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Abstract. Electrical transports in the La)_, Sty FeOs system (0.05 < x < 0.3) was investigated as
a function of temperature from 80 K to 350 K by dielectric properties, b¢ and AC conductivities,
Two dielectric relaxation peaks appeared and their relative peak heights were closely related
to the amount of Sr. The intensities of both these peaks were thermally activated. In every
specimen, there was an Arrhenius relation between o7 and T, the activation epergy of which
was nearly equal to the sum of the activation energy required for the dielectric relaxation and
that for the thermal activation in the intensity of the relaxation peak. The frequency dependences
of ac conductivities obeyed an equation of o{w) = A« and Ac conductivities were independent
of temperatre below ~200 K at every applied frequency. These results were explained self-
consistently with small polarons of ligand holes {3d°L) which were transformed from the states
of O 2p weight to the mixed Fe 3d-O 2p states with an increase in the covalent character as the
amount of Sr increases, as confirmed by the soft-x-ray spectroscopies and xPs-experdiments.

1. Introduction

Controlled valence materials like La;—,Sr.MQ3; (where M is a first-row transition metal)
show very interesting changes in their physical and chemical properties as a function of
composition [1-4]. In particular, electrical transport properties are of great interest. It was
generally assumed that replacement of La*t by Sr2* in these materials would lead to change
in the 3d electron configuration, thereby providing a means to control the valence of the
transition metal ions. It is likely that electrical transport properties in La;_;Sr,MnO; and
Laj_,Sr,Co0s are explained in terms of double exchange interactions between transition
metal ions, as proposed by Zener [5-10]. In La;_,Sr,FeOs, however, such interactions
between Fe* and Fe** cannot be expected [6] and, alternatively, a thermally activated
hopping process of small polarons between Fe ions appears to play an important role in
transport properties {11-15].

According to the recent stndy on the soft-x-ray absorption spectroscopies by Abbate et
al [16], however, the main component of the LaFeQs ground state is high-spin 3d* which
becomes tggf% in octahedral field. As La®* is replaced by Sr**, the holes go to states of
primary O 2p character and the main component of the ground state becomes 3d°L (where
L denotes a ligand hole). For low Sr contents, these states are primarily made up of O 2p
weight, while a transition to new states of mixed Fe 3d-O 2p character takes place as the
amount of Sr increases. In addition, replacement of La®t by Sr** in La;_,Sr,FeQs leads to
an increase in the covalent character of the ground state. Though the covalent contribution

t Author to whom cormrespondence should be addressed.

0953-8984/95/061215+13$19.50 (© 1995 IOP Publishing Ltd 1215



1216 W H Jurng and E Iguchi

appears remarkably in the nature of ligand holes above x = 0.5 in soft-x-ray absorption
spectroscopies, this contribution has a possibility of participating in the change of nature of
ligand holes even at x < 0.5. The same characteristics of ligand holes in La;_,Sr,FeOs are
reconfirmed also in XP$ experiments by Chamnani et al [17].

The results obtained by the soft-x-ray absorption and XPS, therefore, rekindle studies
on electrical transports in La; Sr;FeQsz;. If polaronic conductions take place virtually
in this system as much of the literature suggests [6, 8-11], more direct evidence for
hopping dynamics of polarons is required besides the experiments to date. As confirmed
experimentally in our previous reports [18-20], dielectric measurements are very sensitive to
a thermally activated hopping process of polarons because this process requires a dielectric
relaxation. Besides our previous experiments, in fact, similar relaxations due to hopping
processes of polarons are observed in other oxides like W03, Smy03-P;0; glass and so on
[21-23). Dielectric measurements, therefore, have a high possibility of detecing directly the
transition of ligand holes from O 2p weight to Fe 3d-O 2p mixed. even if other experimental
methods like DC conductivity measurement are insensitive to this transition.

