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High-temperature electrical and thermal transport properties of polycrystalline PdCoO2
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The layered delafossite PdCoO2 has been predicted to be one of very few materials with a thermopower that
is highly anisotropic and switches sign between different crystallographic directions. These properties are of
interest for various applications, but have been difficult to verify because sufficiently large crystals have not
been available. We report measurements of the high-temperature electrical resistivity, thermal conductivity, and
thermopower of phase-pure PdCoO2 powder compacts prepared by a highly Pd-efficient synthesis route. While
the electronic transport of the polycrystalline samples is dominated by that of the Pd planes, the thermopower
exhibits a well-defined deviation from the in-plane character at temperatures above 600 K, which is indicative of
opposing trends in the Seebeck coefficients within and perpendicular to the delafossite layers. The experimental
data are consistently described by a combination of effective-medium models based on the main axes transport
quantities. The results support the predicted ambipolar thermopower anisotropy in PdCoO2.
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I. INTRODUCTION

PdCoO2 and PtCoO2 represent a class of layered metallic
oxides that have recently stimulated a considerable amount
of experimental and theoretical work due to their electronic
properties and remarkable in-plane electrical conductivity,
which is now known to be the highest among the oxide ma-
terials [1,2]. Both compounds share the delafossite crystal
structure that is based on alternating triangular Pd (or Pt),
and CoO2 layers (Fig. 1). The configuration of the valence
electrons (Pd1+, 4d9, or Pt1+, 5d9) is analogous to the one
of the superconducting cuprates (Cu2+, 3d9) [3]. The Fermi
surfaces are simple and quasi-two-dimensional, giving rise
to highly anisotropic transport properties [4–11]. A rapidly
growing number of studies demonstrate a great potential
for practical applications such as electrocatalysts [12–14],
transparent electrodes [15], electron focusing devices [16],
Schottky diodes [17], and laser sensing elements that rely
on the large thermopower anisotropy [18,9]. Furthermore, the
ambipolar nature of the thermopower, which was predicted
theoretically in PdCoO2 and PtCoO2 and shown so far only
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in PdCoO2 thin films on offcut substrates [7–9], may open the
way towards the fabrication of Peltier cooling elements, where
no extrinsic carrier doping (n and p type) and complex device
architectures are necessary [19].

In view of the increased research interest in these com-
pounds, the preparation of phase-pure powder samples for
bulk applications and as targets for thin-film deposition is
becoming increasingly important. Another strong motivation
for our study is the need for experimental verification of the
unusual Seebeck coefficient in bulk PdCoO2, as well as mea-
surements of the thermal conductivity—a key performance
characteristic for thermoelectric materials, which is very dif-
ficult to measure in thin-film samples.

In the present work, we demonstrate a highly Pd-efficient
synthesis route, adapted from the metathesis reaction orig-
inally proposed by Shannon et al. [1], which allows the
production of ultraclean bulk polycrystalline PdCoO2 pow-
ders. The high-temperature electrical and thermal transport
properties of sintered powder pellets were measured and
analyzed. For the description of the experimental data we
have used the main axes transport quantities, extracted from
our previous thin-film study, which were then inserted into
a combination of existing analytical effective models. The
procedure applied to the electrical resistivity and thermal con-
ductivity (with electronic and phononic components) includes
averaging of the anisotropic in-plane/out-of-plane responses,
and evaluation of the grain boundary contribution, treated
formally as a second phase and characterized by two pa-
rameters, namely the effective conductivity and porosity.
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FIG. 1. Crystal structure of delafossites PdCoO2 and PtCoO2

with space group R3̄m (D5
3d ) and lattice parameters a = b = 2.830 Å,

c = 17.743 Å and a = b = 2.823 Å, c = 17.815 Å, respectively [1]
(Visualization software, VESTA 3). The structure consists of highly
conducting Pd, or Pt, layers connected by O–Pd (Pt)–O dumbbells to
insulating CoO2 (edge-shared CoO6 octahedra) blocks, both on trian-
gular lattices. In both compounds the transport is highly anisotropic,
with anisotropies of more than two orders of magnitude for the
electrical conductivity σab/σc � 100, and as large as |−Sc|/Sab ≈
|−200|/18 � 10 (or potentially larger in PtCoO2) for the Seebeck
coefficient at high temperatures [7–9].

