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Superconductivity in the ternary rare-earth (Y, La, and Lu) compounds RPd,Si, and RRh,Si,
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We have investigated the superconducting and metallurgical properties of the ternary compounds
RPd,Si; and RRh,Si, with R=Y, La, and Lu. All RPd,Si, compounds and LaRh,Si, were found
to be type-I superconductors below 1 K. A detailed metallurgical analysis shows that segregation of
second phases can easily mask the intrinsic (stoichiometric ratio 1:2:2) intermetallic-compound prop-
erties. Two sample-preparation techniques, viz., single crystals and off-stoichiometry, were utilized
to establish where bulk superconductivity occurs. The type-I behavior of these compounds is ex-
plained with an analogous model as is used for the heavy-fermion superconductors CeCu,Si, and

URu,Si,.

I. INTRODUCTION

The ternary (1:2:2) compounds RT,X,, with R a
lanthanide or actinide element, T a transition metal, and
X=S8i, Ge, or Sn, have recently attracted much attention
because of their interesting superconducting and magnetic
properties.! In this paper we focus on the superconduct-
ing properties and the related metallurgical problems of
the nonmagnetic compounds with R=Y, La, or Lu and
T=Rh or Pd and X=S8i. We have found that all RPd,Si,
compounds are type-I superconductors with 7T, below 1
K, an observation not reported in literature thus far.

The superconductivity of the RRh,Si, compounds
has been a controversial issue. Two investigations of
LaRh,Si, have reported T_’s at about 4 K.»* However, a
more detailed investigation ascribed this superconductivi-
ty to second phases.® From our experiments we have
determined that single-phase LaRh,Si, is a type-I super-
conductor, but with a much lower T,, namely, 74 mK.
Furthermore, we will show that the stability regime of the
LaRh,Si, stoichiometry is very small, leading to an easy
formation of second phases. Two of the second phases
are superconductors, one at 4.0 K and the other at 0.36 K,
and thus inclusion of these phases can explain the con-
flicting behavior.?—*

II. EXPERIMENTAL PROCEDURES

The polycrystalline samples were prepared by arc melt-
ing the constituent elements in a Ti-gettered argon atmo-
sphere. All polycrystalline samples were vacuum-
annealed for about seven days at 900°C. In addition to
the stoichiometric samples, nonstoichiometric LaRh,Si,
were also prepared of formula La,,,Rh,Si, with
x =-—0.05, —0.02, 0.01, and 0.02 and LaRh,_,Si,,,
with x = —0.02 and 0.02. Finally, three single crystals of
LaRh,Si,, LaPd,Si,, and LuPd,Si, were grown with a
“tri-arc” adopted Czochralski method.® The samples
were characterized by x-ray powder diffraction, optical
microscope, and microprobe analysis.

The superconducting properties were measured in a *He
cryostat via (i) ac susceptibility with a driving field of
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about 0.5 Oe, (ii) magnetization by integrating the voltage
induced in the pick-up coils when ramping a dc magnetic
field, and (iii) resistivity with a four-point probe method.
The temperature was determined with a calibrated
carbon-glass thermometer and a dc magnetic field could
be applied up to 1 T. Some LaRh,Si, samples were addi-
tionally studied in a dilution refrigerator down to 20 mK
with ac susceptibility. The normal-state magnetic proper-
ties were investigated with a Foner vibrating-sample mag-
netometer from 1.5 K to room temperature in magnetic
fields up to 5 T.

III. EXPERIMENTAL RESULTS

The RRh,Si, and RPd,Si, compounds are formed in a
strong exothermic reaction. The x-ray powder diffracto-
grams can be indexed based upon the tetragonal
ThCr,Si,-type structure, and the resulting lattice parame-
ters are given in Table I. There are no indications for a
random-site occupation of the Si and Rh or Pd atoms.
Additionally, a low-temperature or high-temperature
modification is not expected because samples both an-
nealed and quenched from the melt have only reflections
with an even sum of Miller indices. This condition fol-
lows from the body-centered symmetry of the ThCr,Si,-
type structure and is neither fulfilled for the primitive
tetragonal CaBe,Ge,-type structure nor for a random-site
occupation of the Si and Rh or Pd atoms.