Considering these facts, it is of great significance to investigate trangport properties in
La;_,Sr,FeOs. In our last report [24], we carried out an investigation on LaFe;_,Ti,Os
and confirmed the polaronic conductions due to ligand holes, 3dL, and the compensation of
holes by electrons introduced by replacements of Fe** with Ti*t. In this report, we have
measured dielectric properties, AC and DC conductivities of La;—,St;FeQO; (0.05 € x £
0.3) in the temperature range of 80-350 K in order to investigate transport properties and
will discuss the results in terms of small polarons of ligand holes the character of which is
expected to change as a function of Sr composition.

2. Experimental procedure

The La; S, FeQ; ceramic specimens (x = 0.05, 0.10, 0.20, 0.25 and 0.30) were prepared
by the solid state synthesis technique. Powders of La;0s, Fe;O3 and SrCO; (Johnson
Matthey, 5N grade) were used. The mixed powders were calcined in air at 1373 K for
24 h, then pressed into pellets and fired finally in air at 1623 K for 24 h. Specimens are
numbered using terminology such as S-5, where the number denotes the amount of Sr in
atomic ratio, here LaygsSrg05Fe0s. Powder x-ray measurements on the specimen, S-20,
indicated the single phase of LaggSrgaFeOs (an orthorhombic perovskite structure), which
agrees with the data in JCPDS (code 35-1480).

Flat surfaces of specimens were coated with an In-Ga alloy in 7:3 ratio by a rubbing
technique for an electrode in measurements of capacitances and conductances at low
temperatures, but evaporated gold was used for measurements above 300 K. HP 42744,
4275A and 4284A LCR meters were used for capacitance and conductance measurements,
while a Keithley 619 resistance bridge, an Advantest TR 6871 digital multimeter and an
Advantest R 6161 power supply were used for DC conductivity measurements by the four-
probe method. A copper—constantan thermocouple precalibrated at 4.2, 77 and 273 K was
used for the temperature measurements.

3, Experimental results

Figure 1 demonstrates Arrhenius plots of o7 against 1/T. Below o7 ~ 1079 K ! em™!,
conductivities were hard to measure by the four-probe method. An increase in conductivities
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Figure 1. Arrhenius relations between o7 and 1/7 for Laj—,Sr.FeQs. Solid circles represent

the results for specimen 8-5 (x = (.05); open circles, S-10 (x = 0.10); solid squares,
5 —20 (x = 0.20); open squares, S-25 (x = (.25) and open diamonds, §-30 (x = 0.30).

with the amount of Sr is recognized obviously. In every specimen, there is a linear relation
and the activation energies decrease as x increases, i.e., 0.53, 0.52. 0.42, 0.37 and 0.29 eV for
specimens S-3, §-10, S-20, S-25 and S-30, respectively. At low temperatures, conductivities
deviate from the linear relations. The conductivities iricrease rapidly as the amount of Sr
increases from x = 0.10 to 0.20. One suspects, then, some correlation between such a
non-linear increase in conductivities and a change of nature of carriers, i.e., the ransfer
from primary O 2p character to mixed Fe 3d-0 2p. Another increase in conductivities from
x = 0.25 to 0.30 is observed again and this must be also due to a change of natures of
carriers, but in this case, carriers in the specimen of $-30 contain a rather strong covalent
composition in comparison with other specimens, as described in the introduction. LaFeQO;
is antiferromagnetic with the Néel temperature of ~750 K like as many other transition
metal oxides. As x in La;_,Sr,FeOs increases, the Néel temperature decreases rapidly to
~400 K at x = 0.30 [25]. Even in the specimen S-30, however, the Néel temperature must
be higher than the temperatures measured because there is no anomaly, in the plots of 0T
and 1/7T, due to the transition from the antiferromagnetic state to the paramagnetic one as
shown in figure 1.

