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Abstract—This paper reports on the results of investigations into the structure and the magnetic and magneto-
optical properties of thin films Mn,Fe; _ O, prepared by solid-state reactions: isothermal annealing, self-prop-
agating high-temperature synthesis, and a combination of these two regimes. The regimes favorable for the for-
mation of films close in composition and structure to the stoichiometric compounds MnFe,O, or Fe;0, are
established. The features observed in the spectral response of the magneto-optical Faraday effect and of the
magnetic circular dichroism of the MnFe,0, films are considered in terms of the electronic transitions in mag-
netic ions, primarily Fe**, which occupy octahedral positions in the spinel structure.
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1. INTRODUCTION

Spinel ferrites of the general formula MFe,0,,
where M stands for a divalent cation, form a class of
magnetic oxides which both have application potential
and are of interest from the standpoint of basic science.
Their representatives, magnetite Fe;O, and manganese
ferrite MnFe,O,, have attracted the particular attention.
Magnetite is used in dye industry as precursor in produc-
tion of magnetic liquids, as a heterogeneous catalyst, etc.
Manganese ferrite is a basic material of microwave tech-
nology. Spinel ferrites occupy also a unique place in the
development of magneto-optical devices intended for
operation in the wavelength range 0.8—1.5 um because
of their high transparency and large Faraday rotation
coefficient. The magneto-optical properties of oxide
spinels depend not only on their chemical composition
but on the distribution of magnetic cations over the
crystallographic positions in the spinel lattice as well,
and, hence, on the technology of their preparation. We
report on a study of the magnetic and magneto-optical
properties of polycrystalline Mn,Fe; _,O, films in con-
nection with the specific features of their structure. The
films were prepared by solid-state reactions in three dif-
ferent regimes: isothermal annealing; self-propagating
high-temperature synthesis (SHS) [1-3], which has
become very popular recently; and their combination.
The SHS technique had been first put to practical use in
preparation of thin films of ferrites, more specifically,
Co,4CrFe, (O, [4].

2. FILM PREPARATION
AND EXPERIMENTAL TECHNIQUES

Polycrystalline Mn-ferrite films were produced in
solid-state reactions initiated in metal/oxide layered
structures. Solid-state reactions can proceed in the
regimes of both isothermal annealing and SHS [4]. For
SHS to set in, the original mixture has to contain fuel
and oxidizer to maintain burning. In oxide synthesis, it
18, as a rule, the metal that serves as fuel. The oxidizer
is oxygen. Oxidation of the metal is the main reaction,
because it is this process that provides the liberation of
heat necessary for supporting the SHS. Two sources of
oxygen, internal and external, can be used.

The films of manganese ferrite were produced by
the following solid-phase reaction

2MnO + 2Fe + 30, = 2MnFe,0,.

The reagents are arranged as layers in the MnO/Fe film
structure.

The Mn films were deposited by thermal evapora-
tion in vacuum at a base pressure P = 107 Torr on a sub-
strate (cover glass) maintained at 450-500 K. Deposi-
tion was effected in several evaporation cycles per-
formed under identical conditions. Samples 1-4 were
prepared simultaneously in one deposition cycle. After
this, the Mn films were oxidized for 1 h in air at a tem-
perature of 650 K.

Atop the oxidized Mn films, the Fe layer was depos-
ited by thermal evaporation in the conditions described
above. The thickness of each layer varied from 30 to
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Table 1. Composition of the final phase and film thickness from x-ray fluorescence data

Sample Structure Thlil;rlless, Solid-state reaction conditions M, G

1 Predominantly Fe;0, 190 SHS (~700 K) 450

2 Predominantly Mn ferrite 190 Isothermal annealing at 620 K, 3 h 250-350
3 Predominantly Mn ferrite 190 Isothermal annealing at 720 K, 3 h 150

4 Predominantly Mn ferrite 190 SHS + isothermal annealing at 770 K, 10 min

5 Mn, ,Fe; sO, 130 Isothermal annealing at 620 K, 3 h 320

6 | Predominantly Fe;0, (with >'Fe) 450 SHS + isothermal annealing at 700 K, 6 h 450

7 MnFe,0, (with >’Fe) 230 SHS + isothermal annealing at 620 K, 3 h 150

70 nm. In two cases, 50% of the Fe charge was the >’Fe
isotope. The MnO/Fe bilayer samples thus prepared
were subjected to thermal treatment in the solid-state
reaction regime. Three different techniques were
employed, namely, SHS, isothermal annealing, and
SHS followed by isothermal annealing.

