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Abstract—Several samples of large- and small-particle magnetite (Fe,O,), as well as its thermal decom-
position products formed at different temperatures and atmospheres, have been studied extensively by
Mdssbauer spectroscopy (MS), both with and without an applied field of 6T. Synthetic mixtures of
magnetite and poorly- or well-crystallized maghemite have also been studied. Large-particle magnetite
(MCD > 200 nm), when heated in air for 12 hours at T < 400°C, transforms to a mixture of well-
crystallized hematite and magnetite, the latter one remaining stoichiometric, according to the relative
area-ratios obtained from MS. Thermal treatment at 1300°C in a controlled O, partial pressure, produced
a mixture of stoichiometric and nonstoichiometric magnetite, but the latter component seems to be
composed of particles with different degrees of nonstoichiometry. The Mossbauer spectra of the decom-
position products at T < 200°C in air of small-particle magnetite (MCD ~ 80 nm) could be successfully
interpreted as a mixture of magnetite and maghemite, rather than nonstoichiometric magnetite. This
suggestion is further supported by the experiments with the synthetic mixtures. It is clearly demonstrated
that is not possible, even by applying a strong external field, to separate the contribution of the A-site of

magnetite from that of maghemite.

Key Words —Magnetite, Mossbauer effect, Nonstoichiometric magnetite.

INTRODUCTION

Since the discovery of the Mdssbauer effect in iron,
a huge number of papers dealing with that effect in
magnetite (Fe;0,) and maghemite (y-Fe,O,) have been
published (Vandenberghe and De Grave 1989 and ref-
erences therein). In spite of that, some features of these
oxides’ Mossbauer spectra remain puzzling. One ques-
tion that intrigues many Mdssbauer spectroscopists with
interests in soil-related oxides is whether or not one
can distinguish, by Mdssbauer spectroscopy, between
nonstoichiometric magnetite on the one hand, and a
mixture of magnetite and maghemite on the other hand.

Both magnetite and maghemite have a spinel struc-
ture in which the cations occupy tetrahedral (A) and
octahedral (B) interstices. Magnetite is usually repre-
sented by the formula Fe**[Fe?* Fe3*]O,, with the cat-
ions between brackets representing the ones in octa-
hedral sites. Its Mdssbauer spectrum (MS) at room
temperature (RT) is commonly interpreted as a super-
position of two patterns, one due to trivalent iron on
A sites, and the other to Fe?5* on B sites. Separate
patterns for Fe?>* and Fe?+ on B sites are not observed
due to a fast electron exchange between these cations.
The nature of this exchange process has been inter-
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preted either as a pair-wise hopping process or as a
global delocalization of the sixth 3d electron of the Fe?+
ions into a conduction band involving the entire oc-
tahedral sublattice (Vandenberghe and De Grave 1989).
The two models seem to be complimentary, and nei-
ther of the two is able to explain the whole of observed
magnetic and electronic properties of magnetite. The
inclusion of a certain concentration of impurities on B
sites, be it vacancies and/or substitutional cations other
than iron, seems to favor a more localized electron-
exchange process (Vandenberghe and De Grave 1989;
De Grave et al 1993). Typical values for the hyperfine
parameters of well-crystallized magnetite at room tem-
perature are (Daniels and Rosencwaig 1969): Hy;a =
490 kOe, 5, = 0.29 mm/s, H,;p = 460 kOe, 85 = 0.66
mm/s and ¢, = 0 for both sites, where Hy, is the hy-
perfine field, e, the quadrupole shift and & the center
shift quoted relative to metallic iron. Recording the
spectrum in the presence of a strong external magnetic
field results in a better separation of the two sextets
since the external-field value adds to the A-site and
subtracts from the B-site hyperfine field. Thus, for a
typical external field of 60 kOe one should have Hega
= 550 kOe and H.gp = 400 kOe, where H.s is the
effective field, i.e., the magnitude of the vectorial sum
of hyperfine and applied field. The relative area ratio
of the two spectral components at RT is close to 1:1.88;
it is not exactly 1:2, as would be expected by consid-
ering the chemical formula, due to different recoilless
fractions (Sawatzky et al 1969). For completeness, it
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should be mentioned that several authors (Higgstrom
et al 1978, De Grave et al 1993) considered two B-site
patterns at RT, with a relative abundance 1:3. The
explanation for that interpretation is that the magnetite
moments are aligned along a domain’s [100] axis, while
the electric field gradient (EFG) has its principal axis
along a local [111] direction, resulting in two distinct
quadrupole shifts and dipolar-field contributions to
Hiep.

