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Abstract: While the bulk strontium titanate (STO) crystal characteristics are relatively well known,
ultrathin perovskites’ nanostructure, chemical composition, and crystallinity are quite complex and
challenging to understand in detail. In our study, the DFT methods were used for modelling the
Raman spectra of the STO bulk (space group 14/mcem) and 5-21-layer thin films (layer group p4/mbm)
in tetragonal phase with different thicknesses ranging from ~0.8 to 3.9 nm. Our calculations revealed
features in the Raman spectra of the films that were absent in the bulk spectra. Out of the seven
Raman-active modes associated with bulk STO, the frequencies of five modes (2Eg, A1, Byg, and Byg)
decreased as the film thickness increased, while the low-frequency B, and higher-frequency Eg
modes frequencies increased. The modes in the films exhibited vibrations with different amplitudes in
the central or surface parts of the films compared to the bulk, resulting in frequency shifts. Some peaks
related to bulk vibrations were too weak (compared to the new modes related to films) to distinguish
in the Raman spectra. However, as the film thickness increased, the Raman modes approached the
frequencies of the bulk, and their intensities became higher, making them more noticeable in the
Raman spectrum. Our results could help to explain inconsistencies in the experimental data for
thin STO films, providing insights into the behavior of Raman modes and their relationship with
film thickness.

Keywords: STO; ultrathin films; Raman calculations; DFT; dependence on thickness

1. Introduction

Over the past decades, strontium titanate (STO) has established itself as an ideal
research platform in various areas of solid-state physics and materials science, allowing
the application of a variety of experimental and theoretical tools to study the physics and
chemistry of perovskites ranging from defect chemistry, atomic-scale heterostructures and
interfaces, polar hybrids and nanocomposites, lead-free nonlinear dielectrics and ferroelec-
tric ceramics to phase transitions and the quantum effects of many-body physics [1-16].
SrTiOj; is a versatile perovskite structure material with a wide range of applications due to
its unique properties. Moreover, the unique combination of polar, dielectric, and electronic
properties in the perovskite structure has made strontium-titanate-based materials valuable
for solid-state technologies such as catalysis, quantum electronics, and energy and electrical
engineering. The technological applications of STO depend on its morphology, types of
doping [17], and surface structure termination [18]. STO has shown promising results
as a thin-film [19] and high-voltage capacitor [20], a bifunctional catalyst for CO; hydro-
genation [21], and a catalyst for water splitting reactions [15,22], superconductors [23],
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gas sensors [24,25], and substrate-based memory devices [26-28]. It is used as one of the
main components of a crystalline host matrix for immobilization of high-level waste [29]
obtained from spent fuel reprocessing in the nuclear industry and in perovskite-based solar
cell applications [30,31].

The study of thin films is of great scientific and practical interest because thin-film
systems can exhibit effects that are negligible or absent in bulk materials. In particular, the
various structural defects that occur in thin films can dramatically affect their properties,
whereas the presence of such defects is not as critical in bulk materials.

Stresses and strains are usually induced in thin films deposited on substrates [32,33].
Typically, for very thin films, the material tends to conform to the structural patterns of
the substrate. However, when the film thickness is below the critical thickness, the thin
film will accumulate elastic energy due to biaxial stresses caused by mismatched lattice
parameters at the film-substrate interface. Because of this effect, the deformations remain
distributed in the thin film even as it grows in size [34]. When the level of these strains
begins to exceed the elastic limit of the material, stress relaxation processes occur, causing
the film to become highly deformed. The relaxation processes are strongly dependent on
the thickness of the film [33]. When the thickness of the thin film exceeds the critical [32]
limit, edge dislocations usually form, causing a complete or partial elimination of the
resulting deformations and stresses. In this case, the influence of the substrate is reduced,
and the material acquires a spatial structure with a lattice constant equal or close to the
lattice constant of the bulk under similar growth conditions. In this respect, a thin film of
less than the critical thickness will have physical properties that are significantly different
from those of thicker films [34].

Raman spectroscopy methods can be used to assess the structural and vibrational
properties of materials of the same chemical composition but ordered in different dimen-
sional configurations. Since Raman spectral peaks are given by characteristic values of the
force constants in terms of scattering frequencies and spectral line intensities, Raman spec-
troscopy allows the analysis of differences in vibrational properties between a crystalline
film and a bulk system. In general, the crystallinity of the film improves with increasing
film thickness [35-38].

Compared to bulk samples, little progress has been made in studying the lattice
dynamics of STO thin films using Raman spectroscopy techniques. Importantly, the Raman
spectra measured for a number of STO thin-film samples have been found to be highly
dependent on defects, film growth conditions, etc. For example, the Raman spectrum
measured by Sirenko et al. [39] for three sample films (0.5, 0.75, and 2.3 um thick) did
not show a well-resolved peak that could be firmly associated with structural R modes
(the zone-edge phonons becoming Raman active via double folding of the Brillouin zone
due to structural phase transition from cubic to tetragonal). In contrast, measurements
by Du et al. [40] in polycrystalline STO thin films (260 nm = 0.26 um thick) allowed the
identification of one of these modes through the detection of a Raman peak at 222 cm™!,
which was attributed to the Byg mode of the tetragonal phase. In previous studies of STO
thin films grown on LaAlOj; substrates, first-order Raman scattering from transverse optical
(TO) TO; soft-mode phonons was not detected [39,41] but was observed in STO thin films
grown on STO substrates with a STRuO3 (SRO) buffer layer [42,43]. Banerjee et al. [44]
observed a strong peak around 145 cm ! in the experimental Raman spectrum of STO
nanocubes, which was attributed to the Eg mode of the STO tetragonal phase. This feature
was further investigated by Rabuffetti et al. [45], where it was found that the presence
of such a peak strongly depends on the SrCOj3 content in the sample. In addition, the
results of the measurements and analysis by Gray et al. [46] showed that both Raman peaks
detected at 145 and 448 cm ! correspond only to the Byg symmetry of the tetragonal phase.
This is in contrast to previous reports [44,47-50] where the Raman peak at 145 cm~! was
attributed to nearly degenerate B;g and Eg phonons [47,48] and the peak at 448 cm~! to
Byg and Eg phonons [49,50].
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The effect of film thickness on Raman spectral properties has also been investigated
experimentally [39,41]. However, the results seem to be contradictory. On the one hand,
the Raman studies of Akimov et al. [42] found that the soft-mode behavior in a 1 um
thick film became significantly harder than in the bulk structure. On the other hand,
the measurements reported by Merkulov et al. [41] showed that the first-order Raman
scattering peaks in STO films of different thicknesses (0.1, 0.35, and 1 um) decreased by
several cm~! compared to their values in the bulk system. However, due to the strong
effect of light scattering in thin-film samples, spectral features below 100 cm ! were not
examined in this work [41].

Such a lack of consistency in the results obtained from the experimental Raman spectra
makes the problem of determining the actual dependence of the Raman activity on the
thickness of STO thin films rather difficult. However, using quantum chemical approaches
based on density functional theory (DFT), it is possible to simulate the theoretical Raman
spectrum of STO films, which can be modeled for different film thicknesses. Unfortunately,
very few theoretical works are reported to predict the Raman-active modes in ultrathin
STO films, where the models containing only five [51] or six slabs [52] were considered.
Since vibrational spectroscopy is an active field of research, we set out to fill in the missing
amount of information needed to make spectroscopic protocols clear and understandable in
the study of perovskite films. Thus, the following two challenges can be addressed. The first
is to reproduce the Raman frequencies together with the symmetry characteristics of the
Raman peaks in order to adequately describe the lattice dynamics of the bulk STO according
to experiment. Second, spectral modeling can predict, in terms of systematic calculations
of Raman spectral peaks, how the behavior of vibrational modes will depend on changes
in the film thickness. Until now, this important issue related to the understanding of the
peculiarities of the structure dynamics of thin films has not received much attention. Thus,
the main goal of the present work is the theoretical reconstruction of the specific vibrational
motions of atomic structural units, which may be active in the Raman spectrum of STO
films. On the basis of calculations of Raman frequencies of the film, we intend to develop a
model of the structure-spectral properties relationships, which could reflect the differences
in the vibrational spectra between the film and bulk samples.

