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Dielectric properties of Sr;_,Mn,TiO; ceramics (x=0-0.15 and 1) prepared by conventional mixed oxide
method were investigated in radio frequency, high frequency, terahertz, and infrared ranges. It is shown that the
real and imaginary parts of the dielectric permittivity between 100 Hz and 1 MHz exhibit a relaxation in the
temperature range of 30-80 K, shifting to higher temperatures with increasing Mn content. The dielectric
relaxation is also observed at higher frequencies (around 100 K for high frequencies and up to room tempera-
ture for terahertz frequencies) in Srg9sMng osTiO3 ceramics. Activation energy U~52-78 meV and relaxation
time pre-exponent 7,~ (1-12) X 10~ s are obtained using Arrhenius and Vogel-Fulcher relations. Such di-
electric behavior is attributed to Mn off-center relaxation at Sr site of highly polarizable SrTiO; lattice.
Moreover, a reduction of the phonon contribution to the dielectric constant with Mn doping accompanying a
stiffening of the soft lattice mode is found in infrared reflectivity spectra and could be related to the interaction

of the soft mode with off-centered Mn ions and polar clusters.
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I. INTRODUCTION

Among ferroelectrics of the perovskite type having gen-
eral formula ABOs, there exist three materials, SrTiO; (ST),
KTaOj;, and CaTiOs,' which posses polar soft modes but do
not exhibit any ferroelectric phase transition down to 0 K.
Due to this fact these crystals are classified as incipient fer-
roelectrics. Over last decades, there has been a growing in-
terest in studies of dielectric properties of incipient ferroelec-
trics doped with different impurities.> Random lattice
disorder produced by chemical substitution in ABO5; perov-
skite lattice can lead to the formation of dipolar impurities
and defects that influence both static and dynamic lattice
properties of these materials. Because of the high polarizabil-
ity of the ABO; host lattice associated with its soft ferroelec-
tric mode, the dipolar entities polarize regions around them
forming polar nanodomains or microdomains embedded in
nonpolar matrix. When these dipolar entities possess more
than one equivalent orientation, they may undergo dielectric
relaxation under an applied ac field.?

Due to their ionic multivalent state Mn impurity centers in
ST lattice can be associated with either Sr or Ti sites. A
detailed study of the structure and microstructure of
Sr;_,Mn,TiO; and SrTi;_,Mn,O; has been previously per-
formed by the some of the authors.® It was observed that
Mn?* ions can occupy Sr sites in a concentration range up to
3%, while the solubility of Mn** ions at Ti sites is higher
than 15%. Moreover, the wunit cell parameter of
Sr;_,Mn,TiO; was found to decrease with increasing Mn
concentration 3.7 times slower than that of SrTil_yMnyO3.3

A low-temperature dielectric relaxation for SrTiO;:Mn
system with Mn concentration up to 0.05 was reported by
Lemanov and co-workers, although the lattice site for the
dopant occupancy was not clearly stated in that work.* The
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dielectric anomaly was attributed to the reorientation of po-
larons localized at defects of the {Mn3f—O7} type and its
parameters were reported to be insensitive to the dopant
concentration,* which is in contradiction to the recent publi-
cations of some of the present authors.>® A polar dielectric
anomaly with corresponding hysteretic response in polariza-
tion vs electric field P(E) curves® accompanied with high
dielectric tunability® were observed only for Sr;_ ,Mn,TiO;
system. A diffuse low-temperature peak in €' (T) was induced
by Mn doping and shifted to higher temperatures with in-
creasing measurement frequency and amount of Mn.* On the
other hand, Ti-site Mn doping was found to drive the system
away from ferroelectricity.

So, in contrast to SrTi;_,Mn,O; system, where Mn doping
does not induce any anomaly and just reduces the dielectric
permittivity value, a low-temperature dielectric relaxation
was observed in Sr;_ Mn, TiO; system. It is then important to
study and discuss the possible mechanisms underlying the
observed relaxation process.

