PHYSICAL REVIEW B 110, 024114 (2024)

Structural instability and lattice site occupation of Mn2* ions in the SrTiO; quantum paraelectric
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Strontium titanate (SrTiO;) is the most known material from the family of quantum paraelectrics. Thanks
to its extremely “soft” lattice, its functionality can be easily tuned by applying both external stimuli (pressure,
strain, electric field) and through doping or isotope exchange. In this paper, we present the results of a detailed
study of two Mn>* centers in Mn-doped SrTiO; single crystals using both continuous wave and pulsed electron
paramagnetic resonance (EPR) spectroscopy at frequencies from 9.5 to 427 GHz and temperatures from 5 to
296 K. The first center is created by a Mn?* ion at the Sr>* lattice site in an off-center position. Its spectroscopic
characteristics were determined for both fast and slow motion regimes of the impurity ion. In particular, all
spin transitions allowed by the Mn>* spin were well resolved in the slow motion regime. The second center is
created by a Mn** ion at the Ti** position in the center of the oxygen octahedron. It has been established that
the surrounding of this ion undergoes strong distortion when cooled below the phase transition temperature
T. = 105 K, stimulated by the rotation of the oxygen octahedron. The present data also perfectly explain
the previously obtained EPR data from measurements of SrTiO3:Mn ceramics at low microwave frequencies

(9-10 GHz).

DOLI: 10.1103/PhysRevB.110.024114

I. INTRODUCTION

SrTiO; is one of the most thoroughly studied ferroelectric-
active materials in solid state physics. During the past two
decades the topics of main interest were the quantum para-
electric behavior and quantum tunneling of local polarization
[1,2], lattice dynamics and ferroelectricity in the '8Q isotope
enriched crystals [3,4], weak polarity at low temperatures [5],
superconductivity [6], ferroelectricity induced by off-center
paramagnetic dopants and corresponding magnetoelectrically
coupled multiglass state [7,8], and recently possible utiliza-
tion of the unique dielectric properties of SrTiO;z in the
nonvolatile electric control of spin-charge conversion in a
Rashba system [9] and in spin-based quantum information
systems [10]. Also, significant progress has been made in
the technology of growing SrTiO; epitaxial films in recent
years. In particular, SrTiO; films with the ferroelectric phase
at room temperature were grown using strain engineering
[11,12]. Later, topological excitations (vortex and skyrmion
polar textures) were discovered in SrTiO; — PbTiO3 epitax-
ial superlattices [13,14]. Doped by electron spins such polar
superlattices offer the potential for future applications in spin-
tronics, quantum information processing, and sensing [15,16].

Significant research effort has been focused on the
characterization of the nature of Mn-related centers and fer-
roelectricity in Mn-doped SrTiOs; ceramics by using both
experimental techniques [7,17-23] and theoretical modeling
(see, e.g., Ref. [24] and references therein). It was revealed
that a strong dielectric anomaly appears around 60 K in
ceramics that have been specially prepared with Mn?* ions
primarily substituting Sr’>* host ions. This anomaly is sim-
ilar to that found in another quantum paraelectric, KTaOs3,
which was doped by off-center Li* ions [25]. Therefore, the
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dielectric anomaly was reasonably attributed to hopping of
the Mn”* ions between off-center positions in SrTiO; lattice
as the ionic radius of Mn?* (0.96 A) is substantially smaller
than that of Sr>* (1.26 A) [26]. The Mn?" off-centrality was
then confirmed by electron paramagnetic resonance (EPR)
[27] and extended x-ray absorption fine structure measure-
ments [18,20,21]. The DFT-based calculations also predict
the off-center position of Mn* ions [24,28-30]. However,
in fact, only broadening up to complete disappearance at
approximately 100 K of the motionally averaged spectrum
was measured in EPR. The low-temperature EPR spectrum
of Mn?* at the Sr’>* site in the slow motion regime, where
all spin transitions allowed by the spin S = 5/2 must be
visible, was never observed. Previous measurements of ce-
ramic samples only demonstrated broad and intensity weak
“bumps” [27] which could hypothetically belong to the low-
temperature Mn?* spectrum. Therefore, the EPR study of
Mn-doped SrTiO; single crystals is very desirable.

