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The temperature dependence of the magnetic, electrical con-
ductivity, and electron paramagnetic resonance (EPR) proper-
ties of Fe8V10W16O85 has been investigated. The magnetic
susceptibility measurements revealed an almost Curie–Weiss
law behavior above room temperature and an additional mag-
netic interaction at low temperature, causing a steep rise of
magnetization as the liquid helium temperature was approached.
The value of the magnetic moment at high temperature,
leff51.80 lB, suggests a predominance of trivalent iron ions in
a low-spin state. In the 300–4.2 K temperature range a difference
between the zero field cooling (ZFC) and the field cooling (FC)
modes was recorded. This irreversible behavior might be related
to the presence of weakly coupled clusters. The EPR measure-
ments revealed a broad, temperature-dependent resonance line at
high temperature and two weaker lines at low temperature. The
two low-temperature lines were attributed to antiferromagneti-
cally coupled high-spin Fe31 ion clusters and to high-spin iron
ions placed at sites with low symmetry of the crystal field. The
broad line at high temperature was separated into two Loren-
tzian lines. These component lines were attributed to the two
paramagnetic centers connected with the Fe31 ions involved in
the magnetic structure of Fe8V10W16O85: dominant low-spin
centers and a small admixture (<15%) of the high-spin centers.
The line broadening and shift of the resonance field of the two
component lines with decreasing temperature were studied and
analyzed using a model of the EPR lines of antiferromagnets.
The temperature dependence of the electrical conductivity
1To whom correspondence should be addressed.

22
showed a typical semiconducting-type behavior with an activa-
tion energy of 0.40 eV. The hopping mechanism of small polar-
ons was proposed to explain the transport properties of the
sample. ( 1998 Academic Press

INTRODUCTION

Three-component systems of transition metal oxides such
as Fe

2
O

3
—V

2
O

5
—MoO

3
, Cr

2
O

3
—V

2
O

5
—MoO

3
, Al

2
O

3
—V

2
O

5
—

MoO
3
, and Fe

2
O

3
—V

2
O

5
—WO

3
have been the subject of

many investigations not only because they are scientifically
interesting but also because they have application in cata-
lytic devices. The last system seemed to be the least investi-
gated and therefore attracted our attention (1). As with
other three-component systems, Fe

2
O

3
—V

2
O

5
—WO

3
is built

from three binary systems, i.e., Fe
2
O

3
—V

2
O

5
, V

2
O

5
—WO

3
,

and Fe
2
O

3
—WO

3
. In the first binary system, two com-

pounds exist: FeVO
4

and Fe
2
V
4
O

13
(2), which are n-type

antiferromagnetic semiconductors (3). In the V
2
O

5
—WO

3
,

one compound, namely Fe
2
WO

6
, appearing in three poly-

morphic forms was identified (4). Magnetic susceptibility
and EPR measurements at low temperature revealed a sig-
nificant paramagnetic contribution, probably resulting from
local distortions of the antiferromagnetic bulk structure
induced by a disturbed cation ordering or the presence of
Fe2` ions (5). The EPR spectra of a, b, and c-Fe

2
WO

6
exhibited the presence of various paramagnetic iron centers,
3
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which were tentatively attributed to the existence of two
kinds of isolated trivalent iron ions in a moderate and weak
crystal field of low symmetry, respectively, and to the forma-
tion of iron clusters producing ground states with S"1

2
and

S"3
2

(5). Moreover, EPR investigation of FeVO
4
, a, b, and

c-Fe
2
WO

6
, and Fe

2
V
4
O

13
in the 300—5 K temperature

range revealed a broad resonance line that changes strongly
during the phase transition to the magnetic ordering state
(3, 5, 6).

Recently, a new phase in the Fe
2
O

3
—V

2
O

5
—WO

3
system

was identified (7) in which formation of all three oxides is
involved. This new phase can be described by the molecular
formula Fe

8
V
10

W
16

O
85

. To date, very little is known about
the physical properties of this compound. In the present
work the temperature dependence of the magnetic suscepti-
bility, conductivity, and EPR spectra of Fe

8
V
10

W
16

O
85

is
reported for a wide range of temperatures.

