
Int J Thermophys (2010) 31:1402–1416
DOI 10.1007/s10765-010-0748-2

A Mechanism for the Oxidation-Related Influence
on the Thermoelectric Behavior of Palladium

W.-S. Ohm · K. D. Hill

Received: 4 March 2010 / Accepted: 28 April 2010 / Published online: 15 May 2010
© Her Majesty the Queen in Right of Canada 2010

Abstract Oxidation of thermocouple elements can degrade the accuracy of
thermocouple-based temperature measurements. As a particular example of such
effects, oxidation of the Pd element of a platinum/palladium thermocouple is known
to increase the thermoelectric emf by an amount equivalent to a temperature change of
the order of 100 mK to 200 mK at 420 ◦C (G. W. Burns, D. C. Ripple, Proceedings of
TEMPMEKO ‘96, 6th International Symposium on Temperature and Thermal Mea-
surements in Industry and Science. Levrotto and Bella, Torino, 1997, 171–176).
A possible physical mechanism to explain how oxidation affects the thermoelectric
output of a Pt/Pd thermocouple is proposed. The analysis hinges on the hypothesis that
the oxide-induced strain within the Pd thermoelement leads to a change in the Seebeck
coefficient, and therefore to the thermoelectric emf. A theoretical model relating defor-
mation of the palladium lattice to the change in the Seebeck coefficient is presented.
The level of agreement between the calculation and the experimental observations
suggests that oxide-induced strain in the Pd thermoelement is a likely explanation for
the change in thermoelectric output of a Pt/Pd thermocouple within the temperature
range where oxidation is active.
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1 Introduction

Oxidation of thermocouple elements can degrade the accuracy of thermocouple-based
temperature measurements. As a particular example of such effects, oxidation of the Pd
element of a platinum/palladium thermocouple is known to increase the thermoelectric
emf by an amount equivalent to a temperature change of the order of 100 mK to 200 mK
at 420 ◦C. Changes in thermoelectric properties of the Pt component are known to be
insignificant within the heat-treatment temperature range of interest (below 900 ◦C).
For this reason, our attention is devoted to the Pd leg only.

The physical mechanism (or mechanisms) responsible for the reversible change in
the Seebeck emf following oxidation of the Pd thermoelement remains the subject of
speculation, at least in our opinion. The principal investigators have been Burns and
Ripple (NIST), Bentley (NMIA), and Hill (NRC). We exclude from the current dis-
cussion irreversible changes (i.e., drift) that generally occur at temperatures exceeding
1000 ◦C.

The oxidation of Pd was well described by Burns and Ripple [1]; “When Pd wire
is heated in air at temperatures in the range from about 350 ◦C to 800 ◦C, a dark gray
oxide film forms rapidly on the surface and thickens as the time at elevated temperature
is increased. When heated to temperatures above about 800 ◦C, the superficial oxide
decomposes very quickly, leaving a clean metal surface.” With regard to the effect on
the thermocouple, they opined “The increase in inhomogeneity and decrease in the
thermocouple emf at full immersion are caused by the oxidation of the Pd thermo-
element.” In a later article, they wrote [2] “At temperatures above 500 ◦C, oxidation
causes a measurable shift of the thermoelectric properties of Pd.” In their most recent
article on the topic [3], they “suggest that there are two separate reversible effects
of opposite signs: a reversible decrease in thermocouple emf following exposure to
temperatures in the approximate range 550 ◦C to 800 ◦C, and a reversible increase
following exposure to temperatures in the approximate range 750 ◦C to 950 ◦C.” The
article concludes “At this time, we cannot identify unambiguously the source of the
reversible changes. Our previous work attributed reversible decreases in emf to an oxi-
dation effect, but it is not likely that oxidation of Pd is the source of the emf increase
in the range 750 ◦C to 950 ◦C, which is generally above the approximate range 350 ◦C
to 800 ◦C where Pd oxide is stable. … It is clear that the reversible effects observed
with Pd are complex and depend on the particular lot of Pd used. What is not clear
is the identification of the impurity or other property responsible for the effect in the
range 750 ◦C to 950 ◦C.”

