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Transmission Massbauer spectra at variable temperatures between 80 and 860 K have been collected
for Co-substituted magnetities, Co, Fe;_,O,, with x =0.1, 0.2, and 0.4, and at two selected temperatures
with the absorber in a longitudinal external magnetic field of 55 kOe. It is concluded that the interpreta-
tion of the spectra based on an earlier reported structural model leads to inconsistent results. An ade-
quate and consistent description was obtained using a superposition of two model-independent
hyperfine-field distributions, one arising from the tetrahedral ( 4) iron species, the second one from the
octahedral (B) irons. The evaluated distributions clearly reveal the presence of two distinct B-site com-
ponents, reflecting the existence of two different electronic states for the B-site irons at temperatures not
exceeding =650 K. The appearance of two B sites is quantitatively explained on the basis of structural
considerations. At high temperatures, one of the B-site components gradually disappears in favor of the
other, indicating that all B-site irons become involved in the electron-exchange process. The behavior of
the A-site center shifts suggests that these sites become involved in the electron-exchange process at tem-
peratures approaching or exceeding the Curie temperature. The A-site hyperfine field is adequately de-
scribed by a Brillouin function. The obtained values for the 4-4 (10.5+1 K) and 4-B (21.5+1.0 K) su-
perexchange integrals give no indication as to whether they depend on the Co concentration. The non-
localized-electron model is unable to reproduce the temperature dependence of the octahedral hyperfine
field. Spectra at selected temperatures were obtained for compositions x =0.6, 0.8, and 0.9. The A-site
distributions are sharp and quite symmetric, whereas the shape of the B-site hyperfine-field distributions
indicates the presence of more than two charge states for these iron species. For all considered composi-
tions the magnetic order-disorder transition is sharp. The Curie temperature T slightly decreases with
increasing Co content. For x =0.1, 0.2, and 0.4 the A-site electric-field gradient is close to zero, but not
so for higher substitutions. The isomer shifts at a given temperature above T decrease with increasing
x, reflecting the evolution towards pure Fe3 ™" states.
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I. INTRODUCTION

In the first part (paper I) of this report on a
comprehensive Mossbauer-spectroscopic study of Co-
substituted magnetites, Co,Fe;_,0,, at temperatures T
above the Verwey-transition temperature 77, it was
demonstrated that the presence of Co in the magnetite
lattice, even in amounts as small as x <0.04, is clearly
reflected in the spectra and in the MoOssbauer parameters
derived from these. The observed features could be relat-
ed either to the giant contribution of octahedral Co** to
the magnetocrystalline anisotropy, which determines the
direction of the easy axis of magnetization, or to the per-
turbing effects of the foreign Co ions on the electron ex-
change between Fe?' and Fe*' on the octahedral sites of
the magnetite lattice.

Paper II, which is presented hereafter, is devoted to
substitutions x =0.1. In an earlier communication by
two of the present authors,! it was shown that for x
values 0.1, 0.2, and 0.4 the presence of a Verwey-like
transition at =Ty, is reflected in the Mossbauer spec-
tra. Since a Verwey transition does not take place ac-
cording to the magnetostriction measurements® on the
same samples, it was concluded that the transition con-
cerns a locally confined phenomenon. This conclusion is
consistent with the suggestion put forward in paper I
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concerning the effect of the Co substitution on the dual
nature of the electron-exchange process as displayed in
the temperature variation of the differential line broaden-
ing of the B-site absorption lines.

For x =0.2, the transition temperature T'y; was found
to be 7010 K. For the x =0.4 sample, a value for Ty
was not specified. The 4.2 K spectrum clearly contains a
weak ferrous component which does not appear in the 80
K spectrum, indicating that at the latter temperature the
sixth 3d electron of Fe?™ has become delocalized. The
transition is smeared out vaguely over a broad tempera-
ture interval, and specifying a value for T'y; is considered
to be unwise. Nevertheless, it is beyond any doubt that
Coy 4Fe, ¢O4 exhibits some kind of electronic transition,
be it ill defined, above 4.2 K, thus questioning the result
of Rosenberg and Franke,> who did not observe any tran-
sition for Cog ;5Fe, 504 down to 7=4.8 K. The spectra
these authors reproduced in their paper clearly show
much broader, and hence less structured, absorption lines
as compared to those obtained for the present samples. It
is therefore conceivable that Rosenberg and Franke
missed the minor spectral changes associated with the
electronic transition. A poorer homogeneity and/or
stoichiometry of their sample is a possible and a reason-
able explanation for this lack of spectral details.

As mentioned in paper I of this report, the number of

5894 ©1993 The American Physical Society



47 MOSSBAUER STUDY OF THE HIGH-. .. . IL. ...

Mossbauer studies of substituted magnetites M, Fe; _, O,
is quite impressive, especially for composition ranges
x 20.1, and it is beyond the scope of the present contri-
bution to review, or even make reference to all these pa-
pers. A common feature of the spectra is the broad B-site
line shape which has been explained by the nonunique
chemical surrounding of the probe iron nuclei as a result
of the unordered distribution of M and Fe ions among
the octahedral and/or tetrahedral lattice sites. As a
consequence, the B-site component has often been de-
scribed with a discrete, model-dependent hyperfine-field
and center-shift distribution consisting of up to six dis-
tinct Zeeman patterns. In a few instances, a quasicon-
tinuous, model-independent distribution was applied to fit
the B-site subpattern.*>

Generally, the involved authors associated the discrete
or quasicontinuous range of hyperfine parameters to the
existence of different valence states for the iron between
and including the pure Fe’* and Fe" states. However,
the derived correlation between the combined hyperfine-
field and center-shift values on the one hand, and the
valence state on the other hand, and the interpretation of
it, is often questionable or contradictory among different
research groups. Moreover, in many of those cases con-
sidering a discrete model-dependent distribution, either
the agreement between the experimental and calculated
B-site line shape turns out to be rather poor, or the area
ratios of the distinct octahedral subspectra as evaluated
from the experimental spectra significantly deviate from
those expected on the basis of the proposed structural
model.

