PHYSICAL REVIEW MATERIALS 3, 085403 (2019)

Editors’ Suggestion

Large thermopower anisotropy in PdCoQ, thin films
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Motivated by recent theoretical studies predicting a large thermopower anisotropy in the layered delafossite
PdCoO,, we have used pulsed laser deposition to synthesize thin films on (0001)-oriented and offcut Al,O3
substrates. By combining transport measurements on films with different offcut angles, tensor rotation rela-

tions, and an iterative fit procedure for the transport parameters, we have determined the resistivity and the
thermopower along the main crystallographic axes in the temperature range 300-815 K. The data reveal a small
positive Seebeck coefficient along the delafossite planes and a large negative Seebeck coefficient perpendicular
to the planes, in excellent agreement with density functional calculations in the presence of moderate Coulomb
correlations. The methodology introduced here is generally applicable for measurements of the thermoelectric
properties of materials with highly anisotropic electronic structures.
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I. INTRODUCTION

Since the discovery of several new delafossite compounds
by Shannon et al. in 1971 [1], PdCoO; has attracted grow-
ing attention due to its unusual electric transport properties.
Its layered crystal structure comprises highly conducting Pd
(Pd'*, 4d°) and insulating CoOg (Co’*, 3d%) blocks arranged
on triangular lattices [Fig. 1(b)] [2,3]. Recent transport experi-
ments have revealed a remarkably low in-plane resistivity pgp,
a P/ pap anisotropy of more than two orders of magnitude [4],
colossal magnetoresistance effects [5,6], and hydrodynamic
contributions to the electric transport [7]. Furthermore, two
recent theoretical studies based on first principles and Boltz-
mann transport theory calculations have predicted a highly
anisotropic Seebeck coefficient with opposite signs parallel
and perpendicular to the planes [8,9]. However, these results
are still lacking experimental confirmation, because the lim-
ited size of the available single crystals along the ¢ axis does
not allow reliable thermopower measurements. Materials that
exhibit such large anisotropies in the thermopower are rare
and could enable the design of thermoelectric devices. Of
particular interest are generators and heat sensors that make
use of the transverse Seebeck effect, where the temperature
gradient and the generated electric potential are noncollinear
[10,11].

By using pulsed laser deposition (PLD), we have syn-
thesized PdCoO, thin films on normal and offcut Al,O3
(0001) substrates, with the main objective to measure the
in-plane (S,,) and ¢ axis (S.) Seebeck coefficients at high
temperatures. Ideally, a single defect-free, perfectly oriented
thin film deposited on an offcut substrate with accessible
c-axis component should be sufficient to obtain the resistivity
and Seebeck coefficient along the main axes. However, in
practice, these conditions are difficult to meet. Our transport
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measurements revealed that all PACoO, thin films are influ-
enced by defects, most likely from grain boundaries, resulting
in substantially higher resistivity and reduced residual resis-
tivity ratios compared to bulk single crystals [12]. For the thin
films on offcut substrates, the situation is more complex be-
cause the step-terrace structure introduces additional scatter-
ing channels from imperfections in the crystallite orientation
such as uncontrolled rotations and/or twin growth. These latter
factors can lead to mixed responses and significant errors
in the data evaluation even for the thermopower, which is
normally much less sensitive to defects than the electrical
conductivity. In an attempt to minimize these uncertainties,
we follow a scheme that involves measurements of four types
of thin films; one deposited on a normal planar substrate that
serves as a reference for p,, and Sg,, and films deposited
on substrates with three different offcut angles. By applying
tensor rotation relations and an iterative fit procedure to the
data along the offcut direction (pap/c, Sab/c), We obtain the
c-axis quantities p. and S.. The results for the Seebeck coeffi-
cient are in excellent agreement with density functional theory
calculations with a moderate Hubbard parameter combined
with Boltzmann transport theory, and fully support the main
features obtained in previous experimental and theoretical
studies [8,9,13]. The thermopower anisotropy in the PdCoO,
thin films could thus stimulate further research on thermoelec-
tric devices.

