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Abstract: The insulator-to-metal transition upon the thermal reduction of perovskites is a well-
known yet not completely understood phenomenon. By combining different surface-sensitive
analysis techniques, we analyze the electronic transport properties, electronic structure, and chemical
composition during the annealing and cooling of high-quality BaTiO3 single crystals under ultra-
high-vacuum conditions. Our results reveal that dislocations in the surface layer of the crystal play a
decisive role as they serve as easy reduction sites. In this way, conducting filaments evolve and allow
for turning a macroscopic crystal into a state of metallic conductivity upon reduction, although only
an extremely small amount of oxygen is released. After annealing at high temperatures, a valence
change of the Ti ions in the surface layer occurs, which becomes pronounced upon the quenching of
the crystal. This shows that the reduction-induced insulator-to-metal transition is a highly dynamic
non-equilibrium process in which resegregation effects in the surface layer take place. Upon cooling
to the ferroelectric phase, the metallicity can be preserved, creating a “ferroelectric metal.” Through a
nanoscale analysis of the local conductivity and piezoelectricity, we submit that this phenomenon
is not a bulk effect but originates from the simultaneous existence of dislocation-based metallic
filaments and piezoelectrically active areas, which are spatially separated.

Keywords: barium titanate; reduction; insulator-to-metal transition; surface layer

1. Introduction

The physical and chemical properties of the surface and the surface layer of model
ABOj3 oxides with perovskite structure, here ferroelectric BaTiO3, are in the academic
focus in aiming to understand the screening of spontaneous polarization, the electronic
structure, and point defect chemistry (especially for Schottky disorder). It has been found
that for a thorough understanding of a perovskite crystal’s behavior under gradients of the
electrical and chemical potential, comprehension of the role of the surface is essential [1-12].
The finding of Kinzig back in 1955 that a 100 A thick surface layer has a significant
impact on the temperature shift between ferroelectric and paraelectric phases in BaTiO3
single crystals opened an exciting chapter into the investigation of the properties of the
surfaces of ternary and multinary oxides with perovskite structures [13]. The discovery
that electronic doping (induced, for example, by the thermal reduction of BaTiO3) can
lead to the coexistence between ferroelectricity and metallicity has had a further impact
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on investigating the properties of the surface layer [14,15]. Because thermal doping is
connected to the incorporation of oxygen vacancies in the matrix, the exchange of oxygen
between the crystal and surrounding with a low activity of oxygen (e.g., vacuum, Hy,
Ar, etc.) at the surface is of the utmost importance for this reaction. Hence, the surface
plays the role of the “interface” for the system bulk/environment [14,16-18]. The main
share of the investigation concerning the transformation of dielectric barium titanate into
a metal was conducted via samples, which were quenched following thermal reduction
to room temperature before electrodes were deposited on the reduced surface in order to
investigate the electrical transport phenomena. In contrast to the insulator-to-metal (I/M)
transition in non-ferroelectric SrTiO3, which has been observed for diluted concentrations
of carriers (~10'° cm 3 [19-22]), it is assumed that the critical concentration for BaTiO;
(while fulfilling the Mott criterion) is on the order of 102° cm~3 [17]. This allows for a direct
analysis of the modifications induced in the electronic structure utilizing, for example,
X-ray photoelectron spectroscopy (XPS). However, surface-sensitive in situ and operando
investigations into the nature of the metallic states induced by the reduction of BaTiO; are
lacking in the literature.

The objective of this paper is to couple surface-sensitive techniques, such as XPS, with
electrical measurements under ultra-high-vacuum (UHV) conditions. In this way, informa-
tion regarding the electronic structure obtained under in situ and operando conditions can
be directly correlated to the I/M transition of the crystal. Because our previous nanoscale
studies of the I/M transition of thermally reduced SrTiO3 showed that the transition is
inhomogeneous [19-22], we will not determine the amount of removed oxygen via indirect
Hall carrier density measurements but will employ a spectrometric effusion measurement.
Additionally, we will analyze the uniformity of the electrical conductivity of the reduced
BaTiO3 using local conductivity atomic force microscopy (LC-AFM) in both in-plane and
out-of-plane geometry.

2. Materials and Methods
2.1. Crystals

For our experiments, we used mono-domain BaTiO3 (100) pc crystals produced by
Crystec, MaTecK, and FEE (all from Germany). The typical dimensions of the crystals
were 5 x 5 x 0.5 mm?3. The rms-value (determined for an area of 1 x 1 um?) was in the
range of 0.5 nm. The impurity level determined using inductively coupled plasma mass
spectrometry (ICP-MS) (Agilent, Santa Clara, CA, USA) was lower than 30—40 ppm.

2.2. XPS Spectrometer

We used an XPS spectrometer PHI 5800 (Physical Electronics, Chanhassen, MN, USA)
with a monochromatic Al K X-ray source (1486.6 eV) to study the electronic structure
and stoichiometry of the surface. The determined full-width half-maximum (FWHM) on
clean Ag (after sputtering in UHV) was 0.78 eV. In our investigation, we worked with
a microfocus (300 x 700 um?). The measurements were obtained with a power of the
X-ray source of 200-250 W. The used pass energy (PE) was 23.5 eV, and the step in spectra
acquisition was fixed at 0.05 eV. The sample’s charging was compensated with a neutralizer
at low temperatures (T < 400 °C) for the as-received crystals; charging did not occur on
the reduced crystals. The analysis of the spectra (curve-fitting) was obtained using the
MultiPak software.

An essential element of the spectrometer for the direct study of the reduction phenom-
ena was a heating system that was specially developed without using transition metals
such as Ta, Mo, W, or semiconducting Si, which, at high temperatures, could dramatically
lower the oxygen activity in the ambient of the heated samples and induce a decompo-
sition of the oxide [23]. Additionally, the long duration of the experiment, many days
at high temperatures (700-1100 °C), required an “optimal screening” of the infrared ir-
radiation produced by the furnace and a reduction in its power. With such means, the
pressure in the spectrometer chamber at the highest reduction temperature (1100 °C) could
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be limited to 1077 mbar. The heating system had a low heat capacity, allowing for fast
quenching experiments.

2.3. Effusion Apparatus

Effusion experiments were carried out in a UHV system with the residual gas analyzer
E-Vision (MKS Instruments, Andover, MA, USA). The base pressure in the chamber, which
was made of quartz glass, was <5 x 10710 mbar. The detection limit of oxygen was at a
partial pressure of 10~'* mbar using a multichannel plate detector and filaments of thoriated
iridium. The chamber was designed as a vertical two-zone oven, in which the “park
position” of the sample was heated permanently to 300 °C, whereas the temperature of the
working zone, where the effusion measurements were performed, was stabilized with an
accuracy of 0.5 °C (from 400-1000 °C). Moving the crystal (fixed with Pt wires) between the
two stated zones was possible using a magnetic transfer system. The system’s calibration
was obtained volumetrically at a constant temperature for three defined pressures of
oxygen. The detection level of the apparatus was confirmed via test measurements without
the crystal. Our study’s maximum temperature was limited to 1000 °C in order to avoid
hydrogen permeation through the fused quartz.

2.4. Electrical Characterization

For the in situ measurement of the electrical properties, a resistance measurement
system, aixDCA (aixACCT systems, Aachen, Germany), was used. This system allows
the characterization of the resistance into a four-electrode configuration as illustrated in
Figure 1, using an extremely low AC polarization voltage (typically 4 mV) while controlling
the oxygen partial pressure as total pressure inside a UHV chamber (for details see [24]).
With this system, it was possible to perform quenching experiments (i.e., cooling from
1000-200 °C) within very short intervals of 10-20 s.
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Figure 1. Schematic of the electrical circuit used for in situ resistance measurements as a function of

temperature, pressure, and time.

2.5. Atomic Force Microscopy

The topography and local conductivity of the crystal surface was investigated on
the nanoscale by an atomic force microscope (JSPM 4210, JEOL, Akishima, Japan). Using
the piezoresponse force microscopy (PFM) mode, the piezoelectric properties were also
investigated. As the study aimed to compare macroscopic measurements of the I/M
transition with the electrical transport phenomena on the nanoscale, an essential aspect
of our LC-AFM investigations was to determine the dependence of the local electrical
resistivity of thermally reduced crystals as a function of temperature. Therefore, current
maps were recorded in the same region of the sample with a dimension of 5 x 5 pm?
at different temperatures between 25 and 350 °C without mechanical readjustment of
the position of the scanning area. The current sensitivity of our system was improved
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by using an additional external current-to-voltage converter with a resolution in the fA
range. The measurements were performed using conducting Pt-coated cantilevers (PPP-
CONTPt, Nanosensors, Neuchatel, Switzerland) with a force constant of 0.02-0.77 N/m.
The universal use of the specified cantilever with a resonant frequency of 6-21 kHz for
LC-AFM and PEM studies limited the maximum frequency for PFM measurements to
f <6kHz.

3. Results and Discussion
3.1. The I/M Transition of BaTiO3 Induced by Thermal Reduction
3.1.1. Electrical Characterization

The thermal reduction of BaTiOj3 leads to the removal of oxygen from the matrix in
accordance with the following defect—chemical reaction:

1
BaTiO3 — BaTiO3_y + x - E O 1. (1)

Due to the introduced oxygen vacancies in the crystal, some electrons will be thermally
activated from Fj and F; centers [25-27] and transferred to Ti atoms, whose valences change
from Ti** to Ti**. This electronic doping increases the electrical conductivity and can induce
an insulator-to-metal transition if the critical concentrations of electronic charge carriers are
reached. The reduction in the oxygen stoichiometry of the crystalline perovskite materials
can be obtained in different ways. In all cases, the effective reduction process needs a low
oxygen partial pressure in the ambient of the crystal, which can be reached via thermal
treatment in reduction gases (e.g., Hy, CO-CO,, Hy—Ar, Hy-H,0), in a vacuum, or in
contact with materials whose oxygen affinity is higher than that of BaTiO; (e.g., Ti, Mo, Ta,
or Si).

