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It is now well known that the compounds that belong to the R2Fe~Si5 series exhibit unusual su-
perconducting and magnetic properties. Although a reasonable number of studies have been made
on this series, similar efforts on another series, namely, R&Rh3Si5, whose structure is closely related
to R&Fe3Si5, have not been made. In this paper, we have established the bulk superconductivity
in La2Rh3Si5 below 4.4 K and bulk antiferromagnetism in Nd2Rh3Si5 below 2.7 K, from resistiv-
ity, susceptibility, and heat-capacity studies. The superconducting transition temperature of (T,)
La2Rh3Si5 decreases with the Nd substitution for La and we have analyzed this T, dependence
using Abrikosov and Gor kov theory with crystal-field contributions. The estimated value of the
interaction between the conduction electrons and the rare-earth spin (j,t) is 37 meV, which is ade-
quate to suppress the coexistence of superconductivity and antiferromagnetism in La& Nd Rh3Sis
alloys above 0.6 K. Finally, we have also analyzed the temperature dependence of the upper critical
field of Nd-doped La&Rh3Si5 alloys using a theory which incorporates spin-orbit coupling with an
additional pair breaking parameter.

I. INTRODUCTION II. EXPERIMENTAL DETAILS

Large number of studies have been made to understand
the remarkable properties of ternary silicides, which
form in a variety of crystal structures. ' Some of these
compounds undergo superconducting transition at low
temperatures. ' Considerable efforts have been made to
understand the superconductivity and magnetism exhib-
ited by compounds belonging to the B2Fe3Si5 system.
In this family the Fe atoms do not carry any moment
but help in building a large density of states at the
Fermi level. It is now well established that a member
of this series, namely, Tm2FesSis (Ref. 10) is the first
reentrant antiferromagnetic superconductor. A recent
study claims that an antiferromagnet Er2FesSis (Ref. 11)
(below 2.5 K) becomes superconducting below 1 K. Al-
though many investigations were made in the B2Fe3Si5
series, only very few attempts have been made to un-
derstand the superconductivity in other silicides. ~ In
particular, we are aware of only two reports on the super-
conductivity and magnetism of the R2RhsSis (Refs. 12
and 14) series, whose structure is closely related to
the B2Fe&Si5 family. Although, both iron silicides and
rhodium silicides are derived &om a BaA14-type struc-
ture, the foriner exist in the tetragonal structure (space
group P4/mnc), while the latter exist in the orthorhom-
bic structure (space group Ibam). Since the compounds
belonging to the B2Fe3Si5 series exhibit unusual super-
conducting and magnetic properties, it will be of in-
terest to study the magnetism and superconductivity
in the R2Rh3Si5 family. With this in view, as a part
of our detailed study on this series, we report our re-
sistivity, susceptibility, and heat-capacity measurements
on La2Rh3Si5, Nd2Rh3Si5, and alloys formed by mixing
these two compounds.

Samples of La2 Nd RhsSis (x=0—2) were made by
melting the individual constituents (taken in stoichiomet-
ric proportions) in an arc furnace under a high-purity
argon atmosphere. The purity of the La, Nd, and Rh was
99.9'%%up, whereas the purity of Si was 99.999%%up. The alloy
buttons were remelted Gve to six times to ensure proper
mixing. The samples were annealed at 900 C for a week.
The x-ray powder-diffraction pattern of the samples did
not show the presence of any parasitic impurity phases,
and the lattice constants a, b, and c decreased linearly
with the substitution of Nd for La. The dependence of
the lattice constants a, b, and c, on the concentration
x in La2 Nd Rh3Sis is shown in Fig. 1. Their values
for x=0 and 2 agree with those published &om a pre-
vious study. The temperature dependence of suscep-
tibility (y) was measured using the Faraday method in
a Geld of 4 kOe in the temperature range &om 3.5 to
300 K. The ac susceptibility was measured using a home
built susceptometer &om 1.5 to 20 K. The resistivity
was measured using a four-probe dc technique with con-
tacts made using silver paint on a cylindrical sample of
2-mm diameter and 10-mm length. The temperature was
measured using a calibrated Si diode (Lake Shore Inc. ,
USA) sensor. The sample voltage was measured with a
nanovoltmeter (model 182, Keithley, USA) with a cur-
rent of 25 mA using a 20-ppm stable (Hewlett Packard,
USA) current source. All the data were collected us-
ing an IBM-compatible PC/AT via IREE-488 interface.
The heat-capacity in zero Geld between 1.7 and 40 K
was measured using an autoxnated adiabatic heat pulse
method. A calibrated germanium resistance thermome-
ter (Lake Shore Inc. , USA) was used as the temperature
sensor in this range.
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FIG. 1. Variation of lattice constants a, 6,
c, and volume V with Nd concentration (z)
in the Laq ~Nd Rh3Si5 system.
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III. RESULTS AND DISCUSSION

A. Normal and superconducting
state properties of La2Rh~Sis

Magnetic susceptibility studies

mass, and mg is the band mass. Assuming the valence of
La as 3, Rh as 3, and Si as 4, we estimate the core dia-
magnetism to be —2x10 4 emu/mol. We have also cal-
culated the value of the Pauli susceptibility as 1.1x10
emu/mol, and this yields a value of 3.3 for the Stoner
factor of La2Rh3Si5.

