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above the Verwey transition
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Fe Mossbauer measllrements show that the ratio of the integrated intensities of the 'Fe A- and

B-site Mossbauer subspectra is in .good agreement with those expected for the cation distribution
(Fe'+)(Fe'-,+„Fe'.+Cr„)0„0& x (0.3. The magnetic moments are also found to be in good agreement with this
cation distribution. The compositional dependences of the Mossbauer hyperfine parameters display no features
in this pompositional range'that would result from a qualitative change in electronic structure. The observed
line broadening and line shapes are readily accounted for by the local configurations of ions resulting from a
random substitution of Cr'+ on the B sites. Consequently, the conduction mechanism in these doped
magnetites is similar to that in pure Fe,04. The marked changes in the spectra for x = 0.5 are due primarily to
the commencement of the occupation of the A site by Fe'+ ions and the change of the Mossbauer parameters
between x = 0.3 and x = 0,5 are as e'xpected if A-site Fe'+ ions are present.

I. INTRODUCTION

Extens ive s tudie s of the spinel s ys tern Fe, „Cr„04
(0&x ~ 2) have been carried out by Robbins et al. '
using x-ray, magnetic, and Mossbauer techniques.
Qur attention was especially attracted by their re-
sults on the site distributions and conduction me-
chanism in the samples with low chromium con-
tents. It was sugges ted mainly on the bas is of the
absorption area ratios of the two Mossbauer sub-
spectra that the electron delocalization mechanism
for iron ions at the B (octahedral) sites is by
means of pairwise hopping among Fe"-Fe" pairs
for x~ 0.5. However, a, more recent Mossbauer
measurement' showed a:very low value for the ab-
sorption area ratio in the case of x=0.25 raising
doubts about the results in the earlier study. '

Because of the current interests in the low-tem-
perature phase transition, the Verwey transition,
in Fe,O, and the necessity of an understanding of
the conduction mechanism in the high-temperature
phase 'to the assessment of the roles of electronic
and structural factors in the complex Verwey
transition, we have reinvestigated the system
Fe, „Cr,Q, . The investigation reported on here has
had. two major objectives: First, through careful
measurements at small increments of x in
Fe, ,Cr„04, x~0.5, a resolution of the controversy
on the area ratios resulting from previous stud-
ies" has been sought. Second, the "Fe Mossbauer
data have been evaluated rigorously in comparison
to the predictions of a localized hopping model
(primarily the pairwise hopping model) and a band
model in hopes of either establishing the validity
of one of these models or the inadequacy of the
Mossbauer spectra as a test of either.

In magnetite, ' the iron ions are located either at
A (tetrahedral) or B (octahedral) sites, and the

major exchange interaction responsible for the
magnetic ordering i's the strong antiferromagnetic
A-B interaction. Since the A-A and B-B interac-
tions are weak, magnetite has ferromagnetic or-
dering in which all the spins on a given sublattice .
are parallel to each other but are antiparallel to
the spins on the other sublattice. Thus, the sub-
stitution of Cr" ions for B-site iron ions leads to a
replacement of antiferromagnetic Fe(A)-0-Fe(B)
linkages by the Fe(A) 0 Cr(B-) -linkages which are
also likely to be antiferromagnetic since anti-
ferromagnetic exchange interactions are observed'
for Fe"-0-Cr" linkages when the Fe-0-Cr angle
is 150' and the A-0-B bond angle of 126' is suffi-
ciently close to this value that no marked change in
exchange interactions is expected. Magnetic-mo-
ment measurements' also support the antiferro-
magnetic nature of the Fe(A)-0-Cr-(B) exchange
interaction. Qn the other hand, the chromium sub-
stitution replaces the 90' Fe(B)-0-Fe(B) configu-
ration by the 90' Fe(B)-0-Cr(B) configuration.
'Q/hile both direct and superexchange interactions
are very small for 90 Fe"-0-Fe", direct-ex-
change interactions between the two magnetic ions
in the 90 Fe(B)-0-Cr(B) configuration are expec-
ted to be significant because of the large 90' Cr"-
0-Cr" direct-exchange interactions. ' In the case
of LiCrQ„ the Cr"-0-Cr" angle is 92.8' and the
asymptotic Curie temperature' 8 is -577 K. In
magnetite the B-0-B angle' is 91.9 and since the
direct-exchange interaction rapidly increases with
decreasing bond angle, ' the direct Fe(B)-0-Cr(B)
exchange may have a 8 va. lue with a magnitude in
'excess of 600 K. 7herefore, the increasing broad-
ening'*' of the Mossbauer lines of the B patterns
with increasing substitution of Cr ions in magnetite
may be due mainly to the distributions' of Cr
ions among the six nearest-neighbor B sites around
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a B-site Fe ion.
In this work we have prepared low-concen-

