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Low-temperature specific heat of two platinum-based ternary alloy systems
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The specific heat Cp of pure platinum and of the ternary alloys Pt90lr&Au&, Pt,olr, OAu&0, Pt86Rh9Au„and
Pt74Rhi7Au9 was measured between 0.5 and 30 K. C~ is analyzed primarily in terms of lattice and electronic
contributions, and the latter is discussed in terms of several models of metallic alloying. A constant
contribution to Cz was apparent in all of the a11oys at the lowest temperatures.

I. INTRODUCTION

We have measured the specific heat, C~, of two
platinum-based disordered alloy' systems having
nominal concentrations Pt»ir, Au„pt«ir, +u,o,
Pt«Rh+u„and Pt„Rh»Au„over the temperature
range 0.5 to 30 K. Pure platinum was also mea-
sured to serve as a calorimetric reference. The
alloy series was chosen specifically to examine
the effects of alloying on the electronic specific
heat for compositions at, or close to, pseudo-
platinum, i.e. with equal additions of elements
electronically adjacent to platinum, in contrast
to the more usual binary-alloy studies.

Recent photoemission experiments'~ have dem-
onstrated that the band structure of alloy systems
does not in general behave according to any simple
model. However, simple models do appear to
provide an adequate description for some binary-
alloy systems and for those specific systems the
models have value, and one can consider their
extension to ternary or more complex alloys.
We have applied three models to the alloys we
have measured: the rigid-band approximation,
an empirical model proposed by Miedema, ' and a
calculation suggested by Guthrie. ' We find that
although the rigid-band approximation provides
an adequate description of binary alloys of some
of our constituents it cannot be extended to their
ternaries. Miedema's model does not provide an
accurate description at present, but there is good
agreement with the calculations of Guthrie when
applied to the Pt-Ir-Au series. Changes in the
electron-phonon enhancement factor (1+h) in an
alloy system may be responsible for changes in

y which are comparable to or larger than changes
due to purely electronic effects on the density of
states N(Ey). Our studies of 8o(T) over the tem-
perature range of our measurements indicate that
Oo(T) of most alloys is very similar to 8o(T) of
pure platinum. Consequently, changes in (1+h)

are expected to be small, minimizing the effect
of the electron-phonon enhancement on changes
ln p.

The Pt-Ir-Au and Pt-Hh-Au ternary systems
are particularly suited to testing recent energy-
band calculations of disordered alloy systems,
such as those of Stocks" because they provide
data complementary to those obtained previously
in the Pt-Ir and Pt-Au binary systems, ' the Pd-Rh
and Pd-Ag binary systems, "and an associated
ternary system Pd-ah-Au. " In addition, our
Pt-Rh-Au alloys provide a useful link between
ternary series involving 5d and 4d constituents.

II. EXPERIMENTAL TECHNIQVES

The measurements were made in a pumped 'He
calorimetry system using a standard heat-pulse
technique. Between. 200 and 300 measurements
Of the specific heat were made for each sample
in the temperature range from 0.5 to 30'K. Both
'He vapor pressure (0.4-2 'K) and a four lead
germanium standard resistor" (1.5-30 'K) were
employed to calibrate a two lead germanium re-
sistive thermometer in an ac bridge circuit. The
'He vapor pressure was accurately determined
by use of a capacitance manometer, and care was
taken to provide a substantial overlap between the
vapor pressure and standard resistor calibration
regions. The agreement was good in the overlay
region. We have since cross-calibrated the 'He
vapor pressure capacitance manometer with a four
lead germanium standard resistor" calibrated
from 0.3 K. Details of the systems and methods
involved are available elsewhere. "" The ex-
cellent agreement of our pure platinum results
with previously published values provides a use-
ful check of our technique.

All the samples measured were prepared by
Materials Research Corporation. The constituent
elements were all Marz grade (99.998%%u~ pure)
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TABLE I. List of compositions and contaminants of the samples studied.