Maghemite differs from magnetite in that it contains
no divalent iron species. It can be represented by the
formula Fe*+[Fe’+,,, 00, ,5]0,, where again the brackets
represent octahedral sites. The vacancies ({J) are also
reported to occur in both sites simultaneously (Arm-
strong et al 1966; Annersten and Hafner 1977; Haneda
and Morrish 1977). The zero-field room temperature
Mboéssbauer spectrum is composed of two sextets, but
their hyperfine parameters are so close to one another
that they can only be distinguished by numerical de-
convolution. It has recently been shown that the A-site
center shift is approximately 0.12 mm/s less than &5,
at any temperature (da Costa et al/ 1994a). The hyper-
fine parameters for a relatively well-crystallized sample
at 275K, as determined from measurements in an ex-
ternal field of 60 kOe, are:

Hyca = (506 % 4) kOe, 5, = (0.233 + 0.005) mm/s,
Hyep = (507 + 4) kOe,

6p = (0.357 = 0.005) mm/s and ¢, = O for both sites
(da Costa et al 1994a). Line broadening, especially for
poorly crystalline members, has frequently been ob-
served and is unanimously attributed to distributions
on the hyperfine fields. A diversity of phenomena have
been suggested in order to explain the origin of these
field distributions, including collective magnetic exci-
tations (Merup et al 1976), surface effects (de Bakker
et al 1991), and inter-particle magnetic interactions
{Marup and Tronc 1994).

Nonstoichiometric magnetite can be represented by
the formula Fe, ,O,, where v can, in principle, range
from zero (pure magnetite) to 0.333 (maghemite). If
one considers that hopping occurs only between pairs
of ferrous and ferric irons, it can also be represented
by the formula:

Fe3*[Feit, Feit, Fei;,0,,,]0, y = 3v

The hyperfine fields for Fe** in tetrahedral sites
(Fex*) and for Fe?3+* in octahedral sites (FeZ3+) should
not be too much different from those in stoichiometric
magnetite. On the other hand, the unpaired Fe?* in
octahedral sites (Fe3+) are expected to have a hyperfine
field close to 500 kOe and § = 0.39 mm/s, as observed
in maghemite (Coey et a/ 1971). Actually, the zero-
field spectrum at RT of nonstoichiometric magnetite
closely resembles that of pure magnetite, but the area
ratio of the two sub-patterns deviates from 1:1.88 be-
cause there are less ferrous ions and the unpaired oc-
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tahedral ferric ions contribute to the apparent A-site
absorption.

Magnetite undergoes a phase transition near T,
120 K, known as the Verwey transition (Verwey and
Haayman 1941). The Mdossbauer spectrum below Ty,
is quite different from that at higher temperatures, and
considerable controversy still exists regarding its in-
terpretation. It has been found that for homogeneous
single crystals of nonstoichiometric magnetite, the
transition temperature decreases continuously with the
degree of nonstoichiometry (Aragon ef a/ 1985; Kakol
and Honig 1989). The shape of the Mossbauer spec-
trum near Ty changes dramatically within a few degrees
for pure Fe,0, (T, = 121 K), whereas for highly non-
stoichiometric samples (v = 0.03) this transition is
spread-out over a much broader interval (Haley et al
1989). Hence, by measuring T, with the aid of MS,
one should in principle be able to determine the degree
of nonstoichiometry in a particular sample (Steinthors-
son et al 1992). The main problem for this approach
is that other effects such as dislocations and strains also
lower Ty, to a value as low as 104 K, as shown by Iida
(1980) for a single-crystal specimen. Thus, it seems that
the observation of a lower Ty for a given magnetite
sample is not a conclusive proof for the existence of a
nonstoichiometric composition. Furthermore, all the
above quoted results with respect to the effect of non-
stoichiometry upon T, were obtained for single crys-
tals, and the behavior of small-particle systems is most
likely different. In that respect, it is worth mentioning
that samples which seem to be really nonstoichiometric
have all been prepared at very high temperatures and
under controlled partial pressure of oxygen (Coey et al
1971; Dieckmann and Schmalzried 1977; Aragon et
al 1985; Randani er a/ 1987).

Chemical analyses have commonly been used to de-
termine the amount of Fe?+* in nonstoichiometric mag-
netites, but the agreement between their results and
those derived from the MS was usually very poor (Ran-
dani et a/ 1987). It is well known that the determination
of ferrous ions is extremely susceptible to errors due
to oxidation during the dissolution procedure, es-
pecially for large particles which are more resistant to
the acid attack. So, unless the analysis is carried out
meticulously, the reported results should be considered
with caution.

Another important question concerns the stability
range of nonstoichiometric magnetite. Using thermo-
gravimetric titration, Dieckmann (1982) showed that
the maximum value for v is 0.01 at 900°C and 0.09 at
1400°C. Values for v higher than 0.20 have been re-
ported for small-particle samples (MCD < 100 nm)
prepared by heating magnetite under air at low tem-
peratures (Annersten and Hafner 1973; Murad and
Schwertmann 1993). It is clear from these findings that
results obtained from single crystals cannot be com-
pared with those of small-particle systems.
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In this paper the authors present a careful Mossbauer
and X-ray diffraction (XRD) analysis of synthetic sam-
ples of maghemite, magnetite and nonstoichiometric
magnetite. The main objective is to determine if a
mixture maghemite-magnetite can be distinguished, by
Mossbauer spectroscopy, from nonstoichiometric
magnetite. This question is of significant importance
in connection to the characterization of magnetic soils
by means of Mdssbauer spectroscopy.

