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The behavior of holes in the valence band of BaTiO3 is investigated using hybrid density-

functional calculations. We find that holes tend to self-trap, localizing on individual O atoms and

causing local lattice distortions, forming small hole-polarons. This takes place even in the absence

of intrinsic defects or impurities. The self-trapped hole (STH) is more energetically favorable than

the delocalized hole in the valence band. The calculated emission peak energy corresponding to the

recombination of a conduction band electron with a STH can explain the observed photolumines-

cence at low temperatures. The stability of the STH, its migration barrier, and the related emission

peak are then compared to those of SrTiO3. Published by AIP Publishing.
https://doi.org/10.1063/1.5036750

I. INTRODUCTION

Among the perovskite oxides, barium titanate (BaTiO3)

has been widely studied, both experimentally and theoretically,

as a ferroelectric,1–3 high-k dielectric4,5 and a photorefractive

material.6 Owing to these properties, BaTiO3 is a promising

material for many technological applications, including multi-

layer ceramic capacitors,7,8 gate dielectrics,9 photocatalyst,10,11

and holographic storage.12 In all these applications, intrinsic

point defects and impurities are likely to play important roles.

Charge localization, in the form of small polarons, near or in

the absence of these defects, is expected to significantly impact

the electronic and optical properties of this perovskite oxide.

For another perovskite oxide, SrTiO3, it has been

recently proposed that the observed room-temperature blue

luminescence is associated with the recombination of a small

(electron) polaron bound to an oxygen vacancy and a hole in

the valence band,13 while the recombination of a free elec-

tron and a self-trapped hole (STH) was predicted to give rise

to the observed green luminescence at low temperatures.13

For BaTiO3, it has been reported that the photoconduc-

tivity does not scale linearly with light intensity,14,15 and this

effect is often attributed to the presence of hole traps above

the valence band, which reduces the lifetime of the free

holes.16,17 The existence of small polarons in BaTiO3 and

their effect on the optical and transport properties have long

been inferred from experiments and suggested as the cause

of green luminescence in single crystals.18–20 The charge

transport properties, such as drift mobility, were explained

by small-polaron hopping mechanisms.21 However, it is cur-

rently unclear whether the electron or hole small polarons

are the causes of the observed phenomena.

Despite a number of experimental reports focusing on

polaronic effects in BaTiO3, only a few theoretical studies

are available. A computational modeling study using the

embedded molecular cluster model suggested that holes in

cubic BaTiO3 are self-trapped instead of being delocalized in

the valence band.22 The polaron absorption energy was also

reported and claimed to agree with the experimental observa-

tion.22 Later on, an explanation, based on semi-empirical

quantum chemistry modeling, was put forth to explain the

observed green luminescence.23 Recently, improved calcula-

tions for the behavior of holes in oxides, based on the hybrid-

functional density-functional theory (DFT), were introduced

and applied to various metal oxides,24–27 including the perov-

skite SrTiO3.13,28 It was found that a hole in SrTiO3 tends to

be self-trapped, localizing on one oxygen atom. The self-

trapped hole was proposed to be responsible for the green

luminescence in SrTiO3 at low temperatures. However, for

the holes in BaTiO3, such a detailed study is not available.

Using hybrid-functional calculations, we investigate the

behavior of holes in BaTiO3 and draw comparisons to SrTiO3.

Our approach overcomes the shortcoming of the semi-

empirical quantum chemistry methods based on Hartree-Fock

(HF) formalism that overestimates the bandgap, as well as the

local density approximation (LDA) or generalized gradient

approximation (GGA) that underestimates the bandgap. Total

energies, electronic structures, and structural relaxations are

consistently computed within the same framework.

Our results reveal that a hole prefers self-trapping to

delocalizing in BaTiO3. The self-trapped hole is even more

stable in BaTiO3 than in SrTiO3 and likely to be observed at

relatively higher temperatures. The emission peak energy

from the recombination of an electron in the conduction

band and a self-trapped hole was determined by constructinga)Author to whom correspondence should be addressed: pakpoom.r@ku.ac.th.
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a configuration coordinate diagram and found to give rise to

the luminescence at 2.17 eV. Finally, we determined the

migration of the self-trapped hole and drew comparisons

with available experimental data on the transport properties.