The model procedure may thus prove useful for the de-
scription of the transport properties in powder compacts

comprising anisotropic grains and arbitrary porosity. Since
the temperature dependence of the thermopower indicates
competing positive and negative Seebeck coefficients, several
conductivity-weighted average models were tested to describe
the experimental data. The obtained results are in good agree-
ment with the ambipolar thermopower anisotropy predicted in
PdCoO2.

II. SYNTHESIS OF POLYCRYSTALLINE PdCoO2

High-purity LiCoO2 was synthesized from a stoichiomet-
ric mixture of Li2CO3 99.998% and Co3O4 99.995%, which
were vacuum dried and then thoroughly ground and pel-
leted in an argon-filled glove box. The pellets were heated at
850 ◦C for 4 h in air and then introduced into a glove box
while still hot after removal from the furnace at 200 ◦C. For
the synthesis of PdCoO2, phase-pure LiCoO2, Pd 99.95%,
and PdCl2 99.999% (vacuum dried) were thoroughly mixed
in an argon-filled glovebox according to the equation Pd +
PdCl2 + 2LiCoO2 → 2PdCoO2 + 2LiCl. The resulting pow-
der was pressed into pellets and sealed under vacuum in a
thoroughly dried quartz ampoule with an inner quartz crucible
to help withstand attack during the synthesis. The ampoule
was heated at 700 ◦C for 80 h with a heating and cooling
rate of 100 ◦C/h. The LiCl2 was then removed from the prod-
uct by thorough washing with hot distilled water. Following
this, to ensure complete removal of LiCl2, the sample was

FIG. 2. (a) XRD (Cu−Kα1 radiation) pattern (logarithmic scale) of as-synthesized polycrystalline PdCoO2 powder. The broad feature at
low angles is due to scattering from the sample holder. The preferred orientation indicated by the higher intensity of the 00l reflections is due to
the platelike sample morphology in Bragg-Brentano measurement geometry. The XRD pattern refinement (Pawley) yielded lattice parameters
a = b = 2.8288(1) Å, c = 17.7451(5) Å, and V = 122.974(7) Å3. (b), (c) SEM images of a single crystallite and sintered polycrystalline
powder pellet. (d) EBSD inverse pole figure map of a sintered polycrystalline powder pellet.
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washed with dilute nitric acid before final washing with water.
This process resulted in phase-pure PdCoO2 as confirmed by
Cu-Kα1 laboratory x-ray diffraction (XRD) [Fig. 2(a)]. Induc-
tively coupled plasma and atomic absorption spectroscopy
analysis of a representative batch yielded a Pd:Co ratio of
1 : 1.02, further confirming the quality of the sample.

For the characterization of polycrystalline PdCoO2, several
pellets were prepared by grinding the powders in a mortar and
pestle and a two-stage pressing procedure with a uniaxial and
an isostatic (800 kN) press. The pellets were then sintered in
air at temperature of ∼750–800 ◦C for 72 h. The density of
the samples was measured by the Archimedes method and
found to be on average Ds/Dt ≈ 5.9/7.99 ≈ 0.74 ± 0.03 of
the theoretical density, with a corresponding closed poros-
ity φ = 1 − Ds/Dt ≈ 0.26 ± 0.03. We note that even after
the sintering, the pellets were still somewhat fragile, likely
due to the large powder particles with an average diameter
of d ≈ 3.5 μm, inferred from scanning electron microscope
(SEM) and electron back scatter diffraction (EBSD) maps.
The inverse pole figure indicated no texture formation and
therefore no preferred crystallite orientation in the sintered
polycrystalline samples [Fig. 2(c) and 2(d)]. In connection to
testing the polycrystalline compacts as targets for pulsed laser
deposition of thin films, it is worth mentioning that we could
synthesize high-quality films only by using targets consisting
of large as-synthesized crystallites, and prepared under the
above-described conditions. Extended (10 h, or longer) ball
milling helped to decrease the particle size and enhance the
compactness of the targets, but yielded films of poor quality.
Spark plasma sintering did not improve the density of the
compacts containing large crystallites.

