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Attempts were made to synthesize samples in the system SrTii-,Mg,Oj for x = 0.01,0.05,0.10,0.15, 
0.20, and 0.25. Solid solution is obtained in the compositions with x 5 0.10. The structure remains 
cubic. Chemical analysis indicates oxygen deficiency in these materials. Initial substitution of Mg*+ 
ions (i.e., for x = 0.01) lowers the resistivity by several orders of magnitude. The activation energy, 
E,, is very small and AC conductivity is independent of frequency in this composition. At higher 
concentration of Mg*+ ions (i.e., for x = 0.05 and O.lO), the resistivity and the activation energy again 
increases. AC conductivity, uAc, varies as ws where s lies in the range 0.4-0.6, indicating conduction 
by hopping of charge carriers. The dielectric constant of these samples remains constant up to a 
particular temperature, T,, beyond which it varies as A(T - T,)/ ws’. The electrical behavior has been 
explained on the basis of the defect structure of these materials. Q 1988 Academic press, IW. 

Introduction 

Strontium titanate is an AB03-type 
perovskite which is paraelectric at room 
temperature. Substitution of higher valent 
ions on A and B sites imparts interesting 
dielectric properties to the resulting mate- 
rials (Z-5). By suitable heat treatment in a 
controlled atmosphere, rare-earth substi- 
tuted SrTi03 becomes a potential candidate 
for boundary layer capacitors (6-7). The 
Mg2+ ion, when substituted in SrTiO3, will 
replace the Ti4+ ion because of similar size. 

* To whom all correspondence should be addressed. 

It will act as an acceptor on the B site being 
a lower valent ion than the Ti4+. Electrical 
charge neutrality is expected to be achieved 
by oxygen vacancies (8). In this paper we 
report the results of our investigations on 
the possibility of formation of the solid so- 
lution SrTii-,Mg,03 and the effect of its de- 
fect structure on the electrical properties. 

Experimental 

All the samples were prepared from ana- 
lytical grade strontium oxalate, titanium 
dioxide, and magnesium oxide. Stoichio- 
metric amounts of these materials were 
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weighed, mixed, and ground. The dry pow- 
ders were calcined at 1475 K for 6 hr. The 
resulting mass was mixed and ground 
again. Pellets were prepared using polyvi- 
nyl alcohol as binder. These pellets were 
slowly heated to 675 K, kept there for an 
hour to completely remove binder and then 
the temperature was raised to 1525 K at the 
rate of 150 K/hr. Samples were sintered at 
this temperature for 12 hr and cooled in the 
furnace. X-ray diffraction patterns were 
taken using an Isodebyeflex 2002 diffrac- 
tometer employing CuKcv radiation. Chemi- 
cal analysis was carried out using a Perkin- 
Elmer atomic absorption spectrophotom- 
eter. Bulk density of sintered pellets was 
determined by the water displacement 
method as well as from the geometry and 
mass of the pellets. Both values were iden- 
tical. Porosity was calculated by the rela- 
tion 

% Porosity 
= X-ray density - Bulk density x loo 

X-ray density 

For measurement of the DC resistivity and 
the Seebeck coefficient as a function of 
temperature, sintered pellets were polished 
and pressed between spring-loaded plati- 
num foils. These measurements were car- 
ried out using a Keithley 616 digital elec- 
trometer. AC conductivity and dielectric 
constant were measured on pellets coated 
with silver paint using an HP 4192A LF 
impedance analyzer as a function of fre- 
quency at different temperatures. 

Results and Discussion 

Structure 

SrTi03 is an ABOrtype perovskite. X- 
ray diffraction (XRD) data indicate that the 
Mg2+ ion has limited solubility in SrTi03. 
Solid solution is formed only in the compo- 
sitions with x = 0.01,0.05, and 0.10 studied 
by us. XRD patterns of the compositions 

