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The polymorphic modifications a-, 8-, and y-Fe, WO of the
iron tungstate system were studied by means of magnetic sus-
ceptibility and EPR measurements at low temperatures. Both
methods revealed a significant paramagnetic contribution,
probably resulting from local distortions of the antiferromag-
netic bulk structure induced by a disturbed cation ordering or
the presence of Fe!* ions. The magnetic susceptibility revealed
a peak at ~260 K for all samples which can be related with
an AF phase transition. The EPR spectra comprised the contri-
bution of various isolated paramagnetic iron centers, one arising
from high-spin Fe'* ions in rhombic crystal field symmetry
with EfD =~ 1/3 and D == 0.22 cm™', an anisotropic EPR signal
consistent with an S = 3/2 ground state with large zero-field
splitting, and a dominant component in the g =~ 2 region pre-
sumably arising from an S = 1/2 spin state. The latter spectra
were tentatively attributed to the formation of multi-iron clus-
ters, one of them invoking the presence of Fe?* jons as well.
For the B-Fe,WQ, phase an additional EPR spectrum was
observed, which probably results from high-spin Fe** jons in a

weak crystal field. @ 1995 Academic Press, Inc.

INTRODUCTION

The iron~tungsten—oxygen system has been the subject
of considerable interest in the research for iron-based oxide
semiconductors for potential photoelectrodes, since the
iron(I11) tungsten Fe, WO, phase was found to exhibit a
relatively high conductivity (pymx = 50 Q cm) which was
attributed to electron hopping between iron{IlI) and
iron(11) sites (1). The Fe,WQj system was synthesized for
the first time by Kozmanov (2) from the oxidation of fer-
berite above 600°C. The Fe, WO oxide, prepared by heat-
ing an cquimolar mixture of Fe,O, and W4, was reported
to crystallize in the columbite structure (3). On the other
hand, Senegas and Galy (4) reporied that Fe,WOq crystal-
lizes in the orthorhombic system and is the prototype of
a new structural type called tri-a-PbO,. Thorough studies
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on iron(1]1) tungstate carried out by Parant et al. (5) have
revealed the existence of two forms of Fe; WO, Form I,
a low-temperature modification which is obtained when
prepared at temperatures below 800°C, and form 1II, a
high-temperature modification which appears after heat
treatment at temperatures above 900°C. The low-tempera-
ture phase crystallizes in the columbite structure, while the
high-temperature phase in the tri-a-PbQ, one. Both of
these structures may be regarded as superlattice variants
of the a-PbO; type (6) and the main difference between
them is the nature of cation ordering. In the columbite
structure, a 2: 1 cation ordering of two iron and one tung-
sten zig-zag chains occurs, causing a tripling of the a lattice
parameter, though the orthorhombic space group Pbcn
(D13) of the a-PbO, is preserved. For the tri-a-PbO; struc-
ture, one zig-zag chain consists solely of iron ions, whereas
the other two chains exhibit one-to-one ordering of iron
and tungsten ions.

Recently, an investigation was undertaken in order to
establish the temperature range and the heat treatment
conditions which affect the synthesis of the two forms of
the Fe, WO, oxide (7). It has been found that in the temper-
ature range of 750-840°C, a new polymorphic modification,
which crystallizes in the monoclinic system, can be ob-
tained. In that paper a new designation of all known modi-
fications of Fe; WO, was introduced. The low-temperature
form I was denoted as a-Fe,WQ,, the high-temperature
form IT as y-Fe; WO, and the newly discovered modifica-
tion as 3-Fe,WOQyq. This new nomenclature will be used in
this paper. '

The magnetic structure of y-Fe,WQs was studied by
means of neutron diffraction (8, 9), while magnetic suscep-
tibility measurements have been reported in the tempera-
ture range of 80-300 K (9) and 300-800 K (10). At low
temperatures, the material is antiferromagnetic with a Néel
temperature of approximately 240 K. The magnetic space
group determined from the neutron scattering is Pbc'n’
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and consists of ferromagnetic (100) planes coupled antifer-
romagnetically with spins along the [001] direction (9).
Another phase transition of crystallographic character was
also suggested to oceur at a temperature of 7~ 130 K (9).
Above 600 K, the inverse magnetic susceptibility was found
to vary linearly with temperature with an effective mag-
netic moment of about 5.6 ug, corresponding to the spin-
only moment of Fe*' ions. Between 300 and 600 K the
temperature dependence of the inverse magnetic suscepti-
bility is not linear, probably due to the presence of short-
range magnetic order effects.

