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Abstract

In conjunction with the constrained density functional theory, a valence-bond
representation has been employed to model the migration of anionic polaron in bulk rutile
TiO,. It was found that the charge delocalization of a self-trapped electron proceeded
predominately along the ¢ crystal axis of rutile, thus exhibiting pronounced directional
heterogeneity of polaron migration. As a result, the extrapolated polaron activation
energies are 0.026 eV and 0.195 eV along the [001] and [111] lattice vectors,
respectively. According to the Holstein theory, the difference on the activation energy
makes the polaron drift over 100 times faster along the ¢ crystal axis than on the ab
crystal plane at room temperature. The notable anisotropy of the anionic polaron was also
reflected through the electron paramagnetic resonance (EPR) g-matrix, whose principal
component along [001] is substantially smaller than that along [110] or [110]. Finally,
the extent of polaron charge was probed by our calculated isotropic hyperfine coupling
constants on two groups of crystallographically inequivalent '’O atoms, which manifest

distinct strengths of spin-orbit interaction with the unpaired electron.

Keywords: polaron migration, valence bond theory, electron transfer, charge mobility
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1. Introduction:

Titania, TiO,, has been widely considered as a model system to study
photoinduced charge migration in wide-band semiconductors since the world’s first
photocatalytic water-splitting experiment' was reported in 1972 by using an n-type TiO,
electrode as both light harvester and electrical conductor. Among the three naturally
occurring TiO, polymorphs, rutile is more thermodynamically stable than metastable
phases of anatase and brookite at all temperatures.”> Consequently, the phase
transformation from anatase (or brookite) to rutile can proceed spontaneously under
rather mild reaction conditions of 400 K and 1 atmosphere.* Because of its relatively
small molar volume of 18.79 cm*/mol,’ rutile is also the primary titanium-bearing
polymorph in many high-pressure metamorphic rocks, including eclogites’ and
amphibolites.” For example, rutile is the second most abundant heavy mineral sand after
limenite.® In the form of fine powder, rutile is brilliant white due to its high refractive
index of ~2.70,” making it an ideal coating material'® for many optoelectronic devices,
such as optical fibers, laser diodes and charge-coupled image sensors. Since the optical
scattering coefficient of rutile'' is notably greater than those in anatase'> and brookite'
over a wide range of incident wavelengths, rutile has also been used as opaque
pigments'* in painting supplies. Moreover, in a recent biomedical study,” rutile
nanoparticles exhibit excellent effectiveness of protecting human skin from ultraviolet
and visible light irradiation. With regard to its non-toxicity and aesthetical appeal, rutile
is potentially useful for sunscreen formulation.'® Nevertheless, the fastest growing

application of rutile is on photovoltaic cells wherein the electron collection layers are
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preferably made of nanocrystalline rutile thin films in light of their extraordinarily high
electron mobility on the order of cm?*/Vesec at room temperature.'”®

In a complete cycle of photovoltaic conversion, an electron-hole pair is first
generated upon light absorption before the dissociated electron and hole migrate to two
opposite electrodes to sustain an electric current in an external circuit. A key process to
dictate the overall conversion efficiency is the charge migration in semiconducting films
whose desired traits include not only high mobility but also easy controllability of
migration direction. For instance, the rutile [001] surface exhibits a much better
efficiency than both the rutile [110] and [100] surfaces on photocatalytic methanol
oxidation to formaldehyde."” However, since rutile [001] surface is also the least
thermodynamically stable, a rutile nanoparticle usually possesses a large percentage of
[110] and [100] surfaces,” making the typical photocatalytic activity of rutile
significantly lower than anatase. In another surface-specific study by intensity modulated
photocurrent spectroscopy, the rutile [001] surface was also found to be an excellent
photocatalyst, surpassing other surfaces for water oxidation’'when being aided by
hydroxide anions. Although the photocatalytic efficiency of different rutile surfaces is
primarily determined by their reconstructed atomistic structures,”” the directional
heterogeneity in charge mobility is also believed to be essential.”® In a photoconductivity
study,'® the excited electrons were observed to drift preferentially along the ¢ axis of a
rutile crystal at all temperatures. This anisotropy was later confirmed by examining the
dependence of the relative thermoelectric power of rutile on its electrical resistance.'” In