The first observation of the “switching” of insulating BaTiO3 single crystals into a
conducting state upon thermal reduction in H, and an Hy—N, mixture was reported by
Kolodiazhnyi [28]. However, it must be considered that using an extremely reducing
medium such as Hj can lead to the effusion of Ba from BaTiO3;. We investigated this effect
by means of a mass-spectroscopic analysis of powdered BaTiO; crystals brought into contact
with the transition metal Ti as an oxygen getter [23]. Hence, we conducted our study of the
reduction of oxygen stoichiometry in barium titanate, presented here under high-vacuum
conditions at temperatures of 600-1000 °C, which allows for the physical control of the
oxygen partial pressure [24]. Using the four-point technique and a very low AC polarization
voltage, we analyzed the kinetics of the resistivity change for isothermal conditions as a
function of the reduction time (Figure 2). After each reduction step, the sample was cooled
to 50 °C by switching off the heater. Due to the heat capacity of the system, it took several
hours to reach the final temperature, and hence it can be assumed that the sample was in
quasi-equilibrium conditions during cooling. The resulting resistance-temperature curves
were employed in order to check if they exhibit a characteristic mark of metallic behavior,
namely, an increase in conductivity for a decrease in temperature (Figure 3).

Although the thermodynamic parameters (here, the temperature and oxygen partial
pressure) are very well-defined and constant during the thermal treatment, it can be seen in
Figure 2 that the progression of the reduction does not reach a characteristic plateau, which
would be typical for reaching equilibrium conditions. Despite the long reduction time
(60,000 s), the interfaces’ resistances exhibit a permanent decrease, but for the bulk, the same
effect as for SrTiO;3 crystals can be identified, namely self-healing [22]. This means that
after a short time (here, 3500 s), the reduction reaches an “optimal” state (the resistance of
the crystal bulk was minimal and is marked with an arrow in Figure 2), and the prolonged
reduction leads to an increase in the resistance. Similar dependencies for R(t) were observed
for the reduction temperatures 600-700 °C, 700-800 °C, and 900-1000 °C. Our investigation
of the thermal dependence of the resistance reveals that for the sample reduced below
700 °C, the metallic character of the conductivity can be identified in the section of the R(T)
curves of both interfaces for the temperature between the reduction temperature and 500 °C
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(Figure 3a). In contrast to the smooth course of the R(T) curves observed after thermal
reduction at 700 °C, a singularity (a step-like increase) can be observed at T, following
reduction at higher temperatures (here 800-1000 °C). The resistance for the bulk and both
interfaces after the reduction at temperatures of 800-900 °C exhibited typical metallic
behavior (Figure 3b,c), namely a monotonic increase in the resistance with increasing
temperature (except at the transition temperature). In the sample, which was reduced at
1000 °C, the metallic transition of the BaTiOj crystal can be identified from the reduction
temperature to T, (Figure 3d). In this strongly reduced sample, the metallicity in the bulk
and one interface disappears below the phase transition into the ferroelectric phase and
only remains in one of the interfaces.

1000 = 1 1 1 | ] 1 1 | 1 1 1 -
I— Total -
g -
x 4 Interface 1 =
10 3 3
E Bulk E

1 T T T T T T T T T T T

Figure 2. Change in the resistances of the bulk and interfaces of a BaTiO3 (100) crystal (dimension
10 x 3 x 1 mm?) contacted with Pt electrodes upon reduction under isothermal conditions in UHV.
The arrow marks the maximum reduction state, after which so-called self-healing takes place in
the bulk. The resistances were measured using four-probe geometry, in which the potential drop
between the two outer electrodes characterizes the total resistance, the potential drop between the
inner electrodes the bulk resistance, and the potential drop between two adjacent outer and inner
electrodes the interfaces’ resistance.
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Figure 3. Dependence of the resistance change as a function of the temperature of the entire sample
and in its different regions following the thermal reduction of the crystal at 700 °C (a), 800 °C (b),
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900 °C (c), and 1000 °C (d). After the reduction of the BaTiOj crystal at high temperatures, a jump
in the resistance could be observed at T, although the overall metallic trend in the function R(T)
was conserved.

As the oxygen partial pressure in the UHV furnace was similar for all reduction temper-
atures, we can calculate the activation energy for the reduction of the system Pt/BaTiO3 /Pt
using the final resistances for these isobaric conditions. In this way, we estimated (from the
Arrhenius plot) that the activation energy is smaller than 0.34 eV.

3.1.2. Oxygen Effusion

In Figure 4, the effusion of oxygen and carbon dioxide during thermal reduction
is presented. When increasing the temperature from 300 to 750 °C, the effused oxygen
originates from the dissociation of chemisorbed CO, on the BaO-terminated part of the
crystal surface

1
2BaCO3 — 2BaO + CO, + CO + 5 0)) 2)

and reduction of the stoichiometry of the original crystal (cf. Formula (1)). The concen-
tration of oxygen vacancies introduced in BaTiO3 during the thermal reduction process
should equal the number of oxygen ions removed from the crystal matrix. Our effusion
data shows that the reduction of BaTiOj3 crystal from 750 to 850, 950, and 1000 °C only
leads to seemingly negligible exhaustions of oxygen on the order of 10'°/cm3 (Figure 4).
Hence, thermogravimetric measurements would not enable a reliable determination of the
decrease in mass in thermally reduced crystals, despite the extremely high sensitivity of
contemporary balances. Based on our effusion measurements, we estimated the oxygen
nonstoichiometry induced in the O sublattice. The nonstoichiometry x in BaTiO3_y is in
the range of 10~7. This value does not agree with the data presented by Kolodiazhnyi [28],
where a value of 2 x 10~* was obtained, which had been estimated from the measurement
of the concentration of electronic carriers introduced for similar reduction temperature
regions 900-1000 °C. Our effusion investigation reveals that despite only a shallow con-
centration of removed oxygen ions (measured as O + O,) of only ~2-5 x 10'°/cm?, the
transition into the metallic state (see Figure 3) takes place. Hence, the crystal does not need
to reach the critical concentration of carriers 7. = 1.6 x 102’ /cm3 suggested by Kolodiazh-
nyi. Note that for the mentioned critical concentration of carriers in reduced BaTiO3, the
author of a previous paper [28] reduced the crystal to at least 1000 °C in Hy atmosphere,
leading to a nonstoichiometry of x = 2 x 103, which is 3—4 orders of magnitude higher
than the calculated nonstoichiometry of our metallic crystal. It should be kept in mind that
the determination of the nonstoichiometry using carrier concentration values obtained from
Hall measurements is only valid if the oxygen vacancies introduced during the reduction
process are distributed uniformly in the matrix of the crystals. At this point, caution is
advised, as extensive studies on thermally reduced SrTiOj3 crystals have shown that there
is a significant inhomogeneity in the distribution of doped carriers. Hence, the carrier
concentration cannot be treated as a parameter that is related to the entire volume of the
crystal. We will explicitly analyze this topic by mapping the electrical conductivity using
LC-AFM (see below).

3.1.3. Operando XPS Study of the Reduction of BaTiO3

Our operando XPS studies aim to analyze the modifications in the electronic struc-
ture and stoichiometry of the surface layer during the reduction of BaTiO; crystals. By
correlating the results with data from electrical measurements and effusion, we are able
to scrutinize the nature of the I/M transition induced by removing oxygen. In particular,
the search for the additional Ti state in the band gap, which may be generated due to
the reduction in the oxygen stoichiometry, was the focus of our investigation. To further
confirm that the I/M transition did indeed occur in the surface layer of the reduced crystal
due to a change in the valence of Ti from 4+ to 3+, we conducted an XPS investigation of
the valence band region with the highest possible energetic resolution. In this manner, we
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sought to identify an additional occupied state near the bottom of the conduction band,
similar to the thermal reduction of SrTiOs.
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Figure 4. Effusion of oxygen and carbon dioxide from a BaTiO3 single crystal during thermal
reduction under UHV conditions: (a) 300-750 °C, (b) 750-850 °C, (c) 850-950 °C, and (d) 950-1000 °C.

Because the electrical characterization of the I/M transition shows that the temperature
necessary for generating the metallic state is around 700 °C, we began our studies at 400 °C
in order to follow the changes in the surface layer during the transition. This lowest
temperature allowed us to collect the XPS spectra without charging effects, and we did not
need to use the flood gun. Despite the heating of the sample under UHV conditions and
the moderated temperature of 400 °C, we found that the epi-polished surface of BaTiO3
was contaminated. The Ols core line (Figure 5) exhibited an additional compound with
a high binding energy (Table 1), and the signal of the Cls core line (Figure 6, Table 2)
revealed the existence of carbon on the surface. For the optimal correlation of the XPS data
with electrical data, the sample’s surface was prepared in exactly the same way as for the
electrical measurements. In both cases, the sample’s surface was epi-polished. Even after
the heating at 700 °C, the existence of residual adsorbates on the surface has been identified
(Figure 6).

