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Polar catastrophe and the structure of KTa;_,Nb,O; surfaces: Results from
elastic and inelastic helium atom scattering
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The structure and dynamics of cleaved (001) surfaces of potassium tantalates doped with niobium,
KTa,_,Nb,O; (KTN), with x ranging from 0% to 30%, were measured by helium atom scattering (HAS).
Through HAS time-of-flight (TOF) experiments, a dispersionless branch (Einstein phonon branch) with energy
of 13—14 meV was observed across the surface Brillouin zone in all samples. When this observation is combined
with the results from earlier experimental and theoretical studies on these materials, a consistent picture of the
stable surface structure emerges: After cleaving the single-crystal sample, the surface should be composed of
equal areas of KO and TaO,/NbO, terraces. The data, however, suggest that K* and O>~ ions migrate from the
bulk to the surface, forming a charged KO lattice that is neutralized primarily by additional K ions bridging
pairs of surface oxygens. This structural and dynamic modification at the (001) surface of KTN appears due
to its formally charged KO(—1) and TaO,/NbO,(+1) layers and avoids a “polar catastrophe.” This behavior is
contrasted with the (001) surface behavior of the fluoride perovskite KMnF; with its electrically neutral KF and

MnF, layers.
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As a class of materials, perovskites have long been associ-
ated with characteristic phase transformations and behaviors
in which they often exhibit technologically useful effects,
such as ferroelectricity and piezoelectricity [1,2], and show
potential in solar cells [3,4] and as photovoltaic materials
[5]. The helium atom scattering (HAS) laboratory group at
Florida State University (FSU) has investigated cleaved (001)
perovskite surfaces, particularly potassium tantalate (KTaO3)
[6] and potassium tantalate doped with Nb (KTN) [7-9] or
lithium (KLT) [9,10]. When cleaved, the fresh surfaces are
nominally composed of layers, KO/LiO and TaO,/NbO,,
that are formally charged —1 and +1, respectively. A crystal
structure composed of alternating equally but oppositely
charged layers, such as KO and TaO,, would result in an
unbounded increase in electrical potential at the surface,
termed a “polar catastrophe” [11]. Charge redistribution is
necessary to prevent this. In this paper we present evidence
that ion migration from the bulk to the freshly cleaved surface
is the mechanism for this redistribution for several different
KTN crystals. This behavior should be compared with the
charge redistribution mechanism proposed to avoid the polar
catastrophe in lanthanum aluminate (LaAlOs3) layers grown on
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strontium titanate (SrTiO3) [11-14]. Our results contrast with
those from similar HAS experiments on the fluoride perovskite
KMnF; [15].

In recent work studying the (100) interface of LaAlO3; and
strontium titanate SrTiO3, researchers have found unexpected
electrical conduction, magnetism, and superconductivity
[11-14,16-25]. The perovskite structure of LaAlO3 consists
of (100) LaO and AlO; layers, which are formally charged
+1 and —1, respectively. The corresponding (100) layers
of SrTiOs, SrO, and TiO, are formally electrically neutral.
When LaAlO; is grown on a SrTiO; substrate, beginning
with an LaO layer on a TiO, layer, a “conducting electron
gas” forms at the interface after four or more layers of
LaAlO;3 are deposited [12]. This is understood as being
associated with the charge redistribution needed to “avoid”
the polar catastrophe that would arise from the deposition
of many alternating charged LaO and AlO, layers. Proposed
mechanisms for producing this conducting gas include the
formation of oxygen vacancies in the deposition process [23—
25], polar distortions [20-22], and metal ion intermixing at the
interface [17]. Metal ion intermixing was found to alleviate
polarity conflict at the KTaO3/GdScO; perovskite interface
[26]. However, the roles played by these factors in leading to
the observed interfacial behavior for LaAlOz/SrTiO5 are still
under investigation. Experiments employing angle-resolved
photoelectron spectroscopy (ARPES) on targets of SrTiOj
produced by cleaving at very low temperatures (10—20 K)
have found evidence for a two-dimensional electron gas in
the near-surface region [27]. Although the termination of the
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surface was not determined in these studies, this result is
ascribed to the presence of oxygen vacancies at the surface.
These arise from doping of the SrTiO; crystals prior to cleaving
and from the cleaving process itself at these temperatures [27].

