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Hugely enhanced slow-ion diffusivity has been widely observed under extreme redox conditions and
for unclear reasons. Aided by first-principles calculations on model systems of ZrO,, CeO,, BaTiO3; and
Lig;3Mny,30,, here we successfully explained the intriguing phenomenon by a polaronium mechanism.
We found a polaronium, defined as a transitory complex of a polaronic electron or hole and a migrating
counterion, becomes highly mobile when the counterion comes from a d° or f° cation (e.g., Zr**, Ti*t and

Keywords: Ce*) or a p® anion (e.g., 027) in the host compound. Upon a redox reaction, the complex attains a d/f!

Polarons or p° configuration, which spontaneously forms because it is favored by an electron-phonon interaction

Diffusion (manifest as the Jahn-Teller effect in high symmetry systems) that enables local relaxation and lowers the

gefzds system energy. Our calculations found such interaction reaching its peak at the saddle point where the lo-
Xides

cal environment is softest, so soft that it allows a reorientation of the anisotropic d/f/p orbital to minimize
the electron repulsion locally. Since the complex may dissolve after a successful ion-migration event, the
redox electron/hole can be recycled to form another free-radical-like polaronium elsewhere, thereby en-
hancing ion migration repeatedly. The proposed polaronium mechanism, which also operates in ceramics
doped with mixed-valence cations, is most relevant under dynamic and extreme thermal/field/irradiation
conditions where extra electrons/holes are abundantly generated by non-equilibrium redox reactions. For
such operations, some with emerging applications, our diffusion-enhancing mechanism may provide new
theoretical insight to help understand their material/microstructure stability and performance.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recent years have seen increasing evidence that extreme redox
conditions can render some ions hugely mobile in electrochemi-
cal materials and devices [1-7]. Empirically, the enhanced mobili-
ties may be assigned to reduced cations [1-4] and oxidized anions
[5-7], suggesting the same phenomenon may also occur when us-
ing aliovalent dopants to tune the redox states. The standard argu-
ment of redox-altered concentrations of ion vacancies fails to ex-
plain these findings, since oxidation generally suppresses anion va-
cancies thus cannot make oxidized anions diffuse faster, and reduc-
tion generally suppresses cation vacancies thus cannot make re-
duced cations diffuse faster. Although the opposite conclusion ap-
plies if interstitials are to dominate ion diffusion, the interstitial
mechanism is relatively uncommon and highly unlikely in all the
cases referenced above. Here we will explain why reduced cations
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and oxidized anions can migrate faster by a fundamentally new
transport mechanism. The ion types seeing the most effect will be
identified.

In the redox state of a polar material, lattice defects and im-
purities often trap some of the extra electrons and holes, which
move by thermally activated hopping with an activation energy
as high as 0.5-1 eV. This holds even when the mobility of the
remaining untrapped electrons and holes still decreases with in-
creasing temperature, although they too are much slower than typ-
ical band electrons and holes because of long-range Coulomb in-
teractions. For this reason, the latter electronic carriers are called
large polarons, in contrast to small polarons—such as the trapped
ones mentioned above—that experience mostly localized interac-
tions and migrate by thermal activation [8]. Against this back-
ground comes our surprising discovery in the same polaronic ma-
terial: despite its larger size a redox ion dressed with a small po-
laron hops in and out of a neighboring vacant site much easier
than an undressed ion! Below we will demonstrate that the en-
hanced mobility of a dressed redox ion originates in a quantum
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mechanical effect on the ion/small-polaron complex. To emphasize
this point, we will call such complex a “polaronium” and the new
migration mechanism a polaronium mechanism.

We will use these terms only when the complex comprises
a migrating ion. (Therefore, an electron associated with a non-
migrating lattice ion is just a small polaron and not a polaronium.)
With “-onium” being a bound state of a particle and its antipar-
ticle, the coined word “polaronium” is in analogy to positronium,
which is a transitory positron-electron complex temporarily behav-
ing like an atom. This analogy is apt because (a) the complexes of
interest here, between a polaronic electron and a migrating cation
or between a polaronic hole and a migrating anion, are too made
of two charged particles of opposite signs, and (b) the complexes
are also transient ones. These important features will become clear
below.

2. Methods

We conducted first-principles calculations based on density
functional theory (DFT) using the projector augmented-wave
(PAW) method within the Perdew-Burke-Ernzerhof (PBE) general-
ized gradient approximation (GGA), implemented in the Vienna ab
initio simulation package (VASP) [9-11]. The PAW potentials in-
clude the following electrons: 5s24d? for Zr, 5s25p®4f15d16s2 for
Ce, 5525p%6s2 for Ba, 3s23p®3d24s2 for Ti, 2s! electron for Li, 3d°4s2
electrons for Mn, and 2s22p* for O. A plane-wave cutoff energy of
400 eV was used and the Brillouin zone was sampled using the
Monbhorst-Pack scheme with a 3 x 3 x 3 k-point mesh. The DFT+-U
approach by Dudarev et al. [12] was used to describe the energy
of localized 4d electrons of Zr, 4f electrons of Ce, and 3d electrons
of Ti and Mn. Specifically, we chose the on-site Coulomb interac-
tion parameter U, the on-site exchange interaction parameter J, and
the effective Hubbard parameter Uq4=U—] as follows: U = 5 eV,
J =1 eV and Ugg=4 eV for Zr 4d states [13], U=5¢eV,] =0 eV
and Ueg=5 eV for Ce 4f states [14], U = 5 eV, ] = 0.64 eV and
Ues=4.36 eV for Ti 3d states [15], and U = 3.9 eV, ] = 0 eV and
Uer=3.9 eV for Mn 3d states [16]. (Note that Dudarev et al. did
not treat U and J independently, only their difference Ugg=U—] is
meaningful.)

All calculations were performed under periodic boundary con-
ditions. For the ground state, we used a 2 x 2 x 2 supercell con-
taining 32 Zr or Ce and 64 O for cubic ZrO, and CeO,, respec-
tively, a 3 x 3 x 3 supercell containing 27 Ba, 27 Ti and 81 O
for cubic BaTiOs3, and a 2 x 2 x 1 supercell containing 32 Li, 16
Mn and 48 O for Li;MnOj3. Cation migration was studied via a va-
cancy mechanism because the Schottky reaction, having a much
lower defect formation energy than cation Frenkel reaction, pro-
vides much more cation vacancies than interstitials in ZrO,, Y-
doped ZrO,, CeO, and BaTiOs [17-19]. The cation vacancies and
other assisting lattice defects included all have their formal charges
(—4 for Vy;, Ve, and Vy;, —2 for Vp,, and +2 for Vg) so that they
do not affect the redox state. Oxygen ion migration was also stud-
ied via a vacancy mechanism (+2 for V) because interstitials are
again energetically too costly in close-packed Li;MnOs. To simulate
the migration of a reduced cation, we added an extra electron into
the supercell, preselected a target cation next to the cation vacancy
and promoted electron localization around it at the ground state by
first displacing the neighboring oxygen ions outward by 0.1-1.0 A,
then letting the system relax to reach convergence (residue atomic
forces less than 0.05 eV/A). To simulate an oxidized oxygen ion, we
removed an electron (i.e., adding a hole) from the supercell and did
not use any extra treatments for localization.

