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The heat capacity of two samples of CeRu, and one sample each of CeRuy,g Pty.;, CeRuy,gPto.s,
and LaRu, were measured from 1.3 to 9 °K (to 20 °K for LaRu,). All samples are supercon-
ducting, have high y values (10-14 mJ/g atom °K?) and moderately low Debye temperatures
(144-158°K). None of these materials behaves as a BCS-type superconductor. All of these
materials exhibit a departure from the normal T° behavior at a temperature & to 3 of that
which might be expected from the Debye theory. The departure is unusual in that the Debye
temperature increases with increasing temperature, while other Laves-phase compounds that
we have recently examined show the opposite and more normal(?) behavior. These different
behaviors are explained on the basis of the structural nature of the Laves phase.

INTRODUCTION

Cerium metal is known to exist in several allo-
tropic forms and electronic configurations. Until
recently, it has proven difficult to isolate any one
form at low temperatures to study its electronic
character, For this reason we decided to examine
some of the cerium compounds as a means of
isolating a particular electronic structure of ceri-
um at low temperature. In particular, we have
examined the C15-type Laves phases AB, in which
the cerium atom is the A atom. It has been ob-
served that the cubic Laves phase CeRu, becomes
superconducting at 4.9 °K.! Because a large lo-
calized magnetic moment prohibits superconduc-
tivity, the electrons in CeRu, must have little or
no localized 4f character. Therefore, in this com-
pound cerium must be approximately tetravalent.
Also, a plot of the lattice parameters of the com-
pounds RRu, (where R stands for a rare-earth
element) versus atomic number shows an anomaly
for the cerium compound in that its lattice param-
eter is 1. 6% smaller than that expected from the
lattice parameters of the other trivalent lantha-
nides.? Ifthe entire change in lattice parameter
was due to a shrinkage of the cerium atom this
would correspond to a volume change of 14, 4%,
which compares with a 17% change observed for
pure cerium when it transforms from y to . In
contrast to CeRu,, the lattice parameter of the
cubic Laves phase CePt, shows no deviation when
compared to that of the other lanthanide RPt,
compounds, thereby indicating that cerium is
trivalent in this compound. This has been con-
firmed by magnetic susceptibility measure-
ments, 3-8

At the time this study was begun CeRu, was the
only known cerium Laves-phase superconductor.
For this reason we decided to examine CeRu; as
the material in which cerium had no localized 4f

8

electrons. CePt, was examined because platinum
is about the same size as ruthenium, and the
cerium in the CePt, compound has one localized
4f electron, Furthermore, it was hoped that the
pseudobinary alloys CeRu,.,Pt, could be formed to
study how the properties change as the valence of
cerium changes.

EXPERIMENTAL
Sample Preparation

The highest-purity component metals available
at the time the study was started were used to pre-
pare these compounds. The La and Ce were pre-
pared at the Ames Laboratory, Iowa State Univer-
sity, and the Ru and Pt were purchased from com-
mercial sources. Chemical analyses of the com-
ponents used in this study are given in Table I

A review of the literature on these compounds
revealed that the Ce-Ru phase diagram had been
investigated” and that CeRu, formed peritectically
from ruthenium and liquid alloy between 1539® and
1570°C." Nothing is known about the melting be-
havior of the other compounds.

A metallographic examination of an ingot of
stoichiometric CeRu, prepared by arc melting
revealed three phases and evidence of peritectic
rimming. An attempt was made to remove the
nonequilibrium microstructure by annealing the
ingot at temperatures just below the eutectic tem-
perature 645 °C. An arc-melted sample, heat
treated 84 h at 625 °C, showed no change in the
amounts of the phases present, suggesting that at
625 °C diffusion rates are too low for any homoge-
nizationtotake place in a reasonable amount of
time. At higher homogenization temperatures the
low-melting liquid would wet the tantalum crucibles
making removal of the brittle Laves phase in the
form of a single solid sample suitable for calorim-
etry measurements impossible.

3286



6 LOW-TEMPERATURE HEAT CAPACITY OF LaRu,, ... 3287

TABLE I. Analysis of component materials (impurity
levels are given in ppm by weight) [-.-: none found; <:
less than; T: trace; FT: faint trace; VFT: very faint
trace; (X): interferencel.

