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Thermoelectric Power of Palladium Based Dilute Alloys

by D. Gainon and J. Sierro

Institut de physique de la matiére condensée, Université de Genéve

(17. TI1. 70)

Abstract. The thermoelectric power, S, of palladium alloyed with 1 at.%, of Ti, V, Cr, Mn, Fe,
Co, Ru, Re, Os or Te has been measured between 1.5°K and 273 °K. A change in the slope of S(T)
near the Curie temperature is observed for the ferromagnetic alloys. The PdCr alloy shows a large
positive value of S at low temperature, presumably associated with an effect similar to that
observed in alloys based on the noble metals (Kondo effect). For the other alloys, S is generally
positive and greater than when the same dilute elements are dissolved in noble metals, but is not
anomalously dependent with temperature.

Introduction

The Kondo effect is more especially observed in noble metals containing a small
amount of magnetic impurities. It is experimentally characterized by a minimum of
resistivity, associated with a ‘giant’ value of the Seebeck coefficient S. However,
some alloys having a transition metal as solvant show similar effects, although some
theoretical arguments predict the disparition of such a phenomena. Recent works
[1, 2] have shown that PdCr alloys are an example of this kind of metal. It is conse-
quently interesting to look at this problem more in detail from the experimental
point of view, especially by using other elements than Cr as dilute metals in Pd. We
report in this work measurements of the Seebeck coefficient, in a relatively large
temperature range, of palladium alloyed with a series of elements of interest. The 34
transition elements are more particularly studied, the main purpose of the work being
to establish if alloys other than PdCr show a similar Kondo-like behaviour.

Experimental

The alloys were melted in an arc furnace with a tungsten electrode and argon
atmosphere. The purity and sources of the metals are the following: Pd (5N) Engel-
hard, Ti (3N) United Mineral Corporation, V (2.7N) Koch Light Laboratories,
Cr (5N) U.M.C., Mn (4N) U.M.C,, Fe (5N) U.M.C,, Co (5N) U.M.C,, Ru (5N) Engel-
hard, Re (4N) Engelhard, Os (5N) Engelhard, Te (5N) Fluka.

Wires of 0.2 mm diameter were drawn from the ingots for the measurements.
The system used (Fig. 1) consists mainly of placing the sample between two copper
blocks having different temperatures. The block A is constantly kept at the cryogenic
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bath temperature (liquid nitrogen or helium). Its geometry is such that the cooling
liquid stays very close to the sample extremity. The block B can be heated. Its
temperature is measured with a calibrated germanium resistor (from Honeywell Inc.)
below 40°K and above 40°K by a copper-constantan thermocouple whose two junctions
are at A and B temperatures. The block B can be vertically displaced to accommo-
date samples of different lengths and it is supported by two stainless steel rods whose
diameter (2mm) is calculated so that the temperature of B is stable without exces-
sive heating. Both blocks possess a cylindrical part used for thermal grounding of the
wires. The germanium resistor and the thermocouple junctions are placed in small
holes of slightly larger size, filled with varnish or vacuum grease to insure good ther-
mal contact. Both ends of the sample are kept at their respective block temperatures
by slightly pressing a large enough part of the wire between the corresponding block
and a screwed copper piece. Electrical insulation is provided by cigarette paper and
the remaining space is filled with vacuum grease to improve thermal contact. A
soldered cylindrical cap allows the system to stay in 10-> mmHg of pressure. A hard-
soldered stainless steel piece ensures thermal insulation of the system of measure during
soldering of the cover.