III. MEASUREMENT AND MODELING OF THE
ELECTRICAL RESISTIVITY, THERMAL CONDUCTIVITY,

AND SEEBECK COEFFICIENT

The electrical resistivity (ρ) and the Seebeck coefficient
(S) of sintered polycrystalline powder pellets were measured
simultaneously in the temperature range T = 310–1000 K
by utilizing an ULVAC (ZEM3) system equipped with Pt
electrodes in oxygen and helium atmospheres with a pressure
of 950 mbar. In the helium atmosphere, however, the sample
was measurable only up to ≈ 910 K. Above this tempera-
ture, the resistivity diverged irreversibly indicating the onset
of decomposition. Each S (T ) data point was evaluated by
three consecutive measurements with temperature difference
settings of �T = 20, 30, and 40 K, respectively. The thermal
conductivity (κ = αCpDs) was obtained from thermal diffu-
sivity α and specific heat Cp measurements in the range T =
300–900 K, in oxygen atmosphere, by a laser-flash technique
system (LFA 457, Netzsch) and by a differential scanning
calorimeter (DSC 404 F3 Pegasus, Netzsch), respectively.

A. Electrical resistivity

The electrical resistivity of polycrystalline PdCoO2 is
presented by the open symbols in Fig. 3(a). Its behavior
is dominated by that of the in-plane resistivity, where a
superlinear temperature dependence ρab ∼ T 1.41 was found
in single crystals and thin films, over a wide temperature

FIG. 3. (a) Experimental (open symbols) temperature-dependent
resistivity ρ of polycrystalline PdCoO2 for two different samples
measured in oxygen (circles), and helium (squares). Solid lines show
results from the model fit. (b) Main axes resistivity ρab and ρc of
PdCoO2 used in the model description of the polycrystalline samples.
Note that due to the absence of experimental data for ρab and ρc of
single crystals at temperatures above 500 K, data sets obtained from
thin films [9] were used. ρab and ρc were then scaled according to
the single crystal data reported in [4,5]. The ρab and ρc data extend
only up to 820 K due to the reduced thermal stability of the thin films
compared to bulk samples.

range [Fig. 3(b), upper panel[ [4,9]. The prevailing in-plane
character is not surprising since PdCoO2 comprises highly
conducting Pd layers separated by layers of insulating CoO2

in the perpendicular direction (Fig. 1). As a result, the c-axis
resistivity is two orders of magnitude larger even at high
temperatures. It shows a temperature dependence closer to
linear, ρc ∼ T 1.05, and a pronounced crossover above ∼600 K
[Fig. 3(b), lower panel]. Since the investigated samples are
sintered powders, the larger absolute value of the resistiv-
ity of polycrystalline PdCoO2 compared to those for single
crystals and thin films along the Pd planes, where typi-
cally ρab(300 K) ≈ 2.6–12 μ� cm [4,5,9], can be attributed
to grain boundary scattering. Therefore, the model fit of ρ

will require a calculation of the polycrystalline conductivity
σ = 1/ρ and a quantitative description of the grain boundary
contribution.

Generally, the transport in polycrystalline materials com-
prising randomly oriented anisotropic single crystals is a
complex problem even before the influence of the grain
boundaries is considered. Its description is intrinsically sim-
ilar to that of two-phase composites and typically requires a
numerical treatment of effective-medium theory (EMT) self-
consistent equations with specific constraints on the possible
solutions [20]. Only rarely, for special cases, the results are
analytical.

The most widely used bounds in terms of electrical con-
ductivity of a polycrystal σpc are given by the arithmetic
mean (upper bound, parallel resistor connection), the geo-
metric mean (random arrangement), and the harmonic mean
(lower bound, series resistor connection) of the main axes
conductivities [21]; analogous bounds apply to the thermal
conductivity. In PdCoO2, σa = σb = σab �= σc and the bounds
transform to

2σab + σc

3
� σpc �

(
σ 2

abσc
)1/3 � 3

2
σab

+ 1
σc

. (1)
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FIG. 4. (a) Bounds and solutions applicable to the electrical/thermal conductivity of polycrystalline PdCoO2. The shaded (green) area
shows the range that describes best the trend in the experimental data σ → σab. σab and σc correspond to 1/ρab and 1/ρc in Fig. 3(b). (b)
Two-media model of a polycrystalline powder compact, consisting of (1) randomly oriented single crystal “cores” (defect free, fully dense
material), described on the large scale by σpc, and (2), a surrounding net characterized by effective grain boundary σgb.