Bentley expressed the opinion that [4] “In principle, the presence of oxide on an
element may affect its Seebeck coefficient either as a consequence of its effect on
the Fermi surface of the metal or because of parallel electrical conduction through
the oxide film. Unless significant oxide is formed interstitially or along grain bound-
aries it seems unlikely that oxidation would affect the Fermi surface. It is possible
that oxygen in solid solution affects the Fermi surface, and there is some evidence
for such solubility in Pd, but not below 800 ◦C.” In a subsequent article [5], he stated
that “Clearly, the Seebeck EMF of Pd decreases when the metal is heated in the range
550–850 ◦C … I suggest that oxidation, per se, is unlikely to affect the Seebeck coef-
ficient, although dissolved, interstitial oxygen may.” In his most thorough and most
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recent article on the subject [6], Bentley wrote: “… annealing a Pd wire of high purity at
700 ◦C will decrease its Seebeck emf for temperatures up to about 700 ◦C and increase
it above 800 ◦C. … Heating in air at 1000 ◦C, and above, establishes significant levels
of oxygen in the metal in two modes: in solid solution, with little effect on Seebeck
coefficient, and as impurity oxides (of base metals), with a significant lowering of
the coefficient. A subsequent heating at temperatures around 700 ◦C converts some
oxygen from solid solution into impurity oxides, probably of the Pt metals. The latter
oxides would then decompose at 1000 ◦C. In summary, all thermoelectric changes
observed in Pd seem to be governed by impurities. … It is suggested that all changes
observed in this study, in the Seebeck emf of Pd, are due to impurities. In particular,
the reversible change at around 700 ◦C is due to the oxidation of impurities.”

According to Hill [7], “The Pd RTD results illustrate unequivocally that the
oxidation of palladium is most active in the temperature range from 600 ◦C to 800 ◦C.
The impact of this oxidation process on the performance of Pt/Pd thermocouples is
decidedly more complex. The isothermal heat treatments of the thermocouples resulted
in either no change or a small decrease in the inhomogeneity of high-purity (>99.99 %)
Pd wires as determined from immersion profiles in a freezing zinc ingot. However,
the thermoelectric emf increased with the temperature of heat treatment, peaking near
750 ◦C before decreasing. The peak change was approximately 1.5 µV (equivalent
to 0.15 ◦C) at the zinc point. The emf exhibited a secondary increase from 850 ◦C to
900 ◦C that is clearly not due to oxidation, as the Pd RTD results indicate that Pd oxide
does not form above 800 ◦C.”

Having established the context through the words of the various authors, it is fair
to conclude that no definitive explanation for the reversible changes in Seebeck emf
of the Pd thermoelement exists, though there is speculation (by some) that impurities
are to blame. It seems to us that the formation of palladium oxide must play some
role since the change in thermoelectric emf that occurs below 800 ◦C is coincident
with the oxide growth, and is a maximum at the temperature where Pd oxide growth
is also a maximum (725 ◦C). With that in mind, we suggest that the strain developed
by surface Pd oxide is significant enough to cause noticeable variation in the Seebeck
emf. It is this hypothesis that we explore herein.