Nominal
concentration

Atomic percentages
Ix Bh

Contaminants '
(ppm)

5 pt

&20
260

5.40b
9.88

10.38 b

4.72
9.25

&200
&200

9.00
16.87

Pure Pt~ 99.998 D p 0 0 0 0 0 0 &] R

Pt oIr5Au5 " 89.].4 5.45 &200
PtppIrtpAutp 80.04 10.08 &200
Ptao& toAuto

b 80.10 9.52
PtppRhpAup P 86.28 130
Ptv pRht 7Aug 78.88 180

'Concentrations provided by manufacturer.
Concentrations obtained using Physics Dept. , University of Delaware/Bartol H, esearch

Foundation proton microprobe facility (see Ref. 16}.
'Except in the case of pure Pt all contaminant concentrations provided by Schwartzkopf

Microanalytical Laboratory, Woodside, N.Y.

Each sample was approximately 50 g, and conse-
quently the contribution of the addenda to the total
heat capacity was always less than 10' and usually
much smaller. The composition of each sample
is listed in Table I. The nominal figures are the
results of the manufacturer's analysis, conducted
before the samples were prepared. As a check,
the samples were reanalyzed by two independent
techniques. A standard chemical analysis was
attempted but difficult to execute because of the
chemical properties of the elements involved.
To avoid these complications, a proton microprobe
analysis was completed using the University of
Delaware/Bartol Research Foundation facility
based on a 2.5-MeV Van de Graaff accelerator. "
The results of this analysis agree within experi-
mental error with the concentrations cited by the
manufacturer. The iron and nickel concentrations
of the alloys quoted by the manufacturer are
comparable to those of the pure platinum sample.
Results of the chemical analysis, however, in-
dicate significantly higher concentrations of iron,
and we are currently attempting to verify this
analysis using the proton microprobe.

III. RESULTS

Below about 8 K the specific heat for our alloys
was analyzed according to the equation

C, = yT+P(0)T'+ C.„,
where

y = lm'Ip'N(E„), (2)

N(Ez) being the density of electronic states at the
Fermi level. From P the low-temperature limit-
ing value of OD can be obtained from

p(T) = 12w'8/58ap(T)

when T-0. The third term in Eg. (1) C,„repre-
sents the remaining specific heat when the two con-
tributions mentioned above are removed. It is
apparent only at the lowest temperatures, and
was found to be almost constant throughout our
temperature range. Similar contributions have
been observed in other alloy systems and are
generally attributedto the formation of magnetic
clusters, either spontaneously or due to impuri-
ties '7

Above about 10 K [i.e;, OD(0)/25] Eq. (1) no
longer provided an adequate description of C~.
The variations could be encompassed by deter-
mining an effective Debye temperature eo(T)
obtained from P(T) according to Eq. (2) after sub-
tracting the small electronic and C,„contributions
from C~. Comparison of the resulting tempera-
ture dependence of eo(T) for the pure platinum
and the alloys gives an indication of possible

TABLE II. Summary of the specific-heat results when analyzed. according to the equation
C=yT+ BT + C „.

y (m J/mole W2) eD(0) ('K) C,„(mJ/mole K)

Pure Pt
PtppirpAup
PtpplrtpAutp
Ptp pRhpAup

Pt~4Rhg)Aue

6.50 2 0.024
5.59+0.022
4.77 +0.015
5.91+0.021
6.21 +0.025

239.7 +1.1
232.8 +0.20
237.0 +0.16;
236.7 ~ 0.22
248.5+0.48

-0.02 +0.020
0.64 +0.027
0.65 +0.018
1.64 +0.022
2.08 +0.036
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changes in phonon behavior arising from alloying.
Fitting to Eq. (1) was carried out by multiple

regression analysis over successive temperature
regions since C,„ is best determined at the lowest
temperatures where it is a major contribution,
while y and P(0) are best determined between 2

and about 8 K. We caution that data above 2.5 K
can be interpreted without the third term of Eq.
(1) since the standard plots of C~/T vs T' (see
below, Figs. 1-3) do not show the clear upturn
characteristic of the C,„contribution until below
1.5 K. Values of y and P(0) obtained from such
a two-term analysis will be in error, consistently
overestimating y. This suggests that much alloy
data of the past, limited to a lowest temperature
of 1.5-2 K, may be providing misleading values
of y, and should be redetermined down to at least
0.5 K. In a few cases, notably Pt-Ir and Pt-Au
binary alloys, the contribution of C,„has been
carefully recognized. '

