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ABSTRACT (Coexistence of surface reconstructions is important due to the diversity in kinetic
and thermodynamic processes involved. We identify the coexistence of kinetically accessible
phases that are chemically identical and form coherent interfaces. Here, we establish the
coexistence of two phases, (2 x 2) and (4 x 4), in BaTi05(001) with atomically resolved
Scanning Tunneling Microscopy (STM). First-principles thermodynamic calculations determine that
Ti0 adunits and clusters compose the surfaces. We show that Ti0 diffusion results in a kinetically

Relative Energy (eV)

accessible (2 x 2) phase, while Ti0 clustering results in a kinetically and thermodynamically

Reduced reaction coordinate

c(4x4)

stable c(4 x 4) phase. We explain the formation of domains based on the diffusion of Ti0 units. The diffusion direction determines the observed 1D

coherent interfaces between ¢(2 x 2) and (4 x 4) reconstructions. We propose atomic models for the (2 x 2), (4 x 4), and 1D interfaces.
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here is renewed interest in BaTiO; and
Trelated oxides due to recent demon-

strations of their versatile surface
properties. In situ ferroelectric poling has
been shown to control surface reactions,’ as
well as the converse effect in which adsor-
bates control the polarization.>~* Complex
metal oxide surfaces are interesting both
from a fundamental perspective and for the
promise they hold for practical applications.
Compelling interest stems from the ability
of transition metal cations to induce struc-
tural complexity and functional properties.® 2
Nevertheless, this family of materials repre-
sents an experimental and theoretical chal-
lenge. In perovskites the coexistence of
different surface structures has been shown
using STM,>~'2 but the origin of such coex-
istence has not been mechanistically con-
sidered. In this study, we use electronic
structure measurements in tandem with
first-principles density functional theory
(DFT) to obtain the most precise atomistic
model of the coexisting phases that we
experimentally observe on BaTiOs. Addi-
tionally, we elucidate the atomic and elec-
tronic structures of two phases, the ¢(2 x 2)
and c(4 x 4) reconstructions of BaTiO3;. We
conclude that TiO and TiO-clusters allow
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the kinetic coexistence of the two recon-
structions. We show that the ¢(2 x 2) surface
is a trapped kinetic phase while the c(4 x 4)
is the equilibrium thermodynamic phase,
and explain their domain formation. Fur-
thermore, we observe that at the meeting
of these phases 1D coherent interfaces
form. We precisely address the atomic de-
tails of the 1D coherent interfaces between
the phases.

Depending on thermochemical proces-
sing, BaTiO; develops a range of surface
reconstructions: (1 x 1), (2 x 1), c(2 x 2),
(3 x2),(6x1),23x1),5 x +/5R26.6°,
and (v/13 x +/13)R33.6°.24725 Each surface
must be carefully considered in order to
successfully model its composition. Here,
determining the correct atomic structure
involves the interplay of experimental and
theoretical results where we employ the
following four criteria: (1) DFT, from first-
principles thermodynamics, we calculate
the surface compositions with low free en-
ergy; (2) STM images, we compare STM
simulations with experiment to find match-
ing contrast variations; (3) electronic structure,
from projected density of states (PDOS), we
identify electronic spectral features of candi-
date structures; (4) Ti:O ratio, our previous
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studies®>*?® provide an upper limit for the expected

reduction of the structures in consideration.

The above-mentioned criteria were employed to
evaluate the structure of the smaller reconstruction
(c(2 x 2)), where the reasonable simulation size en-
abled us to explore a wide range in the chemical phase
space (various compositions) in our DFT calculations.
On the basis of chemical constraints, the established
c(2 x 2) composition will point to the potential candi-
dates for the coexisting c(4 x 4) phase as we illustrate
below. This allowed us to limit the variations in the
chemical composition of the c(4 x 4) structures, and
we concentrated instead on structural permutations.
To solve for the c(4 x 4) structure, we rely on points
(1—3) as discussed above. In the present study, we
elucidate the atomic and electronic structures of two
phases, the ¢(2 x 2) and c(4 x 4) reconstructions of
BaTiO3;, and measure and calculate that they can
coexist. We determine the thermodynamic and kinetic
factors that lead to this stabilization and precisely
address the atomic details of coherent interfaces be-
tween the phases.