In what follows hereafter, it is demonstrated how a sys-
tematic study of the zero-field Mossbauer spectra as a
function of temperature and Co substitution, combined
with applied-field Mossbauer experiments and using a
proper model-independent distribution approach for
fitting the spectra, has led to a consistent interpretation
of these spectra for compositions x =0.1, 0.2, and 0.4,
yielding reasonable values for the involved physical quan-
tities in relation to the compositional and structural
characteristics of the samples. For x =0.6, 0.8, and 0.9,
the spectra have become too complicated to retrieve
much reliable information from them. Absorbers again
consisted of powdered single crystals. The experimental
procedures for preparing the absorbers and collecting the
spectra were exactly the same as those applied for the low
substitutions as described in the first of these two com-
panion papers. A total of more than 150 spectra has been
involved in this part of our study. Again, the collection
of numerical data is too extensive and will not be report-
ed in detail in this paper. Upon request, all data will be
made available.

II. RESULTS AND INTERPRETATION
OF THE SPECTRA

A. Curie temperatures

The magnetic order-disorder transition or Curie tem-
perature T has been determined for all available compo-
sitions by the thermal-scan method with zero source ve-
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FIG. 1. Thermo-scanning curves at zero source velocity for
Coy ¢Fe, 40, (circles) and Cog¢Fe, ;04 (squares). Inset: Curie
temperature T¢ as a function of Co substitution x. Datum for
x =1.0 is literature value for CoFe,0,.

locity. In all cases, the transition takes place in a rela-
tively sharp temperature interval, which is rather unusual
for solid solutions of spinel ferrites. This sharpness is il-
lustrated in Fig. 1 in which the transmission count rate is
plotted vs T for the samples with x =0.6 and 0.8. The
values of T, defined as indicated, are plotted against the
Co content x in the inset of Fig. 1. For completeness, the
data for x <0.04 have been included as well. The
straight line represents the fitted linear least-squares
correlation Te=Tc(0)—Cx, with T:(0)=862 K and
C =55 K. Extrapolation to x =1 leads to T-=807 K,
which is in fair agreement with the Curie temperature for
slowly cooled CoFe,O, (798 K) as found by Sawatzky,
van der Woude, and Morrish® from Mossbauer experi-
ments. Also, the presently found value T.=816 K for
the x =0.8 sample is in excellent agreement with that es-
timated by Fayek and Bahgat for a sample with the same
composition, i.e., 81410 K.”

Both the sign and the magnitude of the slope of the
Tc(x) line are consistent with the weaker intersublattice
Co-Fe magnetic exchange interactions as compared to
the Fe-Fe interactions. According to Stephenson® the
Fefj’-Co%;+ superexchange integral is about -Lth smaller
than the Fe’ -Fe%" superexchange. Moreover, the ter-
romagnetic double exchange interaction, which results
from the electron hopping between the B-site irons® and
which strengthens the antiferromagnetic coupling be-
tween A- and B-site spins, is expected to weaken on in-
creasing the B-site substitution.

B. Spectra for T > T

Above their respective Curie temperatures 7, the
spectra for all the x =2 0.1 samples look similar to those
obtained for the compositions described in paper I.
Hence, it was at first attempted to interpret these spectra
as a superposition of an unsplit A-site line and a B-site
quadrupole doublet. This approach was found to yield
straightforward fits for x values of up to 0.4 [see Fig. 2(a),
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FIG. 2. Mossbauer spectra at 860 K of (a) Cog ,Fe, 3O, fitted
with an A-site singlet and a B-site doublet, and (b) of
Coy oFe, 0, fitted with a superposition of an A- and a B-site
quadrupole doublet. The subpatterns plotted in dotted lines
refer to the B sites.

x =0.2], but failed for x =0.6. Models considering, re-
spectively, one A-site singlet and two B-site doublets, one
A-site doublet and one B-site doublet, and one A-site
doublet and two B-site doublets, all led to divergent itera-
tions or to inconsistent and/or unrealistic values for the
various Mossbauer parameters for this composition. On
the other hand, acceptable fits for the x =0.8 and x =0.9
samples were obtained using two quadrupole doublets
with equal linewidths, one attributed to B-site iron, the
other to A-site iron [see Fig. 2(b), x =0.9]. At 860 K the
quadrupole splitting AE, , of the A-site doublet was
found to be 0.28 and 0.31 mm/s, respectively. The A-
and B-site center shifts 8 , and 8 and the B-site quadru-
pole splitting AE, ; at 860 K (865 K for x =0.005) are
plotted as a function of x in Fig. 3. Although the data
exhibit some scatter, which should not be surprising con-
sidering the strong overlap of the two spectral com-
ponents, the overall variation with x is clear and
significant.

The A-site linewidth at 860 K increases from 0.28
mm/s for x =0.1 to 0.35 mm/s for x =0.4, and drops
again to 0.28 mm/s for x =0.9. As for the B sites, I'p is
constant at 0.28+£0.01 mm/s. These results suggest a
gradual development of an electric-field gradient (EFG)
on the A sites as more and more Co ions are substituted
into the lattice. Finally, the relative spectral areas F also
depend on x and reflect the gradual removal of iron from
the octahedral sites. More quantitative information,
however, cannot be drawn from the fitted values for F
since these are rather inaccurate as a result of the poor
resolution.

C. Spectrafor T < T¢

In the first stage of this part of the research, the efforts
were concentrated on the compositions x =0.1, 0.2, and
0.4. Following the suggestions of Franke, Rosenberg and
co-workers, who investigated Co-, Ni-, Ge-, Cr-, Al-, and
Ga-substituted magnetites at room temperatures (only a
very limited number of lower temperatures have been
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considered by these authors),>1°7 1%  the variable-
temperature spectra were initially interpreted using one
A-site Lorentzian sextet and three or four, depending on
x, B-site components. The distinct B sites would origi-
nate from different octahedral nearest-neighbor ionic
configurations around the probe nuclei. These different
configurations were believed to create different average
charge states for the B-site irons between 2+ and 3+,
and hence different hyperfine fields Hy;p and center
shifts 8. If all Co ions were randomly distributed in the
octahedral sublattice, then the relative spectral areas of
the B-site components are given by the binomial proba-
bility distribution,
m 6—m
-

!
6! , (1)

mli(6—m)!

X
Pm": 7

2

in which 6 is the total number of B-site nearest neighbors
to the central octahedral iron, of which m are Co?™.