For comparative purposes we present all of
our data at low temperatures in the form of
C~/T vs T' plots, while for T a 10 K we plot

6D(T) vs T, y, and C,„being considered constant.
The numerical values of y, P(0), and C„are
summarized in Table II and discussed in detail
in the sections below.

A. platinum

The results for the pure platinum sample are
shown in Fig. 1, where it is seen that our data
are in excellent agreement with Eg. (1), with

C,„=0. Resulting y, 6D(0), and C,„values ob-
tained from the least-square fit are listed in
Table II. The value of C,„obtained from the
computer fit show that contributions other than
phonon and electronic are negligible.

In Table III we list several recent measurements
of y and OD(0) for pure platinum as well as our
own results. The agreement of our results with
the published values is excellent. "'" Figure
4(a) is a plot of 6D(T) as a function of tempera-
ture together with a solid line representing the
smoothed values of Shoemake and Hayne. ' Again,
the agreement is good over the same temperature
range.

TABLE III. Comparison of the specific-heat results of pure platinum.

Reference

Shoemake and
Rayne (Ref. 20)

Sacli et al.
(Ref. 18)

Martin
(Ref. 19)

This work

Purity (at.% Pt)

99.999

99.999

99.999

99.998

y(m J/mole 'K )

6.56 +0.03

6.60 +0.01

6.49 +0.008

6.50 +0.02

88(0) ('K)

234.4+2.5

240.0 +5.0

238.7 +0.7

239.7 +1.1
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B. Pt-Ir-Au ailoys

The low-temperature results for the PtgpIr5Au,
and the Pt»lr, +u„samples are shown in Fig 2.

and tabulated in Table II. Clearly, y is strongly
affected by the alloying process. While the value
for the PtgpIr5Au, sample is depressed below the
Pt value to 5.59 m J/mole K, y for the Pt»lr, +u„
sample has been depressed to 4.77 mJ/mole K
or approximately twice the change (Ay) seen in
Pt„Ir,Au, . The fact that 8n(0) changes very
little would suggest that the lattice properties
of the samples have not been significantly altered
by the alloying process. Figure 4(b) displays
8n(T) as a function of temperature for each of the
alloys, as well as a dashed line representing the
smoothed data for our pure platinum sample.
Comparison shows that 8D(T) is also relatively
unaffected by alloying over the temperature range
of our measurements.
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Figure 3 shows the low-temperature results
for Pt«Rhgu, and Pt„Rh»Au, with the numerical
values in Table II. The y value for Pt«Rh+u,
is depress'ed below the Pt valueto5. 91 mJ/moleK'
while in contrast to the results for the Ir-based
series above, the value of y for PtvqRhypAug is
depressed only slightly below that of Pt to 6.21
m J/mole K'.

The value of 8n(0) for Pt«Rh+u, is very close
to that of pure Pt, as is the general trend of
8n(T) vs T [Fig. 4(c)]. However, for Pt„Rh»Au„
8n(0) shows a marked shift from the values of Pt
and the other alloys, and 8n(T) as a function of

T (4K)

FIG. 4. Debye temperature for (a) pure Pt (this work)
and smoothed Pt data of Shoemake and Rayne (Ref. 20)
(solid line); 5) Ptsoir&Au&, Pt801r&OAu&0, and smoothed
pure Pt data of this work (dashed line); (c) Pt86Rh9Au5,
PQ4RQ7Aue, and smoothed pure Pt data of this work
(dashed line) .

temperature reflects that shift throughout the
temperature range, while retaining the general
shape of the other curves. This trend in OD is
consistent with the increasing amount of the
lighter Rh atoms in the lattice, and suggests also
that we are exceeding the region of dilute alloy
behavior.
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FIG. 3. Specific heat of PtseRh&Au5, Pt4Rh, &Au9, and
smoothed pure Pt (solid line).