Table 1. Fitting parameters for the Ols core line at different temperatures.

Component 1 Component 2
T (°O) BE (eV) FWHM (eV) Area (%) BE (eV) FWHM (eV) Area (%)
400 529.7 1.52 89.4 530.9 1.57 10.6
700 529.7 1.69 94.5 531.0 1.55 5.5
800 529.7 1.77 97.3 531.1 1.80 2.7
900 529.7 1.80 97.5 531.1 1.70 2.5
1000 529.7 2.09 100

1100 529.7 2.12 100
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Figure 5. Ols spectra collected for the surface layer of an epi-polished BaTiO3 (100) crystal during
high-temperature reduction. Bottom: the difference in Ols spectra at 400 °C (left) and 1100 °C (right).
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Figure 6. Cls spectra collected for the surface layer of an epi-polished BaTiO3 (100) crystal during
high-temperature reduction. Bottom: the difference in C1s spectra at 400 °C (left) and 700 °C (right).
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Table 2. Fitting parameters for the C1s core line at different temperatures (only the main components
are shown).

Component 1 Component 2 Component 3
T(°C) BE(eV) FWHM (eV) Area(%) BE(eV) FWHM (eV) Area(%) BE(eV) FWHM (eV) Area (%)
400 284.2 1.45 69.1 285.7 1.56 19.5 2874 1.56 6.5
700 284.2 1.45 66.4 286.0 1.56 194

We started the analysis of the XPS spectra with the element of maximal concentration
in the matrix, namely oxygen. We chose the core lines of oxygen with the highest cross-
section according to Scofield [29], which in our case was the O1s line. We did not consider
the O2p due to its low cross-section and partial hybridization with the density of the state
of the valence band. Figure 5 presents all O1 spectra collected between the temperatures
of 400 and 1100 °C. At first glance, the thermally induced change in the core lines’ shape
seems relatively small. The binding energy determined by the analysis of the position of
the core line’s maximum does not show an energetic shift for different temperatures; the
maximum lies at 529.70 eV £ 0.05 eV (the measurements were obtained without using the
flood gun). The deconvolution of the Ols line at 400 °C shows that the line can be fitted
with two peaks: a mean peak at 529.7 eV and a small compound at a higher binding energy
of about 530.9 eV (Table 1). Note that the residuals below the spectra (red dotted lines in
Figure 5) show that such a fitting is acceptable. For temperatures above 900 °C, the Ols
peaks are completely symmetrical and can be very well fitted with a single component.

Although carbon is not part of the “chemistry” of the clean surface layer of BaTiOs3, it
should be noted that the contamination with physically and chemically adsorbed species
concerns all surfaces of perovskite materials if the sample is exposed to ambient conditions.
The set of the Cls core lines in Figure 6 shows that the thermally induced desorption
removes all carbon compounds between 400 and 700 °C (such as C=C, CH, CO, and COOH).
At 800 °C, the crystalline sample is free of carbon compounds. The high temperature of the
carbon desorption is typical for the thermal dissociation of BaCOj (cf. Formula (2)). The
binding energy of the compounds of the Cl1s core line with the highest intensity is 284.2 eV
(Table 2).

The central part of our XPS analysis is dedicated to the thermal modifications of the
Ti2p core line. Looking at the 3D representation of the spectra presented in Figure 7, no
spectacular changes can be recognized. This is reasonable, as only a very small amount of
oxygen was removed during thermal reduction. However, when we compare the shape
of the Ti2p line collected at 400 °C and 1100 °C (Figure 7, bottom), distinct differences can
be identified. The fitting reveals that an additional component with a binding energy of
456.6 eV exists that can be attributed to Ti2p with a valence of 3+ (Table 3).

Table 3. Fitting parameters for the Ti2p3/, core line at different temperatures.

Component 1 Component 2
T (°C) BE (eV) FWHM (eV) Area (%) BE (eV) FWHM (eV) Area (%)
400 458.4 1.26 100
700 458.4 1.34 100
800 458.4 1.33 100
900 458.3 1.44 100
1000 458.1 1.83 100
1100 458.4 1.69 70 456.6 1.4 30

The most challenging core line concerning the fitting is the Ba3d5,, one (Figure 8). On
the one hand, using the simple deconvolution, one can, with a good X2, fit the Ba3ds,; line
with only two peaks (see, e.g., Singh et al. [30]). On the other, the variation in the area of the
peaks and FWHM, which does not show a clear trend after two-component fitting, suggests
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that this procedure could be mathematically correct but deviates from physics. Therefore,
we only employed this approach as a “template” to determine the correct energetic position
of all compounds through simple but effective subtraction of the Ba3d lines collected at
the same temperature (500 °C) after thermal quenching. We found four contributions (see
Table 4): a main line (component 1), typical for Ba in the BaTiO3 matrix with a binding
energy of 779.1-779.3 eV, and an additional compound (component 2), whose energetic
position was shifted towards a higher binding energy of 780.6-780.9 eV. The core line
(component 3) with the highest binding energy of 781.5-781.7 eV has only been found
for the crystal, which has been heated at temperatures of >900 °C. Additionally, a new
component appears at high reduction temperatures, which has a lower binding energy
than that of the main compound. This line (component 4) possesses a binding energy of
777-777.5 eV and is not easy to fit due to the presence of the lowest intensity without the
additional information of the correct position (the relative area related to the entire site of
the Ba3d line is only a few percent). A more detailed analysis is presented below and relates
to the quenched sample. For component 1, a permanent increase in the FWHM from 1.5 to
1.97 eV upon thermal reduction can be observed; the relative concentration of the Ba in this
chemical form surface fluctuates slightly during heating (75-80%). The most interesting
behavior shows component 2 exhibiting a permanent decrease in its contribution to the
total area of the Ba3ds, core line. The inverse tendency in the area changes can be observed
for component 3, which increases from 900 to 1000 °C. Component 4 could be associated
with metallic barium, whose effusion we observed via mass spectrometry at extremely low
oxygen partial pressures [23].
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Figure 7. Ti2p spectra collected for the surface layer of an epi-polished BaTiO3 (100) crystal dur-

ing high-temperature reduction. Bottom: the difference in the Ti2p spectra at 400 °C (left) and
1100 °C (right).
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Figure 8. Ba3ds/, spectra collected for the surface layer of an epi-polished BaTiO3 (100) crystal
during high-temperature reduction. Bottom: the difference in Ba3ds,, spectra at 400 °C (left) and
1100 °C (right).

Table 4. Fitting parameters for the Ba3ds/, core line at different temperatures.

Component 1

Component 2 Component 3 Component 4

T (°C) BE FWHM Area BE FWHM Area BE FWHM Area BE FWHM Area

(eV) (eV) (%) (eV) (eV) (%) (eV) (eV) (%) (eV) (eV) (%)

400 779.1 151 80.6 780.6 1.60 194

700 779.1 1.62 77.6 780.8 1.82 22.4

800 779.1 1.64 78.4 780.8 1.84 21.6

900 779.1 1.73 76.9 780.9 1.70 17.5 781.6 1.7 3.0 777.3 1.7 2.6

1000 779.2 1.97 749 780.9 1.83 15.3 781.7 1.9 3.4 777.5 1.7 6.6

1100 779.1 2.10 77.2 780.7 1.90 114 781.5 1.9 7.3 776.8 21 1.3

Analyzing valence electrons’ distribution provides essential information regarding
the physical and chemical properties of the solid. The hybridization of 2p electrons of
oxygen with 3d electrons of Ti contributes to the primary share of the density of state
(DOS) of the valence band (VB). Of course, the measured VB spectra are an integrated DOS
throughout the entire Brillouin zone. For the interpretation of the partial DOS, it should
be taken into account that the Ti state in XPS VB spectra demonstrates an overestimated
contribution of the occupied 3d state due to a higher cross-section of Ti than for oxygen.
A detailed comparison between the calculated DOS and the experimental valence band
will be presented below. The shape of the VB for 400 °C (Figure 9) is similar to the VB
spectra that can be found in the literature. With the increasing reduction temperature,
a bending of the spectra at ~5 eV disappears, and the VB spectra become unstructured.
The magnification of the region of the top of the VB reveals the existence of a long tail
of the occupied states, which reduces the effective broadness of the band gap. With the
increase in the reduction temperature, the diffuse tail of this state is reduced, which allows
us to attribute the origin of these states to contamination with carbon compounds. For the
reduction temperatures of 800 and 900 °C, the width of the bandgap extrapolated from
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the VB region reaches the maximum value of ~3 eV. The tendency reverses again for the
reduction at 1000 and 1100 °C. A new state at the top of the VB is then created, probably due
to the change in the ratio Ba/Ti. In the bandgap region of the reduced crystal, an additional
occupied state close to the Fermi level emerges, which could be connected to introducing
d! electrons (coming from Ti with valence 3+) and cannot be detected, although the I/M
transition has been confirmed by electrical measurements. Hence, we can conclude that
the sensitivity of the XPS method, which is only a few percent for the VB region, due to an
extremal low cross-section for electronic states, is not sufficient for the analysis of metallic

states at the surface.
Intensity (c
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100
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Figure 9. Valence band spectra collected for the surface layer of an epi-polished BaTiO3 (100) crystal
during high-temperature reduction. The magnifications of the part of the DOS near the top of the
valence band are depicted on the right.