Mn?* centers in SrTiO; single crystals were previously
studied in [31]. The study identified two distinct types of
Mn?* centers in reduced crystals through EPR. One of the
centers displayed cubic symmetry, while the other exhibited
axial symmetry about one of the cubic edges. The cubic
Mn?* center was assigned to Mn?* substitutional for Ti**
with no local charge compensator. The second one, charac-
terized by highly anisotropic fine structure transitions with
large zero-field splitting, was assigned to the Mn>* — V pair
center. The cubic Mn?* spectrum was observed only above
approximately 100 K. At lower temperatures, Mn>* spectral
lines broadened to the extent that they were no longer observ-
able. Upon further cooling to 4.2 K, a much more complex
anisotropic spectrum appeared, which, however, was not an-
alyzed due to weak resolution. In fact, all these features of
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the cubic Mn?* center described in [31] well coincide with
those of Mn* center assigned to Sr site in ceramic samples,
e.g., [27,20]. Given this fact and the common interest in Mn
doping of SrTiO3, which substantially increases the function-
ality of SrTiOs-based materials, the previous results on Mn**
centers in single crystals must be reexamined. In regard to
manganese-doped ceramics, various Mn-related centers are
comprehensively reviewed in publication [20].

In this paper, we present results of our detailed EPR
investigation of two Mn?* centers in StTiOj; created by man-
ganese ions at both Sr and Ti sites with no local charge
compensator: Mn?*(Sr) and Mn?*(Ti) centers, respectively.
The measurements are performed on single crystals with man-
ganese concentration ranging about 0.03-0.3 at. %. In order
to diminish the dominant Mn** valence state of manganese to
the desirable Mn2*, the crystals were codoped by W%+ ions.
Both the conventional continuous wave (cw) and advanced
pulse EPR techniques were utilized for measurements at tem-
peratures from 296 K down to 5 K. To simplify the Mn>*
spectra at low temperatures, where all spin transitions become
visible, measurements were also done at very high microwave
frequencies (200-427 GHz). Our results unambiguously con-
firm the off-center nature of Mn?* when it replaces Sr**
lattice ion. On the contrary, Mn?%t replaces Ti** at the central
position in oxygen octahedron. However, it shows quite un-
usual behavior below the temperature of the structural phase
transition at 105 K as compared to other impurities substituted
for Ti (e.g., Mn**, Fe3*, Cr3*). In particular, high anisotropy
of the Mn?*(Ti) spectrum at T < 105 K suggests that Mn?*
surrounding undergoes strong distortion at the phase transi-
tion.

II. EXPERIMENT

SrTiOj crystal used in our measurements was grown by
the Verneuil method [32]. In order to suppress the substitution
of Mn ions at Ti site (Mn** isovalent substitution) and, thus,
increase the probability for manganese penetration as Mn>*+
ions, the crystal was grown with adding W+ codopant (about
0.3 at. %). The manganese dopant was not homogeneously
distributed in the volume of the boule in terms of concentra-
tion and type of centers. Therefore, by selecting a suitable part
of the boule, small samples could be prepared with a dominant
concentration of one or two centers of interest. In particular,
one sample (no. 1) had high (about 0.3 at. %) concentration of
both Mn?* at Sr?* site [Mn?*(Sr) center] and Mn**t at Ti**+
sites [Mn*t(Ti)], the second sample (no. 2) had dominant
but small concentration of Mn?*(Sr) (about 0.05 at. %) and
a two to three times smaller amount of Mn2T at Ti sites [
Mn?*(Ti) center]. All these concentrations were estimated
from the dipole broadening of spectral lines and their relative
intensities for different centers assuming that the Sr/Ti ratio is
equal to unit.

The measurements were done on small (typical size
2.0 x 1.5 x 0.25 mm?) crystal plates of rectangular shape
with edges coinciding with the cubic (100) axes using Bruker
EMX plus EPR spectrometer equipped with a low Q-factor
MW resonator (Bruker 41040R, Q ~ 3000) to avoid the
influence of the high dielectric permittivity of SrTiO; at low
temperatures (it reaches up to 25 000 even at the frequency of
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FIG. 1. Mn?**(Sr) EPR spectrum measured in SrTiO; crystal
(sample 2) with low manganese concentration (about 50 ppm) show-
ing resolved five My <> Mg — 1 transitions for some of six HF lines
(a). All HF components have the same intensity as illustrated by the
double integrated spectrum (b). Spectrum (c) is the calculated spec-
trum in the limit of narrow lines, and spectrum (d) is the simulated
spectrum.

