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ABSTRACT: Strontium titanate SrTiO; (STO) is a canonical example of a quantum
paraelectric, and its doping with manganese ions unlocks its potential as a quantum
multiferroic candidate. However, to date, the specifics of incorporation of the manganese ion
into the perovskite lattice and its impact on structure—property relationships are debatable
questions. Herein, using high-precision X-ray diffraction of a Mn (2 atom %)-doped STO
single crystal, clear fingerprints of the displacement disorder of Mn cations in the perovskite
B-sublattice are observed. Moreover, near the temperature of the antiferrodistortive
transition, the off-center Mn position splits in two, providing the unequal potential barrier’s
distribution for possible local atomic hopping. A link with this was found via analysis of the
dielectric response that reveals two Arrhenius-type relaxation processes with similar activation
energies (35 and 43 meV) and attempt frequencies (1 X 10" and ~1.6 X 10'° Hz),
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suggesting similar dielectric relaxation mechanisms.

trontium titanate SrTiO; (STO) is a perovskite-type
material that demonstrates incipient ferroelectric behavior
and a quantum paraelectric low-temperature state.”” It is
believed that zero-point quantum fluctuations preclude the
condensation of the polar soft mode and a macroscopic
ferroelectric state does not form down to the millikelvin
range.”” At the same time, the dielectric permittivity reaches
~10* without significant dispersion in the microwave
frequency range,” which is attractive for application in various
types of tunable electronic devices,”* nanotechnology,”” and
photocatalysis.”” At ~105—110 K, STO undergoes an
antiferrodistortive transition to a nonferroelectric tetragonal
phase formed by out-of-phase tilts of oxygen octahedra.'”"’
This improper ferroelastic Pm3m — I4/mcm phase transition
has an intermediate nature between second-order and
tricritical” and is characterized by ultralow values of the
order parameter (tilting angle of ~2° at 1.5 K)."”'* Despite
this, the symmetry lowering through the phase transition leads
to splitting of the polar soft mode (F,,) into two components
(E, and A,,)"” and to the appearance of locally polar
ferroelastic twin walls'®"” remaining highly mobile down to
low temperatures.'® Moreover, the competition between
ferroelectric and antiferrodistortive instabilities (and accom-
panying strains) can have an even greater impact on the
suppression of the polar state than quantum fluctuations.'>"
There are several ways to induce the ferroelectric state in
STO, including (i) application of strong dc* or terahertz-pulse
electric fields,”" (ii) application of uniaxial pressure,”” (iii)
misfit strain in thin films,” (iv) oxygen isotope exchange,”* (v)
formation of defect/defect complexes,”>*® and (vi) iso- or
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heterovalent cation substitution.”” >’

