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We have investigated the charge transport property, thermoelectric effect, and electronic state for
the electron-doped narrow gap semiconductor Ca;_,La,Pd;O, by means of the transport measurement,
optical /photoemission spectroscopy, and ab initio calculation. The high-quality polycrystalline samples of
Ca,_,La,Pd;04 were synthesized by using the high-pressure synthesis technique. In the undoped system x = 0,
the optical conductivity spectra show a charge gap of about 0.1 eV, which is qualitatively consistent with the
results of ab initio calculation. The electron doping causes the rapid reduction of resistivity p.,, resulting in the
metallic state at the doping level of as small as x = 0.01. On the other hand, the magnitude of Seebeck coefficient
|S| moderately decreases with increasing x. Consequently, the power factor S2/ p,, reaches about 7 uW /K?cm at
350 K at x = 0.03, which is much higher than that of hole-doped analog of CaPd;0O,. Combined with the results
of photoemission spectra and ab initio calculation, the large power factor in the present material likely originates
from the relatively low resistivity, probably high electron mobility (~30 cm?/Vs at 350 K), due to the dispersive

_,2 conduction band.
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I. INTRODUCTION

The Seebeck effect is a typical thermoelectric effect, which
has been utilized as a principle of commercial thermoelec-
tric devices. The power factor is a measure of efficiency for
the energy conversion, which is defined as oS?> with § and
o being the Seebeck coefficient and electrical conductivity,
respectively. The semimetals or narrow gap semiconductors
are known as typical thermoelectric materials with potentially
high power factor [1-12]. In particular, they often show the
metallic state with small carrier density and high carrier mo-
bility, which is advantageous for simultaneously realizing the
large Seebeck coefficient and high electrical conductivity. For
example, there are a number of narrow gap semiconductors
with power factor more than 30 uW/K?cm at room tempera-
ture, regardless of their quite different band structure [2,3,6,7].
In fact, some of them have already been incorporated into
practical thermoelectric devices. However, they often include
toxic elements or are chemically unstable at the operating
temperature above room temperature.

In this regard, the semimetals or narrow gap semiconduc-
tors of transition metal oxide have a potential to overcome
these issues. The APd;04 (A = Ca and Sr) is a candidate
of narrow gap semiconductor with potentially high power
factor. As shown in Fig. 1(a), this material crystallizes in the
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NaPt;O4-type crystal structure of cubic symmetry, which is
composed of the three-dimensional network of corner shared
PdO, plaquette [13,14]. The Pd ion takes nominally divalent
state in the 4d%-electronic configuration, and the electronic
states near the Fermi energy Er is mainly composed of the
Pd 4d e, state. So far, there are several theoretical proposals
about the possible electronic structure near Er. On the basis
of electronic structure calculation, the narrow gap opening has
been proposed [15,16], but the possibility of Dirac semimetal-
lic state protected by the crystal symmetry is also argued
[17-19]. On the other hand, there are few experimental studies
on the electronic state near Er [20], which has not yet been
elucidated so far.

Nevertheless, the charge transport and thermoelectric prop-
erty have been extensively explored in the hole-doped analog
of CaPd;O4 [14,21-23]. For example, the relatively large
Seebeck coefficient more than 100 uV /K is observed at room
temperature in the metallic state of Ca;_,Li,Pd;O4 [21]. Un-
fortunately, the resistivity p,, is not sufficiently low due to
the small carrier mobility about 1—10 cm?/Vs. Consequently,
the power factor is at most about 1.6 uW/K?cm at x = 0.4.
A strategy to further improve the thermoelectric property is
the electron doping into CaPd;O4. However, the electronic
property for the electron-doped analog of CaPd;O,4 has been
rarely explored due to the difficulty of preparing high quality
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FIG. 1. (a) The crystal structure of CaPd;O, [47]. The dashed
line highlights the PdO,4 plaquette, which forms a three-dimensional
network by sharing the corner oxygen ions. (b) Photograph of poly-
crystalline sample of CaPd;O, synthesized by the solid state reaction
under 2.5 GPa and 1300 °C. (c¢) Powder x-ray diffraction (XRD)
for Ca;_,La,Pd;04 with x =0 — 0.07 at room temperature. Each
pattern is offset for clarity. The triangles indicate the diffraction from
impurity phase (PdO). (d) The lattice constant derived from XRD for
Cal,XLade304.

samples. In this study, we synthesized the polycrystalline sam-
ple of electron-doped Ca;_,La,Pd;O4 by means of the high
pressure synthesis technique and explored their charge trans-
port, thermoelectric property, and electronic structure. We
found that the doping level of x = 0.01 induces the metallic
state with relatively high electrical conductivity and Seebeck
coefficient, resulting in the power factor of about 7 uW/K?cm
at 350 K.