tration Cr-substituted magnetites with x ~ 0.5
.and analyzed their Mossbauer spectra on the
basis of the probability of the distribution of dif-
ferent numbers of Cr ions about a given B site to
obtain information on the site distributions and
conduction mechanism in these materials. These
probability dis tributions have been analyzed under
the assumption of random, intrasite occupation.
In addition to the objectives mentioned above, the
effects of conduction-electron concentration on the
magnetic hyperfine field and isomer shift at the B
site have also been examined.

II. EXPERIMENTAL

The Fe, „Cr„O, (x=0, 0.05, —,', —„—,', —,') samples were
prepared by grinding together appropriate propor-
tions of high-, purity (Johnson-Matthey specpure
grade) ferric oxide, chromium oxide, and iron
powder, pressing the resulting mixture into pellets
at a pressure of 6000 kg/cm' and firing in evacua-
ted quartz tubes at 1000 'C for 48 h. The grinding,
pressing, and firing operations were repeated at
least once. X-ray powder photographs of the sam-
ples were taken with a focussed Quinier camera.
using CuKn, radiation and the diffraction patterns
showed only. the presence of a single spinel phase.
Intimate mixtures of Fe,O, and Cr, 03, containing
between 5 and 1% by weight Cr,O„were prepared
and their x-ray powder patterns obtained. It is
possible with our instrumentation to detect 1%
Cr,O, in Fe,04 and since no evidence for Cr,O, was
observed in the powder patterns of Fe, „Cr„04, any
unreacted Cr,O, must present at less than 1 wt. /0.

For x values exceeding 0.5, the refractory nature
of Cr,O, is expected to lead to some unreacted
Cr,O, in the final products prepared by the above
technique; and indeed, we could not prepare
FeCr,O, by this technique. No difficulties arising
from unreacted starting materials are manifest in
either the x-ray or Mossbauer results. The lattice
constants obtained from powder patterns having
a silicon internal standard are tabulated in
Table I and are in good agreement with the most

recently published values. ' It may be noticed that
the lattice parameters decreased with increasing
chromium doping level in conformity with the
smaller ionic radius of Cr" compared to the Fe".

The Mossbauer absorbers were prepared in the
form of plastic disks of about 0.5 mm thickness by
mixing the sampleS with a thermosetting trans-
parent Lucite powder and heating to 423 K under
pressure in a 1-in. die. The absorber thickness
wa, s approximately 10 mg/cm' of natural iron. The
]mossbauer spectra were obtained at room tem-
perature with an electromechanical transducer
operating in a cons tant-acceleration mode in con-
junction with 1024-channel analyzer. A 40-mCi
"Co source in rhodium metal was used for all
measurements.

, The spectra were analyzed by means of a least-
mean- squares fit ting technique. The lines of the
calculated spectrum were assumed to be Lorentzi-
an in shape.

III. RESULTS

Mossbauer spectra of Fe, „Cr„O, (x =0, 0.05,
0.125, 0.25, 0.375, and 0.5) were obta, ined at 300 K
and some of them are shown in Fig. 1. Assigning
the sharper six-line pattern (hereafter termed the
A subspectrum) to a well-defined+3 oxidation
state of Fe, the broader pattern (hereafter termed
the B subspectrum) would then originate from a
less mell-defined oxidation state of Fe. As men-
tioned in the Introduction, the broadening of the B
pattern may be interpreted as being due to a dis-
tribution of hyperfine fields at the B-site Fe ions
caused by variations in the number of Cr" ions
among the six nearest-neighbor B sites. The hy-
perfine fields for the locally different B sites are
assumed to obey the following relationship'.

where n is the number of Cr neighbors among the
six nearest-neighboring B sites of the B-site Fe
ion that has a hyperfine field H„. H, is the hyper-
fine field at a B—s ite Fe ion that has no Cr B-site
neighbors. The relative intensity of the different
B-site spectra is given by