In the latter case,
different types of polar behavior that depend on the substituted
sublattice, impurity ion, and its concentration are observed. At
the same time, it was found that substitution of Sr (especially
with Ca, Ba, or Pb) has a more pronounced effect on the
dielectric properties compared to substitution of Ti.** Special
attention is given to doping STO with magnetic impurities of
3d transition elements to achieve multiferroic behavior, which
greatly expands the material’s functionality via the possible
magnetic-field control of its dielectric properties. Shvartsman
et al.*® showed that substitution of Sr with Mn?* (2 mol %) in
the A sublattice leads to freezing of both spin and dipole
systems at 34 and 38 K, respectively. As a result, an unusual
multiglass state occurs with large higher-order magnetoelectric
coupling between two glass systems. However, some work has
criticized the proposed multiglass behavior, attributing
observed spin freezing to extrinsic contributions in ceramics,
in particular, to Mn;O, impurities or the nonrandom
distribution of Mn* and Mn* ions.”*”*® The study of Mn-
doped STO is particularly important in light of the concept of
multiferroic quantum criticality, which combines magnetic and
ferroelectric quantum critical behavior in the same system.”’
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The multivalence of Mn ions and the similarity of their ionic
radii to those of Sr** and Ti** (Table S1) allow their
incorporation into both A and B perovskite sublattices with
various Mn valence states (2+, 3+, and 4+) and diverse defect
formation schemes depending on the processing condi-
tions.>* 730384 I particular, for ceramic samples, sintering
in oxygen results in the incorporation of Mn** at Ti positions
while firing in a reducing atmosphere leads to the preferable
substitution of Sr with Mn>".*> Solid solutions of
Sr;_,Mn,TiO; and SrTi;_Mn,O; have different solubility
limits of 3% and 15%, respectively,” as well as various impacts
of Mn doping on the soft mode behavior and low-frequency
dielectric response.** However, as shown by Savinov et al,,* A-
and B-substituted ceramics with a low Mn concentration (0.1
atom %), as well as STO:Mn (0.1 atom %) single crystals,
demonstrate similar low-temperature dielectric relaxation
processes with almost the same values of the Arrhenius fitting
parameters. The low-temperature dielectric relaxation in Mn-
doped STO is explained by two types of models: temperature-
activated hopping of Mn ions that randomly occupy off-center
positions and reorientation of defects associated with Mn**;—
O— polaronic centers.””**~** However, they are characterized
by the relatively similar activation energies (E,) and attempt
frequencies (f,), which prevents the establishment of the
relaxation mechanism based on the dielectric data only (see
Table S2 for a review). According to the electron spin
resonance (ESR)™ and X-ray absorption fine structure
measurements,””>" Mn** ions occupy off-center positions
strongly (by 0.77 A) displaced along the (001) direction
from the central Sr site. Parameters E, and f,, from the ESR are
in a good agreement with dielectric data that evidently confirm
the off-center Mn hopping as the origin of the low-temperature
relaxation.® At the same time, it is believed that in B-
substituted STO Mn*" ions occupy the central position that
prevents local dipole formation (see, for example, refs 45, S0,
and 51). Moreover, Tkach et al.* noted that B substitution
does not induce low-temperature dielectric relaxation, which is
characteristic of A-substituted ceramics with low concen-
trations of Mn (several atomic percent). However, studies of
Mn localization in B-substituted STO and its dielectric
properties have been carried out on different samples
(ceramics and crystals) at various dopant concentrations,
which complicate the establishment of the possible origin of
dielectric relaxation.

In this Letter, on the basis of the results of precise X-ray
single-crystal diffraction, we show for the first time that at
room temperature Mn ions in SrTi;_ Mn,O; occupy positions
displaced along the (001) direction by 0.31 A, which allows
manifestation of the off-center Mn hopping and related
dielectric relaxation. Moreover, at temperatures near the
antiferrodistortive transition, the randomly occupied off-center
position splits into two other crystallographically non-
equivalent off-center positions. This provides the specific
potential barrier distribution for local hopping of Mn ions,
which explains the experimental observation of the two
dielectric relaxation processes with similar Arrhenius fitting
parameters.

Panels a and b of Figure 1 show the reciprocal space
projections obtained for the 296 and 100 K data at the same
diffractometer angle settings for the STO:Mn (2 atom %)
single crystal. One can see that cooling to 100 K does not lead
to the appearance of any superstructural reflections, which
could indicate a known antiferrodistortive phase transition
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Figure 1. (a and b) Reciprocal space diffraction peaks obtained by
pixel-by-pixel conversion of 1200 experimental frames, measured for a
STO:Mn single crystal at 296 and 100 K, respectively. Panels a and b
show projections in the [1 0 0] plane. Residual electron density of a
STO:Mn single crystal (c and e) without and (d and f) with Mn**
cation at (c and d) 296 K and (e and f) 100 K. Negative isolines are
marked with dotted lines, and positive ones with solid lines. The
isoline step is 0.1 e/A°.

from the cubic phase (Pm3m) to the tetragonal one (I4/mcm).
Precise low-temperature experiments (Table 1) showed that
within the accuracy of the experiment, no deviations from
cubic symmetry were observed. At the same time, an attempt
was made to refine the structure in the tetragonal I4/mcm
space group. Despite the increase in the number of refined
parameters, the quality criteria turned out to be worse and the
refinement process did not allow us to obtain physically
significant results. However, the temperature dependencies of
the cubic (pseudocubic) unit cell parameter for both pure STO
and STO:Mn single crystals demonstrate a significant deviation
from linear behavior at 105 and ~110 K, respectively (Figure
S1). This can be interpreted as traces of the antiferrodistortive
phase transition (difficulties in its direct observation by X-ray
diffraction methods are discussed below).