2. Materials and Methods

STO film was built from the bulk I4/mcm STO by creating a TiO,-terminated (001) slab
with layer group p4/mbm (layer group No. 63) [51]. Thus, the bulk STO structure in the
low-temperature tetragonal phase was taken as a matrix for the STO slabs. The structural
layout of the STO film with five layers is illustrated in Figure 1. In order to evaluate the
dependence of the vibrational properties on the film thickness when simulating Raman
scattering, five different film models consisting of 5,9, 13, 17, and 21 layers were considered.
The chemical structure of the layers was represented by TiO, and SrO compounds, and in
all these cases, TiO, served as the terminated (surface) and central layer.

!

Figure 1. The five-layer TiO,-terminated (001) STO film with TiO, central layer. Sr, Ti, and O atoms
are the green, blue, and red spheres, respectively.

The microstructural features of the models that we identified on the base of simulations
are summarized in Tables A1-A3 of Appendix A; they can be briefly outlined as follows:
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1. The lattice parameters increase with the thickness of the STO films and tend to reach
the values of the three-dimensional bulk structure (Table A1);

2. The surfaces of the film models appear uneven. Because there are no neighbors at
the top, the atoms in the surface layers experience more uncompensated attraction
from the atoms of the deeper layers, which, compared to the bulk model, leads to a
shortening of the interatomic distances in the direction perpendicular to the surface
(inward relaxation). As shown in Table A2, because the surface layers contain different
atomic species, the chemical bonds between the surface and the second layer from the
top are shortened differently, resulting in a surface-rumpling effect;

3. The dependence of the structural data on the film thickness calculated for the STO film
models is given in Table A3. In agreement with the experimental data of Wang et al. [4],
our results for the fully relaxed bonding geometries indicate that the in- and out-of-
plane Sr-Sr distances increase and decrease, respectively, moving toward the values
of the bulk STO. For film thicknesses between 1.5 and 3.9 nm (i.e., 9- and 11-layer
films), no significant change in the out-of-plane lattice parameter near the film center
was observed.

The first-principles calculations were performed within the linear combination of
atomic orbitals (LCAQO) approximation as implemented in CRYSTAL17 computer code [53].
Within the local density approximation (LDA) of DFT, the LDA exchange functional and
VWN correlate functional [54] were used in calculations. (This combination of functionals
is probably the most popular LDA formulation, also known as SVWN.) The basis set for
strontium, titanium, and oxygen atoms was taken from a SrTiO3 study [55]. All basis sets
are available online at CRYSTAL's basis sets library [56]. The five threshold parameters
governing the truncation of the Coulomb and exchange infinite lattice series were set to
9,9,9,9, and 18. The integrations were performed on a default-predefined “extra extra
large” pruned grid (XXLGRID) consisting of 99 radial points and 1454 angular points in
the regions relevant for chemical bonding. A regular Monkhorst—Pack mesh of points in
the reciprocal space was used for calculations with shrinking factor 8. The self-consistent
field (SCF) convergence threshold parameter for the total energy was set to 10~ !0 Hartree
(2.7 x 1077 eV) for both geometry optimization and vibration frequencies calculations.
Raman intensities were evaluated through the couple-perturbed Hartree-Fock/Kohn-
Sham (CPHF/CPKS) approach [57] as implemented in CRYSTAL to simulate the Raman
spectra of the films studied. The quality of the optimizations performed reflects the fact
that no imaginary modes were obtained in calculations of the vibrational properties.

One can also discuss the suitability of the functional LDA used in the present work
for first-principles studies of lattice dynamics. It should be noted that the LDA tends to
underestimate the experimental lattice constants by ~1%, which is clearly visible from
the comparison of the first two rows of Table A1. This is a well-known fact that has been
highlighted in previous studies of the structural dynamics of perovskites [58,59]. On the
other hand, LDA gives good values for the tetragonality c/a [60]. It can be seen that the c/a
ratio for the theoretical data of Table A1l remains within the experimental range for the bulk
system. In order to minimize the effect of the LDA’s shortcoming, the following rules should
be followed in the DFT calculations within the LDA: First, the modeling of vibrational
properties should be based on theoretical values of the equilibrium lattice constants. This
is due to the so-called sizeable error compensation that takes place when predicting LDA
frequencies [61]. Other rules are dictated by (i) a careful choice of the basis and the scheme
of the corresponding pseudopotentials [62,63] and (ii) the requirement to be able to take into
account all factors that ensure a high level of accuracy of self-consistent calculations [64].

3. Main Results and Discussion

In Table 1, the symmetry properties of vibrational modes are summarized for both STO
crystal and thin-film models. For instance, in accordance with other theoretical works (e.g.,
see [65,66]), the symmetry of phonon modes at the I' point of the Brillouin zone in the
I4/mcm tetragonal phase of the STO crystal can be characterized in terms of the allowed
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representations: eight IR-active modes, seven Raman-active modes, two acoustic Ay, +Ey
modes, and four silent modes.

Table 1. The group-symmetry-adapted modes for I point classified in terms of their spectral activity
in infrared (IR) and Raman processes. The distribution of vibrations over irreducible representations
is compared between the bulk structure (space group I4/mem) and thin-film models (layer group
p4/mbm).

STO Raman-Active Modes IR-Active Modes Silent Modes

Bulk 1A1g + 1Blg + ZBzg + 3Eg 3A2u + 5Ey 2A2g + Alu + Biu
5-layer film 6A1g + 2B1g + 4By + 10Eg 6A,, + 12E4 4Asg + 4A1y +4B1y + By
9-layer film 11A1g + 3B1g + 7By + 19E, 11A,, + 21E, 7Azg +7A1y + 7B1y + 2Byy
13-layer film 16A1g + 4Byg + 10Byg + 28Eg 17A5, + 31Ey 10Azg + 10A1y + 10Byy + 3By
17-layer film 21A1g + 5Byg + 13Byg + 37Eg 22A,, + 40E, 13Azg + 13A1y + 13Byy + 4By
21-layer film 26A1g + 6B1g + 16Byg + 46Eg 27A,, + 49Ey 16Azg + 16A1y + 16B1y + 5By

Compared to the Raman activity of a crystal system, our simulations of STO film mod-
els revealed two key differences in vibrational properties: as indicated in Tables 1, 2 and A4
(i), films can exhibit a greater number of Raman-active modes visible in the spectrum
because new vibrational modes are induced due to surface effects, and (ii) the calculated
Raman peaks indicate that the vibrational frequencies in the film differ from the values
that are typical of the bulk structure. These results are in a good agreement with the
experimental spectral data of Sirenko et al. [39], where the lowering of the crystal symmetry
of STO films was observed through the appearance of strong optical phonon peaks that are
forbidden in the Raman spectrum of the single crystal. An explanation for why spectral
features are so strongly affected may be related to structural changes when a periodic
system loses its bulk structure and acquires a lower-dimensional architecture. The scheme
of change in atomic group displacements can be understood in terms of a corresponding
change in symmetry. In particular, Table 1 shows that the geometry of 5-, 9-, 13-, 17-, and
21-layer films acquires the symmetry of the p4/mbm layer group.

Table 2. Comparison of experimentally observed Raman-active phonon modes of single-crystal STO
with those (similar or corresponding) obtained from our calculations for ultrathin film (layer group
p4/mbm) and the bulk (space group 14/mcm) models.

