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Abstract

Many of the studies on the entropy-stabilized oxide (Mg, ,Co ,Nij ,Cug »Zn, ,)O
have been heavily application-based. Previous works have studied effects of
cation stoichiometry on the entropy-driven reaction to form a single phase, but
a fundamental exploration of the effects of anion stoichiometry and/or redox
chemistry on electrical properties is lacking. Using near-edge X-ray absorption
fine structure (NEXAFS) and electrical measurements, we show that oxidizing
thin film samples of (Mg, ,Cog,Niy,Cug,Zn,,)O affects primarily the valence
of Co, leaving the other cations in this high-entropy system unchanged. This
oxidation increases electrical conduction in these thin films, which occurs via
small polaron hopping mediated by the Co valence shift from 2+ to a mixed
2+/3+ state. In parallel, we show that bulk samples sintered in an oxygen-rich
atmosphere have a lower activation energy for electrical conduction than those
equilibrated in a nitrogen (reducing) atmosphere. Combining feasible defect
compensation scenarios with electrical impedance measurements and NEXAFS
data, we propose a self-consistent interpretation of Co redox-mediated small
polaron conduction as the dominant method of charge transfer in this system.
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activation energy, charge carrier, entropy, XAS, NEXAFS, XANES, IV

HEO. J14 is stabilized in a rock salt structure by large
configurational entropy due to its five cations. When

High-entropy oxides (HEOs) have recently gained interest
as a class of materials with a variety of tunable properties
and many different potential applications. One material in
this class is (Mg ,Coq ,Nij ,Cug ,Zn ,)O, which has thus
far been the only confirmed entropy stabilized material
within the HEO family.! (Mg,,Co,,Nij,Cug,Zn,,)0,
commonly known as J14, remains the most studied

entropy-stabilized, the cations are homogeneously dis-
tributed and have a valence of 2+ in the charge-neutral,
stoichiometric system. Each cation species has a different
radius and, consequently, the anion sublattice distorts
locally to accommodate them.!

Prior studies of J14 and its doped derivatives have
reported its structure and microstructure, thermal
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stability, ionic conductivity, charge compensation
mechanisms, magnetic properties, catalytic proper-
ties, mechanical properties, and thermal conductivity.”
However, despite observed redox of some of the transition
metal cations in association with lattice distortion and
charge redistribution, there are no reports connecting
cation valence to electronic transport properties of J14.
Cation valence may be affected by synthesis conditions
and/or by post-processing conditions that moderate
oxygen stoichiometry in the material. Previous studies,
including our work, have shown that Co in this system can
change valence based on synthesis temperatures, and that
electronic conductivity changes dramatically based on
growth parameters.®* It has been posited that electronic
conductivity is dominated by small polarons* in this
material. However, a fundamental understanding of the
effects of anion chemistry remains lacking. The thermal
quenching required to maintain the single phase of J14 has
been linked to retained oxygen vacancies in the system.’

There are several possible defects that could supply
charge carriers in the J14 system. We start by considering
oxygen surplus or oxygen deficiency on the system and
ignore intrinsic Schottky and Frenkel pairs. We will treat
the baseline stoichiometric system as MO, where M rep-
resents the collection of nominally-divalent cations (M>*)
and O is oxygen (0?7). The transition metal cations also
have multiple possible valence states; of particular inter-
est are the oxidation of Co?* to Co®* and the reduction of
Cu?* to Cul*.%7 Kroger-Vink notation is used to develop
the possible equilibrium reactions in Equations (1)-(6).®

Oxygen-excess conditions could be expected to result in
either hole-compensated metal vacancies:

1 .
EOZ(g) < OF +Vy) +2h 6))

or in oxidation of cations with compensating metal vacan-
cies:

1 X X . X "
502(g) +2My, + 208 © 2M;, + 305+ V. (2)

Under oxygen-deficient conditions, we would expect to
see oxygen vacancies form with the production of free
electrons as a means for charge compensation:

. 1
My + OF © My + V5 +2¢ + 5oz(g) (3)

or for the oxygen vacancy to be charge balanced by reduced
cations:

w1
2My; + 207 < 2M}, + O5 + VT + EOZ(g)' @

Finally, cation reduction or oxidation along with the
appropriate electronic compensation may happen inde-
pendently of pO, as, respectively:

JACOBSON ET AL.
X X . X
M + OF < M, + O + ¢ (5)
or:
X X ! X .
My, + 05 < M, + 05 +h (6)

Because these reactions, like the intrinsic Frenkel and
Schottky reactions, exhibit no pO, dependence, we will
lump them into a general background (pO,-independent)
carrier concentration for now; we consider temperature
dependence later.