RESULTS AND DISCUSSION

Surface Atomic Structures. Using DFT, we explore six
structures of BaTiO3(001) surfaces exhibiting ¢(2 x 2)
superstructures. These were selected in light of the
results of past calculations involving a thorough in-
vestigation of the (v/5 x +/5)R26.6° reconstruction
under reducing conditions.”® We previously demon-
strated that Ti-rich derivatives of the TiO, (001) surface
have low surface free energies and produce electronic
structure profiles consistent with experiment, whereas
O vacancy or adatomic Ba models do not.

The experimental STM images of coexisting ¢(2 x 2)
and c(4 x 4) phases are presented in Figure 1a,b. Both
phases are in registry with the substrate, with bright
features that have periodicities of 0.57 and 1.16 nm for
the c(2 x 2) and c(4 x 4), respectively. The c(2 x 2)
atomic structures are the result of either the forma-
tion of a TiO, overlayer [TiO,—TiO, and TiO,—TiO3/,] or
the addition of TiO units [TiO,—(TiO),,,], Ti adatoms
[TiO,—Tiy 2], or both [TiO,—Ti;»(TiO) 2], on a bulk-like
TiO, surface. These structures are described in sec-
tion Il Supporting Information, Figure S1A, while the
corresponding calculated STM images are shown in
Figure S2. From comparison to the simulated STM
images alone, the ¢(2 x 2) TiO,—TiO, surface can be
disregarded since the spatial contrast variations
are not consistent with the experiment. Though the
calculations of the structurally related double-layer
reconstruction TiO,—TiO3,, is similar to the experi-
mental STM images, this composition is predicted
to have a high surface energy within the experi-
mental oxygen chemical potential range, o
[—2.63, —3.88 eV], see section Il Supporting Informa-
tion, Figure S1B.
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Figure 1. Experimental and simulated STM images of the
c(2 x 2) and c(4 x 4) surface reconstructions on BaTiO3(001).
The experimental STM parameters are (a) (0.929 V, 0.15 nA)
and (b) (1.008 V, 0.18 nA). Inset in (a) indicates crystal-
lographic directions, that also apply to (b—d). Upper left
portion shows c(2 x 2), while the rest shows c(4 x 4). DFT
simulated STM for (c) ¢c(2 x 2), and (d) c(4 x 4). Red squares
indicate supercells of the reconstructions.

To determine the atomic structure of the recon-
structions, we measure the local density of states
(LDOS) to obtain electronic signatures that indicate
the extent of the surface reduction. Calculations of
atomic projected density of states (PDOS) for the sur-
face Ti, Ti of the underlying bulk-like TiO, layer, and O
adatoms provide further comparison with experiment.
The LDOS of the reconstructions are presented in
Figure 2a,b. The measured LDOS for both reconstruc-
tions have identical band gaps of 0.25 eV, with broad
peaks associated with surface states below the Fermi
level (0 V). These states are attributed to the occupied
3d states of reduced Ti species on the surface, narrow-
ing the gap from 3.2 eV.?’?® Aside from the clear
indication of surface reduction, the similarity of the
two surface electronic structures suggests a similar or
identical chemical composition. From the simulated
PDOS (Supporting Information, Figure S3), one can
point out that excess Ti on the surface (i.e., higher Ti:O
ratios) results in occupied Ti 3d-orbital derived states
close to the valence band edge. Additionally, O adsor-
bates give rise to O 2p states that are higher in energy
than the bulk O 2p states comprising the valence band.
Incidentally, the lack of occupied Ti 3d orbitals in the
TiO,—TiO, and TiO,—TiO3/, supports our previous con-
clusion, in which we discarded these as candidate
structures. Thus, these fully oxidized or lightly reduced
surfaces cannot account for the significant density of
states near the Fermi level observed in the experiment.
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The temperature at which the crystal is treated
(1100 K) to form c(2 x 2) and c(4 x 4) is less than
that used for the (v/5 x +/5)R26.6° reconstruction

35 — Total
30} C(2X2) —%uw

—Tiad

251 Eo

0 20
(@)
O 155 _A#
-

10}

5t
35 ‘— Total :

30} c(4x4) —s..,
— Tiad

250 Exp

€l

9

Figure 2. Experimental and calculated surface electronic
structures. The measured LDOS spectra show narrowed
surface band gaps and states near and below the Fermi
level for both (a) c(2 x 2) and (b) c(4 x 4). These states
indicate that the reconstructions are reduced, and DFT
PDOS shows that they are due to occupied 3d orbitals of
both subsurface and surface Ti, as well as O 2p orbitals of
the O adatoms.

