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Six Co-substituted magnetites Co„Fe3 „0&, with x ~0.04 have been studied by Fe Mossbauer spec-
troscopy at temperatures T between their respective Verwey transition and =900 K. The Curie temper-
ature T& decreases from 868 K for x =0 to 859 K for x =0.03. All spectra were decomposed into
tetrahedral (A-site) and octahedral (B-site) components. The obtained results are consistent with the
fact that at low temperatures above the Verwey transition, the spins lie along a domain s [100] axis, but
fiip to a [111]axis at a temperature strongly increasing with increasing x. The temperature variations of
the hyperfine parameters (center shift 6, quadrupole shift c.&, magnetic hyperfine field Hhf and dipolar
field Hd;~) have been determined. The 5 and Hhf values for the octahedral Fe are consistent with the
well-known fast electron exchange between the involved Fe + and Fe + species. From the temperature
dependence of the B-site linewidth it is concluded that the nature of the exchange process at relatively
low temperatures, depending on x, is different from that at higher temperatures. The c& vs T and Hd'p vs

T curves for the B sites of the x =0, 0.005, and 0.01 samples (both mentioned parameters for the A sites
are zero) were interpreted on the basis of a common crystalline-field model, yielding, as argued, unrealis-
tic values for certain involved physical quantities. The behavior of the center shifts implies a slight tem-
perature variation for the intrinsic isomer shift. Unlike the A-site hyperfine fields, the temperature
dependence of the B-site fields could not be reproduced adequately by the usual formulas based on
Heisenberg-type exchange. Instead, a non-localized-electron model led to an excellent description of the
experimental curves. The bandwidth, which appears in that model, turned out to be high (0.82 eV for
x =0 at 300 K) and is suggested to be responsible for the failure of the crystalline-field model to explain
the temperature variation of e qg/2 and H~;~. For all compositions e& and H~;~ at selected tempera-
tures have also been determined from spectra recorded in external magnetic fields. These spectra further
indicate that a field-induced contribution to the total hyperfine field on the B sites (not on A sites) is to
be taken into account. Its origin is discussed briefly.

I. INTRODUCTION

Magnetite, Fe304 is a binary spinel oxide with one
Fe + ion per formula unit on the tetrahedral site ( A site)
and one Fe + and one Fe + ion on the octahedral sites (B
sites). The compound is particularly interesting because
of its Verwey transition (VT) which, for stoichiometric
magnetite, takes place at T~=122 K.' Below T~ the
structure is monoclinic, whereas above Tv it is cubic
with lattice parameter a =0.8397 nm. The crystallo-
graphic transition is accompanied by an electronic transi-
tion: in the high-temperature phase, the sixth 3d electron
is not localized, resulting in a high electric conductivity.

Both the low- and the high-temperature phases of mag-
netite have been studied very intensively by numerous
techniques, not the least using Mossbauer spectroscopy,
already dating back to 1961. The transition is clearly
rejected in the Mossbauer spectra. However, up till now
an adequate model for the interpretation of the spectra
recorded below T~ has not been found yet, suggesting
that the magnetic and electronic structure of the low-
temperature phase is extremely complicated. Dormann,
Djega-Mariadassou, and Brabers considered five distinct
sextet components with different hyperfine parameters
and attributed these to different charge states for the iron
between and including bivalent and trivalent ones. One

of the present authors recently applied that model, how-
ever, came to the conclusion that significant discrepan-
cies between experimental and calculated spectra still
remain.

In contrast, the spectra characterizing the high-
temperature (HT) phase are much simpler and basically
consist of two sextet components with a nearly 1:2 area
ratio and arising, respectively, from tetrahedral and octa-
hedral iron. The room-temperature (RT) hyperfine pa-
rameters, as reported in the literature, ' to some extent
are scattered within not so narrow intervals: 480—498
kOe and 450—463 kOe for the A- and B-site hyperfine
field, Hhf g and Hhf g respectively, and 0.27 —0.32 mm/s
and 0.60—0.69 mm/s for the respective center shifts 5~
and 6z vs metallic iron. All authors agree that the quad-
rupole shift e& as measured from the magnetic spectra is
zero within the experimental error limits for both sites.

More recently, several groups recognized the fact that
the HT B-site component actually consists of two distinct
subspectra as a result of two different orientations of the
electric field gradient's (EFCr's) principal axis with
respect to the direction of the hyperfine field. ' ' This
feature will be presented in more detail in the section on
data analysis.

The B-site hyperfine parameters are neither typical for
Fe + nor for Fe +. This led to the suggestion that the
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sixth 3d electron jumps between adjacent Fe + and Fe +

ions along the [110]B-site chains with a frequency which
is considerably higher than the inverse of the Mossbauer
measuring time. As a consequence, the Mossbauer effect
sees an average valency state, usually denoted as Fe2.5+

The exact nature of the electron diffusion process is
long since the subject of vivid debate, not only among
Mossbauer spectroscopists. Several authors attempted to
obtain some insight into the process by studying the
Mossbauer spectra of substituted magnetites,
M Fe3 „04, with M a transition metal. Both A- (Refs.
20 —22) and B-site (Refs. 23 —28) substitutions have been
considered, and some authors explained their findings by
a pairwise hopping model, while others preferred an elec-
tron exchange via a conduction band extending
throughout the entire B-site sublattice. In a recent paper,
Ihle and Lorenz argued that the conductivity of Fe304
above the VT results from a superposition of small-
polaron band and small-polaron hopping conduction, the
former one being the dominant mechanism below RT.

In this first of two companion papers, the authors
present their results of an extensive Mossbauer study on
Co-substituted magnetites, Co Fe3 04, with emphasis
on the small substitutions, i.e., x up to 0.04, for which, as
will be shown, the electron exchange is the dominant
feature determining the spectra at temperatures above
the VT. The second paper will be devoted to higher x
values (x ~0. 1). In this range, an additional complica-
tion arises from the chemical disorder as a result of the
presence of a substantia1 amount of Co in the magnetite
lattice.

II. EXPERIMENTAL

Five different compositions of the Co Fe3 04 solid-
solution series have been considered for this part of the
study. They had x values of 0.005, 0.01, 0.02, 0.03, and
0.04. They were originally single crystals of which a
small part was removed for the Mossbauer absorbers.

The crushed parts were hand ground and the powders
were afterwards annealed at 600'C in a vacuum furnace
in order to minimize the number of defects possibly intro-
duced by the grinding. All absorbers had a thickness of
10 mg Fe/cm . For completeness, a supposedly pure,
commercial polycrystalline Fe304 sample was included as
well.