The analysis of the composition (here, the Ba/Ti ratio) of the surface layer shows
an increase in the concentration of Ba between 400 and 700 °C, followed by a successive
decrease in the temperature region of 800-1100 °C (Figure 10). In order to analyze the
results correctly, it must be kept in mind that the as-received surface is contaminated
with one or many layers of chemical adsorbates due to its high affinity to CO and CO,.
Therefore, in the photoemission, the intensity (yield) of the Ba3d line will be reduced, and
we could falsely interpret this behavior as a reduction in stoichiometry. If the contamination
is relatively low (after reduction at 700 °C), we are certain that the Ba/Ti represents the
correct value and can be further analyzed.
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Figure 10. Stoichiometry change in the Ba and Ti sublattice in the surface layer as a function of the
reduction temperature. The analysis was based on the determination of the area of the Ti2p core lines
(Ti2p3/, + Ti2pq /5 + shake-up) and the area of the Ba3d lines (Ba3ds5,, + Ba3d; /) and the information
depth was 5 nm.
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During the progressive reduction (800-1100 °C), we observed a permanent increase in
the Ti concentration; the Ba/Ti ratio changed from 0.85 at 800 °C to 0.67 at 1100 °C. This
behavior resembles the Sr/Ti ratio change for SrTiOj3 single crystals being reduced in the
XPS spectrometer [31]. For SrTiO3, the enrichment of TiO oxides in the surface layer has
even been confirmed by SIMS measurements and X-ray diffractometry.

3.1.4. Comparison to Density Functional Theory Calculations

To analyze the electronic structure obtained from the XPS measurements, we cal-
culated 15-layer thick symmetric BaTiOj3 films with different terminations using density
functional theory with the Wu-Cohen exchange-correlation potential [32]. The calculations
are performed using the linearized augmented plane-wave method [33] implemented in
the FLEUR code [34]. A plane-wave cutoff of 4.5 (a.u.)~! and muffin-tin radii of 2.70, 2.08,
and 1.39 a.u. were used for Ba, Ti, and O atoms, respectively. The irreducible Brillouin zone
was sampled with 28 k-points, and all structures were relaxed until the forces were smaller
than 0.05 eV /A.

From the density of states, one can see that the valence band in the bulk-like regions
has a bandwidth of about 5.5 eV (lower panels in Figure 11), and the comparison with the
experimental data (Figure 9) shows the dominance of the Ti 3d contributions in the spectra.
The local oxygen DOS shows a characteristic two-peak structure with states involved in
Ti-O bonds and, at lower binding energy, states oriented in the BaO planes. At the TiO,-
terminated surface, the former ones are less affected, while the latter ones shift towards the
Fermi level and induce a small tail extending into the band gap. On the BaO-terminated
surface, mainly the peak at higher binding energy is affected, and the gap size is unchanged.
Overall, the contribution of Ba states is small. Note the usual underestimation of the band
gap in the DFT calculations [35].
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Figure 11. Density of states of TiO,-terminated (left) and BaO-terminated (right) 15-layer BaTiO3
films. Black, blue, and red lines indicate local contributions from the Ba, Ti, and O atoms, respectively.
In the left column, from top to bottom, the topmost TiO; layer, the subsurface BaO layer, the innermost
TiO; layer, and the central BaO layer are displayed. In the right column, the surface BaO layer is
displayed on top, followed by the subsurface TiO,, the innermost BaO, and the central TiO; layer at
the bottom.
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We also investigated the surface-induced core level shifts for the BaO- and TiO;-
terminated films. Generally, it can be observed that below the fourth layer of the film, the
change of the Ols, Ti2p3,;, and Ba3ds,, core levels is below 0.1 eV, i.e., bulk-like behavior
has been reached. At the surface, the largest change is observed for the Ba3d line at the
BaO-terminated surface with a shift of 1.3 eV to higher binding energies w.r.t. the bulk,
while the corresponding Ols line is almost unchanged. In contrast, the Ti 2p line shifts by
0.5 eV to lower binding energy at the TiO,-terminated surface, and also the O 1s line in
the surface layer has a shift of 0.9 eV in this direction. Comparing the experimental results,
only component 2 of the Ba 3d5,, core line could be purely surface related; for all other
components, the surface-induced core level shifts are too small.

3.1.5. Conclusions from the In Situ Analysis of Thermal Reduction

e  The unambiguous determination of the chemical composition of the surface layer of
BaTiOj3 single crystals (e.g., Ti/Ba ratio) up to 800 °C is difficult due to substantial
surface contamination by physically and chemically adsorbed compounds, whose
concentrations may vary during the reduction process. Therefore, it is necessary to
monitor additional compounds of the Ols and Cls core line with higher binding
energies as a function of annealing temperature and time;

e  The analysis of the Ti2p core line shows that the valence of Ti (in ionic notation) at
900 °C is equal to 4+. Only at 1000 and 1100 °C do we observe a small contribution
from the Ti ions with valence 3+ to the Ti2p lines. Despite this, we have no hints of an
occupied state close to the Fermi level from the VB spectra;

e  The highest variation of the chemical state in the surface layer during the reduction
shows the Ba3d line, whose additional compounds (relative to the Ba in the matrix)
could be connected with Ba bounded on the surface with BaO termination or repre-
sented by BaO-rich structures and metallic Ba (especially if the reduction temperature
is higher than 800 °C);

e Note: Although the maximum reduction temperature was extremely high (1100 °C),
our in operando studies of the thermal reduction of the BaTiOj crystal (100) are not as
spectacular as the XPS studies presented in the literature on in situ-reduced crystal
analyzed at RT after reduction, as it shows a much lower concentration of Ti with
reduced valence. On the other hand, our XPS measurements are consistent with the
data on the outflow of oxygen, as we cannot expect to observe a dramatic change in
the oxygen stoichiometry in the surface layer when only a small quantity of atoms is
removed from the crystal.

3.2. Quenching of Reduced Crystals: Freezing Defects in the Surface Layer by Means of
Rapid Cooling

The slight change in the valences of Ti (see the analysis of the Ti2p core lines) compared
to the dramatic changes reported in the literature for in situ-reduced crystals (after cooling
to RT) led us to reflect on the role of the cooling process. In this part of the paper, we
will analyze the impact of rapid cooling (so-called quenching) on the electronic structure
of reduced BaTiO;. According to point defect chemistry, the rapid cooling of thermally
reduced crystal should conserve (freeze) the defect concentration generated at high tem-
peratures [36—40]. We obtained a systematic quenching of the reduced crystal from 800,
900, 1000, and 1100 °C to the same final temperature of 500 °C. This temperature was
chosen as the limiting temperature at which the creation of oxygen vacancies in BaTiO3
becomes negligible.

3.2.1. XPS Investigation of Reduced BaTiO3 Quenched from 800 °C to 500 °C

The first cooling of the reduced BaTiO; crystal from 800 to 500 °C (see Figure 12)
did not reveal any significant changes in the shape of the core lines relative to the spectra
recorded at 800 °C. The Ti2p core line can be fitted using one doublet, typical for Ti with
4+ valence, and the shape of the Ols line is very similar to the one measured at 800 °C.
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Only in the Ba3d line could an additional compound with a binding energy of 781.6 eV be
found, which, in our opinion, could be associated with the double stacking of BaO on BaO
as an effect of the BaO segregation during quenching. Although the reduced BaTiO; crystal
is metallically conductive at this temperature, the occupied states cannot be found in the
spectra of the VB region of the quenched crystal. Due to the relatively minor modifications
of the spectra determined at 800 °C to those at 500 °C, we adapted this set of core lines and
VB spectra as a reference for the quenched crystals from a higher temperature to the same
one (here, 500 °C).
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Figure 12. Core lines of the Ti2p, Ba3d, Ols, and VB region obtained for a reduced BaTiOj3 crystal
after rapid cooling from 800 to 500 °C.

3.2.2. XPS Investigation of Reduced BaTiO3 Quenched from 900 °C to 500 °C

Our choice of the set of spectra belonging to the sample quenched from 800 to 500 °C
as a reference enables a simple comparison of the XPS data obtained after cooling from
higher temperatures without a complicated and not always unambiguous fitting procedure
(Figure 13). The difference between the Ti2p spectra for the sample quenched from 900 °C
relative to our reference shows a dramatic increase in the compounds with lower binding
energies typical for Ti with a valence of 3+. The origin of the existence of this valence is
not the thermal reduction but is induced as so-called self-reduction during cooling [41].
Because incorporation of oxygen from the UHV ambient is not possible due to the sample
being under UHV conditions, the equilibrium concentration of defects during cooling
cannot be reached. Hence, oxygen from the surface layer is transferred towards the interior
of the sample and driven by the difference in the formation enthalpy of oxygen vacancies
on the surface and bulk [41]. This process is limited to the surface layer and results in a
redistribution of oxygen from lower bounded surface states into the deeper part of the
surface region to minimize the total energy in the system [42-44]. The analysis of the
differences in the Ba3ds,; lines reveals that the freezing of defects leads to an additional
segregation process, namely that of the BaO compounds. In contrast, in comparing O1
spectra, no changes could be detected. Despite the increased concentration of Ti states with
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reduced valences in VB regions, no occupied state was identified in the band gap (with the
sensitivity of our XPS).
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Figure 13. Differences between the core lines of Ti2p, Ba3d, and O1s and the VB region obtained after
subtracting the corresponding core lines of the reduced crystal quenched from 900 to 500 °C; the
spectra of the sample quenched from 800 to 500 °C (yellow line) were used as reference spectra.