This paper reports on the dielectric relaxation in a broad
frequency range (10>~10'* Hz) in disordered incipient ferro-
electric SrTiO; ceramics, where the disorder is primarily
produced by Mn impurity at Sr site. The results are dis-
cussed, based on the analysis of the dielectric relaxation us-
ing Cole-Cole, Arrhenius, and Vogel-Fulcher relations and on
the comparison with the dielectric behavior of other ST-
based systems.

II. EXPERIMENTAL PROCEDURE

Sr;_Mn,TiO; (SMnT) ceramic samples with x=0,
0.0025, 0.005, 0.01, 0.02, 0.03, 0.05, 0.10, 0.15, and 1 were
prepared by conventional mixed oxide method, described in
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detail elsewhere.? All the samples had a density, measured by
the Archimedes’s method using diethylphthalate as the im-
mersion liquid, of 0.95-0.98 of the theoretical x-ray density,
except of MnTiO; samples that showed a density of about
0.87.

Complex dielectric permittivity in the frequency range of
10°-10° Hz was measured using a precision LCR meter (HP
4284A) under a weak field of ~1 V/mm and a He-closed-
cycle cryostat (Displex APD-Cryogenics CH-2) during heat-
ing at a rate of 0.75 K/min in the temperature range of
10-300 K. The temperature was controlled by a digital tem-
perature controller (Scientific Instrument model 9650) with
silicon diode thermometers. Au was used as the electrode
material, being sputtered onto the two faces of the sintered
and polished samples.

Cylinder-shaped samples with a diameter of about I mm
and height of 5-14 mm were used for the dielectric measure-
ments at the high frequency range. The measurements were
carried out both as a function of frequency (in the range of
1 MHz-1.8 GHz) and as a function of temperature (in the
range of 100-300 K) using a computer controlled high-
frequency dielectric spectrometer equipped with an imped-
ance analyzer (HP 4291B), a coaxial sample cell (NOVO-
CONTROL BDS 2100), and a temperature chamber (Sigma
System M18).

Samples for time-domain terahertz (THz) transmission
spectroscopy measurements were polished to a thickness of
0.117 mm. A custom-made time-domain THz transmission
spectrometer was used to obtain the complex dielectric re-
sponse of samples, in the range from 3 to 50 cm™
(90-1500 GHz). This spectrometer uses a femtosecond Ti:
sapphire laser and (011)-oriented ZnTe crystal as a THz
emitter, generating pulses owing to optical rectification ef-
fect. The detection of THz waveforms is performed by an
electro-optic sampling technique using another ZnTe crystal.
A cryostat (Optistat CF) with Mylar windows was used for
measurements down to 10 K.

Cylinder-shaped samples with a diameter of 8 mm and
thickness of 1 mm were polished for infrared (IR) spectros-
copy measurements. Room temperature IR reflectivity spec-
tra were obtained using a Fourier transform spectrometer
(Bruker IFS 113v) with pyroelectric deuterated triglycine
sulphate detectors in the frequency range of 20-3300 cm™!
(0.6-100 THz) with the resolution of 1 cm™'.

III. RESULTS

The temperature dependence of the real €’ and imaginary
€’ parts of dielectric permittivity of the Sr;_ Mn,TiO5 ce-
ramic samples at 10 kHz is shown in Fig. 1. Figure 2 pre-
sents the variation of the dissipation factor tan 6=€"/€’ of
the same samples with temperature in the low-T range of
10-110 K.

