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We use density functional calculations to investigate the accommodation and migration of oxygen vacancies
in bulk hexagonal YMnOj;, and to study interactions between neutral ferroelectric domain walls and oxygen
vacancies. Our calculations show that oxygen vacancies in bulk YMnO; are more stable in the Mn-O layers
than in the Y-O layers. Migration barriers of the planar oxygen vacancies are high compared to oxygen vacancies
in perovskites, and to previously reported values for oxygen interstitials in h-YMnO;. The calculated polarization
decreases linearly with vacancy concentration, while the out-of-plane lattice parameter expands in agreement
with previous experiments. In contrast to ferroelectric perovskites, oxygen vacancies are found to be more stable
in bulk than at domain walls. The tendency of oxygen vacancies to segregate away from neutral domain walls is
explained by unfavorable Y-O bond lengths caused by the local strain field at the domain walls.
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I. INTRODUCTION

Ferroelectric domain walls (DWSs), which separate regions
of different ferroelectric polarization, have been demonstrated
to possess distinctly different electronic properties from their
parent bulk compounds [1-3]. Nanoscale ferroelectric domain
walls are natural structural interfaces that can be created,
moved, and erased by applied electric fields. Recent dis-
coveries of metallic magnetic domain walls in an insulating
antiferromagnet [4] and the ability to switch the conductivity
of a ferroelectric domain wall on and off by an electric field
[5] hold great promise for future developments of domain
wall-based circuitry [2,6].

Enhanced domain wall conductivity was first demonstrated
in BiFeOs3 and attributed to local structural changes giving an
electrostatic potential step and a local reduction of the band
gap [3]. At charged domain walls, one or more components
of the polarization vectors of two adjacent domains meet,
either head to head or tail to tail. The resulting electrostatic
fields can be screened by mobile charge carriers such as
electrons or holes, leading to enhanced conductivity [6-8].
The field-screening charge carriers can arise from charge com-
pensation of intrinsic point defects such as oxygen vacancies.
Enhanced domain wall conductivity has been attributed to
oxygen vacancies in improper ferroelectric hexagonal man-
ganites [9-13] and in conventional ferroelectrics materials
such as PbTi;_,Zr, O3 (PZT) [14] and BiFeO; [15,16].

In the hexagonal manganites, h-RMnOj3, both charged and
neutral walls have shown increased conductivity [5,6,17-22].
While the electrostatic field can drive an accumulation of
electrons or holes at charged walls, at neutral walls the local
elastic field is the most plausible driving force for charge-
carrier accumulation. Oxygen vacancies were predicted to ac-
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cumulate at neutral domain walls from atomistic simulations
[23], and hence charge-compensating electrons could increase
the conductivity.

The YMnO; structure with space group P63cm has lay-
ers of corner-sharing MnOs polyhedra separated by seven-
coordinated Y, as illustrated for the prototypical YMnO3 in
Figs. 1(a) and 1(b). In the Mn-O layers, groups of three
MnOs polyhedra tilt towards or away from the planar O3 sites,
denoted trimerization centers; see Fig. 1(c). The apical oxygen
(O1 and O2) and planar oxygen (O3 and O4) sites in the
MnOs polyhedra have different coordination environments in
this layered structure. The MnOs tilting pattern [Figs. 1(a)
and 1(c)] is strongly coupled to the alternating off-centering
of Y along the ¢ direction; see Fig. 1(b). These distortions
are direct observables of the primary order parameter, the
zone-boundary K3 mode, here referred to as the trimerization
mode. Improper ferroelectric polarization arises from a shift
of the Y layer with respect to the Mn-O layer, with polariza-
tion saturating at ~6 «C cm™2 at room temperature [24—26].
The coupling between the trimerization and polarization
gives an energy landscape resembling a Mexican hat [27]
[Fig. 1(d)], with six minima corresponding to the combination
of two polarization directions and three trimerization centers.
As the primary trimerization distortions of the Y-O and Mn-O
sublattices are linked through out-of-plane Y-O bonds along
the polar axis, we expect oxygen vacancies to perturb both the
trimerization distortion and the ferroelectric polarization.

