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Electron spin resonance investigation of Mn>* ions and their dynamics in Mn-doped SrTiO;
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Using electron spin resonance (ESR), the lattice position and dynamic properties of Mn?* ions were studied
in 0.5 and 2 at. % manganese-doped SrTiO5 ceramics prepared by the conventional mixed oxide method. The
measurements show that Mn?* ions preferably (up to 97%) substitute for the Sr if the ceramics are prepared
with a deficit of Sr ions. Motional narrowing of the Mn>* ESR spectrum was observed when the temperature
increased from 120 to 240-250 K, which was explained as a manifestation of the off-center position of this
ion at the Sr site. From the analysis of the ESR spectra, the activation energy £,=86 mV and frequency factor
1/79=~(1-5)10"3 57! for the jumping of the impurity between symmetrical off-center positions were deter-
mined. Both are in agreement with those previously derived from the dielectric relaxation. This proves that the
origin of the dielectric anomaly in SrTiO5:Mn is produced by the reorientation dynamics of Mn>* dipoles.
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I. INTRODUCTION

Incipient ferroelectric SrTiO; (STO) is considered to be a
classical displacive soft-mode system where, however, the
ferroelectric phase is suppressed by zero-point quantum fluc-
tuations of the soft mode, leading to quantum paraelectricity
down to the lowest temperatures, 7T— 0.! Owing to the un-
usually high polarizability, various types of polar phases (di-
pole glass, ferroglass, and ferroelectric) can be induced by
dipole impurities? or by pressure® and by '80 isotope
exchange.*> From this point of view, SrTiO5 is a promising
material for many applications of ferroelectrics, especially at
cryogenic temperatures.

Among different types of doping impurities, those pos-
sessing both electric and magnetic dipole moments attract
special attention from scientists because they allow the con-
struction of multiferroic materials which show unusual mag-
netoelectric properties (for example, see Ref. 6). Recent di-
electric investigations of STO ceramic samples doped with
Mn?* paramagnetic ions under special conditions’ (lacking
Sr?* ions) have shown a strongly marked dielectric anomaly
around 50 K: a diffuse maximum in the dielectric suscepti-
bility and losses shifting to higher temperatures with increas-
ing measurement frequency and amount of manganese,
which could indicate the onset of a polar phase.®® The
anomaly is attributed to reorientational motion of dipoles
formed in the host matrix due to a possible off-central posi-
tion of Mn?* impurity ions substituting for the Sr** ions.®?
However, more direct evidence is necessary to prove this
idea, and more detailed information about the dipoles created
by a Mn impurity in the lattice should be obtained. Electron
spin resonance (ESR) is the most direct method for determi-
nation of paramagnetic impurity center structure and charac-
teristics. So, taking into account that Mn?* is a paramagnetic
ion, it would be very fruitful to carry out ESR measurements.

ESR studies of Mn impurities in STO have been per-
formed previously by several authors. Because of the multi-
valent character of Mn ions, several types of manganese cen-
ter were found and described in both single crystals!'®!! and
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ceramics.'? Usually the manganese dissolves into SrTiO5 as
Mn** (3d43,5=3/2), which naturally substitute for Ti**.1°
However, in SrTiO;:Mn ceramics'”> and in reduced
StTiO5:Mn single crystals,'! Mn?* (34°,5=5/2) ESR spec-
tra have also been observed. All these spectra were assigned
to Mn?* substituted for Ti** with (and without) local charge
compensation. Because the ionic radius of Mn>* (0.83 A) is
higher than that of Ti** (0.605 A),'? it is hardly to be ex-
pected that in such a substitution the manganese will be off-
centrally shifted. On the other hand, recent reports on the
structure and microstructure of SrTiO5:Mn ceramics clearly
indicate that manganese ions can be incorporated at both Sr
and Ti sites of the STO lattice, depending on the starting
stoichiometric composition.”'# Therefore, the origin of the
manganese dipole centers in SrTiOyj is still not clear and calls
for detailed investigation.

In the present work, we report a detailed ESR study of
ceramic samples with nominal composition Sr;_ Mn,TiO;
(x=0, 0.5, and 2 at.%). Quantitative analysis of the measured
Mn?* ESR spectra shows that manganese preferably substi-
tutes for the Sr ions, and Mn%* displacement from the central
position in the STO cubic lattice in several symmetrical di-
rections creates reorientational dipoles. These Mn?*g, dipoles
are responsible for the dielectric anomaly observed around
50 K (for Mn concentration of 2 at. % and frequency of
10 kHz) as dielectric relaxation. The parameters describing
the dipole-relaxation dynamics are determined by ESR
analysis, being approximately the same as those obtained by
dielectric spectroscopy analysis.