IV. DISCUSSION

The purpose of the series of measurements re-
ported here was to initiate a study of the depen-
dence of the electronic specific heat of ternary
alloys 'which are isoelectronic with elements as a
test of theoretical models and empirical calcula-
tions of alloying behavior. Although the isoelec-
tronic condition was met quite accurately for our
Pt-Ir-Au series, the Pt-Rh-Au series was not
as well balanced, making interpretation of the
results more difficult. Recent advances in photo-
emission spectroscopy have provided, in some
ways, more complete information on the density
of electronic states of elements and alloys than
can be provided by measurement of C~, but the
latter does provide a direct quantitative measure-
ment of the electronic density of states at the
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Fermi level N(Ez) for comparison with theoretical
calculations.

In general only binary alloy systems and pure
elements have been compared with recent theo-
retical determinations of band structure and
density of states, with almost no attempts to apply
models to ternary alloy systems. This is in part
because few ternary alloy systems have been
studied experimentally, and also because of the
relative difficulty of extending all but the simplest
theoretical models to such multicomponent sys-
tems. Consequently we are only able, at this
point, to compare our result to three relatively
simple model calculations. Although recent
photoemission experiments clearly show that the
detailed electronic density of states function of an
alloy cannot, in general, be predicted by a simple
model, there are clear instances where the simple
models do adequately describe the behavior of
N(Ez) over limited concentration regions.

In addition, the interaction between electrons
and phonons in a lattice may result in an enhance-
ment in y, The low-temperature electronic
specific heat is proportional to the thermal ef-
fective mass of the electron, m*:

m*=m, (l+ &),

where m& is the band mass and 1+~ is the elec-
tron-phonon enhancement factor. It is possible
that changes in y for a particular alloy system
may be partially caused by changes in A, , the elec-
tron-phonon enhancement parameter.

There are several methods presently employed
to extract information concerning the electron-
phonon enhancement of y. One of these techniques
is to measure the specific heat at high tempera-
tures, "where the electron-phonon interaction
parameter is negligible and the band-structure
value of y can be determined. Comparing this
quantity with the low-temperature experimental
value of y, it is possible to calculate ~. Another
method, based on high-temperature electrical
resistivity measurements, is described by Grim-
vall" and has been used to obtain values of A. for
transition-metal elements as well as noble metals
and their alloys.

Each of our ternary alloy systems is unique
and has not been subject to experiments of the type
mentioned above. Consequently, data co&&cerning
A. , or more importantly, dA/dc, the rate of change
of A, with solution concentration, are not presently
available. The fact that BD(T) of most of the
alloys is very similar to 6D(T) of pure platinum
in the temperature range of this work (see Fig. 4)
suggests that changes in the phonon spectrum
arising from alloying are small. The electron

density-of-states calculations that follow are
based on the assumption that dX/dc is negligible,
and consequently, the results of these calculations
must be regarded with caution until further study
of these and related ternary alloy systems es-
tablishes the role of electron-phonon enhance-
ment.

We discuss the results of the two alloy systems
separately. .

A. Pt-Ir-Au

The rigid-band approximation (RBA) was used
for many years as the principal theoretical con-
struct for discussing the behavior of N(Ez) for
binary alloys, and for a few ternary systems.
The RBA suggests that the electron-to-atom ratio

is the most important determinant of N(Ez),
and assumes that the band shape of dilute alloys
will retain the form of the band shape of the- host
metal. Thus, as alloying occurs, 3 changes and
traces out the band shape. For some alloy sys-
tems (e.g. , Cu-Ni), " this has been shown to be
an inaccurate picture, but nevertheless the be-
havior of other alloy systems (e.g.,"Al-Zn and"
Pt-V) can still be well described in RBA terms.