II. METHODOLOGY

Our calculations are based on DFT and the screened

hybrid-functional proposed by Heyd, Scuseria, and Ernzerhof

(HSE06)29 as implemented in the VASP code.30 Projector

augmented wave potentials with 10, 4, and 6 valence elec-

trons for Ba (5s25p66s2), Ti (4s23d2), and O (2s22p4) were

used to describe interactions between the valence electrons

and ionic cores. The use of the standard mixing parameter of

25% HF exchange (a¼ 0.25) gives an indirect bandgap R-C
of 2.94 eV and a direct gap C-C of 2.99 eV. The calculated

bandgap is slightly smaller than the experimental value of

3.20 eV for the cubic phase.31 The calculated lattice parame-

ter of 3.994 Å is in excellent agreement with the experimental

value of 3.996 Å.32 Compared to other theoretical approaches

that are generally employed to correct the wave-function

localization of defects such as HF,33 DFTþU,26,34 or self-

interaction correction,35 HSE06 functional has been proven

to be a useful tool to accurately describe the electronic struc-

ture of host materials and defect levels. The standard mixing

parameter of the HF exchange (a¼ 0.25) was suggested to

correctly describe polaronic and defect levels in group-IV

semiconductors36 and TiO2
37 as the self-interaction error is

minimized, and thereby, the generalized Koopmans theorem

is fulfilled. Often, optimizing HF mixing parameters to best

reproducing the experimental bandgap is done for polarons

and defects calculations of metal oxides. However, the con-

clusions are generally not very sensitive to the choice of

a.24,38 Recently, optimized HSE was demonstrated to suc-

cessfully reproduce the bandgap and predict the accurate

defect level in Ga2O3.39 Test calculations show that the self-

interaction error is small for a¼ 0.25, and our qualitative con-

clusion remains valid for a¼ 0.30, which reproduces the

experimental bandgap (see supplementary material).

To study a small polaron, a supercell of 135 atoms,

which is a 3� 3� 3 repetition of the five-atom primitive cell

of cubic BaTiO3, is used as the starting structure. A single

special k-point (1/4, 1/4, 1/4), which is equivalent to 27 k-

points in a primitive cell, was used for integrations over the

Brillouin zone of the supercell, and the energy cutoff for the

plane-wave expansion was set to 400 eV. All atoms were

relaxed until the residual forces are less than 0.01 eV/Å.

Similar settings were adopted to calculate the hole localiza-

tion in the cubic SrTiO3 for comparison. Note that while we

choose to study both SrTiO3 and BaTiO3 in the cubic phase

for simplicity and ease of comparison, the cubic phase of

BaTiO3 is known to be stable only at temperatures higher

than 120 �C.31 Because technically, the calculations are per-

formed for the system at low temperature, when the symme-

try is broken, despite the constraints of the external structure

to be cubic, BaTiO3 gains some energy by internal structure

distortions even without any defect. In order to obtain correct

hole localization energy, this distorted structure, which is the

lowest calculated energy, is used as the reference point for

the ground-state energy of pure BaTiO3 (see supplementary

material).

III. RESULTS AND DISCUSSION

To simulate a hole in BaTiO3, we removed an electron

from the supercell. Removal of an electron from the valence

band of the perfect, non-distorted BaTiO3 lattice geometry

results in the delocalized hole state, i.e., with a hole at the

top of the valence band (valence-band maximum, VBM).

The hole state is uniformly distributed over the whole super-

cell. However, a localized hole can be stabilized by initially

extending the Ti-O bonds around one of the oxygen atoms.

In the view of the electronic states, the extension of the Ti-O

bonds leads to an in-gap state, and the hole is placed in this

state instead of the VBM. Figure 1 shows the density of

states (DOS) of the BaTiO3 and SrTiO3 supercell containing

a localized hole and the charge density associated with the

localized hole state in the gap, which is at 1.07 eV above the

VBM in BaTiO3. For comparison, the localized hole state at

0.82 eV above the VBM in SrTiO3 is also shown.

The charge density of the hole state (Fig. 1) in both

BaTiO3 and SrTiO3 shows a strong O 2p orbital character,

mostly localized on one O atom, with a very small distribu-

tion on the neighboring O atoms. The localization arises

from the strong coupling to lattice; the localized charge and

the local lattice distortion are the small polaron.40

The stability of the STH is determined by the difference

between total energies of the localized hole hþpolaron (includ-

ing the energy cost of the local lattice distortion) and the

delocalized hole hþVBM in the perfect supercell, which we

define as the hole self-trapping energy EST

EST ¼ Etot BaTiO3 : hþpolaron

h i
� Etot BaTiO3 : hþVBM

� �
; (1)

where Etot½BaTiO3 : hþVBM� is the total energy of the supercell

containing a delocalized hole in the VBM and Etot½BaTiO3 :
hþpolaron� is the total energy of the supercell containing the