In fitting the spectra, the hyperfine parameters H, &
and the quadrupole shift €, for each sextet were adjust-
able. All B-site components were assumed to have the
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FIG. 3. A-site center shift § 4, B-site center shift 65, and B-
site quadrupole splitting AE, 5 plotted vs Co substitution x for
Co,Fe;_,0, at 860 K. The spectrum for x =0.6 could not be
fitted. The straight lines have no physical meaning.
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same two width parameters I'y and AI'g (see paper I),
but different from I" ;, and AT ;. The A-site and total B-
site absorption areas were adjustable as well, but the rela-
tive areas for the different B-site sextets were fixed at
their values given by (1). Example fits, referring to
x =0.2, are shown in Fig. 4. For this composition, the
probabilities P,, are calculated as 0.53, 0.35, 0.10, and
0.02 for m =0, 1, 2, and 3, respectively. Due to its
insignificant contribution, the component corresponding
to m =3 was not taken into account.

At first glance, the calculated line shapes are in fair
agreement with the experimental ones. However, when
the temperature variations of the various B-site hyperfine
parameters are considered in some detail, one observes a
few unacceptable irregularities which seriously question
the applied fitting method. The most striking of these is
the behavior of the &(7) values of the subspectra
B2(m =1) and B3(m =2), which initially increase with
increasing T up to T'=250 K and then decrease chaoti-
cally on further raising the temperature. Moreover, for
T <500 K the fitting procedure yields 6z,>68p5, and
Hy¢ gy > Hygpy- This finding is inconsistent with the
well-established rule saying that a higher center shift
points at an ionic character closer to Fe?*, and hence
should be associated with a lower hyperfine field. Simi-
lar, even more drastic inconsistencies are obvious in the
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FIG. 4. Mossbauer spectra at a few selected temperatures of
Coy ,Fe, 30, fitted with a superposition of one A-site subspec-
trum and three B-site subspectra (full lines).
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work reported by Franke and Rosenberg,!” who studied
the same solid-solution series (0.05=<x <0.7) at room
temperature.

It should be stressed at this point that allowance for a
fraction of the Co ions to enter the A sites will not im-
prove the performance of the above fitting model. As will
be discussed below, it is not unlikely that as much as 0.05
Co ions per formula unit are substituting on tetrahedral
sites for the composition x =0.2. In that extreme case,
the probabilities P,, for x =0.2 would be 0.63, 0.30, and
0.06 for m =0, 1, and 2, respectively. Fixing the relative
areas of the B-site components to these values will not
significantly alter the goodness of fit Y2, nor the derived
hyperfine parameters.

The observed inconsistencies raise one’s suspicion that
the model based on a limited number of B-site com-
ponents, associated with the random distribution of Co in
the nearest-neighbor B-site cation shell of the probe nu-
clei, is a too crude approximation for the real situation, in
which chemical-disorder effects extending over a range
beyond nearest neighbors are not unimportant. There-
fore, all presently obtained spectra have been described
by a superposition of an A- and a B-site model-
independent hyperfine-field distribution, the latter one
with linear correlations between the center shift and the
hyperfine field, and between the quadrupole shift and the
hyperfine field.!” Depending on T, 6-10 different field
values for the A-site component, and 15-25 for the B-site
component were considered, increments of 3 and 5 kOe,
respectively. Several fits were carried out for any given T
and x in order to determine the upper and lower limits of
the two H, intervals yielding the lowest x*. The elemen-
tary A- and B-site linewidths were adjusted independent-
ly from one another and were generally broader for the
B-site component (e.g., I' ,=0.23 mm/s and I';=0.29
mms/s for x =0.2 at T=300 K). Typically, the y? ar-
rived at by this model-independent approach was 25%
lower as compared to the value for the fitting model
based on expression (1).

Selected H¢-distribution profiles p(H,;), referring to
Coy ,Fe, 304, are reproduced in Fig. 5. The A-site distri-
bution is narrow and almost perfectly symmetric. The bi-
modal structure of the B-site profile p(Hy p) has been
found for all T values below =650 K, and moreover for
x=0.1 and x =0.4 as well. This finding implies the ex-
istence of two clearly distinct Fey states—further denot-
ed by B1 (highest fields) and BO-for the intermediate
compositions 0.1 <x <0.4 at temperatures below =650
K. The Mossbauer parameters for each of these two B
states are distributed as a result of fluctuating structural
and electronic environments. At higher temperatures,
the B1 state gradually disappears and the smoothness of
the temperature variation of the BO hyperfine parameters
suggest that it transforms into BO.

The maximum-probability hyperfine fields
Hi: (i= A,B1,B0), the center shifts 8§, or 8%; (the su-
perscript m refers to the values corresponding to Hyg ),
and the relative spectral areas F; are listed in Table I for
the x =0.2 sample at selected temperatures. These
figures were obtained from adjusting Gaussian functions
to the evaluated histograms (full lines in Fig. 5). The er-
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rors are, respectively, 2 kOe, 0.01 mm/s, and 2% for the
A-site distribution, and at least twice as much for the B-
site ones. Although the B1 parameters seem to vary con-
sistently with 7, their values are to be considered unreli-
able, especially those for 8%,. Table II contains the same
data for the three samples at two different temperatures,
i.e., T=180 and 250 K. All results for the tetrahedral
ferric ions are perfectly in line with those obtained from
the aforementioned model-dependent fitting approach.
The coefficient of the linear Hy¢ p-8p correlation for a
given x was found to be fairly constant throughout the

piHpt Harb. units |

710 K
350 450 550

FIG. 5. Hyperfine-field distributions p(H,) evaluated from
the spectra of Fig. 4, clearly showing the presence of two dis-
tinct B sites. The solid lines are the Gaussian curves and their
superposition fitted to the p(H ;) histograms.