The temperature dependence of the dc magnetic sus-
ceptibility (Xd, ) of La2RhsSis sample in a field of 4 koe
&om 3.5 to 300 K is shown in Fig. 2. The inset shows ac
susceptibility behavior of the same sample at low tem-
perature in an ac field of 2 Oe. This inset clearly shows
the diamagnetic transition below 4.4 K, which is in agree-
ment with the previously reported value. The normal
state yg, of this sample has a temperature-independent
value of 1.7x10 emu/mol down to 10 K. Below 10 K,
there is a small increase (3%) in Xd„which we attribute
to the presence of paramagnetic impurities in this sam-
ple. The temperature-independent yd, has contributions
from the core diamagnetism, Landau diamagnetism, and
Pauli paramagnetism. This can be expressed as

Xdc Xcore = ~ (XLandau + XPauli)
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where S is the Stoner enhancement factor. This can be
further simplified as
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FIG. 2. Variation of susceptibility (X) of La2Rh3S15 from
2 to 300 K. The inset shows the low-temperature ac y data
with the diamagnetic transition below 4.5 K.

where Xp „i; = n N~ y& N(E~) is the Pauli suscep-
ti'oility, p~ is the Bohr magneton, m is the Bee electron



52 SUPERCONDUCTIVITY AND MAGNETISM IN THE. . . 9681

Resietieity 8tudiea

The temperature dependence of the resistivity (p) of
La2Rh3Si5 is shown in Fig. 3. The inset shows the low-
temperature p data on an expanded scale. The p data
show a jump at 4.4 K, which is the superconducting tran-
sition temperature (T,) of this sample. This is in accord
with the T value obtained &om y data. In the normal
state (5 K& T (25 K), the temperature dependence of p
could be fitted to a power law, which can be written as

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

1 1

~(T) ~~(T)
+

pmax
(4)

where p „is the saturation resistivity, which is indepen-
dent of temperature, and p~(T) is the ideal temperature-
dependent resistivity. Further, the ideal resistivity is
given by the expression

p = pp + GT

The optimum value of n is found to be 3, and the values of
po and a are found to be 24.1 pA cm and 0.16 nQ cm/K,
respectively. This value of n agrees with the Wilson's s-
d scattering model, which predicts a T dependence of
p(T) for T & HD/10.

At high temperatures (100 K& T &300 K), the p data
significantly deviates &om the linear temperature depen-
dence. Such a deviation from linear temperature depen-
dence at high temperatures has been seen in many al-
loys, where the saturation is attributed to the high value
of p of these alloys at these temperatures. This devi-
ation &om linearity occurs because the mean &ee path
becomes short, of the order of few atomic spacings. When
that happens, the scattering cross section will no longer
be linear in the scattering perturbation. Since the domi-
nant temperature-dependent scattering mechanism is the
electron-phonon interaction here, the p will no longer be
proportional to the mean-square atomic displacement,
which is proportional to T for a harmonic potential. In-
stead, the resistance will rise less rapidly than linearly in
T and will show negative curvature (d2p/dT ( 0). This
behavior is also seen in previous studies on silicides and
ger manides.

O~/T x 8x
[1 —exp( —x)][exp(z) —1]

where p(0) is the residual resistivity, and the second
term is due to phonon-assisted electron scattering sim-
ilar to the 8-d scattering in transition-metal alloys. OD
is the Debye temperature and Cq is a numerical con-
stant. Equation (4) can be derived if we assume that the
electron mean &ee path I is replaced by f + a (a being
an average interatomic spacing). Such an assumption is
reasonable, since infinitely strong scattering can only re-
duce the electron mean &ee path to a. Chakraborty and
Allen 9 have made a detailed investigation of the eBect of
strong electron-phonon scattering within the framework
of the Boltzmann transport equation. They find that the
interband scattering opens up new "nonclassical chan-
nels, " which account for the parallel resistor model. We
found the value of p „as 224.4 pO and that of OD as
333 K by fitting the resistivity data to the above equa-
tions in the range 100 to 300 K.