To track cation migration, the climbing-image nudged-elastic-
band (NEB) method [20] implemented in VASP was used with a
fixed supercell size and shape. In cubic ZrO, and BaTiO3 it deter-
mined the migration path and the barrier with the path defined by
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7 intermediate states in addition to the initial and final configura-
tions; in CeO,, 3 intermediate states were used. Oxygen migration
calculations were conducted using the solid-state dimer method
[21], after pre-screening using the NEB method. Convergence for
NEB and dimer calculations was considered achieved when the
residual atomic forces were less than 0.1 eV/A. Throughout the mi-
gration, the supercell carries the same charge and VASP adds an
opposite charge to the background, so the same leading error term
of electrostatic interaction remains unchanged and does not affect
the energy difference between the saddle point and the ground
state. (No monopole dipole or quadrupole corrections were ap-
plied.) The density of states (DOS) as well as projected DOS (pDOS),
band-decomposed charge densities within certain energy ranges,
and Bader charges [22] were calculated for atoms in the ground-
state (L) and the saddle-point (SD) configurations. Atomic struc-
tures were visualized using VESTA [23].

3. Reduced Zr cation in [110] migration in cubic ZrO,

Since there is unmistaken evidence of enhanced cation mo-
bility of up to 3 orders of magnitude in reduced Yz.-doped
ZrO, (measured at 1200-1500 °C) [1,2,24], we first study the
electron distribution and the total energy of this system during
Zr3+([Kr]4d!)/Zr*+([Kr]4d®) migration. This technologically impor-
tant ceramic is highly stable because of copious Vg that comes
with Y doping, thus the material is commonly called yttria-
stabilized zirconia (YSZ). As schematically shown in a representa-
tive supercell in Fig. 1a, which contains a Vg, the L and the SD en-
vironments around the migrating Zr (for [110] migration) may be
described by ZrO; and ZrOs, respectively. This holds for both Zr3+
and Zr**. (zrSP in Fig. 1 may attract a further-away oxygen ion 06
to adopt a ZrOg environment, which is justified by bond lengths
given in the figure caption.)

In our calculation, we made Zr3t possible by adding an ex-
tra electron in the supercell. This electron may be visualized in
Fig. 1b-e using the band-decomposed charge densities for those
bands just beneath the Fermi level Eg. In all cases, they occupy
gap states, which have a relatively narrow band width indicative
of electron localization as expected for a small polaron. The ex-
tra electron occupies the Zr 4dy?_,? orbital in L (Fig. 1b and c)
and 4dyy in SD (Fig. 1d-e), where the characteristic x-y-z axes
(directed by the oxygen ligand field around the cation) are out-
lined by dashed lines. (At SD, z||[001], along 01-V-06 in Fig. 1a.)
Clearly, despite the larger size of the electron-dressed cation, the
extra electron stays with the migrating cation. So, the ion-small-
polaron complex is robust, the polaronium remains intact, and the
polaronium mechanism does operate as an ion migration mecha-
nism. Fig. 1b-e also reveals how the size effect on migration is ob-
viated: since the dressed electron is mostly a d-electron and does
not have a spherical shape, it can orient itself to take advantage
of the anisotropic environment of ZrSP. Specifically, as the Zr ion
migrates along the [110] direction within the x-y plane, which is
perpendicular to the z axis (along [001]) in Fig. 1d and e, the elec-
tron cloud is extended in the same x-y plane and suppressed along
the z axis. That is, during the SD passage, the extra electron cloud
seeks to avoid impinging those of neighboring oxygens (01 and 06
in Fig. 1a) that constrict the SD landscape the most, hence defining
its “hard” direction z; meanwhile, it spreads along the two “soft”
directions (x and y) thus obviating the size effect.

In the presence of a V, the migration barrier in Table 1 for Zr3+
(3.17 eV) is 1.14 eV lower than that for Zr** (4.31 eV). This agrees
with the experimental finding that the reduced cation has a higher
mobility despite its larger ionic radius. One reason for barrier low-
ering is the lower energy, by 1.7 eV, of the occupied d orbital in
the SD state compared to the L state. The estimate is obtained
from Fig. 1f, which plots electron’s pDOS for Zrt and ZrSP versus
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Fig. 1. (a) Schematic atomic structure for Zr ions at the ground state (L) and saddle point state (SD) on the way to Vy in [110] migration in cubic ZrO,. Zr* and Vy in green,
ZrP in purple, and O and Vo in red. 01-05 form a square pyramid. 06 is further away though pulled in by Zrs°. (b-e) Band-decomposed charge densities of Zr3* at L (b)
and SD (d). (c) shows side view of (b), both with z||[001]. (e) shows side view of (d), both with z||[001]. One band is included, and the iso-surface is plotted with a charge
density of 0.006 electron/Bohr?. (f) Corresponding occupied pDOS below Eg of migrating Zr3+ at L (dotted curve) and SD (solid curve). Energy in eV relative to E is given by
the left y-axis for L and the right y-axis for SD. Short bars indicate peak L and SD energy levels in eV relative to VBM. (g) Schematic ligand field splitting of Zr 4d orbitals at
L (cubic symmetry with axial distortion) and SD (octahedral symmetry with more axial distortion). The octahedral assignment to the latter is justified because, the shortest
bond of ZrSP-01 (2.11 A) is followed by the ZrSP-06 bond (2.21 A), followed by four other bonds between Zrs® and 02-04 (2.56 A, 2.59 A, 2.61 A and 2.65 A). Therefore,
all six oxygens above must be included in the SD ligand field. Band-decomposed charge densities of Zr3+ in (d-e) are consistent with the shape of dyy, which confirms the
octahedral field splitting. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Calculated migration barriers and Bader charges for Vg-assisted Zr [110] migration
in cubic Zr0,, Vp-assisted Ce [110] migration in CeO,, Vp,-assisted Ti [110] and Vq-
assisted Ti [100] migration in cubic BaTiO3, and O migration in Li,MnOs;.