Typical quantum paraelectric behavior, i.e., a steep in-
crease of the dielectric constant and leveling-off at high val-
ues, as the temperature approaches 0 K, without any fre-
quency dispersion’ was observed for undoped SrTiO;. In
contrast, MnTiO5; behaves as an ordinary dielectric: the fre-
quency independent dielectric constant close to 22 decreases
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FIG. 1. Temperature dependence of real €' (a) and imaginary €’
(b) parts of the dielectric permittivity of SMnT ceramics at 10 kHz.

with temperature with the slope of de'/dT=1.1 X107 K~!.
However, a peak was observed in the temperature depen-
dence of dielectric constant of SMnT samples, starting from
x=0.0053, as shown in Fig. 1(a). Its temperature T/, reveals
a strong dependence on Mn concentration in the range x
=0.005-0.03, weakening in the range x=0.05-0.15. Such be-
havior is accompanied by a monotonous decrease of the
maximum and low-temperature €' value with x in all the
range of Mn concentrations. The inflection point at x=0.03
in T, vs x dependence coincide with the value of solid
solubility limit, obtained by transmission electron micros-
copy (the solid solubility limit of Mn at Sr sites in the ST
lattice determined by XRD was ~10%).?
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FIG. 2. Temperature dependence of the dissipation factor tan &
of SMnT ceramics at 10 kHz.
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According to the results depicted in Figs. 1(b) and 2,
MnTiOj; exhibits the smallest loss value. The loss of SrTiO5
is slightly higher and characterized by a peak at 70-105 K
for the frequency range of 10°~10° Hz that was related to the
ferroelastic multidomain state of ST below antiferrodistortive
phase transition.%°

Differently, a low-temperature (<70 K) dielectric loss
peak was detected for the rest of the SMnT samples, even for
the composition with x=0.0025, which do not exhibit any
dielectric constant anomaly. These peaks are indicative of a
strong dielectric relaxation induced by Mn doping. The tem-
perature of the dielectric loss peak is lower than that of the
dielectric constant peak, and for both €’ and €', the peak
temperature depends on Mn content (strongly in the range of
x=0.0025-0.03, and weakly in the range of x=0.05-0.15).
At the same time, the peak value of tan & increases just in the
range of x=0.0025-0.02 (from 1.8 to 14.5%), keeping al-
most the same value (~14.5%) for the compositions with
x=0.03-0.15, as shown in Fig. 2.

The effect of Mn doping above x=0.03 on the dielectric
properties of SMnT ceramics should be considered as a
“composite” effect, where the high dielectric permittivity of
Sr;_Mn,TiO; (with x<0.03) is diluted by the low dielectric
permittivity of MnTiO;. Therefore permittivity decreases
with the Mn concentration as the second phase content in-
creases and the dissipation factor remains almost constant, as
previously reported for Ba,_ Sr,TiO;—MgO.'%!! However,
no effect of the dilution with an ordinary dielectric phase
such as MnTiO;5 should be expected on the relaxation dy-
namics of SMnT ceramics.

The effect of the frequency (from 0.1 kHz to 0.2 THz) on
the dielectric response of SMnT ceramics is shown in Fig. 3
for the representative composition Srjq¢sMngsTiO5. The
shift of the dielectric permittivity peak (from ~45 K at
0.1 kHz through ~100 K at 1 GHz to ~170 K at 0.2 THz)
is evident, revealing the evolution of the dielectric relax-
ation. In addition, a decrease of the dielectric constant with
frequency, corresponding to the relaxationlike dispersion,
was observed in THz range even at room temperature, as
shown in detail in the inset of Fig. 4.

Figure 4 presents the spectra in the THz and IR range,
obtained at room temperature. IR reflectivity spectra normal-
ized using THz data were fitted using the generalized four-
parameter damped multioscillator model of the dielectric
function, as shown in Fig. 4(a). Additional three-parameter
overdamped oscillator mode was added to take into account
the relaxational dispersion below phonon frequencies in
Sr0.95Mn0‘05TiO3 ceramics.

