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The electrical charge transport was investigated on sintered
semiconducting FeNbQO, and compositions with a slight surplus
of Nb in the monoclinic (pseudorhombic) wolframite and ortho-
rhombic a-PbO, structures using electrical DC, AC resistivity
(complex plane impedance analysis), and thermopower © in the
temperature 7 range ~ 100900 K. At low 7, the experimental
crystallite conductivity ¢ is consistent with a variable-range
hopping charge transport model, characterized by the relation-
ship In ¢ oc T~"“, In the high-T region, activation energies E  for
the extrapolated crystallite DC resistivity are found up to
E, ~ 0.7 eV. The thermopower O is negative, with | @| increasing
with rising 7 in the low-7 region, and between ~ 120 and 300 K
the data can be approximately described by a linear @-T">
relation for both structures that is theoretically predicted for
variable-range hopping. Above 300 K, the curves bend and @ be-
comes constant with values ® ~ —270 and —220 to —230 pV/K.
Suggesting electron hopping Fe’* — Fe’~ to be the dominating
charge transport mechanism, the ® high-7 data are in part
compatible with the assumption that all or a dominant fraction of
Fe’* and Fe** are taking part in this process; this result follows
from the derived concentration ratio [Fe?*]/[Fe**], which is
similar to that determined from “Fe Mossbauer spectra
at 79 K. © 1997 Academic Press

INTRODUCTION

Electrical properties of FeNbO, have been measured
because of its possible use as an anode in photoelectrochem-
istry for solar energy conversion (1). FeNbO, is an end
member of the mixed crystal series Fe*"Nb>TO, to
Fe?"Nb3 " Og (Fe; —3Nb; 4,304, 0 < x < 1) whose mem-
bers occur in part as minerals (2-4). FeNbO, crystallizes

1To whom correspondence should be addressed.

253

in four modifications: (1) In the temperature range T <
1080°C, it has the monoclinic (pseudorhombic) wolframite
structure (space group P2/c); (2) in the region 1080 < T <
1380°C, it exhibits the orthorhombic «-PbO, structure
(Pbcn); (3) for T > 1380°C up to the melting point
(~1450°C), the tetragonal rutile structure (P4,/mnm) has
been observed (4-7); (4) a further monoclinic FeNbO, struc-
ture (C2) could be obtained by the gas transport prepara-
tion method in the temperature range 600-900°C (8).

In the wolframite lattice, there are zigzag chains of edge-
sharing NbOg and FeOg octahedra along the [001] direc-
tion, with ordering of Fe and Nb. Each chain accommod-
ates either Fe or Nb. Also in the a-PbO, structure, zigzag
chains occur along [001] ; however, Fe and Nb are random-
ly distributed (Fig. 1). In the rutile structure, edge-sharing
octahedra form straight chains along [001] with randomly
arranged Fe and Nb.

The electrical conductivity ¢ of polycrystalline FeNbO,
in the wolframite structure was found to be ¢ (294 K) ~
25%x107°Q 'em Y Ino vs 1/T was nonlinear at lower T
(9). For polycrystalline FeNbO, in the «-PbO, structure,
6 (294K)~25x1072Q " 'ecm™'; the presence of a small
concentration of Fe?* was suggested to be the origin for the
comparatively high ¢ (1). There is a difference of 3 orders of
magnitude between the values.

We have investigated the electrical conduction in
FeNbO,, using DC and AC methods at various 7. Impe-
dance spectroscopy was applied, which was thought to
enable distinction between different conduction processes.
In addition, the thermopower was determined as a function
of T. >"Fe Mossbauer spectroscopy was utilized to detect
possibly mixed valencies Fe?* and Fe**. To elucidate the
role of Fe?* and Fe®** for conduction in FeNbO,, we
increased slightly the Nb concentration (at the expense of
Fe), which should lead to an enhanced Fe?* content.
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FIG. 1. Schematic view of the wolframite structure of FeNbO,. FeOgq
and NbOg octahedra are ordered and are randomly distributed in the
a-PbO, structure.

SAMPLE SYNTHESIS AND EXPERIMENTAL

Samples were prepared following the ceramic method
starting from adequately mixed «-Fe,O3 (99.995%) and
Nb,Os5 (99.998%) powders. Small cylinders were pressed
(2kbar) and heated at 1100°C for 25h in different gas
atmospheres: (1) O, (1 atm), (2) air, (3) a N,/O, = 30 (1 atm)
gas mixture. After crushing, regrinding, and re-pressing, the
products were treated at 1300°C for 50 h in the same atmo-
spheres; this process was repeated. After the procedure, the
furnace was switched off and the products were cooled at
a rate of ~ 300°C/h to 21°C in the mentioned gas atmo-
spheres. It turned out that FeNbO,, treated in this way,
exhibits the wolframite structure. To ensure that materials
with full wolframite or «-PbO, structures were obtained,
samples used for electrical measurements were subjected to
the following final treatment: (1) wolframite structure, pro-
longed heating at 1000°C for 8 days; (2) «-PbO, structure,
heating at 1300°C for 50h and quenching to ambient T
within 5-6 min.