2 Thermocouple Response to Tensile Stress

It has long been recognized that the thermocouple voltage is affected by tensile stress.
We devised an experiment to individually place the 0.51- mm diameter wires com-
prising a Pt/Pd thermocouple under “simple extension” (i.e., axial tension with no
restriction on transverse deformation), while the junction was maintained at a con-
stant temperature in a freezing ingot of either cadmium or zinc with the reference
junction maintained in an ice point at 0 ◦C. Figure 1 provides an example of the
experimental data, and Table 1 summarizes the sensitivity coefficients derived from
a linear fit to the various data sets. Table 1 also includes data obtained from the lit-
erature. Mortlock [8] reported a value of −1.04 × 10−10 V · K−1 · kg−1 · cm2 for
palladium and −7.1 × 10−11 V · K−1 · kg−1 · cm2 for platinum with the thermocouple
reference and measuring junctions at 20 ◦C and 100 ◦C, respectively. Dividing by the
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Fig. 1 Variation in the thermoelectric voltage of a Pt/Pd thermocouple when the portion of the 0.51- mm
diameter Pd wire passing from the measuring junction at 321 ◦C to room temperature is subjected to tensile
(longitudinal) stress

Table 1 Tensile stress sensitivity coefficients for platinum and palladium thermocouple wires

Pd (V · K−1 · N−1 · m2) Pt (V · K−1 · N−1 · m2)

Cd freezing point (321 ◦C) −1.27 × 10−15 −6.1 × 10−16

Zn freezing point (419.5 ◦C) −1.27 × 10−15 −5.9 × 10−16

Mortlock [8] −1.06 × 10−15 −7.2 × 10−16

Morgan [9] – −4.7 × 10−16

McLaren and Murdock [10] – −5.6 × 10−16

Kleber et al. [11] −1.10 × 10−15 –

acceleration due to gravity to convert from weight to force and rearranging units, we
obtain −1.06×10−15 V·K−1 ·N−1 ·m2 and −7.2×10−16 V·K−1 ·N−1 ·m2 for Pd and
Pt, respectively. Morgan [9] obtained −4.7 × 10−16 V · K−1 · N−1 · m2 for Pt with the
hot junction at 550 ◦C and the reference at 20 ◦C. McLaren and Murdock [10] reported
extensive data for Pt for different temperatures and wire sizes, and a representative
value of −5.6×10−16 V ·K−1 ·N−1 ·m2 can be obtained by averaging their results for
0.5- mm diameter wire with the measuring junction at the tin freezing point (232 ◦C).
Recently, Kleber et al. [11] obtained the value of −1.10 × 10−15 V · K−1 · N−1 · m2

for Pd near room temperature.

3 Stress in Pd Wire Induced by Pd Oxide Growth

Stress in the Pd thermoelement arises from Pd oxide formation as a consequence of
the lattice mismatch between Pd metal and Pd oxide. Pd metal forms a face-centered-
cubic structure with a lattice constant of 3.89 Å [12] and a nearest-neighbor distance
of 2.75 Å. Palladium oxide (PdO) crystallizes in a tetragonal structure with Pd atoms
at all corners and in the center, and O atoms at (0,1/2,1/4), (0,1/2,3/4), (1,1/2,1/4), and
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Fig. 2 Crystalline structure of
bulk palladium oxide (PdO). The
large dark spheres represent Pd
atoms, and the small light ones
are oxygen atoms

(1,1/2,3/4) (Fig. 2); the experimental lattice constants are a = 3.04 Å and c = 5.34 Å
[13]. For PdO, the Pd–Pd nearest-neighbor distance of 3.04 Å exceeds the metallic Pd
value by approximately 10 %.

At this juncture, it is fitting to point out that a detailed calculation of strain arising
from the formation of oxide film is a rather complicated and computationally expen-
sive undertaking. Three factors contribute to the complexity that renders a rigorous
analysis in elasticity impractical for the purpose of this article. First, single-crystal
palladium is a highly anisotropic solid—the anisotropy ratio based on the elastic
constants of palladium, c11 = 227.1 GPa, c44 = 71.73 GPa, and c12 = 176.04 GPa
[14], is η = 2c44/(c11 − c12) = 2.8, a value far from unity for isotropic solids—
and therefore detailed information on the morphology and orientations of individual
grains forming the actual Pd leg may be necessary for an accurate evaluation of stress
and strain. Second, due to the relatively large mismatch between Pd and PdO lattices
((3.04 Å − 2.75 Å)/2.75 Å = 10.5 %), nonlinear elasticity must be taken into account,
especially near the Pd/PdO interface where the lattice distortion is greatest. Third, the
elastic boundary conditions at the Pd/PdO interface are not known a priori, but are
specified only implicitly in terms of lattice mismatch between the two bulk materi-
als; the stress and strain at the interface are to be determined by solving the relevant
elasticity equations.