Transmission spectra were recorded in 1024 channels
using time-mode spectrometers with triangular reference
signal. The source was Co in a Rh matrix, but all
isomer-shift values quoted hereafter are referenced with
respect to metallic iron. A11 spectra were run until an
off-resonance count rate of at least 10 (unfolded spec-
trum) was reached. The spectrometers were calibrated ei-
ther interferometrically or using the spectra of a calibrat-
ed hematite absorber. These spectra were recorded
simultaneously using a second Rh source and counting
system at the opposite end of the transducer. Typically
the increment of one channel was 0.04 mm/s and the in-
strumental width better than 0.22 mm/s. Deviations
from linearity of the velocity scale were less than 0.1%.

In the range 4.2 —500 K, the temperature T was varied
using a commercial flow-cryostate-furnace combination
with a proportional-integral-derivative(PID) temperature
controller providing a stability of 0.2 K for the indicated
temperature over the accumulation period of 12—24 h.
Higher temperatures up to 900 K for selected composi-
tions (x =0,0.01,0.03) were obtained in a commercial
vacuum furnace with similar control and performance.
For all compositions the temperature range was scanned
in steps of 20—30, yielding a total number of spectra of
close to 200, and a huge amount of numerical data which
will be made available on request.

Several spectra were recorded with the absorber in a
longitudinal external magnetic field with strength ranging
between 10 and 60 kOe. In this arrangement the temper-
ature could be varied between 4.2 and 300 K. The source
was always at room temperature'

III. INTERPRETATION OF THE SPECTRA

Most spectra in the low-substitution range and below
the respective Curie temperature Tc were fitted using
symmetrical, Lorentzian-shaped sextet components of
which the hyperfine field, the quadrupole shift, and center
shift, and two width parameters for each sextet were ad-
justed by nonlinear least-squares fitting. The two width
parameters were I and At which determine the width of
the six lines as I,=I 6=1+261, I 2=I 5=I +AI, and
I 3 I 4 I The broadening parameter 6I is introduced
in order to account for any slight hyperfine-field distribu-
tion resulting from, e.g. , a nonunique structural sur-
rounding for the probe nuclei. It turned out that at
T~0.9T' its value was always reasonably small (typical-
ly 0.01 mm/s at RT for the A sites). The background
and three area parameters per component were fitted by a
linear least-squares routine. Unless otherwise stated, no
other restrictions on the Mossbauer parameters were im-
posed in the fitting.

For T exceeding =140 K, the B-site spins, and hence
the hyperfine field, in nonsubstituted magnetite are along
a domain's [111]axis. Due to the trigonal local symme-
try on the B sites, which is common for spinel com-
pounds, ' the EFG's main axis is along a local [111]axis.
This means that the angle 0 between Hh f g and the EFG
takes on two values, i.e., 0' and 70.5' in a ratio 1:3, re-
spectively. As a result of the expression

e qQ 3cos8 —1

Q 4

with e qg/2=6, E& the nonzero quadrupole splitting as
would be observed if the material were paramagnetic, two
different B-site components with different e& values are
generated, i.e., e&& =DE&/2 and e&z= —AE&/6, with ra-
tio 1:3, respectively. Moreover, the two subpatterns also
exhibit a different hyperfine field due to a dipolar shift

p
which shows a similar 0 dependence:

3cos 49
—1

CilP CilP 2

with Hd; the dipolar-field contribution. This leads to
shifts ~d pi Hd p

and ~d p2 Hd p
/3 This means that
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the two distinct B sites have fields Hhf z& =Hhf g+~d'p
and Hhf ii2 Hhf g Hd /3', respectively, in which Hhf ii
contains the Fermi-contact term, reduced by covalency,
and any other additional contributions other than the di-
polar one.

In the temperature range between T& and = 130 K, the
hyperfine field is along a domain's [100] axis and 0= 54. 7'
for all B sites. Expressions (1) and (2) then yield e&=0
and E'd'p 0. Finally, in the range =130—140 K, the easy
axis is [110],leading to angles of 90* and 35.3 in a 1:1 ra-
tio, and shifts of +DE&/4 and +Hd; /2. As for the 3
sites, the local symmetry is cubic. Hence, there is no
EFG and consequently only one Mossbauer component.

According to Bickford, Pappis, and Stull, and in
agreement with the magnetostriction experiments of Ley-
man, for Co substitutions x ~0.005 an intermediate
temperature range with spins along [110] could not be
detected and the [100]-to-[111] transition drastically
shifts to higher T on increasing x: 200, 275, and 390 K
for x =0.005, 0.01, and 0.02, respectively. No data are
available for higher substitutions. These T values are
found to be in line with the present Mossbauer results, al-

though it was not attempted in this study to accurately
determine these, nor to search for the existence of an in-
termediate spin orientation.

In view of the strong overlap of the absorption lines,
the spectra of a selected composition were additionally
analyzed with the transmission integral. The evaluated
parameter values were not significantly different from
those obtained from the Lorentz approximation.

In an external field H,„,~20 kOe, the Am& =0 transi-
tions for the involved Co Fe3 „04 samples are observed
to be absent in both 3- and B-site components, meaning
that the spins are aligned along H,„,. The spin direction
is therefore random with respect to the B-site EFG's
principal axis, and due to the t9 dependence of the dipolar
contribution [expression (2)], the B-site hyperfine field be-
comes anisotropic. As a result, the line shape of the octa-
hedral subpattern in the applied-field Mossbauer spectra
(AFMS) is no longer symmetrical. If the EFG's
asymmetry parameter g equals zero, which is presumably
true for the involved magnetites, then each absorption
line S~ (j= 1, . . . , 6) as a function of the source velocity
U has to be written as

I+r, (u) —p (v) , cr (u)
S~(u)= o., (u)ln ' +r (v) vr+sgn[p, (u)] m. —2 tan

4p, [2p (u) —1 ' 1 —r, (u) —p (u)
(3)

with

p (u) =
—,
' [1—[co)~(v)+1]' /p~ ],

o (u)=[ ,' p,, (v)+—cu—i(u)/2p, ]'

r (u) = —I/2a, (u)pi,

Hd;
co (u)= v —5—a. H, s.

peqQ 2
rJ

3 eqQ 2
p = ——P +aHd;

2 4

Pi =P6= 1, P2=P3=Pq=P5= —1, ai =a6=0.016 125,
+2= A~ =0.009 336, a3 =a4=0. 002 546, all in mm

(s kOe)
A fitting routine based on these seemingly complicated

expressions and using a combination of nonlinear and
linear least-squares iterations similar to that used for the
zero-field spectra (ZFMS), was developed by one of the
authors to interpret the AFMS, hereby assuming that
both B-site components had equal width parameters.
There is only one additional parameter to be adjusted, at
least for the B-site component, i.e., Hd; . After some ex-
perience was gained, it was realized that fitting e qQ and

Hd'p both quantities being smal 1 and strongly interfering,
very often led to unrealistic results and it was therefore
decided to fix e qQ at its value obtained from the ZFMS.