Figure 2 demonstrates the temperature dependence of the dielectric loss tangent, tan d,
of every specimen at the applied frequency, f = 40 kHz. When x = 0.05 and 0.16,
i.e., specimens S-5 and S-10, one dielectric relaxation peak appears and this peak shifts
to higher temperature and grows with increasing x. At x = 0.20 (ie, S-20), this peak
moves to a still higher temperature but decays. Instead of this weak peak, another strong
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Figure 2. Temperature dependences of relaxation pesks in loss tangent, tand, at the applied
frequency, f = 40 kHz. Solid circles represent the results for specimen S-5 {x = 0.05): open
circles, S-10 (x = 0.10); solid squares, $-20 (x = 0.20); open squares, §-25 {(x = 0.25) and
open diamonds, §-30 (x = 0.30).

dielectric relaxation peak appears at a lower temperature. The latter shifts slightly to lower
temperature and considerably grows as x changes from 0.20 to 0.25. However, it decays
and becomes broad remarkably at x = 0.30. The appearance of two peaks in the specimen
S-20 suggests that both the peaks belong to the same family and their relative intensities
depend upon the environment variation caused by the change in the proportion of Sr ions
present.

A Debye type dielectric relaxation involves the following relation for the loss tangent,

27 f1y exp (k—gQT_) =1 1)

where @ denotes the activation energy required for the relaxation, kg is Boltzmann’s
constant, f is the applied frequency, 1y represents the pre-exponential factor of the relaxation
time and T}, is the temperature where the loss tangent is maximum., In Arrhenius plots of f
against 1/ Ty, for the loss tangent, as shown in figure 3(a), one has good straight lines with
activation energies of Q =.0.49 eV for the specimen $-5, 0.48 eV for $-10, 0.41 eV for the
strong peak in S-20, 0.33 eV for 5-25 and 0.23 eV for 5-30. These energies are generally
somewhat smaller than those obtained in figure 1. Denote the maximum value of tand at T,
as (tan 8)max. then the Debye’s theory predicts that (tan 8)ma o 1/Tim. Arrhenius relations
between (tan 8)maTm and 1/T;, plotted in figere 3(b), however, imply that (ian8)qa
increases as Ty, increases. The good straight lines in figure 3(b) have activation energies
0.02-0.04 eV, The results for the small peak in the specimen $-20 are omitted for figure
3(a) and (b) because the contribution of this relaxation to dielectric properties and transport
properties must be small compared with the strong relaxation, but the activation energy, Q,
is found to be ~0.32 eV,



Polaronic transport in La; . Sr.FeO;3 1219

A

()

—

\ 1210°

(4]

.

f(Hz)

-
<
Tm(Tan S)max( K)

1000/T(K™

Figure 3. (a} Arrhenius relations between f and 1/ T, and (b) those between T (tan 8)max and
1/ T, where Ty, is the temperature where the loss tangent is maximum, i.e., (tan &)y, and £
is the applied frequency. Solid circles represent the results for specimen S-5 (x = 0.05); open
circles, 8-10 (x = 0.10); solid squares, S-20 (x = 0.20); open squares, S-25 (x = 0.25) and
open diamonds, $-30 (x = 0.30).

The conductance measurements yield the real part of AC conductivities. Figure 4
demonstrates the Arrhenius relations between the AC conductivity, o (@), and temperature,
T, for the specimen S-10 with the result for DC conductivities. At temperatures below
~200 K, o(w) is independent of temperature at every applied frequency. Other specimens
show similar behaviours. The frequency dependence of AC conductivities, o(w) « @', is
confirmed in every specimen, where s is a temperature-dependent guantity. The values
of B (= 1 — 5) determined by least-mean-square analyses are plotted as a function of
temperature at 10 K increments for specimens $-5 and $-25 in figure 5. In LaFe;_ Ti 05
[24], there are three temperature ranges, i.e., the low-temperature range where § = (,
the intermediate-range in which there exists a linear relationship between 8 and T, and the
high-temperature range where 8 deviates from the linear relation and increases rather rapidly
with increasing temperature. The specimens 8-5 and S5-10 exhibit behaviours quite similar
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Figure 4. Arrhenius relations between ac conductivity, o (w), and 1/T at applied frequencies,

F =14, 10, 40 and 100 kHz, (open circles), with the results for be conductivities (solid circles)
for the specimen S-10. .

to LaFe;_.Ti, Oy, as shown in figure 5, while the intermediate ranges are not recognized
in other specimens, i.e., 8-20, $-25 and S-30. Though Pollak finds a frequency-dependent
conrductivity of the form [26]

o (w) = Aw {In(Q/)}* @

and Pollak and Geballe [27] have graphically shown that equation (2) is practically
indistinguishable from a plot of A’w®8, this theoretical expression cannot account for the
result in figure 5 because s changes as 2 function of 7.