In order to circumvent these difficulties, we propose a simplified picture of the
strain profile inside the Pd component. The primary effect of the surrounding oxide
film is to elongate the Pd element in the axial (z-)direction, where the cross-sectional
average of elongation is approximately proportional to the relative cross-sectional area
and the relative elastic stiffness of PdO (see Fig. 3).

In other words, the average axial strain εzz within the Pd leg is represented along
with two proportionality relations,

εzz = ε, (1)

ε ∝ APdO

APdO + APd
, (2)
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Fig. 3 Cross-sectional view of a
Pd thermoelement with an oxide
film. For convenience in
analysis, a Pd leg composed of a
single crystal is assumed, whose
(001) crystalline direction is
parallel to the thermocouple
(z-)axis

and

ε ∝ YPdO

YPd
. (3)

Here, APd,PdO and YPd,PdO are the cross-sectional area and the stiffness (Young’s mod-
ulus) of Pd and PdO, respectively. The average axial strain due to the lattice mismatch
is thus given by

ε = mismatch × APdO

APdO + APd
× YPdO

YPd
. (4)

The axial elongation is accompanied by contraction in the transverse directions:

εxx = εyy = −νε (5)

where εxx and εyy are average strains in the x- and y-axes, respectively, and ν is the ratio
of the transverse deformation to the axial elongation. (In the case of simple extension,
the parameter ν assumes the role of Poisson’s ratio.) Equations 1, 4, and 5 constitute
a two-parameter (ε and ν) representation of the surface oxide-induced strain in the Pd
wire. Young’s modulus for bulk Pd is 170 GPa [15], and that of PdO is estimated to
be 169 GPa [16]. This leads to the expression YPdO/YPd ≈ 1.

To assess the thickness of the PdO layer, we turn to the oxidation of a palladium
resistance thermometer [7]. In that study, a Pd RTD was subjected to a series of incre-
mental heat treatments at temperatures from 500 ◦C to 900 ◦C in a manner similar to
that for the thermocouples, and the subsequent change in resistance of the Pd RTD
at the triple point of water (0.01 ◦C) was carefully monitored (Fig. 4). Because the
surrounding PdO film is a poor conductor of electricity, the fractional change in resis-
tance is directly proportional to the relative cross-sectional area of the PdO layer. From
Fig. 4, the maximum increase in resistance is about 0.008 following the heat treatment
at 725 ◦C. In other words, APdO/(APdO + APd) ≈ 0.008 (i.e., oxide thickness ∼0.5
µm) at the peak oxidation rate for the 0.25 mm diameter wire used to construct the
RTD. Substituting the stiffness and area ratios appropriate to the 0.5 mm diameter
thermocouple wire (i.e., APdO/(APdO + APd) ≈ 0.004 for the same oxide thickness)
into Eq. 4 yields ε ≈ 4.2 × 10−4. The accompanying transverse contraction of the
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Fig. 4 Fractional resistance increase of the Pd RTD as a function of heat-treatment temperature [7]

Pd leg (given by Eq. 5) is much harder to estimate, although the effective contraction
ratio ν is believed to be in the neighborhood of 0.38, Poisson’s ratio for single-crystal
palladium [14]. Because of the relatively high uncertainty associated with calculating
ν, we instead elect to consider values of ν falling within some reasonable bounds such
as 0.3 < ν < 0.5.