IV. RESULTS

A minor part of the results of this Mossbauer study on
Co„Fe3 04 with x ~0.04 has been presented in previ-
ous communications from this laboratory. The first one
concerned ZFMS and AFMS at RT from which it was
concluded that the Co ions enter the octahedral sites. A
peculiar feature was observed in the x =0.04 AFMS in
which an additional, but weak ( =3% of the total absorp-
tion) component was observed. On the basis of its
hyperfine parameters, this component had to be attribut-
ed to octahedral Fe + and it was suggested that, due to
the Co substitution, some of the Fe + ions do not pair
with adjacent Fe + and are therefore not involved in the
electron exchange process. This suggestion has been
confirmed by later experiments on the highly substituted
magnetites and will be discussed in the forthcoming pa-
per.

In a subsequent paper, the experiments aimed to
determine T~ as a function of x have been reported. The
VT was found to be very sharp and shifted from 122 K
for x =0.005 to 97 K for x =0.04, in excellent agreement
with Leyman's magnetostriction results. The value
found for the x =0 (T&=116 K) was clearly not in line
with those of the substituted samples, indicating that the
commercial sample is of poorer quality as far as its
stoichiometry is concerned.

Finally, the third communication was devoted to the
dipolar-field effects in the samples x =0, 0.005, and
0.01. Following the claim of Boekema with respect to
nonsubstituted magnetite, it was suggested in the paper
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that the magnitude of the dipolar field had a maximum at
around 250 K. More recent, and more precise experi-
ments reported in this paper, however, have questioned
this suggestion.

Experimental and calculated Mossbauer spectra for
x =0.03 at some selected temperatures are shown in Fig.
l. At a given temperature all samples had very similar
spectral features and cannot be distinguished visually.
The Mossbauer parameters for x =0 and again for select-
ed temperatures are listed in Table I. The quadrupole
shift e& ~ for the A-site ferric ions has not been included
since in all cases it turned out to be zero within experi-
mental error limits. The quantity F,- in Table I is the rel-
ative spectral area corresponding to site i and the indicat-
ed linewidths refer to the outermost lines (l and 6). The
errors are 1 kOe for Hhf, 0.005 mm/s for 6, 0.01 mm/s
for I ', 1% for F~ and 2% for F&, 0.5 kOe for Hd p

and
0.01 mm/s for e'&.

As mentioned earlier, Hhf g is the sum of all contribu-
tions to the hyperfine field (Fermi-contact field, covalency
reduction, and any other possible contributions), except
the dipolar one when present. It should be noted that for
T =135 K, the ratio Fs, :Fsz was fixed at 1:1 (spins along
[110])whereas for all other T values up to 500 K the ratio
was adjusted. It is clear that the 1:3 ideal ratio is closely
approximated by the fittings. Also, the signs and the rel-
ative magnitudes of the fitted B-site e& values are in
reasonable agreement with the theoretical considerations
outlined in the previous section. Similar results were ob-
tained for x =0.005 and x =0.01. At high temperatures
depending on x, the dipolar field has become too small to
enable decomposition of the B-site component. Similarly,
for x =0.02 and on, the [100]-to-[ill] spin-flip transi-
tions are expected to take place at such high T values
that the dipolar effects are no longer observable.

The magnetic order-disorder transition, measured care-
fully for x =0, O.OI, and 0.03, is very sharp for the two
latter ones (less than 10 ), but much broader ( =25') for
the x =0 sample, again pointing at its poorer
stoichiometry. The Curie temperature Tc for the three
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FIG. 1. Selection of Mossbauer spectra of Coo o3Fep 9704 at
different temperatures. The full lines are the A- and B-site
Lorentzian-shaped sextets and their sum fitted to the experi-
mental data. The largest hyperfine field arises from the
tetrahedral ferric ions.

samples was found to be 868+4, 861+2, and 859+1 K,
respectively. Hkggstrom et al. ' reported a value of 840
K and Evans 855 K both from their Mossbauer mea-
surements on Fe304, whereas Riste and Tenzer found
869 K from neutron diffraction. As commented by
HAggstrom et al. , this wide scatter of T, values probably
rejects the different stoichiometries of the various Fe304
samples.

For temperatures exceeding T&, the spectra are best
described by the sum of an A-site singlet and a B-site

TABLE I. Mossbauer parameters at some selected temperatures for the A- and B-site iron ions in the nonsubstituted Fe,04 sam-
ple. For T~ 588 K, only one B-site component can be resolved from the spectra and the dipolar field Hd;~ cannot be determined.
The 6 values are referenced against metallic Fe at room temperature.

T (K)

130
135
160
260
300
400
486
588
701
814
837
854
873

(kOe)

504
503
502
494
489
475
454
422
367
255
198
146

(mm/s)

0.356
0.352
0.357
0.296
0.273
0.211
0.156
0.088
0.023

—0.027
—0.029
—0.021
—0.030

I 1,6
A

(mm/s)

0.26
0.27
0.29
0.25
0.25
0.25
0.29
0.31
0.29
0.37
0.45
0.86
0.32

F
(%)

33
35
35
35
35
36
36
37
35
36
33
33
38

Hhf, a
(kOe)

480
479
475
464
457
439
413

378
321
219
169
127

Hd;p
(kOe)

—2.5
—2.9
—4.0
—3.7
—2.6
—2.4

6~
(mm/s)

0.756
0.752
0.733
0.679
0.656
0.592
0.529
0.452
0.369
0.277
0.248
0.245
0.224

2E'g pl
(mm/s)

0.00
0.11
0.22
0.18
0.16
0.14
0.09

0.01
0.01
0.00
0.00
0.00
0.14

2&@ g2
(mm/s)

—0.12
—0.07
—0.05
—0.05
—0.04
—0.02

I 1,6
B

(mm/s)

0.41
0.35
0.35
0.29
0.28
0.27
0.32
0.33
0.33
0.38
0.49
0.75
0.32

Fa
(%)

67
33
16
17
16
16
16

63
65
64
67
67
62

Fa2
(%)

33
50
49
48
48
48
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doublet with quadrupole splitting EE&ii =0. 14 mm/s,
both having linewidths of 0.30 mm/s. Example fits are
shown in Fig. 2. This finding is consistent with the local
cubic symmetry on the 3 sites and the trigonal one on
the B sites. A very similar line shape was observed ear-
lier by Pan and Evans ' for Fe304, but these authors
fitted with a single line, claiming that a superposition of
two or more components leads to physically unacceptable
hyperfine data. In contrast, Becker and von Wurmb
resolved their paramagnetic Fe3O4 spectra into a singlet
and a doublet, but are not specific about the parameters.