As is well known,!? three transverse optic phonon modes
TO, (soft mode), TO, (174 cm™') and TO, (545 cm™!) are
observed in the cubic phase of undoped SrTiO;. Mn doping
in Sr site causes appreciable changes in far IR spectra. The
soft mode monotonously hardens with increasing Mn con-
tent: from 90 cm™' for SrTiO; through 91 cm™' for
Sr()‘ggSMno_OOSTiO3 to 102 cm_l for Sro'gsMnolojTiOy as seen
from Figs. 4(b) and 4(c). The stiffening of the soft mode is
accompanied by the corresponding lowering of the THz per-
mittivity value. Thus, the phonon contribution to the dielec-
tric constant at room temperature decreases monotonously
from 302 for SrTiO; through 298 for Sr(g9sMng oosTiO5 to
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FIG. 3. Temperature dependence of real €' (a) and imaginary €’
(b) parts of the dielectric permittivity of SrggsMng s TiO3 ceramics
at 100 Hz (dash-dot lines), 10 kHz (solid lines), 1 MHz (dash
lines), 1 GHz (open symbols), and 0.2 THz (solid symbols).
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FIG. 4. Room-temperature spectra of IR reflectivity (dot lines)
and their fits (a), as well as real and imaginary parts of the dielectric
permittivity, € (b) and €’ (c) calculated from the IR reflectivity fits,
for SrTiO3, Srjg9sMng 9sTi03, and Srj9sMny (sTiO5, ceramics to-
gether with data, obtained by THz transmission spectroscopy. Inset
shows THz-range spectra of €’ in an expanded scale.
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249 for Srg9sMn (sTiO3. The phonon contribution could be
suppressed by interaction of the soft mode with the off-
centered ions and polar clusters, in analogy with
Sr,_; 5,Bi, TiO; and Ka,_,Li TaO; systems.'3

IV. DISCUSSION

In order to clarify the nature of the dielectric relaxation
induced by Mn ions in ST lattice a detailed analysis of the
present experimental dielectric data of SMnT system in
terms of different dielectric relaxation models and compari-
son with relaxation mechanisms reported for other ST-based
systems will be performed in this section.

Frequency dependence of the dielectric constant €' (f) and
loss €'(f) of SMnT samples with x=0.02 and 0.05 at differ-
ent temperatures are shown in Figs. 5(a), 5(c), and 5(d) in a
semilogarithmic scale. The relaxation-type dispersion is evi-
dent. The frequency of the loss peak increases with tempera-
ture, indicating that the microscopic process that leads to the
dielectric anomaly, is a thermally activated polar motion.

It is known that many dielectric relaxation processes are
broader than simple Debye model and can be described by
the Cole-Cole equation

€(w)=e+[e- e[l +(i0n'™], 0<a<1 (1)
with a simple Arrhenius expression for the relaxation time
7= 79 exp(U/kgT). (2)

Here, € =€ —i€’, €, stands for the permittivity at zero fre-
quency, €, stands for the permittivity at infinite frequency,
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TABLE I. Relaxation dynamics parameters of SMnT composi-
tions.

Arrhenius law Vogel-Fulcher relation

X a U,meV 79, U,meV 79,9 Tf,K
0.0025 ~0.68 34 88x107!2
0.005 ~0.68 52 6.6x10714
001 ~073 69 13x107"
002 ~070 73 38x107
0.03 ~076 85 1.6x107* 78  40x1074 22
0.05 ~080 91 44x1075 71 5.0x10714 538
0.10 ~081 99 1.1x107% 73  78x107* 50
0.15 ~081 107 21x107'® 64 11.6x107"* 10.1

w=2mf stands for the angular frequency, « stands for the
angle of the semicircular arc (an empirical parameter de-
scribing diffuseness of the spectrum), 7, stands for the pre-
exponential term or inverse attempt frequency, U stands for
the activation energy, kg stands for the Boltzmann constant,
and 7 stands for the temperature. The a value represents the
deviation from the ideal Debye model.