EXPERIMENTAL

The Fe
8
V
10

W
16

O
85

samples used in our measurements
were prepared by the solid state reaction technique. The
composition of the initial mixture in terms of oxide content
was as follows 16.00 mol% a-Fe

2
O

3
, pure for analysis (p.a.),

recalcined at 1000°C for 24 h three times; 20.00 mol% V
2
O

5
,

p.a.; 64.00 mol% WO
3
, p.a., recalcined at 700°C for 24 h.

The final product was obtained by mixing FeVO
4
, WO

3
,

and V
2
O

5
. The FeVO

4
phase was obtained by the method

given in ref 2. The following heating process was applied:
600°C for 24 h, 620°C for 48 and 72 h, 700°C for 48 h, 720°C
for 48 h, 720°C for 6 h (two times), 725°C for 3 h (four times),
735°C for 3 h. The synthesis reaction could be written as
8FeVO

4
#V

2
O

5
#16WO

3
PFe

8
V
10

W
16

O
85

.
Identification of the samples was made on a Dron-3

X-ray powder diffractometer using CoKa radiation and an
iron filter. Only one major phase was observed, showing
rhombic symmetry and the following unit cell parameters:
a"7.5631(12), b"18.0227(33), and c"21.7851(44) A_ . The
volume of the unit cell is 2969.47 A_ 3. The experimental value
of density is o"5.94(5) g/cm3 and is in reasonable agree-
ment with the Roentgen density (o"5.88(2) g/cm3). Differ-
ential thermal analysis (DTA) was also used to confirm the
existence of the new phase. A symmetrical endothermic
DTA peak, starting at 830$5°C and attributed to the
melting point of the investigated phase (7), was registered
only for samples obtained from the initial mixture
8FeVO

4
#V

2
O

5
#16WO

3
.

The EPR measurements were carried out using a stan-
dard X-band (l"9.118 GHz) spectrometer of the Radiopan
R-10 type with 100-kHz magnetic field modulation. The
measurements were performed on an Oxford helium flow
cryostat system in the 4.2—290 K temperature range. The
magnetic field induction was monitored using a digital pro-
ton magnetometer, whereas the microwave frequency was
controlled by using a high-Q wavemeter. The sample
weighed about 30 mg and was placed in a quartz tube with
a diameter of 2 mm in flowing He gas to avoid oxygen
condensation.

Magnetic susceptibility measurements were performed on
closely packed powder samples using a PAR 155 vibrating
sample magnetometer at low temperatures and a magnetic
balance above room temperature. The measurements were
done in the temperature range from 4.2 to 900 K in a mag-
netic field of 0.02 or 0.5T.

The electrical conductivity of the samples was measured
using the dc four-point technique. Contact of the four leads
was achieved through a silver point. The sample was fed by
a current source (Keithley 224) with a current of 1 mA, which
corresponds to a current density of about 0.02 A/cm2. The
voltage was measured with a Keithley 181 nanovoltmeter.

RESULTS AND DISCUSSION

Magnetic Susceptibility Measurements

The temperature dependence of the inverse susceptibility
of Fe

8
V
10

W
16

O
85

at low and high temperatures is shown
in Fig. 1. The observed behavior can be separated into
three regions: a high-temperature region above 300 K,
a low-temperature region below 30K, and an intermediate
region between 30 and 300 K. At high temperatures the s~1

vs ¹ curve exhibits an almost linear dependence (Fig. 1a),
which can be described by a Curie—Weiss law, s"
C/(¹!h), with a Curie—Weiss constant h"120 K, sug-
gesting the presence of ferromagnetic interactions in our
compound. If it is assumed that only the iron ions are
paramagnetic, an effective magnetic moment of k