The sample composition was varied slightly. Three differ-
ent compositions were prepared: x = 0, 0.02, and 0.05. The
last two compositions were studied since a different Fe? ™"
concentration was expected relative to the dominating Fe**
content. For x = 0.02 and 0.05, the same heating procedures
were applied as described for FeNbO,.

Cell constants were determined by X-ray analysis. An
X-ray refinement analysis of diffractometer data with the
Rietveld technique was made for all samples (Philips diffrac-
tometer, graphite monochromator, CuKo radiation, and in
part also a Stoe diffractometer, MoKo radiation). Structural
data for FeNbO, are quoted in Table 1; data of other
workers are listed for comparison. In no case could any
impurity phase be detected by X-rays.

For °’Fe Mossbauer analysis, a conventional spectro-
meter with a sinusoidal drive was used (12 uC *’Co/Rh).

SCHMIDBAUER AND SCHNEIDER

TABLE 1
Fit Parameters of X-ray Diffractograms for FeNbO4 in the
Wolframite and «-PbQO: Structures (Fig. 1)

Wolframite (P2/c)

Parameter Cu(Koal + Ko2) Mo(Kal) Ref. 10

Ryp/Rexp 1.53 0.99 1.48

Rprage (%) 8.7 8.0

Fe**(2f): y 0.6742(8) 0.670(1) 0.6687

Nb’*(2e): y 0.1807(5) 0.1825(3) 0.1824

O(1)(4g): x 0.940(2) 0.925(3) 0.919

O(1)(4g): y 0.138(2) 0.108(2) 0.116

O(1)(4g): z 0.774(2) 0.768(2) 0.767

O2): x 0.425(2) 0.405(4) 0.418

OQ2):y 0.384(2) 0.390(4) 0.384

O(2): z 0.725(2) 0.735(3) 0.738

a (A) 4.6560(3) 4.6466(5) 4.637

b (A) 5.6319(3) 5.6143(5) 5.607

¢ R) 5.0076(2) 4.9924(5) 4.992

p (deg) 90.27(7) 90.24(1) 90.06
o-PbO, (Pbcn)

Parameter Cu(Kal + Ka2) Neutrons (11)

Ryp/Rexp 1.93 1.48

Rprage (%0) 9.84

Fe/Nb(4c) : y 0.1762(3) 0.1747(2)

O(8d): x 0.274(1) 0.2710(4)

O(8d): y 0.384(1) 0.3850(2)

O(8d): z 0.069(1) 0.0817(3)

a (A) 4.6616(2) 4.6496(1)

b (A) 5.6329(2) 5.618(1)

c (A) 5.0164(2) 5.0058(1)

Absorber densities were ~5 mg/cm?. All isomer shift data
are given relative to metallic Fe.

Sample examination under a light microscope revealed
dense products (porosity < 0.05) with crystallite sizes of
50-100 pm. There was in some instances a tiny amount of
a second phase (< 0.5%) (below detection by X-rays); the
same observation had been made earlier for FeNbO, (1).
Sample preparation in O, did not lead to a different result.
We found that a N,/O, = 30 gas atmosphere during prep-
aration led to an increased impurity phase of ~1.5%. It
appears that the formation of completely homogeneous
FeNbO, may be possible for preparation in O, under high
pressure. For x = 0.05 prepared in air, a homogeneous
product without any impurity phase was detected.

DC and AC resistivities were determined in the range
80 < T < ~900 K. For AC measurements, an LCR meter
(HP4284A) was available that allowed data to be recorded
in the frequency range 20 Hz to 1 MHz. Impedance spectro-
scopy was applied, plotting the real part of the impedance
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versus the imaginary one in the complex impedance plane in
order to be able to distinguish between different conduction
processes. For polycrystalline metal oxides, the AC behav-
ior can frequently be modeled by two equivalent circuits in
series, each circuit being composed of an ohmic resistance
R in parallel with a capacitor C, which are due to bulk and
grain boundary processes (R;, C, and R, Cy). For bulk
conductivity, typical capacity values are in the low pF/cm
region whereas for grain boundary effects, larger capacities
have been frequently observed (12-15).

Samples in the shape of parallelepipeds were cut from
pellets with a wire saw. Afterward, the sample surfaces were
carefully polished. Sample contacts were made with plati-
num paste (Leitplatin Demetron 308A), painted on opposite
faces of a sample. After drying, the samples were heated at
450°C for 1 h to remove the binder and to obtain a densifica-
tion of Pt grains. The samples were spring loaded between
Pt plate electrodes. For AC measurements, a two-terminal
method was used (T < 300 K) (sample dimensions = 5 x
2 x 2 mm?); DC results for T > 300 K were obtained with
a four-terminal configuration with four probes painted on
two opposite faces (sample dimensions ~ 7 x 1.5 x 1 mm?).

