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Given the emerging role of oxide spinels as hole conductors, we

discuss in this article the traditional vs. new methodologies of

determining the type of conduction mechanism at play––local-
ized polaronic vs. band-like transport. Applying (i) traditional

small polaron analysis to our in-situ high temperature four-

point conductivity and thermopower measurements, we
previously found an activated mobility, which is indicative of

the small polaron mechanism. However, (ii) employing the

recent developments in correcting density functional methodolo-

gies for hole localization, we predict that the self-trapped hole
is unstable and that Rh2ZnO4 is instead a band conductor with

a large effective mass. The hole mobility measured by high-

field room temperature Hall effect also suggests band rather

than polaron conduction. The apparent contradiction between
the conclusion of the traditional procedure (i) and first-princi-

ples theory (ii) is resolved by taking into account in the

previous transport analysis the temperature dependence of the

effective density of states, which leads to the result that the
mobility is actually temperature-independent in Rh2ZnO4. Our

case study on Rh2ZnO4 illustrates the range of experimental

and theoretical approaches at hand to determine whether the
transport mechanism of a semiconductor is band or small

polaron conduction.

I. Introduction

THE A2BO4
‡‡ oxide spinels have long been known and

utilized for their soft magnetic/ferrimagnetic properties,1

with more recent attention being given to their magnetoresis-
tive2 and multiferroic properties.3 Since the past decade,
however, there has been increasing interest in their potential
as transparent conductors4–6 with the possibility for applica-
tions in semiconductor devices and photovoltaics. For exam-
ple, a p–n junction has been demonstrated using a p-type

spinel in the amorphous state.7,8 Determination of the mech-
anism of conductivity of holes in these potential transparent
conducting oxides (TCOs) may be crucial for the future
design of better p-type TCOs.

Electrical conductivity in spinel oxides is usually associated
with materials that are wide-gap insulators in their stoichi-
ometric and undoped perfect A2BO4 structure, but that
become conductive owing to specific deviations from stoichi-
ometry leading to generation of excess carriers. Examples of
normal spinels that are wide gap insulators in their pristine
A2BO4 form include systems where the trivalent A atom
located on the octahedral site (Oh point group symmetry), as
well as the divalent B atom located on the tetrahedral site
(Td), have a closed shell d 0 (e.g., Al, Mg) or d10 (e.g., Ga,
Zn) configuration. In Rh2ZnO4, where the Rh+III ions have
an open-shell d 6 configuration (low-spin, S = 0), the insulat-
ing gap is formed due to the crystal field splitting: After
hybridizing with the O-p states, the fully occupied Rh-t2g
forms the valence band, and the unoccupied Rh-eg state
forms the conduction band, as shown in Fig. 1. Along the
series of A2ZnO4 spinels (A = Co, Rh, Ir), the optical band
gaps were measured as 2.26, 2.74, and 2.97 eV, respectively.4

A recent theoretical work by Scanlon et al.9 calls into
question the magnitudes of these band gaps, but we note that
these materials are at least partially transparent to lower
energy visible light, making them candidate materials for
p-type TCOs.

To obtain p-type conductivity in these otherwise insulat-
ing spinels, one must create acceptor-type lattice defects,
which can result from off-stoichiometry at finite tempera-
tures. As would-be hole producing cation vacancies require
rather high energy to form,10 the main source of hole

Fig. 1. Nature of the insulating gap in Rh2ZnO4 with a low-spin d 6

configuration of Rh+III. On the Oh site, the atomic Rh-d orbitals
split into eg and t2g crystal field states. The eg orbitals interact with
the O-p ligands forming an occupied bonding and an unoccupied
anti-bonding state. Note that the HOMO t2g orbitals are non-
bonding.
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production in these spinels is the anti-site defect, where a
B-cation substitutes for the A-cation on the Oh site, i.e.,
ZnRh in Rh2ZnO4. In Rh2ZnO4, at thermodynamic equilib-
rium, the calculated maximum number of acceptor-like
anti-site defects N(ZnRh) is approximately 1020 cm�3,
whereas the number of cation vacancies N(VZn) is 1017 cm�3