STH. The calculated EST is �0.20 eV in BaTiO3, which is

much larger in magnitude than in SrTiO3 (�0.04 eV); previ-

ous calculations reported values of �0.013 eV (Ref. 28) and

�0.05 eV (Ref. 13) for STH in SrTiO3. These negative

FIG. 1. Calculated density of states (DOS) of BaTiO3 and SrTiO3 containing

the self-trapped hole. The dashed vertical line in the DOS plot indicates the

highest occupied state. Charge distributions of the polaronic hole state local-

ized on the oxygen atom (O*) are shown on the right.
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values of EST indicate that the hole prefers to be self-trapped

instead of delocalized. The larger jESTj in BaTiO3 than in

SrTiO3 indicates a stronger tendency for localization (trap-

ping), which is consistent with the position of the STH state

with respect to the VBM (1.07 vs. 0.82 eV). Our calculated

EST in BaTiO3 is also in good agreement with the previously

calculated value of �0.25 eV by HSE06.41 The two local Ti-

O bonds are elongated by 6.3% in BaTiO3 and by 4.5% in

SrTiO3. To understand the large difference in EST between

BaTiO3 and SrTiO3, we decompose self-trapping energy into

electronic and strain contributions25

EST ¼ ELAT þ EEL: (2)

We define the strain energy contribution (ELAT) as the energy

difference between the supercells with and without the lattice

distortion associated with the small polaron but in the charge

neutral state. This term represents the energy required to dis-

tort the lattice to accommodate the small polaron. The elec-

tronic contribution is thus EEL ¼ EST � ELAT, which is

related to the position of the hole state with respect to the

VBM, i.e., the electronic energy gained by placing the hole in

the localized p-like state in the gap. We find ELAT¼ 0.66 eV

in BaTiO3 and 0.60 eV in SrTiO3 while EEL¼�0.86 eV in

BaTiO3 and �0.64 eV in SrTiO3, as listed in Table I. The

STH is more stable in BaTiO3 compared to SrTiO3 due in

large part to the electronic energy. The energy penalty to dis-

tort the lattice to accommodate the small polaron is compara-

ble in both BaTiO3 and SrTiO3.

We also evaluated the energy barrier between the delo-

calized hole and the STH configuration by calculating the

total energies for a series of intermediate structures, con-

structed by interpolating the atomic positions between undis-

torted (delocalized hole) and distorted (self-trapped hole)

lattice geometries. In BaTiO3, we find almost no energy bar-

rier as shown in Fig. 2, in contrast to the results reported for

the binary oxides.24 Our result suggests that once a hole is

created in the valence band of BaTiO3, it will be readily con-

verted into a self-trapped hole.

In addition, to assure the stability of STH in the room-

temperature phase of BaTiO3, we adopted the tetragonal 135-

atom supercell to simulate a hole in the valence band. Using

similar settings as for cubic BaTiO3, a bandgap (indirect) of

3.04 eV and lattice parameters, a¼ 3.968 Å and c/a¼ 1.043,

were obtained. We find that in tetragonal BaTiO3, the hole also

prefers self-trapping to delocalization. Due to the symmetry,

now there are two possible self-trapped hole configurations: the

in-plane and out-of-plane configurations. The self-trapped hole

localizing on the in-plane and out-of-plane O atoms (Fig. 3)

gives EST of �0.22 and �0.01 eV, respectively. Much larger

value of EST in the in-plane configuration compared to that the

in out-of-plane configuration suggests that holes are readily

self-trapped, localizing on O atoms with Ti-O-Ti bonds along

in-plane axes in tetragonal BaTiO3. The strain and electronic

energy contributions of both STHs in tetragonal BaTiO3 are

listed in Table I. Large EEL of both STHs is consistent with the

positions of the STH state with respect to the VBM (�1.1 eV).

The larger EST of in-plane STH results from the smaller ELAT,

since EEL of both STHs are comparable.