a Tio,(001) b c(2x2) TiO,-(Ti0),,,

(1300 K).2*~2% This indicates a less reduced surface in
the present case. We can define the surface Ti:O ratio
from the Ti and O content of the reconstruction and
the underlying bulk-like layer. Ti:O relates directly to
the degree of surface reduction. More precisely, we
determined the (v/5 x +/5)R26.6° to be TiO,—Tiss,
with Ti content of 1 + 3/5 = 8/5, and O content of 2,
giving a Ti:O ratio of 4:5. Thus, 4:5 defines the upper
limit ratio of the reconstructions found below 1300 K. The
Ti:O ratios for the candidates vary from fully oxidized 1:2
[bulk-like TiO,, TiO,—TiO,], to moderately reduced 4:7
[TiO,—TiOs/5] and 3:5 [TiO,—(TiO)4,], to highly reduced
3:4 [TiO,—Tiy 2] and 4:5 [TiO,—Tiy»(TiO)4 5], In conse-
quence, we disregard the [TiO,—Ti;/5(TiO),2] which
has a 4:5 Ti:O ratio, inconsistent with the Ti:O progres-
sion, c(2 x 2) < /5% +/5R26.6° (4:5).%°

The clustering behavior of the defects, as demon-
strated by the c(4 x 4), requires a defect unit that is
energetically favorable to aggregate. TiO units demon-
strate such capability, in contrast to Ti adatoms as
further discussed below. Therefore, a Ti adatom model
(TiO;—Tiy ) is less well able to explain the c(4 x 4)
surface than a TiO adunit model, and its coexistence
with ¢(2 x 2) strongly implies a similar extent of
oxidation for both reconstructions. The factors de-
scribed above lead to the proposed c(2 x 2) model,
see Figure 3b, with a surface stoichiometry of TiO,—
(TiO)4,2, a TiO, surface with half TiO coverage. Although
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Figure 3. Calculated atomic structures of the BaTiOsz reconstructions. Ball and stick models for the (a) bulk-like TiO,
termination, (b) c(2 x 2), and (c) c(4 x 4) surfaces. The reconstructions exhibit TiO units adsorbed on a bulk-like TiO, surface.
The TiO units are either isolated or in a cluster. Dark blue and red balls represent Ti and O adatoms, respectively. The dash-
dotted lines mark the (a) 1 x 1, (b) v2 x /2, and (c) 2v/2 x 2+/2 surface supercell. Angled views for both (b) and (c) are

provided in the same viewing direction as shown in (b).
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the TiO adunit model has two structural variations,
the calculated surface energies favor one (structure
discussed here) over the other, see section Il of the
Supporting Information. Figure 3a shows the bulk-
like (001) TiO, termination which serves as the under-
lying structure (“subsurface”) of the reconstruction.
This subsurface layer is composed of corner shared
TiO,4 units with O4 hollow sites. The ¢(2 x 2) reconstruc-
tion is composed of vertically oriented TiO units, where
eachTiis coordinated to four O atoms in the subsurface
(O4 hollow as defined in Figure 3a). The TiO units
have nearest neighbors along [110] and [110]. These
TiO units are observed as bright contrast in the simu-
lated STM ¢(2 x 2) image in Figure 1c. We pro-
pose that in the experimental STM c¢(2 x 2) image
the bright features correspond to TiO units, upper left
in Figure 1b. The surface LDOS spectrum shown in
Figure 2a exhibits occupied Ti 3d-orbital derived states
associated with the subsurface Ti (light blue) and Ti
adatoms (dark blue). The high energy O 2p peaks (red)
between —2.0 and —1.0 eV can be ascribed to «
bonding orbitals between the Ti and O adatoms in
the vertical TiO units. High covalency in these bonds is
indicated by the overlapping Ti 3d and O 2p projec-
tions in this energy range. The match between the
simulation and measurement strongly supports this
assignment of the ¢(2 x 2) atomic structure.

