about 30 K.
On the other hand, for nonmagnetic La2Rh3Si5 and
Lu2Rh3Si5, we obtain a value ofn53, and this value ofn
agrees with the Wilson’ss-d scattering model, which pre
dicted aT3 dependence ofr(T) for transition metal alloys
below uD/10, whereuD is the Debye temperature.

At high temperatures (100 K,T,300 K), the r data
significantly deviate from the linear temperature dependen
Such a deviation from linear temperature dependence at

FIG. 5. Temperature dependence of resistivity (r) of
R2Rh3Si5 (R5Gd, Dy, Ho, Er, and Tm! from 2 to 300 K. The
inset shows the low-temperaturer data on an expanded scale. Th
solid lines are fits to the models~see the text!.

TABLE III. Parameters obtained from the low-temperature
sistivity fit in R2Rh3Si5.

Sample r0 a n Range
mV cm nV cm/Kn ~K!

La2Rh3Si5 24.11 0.16 3 5–30
Ce2Rh3Si5 19.1 0.221 3 2–30
Pr2Rh3Si5 122.0 15.21 1.5 2–30
Nd2Rh3Si5 28.95 15.40 2.0 4–30
Gd2Rh3Si5 47.9 0.12 3 9–30
Tb2Rh3Si5 21.09 487.6 1.0 9–30
Dy2Rh3Si5 18.4 6.49 2 9–30
Ho2Rh3Si5 120.6 232.6 1 5–30
Er2Rh3Si5 15.3 34.8 1.5 4–30
Tm2Rh3Si5 17.5 257.0 1 2–30
Lu2Rh3Si5 57.3 0.04 3 2–30
4-4



at
e
om
ap
r
ur
n
re

id
e
d

of
n
x-

i

re

-

ca

of
o

te
a
pa

ng

e
ve
-

ce

re
.

an-
,
nsi-
tic
ds

e
the
ures
ts
ion
ti-

lid

or

8

2

3
7

0
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temperatures has been seen in many alloys where satur
is attributed to the high value ofr of these alloys at thes
temperatures. It occurs because the mean free path bec
short, on the order of few atomic spacings. When this h
pens, the scattering cross section will no longer be linea
the scattering perturbation. Since the dominant temperat
dependent scattering mechanism here is electron-phono
teractionr will no longer be proportional to the mean-squa
atomic displacement, which is proportional toT for a har-
monic potential. Instead, the resistance will rise less rap
than linearly in T and will show a negative curvatur
(d2r/dT2,0). This behavior was also seen in previous stu
ies on silicides and germanides.21,22

One of the models which describe ther(T) of these com-
pounds is known as the parallel resistor model.23 In this
model the expression ofr(T) is given by

1

r~T!
5

1

r1~T!
1

1

rmax
, ~4!

wherermax is a saturation resistivity which is independent
temperature, andr1(T) is the ideal temperature-depende
resistivity. Further, the ideal resistivity is given by the e
pression

r1~T!5r01C1S T

uD
D 3E

0

uD /T x3dx

@12exp~2x!#@exp~x!21#
,

~5!

wherer(0) is the residual resistivity, and the second term
due to phonon-assisted electron scattering (s-f scattering!
similar to thes-d scattering in transition-metal alloys whe
x5hvD/2pkBT, uD is the Debye temperature, andC1 is a
numerical constant. Equation~4! can be derived if we as
sume that the electron mean free pathl is replaced byl
1a (a being an average interatomic spacing!. Such an as-
sumption is reasonable, since infinitely strong scattering
only reduce the electron mean free path toa. Chakraborty
and Allen24 made a detailed investigation of the effect
strong electron-phonon scattering within the framework
the Boltzmann transport equation. They found that the in
band scattering opens up ‘‘nonclassical channels’’ which
count for the parallel resistor model. The values of the
rameters such as,rmax and uD are listed in Table IV from
fitting the resistivity data to the above equations in the ra
100–300 K.