The FSU HAS laboratory has employed low-energy helium
atom scattering to investigate the structure of (001) surfaces
of potassium tantalate doped to various levels with niobium,
KTa;_,Nb,O3; (KTN), with x ranging from 0% to 30%,
through angular distributions (ADs) and drift spectra (DS)
experiments [4-7]. The experimental techniques have been
described in detail in previous articles from this laboratory
[6,7]. Briefly, ADs are measurements of the intensity of the
elastically scattered He atoms as a function of scattering angle.
They reveal diffractive interference in the atom scattering
due to the periodic surface structure. This effect gives rise
to Bragg diffraction peaks that characterize the surface and
from which the surface lattice parameters can be determined.
Interference also affects the intensity of He atoms scattered
to the same angle from surface terraces separated by spacings
normal to the surface. In this case, it manifests as oscillations
in the intensities of diffraction peaks as the He wave vector
(wavelength) is varied. DS experiments are measurements of
these intensity oscillations for the specular diffraction peak.
The Fourier transform of a DS yields the distribution of step
heights among the surface terraces for that surface [28].

As both AD and DS measurements rely on the coherent
scattering of the He atoms, they are particularly sensitive
to surface disorder due to random adsorbates and defects.
Hence, the experiments were carried out under ultrahigh
vacuum (UHV, < 10~ mbar) conditions. Further, each KTN
target was prepared by cleaving a single-crystal sample of
the KTN in situ and kept at relatively low temperatures
(<300K). [See Fig. 1(a) for a typical AD.] Statistically,
cleaving a sample of a KTN should produce a (001) target
whose surface area is 50% KO and 50% TaO,/NbO;. As
noted above, these layers are formally charged, —1 for KO
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FIG. 1. HAS angular distribution measurements in the (10)
azimuth are shown, with angle converted to parallel momentum
transfer AK, for the cleaved (001) surfaces of (a) 10% Nb-doped
KTN and (b) 20% Nb-doped KTN. For both, the incident wave vector
ki = 7.88 A andthe target temperature is 190 K. The ordinate scales
are arbitrary and have been displaced for clarity.
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and +1 for TaO,/NbO,. Since the unit-cell dimensions for
KTNs are all nearly the same, about 3.98 A [29], step heights
between KO terraces and TaO, /NbO; terraces should measure
approximately 2 A 4+ n(4A), where n is an integer.

However, this is not what was observed. First, ADs of He
diffraction measured in the region around the specular angle
soon after cleaving showed peaks or broadened shoulders
flanking the specular diffraction peak [6,7,10,30]. These grad-
ually disappeared in measurements repeated over a period of
about an hour until a single, sharp specular peak remained. At
this point, the peaks in the diffraction pattern from the surface
appeared sharp and stable. These measurements demonstrated
that initially the cleaved surface, with its charged KO and
TaO,/NbO; terraces, is not stable.

Second, after the surface of a target stabilized, several
different experiments could be performed. Among these were
DS to determine the step-height distribution of terraces at
the surface. In all cases, for targets with Nb doping levels
up to 20%, the Fourier transform of the oscillations in the
specular peak intensities revealed that the principal step
height between terraces was 4A [7-10]. A step height of
8 A was also seen in almost all experiments, but with a
much smaller probability. A step height of 6A with even
lower probability was found in only a few experiments.
These measurements showed that the modifications occurring
after cleaving almost always eliminate the 2-A step-height
separation expected between the KO and TaO, /NbO, terraces.
Several perovskite (ABO3) surfaces were studied by Szot et al.
using x rays [31]. Their experiments showed that at high
temperatures (500 °C—1000 °C) the surfaces of their powdered
materials consist of AO complexes or compounds of the form
AO*(ABOs),. These arise as the result of migration of A and
O ions from the bulk to the surface. In the case of KTaOs, they
also studied the surface with secondary ion mass spectrometry
(SIMS) and atomic force microscopy (AFM) [29]. The AFM
technique showed marked changes in the surface morphology
after heating to 700 °C. SIMS performed after heat treatment
showed “. . . enrichment of K relative to Ta close to the surface
and a corresponding depletion in deeper parts of the near
surface region.”