4. Discussion

4.1, Dielectric relaxations

As shown in figure 2, there are two dielectric relaxation peaks in the Laj_,St,FeQs system:
the ane which mainly appears at low St contents is rather small and another one which
is observed at x = 0.20-0.30 is rather strong. The small peak decays and, instead, the
strong peak grows as the amount of Sr increases from x = 0.10 to 0.25, that is, the nature
of the active dipoles responsible for the dielectric relaxations changes as a function of
the amount of Sr. This feature corresponds well to the transition of ligand holes, 3d.Z,
from O 2p weight to Fe 3d-O 2p mixed state observed in soft-x-ray spectroscopies [16).
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Figure 5, Plots of (1 — 5) = B as a function of temperature for the specimens 5-5 (solid
circlesy and S-25 (open circles), where s is a temperature-dependent quantity in the relation
of o(w) @ «°. The broken line in the result for $-5 represents the linear part in which 8 is
proportional to T. | .

This means that both of the relaxations observed belong to the same family as suggested
before. The characteristics of the small peak reported in the previous section are quite
similar to the dielectric relaxations observed in LaPe;_,Ti. O3 [24]. The same sort of active
dipole moment must be responsible for both the relaxations in LaPFe;_, Ti, O3 and those in
La;_,Sr.FeO; at low Sr concentrations (x < 0.10),

In the case of ligand holes of O 2p weight at low Sr contents, their positions are rather
close to oxygen ions and. then, the primitive distance of their hops must be the spacing
between oxygen ions, i.e., ~ +/2a/2, where a is the mean lattice constant. When ligand
holes are in Fe 3d—O 2p mixed states at high Sr contents, they remove their positions towards
Fe ions and, consequently, the hopping distance is expected to be the spacing between Fe
ions, i.e., ~ +/2a.” According to the Debye theory, the loss tangent, tand, is proportional
to the square of the hopping distance. Then, (tan &)y, due to Fe 3d-0O 2p mixed ligand
holes is roughly four times as large in values as that of O 2p ligand holes. This speculation
accounts for the relative intensities of the two absorption peaks in figure 2. However, the
ratio for the specimen S-30 to S-10 is approximately two. This is due to the characteristics
of the sampie 5-30 which exhibits quite different behaviours from the others because of a
rather strong covalent contribution involved in this specimen, which will be described later.

The backgrounds in the specimens of 8-25 and §-30 rise at high temperatures as shown
in figure 2. If the experiments could be carried out in the temperature range above room
temperature, other specimens with low contents of Sr would show similar tendencies, as
reported in our previous paper on a-LizMn304 [20]. Increases in polarizabilities induced
by the misfit in ionic radii between La®" and Sr** mainly enhance the dielectric constant
as indicated by the Clausius—-Mossotti relation [28] and, consequently, it is likely that ionic
displacements associated with increased polarizabilities, at high temperatures, lead to the
steep rises of backgrounds in the dielectric loss tangent which is proportional to the dielectric
constant. .