An electron paramagnetic resonance (EPR) study of the
3-Fe; WO, compound at low temperatures was presented
in (11). The EPR spectrum revealed the presence of at
least two ion(II1) centers, The first one can be attributed
to Fe* ions in axial ¢rystal field symmetry with small zero-
field splitting, while the second one, which is observed at
g =~ 4.3, was attributed to Fe** ions in the limit of full
rhombic crystal field symmetry with E/D = 1/3.

As can be seen from the above, there exist a large variety
of approaches for determining the magnetic and spectro-
scopic properties of the polymorphous group of the
Fe, WO, compound. Due to the growing interest in the
study of the physical properties of this polymorphic system,
especially in relation to the heat treatment conditions, we
have studied the EPR spectra and the magnetic susceptibil-
ity for all three known phases of the Fe; WO, compound,
at low temperatures where there is a lack of experimen-
tal data.

EXPERIMENTAL

The preparation procedure for the three phases of the
Fe, WO, compound has been previously described in detail
(7). The samples were identified by X-ray diffraction
{XRD) using a Dron-3 X-ray diffractometer utilizing
CoKa-radiation. The XRD analysis showed that the sam-
ples of &~ and y-I'e, WOy and §8-Fe, WOy crystallize in the
orthorhombic and monoclinic crystal structures, respec-
tively, with lattice constants similar to those in (7). All
samples were found to be single phase compounds.

EPR measurements were carried out using a standard
X-band (v = 9.41 GHz) spectrometer type Bruker 200D
with 100 kHz magnetic field modulation. The samples, each
containing 30 mg of the substance, were placed into 2-mm-
diameter quartz tubes under flowing He gas in order to
avoid oxygen condensation. The measurements were per-
formed in the temperature range from 4 to 20 K using an
Oxford flow cryostat system.

Magnetic measurements (de¢) were performed on
densely packed powder samples using a PAR 155 vibrating
sample magnetometer and a SQUID type quantum design
5.5 T spectrometer, The measurements were done in the
temperature range from 4.2-300 K. Two modes of mea-
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FIG. 1. Temperature dependence of the dc magnetic susceptibility

for the a-Fe; WOy, phase in the ZFC and FC modes and in the temperature
range 4.2-300 K. The inset shows the ZFC run in an expanded scale.

surements were employed. Initially, the samples were
cooled down from room temperature (RT) to 4.2 K in zero
field, then a magnetic field of 0.02 T was applied and the
magnetization was measured with increasing temperature
(ZFC). In the second mode (FC), the sample, after being
warmed, was cooled under the same magnefic field as in
the ZFC mode.

RESULTS AND DISCUSSION
Magnetic Susceptibility Measurements

The temperature dependence of the static magnetic sus-
ceptibility y for the «, B, and v phases of Fe; WO in the
temperature range of 4.2-300 K is presented in Figs. 1, 2,
and 3, respectively. Samples @ and y exhibit similar behav-
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FIG. 2. Temperature dependence of the dc magnetic susceptibility
for the 8-Fe, WO, phase in the ZFC and FC modes and in the temperature
range 4.2-300 K.
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FIG. 3. Temperature dependence of the dc magnetic susceptibility
for the y-Fe, WO, phase in the ZFC mode and in the temperature range
4.2-300 K.