The cubic unit cell parameter of the STO:Mn single crystal
is 3.90663(3) A. Refinement of the occupancies of the cationic
and anionic positions in SrTiO; showed that the nearly ideal
stoichiometry is observed only in the Sr*" sublattice
[0.9989(6)], while the Ti** [0.967(3)] and oxygen
[0.988(9)] sublattices are characterized by the difference
from the theoretical values. To determine the position of the
Mn cation, during the first stage, we refined the SrTiO;
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Table 1. Parameters from the X-ray Diffraction Experiment and Final Results of Crystal Structure Refinements for STO:Mn (2

atom %) and Pure STO Single Crystals

Crystal Data

temperature (K) 296(2)

chemical formula weight M,

crystal system, space group

no. of formula units (Z)

a(A) 3.90663(3)
Vv (&) 59.622(1)

radiation type, wavelength 4

absorption coefficient y (mm™") 25.48

crystal size

0.134 mm X 0.094 mm X 0.077 mm

StTi;_, Mn,O5_, SrTiO;
100(2) 293(2) 90(2)
183.38 183.48

cubic, Pm3m
1

3.89695(5) 3.90410(6) 3.89761(5)

59.180(2) 59.506(3) 59.210(2)
Mo Ka, A = 0.71073 A

25.242 25.47 25.60

0.114 mm X 0.080 mm X 0.066 mm

Data Collection

diffractometer

1I detector
sin /A (A™') (min/max) 5.21/47.17
absorption correction
Tonins Trax 0.211-0.442
no. of measured, independent, and observed 3640, 82, 80

[I > 26(I)] reflections

Ry, 0.0199

Bruker APEXII CCD with PHOTON

Bruker QUEST D8 with PHOTON III detector

5.23/57.74 5.22/44.35 5.23/57.73
Numerical (SADABS2016/2; Bruker, 2019)

0.136—0.321 0.192—0.409 0.192—0.438

10137, 119, 119 2665, 74, 74 5075, 119, 199

0.0325 0.0196 0.0281

Structure Refinement

R[F* > 206(F*)], wR(F*), GOF

no. of reflections 82

no. of parameters 10

AP/ Dpmin(e A7) 0.358/—-0.341
extinction coeflicient 0.103(16)

occupations (x, y)*

0.0097, 0.0231, 1.193

0.0111, 0.0294, 0.0092, 0.0230,  0.0116, 0.0311,

1252 1.245 1172
119 74 119

7 6 6
1.091/-0.702 0.338/-0.420 1.161/—0.787
0.077(17) 0.090(15) 0.057(18)

0.03(2),0.02(1) -

“According to the results of refinement of the occupations of Ti/Mn and O atoms at 296 K.

structure and built a map of the residual electron density
(Figure 1c). One can see that in the Wyckoff positions 6f (*/,,
x, '/,) the electron density maxima are observed 0.518 A from
the Ti* cation. Then, we positioned the Mn cation at the
displaced position, determined its adjusted parameter (x =
0.42) and its occupancy (as equiprobably disordered over six
positions around the Ti*" cation), and carried out the final
refinement of the structure with the refinement of the
occupancies of the positions of the Ti*" and Mn cations and
the O?” anion. The refinement results showed that Mn
Wiyckoff position 6f is shifted by 0.31 A from the Ti*" cations
(occupied Wyckoff position 1b) and its occupancy is
approximately 3%. This agrees well with the assumption that
the Ti*" cation is replaced with Mn with a slight oxygen
deficiency (occupancy of 99.0%). Figure 1d shows a map of the
residual electron density after refinement of the STO:Mn
structure with the disordered displacement of Mn cations. The
peaks of residual density in Wyckoff position 6f (*/,, x, !/,) are
no longer present.

