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Abstract: Since the first prediction by Frenkel, many follow-up
studies have been carried out to show the presence of sub-
surface space-charge layers having the opposite sign to that of
the excess charge at the surface, producing overall neutrality in
ionic crystals. However, no precise experimental evidence
demonstrating how the aliovalent solutes segregate in the
space-charge region beneath the surface has been provided
over the past several decades. By utilizing atomic-scale imaging
and chemical probing in a perovskite oxide, the origin of the
surface excess charge at the topmost surface and the position of
segregated dopants in the space-charge region is precisely
determined. The impact of the space-charge contribution to the
dopant distribution near the surface in oxide crystals is
explored.

I n contrast to metallic alloys, ionic crystals have a space-
charge region near the surface. Since the first postulation by
Frenkel,'! a series of notable works in metal halides have
theoretically supported the presence of a space-charge layer
to compensate the excess charge at the surface,”** exemplify-
ing plausible defect distributions near the surface in NaCl and
AgCl.m Based on these studies, the occurrence of the surface
charge and its compensating space charge of the opposite sign
in pristine ionic crystals (where Schottky-type vacancies are
the predominant defects) stems from the difference in the
formation free energy between cation and anion vacancies.”
Both the surface potential and the resulting space charge near
the surface are thus remarkably altered by impurities in the
bulk.”®! Consequently, the behavior of segregated dopants
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compared to crystal interfaces (including grain boundaries) is
considerably different and is observable,** depending on the
type of aliovalent dopants employed.

A comprehensive study by Yan et al.”! in 1983 showed
that this space-charge effect in ionic crystals is strongly
coupled with the elastic-field contribution originating from
the size mismatch between the solute and matrix atoms.
Similarly, for solutes in metallic crystals such as bismuth
(radius, r=83 pm) in copper(r=29 pm),"'”) and gadolinium
(r=64 pm) in magnesium (r=12 pm),""! a large ionic size
difference drives dopants to segregate at the interface of
oxides to a significant extent.'>"*! Atomic-scale direct obser-
vations of Y*" in ALO; (/[Y>*] =90 pm; r[AI*] = 54 pm),!> 14
Pr’** in ZnO (+/[Pr**] =113 pm; r[Zn*'] =74 pm),!¥ Ca** in
MgO (r{Ca**]=100 pm; r[Mg*|=72pm)™! are typical
examples clearly showing the elastic-field-driven segregation
at the core of grain boundaries rather than in the space-charge
region near the boundaries in oxides.'*'” Numerous reports
demonstrate segregation instituted by a large mismatch strain
of solutes in various material systems. However, little atomic
resolution experimental evidence has been provided to
elucidate the space-charge-driven solute segregation, even
though the space charge is one of the major driving forces for
segregation in ionic crystals.

We demonstrate segregation behavior near grain
boundaries and near the free surface at the atomic level
using Ta>" as a suitable aliovalent dopant in a cubic perovskite
titanate, (Ca,,Cus,)TiOs. The latter demonstrates multifunc-
tional properties, including exceptionally high permittivity,
strong nonlinear [-V behavior, and photocatalysis promoted
by visible light."® Ta™ (r=64 pm) usually occupies the
octahedral Ti*" (r=61pm) site in perovskite titanates,'”
resulting in a very small difference of less than 5% in ionic
size. Consequently, the mismatched strain contribution can be
nearly excluded when segregation is observed in our case. To
offer both the physical structure and the chemical identifica-
tion regarding the segregation layers, we utilized high-angle
annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) and atomic energy-dispersive X-ray
spectroscopy (EDS). Density functional theory (DFT) calcu-
lations were also used to theoretically verify our findings at
the crystal surface.

A polycrystalline (Ca;,Cus,)TiO; sample doped with
tantalum was prepared by sintering at high temperature
with the aim of observing equilibrium segregation at both the
free surface and the grain boundaries. Small pores are
contained in this polycrystalline microstructure, and as
a result the free surface of (Ca,,Cus,)TiOj; crystals in contact
with pores can be easily observed as well as grain boundaries,
as illustrated in Figure 1a. Figure 1b shows typical HAADF
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Figure 1. a) A grain with a flat surface and a flat grain boundary.