EXPERIMENTAL

Powder XRD patterns were obtained using a Philips
diffractometer with CoKa radiation and a graphite
monochromator. The scans were done in the range of
15-80° (26) at a speed of 1/4° min~!, and the reflected
intensities were recorded in a multichannel analyser.
Some samples were also step-scanned from 89° to 92°
(26), with a step of 0.01° and a counting time of 40
seconds per channel. The latter measurements were
performed on a Siemens D-5000 diffractometer
equipped with Cu-tube and a graphite monochroma-
tor. The digital patterns were fitted with a sum of pseu-
do-Lorentzian peak-shape functions, two for each re-
flection in order to account for the superposition of
Kal and Ka2 radiation. Mean crystallite diameters
(MCD) were estimated from the full width at half max-
imum (FWHM) using Scherrer’s equation with K =
0.9 (Klug and Alexander 1974). The instrumental con-
tribution to the peak width was evaluated from the
diffractogram of a well-crystallized commercial he-
matite sample, annealed at 1000°C in oxygen atmo-
sphere for 24 hours in order to optimize the crystal-
linity. Lattice parameters were determined by the Nel-
son-Riley extrapolation method (Klug and Alexander
1974).

Moassbauer spectra were recorded using a time-mode
spectrometer with a constant-acceleration drive and a
triangular reference signal. All absorbers were prepared
by mixing an amount of material with very pure carbon
in order to achieve a homogeneous thickness of ap-
proximately 10 mg Fe/cm?. The spectrometer was pe-
riodically calibrated using the spectrum of the same
hematite described above. External field (H,,,) of 60
kOQe parallel to the direction of the incident y-rays was
applied either at 275 K, or at 130 K. For these exper-
iments the calibration spectra were recorded simulta-
neously using another source and counting electronics
at the opposite end of the transducer. Center shifts are
quoted relative to metallic iron.

RESULTS AND DISCUSSION
Mossbauer results

Large-particle magnetite. Sample MMO is a commer-
cial magnetite (Agfa) that has been stored for many
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years without any particular protection against oxi-
dation. Its X-ray diffractogram shows that it contains
a small amount of hematite as an impurity phase. Size
estimation is not feasible because the line width is al-
most the same to that of the reference material used
to calibrate the equipment, indicating that the particle
size is larger than 200 nm.

The sample has been subjected to thermal treatment
for 12 hours in air at 200°C (MMOC), 300°C (MMOD)
and 400°C (MMOE). The MS at RT, (Figure 1) have
been successfully interpreted as a superposition of three
sextet components, with the highest H,; being due to
hematite. Pure Lorentzian-shaped sextets were used
with line-area ratios fixed at 3:2:1 and quadrupole shifts
€g = 0 for both sites of magnetite. The hyperfine pa-
rameters for the hematite phase, when it occurs with
less than 5% of the total absorption, were fixed at their
values found for sample MMOE, which contains 28%
of this component (see below).

As seen from Table 1, all calculated hyperfine pa-
rameters have remained unchanged by the thermal
treatment. The only difference from one sample to an-
other is the relative area of the hematite component,
which rises with increasing temperature of treatment.
Another important parameter derived from the spectra
is the occupation number (N), i.e., the ratio of iron
atoms in octahedral and tetrahedral sites of magnetite.
As reported in Table 1, this ratio is close to 2.0, re-
gardless of the amount of hematite present in the sam-
ples, meaning that the remaining magnetite keeps its
initial, near-stoichiometric composition.

In general, the final products resulting from thermal
treatment of magnetite are strongly dependent on the
conditions used to perform the transformation. Thus,
the temperature, atmosphere, heating time, particle size
and the presence of water all seem to play an important
role in that respect (Bate 1975). The present results are
in agreement with those reported by Elder (1965), who
has demonstrated that large-particle magnetite con-
verts only into hematite when heated under air, re-
gardless of the presence of water. Furthermore, we have
shown that the non-converted magnetite remains stoi-
chiometric, at least as far as the Mdssbauer results are
concerned.

Finally, the hematite hyperfine fields (see Table 1)
are very close to the saturation value for bulk samples,
for which H,; equals 517 kOe at room temperature.
This fact, together with the stoichiometry of the re-
maining magnetite, suggest that once the reaction has
been initiated in one particular grain it continues until
completion within the boundaries of that grain, rather
than forming a thin layer around the grain.

Small-particle magnetite. This sample, further denot-
ed as MMAQ, was prepared according to the procedure
described by Sugimoto and Matijevic (1980). The fol-
lowing solutions were mixed in a three-port flask under
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Figure 1. Room temperature Mdssbauer spectra of large-particle magnetite: a) MMO, b) MMO heated at 200°C, ¢) MMO
heated at 300°C, and d) MMO heated at 400°C. The high-field absorption is due to hematite. Full lines represent the calculated

spectra and their sum.

constant purging with nitrogen: 150 cm? of 0.5 M KOH,
30 cm? of 2.0 M KNO; and 30 cm? of 0.25 M FeSO,.
After dilution to 300 cm® with water, the system was
kept at 90°C without agitation. After thirty minutes the
black precipitate was centrifuged, washed several times
with O,-free water and then dried at 40°C under air.
Bi-distilled water in which oxygen-free nitrogen was
bubbled for two hours was used to prepare all solutions.