The hexagonal manganite structure can accommodate large
concentrations of both oxygen vacancies [12,28] and intersti-
tial oxygen ions [29-31]. Oxygen vacancy formation is fa-
vored by high temperature and low pO, [32], while enthalpy-
stabilized oxygen interstitials are favored at low temperatures
and high pO, [29]. The oxygen stoichiometry can thus be
tuned through the thermal and atmospheric history of the
materials. Under a finite vacancy concentration, vacancies are
charge compensated by reduction of Mn in accordance to
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trimerization

FIG. 1. (a) Unit cell of the YMnOj; crystal structure visualized
with the conventional MnOs trigonal bipyramidal polyhedra em-
phasizing the atomic Wyckoff sites (Y1-2, Mn, O1-4), up-down-
down off-centering of the Y atoms, and tilting of the polyhedra.
(b) Equivalent unit cell of YMnOj; visualized with YO; polyhedra
emphasizing the strong Y-O bonds. Out-of-plane bonds between the
Y ions and the planar O3 and O4 ions in the Mn layers link the
sublattices together. Selected bond lengths are given in the panels.
(c) Trimerization tilting pattern of the MnOs polyhedra seen along
the ¢ axis. We denote the O3 ion as a trimerization center because
the three surrounding MnOs polyhedra are tilting directly towards it.
(d) Calculated Mexican hat energy landscape, following methods by
Artyukhin ef al. [27]. Q and & are the order-parameter amplitude
and angle, respectively. Q is a measure of the amount polyhedral
tilting, while Phi is the direction of this tilting. A high-symmetry
P63/mmec structure is found at the top, while the polar ground state
with P6;cm symmetry is found in the six minima in the brim. The
antipolar structure with P3c1 symmetry is found at the local maxima
in the brim.

Eq. (1),
2Mnyy, + Of <= 2Mny, + V5 +1/20, (g), (1)

where V¢ and Mnjy, denote an oxygen vacancy with relative
charge +2 and a Mn“" cation, respectively. Oxygen vacancies
can act as electron donors, giving enhanced conductivity at
head-to-head domain walls, [33] or reduced conductivity at
tail-to-tail walls [34].

Here we study the formation and migration of oxygen
vacancies in YMnO; using density functional theory (DFT)
calculations. We find a strong preference for the formation
of vacancies at the planar O4 sites in bulk, which are not
trimerization centers, where they are elastically screened by
the surrounding ions, and reduce the local polarization. Oxy-
gen vacancies migrate most easily in the Mn-O layers between
04 sites. Close to neutral domain walls, the defect forma-

tion energy increases due to breaking of shorter Y-O bonds,
suggesting that there is no driving force for the accumulation
of oxygen vacancies at these walls. Oxygen vacancies are thus
not likely to be the origin of local enhanced conductivity at
neutral domain walls.

II. COMPUTATIONAL DETAILS

Density functional calculations were performed using
the VASP code [35,36] with the generalized-gradient-
approximation Perdew-Burke-Ernzerhof (GGA PBEsol)
functional for solids [37]. To better describe the Mn-d on-site
Coulomb interaction, we added a Hubbard U of 5 eV within
the spin-polarized GGA+4U implementation of Dudarev
[38], reproducing the experimental band gap [39] and lattice
parameters [25]. The projector augmented wave method [40]
was used, treating Y(4s, 4p, 4d, 5s), Mn(3s, 3p, 3d, 4s), and
O(2s, 2p) as valence electrons, combined with a plane-wave
cutoff energy of 550 eV. Brillouin zone integration was
done on a I'-centered 2 x 2 x 2 mesh for the 2 x 2 x 1
supercells and 1 x 1 x 1 mesh for the 3 x 3 x 2 supercells.
The noncollinear magnetic structure was approximated by a
collinear frustrated antiferromagnetic order (F-AFM) [41].

