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Perovskite tantalates have become potential candidates for water splitting photocatalysts. Therefore, it is of
importance to understand the behavior of the photoinduced excess charges in these materials. Herein, we inves-
tigate the formation of electron and hole polarons in NaTaO3 and KTaO3;. We perform Perdew-Burke-Ernzerhof
hybrid density functional PBEO(«) calculations, in which we define the fraction « of the Fock exchange by
enforcing the Koopmans’ condition, to properly account for self-interaction corrections in these calculations.
We find that the hole polaron mainly localizes on one oxygen site in both materials, leading to a structural
distortion where two Ta—O bonds are elongated. The electron polaron, on the other hand, localizes within one
atomic plane and exhibits a two-dimensional electron gas nature. Finally, we find that the strong localization of
holes leads to a low hole mobility at room temperature ~2.94 x 107° cm?/Vs and ~1.87 x 10~ cm?/Vs for

KTaO;5 and NaTaOs;, respectively.

DOI: 10.1103/PhysRevB.104.235158

I. INTRODUCTION

Green hydrogen production by photocatalytic water split-
ting is a promising technology. In order to make a
photocatalyst-based system, the catalyst must have a band gap
below ~3 eV, to achieve high photoactivity under sunlight
illumination. Furthermore, the redox potentials for H*/H,
and H,O/O;, must be straddled by valence-band (VB) and
conduction-band (CB) edges of the semiconductor material.
In addition to the aforementioned requirements, photocata-
lysts should impede the recombination of the photoexcited
electrons and holes, in order to enhance efficiency.

Perovskite structured tantalates with the general formula
ATaOs3, such as NaTaO3; or KTaOs [see Figs. 1(a) and 1(b)],
have been extensively studied and have shown high chem-
ical stability under (photo)electrochemical conditions, but
their light absorption is limited to UV radiation due to their
wide band gaps (NaTaO; = 4.1 eV, KTaO3; = 3.6 V) [1-4].
Despite this limitation, tantalates are still considered to be
promising materials for water splitting, for instance owing
to the development of strategies to reduce their band gaps
and therefore increase efficiencies [5,6]. In view of these
developments, it is of particular importance to gain a better
understanding of the behavior of the excess charge carriers
(holes and electrons) in these materials. In photocatalytic
applications, the photogenerated electrons and holes need to
diffuse efficiently through the material and reach the surface
where the reactions are taking place. This process can be dis-
rupted when photogenerated excess charges self-trap and form
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localized polarons accompanied by lattice distortion [7,8].
For example, in titanates (SrTiOs, BaTiOs3, PbTiOs3), self-
trapped (ST) holes/electrons have been observed and studied
computationally [9,10]. However, only one early computa-
tional study [using Hartree-Fock (HF) calculations] has been
reported on electron polarons in KTaOs3 [11,12] and none
for NaTaOs. Accurately predicting properties of self-trapped
polarons is challenging with density functional theory (DFT)
calculations using semilocal functionals because they suffer
from the self-interaction error, which tends to delocalize the
electronic states [13—15]. Therefore, modified DFT is re-
quired, as applied in hybrid HF/DFT methods, which have
been shown to successfully describe charge localization in a
wide range of semiconductor materials [16—18].

In this paper, we use hybrid DFT calculations to investigate
the formation of self-trapped holes and electrons in the cubic
phase of KTaO3 and the orthorhombic phase of NaTaOs3. We
first determine the fraction « of the Fock exchange that fulfills
Koopmans’ condition [19,20], hence minimizing the spurious
self-interaction. We assess the energetics and the structural

(b) NaTaO;

(a) KTaO5

FIG. 1. Bulk unit cell of (a) cubic KTaO3; with Pm3m space
group and (b) orthorhombic NaTaO; with Pbnm space group. The
elements K, Na, Ta, and O are shown with purple, yellow, brown,
and red spheres, respectively.
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distortions associated with the formation of hole and electron
polarons, and demonstrate that hole polarons are strongly
localized, while electron polarons are distributed within a
plane and exhibit a two-dimensional (2D) shape. Finally, by
employing the nudged elastic band (NEB) calculation [21],
we evaluate the activation energy of hole hopping and the hole
mobility in both materials.