Unlike the high-temperature experiments of Szot et al., the
HAS experiments reported by the FSU lab were all carried
out with target temperatures at or below room temperature.
Despite this significant temperature difference, the results
of the atom diffraction experiments are consistent with the
migration of K* and O’ ions to the surface from the
near-surface bulk. Furthermore, the near absence of 2-A
step heights in the analyses of the drift spectra and the
predominance of step heights with the unit-cell dimension
of 4A suggest that these migrating ions predominantly cover
the TaO,/NbO, regions of the cleaved surface with a KO
lattice.

Fritsch and Schroder et al. performed theoretical calcu-
lations for the charged KO surface of KTaOj3 [6,32]. They
found, first, that electron transfer occurs from surface oxygens
to subsurface tantalums so that the average formal charge of a
surface KO is reduced from —1 to —1/. They also obtained a
slight relaxation of the surface oxygens that leads to additional
stabilization. Further calculations [6] showed that extra KT
ions can be stably bound to the surface oxygens, with the
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most stable arrangement having a Kt ion bound between two
oxygens as a bridge in a (10) or (01) direction. The calculated
normal vibrational frequency of this ion corresponds to a
phonon mode with energy of 12.8 meV.

We note that recent global optimization calculations have
suggested a somewhat different structure for the stable (001)
surface of KTaOs. While these also require ion migration
from the near-surface region, they additionally involve cation
exchanges [33].

AD experiments in the FSU HAS laboratory on cleaved,
single-crystal KTN targets, in both (10) and (11) high-
symmetry azimuths, yielded Bragg peaks consistent with
the 4-A surface lattice parameter expected for both KO and
TaO,/NbO; layers [4-7] [see Fig. 1(a)]. Hence, the KO surface
formed after stabilization appears essentially the same as the
KO layer produced by the cleaving. Additionally, it was found
that He atom diffraction from cleaved targets which were
cooled to temperatures less than 100 K and then warmed above
180K showed small, broad half-order diffraction peaks in
addition to the large, sharp integer-order peaks. These peaks
were found only in ADs carried out in the (10) azimuth; they
were never observed in ADs in the (11) azimuth. These results
indicate that small (2 x 1) domains, typically with dimensions
of about 50 A, as determined from the widths of the half-order
peaks, had formed on at least part of the surface as the result
of thermal cycling to low temperatures [6—8]. The half-order
peaks disappeared from the diffraction pattern when the target
was warmed above 330K [6].

In similar HAS diffraction experiments on the fluoride
perovskite KMnF3, Toennies and Vollmer [15] observed much
longer-lived metastable peaks flanking the specular peak.
These diminished in about 20 days rather than in about an
hour, as found for the KTNs. KMnF; also yields two (100)
layers upon cleaving, KF and MnF,, but these layers are not
formally charged. The long lifetimes of the metastable peaks
were attributed to the merging of small KF and MnF, terraces
formed in the cleaving to produce more stable larger ones. DS
carried out on this material yielded step heights of about 2 A
that indicated the coexistence of terraces of these two layers in
the stable (001) surface. These studies also revealed half-order
diffraction peaks in AD measurements below 191 K. However,
they appeared in both high-symmetry azimuths, corresponding
to a (2 x 2) structure, and were found to be associated with a
bulk phase transition at 187.5 K. In contrast, the temperatures
of appearance of the KTN (2 x 1) domains, noted above,
were very similar for all KTNs, despite the great variation
of ferroelectric transition temperatures as a function of Nb
concentration. Pure KTaOj3, in fact, is an incipient ferroelectric
and has no solid bulk phase transition. Thus we conclude that
the appearance of (2 x 1) domains in KTN is not associated
with any bulk phase transition.

Two obvious factors contribute to these differences between
the behaviors of KTN and KMnFj3. One is the difference in
the chemistries of 0>~ vs F~ ions. The second is the surface
electrostatics. The KO and TaO,/NbO, layers are formally
charged, whereas the KF and MnF, layers are neutral.