9.5 GHz [33]). Pulse EPR measurements were carried out with
the Bruker E580 spectrometer equipped with the dielectric
ring MDS5 resonator. For the high frequency EPR measure-
ments (200-427 GHz), the home-made high frequency rapid
scan electron spin resonance spectrometer (THz-FRASCAN-
ESR) operating at frequencies up to 1 THz was utilized [34].
All three spectrometers were equipped with liquid helium
cryostats allowing measurements in the temperature range
3.5-300 K.

III. EXPERIMENTAL RESULTS
A. Mn?* at Sr site

The Mn?* spectrum measured in sample 2 is shown in
Fig. 1. Its g factor of 2.0032 and the splitting between six
hyperfine components (*9.2 mT) are completely the same as
those measured previously for Mn?" ion substituted for Sr>*+
in ceramic samples [20,27,35]. However, due to a narrower
linewidth, a specific splitting of each hyperfine line is resolved
now. The spectrum is thus unusual as for a paramagnetic ion
in a crystalline matter. It has all the characteristic features of a
paramagnetic ion in liquid, where all anisotropic interactions
of Mn?* ion with its surrounding are averaged to zero. This
confirms that the Mn?* ion at the Sr?* site indeed undergoes
fast motion in the lattice in accordance with the earlier data
obtained in ceramic samples [7,17,27]. The resonance fields
are described by the spin Hamiltonian used for liquids:

H=p.SgB + SAI, (1)
where B, is the Bohr magneton, g is the g factor, S = 5/2 and

B are the electron spin and magnetic field, respectively, and
A is the hyperfine (HF) constant of the >>Mn isotope (nuclear
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spin I = 5/2 and 100% abundance). Both the Zeeman and HF
interactions are isotropic.

The splitting observed at HF lines originates from the SA/
term in the spin Hamiltonian (1) for the spin S > 1. This
term makes resonance fields of the Mg <> Mg — 1 fine transi-
tions slightly different within different HF lines. Because this
resonance field shift is proportional to A?/gB.B (see, e.g., for-
mulas in [36]), it is small (=1 mT) even at X-band microwave
frequencies (9-10 GHz) and is completely invisible in the O
microwave band (35-40 GHz) or higher frequencies. Usually,
these fine transitions are broadened by random crystal fields
and thus are not visible (e.g., Mn?* in CaO [37]) or split by
the cubic components of crystal field (for instance, Mn>* ion
in cubic crystal MgO [38]). In our case, all anisotropic inter-
actions of Mn?* ion with lattice (including high-order cubic
terms) are averaged out by fast motion of this ion between
off-center positions at the Sr site. Therefore, all the My <
Mg — 1 transitions related to the SA/ term are well visible.
This is also confirmed by the calculated spectra [spectra (c)
and (d) in Fig. 1; energy level diagrams in the Supplemental
Material [39]] performed using numerical solution of the spin
Hamiltonian (1) [40]. Double integration of the complex HF
lines of the measured spectrum shows that they have the same
intensity [spectrum (b) in Fig. 1]. Therefore, the spectrum
originates exclusively from Mn>* ions at Sr** sites without
marked contribution from other possible centers which could
lead to the complex character of the spectrum shown in Fig. 1.

As the temperature decreases, the Mn?*(Sr) spectral lines
start to broaden (Fig. 2), resembling the behavior observed
in the ceramic samples [27]. As a result, the spectrum is
completely invisible between 20 and 120 K. At these tempera-
tures, only the Mn** spectrum is visible [Fig. 2(b)]. However,
with further temperature decrease, the Mn?* spectrum appears
again but with well distinguished sixsets related to the Mg <
Mg — 1 fine transitions in Fig. 2(c). This corresponds to the
slow motion regime of the paramagnetic ion, when the rate of
Mn?* hopping between off-center positions becomes smaller
than the zero-field splitting energy of the off-center shifted
ion. At these low temperatures, the Mn>*(Sr) spectrum is de-
termined by the crystal field created by the off-center shifted
Mn?* ion and the formation of tetragonal symmetry domains
with tetragonal axes pointing in either of three pseudocubic
[100], [010], and [001] directions due to the phase transition
in SrTiO5 at T, = 105 K. This leads to creation of at least three
magnetically nonequivalent Mn?* (Sr) centers, differing in the
directions of their magnetic axes.

