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High dielectric permittivity and hole-doping effect in La 12xSrxFeO3

G. Chern, W. K. Hsieh, M. F. Tai, and K. S. Hsung
Department of Physics, National Chung-Cheng University, Chia-Yi, Taiwan, Republic of China

~Received 5 January 1998!

We have measured the complex dielectric permittivity for ceramic samples of La12xSrxFeO3 (0.2<x
<0.8), which, unlike La12xSrxMnO3 and La12xSrxCoO3, do not exhibit a metal-insulator transition with a
small amount of (x;0.2) hole doping. This measurement is carried out as a function of Sr doping (0.2<x
<0.8), frequency (20– 106 Hz) and temperature~80–300 K!. These results show strong temperature and
frequency dependence and high real dielectric constant,.105, on all compounds at room temperature. This
high dielectric polarization is due to a thermally activated process. The associated dipolar thermal activation
energy linearly decreases from 260 to 60 meV when Sr doping increases fromx50.2 to 0.6 and it nearly
vanishes atx50.8. The static dielectric constant reaches;107 in high Sr-doping samples due to an extra
low-frequency polarization enhancement where a relatively high ac conductivity is also observed. These results
are consistent with the persistence of the insulating phase until high (x;1) Sr doping and illustrate the doping
effect on the dielectric polarization in La12xSrxFeO3. @S0163-1829~98!02027-X#
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I. INTRODUCTION

The study of the perovskite series of La12xSrxFeO3 (0
<x<1) can be traced back to the late 1950s.1 Briefly, both
structural and magnetic transitions were observed by Sr
doping. The parent material LaFeO3 is an antiferromagnetic
insulator and the Ne´el temperature is about 750 K. The ma
netic order is weakened by substitution of trivalent La
divalent Sr, which forces the Fe from the stable trivalent
the rare tetravalent state. Structurally, LaFeO3 has ortho-
rhombic symmetry. It becomes rhombohedral for the com
sition La0.5Sr0.5FeO3. With further Sr substitution of La, the
structure approaches cubic.

Recently the interest in these compounds was revived
ter the discovery of high-temperature superconductivity
cuparates and giant magnetoresistance in manganese o
In the perovskite series LaMO3 ~M5transition metal! sub-
stantial changes on the electronic properties have b
found.2,3 A metal-insulator transition is observed while La
replaced by a divalent element such as Sr21. The transition
mechanism is, however, varied from a Mott-Hubbard ty
for the early transition metal to a charge-transfer or covale
insulator class for the late transition metal.4–14 When M is
the middle elements of Mn, Fe, and Co, it is expected
show a crossover behavior on the metal-insulator transit
It is rather surprising that, while La12xSrxMnO3 and
La12xSrxCoO3 become metallic forx.0.2, La12xSrxFeO3
does not exhibit a metallic phase untilx;1. The origin of
this unexpected behavior may give useful clues for the f
damental mechanism of the metal-insulator transition
these perovskite structures. Furthermore, many perovs
materials have shown high dielectric or ferroelectric prop
ties and the dipolar unit in these systems play an impor
role in the electronic transport phenomena. It is suspec
that the high dielectric polarization, if it exists, may be ca
ried over into the metallic phase but the free electrons p
vents from measuring this property.15 Now with the lack of
metallic phase in La12xSrxFeO3 (x,1), it provides an op-
portunity to examine this hypothesis in detail. In this stud
we have measured the complex dielectric constant
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La12xSrxFeO3 as a function of Sr-doping concentratio
(0.2<x<0.8), frequency (20– 106 Hz), and temperature
~80–300 K!. We have also measured dc conductivity a
found that it increases from a good insulator to a semic
ductor ~or poor metal! by Sr hole doping as expected. Th
energy gap gradually vanishes when the Sr doping close
x50.8. The dielectric measurement shows strong temp
ture and hole-doping dependence. An extremely high die
tric permittivity, .105, which is comparable to a ferroelec
tric value, at low frequency and room temperature for
compounds is observed. At the insulating end (x50.2), this
high dielectric polarizability results mainly from a thermal
activated process. The temperature and frequency de
dence of the dielectric constants in this region can be
scribed by a Debye relaxation mechanism. An extra enhan
ment on the dielectric constant is also observed at lo
frequency regions. This low frequency dielectric constant
comes more pronounced and quickly reaches;107 at the
conducting end (x50.8). A relative high ac conductivity
which is accompanied with this low-frequency polarizati
enhancement, develops simultaneously. It is likely that t
high dielectric behavior at low frequency is thus due to fr
carriers rather than bound structural units.16 An interesting
and potentially important question arises: How does the h
dielectric property change from the insulating phase to
more conducting phase? This sets a major goal for
present paper: to examine how this high polarization beh
ior in La12xSrxFeO3 (0.2<x<0.8) samples is affected b
the Sr-doping concentration.