All polycrystalline samples contain small segregations
of second phases with an estimated volume fraction less
than 1%, invisible in x-ray powder diffractograms, but
clearly detectable with an optical microscope or mi-
croprobe analysis. These second phases are either R ox-
ides or compounds with a different composition than the
matrix. They are segregated either along the grain boun-
daries or along parallel planes (probably the a-b basal
plane) within microcrystallites. The result of the heat
treatment of 900°C, most thoroughly studied for
LaRh,Si,, is a growth of the microcrystallites to much
larger crystals and a displacement of the segregations
within the crystallites to the grain boundaries.

The three single crystals LaRh,Si,, LaPd,Si,, and
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TABLE 1. Lattice parameters and unit-cell volume of the ternary (1:2:2) compounds RPd,Si, and
RRh,Si,, with R=Y, La, or Lu. Also indicated are the superconducting transition temperatures T

and the critical fields H.(0).
a ¢ 14 T, HoH(0)

(A) (A) (A" (K) (mT)
YPd,Si, 4.129 9.84 167.8 0.47 5.4
LaPd,Si, 4.283 9.88 181.2 0.39 3.1
LuPd,Si, 4.089 9.85 164.7 0.67 7.0
YRh,Si, 4.031 9.92 161.2 <0.33
LaRh,Si, 4.112 10.29 174.0 0.074 0.73
LuRh,Si, 4.090 10.18 1703 <0.33

LuPd,Si, were checked with Laue photographs and mi-
croprobe analysis. These crystals contained no second
phases except for a thin surface layer of an R oxide. This
surface layer can easily be removed by etching or polish-
ing. Therefore, no additional heat treatment is necessary
and these samples may serve as reference materials with
respect to the polycrystals, concerning their superconduct-
ing properties.

For one compound, LaRh,Si,, we systematically stud-
ied the results of off-stoichiometry. Microprobe analysis
showed that deviations of 1% or more from the
stoichiometric ratio (1:2:2) always resulted in segregations
of a compound with a composition in agreement with the
deviations from stoichiometry. The second phases are
again segregated on the grain boundaries or on parallel
planes within the microcrystallite, and thus can easily
form a continuous three-dimensional network.

The three RPd,Si; compounds become superconducting
at transition temperatures of T,=0.67 K for LuPd,Si,,
T.=0.39 K for LaPd,Si,, and T,=047 K for YPd,Si,
(see Fig. 1). To check whether the superconductivity is a
bulk property, we prepared single-crystal samples, which
are completely single phase. These crystals have identical
critical temperatures as the polycrystalline samples. The
dc-field dependence of the ac susceptibility below T, is
shown in Fig. 2 and exhibits a pronounced positive peak
in each field direction. This peak can be understood in
terms of the fully reversible hysteresis loops on the mag-
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FIG. 1. Superconducting transitions of RPd,Si,;, with R=Y,
La, or Lu and LaRh;Si, determined from ac susceptibility
versus temperature curves.

netization curve, also shown in Fig. 2. Such a magnetiza-
tion curve demonstrates that these compounds are type-I
superconductors. A parabolic fit to the temperature
dependence of the critical field H.(T) versus T yields
woH.(0)=7.0 mT for LuPd,Si, poH.(0)=3.1 mT for
LaPd,Si,, and poH.(0)=5.4 mT for YPd,Si,, as illustrat-
ed in Fig. 3. For YRh,Si, and LuRh,Si, no superconduc-
tivity was observed down to 0.33 K.