Frequency (cm~1)

Modes
5 Layers 9 Layers 13 Layers 17 Layers 21 Layers Bulk (Calc) Bulk (Exp)
52.93 M2 47.03 M@ 11 [67], 15 [47]
* ) M (o) , ,
E; 80.46 62.46 58.08 62.83 0O 55,99 (),0) 39.85 40 [48]
Agg 161.47 142.23 135.35 130.79 128.14 117.74 44 [68], 48 [47], 52 [48]
E, 157.29 153.80 153.03 151.61 152.02 149.06 143 [47], 144 [68]
145 [46], 224 [45],
® ®) ® ®) ®)
By, 132.36 148.17 153.29 154.78 155.18 154.48 209 [48], 235 [47]
Bye 450.73 ® 447.76 ©) 44581 ©) 444.86 © 444220 442.02
420 [67], 445 [68],
® ®) ® ®) €)
E, 415.56 432.02 437.48 439.85 441.13 444,51 447 [45], 460 [47]
477.37 @ 461.42 @ 4529 @ 447.98 D@ 444,82 @A)
By, 537.11 ®) 532.37 ®) 528.57 ) 525.62 & 523.57 517.80
552.17 @ 538.94 ) 533.00 @ 529.80 @

(M Only in the central layer do the vibrations exactly correspond to this mode (such modes are denoted with *, e.g.,
Eg); @ vibrations of surface atoms with higher amplitudes than vibrations in the central layer; ®) vibrations in the

central layer with higher amplitudes than vibrations of surface atoms; 4 there are no vibrations in the central
layer (and adjacent to the central layers).
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Figure 2 presents the theoretical Raman spectra calculated for the bulk and model 5-, 9-,
13-, 17-, and 21-layer STO films. The simulation results show that the changes in the internal
structure of the STO film compared to the bulk structure are caused by local deformations
due to a strong surface effect. That is, because of the significant role of finite-dimensional
effects in the structure of the film, the constituent atoms can manifest themselves differently
depending on their surroundings. This means that the spectral properties of vibrational
modes, such as shape, amplitude, and frequency, can be directly affected. Another effect
that we predicted from the simulations is the shifting of the frequencies of the Raman peaks
active in the bulk structure (see Table 2 and Figure 3).

5-layer film

A

9-layer film

-

13-layer film

-

17-layer film

Intensity (arb.units)

-

21-layer film

F

Bulk

400 500 600 700 800 900
Raman shift (cm™1)

0 100 200 300

Figure 2. The theoretical Raman spectra calculated for the bulk and model of 5-, 9-, 13-, 17-, and
21-layer STO films. Modes with a superscript (asterisk) denote vibrations that correspond to a bulk
mode only in the central layer (see Tables 2 and A4 footnotes).
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Figure 3. Experimental and calculated Raman-active modes (a—g) of bulk (red and black asterisks,

respectively) vs. calculated similar modes in SrTiOj3 films. The scatter of the experimental frequency

values (red asterisks) is due to different experiments (see Tables 2 and A4). The thickness of the

bulk STO is given approximately. The calculated modes (a,g) correspond to different variants of the

corresponding bulk STO mode. The modes with relative intensities near to zero are shown as empty

squares. Modes with a superscript (asterisk) denote vibrations that correspond to a bulk mode only

in the central layer (see Tables 2 and A4 footnotes).
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Depending on the thickness of the thin film, the values of the vibrational modes in the
Raman spectra not only show a shift with respect to the bulk spectra (see Table 2) but are
also characterized by different intensities of the Raman scattering peaks that occur as the
scattering plane advances from the surface into the film thickness (see Figure 2). In addition,
Raman scattering spectra may exhibit modes with such frequencies that are associated
with a particular vibration typical of the bulk STO. At the same time, modes may appear
that are simultaneously associated with both the STO films and the STO surface. These
conclusions are consistent with the theoretical work of Blokhin et al. [51]. High-intensity
modes in the range 850-900 cm™ (only the Ajg modes are in this range) are associated
with the STO surface since their vibrations in the central layer weaken with increasing film
thickness, and starting from the thickness of the 13-layer film, vibrations in the central
layers completely disappear (the thicker the film, the more central layers remain without
vibrations—there are already 7 of them in the case of a 21-layer film). The surface mode
B1g (see Figure 3g—the bottom curve) was determined in the same way, which, however,
due to its low intensity, is not visible in the Raman spectrum.

Moreover, although the vibrations of Ti atoms are only IR-active in bulk STO (see
also [65,66]), in ultrathin STO films, these vibrations manifest themselves even in Raman-
active modes (this is especially noticeable in Eg modes). According to our calculations,
Ti atom vibrations are present in all vibrations of our models of ultrathin films except
for Byg and Bz modes. In thin STO films, the Raman modes active in the bulk structure
can have various vibrations characteristic and very different amplitudes in the central or
surface parts of the films compared to bulk ones, which leads to shifts of these modes (see
Figure 3a,g). To identify the STO bulk modes in our modelled films, we considered their
specific patterns of vibrations (which atoms are involved in the vibrations of a particular
mode and with what amplitudes) and intensities, focusing on the central as the most
stable part of the films. According to our calculations, the frequencies of five out of the
seven Raman-active modes characterizing bulk STO decrease with increasing thickness (see
Figure 3a-c,e,g) except for the low-frequency Byg and higher-frequency Eg modes, whose
frequencies increase with increasing thickness (Figure 3d,f). As for the soft Eg mode, it
mainly depends on the features of the vibrations of the film itself. In this case, the influence
of the natural vibrations of the film is expressed in the vibrations of atoms that do not
belong to the bulk mode Eg that vibrate with a larger amplitude than the atoms that belong
to the mode Eg (so that only in the central layer the vibrations exactly correspond to this
low-frequency mode Eg). As expected, with increasing film thickness, the effect of film
vibrations decreases. This explains the differences observed when comparing the Raman
spectra of the bulk STO and films as well as the dependence of Raman spectra on the
thickness effect. Moreover, the oxygen octahedra rotation angles of films differ from those
in the bulk, also slightly varying from plane to plane, which is also reflected in extremely
sensitive to local deviations from the average periodicity Raman spectra. Thus, simulation
of the Raman spectra of ultrathin STO films yields results that differ from the spectra of
bulk films, which is consistent with the experimental data [39,45,68].

The calculated dependence of the structural data of STO films on the film thickness
is shown in Table A3. According to our data for fully relaxed films, the in-plane and
out-of-plane Sr-Sr distances of the films were found to increase and decrease, respectively,
approaching the values of bulk STO. Such behavior is in agreement with the experimental
data of Wang et al. [35]. Starting from a film thickness of 2.3 to 3.9 nm (13-, 17-, and
21-layer films), no significant change in the out-of-plane lattice parameter near the center
was observed.

Merkulov et al. [41] suggested that the observation of first-order Raman peaks in
thin films is likely due to strain, which alters the crystal symmetry and makes detectable
phonons previously inactive in Raman. Although stress and strain are always present
in thin films deposited on substrates, our research suggests that the change in crystal
symmetry is also a consequence of the finite system size effect. The surface—thickness
relationship manifests itself in a preference for a surface where the environment of the
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atoms is different from that of the bulk. As the film thickness increases, its crystallinity
improves, and the modes that characterize the crystal become more prominent in the
Raman spectrum, as our calculations have shown.