To prepare ferrite films by SHS, the film structure
was placed on a heater and heated with a rate of not less
than 20 K/s (thermal explosion) to the temperature at
which the SHS wave was initiated (~700 K). The wave-
front propagation was readily visualized and was typi-
cal of thin film SHS [2].

The solid-state reaction under isothermal annealing
was performed by heating in a furnace at temperatures
of 620-720 K for 3 h. In the cases where annealing was
performed after the SHS, it could differ in duration. The
films prepared by solid-state reactions in layered struc-
tures had a smooth specular surface, irrespective of the
actual solid-state reaction regime and annealing tem-
perature. The 450-nm-thick films containing the 3’Fe
iron isotope and prepared by SHS were an exclusion.
These films were found to contain separate small
(~0.5 mm?) fragments which, being optically more
dense, could be seen by eye in transmission. The syn-
thesis conditions and the thickness of the samples are
listed in Table 1.

The chemical composition of the samples (absolute
content of Fe and Mn) was determined using the x-ray
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Fig. 1. X-ray diffraction pattern of the bilayer film (corre-
sponding to sample 2) before initiation of the solid-state
reaction.
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fluorescence analysis. Next the film thickness was esti-
mated from x-ray diffraction measurements assuming
the formula of the final reaction product. The x-ray dif-
fraction patterns were recorded on a DRON-3 diffracto-
meter (CuK,, radiation). The Mdossbauer spectra were

measured at room temperature with a >’Co(Cr) source
in the constant acceleration mode. The isomer chemical
shifts are referenced to metallic iron o-Fe. The satura-
tion magnetization was measured with a torsion mag-
netometer. The Faraday rotation was probed by modu-
lating the light beam in the plane of polarization, with
the angle of rotation measured to within 0.2 min. The
spectral interval covered was 450—-1000 nm. The exter-
nal magnetic field was 2 kOe. The magnetic circular
dichroism (MCD), the difference in the absorption
coefficients between waves that are right- and left-
polarized with respect to the direction of magnetization
of the material in which they propagate, was studied by
modulating the light beam in phase [5]. The relative
accuracy of measurements was not worse than £0.5%
of the measured value.

3. RESULTS
3.1. Structural and Phase Analysis

Figure 1 presents the x-ray diffraction pattern of a
bilayer sample of manganese oxide with an iron layer
deposited on top which was obtained before initiation
of the solid-state reaction. The x-ray diffraction pattern
is seen to contain the peaks corresponding to the o-Fe
phase, Mn;O,, and MnO. Thus, the bilayer structure
represents actually a superposition of a mixture of iron
with the Mn;0, and MnO oxides. The x-ray diffraction
pattern of this film measured after the completion of the
solid-state reaction run in the isothermal annealing
regime at 620 K (Fig. 2) contains two reflections
belonging to the MnFe,O, ferrite phase. Tabulated data
identify them as the strongest diffraction bands corre-
sponding to the [311] and [400] interplanar distances
[6]. The weak reflections could be assigned to either an
iron oxide (¢- and y-Fe,05) as an impurity phase or a
surface film which forms as the sample cools down fol-
lowing isothermal annealing, a feature observed fre-
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Fig. 2. X-ray diffraction pattern of sample 2.

quently in the course of synthesis and thermal treatment
of bulk ferrites and ferrite films. Samples 25 and 7
reveal a similar x-ray diffraction pattern. Thus, the x-
ray diffraction patterns of film structures obtained after
the completion of the solid-state reaction in the isother-
mal annealing regime suggest formation of polycrystal-
line manganese ferrite.

Figure 3a presents the Mdssbauer spectrum of sam-
ple 7. Note that the film that was subjected to the SHS
reaction contains separate small (0.5 mm?) regions of
black color, presumably of the Fe;O, residual phase,
which disappear after annealing in air for 3 h. Table 2
lists the parameters of the hyperfine structure of the
spectrum of sample 7. This sample reveals iron posi-
tions whose Mossbauer parameters and, hence, the
local environment are close to those in o-Fe,O; hema-
tite (~20%) and 7y-Fe,O; maghemite (~8%) [7]. The
positions of the remaining iron (~78%) are close in
parameters to those in manganese ferrite [8]. The
higher values of the isomer chemical shifts and the
large linewidths evidence the manganese ferrite to be
nonstoichiometric. Just as the manganese ferrite, the
maghemite has spinel structure (Fe)[Fes;0,,3]0,,
where O stands for the cation vacancy. Thus, the spinel
phase of sample 7 may be considered both as a solid
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Fig. 3. Mossbauer spectra of samples (a) 7, (b) 6, and
(c) natural magnetite.

solution y-Fe,O; + MnFe,0, and as the manganese fer-
rite with cation vacancies.