2425

spite  of many pioneering experimental and theoretical investigations, a

comprehensive explanation of this interesting anisotropy of electron mobility remains
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elusive, and it continues to draw attention from materials research community. For
example, both hybrid density functional theory (DFT) and direct random phase
approximation (RPA) have been applied recently to model electron trapping in bulk rutile
by empirically varying the fraction of Hartree-Fock (HF) exchange in the energy
functional.*

At present, the most widely used methodology to investigate polaron migration is
the Emin-Holstein-Austin-Mott (EHAM) theory,””*® which relates charge hopping rate in
a deformable continuum to the associated diabatic reorganization energy and electronic
coupling strength. For instance, in a DFT+U study** on electron transport in bulk anatase
and rutile, an effective U parameter of 10.0 eV has to be applied to fully localize the
transferring electron on Ti 3d orbitals. Although the DFT+U method is computationally
efficient, it is rather difficult to have a universal U parameter that will yield satisfactory
results for all physical properties of a given system. The difficulty primarily arises from
the distinct overlocalization tendencies of molecular orbitals due to the self-interaction
errors” in DFT. A plausible alternative to DFT+U is RPA, which can be regarded as a
non-perturbative form of coupled cluster theory.® In RPA, the electron correlation
energy is explicitly inferred from the adiabatic transition densities between the occupied

. . 31
and unoccupied reference orbitals,

making it well suited for polaronic systems where
the energy gap between excess electrons (or holes) and conduction (or valence) band is
usually small. As an example, the RPA-calculated polaron formation energies of bulk
anatase and rutile are nearly independent to the underlying DFT functionals,*® suggesting

that the electron correlation between Ti 3d orbitals is sufficiently captured.’> Another

wavefunction-based treatment of polaron is the complete active electronic self-consistent-
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field (CASSCF) method®® wherein the polaron wavefunction is represented as a linear
combination of high-spin and low-spin states, yielding accurately determined electronic
coupling strength. For example, in the (001) plane of chromia, a-Cr,Os, the electronic

I I

coupling strength between the two high-spin states of the Cr" +Cr" — Cr" + Cr" reaction
is substantially greater than that between the two low-spin states,”’ confirming the
smaller size of low-spin Cr" cations compared to the high-spin ones.”> By contrast, for
the reaction of Cr" +Cr"Y — Cr" +Cr", these two spin configurations only differ by ~5%
on the electronic coupling strength. Although the RPA and CASSCF methods can be
employed to treat periodic systems using the hybrid Gaussian and plane wave (GPW)
scheme™ and Wannier transformation,’’” respectively, their computational cost is very
demanding for defective supercells, which must be large enough to alleviate the boundary
artifacts due to crystalline distortion. Aiming to achieve a comprised balance between
computational efficiency and theoretical soundness, a valence-bond (VB) representation
of polaron has been developed™ on the basis of constrained density functional theory
(CDFT).” As shown by its application to bulk anatase,” the VB representation not only
explains the pronounced directional heterogeneity in charge migration, but also obtains
polaron mobilities that are in excellent agreement with experiments at different

temperatures. In the present study, the VB representation will be extended to investigate

the migration of self-trapped electrons in bulk rutile, the most-produced TiO, polymorph.