The Cole-Cole plots (€’ versus €') are presented for x
=0.02 ceramics at different temperatures in Fig. 5(b), corre-
sponding to the data of Fig. 5(a). The values of the diffuse-
ness parameter o were obtained by fitting to Eq. (1) and are
shown in Table I. o was found to be about 0.70+0.03, yet
increasing with increasing x. Such high « values correspond
to a high diffuseness of the dielectric spectra e(f), or in other
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FIG. 5. (Color online) Low-frequency spectra of real €' and imaginary €’ parts of the dielectric permittivity (a) and corresponding
Cole-Cole plots €’ vs €’ together with their fits (b) of Sry9gMng (,TiO3 and wide-frequency spectra of €’ (c) and €” (d) of SrygsMng 5TiO3
ceramics at different temperatures. The lines in (c) and (d) are to guide the eyes.
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words, to a wide-range distribution of relaxation times, still
increasing in the high x range.

Relaxation time pre-exponents and other parameters of
the relaxation dynamics were deduced from the frequency
and temperature values of the €’ peak. In a dielectric mate-
rial, if the dielectric relaxation process is governed by a ther-
mally activated motion, the temperature dependence of the
relaxation time follows the Arrhenius law [Eq. (2)]. For
SMnT samples with x=0.0025-0.05, the Arrhenius plots
In(7)=In(w™") versus 1000/7T,, are presented in Fig. 6. The
data points can be fitted by straight lines, whose position and
slope vary monotonously with Mn content for x
=0.0025-0.02, being almost coincident for x=0.03-0.15.

The activation energy U and the pre-exponential term 7,
values, obtained for all the SMnT samples by fitting to the
Arrhenius law in the frequency window of 10>-10° Hz, are
presented in Table I. In the case of x=0.005-0.02, Arrhenius
law parameters U=52-73 meV and 7y~ (1-7)X 10715
were obtained. Such parameters are rather different from the
activation energy U=~30 meV and the relaxation time 7,
~5X10""'s reported by Lemanov and co-workers for
SrTiO;:Mn system and attributed to the reorientation of po-
larons localized at defects of the {Mn¥—O7} type.* Much
closer values for the same parameters were obtained in
Sr;_; 5,B1, TiO5 system for small x and related to a relaxation
of noninteracting off-center dopant dipoles.* In the same
way, the contribution of individual off-center Mn?* ions can
dominate in the Sr;_Mn,TiO; system. The somewhat
smaller 7y and U parameters for the Sr(g975Mng5Ti0;
composition can be explained both by the difficulty of pre-
cise quantitative description of the loss peak due to its weak-
ness and by the possible overlapping between the thermally
activated and quantum tunnelling regimes of the off-center
ions motion at low temperatures,8 included in the overall
picture of relaxation dynamics. Thus, the results showed that
Mn?* substitutes at the Sr** site, but spontaneously displaces
off-center forming a strong dipole that hops among equiva-
lent positions with an activation energy of 62+10 meV.

In the case of x=0.03-0.15, the activation energy of
U=85-107 meV and pre-exponential term 7,=(0.2-16)

5
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A
v
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FIG. 6. (Color online) Arrhenius plots In(7) vs 1000/ T g, (Ten,,
is the temperature at which the maximum of €”’ occurs at the angular
frequency w=27f;7=w"') for SMnT ceramics with fits to Arrhen-
ius law and Vogel-Fulcher relation.
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X 10715 s were obtained by fitting to Arrhenius law. How-
ever, 7, values ~107!° s are close to the electronic reciprocal
collision time and seem to be physically unreasonable. Fit-
ting to Arrhenius law also yielded too small 7, for
KTa,_,Nb,O; at a Nb concentration y=0.009.2 Due to this, a
cooperative freezing mechanism affecting the Nb motion
was suggested and the average relaxation time of reorienta-
tion of Nb-induced clusters was obtained by the Vogel-
Fulcher relation

7= 19 expl U/ky(T,, - Tp)]. (3)