B. Heat-capacity studies onR2Rh3Si5

The temperature-dependentCp data from 2 to 35 K of
R2Rh3Si5 (R5Ce, Pr, Nd, and Tb! are shown in Fig. 6.
Similar data for the rest of the compounds (R5Gd, Dy, Ho,
Er, Tm, and La! are shown in Fig. 7. The insets show th
low-temperatureCp data. The large jumps at the respecti
TN’s clearly show bulk magnetic ordering of many com
pounds containing magnetic rare-earth elements ex
Ce2Rh3Si5 , Pr2Rh3Si5, and Tm2Rh3Si5. The ordering tem-
peratures obtained from heat-capacity measurements a
accord with those obtained fromx and r measurements
06451
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However, both Tb2Rh3Si5 and Dy2Rh3Si5 show multiple
magnetic transitions in the heat-capacity data. A double tr
sition was also seen in Tb2Fe3Si5.8 From these observations
we conclude that compounds undergoing magnetic tra
tions exhibit bulk antiferromagnetic ordering. The magne
contribution to the heat capacity of various compoun
~which are obtained after subtracting the measuredCp data
from that of La2Rh3Si5) are shown in Figs. 8, 9, 10, 11. Th
estimated entropy from the experiment is also shown in
same figure. The increase in the entropy at high temperat
(T.20 K) signifies a contribution from crystal-field effec
in all samples except that of La and Gd. An exact calculat
of the crystal-field contribution to the entropy and suscep
bility will be described in Sec. IV.

FIG. 6. Plot of the heat capacity (Cp) vs temperature~T! of
R2Rh3Si5 (R5Ce, Pr, Nd, and Tb! from 2 to 40 K. The inset
shows the low temperatureCp data on an expanded scale. The so
lines are fits to the models~see text!.

TABLE IV. Parameters obtained from the parallel resist
model fit in R2Rh3Si5.

Sample rmax r1 C uD Range uD
a

mV cm mV cm K K K

La2Rh3Si5 224.43 14.1 850 332 100–300 33
Pr2Rh3Si5 503 112 645 132 100–300 335
Nd2Rh3Si5 1010 25.46 592 247.5 100–300 –
Gd2Rh3Si5 612.2 67.45 1118 469.2 100–300 35
Tb2Rh3Si5 348 61.6 626 667 100–300 558
Dy2Rh3Si5 505.7 27.3 626.24 389.4 100–300 40
Ho2Rh3Si5 963.2 20.68 560.3 279.9 100–300 47
Er2Rh3Si5 573.6 27.51 860.5 455.23 100–300 –
Tm2Rh3Si5 496.5 261 605.3 359.15 100–300 43

aCalculated from heat capacity data.
4-5
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IV. DISCUSSION AND ANALYSIS

From seen in Table III, most samples have resistivity v
ues typical of rare-earth compounds at low temperature
cept for Ce2Rh3Si5. This is probably due to the inheren
contribution arising from the strongly hybridized state of t

FIG. 7. Plot of the heat-capacity (Cp) vs temperature~T! of
R2Rh3Si5 (R5Gd, Dy, Ho, Er, Tm and La! from 2 to 40 K. The
inset shows the low temperatureCp data on an expanded scale. Th
solid lines are guides to the eye~see the text!.

FIG. 8. Plot of the magnetic contribution to the heat capac
(Cm) vs T of R2Rh3Si5 (R5Nd and Tb! from 2 to 35 K. The
calculated entropy from the experiment is shown in the same fig
The solid lines are guides to the eye.
06451
l-
x-

Ce ion, or due to the presence of microcracks in the sam
The low-temperature resistivity (Tn,T,30 K) of some of
the compounds containing heavy rare-earth magnetic
ments shows aT2 dependence~Dy and Nd!, suggesting the
dominance of spin fluctuations. However, it is surprising th
the low-temperature resistivity of compounds having t

y

e.

FIG. 9. Plot of the magnetic contribution to the heat capac
(Cm) vs T of R2Rh3Si5 (R5Ce and Pr! from 2 to 35 K. The
calculated entropy from the experiment is shown in the same fig
The solid lines are guides to the eye.

FIG. 10. Plot of the magnetic contribution to the heat capac
(Cm) vs T of R2Rh3Si5 (R5Ho, Er, and Tm! from 2 to 35 K. The
calculated entropy from experimental data is shown in the sa
figure. The solid lines are guides to the eye.
4-6
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highestTn’s ~Gd and Tb! have different power-law behav
iors. The low temperaturer of Gd2Rh3Si5 shows aT3 de-
pendence, whiler ’s of Tb, Ho, and Tm samples show
linear T behavior. We understand neither theT3 dependence
nor the mechanism for linear behavior. It is worthwhile
recall here that a similar linear dependence was see
R5Os4Ge10 samples.22,25 Although we could fit the high-
temperature dependence ofr to the parallel resistor mode
~see Table IV! successfully, theuD values obtained from
such fits do not agree with those obtained from heat-capa