entire temperature range. The average values are
—0.0013, —0.0016, and —0.0025 mm/s kOe for x =0.1,
0.2, and 0.4, respectively. In all cases, the A-site and
BO-state quadrupole shifts were found to be zero within
experimental error limits. In contrast, the B1 quadru-
pole shifts are nonzero and negative, and their magnitude
decreases with increasing T and, at a given T, with in-
creasing x. Since no additional information could be re-
trieved from the various quadrupole-shift parameters,
their iterated values are not included in Tables I and II.
For Co substitutions x = 0.6, for which only two select-
ed temperatures were considered (180 and 250 K), the
fitting results no longer support the existence of two dis-
tinct B states with clearly resolved hyperfine-field distri-
butions. Figures 6(a) and 6(b) show the spectra recorded
for Co,¢Fe, 4,0, and CoqoFe, 0, at 180 K. The full
lines are again the result of fitting two model-independent
H, distributions and the evaluated distribution profiles
are depicted in Figs. 6(c) and 6(d), respectively. The A-
site distributions remain quite narrow, but the B-site ones
no longer exhibit two well-separated maxima as in the
case of lower Co substitutions. Instead the presence of at
least three or four major B-site components, each having
a broad range of hyperfine parameters, seems to be im-
plied by the calculated profiles. The quantitative charac-
teristics of these components are, however, poorly
defined, except those for the highest-field component.
For this latter one, the MGssbauer parameters for the
three involved compositions were observed to vary with x
in a manner that complements the observed variation
with x of the B1 parameters for the intermediate substi-
tutions (see Table II). Therefore, this high-field com-
ponent is assigned to a configuration similar to the
configuration which gives rise to the B1 component in
the spectra of the samples with x =0.1, 0.2, and 0.4.
Spectra in longitudinal external fields of H,, =55 kOe
were collected for the samples with x =0.1, 0.2, and 0.4
at 180 and 250 K in an attempt to confirm the bimodal
structure of p(Hy p). The spectra for x =0.2 and 0.4 at
250 K are shown in Fig. 7(a). From these, the existence
of two distinct B sites is clearly evidenced. The spectra
were again described by a superposition of one A-site and
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FIG. 6. Mdssbauer spectra at 180 K of (a) Coy.¢Fe, 40, and
(b) Cog oFe, 104. The distributed B-site components are plotted
in dotted lines. The derived hyperfine-field distributions are
shown in (c) and (d), respectively.
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TABLE 1. Relevant Mossbauer parameters derived from the model-independent hyperfine-field dis-
tributions fitted to the spectra of Coy ,Fe, 30,4 at selected temperatures. B1 and BO refer to the two
maxima in the distribution profiles of the B-site component. Center shifts § are with respect to metallic
iron at room temperature.
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T (K) A sites B1 sites BO sites

Hij 4 8.4 F, Hif g 85 Fp, H{f go 850 Fpo

(kOe) (mm/s) (%) (kOe) (mm/s) (%) (kOe) (mm/s) (%)
120 506 0.35 40 531 0.69 12 492 0.76 48
200 502 0.31 39 518 0.65 14 476 0.71 48
300 492 0.27 39 500 0.59 12 459 0.64 50
390 479 0.21 39 478 0.54 11 441 0.58 50
494 454 0.15 39 446 0.47 12 413 0.51 50
590 425 0.08 38 413 0.41 12 381 0.45 51
710 366 0.01 37 352 0.35 9 321 0.36 54
770 308 —0.02 39 290 0.28 7 270 0.30 54

one B-site hyperfine-field distribution [Fig. 7(b)], the
latter with linear H,¢z-8p correlation. The resolution of
the distinct spectral components has dramatically im-
proved as compared to the zero-field spectra, and hence it
is conceivable that the retrieved quantitative results
(Table III), in particular the relative areas of the different
components, are more accurate and reliable, although the
Fg, and Fp, values are surprisingly close to those evalu-
ated from the zero-field spectra. The center shifts of
Feg,, however, differ markedly from the values listed in
Table II.

The maximum-probability hyperfine fields Hig;
(i= A,B1,B0) indicated in Table III were deduced from

the corresponding effective fields H7;; assuming that
H,,, fully adds to the A-site hyperfine fields, and fully
subtracts from the B-site ones. Due to the relatively
large errors on the various hyperfine-field parameters
(compared to the data for x <0.04), it is not possible to
conclude whether that assumption is correct for all three
components, and small deviations such as those observed
for the B-site fields in the samples with x <0.04 (Fig. 10
in paper I) are not expected to be obvious for the higher
substitutions. In general, there appears to be a reason-
ably good agreement between the Hi:; values of Table
III and those from the zero-field spectra, except perhaps
for the BO component for which the addition

TABLE II. Relevant Mdssbauer parameters derived from the model-independent hyperfine-field dis-

tributions fitted to the spectra of Co,Fe;_,0, at 180 K (upper half) and 250 K (lower half). For
x=0.6, 0.8, and 0.9 more than two B-site components are present and only the one with the highest
maximum-probability field can be quantified with reasonable precision. The results for x =1 are extra-
polated values and values obtained from the spectra of CoFe,0,.

A sites B1 sites BO sites
Hl’:‘f,A 5A FA Hhmf,Bl 8’5] FBI H}';;",BO gO FBO
x (kOe) (mm/s) (%) (kOe) (mm/s) (%) (kOe) (mm/s) (%)
0.1 502 0.32 36 518 0.68 7 477 0.73 57
0.2 503 0.32 39 520 0.66 14 481 0.73 48
0.4 504 0.32 40 525 0.60 23 482 0.71 37
0.6 506 0.32 40 529 0.51
0.8 507 0.32 45 534 0.49
0.9 507 0.32 46 535 0.47
1.0? 508 0.32 537 0.44
1.0° 506 0.28 46 541 0.43
0.1 497 0.29 37 508 0.64 7 467 0.68 57
0.2 497 0.29 38 510 0.61 13 469 0.67 50
0.4 498 0.29 39 512 0.57 26 470 0.67 35
0.6 500 0.29 43 519 0.51
0.8 500 0.28 61 526 0.48
0.9 500 0.28 63 526 0.46
1.0? 501 0.28 530 0.43
1.0° 496 0.24 46 528 0.38

2Extrapolated values.
*Values for CoFe,0,.
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TABLE III. Relevant Mgssbauer parameters derived from the model-independent hyperfine-field
distributions fitted to the spectra of Co,Fe;_, 0, (x=0.1, 0.2, and 0.4) at 180 K (upper half) and 250 K
(lower half) in a longitudinal external magnetic field of H.,=55 kOe. The maximum-probability
hyperfine fields H{;; (i = A,B1,B0) were obtained from the corresponding effective fields Heg; assum-
ing that H,,, fully adds to the A-site hyperfine fields, and fully subtracts from the B-site hyperfine fields.