Measurements of surface phonon energies of the KTN
materials were carried out in the FSU laboratory by means
of time-of-flight (TOF) inelastic HAS investigations [6-9].
These data were all obtained on the same sample that was
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cleaved at a chamber pressure of 2 x 1071° Torr over a period
of 6 days. The sample temperature was raised to 300K
for 5 min before each measurement in order to minimize
surface contamination. For every target tested, including those
displaying half-order diffraction peaks, the greatest intensities
obtained in TOF spectra in both high-symmetry directions and
across the surface Brillouin zone (SBZ) correspond to phonon
modes forming an Einstein branch. The energies of this branch
vary slightly but range from 13 to 14 meV. The essentially
dispersionless character of the branch and the vibrational
energies that are virtually the same as those calculated by
Fritsch and Schroder suggest that the stable surface comprises
K™ ions bridging surface oxygens on a KO lattice and acting
as nearly independent oscillators.

The results of TOF HAS experiments on a target with 20%
Nb doping provide the strongest evidence for the existence of
these oscillators. This sample cleaved poorly. The resulting
target gave weak and very broad diffraction peaks in ADs
and a large diffuse scattering background [see Fig. 1(b)].
The peak widths yielded an estimated terrace dimension of
approximately 30 A as compared to a more typical AD shown
in Fig. 1(a), where the estimated terrace dimensions are about
10 times greater.

Nevertheless, the TOF experiments on this 20% Nb target
still produced strong inelastic scattering peaks in TOF spectra
that correspond to surface phonons with energies in the range
of 13—14meV. Figure 2(a) shows a typical TOF spectrum,
converted to energy transfer, for a 20% Nb-doped sample.
Figure 3 shows the phonon energies for this mode across
the SBZ in the (10) azimuth for three target temperatures.
The surface was prepared by cleaving at 190 K under UHV
conditions and then aligned to give the best He angular
distribution possible for this surface. Additional angular
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FIG. 2. HAS TOF measurements in the (10) azimuth with k; =
7.88 Afl, converted to energy transfer AE, for the cleaved (001)
surfaces of (a) 20% Nb-doped KTN at target temperature 190K
and scattering angle 58° and (b) pure potassium tantalate at target
temperature 220 K and scattering angle 58.5°. The positions indicated
by EM correspond to energy transfers for the Einstein phonon modes;
the position labeled DM corresponds to energy transfer of a phonon
in a dispersive branch. The ordinate scales are arbitrary and have been
displaced for clarity.
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FIG. 3. Surface phonon dispersion curves in the (10) azimuth
for the cleaved (001) surface of 20% Nb-doped KTN at target
temperatures of 140, 190, and 240K, obtained by folding the TOF
energy transfer measurements into the first surface Brillouin zone.
The solid lines are the best-fit straight lines through the data points,
with the fit equations shown for each data set. The standard deviation
is approximately 0.4 meV. The lattice parameter a is 3.98 A; the SBZ

boundary is 0.79 A~

distributions were measured at several temperatures ranging
from 240 to 140 K. The TOF measurements were carried out
during a period of 10 days from the cleaving, firstat 190 K, then
at 240 K, and then at 140 K. For the measurements at 140 K,
the surface was flashed to 300 K after every three TOF spectra
were recorded to minimize any surface contamination. The fits
give an average energy of 13.4 + 0.4 meV. Targets with very
good surface quality, as indicated by sharp diffraction peaks
in their ADs such as the one shown in Fig. 1(a), often yield
inelastic scattering peaks in their TOF spectra in addition to
those corresponding to this Einstein phonon branch. These
TOF peaks almost always turn out to be due to phonon modes
with energies somewhat lower than 13 meV. An example, for
comparison, is presented in Fig. 2(b). Unlike the phonons of the
Einstein branch, the energies of these phonons usually show
temperature-dependent dispersion. For the 20% Nb targets,
however, no other vibrational modes were ever observed.

We note that the wavelengths of the phonons towards the
SBZ center in this dispersionless branch are much larger than
the approximately 30-A terrace dimension. This strongly sup-
ports the suggestion that these inelastic TOF peaks arise from
isolated oscillators, consistent with the picture of bridging K™
ions at the surface. That is, despite the poor quality of the
surface, this target still appears to have many independent
oscillators with essentially the energy calculated by Fritsch
and Schroder [32].