8. Heat-capacity 8tudiee
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The temperature dependence of the heat capacity (C„)
from 2 to 35 K of La2Rh3Si5 is shown in Fig. 4. The
inset shows the low-temperature C„/T vs Tdata. T-he-
jump in C„at 4.4 K (AC= 40 mJ/mol K) clearly shows
bulk superconducting ordering in this sample below this
temperature. The temperature dependence of t „is fitted
to the expression,
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FIG. 3. Temperature dependence of resistivity (p) of
La2Rh3Sis from 2 to 300 K. The insets show the
low-temperature p data from 2 to 10 K and 5 to 30 K. The
solid lines are fit to the models (see text).

(6)
t

where p is due to electronic contribution and P is due to
the lattice contribution. The value of the ratio AC~/pT,
is 0.56, which is significantly reduced &om the BCS value
of 1.43. Low values of AC„/pT, have been observed be-
fore in the heat-capacity study of R2Fe3Si5 compounds
by Vining et al. According to them, the reduced jump
across T, could arise &om an extrinsic efFect (such as
inhomogeneity in the sample or magnetic impurities)
or &om an intrinsic efFect (such as the existence of re-
gions that do not participate in superconductivity). In
our sample of La2Rh3Si5, we estimate the impurity con-
tent to be less than 5%%uo by volume and the sharpness
of the superconducting transition also suggests good ho-
mogeneity. It is possible that the reduced jump could
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FIG. 4. Plot of C„vs T of LaqRh3Si5 from 1.9 to 30 K.
The inset shows the same plot from 2 to 6 K to illustrate the
bulk superconductivity.

FIG. 5. Temperature dependence of the upper critical field

(H 2) of La2Rh3Si5 from 1.7 to 4.45 K. The solid line is a fit
to WHH theory for dirty type-II superconductors.

arise from two-band superconductivity where one band
remains normal. However, detailed Fermi surface mea-
surements are required before we can analyze the data
in terIns of this model. The Gt to the heat-capacity data
using Eq. (6) in the temperature range from 5 to 10 K
yielded 16.3 mJ/mol K and 0.5 mJ/mol K4 for p and P,
respectively. The p value has been obtained by match-
ing the entropy of the normal and the superconducting
states at T„as suggested by Stewart, Meisner, and Ku. ~

From the P value of 0.5 mJ/mol K, we estimate O~ to
be 339 K using the relation

pair breaking is the dominant mechanism at low Belds,
and at very high Gelds, the Pauli paramagnetic efFect
limits the upper critical Geld. We have fitted this tem-
perature dependence of H 2 to the theory of Werthamer,
Helfand, and Hohenberg (WHH), which incorporates
a spin-orbit scattering term (A, ) in dirty type-II super-
conducting materials. We obtain a value of 0.4 for A, ,

23.0 kOe for H, 2(0) and 7.5 kOe/K for dH, 2/dT near
T . The value of the Pauli paramagnetic limiting Geld

(Hp i;=18.4 T,) for La2RhsSis is very large (81 kOe),
compared to the estimated value of the upper critical
Geld at 0 K. This could be the reason for the absence of
Pauli paramagnetic limiting in the upper critical Beld of
this compound. One can also estimate dH, 2/dT using
the relation

where N is Avogadro's number, r is the number of atoms
per formula unit, and A:~ is Boltzmann's constant.

dH„/dT = 44.8pp (in kOe/K), (8)

Upper critical fie-ld studie-s

The estimation of the upper-critical-field (H,2) value
at a given temperature has been made by measuring the
resistance of the sample under a given magnetic Geld.
The transition temperature in a given Geld is deGned as
the temperature, which corresponds to the midpoint of
the resistance jump. The temperature dependence of H 2
is shown in Fig. 5. It is well known that in nonmag-
netic superconductors, the magnetic Geld interacts with
the conduction electrons basically through two difFerent
mechanisms. Both lead to pair breaking and eventually
destroy the superconductivity at a given Geld, which is
known as the critical Geld. One of these mechanisms
arises due to the interaction of the Geld with the orbital
motion of the electrons (orbital pair breaking), and the
other is due to the interaction of the Geld with the elec-
tronic spin (Pauli paramagnetic limiting efFects). Orbital

where p is the electronic heat-capacity coefIicient
(ergs/cm K ) and p (0 cm) is the residual resistiv-
ity. Substituting the values of p and p, we get a value
1.6 kOe/K, which is only one fifth of the value obtained
&om the experiment. The reason for this large discrep-
ancy is not understood at this moment, though similar
anomalies in the value of dH, 2/dT have been reported in
earlier studies. In those earlier reports strongly cou-
pled superconductors that have complex phonon spectra
were studied. In that case, utilizing the WHH theory to
analyze is not strictly valid, as the WHH theory assumes
electron interaction via the weak-coupling BCS-type in-
teraction potential and have a spherical Fermi surface.