3.2.3. XPS Investigation of Reduced BaTiO3 Quenched from 1000 °C to 500 °C

When increasing the reduction temperature to 1000 °C, the modifications in the XPS
spectra for the quenched crystal became more significant and visible. The most crucial
difference compared to the previous cooling experiment (900-500 °C) could be seen in the
Ti2p core lines; namely, we found that part of the Ti has a valence of 2+. This indicates
that the self-reduction process was more extensive during the quenching from 1000 °C
than during that from 900 °C, in which only Ti with valence 3+ was formed. Although
the Ba electronic states were not directly involved in the I/M transition, the Ba3ds, core
line exhibits some changes. The difference analysis suggests that the concentration of the
additional BaO compounds was reduced and that the amount of Ba in metallic form was
smaller than for the crystal quenched from 900 °C. An additional change in the Ols core
line can be proven; namely, its full-width half-maximum (FWHM) is larger, which can be
observed directly in the difference spectra (Figure 14). This means that the disorder in the
O1s sub-lattice is more considerable than that generated after quenching of the reduced
sample from 800 and 900 °C, which indicates a more significant redistribution of oxygen
vacancies in the upper part of the surface layer as an effect of self-reduction. In contrast
to the previously discussed different XPS spectra, the freezing of defects from 1000 to
500 °C leads to a visible increase in a continuum of the occupied states in the band gap (see
the insert of VB in Figure 14). Additionally, a shoulder on top of the VB region, which is
dominated by the O2p states, reduced the width of the band gap.
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Figure 14. Differences between the core lines of Ti2p, Ba3d, and O1s and the VB region obtained after
subtracting the corresponding core lines of the reduced crystal quenched from 1000 °C to 500 °C; the
spectra of the sample quenched from 800 to 500 °C (yellow line) were used as reference spectra. Note
that in the band gap, the reference VB spectrum is shown as a black line.

3.2.4. XPS Investigation of Reduced BaTiO3 Quenched from 1100 °C to 500 °C

The quenching process of the reduced crystal from 1100 to 500 °C intensified the
changes in the core line spectra (see Figure 15). In the Ti2p core lines, the contribution of
Ti with valences 3+ and 2+ is increased. Although the Ba electronic states are not directly
involved in the I/M transition, the Ba3ds,, core line exhibits modifications. The difference
analysis suggests that the concentration of the additional BaO compounds was reduced
relative to the crystal quenched from 900 to 500 °C. The tendency in the widening of the
O1s core line is retained; namely, the FWHM is broader, indicating a higher disorder in the
oxygen sub-lattice. The analysis of the difference spectra of the VB regions confirmed the
rise in the number of occupied states in the band gap, especially those close to the Fermi
level (FL), with the same tendency observed for the additional compounds with lower
binding energies in the Ti2p core line.

3.2.5. Change in the Ba/Ti Ratio during Quenching

During the quenching process, which induces a lowering of the Ti valences, the
chemical composition of the surface also changed. This can be seen by analyzing the
Ba/Ti ratio during reduction and subsequent quenching (Figure 16). Hence, not only
self-reduction accompanied the rapid cooling, but a re-segregation of the Ba compounds
took place. Despite the permanent lowering of the concentration of Ba in the surface layer
with the increase in the reduction temperature (see the red line in Figure 16), we identified
that the actual concentration of Ba after quenching is higher (see the dark line in Figure 16).
This difference is especially evident for the higher reduction temperature (here, 1100 °C).
This behavior suggests that the ratio of both types of cations (Ti and Ba) is a function of the
temperature for constant oxygen activity; in other words, the stoichiometry of the surface
layer follows the dynamic of the thermodynamic conditions and the diffusion of cations
and anions occurred despite the short quenching time.
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Figure 15. Differences between the core lines of Ti2p, Ba3d, and O1s and the VB region obtained after
subtracting the corresponding core lines of the reduced crystal quenched from 1100 to 500 °C; the
spectra of the sample quenched from 800 to 500 °C (yellow line) were used as reference spectra. Note
that in the band gap, the reference VB spectrum is shown as a black line.
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Figure 16. Ba/Ti ratio determined using the Ba3d and Ti2p core lines after reduction (red line) and
subsequent quenching to 500 °C (black line).

3.2.6. XPS Investigation of the De-Quenching by Repeated Reduction at 1100 °C

Our observation of a self-reduction process induced by quenching discussed above
poses an important question: is the increase in the Ti state with valences 3+ and 2+ (gener-
ated by the freezing of defects) irreversible, or does it lead to modifications in the amount
of Ti state with reduced valences by a “de-quenching” process. Therefore, we re-reduced a
crystal at 1100 °C, which was previously quenched from 1100 to 500 °C. The comparison
between the quenched and de-quenched crystal shows that the reduction stage in the
crystal after the second reduction is related to a decrease in the concentration of the Ti state
with low valences, which were generated after quenching. This conclusion can be derived
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from the analysis of the Ti2p and VB region spectra (see the differences between the Ti2p
and VB spectra in Figures 15 and 17). Therefore, the quenching and de-quenching “adjusted
dynamically” the concentration and distribution of oxygen vacancies in the surface layer
to the new thermodynamic conditions. We can suppose that at high temperatures, the
difference in formation enthalpy of the oxygen vacancies on the surface and in the bulk
is lower, and the self-reduction process is not as pronounced. Of course, the summed
reduction time following the first annealing at 1100 °C and the additional reduction (of the
quenched sample) was increased, which leads to a progression of the removal of oxygen
(reduction of the area of the O1s line in Figure 17) and the segregation of BaO (reduction
of the BaO compounds on the Ba3d core line in Figure 17). Hence, the equilibrium of the
defect concentration during the reduction at constant thermodynamic conditions (here,
UHYV) of BaTiO3 cannot be reached. The final state of such a process is the formation of a
“crust,” which consists of only lower Ti oxides. This phenomenon has also been observed
by in operando XPS measurements of long-term reduced SrTiOj3 crystals [45].
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Figure 17. Difference between the core lines of Ti2p, Ba3d, Ols, and the VB region obtained after
subtracting the corresponding core lines of the de-quenched crystal (after reduction of the crystal at
1100 °C, quenching to 500 °C and heating to 1100 °C); the spectra of the sample reduced at 1100 °C
(yellow line) were used as the reference spectra.

3.2.7. Angular Dependence of XPS Spectra of a Crystal Quenched from 1100 to 400 °C

Despite obtaining a lot of information from the XPS study of the dynamic of the
quenching process, such as the change in the Ti valences and concentration of Ba, our
analysis cannot yet answer whether the modifications are only limited to a thin surface
layer or are extended to deeper regions. In other words, is the reduction or quenching of
the surface layer homogenous or not? In order to tackle this question, we collected XPS
spectra at two different angles (here, 45° and 22.5°) of a crystal, which was quenched to
400 °C after reduction at 1100 °C. The comparison of the spectra reveals that most of the
changes concern the uppermost part of the surface layer (see Figure 18).
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Figure 18. Differences between the core lines of Ti2p, Ba3d, and O1s and the VB region obtained after
subtracting the corresponding core lines of the crystal quenched from 1100 to 400 °C for two different
angles; the XPS spectra of the sample obtained for 45° were used as reference spectra (yellow line).

Our angular XPS analysis showed unusual changes in the top layer of the surface
region. First, the Ba/Ti ratio was determined for the grazing angle (22.5°) 0.58, in compari-
son to a ratio of 0.78 for an angle of 45°. This indicates that the uppermost layers possess
a much higher enrichment of Ti than the entire surface layer. Second, in this region, the
concentration of the Ti with valences (3+ and 2+) is higher than in the deeper parts of the
surface layer. Comparing the Ba3d spectra, we can conclude that there are more BaO and
Ba compounds on the surface, which are not bound in the BaTiO3 matrix. Consequently,
the FWHM of the Ols line is broader for the uppermost part of the surface layer, which can
be connected to the increased disorder in this region (more different lower Ti oxides with
higher concentrations of oxygen vacancies in the matrix). The most surprising finding for
us was the observation of only minimal modifications of the VB region within the entire
layer (determined for two different angles), despite the distinct changes in the Ti2p core
lines for the different angles. This independence of the VB spectrum on the different angles
can be understood if we assume that the number of d1 and d2 states out-of-plane (which
contribute to the VB density of states) was the same (the analysis shows that this is not the
case). This suggests that we have a dominant contribution of photoelectrons with a very
short escape depth to the spectrum, which would mean that XPS spectroscopy of the VB is
only sensitive in the 2—4 last monolayers.

3.3. Cooling of a Reduced BaTiO3 Crystal to the Ferroelectric Phase
3.3.1. XPS Investigation of Reduced BaTiO3 Cooled from 400 °C to Room temperature

The stoichiometric analysis between the crystal quenched to 400 °C and then cooled
to RT revealed that the Ba/Ti ratio is the same (0.78 at 400 °C and 0.77 at RT with an error
of 1-2%). In contrast, the shape of the core lines significantly changed (Figure 19). This
concerns all lines (Ti2p, Ba3d, and O1s) in which additional compounds at high binding
energies could be found. The energetic shift of the new compounds was the same for all
core lines (1.2 eV), which suggests that the new set of lines was shifted due to charging
induced by photoemission. The energetic position of the “old” lines is the same as for XPS
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spectra measured at moderated and high temperatures. Such a feature observed in the XPS
core line suggests that the ferroelectric phase can actively change the charge equilibrium on
the surface layer of a sample irradiated by X-rays. Despite the charging, the occupied states
in the band gap exist (VB not shown). This behavior allows the conclusion to be drawn
that the transition into a ferroelectric state reduced the concentration of electrons coming
from metallic d states of Ti; the portion of the free d electrons will be used to screen the
polarization on the surface, and some metallic regions could switch into a semiconducting
or insulated state.
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Figure 19. Difference spectra of the Ti2p (I), Ba3d (II), and O1s (III) core lines (a) as obtained for
charged and neutralized samples of reduced BaTiOj3 after cooling to the ferroelectric phase. The
deconvolution of the charged spectra is shown in (b), and the neutralized spectra are depicted in (c).