A sites B1 sites BO sites

le:;',A 8A FA HL’;‘,B\ gl FBl Hi’lnf,BO gO FBO
x (kOe) (mm/s) (%) (kOe) (mm/s) (%) (kOe) (mm/s) (%)
0.1 501 0.32 34 521 0.60 9 481 0.74 57
0.2 500 0.32 34 520 0.57 16 480 0.73 50
0.4 502 0.31 35 523 0.51 25 486 0.72 40
0.1 496 0.29 35 508 0.60 9 471 0.69 57
0.2 495 0.28 35 509 0.56 17 471 0.69 49
0.4 497 0.28 35 515 0.51 24 474 0.67 41

efr,po T Hey shows the tendency to exceed the corre-
sponding zero-field Hyj; g, value by about 4 kOe.

A final note concerns the Am; =0 transition lines (mid-
dle lines in Fig. 1) which have not completely vanished in
the external-field spectra (Fig. 7), their intensity slightly
increasing with increasing Co content. This effect is due
to the high magnetic anisotropy of octahedral Co?™ ions,
implying that strong magnetic fields are required to align
the spin structure along the direction of the field. This
feature is very obvious for CoFe,0y,, for which at 4.2 K in
a field of 60 kOe the spins make an angle of =~28° with
respect to the field direction.!® For the present sample
with x =0.4, the angle is only a few degrees and does
therefore not affect the validity of the listed hyperfine-
field values.

p(Hetf arb.units)

Transmission (%)

98-

086 4 2 0 2 4 6 810 L0

500
vimm/s) Heff (kOe)

FIG. 7. (a) Mdssbauer spectra recorded at 250 K in an ap-
plied longitudinal magnetic field of 55 kOe; top: x =0.2; bot-
tom: x =0.4. The solid lines are the distributed 4- and B-site
components and their sum, adjusted to the experimental data.
Note the presence of the Am;=0 lines (arrows), which were
taken into account in fitting the spectra. The evaluated distri-
bution profiles p(H,;) are shown in (b). The solid lines in (b) are
the Gaussian curves fitted to the p(H,) histograms.

III. DISCUSSION

A. Cation distribution

The distribution of Fe among the octahedral and
tetrahedral lattice sites can be estimated from the evalu-
ated relative spectral areas F ,, for which reliable values
were obtained for the x =0.1, 0.2, and 0.4 samples only
from the external-field measurements (Table III). Taking
into account the slightly different Mossbauer fractions f
for tetrahedral and octahedral iron as calculated from the
corresponding characteristic Mossbauer temperatures
®;, (Sec. II1 C), the number of Co ions on 4 sites per for-
mula unit is estimated to be =~0.0, 0.05, and 0.1, respec-
tively.

The F, values obtained from the zero-field spectra of
the samples with x = 0.6 are less accurate. The results in
that respect for x =0.8 and 0.9 at 250 K are unrealistic,
while those at 180 K would indicate an inversion degree
of =0.9 for both samples. This datum seems reasonable,
considering the inversion degree of a slowly cooled sam-
ple of CoFe,O, as obtained from the external-field (60
kOe) spectrum at 4.2 K, i.e., 0.9 as well.'®

B. Origin of the distinct B-site components

The maximum-probability hyperfine fields Hyf p;, and
center shifts 8%; of the two distributed B-site components
at 180 and 250 K are plotted against the Co content x in
Fig. 8. Both quantities vary with x in a more or less
linear fashion and the full lines in the drawings represent
the linear least-squares fits. The B1 values obtained from
extrapolation to x =1, are indicated in Table II as well.
For comparison, the 4- and B-site Mossbauer parameters
for a polycrystalline CoFe,O, sample, with 10% of the
Co ions on the A4 sites,'? are also included. They were de-
rived from the spectra by fitting a superposition of an A-
site sextet and a B-site, model-independent Hy, distribu-
tion. The results suggest that the B1 component in
Coy Fe, gO, arises from iron which has a nominal charge
somewhere between 2.5+ and 3+, and, on further in-
creasing the Co substitution, gradually evolves towards
the pure Fe** state of CoFe,0,.
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FIG. 8. Maximum-probability hyperfine fields (a) and center
shifts (b) of the two B-site components, B1 (circles) and BO
(squares), resolved from the Méssbauer spectra of Co,Fe;_ O,
at 180 K (open symbols) and 250 K (filled symbols). Solid lines
are linear least-squares fits.

The BO parameters in Fig. 8, in particular the center
shifts, exhibit a weaker variation with x as compared to
the B1 ones and are nicely in line with the data for the
x =0.04 compositions. This finding suggests that the BO
component is caused by Fe ions which are involved in an
electron-exchange process similar to that taking place in
the non- or poorly substituted magnetites. The observa-
tions that the BO hyperfine field as determined from the
external-field spectra is somewhat higher than its value
derived from the zero-field spectra, is consistent with that
suggestion, since a similar effect was observed for the B-
site hyperfine field in the samples with x <0.04.

It is conceivable to attribute the existence of two B-site
components (for 7" smaller than =650 K) to the presence
of a substantial amount of Co in the octahedral sublat-
tice. A perspective view of this sublattice is represented
in Fig. 9, showing that the octahedral sites form tetrahe-
dra which are linked to one another by sharing vertices.
According to Anderson’s criterion for inverse ferrites,'’
each tetrahedron contains two bivalent and two trivalent
cations. In order to determine the possible configurations
which originate from substituting Co?™ in Fe;0,, one can
therefore confine his attention to a single tetrahedron.
Suppose site 1 in Fig. 9 is occupied by the probe iron nu-
cleus. Then, of the remaining sites 2, 3, and 4, a max-
imum of two can host a Co ion, and hence only three
configurations for the involved tetrahedron are possible,

FIG. 9. Octahedral sublattice of a spinel structure.

i.e., zero, one, or two vertices consisting of Co. The
respective probabilities Py, P, and P, are easily calculat-
ed from a binomial law, similar to (1), but with three in-
stead of six possible sites for the Co ions. They are listed
in Table IV for the relevant x values up to 0.6, in which
the fraction of A-site Co was taken into account (this
fraction for x =0.6 was taken equal to that of x =0.4).
The spectral areas of B1 and BO, relative to the total B-
site area, are indicated as well.