A different pattern is observed for the thicker sam-
ple 6 (Fig. 3b) which reveals the presence of mixed-
valence iron characteristic of the Fe;O, magnetite. In
Fig. 3c the response is compared with the spectrum of
natural magnetite. Rough estimates performed by fit-

Table 2. Hyperfine structure parameters of the Mdssbauer spectra (IS is the isomer chemical shift relative to o-Fe, H is the hyper-
fine field at iron nucleus, QS is the quadrupole splitting, W is the absorption line width, and S is the fractional occupancy of

the inequivalent position)

Sample | IS, £0.02 mm/s H, £5 kOe 0S8, +£0.03 mm/s | W, £0.03 mm/s S, +0.03 Structure

7 0.38 516 -0.32 0.27 0.21 o-Fe,04
0.33 501 0.43 0.26 0.08 v-Fe, 05
0.43 491 0 0.63 0.43 MnFe,0,
0.45 446 0.13 0.72 0.14
0.44 385 0 0.98 0.15

6 0.33 493 0.03 0.51 0.35 Fe;0,
0.62 448 0 0.67 0.24
0.41 475 -0.12 0.38 1.12 MnFe,0,
0.44 407 0 1.25 0.26
1.03 0 0.48 0.48 0.03 Fe?*
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Fig. 4. Room-temperature FE spectral response measured in
a magnetic field of 2 kOe for different samples (a) (/) 1 and
(2)4;(b) (1)3,(2)2,and (3) 5; and (c) (/) 6 and (2) 7.

ting the experimental spectrum to four sextets and one
doublet are listed in Table 2. We readily see that ~60%
of the iron present in the film may reside in a local envi-
ronment close to that in magnetite, and ~40%, to that in
the manganese ferrite phase. Thus, sample 6 may rep-
resent actually a solid solution of magnetite and man-
ganese ferrite. The presence in the reaction products of
the above phases argues for the solid-state reaction not
having been run to the end.
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3.2. Magnetization

The results of magnetization measurements are
listed in Table 1. The saturation magnetization Mg of
the synthesized films is seen to depend on film thick-
ness and the regimes of the solid-state reactions. In par-
ticular, the saturation magnetizations of the films pre-
pared in the SHS solid-state reaction are substantially
higher than those of the films obtained in a solid-state
reaction performed under isothermal annealing.
Because the principal kinetic parameter of these
regimes is the reaction rate, the difference in the mag-
netizations may be due to different degrees of oxidation
reached in the layered structures and, hence, to the pres-
ence of iron in a different valence state (Fe*) and, thus,
of the magnetite as the impurity phase. This assumption
is not at odds with the measurements of optical spectra
of the films prepared in different solid-state reaction
regimes.

The magnetizations of the films prepared by isother-
mal annealing at different temperatures are also seen to
be different. The magnetization is observed to depend
also on composition of the films prepared in the same
conditions.

3.3. Magneto-Optical Effects

The spectral response of the Faraday effect (FE) is
shown graphically in Fig. 4. The pattern of the FE spec-
trum in the long-wavelength region depends markedly
on the solid-state reaction regime. Sample 1 prepared
by SHS synthesis (without subsequent isothermal
annealing) exhibits in the region of positive values a
broad maximum centered about 700 mm (Fig. 4a,
curve /). The presence of this maximum is a character-
istic feature of the FE spectrum of Fe;O, magnetite
films [9]; it is assigned to the spin-allowed electronic
transition in divalent iron ions. The presence of magne-
tite in this sample is evident both from the x-ray diffrac-
tion pattern (Fig. 1) and from the Mossbauer spectrum
(Fig. 3). Thus, the oxidation reaction initiated by SHS
does not come to the end. Subsequent annealing of this
film at a temperature of 770 K for 10 min brings about
a sharp decrease of this maximum (curve 2 in Fig. 4a),
thus evidencing intensification of the process of oxida-
tion of Fe?* to Fe**. In the present case, however, this
process does not reach completion. Isothermal anneal-
ing performed for a long time (without preliminary
SHS) provides complete oxidation of the divalent Fe
ions; the FE curves in the long-wavelength region
obtained after such a treatment approach closely one
another and do not contain any maxima (Fig. 4b). Pro-
longed annealing following SHS reaction brings about
the same result (Fig. 4c, curve /). The effect of film
thickness on the outcome of the solid-state reactions
turned out unexpected results. The oxidation reaction in
the sample of about twice larger thickness does not
come to completion; indeed, a splitting characteristic of
the magnetite appears in the Mdssbauer spectrum, and