II. SAMPLES AND EXPERIMENTAL DETAILS

Ceramic samples were prepared by the conventional
mixed oxide method. Reagent grade SrCOs5, TiO,, and MnO,
were weighed according to the compositions Sry_,Mn,TiO,
with x=0, 0.005, and 0.02 (for details, see Ref. 7). Room-
temperature structural analysis’ indicated that all of the
samples are of single cubic perovskite phase.
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FIG. 1. ESR spectra of undoped SrTiO; ceramics taken at sev-
eral temperatures. Six narrow lines arise from Mn** ions.

ESR measurements were performed at 9.5-9.6 GHz in
the standard 3 cm wavelength range and at a temperature of
20-300 K. An Oxford Instrument ESR 900 cryosystem was
used.

III. EXPERIMENTAL RESULTS

Even undoped SrTiO; ceramic samples show the ESR
spectrum of a Mn*" impurity (Fig. 1) which substitutes for
Ti**. The spectrum was well described by a spin Hamiltonian
with isotropic g factor 1.9920+0.0002 and hyperfine con-
stant A=(71.3%0.1) X 10* cm™" (the Mn isotope has
nuclear spin I=5/2) similar to those published by Miiller.'”

Besides the Mn** impurity, the samples also contained
some amount of Fe** and Cr** ions (shown in Fig. 1, too),
which both substitute for Ti** as well. All these spectra show
a conventional behavior with decrease of the temperature,
which is characteristic of the Ti cubic site, i.e., increase of
the intensity due to decrease of the linewidth and change of
the Boltzmann factor. Note that in single crystals of SrTiO5
below the temperature of the structural phase transition 7,
~105 K, ESR spectra become slightly anisotropic (for ex-
ample, see Ref. 11). However, this anisotropy can hardly be
observed in ceramics.

In SrTiO; ceramics specially doped with Mn** ions along
with Mn** spectrum another spectrum arises that is also re-
lated to manganese ions (Figs. 2 and 3). The new spectrum
increases in intensity with increasing Mn concentration. Note
that the integral intensity of the Mn** spectrum also in-
creases but not as much as the intensity of the new spectrum,
which we ascribe to Mn?* ions substituting for Sr’*. The
ratio of the integral intensities of Mn** and Mn** spectra is
4.5 and 35 for 0.5% and 2% Mn, respectively. The Mn>*
spectrum at 7>100 K is also described by a spin Hamil-
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FIG. 2. ESR spectra of SrTiO3:0.5% Mn ceramics taken at sev-
eral temperatures.

tonian of the cubic symmetry with the following spectral
parameters:  =2.0032+0.0002 and A=(82.8+0.2)
X 10™* cm™!. No fine structure splitting of the spectrum was
observed at these temperatures.

An unexpected feature of the Mn?* spectrum is that the
width of each line of the Mn?* sextet increases nearly expo-
nentially on lowering the temperature (Fig. 4). This is well
seen in the spectrum of the sample with 2% Mn (Fig. 3),
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FIG. 3. (Color online) ESR spectra of SrTiO5:2 % Mn ceramics
taken at several temperatures (thick lines). Deconvolution of the

experimental spectra into two sextets belonging to Mn?* and Mn**
is shown by thin lines.
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FIG. 4. (Color online) Temperature dependence of Mn>* M,
==+1/2 transition linewidth (half width at half maximum) for two
manganese concentrations, 0.5% and 2%. Linewidths at 25 K were
derived from “static” powder spectra by using Eq. (3).

where the broadening at 7<<130 K is so large that the hy-
perfine (hf) lines become completely unresolved. At the same
time one can see that the Mn*" linewidth does not change
with temperature. The precise values of Mn?* linewidth were
calculated by performing a deconvolution of the measured
spectra into separated lines of Mn?* and Mn** hf sextets as
illustrated in Fig. 3 for the sample with 2% Mn. Note that at
all temperatures the line shape is Lorentzian. The tempera-
ture dependence of the linewidth, obtained in such a way, is
shown in Fig. 4 for both concentrations of manganese. The
residual linewidth at high temperatures mainly originates
from the dipole-dipole interaction of Mn?** magnetic mo-
ments with each other and with Mn**; it is indeed larger in
the sample with 2% Mn.