and N(VRh) is 1014 cm�3. The concentration of donor-like
defects N(RhZn) is 1015 cm�3, and N(VO) is 1010 cm�3.
Spinel oxides in general can be divided into four “doping
types (DTs)” depending upon the position of the main
donor and acceptor levels with respect to the band edges.
DT-I includes the usual materials in which the donor level
lies above the acceptor level in the band gap, i.e., a material
with both electrically active donors and acceptors. DT-II
systems are p-type materials that have the acceptor level in
the gap, and the donor level in the valance band continuum,
i.e., a material with only an electrically active acceptor.
DT-III would be n-type materials with the donor level in
the gap and the acceptor level in the conduction band, i.e.,
a material with only an electrically active donor. DT-IV
materials are insulators with deep donor levels below deep
acceptor levels. A more thorough explanation of these dop-
ing types will be given in a separate work. Rh2ZnO4 has
been found from first-principles calculations to be “doping
Type II” and shows p-type behavior. Having identified the
source of holes in non-stoichiometric spinels of the Rh2ZnO4

type, the next critical question is whether the conductivity is
band-like with a potentially high mobility, or small polaron-
like with a limited mobility.11

It is well known12–15 that excess holes or excess electrons
in polar materials could spatially localize around particular
displaced crystal sites, leading to self-trapping (a “small
polaron”) and impeded mobility.11 The transport
mechanism is referred to as small polaron hopping (SPH).
However, the rules deciding if such self-trapped states are
energetically favorable in a given system are still unclear.
Theoretical predictions are based either on semi-quantitative
model approaches (e.g., Mott-Littleton13), or on electronic
structure calculations, which face the problem to either
overly favor (Hartree-Fock methods) or disfavor (uncor-
rected density functional theory) polaronic localization.15

The experimental verification of small polaron conductivity,
for example, in the transition metal monoxides, is often
clouded by the effects of impurities and surfaces, and by
temperature-dependent changes of the transport mecha-
nism.14,16,17 A direct observation of free small polarons by
electron spin resonance, measuring the hyperfine splitting,
which serves as a microscopic fingerprint, was achieved in
few cases,18,19 but in most ceramic studies, such data are
not available. Yet, the understanding of whether excess
carriers are lattice-bound or not is critical to future applica-
tions of materials such as p-type TCOs. In this article, we
discuss the theoretical and experimental methodologies,
applied to the transport mechanism for holes in Rh2ZnO4

establishing a procedure for deciding the type of conductiv-
ity in the absence of directly observable microscopic
fingerprints.

In an earlier work, a thermally activated mobility has
been interpreted to imply a small polaron mechanism, based
on the activated mobility that was deduced from the
temperature dependence of the conductivity and the Seebeck
coefficient.5 However, without additional support, such com-
monly used interpretations based on temperature-dependent
transport properties20–24 may lead to good fits to the data
without rigorously implying a polaronic mechanism.
Employing a recently developed corrected density functional
first-principles theory, we find that self-trapping of holes is
endothermic both at the Rh- and at the O-site, suggesting
band, not polaronic conductivity. To gain further experi-
mental clues about the transport mechanism, we performed
high-field Hall-effect measurements (representing the first
successful Hall measurement on Rh2ZnO4) from which we

determined a mobility of l = 0.18 cm2/Vs. This mobility
lies above the Bosman & van Daal limit11 for SPH
(l << 0.1 cm2/Vs), hence suggesting that the mechanism is
not small polaron transport. Finally, we re-examine the ear-
lier transport analysis of Ref. [5], taking now into account
that the effective density of states NV is temperature-depen-
dent, and find that in the corrected analysis, the mobility is
not activated.

Taking into account the first-principles theory results, the
high-field Hall-measurement and revised transport analysis,
Rh2ZnO4 is consistently described as a band conductor. The
relatively low mobility can be explained by the rather large
effective density of states (see below), NV = 5 9 1020 cm�3 at
300 K, which corresponds to an effective mass of m�

h � 7 me.
This heavy hole mass originates from the fact that the highest
occupied molecular orbital (HOMO) (Fig. 1) is a non-bond-
ing state, and thus has no band-broadening due to Rh-d/O-p
hybridization. Interestingly, a similar ambiguity concerning
small polaron conduction has recently appeared in p-type
CuAlO2,

22,25 where a small polaron mechanism was deduced
for polycrystalline films,22 but band-conduction was observed
in single crystals.25 Such conflicts highlight the fact that
temperature-dependent transport measurements by them-
selves are unable to unambiguously determine the type of the
transport mechanism. Our present work illustrates the range
of additional approaches available to conclusively answer the
question whether band- or small polaron conductivity
prevails. Furthermore, the agreement between theory and
experiment opens the door to predicting the electronic prop-
erties of similar systems, facilitating an inverse approach to
materials design.