Migrating Migration Bader charge (e)
ion barrier (eV) L SD
Zr0, Zr3+ 3.17 1.43 1.49
Zr4+ 4.31 0.59 0.68
CeO, Ce3+ 3.28 1.91 1.92
Ce#+ 3.96 1.65 1.67
BaTiO3 [110] Tid+ 2.60 1.96 2.11
Ti4+ 3.53 1.75 1.83
[100] Ti+ 6.53 1.81 2.18
Ti4+ 7.75 1.80 1.87
Li;MnO3 0~ 2.33 7.40 7.05
02 3.00 7.41 7.35

energy. Here, to compare Zr* and ZrSP, we aligned their respective
valence band maximum (VBM), which in both cases corresponds to
the top of the O-2p orbitals. (We chose this reference because the
Zr0, structure comprises of cation polyhedra surrounded by O an-
ions that are interconnected into a continuous three-dimensional
network; as such, the O-2p manifolds should be rather represen-
tative of network’s electronic state and relatively insensitive to the
perturbations caused by an isolated defect or distortion, e.g., Vg
and Zr migration. Alternatively, we could align the energy level at
the average energy of O-2p orbitals, which will shift the reference
energy level but not the energy difference, hence giving the same
estimate.) Since the energy lowering in Fig. 1f comes from the gap
states, clearly it is due to the extra electron.

The above point may be better understood using the schematic
of ligand-field splitting in Fig. 1g, shown for the gap state, Zr
4dy*>_,% in L and 4dyy, in SD. In L, Zr' experiences a modestly dis-
torted cubic ligand field and the dressed electron occupies 4dyx?_,2
orbital. In SD, ZrSP experiences a more distorted octahedral ligand
field because of compression along z (see bond lengths in figure
captions), and the dressed electron occupies 4dy, orbital with a
lower energy level than 4d,?_,? in L. This helps lowering the total
energy of the saddle-point state. In contrast, without any extra 4d
electron, the highest occupied molecular orbital (HOMO) of Zr+ is
always set at the VBM, so a migrating Zr*+ has no gap state thus
no energetic benefit to drawn on. This explains why the polaro-
nium mechanism can lower the migration barrier of Zr3+ relative
to Zr*t. It also explains why the size effect is not an issue: the

ligand-field theory always directs cation’s d-orbital away from the
surrounding oxygens, so the size effect is mostly obviated.

4. Reduced Ti cation in [110] migration in cubic BaTiO3;

The corresponding problem of Ti3* ([Ar]3d!)/Ti*+([Ar]3d®) mi-
gration in the [110] direction in cubic BaTiO3 is next studied and
summarized in Fig. 2. In this schematic of the ABO3 perovskite,
the primary cell is plotted with A=Ba at the body center, B=Ti at
the corners and O at the edge centers. Also included is an A-site
vacancy, Vg,, which facilitates [110] migration [25] and is readily
available in almost all such perovskites. The figure shows that Til
has a slightly distorted TiOg configuration, and Ti*P a TiO5; configu-
ration. The latter is surprising since the SD does not reside on the
half plane perpendicular to the migration path. Instead, the mid-
point of the curved migration path with Ti placed inside a puck-
ered square pyramid of TiO4Vg, (not shown) proves to be a local
minimum, and there are two local maxima (SD) on two sides of
the midpoint, each with a TiP near the center of Vp,05 so that
TiSP05 almost flattens into a triangular plane as depicted in Fig. 2a.
Overall, migration follows a curved path, and at both SD, the mi-
grating direction is along [111] pointing to/away-from Vg,.

The band-decomposed charge densities depicted in Fig. 2b-e for
those bands just beneath Ep. Again, they fall into gap states, in-
dicating electron localization as expected for a small polaron. The
extra electron in Til occupies the Ti-3dyy orbital, versus the Ti-3d,?
orbital with z||[111] in TiSP. This abrupt change in the orbital char-
acter is caused by the drastically different local environments of Tik
and Ti%P. The relative energy lowering of the gap state, by 0.5 eV,
estimated from the VBM-aligned pDOS for TiS? and Til in Fig. 2f, is
consistent with the corresponding changes in the ligand-field split-
ting in Fig. 2g.

As in the case of YSZ, a reduced Ti3* cation has a higher mo-
bility: its migration barrier (2.60 eV) is 0.93 eV lower than that of
Ti** (3.53 eV). We believe a significant part of it again comes from
the ligand field splitting of d orbitals of TiP: in a trigonal planar
ligand field, its short Ti-O bonds (~1.86 A) significantly raise the
energy levels of 3dy>_,% and 3dyy and lower the energy level of
3d,2. In contrast, without any 3d electron, the HOMO of Ti*tis al-
ways set at the VBM, so a migrating Ti*t has no gap state and no
energetic benefit to drawn on. Meanwhile, Fig. 2e illustrates that
the extra electron at SD is oriented along the migrating direction
(z = [111]) and completely avoids impinging the three nearest oxy-
gens that define the “hard” directions. Therefore, the polaronium
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Fig. 2. (a) Schematic atomic structure for Ti ions at the ground state (L) and (two) saddle point states (SD) on the way to V; by [110] migration in cubic BaTiOs. Ti* and
Vy; in blue, TiP in purple, Vg, in green, and O in red. (b-e) Band-decomposed charge densities of Ti3* at L (b) and SD (d). (c) shows side view of (b), both with z||[001].
(e) shows side view of (d), both with z||[111]. One band is included, and the iso-surface is plotted with a charge density of 0.006 electron/Bohr3. (f) Corresponding occupied
pDOS below Eg of migrating Ti** at L (dotted curve) and SD (solid curve). Energy in eV relative to Eg is given by the left y-axis for L and the right y-axis for SD. Short bars
indicate peak L and SD energy levels in eV relative to VBM. (g) Schematic ligand field splitting of Ti 3d orbitals at L (octahedral symmetry with axial distortion) and SD
(trigonal planar symmetry with axial distortion). Ti? is coordinated by three short Ti*-O bonds (1.86 A for all three), while other O are much further away. Therefore, the
assignment of a trigonal planar field is justified. Band-decomposed charge densities of Ti* in (d, e) are consistent with the shape of d,2, which confirms the trigonal planar
field splitting. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mechanism once again reigns in the migration of a reduced Ti3*
benefitting from the d character of the extra electron and the large
anisotropic local distortion at SD, which not only lower the gap-
state energy but also obviate the size effect. (For 6-fold coordina-
tion, the Shannon radii are r;*+=60.5 pm and r;3+=67 pm [26]).