II. COMPUTATIONAL DETAILS

Here, we use the Perdew-Burke-Ernzerhof PBEO(«) [22]
hybrid functional implemented in the CP2K package [23]. Fur-
thermore, we employ Gaussian-type molecularly optimized
(MOLOPT) basis functions [24] with a cutoff energy of
650 Ry for the expansion of the electron density into plane
waves. To describe the core-valence interactions, we use the
Goedecker-Teter-Hutter pseudopotentials [25]. To improve
the performance of Fock exchange calculations, we apply the
auxiliary density matrix method (ADMM) [26]. Since hybrid
calculations in CP2K use the I' point to sample the Brillouin
zone, we perform all calculations using sufficiently large su-
percells. We employ experimental lattice parameters for cubic
KTaO; (a = b = ¢ = 15.953 A) and orthorhombic NaTaOs
(a=10.953, b = 11.042, and ¢ = 15.577 A) [27,28].

III. RESULTS AND DISCUSSION

A. Fulfillment of Koopmans’ conditions

In this section, we define the fraction « of Fock exchange in
PBEO(«) for KTaO3 and NaTaOj; by verifying the Koopmans’
condition. To do so, we calculate the single-particle energy
levels induced by the hole polaron and the oxygen vacancy
(see Fig. 2). For these calculations we use supercells of 160
atoms for both perovskites. To find the polaronic geometry,
we apply the bond distortion method [29] by elongating two
Ta—O bonds around a specific oxygen site while removing
one electron from the system. This distortion leads to the
creation of a precursor potential well for localization of the
polaron and helps the system to converge easily to the stable
polaronic state. After a geometry optimization we find a hole
polaron mainly localized at one oxygen atom with a small
contribution at four closest oxygen atoms in both materials
[see Figs. 3(a) and 3(b)]. This localization is accompanied
by an outward displacement of Ta atoms which leads to an
elongation of the Ta—O bonds. The structures are distorted in
such a way that two Ta—O bonds increase by about 0.15 A for
KTaO; and 0.13 A for NaTaOs.

The polaronic configurations are then used to calculate the
corresponding occupied and unoccupied single-particle levels.
The unoccupied state is obtained from the calculation with
one electron missing, while the occupied one is found by con-
sidering a neutral system in the same geometry. We compute
the single-particle levels for two different values of «, 0.25
and 0.50. The crossing between the occupied and unoccupied
level corresponds to the value of o for which the Koopmans’
condition is satisfied.

It is worth noting that single-particle levels related to a
localized state need to be corrected to take into account the
electrostatic interactions between both periodic images of the
charge and the ionic polarization induced by the lattice distor-
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FIG. 2. Band edges and single-particle levels of a hole polaron
and oxygen vacancy (Vo) with respect to the fraction of Fock ex-
change « in (a) NaTaO; and (b) KTaOs. The solid lines and circles
represent the corrected levels and the corresponding corrected «. The
dashed lines and circles are uncorrected levels and the uncorrected .

tions. Therefore, we adopt the scheme developed by Falletta
et al. [30], to apply finite-size corrections needed to define
correctly the single-particle energy levels. We calculate the
finite-size corrections using the experimental values of the
high-frequency and static dielectric constants €, and €y of
KTaOj and NaTaOs3 [31,32]. The corrections are calculated as

-2
8505“ = 7Ecorr(q» €0) )
for the occupied level, and
-2
efosrr = —,Ecorr(q + ‘I;)ola 6oo) (2)
q + qpol

for the unoccupied level, where X5 is the correction to the

Kohn-Sham (KS) polaron level, and Eo(g + q;m], €00) and
E.or(q, €9) are the finite-size electrostatic corrections calcu-
lated for the high-frequency and the static dielectric constants,
respectively. g of +1 is the charge of the hole polaron, and
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FIG. 3. The spin density isosurface (0.065 ¢/A?) representation
of (a) top and (c) side views of a self-trapped hole in NaTaOs3, (b) top
and (d) side views of self-trapped hole in KTaOs, and (e) and (f)
side views of the second configuration of a self-trapped hole (parallel
to the z direction) in NaTaO; and KTaOs, respectively. Na atoms
are shown in yellow, K atoms in purple, Ta atoms in brown, and O
atoms in red. For clarity, we removed the cations (Na and K) from
the side-view figures (c)-(f).

ql’)01 is the polarization charge caused by the polaronic distor-
tion [30].