La Ce Ru Pt
H 2 2 1 21
N 350 33 4 145
(0] 395 665 15 103
Mg <55 FT VFT
Al VFT VFT
Si <15 <30 VEFT FT
Ca <15 <90 FT VFT
Cr <80 FT VFT
Fe 105 <20 FT ces
Ni <10 LX) VFT
Cu <20 FT VFT
Zr <200
Ru T(X)
Rh T
Pd FT
Ag VFT
La <200
Ce <300
Pr <600 <200
Nd <200 <200
Ta 660 <500

An alloy was prepared which had a cerium con-
centration greater than 35-at. % Ce to avoid the
peritectic reaction and leave elemental ruthenium
present in the arc-melted button. The problem
was to eliminate the cerium-rich eutectic which
was intermixed with the Laves phase. Leaching
a powdered sample with nitric acid was found to
work, but the process was messy and the resulting
samples were not suited for calorimetry. Another
solution was arc-zone melting. ® In this technique
a sample is placed in a trough of a water-cooled
copper hearth and a molten zone is established at
one end of the bar. As the hearth is moved under
the arc the molten zone will move along the bar.
The material freezing out of this molten zone as it
moves is the desired CeRu; and is found at one end
of the bar and the eutectic at the other end. The
hearth was moved at a velocity of 6.4 mm/h (0. 25
in, /h) for preparing CeRu,I. In practice, condi-
tions could not be found in which the phase separa-
tion is complete, probably because it is difficult
to get the molten zone to extend to the bottom of
the bar,

Because subsequent heat-capacity measure-
ments revealed the existence of a second phase
which has a large heat capacity, another CeRu,
sample was prepared. This sample, CeRu,II,
was prepared by arc melting stoichiometric
amounts of cerium and ruthenium and then an-
nealing it on a water-cooled silver hearth at
1300+ 50 °C. The inductively heated sample was

annealed for 24 h, after which the power was re-
duced slowly so the sample cooled at a rate of 20
to 30 °C/min down to 800 °C. The power was then
shut off and the material cooled to room tempera-
ture in about 5 min,

Microscopic examination revealed a small
amount of eutectic in the grain boundaries of both
CeRu, samples, and a point-count analysis of the
samples showed 3% Ce-rich eutectic in CeRu, I
and 1% in CeRu,II. From the phase diagram it is
estimated that CeRu, I contains (1.3+0.1)% y-Ce-
Ru solid solution and CeRu, II (0. 43 +0. 03)% y-Ce-
Ru solid solution. Both samples were chemically
analyzed. The metallic impurity concentrations
were essentially the same and about what one would
expect for levels found in the starting materials
(Table I). The nonmetallic concentrations were
406 and 142 ppm (by weight) oxygen, 6 and 1 ppm
hydrogen, and 33 and 30 ppm nitrogen for CeRu;I
and CeRu,II, respectively. Thus, in all respects
the CeRu,II sample was the purer.

The CeRu,_,Pt, samples were prepared in the
same manner as CeRull, except the annealing
times were 30 h for CeRu, oPtq,; and 47 h for
CeRuy; 3Pty ;. Metallographic analysis revealed that
there was a small amount of eutectic present in
both samples. The two components of the eutectic
are the Laves-phase compound and cerium solid
solution.

It was observed that a 35-at. % lanthanum arc-
melted LaRu, sample consisted of three phases, not
two phases as the off-stoichiometric CeRu,I sam-
ple, and thus, the arc-zone method would not be
expected to succeed. An arc-melted sample of the
LaRu, stoichiometry was put into a tantalum cru-
cible whichwaswelded closed under a helium at-
mosphere, and then homogenized at 1200+ 50 °C
for 16. 5 h after which the power was turned off al-
lowing the sample to cool to room temperature in
about 30 min. There was no sign of attack of the
tantalum crucible, and the alloy was 99. 5% single
phase but with many voids present. The 0. 5% of
second phase present was thought to be ruthenium.

The lattice parameters of the CeRu,_ Pt, alloys
were investigated to determine if a continuous se-
ries of solid solutions exist in the pseudobinary
system. Figure 1 shows the result of this investi-
gation. In addition to the change in the lattice pa-
rameter as the concentration is varied, extra lines
begin appearing in the x-ray patterns as one moves
away from the end components, indicating the
existence of a new phase in the CeRu,_,Pt, system.
A sample of the composition CeRuPt was prepared
by melting appropriate amounts of CePt, and CeRu,
in an arc melter and then annealing at 1375 °C for
213 h. An electron microprobe examination of the
sample revealed that the two phases present had
the approximate compositions CePt and Ru. An x-
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ray analysis showed that most of the lines could
be accounted for by CePt (B33, TII type)* and
Ru, confirming the microprobe analysis.

The solid solubility limit of Pt in CeRu, is about
20 mol% at 1000 °C, but there is little solubility
of Ru in CePt, even near the melting point (see
Fig. 1). Recent work by Wilhelm and Hillenbrand!!
indicates that the solubility of Pt in CeRu, can be
extended up to about 30 mol% (i.e., CeRu, ,Pt, )
by quenching into ice water small samples which
were annealed at 1380 °C.

