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Abstract. Electrical conductivity and thermopower data are presented for sintered
semiconducting compositions @;_ W,)O4, 0 < x < 0.4, where charge transport is
thought to be effected by electron hoppingZFe— Fe*t. The extrapolated crystallite
DC conductivity o was measured betweenl00 and 300 K using impedance spectroscopy
(20 Hz-1 MHz), with typical values o#(300 K) = 102-10" @1 cml. The results

can be approximated reasonably well by the relaonx exp[—(Tp/T)Y*] at not too low
temperatures. The thermopower is negative (n-type conduction) in the rangd.00-900 K

and shows below300 K a temperature variation of approximatélyx 72, while it becomes
largely temperature independent abov800 K. From the latter data the concentration ratio
[Fe*t]/[Fe3t] for Fe ions taking part in charge transport can be derived; this is compared with
that determined front’Fe Mossbauer spectra at low temperatures which encompasses all Fe
cations. There appears to be a certain correlation with the change &1, which is possibly
related to electron correlation effects for largevalues.

1. Introduction

Solid solutions F&Nb;_,W,)O4, 0 < x < 1, with the wolframite crystal structure (space
group P2/c) exhibit mixed valencies Fé and Fé* in the composition range & x < 1
[1]. Such a situation can give rise to a conduction process by electron tran&ferF&e*"
between neighbouring Fe cations that has been found in several mixed crystal series,
preferentially of spinel ferrites, where in part a thermally activated electron hopping
mechanism has been established to govern conductivity; frequently, charge localization
is generated or enhanced by cation disorder that gives rise to random fields [2—10].

The monoclinic (pseudo-rhombic) wolframite structure is characterized by two kinds of
zZig-zag chains of edge-sharing Mg@ctahedra (Me= Fe, Nb, W) along the [001] direction.
One chain consists of FeQoctahedra and the second one (blb, W)Og; both kinds of
chains alternate along [100]. Typical features of the wolframite lattice are illustrated in
figure 1. The series offers the opportunity to have available zig-zag chajRe’of Fe*t)Og
octahedra along [001] throughout the whole series provided ordering of both kinds of chains
is complete. Thus, a possibly dominating one-dimensional conduction along the chains may
occur with Fé* — Fe*t electron exchange across octahedral edges (figure 1), or¥ia O
anions; in the latter case, interchain conductivity can be thought of by this kind of charge
transfer. The above charge transport can be affected by vacancies, impurities and other
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Figure 1. Typical features of the wolframite structure; Re@nd (Nb, W)Og octahedra are
ordered in chains along the [001] direction.

defects that may act as donors or acceptors; in addition, a further independent conduction
process can be superposed.

The electrical conductivity of all compositions was found to show a semiconducting
behaviour with non-linear log—1/T curves and activation energieB,(350 K) ~
0.17-Q055 eV [1]; the conduction mechanism was thought to be governed by an electron
hopping process between Feand Fé*. For stoichiometric compositions of the above
series, a gradual change in the concentrations 6f Fend F&" occurs in the range
0 < x < 1 where the theoretical compositions of the end members3isNEE* O, (x = 0)
and Fé*W5+ 0, (x = 1), and the formula Be Fe&*(Nb>™ W&)O3™ is valid. A maximum
o atx = 0.6 was found, where (294 K) ~ 5 x 1072 (2 cm)~! [1]. For not too large
x, the content of F& is dominating and that of E& is low; the conduction is of n-type
[1] and o is given byo = en{up), wheree is the electronic charge; the concentration
of charge carriers an¢up) the average drift mobility. In compositions of the series the
electron transfer Fé — Fe** was found to be sensed byddsbauer spectra [11] and by
XANES results [12].

We have examined the behaviour of electrical transport properties of sintered
compositions 0< x < 0.4 between~100 and 900 K, using DC/AC conductivity and
thermopower data, in order to elucidate the conduction processes in more detail. Impedance
spectroscopy was applied as it was thought to enable the distinction between crystal and grain
boundary conductivities. In order to check stoichiomef{Fe Mossbauer spectroscopy
was used to determine the concentration ratioS /¢ Fe], as a possible oxygen non-
stoichiometry changes the ratio.