The solid material was stored at room temperature
under air. According to the XRD pattern, the MCD
along the [311] direction is approximately 80 nm.
The room-temperature MS of the freshly prepared
sample is shown in Figure 2a. This spectrum has been
adjusted with two Lorentzian-shaped sextets using the
following constraints: line-area ratios 3:x:1, quadru-
pole shift fixed at zero and independent widths for each

Table 1. Ma3ssbauer parameters as derived from the room temperature spectra of samples MMO, MMOC, MMQD and
MMOE. The full widths of lines 1 and 6 are given by I', <. N is the ratio of iron atoms in octahedral and tetrahedral sites of

magnetite.
Fe,O, a-Fe, O,

th,A aA LE RA th,B 6A rl.6 RA Hnr 6 r].é RA
Sample (kOe) ({mm/s) (mm/s) (%) (kOe) (mm/s) (mm/s} (%) N (kOe) (mm/s) {mm/s) (%)
MMO 491 0.265 0.25 33 459 0.662 0.35 63 2.0 517 0.367 0.29 4
MMOC 490 0.267 0.26 35 458 0.661 0.37 60 1.9 517 0.367 0.28 S
MMOD 490 0.264 0.26 28 459 0.659 0.35 55 2.1 515 0.366 0.30 17
MMOE 490 0.267 0.26 24 459 0.663 0.35 48 2.1 517 0.367 0.28 28
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values for stoichiometric magnetite, especially as far
as the relative areas are concerned.

Figure 2b shows the spectrum of sample MMAO one
month after synthesis (sample MMAON). It is evident
that the area ratio has decreased, as can be seen from
the Mdossbauer parameters given in Table 2. The value
for N has dropped to approximately 1.5, indicating
that this sample could be a nonstoichiometric mag-
netite. The absorption in the central part of the spec-
trum is now sufficiently intense to be fitted, and a dou-
blet with a quadrupole splitting (AEg) of 0.34 mm/s
and § = 0.092 mm/s has been successfully adjusted. A
fixed line width of 0.35 mm/s had to be imposed. This
doublet accounts for 1.6% of the total absorption and
its origin could not be established.

Thermal treatment of sample MMAUO at several tem-
peratures, usually less than 200°C, has produced ma-
terials for which N varies with the heating time and/
or temperature. A typical example is sample MMAQH,
which was obtained after heating at 80°C for 24 hours
in air. Its MS is shown in Figure 2c, and the parameters
obtained from a two-sextet fit are listed in Table 2.
The occupation number for this sample is 0.9. The
A-site hyperfine field is 2 kOe higher than for MMAJO,
whereas it has remained unchanged for the octahedral
site. Although this increase is rather small, it is believed
to be significant since it has been observed by Murad
and Schwertmann (1993) in magnetites of similar crys-
tallinity. A possible explanation for this higher hyper-
fine field is given in the text below.

As explained in the Introduction, a strong external
field should enable to separate any absorption due to
Fe3* in octahedral sites from that due to Fe3** in tet-
rahedral ones, the sample being either nonstoichiomet-
ric magnetite or a mixture maghemite-magnetite. Fig-
ure 3 shows the 60 kOe applied-field spectra of samples
MMAON and MMAOQH. For both a third component
is evident, which is less intense for sample MMAON.
It should be stressed at this point that the Am; = Q
transitions {(middle lines at velocities in the vicinity of
—3 and +4 mm/s) have not completely vanished, in
contrast to what is observed for stoichiometric mag-
netite (De Grave et al 1993). These middle lines most
probably can be attributed to the presence of a minor
fraction of small-particle maghemite.

At first glance a three-sextets fit would be adequate
to describe the applied-field data (Figures 3a and 3b).
For this first attempt the same restrictions to those
imposed in fitting the MMAO spectra at RT were used,
and the relevant parameters are given in Table 2. A
surprising result concerns the values found for the
Fei* and Fe}** hyperfine fields. These values are ex-
pected to be the same as those determined from the
zero-field spectra. This is indeed observed to be the
case for Fei*, but not so for Fe33+ for which a difference
of about 10 kQe is obtained. A similar phenomenon
has recently been pointed out and discussed by De
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Grave et al (1993) for magnetites containing up to 0.04
Co cations per formula unit, and the reader is referred
to that paper for further details. It is further important
to realize that the center shift for the Fej* component
is very close to the value for isolated ferric ions, as
found for example in maghemite (da Costa er al 1994a).
This means that the corresponding ferric ions, if pres-
ent in the magnetite lattice, do not participate in the
hopping process. This suggests a pair-localized char-
acter for the electron-exchange process. This suggestion
is in agreement with the results and their interpretation
as reported by Daniels and Rosencwaig (1969).