%&&
+

1.80 k
B

can be calculated from the obtained C constant.
Below room temperature, in the intermediate region, the
susceptibility deviates from a simple Curie—Weiss law, and,
moreover, differences between the FC and ZFC modes
were recorded in the temperature range 250—4 K, taken at
a field 20 mT (Fig. 1a). The sample was cooled to liquid
helium temperature and then warmed to room temperature.
Although the character of the susceptibility curves for FC
and ZFC was almost the same, the actual values of the
susceptibility at the same temperature were different for the
processes. Below 30 K, in the low-temperature region,
a steep rise of magnetic susceptibility with decreasing tem-
perature was recorded. During the FC process a maximum
of susceptibility was recorded at 6 K, but this maximum was
not observed for the ZFC process. The ZFC and FC were
irreversible processes and could be related to the presence of
weakly coupled clusters which, after being thermally treated
under the applied magnetic field, become decoupled from
the magnetic ordering background, giving rise to an en-
hanced paramagnetic contribution.

The supposition that we have to deal with V4` and W5`

does not explain the temperature dependence of the



FIG. 1. Temperature dependence of the inverse susceptibility of Fe
8
V
10

W
16

O
85

: (a) below room temperature, in the ZFC and FC modes; (b) above
room temperature.
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magnetic susceptibility. A possible explanation is that the
iron ions are in a low-spin state. At high temperature the
paramagnetic centers, which do not take part in the mag-
netic ordering at low temperature, are dominant. Taking
this into account, the observed Curie—Weiss law could be
explained. Assuming that the obtained magnetic susceptibil-
ity may be written as a sum of three independent susceptibil-
ities, s (obs)"s

F%
(high spin)#s

F%
(low spin)#s

W
, one can

estimate that only about 15% of the total susceptibility is
due to the high-spin trivalent iron ions. On the other hand,
the number of iron atoms in Fe

8
V
10

W
16

O
85

that could be
expected to carry uncompensated spins depends on the
existing chemical bonding in the crystal structure (8). Be-
cause the positions of the atoms in the unit cell are not
known, one can only speculate that if, on average, only 2.4
iron atoms in the formula unit were magnetic and in a high-
spin state, that situation could also explain the observed
value of the magnetic moment.

Figure 2 presents the temperature dependence of the
effective magnetic moment k

%&&
at high temperature, where

k
%&&

is defined as k
%&&
"2.828(s¹)1@2 and s has units of

emu/mole. As can be seen, the value of k
%&&

reaches a max-
imum around ¹

.!9
&450 K and then decreases with in-

creasing temperature. The expected smaller value of k
%&&

for
the iron ion as well as the high value of ¹

.!9
suggests the

existence of an antiferromagnetic intercluster interaction. It
is known that a plot of k

%&&
vs ¹ does not exhibit a maximum

if a simple Heisenberg exchange process with isotropic



FIG. 2. Temperature dependence of the calculated effective magnetic
moment k

%&&
at high temperature.
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exchange interaction is assumed. By allowing for an antifer-
romagnetic interaction, the k

%&&
vs ¹ plot passes through

a maximum. The corresponding curve in Fig. 2 indicates
that these interactions are operative over a wide temper-
ature range and not only below ¹

.!9
, where they become

dominant.

Electron Paramagnetic Resonance

Figures 3 and 4 present the EPR spectra of Fe
8
V
10

W O in different temperature ranges. Figure 3 shows the
FIG. 3. EPR spectrum of

16 85
EPR spectrum at 4.2 K, the lowest temperature of measure-
ment, and Figure 4 presents an overview of the spectra at
higher temperatures. At 4.2 K the EPR spectrum consists of
only two lines of different intensity. The more intense line
with the Gaussian lineshape is centered at g

%&&
"1.979(3)

and has a linewidth *H"52.0(1) mT. Its g value and
linewidth do not show any temperature variation. The
intensity of this line decreases with increasing temperature.
The spectrum resembles the EPR line usually observed for
an S"1

2
spin system. The S"1

2
spin state might arise in our

case from the antiferromagnetic coupling of one high-spin
Fe3` (S"5

2
) with one Fe2` (S"2) ion as reported for

[2Fe—2S]ferrodoxin (9) or, more likely, from a cluster of
three antiferromagnetically coupled high-spin Fe3` ions. If
the three exchange coupling constants are similar in value,
then the state with S"1

2
becomes the ground state of the

cluster (5). In our case the observed EPR line has disap-
peared at a temperature of about 30 K.