Briefly, the dielectric measurements show that the dipo
strength, which is due to a thermally activated process, s
stantially reduces with higher Sr doping. The associated
tivation energies also quickly decrease from 260 to 60 m
while the doping of Sr ratio increases fromx50.2 to 0.6. It
becomes;0 when the doping isx50.8. On the other hand
the low-frequency dielectric enhancement grows as Sr d
ing increases. It also shows strong frequency and temp
ture dependence but quite different from the Debye proc
The associated ac conductivity exhibits, however, a rat
1252 © 1998 The American Physical Society
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FIG. 1. ~a! Real part of the dielectric constant and~b! electrical conductivity vs frequency for La0.8Sr0.2FeO3.
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simple exponential temperature dependence~and weak fre-
quency dependence!. The energy gaps deduced from th
low-frequency ac conductivity and independent dc cond
tivity measurements are very similar and both decrease w
lethe Sr doping increases. Interestingly, these gap ene
-
i-
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are very close to the activation energy of the dipolar rotat
at various temperatures. This result seems to indicate
both free carriers and bound units are related to each o
and this duality of bound and unbound carriers represen
unique feature in these perovskite oxides.
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FIG. 2. ~a! Real part of the dielectric constant and~b! electrical conductivity vs frequency for La0.6Sr0.4FeO3.
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II. EXPERIMENT

A. Sample preparation and x-ray diffraction results

The samples of La12xSrxFeO3 (0.2<x<0.8) were pre-
pared by the solid-state reaction method starting with h
purity La2O3 ~99.99%!, SrCO3 ~99.999%!, and Fe2O3
~99.5%! powder in the required proportions. The mixtur
were ground and calcined at 950 °C for 24 h. The samp
h

s

(;0.8 g) were pressed into;12 mm diameter disks under
compression pressure;200 kg/cm2 and then sintered a
1300 °C for 24 h under flowing O2. The temperature was
gradually cooled to room temperature at rate 200 °C/h. T
x-ray diffraction measurement showed that the oxide co
pounds were single phase orthorhombic perovskites fox
,0.2 and rhombohedral for 0.4,x,0.8. The lattice param-
eters all match well with the earlier reported data.17
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FIG. 3. ~a! Real part of the dielectric constant and~b! electrical conductivity vs frequency for La0.4Sr0.6FeO3.
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B. Measurements

The complex dielectric constants are obtained from
pedance measurements in the frequency and temper
ranges of 20– 106 Hz and 80–300 K. The data are taken wi
an HP 4284A Precision LCR meter. The complex quant
-
ure

-

data have been converted to a dielectric constant and ele
conductivity using an equivalent circuit of a parallel capa
tor and a resistor. The electrical contacts were used w
silver paint. A low field strength~1 V/m! is applied through
the whole measurement to avoid possible non-Ohm
behavior.16
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FIG. 4. ~a! Real part of the dielectric constant and~b! electrical conductivity vs frequency for La0.2Sr0.8FeO3.
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III. RESULTS AND DISCUSSION

A. Frequency- and temperature-dependent
dielectric permittivity

Complex dielectric constant of La12xSrxFeO3 (0.2<x
<0.8) series is measured. A representative real dielec
constant and the conductivity~s5v««9, where« is the per-
ic

mittivity of free space and«9 is the imaginary dielectric
constant! of La0.8Sr0.2FeO3 as a function of frequency at vari
ous temperatures is shown in Fig. 1. The real dielectric c
stant«8 is strongly temperature and frequency dependen
thermally activated process, shown as a drop of the rea
electric constant in Fig. 1~a!, gradually shifts to lower fre-
quency as the temperature decreases. An additional pola
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FIG. 5. Real part of the dielectric constant as a function of temperature at~a! 1 MHz, ~b! 100 kHz,~c! 10 kHz, and~d! 1 kHz.
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tion, which develops while the temperature increases, ca
identified especially in the low-frequency region. Note th
«8 reaches an absolute maximum value of;105 at 300 K
due to both the thermally activated process and this a
tional polarization. At lower temperature, however, it dro
to ;20 with weak frequency dependence.