TABLE I 
LATTICE PARAMETER, a (A), AND 

PERCENTAGE POROSITY FOR VARIOUS 
COMPOSITIONS IN THE SYSTEM 

SrTi,-,Mg,03-, 

x (k 

0.00 3.902 
0.01 3.909 
0.05 3.898 
0.10 3.901 

% Porosity 

9.0 
7.5 

11.8 
18.5 

with x = 0.15, 0.20 and 0.25 were found to 
contain characteristic lines of the constitu- 
ent oxides. Firing of these compositions 
even at 1623 K did not give single-phase 
materials. We have characterized composi- 
tions with values of x = 0.01,0.05, and 0.10 
which are single-phase materials. Data on 
SrTi03 prepared by us is also given for 
comparison. Chemical analysis of these 
samples indicate that they are oxygen defi- 
cient similar to the system SrZrl-,Mg,O, 
(9). As expected, for each Mg*+ replacing 
Ti4+, electrical neutrality is maintained by 
creation of an oxygen vacancy. Thus these 
materials can be represented by the formula 
SrTi,-,Mg,O3-,. XRD data of these sam- 
ples could be indexed on the basis of a cu- 
bic unit cell. Lattice parameter, a, and per- 
centage porosity for the samples with x = 
0.01, 0.05, and 0.10 are given in Table I. 
Lattice parameter, a, does not change with 
K. This is because ionic radius of Mg*+ (0.72 
A) is larger than that of Ti4+ (0.61 A). Re- 
placement of Ti4+ by Mg*+ tends to increase 
a. On the other hand, the presence of oxy- 
gen vacancies tends to shrink the unit cell. 
The concentration of oxygen vacancies in- 
creases with concentration of Mg2+ ions. 
Thus these two effects cancel each other 
and the lattice parameter does not change 
with x. It is seen from Table I that percent- 
age porosity increases with increasing x. 
The observed decrease in sinterability is in 
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FIG. 1. Plots of Seebeck coefficient Q vs temperature 
for the system SrTi1-,Mg,03-x. 

accordance with the increase in oxygen va- 
cancies which are reported to inhibit the 
sintering in the perovskite oxides (8). 

Electrical Conductivity Behavior 

All the samples exhibit time-independent 
DC conductivity over the entire range of 
temperatures of measurement. This shows 
that the conduction is predominantly elec- 
tronic in nature. This behavior is similar to 
that observed in Mg2+-doped LaA103 and 
SrZr03 (9). The plots of Seebeck coefficient 
(Y as a function of temperature are shown in 
Fig. 1. Measurements of Q! below 800 K for 
the samples with x = 0.05 and 0.10 were not 
possible because of their high resistance. 
Positive values of (Y for all the samples 
show that the holes are majority charge car- 
riers. The (Y is almost independent of tem- 
perature. The values of CY at 800 K for all 
the samples are given in Table II. 

TABLE II 
SEEBECK COEFFICIENT, (Y, ACTIVATION ENERGY FOR 

DC CONDUCTIVITY, E,, AC CONDUCTIVITY, E:, 
AND HOPPING ENERGY, W, 

E: (eV 
a (rV/K) 

x at8OOK E. (ev) 10 kHz 100 kHz WI @VI 

0.01 16 0.13 - 
0.05 1090 0.65 0.15 020 077 
0.10 1010 0.62 0.16 0.16 0.46 

Figure 2 shows the variation of log pm 
with 1000/T for all the compositions. It is 
clear from these plots that resistivity fol- 
lows an Arrhenius relationship 

P = PO exPb%JW, (1) 

where E, is the activation energy for con- 
duction. Values of E, determined from the 
slopes of these curves are given in Table II. 
Resistivity of the sample with x = 0.01 is 4- 
5 orders of magnitude less than that of Sr 
Ti03. With further substitution, resistivity 
again starts increasing as indicated by plots 
of the x = 0.05 and x = 0.10 samples. Acti- 
vation energy of conduction for x = 0.01 is 
also much less than that for the x = 0.05 
and x = 0.10 samples, both of which have 
almost the same value. This shows that the 
conduction mechanism is different in the 
x = 0.01 sample from that operative in the 
other two samples. 