II. THIN FILM DEPOSITION AND
BASIC CHARACTERIZATION

PdCoO,; films of thickness 8—15 nm were prepared by
PLD on normal planar (offcut angle 8 = 0°) Al,O3 (0001)
substrates, and substrates that were nominally offcut by 6 =
5°,10°, and 20° towards (11-20). Prior to deposition, the
substrates were cleaned in an ultrasonic bath with a mixture
of ethanol and acetone. A stoichiometric PdCoO, target and
a large range of oxygen pressures between 0.2 and 2.3 mbar,
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FIG. 1. XRD patterns of PdCoO, thin films on (a) 0° planar and nominally (d) 5° (g) 10°, and (j) 20° offcut Al,O3 (0001) substrates.
Reflections due to residual Pd and Co3;0O, inclusions are also marked. Insets: AFM images. (b) PdCoO, delafossite crystal structure [1]
(Visualization program - VESTA 3) (e), (h), and (k) ¢ and x scans taken at the PdCoO, (006) Bragg reflection showing the c-axis azimuthal
orientation and the actual film offcut angle & = yxmax. Solid lines represent averaged data. (c), (f), (i), and (1) cross-sectional HRTEM images
of PdCoO, thin film on nominally 0°, 5°, 10°, and 20° offcut Al,O3 (0001) substrates. Solid lines denote the Pd-Pd interlayer spacing ¢’ = ¢/3,
indicating up to ~2 % c-axis unit cell compression with respect to the bulk lattice constant 17.743/3 = 5.914 A.

with an addition of ~10 % argon, were used in exploratory
synthesis experiments. The substrate temperature was kept
in the range ~620-625°C. After deposition, the gas flow
was cut and the samples were cooled in vacuum. High-
oxygen-pressure conditions (2-2.3 mbar) combined with a
laser energy density of ~ 1.9J/cm? and a repetition rate of
3 Hz, resulted in a growth rate of ~0.01 A/pulse, minimal
Pd and Co304 secondary phase inclusions, and optimal film
crystallinity.

This was verified by x-ray diffraction (XRD) patterns, as
well as atomic force microscopy (AFM) [Figs. 1(a), 1(d),
1(g), and 1(j)] and high-resolution transmission electron mi-
croscopy (HRTEM) images [Figs. 1(c), 1(f), 1(i), and 1(1)].
We note that trace amounts of Co30,4 were found primarily in
the form of disconnected patches on the films surfaces.

III. RESISTIVITY AND SEEBECK
COEFFICIENT RESULTS

The upper panels of Fig. 2 represent resistivity and Seebeck
coefficient data for thin films on 0° (planar), 5°, 10°, and
20° offcut substrates in the temperature ranges 4-815 K and

300-815 K, respectively. In the low-temperature range, 4—
300 K, the resistivity was measured by a homebuilt device
placed in a helium dewar, while at high-temperatures, 300—
815 K, both resistivity and Seebeck coefficient were measured
simultaneously in complete heating-cooling cycles by utiliz-
ing an ULVAC ZEM3 system equipped with Pt electrodes.
The measurements were performed in a helium atmosphere
with ~1 % oxygen and a total pressure of 950 mbar in order
to ensure the thermal stability of the PdCoO, thin films at
higher temperatures. All measurements were conducted in a
four-point inline contact configuration according to the sketch
given in the lower panel of Fig. 2(a). Perpendicular to the
offcut direction, they ideally yield the in-plane quantities o,
and S, and along the offcut direction they yield o,/ and
Sabjc, With a c-axis component that depends on the offcut
angle. In the absence of defects, the c-axis quantities p, and
S. can be obtained by measuring a single thin-film sample
deposited on a substrate with a nonzero offcut angle 6 and
by applying the tensor rotation relations:

ey
@)

Pec = (pab/c — Pab X COSZQ)/Sinze

Se = (Sapje — Sap ¥ cos29)/sin26
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FIG. 2. Experimental in-plane and offcut direction resistivity pu, Oape (4-815 K) (a), (b), (c), and (d) (upper panels), and Seebeck
coefficient Sy, Sapc (300-815 K) (), (f), (g), and (h) (upper panels) data for films with 0°, 5°, 10°, and 20° offcut substrates, respectively. The
calculated ¢ axis p. and S, for films on 5°, 10°, and 20° are given in the lower panels. In the calculation, the actual offcut angles as obtained
from the XRD x.. analysis were used: 4.3°, 9.9°, and 20.7°. Lower panel of figure (a) depicts the experimental setup for resistivity and
Seebeck coefficient measurements. For offcut angle samples, two consecutive measurements, perpendicular and parallel to the offcut direction
yield pap, Sap and papjc, Sapc. Tespectively. Lower panel of figure (e) represents an effective-medium model sketch for the defect contribution
from PdCoO; crystallites with the ¢ axis inclined at angle larger than the offcut one and rotated in-plane.