Compared to Arrhenius law, this relation includes one addi-
tional fitting parameter T}, interpreted as a static freezing
temperature, at which motion of all dipole moments slows
down, and is often used to describe the behavior of relaxor
polar clusters or strongly correlated dipoles. In SMnT sys-
tem, it is reasonable to admit that the dipoles, created by the
off-center Mn dopant, might correlate through the highly po-
larizable host lattice for Mn contents higher than a certain
value and therefore the polar clusters might be formed. Fit-
ting the data to Vogel-Fulcher relation yields the relaxation
time 7, and the activation energy U values equal to
(7.843.8) X107 s and 71+7 meV, respectively, which
seems to be more realistic, compared to the results obtained
from the fitting to Arrhenius law. The freezing temperature
T slightly increases with Mn content, reaching 10 K at x
=0.15. The obtained values are also listed in Table I. It is
worthwhile to mention here that fitting the data of
Sr;_Mn,TiO5 ceramics with x<<0.03 to Vogel-Fulcher rela-
tion had no stable solution. Based on this observation, al-
though for x=0.03 the solid solubility of Mn in Sr sites of ST
lattice was reached, it is proposed that at x=0.03 also a
crossover from hopping of individual off-center Mn?* ions to
a polar clusters reversal dominant mechanism of relaxational
dynamics occurs. This idea is supported by a sudden increase
of the a value at x=0.03.

In addition, parameters of the dielectric relaxation dynam-
ics of Sry9sMng osTiO5 ceramics in high-frequency and THz
ranges were also deduced from the frequency and tempera-
ture values of the €’ peak at these frequencies. As shown in
Fig. 6, fitting to Vogel-Fulcher relation with parameters ob-
tained in the low-frequency range can be extrapolated to the
data in the high-frequency range in good accordance.

Several mechanisms have been proposed for the dielectric
relaxations observed in other ST-based systems.!42% Some of
them are listed in Table II together with corresponding values
of U and 7, parameters, obtained by fitting to the Arrhenius
law.

The interfacial polarization of the Maxwell-Wagner type,
reported to be the mechanism of relaxation in SrTiO; and
BaTiO0;," could also be detected in Sr;_ ,Mn, TiO5 system, as
in any ceramics with grains and grain boundaries, that pos-
sess different electric properties. However, the Maxwell-
Wagner type relaxation is usually ~10 orders of magnitude
slower and its activation energy is ~10 times higher' than
those here obtained. Much higher activation energy was also
reported for low-frequency dielectric relaxations attributed to
oxygen vacancies'>?’ and to ionic polarization of Skanavi
model in Srl_lvstixTiO:)', SrTiO3—Sng1/3Nb2/303, SrTlO3
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TABLE II. Relaxation mechanisms observed in ST-based systems and their Arrhenius-law parameters.

System U,meV 79.S Proposed mechanism Ref.
SrTiO;, BaTiOs 700 (2-6)x 1072 Interfacial polarization of the 15
Maxwell-Wagner type
Ba:SrTiO5 40-45 5% 10712- Electronic process of 16
5x 10710 unknown nature
100-120 10711-10710 Oft-center ion hopping between 16
symmetry equivalent position
Ca:SrTiO; 11-15 (1.4-23)x 10710 Nanoregions around dilute 17 and 18
off-center dopant dipoles
Bi:SrTiO; 32-34 (0.4-2)x 10713 Noninteracting polar clusters 14
60-64 (0.4-1)x 10713 formed by off-center dopant ions
with and without Sr vacancy nearby
300-900 (0.5-7)x 10712 Oxygen-vacancy-related low- 19
frequency dielectric relaxation
SrTiOs3- 210-300 (0.2=5)x 1071 Oxygen-vacancy-related low- 20
SrMg;3Nb, /303, frequency dielectric relaxation
SrTiOs-
SrSc,Ta; 05
10-20 (0.2-15)x 107 Polaronic relaxation 20
ST doped with 212-496 7 X 10714= Ionic polarization of 21
rare-earth ions 9x 10710 Skanavi model

—SrScypTa; 03, and ST doped with rare-earth ions,
respectively.?! The latter model postulates the appearance of
more than one off-center equilibrium position for Ti ion due
to the distortions introduced in the perovskite lattice by rare-
earth ions with 3+ charge state and associated Sr-site vacan-
cies. Thermally activated motion between these equivalent
minima leads to the observed relaxation. According to the
Skanavi model, activation energy is expected to increase
with increasing dopant concentration, which in turn pro-
motes an increase of the lattice distortions. However, these
aforementioned models might not be applicable to SMnT
system, since their relaxational dynamics follows only to the
Arrhenius law, whereas the relaxational dynamics in SMnT
seems to undergo a crossover from Arrhenius law to Vogel-
Fulcher relation.

