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Technologically important high-permittivity dielectrics are often achieved using cationic engineering of
ABOs-type perovskite para(ferro)electrics. Here, we experimentally and theoretically explore the
potential of less conventional anionic engineering in ABOsz dielectrics. We demonstrate that in an
archetypal representative SrTiOs, nitrogen substitution can occur on two distinct oxygen atomic sites,
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reduce crystal symmetry, and lead to significant changes in the patterns and frequencies of lattice
vibrations. These phonon transformations diminish permittivity, whereas contribution from nitrogen-
DOI: 10.1039/d3tc03757f induced nanoregions can raise it. The effects of nitrogen are found to be especially strong in epitaxial

films. We anticipate that the revealed phenomena may be relevant for a broad class of high-permittivity
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Introduction

ABO;-type perovskite-structure metal oxides comprise a vast
class of scientifically intriguing and technologically important
multifunctional materials. The crystal stability and key proper-
ties of these oxides are intrinsically related to distortions of the
BOg octahedra. These distortions are determined by the nature
of both the B- and A-site cations. Therefore, the main methods
to achieve desired functional properties of these oxides are
based on cationic engineering and include creation of novel
A-B combinations, partial A- and/or B-cationic substitution in
the basic stable perovskites, and formation of solid solutions of
two or more perovskite oxides. In addition to cationic engineer-
ing, another possibility involves anionic engineering, namely:
substitution of oxygen with another anion. Anionic substitution
can directly affect octahedral distortions and, hence, properties
of perovskites. Although this approach was implemented for
selected materials, its potential is far from being understood
and fully employed."

This work explores anionic nitrogen (N) substitution in
strontium titanate SrTiO; (STO). STO is one of the best studied
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archetypal representatives of a large family of perovskite oxide
ferro(para)electrics (FEs). Being an excellent platform for inves-
tigations of the fundamentals of crystal chemistry and proper-
ties and the synthesis of perovskite oxides, STO steadily attracts
high research interest.”'® Among all perovskite oxides, FEs are
the most renowned, most widely employed in electronics and
photonics, as well as promising for advanced catalysis and life
sciences.”**® FEs exhibit high dielectric permittivity and are
first-rate high-permittivity dielectrics for miscellaneous mod-
ern capacitors. In FEs, the dielectric constant can reach several
thousand with its maximal values in vicinity of the para-to-
ferroelectric phase transition. However, often, paraelectric
dielectrics are preferred. Development of high-permittivity
ABO; dielectrics with dedicated properties (exact permittivity,
thermal stability, low losses, etc.) is an important field of the
present-day materials research.

Pure unstressed STO is paraelectric at all temperatures and
serves as a primary high-permittivity ABO;-type dielectric. For
ABO; paraelectric dielectrics at low frequencies (up to gigahertz
range), the dielectric permittivity ¢ (or static permittivity) is
determined by lattice vibrations, mainly by the lowest-freq-
uency transverse optical phonon (TO), or so-called soft mode.””
In cubic STO (at the temperatures above 105 K), the soft mode
(phonon frequency wro) is related to bending of the Ti-O-Ti chain
and dominates the dielectric response. Therein, the product
[¢ x (wr0)’] is a temperature-independent constant and the relation-
ship [1/e oc (wro)’] is valid. The Cochran’s behavior [(wo)” oc
(T — Tp)] is in force and the Curie-Weiss law takes the form [¢ = ¢, +
cc/(T — T¢)], where &, cc, and T are the dielectric constant
extrapolated to infinite temperature, the Curie constant, and the
Curie temperature, correspondingly.
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Because the Ti-O-Ti distortions and vibrations are highly
sensitive to the nature of A-site cations, a partial substitution
of Sr principally allows for tuning the phonons and, hence, the
static dielectric permittivity in STO. An extensive search for
appropriate A-site cationic substitution is ongoing. Alterna-
tively, replacement of oxygen with nitrogen may also affect
the lattice distortions and vibrations, and thus may lead to
changes in the dielectric permittivity. We note that a nitrogen-
induced tendency towards improved dielectric behavior of
ferroelectrics was recently indicated.?”"*® Previously, we demon-
strated significant changes in the electronic structure and in
the optical and charge-transport properties caused by nitrogen
substitution in STO.**"*! The local structure and optical proper-
ties of nitrogen-doped STO were theoretically investigated using
first-principles analysis.”™*® However, explicit effects from
nitrogen substitution on the dielectric constant in STO are
unknown.

We note that in the last decades, remarkable progress in
synthesis of perovskite oxide thin films has enabled control of
properties by using film-substrate misfit strain.*®*° For some
strained epitaxial STO films, the soft-mode frequency was
found to be relatively high.****° Intuitively, one can anticipate
that nitrogen substitution in the presence of strain may affect
the dielectric permittivity in a different way compared to that
for unstressed STO. A combined impact from the nitrogen
substitution and lattice strain on the dielectric permittivity is
completely uncharted.