The thermoelectric voltage across the sample is taken by two copper wires and
measured with a Honeywell 2783 potentiometer followed by a Keithley 147 nanovolt-
meter. The derivative of this voltage relative to the temperature of B, corrected for
the contribution of the copper wires, gives the absolute Seebeck coefficient of the
sample. To avoid a change of the characteristics of the copper wires by too much
heating, Wood’s metal is used when soldering them to the sample ends.
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The temperature of B is determined below 40°K by quadratic interpolation of
the calibration table (the table gives values of the germanium resistance every 0.25°K
below 5°K and every 2°K near 40°K). To take account of small possible changes
between copper-constantan thermocouples of different sources [3], a separate thermo-
couple was made, and the thermoelectric voltages between 4.2°K and 77°K and
between 77°K and 273°K were measured. We then corrected the table of Powell
et al. [4]. Above 77°K, the sensitivity was changed by a temperature independent
value. Below 77°K, the table was adjusted to make the derivative of the sensitivity
continuous at 40 °K. The thermocouple was calibrated below 40°K with the help of
the germanium resistor. With each sample, check was made near 40°K that both
systems (thermocouple and germanium resistor) indicate the same temperature.

The thermoelectric voltage of the sample is measured at temperature intervals
progressively increasing as the temperature of B increases (typically, measurements
were done every 1°K below 10°K and every 10°K near room temperature).

It is of course necessary to know with accuracy the Seebeck coefficient of the
copper wires (commercial pure wires from Huber AG, Pfiaffikon) to get the absolute
value of S for the sample. A way to make this calibration is to use a sample whose
thermoelectric characteristics are well known. Pure lead is a good candidate [5].
However, problems arise because of the high thermal conductivity of this material,
especially at low temperature. Better results were obtained using normal silver (from
Johnson-Matthey) and a comparison with the measurements of Crisp and Henry [6]
on the same metal was made by checking the thermoelectric voltage of a thermo-
couple lead-normal silver between different temperatures (4.2°K, 77°K and 0°C).

S [pvreK]
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] so " "o T Tuso T 200 250 300

I T [*K]

Figure 2
Seebeck coefficient of the copper wires (solid curve). Dashed curve: Ref. [7]. Mixed curve: Ref. [8].
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The differences were very small. Figure 2 gives the Seebeck coefficient of our copper
wires obtained when using the method explained above, together with measurements
of other authors. At low temperatures, great differences between commercial coppers
can exist because impurities such as iron, which produce a strong negative contribution
(Kondo effect), can be present at different concentrations or partially oxydized [9].
Fortunately, our copper wire possesses only a small effect around 4.2°K, so that the
correction is weak. When the absolute contribution of a sample is calculated, the
accuracy is then preserved. When heating B very slowly, the absolute accuracy is of
the order of 0.05 (uV)/°K. Above 77°K, a good fit between data is obtained when
using liquid nitrogen as cryogenic bath instead of liquid helium (the two curves S5(7)
juxtapose within the limits of accuracy).

Results and Discussions

Pd

S for pure Pd between 1.5°K and 273°K is shown in Figure 3. It is in good
agreement with the results of other authors. The positive peak having its maximum
at about 60°K is attributed to phonon-drag. The slightly smaller value observed with

T ['K]

" 300

Figure 3
Thermoelectric power of Pd (solid curve). Dashed curve: Ref. [10]. Mixed curve: Ref. [11].

our sample at this temperature can be explained by the fact that it was not annealed
(dislocations or impurities usually decrease the phonon-drag). At high temperature,
the thermoelectric power of Pd is strongly negative. An explanation has been given
by Mott [12], using a two band model. The 4 electrons density of states is great at the
Fermi energy, and the s electrons are mainly responsible for the conductivity.
Consequently, the s—d transitions are more probable than s-s transitions. As the 4
density of states is presumably strongly decreasing while increasing energy, we expect
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the thermoelectric power to be strongly negative. Kimura and Shimizu [13] gave a
more detailed calculation, using the density of states obtained from specific heat
measurement in Rh-Pd-Ag.