The other, less intense low-temperature line is centered at
g
%&&
"4.097(2) and has a linewidth *H"18.9(1) mT at

4.2 K. The parameters of this line vary with temperature: the
value of the g factor and its linewidth decrease with increas-
ing temperature. The temperature dependence of the
linewidth *B can be satisfactorily described by the following
equation: *B(¹)"*B(R) (1##/¹ ), with *B (R)"
4.54 mT and #"12.8 K. On the other hand, the g factor
decreases linearly with temperature, according to the
formula g(¹ )"g (0)!a¹, with g(0)"4.14 and a"
0.010 K~1. The low-field EPR line is characteristic of high-
spin Fe3` ions in a strong crystal field with an ex-
treme rhombic distortion. The theory of large g values
Fe
8
V
10

W
16

O
85

at 4.2 K.



FIG. 4. Overview of EPR spectra taken at different temperatures. The magnetic field axis is appropriate only for the spectrum at the lowest
temperature.
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for a high-spin ground state Fe3` is based on the spin
Hamiltonian:

H"bS ) gB#D (S2
z
!S (S#1)/3)#E(S2

x
!S2

y
), [1]

where b is the Bohr magneton, S is the effective spin, and g is
a second-rank tensor with the eigenvalues g

x
, g

y
, and g

x
.

D ("B0
2
) and E ("B2

2
) are the axial and orthorhombic

components that describe the splitting of the Fe3` Kramers
doublets in the crystal field. The orthorhombic character of
the field is expressed by the ratio E/D"j. j"0 implies
a crystal field of axial symmetry, and j"1

3
corresponds

to a completely rhombic field. A single EPR signal at
g
x
"g

y
"g

z
"4.27 will be observed when j"1

3
and

hl/D(1. Values of g as a function of j were calculated by
Gaite and Michoulier (10). The observed shift of g with
temperature toward lower values for our compound could
then be explained as a decrease of orthorhombicity of the
crystal field. A similar behavior was observed for Fe3`
centers in cristobalite and tridymite (11). In our case,
j changed form 0.32 to 0.28 with increasing temperature.
Another possible explanation for the temperature change of
the g parameter and the linewidth involves the dynamical
spin fluctuation existing before the phase transition to the
magnetic ordered state, such as that seen in the magnetic
susceptibility behavior at helium temperatures.

Both of these low-temperature lines disappear completely
above 30 K, and the EPR spectrum of Fe

8
V
10

W
16

O
85

is
dominated by a very broad line with a strongly temper-
ature-dependent resonance field and linewidth. Since the
values of the resonance field and the linewidth are compara-
ble, both positive and negative components of the dynamic
susceptibility have been taken into account in considering
the absorbed microwave power. The analysis of the
lineshape of the high-temperature line revealed that it could
not be approximated by a single Lorentzian or Gaussian
curve at all investigated temperatures, but the observed
lineshape can be satisfactorily explained by the sum of two
Lorentzian curves having different amplitudes, resonance
fields, and linewidths (Fig. 5). This indicates that we have to
deal with two different iron sites, although one dominates at
all investigated temperatures. A similar situation is often
encountered. The observed EPR line of Fe3` ions in
Fe

2
V
4
O

13
is slightly asymmetric, which is the result of the

fact that iron ions in the lattice occupy at least two
nonequivalent positions (3). In Fe