A similar Mn?* spectrum with a resolved fine structure
was measured using the echo-detected field sweep (EDFS)
pulse EPR (Fig. 3). Note that the low-temperature spectrum in
Fig. 2 was measured with extremely small microwave power,
of only 1 uW, as microwave fields are substantially enhanced
at the paramagnetic ion at temperatures 4-20 K due to the
large (up to 25000) dielectric constant of SrTiO; even at
9-10 GHz frequencies [33]. Furthermore, due to the high
dielectric constant, it was challenging to measure the angular
dependencies of spectra using the cw EPR technique, as it
strongly influenced the tuning of the EPR resonator. There-
fore, the pulse EPR technique was applied to measure angular
dependencies of the Mn?* spectrum. However, as it can be
seen from Fig. 3, the angular variation of the Mn?* spectrum
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FIG. 2. Mn?*(Sr) and Mn**(Ti) EPR spectra measured in
StTiO3:Mn,W crystal (sample 1) at temperatures 295 and 150 K
(a), 60 K (b), and 12 K (c). The spectra at 60 and 12 K are shown
with a magnification factor of 10. Also, due to the strong saturation
effects in spin transitions at low temperatures, the microwave power
for the spectrum taken at 12 K was only 1 uW. The most visible
spin transitions are labeled in (c); they correspond to the magnetic
field direction perpendicular to the tetragonal axis, directed in either
of the two pseudocubic [100] and [010] directions, as shown in the
inset to (b).

is quite complex due to the immense number of spin transi-
tions (there are 90 spectral lines for allowed transitions only,
taking into account the presence of, at least, three magneti-
cally inequivalent Mn>* centers) and small splitting between
Mg — Mg — 1 sixsets. Additional difficulties arise also from
the contribution of forbidden transitions when the magnetic
field deviates from the symmetrical orientation along [001]
cubic axis and the contribution of the intense Mn*t spec-
trum. The forbidden transitions are presented even at [001]
magnetic field orientation as two of the three Mn®* centers
have magnetic axes perpendicular to the magnetic field. This
difficulty was resolved by performing measurements at 210
GHz frequency.

The spectra measured at 210 GHz are shown in Fig. 4.
In contrast to the measurement at 9.5-9.8 GHz, at this high
frequency, the central transition Mn>* sixset is not broadened
by motion of paramagnetic ion as it is not affected by crystal
fields (it is insensitive to crystal fields) as the second order
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FIG. 3. Angular variation of the Mn?*(Sr) and Mn**(Ti) EDFS
EPR spectra in SrTiO;:Mn,W crystal (sample 1) showing resolved
Mg < Mg — 1 transitions for Mn?*(Sr) ion, similar as in Fig. 2.

shifts of this transition by crystal fields are zero. Also, at such
high frequency and, respectively, high magnetic fields (7.3—
7.7 T) Mn** and Mn>* sixsets are well separated from each
other even for the small difference in their g factors, 1.994 and
2.003, respectively (Table I). Similar to measurements at low
microwave frequency, the Mg <> Mg — 1 transitions become
visible at 6-15 K. At this low temperature, the Mn>* spectrum
can be described by the spin Hamiltonian for a static ion in a
crystalline matter. It has the following form:

H = gBBS + D(S. — 1S(S+ 1)) + E(S; — S;) + SAIL
(2)
where D and E are the zero-field splitting parameters. The

fourth order cubic terms of crystal field for the spin S = 5/2
are omitted. They are negligibly small compared to the D- and
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FIG. 4. Mn?*(Sr) and Mn**(Ti) EPR spectra measured in sample
1 at 210 GHz and magnetic field orientation along [001] pseudocubic
direction (see inset in Fig. 2). Simulated spectrum (in red) shows the
most intensive Mn”* sixsets related to the Mg <> Mg — 1 transitions
that were calculated considering the populations of the energy levels
at 11 K. The “||” and “ L~ symbols denote the magnetic field direction
along or perpendicular to tetragonal magnetic axis (see the inset to
Fig. 2).