ior (Figs. 1 and 3). Both samples in the ZFC mode exhibit
a maximum at T ~ 260 K which is more pronounced for
the a phase. This peak is conststent with the antiferromag-
netic phase transition detected at Ty ~ 240 K by neutron
diffraction (8, 9). At T, ~ 200 K both samples exhibit a
second peak, more pronounced in the y phase, while upon
further lowering of the temperature the susceptibility starts
to increase reaching a broad maximum at a temperature
75 ~ 15 K. This behavior is in contrast with the expected
decrease of y below the AF transition. The broad maxi-
mum at T3 ~ 15 K is similar to the rounded susceptibility
MaxiMmum Xmay €xhibited by low-dimensional (1D or 2ID)
antiferromagnetic systems at temperature 7(yuax) on the
order of the exchange constant J (kg 7(xmax)//| is pre-
dicted to be approximately 10 and 18 for § = 5/2 Heisen-
berg chains and quadratic layers, respectively) (12). In
the present case, such an explanation would, more likely,
require the presence of antiferromagnetic iron chains with
small exchange interaction of magnitude ~1.5 K. The maxi-
mum may also correspond to a true phase transition re-
sulting from the incorporation of the “isolated” chains in
the antiferromagnetic structure, but neutron diffraction
did not provide any evidence supporting a second phase
transition at low temperature {9). Additionally, the EPR
parameters from such iron chains would be expected to
exhibit a strong temperature dependence, while the EPR
spectra described below do not show any low-dimensional
behavior. Moreover, the broad maximum of the suscepti-
bility can also originate from clusters of exchange-coupled
ions, e.g., dimers of antiferromagnetically iron ions or other
clusters with a suitable energy spectrum. Of course the
presence of low-dimensional units cannot be excluded es-
pecially in view of the complicated structure of the com-
pounds and the irregular behavior of y below the AF transi-
tion temperature.
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However, in the FC mode the plot changes completely
(Fig. 1}. The peak at 250 K is still detected but the suscepti-
bility below that temperature increases rapidly with de-
creasing temperature reaching a value at 42 K, which is
about two orders of magnitude larger than that in the ZFC
run. This irreversible behavior might be related to the
presence of weakly coupled clusters which, after being
thermally treated under the applied magnetic field, become
decoupled from the antiferromagnetic background giving
rise to an enhanced paramagnetic contribution.

For the 8 phase a more complex behavior is observed
{Fig. 2). In the ZFC run the susceptibility decreases slowly
up to about 140 K and a step-like decrease is observed at
about 150 K. Above this temperature, y exhibits a small
variation up to 260 K where an anomaly similar to that
observed for the other phases can be detecied. The same
anomaly has been observed in the FC run too, though
below that temperature the susceptibility started to in-
crease rapidly as for the other phases, However, the step-
like behavior at 150 K was not seen in the FC mode. The
150-K anomaly is close to the one observed by Pinto et al.
(9), who suggested the presence of a transition of crystallo-
graphic origin due to a shift of the ionic positions.

In order to account for the behavior of y for the three
phases of Fe; WOy, we suggest that the observed magnetic
susceptibility is the result of 2 dominant antiferromagnetic
component which gives rise to the small values of y at low
temperatures, and a “paramagnetic” contribution resulting
from clusters of exchange coupled iron ions or even iso-
lated iron(IIT) ions taken in different proportion for each
phase. One can speculate that the strength of this paramag-
netic contribution is proportional to the magnitude of the
presumed disorder in the iron—tungsten zig-zag chains
along the c-axis (4). The various temperatures obtained
for the three phases are summarized in Table 1 together
with magnetic data previously reported.

Electron Paramagnetic Resonance

The EPR spectra recorded at low temperatures for the
a-, 3-, and v-Fe, W, phases turn out to be rather compli-

TABLE 1
The Critical Temperatures for the Various Fe,WO; Phases as
Defined in the Text

Phase T, (K) T, (K) Ty (K) Reference
@ 260 ~200 ~15 This work
B 260 — — This work
y 240 ~220 — )

260 ~200 ~15 This work

Note. The temperature T, correspends to the Ty
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FIG. 4. The EPR spectra of the a-, 8-, and y-Fe; W0 phases at
low temperatures.

cated as shown in Fig. 4. However, two relatively intense
resonance spectra, in the g =~ 2.0 and g ~ 4.3 regions,
superimposed on the background of a very broad line
spreading beyond the range of the applied magnetic field,
are observed for all samples. Mareover, many weak reso-
nance lines are observed in different parts of the spectra.
The low-field EPR spectrum centered at g ~ 4.3 is charac-
teristic of high-spin Fe®* ions in a crystal field of extreme
rhombic symmetry. Due 1o the relatively narrow linewidth
of these lines, we conclude that the underlying iron centers
should be magnetically isolated from the bulk antiferro-
magnetic structure existing at low temperatures in
Fe;WQ4. On the other hand, the broad background line
must be associated with iron(III) ions incorporated in the
bulk magnetic structure, where the strong antiferromag-
netic correlations result in an excessive broadening of the
resonance signal.

