
PHYSICAL REVIEW B 109, 214108 (2024)

Effects of charge transport on polarization of strained TiO2: A first-principles investigation
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Ferroelectric materials have potential applications in surface catalysis and photocatalysis due to the electron-
hole separation induced by the built-in field. On the other hand, both the adsorption-induced charge transfer
and the photogenerated free carriers influence the stability of the ferroelectric polarization. Therefore an in-
depth understanding of the interaction between the charge transfer and the polarization is of the essence. In
this paper, we take rutile TiO2 under applied strain as an example to study the effects of charge transfer and
charge redistribution on polarization since it is known as a high-performance photocatalytic material as well
as an incipient ferroelectric material. We consider charge transfer or charge redistribution induced by surface
adsorption and photoexcitation and as a function of on-site Coulomb interaction. We find that the polarization
generally decreases if charge transfer occurs in the ferroelectric materials, independent of the origin of the charge
transfer or charge redistribution. The pseudo-Jahn-Teller theory is successfully adopted to explain the interaction
between the charge transfer and macroscopic polarization. These findings give a clear physical picture of the
effect of charge transfer and charge redistribution on the stability of polarization, which could contribute to the
understanding of the ferroelectric catalytic and photocatalytic materials.
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I. INTRODUCTION

Ferroelectric materials have potential applications in sur-
face catalysis and photocatalysis since their surfaces selec-
tively enhance the oxidation or reduction reaction, depending
on whether the bound charges on the surfaces are positive
or negative, respectively [1]. In addition, macroscopic po-
larization of ferroelectric material is also favorable in the
photocatalytic process because it can effectively separate the
photogenerated charges [2–6]. Meanwhile, the charge transfer
during a surface catalytic reaction might play an important
role in the stability of the macroscopic polarization. Generally,
the itinerant charges may screen the long-range Coulomb in-
teraction, thus decreasing the polarization [7,8]. On the other
hand, recent works confirmed the existence of ferroelectric
metal and revealed that the metallic and ferroelectric states
could coexist [9–11]. This calls for more studies on the inter-
action between the free carriers and the polarization.

Rutile TiO2 is an incipient ferroelectric material. Under
tensile strain along the [001] direction, the frequency of the
A2u mode decreases below zero, resulting in the transition
from a paraelectric phase to a ferroelectric phase [12–15].
Meanwhile, rutile TiO2 is also the most intensively investi-
gated binary transition metal oxide due to its wide range of
applications in the fields of energy, environment, and health
[16–18]. The photoinduced free carriers and the charge trans-
fer between adsorbate molecules and the surface are essential
in most applications of TiO2 [19]. In addition, the d-band
electrons in TiO2 are strongly correlated with each other.
The correlation energy can be partly taken into account in
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the density function theory using the Hubbard U correction
method, which, however, also changes the charge distribution
between Ti and O atoms in addition to increasing the band gap
[20–22]. Hence, TiO2 can be taken as an ideal material for
researching the polarization response to the charge transfer or
charge redistribution caused by surface adsorption and pho-
toexcitation and as a function of on-site Coulomb interaction
correction.

In this paper, with the help of first-principles calcula-
tions, we show the adsorbates that exchange charges with
the TiO2(110) surface can substantially weaken the surface
polarization and have weaker adsorption strength. As for the
photogenerated charges in bulk TiO2, although both electrons
and holes can decrease polarization, polar distortion has more
tolerance for hole doping than electron doping. Moreover, we
illustrate that the charge redistribution as a function of the
on-site Coulomb interaction also decreases the polarization in
both TiO2 and BaTiO3. The pseudo-Jahn-Teller theory based
on electron-lattice coupling is adopted to successfully explain
the general effect of the charge transfer or redistribution on
the polarization in rutile TiO2. This work will help theoretical
and experimental researchers to understand the charge trans-
fer and redistribution effect on ferroelectricity in rutile TiO2

and to avoid polarization reduction during the photocatalytic
process by designing novel materials or surface modification
[9,23,24].

II. METHODS

Our calculations are based on density function theory
(DFT) implemented in the Vienna ab initio Simulation Pack-
age (VASP) [25]. The projector augmented-wave method
[26–29] and the Perdew-Burke-Ernzerhof (PBE) exchange
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FIG. 1. Surface configurations of (a) nonpolarized and (b) polar-
ized TiO2(110) under 4% tensile strain along the [001] direction. In
the top views, only the first trilayer of a single surface unit cell is
shown for clarity.

and correlation functional are used to determine the total
energy [28]. The elastic constants obtained using the gen-
eralized gradient approximation PBE potential are close to
the experimental results [30]. In addition, the PBE poten-
tial also effectively reproduces the polarization and charge
transfer properties on TiO2 [14,31]. The plane-wave cutoff
energy is set to 600 eV to extend the Kohn-Sham wave func-
tions. The valence configurations for Ti, O, C, N, Cl, and
H are 3p63d24s2, 2s22p4, 2s22p2, 2s22p3, 3s23p5, and 1s1,
respectively [32]. The criterion for the electron self-consistent
calculation is set to 10−5 eV. All those atoms are relaxed
without constraints until the atomic forces are converged to
0.01 eV/Å. These settings are chosen to guarantee the conver-
gence of total energy up to 0.02 meV per atom. The Hubbard
U correction is considered only in Sec. III D, where we study
the influence of on-site Coulomb interaction on the polariza-
tion, and the method proposed by Dudarev is used, in which
only the Ueff = U − J term is of concern [33]. In addition,
the charge transfer is obtained with the Bader charge analysis
method [34].

