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In addition to the dielectric relaxation around 170 K in the cubic structure of Sr,_;,,La,TiO;, a
similar relaxation was observed at about 70 K in the tetragonal structure with an activation
energy in the range 0.13-0.16 eV which increases as x in Sr,_5,,,La,TiO; varies from
0.60-3.00 at %. This relaxation is explained by Skanavi's model and is discussed in terms of
thermal motions of Ti** between potential minima produced by lattice distortions in the
tetragonal structure. In order to provide a direct evidence for the suggestion that the dielectric
relaxation around 170 K in the cubic is due to thermal motions of Ti**, dielectric properties on
manganese-doped specimens, Sr,_5,,La,Mn,Ti;_ 0; with x=1.40x10"2 and y = 0.1 x1072,
were investigated because Mn** substitutes for Ti**. As well as the relaxation due to Ti**,
this specimen exhibits another peak due to Mn** with an activation energy somewhat smaller
than that of Ti*". The activation energies and the relative intensity of these relaxation
processes are explained by the difference in ionic radii of Mn** and Ti*" and the difference in
formation energies of a strontium vacancy adjacent to Mn** and that to Ti**, which were

calculated theoretically using a shell model.

1. Introduction

SrTiO; has a cubic perovskite structure at room
temperature, but there is a phase-transition point from
the cubic structure to tetragonal at 110K [1-3].
According to Sakudo and Unoki [4], a further phase
transition occurs from tetragonal to orthorhombic at
65 K.

After Skanavi and Matveeva [5] observed a diclec-
tric dispersion associated with a relaxation around
170K in n-type SrTiO, doped with Bi,O,, ie.
Sty _3,,B1, TiO;, the details of this relaxation in
Sr; —32M,TiO; wete investigated [6, 7], where M
represents rare-earth ions with a valence of  + 3 such
as La®" which is the subject of this report. It is
understood from the formula of Sr,_;,,La,TiO,,
that two doped cations are substituted for two indi-
vidual Sr?* ions with the formation of one strontium
vacancy (V) [8]. It is generally accepted that the
lattice distortions introduced by La3* ions and associ-
ated vacancies are sufficient to produce more than one
off-centre equilibrium position for the Ti** ion, and
that the observed relaxation is associated with ther-
mally activated motion between these equivalent min-
ima, consequently increasing the dielectric constant
[6—8]. Confirmatory evidence is, however, indispens-
able. If some impurity ion is substituted for Ti** in
Sry _3,,La,TiO;, one can expect another dielectric
relaxation peak due to these impurities at the titanium
sites. A relaxation such as this, if observed experi-
mentally, must support the analysis described above.
Mn** is one candidate of such an impurity ion be-
cause this ion is confirmed experimentally by electron
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spin resonance (ESR) to substitute for Ti** in SrTiO,,
but the amount of Mn** ions doped was very small
[91.

On the other hand, it is also of great significance to
investigate dielectric properties in the tetragonal
Sry _3,,La, TiO; below 110K, but, unfortunately,
there are no reports in the literature of dielectric behavi-
our at lower temperatures. From this point of view, we
have carried out diclectric measurements of these
oxides at temperatures below the transition point
from the cubic to tetragonal structure,

This report presents the dielectric properties at
temperatures below 110K and the investigation of
manganese-doped effects on the dielectric dispersion
around 170 K in Sr,_;,,,La,TiO,;.

2. Experimental procedure

Sty _3,,La, TiO; ceramics were prepared by the
conventional solid-state technique [10], where
x = 0.60-3.00 at %. The specimen is numbered using
terminology such as L-1.00, where the number (e.g.
1.00) denotes the amount (at %) of La,0,. We also
prepared samples of Sr _;,,La,Ti;. ,Mn,O4 for the
reason as described in Section 1. Powders of SrCOy,
La,0;, MnO, (Johnson Matthey, 99.999% pure) and
TiO, (Aldrich Chemical, 99.99% pure) were used.
After the final sintering at 1723 K, the specimens were
cooled to room temperature in the furnace very slowly
at a rate less than 50 Kh ™. Powder X-ray measure-
ments indicated no phases other than SrTiO; at room
temperature, being independent of the amount of

5809



La,O; or MnO,. Flat surfaces of specimens were
coated with an In-Ga alloy in 7:3 ratio by a rubbing
technique to produce the electrode, which gives a
good ohmic contact. HP 4274A and 4275A LCR
meters were used for measurement of capacitances.
The applied frequencies employed were in the range
100 Hz-2 MHz. A copper—constantan thermocouple
precalibrated at 4.2, 77 and 273 K, was used for the
temperature measurements.