E-contained terms in the spin Hamiltonian, as there is no shift
of the Mn?* spectral lines in the cubic phase at T > T...

The spin Hamiltonian parameters were obtained from the
fitting of the measured spectrum at B || [001] to the calculated
one (Fig. 4, spectrum in red). The presence of two types
of centers with magnetic axes parallel and perpendicular to
magnetic field allows for easy determination of spin Hamilto-
nian parameters. This gives g = 2.0032, A = 246 MHz, D =
—1150 MHz, and E = 9 MHz. Note that the Mg <> Mg — 1
transitions were calculated taking into account the popula-
tions of the energy levels at 11 K. The visible transitions
are classified in the simulated spectrum according to the en-
ergy levels of spins at B || [001]. Since the difference in the
energy levels population at the magnetic field of 7.5 T is
large, some transitions are not visible at all. There is also a
small splitting of the 1/2 <> —1/2 central transition due to
small anisotropy of the g factor, Ag ~ 0.0004. Although the
Mn?* center has nearly axial symmetry along the [100] cubic
direction, the weak rhombicity parameter E included in the
fit model clearly improves the fitting of the measured spectra
as the spectral lines of all the fine transitions are markedly
split. This means that there is a superposition of the strong
tetragonal field characteristic for the Sr lattice site (see, e.g.,
Gd*t parameters in Table I and ®’Sr NMR data [41]) and
the field created by the off-center Mn?* ion, which could be
shifted not exactly along the simple (100) cubic directions.
Our experiment cannot distinguish these two contributions
because the low temperature “static” Mn?* spectrum becomes
visible only at T < T, = 105 K. In general, one can expect
strong influence of the phase transition on Mn?* dynamics
as the shifts of oxygen ions with respect to the Sr site at
phase transition are sizable, d(Sr-O) = 2.712 and 2.810 A,
at T < 10 K. Of course, due to the size mismatch between Sr
and Mn, the Mn surrounding ions undergo much larger shifts
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TABLE 1. EPR parameters for Mn** and Mn?* ions in SrTiOs. For comparison, EPR parameters of Fe’* and Gd** ions in StTiO; are
listed as well. The crystal field parameters &' and HF splitting constant A are given in MHz units.

Center g factor bS=D b =3E v b} A T (K) Refs.
Mn**(Ti) 1.994(1) 0 0 209(3) 296 [51]
1.994(1) 2.94 0 209(3) 77 [51]
Mn?*(Sr) 2.0032(2) 0 ~0 ~0 248(1) 296 [27,20,35,52]
2.0032(2)* —1150(10) 27(3) ~0 ~0 246(1) 11 this work
Mn?*(Ti) 2.0013(1) 0 0 ~0 ~0 238(1) 105 this work®
2.0013(2) —335(2) 40 ~0 ~0 238(1) 24 this work
Fe3*(Ti) 2.004(1) 0 0 330 1650 105 [53]
2.0037(5) 34 0 1700 4.2 [44]
Gd**(Sr) 1.992(2) 0 0 —17.1(6) 300 [45]
1.992(2) 1087(2) 0 -9.7(2) —12.6(2) 42 [45]

2At temperatures 10-20 K, g factor shows weak anisotropy Ag ~ 0.0004 revealed in measurements at the microwave frequency 210 GHz.
bSimilar Mn?* spectrum was measured in the reduced SrTiO3:Mn ceramics at room temperature [35].

than those expected for the centrosymmetric Mn position (see,
e.g., Table 2 in Ref. [20] and Table I in Ref. [24]). The theo-
retical calculations [20,24,42] predict various possible local
geometries for Mn?%t center which are, however, sensitive to
input parameters and model of calculation. In particular, the
best-fit model presented in [20] suggests deviations of the Mn
off-centering from the cubic axes with the resulting symmetry
of the Mn?*(Sr) center being reduced to monocliniclike that
obviously agrees with our data.