At this point, it seems pertinent to check all the
results presented above with respect to the chemical
formula indicated in the Introduction for nonstoichio-
metric magnetite. From this formula, two relations be-
tween the unknown degree of nonstoichiometry y and
experimentally observable area ratios can be derived:

Feg®*

=2-2
Felt Y
and
Fed+
Ferr 1.666y

Using the relative areas as obtained from the in-field
spectra (Table 2) for sample MMAOH and a value of
0.94 for fy/f, for magnetite (Sawatzky et al 1969), and
assuming equal recoilless-fraction for ferric ions re-
gardless of their coordination, the first equation yields
y = 0.31 = 0.04, and in the second equation y = 0.44
* 0.06. The errors in y were calculated by considering
a reasonable inaccuracy of 10% for the experimental
values of the relative areas. The difference between
these two y values, even taking into account the errors,
is rather large. Possible explanations for this discrep-
ancy are that the proposed formula is not correct, or
that vacancies could have entered both lattice sites. It
is easily calculated that for this latter case the com-
position which would be consistent with the observed
area ratios can be written as:

(Fed 500 o) {FedtsFedtsFedts0.0410,

This high vacancy concentration in tetrahedral sites is
unlikely to be realistic.

A third possible cause for the inconsistent y data is
that the involved sample is a mixture of magnetite and
maghemite, rather than a single-phase, nonstoichio-
metric magnetite. If a few additional, but nevertheless
reasonable parameter restrictions are imposed in the
fitting procedure, a sum of four sextets is readily ad-
justed to the experimental data, as shown in Figures
3c and 3d. These constraints were: fixed A- to B-area
ratio of 1:1.88 for the magnetite component, and 0.375:
0.625 for maghemite component, and additionally d,
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Figure 3. Applied-field (6 Tesla) M&ssbauer spectra at 275 K of small-particle magnetite. Spectra fitted with three sextets:
a) MMAO and b) MMAGOH. Figures 3¢ and 3d depict a four-sextets fit to the same spectra.

= 65 — 0.12 mm/s for the latter one. Different line
widths were used for each sextet. In this way the pa-
rameters listed in Table 2 were obtained, which are all
within the range of acceptable values for both mag-
netite and maghemite. Thus, sample MMAOH could
be a mixture of approximately 30% of maghemite and
70% of magnetite. Of course, more complicated
mixtures of magnetite/maghemite and nonstoichio-
metric magnetites, with different amounts of each com-
ponent and/or degrees of nonstoichiometry, could be
proposed to comply with the Mdssbauer results. In
conclusion, as far as Mdssbauer spectroscopy is con-
cerned, it seems to be impossible to correctly define
the composition of sample MMAOH and related sam-
ples.

Synthetic mixtures of magnetite and maghemite. Two
synthetic mixtures have been prepared as follows:

— sample MMAA:
11 mg of MMAO + 4 mg of E9d

https://doi.org/10.1346/CCMN.1995.0430602 Published online by Cambridge University Press

— sample MMAB:
11 mg of MMAO + 4 mg of MM100

Sample E9d is a poorly crystallized maghemite (MCD
~ 18 nm) synthesized by a sol-gel method (da Costa
et al 1994b). Sample MM100 is a well-crystallized
commercial maghemite (Agfa). At room temperature
the MS of both samples consist of one broad and asym-
metric sextet, due to the almost complete overlap of
the octahedral and tetrahedral patterns. Two asym-
metric Lorentzian-shaped sextets were used, and the
A-site center shift was constrained as 6, = 65 — 0.12
mm/s (da Costa et a/ 1994a). The hyperfine fields were
found to be: H,;4, = 490 kOe and H,cg = 493 kOe for
sample E9d; and H;, = 500 kOe and H,;p = 501 kOe
for sample MM 100.

The RT Madéssbauer spectra of the mixtures are shown
in Figures 4a and 4b. They closely resemble the spectra
of the samples discussed in the preceding section, es-
pecially as far as the area ratios of the two patterns are
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Figure 4, Mossbauer spectra of the synthetic mixtures: a) RT spectra of magnetite and poorly-crystallized maghemite
(MMAA); b) RT spectra of magnetite and well-crystallized maghemite (MMAB). Applied-field (6T, 275 K) spectra: ¢) and
¢) refer to sample MMAA fitted with three and four sextets respectively; d) and f) refer to sample MMAB also fitted with

three and four sextets respectively.

concerned. Both spectra could be adequately analyzed
as a superposition of two Lorentzian sextets using the
same restrictions as for sample MMAO, and the re-
sulting parameters are given in Table 3. For the sake
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of simplicity we shall use the same site attribution as
in pure magnetite, i.e., the high-field component will
be called “A site” and the other “B site”. Sample
MMARB, which contains the well-crystallized maghem-
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Table 3. Mossbauer parameters at room temperature (upper part) and at 275 K under an applied field of 60 kOe (lower
part) of synthetic mixtures of maghemite and magnetite. Estimated errors are: 1 kOe for the effective fields (H.q), 4 kOe for
the hyperfine fields (H,,) and 0.01 mm/s for the isomer shifts (5).