5. Saddle point polaronium

Before proceeding to other examples of redox-enhanced ion mi-
gration, we pause to highlight and rationalize the salient features
of the SD polaronium. As we already saw, the extra electron is
“stuck’ to the migrating cation despite the unfavorable prospect
of forcing an oversized polaronium through a presumably narrow
SD passage. While the symmetry-breaking SD environment is in-
strumental in lowering the energy and obviating the size effect of
the extra electron, it is not clear why the electron is so “sticky”
and why the accommodating environment is so readily provided.
These environments do vary: in ZrO,, the extra electron takes the
dyy orbital which reflects a soft x-y plane and a hard z direction;
in BaTiOs, the electron takes the d,2 orbital which reflects a soft z
direction and a hard x-y plane. Below, we will provide a quantum
mechanical picture to explain these features.

Following Mott and Stoneham [27], we envision a small po-
laron as a “molecular polaron” stabilized by a strong short-range
electron-phonon interaction. In this simplified picture, a molec-
ular polaron with a local atomic-displacement/bond-distortion g
has three energy components depicted in Fig. 3. (a) A (positive)

4 Energy

(if)

(i)+(ii)

Fig. 3. Schematic energy diagram of molecular polaron after Mott and Stoneham
[27]. Plotted against local atomic displacement and/or bond-distortion q are (i) sum
of electron’s kinetic energy and short-range interaction, which cancel each other at
q<qo, and (ii) deformation energy stored in the surrounding environment with an
elastic stiffness k. Total energy has a global minimum at q = ¢* if ¢*>2qo.

quantum-mechanical kinetic energy of a localized electron that
cancels out, at g<qg, (b) a (negative) electron-phonon interac-
tion of a strength A, thus leaving a net non-zero (a + b) en-
ergy of —A(q—qg) at g>qg, and (c) a (positive) deformation energy
15 kq? against g, which is stored in the surrounding space of an
elastic stiffness k. The total energy (a + b + c) reaches a mini-
mum —A(A[2k—qq) at q*=A[k, which becomes a global minimum
if A/k>2qo. There is also an energy barrier, %kqy® at q = g, be-
fore reaching this minimum. These considerations dictate whether
a molecular polaron forms or not.

Although the Mott-Stoneham picture portrays a static envi-
ronment, the critical condition is also sensitive to the effec-
tive mass m* of electron or hole through the Kkinetic energy
h?[2m*qq2. Setting h?/2m*qy2 —Aqe=0 at the truncation distance,
we obtain qo=(h%/2m*A)'3. Thus, the critical condition A/k>2qq
reduces to A43m*13[kh?/3>223 and the energy barrier becomes
kh4/3[253m*23A213_ Therefore, in a polar material the most favor-
able locations for an extra electron or hole to form a small polaron
are ones with a locally large A (e.g., at a Jahn-Teller cation in high-
symmetry systems, see below), a locally small k (e.g., at a soft spot
in an amorphous solid [28,29]), and a locally large m* (e.g., at a gap
state, where a narrow bandwidth A portends a large m*~ A~1))

The above finding can explain why in YSZ and BaTiO3; the
small-polaron is stuck with the cation throughout the course of
polaronium migration, and why their SD environments are syner-
gistically deformed to best accommodate the polaronium. To see
this, we first note that a short-range electron-phonon interaction
with a large A is evident from the ligan-field splitting in Fig. 1g for
Zr3* and Fig. 2g for Ti3*. In high-symmetry systems, such split-
ting is known as the Jahn-Teller effect, which breaks symmetry
because a particularly strong short-range electron-phonon interac-
tion demands that: if only one electron is present, then its energy
degeneracy will be lifted by a spontaneous symmetry-breaking lo-
cal distortion, thus allowing the electron to occupy a lower energy
state hence lowering the system energy. Clearly, the energy split-
ting must be large enough to compensate for the energy penalty
of poorer electrostatic shielding (evidenced by the Bader charge
in Table 1) and the large strains that come with the distortion.
This condition is more easily met at the SD that has an imaginary
phonon frequency and a negative local stiffness k, which indicates
that a restorative elastic force is no longer available and a static g5°
involving the poloronium and the local environment must result.
This negative k will also allow the ¢°P to orient in such a way to
best suit the migrating polaronium and to maximize electrostatic
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screening. Lastly, as illustrated in Figs. 1f and 2f, the SD in both
YSZ and BaTiO3 corresponds to an electronic gap state, which has
a very narrow bandwidth hence a very large m*. The above consid-
erations that are valid for Zr3* in YSZ and Ti3* in BaTiO; all favor
the formation of a small polaron: with only one d electron and a
relatively large bandgap (4.5 eV in YSZ and 3.4 eV in BaTiO3), they
can take advantage of the softness of the SD environment to op-
erate the polaronium mechanism, by tagging a gap-state polaronic
electron to a migrating cation while obviating the size effect.

On the size effect, we already mentioned several times that the
extreme anisotropy of the SD extra-d-electron distribution is ben-
eficial. This can be further understood by recalling that there is a
correspondingly extreme anisotropy of m*. Specifically, along the
soft direction(s) (x and y in YSZ and z in BaTiO3), the more ex-
tended distribution implies a smaller tensorial component of m*,
thus a higher electron mobility. Conversely, along the hard direc-
tion(s) (z in YSZ and x and y in BaTiOs at SD), the more local-
ized distribution implies a larger tensorial component of m*, which
does not matter because they are not the migration direction.

6. Reduced Ce and Ti cation migration with delocalized
electron

As the bandgap decreases, distortion-enabled hybridization
with O-2p and additional cation d or f orbitals becomes more im-
portant, which causes the gap state of the extra electron to spread
and split. It may even cross over to the valence band or conduction
band. Two cases are distinguished here. (a) If the spread of the SD
state reaches the valence band, then the extra electron becomes
a bonding electron, since only a hole state just beneath the VBM
is itinerary in the valence band. (b) If the spread of the L state
reaches the conduction band, then the extra electron becomes a
large polaron. When this large polaron approaches a lattice defect,
it will suffer some absorption by resonance scattering but the re-
maining electron wave will be scattered away. Physically, absorp-
tion of an initially itinerary large polaron means that it is tem-
porarily localized at the defect site, forming a transitory polaro-
nium. If this state lasts long enough, or equivalently if the proba-
bility of a transitory capture of a large polaron is more than that of
a successful hopping event—which is extremely rare, then the state
will participate in polaronium migration. In such case, a ground-
state ion can “afford” to wait until it captures a polaron, then at-
tempt a polaronium migration in an atomic vibration period that
lasts about 0.1-1 ps, after that the polaron is released again. Since
the absorption cross section increases with fluctuation, an accu-
rate calculation for (b) must use a very large supercell to allow
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enough disorder. Therefore, our small-supercell studies described
below may not capture the existence of a large polaron or to de-
scribe its dynamics accurately. Nevertheless, we will find that, for
both (a) and (b), our calculations still yield an enhanced mobility
for a reduced cation.