As described in the introduction, electrical transport due to a hopping process of small



1222 W H Jung and E Iguchi

polarons has been proposed for LaFeOs and La;_ .St FeO4 [12-15]. If both of the dielectric
relaxations observed in this text are of this mechanism, the activation energy @ in equation
(1) should be (W} + Wy/2), where Wy, denotes the hopping energy of a polaron and Wy
is the disordered energy [18-20, 29]. In most cases of dielectric relaxations, a single
relaxation time does not describe the relaxation process: rather, a distribution of relaxation
times is required. The theoretical description of physical models exhibiting a distribution
of relaxation times is often very complex. It is sufficient, however, to quote the results of
a simple model [30, 31] in which the barrier heights involved for the polaron hopping are
equally distributed between Wy and (Wy + Wy). This model is also employed here.
Holstein [32] proposed the non-adiabatic expression

oy = m PRI (Wkp TYY?

where J is the transfer integral. Using this expression in conjunction with equation (1),
the plots of log f{Tw)'/? against 1/Ty, provide values for J. Least-rean-square analyses
yield J = 0.54, 0.11, 0.11, 0.02 and 0.002 &V for the specimens $-5, $-10, $-20, §-25 and
S-30, respectively. These values except 5-30 are not subject to the non-adiabatic condition
(32, 33], ie., J < (WhksT/m)/*(hewro)'/?, where wio is the angular frequency of the
longitudinal optical mode at the zero wave vector. Though the experimental value for @ g
of LaFeOs is not yet available, optical phonon frequencies for similar materials lie in the
range wio = 101%-10'* s~! [34, 35]. Then it Jooks reasonable to exclude non-adiabatic
cases and small polarons of ligand holes must be the most realistic candidates for both
dielectric relaxations.

Equation (1) yields jump frequencies v = 757, 1.3 x 1018, 4.8 x 10%*, 6.4 10", 2.5
10" and 3.7 x 10" 571 for §-5, S-10, S-20, S-25 and S-30, respectively, which exceed the
expected optical phonon frequency except S-30. Consequently, the dielectric relaxations
observed are likely to be asscciated with motions of charge carriers, i.e., small polarons of
ligand holes. The anomaly for S-30 will be discussed later.

As shown in figure 3(b}, {tan 8)m,y increases with applied frequency. The Debye theory
based upon a constant number of oscillators cannot expiain this phenomenon because
(tan 8)max is proportional to the number of dipoles responsible for the relaxation, and
alternatively a thermal activation of the number of active dipoles is required [18-20, 30].
At low temperatures, small polarons of ligand holes are bound to some imperfections such
as Sr?* substituted for La** and the hopping of ligand holes with the activation energy of
(W), + Wy/2) takes place as the temperature rises (i.e., free polarons). Then, the density of
free polarons at temperature, T, is given by ngexp(—W,/2kgT) [18-20], where ng is the
number of ligand holes per unit volume and W, represents the potential difference between
a polaron bound to a trap and a free small polaron. The activation energies obtained in
figure 3(b), then, correspond to W,/2.

4.2. DC conductivities

The dielectric behaviours suggest hopping motions of small polarons of ligand holes
in Laj_,Sr,FeOa. If the electrical conduction is of this mechanism, the temperature
dependence of the DC conductivity predicted by the polaron theories [29, 32, 36] is of
the form

3)

Wy + W, W,
a=T‘1enoexp(-— bt Wo/2+ 0/2)

kgT
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where e is the electronic charge. Good fits are obtained in Arrhenius plots of ¢ T against
1/T in figure 1. This result contains several aspects. First, the energies obtained in figure
1 are nearly equal to the sums of (W}, 4+ Wy/2) obtained in figure 3(a) and W, /2 in figure
3(b), as suggested in equation (3). Though the specimen S-20 contains two relaxations as
demonstrated in figure 2, we have omitted the small peak for the reason described before.
Thus, the relative correlation of the energies estimated separately by different means is
explained self-consistenily in terms of a hopping process of small polarons of ligand holes.
Our experiments cannot separate (W, + Wy/2) into individual terms but Wg/2 is much
smaller than Wj,. In practice, it is less than the experimental error in the determination of
Wh [30]. This will be confirmed in the next section. Second, the conductivity increases with
increasing amount of Sr. This indicates an increase in the density of mobile carriers as a
function of x. Though there is another possibility that a change in mobility with the material
composition increases the conductivity, the relative relation of the conductivity and the Sr
content seems to suggest a minor contribution of the mobility effect. Jonker obtained similar
behaviours in the resistivity measurements at room temperature [37], but, in the present text,
the conductivities increase rapidly when the amount of Sr exceeds x = 0.20. It should be
emphasized that the rapid increase in conductivities is associated with the appearance of the
strong dielectric relaxation as shown in figure 2. This correlation indicates that the nature,
of majority carmriers responsible for the electrical transport changes when x exceeds beyond
0.20, although the activation energies required for the dielectric relaxations and electrical
conductions change smoothly, never drastically.