Fe,O, v-Fe, 0,

Hega  Hpa N RA Hern ) [ RA H.5n ) 8y RA Hegsa  Hpga Ba RA

Sample (kOe) (kOe) (mm/s) (%) kOe) (kOe) (mm/s) (%) (kOe) (kOe) (mm/s) (%) (kOe) (kOe) (mm/s) (%)
MMAA — 489 0.28 47 — 459 0.64 53 - - - - - - - —
MMAB — 492 0.28 59 - 458 0.66 41 - - - - - - - -
MMAA* 553 493 030 33 407 467 0.69 41 443 503 039 26 —- — - -
MMAB* 555 495 029 36 408 468 0.69 40 448 508 0.3%9 24 - - - -
MMAA 554 494 030 22 407 467 0.69 40 444 504 039 24 551 491 0.27 14
MMAB 553 493 030 22 408 468 0.69 40 448 508 039 24 559 499 0.27 14

* The last four numerical data do not correspond to the B-site of maghemite.

ite, has the ““A-site”” hyperfine field larger than sample
MMAA. Furthermore, the relative area is also higher
for this component: 59% in sample MMAB and 47%
in MMAA. These results are easily understood con-
sidering that: i) the hyperfine fields of sample MM 100
are larger than those in E9d; and ii) small-particle
maghemite (E9d) usually has a broader hyperfine-field
distribution, especially toward low-field values, and so
it contributes more to the “B-site” absorption in the
mixture.

The external-field spectra of both mixtures are shown
in Figures 4c¢ and 4d. Again, they are very similar to
those obtained for sample MMAO and MMAOH re-
spectively. A three-sextets fit reproduces the experi-
mental data in an acceptable manner, and the derived
hyperfine parameters are included in Table 3. The rel-
ative area ratios of these three patterns are the same
for both samples, as it would be expected since they
contain the same amount of maghemite and magnetite.
It is worth mentioning that the center shift for the extra
component is again typical for Fe3* in an octahedral
oxygen coordination. Although a three-sextet fit would
seem to be acceptable as far as reproducing the spectra
is concerned, it does not correspond to the physical
reality since there are four distinct iron sites in the
involved mixtures. This proves that even by applying
a strong external field, it remains impossible to clearly
separate the contribution of the A site of magnetite
from that of rhaghemite. Attempts to fit four sextets
with the same restrictions as mentioned in the previous
section were successful (Figures 4e and 4f), and the
various hyperfine parameters (Table 3) are all in good
agreement with those of the composing compounds
and with literature values for maghemite and magne-
tite.

Nonstoichiometric magnetite. Sample MAGOO is a sup-
posedly pure large-particle magnetite which is part of
the laboratory collection. Its cell parameter has been
determined from the XRD reflections in the region 15—
80° (26) and it was found to be (0.8397 = 0.0005) nm,
in excellent agreement with literature values (JCPDS
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card # 19629). The particle size is in the same range
as that for sample MMO, i.e., larger than 200 nm. The
MS collected at RT is shown in Figure 5a, and its
parameters derived from a two-sextet fit are listed in
Table 4. The FWHM oflines 1 and 6 for the tetrahedral
site (I'y%) is 0.26 mm/s, whereas T'y¢ = 0.34 mm/s. This
broadening of the B-site line has been discussed in
detail by De Grave et a/ (1993). From the relative areas
it is calculated that the occupation number is 1.9, very
close to the theoretical value for stoichiometric mag-
netite.

Attempts to obtain nonstoichiometric magnetite were
carried-out by heating sample MAGOQO at selected tem-
peratures and periods of time under a controlied partial
pressure of oxygen. An example is sample MAGOS3,
which was obtained after heating MAGO00 at 1300°C
during three hours in a atmosphere of CO, and then
quenched in water. According to Dieckmann (1982)
this procedure should produce nonstoichiometric mag-
netite. Heating for longer periods or at lower temper-
atures always produced hematite in addition to the
spinel phase.

The XRD pattern in the region of 15-80° (26, Co
tube) of MAGOS5 shows exclusively the spinel reflec-
tions. The cell parameter was found to be (0.8393 =
0.0005) nm, which is not significantly different from
that of sample MAGOQO0. This finding disagrees with
that of Annersten and Hafner (1973) and of Randani
et al (1987), who both observed a much smaller cell
parameter for samples with approximately the same
degree of nonstoichiometry as MAGOS. This discrep-
ancy will be discussed in detail later.

The MS recorded at RT for sample MAGOS is shown
in Figure 5b. The hyperfine parameters as derived from
a two-sextet fit, are the same as those of MAGOO (Table
4), but the occupation number has dropped to 1.3,
suggesting a nonstoichiometric magnetite with ap-
proximate composition of Fe,,0,. Both subpatterns
are broadened as compared to MAGOO: T'y¢ = 0.38
mmy/s, and T'y® = 0.57 mm/s.

External-field measurements at 130 K were per-
formed to obtain a more precise characterization of the
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Figure 5. Room-temperature M&ssbauer spectra of well-crystallized magnetite: a) original sample (MAGOO), b) after annealing
MAGOO at 1300°C in a controlled O, partial pressure (MAGOS5). Applied-field (6T, 130K) spectra: ¢) MAGO00, d) MAGOS
fitted as a mixture of magnetite and nonstoichiometric magnetite.