II. EXPERIMENTAL METHODS AND ELECTRONIC
STRUCTURE CALCULATION

To obtain polycrystalline samples of Ca;_,La,Pd;O4 with
minimal impurity phases such as PdO and Pd, we employed
the high-pressure synthesis techniques. The starting materi-
als CaO, PdO, and La,O5; were reacted under 2.5 GPa and
1300 °C by using a cubic anvil type facility. The samples
are in the form of densely packed pellets with a few mil-
limeters in size as shown in Fig. 1(b) [see also Fig. S1]
[24]. We performed the x-ray diffraction by using com-
mercial diffractometer (Rigaku MiniFlex) with Cu-Ke; and
-Ka, as sources. The results of x-ray diffraction patterns
show that the contamination of PdO and Pd is not signifi-
cant [see Fig. 1(c)] and the lattice constant slightly increases
with increasing x [see Fig. 1(d)]. These are suitable for
exploring the fine doping dependence of charge transport,
thermoelectric property, and optical reflectivity. The nominal
doping level x at the time of synthesis is nearly identical to
the results of energy dispersive x-ray spectroscopy (EDX)
[see Fig. S1(e)]. Resistivity measurements were performed
by the four-probe method in a physical property measure-
ment system (Quantum Design). The Seebeck coefficient
was measured while applying the temperature gradient by
using a chip heater attached on one side of the sample

[see Fig. S4]. The temperature gradient was measured by
commercial thermocouples (chromel-constantan). The heater
power was set so that the typical temperature difference be-
tween the thermocouple was about 1 K.

The optical reflectivity spectra were measured in the geom-
etry of nearly normal incidence by using a Fourier transform
spectrometer (grating-type monochromator) equipped with a
microscope in the energy region of 0.02—0.7 eV (0.5—5 eV).
In the region of 4—30 eV, we carried out the measurement
at room temperature with use of synchrotron radiation at
UV-SOR, Institute for Molecular Science (Okazaki). The opti-
cal conductivity spectra were derived by the Kramers-Kronig
analysis. For the analysis, we adopted the Hagen-Rubens-type
extrapolation below 0.02 eV and w*-type extrapolation above
30eV.

High-resolution photoemission spectroscopy (PES) mea-
surements were performed under an ultrahigh vacuum less
than 2 x 107® Pa by using a He discharge lamp (hv =
21.2 eV). The total energy resolution was set to 15 meV. Sam-
ples were fractured in sifu and measured at 16 K. Core-level
PES measurements were performed by using a monochroma-
tized soft x-ray source (hv = 900 eV) at BL25SU of SPring-8
[25,26]. The total energy resolution was set to 110 meV.
Samples were fractured in situ and measured at 20 K. The
Fermi level was determined by measuring the Fermi cutoff of
polycrystalline gold electrically connected to each sample.