For thermopower ® measurements, temperature gradi-
ents AT up to AT = 10-15 K were generated across oppo-
site contact faces of a sample using a microfurnace close to
an electrode. Five different AT values were used and, for
a fixed average T, the slope of the thermovoltage AU versus
AT was used to determine ® = AU/AT. The measurements
were carried out fully automatically using a PC program. At
low T, Cu-cylinder electrodes and Cu leads were applied,
and at high T, Pt-cylinder electrodes and Pt leads were
used. Absolute ® values are given, correcting the measured
O for O, or Op, according to O,ps = Oyeas + Opycy (16,17).
The thermovoltage AU was measured with a HP 3440H
digital voltmeter (input resistance > 101° Q). For calib-
ration, stoichiometric polycrystalline Fe;O, was used; the
O results between 130 and 240 K were in good agreement
with single-crystal data given in refs. 18 and 19, and in the
high-T range up to = 800K with those presented in
ref 20.

SFe MOSSBAUER ANALYSIS
1. FeNbO, (x=10)

Mossbauer spectra for samples x = 0, prepared in air or
O,, at 294 K differed for the wolframite and «-PbO, struc-
tures (Fig. 2). Doublets were recorded with different line
widths in both cases. The spectrum for the wolframite struc-
ture could be adequately fit to a symmetrical quadrupole
doublet; however, a similar fit for samples with the «-PbO,
structure was unsatisfactory. The fit was notably improved
by applying a second doublet (goodness of fit 32 from 5.2 to
1.4). M6ssbauer parameters are listed in Table 2. The Fe*™*
parameters resemble those known from other oxide mater-
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ials. The spectrum of the a-PbO, structure can, hence, be
described by two groups of Fe®* which show different
values of quadrupole splitting (QS). This result is related to
a variation of cation environments of a given Fe®* which
contribute directly to QS and/or distort the oxygen octa-
hedra in a different way. At 78 K, for samples with the
wolframite structure, no measurable contribution of Fe?™"
to the spectrum could be detected, but the Fe** peaks were
considerably broadened relative to those at 294 K. How-
ever, for samples with the «-PbO, structure, an additional
small broad peak is visible at larger positive velocities and
undoubtedly arises from Fe?". In fact, a continuous weak
absorption is noted in the positive velocity range up to
X + 2.5 mm/s relative to the baseline. The Fe** contribu-
tion could be adequately described by one doublet. Al-
though a fit of the Fe?* doublet is possible only with
reduced accuracy, the isomer shift (IS) is typical for Fe?™.
For 294 K spectra, this contribution is evidently contained
in the “Fe®*” peaks. Hence, either there is a large T depend-
ence of QS(Fe?™) or a mixture of Fe?* and Fe*" is present
due to electron exchange Fe?* — Fe** with hopping times
<~ 107 %s (possibly related to electrical conduction), re-
sulting in subspectra with IS intermediate between those of
Fe?* and Fe** (21-23). From area ratios of peaks, the
relative concentration of Fe?*, [Fe?*]/[ Y Fe], was approx-
imately determined as [Fe**]/[Y Fe] ~ 0.07. Samples pre-
pared in a N,/O, = 30 gas mixture exhibited an enhanced
impurity phase as mentioned; for this reason, we did not use
them for Mdossbauer analysis.

2. Fel_x/3Nbl+x/304, x=0.02 and 0.05

For x = 0.02, the spectra recorded did not differ appreci-
ably from those for x = 0. The 294 K spectrum of x = 0.05
in the wolframite structure (preparation in air) shows also
a weakly resolved doublet with broad lines (Fig. 2). The
79 K pattern reveals a minute additional broad peak at
X + 2 mm/s, which is undoubtedly due to Fe?*. For the
294 K pattern, such a peak is absent as in the case of x = 0.
At 79 K, the line width of the Fe*" doublet is notably
increased relative to that of the 294 K pattern, as for x = 0.
The Mossbauer parameters for a two-doublet fit to the 79 K
spectrum are given in Table 2. [Fe*" ]/[ Y Fe]~0.04 was
found; for full stoichiometry, 0.035 is expected using the
previously mentioned chemical formula for the series. For
the a-PbO, phase (preparation in air), a one-doublet fit at
294 K and a two-doublet fit at 79 K give comparatively
large %2 in both cases. A one-doublet fit to the 294 K pattern
was better than for x =0. IS and QS can evidently be
determined quite accurately although there are differences
between the data points and the fitted curve in the negative
velocity range. Also, a reasonable estimation of [Fe?*]/
[YFe] =~ 0.08 is possible for the 79 K pattern. When the
a-PbO, phase was obtained after heating in an atmosphere
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FIG.2. °7Fe Mossbauer spectra for annealed (wolframite structure (wo)) and quenched («-PbO, structure) samples: (a) FeNbO, (x = 0); (b) Fe; _,/3

Nb, 4304, x = 0.05.