The TOF HAS experiments on KMnF; again provide a
strong contrast to the KTN results [13]. Significantly, for
KMnF; no Einstein phonon branch was observed in either
high-symmetry azimuth. Surface phonon branches typically
follow the bulk phonon band edges in the corresponding bulk
Brillouin zone. The dispersion curves for KMnF3 measured
in the two high-symmetry directions differ from each other,
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FIG. 4. (Color online) A schematic representation of the (001)
surface of the KTN crystal after reconstruction. The large circles
represent 02~ ions, the mid-sized circles the K* ions, and the smallest
circles the Ta/Nb ions. Note that in this schematic six of the bridging
K™ ions are oriented in the (10) direction; two are oriented in the (01)
direction. The K* depicted above the top shadowed surface bridge
pairs of O>~ ions. It is the vibration of these bridging K* ions that are
responsible for the Einstein branch. Note also that the bridging ions
impose a local 2 x 1 symmetry.

as expected, since the bulk dispersion curves corresponding to
these surface azimuths differ [15].

We briefly summarize the HAS experimental results on the
KTNs. (1) Repeated He diffraction measurements near the
specular reflection peak soon after cleaving KTN samples
showed metastable behavior. (2) Analyses of drift spectra
obtained from stable KTN surfaces (with Nb < 20%) yielded
a principal step height between terraces of 4 A rather than
the 2 A expected from the perovskite structure. (3) TOF HAS
revealed a dispersionless phonon branch in the energy range of
13—14 meV. (4) Small and broad half-order diffraction peaks
were observed in He diffraction of targets cooled below 100 K
only in the (10) high-symmetry azimuth; the peaks disappeared
when the targets were warmed above 330 K.

These HAS results, combined with the theoretical cal-
culations, suggest that (1) K™ and O ions migrate from
the bulk to the surface after cleaving, consistent with the
experiments of Szot et al. [31,34], to form KO surface
terraces. (2) K* ions bridging pairs of surface oxygens act
as independent oscillators, in agreement with calculations by
Fritsch and Schroder [6,32]. (3) The bridging K™ ions, initially
randomly arranged on the KO surface, order into (2 x 1) and
(1 x 2) domains when the target is thermally cycled to low
temperatures and become disordered again when the target is
warmed above 330 K. A schematic illustration of the surface
is presented in Fig. 4.

The KTN (001) surfaces examined in this laboratory
contrast sharply with those of KMnF; studied by similar HAS
experiments [15]. This is likely due to the charged KO and
TaO, /NbO; layers in the KTNs vs the neutral KF and MnF,
layers in KMnF; that are exposed when the respective samples
are cleaved. However, the differences must also be influenced
by the much smaller size and polarizability of F~ compared to
O’ that lead to tighter bonding to the metal ions and fewer
vacancies, and to the ability of a surface O®~ to transfer an
electron to an acceptor in the bulk.

A simple calculation shows that a structure consisting
of alternating charged +1 and —1 layers must result in an
unbounded electrical potential, a polar catastrophe. The helium
atom scattering AD, DS, and TOF measurements in the FSU
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laboratory, together with theoretical calculations, show how
the KTN (001) surface “avoids” a polar catastrophe. Whereas
a cleaved (001) surface of KTN is nominally expected to be
50% KO and 50% TaO,/NbQO,, the experiments show that
K* and O?~ ions migrate from the near-surface bulk to
form a nearly complete KO surface. Calculations suggest
that this charged surface is neutralized by additional K*
ions that bridge pairs of surface oxygens. The experiments
show a dispersionless phonon branch with energy predicted
for these Kt ions. The experiments further suggest that
these ions, initially randomly ordered, form ordered domains
at low temperature and become disordered again when the
temperature is raised.

It should be emphasized that the results presented here for
the avoidance of a polar catastrophe for cleaved KTN surfaces

PHYSICAL REVIEW B 92, 035414 (2015)

represent a model system. The surfaces are prepared in a
pristine environment and examined by very surface-sensitive
techniques. The experimental results are illuminated by careful
theoretical modeling.
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