PdCr

Only a few measurements have previously been done at low temperature on the
effect of impurities on the thermoelectric power of Pd. Fletcher and Greig [14] have
established a correlation between the sign of S in PdAg and PdRh alloys and the
density of states given by specific heat measurements. The PdCr alloys are particularly
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Thermoelectric power of PdTi, PdV and PdCr.
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interesting because they give a resistivity minimum (Fig. 4), first observed by
Schwaller and Wucher [1]. We have shown [2] that the same alloys present an
anomalously high thermoelectric power. Figure 5 shows that at about 40°K S is of
the order of + 10 (xV)/°K for an alloy Pd + 19, at. Cr, and presents some similarities
with that of dilute AuV alloys [15] which give a positive peak at about 200°K. In
PdCr, the temperature giving the maximum effective contribution of Cr to the
Seebeck coefficient (it is not necessarily the Kondo temperature T'x [16]) is difficult
to establish because the host metal already possesses high values Sp; and gp;. Using
Nordheim-Gorter relation [7] for separating the contributions of two different
scattering centers, the effective contribution of Cr is:

Scr = (Spes. — 45,.4.) (1 G %ﬁ) + Spy 22 (1)
Y

where S,,,. is the measured value of the thermoelectric power of the alloy, and
A9 = Qanoy — 0pa- AS, 4. s the change in phonon-drag due to the impurity introduction
(usually causing a decrease). Determination of S., necessitates accurate absolute
measurements of g,,, and gp;, especially at low Cr concentration and towards the
high temperatures. Furthermore A4S, , is not known, and can only be estimated from
measurements on other Pd based alloys. Finally, the peak of S¢, is not sharp but
rather broad in temperature. From our data, we conclude that 7% from thermo-
electric measurements has a minimum value of about 40°K, but can have several
times this value.

Analytical expressions for S in presence of a Kondo effect are scarce. If we suppose
that the anomaly observed with PdCr alloys is a true Kondo effect, then Figures 5
and 7 show that when 7" € Tk S is proportional to the temperature, a situation that
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Thermoelectric power of PdMn, PdFe, PdCo and PdNi. The curve of PAdNi is taken from Foiles
and Schindler [25].
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was predicted by Rivier and Zuckermann [17]. Although their theory cannot be
directly applied to the PdCr case, it is interesting to estimate T g from their calculation:
Ty = kfe[1/(dS/dT)] and from the low temperature slope of S(T) (Fig. 7) one
obtains T ~ 200°K.

We have previously remarked [2] that when using an alloy containing 0.5%, at.
Cr, Sis at low temperature (when pp, is still small) close to that of Pd + 19, at. Cr.
Hence the two alloys have almost the same S¢; and separation of the curves at higher
temperature is easily explained by equation (1) because Ap and A4S, ; take different
values. Alloy with 0.19%, at. Cr gives a somewhat lower value at low temperature.
However, resistivity measurements on Pd (unannealed) indicate a resistivity relatively
large at 4.2°K (Fig. 3) so that to get the effective Cr contribution in a PdCr alloy,
a correction is necessary when using low Cr concentration. From the Nordheim-
Gorter rule:

SCr = Smes _____le_lfl_ . (2)

" Qalloy — OPd

The calculated value S, is then about the same for the three concentrations. This
shows that the anomalous effect observed is essentially the fact of isolated Cr impuri-
ties and reinforce the hypothesis of a Kondo-like effect. With 49, at. Cr, however,
S¢r becomes much smaller, the alloy is no longer dilute, and Cr-Cr interactions begin
to play an important role.

Star et al. [18, 19] have published detailed measurements of the PdCr alloys
resistivity. At small Cr concentration ¢ and at low temperature, the decrease in
resistivity is proportional to ¢72 They also observed a concentration effect: at higher
concentration (4 at. %) the resistivity, instead of having a maximum as expected
with RKKY interaction, is characterized by an increase of the slope (dg)/cdT. They
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explained this by a coherence length effect as predicted by Nagaoka [20]. For each
impurity, a certain number of electronic states is needed to form the quasi-bound
state. However, if ¢ is larger than T/Tj all states are used and the impurity spins
are only partly compensated. From the decrease of Ap towards high temperatures,
they estimated T &~ 100-200°K.