From the similarity between the LDOS of the two
reconstructions and their coexistence, we conclude
that the c(4 x 4) is a derivative of c(2 x 2) resulting
from some degree of agglomeration. The TiO units and
Ti adatoms are positively charged defects that have
partially donated their electrons to the subsurface Ti
atoms via their bonds with the subsurface O atoms.
Strong Coulombic repulsion between ions of the same
charge discourages clustering of Ti"" defects. How-
ever, surface O atoms, as in the TiO units, provide an
avenue for agglomeration, as they mediate interac-
tions between these Ti"" ions while simultaneously
satisfying their divalent nature by forming more bonds.
A variety of structures with different TiO unit orderings
and a net stoichiometry of TiO,-(TiO),,, which lead to
c(4 x 4) periodicity have been explored, see section llI
of the Supporting Information and Figure S4. Among
these structures, the surface TiO,—(Tiz03)q/5(TiO)/g,
whose structure is shown in Figure 3c, exhibits the
lowest surface energy, and its simulated STM images is
the most consistent with experiment (Figure 1d). The
c(4 x 4) is composed of TizO5 clusters and isolated
vertically oriented TiO units. The Ti3Oj3 cluster is formed
by two vertical and one horizontal TiO units, arranged
such that the cluster top has a TiOs subunit in a trigonal
pyramidal geometry, and two Ti adatoms and one
subsurface Ti support the three O adatoms, Figure 3c.
It should be noted that the atomic features in the
c(4 x 4) surface are larger and brighter than those of
the ¢(2 x 2),and that the c(4 x 4) contains an additional
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fainter off-center feature. The off-center vertical TiO
unit and the Ti;O5 cluster are observed with bright
contrast in the simulated STM image in Figure 1d, and
the TizOs is the brighter of the two (compare with
experimental STM image in Figure 1b). The electronic
spectrum of the c(4 x 4) structure, Figure 2b, exhibits
similar occupied Ti 3d gap states as in ¢(2 x 2), how-
ever, with less overlap with the O adsorbate 2p states,
indicative of reduced TiO bond covalency due to
clustering.

Despite having similar electronic structure and the
same composition in the two phases, the TiO unit and
TiO clustering introduce significant chemical differ-
ences. The Ti atoms in the vertically oriented TiO units,
as in the ¢(2 x 2) structure, are relatively inaccessible.
Further, the O adatoms are unsaturated, subject to
electrophilic attack to adopt a preferred 2-fold coordi-
nation. The clustering of the TiO units into Ti3O3, as in
the c(4 x 4) structure, results in an exposed 3-fold
coordinated Ti that is ready for nucleophilic attack
(reduced Ti species are oxophilic.) Conversely, the O
adatoms in the cluster are less susceptible to reaction,
having satisfied 2-fold coordination. Considering the
chemical similarities and differences presented above,
it is necessary to address the mechanisms that lead
to the coexistence of the c(2 x 2) and c(4 x 4)
reconstructions.

Coexistence of the Two Phases. Since both ¢(2 x 2) and
c(4 x 4) reconstructions have the same TiO coverage,
there is no chemical driving force for interconversion.
The relative energies are, therefore, a function of the
Helmholtz free energy content associated with surface
bond vibrations, see section IV of the Supporting
Information. In Figure 4a we show the temperature
dependent relative surface energy of the two recon-
structions. The c(4 x 4) is approximately 0.16 eV/(1 x 1)
surface cell, which is 0.32 eV/TiO, lower in energy than
the ¢(2 x 2) across all temperatures. The vibrational
contribution to the Helmholtz free energy provides
insight into surface stability. Vibrational density of
states indicates that the c(4 x 4) has a broader energy
distribution in the low energy regime than does the
c(2 x 2), see Figure 4b,c. Consequently, the c(4 x 4) has
a more negative Helmholtz free energy of vibration.
The c(4 x 4) is more stable than ¢(2 x 2) due to
clustering that results in the valency increase of the
O adatoms and softening of the surface vibrational
modes. These considerations indicate that thermody-
namic principles alone do not explain the experimen-
tally observed coexistence of the c(2 x 2) and c(4 x 4)
reconstructions, thus pointing to the role of kinetic
considerations.