So far, we have estimated the strain in the Pd wire resulting from oxide formation.
The experimental data of Sect. 2 provides the sensitivity coefficients required to relate
the change in the thermocouple emf to simple extension. The force of extension on
the wire is connected to the strain (fractional change in length) via Young’s modulus:

ε = τ/Y. (6)

Here, τ is the stress and Y is Young’s modulus. With Y = 170 GPa [15] as the bulk
value for Pd, our calculated ε ≈ 4.2 × 10−4 corresponds to τ ≈ 7.1 × 107 N · m−2.
With our measured sensitivity coefficient of −1.27 × 10−15 V · N−1 · K−1 · m2, the
expected change in the Seebeck coefficient is 9 × 10−8 V · K−1. When measured at
the freezing point of zinc (419.527 ◦C), the expected change in emf is 38 µV. This is
clearly much larger than the 1 µV to 2 µV reported [7]. Different loading modalities
(i.e., loading by simple extension as in Sect. 2 versus loading via surface oxidation)
produce fundamentally different strain profiles, leading to different contraction ratios
ν even for the same average axial strain ε. Therefore, a direct comparison of the two
cases may be inappropriate. Still, given the simplifications that we introduced when
calculating the strain, this is a better situation than finding the prediction orders-of-
magnitude less than the observed value. We view the oxide-based strain hypothesis
as a possible, and even probable, explanation for the reversible change in the Seebeck
coefficient of Pd in the temperature range where oxidation occurs (mainly 600 ◦C to
800 ◦C).
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4 Strain, Electronic Density of States, and Thermoelectricity

The preceding discussion has been largely phenomenological in nature. However, any
fundamental discussion of thermoelectricity (and the influence of strain) must consider
the nature of the conduction electrons responsible for the Seebeck effect.

Figure 5 schematically shows the electronic structure of a d-band transition metal
such as palladium. Here, nd and ns are, respectively, d- and s-like densities of elec-
tronic states originating from the d and s atomic orbitals of constituent atoms. Valence
electrons occupy energy states up to the Fermi energy EF, and the energy at the top
of the d-band is denoted by E0.

Mott and Jones [17] derived the expression,

S = −π2

6

k2
BT

e(E0 − EF)
(7)

for the thermopower of transition metals such as Pd and Pt, where kB is Boltzmann’s
constant, T is the absolute temperature, and e is the electron charge. Pollock [18]
replaces the numerical factor 1/6 in Eq. 7 by x/3 where x is a (fitting) parameter whose
value varies slightly among transition metals. Barnard [19] provides an insightful deri-
vation of Eq. 7, which we shall reproduce briefly beginning with the general expression
for the Seebeck coefficient,

S = −π2k2
BT

3e

(
∂

∂ E
ln σ(E)

)
E=EF

(8)

σ(E) is the electrical conductivity and EF is the Fermi energy. By assuming that
conduction is predominantly via the s-electrons, that these s-electrons behave as free
electrons, and that scattering into empty d-states is the dominant scattering mechanism,
the expression in brackets becomes

(
∂

∂ E
ln σ(E)

)
E=EF

=
[

3

2EF
+ 1

2 (E0 − EF)

]
(9)

Fig. 5 Schematic density of
electronic states of a d-band
transition metal. The densities of
d-like states (nd) and s-like
states (ns) are drawn separately
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where E0 is the energy at the top of the d-band (relative to the bottom of the s-band).
For transition metals with parameters such that (E0 − EF) � EF, we recover Eq. 7.
However, we will use Barnard’s expression (Eq. 9) for our analysis.

The Fermi energy EF varies only weakly with temperature [18]; therefore, it is
reasonable to assume a linear dependence of the Seebeck coefficient on temperature.
Where this is valid, the temperature-independent part of the Seebeck coefficient,

∂S

∂T
= −π2

3

k2
B

e

[
2

3EF
+ 1

2(E0 − EF)

]
(10)

is a function of material parameters only. Both the Fermi energy EF and the top of the
d-band energy E0 are functions of the lattice parameters, and are therefore sensitive
to lattice deformation (i.e., strain).