with a N,/O, =30 gas mixture (exsolved secondary
phases <0.1% as estimated from light microscopic
analysis), the same fits could be made. The Mossbauer
parameters were very similar and from the 79 K spec-

trum [Fe?"]/[YFe] ~0.11 was derived; this means
that [Fe?*] has increased. Such a situation could be
associated with oxygen deficiency due to a too reducing
atmosphere.
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TABLE 2
5Fe Mossbauer Parameters for Compositions Fe;_,;3Nb; ../,
04, x =0, 0.05 (IS = Isomer Shift (Referred to Metallic Iron),
QS = Quadrupole Splitting, B = Line Width)

IS(mm/s)
Composition T (K) Structure
X Fe?™* Fe3* Fe3™
0 294 WO 0.39
294 o-PbO, 0.41 0.40
79 wo 0.47
79 o-PbO, 1.18 0.49
0.05 294 wo 0.40
294 a-PbO, 0.42
79 WO 1.32 0.39
79 o-PbO, 1.39 0.39
QS (mmy/s) B (mm/s)
FCZ+ Fe3+ Fe3+ FCZ+ F63+ Fe3+
0.39 0.24
0.40 0.72 0.70 0.28
0.40 0.46
2.29 0.56 1.28 0.40
0.41 0.33
0.51 0.41
2.10 0.39 0.69 0.41
2.01 0.52 0.63 0.51
ELECTRICAL RESULTS

1. Impedance Measurements
1.1. FeNbO, (x =0)

Typical examples of plots of the real part of the impe-
dance, Z', versus the imaginary part, Z”, in the complex
impedance plane are illustrated in Fig. 3. From Fig. 3a, two
semicircular arcs are seen at 98 K for the wolframite phase
of FeNbO,. Arc I is due to crystallites, and arc II can arise
in principle from grain boundaries and/or interfacial elec-
trode processes. The assignment is made on the basis of
capacity data, derived from the relation @ ppeC = 1
(w = 2mv, with v = frequency), where w,.x = o at the max-
imum of a semicircle, ppe = DC resistivity extrapolated
from Z' for o —» 0, and C = capacity (15). Arc I, with C in
the low pF/cm range for p3¢, evidently reflects the crystallite
behavior; arc II, with larger C, is associated with other
processes. In fact, we determined pp¢ of the interesting arc
I by extrapolating @ — oo from arc II. In Fig. 3a, arc I is in
fact a depressed circular arc, implying the center of the
semicircle to be located below the Z’ axis. Such a result is
interpreted as a distribution At of relaxation times ¢ = RC
for a parallel circuit around an average value {t) instead of
a discrete 7 and the depression angle is related to t (15).
From data for samples cut to half of their original lengths, it
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follows that arcs I and II are reduced to half of their original
sizes; hence, arcs Il are due to grain boundary processes,
while interfacial electrode processes obviously take place at
frequencies < 20 Hz. The assignment of arcs is supported by
data of voltage dependence. For arc I there was no measur-
able difference when the voltage applied to the sample
electrodes was 1V or 20mV (RMS), in contrast to arcs 11,
which showed an increase up to a factor of 4-8 for pp& when
the voltage was reduced from 1V to 20mV. The applied
frequency window was too narrow at higher T and no
reliable extrapolations could be carried out above ~ 350K.
Fig. 3b demonstrates the analogous data of FeNbO, in the
a-PbO, phase. Here, it appears that arc I is a more ideal
semicircle than that for the wolframite phase. No marked
differences to the above pictures are observed for
Fe;_,3Nb; 1,304, x =0.02 and 0.05.

The resistivity ppe is presented in Fig. 4 in the form
log pp—1/T in the low-T region. For each graph it is seen
that the grain boundaries have larger resistivities than crys-
tallites (current density j < 1 mA/cm?). Above =~ 350K,
four-terminal DC resistivity measurements were conducted
(ppe), as mentioned. Voltage-dependent DC measurements
(10mV to 4V, sample dimensions ~7 x 1 x 1.5 mm?) show
that there is a marked effect up to higher T, as visible from
Fig. 4a. The variation is not a heating effect of samples
leading to an increase in T. For the highest applied DC
voltage of 4V, it appears that the ppc—1/T curve is parallel
to ppc—1/T for crystallites with about the same activation
energy. Above & 600 K, the voltage dependence of pp be-
comes rather low. It is evident from Fig. 4 that a simple law
p = poexp(Ea/kT)(E, = activation energy) with a fixed
E, does not describe the conduction mechanism in a larger
T range. The bending of our log ppe—1/T curve is less
marked than that presented in ref. 9. For the «-PbO,
structure, analogous curves were observed (Fig. 4b);
PAS(100K)~4 x 10*Qcm is ca. a factor of 10 less than
PE(100K) for the wolframite structure.