The geometry of the bulk structures was relaxed until the
forces on the ions were below 0.01 eV/A for 2 x 2 x 1 cells
(120 atoms) and 0.02 for 3 x 3 x 2 cells (540 atoms). Lattice
parameters were kept fixed in all defect calculations, ex-
cept for calculations of chemical expansion. Oxygen vacancy

formation energies were calculated from E"’,CO = E{MnoH —

E{;Mno3 + 1o, with the chemical potential of oxygen set to
o = —4.5eV. This value is in the middle of the stability
range and also corresponds to typical growth conditions for
pulsed laser deposition (PLD). As YMnOj is prone to substan-
tial oxygen nonstoichiometry, we consider neutral cells here;
hence, E 60 is effectively the enthalpy of reduction. The ferro-
electric polarization was calculated with a simple ionic point
charge model using formal charges, as this method gives com-
parable values to Berry phase calculations for YMnOs3 [42].
Five images were used for the climbing image nudged elastic
band (cNEB) [43,44] calculations of vacancy migration paths.

Neutral domain wall cells were built following
Refs. [42,45]. 240-atom 8 x 1 x 1 supercells were used to
ensure close-to-bulk properties within the domains. Magnetic
order was continued across the domain walls for simplicity.
For the domain wall calculations, a k-point grid of 1 x 4 x 2
was chosen and the geometry optimized until the forces on
the ions were below 0.02 eV/A.

A. Bulk crystal structure

Before addressing structural accommodation of oxygen
vacancies in bulk YMnO;, we first calculated the ground-
state crystal structure using the computational details given
in Sec. II. Our relaxed structural coordinates, presented in
Table I, agree well with the experimental structure reported
by Gibbs et al. [24].

B. Vacancy energetics

Relaxation of structures with oxygen vacancies at the four
different atomic sites show that the planar oxygen vacancies
have significantly lower defect formation energy than apical

184102-2



OXYGEN VACANCIES IN THE BULK AND AT NEUTRAL ...

PHYSICAL REVIEW B 98, 184102 (2018)

TABLE 1. Relaxed bulk structure of YMnO;. Relaxed atomic
positions for YMnO; within the space group P6;cm. Computational
details are given in Sec. II. The relaxed lattice parameters are
a=6099 Aandc=11422A.

Position X y z

Y1 0 0 0.276
Y2 1/3 2/3 0.231
Mn 0.334 0 0

(0] 0.306 0 0.164
02 0.640 0 0.337
03 0 0 0.476
04 1/3 2/3 0.021

oxygen vacancies; see Fig. 2(a). A simple chemical argument
can be used to understand this difference: the local bonding
environment of apical oxygen ions is more dominated by Y
than by Mn. Conversely, the local coordination environment
of planar oxygen ions is more dominated by their short bonds
to Mn in the same layer. Since Y has a stronger affinity
for oxygen and is more electropositive than Mn, the Y-O
bonds are stronger than the Mn-O bonds, making the latter
easier to break when creating a vacancy. This preference
for planar oxygen vacancies over apical vacancies is not
found in h-InMnO3, consistent with In and Mn having similar
electronegativities and oxygen affinities [46].

The lower formation energy for the planar vacancies com-
pared to the apical vacancies is also evident from the elec-
tronic structures. The electronic density of states for each of
the four vacant oxygen sites is presented in Figs. 2(b)-2(e).
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E‘f/O (eV) 453 4.65 4.07 3.69
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FIG. 2. (a) Formation energies E‘f,o and Fermi energies Ef for
all oxygen-vacancy types calculated with neutral cells (2 x 2 x 1
supercells). (b)—(e) Electronic densities of states for the same cells,
with the Fermi energy set to 0 eV.

The electronic structures show that charge compensation of an
oxygen vacancy by formally reducing two Mn** to Mn?* lifts
the Fermi level above the valence band maximum, where the
charge-compensating electrons occupy mostly Mn 3d.2 states.
For the apical oxygen vacancies Vg and V,, the Fermi level
is lifted into the conduction band, with a Fermi energy of
~5.0 eV. The charge-compensating electrons are localized in
Mn d states, formally reducing two Mn** to Mn?* [Eq. (1)],
with Bader charges of 1.72 and 1.47, respectively. For the
planar oxygen vacancies Vo3 and Voyq, the d,> defect state at
the Fermi level is only lifted into the band gap, with a Fermi
energy of ~4.5 eV. The charge-compensating electrons are
more localized for planar than apical vacancies, with Bader
charges of 1.72 and 1.38 for Mn** and Mn?*, respectively.

