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L. S. Hausermann-Berg and R. N. Shelton
Ames Laboratory and Department of Physics, Iowa State University, Ames, Iowa 50011
(Received 11 September 1986; revised manuscript received 29 December 1986)

The results of low-temperature specific-heat experiments on eleven superconducting compounds
belonging to the ternary system Rs;7T,X o (R=Sc, Y, and Lu; T=Co, Rh, Ir, and Os; X=Si and Ge)
are presented. Analysis of the data yields relatively high Debye temperatures for the silicides
(300-600 K), as well as large values for AC/yT, (2.8—4.9) and the electron-phonon interaction A
(0.60-0.75) for the high-T, compounds ScsRh,Sijo, ScsIrsSijo, and YsOs,;Gey, indicating that these
are strong-coupled superconductors. The analysis also indicates that a large contribution of the
anharmonic term to the total specific heat in the normal state is present in the low-T,. compounds. It
is apparent that the phonon spectra of these ScsCo,Si o-type materials are quite complex.

INTRODUCTION

Until recently, the interest in ternary superconductors
has focused on the chevrel phases and rhodium borides.
However, the discovery of the coexistence of superconduc-
tivity and a regular sublattice of magnetic rare-earth
atoms has prompted the search for more ternary systems
with this property. Eleven new superconducting structure
types were reported in 1980 alone.!™!® In two separate
silicide phases, Lu,Fe;Sis and ScsCo,4Si;y, superconduc-
tivity still exists (7, =4.7 K or greater) in the presence of
a significant amount of a magnetic 3d transition metal;
30% in the former and 21% in the latter. However, nei-
ther the Fe nor Co atom was reported to exhibit a mag-
netic moment in these compounds. '

As mentioned, the RsT,X,, series,”® first reported in
1980, is one successful example of the search for addition-
al ternary superconductors. This new class of supercon-
ducting and magnetic compounds is constituted as fol-
lows: R =rare earth, including Sc and Y, 7T =Co, Rh,
Ir, or Os, and X =Si or Ge. The system crystallizes in
the ScsCo,4Sig-type structure which is primitive tetrago-
nal, space group P4/mbm, and has 38 atoms per unit
cell. The projection of the ScsCo,4Si o structure along the
¢ axis yields Co and Si atoms in planar nets of pentagons
and hexagons stacked parallel to the basal plane and con-
nected along the ¢ axis via Co-Si-Co zigzag chains. The
pentagon-hexagon layers are separated by layers of Sc.®
One interesting feature of this structure is the absence of
transition-metal—transition-metal bonds. This is quite
different from what is found in the Mo chalcogenides'3
and the rhodium borides, '* both well studied ternary sys-
tems, in which the transition metals form clusters. In this
paper, we present the low-temperature heat-capacity data
for the 11 superconducting compounds in this system as
part of a systematic study of ternary rare-earth
transition-metal silicides and germanides.

EXPERIMENTAL DETAILS

All samples were prepared by arc melting
stoichiometric amounts of the elements in a Zr-gettered
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high-purity argon atmosphere. After melting, the samples
were sealed in quartz ampoules under 150 Torr of argon
and subjected to a heat treatment of 18 days at 1050°C
followed by a water quench to room temperature.

X-ray powder diffraction work was carried out on a
Rigaku diffractometer and lattice parameters were deter-
mined by the method of least-squares using 20-24
reflections including an internal silicon standard
(@ =5.43083 A). These are in good agreement with
those reported by Braun et al.!? and Venturini et al.'’
The ambient-pressure superconducting transition tempera-
tures (7,) of the samples were determined from low-
frequency ac-susceptibility measurements. Low-
temperature heat-capacity measurements were carried out
at temperatures ranging from 0.5 to 30 K in a heat-pulse
type semiadiabatic calorimeter. Two features of the
colorimeter were a 3He pot-bellows together with a
mechanical heat switch serving to cool the samples
without exchange gas, and a continuously operating “He
cold plate. Details of the low-temperature heat-capacity
measurement technique may be found in Ref. 16.
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FIG. 1. Specific heat vs temperature for ScsCosSijo with an
inset focusing on the specific-heat jump at 7T.. The solid line
represents the best fit to the data.
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TABLE 1. Superconducting and normal-state properties of the RsT,X,, compounds.
T, AC Vn Bn ay, N*(O)