Table II compares the different compositions at
T=125 K, for which all samples have only one B-site
component, and at 300 K. These data show that all six
compositions have nearly identical Mossbauer parame-
ters. One exception to that finding is the B-site linewidth
which increases with increasing x, in contrast to the A-
site width which is small and fairly constant. Table I fur-
ther shows that, for a given x, I ~ increases with de-
creasing T much more rapidly as compared to I z .
Moreover, this differential broadening is enhanced by the
Co substitution. For x =0.04, e.g. , it was found that
I ~ =0.37 mm/s and I ~ =0.31 mm/s at 500 K,
whereas I z =0.75 mm/s and I'~ =0.29 mm/s at 100
K. These seemingly minor effects are not artifacts and
their importance will be discussed in detail in the next
section.

The dipolar fields Hd; for all x values and at selected
temperatures (140, 180 and 250 or 255 K), were also eval-
uated from the AFMS with H,„,=60 or 55 kOe. An ex-
ample spectrum is shown in Fig. 3 and refers to x =0.01
at 255 K and in a 60-kOe field. Clearly, the Aml =0 ab-
sorptions are absent meaning that the ferrimagnetically
ordered 3- and B-site spins are collinear with H,„„i.e.,
with the direction of propagation of the incident y rays.
Since the B-site magnetic moment is largest, it will go
parallel to H,„,. Hence, for the observed effective field

100;-:

98-

~ 96-
Vl

E 9I
Q

~ 92—

9o-
0

v (rnm/s )

FIG. 2. Mossbauer spectrum of Fe304 above its Curie point.
The spectrum is fitted with a singlet ( A sites) and a doublet (B
sites).

H,z in the AFMS, H,„, will subtract from Hhf g and add
to Hhf ~. The B-site component, unlike the A-site one, is
clearly asymmetric, the sixth line (lines 2 and 5 are ab-
sent, see Sec. III) being significantly deeper, and conse-
quently sharper, than the first line. This feature was
present in all the AFMS and was reproduced excellently
by the aforementioned asymmetrical line profile (full line
in Fig. 3).

A selection of numerical results from the fits is present-
ed in Table III. The hyperfine fields were obtained from
the measured effective fields following H,& ~ =Hhf z
+H„, and H,z ~ =Hhf ~

—H,„,. For comparison, the
Hhf values obtained from the ZFMS, recorded under ex-
actly the same conditions, but with the field switched off,
are included as well. Both the sign and the magnitude of
the dipolar fields are in agreement with the Hd; values
derived from the ZFMS for x =0, 0.005, and 0.01. Fur-
ther, the 2-site hyperfine fields evaluated from the
AFMS and from the ZFMS are almost exactly the same.

TABLE II. Mossbauer parameters of the A- and 8-site iron nuclei in the investigated Co Fe3 04 spinels at 125 K (upper half)
and at 300 K (lower half). For x =0, 0.005, and 0.01 at 300 K, two 8-site components can be resolved.

0
0.005
0.01
0.02
0.03
0.04

Hhf, A

(kOe)

504
506
505
503
505
505

(mm/s)

0.368
0.362
0.364
0.365
0.359
0.358

2 sites
2&@, A

(mm/s)

—0.00
—0.01

0.00
—0.01
—0.01

0.00

I 1,6
A

(mm/s)

0.30
0.28
0.28
0.27
0.26
0.26

F
(%)

35
35
35
37
34
36

Hhr, B
(kOe)

480
481
480
480
481
482

5B
(mm/s)

0.762
0.750
0.756
0.762
0.765
0.757

B sites
26Q, B

(mm/s)

0.00
0.01
0.01
0.00
0.01

—0.01

I 1,6
B

(mm/s)

0.44
0.34
0.37
0.44
0.44
0.57

(%)

65
65
65
64
66
64

0.005

0.01

0.02
0.03
0.04

489

491

492

489
490
489

0.273

0.280

0.278

0.267
0.269
0.260

—0.00

0.00

0.00

—0.00
0.01

—0.01

0.25

0.23

0.26

0.26
0.26
0.25

35

36

35

36
36
36

457

459

459

458
459
458

0.656

0.657

0.658

0.656
0.654
0.655

0.16
—0.05

0.17
—0.04

0.17
—0.04

0.00
0.00
0.00

0.28

0.25

0.28

0.32
0.32
0.38

16
48
18
46
16
48
64
64
64
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TABLE III. A selection of hyperfine-field values in kOe as obtained from the zero-field Mossbauer
spectra Hhl-(ZF), and from applied-field spectra Hh&(AF). The dipolar fields (B sites) obtained from the
external-field runs are indicated as well.

Hext

3 sites
Hhf(ZF) Hht (AF) Hhf (ZF)

B sites
Hh f(AF) Hd;

0
0.005
0.01
0.02
0.03

255
255
255
250
250

60
55
60
55
55

494
496
496
494
496

494
494
495
495
495

464
466
467
466
467

471
472
473
471
471

V. DISCUSSION

Prior to discussing the numerous hyperfine data, it
should be stressed at this point that the stoichiornetry of
the various absorber materials has not been affected
markedly by the annealing process. This conclusion is in-
ferred from the fact that the VT temperatures, as ob-
served from the Mossbauer spectra, exactly coincide with
the values measured by magnetostriction on the original
single crystals. Since the VT is generally extremely sen-
sitive to deviations from stoichiometry, it may be con-
cluded that the stoichiometry of the involved samples has
not been altered by the annealing. Also, the sharpness of
the magnetic order-disorder transition supports this con-
clusion.

A. I.inewidths

As mentioned in the previous section, the B-site lines
broaden considerably on lowering the temperature,

'100--
I I I I I

. ~+~

~O0
98-

O
Ã
N 96—

V)

cf 94

I I I I I I I I I I I I I I I I I I I

-10 -8 -6 -4 -2 0 2 4 6 8 1Q
v (rnrn/s)

FIG. 3. Mossbauer spectrum of Coo o&Fe2 9904 at 255 K and
in an external magnetic field of 60 kOe, clearly showing the ab-
sence of the Am& =0 transitions.

