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A B S T R A C T

We investigate the polaron transport in V2O5 using Density Functional Theory (DFT)+U. The Bond Distortion
Method (BDM) is utilized to help stabilize an excess electron as a self-trapped polaron. The polaron hopping
on a linearly interpolated pathway between two trapping sites is evaluated by Landau–Zener equations with
parameters extracted using a model Hamiltonian and DFT ground state energies. The polaronic contribution of
the electronic mobility is obtained from the Einstein relation and compared to experimental data. The influence
of the Hubbard U correction used in DFT+U on both the polaron static and dynamic properties has also been
studied.
1. Introduction

Vanadium pentoxide (V2O5) is a Transition Metal Oxide (TMO)
that has received considerable attention in energy storage [18] or as
a chemical catalysts [3] owing to its electrochemical properties. V2O5
thin films also show large Temperature Coefficients of Resistance (TCR)
making them suitable for infrared detectors [1]. The TCR is one of
the most important figures of merit of microbolometers [24]. It is
defined as 𝜌−1𝑑𝜌∕𝑑𝑇 where 𝜌 is the resistivity of the material and
T the temperature. It is therefore essential to study the temperature
dependence of the two key electronic transport quantities : carrier
density and mobility.

The conduction mechanism in V2O5 has been found to be governed
by small polaron hopping [12]. A polaron is an excess charge carrier
that localizes on an atom or a group of atoms by coupling with a
distortion of the lattice creating a polarization cloud [5]. They can be
classified as small or large depending on the extension of the lattice
distortion. In this work we focus on small polarons dynamics resulting
from the transfer of the excess charge carrier between two trapping
sites. The hopping transfer rates can be computed from first-principles
calculations [4,11,17].

For materials such as V2O5 with strongly correlated 𝑑-orbitals,
standard local and semi-local DFT calculations fail to predict the elec-
tronic properties. The main reason of this failure is the self-interaction
error which can be circumvented by introducing an on-site Hubbard U
correction for the 3𝑑 V electrons in the so-called DFT+U method. The
value of U is usually determined empirically (e.g. adjusted to reproduce
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properties such as the band gap) even though it can be calculated with
ab initio methods [19]. In this work, we investigate the impact of U
on polaron properties, from its localization to its contribution to the
electron mobility in V2O5.

2. Methods

All DFT+U calculations presented in this work are carried out using
the PAW method implemented in the VASP code [8,9] and the Perdew–
Burke–Ernzerhof (PBE) [15] exchange–correlation functional. To sta-
bilize the polaron, we employ a 168-atoms supercell of orthorhombic
V2O5 (spacegroup 𝑃𝑚𝑚𝑛) shown in Fig. 1 and we apply the Bond Dis-
tortion Method (BDM) with an initial distortion of 15% around one of
the V atoms to localize the excess electron before relaxation. We use the
Linear Interpolation (LI) method to simulate the polaron hopping. The
coordinates of all the atoms along the hopping path are approximated
as: 𝐑 = 𝑥𝐑𝐀 + (1 − 𝑥)𝐑𝐁, where 𝐑𝐀 and 𝐑𝐁 are the initial and final
coordinates and 𝑥 varies from 0 to 1. It should be noted that the excess
electron introduces spurious interactions between the polaron and its
periodic images that could impact the computed energy barriers [6].
However, in our case the charge remains localized along the hopping
path meaning that these finite-size effects should cancel out.

Key transport parameters are usually computed using constrained
Density Functional Theory (cDFT) to create diabatic states [11]. In this
work, we employ an alternative method consisting in extracting the
vailable online 23 September 2022
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Fig. 1. Relaxed supercell of orthorhombic V2O5 with the charge density isosurface of
the polaron (yellow) localized on a V atom. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Global description of the Marcus theory to describe the transition between
two states. 𝐻𝐴𝐴 and 𝐻𝐵𝐵 are potential-energy surfaces of initial state A and final
state B, 𝐻𝐴𝐵 is the coupling constant, 𝐸𝑎 is the activation energy, 𝜆𝐴 and 𝜆𝐵 are the
reorganization energies.
Source: Adapted from [4].

parameters from a fit of the adiabatic DFT total energy along the charge
transfer pathway to a two-states model Hamiltonian:

𝐇 =
[

𝐻𝐴𝐴 𝐻𝐴𝐵
𝐻𝐵𝐴 𝐻𝐵𝐵

]