At equilibrium, the rate of reaction is equal for both the
forward and reverse reactions. The ratio of the concentra-
tions or pressures of products and reactants is useful for
understanding how a reaction may occur. While the actual
values of the equilibrium constants themselves are not crit-
ical to this report, enforcing global electroneutrality allows
us to determine the pO, dependence of defect species for
each scenario.

In this work, we isolate the role of anion stoichiometry in
changes related to cation valence in the J14 system. Previ-
ous work has shown electronic conductivity to be higher in
thin film samples grown via pulsed laser deposition (PLD)
at lower temperatures and pressures (200°C 6.7 Pa (50
mTorr, 0.067 mbar) O,, denoted as “LTLP”) as compared
with samples grown at higher temperatures and pressures
(450°C 13.2 Pa (100 mTorr, 0.133 mbar) O,, denoted as
“HTHP”) with a laser fluence of approximately 1.3 J/cm?.*
We determined that the pressure change from 100 mTorr
(0.133 mbar) to 50 mTorr (0.067 mbar) was unimportant,
though we maintain the naming scheme for consistency
with previous work. Lattice distortions were not observed
via synchrotron diffraction (Figure S1), suggesting that the
changes in electronic conductivity are independent of the
Jahn-Teller compression which has been cited in other
studies and unlikely to be due to oxygen vacancies.”*”
It should be noted that cation vacancies result in less
incremental distortion in the anion-close-packed rock salt
structure. This suggests an increase in electronic charge
carriers resulting from cation valence shifts, though it has
been unclear which cation is primarily affected.*

Here, we investigate the effects of synthesis and mea-
surement conditions on electronic conductivity of the ESO
(Mg, ,Co,,Nij,Cuy,Zng,)O0 and measure the correlated
shifts in cation valence. Previous studies suggested that
Cu and Co**7!! are the most likely cations to change
electronic configuration as a result of changing oxygen
content. In addition to the thin film samples, for compari-
son we synthesized a dense bulk ceramic sample that was
also reduced and measured again to clarify the effects of
oxygen-deficiency on the system. Linear voltage sweeps
(DC) of the thin films at different temperatures reveal
electrical activation energy changes as a function of syn-
thesis conditions. A similar set of impedance spectra (AC)
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from the bulk sample measured after equilibration in both
low pO, (a nitrogen environment) and high pO, (sintered
in flowing O,, measured in dry air) clarify the role of
oxygen stoichiometry in electrical conduction. The corre-
lations between thin film and bulk polycrystalline samples
allow for the deconvolution of unknown variables in both
sample types. The deposition parameters for thin films
do not immediately make it apparent whether samples
would be oxygen-rich or oxygen-poor, so the bulk sam-
ple analysis allows for clarification on this point. Finally,
we report soft X-ray near-edge X-ray absorption fine struc-
tures (NEXAFS) data from the J14 thin films and identify
which cations are affected by varied oxygen pressure and
substrate temperature during synthesis.

2 | EXPERIMENTAL DETAILS

2.1 | Powder preparation

Stoichiometric (Mg, ,Co,,Nij,Cuy,Zny,)0 powders
were synthesized by mixing equimolar amounts of each
cation from MgO [Alfa Aesar, 99.99%]', Co(IL,III)O [Alfa
Aesar, 99.7%], NiO [Sigma-Aldrich, 99.995%], CuO [Alfa
Aesar, 99.995%], and ZnO [Alfa Aesar, 99.99%]. These
were roller (ball) milled'? for at least 6 h in ethanol with
yttrium-stabilized zirconia (YSZ) milling media and fish
oil as a dispersant. After milling, the powder was calcined
in air at 900°C for 8 h and quenched in air. The calcined
powder was milled in a planetary mill, using the same
parameters, to reduce the particle size. The milled powder
suspension was dried overnight to evaporate the ethanol
and the dried powder was mixed using a mortar and pestle
to negate any flocculation and size segregation during
drying. Particle sizes and size distribution were analyzed
by a Microtrac S3500 particle size analyzer. The single-
phase, calcined powder was then pressed into pellets with
a 13 mm diameter under 120 MPa for 3 min. CoO has a
tendency to decompose into Co;0, in air, so additional
oxygen was added to the sintering atmosphere to prevent
this. The pressed green body had a geometric density
greater than 50% and was first sintered in a horizontal
tube furnace under an oxygen flow with pO, = 83 kPa (620
Torr). The heating schedule for sintering is as follows:
ramp to 750°C at 5°C/min and then to 1100°C at a rate
of 10°C/min, followed by an isothermal hold at 1100°C
for at least 8 h, then air quench to room temperature.'