This means that the combined, external-field-induced
demagnetizing and Lorentz field on the A sites, and
hence on the B sites, is negligibly small. In contrast,
there is a significant discrepancy between the ZFMS and
AFMS hyperfine fields for the B sites. This cannot be due
to an incorrect readout of the field strength since if that
were true, then the A-site values should show an opposite
effect. Therefore, it must be concluded that the external
field triggers or inhibits some additional contribution to
the B-site hyperfine field.

whereas the A-site lines remain sharp throughout the en-
tire temperature range, except on reaching Tc where the
Co substitution and the resulting chemical disorder
create observable distributions on the magnetic exchange
interactions and hence on the hyperfine fields.

The differential line broadening in Fe304 has been ob-
served before by Sawatzky, Coey, and Morrish. These
authors related 58'=r~ —I ~ to the activation energy
E~ of the electron exchange process and derived the ex-
pression

—EA /ACT1/6 S'= aoe

with ao a constant and k Boltzmann's constant. When
they plotted 1n(I5, $' ') vs T ' they clearly observed two
distinct linear regions with different slopes. For high
temperatures ( T) 250 K) they found Ez =0.065 eV,
whereas at low T the slope is very small. Without being
specific, the authors suggested that at low T a different
process takes place which affects the Mossbauer spectra
but not the conductivity.

In the early 1970s, the idea of Sawatzky, Coey, and
Morrish was abandoned and the B-site line broadening
was exclusively attributed ' to the aforementioned ex-
istence of two distinct components. Later experiments of
van Diepen on a single-crystal Fe304 (Refs. 45 and 46)
were said to confirm that conclusion. The present results,
however, show that even after taking into account the
two B-site subspectra, a considerable differential line
broadening remains.

Figure 4 shows the 1n(EW ') vs T ' curves for some
Co„Fe3 „04 samples as obtained in the present study
and referring to the widths of the outermost lines. They
clearly confirm the earlier results of Sawatzky, Coey, and
Morrish. The E~ values for the low- and high-
temperature processes, E~ L and E„H, respectively, de-
rived from linear least-squares fitting are listed in Table
IV, as well as a rough estimate of the temperature Tz
which can be considered as quantifying the transition be-
tween the two exchange processes. The E~ H value for
the present Fe304 is much smaller than that indicated by
Sawatzky, Coey, and Morrish, however these authors
fitted their spectra with a single B-site component, result-
ing in additional broadening for that component. The
high-temperature behavior of the composition x =0.01 is
clearly not in line with that of the other compositions. It
is believed that this is unreal, and probably due to some
experimental instabilities in the course of the experiments
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FIG. 4. Plot of the logarithm of the inverse differential line
broadening 6 W = I &

—I ~ vs the inverse temperature for three
Co Fe3 04 samples. Full lines are linear least-squares fits.

minerals. This result is obviously in line with the data of
Table IV. Also Goodenough mentions the possibility of
a negative activation energy for Fe304. The negative sign
of the activation energy is due to the fact that any two
neighboring B sites have almost exactly the same
structural characteristics so that the sixth 3d electron has
no preference for any of the two sites, and no energy is
required to trigger the hopping. If, however, sufficient
foreign ions or vacancies are introduced into the octahe-
dral sublattice, an energy gap will be created and the ac-
tivation energy becomes positive and further increases
with increasing number of disturbing elements. It is un-
clear to the authors, however, why these departures from
ideal stoichiometry would have a lesser effect on the more
localized hopping process, unless collectiveness plays an
important role in that respect.

B.Center shifts

on that particular sample. Qne must bear in mind that at
high T the values for b, W are very small (0.05 mm/s or
less) and that for x =0.01 two 8-site subspectra are re-
quired, leading to less accurate parameter values, and
consequently a lot of scatter in the b, W(T) variation.

The existence of two exchange mechanisms, as inferred
by these Mossbauer results, seems to be consistent with
the theoretical considerations of Ihle and Lorenz, who
predict a more bandlike process at low temperatures and
a more localized hopping at high temperatures. The data
in Table IV indicate that the high-T process is poorly
affected by the Co substitution, at least for x «0.04,
whereas the activation energy of the low-T bandlike ex-
change increases with increasing x and more and more
approaches the value of E~ ~, suggesting that for some x
value between 0.04 and 0.1 the bandlike process is
suppressed and only local hopping takes place. Amazing-
ly, also the transition seems to shift upwards as the sub-
stitution increases.

The high value for E~ L of the Fe304 sample is con-
sistent with its low value of Tz and again attributable to
its lower stoichiometry. For ideal magnetite, Sherman
recently quoted the value E~ = —0.016 eV based on his
molecular-orbital calculations aimed to explain the opti-
cally induced intervalence charge transfer in a number of

'( T) ='r+'soD(T) (10)

0.8

0.7

0.6

E
E

0.5

0.4

0.3

0.2

A typical variation of the center shift 6 with tempera-
ture is shown in Fig. 5. The experimental 5(T) curve can
be interpreted based on the well-known relation (see Ref.
49 and references therein)

TABLE IV. Activation energies for the high- and low-

temperature electron-exchange processes, E& 8 and E& L re-

spectively, as determined from the differential line broadening.
Tz is a rough estimate of the border temperature between the
two regions.

0. 'l

0.0

0
0.005
0.01
0.02
0.03
0.04

E, , (eV)

0.017
—0.009

0.007
0.012
0.016
0.016

E (eV)

0.036
0.030
0.048
0.032
0.038
0.035

T~ (K)

280
140
160
220
240
245

—0.2
I00. 300.

I

500.
T {Kj

700. 900.

FIG. 5. Temperature variations of the 3- and B-site center
shifts 6 for Coo o&Fe2 9904 Full lines are adjusted curves.
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in which 51 is the intrinsic isomer shift which is a mea-
sure for the s-electron density at the nucleus and com-
monly considered to be temperature independent. The
second-order Doppler shift 5soD(T), which results from
the nonzero mean-square velocity of the nuclei, is usually
expressed in terms of the Debye approximation for the
lattice vibrations. As such, a parameter called the
characteristic Mossbauer temperature OM enters into the
formula and can be evaluated by fitting that formula to
the experimental data.

In a recent paper by one of the present authors, it
was reported that this procedure yielded very good repro-
ductions of the experimental 5(T) curves measured for T
values of up to =600 K for a wide variety of natural and
synthetic Fe +-and/or Fe +-containing compounds, with
consistent values for the adjusted OM parameter. For
higher temperatures, small deviations were observed due
to a weak linear dependence of 6I on T. This is also the
case for the A-site center shifts of the present
Co Fe3 04 samples, at least if data for T~ 750 K are
not taken into account. An example fit is demonstrated
by the fu11 line in Fig. 5. The obtained OM „values range
within 665+25 K, which must be considered as an ac-
ceptable accuracy limit. The slopes d51/dT were found
to be of the order of —10 mm/(s K), and are compara-
ble to those reported for other compounds.