SrTi03 is a p-type semiconductor. This is 
due to excess cation vacancies in A sublat- 
tice over oxygen vacancies similar to Ba 
Ti03, i.e., it is cation deficient (8). These A 
site vacancies act as acceptors as they 
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FIG. 2. Variation of log pw with 1000/T for the sys- 
tem SrTi,~,Mg,O,-, . 
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hopping of small polarons among localized 
defect sites. The activation energy for con- 
duction is entirely due to thermally acti- 
vated mobility of small polarons (10, II). 
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The frequency dependence of AC con- 
ductivity, (T&w), for the samples with x = 
0.05 and 0.10 (Fig. 3) can be expressed as 

-7.c 

CA&d cl us, (3) 

where s is a weak function of frequency at a 
particular temperature. It has a value in the 
ranges 0.45-0.52 and 0.40-0.62 for the sam- 
ples with x = 0.05 and 0.10, respectively in 
the temperature range 300-575 K. Value of 
s increases with temperature. Plots of log 
uAC vs lm/T at a few frequencies (1, 10, 
and 100 kHz) are shown in Fig. 4 for these 
two compositions. It is observed that these 
plots are linear above 350 K. The values of 
activation energy, EL, calculated from the 
slopes are given in Table II. 

3.0 4.0 5.0 

log t , Hz 

FIG. 3. Variation of log aAc with log f at different 
temperatures for the system SrTi,-,Mg,OS-x. 

attract electrons to complete the electron 
shells of the surrounding oxygen, 

VA = vi- + 2h’, (2) 

generating holes, making SrTiOs a p-type 
semiconductor. Magnesium when substi- 
tuted for titanium is short of two electrons 
to complete bonding with the surrounding 
oxygen ions. It can accept two electrons 
from the oxygen-2p valence band, thereby 
generating two holes in it. Initial substitu- 
tion of magnesium, therefore, leads to gen- 
eration of a large number of holes. Varia- 
tion of AC conductivity, oAc, for all the 
samples with frequency at a few selected 
temperatures is shown in Fig. 3. For the 
sample with x = 0.01, UAc is independent 
of frequency at all temperatures. The tem- 
perature-independent value of Seebeck co- 
efficient of this sample shows that the num- 
ber of charge carriers remains constant 
with the temperature. Therefore, the elec- 
trical conduction seems to occur by the 

The frequency dependence of AC con- 
ductivity can arise due to the following 
mechanisms: (i) transport by carriers ex- 
cited into localized states at the band edge, 

I  

f  0.05 0.10 
1KHz 0 . 

1OKHz b L 
loonHz 0 . 

I I I 
2.0 3.0 

1000/T, K-’ 

FIG. 4. Variation of log mAAc with lOOO/Tfor samples 
with x = 0.05 and 0.10 in the system SrTi,-,Mg,Os-, . 
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Es, and hopping at energies close to it, (ii) 
hopping of charge carriers at localized lev- 
els close to EF similar to impurity con- 
duction in heavily doped crystalline semi- 
conductors, and (iii) thermally activated ro- 
tation of dipoles, i.e., if the material con- 
tains dipoles which can point in two or 
more directions, with energies Wi and WZ 
(AW = Wi - W2) and with a jump time 7 
from the lower to the upper state, both AW 
and 7 varying over a wide range including 
zero (12). 

All three mechanisms predict a fre- 
quency dependence of AC conductivity 
given by Eq. (3) with s 5 1. The last two 
mechanisms predict that the AC conductiv- 
ity is proportional to temperature, T. Mech- 
anism (i) predicts the temperature depen- 
dence of (TAc as (22) 

(TAC(T) cy exp[-(Er - E~)lkTl. (4) 

We have also observed an exponential de- 
pendence of (TAc on temperature above 350 
K for these samples (Fig. 4). This indicates 
that the conduction occurs mainly by mech- 
anism (i), i.e., transport by carriers excited 
into localized states at the band edge, EB, 
and hopping at energies close to it. For this 
mechanism, the temperature and frequency 
dependence can be expressed by the rela- 
tion (13) 

(TAC(%T) = - e2kT[N(EB)]2a-5u ln 96 [ 1 *4 
w 

x exP[--(EF - EB)/~T], (5) 

where N(EB) is the density of states at an 
energy, EB, away from the Fermi level, VP,, 
is characteristic optical phonon frequency, 
and (Y-I is the radius of localized wave func- 
tion. The frequency dependence (given by 
the above equation) can be written (12) in 
the form of Eq. (3) with 

S= 
d[h{w h4(vph/m)}] 

d(ln w) ’ 

=I- 4 
h(vph/w) ’ (6) 

At a particular frequency, e.g., o = 104/ 
S-i, s varies from 0.4 to 0.8 for vph in the 
range IO’-lOi Hz. If we assume values of 
vph to be of the order of 109-10*o Hz for our 
samples, the value of s would be in the 
range 0.4-0.6 as obtained by us. 