2. Samples and experimental methods

Polycrystalline samples with compositions= 0, 0.05, 0.1, 0.2, 0.3 and 0.4 were prepared
by the solid-state reaction of mixtures afFe,O3 (99.995%), NbOs (99.998%) and
WO;3; (99.995%) powders. Adequate mixtures were milled, compacted and subjected to
presintering at-950-1000C for ~20 h at varying oxygen partial pressurgs,, depending

on composition. After crushing, regrinding and repressing (kbar), a final sintering
process was carried out for all compositions-dt200 or 1300C for ~50 h at varyingpo,
values. No exact equilibriunp,, values are known and hence estimated values were used
for the final sintering procedure. Samples applied for measurements were slowly cooled
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to room temperature by switching off the furnace; they were found to be single phase.
Compositions and preparation conditions are listed in table 1.

Table 1. Heating conditions for the final heating procedure of compositiordllfe W, )Oa;
po, = oxygen partial pressure. Furnace cooling was to room temperature8ih without
changing the gas atmosphere or the gas mixture.

X T(CO) po, (@)

0 1300 10968 (air)
0.05 1200 10068

0.1 1200 10068

0.2 1200 16148 (N2/0p)
0.3 1200 10260

0.4 1200 10384 (COy)

X-ray analysis was performed for all samples used for electrical measurements. For
this purpose, the Rietveld refinement technique was utilized, indexing all compositions on a
wolframite structure as known for FeW@13, 14]. Lattice parameters are listed in table 2.
They are in satisfactory agreement with the results presented by [1, 11]. Cation separations
Fe—Fe (and Me—Me (Me- Nb, W)) are typically~0.32 nm, which is far above the distance
allowing itinerant electron transfer in transition metal oxides. Light microscopic analyses of
all samples showed a variation of porosiywith composition, which became increasingly
larger with risingx, with p = 0.05—-Q15. The average crystallite size was 20+of.

Table 2. Lattice parameters of the wolframite lattice (space gré#c) deduced from x-ray
diffractograms for compositions Bgb;_,W,)O4.

x a (nm) b (nm) ¢ (nm) B ()

0 0.4650(3) 0.5631(5) 0.5007(6) 90.27
0.05 0.4652(7) 0.5632(5) 0.5004(8) 90.12
0.1  0.4655(4) 0.5638(7) 0.4999(3) 90.07
0.2  0.4659(3) 0.5647(6) 0.5006(9) 90.03
0.3 0.4663(5) 0.5653(8) 0.5001(6) 90.01
0.4  0.4667(7) 0.5659(5) 0.4997(4) 90.01

2.1. % Fe Mossbauer spectra

Spectra for compositions = 0, 0.05, 0.1, 0.2, 0.3, 0.4 with the wolframite structure were
recorded between 294 and 80 K. Typical spectra are seen from figurex2=00.1, 0.3,

0.4 that are in agreement with patterns recorded earlier [1,11]. Spectf@0aK could be

fitted adequately using three doublets, as also applied in [11]. For each pattern, the strong
doublet with the small quadrupole splitting (QS) and low isomer shift (IS) (with reference
to metallic Fe) is typical for F&. The other doublets arise doubtless from two groups of
Fe* that are characterized by a large+4S1.2 mm s, with the exception ok = 0 where

no other doublets could be observed within the error of measurement [15]; the doublet with
the larger QS reveals a rather small linewidgh indicating a group of F& with quite
similar near-neighbour environments. In contrast, the laRj@f the second kind of Fe

is typical for a strong variation of local environments. It is probable that both kinds%f Fe

in an FeQ chain are associated with the arrangement &f \&ind NI&* in neighbouring
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(W Nb>")Og chains and/or with a deviation from full oxygen stoichiometry. The same
assignments could be made for 137 K spectra. At higheas for instance at295 K, in
figure 2 similar spectra are recorded for= 0.3 and 0.4, but & doublets with narrow
lines could no longer be recognized. Most probably, for each spectrum a distribution of
QS(Fe*™) exists with a variation of” dependences which we approximate by one doublet;
it turned out that a fit as for-80 K patterns led to an enhanced error and by far the best
free fit was attained with subspectra as visible from figure 2. Apart from typicsl &ed

Fe#* doublets, for each pattern there is a further doublet with~18.75 mm s, which

is a value that is intermediate between that fof'Fand F&*, as also observed in [1, 11];
such a doublet has also been observed in spinel ferrites with mixegfFet and it was
attributed to local electron hopping betweerfFand Fé" with hopping timesr < 108 s

[16]. Mossbauer parameters are quoted in table 3; here, the last mentioned subspectra were
also designated for the sake of brevity agFdoublets instead of B&/3t,

Table 3. Mdssbauer parameters for subspectra of compositiodstre, W, )04, x = 0.1, 0.3,
0.4 at two temperatures. QS quadrupole splitting, IS= isomer shift (relative to metallic Fe),
B = linewidth; all data are given in mnT$ with an accuracy 0f0.02 mm s1; [Fe?"]/[ZFe]
from area ratios of subspectra are givent:5%.