Several other measurements give some results similar to what is usually observed
in ‘Kondo alloys’. Heiniger [21] has observed an increase of the specific heat coefficient
approximately linear with concentration below 1 at. 9, Cr. Using Nagaoka’s expression
AC ~ (27)[3 T|Tyg, Star et al. [18] obtained Tk & 200°K. Donzé [22] has measured
the magnetic susceptibility of these alloys. At low Cr concentration and at low
temperature, the interpretation of the results is difficult because small amounts of
iron impurities give a strong increase of the susceptibility. In parallel with the
concentration effect on S and p, a Curie-Weiss law is observed at higher concentration
(2—4 at. 9%,). An effect of magneto-resistivity was seen by Schwaller [23] only in alloys
with strong Cr concentrations. Finally, we have measured at 5°K the magneto-
thermoelectricity of a Pd + 0.1 at. 9 alloy and found a variation of S inferior to 7%,
up to a magnetic field of 60 kGauss.

The different measurements in dilute PdCr suggest an effect similar to the Kondo
effect as observed in noble metals based alloys. Several authors [18, 24] have noticed
the analogy between the Kondo effect and the antiparallel local polarisation around
Cr impurities, whereas Fe or Co impurities give a parallel polarisation in the host
metal. Coupling between the Cr impurity and the neighbouring sites is progressively
broken when the temperature increases, which would represent the Pd version of the
Kondo effect. More theoretical work is needed to extend the Kondo theory to include
the peculiarities of a host metal as Pd, particularly in taking proper account of
electron-electron interactions.

PdTi, PdV, PdNz

As seen in Figures 5, 6 and 7, the other 3 d elements do not give a contribution
to S as great as Cr. The only exception is Ni, measured by Foiles and Schindler [25],
which produces a strong negative thermoelectric power at low temperature. The
authors suggest that the origin of this phenomena is the same as for the enhancement
of the 72 term in the resistivity, i.e. spin fluctuations.

S for PdTiis small at low temperature and close to that of Pd at high temperature.
Decrease in the phonon-drag peak is observed (Fletcher and Greig [10] have studied
the same effect in PdAg alloys).

Vanadium gives a constantly positive contribution relative to palladium (ex-
cepted around 50°K where the decrease of the phonon-drag effect is the greatest).
Daybell and Steyert [26] have reported the characteristic temperatures T of 34
impurities in noble metals. 7 is minimum at the center of the series and increases
very rapidly towards each end. This means that Ty of vanadium is much greater than
Tk of chromium. Our results in PdV would be in agreement with a similar effect in
Pd, as the small positive contribution could be the beginning of a peak at very high
temperature. Figure 8 effectively shows that the relative contribution of V becomes
the greatest of the 3 d series at 500 °C. As will be seen later, however, even impurities
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with a complete 4 shell can give similar results below 0°C, so that there is in fact no
strong evidence for PdV alloys as having at high temperature a behaviour similar to
that of PdCr alloys at lower temperature.

i | Figure 8
500 °C ‘ Effect of 3d elements on the thermoelectric
| power of palladium at several temperatures. Data
at 4,2°K: our measurements, data at 50 °C (more
! exactly: average between 0°C and 100°C): mea-
\ surements of AS = Saney — Spg from Zwing-

BV Kat®f
(= T -

| mann [27], data at 500°C: measurements of
Cr Mn Fe Co Ni AS from Aldred [28].