Figure 5 presents the EPR spectrum of the y-Fe, WO,
phase at some selected temperatures. As can be seen, addi-
tional powder lines were resolved in the g = 4.3 region at
higher temperatures, especially at T = 15 K. As well
known, an adequate spin Hamiltonian which describes the
g = 4.3 spectrum of high-spin Fe** (°S;;) ions assumes
the form

H=gBH-S+D[S§—§(S+1):|+E(S§—S§), 8

where g is the electronic g-factor, assumed to be isotropic,
B is the Bohr magneton, while D and F are the axial and
the rhombic crystal field parameters, respectively. Diago-
nalization of the above spin Hamiltonian in the weak mag-
netic field limit, |D|, |E| > gBH, yields three Kramers
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doublets in zero magnetic field. The g =~ 4.3 spectrum is
associated with the transitions within the middle Kramers
doublet in the case of a strong crystal field | D| > g3H, and
a maximum degree of thombic distortion, corresponding to
A = E/D ==1/3, Calculations of the powder EPR spectrum
of high-spin Fe* ions showed that this spectrum can exhibit
a fine structure, which may comprise up to six powder lines
resulting from transitions with the magnetic field along the
principal x, y, z axes as well as along the principal xy, yz,
xz planes (13). Frequently, these lines average, resulting
in the anisotropic lineshape of the g = 4.3 powder spec-
trum, as it occurs for the present EPR spectra for most
temperatures (Fig. 5). Assuming that the powder lines at
g =~ 4.03 and g =~ 4.13, most clearly resolved at T = 15 K,
arise from this kind of spectrum and using the diagrams
reported by Aasa (13), we find that the observed EPR
spectrum at g = 4.3 consists of five components with D =
0.22 cm™ and E/D = 0.32. The other powder lines are
predicted to occur at g = 4.34, g = 3.96, and g = 3.90, the
first two being easily detected at T = 15 K, while the third
one might be rather weak to be observed. The g =~ 4.3
spectrum can be seen in more detail in Fig. 6, at T = 15
K where the spectrum is clearly resolved, along with the
predicted positions of the powder lines and at 7 = 14 K
where the fine structure details are obscured. This assign-
ment is also supported by the presence of two broad humps
at higher magnetic fields, ~580 mT and ~680 mT (Fig. 4),
which are predicted to occur from transitions between the
other energy levels of the Fe?* ions for the same values of
D and E (13). Additional weak powder lines are expected
in the g = 2 region, probably contributing in the complex
structure of the observed EPR spectrum at this region
(Fig. 5).

According to this assignment, another contribution at
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FIG.5. The EPR spectra of the y-Fe, WO, phase at different temper-
atures.
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FIG. 6. The EPR spectrum of the v-Fe,WO, phase in the g ~ 4.3
region at T = 14 K and T = 15 K. The arrows indicate the predicted
powder line positions for the values of D and E reported in the text.

£ = 4.25 would be expected to account for the observed
spectrum in this region, as can be easily seen from Fig. 6.
An additional indication for such a contribution arises from
the small temperature dependence of the intensity of the
g = 4.3 spectrum under nonsaturation conditions, which
is very small compared to the calculated temperature varia-
tion of the EPR spectrum intensity using the estimated
values of D and E. Figure 7 presents the temperature
variation of the spectrum’s amplitude in comparison with
the calculated temperature dependence which is domi-
nated by the Boltzman population of the middle Kramers
doublet. From Fig. 5, it is also seen that a sharp powder
line centered at g = 1.998(1) is gradually resolved at higher
temperatures, while another broad resonance line is ob-
served at 210 mT with g =~ 3.2 (Fig. 4). This kind of

0.06 g T r T T

e

[~

o
T
[

o
B
PR

.
A
@ 003 :
=]
{
e
= 002 i
aon ]
= m M m R ® B g Ny
0.00 R P — . — sl -
0 5 10 15 20
TK)