QS IS B [Fet]/[=Fe]
x T(K) Fe&" F&t Fet FET F&T Fet FET F&t FEt Expr. Theor.
01 82 275 218 046 124 120 053 029 059 034 011 0.10
03 80 267 192 055 126 127 053 034 062 036 033 0.30
03 295 153 086 050 1.07 070 047 064 048 036 — —
04 82 258 190 055 123 124 053 033 060 035 043 040
04 295 155 092 053 109 076 048 058 046 038 — —

To determine concentration ratios fF¢/[ = Fe] from area ratios 0f80 K subspectra,
all f-factors were assumed to be identical. It appears that within the error of measurement
the observed ratios are rather close to those expected for compositions with full oxygen
stoichiometry (table 3). However, a reduced oxygen deficiency cannot be excluded for any
composition, as is found also for many transition metal oxides; in this case there is a surplus
in Fe&* for charge compensation. The magnitude of(B$") < 1.6 mm s at 294 K
for x = 0.3 and 0.4 is rather low, which demonstrates a rapid decrease of QS with rising
T, starting from the lowF region, where Q&¢€") ~ 2-3 mm s'. This behaviour is in
accord with Q$7T') data for Fé"Nb,Og [17]; it signifies that the difference between the
Fe&* energy ground state and higher energy levels is comparatively small.

2.2. Experimental details

For AC conductivity measurements, a Hewlett Packard LCR-meter (HP4284A) was
available, which operated in the frequency range 20 Hz—1 MHz. Impedance spectroscopy
was applied plotting the real paft of the impedance against the imaginary péfton the
complex impedance plane [18]. For Idivineasurements, a cryostat was used and at high
T, a tube furnace; in the latter case, £@as bubbled through a gas tight alumina tube for
compositionsx > 0.2, containing the sample holder and the samples.

Thermopower® data were recorded with a fully automatic device, using a computer
controlled data acquisition system. At each selecfecadjusted by ar' controller, five
variable differencesAT were generated between the sample faces, with a maximum
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Figure 2. M@ssbauer spectra for compositions= 0.1 and 0.3 at various temperatures.
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Figure 3. Typical impedance plots in the complex impedance plane.

AT ~ 10 K, by means of a miniheater close to one electrode. Five sets of thermovoltage
U,,—AT data were determined and the slope of the resulting straight line was obtained by
a least-squares fit. At all’ values, a good linearity was noticed. At Idiy; Cu cylinders
and Cu leads were used as electrodes; at iigRt cylinders and Pt leads were used. Two
thermocouples, inside the cylinder electrodes monitored the safmjplieboth faces, with
the sample spring-loaded between the cylinders. Opposite sample faces were coated with
Ag paste or left without coating faf > 300 K. Absolute® values are given by subtracting
®p; Or O¢, [19, 20] from the measure® results.

The samples were parallelepipeds, cut from the sintered pellets by a wire saw. Typical
sample dimensions were>62.5 x 2.5 mn?. Prior to the measurements, the samples were
ground and polished, in order to remove eventual undesired surface layers.

3. Results

3.1. Electrical conductivity

Figure 3 shows typical impedance plots (real paftagainst imaginary pargZ”) on the
complex impedance plane for a sample with= 0.3 at two T values. The visible
semicircular arcs can be approximated by semicircles with the centres slightly below
the Z’ axis [18]; for an arc, extrapolation on th& axis towards zero frequency marks

the extrapolated DC resistivity for the conduction process associated with this arc. The
semicircle close to the origin is due to crystallite conduction as a consequence of the low
capacitance” (~1 pF cnt?); the second semicircle, related to a much higher capacitance,
arises from grain boundary effects as has been found from results with samples cut to
half their original lengths that led to a 50% reduction of both semicircles. Thus, electrode
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Figure 5. (300 K) as a function of composition; [, our results;#, data of [1].

effects were negligible. Both semicircular arcs were well developed for all samples. For
T 2 300 K, only the sum of both mentioned resistivities could be measured. Thus, it was
not possible to gain information of the crystallite conductivity and activation energy in the
high-T limit well above 300 K.