B. Mn?* at Ti site

Besides the Mn?* spectrum shown in Fig. 1, another Mn**
spectrum (assigned below as Mn>* at Ti site) was observed as
well in sample 2 (Fig. 5).

F=9.45388 GHz

Mn**(Ti)
[ I I I 1
T=110 K | Mn?*(sr)
| | | | Mn™(Ti) |
="
T=27K
IR D BSRP PR
L | " " L " 1 L L " " 1 L " " L | "
315 330 345 360

Magnetic field (mT)

FIG. 5. (a),(c) EPR spectra measured in SrTiO;:Mn crystal (sam-
ple 2) at 110 and 27 K, respectively, showing six broad HF lines
from Mn?* at Sr site, six intense HF lines from Mn** at Ti site, and
six narrow HF lines from Mn?* at Ti site [its simulated spectrum is
shown separately in (b)].

The spectrum contains only the central 1/2 < —1/2 elec-
tron spin transition split into six Mn HF components. Other
electron spin transitions are not visible due to broadening by
inhomogeneity of crystal fields and small values of high-order
cubic terms, suggesting that there is no motion of the Mn?*+
ion. This Mn>* spectrum is completely isotropic, similar to
the Mn** spectrum (angular dependencies are presented in
Figs. S2 and S3 in the Supplemental Material [39]). It has thus
cubic symmetry and is described by g factor 2.0013 and the
HF constant A = 238 MHz; both are typical for a Mn* ion in
the oxygen octahedron. A corresponding simulated spectrum
is shown in Fig. 5 as well [spectrum (b)]. It means that this
Mn?* ion is substituted for Ti** with charge compensation far
from the paramagnetic ion. Obviously, this is the same Mn?*
center reported in [35] for SrO-rich SrTiO3 ceramics. As the
temperature decreases, Mn>* (Ti) spectral lines do not broaden
like Mn>*(Sr) ones. However, below the phase transition at
105 K, each Mn?* HF line splits into a few components [spec-
trum (c) in Fig. 5]. A more detailed temperature dependence
of the Mn?* spectrum is shown in Fig. 6.

At arbitrary orientation of magnetic field with respect to
crystal axes, the spectrum contains four visible spectral com-
ponents whose resonance fields change when the magnetic
field rotates around the [001] cubic axis (Fig. S2 in the Sup-
plemental Material [39]). However, the angular dependencies
of the resonance fields were not quantitatively analyzed, as
the shift of spectral lines is weak (for the central transition,
it is a second order effect of crystal field change). Besides,
the crystal below the phase transition temperature becomes
multidomain (the symmetry changes from the cubic m3m to
the tetragonal /4/mcm with the tetragonal axis pointed along
any of the (100) pseudocubic directions). This additionally
complicates the spectrum.

The spin Hamiltonian parameters of the Mn?*(Ti) center
were calculated using the spin Hamiltonian (2). The spectra
were simulated for B || [001], where the splitting is largest.
This means that the magnetic z axis is oriented at any of the
three (100) directions. The other two magnetic axes defined
by the E terms in the spin Hamiltonian (2) are located in
the perpendicular plane. Because the x and y magnetic axes
are interchangeable, overall, there should be six magnetically
inequivalent centers with orthorhombic symmetry. But not
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FIG. 6. Temperature dependence of EPR spectra in the same
crystal as in Fig. 5 at the magnetic field orientation B || [001]. The
last spectrum at 30 K was measured at the magnetic field orientation
deviated by =15 ° from [001] direction to show the splitting of the
Mn?*(Ti) HF components into four lines due to structural phase
transition at 105 K. Its simulated spectrum is shown in red.

all centers are distinguished separately for the 1/2 < —1/2
central transition. In this relation, the angular variation of the
Mn?* spectrum is very similar to that of the Fe3* — V¢ center
described in detail in [43]. The rhombicity of the Mn2" center,
as in the case of Fe>* — Vg center, is related to rotation of
the oxygen octahedron at the phase transition. As an example,
the last spectrum in Fig. 6 measured at 30 K was simulated
(shown in red) with the following parameters: g = 2.0013,
D = —330 MHz, E = 13 MHz, and A = 238 MHz. The
temperature dependence of the axial crystal field component
D is shown in Fig. 7.