As in the case of the structure at room temperature, at the
first stage the structure at 100 K was refined without Mn and a
residual density map was built (Figure le). Note that in
addition to the maxima in Wyckoff position 6f (*/,, x, '/,) that
were observed at room temperature, new peaks appeared in the

Wryckoff position 12 (1/,, y, y). That is, if at room temperature
the Mn cation was disordered over six symmetrically
equivalent positions (the occupancy of each position is '/),
then at 100 K there are apparently 18 symmetrically
nonequivalent positions (6 + 12), and the occupancy of each
position decreases by an additional 3 times. For this reason, it
was not possible to refine the positional and thermal
parameters of Mn, and the structure at 100 K was refined
only without the Mn cation due to critical correlations.

It is essential to note the following specific features of the
Pm3m — I4/mcm phase transition in SrTiO;, which prevent its
reliable identification by X-ray diffraction methods directly
near the transition temperature.

(i) Out-of-phase octahedral tilts associated with the
antiferrodistorsion transition include only oxygen
displacements that are difficult to detect by X-ray
diffraction.

(i) An ultralow value of the tilting angle (2°) at 1.5 K was
found according to the neutron diffraction data.”? Using
group theoretical analysis, we estimate the total
distortion amplitude associated with the proper order
parameter R~ (out-of-phase octahedral tilts) as only
0.11 A (Tables S3 and S4),°* which is several times
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smaller than other types of distortions in perovski-
tes 5254

(iii) The phase transition has a second-order (close to a
tricritical point) nature with a smooth temperature
behavior of the order parameter.12 This means that, near
the phase transition temperature, the distortions are very
small upon cooling by several degrees, in contrast to the
first-order transition with an abrupt increase in the order
parameter amplitude.

(iv) Strong anharmonicity of the atomic displacements is
observed for all atoms at 145 K.>*°°

Although the analysis of X-ray single-crystal diffraction does
not reveal a clear symmetry reduction, the distribution of the
residual electron density shows significant changes in the
position of the Mn atoms upon cooling to 100 K (Figure lc—
f). Moreover, crystallographic analysis clearly shows that the
Pm3m — I4/mcm phase transition (Figure 2a,b) leads to

14/mem

14/mem
(b)
Averaged structure
Pm3m
Q- ef
X Z
Wyckoff position splitting O _16k Domain orientations

Figure 2. (a) Antiferrodistortive Pm3m — I4/mcm phase transition in
STO. Sr atoms are colored green, Ti atoms blue, and O atoms red.
(b) Displacive disorder of the Mn atoms in phases with space groups
Pm3m and I4/mcm. Wyckoff position splitting at the structural phase
transition and the averaged pseudocubic structure correspond to the
superposition of the Wyckoff positions in structural domains with
three possible orientations of the long axis.

Wyckoff position splitting ;( [y %, y) = 8f (My Uy 2) +
16k (y, %, '/,) (Table S5).>7*® The first position is moved to
oxygen along the tetragonal axis, and the second is moved into
a space between two oxygens (depending on the values of the
adjusted parameters). Considering the formation of structural
domains with different orientations of order parameter Ry~ (six
structural domains with three possible orientations of the long
axis), these splitting positions in the I4/mcm structure can be
presented as the sum of positions 6f (*/,, x, '/,) (Figure Ic)
and 12j (*/,, y, y) (Figure 1d) in the averaged pseudocubic
structure that corresponds to the distribution of residual
electron density at 100 K (Figure lc,d). Thus, the observed
redistribution of the residual electron density at 100 K can be
an indicator of the Pm3m — I4/mcm phase transition, which
cannot be reliably established on the basis of profile analysis for

the reasons noted above. More significant is the fact that the
observed off-center displacement of Mn ions provides the
multiminimum energy profile for possible atomic hopping
between crystallographically equivalent positions as a possible
origin of the dielectric relaxation discussed in the liter-
ature.”*™*® At the same time, octahedra tilt-induced splitting
of the off-center position into two crystallographically
nonequivalent positions leads to the emergence of an unequal
potential barrier distribution for possible local hopping of Mn
ions. As a result, a more complex pattern of dielectric
relaxation is expected.