I Certain commercial equipment, instruments, or materials are identi-
fied in this paper to foster understanding. Such identification does not
imply recommendation or endorsement by the National Institute of Stan-
dards and Technology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.

The resulting sample was 96% of the theoretical density
as measured using a fluid displacement (Archimedes)
method. Impedance of this dense sample was measured
in flowing air, then the sample was placed back in the
tube furnace under a nitrogen flow (pO, between 0.5 Pa
and 1 Pa) for over 20 h in order to reduce it. This same
method (without the N, anneal) was used to make a dense
(Mg ,Co,,Nij,Cuy,Zn,,)0 target for thin film growth
by PLD, which is detailed below.

2.2 | Pulsed laser deposition

Single-phase films were deposited using a KrF (248
nm) excimer laser with a pulse rate of 20 Hz and
laser energy of 200 mJ. Both Zn and Cu from the
(Mg, ,Co, ,Niy ,Cug ,Zn, ,)0 target were deposited on the
substrate in slightly lower concentrations than the other
cations in the target (Zn approximately 1 at% lower, Cu
approximately 6 at% lower as measured by X-ray fluo-
rescence). Therefore, CuO and ZnO targets were used to
supplement depositions and grow films with equimolar
cation concentrations, as confirmed by both X-ray fluo-
rescence and energy dispersive spectroscopy.® Substrate
temperature and chamber oxygen pressure were used to
alter oxygen content in grown films. A substrate tempera-
ture of 200°C with 6.7 Pa (50 mTorr, 0.067 mbar) of oxygen
was used to grow films designated as “LTLP”, while a sub-
strate temperature of 450°C with 13.2 Pa (100 mTorr, 0.133
mbar) of oxygen was used to deposit films designated as
“HTHP”. Charge transport analysis was done on samples
grown on Pilkington NSG TEC 15 Glass with approxi-
mately 340 nm of fluorinated tin oxide coating (FTO) with
aresistance per square of 13-15 Q and the NEXAFS portion
of the study was conducted on both FTO-coated sub-
strates and borosilicate [Eagle2000] glass (EXG). Within
the NEXAFS study, the samples grown on FTO-coated sub-
strates were deposited 4 years prior to the NEXAFS data
collection, while the samples grown on EXG substrates
were deposited within 1 week of NEXAFS measurements.
The older sample set (on FTO-coated substrates) is desig-
nated as “aged,” while the newer (EXG substrates) samples
are referred to as “new.” These samples were used to
verify stability over time across both HTHP and LTLP
sample sets.

2.3 | Electrical measurements

Because the J14 system is metastable and begins to decom-
pose into multiple phases between about 400°C and 875°C,
reliable measurements of the single phase could not be col-
lected above 400°C. Both thin film and bulk samples were
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measured to clarify oxygen stoichiometry more clearly for
each system.

Thin films for electrical characterization were grown
on glass substrates coated with FTO, which acted as a
continuous bottom electrode. An array of top electrodes
was deposited on top of the thin film by electron-beam
deposition through a shadow mask in a Temescal FC2000.
The top electrodes comprise a 10 nm Ti adhesion layer
and 50 nm of Pt. Each circular electrode had a diameter
equal to 0.0007 cm?. Current-density measurements were
collected using a Keithley 2400 source meter under electric
fields from 0 to +67,000 V/cm or +30,000 V/cm. Measure-
ments were taken at discrete points across the entire 5 cm X
5 cm sample using a gold probe with a diameter of 0.4 mm.
Measurements were repeated a minimum of 5 times in
series to verify repeatability and consistency. Current den-
sity was measured at substrate temperatures from 20°C to
142°C. Samples were equilibrated at each temperature for
20 min before the array of points was measured. Thin film
experimental data used by this study have been analyzed
using the COMBIgor software package'* and are publicly
available in the high-throughput experimental materials
database at https://htem.nrel.gov.”>!® Impedance data and
linear voltage sweeps were collected from polycrystalline
bulk samples in a vertical tube furnace. Silver electrodes
were painted on each side of the sample and cured with
Pt wire leads to achieve cohesive electrical contact. The
samples were measured using a Gamry Interface 1010E
Potentiostat/Galvanostat/ZRA across a frequency range
from 10 Hz to 1 MHz. First, the samples were measured
while dry air (pO, = 17 kPa, 127 Torr) flowed through
the tube at temperatures ranging from 350°C down to
150°C in 50°C increments. The sample was equilibrated
at each temperature for 30 min before measurement.
Next, the sample was removed from the test fixture and
annealed at 900°C for over 20 h under a nitrogen flow
(pO, between 0.5 Pa and 1 Pa, 4 mTorr (0.005 mbar)
to 8 mTorr (0.01 mbar) and air quenched. Impedance
measurements were repeated in a high-nitrogen atmo-
sphere to evaluate electrical properties of the reduced
sample.