The sensitivity of the Seebeck coefficient to strain is obtained by differentiating
Eq. 8 with respect to the average axial strain ε:

∂S

∂ε
= ∂

∂ε

(
∂S

∂T

)
T (11)

From Eq. 10,

∂

∂ε

(
∂S

∂T

)
= −π2

3

k2
B

e

∂

∂ε

[
2

3EF
+ 1

2(E0 − EF)

]
. (12)

Equations 11 and 12 show that the Seebeck coefficient’s sensitivity to strain is through
the strain-induced variation in E0 and EF. The resulting change in thermocouple volt-
age is

	emf =
l∫

0

[
∂

∂ε

(
∂S

∂T

)
T ε

]
dT

dz
dz (13a)

=
[

∂

∂ε

(
∂S

∂T

)
ε

] Ta∫
Tt

T dT , (13b)

where l is the length of the Pd segment that has undergone uniform heat treatment
(oxidation), Tt is the absolute temperature at the thermocouple tip, and Ta is the ref-
erence (ice) junction absolute temperature. (We omit the subscripts “Pd” in Eqs. 13a
and 13b without ambiguity.) Note that the particular form of Seebeck sensitivity in
Eq. 13a, showing no explicit dependence on z, allows the integrand of Eq. 13a to be
written as an exact differential of 1

2 T 2 as in Eq. 13b. The change in thermoelectric
emf thus becomes, regardless of the temperature profile,

	emf = 1

2
(T 2

a − T 2
t )

∂

∂ε

(
∂S

∂T

)
ε. (14)
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The linear combination of atomic orbitals (LCAO) model, also known as the tight-
binding approximation, offers a simplified framework for calculating E0 and EF
[20,21]. Formulation of the method and the computational procedure are elucidated by
Harrison [21]. We will briefly discuss our approach to accommodating lattice deforma-
tion within the method. For the sake of analysis, a single-crystal Pd thermoelement is
considered, whose (001) crystalline direction coincides with the thermocouple (z-)axis
as depicted in Fig. 3.

At the core of the LCAO method is the construction of the 6×6 Hamiltonian matrix,

Hαβ(k) =
∑

i

eik·ri 〈0, α |H | i, β〉 (15)

where k is the wave vector, ri is the position of the i th atom nearest the central atom
at the origin, H is the Hamiltonian of the time-independent Schrödinger equation, and
α, β(= 1, 2, . . ., 6) are the indices for an atomic orbital basis consisting of the outer-
most s-state and five d-states per atom. The interatomic energy integral 〈0, α |H | i, β〉
quantifies the extent of spatial overlap between the orbital α of the central atom and
the orbital β of the i th neighboring atom. For a face-centered cubic (fcc) solid such
as palladium, there are 12 nearest neighbors surrounding the central atom, situated
at ri = (±a0/2,±a0/2, 0), (±a0/2, 0,±a0/2), and (0,±a0/2,±a0/2), where a0 is
the strain-free lattice constant. Upon application of uniform axial strain, these nearest
neighbors are relocated to

ri = (±b/2,±b/2, 0), (±b/2, 0,±a/2), and (0,±b/2,±a/2), (16)

where the new lattice parameter a in the axial (z-)direction is, in terms of the axial
strain ε,

a = (1 + ε)a0 (17)

and the lattice parameter b in the transverse (x- and y-)directions is

b = (1 − νε)a0. (18)

With Eqs. 17 and 18, the position vector ri of a nearest neighbor (Eq. 16) is recast in
the general form

ri = (lx̂ + mŷ + nẑ)d (19)

where (l, m, n) are direction cosines, d is the distance from the central atom, and
x̂, ŷ, and ẑ are unit vectors in Cartesian coordinates. Together, Eqs. 16–19 completely
specify the crystalline structure of the Pd component for any given strain ε. The inter-
atomic matrix elements Ei