According to our calculations (Figures 2 and 4), the Ajg, low-frequency Bz, and
higher-frequency Byg and Byg modes, which relate to the bulk STO vibrations, are observed
in the modelled Raman spectra. The frequencies of the low-frequency Ajg modes (rotation
of the octahedra—rotation around tetragonal axis) of STO films decrease with increasing
film thickness and become closer to those in bulk; some of these modes are not visible in
the spectra due to very low intensities. The low-frequency By; modes increase, and their
intensities become higher with increasing film thickness: starting from the 9-layer film, these
modes became visible in the spectra. The higher-frequency By, and Bjg modes decrease
with increasing film thickness: beginning from the 13-layer film, the peaks corresponding
to these modes are clearly distinguishable in the Raman spectrum. By, modes are the most
easily identified and stable; the values of these modes decrease only by several cm ! with
increasing film thickness (compared to their bulk values). The higher-frequency Bz and
lowest-frequency (soft) Eg modes undergo a thickness-dependent shifting with different
intensities (see Tables 2 and A4). As the film thickness increases, the wavenumber spread
of the lowest-frequency Eg and Bz modes becomes smaller and thus closer to the range of
vibrational frequencies typical of the bulk STO.

Our calculations showed that the values of the higher-frequency (>400 cm™!) E; modes
of STO films related to the bulk increase with increasing film thickness; it seems that the
lowest- and low-frequency Eg modes are the most sensitive to the film structure, as they are
most affected by film vibrations. As expected, the closest values to the bulk values show
the 21-layer film. Unfortunately, the Raman intensities of these Eg modes (including bulk
ones) are extremely weak and are not visible in the calculated Raman spectra. This fact is
in good agreement with the experimental observations of Gray et al. [46]. The lower film
thickness also reduces the Raman intensity, causing some peaks of the single crystal to be
too weak (compared to the new modes related to films; see Figures 2 and 4 and Table A4) to
distinguish in the Raman spectra. The same conclusion was reached by Merkulov et al. [41].

Considering that our films are extremely thin, our data are not in disagreement with
the experiment, where only three structural R-modes—low-frequency structural soft mode
(probably doublet Aj4-Eg, below 50 cm~!) and two higher-frequency R-modes (nearly
degenerate Eg + Byg phonons) [69,70]—are visible in the Raman spectra of a 1 um thick
SrTiO; film (grown by pulsed laser deposition (PLD) on SrTiO3 substrates covered by
0.35 um thick SrRuOj3 buffer layers) [42,68]. According to Du et al. [40], only the Bz mode
appeared in the Raman spectra at 140 K and below, while the other R-point structural
modes (e.g., at 48, 146, and 460 cm’l) were not detected in the polycrystalline STO thin
film (with thickness 260 nm), which may also be caused by their lower intensities [40]. It
should also be noted that in the bulk STO, Gray et al. [46] were only able to identify the
soft modes Eg-A1g and two Byg modes; i.e., only one (lowest-frequency) soft Eg mode was
identified in their data, and no B;g mode was identified. It should be also noted that the
experimental data of Gray et al. [46] also differed in the interpretation of the peaks observed
at 145 and 448 cm ™!, where the value of 145 cm ™! for the Byg mode is in agreement with
our results [71] and most calculations of other authors (see e.g., [51,65,66,68]).

Even though the thicknesses of the structural models of our films are smaller than
the experimental ones, we could be able to comment on why the peaks in the range of
180250 cm ! are present in the Raman spectra of thin STO film and absent in the spectrum
of bulk STO. It was found that the peak around 190 cm ! corresponds to A1g and Byg modes
(not related to the bulk STO vibrations) that occur close to each other due to the shifting of
corresponding modes in the thin films. This peak is related both to the vibrations of the STO
surface and the film itself: the vibrations of the By mode in the central layer weaken with
increasing film thickness, and starting from the thickness of the 17-layer film, the vibrations
in the central layers completely disappear. The vibrations of the A;; mode are specific,
including strong group (mostly all layers simultaneously) antiphase tensile-compression
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vibrations of Ti and Sr atoms along the Z-axis. Peaks around 210, 245, and 275 cm™ (see
Figure 4) correspond to the Ajg modes, which also differ from the corresponding mode
of bulk STO and reflect the specifics of STO films as compared to the bulk: these modes
include group (several layers simultaneously) antiphase tensile-compression vibrations of
Ti and Sr atoms along the Z-axis.

exp (1um thin film)

exp (single crystal
p( g*ry ), 10,

R(144) 4

R(445)

Intensity (arb. units)

calc (~4 nm thin film)
calc (Bulk) 518)
Bag (155)
Ag
L | Aq
E *
9%

0 100 200 300 400 500 600 700
Raman shift (cm—1)

Figure 4. Raman shift of experimental tetragonal STO single crystal and 1 pm STO thin film (upper
Figure) in the tetragonal phase [68] and calculated (lower Figure) bulk and 21-layer STO film (red and
blue lines, respectively). Modes with a superscript (asterisk) denote vibrations that exactly correspond
to a certain mode only in the central layer. Structural modes from experimental data in bulk STO
are marked with R (cm~!). Optical phonons from the SrRuOj3 buffer layer are marked with stars:
STO thin films grown on STO substrates with a SrRuOj; buffer layer [39,68,72]. The experimentally
observed first-order Raman scattering by hard-mode TO4 (Ti-O-Ti bending) phonons are marked
with “TO4” [39,68]. The temperature of 10 K and the incident light of 514.5 nm (Ar + laser line for
excitation) were used for experimental data.

When comparing the experimental data with the theoretical calculations of the Raman
profiles, it could be observed that different substrates can cause some variations in the film
thickness dependencies; for example, signal distortion due to inhomogeneous crystallinity,
etc. This is mainly due to the mismatch in lattice characteristics, when the substrate
structure can cause internal deformation or stress in the thin film. The occurrence of such
an additional effect can affect the vibrational modes, which in turn leads to some shifts in
the frequencies of the Raman peaks. On the other hand, the amount of strain can vary with
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film thickness, which also affects the Raman spectra. The substrate can also influence the
chemical environment of the thin film by changing its symmetry and bonding properties as
well as its surface roughness and morphology (i.e., surface roughness can scatter incident
laser radiation differently, resulting in changes in Raman intensity). It is worth noting that
some substrates can promote charge transfer or polarization effects in the thin film, which
can also have an effect on the Raman spectra. In addition, one can mention the peculiarities
of the spectral behavior of ultrathin films: when their thickness becomes of the order of (or
less than) the mean phonon-free path, vibrational modes can be confined, resulting in a
shift in the frequencies of the Raman peaks.

4. Conclusions

The calculated Raman spectra of the thin STO films have specific features that are
not observed when evaluating spectra related to the bulk structure. This fact is in good
agreement with the experimental data. We found that all Raman modes similar to those
active in the bulk structure are present in the ultrathin STO films, although some of them
are affected by film vibrations and are not visible in the Raman spectra due to extremely
low intensities. Depending on the thin-film thickness, the vibrational modes in the Raman
spectra are shifted with respect to the bulk ones, but in general, they show a tendency
to eventually reach the values typical of bulk STO. Our simulations also show that the
appearance of visible first-order Raman peaks in the spectra of thin films, which are absent
in bulk STO Raman scattering, is related not only to substrate-related strains but also to
changes in the structure of the film. The latter is caused by local structural strains due to
the interplay of a stronger surface effect and the finite size of the system.

It is also worth noting that a large contribution to the experimental spectra in STO is
made by the second-order Raman scattering reflecting the two-phonon density of states,
which is a well-known spectral feature of this material (see e.g., [69,70]). Therefore, the sim-
ulation of the vibrational frequencies of the Raman (or IR) spectra is helpful in associating
the vibrational modes appearing in the scattering spectrum with the vibrations of specific
atoms, thus facilitating the interpretation of the experimental Raman and IR spectra.

Our models, which reproduce spectroscopic information for different lattice geome-
tries based on density-functional calculations, implement a close interplay between theory
and experimental data. This facilitates the calculation, visualization, interpretation, and
reconstruction of vibrational spectra. It should be noted that the theoretical material
presented in this paper will certainly be helpful in the analysis of vibrational spectra of
multilayer (complex) films, which contain a variety of observable transitions from different
ionic motions.
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Appendix A

Table Al. The space groups and the calculated lattice parameters of the bulk (space group I14/mcm)
and the 5-, 9-, 13-, 17-, and 21-layer STO films (layer group p4/mbm).