A sensitive test of the applicability of the RBA
then is to create an alloy isoelectronic with a
particular element. Provided that this is a dilute
alloy and the phonon spectrum is not changed
enough to affect electron-phonon contributions,
the value of y for such an alloy should agree with
the dominant element. Our results for the alloys
in the sequence Pt-Ir-Au, which is isoelectronic
with Pt, show instead a sharp decrease in y with
alloying, ruling out the RBA in this instance.
Previous measurements of the corresponding
binary-alloy series show that Pt-Au dilute alloys
do seem to obey the RBA, although Pt-Ir alloys
do not. '"

An alternative to the RBA was proposed by
Miedema. ' In this calculation, the individuality
of the density-of-states function of each element
is preserved. The y value of the alloy consists
of a weighted sum of adjusted y values of the con-
stituent elements. The key parameters in deter-
mining the weighting factors are concentration,
difference in electronegativity, and the-quantity
dr/dZ evaluated at the Z value of interest. The
predicted value of y for the binary alloy consisting
of elements having atomic numbers Z, and Z, is
given by

r,„.„=c,r, (Z,)+ c2r2(Z2),

where

r, (Z,) = r(Z, )+ (dr/dZ)g, «,
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TABLE IV. Comparison of experiment y to a y value
determined by applying Guthrie's calculation to the Pt-
Ir-Au and Pd-Rh-Ag ternary-aDoy series.

Sample
Guthrie 's

Experimental calculated

PtppirpAup ~

PtppixtpAut p

Pdpp. ~Rhp pAg, ,
Pd82. 4Rh8 gAgs 5

5.59 +0.022
4.77*0.015
8.97 +0.42
8.02 +0.20

5.72
4.75
8.70
7.80

This work.
"Gilchrist (Ref. 11).

and y, (Z,) has identical form. The second term
in y, (Z,) is the correction term where AZ is
linearly dependent upon the difference in electro-
negativity between constituent elements. Using
his own values of electronegativity, "Miedema's
calculations have accurately predicted the be-
havior of many binary-alloy systems.

Applications to our ternary-alloy system was
simplified by the nature of our constituent ele-
ments. According to Miedema, Pt and Ir have the
same electronegativity and the Bh value is very
close. Also, dy/dZ for the Au contribution will
be quite small. In every case, the correction
term mill be zero or very nearly zero. Conse-
quently we do not find agreement between pre-
dictions based on the model and the results for y.
This suggests the Miedema model is not applicable
to this series or, possibly, that modifications of
the electronegativity scale are required for more
accurate calculations.

Finally, we compared our y values for the
Pt-Ir-Au alloys with an empirical calculation of
the type performed by Guthrie' on his Cup 2„Zn„Nl„
pseudometal series. Using values of dy/dc de-
termined from the appropriate binary series, the

y values of the alloy is calculated as follows:

y,„.„=y„+cA„(dy/dc)„+ c, (dy/dc)

Utilizing the Pt-Ir and Pt-Au binary series data
of Dixon ef al. P to determine dy/dc for each series,
we have found excellent agreement between calcu-
lated and experimental values of y as can be seen
in Table IV.

A possible explanation for the success of this
calculation may be obtained from the Pt-Ir and
the Pt-Au binary-alloy series data of Dixon et al. '
As noted by Sacli et al, "Pt-Au appears to obey
a rigid-band approximation but Pt-Ir does not.
Using a rigid-band approach, the addition of Au
to Pt would result in a change given by
c„„(dy/dc), „,where dy/dc is obtained from the

y versus concentration curve of Dixon's Pt-Au
data. The corresponding, value of the Pt-Au com-
bination would be given by the first two terms in
Eq. (6). This is reasonable since the band shape
is assumed to be unchanged and the addition of the
gold conduction electrons will shift the Fermi level
and change y. The third term in Eq. (6) has the
double effect of changing the band shape and of
shifting the band on the energy axis. The Fermi
level shifts, resulting in y values that agree
reasonably with experimental data. It is of interest
to note that when Guthrie's calculation is ay/lied
to the near pseudometals of Gilchrist's"
Pt, „,Rh„Ag, series the agreement is also rea-
sonable (see Table IV).