Our first example is CeO, and is summarized in Fig. 4 for Ce
(Ce3+: [Xel4f' or Ce**: [Xe]4f0) cation migration. Here the L state
(Fig. 4b) is a small polaron manifest as a gap state, but the SD
state (Fig. 4c) has crossed over to the valence band. (The small
polaron L state is perhaps not an artifact of our small supercell,
because small polaron conduction in oxides were reported in Nb-
doped CeO, [30] and reduced CeO, [31]). Like the case of YSZ, with
which CeO, shares the same structure, Cel and CeSP adopt CeO-
and CeOs configurations, respectively, when a Vg is included in the
supercell in Fig. 4a. Focusing on [110] migration of a reduced Ce3*,
we first view the band-decomposed charge densities just beneath
E in Fig. 4b and c: they occupy a fyy; or fyx*.y?) orbital of Cel with
Z||[110]. This orbital is a gap state according to the pDOS (dash line
in Fig. 4d). Turning to CeSP, Fig. 4c again reveals it is surrounded
by a fyyz or fyx%.y?) orbital, but the orbital has rotated away from
the previous position as it now has z||[001]. Interestingly, although
the extra electron still hovers around CeSP and the polaronium is
intact, its f-orbital energy is so low that it now lies below the
VBM (solid line in Fig. 4d), signaling a possible benefit from f-p
hybridization. This is confirmed in Fig. 4c by 7w bonding within
CeOs5 between Ce-4f and O-2p as well as some spillover o/ hy-
bridization with O-2p of oxygens further beyond, and the propa-
gation of hybridization is strongly anisotropic apparently because
of the symmetry-breaking local distortion around CeSP. Compared
to ZrSP that also sees 7 bonding between Zr-4d and O-2p within
ZrOs but no spillover hybridization further beyond (Fig. 1b), Ce’s
stronger hybridization is reasonable because its bandgap is smaller
and its 4f orbitals are more extended than Zr’s 4d orbitals. Clearly,
unlike Ce3+, Ce*t without an extra electron cannot benefit from
the strong and anisotropic hybridization and the attendant lower-
ing of electronic energy. This explains why the migration barrier of
Ce3+ (3.28 eV) in Table 1 despite its bigger size is 0.68 eV lower
than that of Ce*t (3.96 eV). (For 6-fold coordination, the Shannon
radii are rc.**=87 pm and rc.3t=101 pm [26]).

Our second example revisits Ti migration in BaTiOs, this time
with a Vg instead of Vg, in the supercell, as summarized in Fig. 5.
For the extra electron here, it proves to be a case of a transition
from a L-state conduction electron in the conduction band to a SD-
state bonding electron in the valence band. Taking advantage of the
neighboring Vg, the Ti cation now migrates in the [001] direction
in Fig. 5a. The extra electron in the L state is mostly in the conduc-

CBM: Ce 4d

VBM: O 2p[| {0
0.4

CeSO

L L

4 8
pDOS (a.u.)

Fig. 4. (a) Schematic atomic structure for Ce ions at the ground state (L) and the saddle point state (SD) in CeO,. Ce' and Vy; in green, CeSP in purple, and O and Vj in red.
(b, ¢) Band-decomposed charge densities of Ce3*+ at L (b) and SD (c). One band is included in (b) and two bands are included in (c), and the iso-surface is plotted with a
charge density of 0.018 electron/Bohr3. (d) Corresponding occupied pDOS below Er of migrating Ce3*+ at L (dotted curve) and SD (solid curve). Energy in eV relative to Eg
is given by the left y-axis for L and the right y-axis for SD. Short bars indicate peak L and SD energy levels in eV relative to VBM. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (a) Schematic atomic structure for Ti ions at the ground state (L) and the saddle point state (SD) in cubic BaTiOs; for [100] migration. Tit and Vy; in blue, Ti® in
purple, Vg, in green, and O and Vy, in red. (b, ¢) Band-decomposed charge densities of Ti>* at L (b) and SD (c). One band is included in (b), four bands are included in (c),
and the iso-surface is plotted with a charge density of 0.024 electron/Bohr3. (d) Corresponding occupied pDOS below Eg of migrating Ti3*+ at L (dotted curve) and SD (solid
curve). Energy in eV relative to Er is given by the left y-axis for L and the right y-axis for SD. Short bars indicate peak L and SD energy levels in eV relative to VBM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tion band (Fig. 5d), suggesting a possible large polaron. Previous
first-principles calculations also found a Vg alone cannot stabilize
a small polaron, and an off-centered Ti simulated by a hybrid first-
principles-Monte-Carlo method implemented in a large supercell
can [32]. Experimentally, while small polarons apparently partici-
pate in DC conduction as well as local hopping around defects in
BaTiOs3, in closely related cubic SrTiO5; that has no Ti distortion,
there is a transition of DC conductivity from large polaron con-
duction at low temperature to small polaron conduction at high
temperature. Thus, disorder is important for polaron localization
in titanates, as well as in other perovskite and related structures
[33,34]. (More disorder can be provided by other defects, for ex-
ample by Vg, around which we did find a gap state in Fig. 2f. This
is reasonable because, compared to a Vg, an A-site vacancy is en-
ergetically more costly as it comes with more lattice distortions. In
fact, a B-site vacancy will introduce even more distortions, which is
why it is rare in perovskite oxides.) In contrast, the extra electron
of Ti*P is a bonding electron as it has crossed over to the valence
band as shown by the solid line in Fig. 5d. With this electron-
energy transition across the band gap from a Ti to Ti‘?, one may
expect such electronic-energy lowering would lower the migration
barrier of Ti3*. This is verified in Table 1: the migration barrier of
Ti3+ (6.63 eV) is 1.22 eV less than that of Ti**+ (7.75 eV).