FIG. 7. The temperature dependence of the amplitude of the g =
4.3 spectrum normalized to the calculated temperature variation of the
EPR intensity. The squares correspond to the experimental points and
the solid line to the calculated intensity.
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powder pattern with effective g values of 4.25, 3.2, and
1.998 is typical of an § = 3/2 spin system with large zero
field splitting. Such an EPR spectrum has been frequently
identified in the iron—molybdenum protein of the enzyme
nitrogenase, as well as in various synthetic model com-
pounds of the formula [Fe(MS,),]*" (M = Mo, W) or clus-
ters of the type MF,3, (M = Mo, W) (14-16). The corre-
sponding spin Hamiltonian has the form [1] with an
anisotropic g tensor and in the absence of an external
magnetic field gives rise to two Kramers doublets separated
in energy by A = 2|D|(1 + 3A%), where D and A have their
usual meaning (17). In the case of large zero field splitting,
the lowest Kramers doublet with m, = *1/2 gives rise to
an extremely anisotropic powder spectrum which can be
described by a fictitious spin S’ = 1/2 with principal values
gv, 8y, and g, given by the relations (14, 16)

1+3A
Eyr = gl]:l + 1+ 3/\2)12]

2
and g, = gn[w - 1]-

Using the values g = 3.2, g, = 4.25, g, = 1.998, and
the above equations, we obtain g, =~ g = 2.0 and A = 0.09.
The latter value indicates a small rhombic distortion. The
origin of the § = 3/2 spin state is not easily explained on
the basis of the formal oxidation states of the existing
metals in the Fe,WQ¢ compounds, namely the high-spin
Fe?* (§ = 5/2) and the diamagnetic W® ions. The presence
of an § = 3/2 state could be in principle explained by the
presence of the rarely observed Fe* (S = 3/2) ions or by
the presence of W+ (54!, § = 1/2) ions with two of them
being antiferromagnetically coupled to one iron Fe?* (§ =
5/2) ion to produce an § = 3/2 ground state, though neither
of these alternatives appears to be probable since there is
no evidence corroborating such valence states of the metal
atoms. However, Sieber er al (1), in order to account for
the semiconducting behavior of the Fe; WO, compound,
have suggested the presence of Fe?' (342, § = 2) ions due
to a solid solution of a smail amount of FeWO, in Fe, WOy,
while recent °’Fe Mossbauer studies of the iron tungstate
oxides, though they favor the dominant contribution of
the Fe?* ions, do not exclude the possibility of a small
amount of reduced Fe?* ions (18). Allowing for the pres-
ence of a small number of Fe?* ions, the § = 3/2 spin state
may originate as the ground state of a three iron cluster
comprising two ferromagnetically coupled Fe?* ions which
are antiferromagnetically coupled to one Fe** ion.

As can be seen from Figs. 4 and 5 the observed EPR
spectrum in the g =~ 2 region, at least for the - and -
Fe, WO, phases, resembles closely the powder pattern of
an § = 1/2 spin system. However, a computer simulation
of this spectrum for the usual § = 1/2 spin Hamiltonian

{2
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FIG.8. The EPR spectra of the 5-Fe, WO, phase at different temper-
atures.

was not successful, since we could not unambiguously iden-
tify the relevant powder lines due to the presence of other
contributions as described above. An § = 1/2 spin state
might arise from the antiferromagnetic coupling of one
high spin Fe*' (§ = 5/2) with one Fe?* (§ = 2) ion as
previously reported for an [2Fe-28] ferredoxin (19). An-
other more likely interpretation which does not require
the presence of Fe?* ions is the formation of a three-iron
cluster containing three antiferromagnetically coupled
high-spin Fe** ions. In this case, the spin Hamiltonian de-
scribing the isotropic exchange interaction between three
§ = 5/2 paramagnetic centers in the form of a general triad
is given by

Hey=J13818; + 138, 83 + 113 8- 85, [3]

where J 5, J13, and J;; are the exchange coupling constants,
which in the general case are different. In the case of a
symmetric triad (J13 = J»3) and antiferromagnetic exchange
interactions, one of the two possible states with total spin
§ = 1/2 becomes the ground state of the ciuster when the
ratio x = J,3/J; of the exchange coupling constants lies in
the range 0.6 = x = 1.8 (20). In the general case, the § =
1/2 ground state is stabilized provided that the exchange
coupling constants are not very different, J,; = Ji5 = J;.
The presence of a cluster of this type in Fe,WOg may be
related to a disordered distribution of the Fe and W atoms,
disturbing the long-range antiferromagnetic ordering and
giving rise to isolated iron clusters.