where the final result must be identical for all offcut angles.
The evaluated c-axis resistivity p. and Seebeck coefficient
S, for the PACoO, films on 5°, 10° and 20° substrates are
given in the lower panels of Fig. 2. Focusing first on the
0° thin film data, we notice that the in-plane resistivity in
the low-temperature range p,,(4-300 K) ~6 — 12 uQ cm,
with a residual resistivity ratio of ~2, is much larger com-
pared to that of single crystals, where typically p,,(4—-300 K)
~0.008-7 @12 cm is obtained [4,12]. On the other hand, a
closer analysis of our planar thin film samples revealed that
the temperature dependence in the range 50-300 K, as well
as for the extended range 50-815 K, can be reliably fitted
by a power-law exponent identical to the one for PdCoO,
single crystals pg, ~ T'# [12]. This peculiar temperature
dependence, which is between that of a simple metal and a
correlated-electron system, was attributed to scattering from
high-frequency phonon modes. Comparison with the thin film
data showed that the single crystal temperature-dependent
in-plane resistivity is nearly fully recovered by subtracting a
constant contribution; see Fig. 2(a).

Taking into account the above arguments, and recalling
the very similar results reported for the PdCoO, thin film
resistivity by Harada ef al. [14], where no secondary phases
were evident in the XRD, we can conclude that the trace

amount of impurities we encounter does not noticeably mod-
ify the transport properties in our samples. Further, the higher
resistivity in the PdCoO; thin films compared to single crys-
tals is mainly due to grain boundary scattering, which adds
a temperature-independent contribution. As grain boundary
formation in heteroepitaxial thin films is difficult to avoid
(see also AFM images, insets in Fig. 1), this situation limits
the capability of thin-film technology to explore the highly
conductive properties of PdCoO, on large area samples.
In the following, the results from the 0° film [Figs. 2(a)
and 2(e)] will serve as reference for the in-plane resistiv-
ity :021; and Seebeck coefficient Sgb. In the high-temperature
range, p(?b does not show any anomalies, and the superlin-
ear increase remains unchanged up to the highest measured
temperature of 815 K. As the thermopower is not sensi-
tive to grain boundary scattering, we can expect S0, to be
even closer to the in-plane thermopower of single-crystalline
PdCoO, unless other factors, such as strain, influence the
results. Indeed, the high-temperature measurements of Sgb,
Fig. 2(e), reveal small metallic-like positive values with a
weak superlinear (rather than strictly linear) temperature de-
pendence that increases from 4 £V /K at room temperature to
18 nV /K at 815 K, in excellent agreement with the theoretical
studies [8,9].
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In the films on offcut substrates [Figs. 2(b)-2(d)] the tem-
perature dependent in-plane resistivity shows similar behavior
(3, P, p2) (4 —815K) ~ 50 — 150 uQcm), but with
values considerably larger compared to those of the film on the
planar substrate. As expected from the highly anisotropic elec-
tronic structure of PACoQ;, the resistivity along the offcut di-
rections containing the c-axis component (pjb Jer P ;2 /e ,032 /C)
is much larger. It increases monotonically upon heating to
~600 K and then saturates and exhibits a tendency to de-
crease, which is clearly visible in the c-axis parameters pf,
00 and p?° calculated using Eq. (1). However, from the c-axis
resistivity plots, it is obvious that the absolute values com-
puted in this way deviate substantially from those reported for
single crystals p.(4-300 K) ~3-1000 ©€2 cm [12]. They also
differ substantially from sample to sample, whereas identical
results (within the experimental error) are expected for all
samples along the main crystallographic axes: p,, = psb ~
,oig ~ ,032 and p, = ,oc5 ~ ,oclo ~ pczo. The trend found in the
temperature-dependent Seebeck coefficient for the three off-
cut angle samples [Figs. 2(f)-2(h)] is analogous to that for the
resistivity, but with opposite sign. The in-plane coefficients
Sjb, S{ig, and Sgg measured in the films on offcut substrates
are lower than the one in the film on the planar substrate S°,.
Along the offcut direction, S}, ., S,y .- and S}, . progressively
deviate from the in-plane coefficient upon heating, indicating
a large anisotropy also in the thermopower. Above ~600 K the
Seebeck coefficients with c-axis component show a tendency
to saturate. Using Eq. (2) to compute the Seebeck coefficient
along the c-axis, we obtain a very large negative, but variable
result for S.. Obviously, the Seebeck coefficients for both
in-plane and c-axis directions do not fulfill the conditions:
Sap =82, ~ S~ 82 and S, =5° ~ S!° ~ §2°. The mea-
sured resistivity and Seebeck coefficient for the two directions
thus seem to be influenced by additional terms of higher
resistivity and negative Seebeck coefficient, which very likely
arise from regions with crystallites where the c-axis is inclined
at an angle larger than the offcut angle and further rotated in-
plane. Although the ¢ and x scans shown in Figs. 1(e), 1(h),
and 1(k) indicate excellent macroscopic orientation along
the offcut direction, the formation of misaligned domains
cannot be excluded especially in view of the large area of
the films (10 x 10 mm?), and of additional factors such as
strain and the step-terrace morphology of the offcut substrates.
The lower panel of Fig. 2(e) represents an effective-medium
model sketch of a possible defected region leading to c-axis
self-contamination. In general, these regions can have random
spatial distribution with uncontrolled rotation angles, form
nonrandom patterns along the thin film with gradual angular
changes, or exhibit mesoscopic textures such as twins. It turns
out, however, that the situation realized in our films allows
a straightforward analysis from which consistent values for
the in-plane and out-of-plane Seebeck coefficients can be
derived.