Here we performed experimental and the first-principles
theoretical investigations of the perovskite oxide dielectric
STO, where up to 10% of oxygen atoms were replaced with
nitrogen and where epitaxial lattice strain was varied. As a
reference, pure unstressed STO was analysed. We experimen-
tally found that compared to pure STO, nitrogen doping leads
to diminished matrix dielectric permittivity, reduced Curie
constant, and ample dipolar relaxation, which raises total
permittivity. We theoretically demonstrated two distinct
atomic sites for nitrogen substitution, lowering of crystal
symmetry, and changes in the lattice vibrations and dielectric
constant. We also established enhancement of the nitrogen-
induced effects in strained epitaxial films. The unveiled
nitrogen-induced complexity of the lattice vibrations may be
relevant for many technologically important perovskite oxide
dielectrics.

Methods

Experimental section

To experimentally establish effects of nitrogen substitution on
the dielectric properties of unstressed STO as well as on those
of strained STO, we studied different STO films with the same
thicknesses of ~150 nm. The regular stoichiometric films and
the nitrogen-doped films were obtained in situ by controlling
oxygen or nitrogen gas ambience, correspondingly, during the
growth of the films by pulsed laser deposition.***>*=>* The
proper cationic composition and substitution of up to 10% of
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oxygen atoms with nitrogen were confirmed using several
techniques.”®>?

For studies of unstressed STO, the films were grown on
commercial Pt-coated Si substrates.”® Such films were ran-
domly oriented polycrystalline and retained cubic perovskite
structure with the lattice parameters close to that of bulk STO.
The films possessed columnar microstructure, with the vertical
columnar boundaries normal to the substrate surface. Addi-
tionally, unstressed (001)-oriented epitaxial films were grown
on (001)-cut STO substrates [ESI,T Fig. S1]. To explore nitrogen
substitution in the presence of strain, the nitrogen-doped
epitaxial (001) STO films were prepared on (001)(LaAlOs) s-
(Sr,AlTa0g), 7 (LSAT) and (001)LaAlO; (LAO) substrates. These
films were elongated in the out-of-plane direction (normal to
the substrate surface). Compared to unstressed pure STO, the
measured out-of-plane tensile strain was ~1.4% and ~1% in
the films on LSAT and LAO, correspondingly [ESL, T Fig. S2 and
S3]. Mechanisms for such strain stabilization were explored
and justified before.’®>> As a reference, also (001)-oriented
epitaxial stoichiometric films, where misfit strain was fully
relaxed, were obtained on LSAT and LAO substrates [ESL¥
Fig. S2 and S3].

For electrical characterization, vertical electrode-STO-electrode
capacitors were created. As bottom electrodes, we used thin layers
of Pt on Si substrates, SrRuO; (SRO) on STO, and LaNiO; (LNO)
on LSAT and LAO. The top electrode pads with diameters of
0.2-2.0 mm® were formed using a room-temperature vacuum
pulsed laser deposition of Pt through a shadow mask.

The small-signal impedance of the capacitors was measured
on a NOVOCONTROL Alpha-AN High-Performance Frequency
Analyzer. The amplitude of the probing AC voltage was 10-3 V,
the frequency range was from 1 Hz to 1 MHz, and the tem-
perature was varied from 80 to 550 K. The control of tempera-
ture was realized using Linkam cold/hot stages. The electric
field was applied, and the response was measured in the out-of-
plane direction. The impedance data were processed using an
equivalent-circuit model of a leaky parallel-plate thin-film ferro-
electric capacitor [ESI, Fig. S4 and expressions (S1)-(S5)]>*°
To discard possible influence of the bottom thin-film electro-
des on the measured permittivity, the electrodes’ resistance was
measured separately. As a reference and for comparison, we
inspected the dielectric response of bulk pure unstressed
single-crystal STO.

Computational methods

Ab initio (first principles) computer simulations were per-
formed to investigate the effect of substitutional nitrogen
atoms in unstressed and epitaxially compressed STO. The
structural, vibrational, and dielectric properties were examined
within the linear combination of atomic orbitals (LCAO)
approximation of the density functional theory (DFT), as imple-
mented in CRYSTAL17 computer code for large scale quantum-
chemical simulations.”’”® The BIWC global hybrid DFT-HF
exchange—-correlation functional, which combines the Wu-Cohen
WCGGA exchange functional with 16% of Hartree-Fock (HF)
exchange and the Perdew-Wang PWGGA correlation functional,

This journal is © The Royal Society of Chemistry 2023
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was employed. This functional proved its reliability in our previous
simulations of perovskite solid solutions and heterostructures.>®**
The basis sets of Gaussian type functions with Hay and Wadt small
core effective core pseudopotential were used for Sr and Ti atoms,®*
while the all-electron basis sets with additional exponents for
d-shells were applied for description of oxygen® and nitrogen®
atoms.