We performed electronic structure calculations based on
density functional theory using the Vienna ab initio simula-
tion package (VASP) [27], which implements the projector
augmented wave (PAW) method [28]. The plane-wave kinetic
energy cutoff was set to 400 eV, and 6 x 6 x 6 I'-centered
k points were used for the Brillouin zone integration. The
Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid func-
tional [29-31] was used, and the spin-orbit coupling was
included in the calculation. To draw HSEO6 band structures
along high-symmetry lines, we performed Wannier interpola-
tion using the Wannier90 code [32], where the Kohn-Sham
states in the energy range of [—9:4] eV relative to the valence
band maximum were used to construct maximally localized
Wannier functions for the Pd 4d and O 2p orbitals. For these
calculations, we assumed the crystal structure determined by
the experiment.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the temperature dependence of resis-
tivity for Ca;_,La,Pd;04 with x = 0. The resistivity shows
the insulating behavior and divergently increases at low tem-
perature. At high temperatures, the resistivity shows the
activation-type behavior oy, o< exp(—E,/2kgT) with E, and
kp being the effective band gap and Boltzmann constant, re-
spectively [see Fig. 2(b)]. From the fitting, the effective band
gap is estimated to be 0.11—0.13 eV. As shown in Fig. 2(c),
the Hall resistivity py, for x = 0 is nearly linear as a function
of magnetic field, which shows a sizable temperature depen-
dence. The Hall coefficient Ry derived from the slope of py,
is negative in the measured temperature range (100—350 K),
indicating that the electron-type carriers dominate the charge
transport above 100 K. Assuming the single carrier model,
the carrier density ny (= |1/eRy|) appears to decrease from
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FIG. 2. (a) The temperature dependence of resistivity p... (b) In(p,,) plotted as a function of 1/7. (c) The Hall resistivity (py,) for
Ca,_,La,Pd;0, with x = 0. The dashed line in (b) is the fitting by the thermal activation model (see also the text). (d) Temperature dependence
of p,, for Ca;_,La,Pd;04 with x = 0.01 — 0.07. (e) Temperature dependence of carrier density derived from the Hall coefficient ny. (f) ng
plotted as a function of nominal carrier density n., expected from the La doping. The dashed line denotes the ny = n,.

1.5 x 10" cm at 300 K to 1.1 x 10'® cm~3 at 100 K with
decreasing temperature [see Fig. 2(e)].

To clarify the electronic state, we investigated the optical
conductivity o (@) spectra for x = 0. As shown in Fig. 3(a),
o (w) spectra exhibit several peaks due to the optical phonons
below 0.1 eV and the absorption band due to the interband
transition above 0.12 eV. Moreover, a sharp peak with sizable
temperature dependence is observed at 0.12 eV. The temper-
ature variation of spectral shape for interband transition is
moderate, suggesting that the electronic state does not signifi-
cantly change with temperature. By linearly extrapolating the
rising part of interband transition at 10 K, the charge gap is
roughly estimated to be about 0.1 eV. Considering that the
peak at 0.12 eV is located near the onset of interband transi-
tion and the peak width is much broader than that of optical
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FIG. 3. (a) Optical conductivity o (@) spectra for CaPd;O4. The
closed triangle denotes the peak at 0.12 eV. (b) The electronic struc-
ture for CaPd;O,. The color denotes the weight of Pd 4d;_> _,» orbital
(magenta) and Pd 4d,>_» orbital (blue). The illustration of (c) Pd
4d;_,2 orbital and (d) Pd 4d,>_» orbital in a PdOy4 plaquette. The
closed circles denote the oxygen ions.

phonons, it may be attributed to the electronic excitation due
to the impurity state located near the valence band top or
exciton absorption.

More detailed insight into the electronic state can be ob-
tained by the ab initio calculation. Figure 3(b) shows the
calculated band structure for CaPd;Oy. The calculated results
show the band gap about 0.24 eV at the I' point in the mo-
mentum space. The magnitude of band gap is slightly larger,
but is of the same order as that determined from the optical
conductivity spectra. The valence bands and conduction bands
are mainly composed of Pd 4d;,>_,» state and Pd 4d,»_,. state,
respectively [see also Fig. S2] [24]. In particular, near the T’
point, the conduction band is dispersive along all of the I' — R,
I' =M, and T — X lines. On the contrary, the dispersion of
valence band of the highest energy is relatively flat along the
I' =X and " — M lines, while that along the I — R line is
dispersive. This difference can be qualitatively understood in
terms of the orbital hybridization between the Pd 4d state and
O 2p state in the PdO, plaquette; the Pd 4d,._,» state is hy-
bridized with surrounding O 2p state more significantly than
the Pd 4d;,._,> state [see also Figs. 3(c) and 3(d)], resulting
in the larger band dispersion for the former [33]. In other
words, the spatial anisotropy of Pd 4d orbital is likely crucial
for the difference in the band dispersion between the conduc-
tion band and valence band, i.e., the electron-hole asymmetry
in this material, which is rarely seen among conventional
narrow gap semiconductors.