The lattice parameters of the samples used in
the calorimetry experiments are

LaRu,: a="7.7187+0.0002 A,
CeRu, I a="1.5386+0.0004 A,
CeRu, II: a="1.5379+0.0003 A,
CeRuy, oPtg ;: a=".5461+0,0002 A,
CeRuy, Pt ,: a="7.5539+0.0004 A,

It is noted that the samples used for the calorim-
etry measurements are not the same as those
used to establish the resulfs shown in Fig. 1. The
lattice parameters for the various samples of the
same composition, however, agree well with one
another within experimental error.

Heat-Capacity Measurements

Heat-capacity measurements!? were made in an
adiabatic heat-pulse type of calorimeter, which
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FIG. 1. Lattice parameters of some CeRu,_,Pt, alloys.
The solid line connecting the end members (CePt, and
CeRuy) is the Vegard’s law line. The lattice parameters
were obtained from arc-melted (@) and heat-treated
(A) samples. The heat-treated samples were initially
examined after arc melting, but the poor x-ray patterns
did not allow us to obtain precise lattice constants. Good
x-ray patterns were obtained by annealing the samples at
1000 °C for 48 to 300 h followed by quenching.
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was designed to fit between the pole pieces of a
9-kOe magnet. A mechanical heat switch was used
to isolate the sample from the helium bath, The
temperature was measured with a Honeywell
type-II germanium-resistance thermometer (GRT).
The GRT was calibrated in the range 1.4-4,2 °K
against the vapor pressure of He? and in the range
4, 2-22 °K against a second GRT which had been
calibrated by gas-bulb thermometry.!® The heat
capacity of the addenda was determined in sepa-
rate runs and subtracted from total heat capacity
to give the heat capacity of the sample.

The operation of the calorimeter and the validity
of the thermometry was checked by measuring the
heat capacity of a 1. 1-mole Calorimetry Confer-
ence Copper Standard!* sample from 1.4 to 8 °K,
All but two of the points fall within 2% of the stan-
dard reference equation'* with no systematic devia-
tions. Furthermore, our results also agree quite
well with critically evaluated low-temperature
heat-capacity data for copper.!® Thus, our results
for copper give additional confidence to the two
thermometer calibrations.

Measurements of heat capacity in a magnetic
field were made by using an electromagnet with
10-cm-diam pole tips and a 5-cm pole gap, It was
found that the change of resistance of the GRT
above 4. 2 °K was negligible (< 0. 5%) in fields of
9 kOe. Below 4.2 °K the change in resistance
varied from 1.3% at 3.3°K to 2.3% at 1.6 °K. The
change inresistance of the GRT as a functionof field
was fit to an equation and incorporated into the
computer program to correct for the effect of field.

All heat-capacity data in zero field were taken
in at least two separate runs with the sample
warmed to room temperature between runs. No
systematic deviation of the heat capacity from one
run to the next was found. Since the heater cur-
rent and Af are known to 0. 1% or better, it is felt
that most of the errors associated with the heat-capa-
city measurements are random innature and associ-
ated with determing AT by extrapolation to the
center of the heat pulse. The scatter in the data
varied from 5% for the addenda to 2% for the cop-
per standard. The heat capacity of the addenda
ranged from 20% to 30% of the total heat capacity
of the Laves phases investigated in this study.
Systematic errors may exist from the thermom-
etry, but their magnitudes are difficult to estimate.

RESULTS
CeRu,

The heat capacity of a 14, 9-g sample of CeRu, I
was measured from 1.4 to 8.3 °K (see Fig. 2).1®
The superconducting transition temperature 7', was
found to be 5.9 °K. The heat capacity above T,
yielded y=23,3+0.6mdJ/gatom °K® and ®=1171
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+2 °K. Measurement of the heat capacity in fields
of 2, 4, 6, and 9 kOe revealed a bump in the
C/T-vs-T? plot at approximately 6 °K. This bump
is believed due to the B-Ce (dhcp) second phase
which was observed metallographically as the
y-Ce phase at room temperature, but upon cooling
transforms to f-Ce.? B-Ce is known to order anti-
ferromagnetically at 12. 8 °K.'" but T, is probably
lower since Ru is soluble in Ce.” Because of the
large heat-capacity contribution due to the 8-Ce
impurity, a second CeRu, sample was prepared to
see if a purer specimen could be obtained.

The heat capacity of a 18, 9-g sample of CeRu, II
was measured over the temperature range 1.4 to
9 °K (see Fig. 3).'® The T of this sample was
6.18 °K. Transition temperature of 4.9 to 6,2 °K

have been reported previously for this com-

pound, 1+11:1&1% e believe the differences in tran-
sition temperature are due to the varying amounts
of Ce-rich solid solution which is present as a
second (impurity) phase and lowers T by the prox-
imity effect. Our evidence for this is based on
the following facts. The early determinations of
T, were made on arc-melted samples!'!® which
were not examined metallographically. However,
our study has indicated that samples prepared by
arc melting may have as much as 10% of the Ce-
rich solid solution present. Furthermore, a tran-
sition temperature of 5. 9 °K was found for CeRu,l,
which contained 1.3% B-Ce solid solution, but
CeRu,II, which had 0.4% B-Ce second phase, had
a transition temperature that was 0.3 K higher.