The unit cell of rutile TiO2 is modeled with a 6 × 6 × 9
Monkhorst-Pack K point grid. The optimized lattice constants
are a = b = 4.66 Å and c = 2.97 Å, in agreement with previ-
ous experimental and computational works [14,35]. They are
adjusted according to the specific value of the strain along the
[001] direction, followed by a full relaxation, and nonpolar-
ized or polarized bulk structures are obtained depending on
whether the symmetry is preserved or not during the relax-
ation [14]. Then the nonpolarized and polarized TiO2(110)
surfaces are constructed based on the corresponding bulk
phase, as shown in Fig. 1 for typical surface configurations
under 4% tensile strain along the [001] direction. The setups
for the surface relaxation and the optimized lattice parameters
and direct atomic coordinates are listed in Tables S1 and S2 of
the Supplemental Material [36], respectively. Each TiO2(110)
surface is modeled as a (4 × 1) supercell consisting of a slab
of five O-Ti-O trilayers and a vacuum thickness of 15 Å,
with the x and y axes along the [001] and [110] directions,

respectively. In the slab system, the criterion for the electron
self-consistent calculation is set to 10−4 eV in order to speed
up the convergence. The corresponding Brillouin zone is mod-
eled with a 3 × 5 × 1 Monkhorst-Pack grid.

To monitor the convergence of the settings, the adsorption
energy on the nonstrained surface is calculated; it is defined
as Ead(0) = Et (0) − Es(0) − Em, where Et and Es correspond
to the total energy of the structure after and before surface
adsorption and Em is the total energy of an isolated adsorbate
molecule. If more inner electrons are considered to be valence
electrons, for example, 3s23p63d24s2 for Ti, we find the vari-
ation of the adsorption is smaller than 0.015 eV. Similarly, a
slab thickness of six trilayers results in the variation of adsorp-
tion energy of 0.05 eV compared with the thickness of five
trilayers. Since we are concerned with the adsorption energy
relative to that on the nonstrained surface, the influence of the
Ti s electron or a thicker slab is expected to be even smaller. In
addition, the change in charge transfer is smaller than 0.006 e
if Ti s electrons are considered or the slab thickness increases.
Therefore, the current settings are reasonable for the aim of
a study considering the balance between efficiency and accu-
racy. It is worth mentioning that although the surface energy
of the TiO2(110) surface oscillates with the slab thickness up
to eight trilayers [37,38], a slab with five trilayers turns out to
be thick enough with regard to the convergence demand of the
current work.

The change in adsorption energy of an adsorbate on the
strained substrate relative to the nonstrained surface is defined
as follows:

δEad(ε) = [Et (ε) − Es(ε)] − [Et (0) − Es(0)], (1)

where Et (ε) and Es(ε) are the total energies with and without
adsorbates on the TiO2(110) surface under uniaxial strain ε

along the [001] direction, respectively.

III. RESULTS

A. Tensile strain induced polarization

First of all, we demonstrate and quantitatively describe the
polarization induced by the external tensile strain. It is well
known that the frequency of the A2u optical mode in rutile
TiO2 decreases below zero under [001] uniaxial tensile strain,
which implies that a transition occurs from a paraelectric
phase to a ferroelectric phase [14,39,40]. The displacements
along the [001] direction of Ti and O atoms are labeled uTi

and uO, respectively. The displacement of Ti relative to O,
uTi − uO, denoted as u, is correlated with the strain-induced
polarization. The strain-induced polarization in TiO2 is simi-
lar to the situation in SrTiO3 and CaTiO3 [13,41].

In order to show the stability of strain-induced polarization
in rutile TiO2, we plot in Fig. 2(b) the energy variation as a
function of u by gradually shifting Ti atoms along the [001]
direction and fixing the O atoms at their high-symmetry po-
sitions. Apparently, the off-center relaxation is energetically
favorable. The most favorable displacement of Ti relative to
O, denoted as δu, increases with increasing tensile strain, as
shown in the inset of Fig. 2(b). Furthermore, we plot in the
inset of Fig. 2(b) the energy of the low-symmetry ferroelectric
phase relative to the high-symmetry phase δF as a function
of the tensile strain along the [001] direction. Obviously, the
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FIG. 2. (a) Ball and stick model of rutile TiO2. The transparent
and opaque balls represent the atom in the low-symmetry ferroelec-
tric and high-symmetry paraelectric phases, respectively. The blue
arrow denotes the displacements of Ti atoms relative to the O atoms.
(b) The total energy variation as a function of the Ti gradual shift
along the [001] direction when 2% tensile strain is applied along the
[001] direction. The black and blue curves in the inset of (b) cor-
respond to the energy and the Ti position of the ferroelectric phase
relative to the paraelectric phase, δF and δu, as a function of the
uniaxial strain, respectively.

ferroelectric phase becomes more stable when larger tensile
strain along the [001] direction is applied.

This result confirms that rutile TiO2 is an incipient fer-
roelectric material, consistent with previous results [14].
Moreover, it suggests that the external tensile strain is a useful
way to control the stability of polarization. Therefore, we
study the interaction between the ferroelectric polarization
and the charge transfer by applying different tensile strains
along the [001] direction in rutile TiO2. In this work we
consider three kinds of charge transfer with different ori-
gins, namely, the adsorption-induced charge transfer on the
TiO2(110) surfaces (Sec. III B), the photogenerated carriers
in bulk TiO2 (Sec. III C), and the on-site interaction induced
charge distribution in bulk TiO2 (Sec. III D).