The formation of these reconstructions can be
viewed as a gradual increase of TiO at the surface, with
TiO units diffusing until an optimum concentration is
reached. Figure 5a shows the coverage cascade, from
bare TiO, surface to the optimum 4 TiO units per 8 unit
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Figure 4. Surfaces' relative free energy and adatomic vibra-
tional DOS. (a) Surface free energy of c(2 x 2) TiO,—(TiO);,2
vs c(4 x 4) TiO;—(Ti303)1,8(TiO)1/8 (ALQ in energy per (1 x 1)
surface cell, black curve) as a function of temperature. Also
shown in the upper axis is thermal energy (kgT) in wavenum-
bers. Surface TiO units' vibrational DOS (number of modes per
(1 x 1) surface cell) for (b) c(2 x 2) TiO,—(TiO),, (simulation
size 2v/2 x 2+/2) and (¢) c(4 x 4) TiO,—(Ti303)1/5(TiO)1/s.

cells coverage (in a 2+/2 x 2+/2 surface super cell) with
energies measured relative to the lowest energy struc-
ture in each tier. The propensity of the surface to
transform into either one of the two reconstructions
depends on the accessibility of the paths leading to
them. Specifically, it depends on the relative rates for
TiO to diffuse away from each other (favoring the (2 x 2)
structure) or to form small clusters (favoring the c(4 x 4)
structure). The mere addition of TiO on the surface,
without a preconceived notion of defect diffusion, would
not exclusively form the ¢(2 x 2) TiO,-(TiO);,, and c(4 x 4)
TiO,-(Ti303)1,5(TiO);/8, indicated with horizontally
hatched and vertically hatched arrows in Figure 5a,
respectively. It is interesting to note that the transi-
tional structure (thick solid arrow, in Figure 5a) satisfies the
following: (1) it is a precursor of both ¢(2 x 2) and c(4 x 4),
(2) it is on the minimum-energy pathway from one
reconstruction to the other, (3) it is energetically downhill
for this phase to transform into either of the other phases,
and (4) the two transformation paths are mutually ex-
clusive. Figure 5b shows the calculated energy barriers of
the transformation paths of the transitional phase into the
¢(2 x 2) and the c(4 x 4) (more details in section VI of the
Supporting Information).

To explain the coexistence of the two, we can
analyze the forward and reverse transformation paths
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in Figure 5b. (a) The forward path starts at the center;
the barrier heights of the two paths that lead to the
c(2 x 2) vs c(4 x 4) are almost equal, 1.29 vs 1.36 eV/
migrating TiO unit. This illustrates that at this surface
coverage, dispersion and clustering have almost
equivalent kinetic probabilities. (b) The reverse path
starts at the end; the barrier heights from the ¢c(2 x 2) vs
c(4 x 4) are different, 1.18 vs 2.10 eV/migrating TiO.
This illustrates that the c(2 x 2) is more likely to reverse
its path back to the center. The TiO units are mobile at
high temperatures, and free to diffuse and reorganize
until three TiO units form a cluster, at which point
breaking free from the cluster is both thermodynami-
cally discouraged and kinetically improbable. Thus,
while a ¢c(2 x 2) can transform with relative ease, the
c(4 x 4) clusters are very stable, thus terminating the
process.

Domains and 1D interfaces. The coexistence of c(2 x 2)
and c(4 x 4) implies the presence of interfaces be-
tween them. The experimental STM images reveal
two distinct interfaces that run along the [110] (left
side) and the [110] (right side) directions, shown in
Figures 1b and 6a, upper panel. The [110] interface can
be characterized as a dark trench that is ~1.1 nm (2+/2
times the primitive cell) wide. The [110] interface on
the other hand is atomically sharp and narrower. In
both cases, the reconstructions on either side of the
interfaces have the bright spots of the c(4 x 4) aligned
with every other row of the smaller spots of the
c(2 x 2). Furthermore, the bright spots border the
edge of the c(4 x 4).