Such temperature behavior of the linewidth can indicate a
motional narrowing of the spectrum, when impurity ions
substitute for host ions in an off-center position, and thus
there can be fast jumping of dipoles between several sym-
metrically equivalent configurations, leading to a smearing
of the fine structure splitting of the spectrum, which is ex-
pected for a noncubic position of the impurity. In this sense,
the observed behavior of the Mn?* spectrum is very similar
to the one observed in KTaO:Mn, where Mn?* is off-center
substituted for K* ion (for details, see Ref. 15).

Because the measured spectral parameters, the g factor
and hyperfine constant A, are typical for the +2 charge state
of manganese in perovskites (for example, see Refs. 11 and
15-20), there are no doubts that we are really dealing with
Mn?* ions. Moreover, very similar spectra were observed
previously in Mn-doped SrTiO; single crystals!! and
ceramics.'? However, as was pointed above, all these spectra
were ascribed to Mn%t at Ti*" lattice sites. Therefore, the
question arises whether the Mn?** ions in our ceramic
samples (and maybe in the other studies mentioned) really
substitute for Sr** or occupy Ti** octahedral sites.

Our assignment of the Mn?>* spectrum as belonging to
Mn?* at Sr?* sites is supported by the following arguments.

(i) The specimens were synthesized with a deficit of Sr
ions according to the compositions Sr;_ Mn,TiO5 and there-
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fore the manganese ions preferably occupy the Sr lattice sites
(for details, see Refs. 7 and 14). In particular, this was sup-
ported by x-ray and electron diffraction, and local structure
analysis by transmission electron microscopy together with
local chemical characterization by energy-dispersive spec-
troscopy, which showed that the solid solubility for Mn at the
Sr site of SrTiO; is about 2% without formation of a
MnTiOj; phase.

(ii) The hyperfine splitting constant A=83 X 10 cm™! is
too large for Mn?* at the octahedral position, where the typi-
cal value is lower: for example, |A|=(79.3-80.6)
X 10™* cm™! in BaTiO; (Refs. 17-19) and 81.0X 10* cm™!
in MgO.?° On the other hand, in KTaO5, Mn?* at the K* site
has A=84 X 10~ cm™','> which is quite close to the hyper-
fine splitting measured in this work for Mn?* in SrTiO5. The
Sr site is dodecahedrally coordinated by O~ ions; therefore
the expected hyperfine splitting has to be larger than that for
the Ti** octahedral site.?!

(iii) The marked difference in ionic radii between the 12-
coordinated Sr** (1.44 A) and Mn2* (1.25 A, as obtained by
extrapolation of the Shannon data'® to larger coordination
number) favors an off-center position of the Mn?* ions and
can explain the motional narrowing in its ESR spectrum.
This is also in agreement with the slight compression of unit
cell earlier observed.” Dielectric experiments suggest the off-
centrality of Mn”* ions too.” The difference in ionic radii
between Ti** and Mn?* is insufficient to induce the appear-
ance of dynamically disordered Mn?* ions shift from the cen-
tral position.

IV. ANALYSIS OF THE EXPERIMENTAL DATA AND
DISCUSSION

The observed spectral transformation with increasing tem-
perature from 110 to 250 K can be explained as the manifes-
tation of a dynamic process involving Mn** impurities. A
theoretical description of the ESR spectrum behavior in the
presence of impurity hopping is given in many publications
(for example, see Refs. 16, 22, and 23). In our analysis we
will use the results of Ref. 16 where the investigation of
motional narrowing of ESR lines was performed for the case
of an §=5/2 paramagnetic ion hopping between three mag-
netically nonequivalent positions. This is adequate to our
case when the paramagnetic off-center ion jumps near the
central position.

We start from analysis of the ESR spectra at temperatures
low enough (7<< 120 K) that the dynamic process is too slow
to affect the line shape (the so-called static regime). In the
static regime, the Mn?* spectrum has to be described by the
static spin Hamiltonian which contains zero-field-splitting
(ZFS) terms. It can be presented in the form

., A o1
H:g,eB-S+As-1+D<S§—§S(S+1)). 1)

Here we assumed axial symmetry of the paramagnetic
center (this is true at least down to the temperature of T,
=105 K, which could, however, be shifted in Mn-doped
STO). The axial crystal-field constant D reflects the local
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distortion of the lattice around the Mn?* ion. In the present
case, it is determined by the off-center shift of the ion, which
can occur in several equivalent symmetrical directions, so
that the axial Z axis has different orientations relative to the
external magnetic field. This allows one to determine the
direction of the ion displacement from single-crystal spectra.
However, it cannot be done in ceramics or powders because
their spectrum is averaged over all crystallite orientations.
Moreover, we are not able to determine the ZFS constant D
by conventional means, i.e., from the positions of the fine
M # 1/2 transitions, because no fine structure is visible in
the Mn>* spectrum due to the strong broadening of these
transitions that usually occurs in ceramics. However, the
value of D can be estimated from the shift of the central
transition resonance field, which value for the conditions
|D|,|A| < gBB can be represented in the form?*

i

2D?
B,(1/2 < = 1/2,m) = By(m) + B—(8 sin® -9 sin* 6)
0

D’A
- 2m<—2(72 sin® - 73 sin* 6)
BO

2DA?
+ 7 (3 cos? 0—1))+ e (2)