2.4 | Near edge X-ray absorption fine
structure

NEXAFS measurements of the L-edge of Co, Ni, Cu,
and Zn and the K-edge of O and Mg were carried out
on nominally stoichiometric thin films at room temper-
ature at the Stanford Synchrotron Radiation Lightsource
(SSRL), SLAC National Accelerator Laboratory, beamline
10-1. Aged HTHP and LTLP films grown on FTO-coated
substrates and new HTHP and LTLP films grown on EXG

substrates were mounted to an aluminum sample bar
using conductive Cu tape. Commercially obtained lithium
cobalt(IIT) oxide (Alfa Aesar, 97%) and cobalt (ILIIT) oxide
(Alfa Aesar, 99.7%) powders were spread directly on elec-
trically conductive carbon tape on the sample bar for
reference. The samples were held under high vacuum con-
ditions of approximately 2.7x107® Pa (2x10~% Torr). A
transition edge sensor (TES) spectrometer'” was used to
collect resonant inelastic X-ray scattering (RIXS) planes
with a resolution of 2 eV. The energy measured by the
TES was calibrated by periodically measuring reference
samples of graphite, BN, Fe,03, NiO, and CuO each of
which provide a stable set of emission lines. From the
RIXS planes, we extracted the L, and Lg lines to create L-
edge partial-fluorescence-yield (PFY) NEXAFS, or the K,
line to create K-edge PFY-NEXAFS. Total electron-yield
(TEY) NEXAFS spectra were collected by measuring the
drain current from the sample. All spectra were normal-
ized by the current measured from a gold grid upstream
from the sample.

3 | RESULTS AND DISCUSSION

3.1 | Electronic properties

Current-voltage measurements were conducted on single-
phase (Figure S2) thin films grown by PLD on FTO-coated
substrates (Figure 1A,B), where those deposited under
higher temperature and pressure (HTHP) were signifi-
cantly less conductive than those deposited under lower
temperature and pressure (LTLP) at room temperature.
Temperature-dependent resistivity was also measured for
each of these samples. An Arrhenius fit of these data shows
that the electrical activation energy for HTHP films is
approximately 0.5 and 0.3 eV for LTLP films (Figure 1C).
An electrical activation energy of 0.3 eV is well corre-
lated with thermally activated small polaron hopping,'®'’
and the 0.5 eV activation energy is likely indicative of
small polaron hopping with a higher degree of localiza-
tion. In Figure 1A,B, the current density measurements do
not show a perfectly linear behavior, which is likely the
result of imperfect ohmic contact in the electrodes applied
for the measurements, or may be related to Joule heating
during the measurement. Each fit is a linear approx-
imation of each measurement over the voltage range
shown.

The lower activation energy in the LTLP film versus
the HTHP film suggests reduced localization for the small
polaron hopping in HTHP films, which is in agreement
with previous work.* Because the temperature and pres-
sure growth parameters have competing effects on oxygen
content in thin films, it is difficult to determine exactly
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FIGURE 1 Left: IV data in thin films collected on heating for (A) HTHP samples and (B) LTLP samples. (C) The Arrhenius fit of

electrical resistance as a function of 1/temperature shows that HTHP films have an activation energy of 0.5 eV and that LTLP films have an
activation energy of 0.3 eV. Right: bode plots of the absolute value of resistance for (D) the reduced (N,) and (E) near-stoichiometric (Air)
samples allow for the extraction of total resistance values for each sample at different temperatures. (F) An Arrhenius fit of these data shows
that oxygen-poor (N,) samples have an activation energy of 0.9 eV and near-stoichiometric (Air) bulk samples have an activation energy of

0.5eV.