IV. CORRECTION PROCEDURE
AND COMPARISON TO THEORY

From the data on offcut samples presented in Figs. 2(b)—
2(d) and 2(f)-2(h) it is clear that a correction procedure that

eliminates the defect contributions (or minimizes them to a
satisfactory level) is required to obtain consistent results. To
begin with, let us suppose that the response along each di-
rection, in-plane and offcut, can be divided into the following
terms: pf,, S%, (which include the in-plane response P, Sap
and a defect contribution p%t, $%) and pf, /o> Sapje (Which
consist of pg, Sap, a defect term pﬁZﬁC, S;’Z?C and the c-axis
pe, Se components with relative weight that depends on the
offcut angle). This breakdown is justified by the results from
the ¢ and x scans [Figs. 1(e), 1(h), and 1(k)] showing that at
least a large fraction of the crystallites is correctly aligned. As
for the defect terms along the in-plane and along the offcut
direction, they are generally not identical, i.e., p;i,‘jf, S;i;f +
Poler Sanyes Which is where the problems with the calculation
of the ¢ axis [Eqgs. (1) and (2)] arise. The nonzero difference
between the two defect terms is enhanced by the sin?6 term in
the denominator thereby generating unreasonably large errors.
A correction procedure for the in-plane response ,ogh, Sgb is
not of great concern since we can use the reference from the
thin film on the planar 0° substrate ,ogb, Sgb [Eq. (3)]. For the
offcut direction, this is not the case and we need to subtract the
defect term from p?, o s . for all offcut films. A possible
way to do this is to construct an appropriate test function
[Eq. (4), left parentheses], which we can compare by fitting to
the defect term until they become equal and eventually cancel
each other. The iteration continues until the corrected quanti-
ties pgbc"”, SZbC"” and ,osb?‘c’", Sij‘C’”, inserted again in Eqgs. (1)
and (2), return equal results (within reasonable limits) for the
c-axis parameters p., S. [condition in Eq. (5)], simultaneously
for at least three samples with different offcut angles. In this
way, the correction procedure for the resistivity p and Seebeck
coefficient S can be summarized by the following equations
for the two directions:

P’ Sy = Ogys Sap = Pabs Sa, 3
pgb;(cmvsgb?(cm = :0217/5» Sgb/c
_[(IOSb/c’ SZ;,/C — Paps Sap -+ €OS> 9)
xcos®(Cht - 6)], 4)

Cg,t s until { pgbcorr’ Zbcorr7 psbigrr7 Sgb?grr}
— {Egs. (), @)} > {p!. S} Zpe. S (9)