B. Adsorption-induced charge transfer

To explore the interaction between the charge transfer in-
duced by surface adsorption and the polarization, we consider
the most stable and most studied rutile TiO2(110) surface
under strain ranging from 0.01 to 0.04 along the [001] di-
rection [14,42]. First, we study the change in polarization

TABLE I. Summary of the adsorption properties of the four
adsorbates on the TiO2(110) surface. A positive value means
the electrons are transferred from adsorbates to the substrate. Both
the charge transfer and the adsorption energy are calculated for the
nonstrained, nonpolarized substrate.

Adsorbate molecule

CO HCl Cl N2

Polarity molecule Yes Yes No No
Charge transfer (e) 0.03 0.12 −0.42 0.01
δEad (eV) −0.31 −1.27 −1.37 −0.14

induced by surface adsorption. Then we unravel the effect of
polarization on the surface adsorption by comparing the ad-
sorption energy on the polarized and nonpolarized TiO2(110)
surfaces.

Four adsorbates are considered, namely, HCl, Cl, CO, and
N2, each with a coverage of 1/4. Among the four kinds of
adsorbates, HCl and CO are polar molecules, while N2 and
Cl are nonpolar. The most stable adsorption configurations on
the nonstrained surface are shown in Fig. 3, consistent with
the results in previous works [43–49]. For HCl, the
dissociative configuration is favorable, with the hydrogen and
chlorine atoms bonding with the bridge oxygen and five-
coordinated titanium (Ti5c), respectively. The Cl2 molecule
also dissociates, with the two Cl atoms sitting on two separate
surface Ti5c sites [44]. Here, the adsorption of only one Cl
atom is considered for simplicity. For CO, the C atom binds
with Ti5c, and the C-O bond is perpendicular to the surface.
N2 has an adsorption configuration similar to that of CO, with
one of the nitrogen atoms binding with the surface Ti5c. The
adsorption energies Ead(0) on the nonstrained substrate and
the charge transfer between the adsorbates and the substrate
are listed in Table I. It is clear that HCl and Cl dope electrons
and holes to the substrate, respectively. However, CO and N2

have little charge exchange with the substrate. Meanwhile,
HCl and Cl bind more strongly than CO and N2 with the
substrate. This suggests that the binding strength is highly
correlated with the charge transfer.

The change in the density of states (DOS) of the substrate
also provides evidence for the charge exchange between the
substrate and adsorbates. As shown in Fig. S1 in the Sup-
plemental Material, the DOS of the substrate changes little
after CO and N2 are adsorbed on the surface. As for the
adsorption of HCl and Cl, the DOS of the O p orbit decreases
around an energy of −1 eV (relative to the Fermi level).
Furthermore, the orbit occupation based on the DOS of the
substrate shows that the Ti d orbit occupation increases, while
the O p orbit occupation decreases after the adsorption of HCl
and Cl. The changes in the DOS of substrate are consistent
with the charge transfer results listed in Table I. The doped
charge is localized at the surface Ti5c and bridging O atoms
that bind with the adsorbate, as shown in Fig. S2 in the
Supplemental Material.

The adsorption configurations on the strained surface are
constructed based on the corresponding nonstrained ones by
adjusting the lattice parameter according to the specific strain,
followed by a full relaxation. It is worth mentioning that the
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FIG. 3. Atomic configurations of different adsorbates, (a) HCl, (b) Cl, (c) CO, and (d) N2, on the nonstrained TiO2(110) surface. The top
panels show top views of the first trilayer of the unit cell containing the adsorbates.

nonpolarized state of the strained surface is metastable against
the polarized one since none of the considered adsorption
configurations break the mirror-plane symmetry of the [001]
direction.

The adsorption-induced polarization variation is evaluated
using the average change in the atomic displacement after the
surface adsorption. We stress that although the change in polar
off-centering displacement with surface adsorption occurs for
all the Ti and O atoms, the response of the topmost surface
atoms within a single surface unit cell around the adsorption
site contributes about 65% (HCl), 57% (Cl), 43% (CO), or
46% (N2) to the overall off-centering displacement. Specif-
ically, when Cl, CO, and N2 are adsorbed on the polarized
surfaces, only the displacement of the surface Ti5c atom that
binds with the adsorbate contributes dominantly to the change
in polar off-centering. As for the adsorption of HCl on the
polarized surface, the displacement of the Ti6c atoms close
to H atom also contributes evidently to the change of polar
off-centering. The average distortion upon the adsorption is
calculated by �u = u′ − u = u′

Ti − uTi − u′
O − uO. We note

that the displacement of Ti is almost twice that of O. There-
fore, the distortion upon the adsorption mainly comes from
u′

Ti − uTi. As the polarization is along the [001] direction, a
negative �u means the polar distortion is weakened by the
surface adsorption.

As shown in Fig. 4, the polar distortion is nearly un-
changed when CO or N2 is adsorbed on the surface. Instead,
it decreases significantly when HCl or Cl attaches. Accord-
ing to the results listed in Table I, this indicates that the
adsorption-induced charge transfer drastically weakens the
substrate polarization. Furthermore, it is worth mentioning
that the magnitude of the polarization reduction induced by
HCl is greater than the one induced by Cl. This suggests
that the doped electrons and holes have a different impact
on the substrate polarization, which will be discussed later in
Sec. IV.