II. Experimental Procedure

(1) Bulk Fabrication Methods
A bulk ceramic specimen of intentionally biphasic, Zn-rich
Rh2ZnO4 was fabricated via solid-state reaction. Dry pow-
ders of rhodium (III) oxide (Strem Chemicals Inc., Newbury-
port, MA) with purity 99.9% and zinc oxide (Alfa Aesar,
Ward Hill, MA) with purity 99.99% were weighed on a
Mettler balance (Mettler-Toledo, Inc., Columbus, OH) with
0.1 mg accuracy and ground together thoroughly with
mortar and pestle. A pellet approximately 12.5 mm in diame-
ter and 1.5 mm in thickness was pressed at 125–130 MPa.
The pellet was surrounded with sacrificial powder, placed in
nested crucibles, fired at 975°C for 20 h, and slow-cooled in
air at 5°/min to prevent cracking due to thermal shock. The
sample was then re-ground and re-pressed, and subjected to
the same heat treatment.

The phase content was confirmed via X-ray powder dif-
fraction on a Rigaku diffractometer (Rigaku, The Wood-
lands, TX), with a CuKa radiation source and a Ni filter. A
step size of 0.05° and a count time of 1 s were used. The X-
ray pattern was matched to the fd�3m (PDF: 41-0134) and
P63mc (PDF: 01-070-8072) space groups.

The sample was made intentionally biphasic because
according to the Gibbs Phase Rule, at fixed temperature and
pressure, the number of degrees of freedom in a thermody-
namic system is F = C � P. In our three-component system,
F = 3�P, where P is the number of phases. If we set P = 1
(a single-phase system), then we must fix two variables at
equilibrium: oxygen partial pressure, and gZn/gRh, the ratio
of zinc to rhodium cations. Because of the sensitivity limits
in measuring powders, this ratio is almost impossible to fix,
leading to small variations in composition. However, if the
number of phases is intentionally set to P = 2, then the only
variable that must be fixed is the oxygen partial pressure,
which is easily accomplished. We expect that the ZnO second
phase is insulating and has a negligible effect on the conduc-
tivity of the sample. Electrical measurements on a sample of
Rh-doped ZnO (95 mol% ZnO, 5 mol% Rh2O3) confirm
insulating behavior.
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(2) Transport Measurements
Room temperature four-point DC conductivity and thermo-
power measurements were taken. The specimen was then cut
into a bar-shaped geometry with dimensions approximately
10.5 mm 9 4.5 mm 9 1.5 mm, and in-situ electrical mea-
surements were performed from 250°C to 580°C using a pre-
viously reported technique.26,27 For the Hall measurement,
the sample was attached to the copper tongue of an 8-pin
mount by a thin layer of adhesive grease, which was ther-
mally conductive, but electrically insulating. Four silver
stripes were pasted to the four sides of the sample, the width
ranging from 1.7 to 3.0 mm, and four indium contacts were
soldered onto the stripes. The indium contacts could not be
directly soldered to the sample because of its relatively high
thermal conductivity. The Van der Pauw method was used to
measure Hall resistivity as a function of magnetic field. As
the widths of the silver stripes (and hence the effective con-
tact areas) were large compared with the sample dimensions,
the Hall measurement was accurate to within 20%. Hall
measurements were carried out in a magnetic field up to
15 T with a 1.7 Hz alternating current source using lock-in
techniques, and averaging four up-and-down magnetic field
sweeps of both polarities. The data between 0 and 1 T have
been removed as they represent purely instrumental noise.