Excepting temperatures just below the phase transition
temperature, where the D values can be determined only
roughly, the temperature dependence of the D constant can
be described by the function

D(T)oo(T, — T)"?, A3)

i.e., D(T) o ¢, where ¢ is the order parameter of the phase
transition (rotation angle of oxygen octahedron). This func-
tional dependence of the crystal field parameter D is similar
to that found in SrTiO5 for Fe** and Gd** ions [44,45]. If we
compare the D constant values with those for Mn** and Fe3+
ions substituted for Ti as well (Table I), one can notice that the

T T T T T T T

300 | -

N o200} ]
g L
E L

100 = mn*(Ti) ]

L theoretical fit 1

O'....|....|....|....|....|....-..-.|.!T

15 30 45 60 75 90 105 120

FIG. 7. Temperature dependence of the crystal field parameter D
for the Mn?*(Ti) center in SrTiOs crystal. Solid red line presents the
theoretical fit according to Eq. (3).

D constant for Mn>* ions is about 10 and 100 times larger than
that for Fe** and Mn**, respectively (Table I). For instance,
one can see from Figs. 5 and 6 that Mn** spectral lines are not
visibly split even at the temperature 27-30 K. This reflects
unusual behavior of Mn?* ion whose D constant is usually
much less than that of Fe* in the same crystal fields (see, e.g.,
tables with spin Hamiltonian parameters in [46]). The cubic
crystal field parameter b3 for Mn?" is also negligibly small
compared to 1650—-1700 MHz for Fe**. This fact suggests the
possibility of the Mn?* ion displacement from its position at
the center of oxygen octahedron or distortion of surroundings
of this ion stimulated by rotation of oxygen octahedron at
T < T.. The last option seems to be more probable as the
Mn?* ion is larger than Ti**: ionic radii are 0.83 and 0.605 A,
respectively [26]. This exciting experimental result in SrTiO3
is interesting because, apart from oxygen ions, other host ions
and all known dopants at the Ti site (Mn**, Fe3*, Cr’t)
do not shift at the phase transition. The oxygen octahedron
is also not distorted in the low-temperature phase. On the
other hand, the V4* and Cr>* centers (both ions replace Ti**)
undergo a Jahn-Teller distortion [47,48]. The behavior of their
spectra with cooling is the same as for the Mn?*(Ti) center.
However, this is not the case, since Mn?* is not a Jahn-
Teller ion. Clearly, this finding requires further theoretical
explanation.

Let us compare the present results on Mn?* centers in
SrTiO3 with those published in early works by Muller et al. in
single crystals [31] and other authors in Mn-doped ceramics,
e.g., Refs. [49,50]. It is completely clear that the cubic Mn?*
spectrum described in [31] corresponds to the Mn?* at Sr site
as was already noted in [35,20]. Due to the highly anisotropic
character of both the Mn”*(Ti) and Mn>?*(Sr) centers in the
low-temperature phase of SrTiOj3 (see, e.g., the parameters
of spin Hamiltonian presented in Table I), their EPR spec-
tra in ceramics are spread over a broad range of magnetic
fields by random distribution of crystallite axes, including
even the central transition —1/2 — 1/2, which is significantly
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FIG. 8. Temperature dependence of Mn?*(Sr) and Mn**(Ti)
EPR spectra in SrTiO3:2 mol % Mn ceramics measured at 427 GHz.
The central transition sixsets of Mn>* and Mn** ions are well seen
to the lowest temperature of 5 K. Below approximately 45 K, a broad
characteristic spectrum of the Mg <> Mg — 1 transitions of Mn?* (Sr)
center appear.
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broadened by second order effects from crystal fields. This
makes the Mn”* spectra in ceramics invisible at T < 105 K,
except for measurements at high microwave frequencies,
where the second-order effects are zero and the central transi-
tion lines of Mn?>* and Mn** ions are well separated from
each other. This explains well the earlier EPR data in ce-
ramic samples [49,50]. In particular, the disappearance of
Mn?* spectra at T < 105 K previously explained in [49] as
due to the Mn?* — Mn>" recharge, in reality comes from
the abrupt broadening of spectral lines (even of the central
transition) with temperature lowering, when measurements
are done at low microwave frequencies. As can be seen from
our measurements at high microwave frequency (427 GHz,
Fig. 8), the central transition sixset of Mn?*(Sr) center is well
observable to the lowest temperatures without change of the
Mn?*/Mn** ratio. A small variation in the spectral intensi-
ties is only caused by different broadening of Mn?*/Mn**
spectral lines with temperature decrease. Moreover, below
approximately 45 K, a broad characteristic feature related