b) Atomic structures for both grain-boundary and surface regions
revealed by HAADF-STEM images. Inset: a HAADF image acquired
from the bulk. ¢,d) Magnified images for the regions denoted by

a dashed yellow box in (b). The boundary core and the top surface
appear to be composed of Ca and Cu columns, as indicated by red
and blue arrows. Key: boundary core (BC), top surface (TS), space-
charge segregation (SCS).

images demonstrating both a {001} grain boundary and a {001}
free surface. A noteworthy feature in both HAADF-STEM
images is that very bright atomic columns are readily
distinguishable. Based on the highest atomic number of
tantalum (Z=73) among the four cation compositions
(calcium, copper, titanium, and tantalum), this Z-contrast
image feature in Figure 1b directly indicates strong tantalum
segregation (for additional images of the polycrystalline
microstructure see the Supporting Information, Figure S1).

Figures 1c and 1d depict enlargements of the interface
regions denoted by a yellow rectangle in Figure 1b, and
highlight the key aspect of solute segregation in this study.
Notably, the brightest atom column is not located at the core
of the grain boundary (Figure 1c¢) or in the topmost layer of
the surface (Figure 1d), as denoted by a green shadow in each
image, but appears directly beneath the boundary core and in
the subsurface layer. As indicated by a pair of red and blue
arrows, the slightly different column intensity and the
elongated column shape at the boundary core (Figure 1c¢)
and on the top surface (Figure 1d) imply an atomic arrange-
ment distinct from that in the bulk, although the overall
lattice continuity is maintained.

(Ca,,Cus,)TiO; has an ordered configuration of calcium
and copper in the A sites of an ABOs-type perovskite
structure (for structural details see the Supporting Informa-
tion, Figure S2).*"! As copper has a higher Z value (Z=29)
than that of calcium (Z=20) and titanium (Z=22), the
Cu-Cu columns among the A sites in the [100] projection are
easily discriminated from the Ca-Cu columns when ADF
images with an enhanced Z-contrast are acquired at a higher
collection semiangle (inset of Figure1b; Supporting
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Information, Figure S3a).”! Consequently, as denoted by
the atomic array superimposed on each of the images in
Figures 1c and 1d, three distinct cation columns, Ca—Cu,
Cu—Cu, and Ti-Ti, are precisely identified, demonstrating that
most tantalum ions segregate at the first layer of titanium sites
with respect to the boundary core and the topmost surface.

An EDS-based chemical analysis was carried out to
identify the composition of atomic columns in the surface
region. When we analyzed the chemical composition with
EDS at comparatively low magnification, a higher intensity of
X-ray signals corresponding to tantalum were detected at
grain boundaries and the crystal surface in triple pockets
(Supporting Information, Figure S4). Figure 2a presents

Figure 2. a) EDS maps of Ti and Ta for the region shown in the
HAADF image, confirming Ta accumulation near the {001} surface.

b) A series of atomic-scale EDS maps acquired in a confined surface
region clarifies that most Ta segregates in the subsurface Ti sites (dark
yellow dashed lines). The composition of the topmost surface columns
consists of Ca—Cu and Cu—only columns (white and orange arrows in
the Ca and Cu maps, respectively).

a series of EDS composition maps macroscopically acquired
from the surface region shown in the STEM image. In
accordance with the bright image intensity in the subsurface
layer, the strong X-ray signal of tantalum is easily collected,
again confirming its segregation. When we performed
a column-by-column analysis of a narrower region, we
obtained compositional details at an atomic level. First,
each of the atomic columns in the bulk is clearly resolved to
enable chemical discrimination between Ca—Cu, Cu-Cu, and
Ti-Ti columns (Supporting Information, Figure S3b).
Although specimen drift was fairly large during mapping of
surface regions, and thereby smearing between columns was
more significant than that for the bulk, sufficiently distin-
guishable atomic-scale composition maps could be acquired
for the surface region (Figure 2b). One of the important
aspects in this series of maps is that strong tantalum
segregation in the subsurface layer is conclusively evident.
In each series in Figure 2b a dark yellow dashed line denotes
the subsurface tantalum segregation layer at the titanium
sites. Furthermore, it was ascertained that the topmost surface
consists of calcium/copper (white arrows) and copper-only
(orange arrow) columns. Additional sets of EDS maps for
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both surface and grain-boundary regions are provided in
Figures S5 and S6 (Supporting Information) to ensure the
tantalum segregation.