Next, we discuss the optical transitions associated with

the self-trapped hole by constructing a configuration coordi-

nate diagram based on the Franck-Condon principle as shown

in Fig. 4(a). The electron-hole pair is created by an incident

photon with energy higher than the bandgap. The hole

becomes self-trapped, and the conduction-band electron can

recombine with the self-trapped hole, thereby, resulting in

light emission with energies lower than the bandgap. Here,

the electron is assumed to be located at the conduction-band

minimum, and the formation of self-trapped exciton (a

conduction-band electron bound to a STH via the Coulomb

interaction) is neglected. Our calculated emission peak

energy in BaTiO3 is 2.17 eV, slightly smaller than the experi-

mentally observed photoluminescence (PL) centered at

2.43 eV at 77 K.18,19 This discrepancy could be attributed to

the difference in the calculated and experimental bandgap of

BaTiO3 or to the restriction of Franck-Condon approximation

in which the electronic transition must be much faster than the

TABLE I. Self-trapping energy (EST) of the hole polaron in BaTiO3 and

SrTiO3. Lattice strain energy (ELAT) and electronic energy (EEL) are also

listed.

EST (eV) ELAT (eV) EEL (eV)

Cubic SrTiO3 �0.04 0.60 �0.64

Cubic BaTiO3 �0.20 0.66 �0.86

Tetragonal BaTiO3

Out-of-plane �0.01 0.90 �0.91

In-plane �0.22 0.63 �0.85

FIG. 2. Configuration coordinate diagram for the transition from the delocal-

ized hole to the localized hole in BaTiO3.

FIG. 3. Charge distributions of the polaronic hole state localized on the (a)

out-of-plane and (b) in-plane oxygen atoms.
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lattice relaxation. Nevertheless, our test calculations give the

emission peak associated with STH of �2.2 eV, regardless of

a values (0.20 and 0.30). The interaction of STH and native

defects also could be a source of this discrepancy. A large

half-width of 0.9 eV (Ref. 19) suggests that the observed PL

peak involves strong electron-phonon coupling, with a large

Stokes shift due to the large lattice distortions, as in the case

of the STH. Using a similar procedure, we find that both

STHs in tetragonal BaTiO3 yield the emission peak energy of

2.25 eV, close to the value obtained in the cubic phase.

The smaller value of calculated emission energy of

2.17 eV in BaTiO3 compared to that in SrTiO3 of 2.47 eV is

consistent with the deeper hole-trapped state (Fig. 1) at which

photoexcited electrons recombine with self-trapped holes,

considering that the bandgaps of BaTiO3 and SrTiO3 are com-

parable. Since EST is much larger in BaTiO3 than in SrTiO3,

we thus expect that holes can be readily self-trapped in

BaTiO3 at higher temperatures much higher than in SrTiO3.

Since small hole polarons introduce unoccupied states in

the bandgap, electrons in the valence band can be transferred

to the polaronic states by light absorption, leaving delocal-

ized holes in the valence band, as shown in Fig. 4(b). The

delocalized holes subsequently become self-trapped again by

emitting or absorbing phonons. The absorption energy is

given by the energy difference between the supercell con-

taining the delocalized hole state but in the STH lattice con-

figuration and the supercell containing STH in its relaxed

lattice configuration. However, the total energy of the super-

cell containing the delocalized hole in the STH lattice con-

figuration is inaccessible. The absorption peak is thus

estimated by the sum of the modulus of EST (0.20 eV) and

ELAT (0.66 eV), which is 0.86 eV.

We also considered another optical excitation mecha-

nism involving a hopping process. In this mechanism, the

small polaron is excited out of its self-trapping potential well

and is subsequently transferred to another self-trapping state

accompanied by a lattice distortion at a neighboring lattice

site. This transition between two localized states corresponds

to the photon-assisted hopping of the polarons, as shown

in Fig. 4(c). The absorption energy is given by the energy

difference between the initial state in which the hole is local-

ized on a given O atom (O1) and a final state in which the

hole is localized on a neighboring O atom (O2) but with the

same lattice configuration as that of the hole localized on the

O atom in the initial state. The absorption energy can be esti-

mated from the migration barrier of the polaron as

4Eb¼ 4� 0.28¼ 1.12 eV,42 where Eb is the migration barrier

of the STH, as discussed below.

We address the transport properties associated with the

STH by investigating its migration in the BaTiO3 lattice. The

mobility of STH can be described by the migration barrier of

the STH between two neighboring oxygen sites. To deter-

mine this energy barrier, we first performed two separate cal-

culations, one for the small polaron on the O1 and the other

on the O2 atoms. An interpolation scheme was used to deter-

mine the intermediate configurations for which the atomic

positions are R ¼ xRi þ ð1� xÞRf , where Ri and Rf are the

coordinates of all atoms in the supercell associated with ini-

tial and final configurations. The electronic structure for each

intermediate configuration was then solved self-consistently,

and the total-energy difference between intermediate config-

urations and initial and final configuration is plotted in

Fig. 5(a). The saddle point x¼ 0.5 in the migration path

yields an energy barrier of 0.28 eV. The higher energy bar-

rier in BaTiO3 compared to SrTiO3 (Eb¼ 0.07 eV)28 is con-

sistent with the more localized hole state in BaTiO3. In

addition, we analyzed the Bader charge43 on the two neigh-

boring O atoms associated with the small polaron hopping.