TABLE I. Lattice constants of Fe3 „Cr„04 at 298 K.

ao
{10 crn)

P (w; x) =
( ) (-,

' x)'( & -—,
' x )' ", (2)

0
0.05
0.125
0.25
0.375
0.5

8.3963
8.3953
8.3923
8.3883
8,3843
8.3823

where 2 x is the number of Cr ions per B s ite. The
calculated values of P(n, x) relevant to this work
are shown in Table II. This relationship is based
on the assumption of a random occupation of the B
sites by Cr". There is no direct evidence for this
assumption but more sophisticated a Priori as-
sumptions require a precision in the data not ob-
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FIG. 2. Area ratio of the B to A subspectra.

order terms on the right-hand side of Eq. (1) but
again the large linewidths and small variations in
hyperfine fields make the fitting of the spectra to
such a relationship of very doubtful value.

Only one six-line pattern was needed to obtain an
acceptable fit to the A subspectrum for all values
of x & 0.5; n such patterns were fitted to the B sub-
spectrum subject to the constraint that

P i, x 0.99,
&=0

in addition to those in Eqs. (1) and (2). The widths
and overall intensities of the A and B subspectra
were independently varied as free parameters.
However, within a subspectrum the following con-
straints were imposed:

I',. =I', , and I, =I, ;, (4)
10

I

-8
I I I

-6 -4 -2 0 2 4

V E L 0 C I T '( ( mm/sec )

iU

, FIG. 1. Fe ME spectra of Cr„Fe3,04. The solid
lines through the data points are the results of a least-
squares fit of several sets of six-line (Lorentzian)
patterns to the experimental data. The solid lines above
the data points are the individual component lines.

tainable for the large linewidths and small hyper-
fine field variations encountered in this system. In
addition, the effects of nonrandom occupation of the
B site by Cr have been minimized by the low Cr
contents employed. There may also be higher-

where I",. and I,. represent the linewidths and in-
tensities, respectively; and i goes from 1 to 3.
The quadrupole splitting ~Eq and the isomer shift
6 were independently varied for each of the sub-
spectra.

The results of the least-mean-squares fitting are
shown in Figs. 2 and 3 and in Tables III and'IV.
The solid lines through the data points in Fig. 1 are
the envelopes of all the subspectra. The linewidths
in Table IV are quite similar to those observed for
insulating, inve rs e spinel fer rites. '

TABLE II, Probability P(n, , x) of a B site having n Cr
ions at the nearest B sites for Fe3 „Cr„04.

0.4

0

2
3

5

0.i25

0.679
0.272
0.045
0.004
0.000
0.000

Value of x
0.25

0.449
0.385
0.137
0.026
0.003
0.000

0.375

0.288
0.398
0.230
0.071
0.012
0.00i

0.5

0.178
0.356
0.297
0.$32
0.033
0.004

0.3
E
E
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FIG. 3. Isomer shift difference between' B-site iron
ions with n = 0 and A-site ferric ions.
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IV. DISCUSSION TABLE III. Area ratio of the A and B subspectra.

A. Area ratios of A and 8 subspectra AB /A A'/A' '
e A /A"'

0.

As shown in Table III and Fig. 2, the area ratios
of the A and B subspectra as fitted in this study are
in good quantitative agreement with that expected
if all the Fe ions on the A site are ferric and if all
the B-site Fe ions c'ontribute to the B subspectra.
The area ratio of the B to A subspectra is equal to
the following expression when all of the B-site Fe
ions contribute to the B subspectra and all the A-
site ions are ferric:

A»/A =[(2-x)/1] f~/f, (5a.)