At the temperatures T > 105 K, pure unstressed paraelectric
STO possesses the ideal perovskite cubic structure (where each
Ti atom is octahedrally coordinated to the six nearest oxygen
atoms) with the centrosymmetric cubic space group Pm3m
(SG 221). At T < 105 K, STO acquires another paraelectric
tetragonal phase I4/mcm (SG 140). The corresponding crystal-
lographic unit cell consists of 20 atoms (4 Sr atoms, 4 Ti atoms
and 12 oxygen atoms), and the lattice parameters of the
undistorted structure are (@ = b = ao\/Z, ¢ = 2a,), where a, is
the lattice constant of STO in the cubic phase [Fig. 1]. The
SG140 STO phase is characterized by tetragonal lattice distor-
tion with a slight unit cell stretching and an antiphase rotation
of neighbouring TiOg octahedra around the tetragonal z-axis.
To explore possible rotations of oxygen octahedra in STO
with substitutional nitrogen atom, the SG140 crystallographic
structure with 20 atoms was used as the computational model.
The concentration of nitrogen was 8.3% relative to the stoichio-
metric number of oxygen atoms.

The Wyckoff positions of the 20 atoms in the unit cell of
STO are Sr:4b(0, 1/2, 1/4), Ti:4c(0, 0, 0), Op:4a(0, 0, 1/4) and
Op:8h(1/2-x, x, 0). There are two symmetrically dissimilar
oxygen positions: Oy and Oy. The O; atoms, or axial atoms,
are located in the atomic SrO planes normal to z-axis [O1 in
Fig. 1] and occupy fixed positions. The Oy atoms (or equatorial
atoms) are located in the TiO, planes [O5 in Fig. 1] and take
part in the rotation of the oxygen octahedra around z-axis.

Fig.1 The 20-atom crystallographic unit cell of the low-temperature
tetragonal phase /4/mcm (SG 140) in STO. Sr atoms are shown by green
balls, Ti atoms — blue balls, oxygen atoms — red balls. The oxygen atom O1
(or axial atom) is located in the SrO plane, and the atom OS5 (or equatorial
atom) is located in the TiO, plane.

This journal is © The Royal Society of Chemistry 2023
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Because effects of nitrogen substitution for the axial O1 atoms
in the SrO-planes may differ from those for the equatorial O5
atoms in the TiO, planes, simulations were performed for each
of the two cases.

We analysed 6 different systems including unstressed STO:
(1) pure, (2) with nitrogen substitution for O1 in the SrO planes,
and (3) with nitrogen substitution for O5 in the TiO, planes; as
well as epitaxially compressed STO: (4) pure, (5) with nitrogen
substitution for O1 in the SrO planes, and (6) with nitrogen
substitution for O5 in the TiO, planes. To correctly compare
these systems, all calculations were carried out without any
symmetry constraints (SG 1) so that the results depend only on
the atomic interaction potentials.

To simulate epitaxially compressed STO, the lattice con-
stants a = b were reduced by 1% compared to those in pure
unstressed STO and remained fixed. The angles between the
lattice axes were fixed at 90 degrees. The lattice constant ¢ and
positions of all atoms were allowed to relax during the full
geometry optimization. This model corresponds to epitaxial
(001) oriented STO film on top of cubic substrate, where the
film-substrate biaxial in-plane (i.e., parallel to the substrate
surface and normal to the tetragonal z-axis) lattice misfit is
compressive 1%. Such strain is enabled by LSAT substrates.

Because oxygen and nitrogen are not isovalent, not all
chemical bonds are closed with nitrogen substitution for oxy-
gen, and one unpaired electron is associated with the nitrogen
atom. Such system may have only one spin state with the
effective spin projection S, = 1/2. To investigate the system with
uncoupled “dangling” bond, we used the unrestricted open
shell DFT calculations.”®

To compare the dielectric properties of different systems,
the transverse optical (TO) vibrational frequencies and vibra-
tional contributions to the static dielectric tensor were calcu-
lated at the I'-point (the centre of the first Brillouin zone) in the
framework of the harmonic approximation.