B. Estimation of normal-
and superconducting-state parameters

Using the value of OD and T, we can estimate the
electron-phonon scattering parameter A &om McMillan's
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theory, 2 where A is given by

1.04 + p* 1n(OLi/1. 45 T,)
(1 —0.62 p') ln(HD/1. 45 T,) —1.04 (9)

Assuming @*=0.1, we find the value of A to be 0.53, which
puts La2Rh3Si5 as an intermediate coupling supercon-
ductor. On the basis of purely thermodynamical argu-
ments, the thermodynamic critical field at T=O K [Hc(0)]
can be determined by integrating the entropy difFerence
between the superconducting and normal states. From
our experimental heat-capacity data, we obtain a value
of 740 Oe for Hc(0). One can also calculate the thermo-
dynamical critical field Hc(0) &om the expression, 2s

Hc(0) = 4.23~'/' T. , (10)

Hc (0) ln[~(0)]
2'/2 r.(0)

(12)

which yields a value of 144 Oe for the lower critical field
at 0 K. This value of Hci(0) has to be verified with mag-
netization measurements on the same sample. Such mea-
surements on this sample are in progress and will be re-
ported elsewhere. The enhanced density of states can be
calculated using the relation

lV*(E~) = 0.2121'/m,

where N is the number of atoms per formula unit and
p is expressed in mJ/mol K~. The value of ¹(EF)is
0.34 states/(eV atom spin direction), and the value of
the bare density of states N(E~) = ¹(E~)/(1+%)=
0.22 states/(eV atom spin direction).

The parameters are calculated using the Ginzburg-
Landau theory for dirty superconductors. To verify the
self-consistency of our approach, we have estimated the
mean &ee path (l) of our sample using the expression

l = 1.27 x 10 [p n / (S/S~)] (14)

where n is the conduction electron density in units of
cm and S/S~ is the ratio of the area of the Fermi
surface to that of a kee electron gas of density n. If one
assumes a simple model of the spherical Fermi surface

where p is the heat-capacity coefficient (erg/cms K~).
This gives a value of Hc(0) as 735 Oe. We can estimate
the Ginzburg-Landau coherence length (GL at T = 0 K
&om the relation

857 x10 7

(Gi.(o) =
[ ),/,

where p and p are the electronic heat-capacity coeK-
cient (erg/cms K~) and the resistivity (0 cm) of the
sample just above T . This equation yields a value of
211 A. for (Gi, (0).

Using the expression r(0) = 7.49 x 10 pi/2 p [where
r(0) = AGi, (0)/(Gi, (0)], we get the K(0) value as 7.1.
From the value of (Gi, (0) = 211 A. (determined earlier),
we get a value of 1504 A for the Ginzburg-Landau pen-
etration depth AGL(0). The lower critical value can be
determined by using the relation

(S/S~=l), the value of l would be 71 A. , and one can
also calculate the value of the BCS coherence length (for
S/S~=l) from the expression

7.95x10 [n/] (pT, ) (15)

where p is expressed in ergs/cm K . The value of (o was
found to be 862 A. , which is much higher than l, which
implies La2Rh3Si5 is a dirty type-II superconductor. Us-
ing the l value, (o can be compared with that obtained
from the expression,

H,*,(0) = 3.06 x 10 p p T, . (17)

Substituting the value of H;, (0) obtained from Eq. (17)
in Eq. (16), we get a value of 1269 A. for (o. The dif-
ference in the estimated value of (o obtained &om Eqs.
(15) and (16) is a large value of the extrapolated H, 2(0)
&om the experiment (23.4 kOe) compared to the esti-
mated critical field value (5.06 kOe). The normal- and
superconducting-state parameters are listed in Table I.

C. Study of antiferromagnetism in Nd~RhsSis

Magnetic susceptibility studies

The temperature dependence of the inverse dc mag-
netic susceptibility (1/y~, ) of the Nd2RhsSis sample in
a field of 4 kOe from 2 to 300 K is shown in Fig. 6.
The inset shows the inverse ac susceptibility behavior
of the same sample at low temperature in an ac field
of 2 Oe. This inset clearly shows the antiferromagnetic
ordering of Nd spins below 2.7 K. A previous study
indicated that antiferromagnetism is possible in a well-

TABLE I. Superconducting and normal-state properties of
Lag Rh3Si5.

Parameter
Tc

O~D

A

N (E~)
N(Ey )
(ar. (o)
Aoi, (0)
Hcg(0)
Hci (0)
Hc(0)

l
(Bcs

(o
S

Units
K

mJ/mol K
mJ/mol K

K

states/(eV atom spin)
states/(eV atoxn spin)

kOe
Oe
Oe

Value
4.45
16.3
0.50
339
0.53
0.34
0.22
211
1504
23
144
735
71

862
1269
3.1

Estimated from the Eq. (16).