Figure 3 presents the temperature dependencies of the
dielectric permittivity and loss tangent of the STO:Mn single
crystal measured at different frequencies in the range of 1 kHz
to 1 MHz. The temperature behavior of the real permittivity
(Figure 3a) demonstrates typical features observed in pure
STO. €'(T) increases upon cooling, reaching values of &' =
7300 at the lowest temperatures without revealing any anomaly
related to the ferroelectric phase transition. The increase is
connected purely with the temperature evolution of the
ferroelectric soft mode observed at terahertz frequencies
(Figure S2) whose dielectric contribution values Aegy(T)
(blue dots in Figure 3a) practically coincide with the measured
radiofrequency (RF) permittivity. At high temperatures, the
dependence of RF permittivity ¢ (T) and dielectric contribu-
tion Aggy(T) of the terahertz soft mode obey Curie—Weiss

behavior (inset of Figure 3a,c): Aggy(T) = T_CT

frequency vgy(T) follows the Cochran law (see Figure 3d):
vg(T) = const,/T — T.. Below 80—100 K, a strong
deviation in &'(T) from Curie—Weiss dependence is observed
due to suppression of the phase transition by quantum
fluctuations; the temperature dependence of RF permittivity at
all measured temperatures is described well by the Barrett

° (inset of Figure 3a): £'(T) = € . The

expression b
cotl

obtained parameters are the Curie—Weiss temperature (TC =
31 K), the Curie—Weiss constant (C = 8 X 10* K), and the
quantum temperature (T; = 84 K). Similar behavior of the
low-frequency permittivity and soft mode was observed for
pure STO single crystals with the values of the parameters
being similar to those obtained here (see, e.g, ref 1): C = 8 X
10* K, T, = 80 K, and T = 35.5 K. This indicates no strong
effect of Mn doping on the suppression of the ferroelectric
instability. The pronounced peak is observed in the dielectric
loss tan 5(T) that shifts from ~20 to ~40 K as the frequency
increases from 1 kHz to 1 MHz (Figure 3b). An additional
anomaly is detected at higher temperatures as a shoulder (left
inset of Figure 3b), which can be associated with a second
relaxation peak observed earlier in Mn-doped STO.” Both
relaxations demonstrate the Arrhenius temperature behavior of
peak frequency ~ f, exp(—E,/kT) (here ky is the Boltzmann
constant) with an activation energy and preexponential factor
(attempt frequency) for the intensive peak of 35 meV and 1 X
10" Hz, respectively. For the weaker peak, the activation
energy and preexponential factor can be estimated to be 43
meV and 1.6 X 10'° Hz, respectively.