Results and discussion
Dielectric behaviour in nitrogen doped STO films

The dielectric effects from nitrogen substitution were first
inspected in stress-free STO using randomly oriented polycrys-
talline STO films [Fig. 2]. In the reference regular stoichio-
metric SrTiO; film (R-STO), the real part of the dielectric
permittivity ¢ monotonically increases with decreasing tem-
perature and displays a frequency-dependent rise at high
temperatures T > 400 K [Fig. 2(a)]. This behaviour is fully
consistent with that in the reference R-STO crystal [ESL¥
Fig. S5]. The high-temperature dispersion of ¢ is due to ther-
mally activated electrical conduction, whereas intrinsic ¢ is
frequency-independent in the R-STO film and crystal.
Compared to R-STO, nitrogen substitution produces dra-
matic changes in the dielectric response: the permittivity ¢( f;7)
of the nitrogen doped SrTiO, ;N, 3 film (N-STO) is completely
altered [Fig. 2(b)]. There are two broad frequency-dependent
dielectric peaks, with the peaks’ maxima at the temperatures
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Fig. 2 Dielectric properties of the regular SrTiO3 (R) and nitrogen-doped

SrTiO, 7Ng 3 (N) polycrystalline STO films. (a), (b) and (d) The real part of the

dielectric permittivity ¢ as a function of temperature at different frequencies (a) and (b) f = 1-10° Hz and (d) f = 1 kHz. In (a) and (b), arrows show directions
of frequency increase. (c) The frequency-temperature relationship for the dielectric peak at Ty, in the nitrogen-doped film. Straight line shows fit
[In(f) oc 1/Tmol. (e) The modified Curie—Weiss behaviour (f = 1 kHz). Straight solid lines show fits [1/(e — &) oc T].

Tvma ~ 100 K and Ty, ~ (240-460) K. Concurrently, the
measured very small and frequency-dependent electrical con-
ductivity is nearly the same in the R- and N- films [ESI, T Fig. S6]
and indicates hopping of small polarons.*

The temperature Ty, is difficult to analyse as a function of
frequency, whereas the temperature Ty, exhibits a massive
frequency dispersion. The most common Debye-type dipolar
dielectric relaxation is manifested in the frequency-
temperature relationship [ f= foexp(—Eo/kzTw)] and the corres-
ponding linear relationship [In( f) = In(fy) — Eo/kgTm]. The
parameters f, and E, are the eigenfrequency and activation
energy, respectively, and kg is the Boltzmann constant. Here, a
good linear fit [In( f) oc 1/Typ] is obtained, with the fitted
parameters being f, = 2.4 x 10'" Hz and E, = 0.54 €V [Fig. 2(c)].
These observations point to giant electrical dipoles, whose
electric-field induced motion is coupled with lattice vibrations.
In ABO; perovskite oxide para(ferro)electrics, such behaviour is
commonly associated with nanoregions, where the lattice strain
and polarization differ from the main matrix material (see e.g.,
ref. 64 and references therein).

The two dielectric peaks signify coexistence of two types of
nanoregions. The nanoregions may be related to lattice distor-
tions within a few unit cells around nitrogen.** Substitution of
oxygen with nitrogen can lower local crystal symmetry, which
stimulates local dynamical off-centre displacements of the
Ti cation (pseudo-Jahn-Teller instability). Such local polar
instability is not correlated throughout the whole film, leading
to the formation of polar nanoregions but not a long-range
ferroelectric state.®* Our observations imply two possible dis-
tinct sites, or locations for nitrogen substitution in the lattice,

16692 | J Mater. Chem. C, 2023, 11, 16689-16698

and are in line with the two different locations of oxygen atoms:
axial in the SrO plane and equatorial in the TiO, plane in the
tetragonal STO [Fig. 1]. The atomic SrO and TiO, planes can
host specific sites for nitrogen in the absence of cubic symme-
try. Notably, coexistence of the distinct nitrogen sites promotes
uncorrelated polar instabilities and favours polar nanoregions
over ferroelectricity.

Apart from the detected dielectric response of nanoregions,
there is a genuine dielectric effect from nitrogen substitution
on the atomic level. This genuine matrix effect is assessed at
high enough frequencies, at which the dielectric contribution
of the nanoregions is negligible. Compared to R-STO, nitrogen
substitution leads to a significant drop in the matrix permit-
tivity: the permittivity of N-STO is up to three times smaller
than in R-STO [Fig. 2(d)]. Furthermore, the Curie-Weiss behav-
iour is also affected by nitrogen [Fig. 2(e)]. The Curie
constants, extracted from the linear fits [1/(¢ — &) oc T], are
cc = 1.3 x 10* K in the N-STO matrix and c¢c = 3.4 x 10* K in the
regular R-STO one. The detected decrease of both the permit-
tivity and the Curie constant in N-STO compared to R-STO
unambiguously implies intrinsic matrix phenomena induced
by nitrogen substitution.