Including the corrections shifts the single-particle levels
significantly, affecting the value of o for which the Koop-
mans’ condition is fulfilled. For the polaronic distortion,
we find apotaron = 0.23 for NaTaOs (significantly larger than
the value found before applying electrostatic corrections,
Quncorr = 0.15) [see Fig. 2(a)]. The value of polaron 18 in good
agreement with a recently reported o for NaTaOj3, calculated
as the inverse of the high-frequency dielectric constant (et , =
0.23) [33]. For KTaO3, we find opolaron = 0.22 [again larger
than the uncorrected value aypcorr = 0.15; see Fig. 2(b)].

The optimal fraction « should only depend on the material
and not the defect type. Therefore, to make the choice of «
more robust, we also consider electron localization related
to the oxygen vacancy (Vo). We consider the transition from
the formal charge state of this defect (+2), to the one corre-

TABLE 1. Dielectric constants €., and ¢, and fractions of Fock
exchange « that fulfill the Koopmans’ condition in KTaO; and
NaTaO;, calculated using uncorrected and corrected positions of the
single-particle levels.

Uncorrected Corrected €
Upolaron (47 Qpolaron Ay, €0 €0
KTaO; 0.15 0.12 0.22 0.24 4.35 221

NaTaO3 0.17 0.13 0.23 0.26 4.40 200

sponding to the localization of one extra electron on the defect
(4+1). We perform calculations for the unrelaxed defect (one
oxygen atom removed from the pristine cell). As in the case
of the hole polaron, we calculate the single-particle energy
level for two different values of «, 0.25 and 0.50, in the
two considered charge states. Consequently, after considering
finite-size corrections, we obtain the values of ay, = 0.24 and
0.26 for KTaO3 and NaTaOs, respectively.

The calculated values of « which satisfy Koopmans’ con-
dition (by hole polaron and oxygen vacancy) are similar. In
NaTaOs, the calculated « using Vo (¢ = +1 and +2) is higher
by only 0.02 than the one for the hole polaron case, while
for KTaO5 the difference is about 0.03. We note that over-
all, the fractions of Fock exchange obtained by considering
Koopmans’ condition in both perovskite oxides are close to
the value of 0.25 used in the standard PBEO functional (see
Table I).

B. Electron and hole polarons

While verifying Koopmans’ condition, we focused on the
self-trapped hole. We now turn to the case of a self-trapped
electron. This is done by adding an electron to a system with
an initial distortion where the oxygen bonds around a specific
Ta site are elongated. In Fig. 4 we show the spin density of the
added electron after a full relaxation, where we see clearly a
uniform spread of the spin density over the Ta sites belonging
to a single (001) plane for NaTaO3 and to a single (110) plane
for KTaO3;. We observe that the electron localization has a
2D shape where a fraction of the electron density localizes on
different Ta atoms of the same plane in a shape of d or-
bitals [see Figs. 4(a) and 4(b)]. This is in agreement with
the composition of the conduction-band bottom of NaTaO;
and KTaOj3 [2,34]. This large electron polaron does not sig-
nificantly distort the structure, at variance to the case of the
hole polaron. The 2D character of the electron polaron is in
good agreement with the existence of a 2D electron gas re-
ported for KTaOs3, SrTiO3 and at interfaces of SrTiO3/KTaO3
and SrTiO3/NaTaO3; [35-39]. Additionally, a recent study by
Tang et al. (using PBEO with o = 0.23) reported a similar
electron localization behavior for Sr-doped NaTaO;, where
substituting Na by Sr led to a distribution of the extra elec-
tron on all the Ta atoms of the (001) plane close to the Sr
dopant [33].