Next, we explored the charge transport and electronic
state for the electron-doped Ca;_,La,Pd;O4. As shown in
Fig. 2(d), py, rapidly decreases with increasing x, and the
metallic state emerges at the doping level of as small as
x = 0.01. In particular, the resistivity is reduced down to
about 2—3 mQcm for x = 0.01 and further decreases for
x 2 0.03. Such low resistivity is in contrast with the case
of hole-doped analogs, wherein the resistivity is more than
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FIG. 4. Seebeck coefficient S (a) for CaPd;0, (x = 0) and (b) for Ca;_,La,Pd;04 with x = 0.01 — 0.06. (c) The absolute value of Seebeck
coefficient |S| and electrical conductivity o at 350 K. The solid curve is guide to the eyes. (d) The power factor o S? for Ca,_.La,Pd;0, at
350 K as well as that near the room temperature (290 — 350 K) for various n-type oxides. (e) The carrier mobility for Ca,_,La,Pd;0, with

x=0.01 -0.07.

10 mQcm in the lightly doped region of x < 0.05 [21-23].
Figure 2(e) shows the temperature dependence of carrier den-
sity for Ca;_,La,Pd;O4 with various x. In the doped systems,
the carrier density is nearly temperature independent in con-
trast with the case of x = 0 [see also Fig. S3] [24]. In Fig. 2(f),
the carrier density at 300 K is plotted against the nominal
carrier density assuming that a trivalent La ion partially substi-
tuted into a divalent Ca ion introduces a conduction electron.
The carrier density is nearly identical to the nominal carrier
density, suggesting that the electron density is controlled by
the doping level of La ions.

Figure 4(a) shows the temperature dependence of See-
beck coefficient for CaPd;O4. The sign of Seebeck coefficient
is positive below 175 K, but becomes negative at higher
temperatures. This suggests the so-called bipolar effect; the
contribution from hole-type carriers (electron-type carriers) is
dominant at low (high) temperatures. As shown in Fig. 4(b),
for x > 0.01, the sign of Seebeck coefficient remains to be
negative in all the temperature range from 10 K to 350 K. We
plot the absolute value of Seebeck coefficient |S| at 350 K
as a function of carrier density in Fig. 4(c). |S| moderately
decreases with increasing the carrier density. In fact, |S| for
x=0.06 (n =7 x 10 cm™?) is more than one-third of the
value for x = 0. On the contrary, the electrical conductiv-
ity o rapidly increases with increasing the carrier density
[see Fig. 4(c)]; the electrical conductivity for x = 0.03 — 0.04
(n=3—4x10%° cm™?) is one order larger than that for
x = 0. As a result, the power factor 0S? reaches a maxi-
mum around 7 = 3 x 10*° cm ™3 (x = 0.03), wherein the peak
value is about 7 uW/K?cm as shown in Fig. 4(d). This value

is about four times the maximum in the hole-doped analog of
CaPd;04 [21,22], which is also relatively large compared with
other n-type transition metal oxide semiconductors [34—42].

To clarify the electronic state in the electron-doped region,
we explored the photoemission spectra for Ca;_,La,Pd;O4
with x = 0, 0.03, 0.05, and 0.07. As shown in Fig. 5(a), the
photoemission spectrum from the valence band onsets imme-
diately below Ep for x = 0. On the contrary, for x > 0.03, the
threshold energy seems to be slightly lower, and a small kink
due to the Fermi edge is observed at Er [see also Fig. S5]
[24]. Here, we defined the valence band maximum (VBM) by
linearly extrapolating the rising part of photoemission spec-
trum to the baseline [see Fig. 5(a)]. Figure 5(b) shows the
VBM plotted as a function of x. The relative energy of VBM
measured from Ef, i.e., E — Er monotonically decreases with
increasing x.