2. Simulation Methods:

In our VB representation,”® a polaron, ¥ =Y co , is formulated as a linear
P p P

combination of some single-site charged complexes (abbreviated as complexes
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thereafter), {¢}, each of which consists of a pivotal atom and all of its adjacent atoms

that are chemically bonded together. For bulk rutile whose conduction band is mostly
comprised of Ti 3d orbitals (Fig. 1), an electron (or anionic) complex includes a pivotal

titanium atom and six coordinated oxygen atoms (Fig. 2). Therefore, a complex’s charge,

1 & . o
Q., can be defined as 0, =0, +N—2Q,. , where N is the coordination number of 6, Q,

c =l
is the charge of the pivotal titanium atom, and Q, is the charge of its i th coordinated
oxygen atom. In the present study, the CDFT* was applied to impose the density derived
atomic point charge (DDAPC)* constraints to the titanium-centered complexes. Due to
the electron-phonon coupling, the imposed charge constrains invalidates the Born-
Oppenheimer approximation,*' resulting in polaron delocalization. According to the VB
theory, the extent of polaron delocalization is effectively reflected by the combination

coefficients, C={c,}, which can be uniquely determined by matrix diagonalization:

HC =¢SC, where H and S are the Hamiltonian and overlap matrices, respectively, and
€ is the delocalization energy. The diagonal terms of matrix H correspond to the
electron transfer reorganization energy, defined in reference to a super cell that is
geometrically optimized with respect to a polaron with inclusive charge of Q. =-1 on a
designated complex. This is termed the pivotal reduced complex assigned an index of 1.

Thus, H,=E(Q,.R)—E(Q,,R), where Q, indicates the location of the inclusive polaron
charge and R, is the optimized geometry of the pivotal reduced complex. Using a given

off-diagonal term of matrix H , the electronic coupling strength between two
corresponding complexes can be evaluated by a method based on orthogonal orbital

transformation:*?
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V=S, (H,+H,;)2

Hy=-! : (1)
b 1_S,]

goj>. Because both V; and S, refer to the parameters

where V =<(pl. ﬁo‘goj> and S; =<q>,.

on the dividing plane between two diabatic states, they are evaluated for a transition state

geometry that is optimized under a mixed Hamiltonian:

A A

A, 2)

A +-H,

u

N | =
N | =

where i and j mark the locations of the inclusive polaron charge. Although a complete

basis set of our VB representation requires the inclusion of all complexes in a super cell,
only those with a considerable share of the polaron charge will be considered in practice.
Furthermore, if a pair of complexes is not bridged by any common atom, their electronic
coupling strength and orbital overlap are assumed to be zero with regard to their rapid
decay over distance.

Unless otherwise specified, all simulations in the present study are performed
using CP2K software®® with the Geodecker-Teter-Huter (GTH) pseudopotential,®
Perdew-Burke-Ernzehof (PBE) exchange-correlation functional™ and polarized-valence-
double-{ (PVDZ) basis set.*> Moreover, the DFT+U method is adopted to account for the
electron correlation effects by adding an on-site Hubbard potential, U , to the titanium 3d
orbitals. The optimal value of U is determined using the hybrid functional of PBE0 * as

a reference for the overlap matrix element, S;, between two adjacent complexes along

the [001] lattice vector, which is chosen for the shortest Ti-Ti distance. As shown in Fig.

3, §; drops rapidly from 0.88 to 0.57 as U increases from 1.0 €V to 4.5 eV when using a

small 3x3x7 benchmark supercell. The optimal U is found to be approximately 2.5 eV
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and that is assumed for all production simulations in the larger 3x3x11 super cell. The
overlap matrix element is chosen as our gauging property because conventional DFT
usually yields overly delocalized electrons due to self-interaction errors.”” In fact, a
Hubbard potential of U =2.5 eV was used in a previous DFT+U study®’ of defected bulk
rutile, achieving excellent agreement with experimental dopant energy levels. Note that
the benchmark and production super cells both have a total net charge of -1, requiring

spin-unrestricted DFT calculations for those open-shell systems.