(1)

with 𝐻𝐴𝐴 = 𝜆𝐴𝑟2 + 𝐸𝑎𝑛ℎ𝑎𝑟(𝑟3), 𝐻𝐵𝐵 = 𝛥𝐺0 + 𝜆𝐵(1 − 𝑟)2 + 𝐸𝑎𝑛ℎ𝑎𝑟((1 − 𝑟)3)
and 𝐻𝐴𝐵 = 𝐻𝐵𝐴 the coupling constant. The harmonic contribution
in the expression of 𝐻𝐴𝐴 and 𝐻𝐵𝐵 follows the Marcus theory [10] to
describe the polaron transition from state A to state B as illustrated in
Fig. 2. We also include an anharmonic contribution to improve the fit.
Anharmonic behaviour of the hopping has been observed by calculating
𝐻𝐴𝐴 around 𝐑𝐴 (as described before with 𝑥 varying from −0.20 to
0.20). In this range 𝐻𝐴𝐴 is not a parabola and is correctly described
with an additional anharmonic term.

Electronic mobilities were calculated based on the hopping rate
obtained from the Landau–Zener equation [23]:

𝑘𝐸𝑇 = 𝜅𝑒𝑙𝜈𝑒𝑓𝑓𝛤 exp
(

−
𝐸𝑎
𝑘𝐵𝑇

)

(2)

with 𝜈𝑒𝑓𝑓 the effective phonon frequency and:
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Table 1
Properties of the polaron depending on the Hubbard U value : the formation energy
(E𝑃𝑂𝐿), the magnetic moment on the Vanadium atom with the localized electron
(Magn.) and the crystal distortion around the polaron (Dist).

U (eV) E𝑃𝑂𝐿 (eV) Magn. (𝜇B) Dist. (%)

3.00 −0.10 0.992 3.74
3.25 −0.18 1.022 3.73
3.50 −0.26 1.045 4.07
4.00 −0.44 1.082 4.33
4.50 −0.64 1.112 4.54
5.00 −0.87 1.138 4.73

Fig. 3. Polaron hopping calculated with the LI method in the three main crystallo-
graphic directions with U=3.25 eV. (a) Hopping energy pathway and (b) Charge transfer
during the hopping.

𝛤 = 1 the nuclear tunnelling factor, 𝐸𝑎 the activation energy
and 𝛥𝐺0 is the energy difference between state A and B. The polaron
mobility is then evaluated from the Einstein relation:

𝜇 =
|𝑞|𝐷
𝑘𝐵𝑇

, (3)

with 𝐷 = 𝑅2𝑛𝑛𝑒𝑖𝑔ℎ𝑘𝐸𝑇 where 𝑞 is the charge of the carrier, 𝑅 is the
distance between the two sites and 𝑛𝑛𝑒𝑖𝑔ℎ is the number of neighbouring
sites.

3. Polaron stabilization and hopping

We first stabilized the polaron with the BDM and obtained results
in agreement to the literature [13,22]. We also confirm in Table 1 that
the value of U has a significant impact on the polaron properties [16].
An increase of U leads to a decrease of the polaron formation energy
(E𝑃𝑂𝐿) as defined in [17], and an increase of the magnetic moment
(Magn.) and of the lattice distortion around the polaron (average bond
distortion of the 6 nearest neighbours), enhancing the stabilization of
the polaron. Then, we simulate the hopping of the polaron along the
[100], [010] and [001] directions using the LI method for U=3.25 eV.
This value is used in the literature for V2O5 [20] and was determined
by matching the oxydation energy and properties like the band gap
of Vanadium Oxide [21]. The calculated barriers and energy pathways
are anisotropic (according to crystallographic directions) as shown
in Fig. 3. The calculated barriers in the three main crystallographic
directions are also very close to other results in the literature [13].
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Table 2
Electronic transport parameters extracted from the fit to the model Hamiltonian 1 for different Hubbard U values and
crystallographic directions : 𝐸𝑎 is the activation energy of the Landau–Zener model (𝐸𝐷𝐹𝑇

𝑎 is obtained from DFT+U and
𝐸𝐻𝑎𝑚

𝑎 is the fit to the model Hamiltonian), 𝐻𝐴𝐵 is the coupling constant, 𝑘𝐸𝑇 is the transfer rate calculated at 300 K and 𝜇
is the mobility calculated at 300 K using the Einstein relation.
U (eV) Direction 𝐸𝐷𝐹𝑇