Having determined the amount of Fock exchange for which
the Koopmans’ condition is fulfilled, and the polaronic ge-
ometries, we can now investigate the energetics of hole and
electron polarons in NaTaO3; and KTaOj3. To characterize the
polaronic states, we calculate their binding energies, which
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FIG. 4. The spin density isosurface (0.045 e¢/A%) representation
of (a) and (c) top and side views of the 2D shape [plane (001)] of
electron localization in NaTaOs3, respectively. (b) and (d) Top and
side views of the 2D shape [plane (110)] of electron localization
in KTaOj;, respectively. Na atoms are shown in yellow, K atoms
in purple, Ta atoms in brown, and O atoms in red. For clarity,
we removed the cations (Na and K) from the side-view figures (c)
and (d).

are defined as follows,

Ey, = E,[polaron] — Eg[pristine] + gec/y + Ecorr,  (3)

where Ey[pristine] is the energy of the neutral nondistorted
structure and E,[polaron] is the energy of the fully relaxed
polaronic state, with ¢ denoting the excess of charge (g = +1
for ahole, g = —1 for an electron), €./, is the position of CBM
(for the electron) or the VBM (for the hole), and E,,; is the
electrostatic finite-size correction.

In the case of hole polarons, calculated binding energies are
negative for both materials. This means that hole localization
is preferred to delocalization, and that self-trapped holes are
stable in both KTaO; and NaTaOj3. Furthermore, the binding
energies in KTaO3 (E, amounting to —0.97 eV) are larger than
in NaTaO;3 (E, amounting to —0.58 eV). We also note that
while in KTaOs; there is only one polaronic state due to the
cubic symmetry of the structure [see Fig. 3(f)], in NaTaO;
which is orthorhombic, there are two nonequivalent states.
In this case, we find that the state with both elongated Ta—O
bonds lying in the (001) plane is by 54 meV lower in energy
than the one where the elongated bonds are parallel to the z
direction [see Fig. 3(e)].

We report binding energies of the hole and electron
polarons calculated with different parametrizations of the
PBEO(«) functional in Table II. We note that using the
standard PBEO functional («¢ = 0.25) does not lead to any
qualitative change in the hole polaron stability. However, the
use of the standard PBEO method instead of a functional ful-
filling Koopmans’ condition leads to an overestimation of the

TABLE II. The calculated binding energies for fractions of Fock
exchange o that fulfills the Koopmans’ condition and the standard
value (0.25) for KTaO3 and NaTaOs.

E,, (hole) (eV) E, (electron) (eV)

Qpolaron (47 Q.25 Qpolaron Ay, Q.25
KTaO3 -093 -101 -105 —-044 —-043 —-043
NaTaO; —-054 -063 -0.61 —-0.17 -022 -0.21

binding energy for KTaO3; (120 meV for apolaron), While the
difference is less pronounced in the case of NaTaO3 (70 meV
for Olpo]aron)~

We now calculate the binding energies of the electron
polarons. Despite the fact that electrons only exhibit a weak
localization in the considered materials, we find their binding
energies to be relatively strong (between about —0.2 and
—0.4 eV). We also remark that the binding energies of the
electron polarons are less affected by the value of the o param-
eter, compared to the case of the hole polaron (see Table II).

C. Mobility of polarons

Strong charge localization, such as the one observed in
the case of excess holes in both tantalates, can affect charge
mobility and their photocatalytic properties. The most stable
surfaces of NaTaO3; and KTaOs are (001)-oriented [40,41],
therefore, we assess the activation energy for hole hopping
along the (001) direction between the most stable configura-
tions through nudged elastic band (NEB) calculations [21].
We note that in principle the energy barrier calculated from
NEB could be affected by finite-size corrections. However, in
the present case the charge remains localized at all steps along
the path, meaning that the corrections for all configurations
should be close and largely cancel each other out. Moreover,
with dielectric constants €y of both materials being large (see
Table I) the finite-size corrections are very small (the order
of 0.01 eV). Therefore, even if they do not cancel out ex-
actly, they do not significantly affect our NEB calculations.
In KTaOs3, hopping along the direction (001) can take place
along two different paths. One corresponds to the polaron
hopping directly between the neighboring TaO, planes (A to
B in Fig. 5), with the energy barrier of 340 meV. The second
one involves hopping between TaO, and NaO layers (C to D in
Fig. 5), with a similar energy barrier of 348 meV. In the case of
the orthorhombic NaTaOs, hopping between the most stable
oxygen sites along the (001) direction involves two different
pathways to migrate from one TaO, layer to another, a longer
one (C to A with the energy barrier of 248 meV) of 4.28 A and
a shorter one (A to B with the energy barrier of 219 meV) of
3.49 A. In addition, we observe that the charge is transferred
between the two oxygens through a transition state where the
hole is localized at the final polaronic site, which is consistent
with the nonadiabatic hopping.