The representation of the fit parameter as cosz(C}it g 0)1is
written such that the dependence on the offcut angle is
explicit. By applying the iterative fit procedure described
above to the data for the offcut films, we obtained consistent
results for the resistivity and Seebeck coefficient with two
fit parameters Ci' = 88 and C{' = 3, respectively, which are
identical for all three samples 5°, 10°, and 20°. These results
indicate the presence of nonrandom defects with density
proportional to the offcut angle that mix the in-plane and
out-of-plane response functions. The results are presented in
Figs. 3(a)-3(d). For a more detailed description of the fit
procedure, see the Supplementary Material [15].

Figure 3(a) shows that the corrected resistivity pgbc‘c’" ex-
hibits a systematic increase as a function of the offcut angle,
as expected, and that the c-axis response determined in this
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the inset.

way is in a very reasonable range. For clarity, the results
for the main axes only, o, = ,02 corr = 0 ., and the averaged
Pe = pf commean -~ are shown in a separate plot [Fig. 3(b)].
Unlike the in-plane resistivity p,p, o, exhibits a large residual
contribution and an upturn visible at low temperatures. This
is not surprising since the specific terrace structure along the
offcut direction implies a step-flow growth mechanism and
conditions for the formation of various defects such as stack-
ing faults, antiphase boundaries, accumulation of vacancies
and impurities, and additional strain effects [16], all of which
can act as localization centers.

As already discussed in Sec. III, the in-plane resistivity
follows the superlinear trend o, ~ T'* in a very wide tem-
perature range (50-815 K), while the temperature dependence
of the c-axis resistivity (50-600 K) is closer to linear, which
is also consistent with the data for PACoO, single crystals
where p. ~ T'% has been reported [12]. Above ~600 K, p,.
reaches saturation followed by a downturn. It is difficult to
assess whether this is a crossover to an activated regime, with
an activation energy of approximately £, =~ 50 meV, or due
the approach of the Mott-Ioffe-Regel (MIR) resistivity limit.

10°, and 20°. The parameters used in the calculation are given in

We note, however, that similar behavior in the temperature-
dependent resistivity is also observed in other layered materi-
als such as Sr,RuQO,4 and NaCo,Oy4 [17,18]. We also recall that
Ong et al. [8] expected the MIR limit for the ¢ axis in PdCoO,
at temperatures around ~870 K, corresponding to p. ~
3000 u2cm in single crystals. This estimate matches fairly
well the c-axis resistivity values at the maximum obtained in
our films. On the other hand, experimental magnetoresistance
data showed an interlayer hopping energy of 7. & 17 meV
and a loss of coherence in the c-axis direction at temperature
as low as ~90 K [6,19]. These findings bring about many
open questions related to the electric and thermoelectric trans-
port properties in the incoherent transport regime, where the
resistivity is comparable to the MIR limit, that is, when the
charge carriers mean free path becomes comparable to the
c-axis interlayer spacing. Since in this case the uncertainty in
the electron wave vector is of the order of the Brillouin zone
size, a semiclassical transport theory description becomes
questionable. Electron correlations further contribute to the
complexity of models for transport phenomena in this regime
[20-22].
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Compared to the resistivity, the thermopower is much less
sensitive to typical thin film defects, and we can expect that
the corrections here are more modest and predominantly due
to c-axis misalignment. After applying the correction proce-
dure to the Seebeck coefficient, we indeed obtain a consistent
gradual decrease with the offcut angle for 5°, 10°, and 20°, and
closely matching results for the c-axis response [Fig. 3(c)]. In
the temperature range 300-815 K, for the main axes S, =
§ocom = 0 and S, = S¢ com mean [Fig. 3(d)], we obtain S, ~
4 —-18uV/K and S, ~ (—30) — (—200) ©V/K. These find-
ings are consistent with the main features predicted in the the-
oretical studies, that is, small metallic-like positive in-plane
and large semiconductor-like negative c-axis Seebeck coeffi-
cients [8,9]. To gain more insight into the underlying transport
mechanisms in PACoQO,, we have compared our thermopower
data with calculations of the temperature-dependent Seebeck
coefficient in the framework of density functional theory
(DFT) in the generalized gradient approximation (GGA) with-
out a Hubbard U parameter, and for two different effective
U values at the Co site, U = 0, 2, and 4 eV, Figs. 3(e)—
3(g). The best overall agreement is obtained for Uy = 2 eV,
indicating that modest corrections to the GGA are necessary to
account for electronic correlations. The in-plane S,;, compares
equally well for U = 4 eV, and to the result obtained by
Ong et al. [8], where no additional correlations had been
taken into account. Considering the experimental error and
the possible influence of epitaxial strain [as indicated from the
TEM image in Fig. 1(c)], it is obvious that the experimental
results do not discriminate between the different predictions
for S,5. On the other hand, the presence of Co 3d states in
the vicinity of the Fermi level is relevant for the out-of-plane
transport [8,9]. With increasing Uk, these states are pushed
away from the Fermi level, and the c-axis Seebeck coefficient
S. is strongly affected as can be seen in the lower panels of
Figs. 3(e)-3(g).