3. Simulation Results:

The pivotal reduced complex shares common oxygen atom(s) with each of the
two adjacent complexes along the [001] direction, as well as with each of the eight
adjacent complexes along the [111] direction (Fig. 4), making A and S 11x11 matrices
(See Supporting Information S1 and S2) after disregarding all non-bridged complexes.
Since each of the companion [001] complexes is connected to the pivotal one through a
pair of bridge oxygen atoms, the associated electronic coupling strength turns out to be -
71.06 eV, which is more than two orders of magnitude greater than that between the
pivotal and [111] complexes. The remarkable directional heterogeneity on polaron
delocalization is also reflected through the overlap matrix elements with a nontrivial

value of §;=0.761along [001] and a nearly negligible S, =0.015 along [111]. After

diagonalizaing the overlap-weighted Hamiltonian matrix, S™H , the polaron charge
distribution is then given by the diagonal terms of C'CS. As illustrated in Fig. 4, the
pivotal reduced complex and its two adjacent [001] neighbors bear ~99.98% of the excess

electron, justifying the exclusion of all [111] complexes in the polaron basis set for



Physical Chemistry Chemical Physics

subsequent discussions. Moreover, a substantial 24.2% of the polaron charge is held by
each of the two adjacent [001] complexes, suggesting that a further charge delocalization
may occur to the second nearest complexes and beyond along the ¢ crystal axis.

Aiming to examine the completeness of the polaron charge delocalization, the
polaron basis set is incrementally expanded through the pairwise addition of chemically

equivalent [001] complexes. As a result, a total of five systems labeled as RTn {n=1...5}

are constructed by including up to the n-th nearest [001] neighbors of the pivotal reduced
complex (Fig. 5). While sequentially added complexes continue to carry additional
polaron charge, the quantity carried by an outermost complex drops drastically from -
0.242 in RTI to -0.009 in RTS, demonstrating a rapid stabilization of electron-phonon
coupling. By far, the greatest change is always observed on the pivotal reduced complex,
whose net charge decreases from -0.516 in RT1 to -0.202 in RTS, confirming the
instability of Ti’" cations in reduced rutile.” A natural measure of an electron’s extent of

delocalization is its effective radius, which is defined as:
2 *
72 =[(r=R,(r) 0.(r)o(r)dr (3)
where ¢,(r) is the electron wavefunction at a given position, r, and R, (r) is the

coordinate of the nearest nucleus. Similarly, the effective radius of an anionic polaron, r,,

can be estimated using the system’s highest occupied molecular orbital (HOMO) as the
polaron’s wavefunction. When the polaron charge is forced to reside within the pivotal
reduced complex, the calculated r, is 0.66A with this effective radius increasing to 0.77A
in RT5 after sufficient charge delocalization. Both determinations are in excellent
agreement with 0.67A, the theoretical radius of an isolated Ti*" cation,49 and 0.76A, the

experimental value for a six-coordinated Ti** cation in crystal.”’ Therefore, the expansion

10
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of polaron can be ascribed to the increasing covalent-like characteristics of the Ti-O
bonds in all participant complexes.

According to the Holstein polaron theory,”'™

extensive charge delocalization
results in shallow polarons, which are characterized by a diminished activation energy for
lattice hopping. As an example, an electron trapped by laser-induced defects in bulk rutile
is only thermally stable below 15 K. At higher temperatures, the electron paramagnetic
resonance (EPR) signal for the trapped electrons decreases significantly in intensity due
to the recombination of thermally mobilized electrons and holes.*® ** Obviously, the
activation energy, AG , of a polaron depends on its migration direction, and can be
evaluated by
AG" = E(Ry)-E(R,) (4)

where E(R,) is the energy of an optimized polaron, and R is the optimized transition

state with Hamiltonian given by Eq.2. For each of the five RTn systems, the calculated
polaron activation energies along the [001] and [111] lattice vectors are shown in Fig. 6a
and Fig. 6b, respectively. It is not surprising that AG"s decay rapidly upon charge
delocalization in both directions. For example, AG™ decreases from 0.352 eV in RT1 to
0.031 eV in RT5 along ¢ crystal axis. Exponential fitting this dependence for AG™ yields
an asymptotic value of 0.026 eV, which is only 0.002 eV greater than the experimental
activation energy if the polaron migration is assumed to proceed predominantly along
[001]. By contrast, a much greater exponential asymptote of 0.195 eV is observed for
AG" along [111], underscoring our assumptions. The pronounced anisotropy in polaron

migration is also revealed by the charge motility calculation using the Einstein relation:>*