3. Results and discussion
3.1. Dielectric properties in
Sry_352La,TiO5 below 110 K

Fig. 1 shows the typical results of the specimen L-1.4
on the frequency dependencies of dielectric properties
(¢ and tan ) as a function of temperature. A dielectric
dispersion and a dielectric relaxation peak show
around 70 K in the dielectric constant and tan$,
respectively. Arrhenius relations of applied frequen-
cies and 1/T,, produced good straight lines, where T,
denotes the peak temperature of tan §. The activation
energy obtained in these plots increases from
0.13-0.16 eV with the amount of La,0, increasing,
where that of L-1.4 is 0.14 ¢V. These features obtained
in the tetragonal structure (i.e. dielectric dispersions
and the increase in the activation energy with increas-
ing amount of La,0;) are quite similar to those
observed in the cubic structure around 170 K [5-8].
In view of these similarities, the relaxation is likely to
be of the type discussed, in that in the cubic structure,
lattice-distortions are also introduced in the tetrago-
nal structure by La** and Vg, and a thermally activa-
ted motion of Ti** jons between potential minima
takes place at temperatures below 110 K. The theoret-
ical analysis proposed by Skanavi et al. [8] also
confirms this possibility. The activation energy, U, for
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Figure 1 Dielectric constants, &', and dielectric loss tangents, tan §,
of the specimen L-1.4 in the temperature range of 20-110 K with
applied frequencies, f: (O) 1 kHz, (A) 10 kHz, and (O) 40 kHz.
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this thermal motion has the form

v = T [ e T ()] o

T3* — TF | oF T3*D**2 \ g3*

where D = (g, — £,,)/¢", T; and T, are the temper-
atures of maximum ¢ and of maximum tan s,
g = g, tand at T, €, and ¢, are the static dielectric
constant and the constant at high frequencies at 7T,,
and the symbols * and ** refer to frequencies w* and
¥,

Because this analysis requires values for g4 and g,
these were determined using Cole-Cole plots. Fig. 2
shows the Cole~Cole plots at 68 and 80 K which are
T,at® = 21 x1 kHz and 21 x40 kHz, respectively for
the specimen L-1.4. The values determined by least-
squares methods are given in Table I along with other
parameters. The activation energy is then estimated to
be 0.15 eV, which agrees with the value determined
from the Arrhenius plots, i.e. 0.14 ¢V.

Fig. 1 exhibits another very small relaxation in tan §
around 30 K and the temperature dependencies of the
dielectric constant deviate from the Curie-Weiss law
in the temperature range where the relaxation ap-
pears. Arrhenius plots of applied frequencies versus
1/T,, produce straight lines with an activation energy
of ~0.07 eV. At the moment, the mechanism for this
relaxation is unknown. Referring to the phase transi-
tion from the tetragonal structure to orthorhombic at
65 K [4], there must be a correlation between this
relaxation and the orthorhombic structure.

3.2. Manganese-doped effect on dielectric
properties above 110 K
3.2.1. Splitting of the dielectric relaxation
peak
As described in Section 1, the dielectric dispersion
associated with a relaxation around 170 K was invest-
igated in detail. The diclectric measurements on our
Sry_3,2La, TiO4 specimens exhibit the same results
as reported previously [5-8] and the activation energy
in the Arrhenius relation of applied frequencies versus
1/T,, increases from 0.22 ¢V to 0.29 ¢V as x increases
from 0.6x1072 to 3x107 2. Fig. 3 demonstrates the
typical results on frequency dependencies of the
sample L-1.40, i.e. nominally Srg 9,9l ¢14TiO3, as a
function of temperature. The activation energy ob-
tained in the Arrhenius relation is 0.25 eV. Although
the ionic model proposed by Skanavi et al. is very
successful in the analyses on these dispersions in the
cubic structure [6-8], some direct evidence is re-
quired. To this end, we prepared samples of Sty _3,,,
La,Ti;_ ,Mn,O,, where x = 1.40x1072 (1.40 at %)
and y~0.1x10"? (=~0.1 at %). Because the lattice
distortions induce the dielectric relaxation due to
thermal motions of Ti** ions, one can expect a similar
relaxation due to Mn** ions incorporated at titanium
sites with an activation energy somewhat different
from that of Ti**.

Fig. 4 demonstrates the results for the sample doped
with 0.1 at % MnO,, i.e. y = 0.1x107 2. For tan §, the
vertical axis in this figure plots the realistic values
obtained by extracting background values from ex-
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Figure 2 Cole—Cole plots of the specimen L-1.4 at T, = (a) 68 and (b) 80 K.