The electronic density of states cannot explain the differ-
ence in formation energies between the two planar sites, fa-
voring the O4 site by 0.37 eV. This indicates that the chemical
bonding environments around the O3 and O4 vacancies are
different; the O4 vacancies are stabilized further by elastic
effects, which is discussed next.

C. Structural accommodation of vacancies

The difference in formation energy between O3 and O4
lies in their bonding to nearby Y atoms and the structural
flexibility of the YO; polyhedra. We remind the reader that
03 is a trimerization center [Fig. 1(c)]. A combination of the
trimerization distortion and the polar shift along ¢ results in
shorter Y1-O3 bonds than Y2-O4 bonds [Fig. 1(b)]. Hence,
breaking Y1-O3 bonds is expected to cost more energy than
breaking Y2-O4 bonds.

The difference in formation energy between Vo3 and Vou
is further rationalized by considering the local structural dis-
tortions. We quantify the distortions by defining a structural
screening length as the distance away from the defect where
the perturbations of atoms are smaller than 0.1 A. Introducing
planar oxygen vacancies causes only short-range structural
perturbations, as shown in Figs. 3(a) and 3(b). Significant per-
turbations are found in the Mn-O layer in which the vacancies
are located, but the perturbations are effectively screened from
the third coordination shell from the defect. The structural
screening length of a Vo3 is ~4 A, while it is ~6 A for Vos.
The longer screening length for Vo4 is mainly caused by a
displacement of O4 in the adjacent Mn-O layer. Out-of-plane
perturbation is also seen for the closest Y1 and Y2, directly
above or below the vacancies.

It may appear counterintuitive that the larger spatial extent
of distortions around the O4 vacancy compared to the O3
vacancy still leads to a lower formation energy. To rationalize
this, the different structural distortions caused by the two
planar vacancies are analyzed with respect to the energy
landscape of the order parameter Q, ® of the trimerization
[Fig. 1(d)]. A Vo3 is accommodated by an increased apical tilt
angle, o a, of the three closest trigonal bipyramids [Fig. 3(¢c)],
and a subtle repulsion of the closest Y1 in [Fig. 3(d)]. These
perturbations correspond to an increase in the trimerization
amplitude Q in the Mexican hat energy landscape [Fig. 1(d)],
which comes with a high cost and a short structural screening
length. The more stable Vo4, on the other hand, is mainly
accommodated by rotation of the closest trigonal bipyramids
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FIG. 3. Displacement from initial position of all atoms in 520-atom 3 x 3 x 2 cells as a function of distance from an (a) O3 or (d) O4
vacancy. Structural screening lengths are indicated by dashed vertical lines. Structural relaxations around an (b),(c) O3 or (e),(f) O4 vacancy
with the initial structure faded in the background. Green arrows indicate significant changes in bipyramidal tilting or Y position after relaxation.

[Fig. 3(e)] and a significant repulsion of the closest Y2
[Fig. 3(f)]. These perturbations come with a lower cost, as
they correspond to changing the trimerization angle @ in
the brim of the Mexican hat energy landscape. This link
between structural distortions and the order parameter energy
landscape [47] explains the strong driving force for vacancies
favoring the O4 site in bulk YMnOs.

It is worth mentioning that O K first-principles calculations
predict a larger trimerization amplitude than that observed at
finite temperatures. A smaller trimerization amplitude at finite
temperatures is expected to reduce the difference in defect
formation energy between Vg3 and Voyq.

D. Effect on polarization and lattice

The out-of-plane structural perturbations of Y naturally
affect the local polarization. The calculated polarization for
each of the four vacancies shows no correlation with the ¢
lattice parameter, as shown in Fig. 4(a). This is expected for
an improper ferroelectric in which the polarization does not
directly couple to strain, and thereby to the lattice parameters.