The observed behavior of dielectric loss fundamentally
differs from that typically revealed by pure STO® and some
Mn-doped STO ceramics and crystals at temperatures of
~60—120 K.**"* They are characterized by significantly
higher values of E, (~120 meV) and are usually associated
with the effects of the antiferrodistortive phase transition, in
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Figure 3. Temperature dependence of dielectric parameters and soft mode parameters of the SrTiO; single crystal doped with Mn (2 atom %)
measured at different frequencies in the RF and terahertz ranges. (a) Temperature dependence of real RF dielectric permittivity ¢’ measured at
several frequencies. Blue dots correspond to temperature-dependent dielectric strengths of the terahertz soft mode (see Figure S2). The inset shows
the temperature dependence of the inverse RF permittivity at 1 kHz (black dots) and the inverse dielectric strength of the terahertz soft mode (blue
dots). Solid lines show results of least-squares fits with Barrett and Curie—Weiss expressions with a Curie constant C of 8 X 10* K, a Curie
temperature T of 31 K, and a quantum temperature T, of 84 K. (b) Temperature dependence of the loss tangent measured at several frequencies.
The left inset shows that two peaks are observed with significantly different intensities. As seen in the right inset, the more intense peak displays
activated temperature behavior (straight line) with an activation energy E, of 35 meV and a preexponential factor (attempt frequency) f, of 1 X
10" Hz. For the second weaker relaxation peak, the activation energy and preexponential factor can be estimated to be 43 meV and 1.6 X 10'° He,
respectively. Temperature dependencies of the parameters of the ferroelectric soft mode observed in terahertz spectra (see Figure S2): (c) dielectric
strength Aegy, (d) frequency gy, and (e) damping ygy (see eq S1). The insets of panels ¢ and d show the temperature dependencies of the soft
mode inverse dielectric strength and squared frequency, respectively. Straight lines in these insets correspond to the Curie—Weiss and Cochran
laws with a Curie constant C of 8 X 10* K and a Curie temperature T of 31 K. The inset of panel e shows the temperature-independent soft mode
oscillator strength foy = Aegylsni

45,60

particular, with the dynamics of ferroelastic domain walls.
As noted by us earlier, the origin of the low-temperature
dielectric relaxation in Mn-doped STO crystals and in ceramics
is discussed in terms of possible temperature-activated hopping
of Mn ions and reorientation of the polarons connected with
defect centers Mn**1;—O—, which have similar values of E, and
fo 7% For A- substituted STO (Mn?* substitutes for Sr**),
the results of ESR*® and XAD**° strongly argue for off-center
Mn** positions, and as a consequence, a Mn hopping
mechanism is preferred. On the contrary, there was no
evidence of the off-center positions for Mn in B-substituted
STO (Mn*" substitutes for Ti*"); according to the analysis of
XANES and EXAFS spectra® as well as density functional
theory calculations,”’ the dielectric relaxation is usually
associated with the polaronic mechanisms.*”*~* On the
basis of our results, we summarize the experimental facts that
allow us to put forward the more likely mechanism of dielectric
relaxation in STO:Mn single crystals.

(i) According to the results of highly accurate (R ~ 1%;
GOF ~ 1.2) single-crystal diffraction, the noncentral
position of Mn ions in the B sublattice was established.

(ii) It was shown that at temperatures near the antiferrodis-
tortive transition the randomly occupied off-center
position splits into two crystallographically nonequiva-
lent oft-center positions, providing the specific potential
barriers for possible local hopping of Mn ions. This
correlates well with the two observed RF relaxation

processes detected at 20—60 K, ie., below the
temperature of the antiferrodistortive transition.

(iii) The relaxation processes are characterized by similar
activation energies (38 and 43 meV) and attempt
frequencies (10" and ~1.6 X 10" Hz); the correspond-
ing loss anomalies manifest at similar temperatures, but
they have different intensities, suggesting the same
physical mechanism for the two relaxations.

(iv) Similar dielectric behavior with two coexisting relaxation
processes was observed in studies of B-substituted
STO:Mn ceramics*> and single crystals with a
significantly lower Mn concentration (0.1 atom %) in
the same temperature range.

(v) According to Lemanov et al,*® the temperature
dependencies of the relaxation frequency in STO-
based ceramics deviate from Arrhenius behavior at <10
K. This deviation is described well by accounting for the
quantum tunneling regime with a barrier width of 0.3 A
(for B-substituted STO:Mn ceramics), which is very
similar to the displacement of the Mn atomic positions
(0.31 A) established by us on the basis of single-crystal
diffraction.

Note that considering only results iii—v does not allow us to
give preference to any of the two possible relaxation
mechanisms, hopping or polaronic. However, the discovered
off-center positions of Mn in the B sublattice and their
correlation with the features of the dielectric RF response
present a strong argument in favor of temperature-activated
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hopping of Mn as the origin of dielectric relaxation in STO:Mn
crystals.