H* (0) = yo/4. 54 (p l

where H, (0) is the orbital critical field, which is given
by the relation
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FIG. 6. Variation of inverse susceptibility (1/y) of
Nd2Rh3Si5 from 2 to 300 K. The inset shows the
low-temperature 1/y data with a slope change around 2.7 K.

characterized sample of Nd2Rh3Si5. However, that pa-
per did not report the actual antiferromagnetic order-
ing temperature in this sample. In this compound the
Nd-Nd distance is estimated to be of the order of 4 A. .
It is possible that the Rudermann-Kittel-Kasuya-Yosida
(RKKY) interaction between the Nds+ ions is responsible
for the low-temperature ordering of Nd spins. However,
at these low temperatures, there is also a possibility that
the dipole-dipole interactions can also contribute to the
observed antiferromagnetism.

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

TEMPERATURE (K)

FIG. 7. Temperature dependence of resistivity (p) of
Nd2Rh3Sis from 2 to 300 K. The inset shows the
low-temperature p data from 2 to 30 K. A small kink in p
near 2.7 K in the inset indicates antiferrom'agnetic ordering
in this compound. The solid lines are fit to the models (see
text).

temperature p data on an expanded scale. The p data
show a kink at 2.7 K, which is the antiferromagnetic or-
dering temperature (T„) of this sample. This is in accord
with the T value obtained from the y data. In the tem-
perature range 5 K& T ( 25 K, the temperature depen-
dence of p could be fitted to a T dependence in contrast
to the T dependence observed in I aqRh3Si5. At high
temperatures, the p behavior is similar to that observed
in I a~Rh3Si5, and the data could be fitted to the parallel
resistor model.

D. Heat-capacity studies on NdqRh3Si5,

where C is the Curie constant, which can be written in
terms of the effective moment as

2
~em ~

8

where x is the concentration of Nd ions (2: to 2 for
Nd2RhsSiq). The values of yo, C, and 8„are found to
be —1.005 x 10 4, 3.4, and —8.97, respectively. The es-
timated eR'ective moment is found to be around 3.69p,~,
which is slightly larger than the &ee-ion moment of the
Nd. + ion (3.62@~). This implies a contribution &om the
conduction electrons (from the Rh band) to the Nd mag-
netic moment. Below 100 K, the y data show deviation
ft.'om the Curie-gneiss plot, which could be due to the
presence of crystal-field contributions.

2. Resistivity studies

The temperature dependence of the resistivity (p) of
Nd2Rh3Si5 is shown in Fig. 7. The inset shows the low-

The temperature dependence of Cz &om 2 to 35 K of
Nd2Rh3Si5 is shown in Fig. 8. The inset shows the low-
temperature C„data. The large jump at 2.6 K (AC=
6.1 J/molK) clearly shows bulk magnetic ordering in
this sample. This temperature is slightly lower than the
T value observed from the y as well p measurements.
Prom these observations, we conclude that this sample
undergoes antiferromagnetic ordering below 2.7 K. The
magnetic contribution to the heat-capacity (which is ob-
tained after subtracting the measured C„data &om that
of La2RhsSis) is shown in Fig. 9. The calculated en-
tropy is also shown in the same figure. The increase
in the entropy at high temperatures (T )20 K) signifies
contribution Rom crystal-field e6'ects in this sample. The
total entropy below T„ is found to be 2.7 J/mol K, which
is significantly less than the value of R ln2 (entropy for
the magnetic doublet), and this shows the existence of
antiferromagntic correlations above T . Preliminary cal-
culations suggest that the next excited state is also a
doublet, and its separation &om this doublet ground
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E. Normal-state properties of La& Nd RhqSis

20

15

2

10

0
0 15 20 25 30 35

Magnetic susceptibility studies

The temperature dependence of the inverse suscepti-
bility (1/y) for La2 Nd RhsSis for 2: (0.5 and x )1
are shown in Figs. 10 and 11, respectively. The temper-
ature dependence of y data &om 100 to 300 K can be
fitted to the Curie-Weiss relation given by Eq. (17). The
values of 0„, p g, and x are given in Table II. The ef-
fective magnetic moments are found to vary &om 3.7 p~
(for x =2) to 4.1@~ (for x=0.2) in this series. The large
values of p,~ (compared to the free-ion value 3.62@~ of
the Nd + ion) are attributed to the conduction electron
contribution in the pseudoternary alloys. The value of
Oz also increases as x decreases &om 2 to 0.2. Below
100 K, the temperature dependence of 1/y deviates from
linearity, which could be because of crystal-field eÃects.

TEMPERATURE(K)

FIG. 8. Plot of C„vs T of NdqRh3Sis from 2 to 35 K. The
inset shows the same plot from 2 to 4 K. A large jump of
4 J/mol K signifies bulk magnetic ordering of Nd + spins.

state is approximately 42 K. Exact calculation of the
crystal-Geld contribution to the heat-capacity, suscepti-
bility, and resistivity requires a detailed model, which
is in progress and will be published elsewhere. From
the high-temperature heat-capacity data, we estimate the
Debye temperature for this sample to 320 K, which agrees
with the result obtained &om the resistivity analysis.

