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Electrical transport and EPR properties of the «, B, and y phases of F&WOg
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The polymorphic modificationg, B, and y Fe;WOg of the iron (Ill) tungstate have been investigated by
resistivity and electron paramagnetic resona(fEBR measurements. The high-electrical resistivity for all
phases complies with the dominant antiferromagnetic component of the compounds. The EPR spectra comprise
a broad exchange narrowed EPR line due t&'Fens. The broadening of the EPR linewidth is explained in
terms of the critical spin fluctuations near the antiferromagnetic phase transition. The shift of the resonance
field and the temperature dependence of the EPR intensity imply an extended region of short-range order
correlations[S0163-18209)09535-]

[ron-tungsten-oxygen system, especially the,\WF&q magnetic resonancEEPR measurements have revealed the
phase continues to attract much attention from both fundapresence of isolated iron centérahile measurements at
mental and applied perspective. These materials have beend40—250 K for thew phase revealed the presence of a broad
the subject of many experimental studies aimed to establishe’* EPR line with divergent variation when approaching
the correlation among their structural, magnetic, and con200 K In this context, a comparative study of the magnetic
ducting propertie$=1° They are also promising for device and electrical properties of the polymorphic modifications
fabrication, more specifically in systems for the direct con-g, and y-F&WOg of the iron-tungsten system has been un-
version of solar to electrical enerdyCrystallographic stud- dertaken using resistivity and EPR measurements.
ies have revealed the existence of three structural modifica- The preparation procedure for the thieeB, andy poly-
tions of FeWOs 18 The low-temperature modification morphic modifications of F#VOg has been described in pre-
(a-Fe,WOg) when the synthesis is carried out below 800 °C,vious work® The polycrystalline samples have been identi-
the high-temperature modification/{Fe;,WO;) prepared at fied by x-ray diffraction as single phase using a Dron-3 x-ray
temperatures above 900 °C and the recently discovered polgliffractometer utilizing CoKea-radiation. The lattice con-
morphic modification 8-Fe&;WO,) obtained in the tempera- Stants are similar to those reported earieEPR measure-
ture range of 750—840 °€The « and y phases crystallize in ments were carried out on fine powder samples with a stan-
the columbite and trix-PbQ, structures respectively, both dard x-band spectrometéRadiopan SEX-104employing a
preserving the orthorhombic symmetpbcn, while the 3  resistance flow cryostat system in the temperature range of
phase in the monoclinic orfe. 200 to 470 K. dc electrical resistivity measurements were

Neutron diffraction measurements from room temperaturénade in the temperature range of 100 to 340 K in small
(RT) down to 4.2 K, have confirmed the crystal structure ofpellets produced under pressure of 70—-80 bar. The resistance
the y phase, which has been found to be antiferromagnetigvas measured with a Keithley 181 electrometer according to
with Ty~ 240 K.3* An increase in intensity of several reflec- the two-point geometry, with a higher limit of 210" ()
tions allowed byPbcnhas been also detected starting fromunder the circuity of the experiment.

T~150K, associated with a shift of ionic positichghe The temperature dependence of the resistiyityr the a,
magnetic susceptibility of the: phase follows Curie-Weiss B, andy-FeWOg phases is shown in Fig. 1. For all samples,
behavior above 600 K with effective magnetic moment closep(T) strongly increases by four orders of magnitude with
to that of Fé* (S=3), while a nonlinear behavior indicative decreasing temperature within the studied temperature range,
of short-range magnetic correlations was observed in thwhile a negative temperature coefficient is also observed,
range of 300—600 R.However, measurements below 300 K both results indicating semiconducting materials. For ghe
for the « and y phases have shown that apart from a peak aphasep(T), which attains the highest value among the three
250 K, which is consistent with the antiferromagnetic order-phases, reaches the limiting value of'1Q cm already at
ing, a significant paramagneticlike contribution grows at265 K. Its temperature dependence follop(d) = poeta’kT
lower temperatures with a maximum at 15’ nother peak with an activation energyE,=0.75eV derived from the
whose origin is not clear, has been detected~@00 K, slope of the linear plot Ip 1/T (Fig. 1. The activation en-
while for the 8 phase a more complex behavior has beerergy and room-temperature resistivity of the phase are
observed, comprising a discontinuity of the magnetic suscepsomparable to those reported for thetype antiferromag-
tibility at 150 K.° Low-temperaturg4—20 K) electron para- netic semiconductors pé,_,Mo,O;5 with low-Mo content,
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FIG. 1. The electrical resistivity (Ip) vs 10001 for the «, B,

and y phases of F&VO, in the temperature range 100 to 340 K. FIG. 2. Temperature dependence of the EPR spectrum fg8 the
phase of F@NOg. The dotted lines correspond to the simulated

where a small amount of e ions is induced by the substi- Lorentzian line shape.