60 1 T I T T

r
CeRuy-II
® ZERO FIELD ~°

501" o 9 kOe FIELD o o -]

n o »
(o] o (@]

C/T(mJd/g atom°K?2)

S

B FIG. 3. Heat capacity of CeRu,
II. The solid line is the normal~
state behavior based on the extrap-
1 olation of the high-temperature
data points. The dashed line is the
normal-state behavior required
for §,=S; at T;, where S is the
entropy.

TZ (OKZ)

80



3290

ond phase, had a transition temperature that was
0. 3K higher,

Examination of the heat capacities of CeRu; I
(Fig. 2) and CeRu,II (Fig. 3) at 9 kOe shows that
the entropy of the 8-Ce bump in CeRu,II is about
three times less than that seen in the lower-purity
sample, CeRu,I. The relative amount of entropy
associated with the bump for the two samples is
consistent with the metallographic data. A least-
squares fit of the heat-capacity data above 6 °K
gives ¥=22.6+0.5 mJ/gatom °K? and @=179x1 °K
for CeRu, II (Fig. 3).

Recently, Cooper et al. 20 reported preliminary
results of their heat-capacity measurements on
CeRu,. They find y=30+5 mJ/gatom °K? and
®=202+£10 °K. Both of these values are signifi-
cantly higher (33 and 13%, respectively) than our
values for CeRu,II. Peter et al.?' and Junod?
have also recently measured the heat capacity of
CeRu,, and their y and ® values are 20 mJ /g
atom °K? and 180 °K, respectively. These values
are in good agreement with our results for CeRu, II,
A comparative analysis of the three sets of heat-
capacity measurements shows that (i) our CeRu, II
sample has the highest T, and smallest AT, (width
of the superconducting transition temperature);
(ii) the sample of Peter et al,? and Junod® has
intermediate T, and AT values; and (iii) the sam-
ple of Cooper et al.?® has the lowest T, and largest
AT, (nearly three times our AT, value). These
data suggest that our CeRu, II sample is the purest
sample measured to date. It is also noted that the
sample of Peter et al. and Junod contained about
2% y-Ce-Ru solid solution, 22

Further analysis of our CeRu, data showed that
the entropy of the superconducting state S; at the
transition temperature is smaller than that of the
normal state S, by 26% (44 mJ/g atom °K) for
CeRu,I and 27% (45 mJ /g atom °K) for CeRu, II.
This difference is clearly unacceptable., But, if
normal-state behavior follows the C=yT+ BT
behavior, then the difference can be reconciled if
the y and ® values are significantly lower than
that obtained from the high-temperature data
(>6°K). Examination of the C/T-vs-T? plots for
the CeRu,., Pt, alloys (Figs. 4 and 5) shows a
change in slope around 6 °K. The plots show that
two straight lines can be drawn through the points,
and the resultant y and ® values are smaller for
the heat-capacity data points below 6 °K than the
v and @ values obtained from the heat-capacity
data points above 6 °’K. The behavior of the
CeRu,. Pt, alloys reinforces our conviction that
the approach used to equate the two entropies is
the correct one.

By assuming that the normal-state heat capacity
can be expressed as C/T=y+ BT%, then the heat
capacity of the normal state at T, is C/T= 7+ ,BTf.

JOSEPH, GSCHNEIDNER, AND KOSKIMAKI 6

The entropy at T, is

T,
Sn=ss=fo ’ (C/T)dT= 7Ts+%BTi°

By solving the last two equations simultaneously,
the following ¥ and ® values are obtained:

CeRu,I: 7=13.3+1,3 mJ/gatom °K?,
@ =144£2.4 °K;

CeRu,II: 7=13.6+1.1 mJ/gatom°K?
®=147+2.6°K.

The y and @ values which give S, values within

+5 mJ/gatom °K of S, are considered to be accept-

able solutions for S, =S, at T,. This criterion was

used to estimate the above error limits for y and @.
Junod?? also found S, #S, for his CeRu, sample.

A behavior similar to that found for CeRu, has

been observed by Vieland and Wicklund® for the

heat capacity of NbsSn.

CeRu,_, Pt, Alloys

The heat-capacity data of the pseudobinary alloy
CeRuy, ¢Pt, , are shown in Fig. 4.'® The supercon-
ducting transition temperature is 4.08 °K. A
least-squares fit of the data between 4 and 6 °K
gives ¥=10.3%0.2 mJ/gatom °K? and ®=143.5
£0.5 °K.