Compound (K) (mJ/molK) (mJ/molK?) (mJ/molK* (mJ/molK® AC/y.T. (states/atom eV spin) ®p A
ScsCosSiio 4.89 160 30.9 0.182 4.14x107* 1.08 0.35 584  0.47
ScsRhsSiio 8.43 400 17.1 0.412 5.17x10* 2.82 0.19 448  0.60
ScsIrsSi 8.57 250 9.93 0.571 6.67x107* 2.96 0.11 402  0.62
YsRisSio 2.29 55 21.8 0.687 6.92x10* 1.10 0.24 377 0.45
LusRh,Sio 3.45 112 16.7 1.41 1.46 107 1.95 0.19 297  0.52
LusIrsSipo 3.77 124 23.4 0.752 2.20%x 1073 1.41 0.26 366 0.50
YsRhsGeio 1.25 34 19.2 1.06 2.44x 1073 1.42 0.21 326 041
YsIrsGejo 2.75 85 17.6 1.34 2.03x10°3 1.76 0.20 302 0.49
Y50s:Geio 9.10 570 13.2 1.78 3.37x107* 4.74 0.15 275 0.74
LusRhsGejo 2.74 104 24.6 2.06 2.94% 1073 1.54 0.26 262 0.51
LusIrsGeio 2.54 77 20.0 2.30 2.62x 1073 1.52 0.22 252 0.50

RESULTS the normal state, and «, is a term to account for the

The heat-capacity data for the superconducting com-
pounds belonging to the ternary system Rs7,X, are
presented in Figs. 1-11. For each of the 11 samples stud-
ied there is one graph of C versus T over the entire tem-
perature range investigated with an inset of C versus T
focusing on the specific heat jump at the transition tem-
perature. We will first discuss the low-temperature heat-
capacity results for the samples individually and then
point out any systematic trends discovered.

For each compound, the total heat capacity, after
correcting for the addenda, was expressed as

C=C,+C;, (1)
where C, is the usual electronic contribution and C; is the
lattice contribution. The heat capacity data from above
T. to 26 K were then fitted to an equation of the form

Co,=Y T +B,T*+a,T", )

where 7, is the electronic specific heat coefficient in the
normal state, 3, is the lattice specific heat coefficient in
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FIG. 2. Specific heat vs temperature for ScsRhySio with an
inset focusing on the specific heat jump at 7,.. The solid line
represents the best fit to the data.

anharmonicity of the lattice. Using these coefficients, we
calculated N *(0), the enhanced density of electronic states
per spin at the Fermi level,

3Yn

N*(0)=*ﬁ
277' NrkB

(3)

as well as the Debye temperature (T < ® /10),

o} 127*Nrk g 4
b=""35 4)

for each compound. In the above equations, N is
Avogadro’s number, r is the number of atoms per formula
unit, and kp is Boltzmann’s constant. For most of the
data sets, the root-mean-square deviation of the fit was
about 2%. Exceptions to this were ScsRh4Sijo, ScsIrsSio,
and Ys0s4Gejo where the rms deviation was between 4%
and 5%. This increased difficulty in fitting the data for
these three high 7. samples is considered in the discus-
sion section below. In order to calculate A, the electron-
phonon coupling constant for each sample, McMillan’s
formula with u*=0.1 (u* is the Coulomb coupling con-
stant) was used:
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FIG. 3. Specific heat vs temperature for ScsIr4Sijo with an in-
set focusing on the specific heat jump at 7.. The solid line
represents the best fit to the data.



35 LOW-TEMPERATURE HEAT-CAPACITY STUDY OF . .. 6661
T T T T T T T T T T T L B LA T oy - I
32+ — Y5msno<( 40 LuslraSio ~
| 2o} < F o320 : y
L PO ~ -
24 “‘;80» .-' | B 30“f“ot ,./
- // /w’/ ] §weor s ]
< :E:ao < € gof ]
sl6 -2 ﬁ / 5 207 ) ‘
E 0 < . . £ 0 08 16 24 32 40 48 56
S G 0 08 1.6 24 32 < TEMPERATURE (K)
~= TEMPERATURE. (K) >
o8t o 104
I __._,...--"""' r ..--.!'... 1
0 ! 1 . L n RN 0 “"1".“.1 N 1 " s L |
O 4 8 12 16 20 24 (6] 4 8 2 16 20 24

TEMPERATURE (K)

FIG. 4. Specific heat vs temperature for YsIrsSijo with an in-
set focusing on the specific heat jump at T.. The solid line
represents the best fit to the data.