Activation energies E, deduced in the high- and low-T
regions are quoted in Table 3. For hopping processes of
small polarons such a variation is expected from theory
when optical phonons are dominating at high T and acous-
tic phonons at low T (24). The very similar shape of the
resistivity curves in Fig. 4 for crystallites and grain bound-
aries suggests that the conduction mechanisms are basically
the same. The rather semicircle-like shape of Z’" versus Z” for
grain boundaries (Fig. 3) implies also here largely a simple
parallel equivalent circuit to be acting (15). For an inter-
pretation of the strong voltage dependence of this process at
low T, a more detailed examination is necessary. We found
that the varying gas atmospheres (O,, air, N,/O, = 30)
applied during the preparation of FeNbO, have a strong
effect on the grain boundary resistivity; the latter seems to
be largest for O, treatment. For the resistivity, there appears
to be a difference between the wolframite and «-PbO,
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FIG.3. Complex plane impedance plots of the real part Z’ versus the imaginary part Z” for FeNbO,, showing different types of semicircular arcs: (a)

wo structure; (b) «-PbO, structure.

phases since in the latter case, at the highest T, an activation
energy E, ~ 0.70 eV is observed which may arise from in-
trinsic conduction, whereas this process seems to be absent
in the wolframite phase in the same T range where E,
~ 0.3 eV was deduced; also in the lower T ranges, E, is
smaller in the wolframite structure (Fig. 4a, b).

In the low-T region, we tried to check a possible
In ppc oc — (To/T)* law after Mott that describes the vari-
able range hopping (VRH) mechanism (25) (Fig. 5). It ap-
pears that such a relation may hold in the low-T range,
although this check has to be extended to still lower T. The
VRH tunneling charge transport has been found to occur at
T < ~10K in compensated semiconductors from shallow
occupied to unoccupied donor states that exhibit a spread of
energies. On the other hand, for our samples the VRH law
appears to extend to far higher T. Such a case has also been

observed in other disordered semiconductors (26,27). The-
oretically, the occurrence of the foregoing relationship up to
higher T has been predicted for deep hopping states in the
case of acoustic-phonon-assisted hop processes using differ-
ent approaches (28-30). However, for disordered semicon-
ductors with localized states close to the Fermi level and
electron—electron Coulomb interactions, a dependence of
the type — (To/T)"'* has also been derived (31).

1.2. Fel_x/3Nb1+x/304, x = 0.02 and 0.05

For x = 0.05 it becomes obvious from Fig. 4c that in the
wolframite structure for crystallites phHS(100K)~ 2 x
10* Qcm is ca. a factor of 10 lower than pp&(100K) ~
2.5%x10° Qcm for FeNbO,, whereas for the «-PbO, struc-
tures ppc(100K) ~ 3 x 10°Qcm in contrast to pph&(100K)
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FIG. 3—Continued

~ 4 x10*Qcm for FeNbO,; the data for x = 0.02 are in
between these results. Very similar relations for x = 0 and
0.05 also hold at 294K. In the high-T range, activation
energies E, = 0.16 and 0.25¢V for the wolframite and o-
PbO, phases of x = 0.05, respectively, are inferred, whereas
0.30 and 0.74 eV, respectively, are found for FeNbO, (Table
3). The high value 0.74 eV points to a different conduction
process, as mentioned.

In the low-T region, a plot of In pp¢& versus T~ '/* in the
wolframite structure also gives an approximate straight line
as for FeNbO, (Fig. 5).

1/4

2. Thermopower
2.1. FeNbO, (x =0)

The thermopower ® is negative at all T, whence n-type
conduction follows and the majority of charge carriers are
electrons. Experimental data are reproduced as a ® versus
T plot in Fig. 6. In the low-T region, a slightly bent curve is
noted with increasing |®| for rising T for both crystal

structures; at higher T, the rise in |®| slows down and |®|
becomes constant. We did not extend the measurements to
T > ~ 900 K because of a possible transition of the a-PbO,
to the wolframite structure. Both graphs were reproducible
to +5uV/K; all data were taken after the first run to
higher T.

T <300 K. Atlow T, the experimental data of samples
with the wolframite structure can be adequately described
by a ® = AT"? + B law between ~ 120 and 300K rather
than by a linear relation ® = AT + B that applies possibly
to the results for samples with the «-PbO, structure; how-
ever, to decide this point definitely, very accurate ® data are
necessary. The former law is predicted in the case of a VRH
mechanism, where it is theoretically ® = AT'? when the
density of localized states is slowly varying (32); an addi-
tional T-independent constant B is expected in the case of
electron correlations. On the other hand, a linear ®-T
relation is derived for small polaron hopping among in-
equivalent sites with a broad energy variation (33). A very
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toj ~ 1 mA/cm?, lower ends to j &~ 100mA/cm?. (a) ppé: (+ ) crystallites, (x) grain boundaries. (b) ppS: (+ ) crystallites, (@) grain boundaries. (c) ppS (low
T): (O) crystallites (wo), (+) crystallites (x-PbO,); ppc (40 mA/cm?) (high T): (A) crystallites (wo), (@) crystallites (x-PbO5).