The polarization of the substrate, in turn, also has an effect
on the surface adsorption. In order to describe this effect
quantitatively, we plot in Fig. 5 the variation of the adsorption
energy with the external applied strain, where δEpl

ad and δEnp
ad

are the adsorption energies on the polarized and nonpolarized
surfaces, respectively. As shown in Fig. 5, the adsorption
energies of different adsorbates on the nonpolarized surfaces
decrease with the tensile strain with different slopes. This
originates from the adsorption-induced decrease in the surface
stress. We find that the changes in the surface stress are −1.37,
−0.22, −0.20, and −0.13 eV/(1 × 1) with the adsorption of
HCl, Cl, CO, and N2, respectively. Therefore, the adsorption
energy of HCl is expected to decrease with strain most dra-
matically, as shown in Fig. 5(a). For the polarized surface, the
adsorption-induced changes in the surface stress are −1.25,
−0.37, −0.40, and −0.21 eV/(1 × 1) for the adsorption of
HCl, Cl, CO, and N2, respectively. Clearly, the difference in
surface stress caused by adsorption between polarized and
nonpolarized surfaces is not large enough to be responsible
for the large difference in the slope between the polarized

FIG. 4. The variation of �u as a function of tensile strain along
the [001] direction. The different colored curves represent different
adsorbates.
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FIG. 5. The strain-induced change in adsorption energy δEad of different adsorbates: (a) HCl, (b) Cl, (c) CO, and (d) N2; the solid and
dashed black curves correspond to the results on the polarized surface δE pl

ad and nonpolarized surface δE np
ad , respectively. The blue curve

corresponds to �Ead (�Ead = δE pl
ad − δE np

ad ).

and nonpolarized surfaces. This indicates that in addition to
the surface stress, the polarization of the substrate also has an
effect on the surface adsorption.

In order to demonstrate the effect of polarization on the
surface adsorption, the difference �Ead = δEpl

ad − δEnp
ad is also

plotted in Fig. 5. For CO and N2, the adsorption energies are
almost the same on the polarized and nonpolarized substrates
and change little with the strain. Obviously, their adsorption
strength is not affected by the polarization of the substrate,
although CO is polar, while N2 is nonpolar. This suggests that
the adsorption strength is hardly correlated with the dipole-
dipole interaction between the adsorbate and the substrate
[50]. In contrast, �Ead > 0 for HCl and Cl, which means that
they bind less strongly with the polarized surface.

Clearly, there is a correlation between �Ead and the
adsorption-induced charge transfer. Whether �Ead is nonzero
or zero depends on whether adsorption-induced charge trans-
fer occurs or not. This trend coincides with the adsorption-
induced polar distortion shown in Fig. 4. It indicates that the
adsorbates contribute free carriers to the polarized substrate,
which increases the total energy of the substrate and thus
results in weaker adsorption strength. The magnitude of this
effect furthermore depends on whether the contributed carrier
is an electron or hole. As can be seen in Fig. 5, although HCl
contributes fewer carriers than Cl, the reduction in �Ead is
more dramatic with the strain. This indicates that the polar-
ization is affected more dramatically by the doped electrons
than holes. The reason will be discussed later.

The above discussion shows that the adsorption-induced
charge transfer indeed decreases the substrate polarization
on the TiO2(110) surface. In addition, the polarization has
more tolerance for the adsorption with hole transfer to the
substrate than that with electron transfer. These conclusions
are consistent with our previous simulation [50]. Moreover,
an experimental work on a BaTiO3(001) thin film reported
that the out-of-plane surface polarization is weakened when
charge exchanges between the adsorbate and substrate [51],
which is consistent with the conclusion of this work.

C. Photogenerated charges

In photocatalytic materials, besides the adsorption-induced
charges, photogenerated charges are also inevitable and will
have a significant impact on the stability of polarization. The

interaction between photogenerated carriers and the surface
polarization has been demonstrated. Using x-ray photoelec-
tron spectroscopy, Wang et al. found that photogenerated free
carriers effectively screen the surface polarization charges in
BaTiO3 [52]. Shao et al. noticed a significant and gradual
potential drop between positive and negative BaTiO3(001)
surfaces after the sample was illuminated [53]. Those ex-
perimental works clearly suggest that the itinerant charges
decrease the polarization.

Here, we compare the influence of additional electrons and
holes on the polarization with first-principles calculations. We
stress that the exciton radius in rutile TiO2 is about 40 Å,
which is much larger than the lattice constant [54]. Therefore,
it is reasonable to separately study the electrons and holes in
order to mimic the photoexcitation. Extra electrons or holes
from 0 to 1 e per unit cell are doped in the TiO2 bulk phase to
mimic the photogenerated charges by controlling the number
of total electrons [55]. Different tensile strains ranging from
0.005 to 0.045 are applied along the [001] direction to stabi-
lize and control the polarization. The value of δu is taken as
a descriptor of the polarization. Obviously, a larger δu means
stronger polarization. The variation of δu as a function of
the strain and the doped charges is plotted in Fig. 6. We can
find that although the tensile strain along the [001] direction

FIG. 6. The heat map of δu as a function of the doping concen-
tration and tensile strain along the [001] direction. The negative and
positive values of ne stand for the hole doping and electron doping,
respectively.
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finally stabilizes the polarization, the onset strain increases
with increasing concentration of the doped charges. Under
the same tensile strain, the higher the doped electron or hole
concentration is, the weaker the polarization is. These phe-
nomena suggest that the doped charges tend to destabilize the
polarization, whether the doped charge is an electron or hole.
However, the doped electrons and holes have asymmetrical
influence on the destabilizing polarization of the rutile bulk
TiO2, with greater tolerance for holes compared with elec-
trons. This is consistent with the case of surface adsorption
shown in Sec. III B, where we found that the polarization is
affected more dramatically by the adsorption-induced elec-
trons than holes. Previous DFT studies also confirmed that a
doped electron destabilizes polarization, while a doped hole
has less influence on the polarization in BaTiO3 [56,57]. The
charge transfer induced by adsorption and the charge doping
effect have a quite similar influence on the polarization. The
underlying mechanism will be discussed in Sec. IV.