For the octahedral iron the above fitting procedure did
not yield acceptable results and it is suggested that the
electron-exchange process somehow causes an additional,
higher-order temperature dependence of the electron
density at the octahedral iron nuclei. Phenomenological-
ly, a third-order one was found to yield acceptable re-
sults, with OM ~ values in the range 570+15 K. Surpris-
ingly, the presently found values for OM, when averaged
over A and B sites, are close to the reported Debye tem-
peratures OD for Fe304 as derived from specific heat
measurements, i.e., 570 K (Ref. 50) and 660 K. '

The rather large difference between OM ~ and OM&
for a given x might question the above interpretation of
the 5(T) variations. To a large extent, OM is positively
correlated to the strength of the iron-oxygen bond, which
is stronger on the tetrahedral sites due to the shorter
bond length. Moreover, the B-site iron has a formal
2.5+ state and this lower charge as compared to 2-site
iron implies a weaker bond. Similar features have been
found when comparing OM values for Fe + and Fe + in
structurally related compounds, the latter showing a OM
which is typically 100—150 K higher than that for the di-
valent iron.

When the temperature reaches =750 K, the 2-site
center shifts suddenly start to decrease much more slowly
with increasing T than one would expect from theory, an
effect which is enhanced by the presence of Co. This is il-
lustrated by Fig. 6 which shows the difference
D ( T)= 5' —5„as a function of T for those compositions
for which the scans were extended to above Tc. It is seen
from these drawings that the difference between the low-
temperature saturation value, D(100), and the value at
some given high temperature, say D(800), increases from
=0.06 mm/s for x =0 to =0.12 mm/s for x =0.03. It

0.5—
x =Q.P

x =00]

0.4—
~ TIfiITrj II

03—

x =Q. Q3

0, 4

0.3

should be mentioned at this point that these features are
not artifacts from the fitting, as one might suggest consid-
ering the peculiar line shape of the spectra on approach-
ing Tc. Indeed, several data points in the graphs of Fig.
5 refer to the paramagnetic state of the samples for which
the spectra are much simpler.

Similar peculiarities in the high-temperature center
shifts have been observed before by Pan and Evans ' and
by Hkggstrom et al. ' and were attributed to the A-site
ferric ions becoming involved in the electron-exchange
process at high temperatures in the vicinity of or exceed-
ing Tc. If this interpretation is correct, then the present
results would indicate that the presence of (a small
amount of) Co on the B sites, which undoubtedly hinders
the electron exchange between octahedral iron, instead
enhances the exchange between 3- and B-site iron.

C. Quadrupole interaction

For reasons mentioned in earlier sections, a detailed
variation of the B-site quadrupole interaction
b, E& =e qg/2 in a broad temperature interval could
only be obtained for the nonsubstituted sample and is de-
picted in Fig. 7. The data points near 900 K represent
the quadrupole splittings obtained from the paramagnetic
spectra for which the sign of the EFG cannot be deter-
mined. On the basis of the calculations presented hereaf-

0.2
~00 300 '500 70p 900

T (Kj

FIG. 6. Difference between the B- and A-site center shifts as
a function of temperature for three Co„Fe3,04 samples. Full
lines are meant as a guide for the eye.
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FIG. 7. Temperature variation of the quadrupole splitting
for nonsubstituted magnetite. Full line is the adjusted curve
based on the crystalline-field model for the electronic states of
the ferrous ions (trigonal compression of the octahedral coordi-
nation).

eq ( T)=eqI„+ —,
' eq„I(0)a F ( T), (12)

in which eq„I(0) is the 0-K contribution of a 3d electron
of the free-ion Fe +

I =3.7 mm/s (Ref. 54)] and a the
reduction due to covalency, which for spinel ferrites is
between 0.6 and 0.9. ' The function F(T) contains the
thermal populations of the electronic levels of the ferrous
ions, and thus depends on the local symmetry.

Since in Fe304 the oxygen parameter u equals 0.379,
the octahedral coordination exhibits a trigonal compres-
sion and hence the ferrous ground state is expected to be
an orbital singlet. The first excited state, with energy gap

ter, a negative sign was assumed. Since the data for e&
for x =0.005 in the range 215—385 K, and for x =0.01
in the range 230—500 K are the same within the experi-
mental error limits to those for x =0.0, any significant
dependence on x is unlikely.

Following the successful interpretation by Ding
et al. of the temperature variation of the quadrupole
splitting for an (Fe +,Fe +) dimer showing electron hop-
ping, the observed B-site AE& for the present ferrites was
considered as the time average of the Fe + and Fe +

values, leading to the expression for the EFG's principal
component eq,

1eq = q»t+ 2eq„)

with eq&„ the lattice contribution and eq„~ the valence
contribution of the ferrous state. Using the approxima-
tion of Ingalls and assuming that eq~„does not change
with T, the temperature dependence of eq can be written
as

5„ is a doublet. Higher-energy states are not important
since they are not occupied in normal laboratory condi-
tions. Neglecting spin-orbit and spin-spin coupling, the
full curve shown in Fig. 6 was adjusted to the data with
parameters fi, =900 cm ', eqI„= —0.51 mm/s, and
eq„,I(0)a =1.45 mm/s.

Both 6, and eq»t have reasonable values, ' however,
the third parameter has the wrong sign and its magnitude
would lead to an a =0.4, which is believed to be unreal-
istic. Therefore, it is concluded that the B-site EFG and
its temperature variation cannot be explained by a time
average of 2+ and 3+ states in a trigonally compressed
octahedron.

Similar calculations assuming a doublet ground state
yielded more acceptable results, with correct sign and
proper magnitude of the 0-K valence term and with ap-
proximately the same values for 6, and eq»„except for
the sign of the latter one. The covalency reduction was
found to be 0.8.

A doublet ground state for the Fe + state in Fe304
seems to be questionable. For most known spinel systems
containing Fe + on the octahedral sites and with local-
ized 3d electrons, the magnetocrystalline anisotropy con-
stants are correctly predicted by models assuming an or-
bital singlet for the ferrous ground state. This is not the
case for Fe304, which has tentatively been ascribed to
the electron-exchange process. Kronmuller and Walz
have argued that, due to local distortions associated with
the electron hopping, at least part of the ferrous ions in
magnetite could have a doublet ground state. To the best
of the authors' knowledge, the electronic properties of
magnetite and substituted magnetites remain puzzling to
date.