2
V
4
O

13
, within the limits

of experimental error, there are no changes in the g value
induced by temperature whereas there is a very strong
temperature dependence of the linewidth (3). For FeVO

4
,

both resonance field and linewidth depend on temperature
(6). As the broad line was separated into two lines, one
narrow (designated component 1) and one broad (desig-
nated component 2), further analysis will be done for each
line separately. The magnetic center connected with com-
ponent 2 contains the majority of spins, and although that
percentage seems to change only very slightly with temper-
ature, it is never below 85% of the total number of spins.
The integral intensity I, defined as I"bA(*B)2, where b is
the proportionality factor, A is the EPR signal amplitude,
and *B is the peak-to-peak linewidth, has shown the same



FIG. 5. Decomposition of the EPR spectrum at 102 K into two (— — —) Lorentzian lines; ( ) ) ) ) experimental line, (——) sum of two simulated lines.
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paramagnetic-type temperature dependence for both com-
ponents. In Fig. 6 this dependence is shown for the more
intense component 2. The temperature dependence of the
effective g factor for the components is different. For the
center 1, the g factor increases linearly with increasing
temperature, and the change can be described by the for-
mula g(¹)"1.928#0.0003¹ [K]. For the center 2, the
g factor is fairly constant from room temperature to 70 K,
having a value of 1.975. Below 70 K, a sharp decrease to
a value of 1.900 at 30 K is observed.

The broadening of the EPR linewidth *B with decreasing
temperature was detected for both component lines (Fig. 7),
FIG. 6. Temperature dependence of total intensity for component 2 of
the broad line.
and also the form of that dependence was the same. For
both components, the linewidth followed a simple ¹~1

dependence; thus it can be described by the equation

*B(¹ )"*B(R) (1!#/¹), [2]

with *B (R)"81 mT and #"!83 K for component 1 and
*B (R)"240 mT and #"!47 K for component 2. The
divergent behavior of the EPR linewidth *B in exchange-
coupled paramagnets is often observed as the critical tem-
perature ¹

N
is approached from above. It is well established

that for uniaxial antiferromagnets the EPR line broadens as
¹P¹

N
from the high-temperature region and narrows for

cubic antiferromagnets (12). That *B continues to decrease
with increasing temperature also in a region extending over
the critical region, that is, for ¹'3¹

N
, was observed and

explained by Dorman and Jaccarino (13). They obtained the
same expression (2) for the temperature dependence of the
EPR linewidth.

Concerning the origin of these two component lines, we
think that the center 1 is connected with high-spin Fe3`
ions in an axial field, while the more abundant center 2 is
produced by low-spin ferric ions in an axial crystal field with
a strong rhombic distortion. This assumption makes mag-
netic susceptibility and EPR measurements consistent. A re-
view of the EPR spectra of low-spin ferric ions in crystal
fields of different axial and rhombic distortions has been
published by Harris (9). The g parameter and the effective
magnetic moment k

%&&
values as a function of tetragonal and

rhombic distortions have been calculated. Diagonal and
off-diagonal matrix elements have been given in terms of



FIG. 7. Temperature dependence of the peak-to-peak linewidth for component 1 (open circles) and component (filled circles) of the broad line.

LOW-SPIN d5 SYSTEM IN Fe
8
V
10

W
16

O
85

229
two crystal field parameters, k (a measure of the difference in
bonding perturbation of the four in-plane ligands and the
two axial ligands along the z axis) and R (a measure of the
rhombic distortion). For R/k"2 and d/k"0.01, where d is
the spin—orbit coupling parameter, the following values of
the spin-Hamiltonian parameter g

%&&
and the magnetic mo-

ment have been obtained: g
%&&
"2.003 and k

%&&
"1.74 k

B
.

This case of k and R corresponds to a strong axial crystal
field with a large rhombic distortion. The calculated values
are in very good agreement with what we obtained for our
compound. The six 2¹

2
states are all degenerate in an

octahedral symmetry and interact among themselves under
the influence of the spin—orbit coupling, and there is a tet-
ragonal and rhombic distortion of the local perturbing
environment as well. As can be seen, the rhombic distortion
is strong with weaker spin—orbit coupling. Usually this EPR
line is observed only at lower temperatures.