D. On-site Coulomb interaction

In rutile TiO2, experimental studies showed the electronic
band gap is about 3.0 eV, while many theoretical studies with
the PBE functional resulted in a band gap of about 1.9 eV.
This underestimation of the band gap energy originates from
the fact that the DFT cannot precisely describe Ti strongly
correlated 3d electrons [58], which is known as a generic
problem of DFT. On-site Coulomb interaction correction is
a useful way to remedy this underestimation by removing the
self-interaction error. However, the Hubbard U is an empirical
parameter, and it is difficult to determine Hubbard’s U with
experimental methods [59]. Theoretically, like for rutile TiO2,
the range of Hubbard’s U is between 2 and 6 eV, depending
on the properties that researchers are interested in [60]. Here,
we set U to be different values in order to find the effect of
the change in Hubbard’s U on the polarization. The effect of
Hubbard’s U on the polarization is considered from the aspect
of charge redistribution among Ti and O since the on-site
Coulomb interaction reduces the mixing between Ti 3d and O
2p [61]. From this perspective, we vary the on-site Coulomb
interaction to trigger the third kind of charge transfer in
this paper.

We carry out PBE+U calculations for bulk polarized rutile
TiO2 structures with Ueff changing from 1 to 6, where Ueff sig-
nifies the strength of on-site Coulomb interaction. As shown
in Fig. 7, the band gap increases with Ueff . Meanwhile, the
electron occupation number of the 3d orbit decreases with
increasing Ueff . This means that the on-site Coulomb inter-
action causes electron transfer from the Ti 3d to O 2p orbit
[61,62]. The charge redistribution along with increasing on-
site Coulomb interaction is more significant for larger tensile
strain.

The polarization of bulk rutile TiO2 as a function of Ueff

under different [001] tensile strains is calculated using the
Berry phase method and plotted in Fig. 8 [63–65]. For com-
parison, the polarization variation with the on-site Coulomb
interaction in BaTiO3, a conventional ferroelectric material,
is also calculated and shown in Fig. 8 [66]. It is obvious
that the polarization decreases with increasing Ueff for both
strained TiO2 and BaTiO3. This means that the polarization

FIG. 7. The variation of 3d orbit occupation as a function of Ueff .
The solid lines show the rutile TiO2 bulk structures under different
strains along the [001] direction. The purple dashed curve is the
change in band gap as a function of Ueff in the nonstrained structure,
as denoted by the purple arrow.

tends to be destabilized when the on-site Coulomb interaction
in Ti 3d electrons is included. Previous works also showed
the same trend in some multiferroics such as HoMn2O5 and
TbMn2O5 [67,68]. We propose that the polarization reduction
as a function of the on-site Coulomb interaction is mediated
by the charge transfer between Ti and O. In the next section we
will further verify this proposal.

IV. UNDERSTANDING THE MECHANISM:
PSEUDO-JAHN-TELLER EFFECT

WITH CHARGE TRANSFER

The pseudo-Jahn-Teller (PJT) effect, which was first pro-
posed in 1957 [69], is considered the source of structural
instability of high-symmetry configurations of polyatomic
systems in nondegenerate states [70]. In the PJT effect, the
lattice-electron coupling is important for the distortions of
high-symmetry configurations. The coupling results in the
variation of the force constant, which is the second derivative
of the adiabatic potential energy surface. The force constant
may become negative in some directions, which means the

FIG. 8. The variation of the polarization as a function of Ueff .
The solid curves show the rutile TiO2 bulk structures under different
strains along the [001] direction; the purple dashed curve shows the
tetragonal BaTiO3 structure. The results of both strained rutile TiO2

and tetragonal BaTiO3 suggest that the on-site Coulomb interaction
decreases the polarization.

214108-6



EFFECTS OF CHARGE TRANSPORT ON POLARIZATION … PHYSICAL REVIEW B 109, 214108 (2024)

distortion is favorable in those directions, resulting in a tran-
sition from the paraelectric phase to the ferroelectric phase.