D. Magnetic hyper6ne interactions

The reduced hyperfine fields h (T)=Hhf(T)/Hhf(0),
when plotted against the reduced temperature T/Tc for
the six different compositions all follow the same curve
for both 3 and B sites, and any significant dependence on
the Co concentration could not be observed, except for
the Curie temperature which slightly decreases with in-
creasing x. This correlation will be discussed in the
second part of this study. Also, the reduced sublattice
magnetizations mz „and mz z for Fe304, as determined
from neutron diffraction, show the same temperature
variation as compared to the corresponding reduced
fields, meaning that to a very good approximation the re-
lation h ( T) =ms( T) is valid for both lattice sites.

It is common to describe Hhf(T) in spinel ferrites using
the Heisenberg model for the sublattice magnetizations.
In the simple case that iron is the only magnetic ion on
both sublattices A and B, the hyperfine fields Hhf z(T)
and Hhf g( T) may be written as

Hhf „(T)=Hhf ~(0)Bs I (5/2kT)[2z„„J„„(S,~ (T) ) —2zzff Jzff (S,z(T) ) ]], (13)

Hhf g( T)=Hhf ff(0)Bs I (5/2kT)[ —2z&„J&z (S, „(T) ) +2zz~ Jzz (S, fI( T) ) ]] (14)
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in which Bs(X) is the Brillouin function for spin S,

B (X)
2S+1

oth 2S+1X — 1
coth

X . (15)
2S 2S 2S

The quantities z; in expressions (13) and (14) are the
number of magnetic j-site nearest neighbors to an i-site
iron, and J; the corresponding exchange integral which
is positive for a ferromagnetic interaction; (S, , (T)) is
the expectation value of the z component of the i-site spin
at temperature T. Since the latter is proportional to
m, ( T), i.e., to H},&;( T), the hyperfine fields at any given T
can be solved iteratively from (13) and (14) for any given
set of J, values, which may thus be evaluated by least-
square fitting to the experimental field values.

That fitting procedure was applied for the samples
x =0.0, 0.01, and 0.03, yielding for the exchange in-
tegrals J~ ~

= —11 K, J„~= —22 K, and J~z =3 K. The
positive sign of the latter one is consistent with the well-
known, ferromagnetic Zener double exchange in systems
with electron exchange. The values found for theA-A
and A-B interactions are in line with those for iron-iron
interactions in several other spinel ferrites ' as deter-
mined from the variation of the hyperfine fields. In spite
of these consistencies, the fit must be termed unsuccessful
since it describes the experimental curves rather poorly.
Many attempts have been made to modify the basic mod-
el, introducing, e.g. , temperature-dependent exchange in-
tegrals, an adjustable B-site spin value, and a super-
transferred hyperfine-field contribution. ' To some ex-
tent the fit could be improved, but it could never be con-
sidered acceptable.

It was reasonable at that point to presume that the
electron-exchange process on the B sites is responsible for
the inadequacy of the Heisenberg model to reproduce the
temperature variation of the hyperfine fields in magnetite
and substituted magnetites. This was proved to be
correct by calculating H}f g( T) from (13) using the ex-
perimentally obtained reduced B-site hyperfine fields as
expectation values of the reduced B-site spin. In that
way H},f g ( T) was reproduced very precisely with

Jz~ = —11 K, Jz~= —23 K, and Tc 870 K. The same
procedure carried out for H},f i}(T), again yielded unac-
ceptable results.

A fairly good description of H},f g(T) was obtained us-
ing the non-localized-electron model (NLEM) developed
by Kubo and Ohata to explain the spontaneous magne-
tization of Ca +-substituted LaMn03 perovskite which
shows electron hopping between Mn + and Mn +. These
authors represented the magnetic ions by localized spins
with magnitude SI. The nonlocalized electrons were as-
sumed to belong to a given energy band with mean band-
width ys(X) and X =gpsSH IkT, H being the molec-
ular field. Without going into the details, the relevant ex-
pressions can be summarized as follows:

form resultant spins with S}+—,'. The argument X in (16)
is determined by

T 15S (2S +. 1) dl's(X) IdX
Tc (2S —1)(4$+1) dm&(X)/dX

X= =—Fs(X),

in which the bandwidth y& is given by

(17)

S 2S+1 2S+1

1 XX cothX — coth
2S 2S

(18)

I
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Given values to the parameter set [TC,H},ri}(0),S], X
can be calculated iteratively from the expressions (17) and
(18) at any given temperature, and the parameters can
thus be determined by fitting to the experimental field
data. Figure 8 is an example fit, referring to Fe304 and
showing the excellent agreement between observed and
calculated B-site hyperfine fields. The parameters were
found to be Tc = 875 K, Hbf s(0) =480 kOe, and S =2.9.
The latter figures were also obtained for x =0.01 and
0.03, whereas Tc =870 K and 850 K, respectively, all in
reasonable agreement with the earlier mentioned values
for the Curie temperature. Finally, the bandwidth yz at
room temperature was calculated to be 0.82 eV, which is
remarkably close to Sherman's result of 0.84 eV, as ob-
tained from his interpretation of the optical spectra of
magnetite. Such a broad bandwidth corresponds to a
temperature of the order of 10 K, which is much higher
than the trigonal field splitting. This feature might ex-
plain why the common crystalline-field model cannot be
applied to interpret the temperature variation of the EFG

h ( T) = ms( T) =Bs(X), (16)
0.

0. 300. 600.
T (Kj

900.

in which S is the localized spin plus the electron spin, i.e.,
SI + —,'. This means that the nonlocalized electrons are as-
sumed to be strongly coupled to the localized spins to

FIG. 8. Temperature behavior of the B-site hyperfine field
H&f & for Fe3O4. The full line is the calculated dependence
based on the non-localized-electron model of Kubo and Ohata.
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in these magnetites.
In conclusion, using the NLEM, the temperature vari-

ation of the B-site hyperfine field in Fe304 for the first
time could be reproduced adequately, yielding reasonable
values for the involved physical quantities.

E. Bipolar field

The temperature variations of the dipolar field H„;„for
x =0, 0.005, and 0.01 are shown in Fig. 9. The minus
sign indicates that it is opposite to the Fermi-contact
field. Due to the relatively large errors, it cannot be con-
c1uded if the presence of Co has any effect on the value of
Hd;~ and/or on its relation with T. Hkggstrom et al. '

reported a much higher magnitude for Hd, in Fe304, i.e.,
=10 kOe and not depending on T. However, it was
found by the present authors that their high value is an
artifact resulting from their assumption that all 18 ab-
sorption lines have the same linewidth, which in view of
these results is undoubtedly not justified. A higher value
for ~Hd; ) was also reported by Boekema, however this
author did not specify how his spectra had been decom-
posed.