The lattice expands within the ab plane for all four vacancy
positions, but it expands the least for the most stable Voq
vacancy, as shown in Fig. 4(a). For Vo4 in the 2 x 2 x 1
supercell (YMnO,qs), the expansion of the ab plane is
equal to 0.22%, in good agreement with experimental x-ray
diffraction (XRD) results of 0.30% [28]. The lattice expands
by 0.09% along ¢ for the Vo4 vacancy in the 2 x 2 x 1
supercell (YMnO;.96). This is in qualitative agreement with
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FIG. 4. (a) % change in polarization and lattice parameters a and
¢ of 120-atom supercells with one oxygen vacancy relative to stoi-
chiometric cell, where both atomic positions and cell volume have
been allowed to relax. Calculations with relaxation of only atomic
positions gave similar results for the polarization. (b) Polarization as
a function of concentration of Vg3, Voa, or both.
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experimental XRD results of 0.42% expansion for a similar
oxygen vacancy concentration in YMnO; g5 [28]. The quan-
titative difference may stem from the anticipated Boltzmann
distribution of vacancies at ambient temperatures, compared
to the periodic image ordering at 0 K inherent in our DFT
calculations.

The short structural screening length around the vacancies
allows for large vacancy concentration without significant
defect-defect interactions. Thus, the polarization changes lin-
early as a function of vacancy concentration, as shown in
Fig. 4(c). The polarization in improper ferroelectric YMnOs3
is robust with respect to the most stable Vo3 vacancies, and
becomes zero only at a high concentration corresponding
to a stoichiometry of YMnO; g33, where one Vo4 is present
in a 30-atom cell. The polarization increases with increas-
ing concentration of the less stable Vo3 until a stoichiom-
etry of YMnO, g5 is reached, before dropping abruptly for
YMnO, g33.

E. Oxygen-vacancy migration

Oxygen ion migration energy barriers give clues to how
quickly the stoichiometry is expected to equilibrate with the
surroundings, and in layered YMnOj they reveal the preferred
lattice planes for ionic transport. Calculated paths for mi-
gration between planar oxygen sites and between apical and
planar oxygen sites are presented in Fig. 5. The migration
path between two O4 sites has the lowest energy barrier of
~1.3 eV, while the other in-plane path between an O3 and an
04 site has a barrier of ~1.5 eV. Out-of-plane migration is less
favorable, with barriers of ~1.7 and ~1.9 eV for the O1-to-O4
and O2-to-O3 paths, respectively. Experimental reports have
shown that oxygen vacancies move in-plane under an applied
electron beam [48]. Our calculated oxygen vacancy migra-
tion barriers are high compared to state-of-the-art oxygen-
conducting perovskites [49]; in Bag 5SrgsCoggFeq»03_s, for
example, the migration barrier is ~0.4-0.5 eV [50,51]. The
vacancy migration barrier is also much higher than that for
interstitial oxygen in h-YMnO; [29]; hence we predict that
oxygen transport in hexagonal manganites occurs predomi-
nantly in the Mn-O planes and is strongly favored in oxygen-
rich compared to oxygen-poor materials.

III. VACANCIES AT NEUTRAL DOMAIN WALLS

Having established the energetics and structural effects
of oxygen vacancies in bulk YMnO3, we now turn our at-
tention to oxygen vacancies at neutral ferroelectric domain
walls. At neutral domain walls, it follows from symmetry
considerations that the domains are terminated by either Y1
or Y2 planes [17,42]. The structural relaxation of domain
walls, presented in Fig. 6(a), shows that the walls resemble
structural “stacking faults,” in line with previous transmission
electron microscopy (TEM) images from Matsumoto et al.
[45] and DFT studies from Kumagai et al. [42]. None of the
Y atoms relax to the high-symmetry positions which would
give the antipolar P3¢l symmetry found as a special point
in the local maxima of the brim of the Mexican hat energy
landscape [Fig. 1(d)]. The gradual distortions across a domain
wall lower the symmetry to P3cl, which is intermediate
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V Vo2 = Vo3
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FIG. 5. (a) In-plane (circles) and out-of-plane (triangles) mi-
gration barriers for an oxygen vacancy in bulk YMnOj;. In-plane
migration: The vacancy can migrate between O4 and O3 sites, or
between two O4 sites. Out-of-plane migration: the vacancy can
migrate between Ol and O4 sites or between O2 and O3 sites.
(b) Corresponding calculated in-plane migration paths. Arrows with
colors corresponding to plots in (a) show the migration paths of
lattice oxygen to vacant oxygen sites. Multiple positions of the ions
correspond to images in the cNEB calculations and illustrate the
structural breathing during vacancy migration.

between polar P63cm and antipolar P3c1, and a subgroup
of both. As the O3 and O4 ions are situated directly below
or above an Y1 or Y2, respectively, their distances to the
Y1 or Y2 terminated domain walls vary accordingly; see
Fig. 6(b). The trimerization amplitude Q is subtly reduced
at the domain walls, as seen from «4 and AY as a function
of cell position; see Fig. 6(c). The gradual 60° change of
® over a ~6 A range across the walls denotes the domain
wall width, marked by the gray arrows in Fig. 6(d). The
variation of the order parameter across the domain walls, and
the corresponding local lattice strain, are anticipated to affect
the stability of oxygen vacancies.