where fz/f is the ra. tio of the recoil-free fractions
of B- and A-site Fe ions at 298 K. Using the value
of 0.94 for fz/f, ' Eq. (4) was solved for each x val-
ue and the results are shown in the column 3 of Ta-
ble III and plotted as the solid line in Fig. 2. It
should be noted that our experimental values of
AB/A exhibit a significant decrease with in-
creasing x values until x approaches 0.5 at which
point A~/A shows an increasing trend. This de-
crease in Az/A with x is in contrast to the con-
stant value of about 2 for O~x ~ 0.5 reported pre- '

vious ly. '
In order to understand the origin of these discre-

pancies, 2 sets of 6 lines (one each for the A and
B subspectra) were fitted to the Mossbauer spec-
tra even though the fits did not meet the goodness-
of-fit criterion due to the non-Lorentzian line
shape of the 8 subspectra. From these fits A6/A
values in better agreement with those reported
earlier were obtained~; for example, from these
fits Az/A is 1.92 for x = 0.25. Clearly. , such fits,
however, are inadequate as quantitative fits to the
spectra. Even though the quantitative aspects of
the spectra were not a major concern in one of the
earlier studies, ' it is clear that the- neglect of these
quantitative aspects leads to inaccurate area ra-
tios. Because the A~/A, area. ratio is a sensitive
parameter in models of the conduction mecha-

0
0.05
0.125
0.25
0.375
0.5

1.96s
89s

1.75'
1.70'
1.448
1.808

1.88'
1.83
1.76
1.64
1.53
1.41

1.88'
1.90
1.94
2.Oi.

2.10
2.19

Experimental value.
"Calculated according to Eq. (5a).

Calculated according to Eq. (5d).
'bscript below each number indicates estimated

error in the last digit.
'A value of 0.94 for f&/f was used in calculating

A~/A~ and Ag'/A~ .

nisms, adequate spectral fits are necessary if con-
clusions are to be drawn concerning the conduction
mechanism, as will be seen below.

The values of A~/A resulting from this investi-
gation would require a band model for the con-
duction mechanism in Fe,04, as well as for
Fe, „Cr„O, for x&0.5. Qn the other hand, it was
concluded prev. iously' that a localized, pairwise
hopping was consistent with the values of A»/A „
and even though it is clear that the values of A~/A,
were incorrect as deduced in the earlier measure-
ments, it is instructive to reconsider these data so

, as to provide a definitive resolution of the discre-
pancies.

For x &0.5, the following cation distribution was
proposed'.

(Fe", „&,Fe„'j,) [Cr„Fe",„&,Fe", „~ 2]O»,

where the ions in the parentheses are located at A
sites and those in brackets at B sites. The ferrous
ions at A sites have been assumed by us to con-
tribute to B subspectra because the sharp A sub-
spectrum does not seem to be composite and it has
",Fe Mossbauer hyperfine parameters in close cor-
respondenc e to those of Fe" ions in i.nsulating fer -.

rites. ' It was observed earlier' that theA subspec-

TABLE IV. Selected results of least squares fits of 2-6 sets of six-line patterns to the
Moss'bauer spectra of Fez Cr Oz at 298 K.

I ~ I'~
Hg Hp lM S p

—S & (~q)& (~q)p (FWHM) (FWHM)
(kOe) (kOe) (kOe) (mm/sec) H p/Hz (mm/sec) (mm/sec) (mm/sec) (mm/sec)

0
0.5
0.125
0.25
0.375
0.5

496 "
4952
4942
4912
490'
4872

4602
4582
4572 112
4563 173
4573 163
4563 173

0.40(
0.41(
0.40(
0.40(
0.30)
0.15(-

0.927s
0.925s
0.925s
0.9299
0.9339
0.9369

—'0.04(
-0.04(
—0.04(
—0.04(
—0.04(
-0.04)

0.002
0.002

—0.032
—0.032

0.00)
0.002

0.340)
0.33(
0.34(
0.37,
0.42)
0.41)

0.4002
0.40(
0.48)
0.43,
0.46'
0.50'

FWHM: full width at half maximum.
"Subscript below each number indicates estimated error in the last digit.
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trum had na, rrow lines and 1VNssbaeer pat ametex'8
corresponding to a vrell-defined Fe~' spei:ill. It ~s
assumed, however, that the A-site Fe" contribu-
ted to neither the A nor B subspectrum. %e coeN
find no evidence of an Fe" pattern for x&0.5 which
contributed to neither the A nor B subspectrum a@4
since the Mossbauer parameters of an A-site Fe"
ion would be closer to those of the 8 subspeetrbm,
we have included the contribution of (Fe")„„,, to
the integrated intensity of the B subspectrum, A. z
in our formulation of Eq. (5a). The effect of this
term is small, however, for x~0.5 and regarNesN
of whether the A-site Fe" contribution to the s~c-
trum is neglected or not, the data from this inves«
tigation permit the validity of the localized he~mN, '

model to be tested. According to this model, th4

absorption. area ratio wouM be equal to the fo11ow-
ing expression:

A

A, 2(1 ——,'x)+-,'x f
A, 1-~x f

(5b)

(5c)

A, /A, = [(4 —x)/(2 —x)ji( f,/f, ).
The calculated values of Eq. (5a) using f6/f =0.94
are shown in the fourth column of Table III and are
plotted as the broken line in Fig. 2. The values are
nearly 2 and increase slowly as x increases, which
is in disagreement with our data in Fig. 2 unless x
is close to 0.5. Our data show that as x increases
beyond 0.3, some Fe" start to go over to the A
sites but the number of Fe" ions onA sites is sub-
stantially smaller than that required for a 8-site
distribution optimized for pairwise hopping; for
example, for the x =0.5 case, our area ratio value
of 1.80 gives 0.14 for the fraction of Fe" ions at A
sites which is about half the value of 0.25 required
for an optimal pairwise Fe"-Fe" 8-site occupa-
tion.

Thus, the area ratio AB/A, is in disagreement
with the predictions of a localized, hopping model
for the electronic conduction mechanism ih pure
and lightly doped Fe,Q, above the Verwey transi-
tion but is in good agreement with the predictiges
of band conduction. The advantage of studying sub-
stituted (doped) Fe,O, at low substitution levels and
for substituents with well-defined local crystal
chemistries is clearly evident. , as it is not possible
to distinguish between band conduction and local-
ized, pairwise hopping in pure Fe304«Further,
indirect support of band conduction is provided by
the absence of any evidence for incipient Fe"8-
site ions for x&0.3. If the strength of the electron
delocalization had been so weak as to result only iri

eieetrbe ~~ ls ytete Fe,G„ theet the ye~= e-
of iceyerity 1iee& a~seaeh4tsg '1~ ef the 4 NtKW

should have resulted in censiderabIe electrm
kcalisation asl, at lea&, teel~ Fe'" sent ia
Fe, „Cr„04. 'F& fact Rat t@ese e~&866M hx'0
not realised argyles against iocalised ~ittl aef
are consistent ~it% iW offsets e4 k~~~iHee
on batsf conduction «t lose eeeeetttratidsi ~.
Very simil/ar r'eseki &vs @Inc beM A&M& i%

Fe, „Al„O„with the area ratio A, /A, s8ae4~ ie
tendency for the I'e' alsN 0'e" 8-mite oe~tioiss
to be eyeful, "

I. ~~~- ~Ps
As shown ie 1aM fV aief 5'i)(t. 3, QSS isesrI4lt ~

lifferesce heke4SSa tW 0 Site l'e ieeI yritft Ste Ci'"
neighbors asIf A~f4@ Artie l~ is ec.=~At &s' x
&G.j aeN fee x&. 3 ~"I-. = he x = Sli = 4.4.
M5ssbaeer hyperfists INLsh~teisl st -sk44 I~is ieiss
with no Cr" ieeus at siarest-isa~a 8 ashy ate
particulatly sip'edifice& heca~ the hseal eeiatk~«
xtioe giving fi84 t;e tM& A ~~@%44$ M W~
as that of pare staghetite exc~ 4or the ce. "":Ciieth

electron ~~eekrat~~. Ae~~~~ tWt e~ e~~:-
tion electrons ironer@, cf.-inde oe @Sis ~aBy eitk
all of the 8-site iona aN i~ the case of a. ban@ W=
scriytion of the itinera, rk eI+etr6ns, the constarit
isomer shift for x &0.3 is consistent with the catio@
distribution deduced ia Sec. IV'A in which no fer-
rous ions are dispk, ced to A sites due to Cr" eeb-
s titution.