For LaRh,Si, the situation is more complicated. We
prepared three stoichiometric, polycrystalline samples.
Sample 1 was measured with ac susceptibility down to 20
mK and the other two down to 330 mK. Sample 1 con-
tained the least segregations of these three samples as ob-
served by microprobe analysis and became superconduct-
ing at 74 mK (see Fig. 1). The field dependence of the ac
susceptibility exhibits positive peaks, similar to those of
RPd,Si,, indicating a type-I behavior. Sample 2 was mea-
sured before annealing and became superconducting at
360 mK. After annealing we found only a weak onset of
superconductivity at this temperature. Sample 3, which
was annealed, did not become superconducting down to
330 mK.

In order to resolve the intrinsic superconducting prop-
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FIG. 2. Magnetic field dependence of the ac susceptibility
and the magnetization of YPd,Si, at 350 mK.
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FIG. 3. Critical fields for RPd,Si,, with R=Y, La, or Lu
and LaRh,Si;. The solid lines represent a parabolic fit:
H.(T)/H (0)=1—(T/T.)~

erties of LaRh,Si,, we also prepared nonstoichiometric
samples of formula La,,,Rh;Si; and LaRh,_,Si,,,.
These samples lie along the two thick lines through
LaRh,Si, in the ternary phase diagram given in Fig. 4.
We observed that the La;,Rh,Si, samples with excess
La become superconducting at 0.36 K, while the samples
with La deficit did not become superconducting down to
0.33 K. For the compounds LaRh, ,Si, _, we found a
superconducting transition at 4.0 K for the Si-rich sam-
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FIG. 4. Ternary phase diagram of the system La-Rh-Si
according to Ref. 4. The thin solid lines represent the tie lines
of LaRh,Si, to neighboring compounds. The lines 4 and B
represent compounds of formula La,,,Rh,Si, and
LaRh,_,Si,,,, respectively. The superconducting transition
temperatures of the eight identified ternary phases are indicated.

ples, but no superconductivity for the Rh-rich samples.
Finally we measured the ac susceptibility of the LaRh,Si,
single crystal which should reveal the intrinsic supercon-
ducting behavior because of the total absence of any
second phase. The single crystal became superconducting
at 74 mK.

Additionally, we have performed very accurate magnet-
ization measurements on all the variously prepared sam-
ples of LaRh,Si,. There were no indications for any mag-
netic phase transitions as were reported earlier.’ The
magnetization had little temperature dependence and a
value of 1.5X10~* emu/mol, indicating a weak Pauli
paramagnetism.

IV. DISCUSSION
A. Metallurgy

The La-Rh-Si system is one of the few ternary com-
pounds for which an isothermal-section phase diagram
has been established. Here, eight ternary compounds
were identified, five of which were found to be supercon-
ductors (see Fig. 4). In contrast to these results, the com-
pounds LaRhSi and LaRh,Si, have also been claimed to
be superconductors with 7T, =4.35 and 3.9 K.23 We have
concentrated our efforts on the compound LaRh,Si, not
only to resolve the question of superconductivity, but also
to investigate the causes of the metallurgical difficulties
which have led to these contradictory results.

The basic problem of the metallurgy of LaRh,Si, is the
extremely small range of stoichiometry. This property
leads to the formation of second phases, already for off-
stoichiometric preparation of the samples of order of 1%.
These second phases not only arise from systematic errors
caused by weighing errors, oxides in the starting materials
and melting losses, but also from small concentration
fluctuations in the melt. Accordingly, we found both
La-rich and La-poor precipitates in an as-quenched
stoichiometric LaRh,Si, sample. Consequently, an an-
nealing procedure is necessary, although we believe that a
heat treatment at 900°C is too low in view of the estimat-
ed melting temperature of 1600°C. During the heat treat-
ment the segregations are directed to the grain boundaries
where the concentration fluctuations can be smeared out.
Nevertheless, this may cause a percolated network
through the sample.