MAGO0 and MAGOS5 samples. The spectrum of the
first sample is depicted in Figure 5c¢. There is no in-
dication that the middle lines are present and a two-
quadruplet model accounts very well for the experi-
mental data (full lines in Figure 5¢). The derived pa-
rameters are listed in Table 4. The widths were found
to be: ['4%= 0.33 mm/s and I'y = 0.41 mm/s. This line
broadening is known to occur on approaching the Ver-
wey transition, and for a recent discussion on that sub-
ject the reader is referred to the work of De Grave et
al (1993). The external-field spectrum of sample
MAGOS5 shows the expected three-pattern structure,
but two features, not observed in the MS for the afore-
mentioned samples, have appeared: (i) the decoupled
Fe3* pattern retains a considerable overlap with that
of the presumed Fe23+, and (ii) this latter component
is extremely broad. The first trial fits using three Lor-
entzian-shaped quadruplets, yielded an unreasonably
low value for the center shift of the octahedral ferric
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site. Moreover, the outer line width I'*¢ for the Fe?5+
component was found to be =0.8.mm/s, which is un-
acceptably broad for a sample presumed to be single
phase. In a subsequent attempt, three model-indepen-
dent distributions of hyperfine fields, accounting for
any compositional disorder possibly existing in non-
stoichiometric magnetite, have been considered. Apart
from the difficulties to properly specify the intervals
for the distinct distributions, it was consistently found
that the center shift of the octahedral Fe*+ component
had a value close to 0.37 mm/s, which is much lower
than commonly observed for spinel ferrites, and there-
fore believed to be unreal. Finally, a four-sextet fit, as
applied to the MS of the mixed maghemite/magnetite
samples described in the previous sections, would be
meaningless since maghemite is unlikely to exist in
MAGOS5 due to the high temperature used to prepare
the sample.

At this point it is worth recalling that the X-ray
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Table 4. Hyperfine parameters of samples MAGO0 and
MAGO5 at room temperature (upper part) and of sample
MAGOO at 130 K in an applied field of 6T (lower part),
assuming that H,,, fully adds to H,,, or subtracts from Hyy.

Hyga 8a RA, Hugs da RAu

Sample (kOe) (mm/s) (%) (kOe) (mm/s) (%)
MAGO00 491 0.27 36 460 0.66 64
MAGO5 492 0.28 45 459 0.67 55
MAGO0 500 0.35 36 482 0.76 64

diffractogram of MAGOS5 presented no indication
whatsoever for the presence of a phase other than a
magnetite-like compound. Also, as argued above, a
three-sextet fit, i.e., assuming single-phase, nonstoi-
chiometric magnetite, cannot be accepted. Therefore,
a next plausible possibility which requires further ex-
ploration is that MAGO35 consists of a mixture of the
type (1-x) Fe,O, + xFe,_,0,, with v the average degree
of nonstoichiometry. Since the sample has been pre-
pared starting from a powder, it is not unlikely that v
exhibits a more or less broad range of values. In that
case, the MS is expected to be composed of a super-
position of at least five subpatterns, namely two due
to the magnetite and three due to the partly oxidized
phase. It is obvious that several constraints had to be
imposed in order for the iteration routine to reach
convergency with reasonable adjusted parameter val-
ues. These constraints were: equal widths and center
shifts for the two tetrahedral ferric components, equal
widths for the two intermediate-valency states of oc-
tahedral iron, ¢, = O fixed for all quadruplets, and fixed
B- to A-site area ratio of 2:1 for the magnetite sub-
pattern (at low temperatures the ratio of the A- to B-site
Maossbauer fractions in magnetite is close to 1). As
shown in Figure 5d, this fitting procedure produced a
reasonable reproduction of the observed line shape.
However, as a result of the strong overlap of the various
sub-components, and hence of the unprecise deter-
mination of the various Mdssbauer parameters, only
a few semi-quantitative conclusions can be derived
from the model. These include that about half of the
sample consists of the undisturbed magnetite phase,
and that the average degree v of nonstoichiometry of
the remaining half is situated within the range 0.1-0.2.

In summary, it has become clear from the present
analyses that the zero-field MS (RT), reportedly to be
characteristic for nonstoichiometric magnetite (Figure
5b), fail to provide a clear-cut characterization of the
precise nature of the magnetite phase involved. Even
the application of an external field with a strength of
up to 6 T, seems to have its limitations in that respect.
Obviously, more research work needs to be done on
samples which have been prepared under proper, well-
controlled conditions and which have been character-
ized by a range of various, complimentary techniques.
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X-ray diffraction results