For the purpose of illustrating the response of the po-
larization to the charge transfer or charge redistribution, we
adopt the PJT theory to explain polar distortion [70,71]. In the
single-electron approximation, the ground state and excited
state of the high-symmetry configuration are the valence band
(VB) and the conduction band (CB), respectively. Obviously,
the “d0” rule means the VB mainly comprises the O 2p orbit,
while the CB mainly comprises the Ti 3d orbit. Here, we
define the two-level off-diagonal vibronic coupling constant
as f = 〈2p|( ∂H

∂Q )0|3d〉. The primary force constants for the

VB and CB are defined as K01 = 〈2p|( ∂2H
∂Q2 )0|2p〉 and K02 =

〈3d|( ∂2H
∂Q2 )0|3d〉, respectively. When the VB and CB interact

under the linear vibronic coupling, we get the following equa-
tion under linear vibronic coupling [70,71]:∣∣∣∣

1
2 K01Q2 − � − E f Q

f Q 1
2 K02Q2 + � − E

∣∣∣∣ = 0, (2)

where E is the band eigenenergy relative to the middle of the
energy gap, � is half of the energy gap between the VB and
CB, and Q is the displacement of Ti atoms. We can expand the
energy E to the second term of Q2 as follows:

E1(Q) = − � + 1

2

(
K01 − f 2

�

)
Q2

+ 1

8

f 2[ f 2 − (K1 − K2)�]

�3
Q4 + · · · , (3)

E2(Q) = � + 1

2

(
K02 + f 2

�

)
Q2

− 1

8

f 2[ f 2 − (K1 − K2)�]

�3
Q4 + · · · . (4)

Therefore, the curvatures of the VB and CB as a function
of displacement are

K1 = K01 − f 2

�
,

K2 = K02 + f 2

�
. (5)

It was proved that in any polyatomic system in the high-
symmetry configuration, K01 and K02 are positive [70]. This
leads to positive K2. Clearly, a negative K1 is necessary for po-
lar distortion. According to Eq. (5), the VB treated as ground
states is softened, while the CB treated as excited states is
hardened. We define q1 and q2 as the electron populations of
the VB and CB, respectively. Then the total force constant
K for the electron-lattice coupling is K = q1K1 + q2K2 [72].
According to the PJT theory, a negative force constant K is
vital for the polar distortion. Moreover, the polar distortion is
weakened when K increases.

Now we consider the effect of charge doping on the rel-
ative stability of polarization. The different effects of doped
electrons and holes on the polarization can be attributed to the
different force constants of Ti 3d (CB) and O 2p (VB). As the
extra electrons are doped in the CB, q2 increases and further

results in larger K , which means weaker polarization. While
the extra holes are doped, q1 decreases, so K increases since
K1 is negative, which also makes the polarization weaker. As
the concentration of doped electrons or holes increases to a
certain concentration, K finally becomes positive or negligi-
ble, and the polarization is no longer stable. The trend which
PJT theory predicts is consistent with the results obtained in
Secs. III B and III C. In addition, the absolute value of K1

is smaller than K2 due to positive K01 and K02. This means
that when compared with hole doping of the same magnitude,
the additional electron occupation in the CB causes a larger
force constant. This coincides with the result that the electron
doping and hole doping have an asymmetric influence on po-
larization, with more tolerance for the hole doping compared
with the electron doping. In this case, we confirm that the
mechanism of the charge transfer induced by the adsorption
and the charge doping influence on polarization both originate
from the PJT effect.

This can also explain the experimental outcome that the
photogenerated electron-hole pairs decrease the bulk polariza-
tion [52,53]. The reduced q1 and the increased q2 caused by
photogenerated electron-hole pairs both result in a larger force
constant. As a consequence, the force constant K increases
even more with the number of photogenerated electron-hole
pairs, further leading to destabilized polarization.

We can also explain the effect of on-site Coulomb inter-
action on the polarization in Sec. III D with PJT theory. In
contrast to the adsorption-induced or photoinduced charge
transfer, the reduction of Ti 3d orbit occupation indicates that
the charge redistribution occurs between Ti and O atoms along
with increasing on-site Coulomb interaction [62]. According
to Eq. (5), as the on-site Coulomb interaction enlarges the
band gap, it causes weaker coupling between the VB and
CB and thus leads to a larger force constant. This trend is
consistent with the results shown in Fig. 8.

In previous works, the PJT mechanism was used to ex-
plain the free carrier effect on the polarization [57]. Previous
experimental works found that both photogenerated carriers
and adsorption-induced charges can screen the surface po-
larization charge in tetragonal BaTiO3 [52,53]. A theoretical
study found that the reduction in the polar distortion in doped
BaTiO3 can be explained by using the PJT effect [57].

It is worth mentioning that in the above discussion, we
consider only the two-level problem. In real situations, the
vibronic coupling between the CB and VB may involve more
than two levels, with different coupling constants for different
levels. If the lower CB level couples more weakly than the
higher CB with the VB states, the ferroelectric metal can be
realized by doping electrons in the lower CB level [10,56].
Similarly, if a specific highest VB level couples more weakly
than the lower VB levels with the CB states, the ferroelectric
metal may be realized by hole doping.

V. CONCLUSION

In this paper, we studied the effect of charge transfer or
charge redistribution originating from surface adsorption and
photoexcitation and as a function of on-site Coulomb interac-
tion on the polarization of rutile TiO2 using first-principles
calculations. We found that the doped carriers will always
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reduce the polar distortion and the polarization has more toler-
ance for hole doping compared with electron doping. In terms
of adsorption-induced charge transfer, the exchanged charges
destabilize the substrate polarization and result in weaker
adsorption strength. In the same way, the photogenerated
charge weakens the polarization and lowers the efficiency of
the photocatalyst. Similarly, increasing the on-site Coulomb
interaction causes a change in the electron structure and thus
decreases the polar distortion. Therefore, we confirmed that
the effect of charge doping is independent of the specific
origins of the charge transfer. Furthermore, we provided an
intrinsic mechanism to understand this effect by simply con-
sidering the coupling between the VB and CB based on
pseudo-Jahn-Teller theory.