0

where By(m) is the unperturbed resonance field of the mth
hyperfine transition, and 6 is the angle between the axial axis
of the center and magnetic field. When |D|>|A|, we can keep
in Eq. (2) only the first two largest terms. In this case, the
maximum shift of the resonance field is determined by the
ratio 2D?/ B, which we can use for a crude approximation of
the Mn?* hf linewidths at T=100—120 K. This leads to the
following values of the constant D calculated from the data
of Fig. 4: 280% 10™* and 340X 10™* cm™! for 0.5% and 2%
manganese, respectively.

A more accurate determination of the constant D was car-
ried out using the splitting of the hyperfine lines which ap-
pears in the static spectrum at 7<50-60 K. This splitting,
shown in Fig. 5 by arrows, is clearly visible only for the
left-hand (1/2,5/2++—1/2,5/2) transition because other
transitions are overlapped with strong Mn** resonances. For
simulation of the static spectrum we applied the standard
method by averaging the angular-dependent single-crystal

spectra:
m=5/2 2
dB,(1/2,m) (B,(1/2,m)-B\
By S A172,m) ( (1/2,m) )sm 0o,
m=-312J0 d(hv) )

3)

where B,(1/2,m) is defined by Eq. (2) and F((B,—B)/d) is
the line shape function, which was taken to be Lorentzian.
Owing to the weak angular dependence of the central transi-
tion, the term dB,/d(hv) was treated as a constant. Contribu-
tions from the forbidden transitions were ignored too, due to
their relatively small intensity when D < gSB.

The simulated powder spectra of the central-transition re-
gion are shown in Figs. 5(b) and 5(c), respectively for only
the single Mn?* and the sum of the Mn?** and Mn** spectra.
The best agreement between calculated and measured spectra
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FIG. 5. (Color online) Experimental (a) and simulated (c) ESR
spectra (central lines Mg=1/2— Mg¢=-1/2) of SrTiO3:2%Mn in
the static regime at 25 K. The spectrum (b) represents only simu-
lated Mn2* resonances while the spectrum (c) allows also for a
Mn** contribution. The splitting of the (1/2,5/2«—1/2,5/2) tran-
sition is shown by arrows.

was obtained taking for Mn?* D=420% 10 cm~! and line-
width 6=1.8 mT. The obtained value of the constant D
seems quite reasonable if we take into account that in SrTiO5
the difference between ionic radii of Sr** and Mn?* is
smaller than that between K* and Mn** in KTaO,, where the
D constant is larger, 0.148 cm™!.1>1

It should be noted that some contribution from the tetrag-
onal distortion of the lattice to the D constant below the
temperature 105 K seems to be present as well. However,
our estimation of its value based on ESR data for Gd3* 2
which substitutes for Sr%* in the central position, shows that
below the antiferrodistortive phase transition the D constant
can be changed in value only by (30-50) X 10~* cm™!, which
is much smaller with respect to the measured value 420
X 10™* cm™!. We can thus neglect this mechanism in our
analysis.

As the temperature is raised and thus the rate of Mn
jumps, 1/7, between off-center positions increases, the fine
structure components, which could be detected in the single
crystal, start to broaden and finally completely disappear
when the jumping rate exceeds the zero-field splitting, 1/7
>2D. On further heating, all transitions merge around the
central Mg=—1/2+Mgy=1/2 transition and give rise to a
single isotropic spectrum, so that the motional averaging of
the spectrum occurs. This occurs at temperatures 100—120 K
(Fig. 4) and corresponds to the limit 2D <1/7<w,, where
v9=9.5 X 10° Hz is the microwave frequency. However, in
ceramics the central transition spectrum is predominantly in-
homogeneously broadened and does not “feel” this motion of
the impurity because the motional broadening cannot exceed
the value D?/B,. Here, however, one can expect the chang-
ing of the broadening mechanism from inhomogeneous to
homogeneous at 1/7>2D. As can be seen from Fig. 4, the
width of hyperfine components begins to change only at 7’
>120 K, where the motional narrowing phenomenon starts
at the condition 1/HT)> vy~ 10'"s™!. Obviously, in this
fast jump limit (so-called relaxation limit), the description of
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FIG. 6. (Color online) The hopping rate of Mn?* dipoles in
SrTiOjy as a function of the reciprocal absolute temperature for two
manganese concentrations 0.5% and 2%. The points were derived
from the experimental spectra as described in the text. Slopes of the
straight lines correspond to the activation energy E=86 meV of
Mn?* hopping between off-center positions in the SrTiO; lattice
[see Eq. (6)].