The precise atomic configuration at the surface can be
determined by combining the atomically resolved STEM
images in Figure 1d and the EDS maps in Figure 2b. DFT
calculations informed by the structural information from the
experimental results permitted us to ascertain the geometri-
cally optimized surface atomic configuration (Figure 3a;
Supporting Information, Figure S7). As calcium and copper
are simultaneously detected in the same column at the top
surface in the EDS maps in Figure 2b (white arrows), Ca—Cu
columns from the bulk appear to be successively maintained
up to the surface termination. Consequently, the surface
columns denoted by blue arrows in the magnified STEM
image, shown in Figure 3b, correspond to Ca—Cu columns.
Another notable feature in the enlargement is that the
column intensity denoted by a red arrow is much lower than
that of the neighboring columns, even though copper is still
detected without calcium in the EDS (orange arrow in
Figure 2b). This reduction of column intensity, along with the
copper signal, thus directly suggests reconstruction of copper
in the Cu-Cu columns at the surface, as schematically
described in the c-projection illustration (right panel) in
Figure 3 a. In particular, a slight downward shift of the copper
surface atom, indicated by a red arrow in the a-projection
illustration (left panel) in Figure 3a, agrees well with the
experimentally obtained image in Figure3b. The
atomic-column image in dark blue shows a HAADF image
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Figure 3. a) A geometrically optimized surface atomic structure based
on the HAADF images and the atomic EDS maps. Missing Cu atoms
in the Cu column are notable in the surface structure (denoted by
dashed red circles). b) The intensity of Ca—Cu surface columns (blues
arrows) is higher than that of the neighboring Cu column (red arrow).
The simulated STEM image (middle panel) agrees with the experimen-
tally obtained image (left panel). Therefore, as described in the right
diagram, the negative surface excess charge ([CaCu,O,]*") should be
compensated by the positive space charge from the segregated Ta
beneath the surface.
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simulation with 30 % tantalum substitution for titanium sites
in the subsurface layer, in line with the real STEM image.
Additionally, as can be seen in Figure 3 a, the resultant surface
atomic configuration is not isotropic. If the surface region is
observed in the b-projection, the intensity variation between
the surface columns should differ from that observed in the
a-projection (see the configurational depiction at the surface
in the Supporting Information, Figure S8a). We could indeed
capture an HAADF image that agrees with the surface
configuration in the a-projection, verifying the validity of the
surface atomic structure suggested in our work (Supporting
Information, Figure S8b).

The determination of the surface structure allows us to
comprehensively understand the origin of surface excess
charge. As noted in Figure 3a, the composition of the top
surface layer is [CaCu,O,]*". This excess negative charge at
the surface should be compensated by the positive space
charge beneath the top surface, giving overall charge neutral-
ity and resulting in a substantial accumulation of tantalum
with an effectively positive charge as a donor dopant in the
subsurface region. The diagram shown in Figure 3b describes
the charge distribution encompassing the surface excess
charge and the compensating space charge of the segregated
tantalum. A theoretical prediction of the space charge is fairly
difficult—especially in complex oxides with multiple compo-
nents—because the space-charge model requires essential
knowledge concerning the defect formation energies as well
as the most favorable type of defects in the bulk lattice.’! In
this regard, this complete atomic-scale description on the
origin of the surface charge, and resulting solute segregation
on the basis of experimental evidence, is a significant advance
that clarifies the role of the space charge as a major driving
force for segregation in oxides.

Further to the findings on space-charge segregation,
intriguing site occupancy behavior of tantalum was found
during STEM observations. Although the majority of added
tantalum occupies the titanium sites in the lattice, approx-
imately 10 % of tantalum atoms appear to occupy the copper
sites, based on the statistical observations obtained by
HAADF imaging and atomic EDS mapping (Supporting
Information, Figures S9 and S10). Ta’" preferentially occupies
an octahedral site, and is coordinated to six oxygen atoms in
a perovskite oxide.'*?'! However, as the ionic size of Ti** and
Cu*' in (Ca,Cus,)TiO; are analogous, some of the Ta’"
dopants are observed to occupy the square-planar copper
sites (for structural details see the Supporting Information,
Note S1 and Figures S9-S11). Therefore, relatively brighter
Cu—Cu columns near the grain boundary in Figure 1c and the
surface in Figure 1d are understood to stem from the
tantalum segregation at the copper sites.