The lack of 4-fold symmetry in the c(4 x 4) recon-
struction helps us to determine the relative positions of
the reconstructions and define probable candidate
structures of the interfaces. The faint off-center STM
image feature in the c(4 x 4) is toward the [110]
direction, and therefore, this surface could only be
oriented as is shown in Figure 3c. The structures shown
in Figure 6b,c resultin the best agreement between the
simulated and experimental STM contrast for the [110]
and [110] interfaces, respectively. See section V of the
Supporting Information for other structures explored.
The lower panels of Figure 6a show the composite
calculated STM images of the interfaces and the two
reconstructions. The dark trench in the [110] interface
(Figure 6a, lower left) is due to the absence of a TiO unit
in the region thatis 1.1 nm wide, indicated in Figure 6b.
As a result, this interface has locally lower TiO coverage
than the parent reconstructions. The [110] interface
(Figure 6a, lower right) is characterized as having a row
of Ti3O3 clusters that is adjacent to a row of TiO. The
proximity of the clusters to the TiO units induces a
conformational change on every other TiO. The struc-
ture shows two types of geometries for the TiO units
on the edge of ¢(2 x 2): the typical vertical orientation
and a tilted geometry. The tilted geometry is a con-
sequence of the repulsion between the O adatom
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unit on the surface leads to different reconstructions, leading to the proposed c(2 x 2) and c(4 x 4) reconstructions with half
monolayer TiO coverages. Energies from GGA (black) and/or GGA + U (blue), in eV/2+/2 x 2+/2 surface cell are givenrelative to
the lowest energy structure of each tier. (b) Predicted GGA reaction barriers for the transformation of a transitional structure
(0 reaction coordinate) to c(2 x 2), path toward left, and c(4 x 4), toward right. The energy barriers are shown for each
pathway, where the numbers in parentheses are the barriers for the reverse of the paths. The thick arrows in (a) mark the
kinetically relevant structures as described in the text.
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simulated STM images for the reconstructions and the interfaces between them. Predicted atomic structures of the interfaces
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other. An angled view is shown for structure (c), which emphasizes the Ti;O; cluster closely adjacent to a TiO unit at the
interface (compare with Figure 3c).

adsorbed on a subsurface Ti, belonging to the clus- c(2 x 2) and c(4 x 4) reconstructions. The prevalence
ter, and the O adatom of the now tilted TiO. The of both the [1T10] and [110] interfaces, therefore,
interfaces are believed to be the result of the meet- indicates preference for 45° growth edges in both

ing of the growth edges of the domains of the reconstructions.
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The preference for a 45° growth edge is closely
related to the manner in which TiO migrates on the
surface. The barrier for diffusion of a TiO unit unaided
by a neighboring TiO unit is prohibitively large, 2.5 eV
(see section VI of the Supporting Information). Thus,
TiO has a limited diffusion length of only one unit cell to
remain adjacent to another TiO. However, the diffusion
length along [110] (diagonal diffusion) could be ex-
tended by a row of TiO adunits along this direction,
thus effectively creating growth edges along the lattice
diagonal. The mechanism of diagonal vs horizontal/
vertical ([100]/[010]) diffusion is illustrated in section VII
of the Supporting Information. The growth of domains
is schematically shown in Figure 7. Domain growth is
achieved through the extension of the TiO chain along
[110] or [T10] for both reconstructions. Growth is
achieved by a combination of two types of TiO diffu-
sion: (1) toward the edge, and (2) at the edge. (1) TiO is
delivered near the edge via the low barrier diagonal
diffusion (green circles with diagonal arrows). (2) The
domain is extended by one unit cell through horizontal
or vertical diffusion at the growth edge (green circles
with horizontal/vertical arrows). The growth of the
c(4 x 4) and c(2 x 2) domains is shown at different
stages of completion in boxes 1—4 and boxes 5—7,
respectively, see Figure 7. The transitional structures
form boxes 1—3 and boxes 5 and 6 that transform into
either c(4 x 4) or c(2 x 2), box 4 and box 7, respectively.

Other Coexisting Structures in Transition Metal Oxides. The
coexistence of surface phases observed on oxides to
date reside in two categories. In the case of SrTiO5(110),
Zn0(0001), and Fe,03 (0001), reconstructed terraces
are attributed to the polar character of the surface. The
surface neutrality and charge balance is accomplished
through the termination at an anion or cation atomic
layer with terraces constituting long-range defect pat-
terns (adatoms or vacancies)®?' or in a periodic surface
phase containing a large number of coordinated va-
cancies forming novel surface structures.'®'® Enterkin
et al.?? presented STM and DFT data on the SrTiO3(110)
surface where a (3 x 1) reconstruction contains an
intergrowth of the (4 x 1) phase. The thermodynamic
stability of both surfaces was ascribed to TiO,4 surface
tetrahedral complexes, but the kinetics of the phases
was not explored. In all these polar systems where
coexistence of phases has been found, the ability to
accommodate charge imbalance to restore chemical
stability is presumably the main driving force. STM of
Fe304(001) thin films indicated the presence of coex-
isting domains due to stacking faults,'” and the coex-
istence of a stable and a metastable surface with the
presence of Fe dimers.?>>° The domain growth of the
dimer structure is not understood at present.