The heat-capacity data'® (Fig. 5) of CeRu, ¢Pt,.,
were too sparse in the vicinity of the supercon-
ducting transition to define the transformation tem-
perature. The transition temperature was found to
be 3.40+0.04 °K by measuring the magnetic sus-
ceptibility versus temperature. As seen in Fig, 5,
this transition temperature is consistent with the
heat-capacity data. A least-squares fit of the
data between 3.4 and 5.4 °K gives y=11.1+0,2
mJ/g atom °K? and ® =144,5+0.5 °K,

The bump found in Figs. 4 and 5 at 7%=37 °K?
is thought to be due to the excess cerium solid
solution (containing ruthenium and platinum) which
probably orders antiferromagnetically, just as the
two CeRu, sanples discussed previously. However,
for the CeRu,. Pt, alloys the bumps are visible in
zero field since the superconducting transition has
been lowered by the platinum additions.,

For both of these alloys S, is slightly greater
than S, at T, (~6%), but the absolute difference is
less than 5 mJ /g atom °K for both alloys. It is
thought that this difference in entropies lies within
the experimental error and thus no adjustment was
made in the y and ® values given above.

LaRu,

The heat capacity of LaRu, (Fig. 6)'® was mea-
sured in an attempt to understand the effect of the
extra valence electron in CeRu,, These data show
a well-behaved heat-capacity curve with the tran-
sition temperature between the normal and super-
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conducting states occurring at 3.08 °K. The con-
stants determined from the data between 3 and

6 °K were y=13.85+0. 09 mJ/gatom °K and ®
=158.4+0,3°K,

The heat capacity was redetermined in order to
confirm the drop off of the C/T values from the
linear line established between 3 and 6 °K (Fig. 6).
Although the data shown in Fig. 6 cover the range
1.2-17.7°K, the C/T values up to 20 °K lie on a
smooth curve which continues to depart from the
linear line, The later data are thought to be more
reliable (+ 1% compared to +2%) because of im-
provements in the calorimeter. The largest de-
viation between the two sets of runs occurs in the
6-7°K region. The earlier data points fall within
£ 1% of the smooth curve drawn through the later
data points, except between 6 and 7 °K where the
spread is +2%.

The entropy difference between the normal and
superconducting states at the superconducting-

transition temperature for LaRu, is 5% (3mJ/g
atom °K) and thus, S, and S, are considered to be
equal within experimental error.

DISCUSSION

The experimental results for these Laves-phase
compounds are summarized in Table II. The data
have been arranged as a function of increasing
electron concentration, assuming La contributes
three electrons, Ce contributes four, Ru contrib-
utes eight, and Pt contributes ten. It is seen
that ¥ and ® decrease initially with increasing
electron concentration and that 7 has a maximum
at an electron concentration of 6,67 (i.e., CeRu,).
These data also suggest that just beyond CeRu,

(on an electron-concentration scale) the density of
states (y) falls as the electron concentration is
increased by a few hundredths per atom,

The decrease in the density of states for elec-
tron concentrations greater than 6, 67 is consistent -
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with the decrease in the superconducting transition
temperature and the termination of the solid-solu-
tion region, CeRu,-CeRu,., Pt,. The former will
be discussed later. The termination of Laves-
phase solid-solution regions, according to Klee
and Witte, 2* is due to a drop in the density of states
as the solid-solution region approaches its equilib-
rium-solubility limit. Their model is an extension
of Jones’s theory originally proposed for the ter-
mination of Cu solid solutions, %3

Debye Temperature

The variation in the Debye temperatures (Table
II) is reasonable, especially for the CeRu,_Pt,
compounds. From elementary theory as a first
approximation the Debye temperature for these
closely similar materials should vary inversely
to the square root of the mass of the atoms per
formula unit M. This is most readily seen by
comparing the product ®/Y2 (see Table II). For
the three CeRu,. Pt, compounds the deviation from
the mean is 1,1%. The ®MY? value for LaRu, is
about 7% smaller than the values for the CeRu,. Pt,
compounds. It is difficult to say whether or not
this difference is significant.

The change in slope in the C/T-vs-T? plots for
these Laves phases and also the direction of the
change is interesting. For these compounds, the
Debye temperature as determined from heat-capac-
ity data above 6 °K for the CeRu,.,Pt, compounds
increased by 10% and for LaRu, by 20% from the
Debye temperatures deduced from the lower tem-
‘perature data (see Fig, 7). In contrast to this be-
havior, Hungsberg and Gschneidner?® noted that
Debye temperatures for the RAl, Laves phases
(R=Y, La, and Lu) decrease with increasing tem-
perature above ~ 6. 5 °K (see Fig. 7). The same
also occurs for LaPt, above ~3,5°K.® In an at-
tempt to understand this behavior the heat capacity

was fitted to a power series C=AT+BT*+DT°.