α,β = 〈0, α| H |i, β〉 in Eq. 15 depend on the lattice structure
(Eqs. 16–19) via the functional forms tabulated in Table 20-1 of Harrison [21].
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Fig. 6 Computed electronic structure of strain-free palladium: (a) hybridized s–d bands and (b) density
of electronic states. In (b), the calculated energy values in eV are Ed = 4.66, Wd = 5.64, EF = 7.04, and
E0 = 7.48. For comparison, (c) is the band structure calculation of Papaconstantopoulos [23] and (d) his
corresponding density of states for Pd

Once the Hamiltonian matrix Hαβ(k) in Eq. 15 is summed over the contributions
from the 12 nearest neighbors, the energy bands are given by the eigenvalues cor-
responding to the Bloch vector k. Figure 6a shows the resulting energy bands for
palladium. There are five bands associated with the d atomic states, emerging from
either �12 (2-fold degenerate) or �′

25 (3-fold degenerate). These d-bands are hybrid-
ized with the free-electron-like s-band emanating from �1 toward X ′

4. To facilitate
calculation of the top of the d-band energy E0 and the Fermi level EF, we adopt a
two-parameter description of the d-bands [21], where the d-band width Wd and its
nominal energy Ed relative to the s-band minimum �1 are defined by

Wd = X5 − X1, (20)

Ed =
(

2

5
�12 + 3

5
�′

25

)
− �1. (21)
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The values of Wd, Ed, and E0 ≡ Ed + 1
2 Wd computed from the energy bands of

Fig. 6a are 5.64 eV, 4.66 eV, and 7.48 eV, respectively. Then, the d-band density of
electronic states can be expressed by a boxcar function centered at Ed with bandwidth
Wd [21,22],

nd(E) = (10/Wd)

{
H

[
E −

(
Ed − 1

2
Wd

)]
− H(E − E0)

}
, (22)

where H is the Heaviside step-function. The density of the free-electron-like s-states
is given by a parabola [21],

ns(E) = v

2π2

(
2ms

h̄2

) 3
2 √

E (23)

where v = ab2/4 is the atomic volume (the divisor 4 accounts for the fact that one unit
cell of an fcc solid contains four atoms) and ms = m(1+20r3

d /3v)−1 the free-electron
effective mass. These densities of states are shown in Fig. 6b. The total density of states
is the sum of nd and ns. It is immediately apparent from Fig. 6b that Eq. 22 is a crude
approximation for the real density of d-like states. By way of comparison, Fig. 6c is
the somewhat more complex (e.g., includes second-neighbor interactions) band struc-
ture calculation of Papaconstantopoulos [23] along the same symmetry direction as
in Fig. 6a. Figure 6d is the Pd electron density of states following [23]. Nonetheless,
use of Eq. 22 can be justified to a certain extent because evaluation of the Fermi
energy requires integration of the density of states, which smoothes out the structural
details. The Fermi energy is obtained by integrating the total density of states until the
value is equal to ten, the number of valence electrons per palladium atom. This yields
EF = 7.04 eV, in fair agreement with more sophisticated analyses: 7.06 eV from [23],
7.08 eV from [24], 7.35 eV from [25], and 6.80 eV from [26].