The absence of electron localization at Til is further confirmed
by Fig. 5b showing, around the (to-be-migrating) Ti, little band-
decomposed charge densities just beneath Er. However, there is a
SD polaronium since the extra electron now hovers around TiSP
with an orbital character of a distorted dyy in Fig. 5c, suggesting
a local environment of a distorted octahedron. Note that if site
symmetry were followed, then TiSC should have coincided with
Vo situating at the center of two intersecting (100) O4 planes, i.e.,
it should have formed a (tetragonal) TiOg polyhedron. Therefore,
there must be a strong enough short-range electron-phonon in-
teraction that forces an off-center TiS® movement, along [010] as
shown in Fig. 5a, thus resulting in a distorted TiOg octahedron with
two short Ti-O bonds. Moreover, Fig. 5c reveals that the dy, orbital
further triggers (i) w-bonding with the O-2p orbitals in one Oy4
plane and (ii) 0-2p/0O-2p o-bonding between the nearest neigh-
bor O in the O4 plane and the O further beyond. We interpret
such “chain reaction” of d-p and p-p hybridization set off by the
strong short-range electron-phonon interaction as the mechanism
that enables the extra electron to insert itself into a bonding elec-
tron state well below the VBM (solid line in Fig. 5d). Before the
extra electron is inserted, the bonding electron state is like an in-
finite chain of hybridized O-2p/O-2p bonds between neighboring
0. The extra electron pushes out the wavefunction of one bond-
ing electron state and replaces it in a very similar form and with

a very similar energy, which is what the band-decomposed charge
densities in Fig. 5¢ show.

7. Oxidized O anion in battery cathodes

If the broad analogy to the Jahn-Teller effect holds, then Fig. 6
suggesting an overall energy lowering by way of a spontaneous lo-
cal distortion can happen to not only all the reduced d!/f!-cations
(benefiting from an electron occupying a lower energy level) but
also oxidized p®-anions (benefiting from a missing electron away
from a higher energy level). If so, in a polaronic material, O~
should have a lower migration barrier than 0%~.

Oxidation of 02~ to O~ in high-voltage oxide cathodes is an ac-
tive current research area of lithium-ion battery because of its po-
tential to deliver a higher capacity from light oxygen instead of
heavy transition metals [6,7,35-37]. However, extreme oxidation
is sometimes accompanied by microstructure and phase instabil-

(a) Tetragonal distortion of
TMOg octahedral complex
(compression along z)

(b) Tetragonal distortion of
OM; octahedral complex
(compression along z)
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Fig. 6. (a) Ligand field splitting of d orbitals of TMOg octahedral complex with
tetragonal distortion by compression along z. TM denotes a transition metal ion
with d' electron configuration. (b) Ligand field splitting of O-2p orbitals of OMg
octahedral complex with tetragonal distortion by compression along z. O denotes

an oxygen ion O~ with 2s?2p° electron (i.e., one hole) configuration. M denotes a
cation.
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(a) Non-migrating O~
in L supercell

(b) O next to Vg
in L supercell
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(c) Non-migrating O%-
in SD supercell

(d) Migrating O%-
in SD supercell
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Fig. 7. pDOS of oxygen ion in ground state and saddle point in two cases: without an extra hole in supercell (a-d) in upper panel and with an extra hole in supercell (e-h) in
lower panel. Ground state (L) supercell: (a, e) average non-migrating 02~ and (b, f) to-be-migrating 0>~ (next to Vj), both from the same calculation in the same supercell.
Saddle point (SD) supercell: (¢, g) average non-migrating 02~ and (d, h) migrating 0%-, both from the same calculation in the same supercell. Insets of (a-h): schematic
local structures. Inset of (h): the electron cloud in blue denotes unoccupied states (i.e., hole states) with iso-charge-density of 0.006 electron/Bohr?. Since (h) has a localized
hole, its oxygen is actually O—. See text for the calculation of pDOS of average non-migrating 02-. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

ity, suggesting an enhanced O~ mobility may play a role [6,38].
Compared to 0%~ a migrating O~ like a reduced cation should en-
counter less electrostatic interaction. But it has an advantage over
reduced cation because of its smaller size, which could make O~
migration even easier. The expectation is confirmed by the follow-
ing study of O migration in Lig3Mny;30, (Mn = Mn#+), which has
alternating cation layers of Li and Lij;3Mny; separated by anion
layers of O, stacked like an ordered NaCl structure. This compound
is chosen for comparative study not only because it is a model sys-
tem of high-voltage oxide cathodes in Li-ion batteries but also be-
cause its vacancy exchange of O, like vacancy exchange of (highest-
valence) cation—Zr in ZrO,, Ce in CeO,, and Ti in BaTiOs, is the
slowest step in mass transport.

Necessitated by the complexity of the problem, several differ-
ent study methods were used. First, we note that the relevant
experimental studies were all on alloyed compounds containing
other transition metal cations more easily oxidizable than Mn*t.
But they cannot be readily modeled in a practically sized super-
cell because the alloying cations also break local symmetry, which
will favor polaron formation making it difficult to isolate the ef-

fect of oxygen oxidation. (Indeed, oxygen hole polaron has been
reported in such alloyed compounds [35,36]). Second, the com-
plex energy landscape with active oxygen redox leads us to use
the dimer method [21], which provides a faster convergence than
the climbing-image NEB method. We first examine the L-state su-
percell after identifying the migrating O, we next zoom in at the
site of the migrating O and at another site far from it (to be called
non-migrating oxygen) to compare their pDOS against the same
Eg; the procedure is repeated for the SD supercell to obtain an-
other comparison. To provide a representative picture of all the
non-migrating oxygens, we first exclude the O-2p states of the mi-
grating O from the sum of all the 2p states in the supercell, then
average the remaining 2p states and regard it as an “average non-
migrating oxygen”. With these methods, we can obtain all the per-
tinent data as before for both the unoxidized state and the oxi-
dated state, the latter created by removing an electron from the
supercell.

The outcome proves remarkably simple. The pDOS of O-2p elec-
trons in Fig. 7a-d (non-migrating 02~ and migrating 02~ — both L
and SD state, without an extra hole added to the supercell) and
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Fig. 7e-h (non-migrating 0%~ and migrating O——both L and SD
state, with an extra hole added to the supercell) are all similar ex-
cept in one case. The exception concerns OSP, shown in Fig. 7d for
unoxidized oxygen 0%~ and Fig. 7h for oxidized oxygen O~, which
has a dramatically increased spectrum weight at the high-energy
end of the pDOS. The increase is accompanied by the emergence
of several sharp peaks reminiscent of orbitals in a heavily distorted
local environment. This makes sense judging from the following
observations. (i) As depicted in the insets, OSP has a less symmet-
ric and poorer screened OLisMn (cation charge = 9; or OLizMn if a
shorter cutoff bond length is used) environment compared to the
OLi4Mn, (cation charge = 13) environment of OL. (ii) OSP has a
bond valence sum of 1.3, which is significantly smaller than the
formal charge of 02~ and the sum of 2.0-2.1 for Ol. (Parameters
used for the calculation are: Ry=1.466 and b = 0.37 for Lit-0%-,
and Ry=1.753 and b = 0.37 for Mn**-02-.) (iii) OSP has less Mn-
3d/0-2p hybridization. These observations all indicate inadequate
electropositive screening around OSP, which calls for a hole po-
laron to form, which is confirmed by the band decomposed charge
densities in the inset of Fig. 7h showing an O-2p hole state at
0SP. With this hole, the oxidized O~ can empty the high-energy
pDOS very close to Er thus realizing a significant energy saving.
The value of the Bader charge in Table 1 is consistent with this
picture: it stays between 7.35 and 7.41 at all time except for the
oxidized OSP when it falls to 7.05, again signaling the formation
of a hole polaron. Meanwhile, confirming our expectation, the mi-
gration energy is lowered from 3 eV for 02~ to 2.33 eV for O~ as
shown in Table 1. Further calculations including the effect of one
or more V|; and massive oxygen redox, which facilitates O migra-
tion, upheld the above conclusion [39].