how much oxygen is in each sample. Electrical measure-
ments of the bulk sample were used to clarify the role of
oxygen in conduction for the J14 family. The bulk sample
was initially sintered in flowing oxygen, so it is unlikely
to be dominated by oxygen vacancies. After the initial
impedance measurements in air were collected, the sam-
ple was heated to 900°C and linear voltage sweeps were
measured under ultra-high purity (UHP) N, flow (pO,
between 0.5 - 1 Pa, 4 - 8 mTorr, 0.005 - 0.01 mbar) until
resistance values stopped changing (approximately 20 h).
We took this to be the baseline for nitrogen equilibration
in the system. The sample was removed from the system
and annealed in a flow of nitrogen for 20 h followed by an

air quench, with the expected result being oxygen-deficient
single-phase rock salt. Data confirming single-phase rock
salt for both of these conditions are in Figure S3. Using
these data, we were able to draw parallels between thin
film samples (Figure 1A,B) and the bulk results shown in
Figure 1D,E.

Arrhenius fits of the data collected in dry air and
UHP N, (Figure 1F) for the bulk samples show that the
activation energy for conduction of the reduced sample
(measured in UHP N,) is approximately 0.9 eV, a value
that is often associated with the ionic transport of oxy-
gen vacancies.’’ This is a much higher activation energy
than the sample that was sintered in flowing oxygen and
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measured in dry air (E, ~ 0.5 eV). We therefore posit
that the HTHP film is more oxygen-deficient than the
LTLP film because the activation energies follow simi-
lar trends and previous studies with annealing support
this conclusion.* However, these data also indicate that
different transport mechanisms occur in thin films from
those in bulk samples. From these data, it appears that
vacancy-mediated charge transport is the dominant mech-
anism for oxygen-deficient bulk samples (N,) and that
near-stoichiometric (Air) samples are more likely to be
dominated by electron transport, possibly in the form
of highly localized small polaron hopping, similar to
that of the HTHP samples.?’*> The LTLP thin film acti-
vation energy of 0.3 eV is well correlated with small
polaron hopping.'®!%?* Returning to the defect chemistry
addressed in Section 1, the most likely sources of small
polarons are either the reduction of Cu?* to Cu'* or the
oxidation of Co?* to Co**. Because we consistently observe
higher conductivity—and thus likely higher charge carrier
concentrations—for samples processed under higher pO,
conditions, we propose that the oxidation of Co is a more
probable candidate for the increase in electrical conductiv-
ity. To investigate this hypothesis, we conducted NEXAFS
measurements and analysis on these films.

3.2 | Near edge X-ray absorption fine
structures

NEXAFS spectroscopy is a powerful technique for prob-
ing the unoccupied electronic states of specific elements.
In a NEXAFS measurement, a material is probed with a
monochromatic X-ray beam that is swept in energy across
an absorption edge, creating core-holes by exciting elec-
trons to unoccupied valence orbitals or bands. The amount
of X-ray absorption is measured via the intensity of the
electrons or photons that are produced when the core-hole
isfilled. Changes in the X-ray absorption correspond to the
unoccupied density of states, which depends on the oxida-
tion state, spin, and coordination of the elements that are
probed.”* NEXAFS is a unique tool to determine the elec-
tronic state of specific elements in both transition metals
and light elements such as oxygen.’>

NEXAFS data at the Co, Ni, Cu, and Zn L-edges and at
the O and Mg K-edges for thin film samples were collected
using a TES detector!” for PFY and the drain current from
the sample for TEY. As seen in Figure 2, only the Co and
O spectra vary between the LTLP and HTHP samples, and
all spectra are consistent between aged and new samples.
Consequently, we focus on the Co L-edge and O K-edge
more closely to understand how the valence and coordina-
tion states of Co may be changing and how those changes
alter the available electrical states.