On the basis of the data presented in Table IV, one is
inclined to attribute the BO component to iron nuclei for
which at least one of the two B-site tetrahedra to which
they belong does not contain any Co, and the B1 com-
ponent to all other iron nuclei. If this picture is correct,
then a major question remains to be answered, i.e.,
whether it is consistent with the observed B1 and BO pa-
rameters displayed in Fig. 8.

If a particular B-site tetrahedron is exclusively occu-
pied by Fe, the two nonlocalized 3d electrons are shared
by four irons, leading to an average charge state of 2.5+,
as in nonsubstituted Fe;O,. This valence state in mag-
netite yields at 250 K a B-site field of 465 kOe and a
center shift of 0.69 mm/s (see paper I), both values being
reasonably close to those for the BO component of the
x =0.1 sample (see Table II). If, on the other hand, one
of the four vertices is occupied by Co, then one electron
is shared by three irons, leading to an average charge

TABLE IV. Probabilities P; of having i Co ions in the B-site
tetrahedron containing the probe iron nucleus, and relative
spectral areas of BO and B1 components in the external-field
Mdssbauer spectra.

X PO Pl PZ Fgo/(FB|+FBQ) FBl/(FBl+FBO)
0.1 0.857 0.135 0.006 0.86 0.14
0.2 0.791 0.193 0.016 0.76 0.24
0.4 0.614 0.325 0.057 0.62 0.38
0.6 0422 0422 0.141
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state of 2.7+. Assuming to a first approximation that
the hyperfine field of octahedral iron is proportional to its
average number (n,) of 3d electrons (orbital and dipo-
lar fields are extremely small—see paper 1), this 2.7+
charge would correspond to a hyperfine field of 502 kOe,
which is close to the value obtained by extrapolating the
Hi} g (x) line [filled circles in Fig. 8(a)] to x =0.0, i.e.,
505 kOe.

Furthermore, a change A{n,,) causes a change in the
center shift which is, again to a good approximation, pro-
portional to A{n, .20 A very typical 8 value for octahe-
dral Fe*™" in spinel ferrites at 250 K is 0.38 mm/s, which
is also the value found for CoFe,O, (see Table II). Know-
ing that the 2.5+ charge in Fe;O, corresponds to
8=0.69 mm/s (250 K), it is easily calculated that a 2.7+
charge should yield §=0.57 mm/s. Extrapolating the
8%,(x) line [filled circles in Fig. 8(b)] to x =0.0 yields
6%,(0)=0.59 mm/s, in good agreement with the above
derived value.

In summary, both the parameter values for § and H,,
and the relative spectral areas of B1 and BO are con-
sistent with the proposed explanation, based on the distri-
bution of Co among the B-site tetrahedra, for the ex-
istence of two distinct octahedral irons for Co substitu-
tions of up to x =0.4. The fact that these two iron sites
have nonunique hyperfine interactions can qualitatively
be attributed to second-order effects caused by the Co
ions on nearest-neighbor A4 sites and next-nearest-
neighbor B sites. The observation that both distributions
broaden with increasing x corroborates this suggestion.

At temperatures exceeding ~650 K, the B1 com-
ponent gradually disappears in favor of the BO com-
ponent. This feature can be explained assuming that, as a
result of thermal activation, the electron-exchange pro-
cess, which takes place between the BO sites at lower
temperatures, involves all iron ions at high temperatures.
It could be that the high mobility of the Co ions triggers
the “expansion” of that exchange process. The relative
variation of the lattice constant of CoFe,0, as a function
of the quenching temperature,?! indeed clearly shows that
ionic migration starts at about 400°C. It should be men-
tioned at this point that the appearance of one single B-
site component in the magnetic spectra at high tempera-
tures is strongly supported by the results derived from
the paramagnetic spectra (see Sec. II D).

For x 2 0.6, the electronic structure, and hence the
magnetic one as well, is more complicated and only a few
qualitative conclusions can be drawn from the results ob-
tained from the data analyses. The shape of the evalu-
ated p(Hy;p) profiles suggests that more than two
valence states are present. It is no problem to adjust a
sum of four Gaussian distributions to the p(Hy p) histo-
grams reproduced in Figs. 6(c) and 6(d). For x=0.9 at
180 K this procedure yields hyperfine fields and spectral
areas relative to the total B-site area of, respectively, 536
kOe and 0.47, 513 and 0.41, 462 and 0.09, and 425 and
0.03. The latter one, with corresponding center shift
8=0.75 mm/s, possibly results from Fe?* jons with lo-
calized 3d electrons, although the 8 value, despite being
very inaccurate, is rather low. The 462-kOe component,
with §=0.65 mm/s, indicates that some of the irons are

still involved in an electron-exchange process. Finally,
the two major components, further denoted B 1, (highest
field) and B1,, can be attributed to Fe*™ and a tentative
explanation of their origin is discussed next.

Due to the presence of a fraction x 4, of Co ions in the
tetrahedral sublattice, the B-site irons experience a
nonunique nearest-neighbor A-site configuration, and
hence a discrete number of different hyperfine fields as a
consequence of the well-known A-to-B supertransfer
mechanism. The probability P, that a probe B-site nu-
cleus has mCo?" and (6-m)Fe®" cations for nearest A-
site neighbors is given by expression (1) in which x /2 is
replaced by x . This yields P,,=0.53, 0.35, 0.10, and
0.02 for m =0, 1, 2, and 3, respectively, hereby assuming
x 4=0.10. If the above mentioned value of 536 kOe for
B, is considered as the B-site hyperfine field correspond-
ing to an A-site configuration with six Fe*" ions, and as-
suming that the supertransferred hyperfine field for the
involved sample is equal to that for CoFe,0,, i.e., 18 kOe
at 180 K,'® then the configurations m =1, 2, and 3 lead to
field values of 518, 500, and 482 kOe, respectively. It is
not unreasonable to assume further that these three latter
components are not resolved by the distribution fits, but
instead superimpose to one broad distribution centered
around the weighed average of the three field values,
which is 513 kOe, in excellent agreement with the
maximum-probability field of B1,. It is important to
note at this point that the spread of the B1, Gaussian dis-
tribution is calculated to be approximately twice the
value for the B1, distribution. Finally, if P, and the
summation (P, +P,+P;) are normalized with respect to
the total area of the adjusted B1, and B1, distributions,
i.e, 0.88, one finds the value 0.47 and 0.41, respectively,
which is again in excellent agreement with the adjusted
values.