FIG. 11. Plot of the magnetic contribution to the heat capac
(Cm) vs T of R2Rh3Si5 (R5Gd and Dy! from 2 to 35 K. The
calculated entropy from the experimental data is shown in the s
figure. The solid lines are guides to the eye.
06451
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data for most of the compounds~except La and Dy!. One of
the reasons for this could be due to an anharmonic contr
tion which is not considered in the parallel resistor mod
The values ofrmax also vary considerably across the serie
More investigations are clearly needed here in order to
derstand the transport properties of these compounds.
values of the ordering temperatureTn , entropy S(Tn)/R,
J, ln(2J11), andS(30K)/R are given in Table V. We now
turn our attention to some of the systematic trends obser
in these data. We find a single magnetic transition
Nd2Rh3Si5 , Gd2Rh3Si5 , Ho2Rh3Si5, and Er2Rh3Si5,
whereas Tb2Rh3Si5 and Dy2Rh3Si5 show double transitions
In general, the antiferromagnetic ordering temperatureTn is
given by

TN5up5
3pn2

kBEF
Js f

2 ~gJ21!2J~J11!

3(
i 5” 0

F~2kFROi!cos~ko•ROi! ~6!

whereEF is the Fermi energy,Js f is the exchange integral
ko is the propagation vector of spins,ROi is the distance
between the central ionO with its i nearest neighbors, andn
is the density of conduction electrons.F(x) is the RKKY
interaction, and is given by

F~x!5
@sin~x!2x cos~x!#

x4
. ~7!

This implies that the magnetic ordering temperatures fo
series of isostructural and isoelectronic metals are expe
to scale as (gJ21)2J(J11), wheregJ is the Landeg factor
andJ is the total in this case. The dashed line is obtained
similar normalization to the observed ordering temperat
of Gd2Rh3Si5, and gives the ordering temperatures for t
case whereJ is a good quantum number. From Fig. 12, it

y

e

TABLE V. Parameters obtained from the specific-heat measurement inR2Rh3Si5.

Sample Tn(K) S(TN)/R J ln(2J11) S(30 K)/R B0
2

Ce2Rh3Si5 – –
5

2
1.79 0.24 –

Pr2Rh3Si5 – – 4 2.079 2.10 300

Nd2Rh3Si5 2.7 0.27
9

2
2.302 0.78 330

Gd2Rh3Si5 8.5 1.62
7

2
2.079 2.045 –

Tb2Rh3Si5 7.8, 8.4 0.72 6 2.565 0.96 150

Dy2Rh3Si5 3.77, 8.76 0.66
15

2
2.773 1.45 210

Ho2Rh3Si5 3 0.60 8 2.833 1.9 200

Er2Rh3Si5 2.6 0.18
15

2
2.773 1.44 2300

Tm2Rh3Si5 – – 6 2.56 – –
4-7
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evident that the ordering temperatures of the compound
not follow the de Gennes scaling (gJ21)2J(J11). The fact
that many of them do not follow the de Gennes26 scaling
implies that the main interaction leading to the magne
transitions in this series is not RKKY interaction. All com
pounds~except Pr! containing the magnetic rare-earth el
ments approximately show an entropy change ofR ln 2 at
Tn , which implies a doublet ground state. Large contrib
tions from crystalline electric fields~CEF’s! are evident since
the full entropy is not released at 35 K in all compoun
except in the case of Gd2Rh3Si5 where there is no CEF con
tribution. It is well known that the crystalline electric field
can influence the magnetic transition temperature27 and that
this could, in principle, account for the difference betwe
the observed data and the de Gennes scaling. If we add
terms to the exchange Hamiltonian, one can write an exp
sion for the transition temperature as

TN5
2G~gJ21!2SJz

Jz
2 exp~23B2

0Jz
0/TN!

SJz
@exp~23B2

0Jz
2/TN!#

~8!

whereG is the exchange constant for the 4f atoms, andB2
0 is

the crystal-field parameter. Since Gd is anS-state ion, its
ordering temperature can be used to fix the value of the
change constant. We find that the calculated values ofTN are
closer to the observed values (Tn) if one uses theB2

0 values
from CEF analysis—except for the Nd2Rh3Si5 sample where
we find up'Tn . Hence it is clear, that despite the presen
of CEF effects, the discrepancy between the observedTn and
that found from de Gennes scaling cannot be solely du
CEF’s.