Lattice Parameters

STO N o o
a(A) b (A) c(A) Alpha (°) Beta (°) Gamma (°)
Bulk exp 1 5.510 5.510 7.798 90 90 90
Bulk 5.455 5.455 7.755 920 90 90
5-layer film 5.393 5.393 - 90.00 90.00 90.00
9-layer film 5.418 5.418 - 90.00 90.00 90.00
13-layer film 5.429 5.429 - 90.00 90.00 90.00
17-layer film 5.434 5.422 - 90.00 90.00 90.00
21-layer film 5.438 5.438 - 90.00 90.00 90.00

! Landolt-Bérnstein. Numerical data and functional relationships in science and technology. New Series. Group
III., Vol. 36A1 (Springer-Verlag, 2001); [62].

Table A2. Calculated (LDA) thickness of TiO,-terminated STO films. The different values of the
thicknesses are due to displacements of atoms along the normal to the surfaces.

STO Film Thickness (A) Atom

7.60 Ti

5-layer 776 o
9-laver 15.36 Ti
4 15.52 o)
23.12 Ti

13-layer 2328 o
30.88 Ti

17-layer 31.03 o
38.63 Ti

21-layer 3879 o

Table A3. The calculated structural data of STO films with different thicknesses and STO crystal. The
different values of the thicknesses are due to displacements of atoms along the normal to the surfaces.

. Ti-Ti between TiO, e s e . e e 0-0
STO Thick-Ness, A g Detween Sr-Srin S0 Layers Pt -0 in 10 between TiO,
yers, yers, (Out-Of-Plane), A ’ Yers, Layers, A
(%E%) Central layer
5-layer film 776 411 3.81 3.80 3.81 1.92, 3.89
(O.—O) surface layer 1.91
15.36 Near to center Central laver and Near to center
9-laver film (Ti-Ti) 3.92, 383 Near to center 3.88, 383 bet r?l 93 3.9,
aye 15.52 near to surface ’ near to surface 3.80 ’ sur?az\;eliiyell 1 ’92 near to surface
(0-0) 4.00 ’ 3.89
23.12 Near to center (2
(Ti.—Ti) SrO layers) 3.89, Near to center 3.89, 1.93 3.91,
13-layer film between 3.91, 3.84 between 3.87, 3.84 o near to surface
23.28 ¢ P surface layer 1.92
(0-0) near t;’) 9s;xr ace near to surface 3.80 3.86
Near to center (4
30.88 S10 layers) 3.89, Near fo center 389 193 501
17-layer film (Ti-Ti) 31.03 between 3.90, 3.84 ctween .00, 3.84 29 R
(0-0) near to surface near to surface 3.87, surface layer 1.92  surface layer 3.86
surface 3.80
3.99
Near to center (6
38.63 St0 layers) 3.89, Near fo center 389, 193 590
21-layer flm (Ti-Ti) 38.79 between 3.90, 3.85 etween 5.00, 3.85 29 2%
(0-0) near to surface near to surface 3.87, surface layer 1.92  surface layer 3.86
surface 3.79
3.98
Bulk 3.87 3.86 3.88 3.86 1.94 3.88
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Table A4. The experimental Raman-active modes of bulk STO (pure crystal) and calculated frequen-
cies and relative intensities (in parentheses) of phonon modes (corresponding to similar bulk modes)
in ultrathin films with layer group p4/mbm.

Frequency, cm~1 (Intensity, Arb. Units)

Modes 5 Layers 9 Layers 13 Layers 17 Layers 21 Layers Bulk (Calc) Bulk (Exp)
B* 80.46 62.46 M 58.08 M 52.93 M) (0.29) 47.03 M) (2.8) 39.85 11 [67], 15 [47],
8 (16.32) (4.36) (0.98) 62.83 M) (26.86) 55.99 W3 (11.6) 16.63) 40 [48]
A 161.47 142.23 135.35 130.79 128.14 117.74 44 [68], 48 [47],
1g (4.46) (19.69) (33.32) (38.44) (39.49) (323.56) 52 [48]
7. . X . X .
R W me me o I
B 132.36 ® 148.17 ® 153.29 ® 154.78 ® 155.18 @ 154.48 145 [46], 224 [45],
28 (2.88) (40.55) (94.75) (115.06) (118.34) (157.28) 229 [48], 235 [47]
B 450.73 ®) 447.76 © 445810 444.86 © 44422 ) 442.02
28 (109.74) (471.86) (880.15) (1000) (1000) (1000)
E 415.56 @ 432,02 437.48 ® 439.85® 44113 44451 420 [67], 445 [68],
& (0.22) (0.82) (1.49) (1.69) (1.71) (81.5) 447 [48], 460 [47]
47737 @ 461.42 @ 45291 @ 447.98 @4 444.82 @94
(33.77) (23.69) (23.99) (18.83) (14.42)
B 537.116) 532.37 ®) 528.57 ) 525.62 ) 52357 ©) 517.80
1g (177.18) (515.84) (814.40) (759.07) (617.54) (868.17)
552.17 ® 538.94 @ 533.00 @ 529.80 @
(1.96) (61.10) (197.07) (318.38)
(@ Only in the central layer do the vibrations exactly correspond to this mode (further such modes are denoted with
* eg., Eg) @ vibrations of surface atoms with higher amplitudes than vibrations in the central layer;  vibrations
in the central layer with higher amplitudes than vibrations of surface atoms; ¥) there are no vibrations in the
central layer (and adjacent to the central layers).

References

1. Lines, M.E,; Glass, A.M. Principles and Applications of Ferroelectrics and Related Materials; Oxford University Press: Oxford, UK, 2001.
[CrossRef]

2. Strukov, B.A.; Levanyuk, A.P. Ferroelectric Phenomena in Crystals; Springer: Berlin/Heidelberg, Germany, 2011.

3. Rabe, KM.; Dawber, M.; Lichtensteiger, C.; Ahn, C.H.; Triscone, J.-M. Modern Physics of Ferroelectrics:Essential Background
BT—Physics of Ferroelectrics: A Modern Perspective; Springer: Berlin/Heidelberg, Germany, 2007; pp. 1-30. [CrossRef]

4. Xu, Y. Ferroelectric Materials and Their Applications. Jpn. J. Appl. Phys. 2014, 53, 09P001. [CrossRef]

5. Randall, C.A.; Reaney, I. Complex Media of Ferroelectric and Related Materials. Proc. SPIE 2001, 4467, 16-19. [CrossRef]

6.  Phillpot, S.R.; Sinnott, S.B.; Asthagiri, A. Atomic-Level Simulation of Ferroelectricity in Oxides: Current Status and Opportunities.
Annu. Rev. Mater. Res. 2007, 37, 239-270. [CrossRef]

7. Polking, M.].; Alivisatos, A.P.; Ramesh, R. Synthesis, Physics, and Applications of Ferroelectric Nanomaterials. MRS Commun.
2015, 5, 27-44. [CrossRef]

8. Scheerer, G.; Boselli, M.; Pulmannova, D.; Rischau, C.W.; Waelchli, A.; Gariglio, S.; Giannini, E.; van der Marel, D.; Triscone, J.-M.
Ferroelectricity, Superconductivity, and SrTiO3—Passions of K.A. Miiller. Condens. Matter 2020, 5, 60. [CrossRef]

9. Collignon, C.; Lin, X.; Rischau, C.W.; Fauqué, B.; Behnia, K. Metallicity and Superconductivity in Doped Strontium Titanate.
Annu. Rev. Condens. Matter Phys. 2019, 10, 25-44. [CrossRef]