The speculations discussed in the previous and the present sections (4.1 and 4.2) in
conjunction with the analyses by Abbate et al on their soft-x-ray spectroscopies [16] lead
to the conclusion that the dielectric relaxation at low Sr contents can be ascribed to the
ligand holes of O 2p weight and another relaxation dominant at x = 0.20-0.30 is correlated
with ligand holes of mixed Fe 3d-O 2p. These ligand holes are in small-polaron states
and their hopping processes dominate the electrical transports in Lay.., Sr,FeO;. Dielectric
relaxations, AC and DC conductivities observed at low Sr contents (S-5 and $-10) have
general features in common with those in LaFe;_,Ti.Os; which contains small numbers of
ligand holes [24]. This fact, then, implies that small polarens of ligand holes of O 2p
weight are the majority carriers responsible for transport properties in LaFe,_.Ti, O3 and
La; . Sr.FeO; (x < 0.10).

The specimen S-30 exhibits somewhat anomalous behaviours in the intensity of the
relaxation peak and the relaxation time. In addition, DC conductivities increase remarkably
when x changes from .25 to 0.30, as described before. Such anomalies must be loosely
attributed to the covalent contribution involved in the ground state. Abbate et al demonstrate
increased covalency with increasing x, which is remarkable over x = 0.50 [16]. The present
result, however, suggests that the covalent effects have some influence upon the nature of
ligand holes, even at x = 0.30,

4.3, AC conductivities

The frequency dependence of the AC conductivity, o (w), is written as
g(w)=0c —opc = A&’ 4)

where o is the real part of the complex conductivity and A is a complex constant term.
At Iow temperatutes, DC conductivities are, in general, negligibly small compared with AC
conductivities and then o (@) = o « @'. In many materials [38-43), in fact, there exists
an extended frequency range for which o(w) oc @® with 1 2 5 > 0.5. In LaFe,_,Ti, O3, as
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described before, there are three temperature ranges in the plot of 8 = 1 — 5 against T; the
low-temperature range where § = 0, the interrnediate range in which impurity conductions
of small polarons occur and the high-temperature ranges [24].

As for the intermediate range, our previous report [24] adapted Pike’s theory [44]
to the DC impurity conduction proposed by Mott [45] and obtained the @° law in the
temperature range in which Pike’s assumption, f = 6kgT/ Wy, is applicable, where Wy, is
the ground state energy of a ligand hole localized state. Specimens 5-5 and 5-10 contain
the intermediate ranges as well as LaFe;_, Ti, O3 (see figure 5) and this is expected because
the majority carriers in S-5 and S-10 are the small polarons with the same characteristics,
O 2p weight, as those in LaFe; ., Ti;O5. The ground state energy, Wy, introduced in Pike's
theory represents the energy difference between the ground state of the potential well and
the ‘ionized’ state. In the intermediate range, most of the ligand holes are bound to traps
like Sr%* substituted for La**, The potential energy of ligand holes in this state is Wy As
the temperature rises, ligand holes start to dissociate from traps and become free polarons.
The potential energy of free polarons is the polaron binding energy, W, which is generally
approximated by 2W, [29], and the potential difference between a small polaron bound to
a trap and a free polaron is W, as defined before. Then one obtains the relation, Wy, =
(2Wh, + W,). The plots of 8 and T yield Wy, = 1.06 eV and 1.01 &V for S-5 and S-10,
while (2W, + W,) = 1.03 eV and 1.01 eV for S-5 and S-10, respectively. The agreements
are good, within experimental errors, as well as the results in LaFe;_ 71,0z [24].