We also explored the photoemission spectra of Pd 3ds,,
core level, which is located in a much deeper energy region.
As shown in Fig. 5(c), the photoemission spectrum from the
Pd 3ds,, core level is composed of a peak and shoulder. The
peak is assigned to the signal from the nominally divalent
state Pd2T, while the shoulder is likely attributed to that from
the surface state and/or the tetravalent state Pd*t [43,44]. By
fitting the spectra, we determined the relative energy of Pd
3ds,, core level. As shown in Fig. 5(b), with increasing x, the
relative energy of Pd 3ds,, core level decreases similarly with
that of the VBM. These results suggest that the photoemission
peaks nearly uniformly shifts to deeper relative energy with
increasing x. In other words, this means that Er increases in
the scheme of rigid band picture as illustrated in Fig. 5(d); Eg
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FIG.5. (a) Valence band photoemission spectra for
Ca;_,La,Pd;0, with x =0—0.07. Each spectrum is offset
for clarity. The horizontal (vertical) solid line denotes the baseline
(Fermi energy). The dashed line is the extrapolation to estimate the
valence band maximum (VBM), which is shown by arrows. (b) The
energy of VBM and that of Pd 3ds,, plotted as a function of x.
(c) The core level photoemission spectra of Ca,_,La,Pd;0, with
x =0 —0.05. The circles and triangles denote the main peak from
Pd 3ds;, state and the shoulder (see the text), respectively. Each
spectrum is offset for clarity. (d) The illustration of density of state
near the Fermi energy.

is almost located at the valence band top for x = 0, but rapidly
moves above the conduction band minimum for x > 0.01.
Such doping variation of electronic state is in contrast with
the case of doped Mott insulator, in which the electronic state
near Ef significantly changes upon the electron/hole doping
[45.46].

On the basis of these results, we consider the doping vari-
ation of charge transport and thermoelectric effect. For x = 0,
it is likely that the hole-type carriers in the valence band or
impurity state located near the VBM govern the transport at
low temperatures. This is consistent with the positive sign
of the Seebeck coefficient observed at low temperatures. On
the contrary, near the room temperature, the thermally excited
electrons in the conduction band likely dominate the transport
property, resulting in the negative sign of the Seebeck coeffi-
cient and Hall coefficient. This is also consistent with the fact
that the effective band gap is nearly identical to the charge
gap determined from the optical conductivity spectra. We note
that the previous study reports the positive Seebeck coefficient
up to 500 K [21]. This discrepancy may be attributed to
the difference in the Fermi energy, which is sensitive to the
chemical off-stoichiometry of samples.

For x > 0.01, the doped electrons govern the charge trans-
port in all the temperature range below 350 K. It is likely that
the enhancement of power factor is attributed to the relatively
large Seebeck coefficient while keeping the high electrical
conductivity, probably the relatively high electron mobility

in the lightly doped region. Indeed, as shown in Fig. 4(e),
the electron mobility remains to be about 30 cm?/Vs even at
350 K for x = 0.03, which however decreases with increasing
the carrier density due to the scattering from the doped La
ions or degradation of crystallinity by chemical substitution.
Note that the value in the lightly doped region is one or-
der of magnitude higher than the value in the hole-doped
analog about 1—10 cm?/Vs [21]. The larger dispersion of
conduction Pd 4d,>_,» band may be crucial for the relatively
high electron mobility and power factor in the electron doped
Cal_xLade3O4.

IV. CONCLUSION

In conclusion, we have investigated the charge transport,
electronic state, and thermoelectric effect of electron-doped
Ca;_,La,Pd;O4 by means of transport measurements, op-
tical spectroscopy, ab initio calculation, and photoemission
spectroscopy. We synthesized the high quality samples of
Ca;_,La,Pd;0,4 by using the high pressure synthesis tech-
nique. For CaPd;04 (x =0), the temperature dependence
of resistivity shows the insulating behavior, and the optical
conductivity spectra show a charge gap of about 0.1 eV.
The ab initio calculation suggests that the conduction band
and valence band are mainly composed of the Pd 4d._
state with larger band dispersion and Pd 4d;,._,. state with
smaller band dispersion, respectively. Upon the electron dop-
ing, the resistivity rapidly decreases with increasing x, and
the metallic state emerges even at the small doping level
of x = 0.01. Indeed, owing to the relatively high electron
mobility (~30 cm?/Vs), the electrical conductivity exceeds
1000 ~'ecm~! in the lightly doped region for x = 0.03—0.05
even at 350 K. On the contrary, the magnitude of Seebeck
coefficient moderately decreases with increasing x. Conse-
quently, the power factor oS? reaches about 7 uW/K?cm at
350 K for x = 0.03 — 0.04. Furthermore, the results of pho-
toemission spectra suggest that the doped electrons occupy
the conduction band in the scheme of the rigid band picture. It
is likely that the enhanced power factor is attributed to the rel-
atively high electron mobility due to the dispersive Pd 4d,>_,.
conduction band in this electron-doped oxide semiconductor.
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