The conductivity plot, Fig. 1~b!, also shows various fre
quency and temperature dependence. Qualitatively,
frequency-dependent feature at different temperature is
similar. The major effect on the conductivity is shown as
gradual jump from the lower frequency to the higher fr
quency and it shifts to higher frequency when the tempe
ture increases. This feature reflects the same thermally
vated process observed in the real dielectric cons
measurements. The conductivity becomes nearly consta
the lower frequency portion. Beyond the local jump the co
ductivity, which is at the higher frequency end, becom
weakly dispersive and increases as the frequency increa

The frequency dependence of the dielectric response
be represented by the Cole-Cole relaxation model wh
complex permittivity is given by
be
t

i-

e
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«* 5«`1~«s2«`!/@11~ jwt!#12a, ~1!

where«s and «` are the static and high frequency limit o
dielectric constants, respectively,t is the most probable re
laxation time,a is an empirical constant with values betwe
0 and 1, and is measured of an assumed symmetrical l
rithmic distribution of the relaxation times.18 It corresponds
to the Debye model in the case ofa50, which has a single
relaxation time. After the analysis from Eq.~1! we found that
the limited region of the polarization of La12xSrxFeO3 satis-
fies the Cole-Cole mechanism. The relaxation time obtai
at different temperature gives the Arrhenious relation and
corresponding activation energy is 260 meV~see below!.

B. Sr-doping-dependent dielectric permittivity

The complex dielectric constants of samples with high
Sr doping~0.4–0.8! are also studied with similar temperatu
and frequency dependence. The results show that all
La12xSrxFeO3 (0.4<x<0.8) compounds have comparab
or even higher dielectric constants. In Figs. 2–4, the r
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dielectric constant and conductivity of La12xSrxFeO3 ~x
50.4, 0.6, and 0.8! are presented. Both real dielectric co
stant and conductivity in La0.6Sr0.4FeO3 ~Fig. 2! show similar
results as in La0.8Sr0.2FeO3. Extra enhancement on the re
dielectric constant in the low-frequency region becomes e
stronger that the«8 increases for another 2 orders of mag
tude higher at 300 K. In addition, the thermally activat
process, shown as a drop on the dielectric constant, shif
the low-frequency limit with a slower rate when temperatu
varies ~corresponding to smaller activation energy, see
low!. Similar behavior is also seen ons, where the conduc-
tivity jump shifts to the relatively higher frequency in th
similar temperature region. The enhancement of the rea
electric constant at the low frequency region and the
creases in the activated strength becomes more pronou
when the Sr doping increases~Figs. 3 and 4!. The rate of the
shift of these activated process is also systematically
creased~in these cases, even at;80 K, the dielectric con-
stant is still strongly frequency dependent!. At the highest Sr
doping, in La0.2Sr0.8FeO3, the real dielectric constant be
comes exponentially varied as a function of the frequen
The thermally activated process can be barely seen at
high-frequency limit. Note that the real dielectric consta
still reaches;107 at low frequency but it remains;104 at
high frequency limit even at 82 K.

C. The dipolar polarization and Sr-doping dependence

In principle, Figs. 1–4 represent all the information of t
complex dielectric permittivity of La12xSrxFeO3 (0.2<x
n
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-
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<0.8) compounds. The physical interests can be better s
however, from different plots. Basically, part of the dielectr
strength is due to a thermally activated process, which
related to the dipolar unit. In addition, the low-frequen
dielectric enhancement may be due to more loosely bo
carriers. These two dielectric contributions are both seen
these permittivity results. We first concentrate on the th
mally activated process, which is related to a dipolar unit
these compounds. It is interesting to know how the ho
doping process affects this dipolar polarizability. In th
sense, the high-frequency limit results~less free carrier ef-
fect! give better observation on this thermally activated p
cess. In Figs. 5~a!–5~d!, the temperature-dependent real d
electric constant for different concentration compounds
fixed frequency of 1 kHz–1 MHz are given. At 1 MHz@Fig.
5~a!#, the real dielectric constant increasing from low tem
perature to higher temperature can be seen on all c
pounds. The strength (D«5«s2«`), however, substantially
reduced from;23104 to less than 104 when the Sr doping
increases. Notice that the low-frequency~exponentially var-
ied! background complicates this results especially in
high Sr doping sample. This trend still remains similar in 1
kHz but D« in La0.2Sr0.8FeO3 further decreases. At eve
lower frequency@Fig. 5~c! and 5~d!#, the D« from the ther-
mally activated process almost disappears and the diele
constant is replaced by the exponentially varied backgrou

D. Relaxation time and activation energy

At lower temperature the relaxation time of the therma
activated process becomes extremely long and the diele
e
he
FIG. 6. The relaxation time vs inverse temperature for La12xSrxFeO3 ~x50.2, 0.4, and 0.6!. The points are obtained by using th
Cole-Cole fit for the experimental data. The slops give the activation energies,Ea, which are plotted as a function of Sr concentration in t
insert.