As one might expect for those Laves phases for
which ® decreases with increasing temperature
(Fig. 7), the sign of the D coefficient is positive,
and for those for which ® increases, the sign is
negative. We believe that A, B, and D are only
fit parameters and have no physical significance,
Our reasons for this are the following: (i) Although
good fits are obtained for the Laves phases which
have positive D values, the fits are poor for the
three compounds which have negative D values and
the power series chosen to fit the data is unsatis-
factory. (ii) For LaAl, and YAl, the Debye tem-
peratures have been calculated from the single-
crystal elastic constants measured at 4. 2 °K, %7

A comparison shows that the ® values obtained
from the C/T vs T? plot are smaller than the elas-
tic ® by 6.1% and 2. 5%, respectively, but the
above three-parameter equation yields ® values
which are larger than the elastic ® by 11,5 and
7.2%, respectively, depending upon the temperature
range over which the data are fitted. One can get

TABLE II. Summary of the heat-capacity results and
some derived quantities.
v
Electron T ( mJ ) @
Compound conc, °K) g atom °K? (°K)
LaRu, 6.33 3.08 13.85 158.4
CeRu,- 11 6.67 6.18 13.6 147
CeRuy g Ptg.q 6.73 4.08 10.3 143.5
CeRuy,Pty., 6.80 3.40 11.1 144.5
T, at Entropy
AC Hy 9 kOe under bump
Compound oMV T (Oe) (°K) (mJ/g atom °K)
LaRu, 2920 1.07 617 2.49
CeRuy-II 2720 1.33 1420 5.20 10
CeRuy 4Pty 2690  1.39 832 3.64 20
CeRuy gPty, 2750 1,22 669 3.14 10
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the elastic ® to agree with the heat capacity ® by
merely choosing the particular temperature range
over which the three-parameter equation gives the
right answer-but this is unethical and unscientific.
A calculated phonon spectrum for the hexagonal
MgZn, Laves phase®® suggested that there may be
low-lying optical branches. Therefore, we attempt-
ed to explain the temperature variation of @ by
adding an Einstein-type term to the Debye term.
This was not successful since such a term can
only account for a decrease in the Debye tempera-
ture.

The variation of the Debye temperature with in-
creasing temperature can be correlated to the
radius ratio and Debye temperatures of the com-
ponent atoms in their pure states by the use of a
simple hard-sphere model. The Laves phases
AB, can be considered to be constructed of a close-
packing arrangement of hard spheres of two dif-
ferent size atoms, which have radius ratio »,/75
near 1.2.2°%' When the radius ratio is ideal
(r4/75=1.225) there are both A-A and B-B con-
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FIG. 7. Debye temperature for several Laves-phase

compounds as a function of temperature. The Debye
temperature was calculated from the measured heat ca-
pacity after subtracting the electronic contribution (yT').
At the lowest temperature shown in the figure the un-
certainty in ® assuming a 1% error in the heat capacity
is+17°K for YAly, +9°K for LaAly, +7°K for LuAl,,

+3 °K for LaPt,, and +1°K for the RRu,_,Pt, compounds.
At 7°K the estimated uncertainty in @ is +5°K for YAl,,
+3 °K for LaAl, and LuAly, and <1°K for LaPt, and the
RRu,_,Pt, compounds. At 20°K the uncertainty in ® is
about 1 °K for all three RAl, Laves phases, and 0,7°K
for LaRu,.
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tacts; when it is larger there are only A-A con-
tacts, and when it is less there are only B-B con-
tacts. There are never any A-B contacts, regard-
less of radius ratio value; and the Laves phases
can be considered to consist of two semi-indepen-
dent lattices, one being composed of only A atoms
and the other of only B atoms. Although the mate-
rials studied in this investigation are cubic, the
unit cell of the cubic Laves phase is large and
contains 24 atoms. Because of the complexity of
the cubic Laves phase no experimental or theoret-
ical phonon frequency spectrum is available and
thus we are unable to discuss the temperature de-
pendence of the Debye temperature in terms of a
phonon spectrum,

The vibrational frequency of an atom in a linear
chain is proportional to (c;/M;)"?, where c, is the
force constant of the ith atom and M, is its mass.
From the structural nature of the Laves phase it
is expected that ¢, #c. Since ¢, cannot be deter-
mined uniquely for these compounds, we have as-
sumed that the (¢;/M,;)'? is proportional to ®;,
where @, is the Debye temperature of either pure
A or pure B, and the vibrational characteristics
of the ith atom are given by ®;, At temperatures
near 0 °K, the dominant contribution to the lattice
dynamics are expected to be due to the kind of
atoms which are in contact with one another (e.g.,
A-A), As the temperature is raised, higher vibra-
tional modes are excited and contribute to the heat
capacity. Some of these higher modes arise from
the other kind of atom (B) which is not in contact
with other B atoms at 0°K. As the temperature
is increased the B atom contribution to the total
lattice dynamics of the crystal would increase.
Thus, at 0°K the ® of the Laves phase would be
approximately ®, and at higher temperatures it
would change in the direction toward ®@5. If
©,>®5, then at higher temperatures the C/7T-vs-T?
plot would rise above the straight line established
at low temperatures. Inthe case where there are
B-B contacts at 0 °K and @3 >®,4, the same be-
havior would be expected. This is the situation for
the RAL, and LaPt, phases, (Fig, 7), which exhibit
B-B contacts at 0 °K?3% with @, (268, 142, and
210 °K, respectively, for R=Y, La, and Lu)
<®,, (423 °K) and @y, (142 °K) < @p(234 °K).