FIG. 12. Plot of the ordering temperatures of the compound
the seriesR2Rh2Si5 (R5Gd, Tb, Dy, Ho, and Er!. The dashed
lines represent a scaling law where only the spin quantum numbS
is used, whereas the solid lines are for a scaling law using t
quantum numberJ ~de Gennes scaling; see the text for details!.
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A. Crystal-field analysis

The low-temperature heat-capacity and magnetic sus
tibility data show strong influences of magnetic interactio
The entropy calculated from the heat-capacity measurem
and the reduction in the magnetic susceptibility also sh
that there is considerable effect of CEF’s in these co
pounds. We have analyzed the experimental results by ta
into account both CEF and magnetic interaction.

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

H5lLW •SW 1Hc1bHW •~LW 12SW !1Hex , ~9!

is diagonalized within the substates arising from the all lo
est multiplets ofR31 (R5Pr, Nd, Tb, Dy, Er, and Ho! to
obtain the energy and eigenfunctions of respective ions.

In R2Rh3Si5 compounds,R31 ions occupy only one site
in the orthorhombic U2Co3Si5-type crystal structure which
belongs toIbam space group. In the orthorhombic symm
try, the crystal-field effects off electrons are characterized b
nine parameters. However, the limited experimental data
vented us from an independent unambiguous determina
of all the crystal-field parameters. In order to keep the nu
ber of parameters to a bare minimum, we retained o
second-order axial and rhombic crystal-field terms. We a
assumed that the structure adopted by heavy rare compo
of this series can be approximately assumed to be or
rhombic, since the real structure Lu2Co3Si5 has only a small
monoclinic distortion.

The crystal-field Hamiltonian in terms of tensor operato
Cm

(n) , after retaining only these terms, can be written as28

Hc5B0
2(

i
C0

(2)~ i !1B2
2(

i
C2

(2)~ i ! ~10!

whereCq
k(u,f) are defined by

Cq
k~u,f!5S 4p

2K11D 1/2

Ykq~u,f!,

and where Ykq(u,f) are spherical harmonics of th
f-electrons. ThusB0

2 and B2
2 determine the strength of th

crystal field due to axial and rhombic distortion.
We observed that the quality of fit to the Schottk

anomaly is poor~nearTN) in these compounds, because
magnetic correlations which persist even above the magn
ordering temperatures. These short-range correlations re
in an additional parameter, which is not included in o
model. Our model can explain the data only in the param
etic region. Moreover, in some compounds such
Nd2Rh3Si5, we found that theB2

2 parameter was negligible
compared to theB0

2 parameter. Therefore, in our final anal
sis, we neglected the effect ofB2

2. Thus B0
2 is a single pa-

rameter which could determine the strength of the crystal
electric field. We obtained reasonable fit to the total entro
of the magnetic heat capacities ofR2Rh3Si5 (R5Pr, Nd,
Tb, Dy, Er, and Ho!. The values ofB0

2 are given in Table V.
In all the compounds~except Pr31), we found that the bes

f
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FIG. 13. Plot of the magnetic contribution to the entropy (Sm)
vs T of R2Rh3Si5 (R5Ho, Er, Pr, and Tb! from 2 to 40 K. The
solid lines are fits to the CEF model.

FIG. 14. Variation of the inverse susceptibility (1/xdc) of
R2Rh3Si5 (R5Pr, Nd, Dy, Er, Ho, and Tb! series in a field of 4
kOe from 20 to 300 K. The solid lines are fits to the model based
the proposed crystal-field scheme.
06451
fit was obtained for the crystal field parameterB0
2 which led

to MJ56J as the ground state; however, in Pr2Rh3Si5 the
best fit was obtained withMJ50 as the ground state. Thi
led to a positive value ofB0

2 for all compounds excep
Er2Rh3Si5. The calculated and experimental magnetic ent
pies ofR2Rh3Si5 (R5Pr, Tb, Dy, Er, and Ho! compounds
are shown in Fig. 13.It is clearly understood from the analy
sis that the magnetic susceptibility as well as heat-capa
data could not have been fitted at all without considerati
of crystal-field effects. Since the crystal-field parameters a
drastically truncated, the fits give only approximate values
B0

2. For a quantitative comparison, one needs inela
neutron-scattering data.

The temperature dependence of the experimental m
netic susceptibilities ofR2Rh3Si5 in the entire range of tem
perature 5–300 K is shown in Fig. 14. The exchange in
action, in the molecular field framework above the Ne
temperature, is given by

Hex522zĴ SW &•SW . ~11!