Using the neutralizer, it was possible to compensate for the charging effect, and the
core lines appeared in their usual shape, which means the lines had shifted to the correct
energetic positions. In the XPS spectra, we observed the constriction of all core lines (their
FWHM was reduced) relative to the width of the core lines in the paraelectric phase. In
addition, we can assume that a new factor can contribute to the width of the core lines,
namely the inhomogeneous charging (or, in other words, the modulation of the local
surface potential), as an effect of the non-uniform distribution of defects [21,31,46], which
is responsible for the change in the local electric conductivity. After switching on the flood
gun, the ratio between both kinds of cations in the BaTiO3 matrix equals the Ba/Ti ratio
determined for spectra obtained at 400 °C. Therefore, the total area of Ti2p and Ba3d in our
XPS spectra (from the charged and compensated crystals) can be assumed to be the same,
and hence the differences in the individual components of the lines can be determined.
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The analysis of the composition (here, the Ba/Ti ratio) of the surface layer shows
an increase in the concentration of Ba between 400 and 700 °C, followed by a successive
decrease in the temperature region of 800-1100 °C (Figure 10). In order to analyze the
results correctly, it must be kept in mind that the as-received surface is contaminated
with one or many layers of chemical adsorbates due to its high affinity to CO and COs,.
Therefore, in the photoemission, the intensity (yield) of the Ba3d line will be reduced, and
we could falsely interpret this behavior as a reduction in stoichiometry. If the contamination
is relatively low (after reduction at 700 °C), we are certain that the Ba/Ti represents the
correct value and can be further analyzed.

During the progressive reduction (800-1100 °C), we observed a permanent increase in
the Ti concentration; the Ba/Ti ratio changed from 0.85 at 800 °C to 0.67 at 1100 °C. This
behavior resembles the Sr/Ti ratio change for SrTiOj3 single crystals being reduced in the
XPS spectrometer [31]. For SrTiOj3, the enrichment of TiO oxides in the surface layer has
even been confirmed by SIMS measurements and X-ray diffractometry.

The analysis of the spectra after compensation of the charging effect allows a “look
behind the scenes” of the screening of the spontaneous polarization. We analyzed the
amount of Ti**/Ti** and found a value of 2.6 in the paraelectric phase and 1.5 in the
ferroelectric one (see the Ti2p;3, line in Figure 20). It can be assumed that a portion of the
d1 states, whose amount has been reduced, is involved in the screening of polarization. This
means that some of the d1 electrons of Ti do not belong to the free electron gas and cannot
contribute to metallic conductivity. This could also explain the increase in sample resistance
during the transition to the ferroelectric state (see the step-like increase in resistance at T
in Figure 3). An additional proof of the metallicity of the reduced BaTiO3 below T is the
existence of the occupied state close to the Fermi level (see Figure 21).
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Figure 20. Ti2p line recorded on a BaTiOj3 crystal reduced at 1100 °C and cooled to the paraelectric
phase at 400 °C (left) and subsequently to the ferroelectric phase at RT (right).
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Figure 21. Modification of the VB states induced by the cooling of the reduced BaTiOj3 crystal from
the paraelectric phase (red spectrum) to the ferroelectric phase (yellow spectrum). The insert displays
the reduction of the occupied states in the band gap during cooling.
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Despite the important conclusions derived from the analysis of the core lines and VB
region of the surface layer of reduced BaTiO3; before and after the phase transition, we
cannot propose a complete model of the charging effect yet because we need additional
information about the distribution of metallic states in an out-of-plane direction. For the
extension and finalization of such a model, it is necessary to “look inside the reduced
crystal” to search for metallic states in the bulk. Even though the reduction time in the
chamber of the XPS spectrometer was several hours, it cannot be assumed that this long
annealing time was sufficient to reach the equilibrium state in the entire sample. Our
angular-dependent XPS investigations revealed an inhomogeneous distribution of Ti with
low valences perpendicular to the surface (see Figure 18), which raises doubts about
the homogeneity of the I/M transition. Hence, we analyzed the electronic structure and
stoichiometry of the deeper parts of the crystal by means of the mechanical removal of
the surface layer via in situ scraping, analogously to our previous XPS study on reduced
SrTiOjz crystals [45] (see the schematically depicted “canyon” in Figure 22a). Despite only a
thin layer with a thickness of a few micrometers having been removed, the XPS spectra
reveal that all indications of metallicity, such as the existence of Ti** and Ti%** states and
occupied states close to the Fermi level, were completely lost (Figure 22b,c). Note that
the changes in the Ba3d levels were minimal and limited to the increase in the FWHM
of Ba3d and Ol1s core lines (Figure 22b,c), which is probably connected to the increased
roughness produced by the scraping. It should be underlined that after the removal of a
thin layer from the surface region, the ratio between Ba/Ti was higher than 1 (here, 1.15).
This indicates that during the reduction and quenching, not only the change in the valence
but also the segregation of Ba is a crucial process [47-51]. The surplus of 15% of Ba relative
to Ti after the scraping cannot be considered an error connected to the accuracy of the
XPS spectrometer. Moreover, during the synthesis of the crystals or ceramics, a very high
amount of stacking faults can be incorporated into the matrix (such as BaO on BaO [52-56]).
Therefore, separation of the crystal along the BaO-BaO plane is more probable during
scraping due to lower cohesion along such planar defects.
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Figure 22. Investigation of the interior of the reduced crystal by mechanical removal of the surface
layer. (a) Illustration of the scraping process; (b—e) differences in the XPS spectra of the core lines and
the VB and between the original surface and deeper surface region after scraping. The missing state
of Ti with 3+ and 2+ valences in (b) correlates with a dramatic reduction of the occupied states in the
band gap (see insert in the VB spectrum).
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3.3.2. Model of the Quenching from the Paraelectric to Ferroelectric Phase

Our in operando XPS study of the surface layer of BaTiO; crystals in different reduction
stages allows us to present a simple model of the influence of the ferroelectric phase on the
electronic structure and chemical state in-plane and out-of-plane (Figure 23). We should
accept that the metallicity observed via the XPS investigations is mainly related to the
doping of d1 and d2 electrons of Ti in the surface layer of stoichiometric BaTiOj3 crystal,
which possesses only d0 electrons. As a result, the surface layer in the paraelectric phase is
in a metallic state, and the photoemission process (which induces a flow of photocurrent
through the sample) does not change the surface potential due to a very low potential drop
between the spectrometer and the positively charged surface. For the resistance of the
sample of a few hundred Ohm (after reduction) and a photocurrent smaller than 1 nA, the
shift of the spectra on the energy scale is in the microvolt range and hence significantly
lower than the sensitivity of the spectrometer. Therefore, the XPS measurements of reduced
crystals (above T¢c) can be obtained without using a flood gun. The situation changes in
the ferroelectric phase if a portion of the d1 electrons are “immobilized” due to active
participation in the screening of the polarization; this is an analog of the transition metal
insulator for TipO3 or TiyOy if the creation of the bi-polarons eliminates the d electrons
from the free electron gas [57,58]. Such a situation is schematically depicted in Figures 23
and 24. A part of the area of the metallic surface (probably only with Ti** states) lost its
good conductivity and switched into a highly ohmic state. Other regions were not affected
by this process and retained their metallic properties. Because the highly ohmic areas
were in contact (out-of-plane) with the stoichiometric BaTiO3 (see the conclusion from
the XPS investigation on the scraped crystal), the charging effect on these regions was
remarkable (about 1.2 V). The compensation of this charging effect (i.e., the minimizing
of the potential shift) for those low conducting regions corresponds to forcing the current
flow in the opposite direction to the photocurrent. Based on the measurement of the
current flow (to the spectrometer), we calculated the resistance of the ferroelectric regions
(Figure 24). The resistance in those areas is in the giga-Ohm range. Hence, this high ohmic
resistance cannot hinder the creation in those regions of the ferroelectric state. Of course,
we overcompensated the low ohmic areas due to the compensation of the charging effect
on these dielectric regions, but for the current density generated by the flood gun, the local
current flow through the metallic region to the ground of the spectrometer shifted the core
lines to a minimal value.
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Figure 23. Schematic illustration of the proposed model to explain the step-like increase in the
resistance of a metallically conducting BaTiOj3 crystal at T¢ as an effect of a partial switching of the
separated regions into the ferroelectric state.
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Figure 24. Schematic illustration of the origin of the energy shift of a part of the core lines (here,
the Ti2p spectrum of the charged sample is depicted). The calculated resistance of the ferroelectric
regions is in the range of 10 GQ).