2. Resistivity studies

The low-temperature dependence of resistivity (p) for
La2 Nd Rh3Si5 for x &1 and x &1 are shown in Figs. 12
and 13, respectively. The high-temperature data are
shown in Figs. 14 and 15, respectively. The resistivity
data of La2 Nd Rh3Si5 show power-law behavior at low
temperature and deviation &om linear temperature de-
pendence at high temperatures, as we have seen in the
the La2Rh3Si5 and Nd2Rh3Si5 samples. The resistivity
data at low temperatures show power-law dependence
[see Eq. (2)j with n=3.0 for 2:=0.0, and it decreases to 1.5
in the intermediate concentrations and finally changes
to 2 for antiferromagnetic Nd2RhsSis (x=2). The pa-
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FIG. 9. Plot of magnetic contribution to the heat-capacity
(| ) vs T of NdqRhsSiq from 2 to 35 K. The solid line is the
magnetic contribution. to the entropy (S). The value of the
entropy below T~ is 2.7 J/mol K which implies the existence
of strong antiferromagnetic correlations above T .

FIG. 10. Variation of the inverse dc susceptibility (1/y) of
La2 Nd RhsSiq for (z (0.5) from 100 to 300 K in a field of
4 kOe. The solid lines are fit to the Curie-Weiss relation (see
text for details).
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ln(T /T, ) = g(O.5) —y(O. 5+r'), (2O)

where "' is the digamma function and I' is
breaking parameter h'r, w ic is given by

F = 0.14 (n/a„) (T, /T, ) = 0.14 (n/n„) (T, /T, )

(21)

200

T depression can be ex r
~ ~

resse in terms of the
pair-breaking theory of Abriko

e magnetic
ry o ri osov and Gor'kov AQ

'c is given by the equation

F. Suuperconductivity and
antiferroma agnetism in Laq Nd Rh~Sis

Supevconductivity of La 1Vda~ ~Rh, s ~is
l50
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La Nd Rh Si3 5

0
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The TT dependence on the Nd
Laq ~Nd~Rh381 is h

n e concentration in
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TABLE II. Ma neticagnetic properties of La& Nd Rh3Sl15 ~

100

CQ

M

Sample
Ndg Rh3Si5
Lap. y Ndi. g Rh3Si5
Lap. gNdi. 8Rh3 Si5
Lap. SNdi. yRh3Si5
Lap. SNdg. 5Rh3 Sip
Lap. 7'Ndi. 3Rh3 Si5
La~.~Ndp. 5Rh3Si5
Lay. 7 Ndp. 3RhsSi5
Lay. 8Ndp. 2Rh3 Si5

3.4
3.28
3.11
2.94
2.60
2.27
0.86
0.58
0.42

Jef
3.69 pg
3.71 p g
3.72 pg
3.72 pg
3.72 pg
3.73 pg
3.74 p, g
3.93 p, g
3.41 pg

Op
—8.9 K
—8.7 K
—7.6 K
—7.5 K
—7.2 K
—7.2 K
—14.9 K
—17.7 K
—28.1 K

50
0

0

'I 0
I

20 30

TEMPERATURE (K)

FIG. 1 . Low-temperature de endencre ependence of resistivity ( ) of
3 15 x )1.0) from 2 to 40 K
er- avr expression (see text).
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x=O
4-00

o x=0.1

x=0.5
x=0.9

300

200
CQ

V3

0
0

La Nd Rh Si5
Sample
Nd2Rh3Si5
Lap. y Ndy. g Rh3 Si5
Lap. 3Ndg. 7Rh3 Si5
Lap. 5Ndg. 5Rh3Si5
Lay. y Ndp. g Rh3 Sis
Lay. 5Ndp. 5Rh3 S15

Lay. g Ndp. y Rh3 Si5
Lag Rhg Si5

pa (pn cm)
28.95
37.21
77.86

113.3
128.1
100.9
34.58
24.11

a (pA/ K")
0.0154
0.0137
0.165
0.201
0.089
0.047
0.0062
0.00016

n
2.0
2.0
1.5
1.5
1.5
1.5
2.0
3.0

TABLE III. Parameters obtained from the low-tempera-
ture resistivity Bt of La2 Nd Rh3Si5.
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D
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where n„ is given by

k~T o

4pa N(0) J2f (gg —1)2 J(J+ 1)
' (22)

where pz is the Euler's constant, N(0) is the density of
states of the parent compound, and J,f is the interaction
parameter between conduction electrons and the rare-
earth spin. In the limit n —+0, the rate of decrease of T
with Nd concentration x can be written as

' = 5 ' = —(vr /2) N(0) k~ J,& (g~ —1)

x J(J+ 1). (23)

600

X=2
x=1.7

0 +:/

La Nd Rh Si

500

400

300

200

FIG. 14. The temperature dependence of resistivity (p) of
Lag Nd RhsSis (x &1.0) from 2 to 300 K. The solid lines
are fit to the parallel resistor model (see text).