No. 12 2008



EVOLUTION OF THE STRUCTURE AND MAGNETO-OPTICAL PROPERTIES

a long-wavelength positive maximum is seen again in
the FE spectral response. One might think that the dif-
ference in the results of the solid-state reactions in the
latter of the samples under discussion originates from
the iron sample containing the 3’Fe isotope being of a
different quality. However, the FE spectrum of a thinner
sample, likewise with the isotope (sample 7, table 1)
coincides with those of samples 2, 3, and 5. This sug-
gests that the cross section of the solid-state reaction is
smaller than the thickness of film 6. By comparing the
FE in the long-wavelength region in samples 1 and 6
one can estimate the cross section of the solid-state
reaction, which is approximately 380 nm.

The FE spectra of all the samples studied reveal a
negative maximum near the wavelength of 460 nm. This
maximum is characteristic of Fe** ions in cubic environ-
ment [9-11]. It is assigned to the °A;, — *E,, ‘A, elec-
tronic transition taking place in Fe3* ions in octahedral
environment. This identification rests on the observa-
tion that this band is observed in iron borate which has
only trivalent iron ions in octahedral positions. Manga-
nese ions can also, however, contribute to the FE close
to 460-500 nm. Interpretation of this region of the
spectrum is made still more difficult by the possible
contribution of Fe?* ions, as this was found earlier
(Fig. 2 in [9]). A comparison of FE and Mdssbauer
spectra (Fig. 3b) strongly suggests that sample 7 con-
tains primarily one magnetic phase, MnFe,O,. The
peak value of the FE at ~470 nm exceeds in this case
substantially the corresponding values of FE in the
other samples. One still cannot say much about the ori-
gin of such large differences among the FE effects in
the short-wavelength maximum and the magnetizations
measured on different samples, as well as about the
absence of correlation between the magnitude of the FE
and magnetization observed in some cases. A clear cor-
relation between the FE features and magnetization is
found to exist only for samples 2, 3, and 5 synthesized
by isothermal annealing. This might stem from nonuni-
formities in samples forming in the SHS stage.

Now, we consider the MCD spectra, which in many
cases offer more information than the FE response,
because MCD is observed in narrow absorption bands.
Figure 5 shows such a spectrum for sample 7. At
=450 nm (2.75 eV) one observes a strong maximum (of
negative sign) which coincides in position with the one
seen in the Kerr effect [12] in chemically prepared nano-
particles of the Mn, sFe, ;O, manganese ferrite. There is
nothing strange in such a coincidence, because the MCD
and the Kerr rotation originate primarily from the imag-
inary part of the nondiagonal component of the dielectric
permittivity tensor of the material. Another distinct max-
imum (also of negative sign) is observed at ~660 nm.
That the two features are of the same sign may indicate
that they are associated with like ions on the same sublat-
tice. Note that the iron borate FeBO;, containing only
trivalent iron ions in crystal positions of one type only,
octahedral, revealed absorption bands at 435 and 610
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Fig. 5. MCD spectrum of sample 7. The inset shows the
long-wavelength region on an enlarged scale.

nm, which are produced by the °A;, — *E,, “A,, and
%A;, — *T,, electronic transitions, accordingly
[10, 11]. It appears only natural to assume that the fea-
tures in the MCD spectrum observed in our case also
originate from these transitions in the octahedral Fe**
ions. The wavelengths of these features for the ferrite
film are shifted by about 15 and 50 nm toward larger
values (i.e., toward lower energies) compared with the
iron borate, which can be attributed to a slightly smaller
radius of the octahedral voids and the correspondingly
higher crystal fields in the ferrite. The larger shift of the
6A,, — *T,, band compared with the °A,, — ‘E,, ‘A,
band may be explained as due to the energy of the latter
being weaker dependent on the crystal field (see, e.g.,
[13]). In this case, the weak overlapping positive fea-
tures at ~500 and ~545 nm could be assigned to elec-
tronic transitions in the Fe** and Mn?* ions residing in
tetrahedral positions. The MCD due to ions in tetrahe-
dra should be of a sign opposite to that produced by
octahedral ions.

4. COMPULSIONS

Thus, solid-state reactions can be employed to
advantage to synthesize films of both the magnetite and
manganese ferrite solution and of the manganese ferrite
from Mn and Fe bilayers deposited by thermal evapora-
tion. The characteristic features of the FE spectra match
with x-ray diffraction and Mdssbauer effect data. We
have succeeded in qualitatively relating the features in
the MCD response with electronic transitions, prima-
rily in trivalent iron ions, between crystal-field-split
levels.
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