Such a percolated network can short-circuit the resis-
tance of the sample and may shield magnetic fields.
Thus, resistivity and ac-susceptibility measurements must
be interpreted with precaution. Two other frequently used
techniques, namely specific heat and Meissner-effect mea-
surements, are more difficult below 1 K, and could lead to
complications in case of large transition width AT, or
strong flux-pinning effects.

We have approached the question of bulk superconduc-
tivity in LaRh,Si, via two other methods. First, we used
off-stoichiometric samples to contrast the intrinsic prop-
erties. Here, the results for 7T, from the ac susceptibility
need to be closely related to the detailed analysis of the
sample quality and segregations. This method has the ad-
ditional advantage that it also provides information about
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the neighboring phases. Second, we have studied “ideal”
samples by preparing single crystals with a specially
adopted “tri-arc” Czochralski method. These single crys-
tals grow under the near-equilibrium conditions that are
highly suitable for producing single-phase specimens be-
cause the range of stoichiometry is small. This method
has the further advantage of the purifying effect of the
Czochralski method.

With our detailed knowledge of the ternary La-Rh-Si
phase diagram, we conclude from the observed behavior
of the polycrystals and single crystals that (i)
stoichiometric LaRh,Si, is a type-I superconductor with
T.=74 mK, (ii) the superconductivity at 0.36 K must be
attributed to segregations of LaRhSi, and (iii) the ob-
served superconductivity®® at 4.0 K can be ascribed to
segregations of La,Rh;Sis.

In our opinion, the different transition temperatures
must be caused by different ternary phases and not by a
range of transition temperatures over the range of
stoichiometry.5 The latter would require that T, could
vary by a factor 50 over the extremely small range of
stoichiometry less than 1%. The former is further sup-
ported by the fact that both the single crystal and the
purest polycrystal have the same T, value of 74 mK.

The contradictory results reported on LaRh,Si, can
neither be explained with a high-temperature or
low-temperature modification of the ThCr,Si- and
CaBe,Ge,-type crystal structures as found for Lalr,Si,,’
nor with a mixed site occupancy of the Rh and Si sites.
For in both cases, powder diffractograms should show
Miller indices with an odd sum, which was not the case
with our annealed samples nor with rapidly quenched
samples.

In order to check the superconducting properties of
LaRhSi, we have prepared a stoichiometric polycrystalline
(1:1:1) sample. This sample became indeed superconduct-
ing at 0.36 K. Our result is in agreement with the obser-
vations of Braun,* who found no superconductivity down
to 1.2 K. However, Chevalier et al.? report a supercon-
ducting transition temperature 7T,=4.35 K. A detailed
metallurgical analysis by Braun, and likewise by ourselves,
attributes this result to the formation of second phases.
We conclude that the intrinsic transition temperature of
LaRhSi is 0.36 K.

B. Superconductivity

Consistent with our present results, type-I superconduc-
tivity (Ginzburg-Landau parameter kgy <0.7) had earlier
been reported for LaPd,Ge,.® This behavior stands in to-
tal contrast to the type-II superconductivity of the iso-
structural heavy-fermion compounds CeCu,Si, (kg ~22)
(Ref. 9) and URu,Si, (kgr~33).1° The distinction be-
tween type-I and type-II behavior seems to be critically
dependent on whether the superconductivity is carried by
light electrons (Y, La, Lu) or by heavy electrons (Ce, U).

The intrinsic superconducting properties of these com-
pounds are defined by the value of the Ginzburg-Landau
parameter kg;. We explicitly exclude mean-free-path ef-
fects (see below), and thus kgp=ko=0.96A; (0)/&;, with
A7 (0) the London penetration depth and &, the coherence
length (Ref. 11). A, (0) can be calculated from the London
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equation A}(0)=m*/ugne? with m* the effective
electron mass, po the permeability constant, n the
conduction-electron density, and e the electron charge. In
Bardeen-Cooper-Schrieffer (BCS) theory the coherence
length & is given by &,=0.18#vg/kpT, with # Planck’s
constant, vp the Fermi velocity, kp Boltzmann’s constant,
and T, the superconducting transition temperature. This
leads to the universal relation:

Ko=3.21X 102T,(m* /m,)**n 12k " .