An analytical result that does not follow from the EMT and
coincides with the upper bound in Eq. (1) has been suggested
for the description of the electrical and thermal conductivity
of anisotropic crystals with uniaxial symmetry [22,23]:

σpc = (2σab + σc)/3. (2)

Next within the bounds is the Bruggeman analytical solu-
tion for the special case of uniaxial symmetry and spherical
particles [24,25]:

σpc = 1
4

[
σab + (

σ 2
ab + 8σcσab

)1/2]
. (3)

By inspecting the conductivity bounds and Eqs. (2) and (3)
[plotted in Fig. 4(a)], we notice that the solutions positioned
between the upper bound and the arithmetic mean of the upper
and lower bounds (the green shaded area), can reproduce
better the σ → σab behavior for σab � σc, and are therefore
more suitable for the description of the experimental data.
The median of this range coincides approximately with the
arithmetic average of the main axes conductivity (σab + σc)/2,
and the Bruggeman expression [Eq. (3)].

An important further assumption is that the powder sam-
ples are statistically isotropic on the large scale. This is
supported by the random spatial orientation of crystallites, as
evident from Fig. 2(d). In order to describe the experimental
ρ = 1/σ data, we need to take into account the contribution
of the grain boundaries. For materials with small porosity
φ, the effective conductivity is usually given in the form
σ = σfully dense(1 − cφ), where the coefficient c is a fixed nu-
merical factor [26,27]. The sintered polycrystalline powder
pellets, however, consist of single crystals and polycrystalline
aggregates of various sizes and geometries [Figs. 2(b)–2(d)]
with a low degree of densification, which is a prerequisite
for substantial interfacial resistance. Furthermore, the way
that electrical currents flow is eventually by passing through
the grain surfaces whose physical, and possibly chemical,
properties may be very different compared to that of the
bulk. A pertinent example is the crucial contribution of the
grain surfaces in the mechanism of magnetoresistance in
polycrystalline perovskite manganites [28]. As these surface
modifications involve some finite depth, it is natural to assume
a characteristic grain size, below which the particles can no
longer be considered as objects that carry bulk properties. It
is obviously difficult to introduce such a parameter precisely

since this requires detailed knowledge of the depth profile
characterizing the property modifications. If we assume a
spherical grain (of total diameter dgrain) and a large contrast
between the properties of the shell (with thickness tshell and
volume Vshell) and the bulk core (with volume Vcore), we can
see that for tshell/dgrain � 1/10, the volume ratio Vshell/Vcore

is already Vshell/Vcore >∼ 1, hence the particle properties will
strongly deviate from that of the bulk. For shell thicknesses
in order of the PdCoO2 unit cell, tshell ≈ 1–2 nm, the es-
timate applies to grains with diameter dgrain � 10–20 nm.
It is also reasonable to assume that the onset of such a
“bulk-nonbulk” crossover may occur at smaller ratios, of ap-
proximately Vshell/Vcore ≈ 0.3, corresponding to tshell/dgrain ≈
1/25, and grains of diameter dgrain � 25–50 nm. In a more
realistic effective model picture, the sintered low-density pow-
der compacts can thus be viewed as a two-component system
comprising randomly oriented crystallites with bulk prop-
erties embedded in a resistive environment [Fig. 4(b)]. An
empirical (geometric mean–random distribution) expression,
originally introduced to describe the effective thermal con-
ductivity of two-phase systems [29,30], combines the model
features discussed above:

σ = σ 1−φ
pc σ

φ

gb. (4)