Figure 8 presents the EPR spectrum of the 3-Fe, WO
phase at different temperatures. As can be seen, the spec-
trum exhibits the same powder patterns that were identi-
fied in the y-Fe, WO phase, namely the g = 4.3 spectrum
along with the high-field (580 and 700 mT) lines, the three-
line § = 3/2 powder spectrum, and a dominant contribution
of presumably an § = 1/2 spin system in the g ~ 2 region.
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However, two additional absorption-type powder lines
are observed at 350 and 365 mT and a sharp peak at
311 mT, while the structure of the central line is more
complicated than the other samples. Assuming that this
additional EPR spectrum comprises only lines in the cen-
tral g = 2 region, it can be interpreted in terms of isolated
Fe* ions under the action of a weak crystal field, so that
the crystal field parameters [ and E are much smaller than
the Zeeman energy gBH. In this case, the single crystal
EPR spectrum consists of five resonance lines, each giving
rise to two or three powder lines in the case of axial or
rhombic symmetry, respectively, besides the central
+1/2 « —~1/2 transition which may be split in three to six
powder lines for axial or rhombic crystal field symmetry
(13, 21). Taking into account the small spread (~60 mT)
of the observed powder lines around g = 2, where the
central line is expected, we make a rough estimate of the
axial crystal field parameter of D = 0.007 cm . The obser-
vation of such a spectrum may indicate the presence of
isolated octahedrally coordinated Fe* ions with a small
axial/rhombic distortion in the 8-Fe,WQg phase.

The a-Fe; WO, phase exhibited EPR spectra that were
very similar to those observed for the y-phase (Fig. 3). The
intensity of the EPR spectra was smaller for both the g =
4.3 spectrum and the g == 2 EPR lines in comparison with
the other phases, inhibiting a more detailed analysis. The
relatively strong intensity of the broad background line
(Fig. 4) as well as the intense peak at 260 K of the magnetic
susceptibility (inset Fig. 1} indicate the presence of a domi-
nant antiferromagnetic contribution.

Finally, we would like to note that the described assign-
ments of the different EPR spectra should be considered
as tentative ones, since the poor resolution of the observed
powder spectra does not allow an unambiguous identifica-
tion of the various lines. In this respect, EPR measurements
at higher frequencies may enable a better resolution of
the EPR spectra so that accurate simulations of the various
paramagnetic centers would be performed, while EPR
measurements at high temperatures (I > 260 K), which
are currently in progress, will reveal the EPR response of
the bulk Fe ions and the critical behavior expected near
the antiferromagnetic phase transition. The EPR results

TABLE 2
The Zero Field Splitting Parameters for the Various EPR
Spectra Described in the Text

Spin § D (em™) A=EID Phase Reference
512 022 0.32 e, B,y (11), This work
52 ~0.007 — B8 (11), This work
32 >03 0.0 @ B,y  This work
172 — — a B,y This work
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obtained in this and previous works are summarized in
Table 2.

It should also be noticed that the trimeric models pro-
posed to explain the observed S = 3/2 and § = 1/2 EPR
spectra are the simplest ones, since single ions or dimers
of iron(1IT} cannot produce such ground states. However,
larger exchange-coupled units with different exchange cou-
pling constants, resulting from a statistical distribution of
iron atoms, may probably give rise to these ground states
(22) but still such an assignment would be on a rather
arbitrary basis. In this respect, the proposed trimeric units
should be considered as tentative ones.

CONCLUSIONS

Magnetic susceptibility and EPR measurements of the
o-, B-, and y-Fe, W phases at low temperatures revealed,
besides the expected antiferromagnetic component due to
the magnetic ordered state at higher temperatures, the
presence of a considerable paramagnetic contribution in
the magnetic response of the compounds. A peak in the
susceptibility at T, ~ 260 K can be related with an A F phase
transition previously identified by neutron diffraction (9).
The EPR spectra exhibited the presence of various para-
magnetic iron centers, which were tentatively attributed
to the existence of two kinds of isolated Fe*' ions in a
moderate and weak crystal field of low symmetry, respec-
tively, and to the formation of iron clusters producing
ground states with § = 1/2 and S = 3/2 total spin. It is
suggested that a disordered state in the cation ordering of
Fe and W atoms, as well as the presence of Fe?* ions, may
locally frustrate the antiferomagnetically ordered struc-
ture, inducing the formation of different paramagnetic iron
species unassociated from the bulk of the compound.
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