11
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_ eR2nkp _ eRzn

T 7 Oe—AG*/kET (5)
B B

u

where e is the elementary charge, n is the number of equivalent polaron accepting sites,

R is the distance between the reaction and product polarons, &, is the polaron hopping

rate, and @, is the phonon angular frequency. Under the single-phonon approximation, a
vibrational energy of nw, =0.10 eV is selected to reflect the longitudinal optical phonon
modes in bulk rutile.*>>* As listed in Table 1, the polaron drift is over 100 times faster
along [001] than that along [111] at room temperature. After projecting the calculated
mobilities onto the three crystal lattices, we find that u, =y, =0.02 cm*/Ves and
U, =3.78 cm*/Ves. The latter value is well in line with the experimental estimate by
Terahertz spectroscopy.’® Compared to anatase,” rutile exhibits not only a higher

electron mobility but also a more notable directional heterogeneity as quantified by the

ratio between u. and u, (or g, ). It is also interesting to note that our calculated
mobilities, u, are not sensitive to the choice of U. When U is varied by 1.0 eV, AG’

only undergoes a small change of ~0.003 eV (Supporting Information S3), which is

approximately a tenth of k,7 at room temperature. The insensitivity originates from the

shift of the reactant and transition states’ energies to a similar extent by the on-site
Hubbard potential.

EPR has become a powerful tool to probe the chemical environments of unpaired
electrons in condensed phase.”” More specifically, the measured g-matrix quantifies the
response of an electron spin to an external magnetic field, while the A-tensor reflects the
nucleus-electron hyperfine interaction. Since an isolated electron has an isotropic

gyromagnetic ratio of g, =2.0023, any local electric current induced by an applied

12
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magnetic field will introduce an anisotropy into the g-matrix whose principal components
may also be reduced due to magnetic shielding. Within the framework of generalized
variational density functional perturbation theory,’® the g-matrix can be calculated by the
continuous set of gauge transformation (CSGT) approach™ that warrants topologically
well-behaved induced current density profile. Our EPR simulation is performed on RTS,
which is selected for its rather complete charge and hence spin delocalization as
underscored by its effective polaron radius of 0.77A. Moreover, the all-electron
polarized-valence-double-{, (AE-PVDZ) basis set* is adopted to account for the
significant contributions of core electrons to the induced electromagnetic fields.”” As a
further evidence of the anisotropy of polaron charge delocalization, our calculated

Ag=g—g, has its greatest component along the major principal axis of [001] with

Ag, =—0.0488 (Table 2). By contrast, the components along the two minor principal axes

of [110] and [1 1 0] are much smaller, assuming values of Ag =-0.0195 and
Ag. =-0.0202, respectively. Compared to the EPR spectrum,® our calculated principal
values of Ag are all less than 15% off their experimental counterparts of Ag =-0.0216,
Ag,=-0.0460 and Ag =-0.0237. As anticipated, all principal axes coincide with high-
symmetry directions in the supercell that can be ascribed to the relative displacements
between neighboring titanium atoms. According to the crystal field theory,®' metal-ligand

coordination provokes the energy-level splitting of d orbitals in transition-metal atoms. In

crystals with octahedral symmetry, such as rutile, the five d orbitals in the order of

ascending energy are ‘xz—y2>, |xz), [yz), |xy) and ‘z2>. Since Ti’" cation assumes an

electronic configuration of [Ar]d', it is not surprising that the HOMO of the RT5 system

13
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consists of a set of ‘xz - y2> orbitals, which are centered on the pivotal reduced complex
and its nearest neighbors as depicted in Fig. 7. Under the first-order approximation® of
the spin-orbit coupling, Ag is related to the spin-orbit constant, 1, and the energy gaps
between the five d orbitals:

L,

Ag, =—2/126<G ';>_<Z‘£"‘G> ©)
n# n G

where L is the angular momentum operator, E, and E, are the energies of the ground

and higher d orbitals, respectively. Given the principal axes of the g-matrix as listed in
Table 2, the corresponding principal components can be expressed as

2 2 8
= - s = - » 8, = 8.~ 7
g, =8, 3, 8, =8 5 8. =8 5. (7

where the energy gaps (6,,0, and §,) are illustrated in Fig. 8. In light of the notable
covalency of the Ti-O bonds, an orbital reduction factor, n, must be introduced to
attenuate the spin-orbit coupling constant, A, which is proportional to r{i for a
hydrogenetic Ti*" cation.” Because the effective polaron radius in RT5 is 0.77A, the

Ty

0.774

3
reduced A is given by ( ) A, =0012 eV, where A,=0.019¢V is the spin-orbit

coupling constant® for an isolated Ti’" cation and r, is its radius of 0.66A. Then, by
solving Eq.7 using this value of A, the d-orbital energy gaps are found to be

0,=049¢V,0,=1.19 ¢V, and 6,=4.93 ¢V, all of which are in good agreement with the

experimental values of 6, =0.50¢eV,5,=0.97 ¢V, and ,=4.24 ¢V except for J,. The
overestimation of §, may arise from the orbital mixing between ‘xz —y2> and ‘22> that

usually occurs in the orthorhombic crystal field of distorted rutile lattice® but is not

14
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considered in the present study. As a final crosscheck with experiment, the 4-tensor of
0 atoms in RT5 is calculated by accounting for both the Fermi-contact interaction and
dipole-dipole coupling. Because there are two groups of inequivalent ''O atoms with
respect to the pivotal Ti atom, two sets of calculated A-tensor are listed in Table 3. For a
type 1 7O atom that bridges the pivotal reduced complex and its nearest [001]
counterparts, the principal components of the calculated A-tensor are

A, =250MHz,A =884MHz and A, =6.0IMHz . Therefore, The isotropic hyperfine

coupling constant defined as Aiso=%(Ax+Ay+AZ) is calculated to be 5.78 MHz. By

contrast, a type 2 '’O atom, which is along the [110] direction, has a much smaller A, of

1.67 MHz due to the diminished electron spin density near its nucleus. The notable
difference on the spin-orbit coupling strength between the two types of 'O atoms has

been revealed by a hyperfine sublevel correlation (HYSCORE) spectrum that affords

Aiw(type 1 l7O)= 8.0 MHz and A, (type 2 17O)= 1.5 MHz.*® Note that our calculated A, s

are somehow subject to the variance of on-site Hubbard potential, U, due to different
levels of spin localization as suggested by previous theoretical’’ and experimental®

studies. Specifically, when U changes from 2.5 eV to 3.5 eV, both A, s increase by more

than 0.7 MHz whereas they decrease by a similar amount if U drops from 2.5 eV to 1.5
eV (Supporting Information S4). Moreover, as pointed out by a review article,”” a
reduced titanium cation may reside in a different chemical environment than the crystal
lattice of rutile, making the comparison with various EPR experiments a deliberate

practice.

15
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4. Conclusions:

In the present study, the migration of a self-trapped electron in bulk rutile is
investigated by using a valence-bond representation®®, which resorts to CDFT*’ for
desired charge constraints before the evaluation of diabatic energies and electronic
coupling strengths. It is found that the delocalization of polaron charge predominantly
proceeds along the ¢ crystal axis, effectively immobilizing the polaron on the ab crystal
plane. Therefore, the electron polaron can be treated as a linear chain of titanium-
centered anionic complexes, whose net charges drop considerably over their distances to
the pivotal reduced complex. Due to the polaron’s extensive charge delocalization, its
extrapolated activation energy along the [001] lattice vector is as small as 0.026 eV,
explaining the thermal instability of Ti*" cation as observed in EPR experiments.*®
Moreover, the anisotropy of the shallow polaron is also revealed by our calculated g-
matrix, whose principal component along [001] is much smaller than that along [110] or
[110]. As a measure of an unpaired electron’s spatial extent, our calculated isotropic
hyperfine constants of 5.78 MHz and 1.67 MHz for the two types of inequivalent ''O
atoms are in good agreement with the hyperfine sublevel correlation spectrum data,®®
further validating our simple yet reliable valence-bond model. Rutile, as the most
abundant TiO, polymorph, is known to exhibit higher electron mobility and more
pronounced directional heterogeneity in bulk phase than anatase and brookite. For the
first time ever, the polaron delocalization in rutile is rigorously quantified by first-
principle simulation to justify those unique traits, which are highly desired for a wide