All the revealed nitrogen-induced dielectric effects, includ-
ing significant decrease of the matrix permittivity, reduction of
the Curie constant, and substantial dual dipolar relaxation -
are better expressed in the (001)-oriented homoepitaxial N-STO
film on the (001)STO substrate [Fig. 3 and ESIL,T Fig. S7]. The
permittivity in the regular (001)R-STO film practically coincides
with those in the polycrystalline R-STO film and the reference
crystal [Fig. 3(a)]. In the nitrogen-doped (001) N-STO film, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Dielectric properties of the regular SrTiOs (R) and nitrogen-doped SrTiO, 7Ng 3 (N) homoepitaxial (001) STO films. (a), (b) and (d) The real part of
the dielectric permittivity ¢ as a function of temperature at different frequencies (a) and (b) f = 1-10° Hz and (d) f = 1 kHz. In (a) and (b), arrows show
directions of frequency increase. (c) The frequency-temperature relationship for the dielectric peak at Ty, in the nitrogen-doped film. Straight line shows
fit [IN(f) oc 1/Tmzl. (€) The modified Curie—Weiss behavior (f = 1 kHz). Straight solid lines show fits [1/(e — ¢) oc TI.

two frequency-dependent dielectric peaks are present and attest
to relaxation of two distinct types of nanoregions [Fig. 3(b)].
A linear fit [In(f) oc 1/T\»] is obtained for the peak temperature
Twma, and the fitted parameters are f, = 9.8 x 10'> Hz and
E, = 0.95 eV [Fig. 3(c)]. Observations at high frequencies
evidence that compared to the permittivity in the (001) R-STO
film, the matrix permittivity in the (001) N-STO film is reduced
by factor ~12 [Fig. 3(d)]. The Curie constant also decreases
from cc = 5.2 x 10* K in (001) R-STO to ¢ = 0.7 x 10* K in (001)
N-STO [Fig. 3(e)].

The obtained results [Fig. 2(d) and 3(d)] show that the
nitrogen-induced suppression of the matrix permittivity is
much more robust in the (001)-oriented film (by factor 12
compared to R-STO) than in the random polycrystalline one
(by factor 3 compared to R-STO). We emphasize that such
behaviour of (001) N-STO is not influenced by the bottom
SRO electrode: similar permittivity is found in the R-STO films
on Pt/Si and on SRO/STO, whereas nitrogen-induced changes of
the SRO resistivity are not detected.

The experimentally observed different strengths of the
matrix dielectric effect in the randomly oriented polycrystalline
and in the (001) oriented epitaxial N-STO films may be related
to different crystal orientations, lattice strains, and/or nitro-
gen distributions in these films. The macroscopic dielectric
response is isotropic in random N-STO, where all components
of the dielectric tensor contribute to the measured out-of-plane
dielectric constant. The atomic SrO-planes and TiO,-planes are
aligned parallel to the substrate surface in the (001)-oriented
perovskite STO films crystal [ESL Fig. S8]. In terms of the
theoretical tetragonal unit cell [Fig. 1], the out-of-plane

This journal is © The Royal Society of Chemistry 2023

dielectric response of the (001) oriented N-STO film may then
correspond to either z-component, ¢,,, of the dielectric tensor or
to the other components, ¢, and ¢,,. Importantly, epitaxial film
is coherent to the underlying STO substrate and, thus, sub-
jected to a weak biaxial in-plane compression, which arises due
to nitrogen-induced lattice expansion of N-STO. In contrast,
polycrystalline film is free of such lattice strain. Finally, atomic
sites for nitrogen incorporation are energetically more favour-
able at columnar boundaries than inside crystal.*’ Therefore,
for the same total concentration of nitrogen in all films, the
nitrogen concentration inside columns in polycrystalline films
may be smaller than that inside epitaxial films.

Next, we inspected epitaxially strained films. The detected
profound nitrogen-induced reduction of the matrix permittivity
is found to be dramatically intensified in the presence of
epitaxial lattice strain [Fig. 4]. The films are metrically tetra-
gonal, with the out-of-plane lattice parameters ¢ being larger
than the in-plane parameters a = b. The measured average out-
of-plane strain is tensile s, & 1.0% in the heteroepitaxial (001)
N-STO film on LAO and s, ~ 1.4% in the heteroepitaxial (001)
N-STO film on LSAT. It is worth noting that N substitution
causes anisotropic local lattice distortions, where relative
Ti-N-Ti elongation (compared to the Ti-O-Ti length) is quali-
tatively understandable as a dominant local distortion. There-
fore, elastic tensors, associated with nitrogen substitution, are
anisotropic and can differ for substitutions in different atomic
planes [ESI,T Fig. S9]. As shown before,?>>> macroscopic elastic
energy of the in-plane compressed (001)-oriented epitaxial film
can be minimized if the main elongation (Ti-N-Ti direction
here) is aligned out-of-plane (normal to the substrate surface).