TABLE I The parameters used in the analyses of Skanavis et al. for the specimen L-1.4, T, and T, are the temperature of maximum &’ and
that of maximum tan §, &’ = ¢, tan & at T, and g, and ¢, are the static dielectric constant and the constant at high frequencies at 7,
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Figure 3 Dielectric constants, €', and dielectric loss tangents, tan 8,
of the specimen L-1.4 in the temperature range 110-290 K with
applied frequencies, f: (O) 1 kHz, (A) 10 kHz, and ([J) 40 kHz.

perimental data. The relaxation peak becomes dis-
torted more remarkably as the applied frequency
increases, that is, it consists of two individual peaks.
Fig. 4 includes two theoretical curves calculated using
the Debye equation, where we have employed the
activation energy of 0.25 eV obtained in sample L-1.40
for one relaxation peak which corresponds to the
energy required for the thermal motion of Ti**, while
the activation energy of the second peak and the
relative intensity of the loss tangent at maximum,
{tand) _,,, between two peaks is determined by adjus-
ting them to fit the experimental data. Then, the
second peak has an activation energy of 0.23 eV,
which must represent the activation energy for the
thermal motion of Mn** The resultant profile of
these two peaks is in good agreement with the experi-
mental data within reasonable error. The energy re-
quired for the thermal motion of Mn** is somewhat
smaller than that of Ti* ", This must be closely related
to the difference between ionic radii, 0.054 nm (Mn*™*)
and 0.060 nm (Ti**) [11]. The ionic radius of Mn*~,
being smaller than that of Ti**, must enhance thermal
motions of Mn** more frequently with an activation
energy smaller than that of Ti**. In order to examine
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Figure 4 Dielectric constants, &, and dielectric loss tangents, tan 3,
of the specimen Sr_s.,La,Ti,_,Mn,O; with x = 140x1072
(1.40at %) and y = 0.1 x 1072 (0.1 at %), (a) f=20kHz and (b)
f=7200kHz. The realistic tan 8 values obtained by extracting
background values from experimental data are plotted. The loss
tangent curves repesent the theoretical ones calculated by the Debye
equation with activation energies of (——--) 025eV and ()
0.23 eV, respectively.

the reproducibility of the peak splitting, we prepared a
sample with y = 0.12x1072 (0.12 at %). The distor-
tion of the peak was again recognized.

3.2.2. Relative intensity between split peaks

According to the Debye theory, the maximum value of
tan & is proportional to the concentration of thermally
activated ions. As shown in Fig. 4, the ratio of the
intensity of the dielectric peak due to Ti** to that of
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TABLE II The parameters employed in calculations of vacancies.
Thie repulsive energy between ions i and j, is represented by a
Born~Mayer potential, i.e. (Eg);; = 4;;exp( — Byry;), where 4 and B
are Born-Mayer constants and r is the ionic spacing. The van der
Waals interaction energy between ions i and j, has the form (Ey);
=Cy/ rS

(a)

Ion pair Born-Mayer constant van der Waals
constant,
A (eV) B (nm™%) C(107%eVnm~9)
Ti**-Ti** 7.090 x 10° 80.21 19.43
Sr?*-Sr2* 8379 x 10° 39.93 96.85
Ti**-Sr?* 1.166 x 10* 46.40 42.03
02~-0%" 4388 x 107 3230 23.78
Ti**-0%~ 1.902 x 103 31.75 12.88
Sr2+-02- 1.841 % 103 30.77 34.74
Ti**~Mn**  9.065 x 10* 68.49 70.19
Sr2*-Mn**  1.782 % 10* 48.67 15.09
Mn*"-0%" 2049 x10° 31.97 45.61

(b)

Sr2+ Ti** 02~ Mn*+
Electronic polarizability
in free state (1073 nm®  0.860 0.186 3.88 0.188
Electronic polarizability
in lattice (1073 nm?) 1.721 0.599 1.991 0.211
Ionic polarizability
(1073 nm?) 0.0 0.382 1.802
Shell parameter 6.687 7.455 1.642 4.654
(c)
Lattice constant (nm) 0.39051
Static dielectric constant 310
Dielectric constant at high frequencies 5.20

Mn** is about 1.5, in spite of the fact that the ratio of
the amount of Ti** ions to that of Mn** is 999. In
order to examine this problem, we have calculated
formation energies of strontium vacancies adjacent to
Mn** or Ti** using a polarizable point-ion shell
model which we have often employed in energy calcu-
lations of oxides [12-16]. We followed fully the
method of our calculations in n-type BaTiO; which is
isomorphous with SrTiO; [16]. Table II gives the
parameters used in the calculations. (An appendix
which explains how to determine these parameters
will be furnished by the authors upon request.)