For theoretical verification, we also carried out DFT
calculations to compare the lattice stability relative to the
tantalum segregation positions in the surface region. Figure 4
shows each of the comparative energy differences with
respect to the lattice energy where tantalum is placed in the
fourth subsurface titanium layer within a two-unit-cell thick-
ness below the (001) surface. The energy difference listed in
Figure 4 is defined by Equation 1.
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Figure 4. Set of DFT calculations showing relative stabilization of Ta in
the Ti sites. The position of Ta substituted in the fourth Ti layer,
relative to the surface, is used as a reference for AE;;=0 eV. As the
position of Ta substitution approaches the surface, the relative
stabilization energy, AEy;, becomes more negative, supporting the Ta
segregation behavior.

AEy; = E (Ta, nth Ti layer)—E (Ta, fourth Ti layer) (1)
E is defined as the lattice enthalpy of a supercell containing
tantalum near the (001) surface. As the position of tantalum
approaches the surface, AE has a more negative value,
achieving substantial energy stability of —0.35eV per
tantalum atom when the element is placed directly beneath
the surface. This set of calculations consistently supports two
experimental findings: 1) most tantalum segregates to the
first titanium layer as this accumulation is energetically the
most favorable configuration; and 2) notable segregation
occurs within an approximately two-unit-cell depth scale from
the surface, showing a rapid decay to the bulk concentration
level (see the STEM image in the Supporting Information,
Figure S8b).

Figure 5 compares the relative energy relationship in
cases where tantalum is substituted for copper sites. As
numerically denoted in Figure 5a, five distinct copper sites
near the (001) surface were investigated by using supercell
slabs with tantalum segregation in the subsurface titanium
layer. Each of the energy differences (AEc,) shown in
Figure 5b is defined in a similar manner, by Equation 2.

AE, = E (Ta, Site n)—E (Ta, reference Site 1) (2)

E is defined as the lattice enthalpy of a supercell containing
tantalum at each site. Compared with the values of AE, for
Sites 1-3 (subsurface copper sites), AE, for Sites 4 and 5 on
the topmost surface exhibits remarkably large positive values
(more than +1.9eV), which straightforwardly indicate
energetically unfavorable configurations. Therefore, the two
sets of DFT calculations in Figures 4 and 5 provide theoret-
ically compelling support for the negative surface charge and
compensating positive space charge by tantalum segregation.

A variety of analytical tools are available for a plane-view
surface analysis of both topography and chemical composi-
tion. We carried out X-ray photoelectron spectroscopy (XPS)
and consistently verified both the tantalum segregation in the
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Figure 5. Set of DFT calculations showing relative stabilization of Ta in
the surface Cu sites. a) Five distinct Cu sites in the surface region are
denoted numerically. b) The position of Ta substituted for Site 1 was
used as a reference. In contrast to Sites 1-3, AE, for Sites 4 and 5
shows significantly large positive values, proving the energetically
unfavorable occupancy of Ta on the topmost surface.

surface region and the valence state of Ta’" (see the XPS
results in the Supporting Information, Figure S12). However,
it remains very challenging to precisely understand the atomic
structure and composition beneath the crystal surface.”” In
this regard, this study, which considers both the crystal-crystal
internal interface and the free surface, emphasizes the impact
of direct subsurface observation at the atomic scale. The
findings in the present work also have notable implications
regarding the space-charge-driven solute segregation. In
contrast to segregation driven by the mismatched elastic
strain energy, in which most solutes are confined to boundary
cores or the top surface, it is now apparent that the length
scale in the space-charge segregation is greater across the
interface, as predicted by early theoretical works.”) However,
the segregation width does not appear to extend beyond the
level of a few unit cells in our study (see the composition
profile in the Supporting Information, Figure S13). The width
of a space-charge region is thus believed to be in the range of
a few nanometers in perovskite oxides in general, although it
may vary depending on the material in the system.

In summary, by using the aliovalent Ta>" dopant, with an
ionic size analogous to that of Ti*', we have identified the
precise location of solute segregation in a perovskite titanate
near grain boundaries and the free surface. In contrast to
segregation typically driven by the large size mismatch of
dopants, our study demonstrates that most tantalum cations
segregate directly beneath the top surface, clarifying the
significant role of space charges as a major driving force for
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segregation in oxides. Based on the direct determination of
the atomic structure through atomic-resolution Z-contrast
images and chemical analysis, the origin of negative surface
charge was also identified. This work emphasizes the signifi-
cant correlation of dopant distribution with the local charge
distribution near the surface in perovskite oxides.
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