The relaxation dynamics of SMnT system is very similar
to that of Sr;_;5,Bi,TiO3, in which the Vogel-Fulcher rela-
tion can be applicable starting from x=0.04.'* Therefore, the
relaxation was related to dynamic polar nanoclusters, created
by the off-centered dopant ions interacting via crystal lattice,
i.e., correlated motion of the off-centered dopant ions.!? Be-
low that concentration, the dispersion in Bi-doped ST, is bet-
ter described by Arrhenius law with parameters very close to
those of SMnT system.'* Moreover, the origin of this relax-
ation in Sry_; 5,Bi,TiO3, and consequently in Sr;_ Mn, TiO;,
is similar to that of the K,_,Li,TaOs, i.e., off-center dopant
relaxation at A site of highly polarizable perovskite lattice.'?

In addition, a low-temperature relaxation with
U=75 meV and 7,~ 107" s, independently on the substitu-
tion impurity and its concentration, was observed in many

perovskite crystals and ceramics and was proposed to be due
to a polaronic mechanism.?> However, the undoped and Ca-
doped ST (for which the dielectric loss peaks appeared
around 10-13 K) could not be described by the Arrhenius
law with similar parameters. Regarding SMnT system pre-
sented in this work, several misfits between the observed
behavior and polaronic model are evident. Arrhenius law is
well applicable for SMnT with Mn content x<<0.03, but with
activation energy increasing with x, which is in contradiction
to almost invariant values of U and 7, obtained for polaronic
mechanism.?? On the other hand, U and 7, close to 75 meV
and 7y~ 107'* s, respectively, were obtained for SMnT with
x=0.03, but using fitting with Vogel-Fulcher relation.

V. CONCLUSIONS

The relaxor-type dielectric behavior observed for SMnT
ceramics was attributed to the off-center hopping of Mn**
ions at Sr sites of highly polarizable SrTiO; lattice. This
conclusion was supported by the dielectric spectroscopy and
dielectric relaxation analysis conducted in this work. It was
observed that the contribution of individual off-center Mn**
ions dominates the dielectric spectra at lower concentrations
x<0.03 and can be described by the Arrhenius law with the
activation energy U~52-73 meV and the relaxation time
7o~ (1-7) X 107'* s, whereas the contribution of the polar
clusters, induced by the off-centered ions interacting via
crystal lattice, prevail at higher Mn concentrations in the
dielectric spectra and can be described by Vogel-Fulcher re-
lation with the U~ 64-78 meV, 7,~ (4—12) X 107'* s, and
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freezing temperature 7,~2-10 K. Although for the SMnT
ceramics x=0.03 corresponds to the solid solubility limit it
correlates well with the scheme of the dielectric behavior of
moderately doped incipient ferroelectrics, constructed from
the analysis of dielectric spectra of K;_/Li,TaO; and
Sr;_; 5,Bi,TiO; by Bovtun et al.'® In addition, dielectric re-
laxation is observed also at high frequencies and can be de-
tected in SMnT ceramics even in the THz range. Moreover,
time-domain THz and IR spectra reveal that the soft mode
shifts to higher frequencies and the soft mode phonon con-
tribution to the dielectric response becomes smaller with in-

PHYSICAL REVIEW B 73, 104113 (2006)

creasing concentration of the Mn?* ions, being suppressed by
the interaction with off-centered ions and polar clusters in
full agreement with the model proposed by Bovtun et al.'?
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