The case of nonpolar SrTiO3(001) is structurally
similar to BaTiO5(001). Coexisting domains®?° and
nanostructures’” 23! in SrTiO; have been observed
using STM. Studies indicate the presence of a TiO,
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Figure 7. Domain growth and interface formation. Sche-
matic diagram for how domains of each reconstruction can
grow, eventually leading to the interfaces shown in Figure 6.
Dashed squares show precursors of ¢(2 x 2) and c(4 x 4) in
different stages of completion.

terminated surface on top of a TiO, layer, and surface
DFT models presented therein account for the experi-
mental observations. The relevance of the Ti:O ratio is
acknowledged by these and other SrTiO; studies®>? as
a factor in determining the surface reconstruction.

In none of these studies is the relative role of
thermodynamic and kinetic factors quantified, nor is
the relation of the atomic structure of the reconstruc-
tion and the interfaces between them determined,
nor are the transition mechanisms contemplated.
Our results accomplish this with two reconstructions
not previously observed on BaTiOs; and on a nonpolar
surface such that the principles might be generalized
to a wider range of oxide materials.

CONCLUSION

Our thermodynamic and kinetic calculations sug-
gest that both ¢(2 x 2) and c(4 x 4) will likely coexist as
shown in the experimental STM. Prolonged heating or
higher temperatures will favor the c(4 x 4) surface, as
illustrated in previous studies.?* The coexistence of the
¢(2 x 2) and c(4 x 4) phases is in essence different from
the cases mentioned for other transition metal oxides
due to the diffusion of a TiO unit. The coexistence of
these two surface reconstructions and the atomic scale
structural analysis yield two important implications.
First, these results demonstrate that it is possible to
produce surfaces with a combination of thermodyna-
mically stable and kinetically trapped structures which,
along with the connecting interfaces, possess different
and known atomic structures. Because the structures
have inherently different chemical properties, this
points to a strategy to engineer surface reactivity. For
example, the difference in the structures between the
two phases gives rise to different chemical properties
of the two reconstructions, i.e., differences in the
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accessibility of the Ti and O adatoms toward nucleo-
philic and electrophilic attack, respectively, between
the vertically oriented TiO and the Ti3Os cluster. Second,
the interface between a thermodynamically stable and a

METHODS

BaTiOs single crystals are (001) oriented and one side po-
lished. The UHV system (Omicron VT-AFM-STM) operates at a
pressure of 2 x 10~ '° Torr, and at room temperature. The single
crystal is radiatively heated in UHV, effectively reducing it.3
After sputtering at 600 V and 0.5 #A for 15 min®> and two UHV
annealing steps at 1100 K, we obtain the desired reconstruction.
STS measurements are performed by measuring /—V curves
from —2 to 3V, with feedback loop turned off. To obtain surface-
LDOS from -V curves, we follow the procedure outlined by
Feenstra3*

The surfaces were simulated using slabs with six or seven
atomic layers with the in-plane supercell periodicity fixed at
04 x /2 nmforc(2x 2)and 0.4 x 2 x V2 nm for c(4 x 4), where
0.40 nm is the BaTiO3 experimental lattice constant (relaxed
bulk lattice constant is 0.405 nm, ~1% compressive strain is
introduced). Spin-polarized DFT calculations using a planewave
basis set are performed using the Quantum ESPRESSO (QE)**
package. Calculations are done using a planewave cutoff of 50
Ry. Exchange and correlation interactions were described using
the Perdew—Burke—Ernzerhof (PBE)*® form of the generalized
gradient approximation (GGA) plus Hubbard-like effective
U correction to the Ti 3d states®” (U = 4.9 eV?°), unless otherwise
stated. The core electronic states of the elements were de-
scribed using norm-conserving pseudopotentials,*®~*® gener-
ated using the OPIUM code,*' and tested previously.**> We
relaxed the atomic positions until the forces are less than
0.03 eV/A in all directions for the atoms in the top three or four
atomic layers, while we fix the bottom three layers to a bulk
cubic nonpolar structure. We used 220 A of vacuum in the
direction perpendicular to the surface of the slab to prevent
artificial interactions between images. The climbing image
nudged elastic band method*® was employed to calculate
reaction barriers using GGA. See section | in the Supporting
Information for additional theoretical details.
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