similar behavior for ¢ and ® as for FeNbO, at low T has
been noted for some compositions of Cr; - Nb,WO, solid
solutions (34). Furthermore, for boron carbide B,_.C,
a linear ®-T relationship has been observed (33, 35).
Assuming an Fe?* — Fe** small polaron hopping pro-
cess as the dominating conduction mechanism, we suggest

either a ® rather invariable with T or a linear ®-1/T
relation in a larger T range, as has been noted for spinels
(19,36-39). From © = k/e(Eg/T + o) (k = Boltzmann con-
stant, e = electronic charge, Eg = activation energy for ©,
o = constant), it is expected that Eg < E, for a hopping
charge transport (E, = activation energy for electrical
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TABLE 3
Activation Energies E, Inferred from Resistivity Data of Fig. 4
E, (eV)
Low T High T
Composition
X WO oa-PbO, ) a-PbO,
0 0.045 0.05 0.3 0.74
0.05 0.05 0.06 0.16 0.25

“ At low temperatures, E, is taken from pf¢, at high temperatures from
ppc; Wo = wolframite structure, o-PbO, = «-PbO, structure.

conduction) (40). In transition metal oxides (polar crystals) we
have to face the effect of a strong polarization of the lattice
around a hopping electron, giving an enhanced E, of the
resulting polaron (25). In our case, a possible inequivalence
of hopping sites in the wolframite structure could in part be
associated with nonstoichiometry, giving rise to lattice de-
fects for too low or high oxygen partial pressures during
sample preparation. A further effect of disorder may be an
incomplete ordering of the FeOg and NbOyg chains. In the
a-PbO, structure, predominant disorder is generated by the
random distribution of Fe and Nb cations, probably en-
hanced by an eventual nonstoichiometry.

T > 300 K. O for hopping charge conduction in the
case kT > A or J (A =spread of localized energy levels,

1E+6 L L L L L LA B N
1E+5 b— —
-~ 1E+4 P~ —
£
&
c
oo 1E+3 — o
< 0
&
1E+2 — —
4
1E+1 T I I T T I T T

0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40
T-1/4 (K -1/4 )

FIG. 5. Inpd&oc T~ plots for FeNbO, [(®) wo, (O0) a-PbO,] and
Fe; -3 Nby 1304, x =0.05 [(A) wo].
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FIG.6. Temperature variation of the thermopower ©: (@, ®) FeNbO,
(wo); (A, V) FeNbO, (2-PbO,); (x) x = 0.05 (wo); (O) x = 0.05 («-PbO,).

J = small polaron band width) is given by

O = (k/e)[Inn/B(N — n) + o], [1]
where N = concentration of sites available for hopping
charge carriers, n = concentration of carriers, = spin-de-
generacy factor, which is assumed to take on values of 1 or
2, and okT = kinetic energy of charge carriers, which is
assumed to be low (25,40). We derive in the high-T limit for
samples with the wolframite structure an experimental
®~—270uV/K and for those with the «-PbO, structure
®~—230uV/K. The plateau of ® in the high-T limit for
spinel ferrites, where Fe?* — Fe®" hopping is assumed to
be the prevailing conduction mechanism, has been applied
to determine cation distributions using the Heikes formula,
ie., Eq. [1] setting o = 0 and applying = 2 (41,42). ® for
polycrystalline samples is, in general, assumed to be repres-
entive for crystallites; however, a grain boundary effect, as
observed for our resistivity data, cannot be excluded. In the
literature, little information can be found as to differences in
O for poly- and monocrystalline semiconducting metal ox-
ides with the exception of spinel ferrites, where a small effect
was established (18, 43, 44); the same was found for composi-
tions Cr; _ W; +,O4 (45).

2.2. Felfx/3Nb1+x/304, x = 0.02 and 0.05

® data for x = 0.05 are illustrated in Fig. 6; results for
x =0.02 are not typically different from those of x = 0;
therefore they are not presented. There appears also to
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occur a linear ®T? or ®-T relationship at T ~ < 300K
as for samples with x = 0. The slope and the magnitude of
® are in fact identical to ® of x =0 with the «-PbO,
structure. In the high-T region, ® becomes constant with
®~—225uV/K for both structures.

For x = 0.02 and 0.05, a larger Fe?* population is ex-
pected than for FeNbO, since these compositions are mem-
bers of a mixed crystal series, as mentioned, which is
described by Fe; _,3Nb,; 1,30, or, discriminating between
Fe?™ and Fe’*, by Fe3;3Fe; ™ Nbj T, 30, Theoretically,
for x = 0.02 and 0.05 it should be [Fe?"]/[Fe**] = 0.0136
and 0.0350, respectively, whereas no [Fe®*] is expected in
stoichiometric x = 0. To analyze the increase in [Fe®*],
starting from x =0, we concentrated on x = 0.05 since
[Fe?*] should show a more marked effect on p and ©
than for x =0.02, provided charge transfer occurs by
electron hopping between Fe?* and Fe®*. In this context
we have to face a possible reduction of a low concentra-
tion of Nb>* to Nb** in the presence of Fe>* and Fe**. In
such a case, there may also occur electron jumps between
Nb** and Nb>*, most probably with an activation energy
differing from that for jumps between Fe cations. The pres-
ence of Nb** may go hand in hand with a too low [Fe?*].
Such a situation can be thought of also for completely
stoichiometric compositions. If cation or oxygen deficiency
or excess occurs, [Fe?*] and [Nb**] can in principle be
different.