N 1.044+*In(®p /1.45T,) .
T (1—0.62u*)In(®) /1.45T,)—1.04

Quantitative data for all samples are presented in Table I.
The low-temperature heat-capacity data for ScsCo4Si;q
are presented in Fig. 1. The inset of the C-versus-T graph
indicates that the calorimetric 7, is 4.89 K, whereas the
heat, capacity jump AC is 163 mJ/mol K. Analysis of the
data yields a value of AC/y,T.=1.08, somewhat re-
duced from the Bardeen-Cooper-Schreiffer (BCS) value of
1.43, as well as a very high Debye temperature, ®, =584
K. The value of A indicates the sample is an
intermediate-coupled superconductor. The low-
temperature heat-capacity data for ScsRh,Si;, are present-
ed in Fig. 2. The values of T.=8.43 K and AC =404
mJ/mol K are evident from the graph. As for ScsCo4Sig,
the value of the Debye temperature for this sample,
®p =448 K, is large compared to most ternary supercon-
ducting  compounds. We note the value of
AC/y,T.,=2.82 is much larger than the BCS value.
This result, combined with the value of A=0. 60, indicates
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FIG. 5. Specific heat vs temperature for LusRh4Sij0 with an
inset focusing on the specific heat jump at 7.. The solid line
represents the best fit to the data.
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FIG. 6. Specific heat vs temperature for LusIr,Si;o with an in-
set focusing on the specific heat jump at T.. The solid line
represents the best fit to the data.

that ScsRhSi)o is a strong-coupled superconductor. The
low-temperature heat-capacity data for ScsIr,Si), are
presented in Fig. 3. The graph yields values of 7. =8.57
K and AC =252 mJ/mol K. The value of the Debye
temperature, ®, =402 K, though not as large as the pre-
vious two samples is still high. However, the data for
ScsIr,Siy yield even higher values for AC/y,T.=2.96
and A=0.62 than for ScsRh,;Si;,. Again, one may draw
the same conclusion: ScsIr,Sij is a strong-coupled super-
conductor. The low-temperature heat-capacity data for
YIr,Sijo are presented in Fig. 4. From the graph one no-
tices 7,=2.29 K and AC =55 mJ/mol K. The ratio
AC/y,T,.=1.05 for this compound is less than the BCS
value. The Debye temperature is close to that of
ScsIr,Sig, having a value of 377 K. The low-temperature
heat-capacity data for LusRh,Si;y are presented in Fig. 5.
We obtain values of 7,.=3.45 K and AC=112
mJ/mol K. The ratio AC /y,T,=1.95 is larger than the
BCS value. Fitting the heat capacity data above T yields
a relatively large value for 8,=1.41 mJ/mol K* and a
Debye temperature of 297 K. The low-temperature heat
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FIG. 7. Specific heat vs temperature for YsRhsGejo with an
inset focusing on the specific heat jump at 7.. The solid line
represents the best fit to the data.
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FIG. 8. Specific heat vs temperature for YsIrsGejo with an in-
set focusing on the specific heat jump at 7.. The solid line
represents the best fit to the data.

capacity data for LusIr,Sijy are presented in Fig. 6. The
values of 7.=3.77 K and AC =124 mJ/mol K are evi-
dent from the graph. Compared to the BCS value of 1.43,
the value of AC/y,T,=1.41 for this compound is quite
close. A value of ®p =366 K is obtained from the fit of
the normal-state data.

Turning to the isostructural, germanium-based com-
pounds, we present the low-temperature heat-capacity
data for YsRh;Ge o in Fig. 7. This figure indicates that
T.=1.25 K and AC=34 mJ/mol K. The calorimetric
transition temperature for this compound is quite sharp
being about 0.05 K wide. The Debye temperature for this
material has a value of 326 K. The low-temperature
heat-capacity data for Y;Ir,Ge,, are presented in Fig. 8.
From the graph one obtains 7,=2.75 K and AC =385
mJ/mol K. From a fit of the normal state data, one gets
®p =302 K. The low-temperature heat-capacity data for
Ys0s,Ge o are presented in Fig. 9. One obtains values of
T.=9.10 K and AC=570 mJ/mol K from the graph.
Utilizing the parameters from the fit yielded values of
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FIG. 9. Specific heat vs temperature for YsOssGejo with an
inset focusing on the specific heat jump at T.. The solid line
represents the best fit to the data.
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FIG. 10. Specific heat vs temperature for LusRhsGe)o with an
inset focusing on the specific heat jump at 7,. The solid line
represents the best fit to the data.