In the specimens $-20, S-25 and S-30, however, a direct transition from the low-
temperature range to the high-temperature one, not through the intermediate range, takes
place as shown in figure 3. In high-temperature ranges observed in all specimens, £ becomes
great rapidly, This is, as Pike indicated [44), due to the fact that small polarons can hop
over large energy barriers at high temperatures. The reasons why the intermediate range
does not appear for high St contents (S-20-5-30) are still unknown. One possibility is that
the large overlapping of wave functions of ligand holes results in a deczease in the hopping
energy and, consequently, small polarons of ligand holes can start hopping even at low
temperatures.

250
SkHz
20kHz
1kH:
w 125 z
100kHz
0 LIMHZ 1 i
250 500 750 1000
E’

Figure 6. A Cole-Cole circular arc at T = 220 £ for the specimen of 5-5. The solid curve is
the arc obtained by the least-mean-square analysis and the eross represents the maximum of the
arc with ey = 27 x 5 kHz in this case.

In every specimen in systems of both LaFe;_;Ti;O; and Laj_,SryFeOs;, AC
conductivities are independent of temperature in the low-temperature range where 5 = 1
(compare figure 4 with figure 5). Pollak and Pike investigated the AC conductivity due to
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Figure 7. A comparison between the conductivities estimated from Cole-Cole plots and pDC
conductivities for the specimens S-5 and §-10 as a function of temperature. The open circles
and squares represent the conductivities estimated from Cole-Cole plots for §-5 and S5-10,
respectively, while solid circles and squares are DC conductivities.

electronic quasiparticles which are relatively free to occupy either of two {or possibly more)
non-degenerate sites by tunnelling between them through a thin barrier and obtained the
theoretical expression for the AC conductivity [46]

o (w) = %mezrgNkBTM‘ﬂ (5)
where N is the concentration of ligand holes which can hop and rg is the mean spacing
between holes in the case of La;_,Sr,FeOs. Pollak and Pike treated the AC conductivity
in glasses but their theory is applicable in crystals. In equation (5), A represents the
upper limit in the distribution of the potential difference of non-degenerate sites, which is
abbreviated as Wy in this text, and E denotes the maximum potential barrier which must
be approximated reasonably by Wy in crystals. In glasses, A has a magnitude detectable in
experiments, while Wy is, in general, very small in crystals, less than experimental errors
in the determination of W}, as described before. Then,

tanh(Wy/2ksT) . 1
Wy Wy, T keTW,

(6}
and, consequently,

o (@) = wwe’ryN [6Wh. 7
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The AC conductivity is, therefore, independent of temperature and an ! law holds, as
shown in figures 4 and 5, at low temperatures where tunnelling of holes through barriers
takes place.

There is further evidence for a hopping process of small polarons in this system. If
a dielectric relaxation process is of this mechanism, the characteristic frequency at the
maximum of the Cole—Cole circular arc, ay, is the lower limit of the DC hop frequencies
which is related to R and C, as follows [47]

woRCy =1 (8

where C; = (€9 — €xc)€0. €0, oo and go being the static dielectric constant, the optical
dielectric constant and the permittivity of free space, and R is the resistance. In the
specimens investigated here, Cole—Cole plots extended generally to frequencies lower than
the lower limit of our apparatus and the maxima in circular arcs were hard to obtain.
However, for the specimens doped with low contents of Sr, S-5 and S-10, it was possible
to plot the arcs at intermediate temperatures, as shown in figure 6 where the solid line is
the circular arc calculated by the least-mean-square analysis, using the experimental plots
(open squares), and the cross represents the maximum of the arc. Equation (8) means that
the characteristic frequencies, wy, estimated from the maxima of the circular arcs provide
conductivities. Figure 7 plots the conductivities obtained in this way which are compared
with the DC conductivities. There are good agreements, although the conductivities estimated
from Cole—Cole plots are slightly large in value compared with the DC conductivities. This
result is consistent with the conclusion of the ¢conduction being due to a hopping process
of small polarons in La;_,8r,FeO; as described before.
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