Typical curves of the logarithm of the extrapolated DC conductivitysloagainst 1 T
for the crystallites are depicted in figure 4. Slightly bent curves are noted in the Whole
range analysed. Data points for= 0.1, 0.2 and 0.3 are between those foe= 0.05 and
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0.4. Typical ‘differential activation energies’ close to room temperatureFare- 0.20 eV
and at the lowesT itis E4 ~ 0.05 eV. We found that very similar graphs are extrapolated
for ‘grain boundary’ conduction related to the second circular arc &f'-aZ” diagram.
Hence, it looks as if analogous charge transport processes are acting as in crystallites; also
the deduced differentiat 4 values are similar. On the other hand, for> 300 K, o could
only be determined for the sum of both resistivities, i.e. a superposition of at least two
processes in a series circuit. In this case, for the Higiegion up to~800 K, a largely
linear logo—1/T relation was inferred, yielding , = 0.25-032 eV, well above the values
for T < 300 K. Judging from the lowr behaviour ofo for the crystallites, these values
may also serve as a certain measureHAgrof crystallites. Figure 5 shows, in addition, for
the crystallites a plot o0& (300 K) against compositionr along with data from [1]. There
is a large difference between both data setstfes 0 which we ascribe in the first place to
the fact that compositions of [1] were prepared in a gas stream of argon at the comparatively
low temperature of 1000C which leads to a high sample porosity; a second point may be
a variation of oxygen non-stoichiometry deviating probably from that for our samples.

We made an attempt to describe our data by a relation exp[—(7y/ T)*] with variable
exponents §, 1 or ). It turned out that in limited" ranges the best fit was given with an
exponentx = 1/4 (figure 6).

1E"1|l|[.||||alll|||l|l|l|
%
o Fe(Nb,,W,)04
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o
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Figure 6. Logarithm ofo againstZ ~1/4 for the results of figure 5.

3.2. Thermopowe®

©® against temperatur@ plots are illustrated in figure 7 for = 0, 0.05, 0.1, 0.2, 0.3 and

0.4 in a wideT range. ® is negative for all samples, which implies n-type conduction.
Below T ~ 300 K, a transition to a linear relation appears to take place for all compositions
of the form® = AT + B or to a relationship® o« T2, as required from some theoretical
models in the lowF range; for a clear decision more accurate data points are necessary
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Figure 8. Thermopower® against7 /2.

which range to lowef values. No such decrease|i®| has been noted for FeW@x = 1)
[21]. In figure 8, we tentatively present our results in the fa@m7Y/? for T < 300 K;
it appears in fact that an extrapolatidh— 0 may result in®@ — 0 for all samples, as
required. At present, measurements cannot be extended to Bvbecause of too high
sample resistivities. In principle, a single hopping mechanism can give rise to such a
result with a broad transition region between b@tlranges. The very similar results for
x =0.05 and 0.1 in figure 7, in particular at oW, is probably related to the fact that both
compositions were sintered in air and, hence, at least one may deviate more from oxygen
stoichiometry.

In the highT range, a saturation @ takes place with increasinj. Such a behaviour
is expected for hopping-type charge transport in certain conditions [22]. In this situation,
the charge carriers are considered to be small polarons which are assumed to have a
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low drift mobility (up). We estimate(up) for compositionx = 0.05, for instance, at
~300 K, using the relatiom = en(up) in the case of suggested Fe— Fe&** electron
hopping. If all Fe sites are available for conduction, this leads with the experimental
to (up) ~ 1074 cm st V~1 which is typical for small-polaron hopping charge transport
where values much less tharl@m st V! are assumed [23].

4. Discussion

4.1. Mdssbauer spectra

In the literature, for FeNb,_,W,)O, solid solutions withx = 0.2, 0.4, 0.6 it was concluded
from spectra, applying a three-doublet fit to a pattern, that one doublet was due to Fe with
an intermediate valence state’é*; from the large variation of the isomer shift with

for this latter doublet the average valence variations for Fe Withere inferred [11]. This
observation is in agreement with our fits fo= 0.3 and 0.4 spectra at 295 K. The electron
transfer between F& and Fé+ is probably a localized one, i.e. it may not contribute

to long-range electron transport sensed by the extrapolated DC conduetivityn our
compositions, F&/3* subspectra, and hence valence fluctuations, are evidently absent at
~80 K.