DISCUSSION
1. Mossbauer Spectra

From the Mossbauer data of x =0, 0.02, and 0.05, it
becomes evident that the local Fe®* environments in the
wolframite and «-PbQO, structures show a notable differ-
ence. This is concluded from the quadrupole splitting (QS)
and line width (B) of Fe*" doublets for both structures
(Table 2). The effect may be related to conductivity when
charge transport occurs via electron hopping between Fe? "
and Fe* as suggested (1). In this case, the 294 K spectra can
provide information (Fig. 2) if the continuous weak absorp-
tion in the positive velocity range can be interpreted as
being due to electron hopping processes as could be shown
for very similar spectra of spinels (21). The Fe** contribu-
tion to the spectra, although doubtless present, is too low
for a detailed examination. From Fig. 2 it can be clearly seen
that one Fe* " doublet cannot adequately describe the Fe**
pattern. A second Fe?*-like subspectrum may improve the
fit; however, due to the low intensity, the error would be
high.

2. Resistivity

The main goal of this work is directed toward electrical
conduction in crystallites for the wolframite and «-PbO,
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phases. If Fe?" — Fe*" electron hopping gives rise to the
relatively low resistivity p, one may suggest a difference in
p for both structures. In the ordered state, zigzag chains of
FeOg octahedra along [001] may favor electron motion of
the above type across common edges of FeOg octahedra
(Fe-Fe ~ 0.31nm) or by a transport via Fe?"-O-Fe>"
(Fig. 1). This kind of charge transport would evidently be
interrupted by NbOg octahedra in the chain for a not
perfectly ordered crystal. Such a situation may also take
place in the wolframite samples for FeNbO,, since a tiny
amount of a secondary phase (< 0.5%, suggestedly a-Fe,O;
(1)) was detected by light microscopy, which may result in
a very weak surplus of Nb>*. Nothing appears to be known
of a possible incorporation of cation or oxygen vacancies in
the crystals. The enhanced concentration of Fe?™ in
FeNbO, with the a-PbO, structure, as found from Mos-
sbauer data, must be compensated for by a process balanc-
ing positive and negative charges. This phenomenon may be
connected to oxygen vacancies. We do not believe that the
tiny amount of segregated secondary phase in FeNbO, can
be responsible for the large Fe?* concentration. A more
detailed analysis of charge carrier transport is based on
® data, which are discussed in the following section.

For compositions x = 0.02 and 0.05, the Nb>* concentra-
tion in FeOgy chains is progressively enhanced with rising
x for the wolframite structures, whereas for both composi-
tions a random distribution of Fe and Nb exists in the
a-PbO, phase. From Fig. 4 a difference in pf¢ is restricted
to a factor of ~10in all cases. Interpreting the data in terms
of one kind of charge carrier, ¢ = enuy, is valid (n = charge
carrier density, up = drift mobility), where for a hopping
charge transport n is fixed, yp is determined by phonon-
assisted hops, and ¢ can vary by orders of magnitude. In the
case of an Fe?" — Fe?* polaron hopping process, we tenta-
tively assume n~ 10*'Fe?*/cm?® (which is compatible with
the experimental data) whence it follows from the experi-
mental ppE(300K) that up(300K) ~ 1x 10™* (cm?/V s).
Such a value is typical for low-mobility polar semiconduc-
tors in which a small polaron hopping charge transport
occurs (40).

Applying in the low-T region a law In apc oc A(T,/T)"*

+ B for the extrapolated data (Fig. 5), we infer for all
samples values of T, of the order To~4x 107 K. Such
a magnitude is indeed assumed to occur by theory for T far
above that for liquid helium (29). In the high-T region, we
adopt adiabatic or nonadiabatic small polaron hopping
transport for the wolframite phase of FeNbO,; the experi-
mental E, = 0.2-0.3¢eV is compatible with literature values
for transition metal compounds where charge transport is
attributed to small polaron conduction. However, the large
E, =0.7¢V for the «-PbO, phase points to a different
conduction mechanism, possibly to intrinsic conduction.
For composition x = 0.05, such a situation appears to be
absent because of lower E, values.
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3. Thermopower

T < 300K. In many transition metal oxides with hop-
ping charge conduction, ® was found to give a straight line
on a ®-1/T plot at not too high T, as mentioned; an
activation energy Eg can be derived that is lower than that
inferred from conductivity data and this is characteristic for
a hopping charge transport (39). On the other hand, for
small polaron hopping of the type Fe*" — Fe**, the avail-
able literature does not show unambiguous results; this can
possibly be associated in part with nonstoichiometry of the
related oxides, which may exert a large influence on the
charge transport. In contrast, in the high-T limit, when
® becomes constant and the Heikes formula applies, data
for spinel ferrites are available (37, 38, 41-44, 46). In our
case, a series of measurement runs for x = 0 in the wolf-
ramite structure resulted in data that are more consistent
with straight lines on ®-T'? than ©-1/T plots for
T < 300K. Linear ®-T curves describe possibly better re-
sults for x = 0 in the «-PbO, structure and for x = 0.05 in
both structures (Fig. 6).