~
~

~

~
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Fig. 4 Semi-log permittivity — temperature plots for the strained hetero-
epitaxial nitrogen-doped SrTiO,7Ng 3 films (marked by “N s. = 1.0%" and
“N s. = 1.4%") compared to those for the homoepitaxial nitrogen-doped
SrTiO, 7N 3 and regular SrTiOs films (marked by “N" and “R", correspond-
ingly). Frequency is 1 kHz.

Thus, the measured out-of-plane tensile strains result from the
substrate-induced compressive misfit and preferential out-of-
plane alignment of elastic tensors.>

The strained N-doped films exhibit massive orders-of-mag-
nitude drop of the out-of-plane dielectric constant compared to
that in the regular homoepitaxial film. Such a striking frustra-
tion of the dielectric constant was not reported for epitaxially
strained stoichiometric films, nor for oxygen-deficient films.
The nitrogen substitution plays a critical role here.

Thus, our experimental observations imply that nitrogen
substitution can produce local lattice distortions, which lower
the cubic symmetry of STO. The two distinct sites for nitrogen
location are possible: in the SrO- and TiO,-planes. Nitrogen
substitution leads to a decrease of the matrix dielectric permit-
tivity. The effect is overwhelming in the presence of anisotropic
lattice strain. Next, we used first-principles analyses and
demonstrated solid theoretical support for these suggestions
as well as revealed atomistic mechanisms behind them.

(a)

P
pr
o

View Article Online

Journal of Materials Chemistry C

Nitrogen substitution on atomic level

We theoretically analysed the crystal structure and lattice
vibrations for 6 different states, including unstressed pure
state, unstressed doped states with substitutions in either
SrO- or TiO,-planes, as well as biaxially in-plane compressed
pure state and two doped states, correspondingly [ESL¥
Table S1 and S2]. Interestingly, our calculations revealed a high
localization of the unpaired spin (~0.87 electron spin) at the
nitrogen substitution atom, which has two closed and one
dangling chemical bonds, with the N-Ti bond strength (char-
acterized by the bond populations) being larger than that of
O-Ti bond in a regular STO.

First, we focus on the low frequency TO vibrational modes,
which determine ¢,, component of the static dielectric tensor.

For unstressed pure tetragonal STO, our previous simula-
tions in the framework of 14/mcm (SG 140) space group revealed
that Raman-inactive A,, mode (53 cm™ ') gives the main con-
tribution to ¢,, component.®® In this mode, all atoms oscillate
exclusively along z-axis, with the Ti and Sr oscillations being in
phase and oxygen ones in antiphase, and with the same
vibrational amplitudes for the given kind of atoms. There is
only a minor difference between amplitudes for the axial and
equatorial oxygen atoms. The results of calculations in the
framework of SG 1, performed here, agree well with those
obtained for SG 140. The structural parameters for SG1 [ESL
Table $1] nearly coincide with those for SG 140.°"%® For SG 1,
the frequency of the mode, which gives the main dielectric
contribution, is 57 cm™'. The main atomic oscillations are
along z-axis, in-phase for Sr and Ti and antiphase for oxygen,
and with the amplitude of equatorial oxygen atoms being
2.5-3% larger than those of axial ones. Additionally, there are
tiny vibrations of all atoms in xy-plane: the ratio of amplitudes
along x- and y-axes to those along z-axis does not exceed 10%.

Fig. 5 Schematic structures of unstressed nitrogen doped STO. Sr atoms are shown by green balls, Ti atoms — blue balls, oxygen atoms — red balls,
nitrogen atoms — yellow balls. The nitrogen substitution is (a) axial (in the SrO plane) and (b) equatorial (in the TiO, plane). For structural parameters see

ESI,+ Table S1.
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Again, Sr and Ti atoms oscillate in phase, with the amplitudes
along x- and y-axes being practically the same. All oxygen atoms
oscillate in the xy-plane in antiphase with the Sr and Ti atoms.
For axial oxygen atoms (SrO-planes), amplitudes along x- and
y-axes are nearly equal. For equatorial oxygen atoms (TiO,-
planes), the motion is more complex, with the ratio of ampli-
tudes along x and y axes within 1-2.8. The vibrations in the
mode 57 cm ™" are shown schematically in [ESL Fig. S10]. The
calculated dielectric contribution from this mode is Ae,, = 743
of the total ¢,, = 760 [ESL,T Table S2].