In summary, the suggestion that B1, is attributable to
B-site Fe** with no Co ions in its nearest-neighbor A-site
shell, and B1, to all other B-site Fe3", is strongly sup-
ported by the numerical results derived from the p(H ;¢ p)
data. Similar consistent results were found for the
x =0.8 and x =0. 6 samples, with a somewhat poorer, but
still reasonable agreement between the parameters ob-
tained from adjusting four Gaussian distributions, and
the values one would expect on the basis of the proposed
structural model.

As a justified criticism against the above reasoning, one
could argue that the broad component representing the
combined m =1, 2, and 3 configurations has been de-
scribed by a symmetric distribution, which is obviously
not the case. It was initially believed that such an ap-
proximation would not drastically affect the relevant dis-
tribution parameters in the sense that they would no
longer be consistent with the structural model. In order
to be reassured about that belief, a fifth Gaussian distri-
bution was introduced in fitting the p(H,;p) data for
x=0.9 at 180 K. The idea behind this attempt was to
take into account different components B1l, B1,, and
B1,, corresponding to the A-site configurations with
m =0, 1, and 2, respectively (the m =3 component has
been omitted due to its insignificant contribution). How-
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FIG. 10. B-site hyperfine-field distribution p(Hyp) of
Cogy gFe, ;04 at 180 K fitted with a superposition of five Gauss-
ian distributions.

ever, without any restriction with respect to the adjust-
able parameters of all five distributions, the fit could not
reach convergency with reasonable parameter values.
Therefore, it was imposed that the central field of the B1,
distribution should be 18 kOe less than the B1, field.
With this one and only restriction a very good reproduc-
tion of the p(Hy p) data was finally obtained (see Fig.
10).

The parameters for the two weak low-field distribu-
tions are not affected by the introduction of the fifth
Gaussian distribution. The central fields of the other
three components were iterated to be 537, 519, and 499
kOe for B1, B1,, and B1,, respectively, and their rela-
tive contributions, normalized to one, are 0.53, 0.34, and
0.13. All these figures are in remarkable agreement with
the ones predicted by the structural model proposed to
explain the appearance of the different B1, components.
They further prove that from numerical point of view the
B1, and B1, distributions can be represented by one sin-
gle Gaussian distribution without obscuring the physical
characteristics which are reflected in the p(Hy, p ) profiles
and which can be deduced from these profiles by careful
analysis.

C. Temperature variation of the hyperfine parameters

As mentioned earlier in this paper, the values of the B1
Moéssbauer parameters obtained from the zero-field spec-
tra for x =0.1, 0.2, and 0.4 are rather inaccurate due to
the strong overlap of these components with the A-site
subpatterns. The temperature variation of these parame-
ters has therefore received little further attention.

The temperature dependence of the A- and BO-site
center shifts § were interpreted in the same manner as de-
scribed and applied in paper I of this study. The ob-
tained intrinsic isomer shifts 8,, i.e., 0.561+0.01 mm/s for
A and 0.98+0.01 mm/s for BO, do not differ significantly
from the values found for the samples with x <0.04. The
characteristic Mossbauer temperatures, including those
for x =0.0, 0.01, and 0.03 are plotted against x in Fig. 11.
Both ®,, , and ®,, 3, seem to show a maximum at x
around 0.1. However, considering the poor sensitivity of
the shape of the calculated 8(T) curve to the iterated pa-
rameter values, it is not beyond any doubt that this
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FIG. 11. Characteristic Mdssbauer temperatures ®,, as a
function of x for Co,Fe;_,0,. Open circles represent A4 sites,
filled circles B sites (x=0,0.01,0.03) or BO states
(x=0.1,0.2,0.4). Solid curves serve as a guide for the eye.

feature is real. If it is, the authors could not think of any
reasonable explanation for this maximum.

It should be mentioned at this point that the unusual
behavior of 8 ,(T) for T exceeding =700 K, as observed
for the x <0.04 samples, does occur for the higher substi-
tutions as well, though to a lesser extent. This would
mean that high Co contents oppose the A-site irons to
get involved in the electron-exchange process at high
temperatures. This finding does not sound unreasonable
in spite of the conclusion arrived at in paper I that the
presence of a small amount of Co in the octahedral sub-
lattice initially enhances the involvement for some un-
known reason.

The fact that ®,, , is larger than @, p, implies that
the radio f 4 /fgo lor f 4/fp for small x) of the 4- and
BO- (or B-) site Mossbauer fractions calculated from
®,,, 4 and Oy, g, (Ref. 49, paper 1), is larger than unity at
any given temperature. The deviation, however, is calcu-
lated to be small: at 180 K and room temperature (RT),
the ratio does not exceed 1.03 and 1.04, respectively.
Sawatzky, van der Woude, and Morrish?? found for
Fe;O, at RT f,/fp=1.06+0.02 from the temperature
dependence of the relative areas F, and Fy of the A- and
B-site subspectra. Their method applied to the results of
samples x =0.01 and x=0.03 (the F,/Fp, data for
higher substitutions are too inaccurate) has yielded
f4/fp=1.08£0.03 at RT in both cases, and is in good
agreement with the previous value.

The reduced A-site hyperfine fields when plotted vs the
reduced temperature follow a curve which is visually
identical for the three involved intermediate composi-
tions, and which moreover coincides with the curve ob-
tained for any of the samples with x <0.04. As expected
for this reason, the experimental Hy¢ ,(T) variations are
again very well described by a Brillouin function, approx-
imating the reduced B-site sublattice magnetization at
any given T, which appears in the expression for the A4-
site molecular field, by the experimentally observed value
for the reduced hyperfine field of the dominant B0 com-
ponent. The adjusted values of the 4-4 and A-B su-
perexchange integrals J,, and J, p vary in the range
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10.5+0.5 K and 21.5%£1.0 K, respectively, and evidence
that J ,p would decrease with increasing x is not reflected
in the obtained results. The observed Hys 4(T) data are
reproduced to within 0.5%, except for the highest tem-
peratures in the vicinity of T, for which deviations of
3% are not uncommon. It is not impossible that the in-
volvement of the A-site irons in the electron-exchange
process contributes to these enhanced deviations. On the
other hand, one should bear in mind that at temperatures
near T, the collapsing of the magnetic spectra causes a
much stronger overlap between A4- and B-site subpatterns
and hence more poorly defined Mossbauer parameters.