e
-
fu

w

lo
t o
a

t
n
o

al

w
ar
ha
o

us
e

w
on
d
rg
re
al
p
a

on

e
ui

e
si

0.1
-
ing
ra-

ra-
een

le

lts
n-
In-
a-

op-
the

the
rm
su-
lator
le
ntil

s
to

e
e-
ted
ss is
sly
ing
a

s

o
art
nd
nd

n is
re-
di-

kite
rac-

C.
d.

fo

PRB 58 1259HIGH DIELECTRIC PERMITTIVITY AND HOLE- . . .
results may only show the high-frequency limit. How th
changes on the relaxation timet and the associated activa
tion energy depend on the Sr doping may provide use
information on the metal-insulator transition. Figure 6 sho
the relaxation time as a function of 1/T. The activation en-
ergyEa, which can be obtained from the slops of these p
is shown as a function of the Sr concentration in the inse
Fig. 6. The extrapolation from the linear plot indicates th
the activation energy vanishes aroundx50.8, which is quali-
tatively consistent with our experimental result. Notice tha
linear behavior of the associated gap energy as a functio
the hole-doping concentration has been seen
La12xSrxVO3 compounds before the onset of the met
insulator transition (x,0.275).19

E. Low-frequency dielectric constant and conductivity

The other origin of the high dielectric constant in the lo
frequency is suspected to relate to more freely charge c
ers. It is different from the thermally activated process t
we discussed in previous sections. The real dielectric c
stant shows an exponential frequency dependence pl
weak temperature effect. This behavior becomes extrem
strong when the Sr doping reachesx;0.8 @Fig. 4~a!#. In that
case, the real dielectric constant is dominated by this lo
frequency polarization. Notice that the dipolar polarizati
strength,D«, still exists but it is negligibly small compare
to the low-frequency polarization. This loosely bound cha
effect can be better recognized from the ac conductivity
sult. The ac conductivity, in the low-frequency region, is
weakly frequency dependent and thus the temperature de
dence becomes more important. In Fig. 7, we plot the
conductivity, at arbitrary fixed low frequency, as a functi
of the 1/T for each compound~as dotted lines!. The dc con-
ductivity ~as solid lines! is also shown for comparison. Th
ac and dc conductivity basically agree to each other q
well except a small shift to higher conductivity in ac at som
regions. They all decrease as the temperature decrea

FIG. 7. The dc and ac conductivities vs inverse temperature
La12xSrxFeO3 (0.2<3<0.8).
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which is consistent with a typical semiconductor~or insula-
tor! behavior. The absolute conductivity is;1028

(V cm)21 for La0.8Sr0.2FeO3 at 80 K. It quickly increases in
the compounds with more Sr doping and becomes
(V cm)21 for La0.2Sr0.8FeO3 at low temperature. Many or
ders of magnitude changes on the conductivity by Sr dop
at low temperature is clearly identified. At higher tempe
ture they all merge to;0.1 (V cm)21 at 300 K for all
compounds. Notice that in La0.4Sr0.6FeO3 there is a weak
transition on the dc~and ac! conductivity at;200 K. The
slop of the plot clearly increases at this transition tempe
ture suggesting that a insulating phase may have b
switched to a semiconductor~or poor metal! at this tempera-
ture by cooling. For La0.2Sr0.8FeO3 the conductivity becomes
relatively flat but no obvious transition can be seen. A wigg
on the conductivity in La0.8Sr0.2FeO3 ~the insulating end! is
seen at;160 K. From the original dielectric constant resu
~Fig. 1! we know that this weak slop changing on the co
ductivity is associated with the dipolar activated process.
terestingly, this property extents to the dc conductivity me
surement.

IV. CONCLUSIONS

Many La12xSrxMO3 ~M is a transition metal! perovskite
oxides present the metal-insulator transition with hole d
ing. These materials possess a feature different from
older metallic materials: the phase proximity between
metallic and insulating states. This feature lets us to perfo
a measurement to observe how the polarizability in the in
lating phase changes while they approach the metal-insu
transition. La12xSrxFeO3 compounds are especially suitab
for this purpose because it does not have the transition u
x;1. At insulating site,x;0.8, the dielectric constant i
;105 at low frequency and room temperature. It drops
;20 at low temperature with weak frequency dependenc~a
high-frequency limit!. This temperature and frequency d
pendence is well interpreted by a Debye thermally activa
process. The activation energy associated with this proce
;260 meV. When the Sr-doping increases, we continuou
see this activated process but with gradually decreas
strength. More importantly, the activation energy shows
linear decay and it almost vanishes atx50.2 ~metallic side!.
At the metallic side,x;0.2, the dielectric constant become
even higher, reaching;107 but with different origin. The
dipolar polarizability still exists but is negligible relative t
the new low-frequency polarization. We believe that this p
of the dielectric constant is due to more loosely bou
charge carriers. One evidence is the high conductivity fou
in the high Sr doping samples. One interesting observatio
that the gap energy deduced from the temperatu
dependent-conductivity measurement is very close to the
polar activation energy. This suggests that in the perovs
oxides there is a unique electronic property that has cha
teristics of both dipolar unit and loosely bound carriers.
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