3.4. Nanoscopic Analysis of the I/M Transition
3.4.1. LC-AFM Investigation of the Reduced BaTiOj crystals

The disadvantage of using the preliminary models derived from the operando XPS
study (schematically depicted in Figures 23 and 24) for the description of the nature of
the I/M transition induced by thermal reduction and quenching is caused by the lack
of spectroscopic investigations of the distribution of Ti with different valences at the
nanoscale. Hence, more information about the morphology of the regions with metallic
and non-metallic states is needed. We encounter the same problem when analyzing the
homogeneity of the current flow if we scrutinize the data obtained from the macroscopic
electrical measurements. Because our spectrometer does not permit the inhomogeneity
of the distribution of Ti with difference valences with a lateral resolution below a few
micrometers to be studied, we used the LC-AFM method to investigate the uniformity of
the in-plane electrical conductivity at the nanoscale [19,21,59]. The LC-AFM mapping of the
electrical conductivity of reduced and quenched crystals (Figure 25) reveals the existence
of discrete filaments (the smallest radius of the conducting filaments was 2 nm, similar to
those observed on thermally reduced SrTiO3 [21,45]) and agglomerated filaments (islands),
which can be considered responsible for channeling the current flow. The concentration
of single filaments and their agglomeration increases with the increase in the reducing
temperature (Figure 25b). The current-voltage curves measured on top of the conducting
filaments (points 1 and 2 in Figure 25b) reveal an almost-ohmic behavior (Figure 25c),
which can be expected for the contact between a Pt-coated cantilever and a metallic region
on the sample.

In contrast, the rest of the reduced crystal (i.e., the area located between the conducting
filaments) has a very high resistivity, and the current was below the noise level of the I/V
converter. This enormous inhomogeneity in conductivity indicates that the concentration
of oxygen removed by thermal reduction (cf. Figure 4) cannot be related to the entire
crystal volume but only to a small region near the dislocations. Knowing the distribution
in the 3D network of dislocations in SrTiO3z, which can be considered similar to the epi-
polished surface of BaTiO3, we determined that the local value of doping of the dislocation
core in BaTiO; is larger than 10! cm 3. This concentration corresponds to the very high
concentration of extrinsic donors (Nb in this case), which is necessary to bring an insulating
BaTiO; crystal to the metallic state [17]. In order to prove that the observed quasi-linear
I/V curves are related to the metallic conductivity of the filaments and not to, e.g., a contact
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between a semiconductor and the metallic tip, which could also reveal a linear dependence
for an appropriate elation between the work functions, we investigated the temperature
dependence of the resistance. Therefore, we obtained a series of LC-AFM maps of the same
region (with filaments) between RT and 250 °C. The measurements reveal an increase in the
integrated resistance with increasing temperature, which indicates metallicity (Figure 26).
Note that the contribution of the rest of the reduced sample (between the filaments) to the
global current flow is insignificant, as these regions play the role of a “spectator” in the
electric transport phenomena. This behavior is again very similar to that of reduced SrTiO3
crystals [19,45]. It can be further seen that the slope of the resistance—temperature curve
changes at T, illustrating the influence of the ferroelectricity (Figure 26).
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Figure 25. LC-AFM analysis of the surface of the BaTiOj3 crystals reduced at (a) 800 °C and (b) 950 °C.
The local I/V characteristics (c) obtained in different positions on the surface show that the filaments
and islands possess very good conductivity (points 1 and 2) as opposed to the areas lying between

them (point 3).
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Figure 26. Temperature-dependence of the average surface resistance as measured with LC-AFM for
BaTiO3 reduced at 800 °C, revealing metallic conductivity.

The dimension of the regions with good conductivity increased upon thermal treat-
ment above 1000 °C. Additionally, the formation of islands on the surface can be observed
(see the topography maps in Figure 27). The coalescence of single filaments or groups
thereof and the diffusion of Ba probably allows for the recrystallization of the surface
layer in a similar way to what was found for the growth of the TiO nanowires of strongly
reduced SrTiO; [60,61]. This solid-state reaction can lead to the growth of crystallites with
different conductivities (see Figure 28). In the AFM maps, two different crystallites can
be identified, one with a rectangular shape (the contour was marked with the dashed
line) and low conductivity and one with a triangular habitus and high conductivity. The
LC-AFM mapping of the part of the triangular crystallite obtained with atomic resolution
exhibits the perfect ordering of atoms on one of the facets of the crystallite. The distance
between the atoms is 0.56 nm, which is similar to the atomic distances of the Magnéli
phases. Furthermore, a vacancy can be observed in the last row of atoms (see the yellow
arrow in Figure 28c).
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Figure 27. AFM topography maps obtained in contact mode of BaTiO3 reduced for a long time
at temperatures >1000 °C and revealed growth of crystallites. AFM topography maps (a) 1.0 um
(b) 500 nm.

vacancy

Figure 28. Combined AFM (a) and LC-AFM (b) investigation of long-term reduced BaTiO3. Note
that for the reduction of noise on the mapping LC-AFM with atomic resolution (c), the pre-
sented scan was only filtered with frequent high filters; on the original scan, the atoms were very
easily identifiable.

Our previous operando X-ray diffraction study on thermally reduced BaTiO3 showed
that for similar temperatures, a low Ti oxide (metallic oxide) and a Ruddlesden-Popper
phase (insulator) can be created [48,50]. HRTEM investigations of barium titanate foils,
obtained by Bursill et al. [51], have also proven that such a transition can be induced
under vacuum conditions via electron irradiation at RT (see Figure 29). The same chemical
and structural transformation schema of other model materials with perovskite structure,
such as SrTiOj;, has been presented in the literature (see, e.g., [45] and the references
cited therein).
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Figure 29. Schematic illustration of the transformation of a stoichiometric thin BaTiOj3 foil to TiO-
and BaO-rich phases induced by electron irradiation during TEM investigations. Adapted with
permission from Bursill et al. [51]. 1989, Taylor and Francis.
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Moreover, our XPS spectra proved that a high concentration of titanium ions with
reduced valence is present in the surface layer of reduced BaTiO3, which would be a
prerequisite for creating the Magnéli phase. The easy transformation of BaTiO3 into new
chemical compounds/phases is connected to a low stoichiometry range with respect to the
surplus of Ti and BaO. Similar rules are valid for SrTiOs [62].

3.4.2. Investigation of Dislocations in the Surface Layer of BaTiO3 Crystals

If trying to find a “common denominator” for describing the I/M transition based on
analyzing the macroscopic measurements of the electrical transport and the derivation from
the surface-sensitive XPS method, the problem would arise of transferring the data obtained
by the studies of the effusion process and the LC-AFM to this denominator. The critical
point of our hypothetical search for this denominator is connected to understanding the
nature of the transition into the metallic state of the surface region for the low concentration
of defects introduced by reduction. The solution to this dilemma can be obtained using the
same schema as for the SrTiO3 [19,21], namely, if we accept that in the epi-polished surface
layer of BaTiO3, a very high dislocations density exists (about 10°~10'? /cm?). Using the
etch pits technique, one can visualize the exit of the dislocation on the surface; for details of
the preparation method, see [19,21]. After etching the thermally reduced BaTiOj3 crystal
with HF for several minutes, we analyzed the density and distribution of the etch pits,
which mark the exits of the dislocations. It can be seen that the local density of dislocations
can vary enormously (from 10°~108 /cm?; see Figure 30). This could relate to the interaction
of dislocations with domain walls (Figure 30b) or be an effect of mechanical polishing.
The dislocations tend to agglomerate in groups (see the islands in Figure 30a,c,d) or in
linear arrangements along <100> or <110> directions (Figure 30b). Note that chemical
etching on the SrTiO3; for many minutes can easily remove the dislocations with a very
short length from the upper part of the network. Therefore, the density of the etch pits
determined by optical analysis was found to be lower. In contrast, after a short contact
of the crystal with the etchant and a subsequent topographical inspection with AFM, the
density of the nano-etch pits identified on the AFM scan showed agreement with those
determined from the TEM data [63-65]. It should be kept in mind that the dislocations
in the ABOj3 oxides with perovskite structure, as a linear defect, are not only responsible
for a local crystallographic disorder or induced stress close to the core of dislocations, but
the electronic structure of the core of dislocations themselves differs significantly from the
ideal matrix of BaTiOj3 [66]. Similar to the case of SrTiOj3 [67], the dislocation cores have a
high intrinsic concentration of defects, leading to a higher local conductivity than in the
surrounding. These electrical properties of dislocations associated with the invariance of the
Burgers vector of dislocations are responsible for the creation of a 3D network in the surface
layer/region, which possesses a many-orders-of-magnitude-higher conductivity than the
matrix in the dielectric BaTiOj3, as confirmed by the LC-AFM investigations (Figure 31).

The other essential property of the dislocations in stoichiometric ABO3 perovskites is
the easy enhancement of the local conductivity by preferentially removing oxygen from
the core, which increases the already existing high concentration of oxygen defects along
these line defects [21] and transforms the dislocations into metallic filaments (cf. Figure 25).
The possibility of channeling the current between the LC-AFM tip (localized on the exit
of the dislocations) and bottom electrode deposited on the opposite side of the sample
suggested that the dislocations (as conducting filaments) are connected as a 3D network in
the surface regions around the entire sample [19]. The concentration of the dislocations in
bulk is relatively low, on the order of 10%-10°/cm?, which enables the bulk to be analyzed
in terms of a semi-ideal band insulator. In contrast to Kénzig’s conception of the skin in
ferroelectric BaTiOj3 [13], the skin discussed here has a higher conductivity than the bulk
and possesses metallic properties.
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Figure 30. Distribution of etch pits in different regions (a—d) of thermally reduced BaTiOj3 crystals
analyzed by optical microscopy.