The variation of DC conductivity for 
mechanism (i) with temperature can be 
written as (22) 

u = (~1 eXp[ -(EF - EB + Wl)/kT], 

where WI is the energy for hopping. The 
difference between the activation energies 
E, and EA for DC and AC conductivity, re- 
spectively, is the activation energy, WI, for 
hopping among the localized levels at the 
band edge, EB. The value of WI is almost 
the same for both samples (Table II). 

Although the conductivity behavior can 
be explained by mechanism (i), mechanism 
(iii) also contributes to the AC conductiv- 
ity. This contribution is due to formation of 
associated Mg2+-oxygen vacancy defect 
pairs forming dipoles. These dipoles can 
change their orientation by the jumping of 
oxygen ions into neighboring oxygen va- 
cancies. Because of random distribution of 
Mg2+ ions and oxygen vacancies, the asso- 
ciated defect pairs may be separated by 
varying distances giving rise to a range of 
AW and r values as described for mecha- 
nism (iii). 

Dielectric Behavior 

Variation of dielectric constant, Ed, with 
temperature at 1, 10, and 100 kHz for x = 
0.00, 0.01, 0.05, and 0.10 is shown in Figs. 
5, 6, 7, and 8, respectively. Behavior of 
samples x = 0.05 and 0.10 is similar and 
different from that of x = 0.00 and 0.01. For 
SrTi03 (x = O.OO), there is very little de- 
crease of dielectric constant with tempera- 
ture up to 400 K and thereafter it increases 
very rapidly with temperature. Variation of 
Ed with temperature decreases with increas- 
ing frequency and E, becomes almost inde- 
pendent of temperature at 100 kHz. For the 
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FIG. 5. Variation of dielectric constant, E,, with temperature for SrTiO,. 
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FIG. 6. Variation of dielectric constant, E,, with temperature for SrTi0.WMg~.0102.~. 
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FIG. 7. Variation of dielectric constant, E,, with temperature for SrTii.9SMg0.0502.95. 
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FIG. 8. Variation of dielectric constant. E,, with temperature for SrTio.wMgo.,oOz.w. 

x = 0.01 sample, Ed decreases with tempera- 
ture. The temperature variation of ar de- 
creases with increasing frequency just like 
SrTi03. It differs from SrTi03 in that there 
is no sharp increase in ar with Tafter 400 K. 
Figures 7 and 8 show that for x = 0.05 and 
0.10, a, remains almost independent of tem- 
perature up to a particular temperature, T, . 
Above Tc it increases linearly with tempera- 
ture. T, shifts to higher values with increas- 
ing frequency. Further E, decreases with in- 
creasing frequency in both samples. Plots 
of log sr with log fat two temperatures are 
shown in Fig. 9. These plots are linear. 
Thus variation of .a, with temperature and 
frequency can be expressed by the relation 

E, = A(T - T&J-~‘, (7) 

where A is a constant. The values of s’ are 
close to 0.3 and slightly increase with tem- 
perature. 

The dielectric behavior of these samples 
can be understood in light of the presence 
of associated Mg2+-oxygen vacancy pairs 
which constitute dipoles as mentioned ear- 
lier. These defect pairs may be separated by 
varying distances. These dipoles may not 
be able to respond to external field at low 
temperatures (below T,) due to lower mo- 
bility of 02- ions. Above T,, different di- 
poles may start orienting with the external 

field contributing to the polarization and 
thus leading to observed increase in a,. The 
observed increase in ar above T, may also 
be partly due to interfacial polarization 
which arises due to random distribution of 
Mg2+ ions in the lattice. Presence of the 
dipoles (defect pairs) and chemical inhomo- 
geneities in these two compositions also ac- 
counts for frequency dependence of a,. Dis- 

1.68 
logf, HZ 

FIG. 9. Variation of log E, with logffor the system 
SrTi,-,Mg@-,. 
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persion of er at low temperatures in x = 0.01 
may also be due to random distribution of 
Mg2+ ions in it. Dielectric loss, tan 6, in all 
compositions is high, being maximum in 
x = 0.01. This is in accordance with the 
highest conductivity observed in this sam- 
ple. The tan 6 decreases with increasing fre- 
quency in all samples at all temperatures, 
indicating that loss is predominantly due to 
conductivity. 
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