B. Pt-Rh-Au

The Pt-Bh-Au alloys do not behave in accordance
with any of the simple electronic models. Al-
though the Pt-Rh-Au alloys are not isoelectronic,
the surprisingly high value of y for the Pt74Rh»Au9
alloy indicates that the RBA is inapplicable. Cal-
culations based on Miedema's model also failed
to agree with our results. Application of Guthrie's
calculation to this series is not possible at this
f:ime. The experimental value of (dy/dc), „ is
unavailable because the Pt-Rh binary-alloy series
has escaped investigation.

Figure 4(c) is a plot of the 8D(T) functions of
the Pt-Rh-Au alloys as compared to 8D(T) for pure
Pt. AlthoughOD(T) of Pt«RhpAu, is very similar to
that of pure Pt, the 8~ (T) function of P t„Rh,+up
changes significantly from 8o (T) of pure Pt over the
entire temperature range of these measurements,
and may be a result of the relatively high concentra-
tionof Rh atoms. The significantdeparture of8~(T)
of this alloy from OD(T) of'pure Pt raises the question
of differences in the electron-phonon enhance-
ment. It is possible that the unexpectedly high
value of y for Pt,4Rh»Au, is a result of an in-
creased electron-phonon enhancement and is not
due solely to changes in its electron density-of-
states function.

C. Excess specific heat C,„

As shown by the data in Figs. (2) and (3) and by
the analysis in Table II, all of our alloys showed
an additional excess specific heat C,„at low
temperatures, although in most cases this was
only apparent because we obtained data below
1.5 K. In the pure platinum, the computer analy-
sis showed C,„=O within experimental scatter. In
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Pt,air, +um and Pt»Rh, Au„C,„was analyzed
as temperature independent within experimental
error giving the listed values in Table II. In the
other two alloys C,„could be described by a con-
stant only within +5% at the lowest temperature
which is outside our accepted experimental error

. of +2%, but no other simple functional form pro-
vided a better fit.

Such contributions to C& have been seen. in other
noble-metal alloys' and may arise from magnetic
impurities. Although our alloys as supplied were
stated to have iron concentrations less than
10 ppm based on composition of constituents,
subsequent chemical analysis showed an order
of magnitude higher figures as in Table I. We
plan to confirm these figures by proton micro-
probe analysis.

Analyzing C,„as due to magnetic clusters ac-
cording to the model of Hahn and Wehnarth, "
which at temperatures in our region would give a
constant contribution to C~, we find that for the
Pt-Ir-Au alloys the cluster concentration would
be 150 ppm and proportionally higher for the
alloys with Rh. These concentrations are com-
parable to the iron impurity concentrations listed
in Table I.

Measurements to lower temperatures on alloys
of lower and better known impurity concentrations
would be needed to clarify the source of C,„.

V. SUMMARY AND CONCLUSIONS

We have determined the specific heat of two
series of ternary alloys based on Pt, of which
one, Pt-Ir-Au, was always isoelectronic with
Pt, while the other, Pt-Rh-Au, was nearly so.
We find that for the Pt-Ir-Au sequence the be-
havior of the electronic contribution coefficient
y can be described by an empirical calculation due
to Guthrie which is seen to combine the rigid-band
behavior of the Pt-Au binary-alloy series with the
non-RBA behavior of the Pt-Ir binaries. Our re-
sults for the Pt-Rh-Au series cannot be described
by existing simple models. Although changes in
the electron-phonon enhancement factor may be
partially responsible for changes in y of the al-
loys, the close similarity of OD(T) of most alloys
to e~(T) of pure Pt suggests that the effect is
small. A complete explanation of our results
must clearly await further development of theoreti-
cal models of alloying, and their extension to
ternary-alloy systems. Further specific-heat
studies of ternary alloys isoelectronic with spe-
cific elements are planned.
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