The shell model is based upon calculations of dipole
moments induced by the electric field due to the
effective charge of an imperfection such as a vacancy. In
the case of Vg, the effective charge is — 2e. The dipole
moments in a spherical region of diameter 3.32a
around Vg, have been determined by the matrix tech-
nique, where a is the lattice constant. Dipole moments
in the shell of diameter 12.12a outside the spherical
region have been evaluated by the approximate
method of Mott and Littleton [17]. Every ion in the
remainder of the crystal is fixed (see [16]).

Table III summarizes Madelung, Ey, repulsive, Eg,
and van der Waals energies, Ey, of 027, Sr2* adja-
cent to Ti** and that to Mn** with the energies

required to form vacancies of these ions in the rigid,

unpolarized lattice, (Ep),. The formation energy of a



TABLE IIT Madelung, Ey, repulsive, Eg, and van der Waals, Ey, energies of Sr** adjacent to Ti** and those of 8r>* adjacent to Mn**
with the resultsfor O>~. (), denotes formation energies of vacancies of these ions in a rigid, unpolarized lattice

- Ion Ey (€V) Ey (V) Ey (eV) (Eg)o (eV)
Sr2* adjacent to Ti** —39.73 4.55 —1.52 18.35
Sr2* adjacent to Mn** —39.73 4.55 -~ 1.51 18.34
(oL —47.61 9.72 —1.37 19.63

TABLE IV Lattice-relaxation energies and formation energies, Ex, of strontium vacancies adjacent to Ti** or Mn** and oxygen vacancies,
where the relaxation energy consists of the changes in Madelung, repulsive and van der Waals energies, i.e., AEy, AE and AE,, and the

polarization energy, E,

Ton AEy (V) AEg (eV) AEy, (V) Ep (eV) Er (eV)
Sr2* adjacent to Ti*™* 6.91 ~329 —0.89 — 8.57 12.51
Sr?* adjacent to Mn** 7.00 ~3.39 —1.03 — 857 12.35
02~ — 6.83 4.13 — 1.03 —10.15 5.75

vacancy, Eg, is the sum of (Eg), and the lattice-
relaxation energy which consists of the changes in
Madelung, repulsive and van der Waals energies, i.e.
AEy,"AE; and AE,,, and the polarization energy, Ep
[12-16]. Lattice-relaxation and formation energies of
these vacancies are shown in Table I'V. The formation
energy of a doubly charged oxygen vacancy was calcu-
lated because the experimental result on this point
defect [18], 5.76 €V, was used as a criterion in the
determination of shell parameters of ions (see [16]). As
described before, the specimens were cooled to room
temperature very slowly after the final sintering. Then,
the ratio of the amount of Vg, adjacent to Ti*"* to that
of Vg, adjacent to Mn** at room temperature is

999 exp( — 12.51/300kz),/exp( — 12.35/300ks)
= 999 exp( — 0.16/300kz)
~ 2 )

where kj is the Boltzmann’s constant. This ratio is in
good agreement with the experimental result, ie.
~ 1.5, despite omitting a coupling constant represen-
ting the Jahn—Teller distortions of manganese ions. A
more precise calculation, as in our previous report on
a polaron in BaTiO; [16], would be possible if we
could take into account the coupling constant. Unfor-
tunately, no experimental values relevant to such dis-
tortions in these materials are available.

Speculation such as this indicates conclusively that
the result in Fig. 4 is direct evidence for the thermally
activated motions of titanium ions between off-centre
equilibrium positions. However, manganese-doped ef-
fects cannot be recognized clearly on the dielectric
properties around 70 K. This must be mainly due to
the low intensity of this relaxation peak.

Fig. 4 also demonstrates temperature dependencies
of dielectric constants, €'. These curves contain dielec-
tric dispersions, but not so remarkably compared with
the result of the specimen L-1.4 (see Fig. 3) and values
of dielectric constants reduce nearly to those of pure
SrTiO;. The resuit in Fig, 4 suggests a high possibility
that Jahn-Teller distortions of manganese ions offset
the lattice distortions introduced. by La®* and Vj,
and, consequently, decrease the number of off-centre
equilibrium positions for thermal motions of Ti** or
Mn*". In fact, the maximum value of tan$ in L-1.4

(see Fig. 3) reduces to nearly halif, even when 0.1 at %
MnO, is doped (see Fig. 4). Michel and Raveau [19]
suggested that Jahn-Teller distortions are so pro-
found that they change even a band structure in an
oxide when the amount of dopants such as manganese
ions exceeds some limited value.
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