Applicability of the model is demonstrated by its ability to predict the absolute
Seebeck coefficients for the case of zero strain. Equation 10 combined with the LCAO
calculations of the energies EF and E0 is tested against experimental data for palla-
dium in Fig. 7. The dashed line is a linear fit to the widely cited experimental values
reported by Cusack and Kendall [27] (closed circles). For completeness, we also show
the more recent data of Laubitz and Matsumara [28] (open circles), though their mea-
surements do not extend to as high a temperature. The linear temperature dependence
anticipated by the model agrees well with the measurements over the entire tempera-
ture range 300 K to 1800 K. The solid line is the prediction of the model (Eq. 10) with
EF = 7.04 eV and E0 = 7.48 eV. It is remarkable that the prediction of the model
with no free parameters yields ∂S/∂T within 0.08 % of the experimental value. This
leads us to believe that the theory in conjunction with an appropriate band calculation
scheme (such as the LCAO method) can be an effective analytical tool for investiga-
tions of thermoelectric phenomena. In particular, we expect that the method is more
than adequate for investigating the oxide strain hypothesis since inadequacies of the
physical model ought to cancel (to first order), and we are interested in the difference
rather than the absolute value.
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Fig. 7 Absolute Seebeck
coefficient of strain-free
palladium: solid circles, widely
cited values reported by Cusack
and Kendall [27]; dashed line,
linear fit to experimental data;
solid line, model calculation.
Open circles are the more recent
experimental values of Laubitz
and Matsumara [28]
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Fig. 8 Temperature-independent part of the Seebeck coefficient plotted as a function of ε for five different
values of ν. Symbols correspond to ν = 0.3 (x), 0.35 (•), 0.4 (+), 0.45 (o), and 0.5 (*). Note that a semi-log
plot is used to differentiate points at small ε

Figure 8 shows the temperature-independent part ∂S/∂T (Eq. 10) of the Seebeck
coefficient as a function of ε for a number of possible choices of ν. Calculations of
the energies EF and E0 are performed using the LCAO scheme, and the computed
values are substituted into Eq. 10 to produce the data points shown as asterisks, cir-
cles, dots, and crosses, respectively. Though not clearly demonstrated by the semi-log
plot, the dependence of ∂S/∂T on strain is very linear. It is worth noting in Fig. 8
that for ν = 0.5 (shown with asterisks) where the dilatation (1 − 2ν) is zero, there
remains some change in the Seebeck coefficient. This is because the arrangement of
constituent atoms and thus their overlap in atomic orbitals are perturbed by the pres-
ence of the oxide film, even though the Pd crystal maintains its initial volume for
ν = 0.5.
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Fig. 9 Calculated change in the thermoelectric emf at the peak oxidation rate (corresponding to ε ∼
4.2 × 10−4) for several plausible choices of ν. The dashed line indicates the value of 1.5 µV observed by
Hill [7], and 1.31 µV is the model calculation for ν = 0.38, Poisson’s ratio for single-crystal Pd

Changes in emf at the maximum oxidation rate (ε ∼ 4.2×10−4) calculated accord-
ing to Eq. 13 with temperatures Tt = 692.677 K (zinc melting point) and Ta =
273.15 K (ice point) are shown for several possible estimates of ν in Fig. 9. The emf
change of 1.5 µV measured by Hill [7] is within 13 % of the theoretical prediction
for ν = 0.38 (Poisson’s ratio for single-crystal palladium) and reconciliation is possi-
ble through modest alterations to either the assumed oxide thickness or ν. Bearing in
mind the approximations made in our analysis, this agreement between the model and
the experimental observation is remarkable. Again, notice the nonzero (albeit small)
change in emf at ν = 0.5, where the volume of the Pd leg remains constant though
the lattice structure experiences distortion due to oxidation.

5 Conclusion

A physical mechanism to account for the change in the Seebeck emf of a Pt/Pd
thermocouple subjected to oxidation is proposed. Oxidation of the Pd thermoele-
ment is believed to introduce internal stress that distorts the crystalline structure of
palladium. This perturbs the electron states and hence the Seebeck coefficient of the
Pd component, causing the change in thermoelectric emf. To quantify the proposed
strain effect on the Seebeck emf, an analytical framework is presented to (a) estimate
the strain due to Pd oxidation and (b) calculate the Seebeck coefficient from the under-
lying crystalline structure. Application of the model produces satisfactory agreement
with the absolute Seebeck coefficient of palladium. In particular, the model predicts
the correct sign and magnitude of the observed change in Seebeck emf at the peak
oxidation rate despite the simplifying assumptions of the model. The result supports
our hypothesis that oxide-induced strain is responsible for the reversible change in the
thermoelectric emf.
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