4.2. Electrical charge transport

Bent curves of logr against ¥T, as presented in figure 4, were predicted for phonon-
assisted, small-polaron hopping in disordered systems [24—26], based on different theoretical
approaches. The relation that appears to describe reasonably well the curves of figure 5 in
certainT ranges, originally derived by Mott [24],

o o expl—(To/ T)"*] @)

where Ty = co[a®/(kg N (EFr))], co ~ 16, Y« is the electron wavefunction decay constant,

kg is the Boltzmann constanty (Er) is the density of electronic states aid}- is the

Fermi energy separating occupied from non-occupied states, is valid under the conditions
of electron hopping between shallow localized levels as in impurity hoppirfg §t10 K.

Later, for multiphonon-assisted, small-polaron hopping conduction between deep states in
non-crystalline solids al' < ®p (©p = Debye temperature), Emin [27] found by a non-
perturbative calculation & dependence of in a largeT range which resembles that

of equation (1); in this case it is typicallj ~ 10'—10° K. Triberis and Friedman [28]
applied percolation theory to high-multiphonon-assisted, small-polaron hopping processes

in disordered systems; taking correlation effects into account they found farr —%/4
relation as in equation (1) where it is expected that- 10° K.

From the slopes of the curves in figure 4 we infer a rather identical value; it follows
that 7o ~ 2 x 10° K, which is a magnitude which appears to be too high for the conditions
of Mott’s variable range hopping [24] and for the model of Triberis and Fiedman [28], but
it is of the correct order of magnitude after Emin’s model [27]. In our case, the required
disorder may be provided primarily by oxygen non-stoichiometry.

An experimental T~Y4 relation, valid up to relatively highT, has also been
established for a series of compositions: amorphous Ge up300 K [29], oxides
Lap_,Sr,Cuy_,Li,Os_s up to ~300 K [30], B4C between 10 and 300 K [31], oxygen-
deficient garnets up t6-300 K [32], Lg;CuQ, up to ~300 K [33], various compositions of
the spinel system ke, Ti, O4 up to ~430 K [10] and oxides of the system LaNjFe, O3
up to~300 K [34].
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In the discussion of electrical charge transport iiNt®_, W, )O, solid solutions it has
been supposed that Nb and W occur asNand WF for all values ofx [1]. If our samples
show partly oxygen deficiency with a too high concentration of'F¢he presence of low
concentrations of Nl and/or W+ has also to be envisaged.

4.3. Thermopowe®

If the ®—T2 relation should be applicable at lo® for the results in figure 8, one can
obtain further information fof" — 0 from the slopes of the straight lines as a function of
x. A TY2 law has been derived for the conditions of Mott’s variable range hoppimng*
relation [35], but it is not clear whether, with th&='/# relationship extending to much
higher T, such a law follows from theory for our compositions.

In the highT limit, for small-polaron hopping processes, when all sites have the same
energy,® can be described by [22, 24]

@:k—B[mLJm’} )

lelL BN —n)

wheren is the concentration of hopping charge carrigv¥sis the concentration of available
hopping sitesa’ is a constant, suggested to givel0 1V K~1 [24] and 8 is the spin
degeneracy factor which can take on, in general, values of 1 or 2; it is expectefi that

for the ferro- or ferrimagnetic state, whil@ = 2 is predicted for paramagnetic systems
[22]. Settinge’ = 0 in a first approximation, the so-called ‘Heikes’ formula follows when

B = 1. When electron hopping Fe — Fe** is the decisive charge transport, it follows that

n = [Fe&t], N = [Fe&¥*] + [F€*'], and thereforer/(N — n) = [F€*T]/[F€*']. In figure 9

we present a comparison of the fEg/[Fe*] values inferred from lowF Modssbauer data

and from high? © results, using the spin degeneracy factgrs= 1 or 2 for variable
compositions; furthermore, theoretical values, following from the chemical formula, are
given for stoichiometric samples. It should be noted that the magnetic order temperatures
of the compositions under study a&80 K. Forx = 0.05, Mossbauer results are associated
with an enhanced error because of the lovw'Feoncentration. It has to be stressed that all

Fe cations are involved in Bssbauer results while theoretically only part may be associated
with conduction processes. It looks as if in figure 9 there is a rough agreement between
the Mossbauer an® data forx > 0.1 when applying for® a value of = 2, while for

x < 0.1 a better agreement is given with= 1; i.e. this interpretation means a participation

of all Fe cations in charge transport. In our case, where presumably conduction occurs in
chains along [001], an increasing electron correlation is to be expected for risiveg may

give rise to a deviation fron = 1 or 2 in equation (2). The related issue is easily seen
for compositions withy close tox = 0.5; in such a situation, there are only slightly more
Fe** than Fé* in a chain, so thus electron hopping of the kind'Fe> Fe** can only be
enabled if this process occurs simultaneously for neighbouring Fe ions because the states
may be occupied (multipolaron hopping).