Based on our conclusion, we proposed two methods
to avoid the polarization reduction when free carriers are
introduced. The first one uses some novel materials like

ferroelectric metals. The reason is that the mobile carriers
cannot fully screen the polarization in these materials due to
the unique lattice-electron coupling [23]. The other method
is to build a ferroelectric tunnel junction structure with a
thick metal electrode on the surface. This structure can main-
tain the polarization because the metal layer can screen the
adsorption-induced free carriers [24,73]. These strategies can
stabilize the polarization and help researchers promote the
efficiency of ferroelectric catalysis or photocatalysis.
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titanium dioxide nanoparticles on human health and the envi-
ronment, Nanomaterials 11, 2354 (2021).

[19] R. Rousseau, V.-A. Glezakou, and A. Selloni, Theoretical in-
sights into the surface physics and chemistry of redox-active
oxides, Nat. Rev. Mater. 5, 460 (2020).

[20] A. Rubio-Ponce, A. Conde-Gallardo, and D. Olguín, First-
principles study of anatase and rutile TiO2 doped with Eu ions:
A comparison of GGA and LDA + U calculations, Phys. Rev.
B 78, 035107 (2008).

[21] M. E. Arroyo-de Dompablo, A. Morales-Garcia, and M.
Taravillo, DFT+U calculations of crystal lattice, electronic
structure, and phase stability under pressure of TiO2 poly-
morphs, J. Chem. Phys. 135, 054503 (2011).

[22] S.-D. Mo and W. Y. Ching, Electronic and optical properties of
three phases of titanium dioxide: Rutile, anatase, and brookite,
Phys. Rev. B 51, 13023 (1995).

[23] C. Ke, J. Huang, and S. Liu, Two-dimensional ferroelectric
metal for electrocatalysis, Mater. Horiz. 8, 3387 (2021).

[24] H. F. Li, W. J. Chen, and Y. Zheng, First-principle study of
CO adsorption influence on the properties of ferroelectric tunnel
junctions, Phys. Chem. Chem. Phys. 18, 31115 (2016).

214108-8

https://doi.org/10.1039/C5NR06655G
https://doi.org/10.1016/j.apcatb.2018.09.028
https://doi.org/10.1002/anie.202009518
https://doi.org/10.1002/anie.202106310
https://doi.org/10.1002/adma.201906513
https://doi.org/10.1002/anie.201901361
https://doi.org/10.1515/zna-1978-1103
https://doi.org/10.1002/smtd.202101289
https://doi.org/10.1038/nmat3754
https://doi.org/10.1103/PhysRevB.94.224107
https://doi.org/10.1103/PhysRevB.90.094108
https://doi.org/10.1103/PhysRevB.81.134303
https://doi.org/10.1080/00150190490453595
https://doi.org/10.1103/PhysRevB.87.054110
https://doi.org/10.1103/PhysRevB.50.13379
https://doi.org/10.1039/D0NR07788G
https://doi.org/10.1016/j.electacta.2012.03.035
https://doi.org/10.3390/nano11092354
https://doi.org/10.1038/s41578-020-0198-9
https://doi.org/10.1103/PhysRevB.78.035107
https://doi.org/10.1063/1.3617244
https://doi.org/10.1103/PhysRevB.51.13023
https://doi.org/10.1039/D1MH01556G
https://doi.org/10.1039/C6CP05808F


EFFECTS OF CHARGE TRANSPORT ON POLARIZATION … PHYSICAL REVIEW B 109, 214108 (2024)

[25] G. Kresse and J. Hafner, Ab initio molecular-dynamics simula-
tion of the liquid-metal–amorphous-semiconductor transition in
germanium, Phys. Rev. B 49, 14251 (1994).

[26] G. Kresse and D. Joubert, From ultrasoft pseudopotentials to
the projector augmented-wave method, Phys. Rev. B 59, 1758
(1999).

[27] P. E. Blöchl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[28] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient
approximation made simple, Phys. Rev. Lett. 77, 3865 (1996).

[29] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R.
Pederson, D. J. Singh, and C. Fiolhais, Atoms, molecules,
solids, and surfaces: Applications of the generalized gradient
approximation for exchange and correlation, Phys. Rev. B 46,
6671 (1992).

[30] A. Grünebohm, C. Ederer, and P. Entel, Reply to “Comment on
‘First-principles study of the influence of (110)-oriented strain
on the ferroelectric properties of rutile TiO2,’ ” Phys. Rev. B 88,
136102 (2013).

[31] T. Pabisiak and A. Kiejna, First-principles study of Au nanos-
tructures on rutile TiO2(110), Phys. Rev. B 79, 085411
(2009).

[32] Y. Wang, T. Sun, X. Liu, H. Zhang, P. Liu, H. Yang, X. Yao, and
H. Zhao, Geometric structure of rutile titanium dioxide (111)
surfaces, Phys. Rev. B 90, 045304 (2014).

[33] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys,
and A. P. Sutton, Electron-energy-loss spectra and the structural
stability of nickel oxide: An LSDA+U study, Phys. Rev. B 57,
1505 (1998).

[34] R. F. W. Bader, A quantum theory of molecular structure and its
applications, Chem. Rev. 91, 893 (1991).

[35] B. Montanari and N. M. Harrison, Pressure-induced instabilities
in bulk TiO2 rutile, J. Phys.: Condens. Matter 16, 273 (2004).