Compared to pure unstressed state, nitrogen substitutions
for the axial oxygen atoms (SrO-planes) [Fig. 5(a)] or for the
equatorial oxygen atoms (TiO,-planes) [Fig. 5(b)] produce struc-
tural changes [Fig. 5 and Fig. S11, Table S1, ESL,{]. The main
deformation is an elongation of the Ti-Ti distance. For the axial
substitution, the Ti-N-Ti distance is 3.957 A compared to the
Ti-O-Ti distance of 3.887 A, and for the equatorial substitution,
the Ti-N-Ti distance is 3.965 A compared to the Ti-O-Ti
distance of 3.881 A. The Ti-N-Ti elongation is mainly respon-
sible for the formation of anisotropic elastic tensors, whose
presence was indicated herein. Compared to pure STO, the unit
cell of N-STO expands so that the chemical tensile lattice strain
is (s = Sp & 0.2%, s, ~ 0.7%) for N in the SrO-planes and
(s¢ & 0.5%, s, ~ 0.4%, s, ~ 0.2%) for N in the TiO, planes.
These results imply that the (001) N-STO films on STO are
subjected to a weak in-plane compression, which is difficult to
detect experimentally but whose presence may explain the
above discussed difference between polycrystalline N-STO and
(001) N-STO on STO.

The substitutions significantly alter the very nature of the
lattice vibrations. Thus, the experimentally observed nitrogen-
induced dielectric effects cannot be simplistically ascribed to
hardening of the same vibrational soft mode as in pure STO.
The calculated frequency of the lowest-frequency mode increases
from 17 cm ' in pure STO to 49 cm ' and 23 ecm ! for N in
the SrO- and TiO,-planes, correspondingly. Importantly, the

View Article Online
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vibrational contributions to the component ¢, of the static
dielectric tensor are distributed among several modes in the
presence of nitrogen compared to the main mode 57 cm™* in
pure STO. The calculated dielectric constant ¢,, decreases from
760 in pure STO to 228 and 368 for N in the SrO- and TiO,-planes,
correspondingly.

For the axial substitution (nitrogen in the SrO-plane)
[Fig. 6(a)], the largest dielectric contribution comes from the
vibrational mode with the frequency 81.56 cm ™. The vibrations
in the mode 81.56 cm ™' are shown schematically in [ESI,}
Fig. S12]. In this mode, the vibrations of the nitrogen atom and
all oxygen atoms along z-axis are in phase, but the amplitudes
of vibrations in xy-plane exceed those along z-axis for some of
oxygen atoms. The motion of Ti atoms retains a nearly uniaxial
character: mainly along z-axis with relatively small components
in xy-plane. Additionally, the four Ti atoms form two pairs,
which oscillate along the z-axis in antiphase. The Ti2 and Ti3
atoms [see Fig. 6(a)] vibrate in phase and demonstrate the
largest displacements. Examination of the chemical bonds,
involved in the relative motions between atoms, reveals that
the biggest contortions occur in the bonds Ti3-O1, Ti3-06,
Ti3-08, Ti2-07 and Ti2-09 [see Fig. 6(a)]. The bond Ti3-01
exhibits stretching behaviour because both atoms oscillate
antiphase along the z-axis. In the Ti3-06 and Ti3-O8 bonds,
the oxygen atoms oscillate in the xy-plane in addition to their
antiphase motions with the Ti atoms along the z-axis. This
leads to a more complicated deformation of the bonds. The
deformations of the bonds Ti2-0O7 and Ti2-09 are determined
by the antiphase motions of the Ti and oxygen atoms along the
z-axis, with the oxygen vibrations in the xy-plane being rather
small. The calculated dielectric contribution from this mode is
A¢,, = 153 of the total ¢,, = 228 [ESL,t Table S2].

For the equatorial substitution (nitrogen in the TiO, plane)
[Fig. 6(b)], the calculated total dielectric constant is ¢,, = 368,
whereto the largest contribution A¢,, =176 originates from the
mode with the frequency 39 cm™'. The corresponding lattice

(b)

Fig. 6 Schematics of the atomic positions for (a) axial and (b) equatorial nitrogen substitution in the unit cell. Sr atoms are shown by green balls, Ti
atoms — blue balls, oxygen atoms — red balls, nitrogen atoms — yellow balls.
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vibrations are schematically presented in [ESL, T Fig. S13]. These
vibrations are rather chaotic. The Sr and Ti atoms vibrate in
phase along the z-axis. Concurrently, the Ti atoms oscillate in
phase along all coordinate axes with commensurable ampli-
tudes. The nitrogen and oxygen O5 atoms also vibrate in-phase
along all axes. The other oxygen atoms oscillate in phase along
the z-axis, but in antiphase to the nitrogen and oxygen O5.
Interestingly, the oxygen atom O6 [see Fig. 6(b)] exhibits the
largest amplitudes of oscillations along all axes. Therefore, the
bonds between O6 and the nearest Til and Ti3 atoms experi-
ence the strongest deformations, which, however, are not
simply stretching because the atoms move not only in the bond
direction.