10. He, X,; Lin, E; Liu, F; Shi, W. Tunable Strontium Titanate Terahertz All-Dielectric Metamaterials. J. Phys. D Appl. Phys. 2020,
53,155105. [CrossRef]

11. Neophytou, M.; De Bastiani, M.; Gasparini, N.; Aydin, E.; Ugur, E.; Seitkhan, A.; Moruzzi, E; Choaie, Y.; Ramadan, AJ;
Troughton, ].R; et al. Enhancing the Charge Extraction and Stability of Perovskite Solar Cells Using Strontium Titanate (SrTiOs3)
Electron Transport Layer. ACS Appl. Energy Mater. 2019, 2, 8090-8097. [CrossRef]

12.  Stocker, H.; Hanzig, J.; Zschornak, M.; Mehner, E.; Jachalke, S.; Richter, C.; Hanzig, F.; Meutzner, F,; Leisegang, T.; Meyer, D.C.
Strontium Titanate: From Symmetry Changes to Functionality. Cryst. Res. Technol. 2017, 52, 1600222. [CrossRef]

13.  Yang, H.; Yan, F; Lin, Y.; Wang, T. Novel Strontium Titanate-Based Lead-Free Ceramics for High-Energy Storage Applications.
ACS Sustain. Chem. Eng. 2017, 5, 10215-10222. [CrossRef]

14. Rowley, S.E.; Spalek, L.J.; Smith, R.P.; Dean, M.P.M.; Itoh, M.; Scott, ].F.; Lonzarich, G.G.; Saxena, S.S. Ferroelectric Quantum
Criticality. Nat. Phys. 2014, 10, 367-372. [CrossRef]

15.  Phoon, B.L; Lai, C.W,; Juan, J.C.; Show, P-L.; Pan, G.-T. Recent Developments of Strontium Titanate for Photocatalytic Water

Splitting Application. Int. ]. Hydrogen Energy 2019, 44, 14316-14340. [CrossRef]


https://doi.org/10.1093/acprof:oso/9780198507789.001.0001
https://doi.org/10.1007/978-3-540-34591-6_1
https://doi.org/10.7567/JJAP.53.09P001
https://doi.org/10.1117/12.432932
https://doi.org/10.1146/annurev.matsci.37.052506.084206
https://doi.org/10.1557/mrc.2015.8
https://doi.org/10.3390/condmat5040060
https://doi.org/10.1146/annurev-conmatphys-031218-013144
https://doi.org/10.1088/1361-6463/ab6ccc
https://doi.org/10.1021/acsaem.9b01567
https://doi.org/10.1002/crat.201600222
https://doi.org/10.1021/acssuschemeng.7b02203
https://doi.org/10.1038/nphys2924
https://doi.org/10.1016/j.ijhydene.2019.01.166

Materials 2023, 16, 6207 14 of 15

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Tomioka, Y.; Shirakawa, N.; Shibuya, K.; Inoue, I.H. Enhanced Superconductivity Close to a Non-Magnetic Quantum Critical
Point in Electron-Doped Strontium Titanate. Nat. Commun. 2019, 10, 738. [CrossRef] [PubMed]

Marshall, M.S.J.; Becerra-Toledo, A.E.; Marks, L.D.; Castell, M.R. Defects on Strontium Titanate BT—Defects at Oxide Surfaces;
Jupille, J., Thornton, G., Eds.; Springer International Publishing: Cham, Switzerland, 2015. [CrossRef]

Deak, D.S. Strontium Titanate Surfaces. Mater. Sci. Technol. 2007, 23, 127-136. [CrossRef]

Anaraki, K.S.; Gaponenko, N.V.; Rudenko, M.V,; Kolos, V.V; Petlitskii, A.N.; Turtsevich, A.S. Thin-Film Capacitor Based on the
Strontium Titanate Formed by the Sol Gel Technique. Russ. Microelectron. 2015, 44, 425-429. [CrossRef]

Shende, R.V,; Krueger, D.S.; Rossetti, G.A.; Lombardo, S.J. Strontium Zirconate and Strontium Titanate Ceramics for High-Voltage
Applications: Synthesis, Processing, and Dielectric Properties. J. Am. Ceram. Soc. 2001, 84, 1648-1650. [CrossRef]

Kopag¢, D.; Likozar, B.; Hu$, M. How Size Matters: Electronic, Cooperative, and Geometric Effect in Perovskite-Supported Copper
Catalysts for CO2 Reduction. ACS Catal. 2020, 10, 4092—4102. [CrossRef]

Mu, L.; Zhao, Y.; Li, A.; Wang, S.; Wang, Z.; Yang, J.; Wang, Y.; Liu, T.; Chen, R.; Zhu, ].; et al. Enhancing Charge Separation
on High Symmetry SrTiO3 Exposed with Anisotropic Facets for Photocatalytic Water Splitting. Energy Environ. Sci. 2016,
9, 2463-2469. [CrossRef]

Itahashi, Y.M.; Ideue, T.; Saito, Y.; Shimizu, S.; Ouchi, T.; Nojima, T.; Iwasa, Y. Nonreciprocal Transport in Gate-Induced Polar
Superconductor SrTiOs3. Sci. Adv. 2020, 6, eaay9120. [CrossRef]

Hu, Y,; Tan, O.K.; Cao, W.; Zhu, W. A Low Temperature Nano-Structured SrTiO3 Thick Film Oxygen Gas Sensor. Ceram. Int. 2004,
30, 1819-1822. [CrossRef]

Gerblinger, J.; Meixner, H. Fast Oxygen Sensors Based on Sputtered Strontium Titanate. Sens. Actuators B Chem. 1991, 4, 99-102.
[CrossRef]

Rahman, M.A.; Ahmed, T.; Walia, S.; Sriram, S.; Bhaskaran, M. Oxygen-Deficient Strontium Titanate Based Stretchable Resistive
Memories. Appl. Mater. Today 2018, 13, 126-134. [CrossRef]

Kim, C.H.; Ahn, Y,; Son, J.Y. SrTiO3-Based Resistive Switching Memory Device with Graphene Nanoribbon Electrodes. J. Am.
Ceram. Soc. 2016, 99, 9-11. [CrossRef]

Yang, Y.; Sun, B.; Zhou, G.; Ke, C.; Zhang, J.; Zhou, Y.; Mao, S.; Qin, J.; Zhao, Y. Improved Resistive Switching Performance and
In-Depth Mechanism Analysis in Mn-Doped SrTiOz-Based RRAM. Mater. Today Commun. 2023, 35, 105512. [CrossRef]

Zhang, R.Z.; Gao, Y.W.; Wang, ].S.; Li, L.; Su, W.S. Leaching Properties of Immobilization of HLW into SrTiO3 Ceramics. In
Advanced Textile Materials; Advanced Materials Research; Trans Tech Publications Ltd: Wollerau, Switzerland, 2011; Volume 332,
pp. 1807-1811. [CrossRef]

Jayabal, P.; Sasirekha, V.; Mayandi, ].; Jeganathan, K.; Ramakrishnan, V. A Facile Hydrothermal Synthesis of SrTiO3 for Dye
Sensitized Solar Cell Application. J. Alloy. Compd. 2014, 586, 456—461. [CrossRef]

Okamoto, Y.; Fukui, R.; Fukazawa, M.; Suzuki, Y. SrTiO3/TiO, Composite Electron Transport Layer for Perovskite Solar Cells.
Mater. Lett. 2017, 187, 111-113. [CrossRef]

Koch, R. The Intrinsic Stress of Polycrystalline and Epitaxial Thin Metal Films. J. Phys. Condens. Matter 1994, 6, 9519. [CrossRef]
Murakami, M. Deformation in Thin Films by Thermal Strain. J. Vac. Sci. Technol. A 1991, 9, 2469-2476. [CrossRef]