Next, according to the Emin-Holstein formalism [42], in
the transition region between the two domains (nonadiabatic
and adiabatic), the nonadiabatic hopping probability is com-
parable to its adiabatic counterpart. Therefore, we estimate the
hole mobility (u) [43—45] in both materials as

= [ea’wy/kpT ) exp(—E,/kT), 4)
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FIG. 5. The migration energy barriers of a hole polaron for the
considered migration pathways in NaTaO3 and KTaOs.

where a is the hopping distance between the two oxygen
sites (A to B), kg is the Boltzmann’s constant, T is the
temperature, wy is the longitudinal phonon frequency, and
E, is the hopping activation energy. Through this formula,
we find the hole mobility at room temperature (300 K) in
KTaO5 to amount to 2.94 x 10~° cmz/Vs, for E, = 340 meV,
a=2398 A, and wo = 826 cm™~! [46]. For NaTaOs, the hole
mobility is 2.52 x 10~* cm?/Vs for the longest pathway (a =
4.28 A, E, = 248 meV), and 1.23 x 10~ cmz/Vs for the
shortest pathway (a = 3.49 A, E, = 219 meV) at room tem-
perature and wy = 855 cm~! [31]. Our estimations of the hole
mobilities show that the holes are more mobile in NaTaO3
than KTaOj3, which is consistent with the more localized hole

state in KTaO3; and the lower photocatalytic activity com-
pared to NaTaO; [47]. To the best of our knowledge, the
experimental values of carriers mobility are unfortunately
lacking for NaTaO3, and KTaOj3. As for the electron polaron,
its two-dimensional localization indicates that the hopping
mechanism cannot be applied. However, we expect that while
the mobility of electrons in the direction normal to the po-
laron density will be limited, they can easily migrate to the
surface in the parallel direction, which could be beneficial
for photocatalytic reactions [48]. This predicted high mobility
of electrons in NaTaO3; and KTaO; is in contrast to what
was modeled in a non-perovskite tantalum-based oxide and
nitrides, where the electron polaron mainly localizes at one
Ta site, leading to mobilities of 9.41 x 107> cm?/Vs (for -
TaON) and 9.96 x 10~* cm?/Vs (for TasNs) [44,49].

IV. CONCLUSIONS

In the present study, we have investigated the properties
of the excess holes and electrons in NaTaO; and KTaOs.
First, we showed the importance of fulfilling the Koopmans’
conditions and finite-size corrections in a hybrid functional
PBEO(«)-based study. We adopted two types of defects, a hole
polaron and an oxygen vacancy to determine the fraction o of
the Fock exchange. Next, we showed that small hole polarons
are formed in both NaTaO3 and KTaOs. The self-trapped holes
are localized mainly on one oxygen atom, with a small frac-
tion of density spread over four neighboring oxygen atoms.
This localization is accompanied by structural distortions
where Ta—O bonds are elongated by about 0.13 A for NaTaOs
and 0.15 A for KTaO3;. We estimated that a hole polaron
in KTaO3 has a mobility of 2.94 x 107% cm?/Vs at room
temperature which is two orders of magnitude lower than that
of NaTaOj; because of its stronger binding energy. In contrast
to the small hole polarons, electron polarons were found to
be larger and distributed on different Ta atoms belonging
to the same plane, in a 2D-electron-gas-like shape. Overall,
our results have implications for application of tantalate per-
ovskites in photocatalysis. On the one hand, the low mobility
of the hole polaron compared to the electron could retard the
electron-hole recombination, but on the other hand, it limits
the diffusion of the holes to the surface and therefore reduces
its activity. Finally, our study lays the groundwork for further
experimental or theoretical investigations to deepen our un-
derstanding of polaron transport in tantalate perovskites.
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