Our calculations also disclosed that the nitrogen-induced
effects on the dielectric components ., and ¢, are of the same
character as those on the component ¢, For the pure
unstressed tetragonal state, the mode 52.1 cm™ " gives the
largest contribution Ae,, = 859 to the total &, = 908, whereas
the mode 52.7 cm™* gives the largest contribution Ae,, =837 to
the total ¢,, = 888. The nitrogen substitution complicates and
hardens the lattice vibrations. Compared to pure STO, the
dielectric components become determined by several new
modes and significantly decline, namely: to &, = ¢,, = 113 for
N in the SrO-planes and to &, = 285, &, = 307 for N in the TiO,-
planes. With respect to the experimentally observed dielectric
behaviour in polycrystalline N-STO and (001) N-STO on STO,
these results refute crystal orientation as critical and indicate
strain as an important factor therein. The calculations con-
firmed the role of epitaxial strain as shown below.

Our theoretical analysis substantiated the experimentally
observed frustration of the dielectric component ¢,, in the
presence of biaxial in-plane compression in epitaxial N-STO
films. Compared to pure unstressed STO, the calculated relative
out-of-plane elongation (i.e., relative change of the lattice para-
meter ¢ along the z-axis), or tensile strain s, is 0.85% for the
in-plane compression of 1% [ESI,¥ Fig. S14 and Table S1].
The nitrogen substitution deforms the lattice, so that the total
out-of-plane elongation is 1.7 and 2.1% for N in the SrO- and
TiO,-planes, respectively. The calculated frequency of the
lowest-frequency mode further increases to 84 cm ' and
71 em ' for N in the SrO- and TiO,-planes, correspondingly.
Again, the dielectric constant ¢,, is determined by several
vibrational modes. For N in the SrO-plane, the calculated
constant is ¢, = 197, with the main contribution Ae¢,, = 167 being
from the relatively low-frequency mode 88 ecm '. But for N
in the TiO,-plane, the vibrational contributions to the total
constant ¢,, = 56 are spread over a broad frequency range, where
the largest contribution Ag,, = 23 is given by the relatively high-
frequency mode 225 cm ™.

From the calculated lattice strains, vibrations, and dielectric
constants, we found a nearly monotonic correlation between
elongation of the unit cell along the c-axis [Fig. 1], or tensile
strain s., and the dielectric component &,,: the component ¢,,
decreases with increasing strain s, [ESI,T Table S3]. We empha-
size that this tendency is not associated with strain-induced
ferroelectric phase transition, which is expected for epitaxial
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films of pure STO.°*®” The constant ¢,, can decrease due to
hardening of the ferroelectric soft mode with increasing strain
sc in the strain-induced ferroelectric state of pure STO films.®®
In contrast, nitrogen substitution complicates lattice vibra-
tions, so that the matrix dielectric response of N-STO is not
determined anymore by the same soft mode as in pure STO,
and there is no ferroelectric state.

The first-principles calculations revealed general nitrogen-
induced trends towards complicated vibrational patterns, hard-
ening of vibrations, and, consequently, reduced matrix static
dielectric constants. The calculations could not capture tem-
perature dependence of the permittivity, nor dielectric relaxa-
tion of nanoregions, that made it difficult to directly compare
the explicit theoretical and experimental magnitudes of the
dielectric permittivity. Importantly, the theoretically disclosed
nitrogen effects on the crystal structure, lattice vibrations, and
dielectric response were found to be consistent with the rele-
vant experimental observations. The atomistic mechanism for
the nitrogen-controlled dielectric constant is thus through
increased complexity and elevated frequencies (hardening) of
the lattice vibrations. We expect that this mechanism may be
valid for the dielectric behaviour in many perovskite oxide
para(ferro)electrics.

Conclusions

We report self-consistent experimentally detected and theo-
retically revealed effects of nitrogen substitution on the dielec-
tric permittivity in the archetypal perovskite oxide paraelectric
SrTiO;. By inspecting impedance as a function of temperature
(T = 100-500 K) and frequency (f = 1-10° Hz) in the in situ
grown nitrogen doped and reference undoped polycrystalline
and epitaxial films, we found that compared to pure SrTiOs,
nitrogen doping leads to a significant decrease of the matrix
permittivity, reduction of the Curie constant, and substantial
dual dipolar relaxation. Using first-principles analyses of nitro-
gen substitution, we demonstrated two distinct atomic sites for
nitrogen location, lowering of crystal symmetry, changes in the
pattern and frequencies of lattice vibrations, and decrease in
the static dielectric constant. We also established that misfit
lattice strain can enhance the nitrogen-induced effects in
epitaxial films. The unveiled mechanism for the nitrogen-
controlled dielectric constant through increased complexity of
the lattice vibrations may be akin in many technologically
important perovskite oxide para(ferro)electrics.
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