Ma, C.; Chen, C. Pulsed Laser Deposition for Complex Oxide Thin Film and Nanostructure. In Advanced Nano Deposition Methods;
John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2016; pp. 1-31. [CrossRef]

Wang, T.; Ganguly, K.; Marshall, P.; Xu, P; Jalan, B. Critical Thickness and Strain Relaxation in Molecular Beam Epitaxy-Grown
SrTiO3 Films. Appl. Phys. Lett. 2013, 103, 212904. [CrossRef]

Lin, Y.C.; Wang, B.L.; Yen, W.T; Ha, C.T; Peng, C. Effect of Process Conditions on the Optoelectronic Characteristics of ZnO:Mo
Thin Films Prepared by Pulsed Direct Current Magnetron Sputtering. Thin Solid Film. 2010, 518, 4928-4934. [CrossRef]

Kahouli, A. Effect of Film Thickness on Structural, Morphology, Dielectric and Electrical Properties of Parylene C Films. J. Appl.
Phys. 2012, 112, 64103. [CrossRef]

Wu, X; Lai, F; Lin, L.; Lv, J.; Zhuang, B.; Yan, Q.; Huang, Z. Optical Inhomogeneity of ZnS Films Deposited by Thermal
Evaporation. Appl. Surf. Sci. 2008, 254, 6455-6460. [CrossRef]

Sirenko, A.A.; Akimov, L.A,; Fox, J.R.; Clark, A.M.; Li, H.; Si, W.; Xi, X.X. Observation of the First-Order Raman Scattering in
SrTiO3 Thin Films. Phys. Rev. Lett. 1999, 82, 4500-4503. [CrossRef]

Du, Y.L.; Chen, G.; Zhang, M.S. Investigation of Structural Phase Transition in Polycrystalline SrTiO3 Thin Films by Raman
Spectroscopy. Solid State Commun. 2004, 130, 577-580. [CrossRef]

Merkulov, V.I; Fox, J.R.; Li, H.-C.; Si, W.; Sirenko, A.A.; Xi, X.X. Metal-Oxide Bilayer Raman Scattering in SrTiO3 Thin Films.
Appl. Phys. Lett. 1998, 72, 3291-3293. [CrossRef]

Akimov, LA ; Sirenko, A.A.; Clark, A.M.; Hao, ].-H.; Xi, X.X. Electric-Field-Induced Soft-Mode Hardening in SrTiO3 Films. Phys.
Rev. Lett. 2000, 84, 4625-4628. [CrossRef] [PubMed]

Jang, HW.; Kumar, A.; Denev, S.; Biegalski, M.D.; Maksymovych, P.; Bark, C.W.; Nelson, C.T.; Folkman, C.M.; Baek, S.H.;
Balke, N.; et al. Ferroelectricity in Strain-Free SrTiO3 Thin Films. Phys. Rev. Lett. 2010, 104, 197601. [CrossRef] [PubMed]
Banerjee, S.; Kim, D.-L; Robinson, R.D.; Herman, I.P.; Mao, Y.; Wong, S.S. Observation of Fano Asymmetry in Raman Spectra of
SrTiO3 and CaxSr1—xTiO3; Perovskite Nanocubes. Appl. Phys. Lett. 2006, 89, 223130. [CrossRef]

Rabuffetti, FA.; Kim, H.; Enterkin, J.A.; Wang, Y.; Lanier, C.H.; Marks, L.D.; Poeppelmeier, K.R ; Stair, P.C. Synthesis-Dependent
First-Order Raman Scattering in SrTiO3 Nanocubes at Room Temperature. Chem. Mater. 2008, 20, 5628-5635. [CrossRef]


https://doi.org/10.1038/s41467-019-08693-1
https://www.ncbi.nlm.nih.gov/pubmed/30760712
https://doi.org/10.1007/978-3-319-14367-5_11
https://doi.org/10.1179/174328407X154383
https://doi.org/10.1134/S1063739715050108
https://doi.org/10.1111/j.1151-2916.2001.tb00893.x
https://doi.org/10.1021/acscatal.9b05303
https://doi.org/10.1039/C6EE00526H
https://doi.org/10.1126/sciadv.aay9120
https://doi.org/10.1016/j.ceramint.2003.12.068
https://doi.org/10.1016/0925-4005(91)80183-K
https://doi.org/10.1016/j.apmt.2018.08.011
https://doi.org/10.1111/jace.14024
https://doi.org/10.1016/j.mtcomm.2023.105512
https://doi.org/10.4028/www.scientific.net/AMR.332-334.1807
https://doi.org/10.1016/j.jallcom.2013.10.012
https://doi.org/10.1016/j.matlet.2016.10.090
https://doi.org/10.1088/0953-8984/6/45/005
https://doi.org/10.1116/1.577258
https://doi.org/10.1002/9783527696406.ch1
https://doi.org/10.1063/1.4833248
https://doi.org/10.1016/j.tsf.2010.03.007
https://doi.org/10.1063/1.4752022
https://doi.org/10.1016/j.apsusc.2008.04.023
https://doi.org/10.1103/PhysRevLett.82.4500
https://doi.org/10.1016/j.ssc.2004.03.039
https://doi.org/10.1063/1.121627
https://doi.org/10.1103/PhysRevLett.84.4625
https://www.ncbi.nlm.nih.gov/pubmed/10990756
https://doi.org/10.1103/PhysRevLett.104.197601
https://www.ncbi.nlm.nih.gov/pubmed/20866998
https://doi.org/10.1063/1.2400095
https://doi.org/10.1021/cm801192t

Materials 2023, 16, 6207 15 of 15

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

Gray, D.J.; Merz, T.A; Hikita, Y.; Hwang, H.Y.; Mabuchi, H. Orientation-Resolved Domain Mapping in Tetragonal SrTiO3 Using
Polarized Raman Spectroscopy. Phys. Rev. B 2016, 94, 214107. [CrossRef]

Fleury, P.A.; Scott, J.E; Worlock, .M. Soft Phonon Modes and the 110 K Phase Transition in SrTiO3. Phys. Rev. Lett. 1968, 21, 16-19.
[CrossRef]

Petzelt, J.; Ostapchuk, T.; Gregora, I.; Rychetsky, I.; Hoffmann-Eifert, S.; Pronin, A.V.; Yuzyuk, Y.; Gorshunov, B.P.; Kamba, S.;
Bovtun, V; et al. Dielectric, Infrared, and Raman Response of Undoped SrTiO3 Ceramics: Evidence of Polar Grain Boundaries.
Phys. Rev. B 2001, 64, 184111. [CrossRef]

Taylor, W.; Murray, A.F. Tetragonal SrTiO3 Revisited: The Effect of Impurities on the Raman Spectrum. Solid State Commun. 1979,
31,937-944. [CrossRef]

Gibhardt, H.; Leist, ].; Eckold, G. Influence of Electric Field and Domain Structure on the Low-Temperature Raman Spectra of
SrTiO3; In Fl Uence of Electric Fi Eld and Domain Structure on the Low—Temperature Raman Spectra of SrTiO3. Mater. Res.
Express 2015, 2, 015005. [CrossRef]

Blokhin, E.; Evarestov, R.A.; Gryaznov, D.; Kotomin, E.A.; Maier, J. Theoretical Modeling of Antiferrodistortive Phase Transition
for SrTiO3 Ultrathin Films. Phys. Rev. B 2013, 88, 241407. [CrossRef]

Youssef, A.H.; Zhang, J.; Ehteshami, A.; Kolhatkar, G.; Dab, C.; Merlen, A.; Ruediger, A. Symmetry-Forbidden-Mode Detection in
SrTiO3 Nanoislands with Tip-Enhanced Raman Spectroscopy. J. Phys. Chem. C 2021, 125, 6200-6208. [CrossRef]

Dovesi, R.; Erba, A.; Salustro, S.; Kirtman, B.; Zicovich-wilson, R.O.C.M.; Civalleri, B.; Maschio, L.; Rérat, M.; Casassa, S.; Baima, J.
Quantum-Mechanical Condensed Matter Simulations with CRYSTAL. WIREs Comput. Mol. Sci. 2018, 8, €1360. [CrossRef]
Vosko, S.H.; Wilk, L.; Nusair, M. Accurate Spin-Dependent Electron Liquid Correlation Energies for Local Spin Density Calcula-
tions: A Critical Analysis. Can. J. Phys. 1980, 58, 1200-1211. [CrossRef]

Piskunov, S.; Heifets, E.; Eglitis, R.L; Borstel, G. Bulk Properties and Electronic Structure of SrTiO3, BaTiO3, PbTiO3 Perovskites:
An Ab Initio HF/DFT Study. Comput. Mater. Sci. 2004, 29, 165-178. [CrossRef]

Available online: https:/ /www.crystal.unito.it/basis_sets.html (accessed on 13 September 2023).