Finally, based on the main axes Seebeck coefficients
[Fig. 3(d)] we can calculate the temperature-dependent trans-
verse Seebeck coefficient, Str, as well as the voltage V.
that could potentially be generated in the thin films by laser
illumination, the so-called laser-induced transverse voltage
effect (LITV) [11]:

Str = 38in20(Sa — S, (6)

l
Vabje = 7 AT StR,

Vub = 0’

)

where V. and Vg, are the voltages along the offcut and
the in-plane direction of the film, [ is the laser spot length
at the film surface, AT, is the temperature difference between
the illuminated front side and the back side of the film, and
d is the film thickness. As evident from the lower panel
of Fig. 3(h), the generated voltages can be significant. For
example, by assuming typical parameters for LITV experi-
ments: [ =5 mm, AT = 50 K, and d = 20 nm, we estimate
Vabje 36,72, and 134V at room temperature for 6 = 5°,
10°, and 20°, respectively. However, because of the above
described tendency of offcut PACoO, films to form domains

with a misoriented ¢ axis, the LITV signal can mix along
the two directions, V,; # 0, and therefore may be lower than
predicted by Egs. (6) and (7) in real experiments.

V. CONCLUSIONS

In conclusion, utilizing the PLD technique we have suc-
cessfully synthesized PdCoO, thin films on 0°planar, 5°, 10°,
and 20° offcut Al,O3 (0001) substrates. These films allowed
us to experimentally determine the high-temperature (300—
815 K) transport properties along the main crystallographic
directions. The films on planar substrates yielded high-quality
reference data for the in-plane resistivity and Seebeck co-
efficient. The films on offcut substrates, on the other hand,
revealed substantial mixing of in-plane and out-of-plane re-
sponse functions, presumably due to regions of misoriented
crystallites with ¢ axes inclined at angles larger than the offcut
ones and further rotated in the in-plane direction. By applying
the tensor rotation relations and an iterative fit procedure
to the data for the offcut samples, we were able to obtain
consistent results for both the resistivity and the Seebeck
coefficient along the ¢ axis. In the temperature range 300—
815 K, we obtained S, ~ 4 — 18 uV/K and S, ~ (—30) —
(—200) uV/K, for the in-plane and c-axis direction, respec-
tively, which demonstrates excellent overall agreement with
existing theoretical studies. Furthermore, detailed comparison
to model calculations of the Seebeck coefficient where an
effective on-site Coulomb repulsion energy was included indi-
cate that moderate electron-electron correlations are relevant
and should be taken into account to adequately describe the
thermopower in PACoO,. The main axes electric and thermo-
electric transport quantities obtained here with the correction
procedure may be used in the description of polycrystalline
PdCo0O,;, with appropriate modifications accounting for the
random crystallite orientation. The outcome of the effective
model description of polycrystalline PACoO, (as well as of
other materials and thin-film systems) will determine the
range of applicability of our methodology. From the practical
point of view, the large thermopower anisotropy and the good
thermal stability qualify PdCoO, thin films as promising can-
didates for thermoelectric devices such as laser sensors, where
the signal level depends on the difference AS =S, — S..
Further interesting perspectives include thin-film structures
with tunable angle-dependent power factor, P = S/ p, which
take advantage of the metallic in-plane conductivity and the
large semiconductor-like c-axis Seebeck coefficient confirmed
in our experiments.
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