We emphasize that displacement disorder is usually
observed for cations having a strong electronic tendency to
noncentrosymmetric coordination. Typical examples are
cations Bi** and Pb*" with a stereochemically active lone pair
of electrons in perovskites,”®> pyrochlores,”>™ and hex-
aferrites’® or transition metals with a d’-electronic config-
uration enabling the pseudo-Jahn—Teller effect like Ti*" in
BaTiO;.” In systems with a d"-electronic configuration, the
pseudo-Jahn—Teller effect may arise from the balance between
vibronic coupling and low rigidity, as well as the energy gap
between the ground and excited states.”*®” For STO:Mn, the
situation becomes more complicated due to the multivalence
states of manganese (2+, 3+, and 4+), which can be present in
different forms (with or without charge-compensated vacan-
cies) at various substitution schemes under the external
condition.>* 36384 According to Bersuker,”® Mn ions in the
B sublattice of the ABO; perovskite structure, in principle, can
possess local polar displacements for all possible valence states
(for only d* and d* in the low-spin configuration). That is why
we do not focus on revealing the valence state of manganese in
our work. However, the emergence of the ferroelectric
instability in the most common Mn*" state in B-substituted
STO (Ti*/Mn*" ionic radius ratio of ~1.14) can be
considered by analogy with multiferroic behavior in solid
solutions (Ca, Ba)MnO,’® and (Sr, Ba)MnO,”" or in CaMnO,
at a negative pressure.”” Note that for the Mn>" state, the
Jahn—Teller effect can manifest itself through (100)-type
distortions of the Mn**O4 complex possessing tetragonal
minima of the adiabatic potential energy. However, this type of
distortion is not polar in systems with an inversion center,
unlike in the case of the pseudo-Jahn—Teller effect, and it does
not correspond to the experimentally observed structure with
Mn in an off-center position (Figure lc—f 73

In summary, we have discovered displacement disorder of
Mn ions in the B sublattice of the SrTiO; structure. On the
basis of the results of X-ray single-crystal diffraction, we
established with a very high degree of accuracy (R ~ 1%, and
GOF ~ 12) that Mn ions randomly occupy (with an
occupancy of '/¢) positions shifted along the (001) direction
by 0.31 A from central position at room temperature. Upon
cooling toward the antiferrodistortive transition temperature,
the off-center Mn position splits into two nonequivalent off-
center positions that match the symmetry relations for the
Pm3m — I4/mcm phase transition considering the structural
domain orientations. The observed octahedra tilt control of the
redistribution of the Mn position provides a structural
background for the temperature-activated hopping of Mn
ions as the most probable mechanism of dielectric relaxation in
B-substituted STO:Mn. The existence of two crystallo-
graphically nonequivalent off-center positions is at the origin
of the unequal potential barrier’s height distribution for
possible local hopping of Mn ions. Analysis of the dielectric
RF response reveals two Arrhenius-type relaxation processes
characterized by similar activation energies (35 and 43 meV)
and attempt frequencies (1 X 10" and ~1.6 x 10" Hz),
suggesting the same mechanism determines the relaxation
processes. We relate this mechanism with the temperature-
activated hopping of Mn ions between unequal potential
energy minima originating from the observed displacement
disorder. The obtained results allow us to associate the
dielectric relaxation in STO:Mn with the temperature-activated

hopping of Mn ions, the mechanism that was reliably
confirmed for A-substituted STO but is usually overlooked
in B-substituted samples. To the best of our knowledge, this is
the first time that an off-center position of Mn in B-substituted
SrTiO; has been reported, which expands our understanding of
the dielectric and possible multiferroic properties of quantum
materials.