to the Mg — Mg — 1 fine transitions of the Mn?*(Sr) center
appears. The resonance fields of these transitions are spread
out by the random distribution of crystallite axes leading thus
to the strong broadening of the spectral lines.

IV. CONCLUSIONS

Two Mn?* centers, originating from manganese ions in
SrTiO; single crystals, were investigated by EPR at temper-
atures from 296 K down to 5 K and microwave frequencies
extending to 427 GHz. Both the continuous wave and pulse
EPR techniques were utilized.

The first center is formed by Mn>* at the Sr>* lattice site
in an off-center position. This is confirmed by measurements
around room temperature in the fast motion regime of the
impurity ion, as well as at low temperatures (below approx-
imately 20 K) in the slow motion regime of the Mn?* ion,
where all spin transitions allowed by the spin S = 5/2 were
well resolved. These transitions are seen even in the fast mo-
tion regime as a weak splitting of each of six hyperfine lines
of the Mn?" ion into five components due to the second-order
effects in spin transitions. This splitting is proportional to the
A?/gBB ratio and, thus, disappears at high microwave frequen-
cies/high magnetic fields. The Mn?*(Sr) center has nearly
axial symmetry in either of the three pseudocubic [100], [010],
and [001] directions with weak rhombicity. It is characterized
by the zero-field interaction parameters D = —1150 MHz
and £ = 9 MHz at T = 11 K. However, the exact direction of
Mn?* off-center displacement could not be determined from
our measurements. This is primarily due to the superposition
of the strong tetragonal field characteristic for the Sr lattice
site and the field created by the Mn?* off-center ion which
occurs in the low-temperature tetragonal phase. The most
recent theoretical calculations [20,24] suggest deviations of
the Mn off-centering from the cubic axes. One can also expect
a strong influence of the phase transition on Mn?* dynamics
as the temperature-dependent shifts of oxygen ions with
respect to the Sr site are comparable to Mn>* off-center shift.

The second manganese center is created by Mn?* at the Ti
site. In this center, the Mn2* ion replaces Ti** at the central
position in the oxygen octahedron without charge compensa-
tion in its nearest surroundings. The center has thus pure cubic
symmetry in the cubic phase of SrTiO;. Its EPR spectrum
is described by the following spin Hamiltonian parameters:
g=2.0013, A = 238 MHz. The electron-nuclear coupling
constant A has a typical value for Mn?* in the perovskite B
site supporting thus the Ti substitution. When the temperature
decreases below the phase transition temperature, the symme-
try of the Mn?*(Ti) center lowers down to the orthorhombic
one, leading to strong temperature dependence of the spin
Hamiltonian parameters. In particular, the D constant respon-
sible for the axial component of the crystal field increases
proportionally to the order parameter of the phase transition
(rotation angle of oxygen octahedron). It reaches huge values
of 335-340 MHz at T = 24 K as for a paramagnetic ion in the
Ti site of SrTiOs. This suggests strong distortion of the Mn?>*
surroundings stimulated by rotation of oxygen octahedron at
T<T..

Finally, our study provides a comprehensive understand-
ing of the earlier EPR data obtained on SrTiO3:Mn ceramic
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samples at 9-10 GHz [49,50] where Mn?>* — Mn** recharge
at the phase transition was assumed. Our measurements
of SrTiO3:Mn ceramics at high microwave frequency (427
GHz) did not reveal any change in the Mn?* concentra-
tion upon change of temperature from 296 to 5 K. The
Mn”* EPR spectrum in ceramics becomes invisible be-
low approximately 105 K at low microwave frequencies

simply due to the strong broadening even of central transition
lines.
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