We note that the hole state in Fig. 7h is disposed perpendicu-
lar to the migration direction and points to neither Li nor Mn. Ac-
cording to Fig. 6b, the saddle-point compression in the transverse
direction leaves a 2-p; hole in addition to a 2-p, electron, which
explains the perpendicular disposition above. Since the single 2-
p; electron is expected to maximize bonding with the surrounding
cations, it will push away the non-bonding 2-p, hole, which ex-
plains why the hole state in Fig. 7h does not point to any cation.
Nevertheless, the figure gives evidence that while the p-orbitals are
less anisotropic and localized as the d/f-orbitals, they still advanta-
geously orient themselves in the SD state to maximize bonding and
minimize repulsion.

8. Experimental evidence

We now turn to the experimental evidence. First, we note that
there are many reports of enhanced M*t diffusion in fluorite-
structured zirconia, ceria and perovskite titanates under reducing
conditions at high temperatures (>1000 °C) rendered by either
a reducing atmosphere or cathodic charging [1,2,24,40,41]. (Addi-
tional references are provided in Ref. [42]). One legitimate ques-
tion, though, is whether this is but a special case of a general
trend of faster M3t than M*t because of a lower electrostatic re-
pulsion against M3t migration. If so, then finding it in reduced
oxides is merely fortuitous and unrelated to small polarons. (The
electrostatic advantage, though, is countered by the difficulty of
a larger M3+ to migrate. Here, we refer to M3*that has a d® or
f7 configuration, such as Y3+and Gd3* below.) But if so, then Y3+
should diffuse faster than Zr4* in Zry_xYxO,_xp, and Gd3* should
diffuse faster than Ce#* in Ce1_xGdxO,_x/,. This was not found in
either material according to the electrical de-mixing and tracer dif-
fusion experiments, which report similar Y3+ and Zr** diffusivity
[43-45]. In contrast, there are many reports of hugely enhanced
grain growth and other kinetic processes—all of them controlled
by the majority cation species, Zr and Ce in these and other simi-
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lar materials—in reduced Zry_xYxO_xj2, Ce1_xGdxOz_xj, and other
Zr3+/Ce3+-containing zirconia and ceria ceramics.

In general, in these ceramics, M4+ (M=Zr or Ce) diffusion as-
sisted by oxygen vacancies should prevail under an oxidizing con-
dition, and M3+ (M=Zr or Ce) diffusion assisted by oxygen vacan-
cies should prevail under a reducing condition. Without reduction,
the cation diffusivity is proportional to [M**][V\]exp(—(Barrier of
M*+)[kgT) with [M4*] set to be 1; with reduction, it is proportional
to [M3+][Vylexp(—(Barrier of M3+)/kgT) with [M3*] depending on
the reduction level. Therefore, the enhancement factor due to re-
duction is ([M3+]/[M**+])exp(AE/kgT), where AE is the reduction in
the barrier height in Table I from M*t to M3+—both assisted by
oxygen vacancies, which is 1.14/0.68 eV for ZrO,/Ce0O,. (Although
the diffusion path varies depending on whether solute drag is im-
portant or not, which in turn varies with systems, here we as-
sume the same AE applies to lattice migration and grain bound-
ary migration, and to cubic and tetragonal polymorphs.) When re-
duction is severe, [M3*]/[M**] approaches 1, and the AE differ-
ence alone gives an enhancement factor of 7950 for zirconia and
210 for ceria at 1200 °C. This condition is experimentally met
for (i) Zrogs2Y0.14801.926 (cubic YSZ) and Zrpg42Y0.05801.971 (tetrag-
onal YSZ) under electro-reduction at 1200 °C, its grain bound-
ary mobility is >1000 times faster than that in air [1,24], and
(ii) CeggGdg10195 in 5% H, at 1200 °C, its mobility is 400 times
faster than that in air [1]. So, there is a reasonable agreement
between the estimates and the experimental observations. Un-
der less reducing conditions, the enhancement factor should be
smaller because [M3+]/[M*t]<<1. [M3*]/[M*t] can be estimated
from the thermodynamic data of the reaction Of =2e+ Vg +
%02 by fixing [Vg] set by the acceptor dopants [46,47]. For
Zr0852Y0.14801.926/Z10.942 Y0.05801.971 at 1200 °C in an oxygen par-
tial pressure of 10-10 atm (which is representative for 5% H,),
we estimate [M3*]/[M**] of 1.7 x 10~4; small enhancement fac-
tors of 1.5-2 for their grain boundary mobilities in 5% H, over
those in air were indeed observed [1]. Likewise, CeO, in air has a
[M3+]/[M*+]~10~3 at 1300 °C, which explains why its grain bound-
ary mobility is only 2 times faster than that in oxygen [48]. The
different outcomes why Y3+ and Gd3+ do not have a much higher
diffusivity than Zr** and Ce*+ despite their lower charge (though
a larger size) can also be explained in terms of cation’s electronic
configuration and the polaronium mechanism, which is expected
for Zr3+ (4d') and Ce3* (4f') but not Y3+ (4d°) and Gd3+* (4f7).

Of the above, Ce is particularly interesting since Ce**/Ce3* con-
version readily occurs at ambient conditions as reflected in the
light-yellow color of Ce0,, and a small amount of Ce3*should be
enough to provide all the electrons needed for polaron localiza-
tion at the saddle points. This is because, as mentioned before,
only very few saddle points witness cation migration at any given
moment given the very low probability of ion migration events,
and with that an electron initially attracted to one saddle point to
aid a successful migration event there can be later recycled to an-
other saddle point and aid another migration event again. Indeed,
as we documented in Ref. [42], there are many examples in sup-
port of the above expectation: a small presence of Ce can affect a
systematic change in grain size, even a dramatic transition in the
microstructure [49]. Therefore, like a catalyst or a free radical that
enhances chemical reactivity, a mixed-valence cation dopant such
as Ce has a powerful effect on enhancing the mobility of host d°/f°
cations.