Here z is the number of nearest equivalent neighbors int
acting with the exchange interactionJ, and^S& is the expec-
tation value of the spin operatorS. An iterative procedure
were used to calculatêS& self-consistently. The details o
this procedure were discussed by Marathe and Mitra.29

We have fixed the crystal-field parameterB0
2 obtained

from an analysis of the heat-capacity data, and varied
exchange parameterzJ so as to obtain the best fit to th
experimentally observed magnetic susceptibility data. T
calculated magnetic susceptibility agrees very well with
experimentally observed data ofR2Rh3Si5 (R5Nd, Tb, Dy,

n

FIG. 15. Plot of the magnetic contribution to the heat capac
(Cm) vs T of Nd2Rh3Si5 from 2 to 30 K. The calculated and ex
perimental entropy values are shown in the same figure. The s
lines are fits to the CEF model. The proposed crystal-field sche
for Nd2Rh3Si5 is also shown.
4-9
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Er, and Ho! in the entire paramagnetic region. The fitte
values ofzJ for variousR2Rh3Si5 compounds are given in
Table IV. For Pr, we observe a singlet ground state. T
calculated and experimentally observed susceptibilities
shown in Fig. 14. A tentative crystal-field scheme for one
the rare-earth samples Nd2Rh3Si5 is shown in Fig. 15. The
estimated entropy and magnetic contribution to the heat
pacity are also shown in the same figure.

B. Multiple magnetic ordering in Tb 2Rh3Si5 and Dy2Rh3Si5

The multiple transitions observed in Tb2Rh3Si5 and
Dy2Rh3Si5 probably imply a typical second-order transitio
followed by a first-order transition which occurs at low tem
peratures due to successive spin reorientation effects.
slope (dx/dT) changes in the magnetization data at this tr
sition, and is in agreement with the suggestion of a first-or
transition. However, at present, this is only a conject
which has to be verified by direct microscopic techniqu
such as neutron-scattering measurements or magnetic
scattering. In the case of 4f systems, there is also a larg
spin-orbit coupling due to the orbital contribution to th
magnetic moment is only partially quenched by the crys
field. This means, due to the highly directional nature of
4f orbitals, that the exchange between twof ions may be
expected to contain certain anisotropic terms which dep
on the angles between the magnetic moments and the
tallographic axes as well as on the relative angle between
magnetic moment vectors. The presence of such anisotr
interactions were demonstrated in Refs. 30 and 31. This
isotropic interaction causes a canting of the local mome
only if the total symmetry is the same in canted and uncan
states. The canting angle is usually of the order of the rati
the anisotropic to isotropic exchange interaction. Such
theory could in principle, account for multiple transitions
systems whereL5” 0, such as Tb2Rh3Si5 and Dy2Rh3Si5.
hs
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Single-crystal studies are useful in this case, and efforts
grow them are in progress.

V. CONCLUSION

To conclude, we have observed antiferromagnetic ord
ing in many compounds of the seriesR2Rh3Si5 containing
magnetic rare-earth elements below 10 K with the excep
of Ce2Rh3Si5 , Pr2Rh3Si5, and Tm2Rh3Si5. Some of these
exhibit multiple magnetic transitions. The nonmagne
sample La2Rh3Si5 shows bulk superconductivity at 4.4 K
whereas Lu2Rh3Si5 remains normal down to 1.7 K. This is i
contrast to the Lu2Fe3Si5 compound, that shows superco
ductivity below 6 K. The magnetic ordering temperatures
R2Rh3Si5 are similar in magnitude with respect to those b
longing to theR2Fe3Si5 system, even thoughR-R distances
are 10% of the former in the latter case. We suggest that
R-R distances are large enough so that the exchange inte
tion between the magnetic rare-earth atom and the con
tion electrons is weak. This is why antiferromagnetic ord
ing temperatures inR2Rh3Si5 and R2Fe3Si5 ~Ref. 8! series
are quite low. Although we could fit the high-temperatu
dependence ofr to the parallel resistor model~see Table III!
successfully, theuD values obtained from such fits do no
agree with those obtained from heat-capacity data for m
compounds belonging to theR2Rh3Si5 series. One of the
causes of this could be an anharmonic contribution which
not considered in the parallel resistor model. The values
rmax also vary considerably across the series. More stud
are clearly warranted here to understand the transport p
erties of these compounds. A crystal-field model is propo
to account for the contribution to the magnetic entropy a
susceptibility of magnetic-rare-earth samples of this ser
The unusual multiple transitions observed in Tb2Rh3Si5
and Dy2Rh3Si5 deserve further studies, preferably on sing
crystals.
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