The two media are characterized by σpc—the averaged
conductivity corresponding to polycrystalline PdCoO2, and
by σgb—the effective conductivity of all other components
that lead to properties different from the bulk. These are
defined as grain boundaries of volume fraction ≈ φ and may
include modified grain surfaces or shells, particles with sig-
nificant Vshell/Vcore ratio, intergrain contacts, and voids. If φ

is known, σgb can be expressed from Eq. (4), or obtained
as a temperature-independent fit parameter in case of domi-
nating defect elastic scattering contributions. The solid lines
in Fig. 3(a) represent the model fits to the experimental ρ

data. We note that a satisfactory description could be obtained
by using either Eqs. (2) and (4), or Eqs. (3) and (4). Here,
only the results following from the fit by Eqs. (3) and (4)
will be presented, as they provide a better description of our
data. This will be demonstrated later on in the discussion of
the Seebeck coefficient. For φ = 0.26, we obtain fit param-
eters σgb ≈ 20 S/m and σgb ≈ 31 S/m, or σgb = 25.5 S/m
on average, for the samples measured in oxygen and helium
atmospheres, respectively. In terms of specific grain boundary
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FIG. 5. (a) Thermal diffusivity α, (b) specific heat Cp (solid line marks the Dulong-Petit value of C ≈ 0.506 J/g K), (c) total κ , phononic
(lattice) κph, and electronic κe thermal conductivity of polycrystalline PdCoO2. Solid lines represent model fit results. (d) Calculated main axes
electronic thermal conductivity κe

ab, κe
c , (e) simulated lattice thermal conductivity κ

ph
ab , κph

c , (f) main axes total thermal conductivity κab, κc.

resistivity,

γ el
gb = (1/σgb)δ, (5)

where δ ≈ dφ/3 is an estimate of the average grain boundary
thickness [31,32], and d ≈ 3.5 μm (the average grain diame-
ter), we calculate δ ≈ 300 nm, and γ el

gb = 1.19 × 10−8 � m2.
The obtained specific grain boundary resistivity is thus rel-
atively large and comparable to the values reported for
nanocrystalline YBa2Cu3O7−x [33].

B. Thermal conductivity

Figures 5(a)–5(c) represent the thermal diffusivity, specific
heat, and thermal conductivity of polycrystalline PdCoO2.
The temperature dependence of Cp compares quite well with
the compound specific heat model data by Takatsu et al. [4],
where Debye and Einstein modes were introduced to describe
the contribution of the high-frequency optical phonons in
PdCoO2. Generally, the thermal conductivity consists of two
components: an electronic contribution (κe), and a phononic
part (κph), which can be estimated from the difference κph =
κ − κe via the Wiedemann-Franz relation κe = LσT , where
L is the Lorenz number. Figure 5(c) (open symbols) show
the experimental results for κ , κph, and κe of polycrystalline
PdCoO2. At room temperature, the total thermal conductiv-
ity is κ ≈ 15 W/m K, which is much lower than the one
reported for single crystals: κab ≈ 300 W/m K and κc ≈
50 W/m K along the in-plane and the c axis, respectively
[10]. Likewise, for the lattice thermal conductivity, we ob-
tain κph ≈ 12 W/m K at 300 K, while κ

ph
ab = 45 W/m K and

κ
ph
c = 36 W/m K were theoretically calculated [11]. In the

entire measured temperature range, κph constitutes the main
contribution to the total thermal conductivity κ , clearly
showing that the phonons dominate the heat conduction in
as-prepared polycrystalline PdCoO2. Since there are no main
axes thermal conductivity data reported for PdCoO2 at tem-
peratures above 300 K, we can proceed with the description
of the experimental results based only on estimates. These
are the electronic components κe

ab, κe
c , calculated from the ρab

and ρc, and the lattice components κ
ph
ab , κ

ph
c , simulated by

assuming room temperature values from [11], and an umklapp
scattering (∼1/T ) mechanism above 300 K. The data are
presented in Figs. 5(d)–5(f), along with the resulting main
axes total thermal conductivity κab, κc.

Applying the fitting procedure separately to the electronic
and the phononic components, by inserting the quantities
κe

ab, κe
c and κ

ph
ab , κ

ph
c in Eqs. (3) and (4), and using Eq. (5),

for φ = 0.26, d = 3.5 μm, and δ = 300 nm, we obtain the
results represented by solid lines in Fig. 5(c) with the follow-
ing fit parameters: grain boundary thermal conductivity κe

gb =
3 × 10−4 W/m K and κ

ph
gb = 0.18 W/m K, and specific ther-

mal grain boundary resistivities γ e
gb = 1.01 × 10−3 m2 K/W

and γ
ph
gb = 1.69 × 10−6 m2 K/W. The total thermal conduc-

tivity model curve is then obtained as the sum of both fits
κe + κph ≡ κ . Thus, our model results correctly reproduce
the experimental observations that the grain boundaries in the
as-prepared polycrystalline PdCoO2 are much less transparent
to the electronic component of the thermal conductivity than
to the phononic component. We note that we have tested
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FIG. 6. (a) Experimental (open symbols) and model Seebeck
coefficient (solid lines) of polycrystalline PdCoO2. The small dif-
ference in the two experimental data sets may be related to the
large porosity and the different thermal contact conditions between
the grains in the sample provided by the oxygen and helium atmo-
spheres, respectively. (b) Main axes Seebeck coefficient data Sab, Sc

of PdCoO2, from [9].