Fromm this cation distriboti~
(Fe")(Fe"Fe,' Cr„")0, the cos@uction-electron con-
centra, tion is O. S per 8 site foi" all x vabIes. The
tendency for the isomer shift to become more fer-
x'iclike @ear x~0.5 implies ~f 8&we of ~
ferrous ious oCe~ A @item, ~8 re5uc&g t4e
number/ of @~Mba-Hect'o@s yM 8 @it.
Qn the 0th&X' FNNy. 3, pait~lOCRI'kK8d 50ppl@g iT10d
eI~e" requires that t-he is~ex shift for tNe x =0
site be constant asd inde~nt of x, vrhieh is ia
@isagi'ee&ent e'iN tNe exrime@ta, I &4' Of tkke

s~y.
c -&84@ Q~~~. '

'Fhe tieadse&os splittings at the A @std 8 sites. ' a&e
emstae aW i&~eikwX ef Cr eoemera;tim. Xe "

show@ ia "fa~ F|tf, if@litiytag that K'oeal syi~HRries
Rt bOtN A 4& 8 ~:~ 6&5~4 -~~Mi'&'~y
Cr'" isubstitation, Thss is sot s@siieisiisg sknee th
louie radies of 0.44 1 foe $'e" is nearly the same
as the 9.68 4 So~ rs4hss of Cr".

f). Nsssesk st@~wei~

A canted spin structure was is4'~' fet
Fe, „Cr 0, for x&6.5 @~ause Ae mofneNI @&ace@
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on the basis of a localized, pairwise hopping mod-
el and a collinear spin structure would have been
in poor agreement with the experimental moments.
The calculated moments g,t 0 K for a pairwise hop-
ping collinear spins for x=0.25 and 0.5 are 3.75
and 3.5JL(,~, respectively, whereas the experimental
values are 3.6@~ for x=0.25 and 3.1LU,~ for x=0.5.'
It is interesting to note that the cation distribution
resulting from this study does not require a canting
of the Cr" spins to explain the magnetic moment
data, because the site distribution

(Fe")(Fe",„Fe"Cr,")0,
gives 3.5 and 3.1p,~ for the values of magnetic mo-
ments for x =0.25 and 0.5, respectively. There-
fore, it is very likely that Cr' spins as well as all
iron spins are collinear for x &0.3, though at high-
er x values there is without a doubt some canting.

V. CONCLUSION

.Through systematic analysis of the Mossbauer
spectra of Fe, „O,Cr„(x =0, 0.05, —'„4,—„—,) a band
description of the conduction electrons and the fol-
lowing cation distribution systematics ha.-ve been
established: when Cr" ions replace Fe" ions at B
sites of magnetite, no Fe" ions are displaced from
B sites to A sites up to x=0.3; for x&0.3 small but
increasing numbers of Fe" ions move to A sites as
x approaches 0.5. In support of the above general
conclusions, the following specific results have
been obtained:

(i) The ratio of the total area of the B subspec-
trum to that of A subspectrum decreases except for
x near 0.5 as required if no Fe ' ions occupy A
sites. For x near 0.5 Fe" ions apparently occupy
the A sites but their Mossbauer parameters are
similar to those of the B-site Fe ions.

(ii) The isomer shift at the B-site Fe ions that

have no Cr" neighbors is constant for x &0.3 and
exhibits a shift toward a more ferric-like charge
state as x increases toward 0.5. Since conduction
elections are delocalized among all B site ions in a
band model, these results are consistent with those
expected on the basis of the cation distributions:
(Fe")[Fe"Fe", „Cr„]0~for x & 0.3 and (Fe,",Fe'„')
[Fe,",Fe,"„„Cr„)O,for x&0.3. The conduction-
electron concentration is constant for x&0.3 and
decreases near x =0.5 when Fe" occupies the A
site and the number of conduction electrons per
B site decreases below 0.5.

(iii) The ma, gnetic hyperfine field value at B sites
with no Cr" neighbors relative to that at A sites is
constant for x &0.3 and increases near x =0.5.

I

Since a decrease in conduction-electron concentra-
tion tends to increase the B site magnetic hyper-
fine field, these results reflect correctly the ef-
fects due to a change in conduction-electron con-
centration based on the cation distribution syste-
matics of this investigation.

(iv) The cation distribution for low Cr concentra-
tion is also found to be in agreement with the mag-
netic moment data without assuming a canting of
the Cr" spins which is unlikely for low x values.

Finally, the anomalously low value of A8/A re-
ported in Ref. 2 for x=0.25 is incorrect and the
"Fe Mossbauer parameters of Fe,O, and their
compositional dependence in Fe, „Cr„O, provide in-
controvertable evidence of the validity of a band
model for the electronic conduction mechanism in

Fe,04, in agreement with recent theoretical pre-
dictions. "
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