T T T T
1.5 3.0 45 6.0 d(nm)

Figure 31. LC-AFM mapping of stoichiometric BaTiO3 obtained at 220 °C shows filamentary con-
ductivity. The filaments exist as a single object or as an agglomerate. The line scan along one of the
smallest filaments illustrates that the increase in electrical conductivity is limited to a distance of
1.4-2 nm from the center point of the filaments.

Localized metallic properties related to a near-surface network of metallic filaments
implicate, per se, a problem with understanding the nature of the transition into the
ferroelectric state. If we suppose that the dislocations are uniformly distributed on the
surface, the distance between neighboring dislocations could be on the order of 10 nm,
considering a density of 10'2/cm?2. Such a dense network induces an inhibitory effect
on the nucleation of a domain because a ferroelectric nucleus, which has a dimension
of about 10 nm due to the super-paraelectric limit [68], cannot exist alone permanently.
However, in mechanically polished BaTiO; crystals, we can observe local clustering in
the form of islands or linear/band agglomerations of dislocations (Figure 30). Such an
inhomogeneity of the distribution of dislocations on the surface, which is automatically
responsible for the “electrical uniformity,” may lead to an absence of dislocations in many
large dielectric regions (with dimensions greater than 10 nm). In these areas, the nucleation
of the domains could be possible, allowing for their permanent existence. It must also be
taken into account that the dislocations can be rearranged through the interaction between
the stress fields induced by the domain with the mechanically disturbed region close to
the core of dislocations, which exists independent of the conductivity of the dislocations
(see the ferroelectric and flexoelectric properties of the core of dislocations in paraelectric
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SrTiO3 [67]). The d electrons (localized along the dislocation core) can be involved in the
electrostatic screening of the nascent domain. This screening, involving electrons from the
dislocations’” metallic core, can reduce their electrical conductivity, and the dislocations
can be switched to a semiconducting state [21,59]. For this non-metallic configuration, the
shift in the position of dislocations due to electrostatic interaction with the charged domain
walls cannot be excluded. It aligns with the tendency to minimize the electrostatic energy
for such a ferroelectric system with dislocation walls [65].

Dislocations also play a decisive role in the formation of crystallites on the BaTiO3
surface in the course of long-term reduction (see Figure 28). In Figure 32, a further crystallite
was investigated by means of LC-AFM. Close to the edge of the crystallite, it was possible
to reach an atomic resolution of the electric conductivity. In the conductivity maps, an
ordering of atoms typical for edge dislocations can be identified (marked with dashed
circles). The dislocations’ exits reveal a higher electrical conductivity than the rest of the
crystal (Figure 32d). In order to increase the contrast of the LC-AFM scans with atomic
resolution, we applied moderate FFT filtering to this map.

Figure 32. LC-AFM analysis of small crystallites that emerged on the surface of the thermally reduced
BaTiOj; crystal after annealing at 1000 °C. (a) overview, (b,c) magnification with atomic resolution.
Note that we used an opposite polarization for the LC-AFM mapping of the area presented in (d).
The scan area was aligned to the <100> direction of the crystal in (a—c), while it was rotated by 45°
in (d).

The question regarding the coexistence of metallicity and ferroelectricity can be an-
swered by investigating the piezoelectric response of reduced BaTiO3 crystals with metallic
conductivity in the ferroelectric phase. Therefore, we compared the PFM scans with the
mapping of the electrical conductivity (Figure 33). It can be seen that the metallic filaments
coexist with the ferroelectric properties, represented here by piezoelectric activity, both
out-of-plane (Figure 33c) and in-plane (Figure 33e). We observe a partial anticorrelation
between regions with a high piezoelectric response and the position of filaments with good
conductivity (Figure 33d—f). Note that it cannot be excluded that tiny metallic filaments also
exist within the ferroelectric region, but the limited lateral resolution of the PFM (20-30 nm)
does not allow for a more precise analysis of such a configuration. Our combined LC-AFM
and PFM investigation provides a solution for the mystery of a “ferroelectric metal”. Either
the surface is metallic, and ferroelectricity cannot arise, or the surface has dielectric proper-
ties and ferroelectric properties can be induced if the filament-free area is larger than the
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super-paraelectrical limit. The presented model can also be supported via simple optical
inspection of metallically conducting BaTiO3 crystals using a polarization microscope in a
“metallographic configuration” (Figure 34). We can identify the optically active region of the
photography (here, the domains with polarization in-plane (Figure 34a) and the dark area
without polarization or perpendicularly oriented polarization (Figure 34b)). The LC-AFM
measurement (Figure 34c) reveals that the configuration of the dark parts is similar to the
filaments’ distribution. Hence, we can assume that the absence of optical activity in this
region relates to the metallic conductivity of the linear agglomerated filaments. In our
view, the concept of a metallic ferroelectric is mistakenly interpreted without knowledge
of the heterogeneity of the electrical conductivity of the thermal reduction of BaTiOs. If
those conceptions were correct, then ferroelectric behavior should be observed in BaTiO3
with 20% doping of Nb (the critical doping level for transition into the metallic state with
donators [17]). However, those ferroelectric properties of strongly doped BaTiO3 have not
been presented in the literature thus far.

PFM A-B PFM C-D

TS A g % 20

Figure 33. Combined PFM and LC-AFM analysis of thermally reduced BaTiOj5 crystal after annealing
at 1000 °C. (a) AFM topography, (b) current mapping, (c) in-plane, and (e) out-of-plane PFM maps.
For the comparison between the position of the conducting filaments and the piezoelectric properties
scan, the LC-AFM map (b) overlapped with the PFM maps in (d f).

Figure 34. Combined optical polarization and LC-AFM analysis of reduced BaTiO3. (a,b) microscopic
images obtained using a crossed geometry of polarizer (P) and analyzer (A) with respect to the sample;
(c) LC-AFM map; (d) topography of a reduced sample with pits that are characteristic of so-called
“thermal etching”.
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4. Summary and Conclusions

The combination of an in operando XPS analysis with the study of macroscopic and

nanoscopic electrical conductivity and the determination of the amount of effused oxygen
during thermal reduction allowed us to develop a model of the insulator-metal transition
in the paraelectric and ferroelectric phases of thermally reduced BaTiO; crystals:

During the thermal reduction process of BaTiOj crystals, only an extremely low oxygen
concentration on the order of 10> atoms/cm? was removed.

Despite this low level of oxygen vacancies incorporated into the crystal during the
reduction, the electrical measurements of the resistance change as a function of the
temperature exhibited metallic behavior;

The I/M transition at the nanoscale is only limited to the core of the dislocations.
Hence, the doping level alongside such extended defects is 6—7 orders of magnitude
higher than calculated when assuming a uniform distribution of oxygen vacancies. For
such an enormous inhomogeneity, using “delta” parameters to describe the oxygen
nonstoichiometry as BaTiO5_s is not helpful;

The tendency of the agglomeration/accumulation of defects in the surface layer leads
to a dramatic change in the electronic structure and local chemical composition of the
surface layer;

The XPS investigation showed that the transformation into a metallic phase is con-
nected with the reduction in the Ti valence from 4+ to 3+. This influence of the
reduction process on the modification of core lines is clearly visible at extremely high
reduction temperatures (1000-1100 °C). Despite the very high reduction temperatures,
only a low level of the occupied state close to the Fermi level can be identified on the
VB spectra. This observation aligns with the very low doping level determined by the
effusion study;

The in operando XPS analysis revealed that the transformation of the surface layer
into the metallic state becomes enhanced if the reduced crystal is quenched from a
high reduction temperature (900-1100 °C) to moderated temperatures (500-400 °C) in
the paraelectric phase;

This self-reduction process is connected to the re-segregation of oxygen vacancies
and leads to the enrichment of the upper part of the surface layer in Ti oxides with
low valences (3+ and 2+). The XPS measurement for different angles supported this
observation. The transformation of the surface layer during quenching is a complex
process with “many facets,”, i.e., the amount of BaO in the upper part of the surface
layer is significantly smaller than for the stoichiometric crystal, as BaO segregates into
the deeper parts of the surface layer;

The topographical investigations show that thermal reduction is responsible for the
growth of a new surface structure, in which dislocations with good conductivity can
be identified with atomic resolution;

During the cooling of the reduced BaTiO; crystal to RT, a step-like change in resistance
occurs at the transition temperature between the paraelectric and ferroelectric phases.
This contrasts with the continuous dependence of the resistance observed for thermally
reduced SrTiOj3 [21], although the crystal was reduced under similar conditions. The
sudden increase in resistance at the transition temperature can also be deduced from
the XPS analysis revealing a shift in the binding energy of the part of the core line as an
effect of the additional charging of part of the surface layer in the ferroelectric phase;
Combined PFM and LC-AFM measurements in the ferroelectric state demonstrate the
negative correlation between the positions of the metallic filaments and piezoelectri-
cally active areas.

The advantage of our approach of combined surface-sensitive investigations in differ-

ent reduction states of the BaTiO3 surface is that we can directly correlate the electronic
structure and composition of the surface with the observed macroscopic resistance changes.
Our analysis describes the I/M transition in thermally reduced crystals as a preferential
switching of dislocations in the surface region into the metallic state and the generation
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of metallically conducting regions in the upper portion of the surface layer. This means
that the thermal reduction transforms the BaTiOj crystal into a nanocomposite in which
the metallic filaments/areas are separated by the dielectric/ferroelectric regions. Hence,
describing thermally reduced crystal as a “ferroelectric metal” is questionable, as it suggests
a homogeneous overlap of metallic and ferroelectric properties, which contravenes the
experimental evidence for heterogeneity.
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