For the analyzed oxides it is tentatively assumed that
there is a low-lying full O 2p band and empty conduction
bands of probably Fe 4s and Nb 5s states with an intermedi-
ate narrow Fe®* 3d and an empty Nb>" 5d band; both
bands may be divided into subbands with spin up and spin
down. Localized Fe?* may act as predominant donors;
furthermore, impurity donor or acceptor states can be ex-
pected, probably effected by oxygen nonstoichiometry. In
addition, one has to take into account a probable Me—O
hybridization (Me = metal cation). At present, it would be
highly speculative to give exact positions of the levels in the
energy band gap. A model that describes the energy scheme
in detail has to consider additional effects: (1) cation order
and disorder and additional disorder by nonstoichiometry
can be associated with a mobility edge (25); (2) possible
electron—electron interactions may lead to a Coulomb gap,
resulting in a strong reduction of the density of states.

T > 300K. Applying tentatively the Fe?* — Fe® ™ elec-
tion hopping process model and utilizing Eq. [1], with N =
[Fe3*] + [Fe?*],n =[Fe*"],0 =0,and ® = — 270 uV/K
for the wolframite structure, the ratio n/(N — n) = [Fe**]/
[Fe**] ~ 0.044 with B = 1; however, no ratio could be
determined from Mossbauer spectroscopy. The value f = 1
should be adequate in a magnetically ordered state or in
the presence of a very high magnetic field; for f = 2, the
[Fe?*]/[Fe®*] ratio is twice as high. For the a-PbO,
lattice, with ® = —230uV/K and f =1, the ratio
[Fe**]/[Fe’*] = 0.069, whereas ~0.078 is obtained from
the Mossbauer spectrum, in close agreement. Recently,
a generalization of the Heikes formula has been proposed
for charge hopping effected by mixed-valence cations Me"*
and Me"*V* (Me = cation) (47), based on the model of
ref. 48, with f=(2S,+ 1)/(2S,+; + 1), where S, and

263

S,+1 = cation spins. In our case, where S(Fe?*) =2 and
S(Fe**) =3, B =2; this is very close to f = 1, which is
consistent with our experimental ® and Mossbauer data.
From this crude estimate, we conclude that Fe?* — Fe3*
hopping charge transport, where all Fe*" and Fe®** take
part in conduction, seems to be compatible with all experi-
mental data for the a-PbO, structure, but the participation
of only part of all available Fe cations in conduction cannot
be excluded.

For x = 0.05, the number for the wolframite structure
with @~ —225uV/K and with g =1 is [Fe?*]/[Fe*"]
= 0.078 whereas the Mdssbauer data give ~0.04; for the
a-PbO, structure with the same ®, the Mossbauer results
give ~0.08, in good agreement.

In the present situation, one may speculate as to the
microscopic processes of charge transport. The suggestion
of a transport of the kind Fe?* — Fe** should give lower
resistivities with increasing [Fe**]. A tempting mechanism
may be preferred charge transport along [001] in the wolf-
ramite structure. However, due to the random distribution
of crystallites, no conclusions are possible with regard to
anisotropic behavior. In both phases, on the other hand,
the presence of Fe?* may favor configurations such as
Fe?"-Nb>* for microscopic charge balance reasons. In this
case, the activation energy for the release of an electron from
Fe?™* may be higher. One probably has to distinguish be-
tween different kinds of Fe?* as charge transport is con-
cerned, and theoretically only part of all Fe** may take part
in long-range charge transport; on the other hand, from the
foregoing estimates a participation of all Fe in charge trans-
port seems to be compatible with the experimental data.

CONCLUSION

The DC conductivity opc, the extrapolated crystallite
conductivity op¢, and the thermopower ® data for com-
positions Fe; _;3NB; 30, with x =0, 0.02, and 0.05 in
the wolframite and «-PbO, structures show features typical
for small polaron hopping charge transport at high and low
temperatures T.

From the validity of a variable-range hopping law
Inops oc —(To/T)* up to temperatures well above
~100K, it follows that a theoretical model may apply,
developed for electron hopping between deep localized
states; this interpretation is also consistent with the experi-
mental ® data. Assuming electron hopping of the type
Fe?* - Fe’*, the concentration ratio [Fe?*]/[Fe*"] de-
duced from ® data at high temperatures is in part in close
agreement with that determined from °’Fe Mdossbauer
spectra at 79 K. The result appears to indicate that in this
case all Fe?* and Fe®" are taking part in conduction, at
least at higher temperatures. It seems as if cation disorder in
the suggested ordered wolframite phase of FeNbO, plays an
essential part in conduction, evidently resulting in hopping
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charge transport. Whether lattice defects are notably in-
volved in the hopping transport is not quite clear.
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