The diffractograms of all samples in the region from
15 to 80° (26, Co tube) show the expected pattern of
spinel structures, and no information about the sam-
ples’ composition is apparent from them. Following
the suggestion of Daniels and Rosencwaig (1969), a
scan in the region of the (553) reflection can provide
some indication about the presence of maghemite in-
termixed with magnetite. The step-scanned patterns of
some selected samples are reproduced in Figure 6. Al-
though an internal standard has not been used in these
XRD measurements, it is believed that comparisons
can be drawn between the results obtained for the var-
ious samples because exactly the same experimental
conditions were applied for all of these measurements.
In principle, the mixed sample MMAA is expected to
exhibit two pairs (K, and K ;) of diffraction lines, one
corresponding to magnetite and another one due to
maghemite. The diffractogram in Figure 6a shows that
the broad signal which can be attributed to the poorly
crystalline maghemite phase is not readily distin-
guished from the sharper magnetite component. Its
presence could only be confirmed after a numerical
deconvolution procedure. The two unit-cell parame-
ters and diffraction-line widths derived from this treat-
ment are listed in Table 6. The former ones are rea-
sonably close to those reported for magnetite and
maghemite (JCPDS cards # 19.629 and 4.755) respec-
tively. Daniels and Rosencwaig (1969) also scanned
their samples in the region of the (210) and (213) re-
flections in order to reportedly demonstrate the ab-
sence of a maghemite impurity. However, these par-
ticular reflections are superstructure lines associated
with a 1:5 ordered arrangement of the vacancies and
iron species. Such ordering is unlikely to occur in small-
particle maghemite (Haneda and Morrish 1977).

Samples MMAON and MMAOH show similar XRD
patterns (Figures 6b and 6c). It was found necessary to
include two sets of pseudo-Lorentzian lines in order to
describe the experimental data in an adequate way.
The corresponding cell parameters are smaller for sam-
ple MMAOH, and this could imply a higher degree of
oxidation (Table 5). Furthermore, the second com-
ponent is much broader than the first one. It seems
conceivable to propose that both samples are actually
mixtures of magnetite, nonstoichiometric magnetites,
and possibly maghemite as well. Samples MAGO0O0 and
MAGOS also exhibit patterns similar to the previous
ones (Figures 6d and 6¢), but due to their larger particle
size the K, and K, reflections are better resolved. For
sample MAGOQO, a broad, but weak contribution is
observed to be superimposed to the background signal.
Its origin has remained unclear. The main peak is very
sharp and the cell parameter (0.8389 nm), calculated
from its position, is smaller as compared to literature
data quoted for magnetite, but similar to values ob-


https://doi.org/10.1346/CCMN.1995.0430602

Vol. 43, No. 6, 1995

400

(b)
700

arbitrary units
&
<o

1,000

1,000

89

91
2 THETA

Figure 6. X-ray diffractograms (Cu Ka) in the region of the
(553) reflection: a) synthetic mixture of magnetite and poorly
crystallized maghemite (MMAA), b) small-particle magnetite

https://doi.org/10.1346/CCMN.1995.0430602 Published online by Cambridge University Press

Influence of nonstoichiometry and the presence of maghemite

667

Table 5. X-ray diffraction parameters obtained from the step-
scan from 89° to 92° (26, Cu-tube) for some selected samples.
Estimated errors for the cell parameters al and a2 are 0.0005
nm.

al FWHM a2 FWHM
Sample (nm) 26) (nm) 20
MMAA 0.8391 0.28 0.8356 1.1
MMAON 0.8385 0.20 0.8376 0.39
MMAGH 0.8382 0.26 0.8369 0.48
MAGO00 0.8389 0.11 - -
MAGO5 0.8389 0.15 0.8383 0.11

tained from reflections in the low-angle region. In con-
trast, the computer fit for sample MAGOS reveals two
clearly distinct pairs of reflections, the less intense one
(=40% of the total area) corresponding to a same unit-
cell parameter as that found for sample MAGOQ. The
second peak is shifted toward slightly higher diffraction
angles, and is relatively sharp as well. In accordance
with the high temperature at which this sample was
prepared, no evidence for the presence of maghemite
is inferred from the MAGOS5 diffractogram. In conclu-
sion, the high-angle XRD scans seem to confirm that
sample MAGOS is composed of magnetite and a non-
stoichiometric magnetite phase. In contrast to samples
MMAO and MMAUOH, the degree of nonstoichiometry
appears to be well-defined, although it has remained
impossible to determine its value from the present ex-
periments. These XRD results are in qualitative agree-
ment with those suggested by the Méssbauer analyses.

CONCLUSIONS

The thermal decomposition products of large-par-
ticle magnetite have been identified as hematite and
stoichiometric magnetite. On the other hand, the MS
of the products obtained by heating small-particle mag-
netite could be successfully interpreted as the result of
a simple mixture of magnetite and maghemite, instead
of single-phase nonstoichiometric magnetite. This con-
clusion is found to be supported by the spectra of syn-
thetic mixtures of magnetite and poorly- and well-crys-
tallized maghemite. These latter spectra proved un-
equivocally that it is not feasible to resolve any con-
tribution to the MS by the A-site ferric ions in magnetite
from those in maghemite. Finally, it was shown that
heating large-particle magnetite at 1300°C under a con-
trolled atmosphere produced nonstoichiometric mag-
netite, however, with a non-unique degree of nonstoi-
chiometry.

one month after synthesis (MMAON), c¢) small-particle mag-
netite heated at 80°C in air (MMAOH), d) large-particle mag-
netite (MAGOQ0), e) previous sample annealed at 1300°C.
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