From the well-known relation between Hd; and the
EFG's principal component, eq, i.e., Hd;~= —p~eq, ' a
0-K dipolar term of —5 kOe is calculated (e qg/2=0. 2
mm/s and Q =0.21X10 m ). Further, from the split-
ting of the B-site resonance line in the NMR experiments
of Rubinstein, Strauss, and Bruni on Fe304, one calcu-
lates a value of 5.6 kOe for the magnitude of the dipolar
field at RT, which is in reasonable agreement with the
present results.

According to Boekema, the temperature variation of
the dipolar field on the B sites in magnetite is given by

—s, lkT S (T)

The term within brackets is similar to expression (12) for
the quadrupole splitting, assuming a singlet ground state
for the ferrous ions, and has the same physical back-
ground. The additional term S,(T)/So describes the
temperature dependence of the reduced net magnetic mo-
ment.

Boekema claimed that his experimental ~Hd;~(T) ~

values for magnetite show a maximum at around 200 K
and related this finding to the minimum in the cubic an-

isotropy constant K& as reported by Chikazumi. Ad-
justing expression (19), using calculated values for the lat-

tice and valence contributions, the author found 5, =100
K, which is unrealistically low.

As for the present study, the relatively large scatter of
the obtained Hd; values does not allow us to conclude
whether or not there is a minimum in the range 200—300
K. The full lines in Fig. 9 are the calculated variations
based on expression (19), the trigonal splitting 5„and the
valence term Hd';„' being adjustable parameters. Again it
was assumed that the electronic state of the B-site iron is
the average of pure Fe + and Fe + states. The lattice
contribution was estimated to be 22 kOe (same sign as the
Fermi-contact hyperfine field) from lattice summation
over one unit cell and is in good agreement with the value
quoted by Boekema. The reduced net magnetic mo-
ment at each temperature was determined from the re-
duced hyperfine field at that temperature. In this way,
the zero-Kelvin valence dipolar fields for the pure Fe +

states were found to be —52 kOe for both x =0 and
x =0.005 and —50 kOe for x =0.01. The trigonal split-
tings were 1400, 1000, and 1000 cm ', respectively,
which are reasonable values. The valence contributions,
however, are much smaller than those which are typically
found for Fe + in trigonal crystalline fields, i.e., between—200 and —300 kOe depending on 5, . ' It is believed
that the small magnitude of the valence dipolar fields in
the investigated magnetites might somehow be related to
the broad bandwidth, as found from the NLEM. The ex-
act nature of the effect, however, is not clear, and as men-
tioned before, the same effect might as well be responsible
for the failure of the crystalline-field model to explain the
valence contribution to the ferrous EFG.

F. Eft'eet of applied fields

As mentioned in Sec. IV, there is a significant
discrepancy between the B-site hyperfine field values ob-
served from the zero-field spectra and those determined
from the effective field H,z~ derived from the applied-
field spectra. This is illustrated in Fig. 10 in which the
sum H=H, ~~+H, „, is plotted against H,„, for three
Co Fe3 04 samples. In each case, that sum should be
constant and equal to the corresponding hyperfine field

Hhf g Instead, H increases with increasing external-field
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FIG. 9. B-site dipolar fields for three Co„Fe& „O4 samples.
Full lines are calculated dependences.
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FIG. 10. Sum H =H, ff &+H,„, as a function of the external
field H, „, for three Co Fe3 „04 samples, showing the appear-
ance of a field-induced contribution to the total hyperfine field
at the octahedral iron nuclei.
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strength, possibly reaching saturation at H,„, values
higher than those available to the authors. As for the A-
site components, the difference H,z ~

—H,„, remains
equal to Hhf g within experimental error limits.

The behavior of H as depicted in Fig. 10 indicates the
presence of an additional field contribution, opposite to
the Fermi-contact Geld and induced by the external field.
It is conceivable to relate this effect to the nonlocalized
3d electrons and one could think of some kind of polar-
ization process of the spins of these electrons. However,
this suggestion is rather tentative at present and a more
systematic study using variable temperatures and
external-Geld strengths, preferably exceeding 60 kOe, is
required in order to form a more detailed picture of this
observed phenomenon.

VI. CONCLUSION

It is clear that the electronic and magnetic properties
of the investigated cobaltous magnetites with small sub-
stitution degree are predominantly dictated by the fast
electron exchange between the octahedral ferrous and
ferric ions. According to the B-site linewidths, the nature
of this exchange process at low temperatures above the
Verwey transition is different from that at relatively high
temperatures, say above RT. This finding seems to be
consistent with the suggestion of Ihle and Lorenz that
in Fe30~ below RT a band-conduction mechanism is
dominant, whereas at higher temperatures a small-
polaron hopping conduction becomes the essential mech-
anism. If this picture is correct, then it can additionally
be concluded from the present results that the presence of
Co suppresses the band mechanism and that only the
more locally confined hopping process is expected to take
place in the entire temperature range if the fraction x of
cobalt ions exceeds a certain threshold value between
0.04 and 0.1.

For the first time, the temperature dependence of the

B-site hyperfine field in magnetite could be reproduced
adequately. This was achieved by modifying the band
model developed by Kubo and Ohata for the electron
hopping between Mn + and Mn + in certain perovskites.
The bandwidth was calculated to be 0.82 eV and is not
significantly affected by the Co concentration up to
x =0.03. The broad energy band is believed to be the
reason for the shortcoming of the crystalline-field model
to describe the temperature variation of the electric-field
gradient and of the dipolar Geld at the octahedral iron
nuclei, representing the electronic state of the irons as
time-averaged divalent and trivalent states.

Also the B-site center shift is strongly affected by the
exchange process. Additional terms in the temperature
dependence of the intrinsic isomer shifts are required in
order to explain the variation with T of the observed shift
with reasonable values for the involved physical quanti-
ties. As for the 3-site ferric ions, the drastic discrepancy
between experimental and calculated center shifts at tem-
peratures in the vicinity of and above Tc suggests that at
high temperatures the 3 sites become involved in the ex-
change of electrons.

Finally, from applied-field measurements it is conclud-
ed that an additional contribution to the total effective
B-site field is induced by the external field. Its appear-
ance is tentatively explained by polarization of the nonlo-
calized electrons.
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