In this context, one should stress that according to recent literature the spin degeneracy
factor 8 in equation (2) may take on values deviating from 2 or 1. Thus, a generalization of
the ‘Heikes’ formula has been proposed for charge hopping effected by mixed-valence
cations Mé* and Mé&*Y* (Me = cation), based on the model of [22], with =
2S, +1)/(2S,+1 + 1), whereS,, S,,1 are cation spins [36]. For the above Fe cations,
it follows, with S(FE+) = 2 and S(Fe**) = 5/2, that 8 = 5/6, which is close to 1.
There have been attempts to include as adequately as possible the orbital degeneracies into
the calculation of the degeneracy fac®rof hopping electrons for a system with mixed
valencies [37].
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Figure 9. Concentration ratios [F&]/[Fe3t] determined from Ndssbauer spectra and from
thermopower® data (spin degeneracy factr= 1 or 2); for comparison, theoretical values are
presented for stoichiometric compositions, following from the chemical formula.

Only a qualitative picture of the energy level diagram for electron hopping has been
developed thus far. For stoichiometric compositions, a low-lying fuft @p band and
empty conduction bands of Fe 4s, Nb 5s and W 6s states with intermediate d-bands are
expected. From our results we infer’fe— Fe** small-polaron hopping between deep
localized states [27], far from conduction bands. In principle, a comparatively clear situation
exists for compositions close to #F&b>*O, (x = 0), where theoretically a very narrow
Fe** 3d and an empty NiF 4d band may exist, which is enhanced in our polar lattice
by a strong electron—lattice interaction [26]. The suggested localization 0f fay be
provided by strong disorder due to the combined action of oxygen non-stoichiometry and
the effect of neighbouring Nt and WPt; at high 7', a further mechanism, enhancing the
localization of Fé", is the strong electron-lattice interaction that may lead to a breakdown
of the 3d band [26]. Additional & in low concentrations represents impurity states acting
as donors. In this conjunction an important factor can be the assumed one dimensionality
of charge transport. Increasingmeans an increasing concentration of'Feand hence of
charge carriers, which gives rise to interaction effects that make the situation complex, but
evidently small-polaron hopping processes occur between localized levels, as follows from
experimental results.

5. Concluding remarks

The electrical DC conductivitys, extrapolated from AC data, the thermopowe@rand

57Fe Mossbauer results for polycrystalline sample3'FE€ (Nb>T W80y, 0 < x < 0.4,
between 100 and 900 K point to a conduction mechanism that is characterized by a small-
polaron hopping process £e— Fe*t, presumably along zig-zag chains of Re@tahedra

in the direction of thec-axis of the pseudo-rhombic lattice, which shows the following
typical features.

(1) At not too low temperature§ up to ~300 K, logo follows roughly a7~/
relationship in analogy to Mott’'s variable range hopping law; this parallels the behaviour



Spectroscopy of solid solutions Fe(NbW, )O4 8291

® o T2 that is expected for this kind of hopping. THe/* behaviour ofr up to~300 K
is valid after Emin [27] for multiphonon-assisted electron hopping processes between deep
states in disordered lattices that may be brought about in our case predominantly by oxygen
non-stoichiometry.

(2) Above~300 K, no values o for the crystal could be gained from polycrystalline
samples. In thig range,® for all compositions isT-independent and from equation (2)
the concentration ratio of Fe/Fe** could be determined for those Fe taking part in charge
transport; this ratio is roughly compatible with that determined ffdfe Mossbauer data,
which encompasses all Fe cations. This result means that practically all Fe are involved
in electron hopping B¢ — Fe**. For largerx, and hence Fe concentrations, electron
correlation effects are probable.

In order to elucidate the suggested one-dimensional conduction in more detail,
measurements on single crystals are in progress.
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