Assuming a spherical Fermi surface n =kp/3m* and set-
ting T.=0.5 K the above equation can be reduced to
Ko=8.72X10*(m* /m,)*"*/kg*/?. For the 1:2:2 com-
pounds there are six conduction electrons per two formula
units per unit cell (4><4>< 10=160 A® ), yielding a Fermi
vector kp=1.04 AL Thus, we obtain a relation between
the Ginzburg-Landau parameter k; and the effective mass
of the conduction electrons for these compounds, viz.,
Ko=7.9%10"3(m* /m,)*’%. Comparatively, for CeCu,Si,
a value of ko= 10 was reported,'? resulting for our model
in a mass enhancement of 118, which is in close agree-
ment with other calculations.'?

From the above analysis the distinction between type-I
and type-II superconductivity takes place at a mass
enhancement of about m*/m,=20. As this mass
enhancement is unlikely for the compound presently in-
vestigated, type-I behavior may be expected as a general
property for the nonmagnetic RT,Si,-type compounds.
We stress that our analysis assumes a spherical Fermi sur-
face, and thereby leads to only a rough estimate of the kf.
Nevertheless, a factor of 2 error in kr would not invali-
date our conclusion of the type-I behavior for these type
of compounds.

Furthermore, our analysis neglects mean-free-path ef-
fects, which have been shown to be of minor importance
in case of heavy-fermion superconductors. Such effects
require'’ that an additional term must be included in the
Ginzburg-Landau parameter as kg —ko=2.4X 10%1/%p,
For type-1I superconductors this term is also less than

+V2, with 7/ in J/m’K? and p in Qm, or
‘y” 2p<3%x10~ The value of y can be derived from the
relation y=2. lZyoHc(O)T_ , which is nearly the same
for all four superconducting compounds. Using the
values for LuPd,Si;, namely, T,=0.67 K and
woH.(0)=7x10"3 T, we obtain y=184 J/m3K? (=18.2
mJ/mol K?) which is larger than our experimentally ob-
served value of ¥ =78 J/m®K2. This discrepancy may be
related to strong coupling effects and to a nonspherical
Fermi surface. Using the experimental value for y, we
derive that p <3.4 uQlcm. Our resistivity measurements
on a single crystal of LuPd,Si, show highly anisotropic
residual values, namely p(4 K)=5.9 uQcm along the a
axis and 12 pQ cm along the ¢ axis. This result indicates
a correspondingly anisotropic Fermi surface, and that the
anisotropy of the mean-free-path effects has not been in-
corporated correctly. Consequently, there must be a crys-
tal direction along which a lower residual resistivity is
present. Alternatively, we must assign anisotropic values
to y, which is an averaged quantity over the Fermi sur-
face. Critical-field measurements on single-crystal sam-
ples are warranted to resolve this latter possibility.
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Finally, we note that the superconducting transition
temperature T, is strongly dependent on the actual
electron-phonon interaction, and for the RPd,Si, com-
pounds there is a relation between T, and the unit-cell
volume ¥V (see Table I). As the density of states is nearly
the same for all four superconducting compounds
[N(Ep)~y~H?/T?], we expect the superconductivity
for YRh,Si, and LuRh,Si, might likewise be expected in
the millikelvin range.

In conclusion, we have found bulk superconductivity
for single-phase RPd,Si, with R=Y, La, or Lu and for
LaRh,Si,. The observed type-I behavior may be regarded
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as a general property of this type of nonmagnetic R com-
pounds and serves as a simple reference for the heavy-
fermion compounds CeCu,Si; and URu,Si, with respect
to their superconducting properties.'*
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