Assuming the values of J=9/2, g~=8/11, N'(0)=0.34,
and dT, /dx= 0.06 K/at Fo of Nd, we estimate the value
of J,f as 29 meV. The dotted line in the Fig. 16 is
a fit to the AG theory, and the critical concentration
(n„= x„/5) is found to be 0.102. the quality of this fit
is poor, since we did not consider the contribution &om
the crystal-field effects. The T;vs xdata c-ould also be
fitted by taking the crystal-field efFects into consideration
using the formalism proposed by Fulde and Peschel.
The energy separation of the first excited state from the
ground state is estimated to be 42 K &om the analysis
of the Schottky anomaly observed in the heat-capacity
data. Using this value, we get a value of 37 meV for
J,f &om this fit. One can clearly see that the quality
of this fit is very good compared to that of simple AG
theory. The value of J,y is large compared to those ob-
tained by others in rare-earth intermetallic borides and
stannides. ' Such a value of J,f is suKcient to suppress
the coexistence of superconductivity and antiferromag-
netism in I a2 Nd Rh3Si5 above 0.6 K. Measurements
below 0.6 K might reveal the existence of coexistence re-
gion in this system.

In general, introduction of magnetic atoms in a su-
perconductor decreases its transition temperature due to
strong pair breaking. This pair breaking arises because of
the exchange interaction of the conduction electrons with
the localized magnetic moment. however, in the case
of chalcogenides and rhodium borides, ' the exchange
interaction between the conduction electrons and the lo-
calized magnetic moments is small, and it is of the order
J,y -0.01 eV. The small magnitude of J,y enables both
BRh4B4 and BMo6SS compounds to retain their super-
conductivity, even in the presence of a relatively large
concentration of rare-earth magnetic moments, which re-

TABLE IV. Parameters obtained from the parallel resistor
model fit in Lag Nd Rh3Si5.

100

0~
0

I

50 100 150 200 250 300

TEMPERATURE (K)

FIG. 15. The temperature dependence of resistivity (p) of
La2 Nd RhsSis (x )1.0) from 2 to 300 K. The solid lines
are fit to the parallel resistor model (see text).

Sample
Nd2Rh3Si5
Lap. y Ndy. g Rh3 Sis
Lap. 3Nd$, 7Rh3 Si5
Lap. 5Ndg. 5Rh3Si5
I ag. gNdp gRh3Si5
Lay 5Ndo. sRh3Si5
Lag. g Ndo. x Rh3Si5
LaqRh3Si5

pmax
1010

754.9
1249.3
1649.4
646.28
260.28

261
224.34

px
25.46
13.98
74.67

118.1
84.78
17.72
30.38
14.1016

592.9
490.13

1430
2105.7

1331
785.8
907.29
850.56

O~
247.5
167.32
265.25
289.64
238.5
266.7
315.0
332.56
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'I

I

Laz .Nd. Rh3si5

o T DATA TN DATA

AG fit (NO CEF)

AG fit (WITH CEF)

5

— 3
7

superconductivity above 0.6 K. However, the crystal-field
efFects sufIiciently weaken the T dependence on x so that
coexistence is possible in this system below 0.6 K. In the
case of the B2Fe3Si5 system, Segre et al. have made
preliminary studies to look for coexistence of antiferro-
magnetism and superconductivity. He has found that in
the Lu2 Er Fe3Si5 and Y2 Dy Fe3Si5 series such a co-
existence is possible below 1.0 K and 0.5 K respectively.
In this sense, our studies in R2Rh3Si5 show a similarity
with that of the R2Fe3Si5 system, although the latter
system does not form with light rare-earth elements.

0
0.0

I

0,5
I

1.5
0

2.0

g. Upper cri-tical fiel-d studies
1Vd RhgSig

FIG. 16. The dependence of the superconducting transition
temperature (T,) and the antiferromagnetic ordering temper-
ature (T„) of Lag Nd RhsSis on the Nd concentration (x).
The dotted line is a 6t to the AG theory without crystal-Geld
contributions and the dashed line represents a 6t with AG
theory including crystal-field eKects. The solid line is a guide
to the eye.