[36] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.109.214108 for the calculation setups, the
density of states and the differential charge density.

[37] F. Labat, P. Baranek, and C. Adamo, Structural and electronic
properties of selected rutile and anatase TiO2 surfaces: An ab
initio investigation, J. Chem. Theory Comput. 4, 341 (2008).

[38] H. Perron, C. Domain, J. Roques, R. Drot, E. Simoni, and H.
Catalette, Optimisation of accurate rutile TiO2 (110), (100),
(101) and (001) surface models from periodic DFT calculations,
Theor. Chem. Acc. 117, 565 (2007).

[39] K. Refson, B. Montanari, P. D. Mitev, K. Hermansson, and
N. M. Harrison, Comment on “First-principles study of the
influence of (110)-oriented strain on the ferroelectric properties
of rutile TiO2,” Phys. Rev. B 88, 136101 (2013).

[40] A. Grünebohm, C. Ederer, and P. Entel, First-principles study
of the influence of (110)-oriented strain on the ferroelectric
properties of rutile TiO2, Phys. Rev. B 84, 132105 (2011).

[41] K. A. Müller and H. Burkard, SrTiO3: An intrinsic quantum
paraelectric below 4 K, Phys. Rev. B 19, 3593 (1979).

[42] L. Jia, D.-J. Shu, and M. Wang, Tuning the area percentage of
reactive surface of TiO2 by strain engineering, Phys. Rev. Lett.
109, 156104 (2012).

[43] H. H. Kristoffersen, J.-E. Shea, and H. Metiu, Catechol and
HCl adsorption on TiO2(110) in vacuum and at the water–TiO2

interface, J. Phys. Chem. Lett. 6, 2277 (2015).
[44] D. Vogtenhuber, R. Podloucky, J. Redinger, E. L. D.

Hebenstreit, W. Hebenstreit, and U. Diebold, Ab initio and

experimental studies of chlorine adsorption on the rutile
TiO2(110) surface, Phys. Rev. B 65, 125411 (2002).

[45] A. Fahmi and C. Minot, A theoretical study of CO adsorption
on TiO2, J. Organomet. Chem. 478, 67 (1994).

[46] D. C. Sorescu and J. J. T. Yates, First principles calculations
of the adsorption properties of CO and NO on the defective
TiO2(110) surface, J. Phys. Chem. B 106, 6184 (2002).

[47] D. C. Sorescu and J. T. Yates, Adsorption of CO on the
TiO2(110) surface: A theoretical study, J. Phys. Chem. B 102,
4556 (1998).

[48] F. Rittner, B. Boddenberg, M. J. Bojan, and W. A. Steele,
Adsorption of nitrogen on rutile (110): Monte Carlo computer
simulations, Langmuir 15, 1456 (1999).

[49] F. Rittner, B. Boddenberg, R. F. Fink, and V. Staemmler, Ad-
sorption of nitrogen on rutile(110). 2. Construction of a full
five-dimensional potential energy surface, Langmuir 15, 1449
(1999).

[50] Z. W. Wang and D. J. Shu, Intrinsic interaction between in-plane
ferroelectric polarization and surface adsorption, Phys. Chem.
Chem. Phys. 21, 18680 (2019).

[51] D. Li, M. H. Zhao, J. Garra, A. M. Kolpak, A. M. Rappe,
D. A. Bonnell, and J. M. Vohs, Direct in situ determination
of the polarization dependence of physisorption on ferroelectric
surfaces, Nat. Mater. 7, 473 (2008).

[52] J. L. Wang, B. Vilquin, and N. Barrett, Screening of fer-
roelectric domains on BaTiO3(001) surface by ultraviolet
photo-induced charge and dissociative water adsorption, Appl.
Phys. Lett. 101, 092902 (2012).

[53] R. Shao, M. P. Nikiforov, and D. A. Bonnell, Photoinduced
charge dynamics on BaTiO3(001) surface characterized by
scanning probe microscopy, Appl. Phys. Lett. 89, 112904
(2006).

[54] E. Maggio, N. Martsinovich, and A. Troisi, Continuum and
atomistic description of excess electrons in TiO2, J. Phys.:
Condens. Matter 28, 074004 (2016).

[55] M. Setvin, C. Franchini, X. Hao, M. Schmid, A. Janotti, M.
Kaltak, C. G. Van de Walle, G. Kresse, and U. Diebold, Direct
view at excess electrons in TiO2 rutile and anatase, Phys. Rev.
Lett. 113, 086402 (2014).

[56] C. Ma, K.-J. Jin, C. Ge, and G.-Z. Yang, Strain-engineering
stabilization of BaTiO3-based polar metals, Phys. Rev. B 97,
115103 (2018).

[57] D. Hickox-Young, D. Puggioni, and J. M. Rondinelli, Persistent
polar distortions from covalent interactions in doped BaTiO3,
Phys. Rev. B 102, 014108 (2020).

[58] B. J. Morgan and G. W. Watson, A DFT+U description of
oxygen vacancies at the TiO2 rutile (110) surface, Surf. Sci. 601,
5034 (2007).

[59] M. Tas, E. Şaşıoğlu, S. Blügel, I. Mertig, and I. Galanakis,
Ab initio calculation of the Hubbard U and Hund ex-
change J in local moment magnets: The case of Mn-
based full Heusler compounds, Phys. Rev. Mater. 6, 114401
(2022).

[60] M. García-Mota, A. Vojvodić, F. Abild-Pedersen, and J. K.
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