tution of V** by Mo®" ions in FV,045.* Such a process higher degree of cation disorder in the iron-tungsten zig-zag

has been suggested to occur in iron tungstate as well, by ”}fhains? which may correlate with the increase of the

solid solution of FeWQ in Fe;WOg, thereby introducing resistivity 14

Fe’” and FE" in equivalent sites in the iron chaifis. , The EPR spectra of the three iron-tungstate phases at RT
The room-temperature resistivity for taeandy phases is - gre dominated by a very broad, slightly asymmetric EPR line

two orders of magnitude lower than that of tAghase. The ity jine shape close to the Lorentzian one. The EPR param-

variation of p(T) does not follow a simple exponential be- etersger=hv/ugHo and the half width at half heightH at

havior. As temperature decreases the slope of the' 1T RT derived by fitting with the appropriate Lorentz line
graph changes resulting in a gradual change of the actlvat|o§hapele are  ge;=2.0335), AH=2250(10)G, ger
energy. Considering the highest and lowest temperaturgl_ga'l) AH=Z433(20)G, and g ﬁ=2.04E(5)’ AeH
range, the corresponding activation energies are obtaineg3370(1’o)G for thea, 8 anayphasgs respecti\;ely. The
(Table ). The relatively low values oE, comply with the  ghiainedg. . values and the strong intensity of the EPR line
extrinsic type of conductivity of the materials rather than .o iy agreement with thg value for high-spin F&" ions
intrinsic conduction. Similar behavior gf(T) has been ob- 54 the pulk iron concentration. The broad linewidth is con-
served in the antiferromagnetic Fey@nd FeVMOG,  gistent with the high-iron concentration and the concomitant
oxides.” The latter iron oxides, which anetype semicon-  ginole-dipole and exchange interactions causing exchange
ductors, exhibit high electrical resistivity as well, while narrowing of the dipolar-broadened EPR IffeA recent
charge tran_sport has b_een suggested to oceur through thep study of F&" ions doped in BMOg showed the pres-
therma!—ac2t|vag§d hopping of B electrons via 0xygen gnce of zero-field splitting much larger than the Zeeman one
vacancies” A */Fe Mossbauer investigation of thephase,  for Fe#* centers introduced either in the \W@ctahedra or
has shown that no significant concentration of'Féons the BLO, layers'® This effect for the FaVO, oxide, which
could be detected, while it has confirmed the nonstoichio-com'oriSes similar FeQoctahedra, may contribufe signifi-

. 7 . . . 1
metric nature of FEVOg.' Accordingly, a similar charge cantly in the second moment of the resonance line and the

transport as in iron-vanadium oxides may be suggested in thgoadening ofAH. A narrow EPR line on the center of the
oxygen-deficient FAWOg system. The different activation 054 EPR spectrum in thg phase due to isolated ¥e
energies may arise from the presence of different donor levgefects has been also detected.

els, while the strong temperature dependencep(F) is Figure 2 shows examples of the EPR spectra for the most
probably caused by changes of both the concentration andcently discovereg phase. The temperature dependence of
mobility of current carriers that may be strongly thermally ¢, corresponding EPR parametegs; andAH, are shown
activated: The lower crystal symmetrymonoclinio of the iy Figs ga) and 3b). The EPR linewidth exhibits a rapid

B phase compared with theandy phases, might resultin & jcrease as temperature decreases, most pronounced at tem-
peratures below 300 K, while at lower temperatures where
the antiferromagnetic phase transition is expected to occur,
the EPR line is hardly observable due to excessive broaden-

TABLE |. Room-temperature resistivity and activation energies
for the @, B, andy phases of FAVOq,.

o Ex [eV] ing: The increase oA H is usually _observed in an_isotropic
FeWO, 107[Q-cm] T<160 K T>250 K qntlferromagnets _d_ue to the slowing (_Jlown of spin fluctua-
tions as the critical temperature is approached from
a 35 0.04 0.75 above'’!® The latter causes the divergence of the spin-
B 399 0.75 0.75 correlation length, which in turn affects the spin-spin relax-
v 1.8 0.05 0.49 ation time of exchange narrowed EPR lines resulting in the

critical broadening of the EPR linewidth in the vicinity of
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Y A ] lations and isotropic exchang&? Introducing a linearT
~ 1ol 1 term in Eq.(1) results in an equally satisfactory fitting of
g’ ’ ] AH(T) and yields a positive coefficient of 1 G/K for the
g 0&r ¢ ] linear term and the values ofy=0.33(6) and Ty
8 06 ] =221(10) K. In this case, the value of the critical exponent
O o4 ® () 1 approaches more closely the theoretical valug aind the
O values reported for other iron oxid&?° However, due to
reol B § E E ; the weak spin-phonon coupling in tSestate F&" ions?3the
. L i E ] linear T dependence, if present at all, might be related to the
o 8T EE E E 1 temperature dependence of exchange that can be induced by
180 E EIL q the thermal expansion of the lattice.
1751 (b) - A pronounced temperature variation is also observed in
550 ‘ ’ =t Jest, Which decreases continuously in the whole temperature
50l (@) ] range[Fig. 3(b)]. The resonance line in antiferromagnets
g a5l ] may shift with decreasing temperature due to the effects of
< aof ] short-range order and bulk magnetizatfére® Large
< 350 ] temperature-dependent shift has been detected and ana-
310 L ] lyzed theoretically for one-dimensional Heisenberg systems
250 300 350 400 250 500 where short-range order dominates over an extended tem-

perature range compared with the three-dimensional

case?*~2® The g shift arises from the anisotropic magnetic
FIG. 3. Temperature dependence of the EPR parameters for tt!sceptibility due dipolar interaction and single-ion anisot-