suits in magnetic ordering via indirect RKKY interaction
at low temperatures. The reason for the small value of
the exchange interaction lies in the structure of these
compounds. For instance, in the case of RMo6S8, the
rare-earth atom occupies the Grst site at the rhombohe-
dral cell, and therefore they are situated far away &om
Mo atoms, which results in weak d fexchan-ge. In the
La2 Nd Rh3Si5 system, although Nd-Nd separation is
large, ()4 A), the value of J,y is also large, which prob-
ably prevents the coexistence of antiferromagnetism and

where i = g—1, t = T/T, and p, X', and Hl are given
by the equations

[(~' (HZ+ H, )' —0.25(A..—A )']'~',

X = (A, —A )025,
Hl = H„+ 0.25(A, —A ),

(25)

(26)

(27)

The temperature dependence of the upper critical field
for x=0.1 and 0.2 is shown in Figs. 17 and 18, respec-
tively. Figs. 3 and 18. We have fitted these data using
WHH theory with the additional pair-breaking parame-
ter A . We have used the relation given by Fisher and
co-workers ' which can be w'ritten as

ln(t) = Q [0.5] —(0.5 + iX) g l 0.5 + (HI+ iq) )
)

—(0.5 —iX) Q 0.5+, (24)
( (Hl —ip) ~

(2t) )
'

14 4.0

12 3, 5

0 2.5
A

1.0

0.5

0.0 0, 5 1.0 1,5 2.0 2.5 3.0 3.5 4.0
TEMPERATURE (K)

0.5 'l. O 1.5 2.0
TEMPERATURE (K)

2.5

FIG. 17. Temperature dependence of the upper critical
field (H~2) of Lai.sNd0. 2RhsSis from 1.7 to 4.45 K. The solid
line is a 6t to WHH theory for dirty type-II superconductors
with an additional magnetic pair-breaking parameter.

FIG. 18. Temperature dependence of the upper critical
field (H,q) of Lai.qNdo. sRhsSiq from 1.7 to 4.45 K. The solid
line is a 6t to WHH theory for dirty type-II superconductors
with an additional magnetic pair-breaking parameter.
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k~ T„= z (J') (g1 —1) J(J + 1), (28)

where z is the average number of near-neighbor mag-
netic atoms. For the La2 Nd Rh3Si5 system, z = 4
and (J') = N(0) J,&. Since T„oc z, the dilution of Nd
by La in La2 Nd Rh3Si5 shows a decrease of T with x.
We have estimated the value of J' as 5.6 meV, which is
much smaller than the J,f value (37 meV). To an order
of magnitude, the parameters J' and J,y are related by

interact via RKKY interaction, the magnetic transition
temperature in the mean-field approximation is given by
the expression 2

IJ.II = J'/lN(E~)j". (29)

0.0
I

0. 1

I

0.2
I

0.3
50

0.4

FIG. 19. The variation of the slope of the upper critical
field (dH q/dT) near T, and the Pauli limiting field [H„(0)j
of La2 Nd Rh3Si5 with x.

where a is the Maki parameter, A, and A are spin-orbit
scattering and additional pair-breaking parameters, and
H„and H~ are reduced and exchange fields. Equation
(24) reduces to the WHH result when A =0.0. We have
used A, =0.4, which has been obtained Rom the WHH
fit to the H 2 dependence in La2Rh3Si5. The dependence
of d8,2/dT and H„(Pa lui limiting field) with the con-
centration x is shown in Fig. 19.

S. Antiferromagnetism in Las Nd RhsSis

The T dependence on the Nd concentration in
La2 Nd Rh3Si5 is also shown in Fig. 16. The antiferro-
magnetic ordering temperature decreases linearly with La
substitution as x decreases. A similar reduction in T vs
nonmagnetic rare-earth substitution has been observed
in other systems as well. If one assumes the Nd spins

Using the values of J' and N(E~), we get a value J,I as
3.9 meV, which suggests that the exchange coupling of
the conduction electrons to the rare-earth magnetic mo-
ments is strong enough to mediate the indirect exchange
interaction. Similar conclusions were drawn in an earlier
study of RRh4B4 systems by McKay et al.

IV. CONCLUSION

We have shown the existence of bulk superconductivity
in La2Rh3Si5 at 4.45 K and bulk antiferromagnetic order-
ing in Nd2Rh3Si5 below 2.7 K. We find no region of co-
existence of antiferromagnetism and superconductivity in
the La2 Nd Rh3Si5 system above 0.6 K. Similar behav-
ior was observed by Segre et a/. in the R2 R' Fe3Si5 sys-
tem (where R and R' are nonmagnetic and magnetic rare-
earth elements, respectively). Although T, vs x could
not be fitted to normal AG theory, we could get a good
fit by incorporating crystal-field efIects in AG theory as
suggested by Fulde et a/. We have suggested that the
large value of J,f (37 meV) prevents the coexistence of
antiferromagnetism and superconductivity above 0.6 K.
The upper critical field with x=0 was fitted to the WHH
theory, and for finite values of x we have used Fisher's
modification of the WHH equation for superconductors
doped with magnetic impurities.
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