The maximum absence of electrons of þ0.34e with respect

to an O atom without STH is actually found on the O1 and

O2 atoms for x¼ 0 and 1, respectively. Figure 5(b) shows

the absence of electrons on the two adjacent O atoms as the

localized hole migrates from one O atom to the other. At the

saddle point, the spin density is equally distributed on the

two neighboring O atoms (electron absence of þ0.12e each).

The corresponding atomic configurations and the spin den-

sity of the small polaron in the migration path, shown in Fig.

5(c), reveal that the STH is gradually transferred from one O

site to the nearest neighbor O as x increases.

If the migration of small polarons occurs through ther-

mally activated hopping, the hole mobility (l) can be approx-

imated by l ¼ ½ea2x0=kBT�½expð�Eb=kBTÞ�, where a is the

hopping distance, i.e., the distance between the neighboring

oxygen atoms, x0 is the longitudinal phonon frequency, and

Eb is the energy barrier for polaron hopping displayed in Fig.

5(a). Using Eb¼ 0.28 eV from our calculations, a¼ 2.819 Å

FIG. 4. Schematic diagrams of the opti-

cal emission and absorption mechanism

of self-trapped holes in BaTiO3. (a) An

photoexcited electron in the conduction

band recombines with the self-trapped

hole, resulting in light luminescence

centered at about 2.17 eV, (b) the transi-

tion from the localized hole state to the

delocalized hole state in the valence

band, and (c) the transition between two

neighboring polaronic states. Eabsor is

estimated by 4Eb as described in the

text.
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and x0¼ 700 cm�1,44 the hole mobility at room temperature

(300 K) in BaTiO3 is 1.28� 10�5 cm2 V�1 s�1. This low

value of hole mobility indicates that any holes introduced in

BaTiO3, by, e.g., doping with shallow acceptors, will be all

self-trapped, and no significant p-type conductivity can be

obtained. Our calculated energy barrier and hole mobility are

in reasonable agreement with the small polaron activation

energy of 0.15 6 0.4 eV and mobility of (3 6 1)�10�3 cm2

V�1 s�1 determined from the drift mobility measurements at

room temperature, which performed on well-insulating

BaTiO3 single crystals.21 [Note that the mobility is sensitive

to the energy barrier since it exponentially depends on the

barrier height. Thus, the discrepancy found in the experimen-

tal and theoretical values of mobility is considered to be due

to the slight overestimation of Eb. The estimation can be

improved by using more accurate computational method such

as the nudge elastic band (NEB), which is likely to yield a

smaller value of Eb and should result in a higher mobility.]

Our calculated STH and its migration barrier suggest that it

could be responsible for the transport properties observed by

Boyeaux and Michel-Calendini.21 Although, in their original

work, Boyeaux and Michel-Calendini assigned the observed

properties to electron small polaron, we believe that electron

small polaron and hole polaron can equally be the candidate

for the observed properties, and they even could coexist. The

actual dominant mechanism is still unclear. Computational

investigation to determine the stability of electron polaron is

underway. Additional experiments are encouraged to provide

more detailed investigation of the optical and transport prop-

erties of the small polarons in BaTiO3 as advanced probing

methods and high-quality crystals are available nowadays.

IV. CONCLUSION

We have investigated the small hole polaron in cubic

BaTiO3 using hybrid density-functional calculations. We

find that the hole in the valence band favors localization on

one of the oxygen atoms, accompanied by a local lattice dis-

tortion. The large self-trapping energy indicates that the hole

polaron in BaTiO3 should be stable up to room temperature

and, thus, are likely to contribute to the experimental obser-

vations. Our calculations show that the self-trapped hole

gives rise to the optical emission peak at about 2.17 eV, in

reasonable agreement with the experimentally observed pho-

toluminescence. We also provide optical-absorption values

associated with the hole polaron that should guide the future

experiments. The calculated migration barrier of the polaron

indicates a very low mobility of the hole polaron, suggesting

that no significant p-type conductivity can be obtained in

BaTiO3. Our calculated migration barrier and mobility of the

hole polaron are in reasonable agreement with available

experimental values.

SUPPLEMENTARY MATERIAL

See supplementary material for details of distorted cubic

supercell and self-interaction error.
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