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Abstract—The magnetization of maghemite and magnetite thin films is measured as a function of the temperature
and orientation of the film. It is established that the temperature dependence of the spontaneous magnetization
deviates from the Bloch law at low temperatures and is adequately described by the linear function M/M,=2.2(1 —
T/Tc) below the Curie temperature 7. The linear temperature dependence of the magnetization below the Curie
temperature is explained by the change in the spin of iron ions in tetrahedral positions due to local deformations

of the crystal lattice.
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1. INTRODUCTION

A lot of research attention has been paid to iron
oxides because of their possible use in the form of thin
films or multilayers for recorders in spintronics. A
reduction in dimension makes it possible to modify sig-
nificantly the elastic and magnetic properties of these
oxides. For example, bulk maghemite (y-Fe,05) at tem-
peratures above 560 K undergoes an irreversible trans-
formation into hematite (a-Fe,O;) with a hexagonal
structure. Upon introduction of divalent ion impurities
in small amounts or upon deposition of maghemite or
hematite onto a substrate prepared from magnesium
oxide crystals, the temperature of the structural phase
transition drastically increases to 7' = 680-780 K and
the cubic phase is retained up to 7 < 680 K (according
to x-ray diffraction data, photoelectron spectra, and
electron microscope images [1]). Magnetite is charac-
terized by charge-density waves propagating in the
[001] direction and orbital ordering at low temperatures
[2]. The charge gap between the occupied and vacant
lattice sites of Fe** and Fe* in octahedral positions is
equal to 0.14 eV [3].

A change in the shape of the sample along the direc-
tion of propagation of charge-density waves can lead to
ejection of the electric charge onto the surface and,
hence, to variations in the electrical and magnetic prop-
erties at the surface of the sample. This finding has
stimulated investigations into the magnetic properties
of magnetite thin films.

The structure of y-Fe,0O5 can be treated as consisting
of three spinel lattices superimposed along the c axis.
The tetrahedral and octahedral positions are occupied
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by trivalent iron ions. The substitution of tetravalent
ruthenium for trivalent iron brings about the formation
of holes at the iron ions and their selective substitution
in the octahedra (according to x-ray absorption data
[4]). In this case, the holes are localized in the vicinity
of the substitutional impurities; consequently, the mag-
netic moment of the iron ions is rotated by 24° at the
octahedral positions and by 33° at the tetrahedral posi-
tions. At temperatures above 600 K, the distribution of
the local magnetic field at the Fe** ions, which was
determined from the Mdssbauer spectra, is not uni-
form within a region of 15 nm and, at a temperature of
700 K, involves lines characteristic of o-Fe,O; [4]. The
observed effects indicate a partial delocalization of the
holes. This inference is qualitatively confirmed by the
large dielectric losses observed in pure y-Fe,O; at these
temperatures [5].

The above effects can be responsible for the unusual
temperature dependence of the magnetization in the
vicinity of the Curie temperature. The purpose of the
present work was to determine the temperature depen-
dence of the spontaneous magnetization in thin films of
iron oxides.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

For our experiments, single-crystal thin layers
(thickness, 0.1-1.0 pm) of magnetite and maghemite
were epitaxially deposited using the chemical transport
reaction method onto substrates prepared from magne-
sium oxide (MgO) crystals. Substrates in the form of
thin plates were cleaved in the (100) plane of a cubic
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Fig. 1. Orientation dependences of the magnetization mea-
sured (/) along the plane of the magnetite sample, (2) perpen-
dicular to the plane of the maghemite sample, and (3) perpen-
dicular to the plane of the magnetite sample.

single crystal with a unit cell parameter of 4.21 A. It
should be noted that epitaxial deposition is character-
ized by oriented growth of a crystal on a crystalline sub-
strate [6]; consequently, single-crystal layers of magne-
tite and maghemite grow in the (100) plane. The lattice
parameters of the samples were determined using x-ray
diffraction and turned out to be 8.37 A for magnetite
and 8.35 A for maghemite.