It was attempted to fit the non-localized-electron mod-
el (NLEM), the basic expressions of which are indicated
in paper I, to the temperature variation of the H p,
data. Although the adjusted values for the involved
physical quantities seem to be reasonable, the experimen-
tally observed Hyg po(T) curve is not adequately repro-
duced by the calculated one, the deviations becoming
larger with increasing x. This, however, should not be
surprising since the NLEM is applicable only for an un-
perturbed electron-exchange process between ions on
equivalent lattice sites. This condition is certainly not
fulfilled for the present samples, for which the substantial
Co substitution creates a complicated electronic structure
for the B-site iron species. It is believed that a more ade-
quate physical model to describe Hy po(T) cannot be
conceived.

D. Paramagnetic spectra

The sharp linewidth of the B-site quadrupole doublet
for the samples with x =0.1, 0.2, and 0.4 at T > T, i.e.,
I'p =0.28 mm/s at 860 K, which is also the value of I'y
for x <0.04, confirms the existence of only one single B-
site iron state at high temperatures. If, indeed, the BO
and B1 components would both be present, one would
expect a much broader linewidth, especially for x =0.4
for which the two B-site subpatterns have comparable
line areas and center shifts which differ by =0.1 mm/s
(see Table III).

From the variation with x of both A4- and B-site center
shifts (see Fig. 3), one can conclude that the involvement
of Fel}' in the electron-exchange process gradually di-
minishes with increasing Co substitution and that simul-
taneously the electronic state of Fez more and more ap-
proaches 3+. Further, the presence of Co?" ions in the
lattice creates a less symmetrical charge distribution
around the probe iron nuclei and this explains the in-
creasing quadrupole interactions with increasing x.

IV. SUMMARY AND CONCLUSION

It has been demonstrated that the variable-temperature
Mossbauer  spectra of Co-substituted magnetites
Co,Fe;_,0, with x 0.1 are adequately and consistently
described by a superposition of two model-independent
hyperfine-field distributions, one arising from the
tetrahedral ( 4) iron species, the second one from the oc-
tahedral (B) irons. It was found necessary to introduce a
linear correlation between the hyperfine field and the
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center shift for the distributed B-site component in order
to obtain reasonable goodness-of-fit values. In the com-
position range x =0.1-x =0.4, the evaluated distribu-
tions reflect the existence of two distinct electronic states
for the B-site irons at temperatures not exceeding =~ 650
K. This feature is irrefutably confirmed by the external-
field spectra recorded at two different temperatures. The
B-site component (B0) with the weaker hyperfine fields
and higher center shifts is due to iron species which are
involved in an electron-exchange process similar to that
occurring in the samples with a Co content x <0.04. It is
attributed to nuclei which have no Co nearest neighbor in
at least one of the two B-site tetrahedra to which each
nucleus belongs. The other possible configurations are
suggested to give rise to the second component (B1), the
hyperfine-interaction data of which point at a time-
averaged valence state between 2.5+ and 3+, which
gradually shifts towards the latter as x increases.

At high temperatures, the B1 component in the mag-
netic spectra gradually disappears in favor of B0, indicat-
ing that all B-site irons are involved in one single
electron-exchange process. The paramagnetic spectra
have confirmed this finding.

The temperature variation of the center shifts has been
interpreted in terms of a temperature-dependent intrinsic
isomer shift §,, combined with the Debye model for the
second-order Doppler shift. The behavior of the A-site
center shifts at high temperature is similar to that ob-
served for the samples with x <0.04, suggesting that at
these high temperatures the A4 sites become involved in
the electron-exchange process. The 0-K &; values of the
A- and BO-site irons in the range 0.0=x =0.4 do not
vary significantly with x. The characteristic MJssbauer
temperatures seem to exhibit a maximum value for x
around O.1.

The A-site hyperfine field is adequately described by a
Brillouin function (localized-electron model), in which
the reduced B-site sublattice magnetization is taken equal
to the reduced B-site hyperfine field. The obtained values
for the 4- A4 and A-B superexchange integrals give no in-
dication as to whether they depend on the Co concentra-
tion. The non-localized-electron model, which was suc-
cessfully applied to describe the temperature dependence
of the octahedral hyperfine field for the x <0.04 samples,
was unsuccessful for the higher substitutions. As for the
B1 component, its Mossbauer parameters are considered
to be too inaccurate and unreliable to enable any mean-
ingful conclusions to be retrieved from their temperature
behavior.

In contrast to the A-site distribution, which remains
sharp and quite symmetric, the shape of the B-site
hyperfine-field distribution for the substitutions x =0.6,
0.8, and 0.9 is much more complicated and indicates the
presence of several average charge states for the iron
species. It is believed that due to that complexity, a de-
tailed study of the temperature dependence of the spectra
will not produce valuable and reliable conclusions with
respect to the magnetic and electronic properties of these
ferrites in relation to their structure and composition. As
could be proven, an additional complication appears as a
result of the random distribution of Co and Fe cations on



47 MOSSBAUER STUDY OF THE HIGH- ... . IL ...

the tetrahedral sublattice. This randomness has for
consequence that each B-site spectral component is
asymmetrically broadened due to fluctuations in the
nearest-neighbor A-site configuration of the octahedral
Mossbauer nuclei.

Notwithstanding this chemical disorder, the magnetic
order-disorder transition remains sharp for all composi-
tions. The Curie temperature slightly decreases with in-
creasing Co content. The paramagnetic spectra for
x=0.1, 0.2, and 0.4 could be decomposed into an A-site
singlet and a B-site doublet. For higher substitutions the
disordered cationic charge distribution creates an
electric-field gradient on the tetrahedral sites as well.
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The isomer shifts decrease with increasing x, reflecting
the evolution towards pure Fe** states.
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