Maschio, L.; Kirtman, B.; Rérat, M.; Orlando, R.; Dovesi, R. Ab Initio Analytical Raman Intensities for Periodic Systems through
a Coupled Perturbed Hartree-Fock/Kohn-Sham Method in an Atomic Orbital Basis. II. Validation and Comparison with
Experiments. J. Chem. Phys. 2013, 139, 164102. [CrossRef]

King-Smith, R.D.; Vanderbilt, D. First-Principles Investigation of Ferroelectricity in Perovskite Compounds. Phys. Rev. B 1994,
49, 5828-5844. [CrossRef] [PubMed]

Sai, N.; Vanderbilt, D. First-Principles Study of Ferroelectric and Antiferrodistortive Instabilities in Tetragonal SrTiO3. Phys. Rev.
B 2000, 62, 13942-13950. [CrossRef]

Bilc, D.I,; Orlando, R.; Shaltaf, R.; Rignanese, G.-M.; fﬁiguez, J.; Ghosez, P. Hybrid Exchange-Correlation Functional for Accurate
Prediction of the Electronic and Structural Properties of Ferroelectric Oxides. Phys. Rev. B 2008, 77, 165107. [CrossRef]

Wahl, R.; Vogtenhuber, D.; Kresse, G. SrTiO3 and BaTiO3 Revisited Using the Projector Augmented Wave Method: Performance
of Hybrid and Semilocal Functionals. Phys. Rev. B 2008, 78, 104116. [CrossRef]

Lebedev, A.I. Ab Initio Calculations of Phonon Spectra in ATiO3 Perovskite Crystals (A = Ca, Sr, Ba, Ra, Cd, Zn, Mg, Ge, Sn, Pb).
Phys. Solid State 2009, 51, 362-372. [CrossRef]

Lebedev, A I. Metastability Effects in Strained and Stressed SrTiO3 Films. J. Adv. Dielectr. 2016, 06, 1650016. [CrossRef]
Angsten, T.; Martin, L.W.; Asta, M. Orientation-Dependent Properties of Epitaxially Strained Perovskite Oxide Thin Films:
Insights from First-Principles Calculations. Phys. Rev. B 2017, 95, 174110. [CrossRef]

Evarestov, R.A.; Blokhin, E.; Gryaznov, D.; Kotomin, E.A.; Maier, ]. Phonon Calculations in Cubic and Tetragonal Phases of SrTiO3:
A Comparative LCAO and Plane-Wave Study. Phys. Rev. B 2011, 83, 134108. [CrossRef]

Rusevich, L.L.; Kotomin, E.A ; Zvejnieks, G.; Popov, A.I. Ab Initio Calculations of Structural, Electronic and Vibrational Properties
of BaTiO3 and SrTiO3 Perovskite Crystals with Oxygen Vacancies. Low Temp. Phys. 2020, 46, 1185. [CrossRef]

Shigenari, T.; Abe, K.; Takemoto, T.; Sanaka, O.; Akaike, T.; Sakai, Y.; Wang, R.; Itoh, M. Raman Spectra of the Ferroelectric Phase
of SrTi'805: Symmetry and Domains below Tc and the Origin of the Phase Transition. Phys. Rev. B 2006, 74, 174121. [CrossRef]
Tenne, D.A.; Gonenli, LE.; Soukiassian, A.; Schlom, D.G.; Nakhmanson, S.M.; Rabe, K.M.; Xi, X.X. Raman Study of Oxygen
Reduced and Re-Oxidized Strontium Titanate. Phys. Rev. B 2007, 76, 024303. [CrossRef]

Tkach, A.; Correia, TM.; Almeida, A.; Agostinho Moreira, J.; Chaves, M.R.; Okhay, O.; Vilarinho, PM.; Gregora, I.; Petzelt, J. Role
of Trivalent Sr Substituents and Sr Vacancies in Tetragonal and Polar States of SrTiO3. Acta Mater. 2011, 59, 5388-5397. [CrossRef]
Petzelt, ].; Ostapchuk, T.; Gregora, I.; Kuzel, P; Liu, J.; Shen, Z. Infrared and Raman Studies of the Dead Grain-Boundary Layers
in SrTiO3 Fine-Grain Ceramics. J. Phys. Condens. Matter 2007, 19, 196222. [CrossRef]

Krasnenko, V,; Rusevich, L.L.; Platonenko, A.; Mastrikov, Y.A.; Sokolov, M.; Kotomin, E.A. Water Splitting on Multifaceted SrTiO;
Nanocrystals: Calculations of Raman Vibrational Spectrum. Materials 2022, 15, 4233. [CrossRef] [PubMed]

Tisinger, L.H,; Liu, R.; Kulik, J.; Zhang, X.; Ramdani, J.; Demkov, A.A. Ultraviolet-Raman Studies of SrTiO3 Ultrathin Films on Si.
J. Vac. Sci. Technol. B 2003, 21, 53-56. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1103/PhysRevB.94.214107
https://doi.org/10.1103/PhysRevLett.21.16
https://doi.org/10.1103/PhysRevB.64.184111
https://doi.org/10.1016/0038-1098(79)90005-X
https://doi.org/10.1088/2053-1591/2/1/015005
https://doi.org/10.1103/PhysRevB.88.241407
https://doi.org/10.1021/acs.jpcc.0c10938
https://doi.org/10.1002/wcms.1360
https://doi.org/10.1139/p80-159
https://doi.org/10.1016/j.commatsci.2003.08.036
https://www.crystal.unito.it/basis_sets.html
https://doi.org/10.1063/1.4824443
https://doi.org/10.1103/PhysRevB.49.5828
https://www.ncbi.nlm.nih.gov/pubmed/10011559
https://doi.org/10.1103/PhysRevB.62.13942
https://doi.org/10.1103/PhysRevB.77.165107
https://doi.org/10.1103/PhysRevB.78.104116
https://doi.org/10.1134/S1063783409020279
https://doi.org/10.1142/S2010135X16500168
https://doi.org/10.1103/PhysRevB.95.174110
https://doi.org/10.1103/PhysRevB.83.134108
https://doi.org/10.1063/10.0002472
https://doi.org/10.1103/PhysRevB.74.174121
https://doi.org/10.1103/PhysRevB.76.024303
https://doi.org/10.1016/j.actamat.2011.05.011
https://doi.org/10.1088/0953-8984/19/19/196222
https://doi.org/10.3390/ma15124233
https://www.ncbi.nlm.nih.gov/pubmed/35744292
https://doi.org/10.1116/1.1531645

	Introduction 
	Materials and Methods 
	Main Results and Discussion 
	Conclusions 
	Appendix A
	References