Conversely, in the case where there are A-A
contacts at 0 °K and @5 > @4, the ® of the Laves
phase at 0 °K would expected to be ~®,, but
the C/T values on a C/T-vs-T? plot would fall
below the straight line established at low tempera-
tures. This is the situation for LaRu, and the
CeRu,_Pt, phases (Figs. 4-7) which exhibit A-A
contacts at 0 °K® with @, (600 °K) >®,,(142 °K)
and @g,, p, (600 °K, 234 °K) >®,(~ 140 °K). Inthe
case where there are B-B contacts at 0°K and
©® 4 > @5 the same behavior would be expected.



3294 JOSEPH, GSCHNEIDNER, AND KOSKIMAKI

Qualitatively, the heat-capacity behavior of these
Laves phases has been explained by an oversim-~
plified model. But its greatest utility is that it
can be used to predict the Debye temperature at
0 °K and its tempevature dependence from a knowl-
edge of the Laves-phase lattice parameter(s) (o
calculate the vadius of A®) and the vadius of pure
metal B, which together give the radius vatio ve-
quived to apply this model.

Superconductivity

Wilhelm and Hillenbrand!! have made a study of
the variation of 7, with Pt concentration for the
CeRu,. Pt, alloys. Our results are in reasonable
agreement with their data: A 7,=4.08 °K for our
CeRuy oPt, , compares to 3.9 °K and a T, =3.40
for our CeRu, ¢Pt; , compares to 3.3 °K. These
differences could easily be due to slight errors in
the Pt concentration and/or internal stresses and/

or sample inhomogeneities in the two sets of alloys.

Furthermore, our results confirm the shape of the
T,-vs-composition curve reported by these au-
thors, '*

The superconducting transition temperature for
these Laves-phase compounds has been calculated
by using the BCS equation®

*
T,= (1. 14huwy/k)e VOV

where Hiw/k is the Debye temperature, N(0) is the
density ot states at the Fermi surface and is cal-
culated from ¥, and V* is the net electron-inter-
action energy and is assumed to be the same for
all of the RRu,. Pt, Laves phases. A value of
0.105+, 009 for V* was calculated for CeRu, Il by
substituting 7 in the above equation. It can be
shown that 7, according to the above equation, has
a weak dependence on @ but is quite sensitive to
the exponential term. The calculated 7, values
for the other compounds (observed values given
in parentheses) using the above equation are
2.1+1.0°K (4. 08) for CeRu, ¢Pt; ,, 2.9+1,1°K
(3.40) for CeRuy 4Pty ;, and 7.0+2.0°K (3.08)
for LaRu,, The error limits are obtained by taking
into account the error limits associated with the
v values for the four compounds. The agreement
between the calculated and observed superconduc-
ting transition temperatures can be considered to
be only fair, Furthermore, the calculated values
suggest a minimum in or a flattening out (consid-
ering the error limits) of the T,-vs-composition
curve, neither of which is observed. The (de/ dc)
value derived from the calculated 7 is much
smaller than that observed.

The BCS theory states® that the ratio AC/yT,
should be equal to 1.52, where AC is the jump
in the heat capacity at the superconducting tran-
sition temperature., It is not unusual to see devia-
tions from this value, but they are usually in the

oy

direction of higher ratios. As can be seen in
Table II, the ratio is smaller than predicted by
theory for all four compounds, and this is what
has been observed for rare-earth compounds which
have been measured to data, %634

The temperature dependence of the electronic
contribution to the heat capacity of the supercon-
ducting phase was examined. The electronic con-
tribution was determined by subtracting the lat-
tice contribution as calculated from a 7° depen-
dence, from the total heat capacity. The data
given in Fig, 8 show that the heat capacity of the
electrons have a temperature dependence that is
considerably different than that predicted by the
BCS theory.