Additional EPR lines centered at g
%&&
"1.051(5) are ob-

served at 15 K. These lines may possibly originate from
W5` ions. The W5` ion has one 5d electron outside the
closed shell. Thus only one resonance line could be observed
with the effective spin 1

2
, corresponding to a valence state

5#. The lines observed for our compound may arise from
isolated W5` ions with a hyperfine structure (14, 15). The
g parameter for a free electron has the value of 2.0023, but
for ions situated inside a compound it may be changed by
*g

ii
"!2j+

j
DS0 D¸

i
D jTD2/(E

j
!E

0
), where j is the spin—or-

bit coupling, E
0

is the energy of the ground state, and E
j
is

the energy of the higher states determined by the crystalline
field. Furthermore, the effect of covalency would be to
reduce the effective value of j.
Conductivity Measurements

The electrical resistivity curve for the sample follows
a semiconducting-type behavior. Figure 8 presents plots of
lnp (p is the dc electrical conductivity) vs ¹~1 in the
temperature range 100—400 K. The temperature depend-
ence of the conductivity p could be described in the entire
investigated temperature range by the following well-known
exponential relation:

p (¹)"p exp(!E/k¹), [3]

where p is a constant, E is the activation energy, and k is
the Boltzmann constant. The numerical values of these
parameters for our sample are E"0.40 eV and p"
4.0 )~1m~1. The antiferromagnetic system Fe

2
O

3
—V

2
O

3
doped with MoO

3
has shown a similar character of con-

ductivity (3). Electronic conduction in solid oxides can oc-
cur by motion of charge carriers in a band or by a diffusion-
like motion, called the hopping mechanism. The hopping
mechanism applies to low-mobility oxide semiconductors at
elevated temperatures and the charge carrier is called
a small polaron. The value of the activation energy seems to
be too low to be the activation energy for intrinsic conduc-
tion; therefore we assume that the conduction is of the
extrinsic type. This type of conduction exists when mixed
valence states of iron are present in the compound (16). The
increase of electrical conductivity with increasing temper-
ature is caused by the increase in the mobility of charge
carriers. In 3d transition-metal oxides there is the possibility
of small polaron formation. Since small polaron band



FIG. 8. lnp vs ¹~1 in the 100—400 K temperature range for Fe
8
V
10

W
16

O
85

.

230 GUSKOS ET AL.
conduction is not possible at high temperatures (17), the
hopping mechanism seems probable. In this mechanism
a small polaron migrates from one lattice site to an adjacent
site with a thermal activation energy of 0.40 eV.

CONCLUSIONS

Magnetic susceptibility measurements have shown the
Curie—Weiss law behavior, with a predominance of low-
spin-state iron ions at higher temperatures. Between 300
and 4.2 K differences between the FC and ZFC modes were
registered. The EPR spectra exhibited the presence of vari-
ous paramagnetic iron and tungsten centers. The low-tem-
perature EPR spectra were tentatively attributed to the
existence of two kinds of isolated Fe3` centers, one in the
high-spin state in a strong orthorhombic crystal field of
decreasing orthorhombicity with increasing temperature,
and the other with clusters of three antiferromagnetically
coupled high-spin iron ions. Also the lines from W5` ions
were observed at low temperatures. In the high-temperature
region a broad EPR line was observed. This line was as-
sumed to be a superposition of two lines arising from two
different centers of iron ions. The temperature behavior of
the linewidth and g parameter for these two centers was
investigated and described by a model of the EPR lines of
antiferromagnets. However, to have a more complete pic-
ture of the magnetic behavior of this system, it would be
convenient to measure the Mössbauer and neutron diffrac-
tion spectra. The strong interaction of crystal field could
influence the spin states and conductivity properties.
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