III. Results and Discussion

(1) Predictive First-Principles Theory for the Nature of
Holes in Rh2ZnO4

To predict from electronic structure theory whether a semi-
conductor (or insulator) shows band- or small polaron con-
ductivity, one needs a method that accurately describes the
energy difference between the delocalized state at the band
edge (here, the valence band maximum), and the localized
self-trapped state, which can usually be described by a
change in the oxidation state (here, Rh+IV instead of Rh+III

or O�I instead of O�II). Unfortunately, this requirement is
not generally fulfilled by standard electronic structure meth-
ods, like local density or Hartree-Fock calculations. The key
to recover the correct energy difference is to satisfy the gener-
alized Koopmans condition,28

EðNþ 1Þ � EðNÞ ¼ eNþ1ðNÞ (1)

requiring that the N ? N + 1 electron addition energy Eadd

equals the single-particle energy eN+1 of the unoccupied self-
trapped hole state in the N electron system before electron
addition. To predict the binding energies of acceptor states
that have the characteristic of impurity bound small
polarons,29 we have introduced in Ref. [28] a “hole-state
potential” Vhs, whose strength is controlled by a parameter
khs, which can be varied to satisfy the condition in Eq. (1).
The value of the parameter khs is not empirically adjusted,
but instead, it is determined so to satisfy the physical
condition in Eq. (1).

The potential Vhs is added to a standard density functional
calculation using the projector-augmented wave method
implemented in the VASP code.30 We use the exchange cor-
relation functional of Ref. [31] and the DFT+U method of
Ref. [32] (the moderate Coulomb energy of U = 3 eV, used
for the Rh-d and Ti-d orbitals, yields generally improved
band-structure and thermochemical properties in transition
metal oxides33). Finite-size effects in charged supercells have
been corrected for both the total34 and the single-particle35

energies in Eq. (1). Convergence tests have been performed
for the energy cutoff, Brillouin zone sampling and supercell
size, using cells up to 216 atoms.

We now apply the polaron theory, initially developed for
and applied to defect bound polarons,28 to the case of free
hole carriers, which allows us to predict theoretically the
conduction type (band-like or small polaron). We show in

Fig. 2 the hole self-trapping (ST) energy EST = ESP � EVB as
a function of the non-Koopmans energy DnK = Eadd � eN+1.
Here, ESP and EVB are the total energies for the hole in the
localized small-polaron (SP) and in the delocalized valence-
band (VB) states, respectively.

We see in Fig. 2 that the self-trapping energy in Rh2ZnO4

is positive (endothermic) for both the Rh-d and O-p holes
(Rh+IV and O�I, respectively). The polaronic Rh-d hole exists
as a metastable state with a local minimum 0.25 eV above
the ground-state delocalized valence band state. The O-p hole
is obtained in the calculation as a local minimum only for
excessively large parameters khs, but decays spontaneously
into the band-like state for a value of khs at which the
Koopmans condition, Eq. (1) is fulfilled. From extrapolation
(see Fig. 2), we estimate EST = +0.4 eV for the O-p hole in
Rh2ZnO4. Thus, our first-principles theory for a polaronic
hole state predicts Rh2ZnO4 as a band conductor. When we
apply the same methodology to the O-p hole in rutile TiO2,
where the formation of a small hole polaron in TiO2 has
been inferred from electron spin resonance,19 we find indeed
an exothermic self-trapping energy EST = �0.18 eV.

To understand why, according to theory, small polarons
are unstable in Rh2ZnO4, we recall that the self-trapping
energy can be written as the sum of a localization energy and
a relaxation energy,36

EST ¼ Eloc � Erel (2)

Thus, an exothermic EST requires that the relaxation energy
exceeds the localization energy. As seen in Fig. 1, the valence
band maximum (i.e., the HOMO) of Rh2ZnO4 is formed pre-
dominantly by the non-bonding t2g crystal field state of the
Rh-d orbitals. In the Oh point group symmetry of the A site
in the spinel lattice, this non-bonding state does not interact
with the p-orbitals of the O ligands. Therefore, a trapping of
a hole in the Rh-t2g state does not lead to the breaking of a
bond, which would cause large relaxations. Thus, the small
relaxation energy is not sufficient to stabilize the small
polaron. In contrast, the self-trapping of an O-p hole breaks
one of the bonds that is formed between the Rh-eg state and
the O-p ligands (see Fig. 1), leading to a large relaxation
energy in the order of 1 eV. However, as the O-p orbitals lie
at energies below the Rh-t2g state that forms the upper
valence band (see Fig. 1), there is a large energy cost Eloc to