B EXPERIMENTAL METHODS

Crystal Growth. SrTiO;:Mn single crystals were grown by a
crucible-less zone melting method with optical heating on a
URN-2-ZP setup described elsewhere.”*”> Zone recrystalliza-
tion of SrO-TiO, and 0.98SrO-Ti0,:0.01Mn,O; ceramic rods
was carried out in air at a linear rate of 10—15 mm/h and a rod
rotation rate of 40—100 rpm. The choice of Mn concentration
(2 atom %) is due to the importance of further comparison
with the literature data and the fact that this is the lowest
possible composition where it is possible to find reliable
structure—property correlations using X-ray diffraction. For the
synthesis of crystals, the following reagents were used: SrCO,
(99%), TiO, (98%), and Mn,0; (96%), as well as SrTiO;
single crystals as a seed, previously grown by zone melting. As a
result, single-crystal cylindrical boules up to 10 mm long and
up to 8 mm in diameter were obtained. The boules were
transparent in the visible range and had a light yellow color for
a nominally pure crystal and a burgundy color when Mn atoms
were added to the crystals (Figure S3). The powder diffraction
pattern of the crushed crystals, recorded on a DRON X-ray
diffractometer (Cu Ka radiation), confirms that at room
temperature they belong to the cubic phase of STO without
any traces of impurity phases (Figure S4).

Single-Crystal X-ray Diffraction. A single crystal with
developed faces and linear dimensions of 0.134 mm X 0.094
mm X 0.077 mm was selected (Figure SS) for X-ray diffraction
analysis. Experimental sets of X-ray diffraction data were
collected on single-crystal diffractometers (Bruker D8 QUEST
at 100 K and Bruker APEX II with detector PHOTON II at
296 K) (graphite monochromatic Mo Ka radiation; 1 =
0.71073 A; @ and ® scanning) by using a single crystal.
Integration of X-ray diffraction peak intensities was carried out
using SAINT version 8.38A. SADABS version 2016/2 included
in the APEX3 package’® was used to take into account the
absorption by crystal habits and reduce the integral intensities
to a uniform scale. The crystal structure was determined using
the Bruker SHELXTL APEX3 software package;’®’” XPREP
was used to determine the space group, and XT and XL were
used to determine the structure and further refinement,
respectively. Structural refinements were performed by full-
matrix least squares over F*(hkl) with structural factors for ions
Sr**, Ti*", Mn, and O*~. Comparative crystal chemical analysis
of possible schemes of Mn incorporation (together with
literature data)®*~***~** reveals the principal possibility of
substitutions in B (for 3+ and 4+ valence states) and A (for the
2+ valence state) perovskite sublattices (Table S1). When
considering the valence states of Mn ions, both 3+ and 4+ give
similar results within the accuracy of the method, while the use
of 2+ Mn (substitution in the A sublattice) led to a significant
deterioration compared to substitutions in the B sublattice.
The thermal parameters for all atoms were refined in the
anisotropic approximation, except for the Mn atom, which was
refined in the isotropic approximation. Table 1 shows the
parameters of the X-ray diffraction experiment and the final
results of crystal structure refinements.
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Dielectric Measurements. For dielectric RF measurements, the
base surfaces of the sample were covered by the electrodes that
were obtained by burning Ag paste at ~773 K. The low-
frequency complex dielectric permittivity [e*(v) = &' (v) +
ie”(v)] and loss tangent [tan &(v) = &"(v)/e'(v)] were
measured at frequencies from 25 Hz to 1 MHz and
temperatures from 4.2 to 294 K using a model E7-20
immittance meter (Minsk Scientific Research Instrument
Making Institute, Minsk, Belarus). The temperature rate and
applied ac electric field were ~3.3 K/min and ~1.14 V/mm,
respectively. To examine the ferroelectric soft mode behavior,
terahertz measurements of real &'(v) and imaginary &”(v)
permittivity were performed using the TeraView TPS Spectra
3000 time domain spectrometer in transmission geometry
mode on a plane-parallel 620 pm thick sample at frequencies of
5—25 cm™" and temperatures of 100—300 K; below 100 K, the
transmissivity was too low to allow reliable determination.
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