B phase of F&VO;. (a) linewidth AH, (b) gey, and (c) reduced  ropy and is enhanced by short-range order efféttdow-

EPR intensityQ,. The solid lines correspond to the best fit curves€ver, no satisfactory theory has been so far reported for

derived from Eqgs(1) and(2). higher dimensional systemi$In the present case, due to the

powder EPR spectrum and the relatively high temperature
Ty .1181n this case, the temperature variation\dfl can be  the magnetization effect should be suppressed supporting the

Temperature (K)

described bif presence of short-range order. Then, the obseryesthift
from 470 K would imply that short-range order becomes
T-Tn\ 77 effective at least from temperatur@s=2T),.
AH :AH°°+A( TN ) ' (1) Analysis of the integral intensiti(T), derived by double

integration of the first derivative of the EPR line, shows that
where the first term describes the high-temperature exchanggT) which is proportional to the spin susceptibility, in-
narrowed linewidth, which is temperature independent, whilecreases with decreasing temperature faster Thamplying
the second reflects the critical behavior willy being the  antiferromagnetic interactions. According to the simplified
Neel temperature and the critical exponent. The best fit cluster model for an antiferromagnetic system, where each
procedure to the experimental points resulted in the valuepn is assumed to belong either to an antiferromagnetic clus-
AH.,=2000(100) G,A=1574(60) G, y=0.222), andTy ter or to well-defined excited state corresponding to the para-
=240(8) K. The value ofTy is close to the temperature magnetic one with constant excitation enemy§, the re-
where the first anomaly in the magnetic susceptibility curveduced EPR intensit@Q=1(T)-T/I(T,)- T, (T,=468K) at
has been observed and where the antiferromagnetic transition> T, is described b¥/
is expected:® On the other hand, the Metemperature in-
ferred from AH(T) for the o phase appears lowerT( exp —AE/KT)[1+(2S+1)exp(—AE/KkT;)]
~200K) (Ref. 1) and complies with the second anomalous ~ Q~ exp— AE/KTy)[1+(25+1)exp —AE/KT)]’ )
peak in the corresponding magnetic susceptibflitfhe !
value of y is comparable with the values of 0.55 and 0.33 Fitting Q(T) with Eq. (2) for S=$, results in the value of

reported for the antiferromagnetic J%_,Mo,O;3 and A g/k=738(37)K for the energy gap between the bounded

FeVvQ, iron oxides%_g’zothough much lower than the value of apiferromagnetic and excited paramagnetic Siig. 3c)].
5 predicted theoretically by Huber for uniaxial antiferromag- the value ofAE. which is much larger thaiTy, also im-

nets with dipolar anisotrop}f: According to Kawasaki! the plies that short-range order may be present in an extended
critical exponent can be expressed @s —[3(7+7)v  temperature region above the életemperature in thes
—2(1—«a)] wherev, n, and « are the critical exponents phase.

describing the divergence of correlation length, static corre- Comparing the EPR results for the 8, andy phases of
lations, and specific heat, respectively. Using the values ofe,WOz we conclude that a dominant antiferromagnetic
n=a=0 andv=2 for the Heisenberg modé&f, y becomes component due to trivalent iron is present in all cases. In the
equal tog, a value that is closer to the present result. A linear phase an extended region of short-range order correlations
temperature dependence AH for T>Ty has been fre- might be present above the antiferromagnetic transition,
quently reported in antiferromagnetic systethghat has  while the critical broadening of the EPR linewidth causes the
been suggested to originate from mechanisms as phonathisappearance of the EPR spectrum at higher temperatures
modulation of antisymmetric or/and anisotropic exchange in{250 K) than in thea phase(210 K) and indicates a rise of
teraction or the temperature dependence of static spin corr¢he corresponding . Accordingly, a more pronounced an-
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tiferromagnetic character can be implied for pphase rela- the «, 8, andy-Fe;WOg phases of the iron-tungsten system,
tively to the other phases, which may correlate with thewhich warrants further investigations.

higher electrical resistivity observed for the same compound.

In this respect, a correlation between the antiferromagnetic We gratefully acknowledge the assistance of B. Bojan-
component and the electrical resistivity might be present iPwski and A. Szubert in the experimental measurements.
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