ESR spectra in single crystals and ceramic samples becomes
completely identical, because all fine transitions merge with
the central transition and the spectrum becomes completely
isotropic. According to Ref. 16, in the relaxation regime the
shape of each motionally narrowed hyperfine line is a single
Lorentzian,

10(5r+ 50)
(B _Br)2 + (5r+ 50)2 ,

1(B) = 4)
where &, is the motionally narrowed linewidth and &,
=1.8 mT is the residual linewidth. The linewidth &, for an
§=5/2 ion can be written'® as

5,=2.8Dr, (5)

where 7 is the relaxation time of ion hopping. This formula
was used by us for the extraction of the relaxation time 7
from the temperature dependence of narrowed ESR spectra
lines. The result is shown in Fig. 6 as the dependence of the
relaxation rate 1/7 vs the reciprocal temperature.

One can see that the temperature dependence of the jump-
ing rate of impurity follows well the exponential law and can
be described by an Arrhenius behavior

1 = L exp(— E /kT) (6)
T )
for both 0.5% and 2% Mn-doped samples with the following
kinetic parameters: the barrier height £,=86+5 meV, and
relaxation time prefactor 7,=~1.0X107® and =~1.8
X 107! s for 0.5% and 2% Mn concentration, respectively.
The comparison of these values with the kinetic param-
eters obtained from the dielectric measurement data’ shows a
good coincidence, at least for the sample with 2% Mn. For
lower Mn concentration the barrier height calculated from
dielectric relaxation gradually decreases down to 34 mV at a
doping level of 0.25%. In our opinion, this difference of ESR
and dielectric measurement data is related to the fact that at
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low Mn concentration other relaxation mechanisms and
sources can dominate in the dielectric response.?® This is also
supported by the fact that the fraction of Mn?* ions is lower
for the lower concentration of manganese and may be com-
parable to the concentration of any other impurities or de-
fects in the sample. On the other hand, in the case of ESR,
only relaxation dynamics of Mn?* ions are measured. More-
over, because the homogeneous linewidth &, is directly pro-
portional to the relaxation time 7, the calculated barrier
height is not sensitive to the model of the ZFS constant cal-
culation. The small difference for the relaxation time pre-
exponent value with the change of Mn concentration ob-
tained from the description of the temperature dependence of
linewidth can be related to the interaction between dipole
moments. Similar behavior was observed in the dielectric
measurements.’

V. CONCLUSIONS

ESR investigations of ceramic samples with nominal
compositions Sr;_ Mn,TiO; provided convincing evidence
for the dominant occupation of the Sr site by Mn?** ions.
Moreover, the dielectric relaxation observed in these samples
and attributed to a dynamic process involving random jumps
of Mn2+Sr off-center ions was supported by the ESR analysis
presented in this work. Particularly, (i) motional narrowing
of the Mn?* ESR spectrum was observed when the tempera-
ture increases from 120 to 240 K; (ii) the activation energy
E,=86 mV and frequency factor 1/7,~2.5X 103 s™! for the
jumping of the Mn?* between symmetrical off-center posi-
tions deduced from ESR data are in agreement with those
obtained by dielectric spectroscopy analysis.

Although our study was not able to find the direction of
the Mn?* off-center displacement, one can assume with high
probability that it occurs at simple (100) cubic directions.
This follows from the fact that in another very similar quan-
tum paraelectric, KTaOs, all known dipole impurities situ-
ated at the K site [for example, Li*, Na*, and Mn>* (Ref. 2)]
are always shifted along (100) axes. Obviously, this problem
could be definitively resolved by measurements of a
StTiO5:Mn?* single crystal. However, to our knowledge,
Mn?* ESR spectra in SrTiO; single crystals have been ob-
served only in reduced crystals,!! which suggests that con-
version of Mn** into Mn?* took place, i.e., Mn>* probably
substituted for the Ti ions. Low-temperature ESR spectra of
such Mn?* ions have still not been interpreted due to the
small resolution of their spectral lines. Obviously, single-
crystal growth technology does not allow one to control the
distribution of Mn ions between Ti and Sr sites.
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