The above analyses indicate that LaRu, and
CeRu,. Pt, do not behave as BCS-type supercon-
ductors. This may be due to a complex Fermi
surface, ** or to overlapping conduction bands,
or to a combination of both. Either or both of
these conditions could exist in the RRu,., Pt, Laves-
phases materials, but in the absence of theoretical
calculations and/or experimental Fermi-surface
measurements, it is not possible to know if this
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FIG. 8. Electronic heat capacity as a function of the
reduced temperature for LaRu; and CeRu, ,Pt,. The
curve labeled BCS is the theoretical temperature depen-
dence expected for a material behaving as a BCS super-
conductor.
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is the explanation for the observed departure from
BCS behavior.

The thermodynamic critical field at 7=0 °K, H,,
was calculated by using Rutgers’s formula®®

2
- VT,(dHE>
47r dT T =Tg

and assum:ng that temperature of the critical field
H, obeys the standard form found experimentally
for most superconductors, 3¢ ’

H,_.=H0[1— (T/Ts)z] ’

where V is the atomic volume (cm®/gatom). All
of the other terms have been defined previously.
The calculated H, values are listed in Table II,
Comparing these values with the observed field
dependence for these compounds (see Figs. 2-6),
indicates that LaRu, and CeRu,. Pt, are type-II
superconductors with H, greater than 9 kOe.

It is of interest to calculate the field required to
quench superconductivity at 0 °K, but a recent
study of the variation of T, of CeRu, as a function
of field by Hillenbrand et al.*" shows that H,, has
an unusual S-shaped temperature dependence from
~1to 6.2°K (T, at H=0). Their data show that
H_5(0) is of the order of 80 kOe. Comparing the
lowering of T, by a field of 9 kOe (see Table II),
it is found that our CeRu, II exhibits a significantly
larger decrease in temperature (0. 98 °K/9 kOe)
than their sample (0.7 °K/9 kOe), which is essen-
tially the same as observed for our CeRul sample
(0. 72 °K/9 kOe). Since the superconducting tran-
sition temperature of the sample of Hillenbrand
et al. sample is the same as that of our CeRu, II
alloy, the difference in temperature dependence
of H,, is not due to excess Ce impurities (the
likely reason for the differences between our two
samples). The most reasonable explanation for
the difference in the temperature dependence of
H,, is the difference in the metallurgical micro-
structure of our CeRu, II and their CeRu, sample.
The description of the heat treatment of their
samples (annealing at 1380 °C and quenching) sug-
gests that their sample is more highly strained
than our CeRu, IT sample, which was slow-cooled
from the annealing temperature (1300 °C) to 800°C
before rapidly cooling it to room temperature.

B-Ce Solid-Solution Impurity

As noted earlier, metallographic examination
revealed the presence of a cerium-rich eutectic
composed of the CeRu,_ Pt, Laves phase and a Ce
solid-solution phase, which probably contained
dissolved Ru and perhaps Pt. The bump in the
heat capacity curves at ~ 6 °K is believed to be due
to the Ce solid-solution phase which orders mag-
netically at ~6 °K. The entropy associated with

the bump is listed in Table II (the value for CeRu,-1
is 30 mJ/gatom °K).

One would expect the entropy!’ associated with
the ordering to be

S=R1In2=5760 mJ/gatom Ce °K

because the crystal field splits the J=$ multiplet
into three doublets in a hexagonal field or a doublet
(ground state) and a quartet (excited state) in a
cubic field, The entropy under the bump indicates
0.52 at. % excess Ce is present in CeRu,I, 0.17 at%
in CeRu, IT and CeRu, ¢Pt, ,, and 0,34 at.% in
CeRu, 4Pty ;. These values are four times lower
than the Ce concentrations estimated from metal-
lographic data. There are several explanations
rationalizing this difference. One reason is that
the metallographic data is based on several obser-
vations of the surface of the samples and thus is
not necessarily representative of the bulk of the
specimen. The heat capacity, however, is a bulk
measurement and thus should be more representa-
tive of the whole specimen, provided all of the Ce
present orders. In pure Ce and many Ce-rich
alloys (up to ~ 5 at.% solute), only part of the Ce
(the dhcp phase) orders magnetically, while the
remainder (the a-fcc phase) does not. Whether the
dissolved Ru prevents the formation of the fcc
a-Ce phase is not known. We consider these two
methods of estimating the amount of second phase
Ce as giving us the upper and lower limits of the
amount of impurity phase present in our samples.
One might wonder whether the excess Ce phase
could account for some of the unusual behavior
noted above. We do not think so, primarily be-
cause it is difficult to see how such a small amount
of second phase could have such large anomalies
(the two different slopes in the C/ T-vs-T? curves
and departures from BCS theory). Furthermore,
the anomalies appear to be independent of the
amount of impurities present. Another reason is
that similar anomalies were found in LaRu, and
NbySn, and there are no magnetic impurities pres-
ent in these materials. In conclusion, we note it
is regrettable that we were unable to prepare samples
whichwerefree from second-phase material, but we
believe that the data and results presented herein are
reliable and accurate within the limits stated.
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