321 | CoL-edge

In the ideal defect-free rock salt J14 system, each cation
is divalent, so Co should have a 2+ oxidation state and
octahedral coordination. The Co L; edge in particular
shows prominent peak splitting as a result of electron-
electron interactions that promote a multiplet structure,
which depends heavily on the coordination of the Co
ion in question.”’” Measurements of the Co L;-edge show
that octahedrally coordinated Co?* has a characteristic
low-energy peak at 776.5 eV> that is not present in either
Co** or tetrahedrally coordinated Co?*. The presence of
this shoulder in all scans in Figure 2 in the Co L-edge
panel in addition to the lack of distortion seen in X-ray
diffraction (XRD, Figures S1 and S2) indicates that the
rock salt structure is maintained throughout the system,
despite any possible change to the valence state. In addi-
tion to the low-energy shoulder, in the Co L-edge panel of
Figure 2, we see a clear, strong Co’* peak at 779.4 eV for
samples grown in LTLP conditions, indicating a mixture
of Co** and Co**. The LTLP spectra can be fit well by
a linear combination of the HTHP Co?* spectrum and
a reference Co** spectrum from LiCoO, (Figure 6) and
shows a strong overlay with the Co;0, reference spectrum
(Figure 7), which supports the conclusion that the LTLP
spectrum is a mix of Co?* and Co3*. The HTHP samples
lack a prominent Co3* peak at 779.4 €V, indicating a
predominance of Co?* in these samples.

3.22 | OK-edge
Any incident X-ray with an excitation energy greater
than 530 eV can excite an oxygen 1s core electron to an
unoccupied state. Each of the five cations in J14 has six
oxygen nearest neighbors in an octahedral coordination
in the rock salt structure. Understanding the way each
of these oxygen nearest neighbors changes the state of
local cations can inform our understanding of the local
electronic structures and chemical bonds.?®

When oxygen is bonded to Co?*, the O K-edge typically
shows a peak split in the 3d orbital range (527-534 eV),
which is labeled “Transition metal pre-edge” in Figure 2 in
the O K-edge panel. In the spectra from the HTHP samples,
this peak split is clearly visible, indicating that Co takes on
a primarily 2+ valence, though it is likely Co®* has a pres-
ence as well. In the spectra from the LTLP samples, there
is a much stronger peak around 531 eV, indicating a higher
concentration of Co3*, and a small shoulder around 532
eV which may indicate some Co?*. However, these spectra
cannot be used to quantitatively compare the concentra-
tion of Co in each valence because the peaks and shoulders
between 532 and 535 eV are also related to bonding with the
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FIGURE 2 Total electron-yield (TEY) and fluorescence-yield (FY) signals are used to show the strongest NEXAFS signals for each
element measured. Co and O are the only elements in the J14 composition that change between HTHP and LTLP samples and no noteworthy
change occurs with aging. (A) TEY-NEXAFS data collected for Co reveals that the Co charge states and local coordination environments
remain constant over time, indicating a higher Co** content in LTLP samples than HTHP samples. (B) TEY for the O K-edge shows that the
metal 4sp hybridized states remain constant across HTHP and LTLP samples, while the transition metal pre-edge indicates changes in the 3d
states of the cations. (C-F) Mg, Ni, Cu, and Zn edges all show consistency between HTHP and LTLP samples.

TABLE 1 Property summary

Ept
Sample type Co valence (eV)
HTHP thin film Predominantly 2+ 0.5
LTLP thin film 2+/3+ 0.3
Bulk air 2+/3+) 0.5
Bulk N, (Predominantly 2+) 0.9

Charge carrier Oxygen content
- O-deficient

M;,, small polaron Stoichiometric

- Stoichiometric
Vacancy O-deficient

Note: Co valence in parentheses is approximated based on trends observed in the present work.

other divalent cations in the system, particularly Ni?*.?
These data, in conjunction with the Co L-edge data from
Figure 2 in the Co L-edge panel and each of the other near
edge spectra, support the hypothesis that Co is the cation
responsible for any property changes between films grown
as LTLP and those grown as HTHP.

Based on this information, we propose that the oxida-
tion of Co to a valence of 3+ increases conduction across
the system and that this conduction is most probably

mediated by small polaron hopping.?®~*! This conclusion
is also consistent with predictions from the reaction
presented in Equation (2).

4 | CONCLUSIONS

The properties summarized in Table 1 suggest that films
grown under LTLP are near-stoichiometric, while HTHP
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leads to an oxygen deficiency. Over the range studied,
partial pressure of oxygen is overshadowed by substrate
temperature regarding the incorporation of oxygen into the
lattice. Table 1 also shows changes in activation energy
and the associated charge carriers for each sample type
investigated here. We have also shown that electrical con-
duction via small polaron hopping is promoted by the
oxidation of Co to a 3+ state in thin film samples. Addition-
ally, we have determined that bulk samples have different
mechanisms of charge transport than those present in
thin films, with the reduced bulk sample showing possi-
ble ionic conductivity and the oxidized sample indicating
the presence of charge carriers (holes or electrons) for
electrical conductivity.
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