Fig. 2. The polaron self-trapping energy EST as a function of the
non-Koopmans energy DnK for the Rh-d and O-p holes in Rh2ZnO4

(squares) and for the O-p hole in TiO2 (circles). At the physically
correct condition DnK = 0, the self-trapping is endothermic in
Rh2ZnO4, but exothermic in TiO2. The arrows indicate the trends of
Hartree-Fock (HF) and local density (LD) calculations, which do
not satisfy DnK = 0.
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localize a hole in an O-p orbital at such energies far below
the VBM. In the sum, Eloc � Erel remains positive (see
Fig. 2).

We conclude that employing the recently developed cor-
rected density functional first-principles theory we find that
self-trapping of holes is endothermic both at the Rh- and at
the O-site, suggesting band, not polaronic conductivity.

(2) High-Field Hall-Effect Measurements
From the analysis of conductivity and thermopower mea-
surements in Ref. [5], the room temperature mobility of
Rh2ZnO4 was estimated as 2.8 9 10�4 cm2/Vs. For such low
values, traditional Hall effect measurements are extremely
challenging, making direct measurement of the carrier density
a difficult task. Yet, it is precisely this type of measurement
that can provide rather strong evidence for conductivity type
in the absence of a direct microscopic measurement of free
small polarons by electron spin resonance.18,19

Here, we use a high-field setup allowing the measurement
of the Hall effect up to 15 T. We synthesized a bulk,
polycrystalline sample of nominally 90 mol% Rh2ZnO4 and
10 mol% ZnO prepared as described above. For these condi-
tions, which lead to the creation of an excess of ZnRh antisite
acceptors, we predict a net acceptor concentration of
NA � ND � 1020 cm�3 from our defect formation energy
calculations and thermodynamic modeling.10 As shown in
Fig. 3, we report here the first successful Hall measurement
on Rh2ZnO4, in either bulk or thin film form. The resulting
hole density of 1.4 ± 0.3 9 1020 cm�3 is consistent with the
predicted net acceptor concentration.

The room temperature conductivity was measured to be
0.84 S/cm by the four-point method. However, because this
sample is a bulk, porous, polycrystalline specimen, the con-
ductivity is corrected for porosity by employing the method
outlined by McLachlan et al.26 In this calculation, the con-
ductivity of the conducting phase is given by

rh ¼ rm
1� 3

2 f
(3)

where rm is the conductivity of the composite, and f is the
porosity fraction of the sample. The sample density was
determined by measuring the dimensions and mass of the
pellet. The resulting calculated density of 3.416 g/cm3 was
then divided by the theoretical density of 7.225 g/cm3 to
obtain a density fraction of 0.47, or a value of 0.53 for f.

Using this corrected conductivity of 4.0 S/cm, we obtain a
mobility of 0.18 cm2/Vs, which is much larger than the previ-

ous estimate in Ref. [5], and also lies above the theoretical
limit, l << 0.1 cm2/Vs, for SPH as described by Bosman and
van Daal.11 This mobility value should be considered a lower
limit, given the polycrystalline nature of the bulk specimen
employed. For example, bulk polycrystalline specimens of
the p-type TCO, CuAlO2, exhibited similar room temperature
mobilities on the order of 0.1 cm2/Vs or less.22,37 However,
single crystal values proved to be much higher (3 cm2/Vs in
the a-b plane).25

The high-field Hall measurements support the picture of
band conductivity, which we obtained by theory in the previ-
ous section. Although Hall effect versus temperature would
provide additional evidence for the non-activated mobility,
the apparatus employed was incapable of measurements in
the high temperature range of the electrical conductivity and
Seebeck coefficient measurements (250°C–580°C).

(3) Re-Examination of the Transport Analysis
Figure 4(a) shows high temperature simultaneous four point
conductivity and thermopower measurements from T = 250°C
to 580°C. Over this temperature range, the conductivity
changes significantly, but the thermopower is relatively
constant, only varying by about 20 lV/K. Traditionally, this
behavior has been interpreted to be characteristic of an
activated mobility. The latter was often assumed to reflect
polaronic conductance. We repeat the main steps of the
traditional analysis to disclose some subtle points.