𝑎 (eV) 𝐸𝐻𝑎𝑚
𝑎 (eV) 𝐻𝐴𝐵 (eV) 𝑘𝐸𝑇 (Hz) 𝜇 (cm2 V−1 s−1)

3.25
[100] 0.07 0.07 1.40 × 10−1 5.82 × 1011 5.5 × 10−2

[010] 0.23 0.22 5.90 × 10−5 1.64 × 104 1.6 × 10−9

[001] 0.29 0.28 5.39 × 10−7 1.08 × 10−1 1.4 × 10−14

4.00
[100] 0.14 0.14 1.10 × 10−1 4.25 × 1010 4.0 × 10−3

[010] 0.26 0.26 4.20 × 10−6 1.28 × 101 1.3 × 10−12

[001] 0.30 0.30 1.00 × 10−5 1.34 × 101 1.7 × 10−12

5.00
[100] 0.23 0.23 6.00 × 10−2 1.14 × 109 1.1 × 10−4

[010] 0.30 0.30 1.03 × 10−3 1.34 × 105 1.3 × 10−8

[001] 0.34 0.34 4.36 × 10−3 4.63 × 105 5.8 × 10−8
Fig. 4. (a) Polaron hopping energy barrier calculated using the LI method with
U=3.25 eV (black), U=4 eV (blue) and U=5 eV (red) in the [100] direction. Markers
are DFT data and lines are fit to the model Hamiltonian 1. (b) Charge transfer during
the hopping along the [100] direction with the LI method with U=3.25 eV(black),
U=4 eV (blue) and U=5 eV (red). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

As we fit the Hamiltonian (Eq. (1)) to the DFT results, the shape of
the energy curve directly affects the value of the extracted parameters
reported in Table 2. According to the values of the 𝜆𝐴∕𝐻𝐴𝐵 ratio,
the hopping in the [100] direction is considered adiabatic while the
hopping in the two other directions is considered nonadiabatic [4,10].
We can confirm this observation by looking at the charge transfer along
the hopping path shown on Fig. 3. In the [100] direction the charge
follows the displacement (adiabatic behaviour) while in the [010] and
[001] ones the charge is transferred from site A to B near the saddle
point (nonadiabatic behaviour).

Moreover, we show on Fig. 4 that as U increases, the barrier also
increases. This behaviour is consistent with the influence of U on
polaron properties shown in Table 2. The more the polaron is localized,
the higher the barrier is for the polaron to hop from state A to state B.
Furthermore, we also notice in Fig. 4 that the increase of U changes
the energy pathway of the barrier and the hopping dynamics. As U
increases, the [100] hopping becomes more and more nonadiabatic as
the energy pathway looks more sharp and the localized electron follows
less the reaction coordinate.
3

4. Polaron mobilities in crystalline V2O5

To compute the polaron mobility, we consider only nearest neigh-
bours for the hopping and we use 𝜈𝑒𝑓𝑓 = 1013 Hz which is a typical
value for TMO [14]. The reported experimental mobility values mea-
sured at room temperature in V2O5 are scattered and range from 1.84×
10−2 cm2V−1s−1 [2] to 4.75 cm2V−1s−1 [7]. The calculated mobility
depends on the hopping direction and the value of U as shown in
Table 2. The mobility (𝜇 = 5.5 × 10−2 cm2V−1s−1) along the [100]
direction, computed with U=3.25 eV, is close to the value reported
in [2]. Other directions and higher values of U give smaller mobilities
which means that the hopping along the [100] direction is dominant.
Results of Table 2 also illustrate the strong dependence on the U value
as the mobility is shifted by several orders of magnitude with a change
of only 1 eV of U.

5. Conclusion

We investigated the static and the transport properties of polaron
in monocrystalline V2O5 starting from an ab initio DFT+U method.
We extracted polaron hopping parameters by mapping the DFT ground-
state energies on the reaction coordinates to a model Hamiltonian. With
the methodology adopted in this study we emphasize the sensitivity
to the choice of the Hubbard U value, from the polaron self-trapping
to its mobility. With U=3.25 eV (taken from Ref. [21] to reproduce
experimental oxidation energies), the computed mobility is in good
agreement with some of the experimental data reported in the liter-
ature. However, it is difficult to attribute experimentally one exact
value of the electronic mobility for monocrystalline V2O5, because of its
sensitivity to defects (such as oxygen vacancies) during the fabrication
process. Moreover computed mobility diverge a lot regarding to the
crystallographic direction. Therefore this methodology based on a fit
to the model Hamiltonian needs further investigations.
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