4.74 for AC/y,T,, exceptionally large compared to the
BCS value of 1.43, and 0.74 for A. Note also the relative-
ly small values for y,=13.2. mJ/mol K? and ®p =275
K. The same conclusion may be drawn as for ScsRh,Si;,
and ScsIrSijp: Y5Os,Geyg is a strong-coupled supercon-
ductor. One also notes the existence of a second super-
conducting phase in this sample, having a 7, =1.47 K.
The presence of a heat-capacity jump at this temperature
confirms the bulk nature of the superconductivity of this
unknown phase. The phase is yet to be determined. The
low-temperature heat-capacity data for LusRh,Ge;, are
presented in Fig. 10. A 7.=2.74 K and AC =104
mJ/mol K, are evident from the figure. Fitting the heat
capacity data above T, yields a large value of 8, =2.06
mJ/mol K* and hence, a relatively small value of
®p=262 K. The low-temperature heat-capacity for
LusIryGey, are presented in Fig. 11. It is evident from
the graph that 7, =2.54 K and AC =77 mJ/mol K. This
sample has the highest value of 3, =2.30 mJ/mol K* and
hence, the lowest value of ®, =252 K.
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FIG. 11. Specific heat vs temperature for LusIrsGejp with an

inset focusing on the specific heat jump at T.. The solid line
represents the best fit to the data.
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DISCUSSION

Having presented the low-temperature heat-capacity
data of the superconducting compounds in the RsT,X;q
series, we now concentrate on systematic trends observed
in these data, referring to Table I for quantitative compar-
isons. As mentioned previously, the fits of the normal
state data to the modified Debye model [Eq. (2)] were
poorer for the three highest 7T, materials; namely,
SC5Rh4Si10, SCSIr4Si10, and Y5054G610. One consideration
is that the high T,’s of these compounds might render the
extrapolation of this fit below T, less reliable and thus in-
troduce greater uncertainty in the fit parameters.
Quenching the 7,.’s by the application of a magnetic field
would be useful in understanding the normal state behav-
ior of these compounds. We believe that a more probable
reason for the difficulty in fitting the heat capacity data of
these three samples is that the phonon spectrum of these
structurally complex compounds is too complicated to be
adequately described by the Debye model which utilizes
just one characteristic temperature. This problem has al-
ready been noted in other ternary compounds as well as
the high-T, A-15 materials.!”~2° The high T, materials
investigated thus far seem to have an excess of phonon
modes at the low frequencies.

Another systematic result of the analysis that distin-
guishes the three highest T, compounds is the extraordi-
narily large enhancement of AC/y,T. from the BCS
value of 1.43. The values of the electron-phonon interac-
tion parameter A are also distinctly larger for these three
materials, with A >0.60. Although the other eight com-
pounds have respectable A values (0.41 to 0.52) indicative
of intermediate-coupled superconductors, there is a clear
distinction between this group of eight compounds and
the three highest 7, samples. The presence of the strong
electron-phonon interaction in these and high 7, A-15s is
one additional reason for the systematic deviations of the
normal state lattice contribution from the Debye model.
In that case, the BCS theory, which assumes weak cou-
pling between the electrons and phonons, is no longer
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strictly valid in its application to the materials. A more
complete treatment of this interaction, already handled by
many scientists, is then necessary to afford a better
description of the various superconducting and normal
state behaviors exhibited by these strong-coupled super-
conductors.

The Debye temperatures of the silicides in this system
are generally much higher than what is found in other ter-
nary superconducting systems. This is most likely attri-
butable to the fact that Si has a Debye temperature of 630
K and is a major constituent in these materials forming
important interatomic bonds (Ge has a ®, =370 K). The
Debye temperatures cover a wide range for these eleven
isostructural superconductors, varying by more than a
factor of 2 from 584 K for ScsCo,Sij, to 252 K for
LusIr,Gejy. This variation is not surprising since the
molecular weight of these compounds also varies greatly.
In fact, the Debye temperature scales reasonably well as
the reciprocal of the square root of the molecular weight
as one expects.

Lastly, we note that the contribution to the normal
state heat capacity by the anharmonic term («,) is
significant; the data could not be fit when this term was
omitted. This is another indication of a complicated pho-
non structure in this class of compounds. Deviation from
a T3 law in the phonon contribution to the heat capacity
has been reported for other ternary superconductors.?!??
This effect may be a rather general consequence of the
complex phonon density of states which may be expected
from the involved crystal structure of these materials.
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