To study the interaction between the planar oxygen va-
cancies and the neutral domain walls, the defect formation
energies in 8 x 1 x 1 supercells were calculated for single
oxygen vacancies at varying distances from the two types of
neutral domain walls. To quantify the driving force for the
accumulation of oxygen vacancies at neutral domain walls,
the segregation enthalpy was calculated as AE {;O = E\’;O,Dw —
E‘\’,Co’bulk. As shown in Fig. 6(e), Vo3 is attracted to the domain
walls with a segregation enthalpy of AE 50 = —0.10 eV. In
contrast, Voq is repelled by the domain walls with a segrega-
tion enthalpy of AE {;O = 0.12 eV. We note that the formation

energies of the vacancies only deviate from bulk values when
the vacancies are within a distance from the domain wall
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FIG. 6. (a) Stoichiometric 8 x 1 x 1 supercell with two do-
mains separated by (210) neutral Y1-Y1 and Y2-Y2 terminated
domain walls. Orange and purple arrows denote the direction
of the polarization. Y1 and Y2 are colored blue and green,
respectively. (b) Out-of-plane Y1-O3 and Y2-O4 bond lengths
across the domain-wall cell. (¢) Observables of the trimerization
order-parameter amplitude Q: Apical tilt angle o, of the MnOs
bipyramids, with respect to the c-axis and the Y corrugation
AY = c(zy1 — 2y2). (d) Trimerization order parameter angle &
calculated from the tilting direction of the trigonal bipyramids.
(e) Defect-formation energy E“CO for O3 and O4 vacancies as a
function of distance to the Y1 or Y2 terminated domain walls. The
oxygen chemical potential is set to —4.5 eV.

approximately equal to the structural screening lengths found
in bulk materials; see Figs. 3(a) and 3(d).

To assess the effect of cell size in the ab plane, calculations
with 4 x 2 x 1 supercells were performed. These calculations
confirmed the tendency of oxygen vacancies to segregate
away from neutral domain walls. The doubling of the unit cell
along the b axis reduces the vacancy-vacancy repulsion be-
tween periodic images, but gives qualitatively similar results
for the segregation enthalpies with AE “7;0 = —0.14 eV for Vg3

and AE {;0 = 0.07 eV for V4. Oxygen vacancies thus prefer
to be at O4 sites in bulk rather than at neutral domain walls.
The opposite tendencies of accumulation found for Vo3 and
Vo4 can be rationalized from the Y-O bond lengths [Fig. 6(b)],

keeping in mind the greater affinity of Y than Mn for oxygen.
The Y1-O3 bonds are longer at the Y1-Y1 domain walls
(2.33 A) than in bulk (2.30 A), indicating that breaking this
bond at the domain wall will cost less energy than in bulk. Op-
positely, Y2-O4 bonds are shorter at the Y2-Y2 domain walls
(2.36 A) than in bulk (2.41 A), and hence it costs less energy
to break these bonds in bulk than at neutral domain walls.