range of photovoltaic and photocatalytic applications.

16
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Figure 1. Calculated partial density of states for bulk rutile. Er is the Fermi energy.
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41001]

Figure 2. An electron (or anionic) single-site complex in bulk rutile. The pivotal titanium
atom is colored orange, and its six coordinated oxygen atoms are colored red.

19



Physical Chemistry Chemical Physics Page 20 of 33

S
o
e
|

e
o0
T

S;; (PBEO) = 0.75

S
=
e

Overlap matrix element, Sj;

S
o
e

e e by e e b

P B R R
1.0 1.5 2.0 2.5 3.0 35 4.0
U (eV)

Figure 3. Benchmark results for the on-site Hubbard potential, U, with respect to the
PBEO hybrid functional for the overlap matrix element, S;, between two complexes

along the [001] lattice vector in bulk rutile.
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pivotal @) :—0.51648
[001] @ :—-0.24168
[111] @ :—0.00002

Figure 4. Polaron charge distribution across all single-site complexes that are bridged to
the pivotal reduced complex (colored orange) through shared oxygen atoms. Each
complex is represented by depicting its pivotal atom as a solid sphere. The lattice vectors
of the single-site complexes with respect to the pivotal reduced complex are also listed.
Note that a lattice vector of [n,n,n_] is chemically identical to that of [n,n,n, | because the

crystal axes of @ and b are equivalent in rutile.
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Figure 5. Delocalization of polaron charge with increasing number of participant
complexes, each of which is represented by its pivotal atom as a solid sphere. The pivotal
reduced complex is colored orange, while its 1%, 2™, 3", 4™ and 5™ nearest neighbors
along the [001] lattice vector are colored blue, green, red, black and purple, respectively.
See Supporting Information S2 for the Hamiltonian and overlap matrices used to
determine the polaron charge distribution.
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Figure 6. Calculated polaron activation energies, AG", along the [001] (panel a) and
[111] (panel b) lattice vectors for the five RTn systems. The exponentially fitted
activation energies are also shown in red.
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Figure 7. Isosurface of the highest occupied molecular orbital (HOMO) in the RT5
system.
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Figure 8. Relative ordering in energy of the five d orbitals on the Ti*" cation.
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Tables:
Lattice vector [001] [111]
AG’ (eV) 0.026 0.195
k, (s 5.56x10" 8.05x10"
n 2 8
R (A) 2.96 3.57
p (em*/V-s) 3.77 0.0317

Table 1. Key migration properties for electron polaron at 300 K.
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8 Ag=g-3g. principal axis
X 1.9828 (1.9807) -0.0195 (-0.0216) [110]
y 1.9535 (1.9563) -0.0488 (-0.0460) [001]
T 19821 (19786)  -0.0202(-0.0237) [170]

Table 2. Principal elements of the calculated g-matrix for the RTS system. The
experimental values are also listed in the parentheses.
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Type 10 Type 2 'O
A(MHz) principal axis A (MHz) principal axis
X 2.50 [110] 2.30 [110]
y 8.84 [001] 1.59 [001]
¢ 6.01 [110] 1.23 [110]

Table 3. Principal components of the calculated A-tensor for type 1 and type 2 'O atoms

in the RT5 system.
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