D

Ti

PdMn, PdFe, PdCo

It is well known that these three alloys are ferromagnetic at low temperature
(the Curie temperature of Pd + 19, at. Mn is about 4 °K [29]). As seen on Figure 7,
S(T) for PdCo is not linear around 4.2°K, in contrast with the non-ferromagnetic
alloys and in agreement with Kasuya’s theory [30]. Schwaller [23], by resistivity
measurements, has found 70°K for the Curie temperature T of this alloy. S presents
near that temperature a tendency towards negative values relative to the PdMn and
PdFe curves, manifestly connected with the onset of ferromagnetism. The same
phenomena, although much weaker, appears at about 30°K for PdFe (Mydosh et al.
[31] found T¢ = 29 4 6°K). A similar effect has been seen in nickel and is discussed
by Mott [32]: spin polarization of electrons puts the Fermi energy at a value where
the slope of the density of states is different. Consequently, S takes progressively a
different value when crossing the Curie temperature. To observe this better in Pd
alloys and to compare with resistivity measurements, we have studied an alloy
Pd + 59, at. Fe, which has a Curie temperature far enough from the phonon-drag
peak (Fig. 9, where 7', obtained using different techniques are plotted). Longworth
and Tsuei [33] have made a detailed study of (dg)/d1 when the temperature crosses
the Curie temperature. From the maximum of (dp)/dT, they find T = 142 + 1°K.
Our measurements of S, when similarly defining 7 . as corresponding to the maximum
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of (dS)/dT, give T = 140 + 5°K. Above T, resistivity results show a logarithmic
divergence of (do)/dT, theoretically predicted by Fisher and Langer [35] and due to
magnetization fluctuations. Although a corresponding theory does not exist for the
thermoelectric power, we expect an influence of these fluctuations, as S and p are
closely related. Effectively, (45)/dT seems linear in function of 7 — T; reported on a
logarithmic scale (insert of Fig. 9). However, more precise measurements are needed
for firm evidence, as| (4S)/dT is the second derivative of the measured value (the
thermoelectric voltage) and consequently is relatively inaccurate.

T [K]

0[50 100 | 150 : 2?0 . 250 - Sj)O
\

T T T T T T T T T T T T T T T T T T

Pd+5% at Fe_

dsidT

Figure 9
Thermoelectric power of Pd + 59, at. Fe near the Curie temperature. The arrows represent 7T'c
determined by different techniques. Resistivity measurements: g, and p,, respectively from
Mydosh et al. [31] and Longworth and Tsuei [33]. Magnetization measurements: M, from Crangle
et al. [34]. Mydosh et al. have discussed the fact that measurements other than resistivity give a
value of Tc constantly greater. Insert: slope of S(7) in function of T — Tc¢, with Tc = 140°K.
Dots represent values directly calculated from the S(7T) curve.
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PdTe

The Seebeck coefficient for this alloy is reported in Figure 10. It can be seen that
even an impurity having a complete 4 shell can give a relatively large effect. The
positive value indicates that the rigid band model usually applied to Ag impurities
(which give a negative effect) cannot simply be extended to impurities of higher
valencies when studying transport properties, although the susceptibility simply
decreases an amount proportional to the valency [36]. At room temperature, the
difference S,,,, — Sp; per % impurities (after Ag) follows a simple law: 4S5, =
a+ b(Z— 1)® (whereas Ap = a’ + b’ (Z — 1)?), where Z is the valency (Zwingmann
[37]). This expression needs theoretical justification. However, this is probably the
Pd version of Friedel’s theory on dilute alloys [38]. The effective contribution of the
impurity 4S;, must be linear with the valency (in case of weak phase displacement)
but, due to the high resistivity of Pd, A4Sy, is corrected by a contribution proportional
to Ap when using the Nordheim-Gorter rule to get 4S,,,,. . The effect observed is then
due to the ordinary diffusion term, with A4S, independent of concentration and
proportional to the temperature. In a noble metal, like Ag [39], this term is usually
much smaller. The low temperature slope of S(7°) can be calculated from room
temperature measurements of A4Sy, and Ap = g,y — 0ps 0f ZWingmann, by use again
of the Nordheim-Gorter rule, and can be compared with our measurements:

@S 1 323 323
9] T 33 A — e I SR
( dT )CaIG. 323 - AQ [(SPd +AS mes.) ( 293 QPd + AQ) 203 Opa Pd} ( )