IV. SUMMARY AND DISCUSSION

In summary, we find that oxygen vacancies are more stable
in the Mn-O layers than at apical sites, where they are easily
charge compensated by formally reducing two of the closest
Mn** to Mn?*. The electropositive character of Y and the
flexibility of the YMnOj; structure further favor vacancies at
the planar O4 sites in bulk, minimizing the cost of breaking
Y-O bonds. The higher cost of vacancies on O3 sites is
explained by the shorter bond length to Y, and the energy cost
of resulting perturbations of the trimerization amplitude Q.
Vacancies on O4 sites in bulk mainly distort the trimeriza-
tion angle ® and reduce the local polarization, as breaking
the Y-Opianar bond reduces the coupling between Y and Mn
sublattices. Migration of oxygen vacancies is found to occur
preferentially in the Mn-O layer, with a high migration barrier
compared to oxygen interstitials, and vacancies in perovskite
oxides. The vacancies are not predicted to segregate to neutral
180° domain walls. This is because of the lower cost of
breaking Y2-O4 bonds in bulk compared to at domain walls,
and the associated local strain field at domain walls affects the
Y-O bond lengths. Oxygen vacancies are hence not likely to
be the origin of observed enhanced conductivity at neutral
domain walls in hexagonal manganites. In contrast, interstitial
oxygen point defects were recently shown to cause enhanced
conductivity at neutral domain walls [52].

A preference for planar oxygen vacancy formation has
been indicated experimentally by x-ray diffraction [28] and
transmission electron microscopy [48,53]. However, distin-
guishing between the two planar oxygen vacancies in exper-
iments is challenging. Although symmetry inequivalent, the
two planar sites have previously been assumed to have equal
occupancy of vacancies [28], but we believe this is only true
for high concentrations where the overall amplitude of the
order parameter of trimerization is strongly reduced. Previous
local spin-density approximation [L(S)DA]4-U DFT studies
[53,54] and atomistic simulation studies [23] have shown
preference for vacancies at the O4 site, in agreement with
our results, although reporting a smaller energy difference
between Vo3 and V4. This quantitative difference may stem
from the different lattice parameters and, concomitantly, the
geometry of the YO; polyhedra, obtained from L(S)DA and
PBEsol calculations.

The positive domain wall segregation enthalpy for the
most stable Vo4 from our calculations contradicts previous
atomistic simulations [23]. These qualitative differences may
stem from the fact that atomistic simulations with classical
potentials cannot adequately consider anisotropic electron
density distributions, and thereby do not capture all covalent
contributions to the chemical bonding.

It has been shown that large concentrations of oxygen
vacancies reduce both the trimerization amplitude and the
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ferroelectric polarization [28], and that the introduction of
vacancies can enhance the mobility of the ferroelectric domain
walls [12]. Previous studies further show that the domain
structure evolves from the characteristic cloverleaf patterns
into stripelike patterns in highly reduced samples [10], and
that the domain walls become more mobile under electric-
field poling [48]. This observed higher domain wall mobility
can be explained by the reduced trimerization distortions
when high concentrations of vacancies are introduced. Fur-
thermore, the strong preference for vacancies at O4 sites and
their repulsion from the neutral domain walls may further
favor stripelike domains.

Although the elastic field at neutral domain walls re-
pels oxygen vacancies, the situation can be very different
at charged domain walls, where both elastic and internal
electric fields will affect the stability of oxygen vacancies.
Electric fields at charged head-to-head and tail-to-tail walls
are intuitively expected to favor depletion and accumulation,
respectively, of point defects with a positive relative charge
such as oxygen vacancies. The possible competition and
cooperation between elastic and electric fields for segregation
of oxygen vacancies at charged domain walls in improper
ferroelectrics will be the topic of future studies.

In conventional ferroelectric perovskites, the accumulation
of oxygen vacancies at ferroelectric domain walls has been
well known for decades [55,56]. Oxygen vacancies are known
to pin domain wall movement, causing hardening of PZT
[57-59] and fatigue in ferroelectric memories [60,61]. Both
seminal and recent DFT studies of oxygen vacancies at 180°

and 90° domain walls in PbTiO; also confirm the tendency
of oxygen vacancy accumulation and pinning in ferroelectric
perovskites [62—64].

While we do not find a tendency for oxygen vacancies to
accumulate at neutral domain walls in YMnOs3, the situation is
opposite for oxygen interstitials [52]. Recent findings that the
cation stoichiometry can also differ at domain walls compared
to bulk materials [65,66] further highlight the potential for
actively engineering domain-wall properties by changing the
chemical composition relative to bulk materials.

We hope our analysis of why oxygen vacancies will
not segregate to neutral domain walls in YMnO3;—chemical
bonds and order parameter perturbations—will inspire efforts
towards a generic understanding of the factors governing
point-defect—-domain-wall interactions in ferroelectrics and
ferroelastics.
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