The experimental observations most relevant to Fig. 6b is O~
diffusion in Li-rich cathodes, e.g., Li;>Nig13C0013Mngs40,, which
has a layered structure similar to Liy3Mny;30; and an O local
structure adopted in Fig. 6b. These cathodes are of interest to Li-
ion batteries because they allow 02~/0~ redox at high cathodic po-
tentials, which delivers additional capacities not available in con-
ventional cathodes that rely on transition metal redox only. How-
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ever, during high-voltage charging cycles, they suffer from contin-
uous oxygen loss, oxygen gas evolution, and lattice cavitation [6,7],
which must involve 0%~/0~ diffusion from the bulk to the surface.
As mentioned before, 02~ is the slowest diffusing ion in this class
of compounds, so it is unlikely to diffuse at ambient temperature
without some unexpected mechanism, which is identified here:
by forming a complex of a small hole polaron and a saddle-point
02-. With the polaronium mechanism and the same structure as in
Fig. 6b (octahedral O by metal-ion ligands) but including massive
Li vacancies, which is appropriate at high cathodic potentials, we
calculated a migration energy of around 0.6 eV for O~ [39]. This
is low enough to activate room-temperature migration of O, which
explains the above observation.

An even more interesting case is the following example of the
catalytic effect of acceptor dopants on enhancing 02~ mobility. Un-
der a sustained DC voltage, perovskite titanates used in billions of
multilayer capacitors suffer aging in their resistance, initially ris-
ing gradually and later falling precipitously [50]. This process is
controlled by Vg redistribution that triggers the Ti**/Ti3* redox
reaction, which eventually leads to enhanced p-type conduction
near the anode and enhanced n-type conduction near the cath-
ode. When a small amount of A3+ and Fe3* is used to substi-
tute Ti*+, AI3*-doped SrTiO; ages only modestly faster than un-
doped SrTiO3 but Fe3*-doped SrTiO; ages much faster [51]. This
supports the hole polaronium mechanism, because while both A3+
and Fe3* can create V, that aggravates aging, only mixed-valence
FeZt+[Fe3t[Fe** can provide holes that go around to help the mi-
grating 02~ at the saddle points, i.e., creating a hole polaronium to
greatly accelerate aging.

It is clear from the above examples that reducing/oxidizing
atmospheres or, equivalently, cathodic/anodic charging can pro-
vide electrons/holes, as can a small amount of mixed-valence
donor/acceptor dopants, and these are very potent effects because
they are catalytic. In materials engineering, doping to control de-
fect population, hence diffusivity, is already well known as defect
chemistry. Our study has revealed an equally if not more important
role of doping: it enhances defect (cation/anion vacancy) mobil-
ity by forming radical-like transition-state ions that migrate with
a greatly reduced barrier, and like a free radical the extra elec-
tron/hole can be redeployed from one location to another to en-
hance ion mobility catalytically. This realization immediately re-
solves one long-standing conundrum in solid-state ionics that de-
fect chemistry has failed to explain, namely why many reduced
oxides enjoy higher diffusivity even though they must contain
more oxygen vacancies that should have suppressed cation vacan-
cies via the Schottky-pair reaction. We now see that, with the
intervention of small polaron and polaronium, the adverse effect
on defect population is overwhelmed by the beneficial effect on
cation mobility. As discussed in Ref. [42], this is but one example
of an extensive list of problems on zirconia, ceria, titanates and
even alumina that are now understood by applying our mecha-
nism. To take advantage of the mechanism, one should use dopants
and compounds known to be susceptible to the Jahn-Teller-like
effect.

Lastly, the transient polaronium mechanism may be relevant
to several technologically important observations that have gone
unexplained until now. (1) Enhanced sintering by a field ranging
from a slow-varying DC voltage (“spark plasma” sintering [52] and
“flash” sintering [3]) to a microwave [53], which may cause non-
equilibrium redox reactions in the sample, thus creating electrons
and holes that enhance ion mobility. (2) Valence-change (resis-
tance) memory using oxide and other insulator thin films whose
resistance changes upon the formation, rupture and reconnec-
tion of conducting filaments, which may be enabled by enhanced
cation/anion diffusion because of non-equilibrium electrons and
holes generated by the huge electrical field [4]. (Oxides of Ta>*,

Acta Materialia 232 (2022) 117941

Hf**+ and Ti*t, all d° cations, are leading candidates for such mem-
ory, which is also being explored for neuromorphic computing.)
(3) Superior plasticity of a severely reduced suboxide layer at the
Zr[Zr0, interface [54,55], which help support the oxide scale above
it and prevent oxidation of the metal beneath it, possibly because
the suboxide has copious Zr3+ that diffuses much faster than Zr+.
Similarly enhanced kinetics mediated by radical-like polaronium
migration catalytically or even autocatalytically enabled by equi-
librium or non-equilibrium small electron/hole polarons may also
explain other dynamic observations in nominally insulating com-
pounds in advanced applications, including those under extreme
conditions such as irradiation in in-situ transmission electron mi-
croscopy and in nuclear reactors.

9. Conclusions

(1) A polaronium, defined as a transitory complex of a polaronic
electron or hole and its migrating counterion, is a highly mobile
species in ionic compounds where the host counterion is a d°
or f0 cation or a p® anion.

(2) The stability and enhanced mobility of a polaronium is due to
the electron-phonon interaction that results in a Jahn-Teller ef-
fect causing local distortion and lowering the electronic energy
around a defect, which has a low stiffness thus easily accom-
modates any required distortion. Such interaction is especially
strong for d! and f! cations, obtained by reducing d° and f°
cations. Likewise, it is especially strong for p® anions, obtained
by oxidizing p® anions.

Polaronium migration going from the ground state to the sad-

dle point state is immune to the size effect because the d/f/p-

orbitals can reorient to minimize repulsion.

(4) Once a migration event of a polaronium is completed, its pola-
ronic electron/hole can be recycled elsewhere. Thus, very few
electrons and holes are needed to enable the mechanism. In
this sense, they behave like free radicals and catalysts, which
are known to enhance chemical reactivity. Indeed, the polaro-
nium itself is a radical-like ion that enjoys enhanced mobility.

(5) The polaronium mechanism can explain many observations of
enhanced kinetics in (mixed-valence-cation) doped and redox
ceramics that remain unexplained until now. It may also help
understand how enhanced kinetics arise from non-equilibrium
electrons/holes generated under dynamic or extreme ther-
mal/field/irradiation conditions.
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