other existing Kapitza resistance RK –based effective mod-
els developed for nanocrystalline materials of the form κ =
κ0/( 1 + RKκ0/d ), where κ0 is the single crystal total ther-
mal conductivity [34]. Except for a few points around room
temperature and RK = 2.3 × 10−7 m2 K/W, the model results
yielded too large values and do not provide a reasonable
description of the experimental κ .

C. Seebeck coefficient

Similarly to the resistivity, the Seebeck coefficient of poly-
crystalline PdCoO2 (open symbols in Fig. 6) resembles that
of the in-plane Sab up to ∼600 K. Only at higher temper-
atures, where the ρc changes its character [Fig. 3(b)] and
Sc becomes large enough [Fig. 6(b)], moderate but well-
defined differences between S and Sab become visible. The
temperature dependence of S thus indicates a behavior gov-
erned by the conductivity-weighted average of the main
axes Seebeck coefficients, in analogy to anisotropic bands
systems S = (σaSa + σbSb + σcSc)/(σa + σb + σc) and sys-
tems with mixed conductivity (n - and p-type carriers) S =
(σnSn + σpSp)/(σn + σp) [19,35,36]. At low temperatures,
where the c-axis coefficient is large |−Sc| > Sab, but not
sufficiently larger than the in-plane Sab, and σab � σc, we
observe that S → Sab, while in the high-temperature range,
the sizable negative c-axis thermopower |−Sc| � Sab coin-
cides with the nonlinear increase of σc (downturn in ρc). It
is important to note that in PdCoO2 only one band crosses
the Fermi level and therefore only one carrier type is relevant
for the transport. The Seebeck coefficient sign change along
the different directions is thus to be attributed to the specific
band structure leading to sign change in the derivative of the
energy-dependent conductivity, according to the Mott formula
S ∼ {dln[σ (E )]/dE}E=EF [7,8]. Since the Seebeck coefficient
does not normally require grain boundary corrections, unless
conditions for energy filtering effect are fulfilled [26], we can
obtain model results directly by inserting the main axes data
ρab, ρc and Sab, Sc into the equations:

S = 2σabSab + σcSc

2σab + σc
(6)

and

S = σabSab + σcSc

σab + σc
. (7)

A reasonably good description [solid lines in Fig. 6(a)],
without any fit parameters, in the entire temperature range
where main axes data are available is obtained from Eq. (7).
This result is somewhat surprising since due to symmetry
considerations S should be represented by Eq. (6), in relation
to the conductivity averaging by Eq. (2). Nevertheless, Eq. (6)
does not provide a satisfactory fit of the experimental data.
The additional weight given to the in-plane components leads
to a smaller difference between S and Sab at high temperatures.

While some uncertainties in the main axes data ρab, ρc

(obtained from thin films on offcut substrates) cannot be ex-
cluded, such as a stronger downturn in ρc above T ≈ 600 K,
we point out the apparent similarity of the Bruggeman solu-
tion [Eq. (3)] to the arithmetic average ≈ (σab + σc)/2; see
Fig. 4(a). This result implies approximately equal weights of
σab and σc, which is fulfilled in Eq. (7). It is thus possible that
the conductivity average following from Eq. (2), and leading
eventually to Eq. (6), is not the optimal set of averaging
models in our case. To crosscheck this, we will compare once
again Eqs. (2) and (3) by calculating σpc and κpc and substi-
tuting them into a model for the effective Seebeck coefficient
different from Eqs. (6) and (7). A suitable choice are models
developed for composites comprising two different materials,
such as the Halpern thermopower formula [37,20]:

S = Sabσabκc − Scσcκab

σabκc − σcκab
+ σabσcκpc(Sc − Sab)

σpc(σabκc − σcκab)
. (8)

Equation (8) is a more general model that takes into ac-
count the difference in the thermal conductivity between the
two phases, which is adapted here as the difference between
grains of different orientations. As can be seen from Fig. 6,
the use of Eqs. (2) and (8) yields a result identical to that
of Eq. (6), while Eqs. (3) and (8) clearly demonstrate the
difference in favor of the Bruggeman expression as the more
appropriate averaging formula. The descriptions derived by
Eqs. (7), and by (3) and (8), may be further improved if
a precise set of high-temperature data (T > 500 K) for ρc

is available. The same applies to the lattice thermal con-
ductivity, and in particular for κ

ph
c , where a nonmonotonic

temperature dependence can be expected in connection to
the pronounced upturn in κe

c above T ≈ 600 K. Nevertheless,
the entire main axes data set [Figs. 3(b), 5(d)–5(f), and 6(b)]
appears to be a good approximation of the intrinsic transport
quantities of PdCoO2 in the high-temperature range. We note
that if a simple extrapolation of the main axes data up to
T = 1000 K is assumed, Eqs. (7), and (3) and (8), adequately
reproduce the maximum in the thermopower due to the in-
creasing weight of the product σc(−Sc) with respect to σabSab.
An important factor that may need to be considered is a pos-
sible weak preferable orientation of the large as-synthesized
crystallites with anisotropic shape [Fig. 2(b)] during the uni-
axial press pellet formation. Consequently, even though the
EBSD indicates no texture, the extremely large anisotropy in
the electrical conductivity might introduce some measurable
effects in the transport. These, again, will be governed by the
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conductivity-weighted average mechanism and could appear
as a shift, and/or an amplitude change, of the maximum in the
temperature-dependent thermopower for powder compacts of
different densities (or different crystallite sizes, respectively).

IV. CONCLUSIONS

We have demonstrated a Pd-efficient method for the syn-
thesis of polycrystalline PdCoO2 that allows the fabrication of
ultrapure material. The high-temperature electrical and ther-
mal properties of sintered samples prepared of as-synthesized
powders, with large porosity φ ≈ 0.26, were measured and
analyzed. As can be expected, the highly conducting Pd
layers strongly dominate the electronic transport of poly-
crystalline PdCoO2. It is therefore quite remarkable that the
thermopower exhibits a well-defined deviation from the in-
plane behavior above T ≈ 600 K, followed by a maximum,
while the much more sensitive electrical resistivity remains
featureless. Based on the main axes transport quantities, and a
combination of existing analytical effective models, we con-
structed a two-step procedure, which consistently describes
the experimental data. The analysis includes averaging of
the main axes in-plane/out-of-plane responses, where opti-
mal results were achieved by the Bruggeman analytical EMT
solution for the uniaxial crystal symmetry, a model for the
conductivities that treats the grain boundaries as randomly
distributed separate phase, and a set of conductivity-weighted
average formulas for the thermopower. The electrical conduc-
tivity and thermal conductivity, including its electronic and
phononic components, of the powder compacts were found
to be greatly suppressed compared to those in single crys-
tals. The influence of the grain boundaries on each of these

transport quantities is characterized separately by the spe-
cific grain boundary resistivity, which can be used as a basis
for comparative studies. The thermopower was successfully
modeled by assuming competing main axes Seebeck coeffi-
cients weighted by the respective conductivities, in agreement
with the ambipolar anisotropy predicted in PdCoO2 [7,8]. In
polycrystalline PdCoO2, the figure of merit ZT = S2σT/κ ,
which is a measure of the conversion efficiency, remains small
even at high temperatures: ZTmax ≈ 5 × 10−3. An extrapola-
tion of our model analysis to T = 1000 K suggests that the
ZT = 1 mark will be difficult to reach. The only relevant case
to consider would be the c-axis direction in single crystals,
for which we estimate ZT c axis

max ≈ 0.8. In contrast to energy
harvesting applications, however, the strong ambipolar ther-
mopower anisotropy in PdCoO2 may open up the way towards
thin film-based devices, such as laser power sensors [18,9],
and Peltier cooling elements that operate in the transverse
thermoelectric regime [19].
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