The factor 323/293 comes from the fact that the resistivity has been measured at
20°C, but Sisan average between 0 °C and 100 °C. The value found using this formula is:
(@S]dT) a0, = + 0.14 (uV)/°K, whereas from Figure 10: (dS/dT),,,,. = + 0.10 (uV)/°K.
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The agreement is good considering the crudeness of the calculation. For comparison,
the PdCr alloys give a value of (¢S/dT),,,,, about 16.5 times greater than (dS/dT ). -

PdRu, PdRe, PdOs

The thermoelectric power of these alloys, between 4.2°K and 200 °K, is reported
on Figure 11. Relatively, great positive values are again observed, although smaller
than in PdCr alloys. 4S,,,, at high temperature does not follow a simple law for 4 d
elements [37], probably because the width of the virtual state is of the same order as
the band width. The shape of the density of states can then be very complicated and
depends on d band shape and of the position of the virtual level, as calculated by
Moriya [40] with Anderson and Wolff’s theories. If one uses equation (3) to calculate
(@S/dT) at low temperature for PdRu, the value found is again close to that measured
(room temperature data are not available for PdRe and PdOs, but our measurements
up to 200 °K indicate a similar conclusion). This shows that the effective contribution
of Ru does not vary anomalously with temperature. In parallel with this, we measured
the resistivity of this alloy at low temperature to detect the eventual presence of a
minimum. The variation of p between 1.5°K and 4.2°K is smaller than 0.0019%, and is
consequently at least 50 times smaller than that of PdCr. Also, the introduction of Ru
in Pd decreases the specific heat coefficient [41], in contrast with Cr in Pd.

Thermoelectric power at 4.2°K, measured and calculated (see text) values of dS/dT at low
temperature, of palladium containing 1 at. 9% of dilute element.

Element diluted in Pd  Ssz0x (uV/°K) (@AS[dT)mes. WV/°K2)  (dS|dT)care. (V[ K2)
Ti — 0.04 - 0.01 — 0.024
Vv + 0.15 + 0.036 + 0.033
Cr +1.74 + 0.414 + 0.025
Mn - 0.18 — 0.042 — 0.043
Fe —0.22

Co - 0.02

Ni -39 (= 0.93) — 0.06
Ru + 1.00 + 0.238 + 0.150
Rh — 0.075 + 0.137
Ag — 0.082 ~ 0.078
Te + 042 + 0.100 + 0.144
Re + 0.35 + 0.083

Os + 0.72 + 0.171

Conclusions

The thermoelectric power of dilute palladium based alloys has been studied with
the main purpose of looking for possible Kondo-like behaviour. Comparison with
noble metals based alloys has been made, more particularly on two points: 1. Magni-
tude of S. 2. Variation of S with temperature. S was found to be usually large.
However, only PdCr alloys (and PdNi) give an effect varying anomalously with
temperature. It is possible that some of the alloys (for instance, PdV) show an
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anomalous behaviour outside of the studied temperature range. The table gives the
values of (4S/dT) calculated using equation (3) assuming a ‘normal’ behaviour and
compared with experimental values. The accord is good for the sign of S (Rh excepted)
and for the magnitude of S, the two above cited alloys excepted. Ferromagnetic
alloys are characterized by a change in the slope (dS/dT) near the Curie temperature.
Finally, it should be noted that some of the alloys may be interesting for measurements
of low temperatures, because of their great positive Seebeck coefficient (most known
‘Kondo alloys’ have a negative thermoelectric power at low temperature). For
instance, a thermocouple Pd + 1 at.%, Cr against Au + 0.03 at.9, Fe has a sensitivity
of about 20 (xV)/°K between 10°K and 20°K.

The authors are indebted to Prof. M. Peter for encouragements, to Prof. F. Heiniger
for the specific heat measurements, to Mr. R. Cartoni for technical assistance, and to
the Swiss National Fund for Scientific Research for financial support.
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