The expressions for conductivity (r = pel) and reduced
thermopower,

Qred ¼ � Q

k=e
¼ ln p� lnNV � Að Þ (4)

0 2 4 6 8 10 12 14

Magnetic Field (T)

-1.0

-0.5

0.0

0.5

1.0

R
xy

 (
m
Ω

)

p = 1.4 ± 0.3 x 1020 cm-3

Fig. 3. The Hall resistance Rxy in a high-field setup, as a function
of the magnetic field, yielding a hole density of p = 1.4 ±
0.3 9 1020 cm�3. The data between 0 and 1 T have been removed as
they represent purely instrumental noise.

(a)

(b)

Fig. 4. (a) Conductivity and thermopower data from T = 250°C to
580°C. The conductivity changes significantly, but the thermopower
remains relatively constant. (b) Activated mobility analysis before
and after the correction for the temperature dependence of the
effective density of states NV(T) is considered. After the correction, a
slope of nearly zero is obtained, indicating that the mobility is not
activated. The ordinate axis on both plots spans the same range.
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can be combined to eliminate the carrier density p:

ln r�Qred ¼ lnlþ lnNv þ ln eþ A (5)

Here, l is the mobility, e is the elementary charge, k is the
Boltzmann constant, NV is the so-called effective density of
states, and A is a transport constant (between 2 and 4 for
band conduction, and typically zero for SPH24,38). The
mobility in a small polaron system is described by

l ¼ gð1� cÞea2m
kT

exp
�EH

kT

� �
(6)

where g is a geometric factor, a is the jump distance between
hopping sites, 1�c is the probability that a neighboring site
is available for exchange, m is the phonon frequency, and
EH is the hopping activation energy. In the traditional
polaron analysis, the experimental data are plotted as ln
r � Qred vs 1/T. Assuming that the effective density of
states is independent of temperature, the slope of this plot
yields the temperature dependence of the mobility, as shown
in Eq. (7)

@ðlnr�QredÞ
@ð1=TÞ ¼ @ðlnlÞ

@ð1=TÞ (7)

By applying the small polaron analysis from Ref. [5], “rea-
sonable values” for the hopping energy (EH = 0.16 eV) and
the phonon frequency (m = 4.25 9 1013 Hz) are obtained. In
the past, this self-consistent analysis alone was enough to
conclude small polaron hopping.

It turns out that the backing out from such a fit a reason-
able positive value of EH (i.e., bound polaron behavior) does
not provide a stringent demand on the data fitting. Indeed, if
we explicitly evaluate a temperature-dependent effective den-
sity of states NV(T) from the (density-functional) calculated
density of states g(E) of Rh2ZnO4,

NVðTÞ ¼
Z EVBM

�1
gðEÞexp�ðEVBM�EÞ=kTdE (8)

and plot ln r � Qred � ln NV vs 1/T, we see in Fig. 4(b) that
the mobility is practically constant when this temperature
dependence is taken into account. In the absence of an acti-
vated mobility, Rh2ZnO4 must be a band conductor, and not
a small polaron conductor. For a sensible value A = 2, we
obtain a mobility l = 0.12 cm2/Vs, demonstrating that the
revised high-temperature transport analysis is consistent
with the picture obtained from the room temperature Hall
measurement (see above).

IV. Conclusion

By incorporating recent methods in correcting density
functional theory methodologies for hole localization, we
have shown that theory predicts Rh2ZnO4 to be a band con-
ductor. In contrast, the high temperature electrical properties
of a bulk ceramic specimen were measured and traditional
analysis shows that the system has an activated mobility,
which is usually interpreted as an indication of small polaron
conduction. However, by incorporating the temperature
dependence of the effective density of states into our analysis,
we have shown that the mobility is independent of tempera-
ture. A room temperature Hall effect measurement on this
sample confirms that the mobility in this system is much
higher than previously thought, consistent with band conduc-
tion. These findings indicate that the fundamental limitation
in some spinel oxides is a heavy hole mass, instead of a

self-trapping hole, opening the door to the possibility of dis-
covering a transparent conductor with a light hole mass
through first principles.
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