The anisotropic properties of the samples were
examined on a magnetometer in a horizontal magnetic
field with a strength of 1-7 kOe for two orientations of
the sample (horizontal and vertical orientations of the
sample plane). In the former case, we revealed two easy
magnetization axes along the [110] crystallographic
directions (Fig. 1, curve 3). In the latter case, the mag-
netization was aligned parallel to the plane of the mag-
netite sample (Fig. 1, curve /) and perpendicular to the
plane of the maghemite sample (Fig. 1, curve 2).

3. RESULTS AND DISCUSSION

Figure 2 shows the dependences of the spontaneous
magnetization (normalized to the saturation magnetiza-
tion at room temperature) on the temperature normal-
ized to the Curie temperature, which is equal to 685 K
for maghemite and 860 K for magnetite. It should be
noted that the behavior of the temperature dependences
of the spontaneous magnetization, as well as the Curie
temperature for the maghemite sample, remains
unchanged after several heating—cooling cycles. The
experimental data for the magnetite sample are approx-

imated well by the power function M/M; = 1.5 JT
(where T=1-T/T- < 0.1) and fall in the range of criti-
cal exponents 3 obtained in the mean-field approxima-
tion. For the maghemite sample, the normalized mag-
netization is adequately described by the linear func-
tion M/M, = 2.2(1 — T/T.) in the temperature range
600 < T'< 685 K, as can be seen in Fig. 3.
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Fig. 2. Dependences of the spontaneous magnetization
normalized to the saturation magnetization at room tem-
perature M/M; on the normalized temperature 7/7 for
(1) maghemite and (2) magnetite. The solid line shows the
approximation of the experimental data by the power func-
tion M/IM, =1 —-0.3(T/T¢) .

Maghemite has a ferrimagnetic structure with ferro-
magnetic ordering of ions in octahedral and tetrahedral
positions. The sublattices are coupled through antifer-
romagnetic exchange. As follows from the Mdssbauer
spectra and structural data, the tetrahedral environment
of the iron ions is distorted to the greatest extent upon
the phase transition y-Fe,0; — o-Fe,O;. Possibly, the
le 41, term with spin § = 3/2 is admixed to the 2e,31,,
ground term of Fe* ions with spin S = 5/2. The differ-
ence between the energies of these terms is comparable
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Fig. 3. Dependences of the magnetization of the maghemite
sample on the normalized temperature T = 1 — 7/T below
the Curie temperature according to (/) the experimental
data, (2) the linear approximation M/M = 2.2, and (3) the
nonlinear approximation M/M = (1 — 0.6x) Jt. Concentra-
tions of iron ions with spin § = 3/2 are plotted along the right
ordinate axis.



86 BARINOV, APLESNIN

1.00+ -
-2
-3
< 3
= 098r 5
S T
SE
g
3
1 1 1 1 1 1
0 0.03  0.06
0.96 . O . .
0 0.05 0.10 0.15 0.20
T/D

Fig. 4. Calculated dependences of the magnetization on the
temperature normalized to the spin-wave stiffness constant
with the long-wavelength magnon cutoff Q,/n = (1) 0.007,
(2) 0.020, and (3) 0.038. The inset shows the linear depen-
dence o/a(Q, = 0) = 1 + 35Q,/n for the exponent in the
power function M/M, = 1 — A(T/D)*, where D is the spin-
wave stiffness constant.

to the energy gap in the electronic excitation spectrum,
which is equal to 2.04 eV for the cubic structure [5].
Local distortions of the structure can give rise to fluctu-
ations of the Coulomb potential and lead to the genera-
tion of localized states at the bottom of the upper Hub-
bard band 7,,. The formation of the le 4z,, term also
favors the emergence of uniaxial anisotropy due to the
spin—orbit interaction. For example, the observed per-
pendicular crystalline magnetic anisotropy consider-
ably exceeds the shape anisotropy of maghemite single-
crystal thin layers. For the same reason, the experimen-
tally observed formation of the easy magnetization axis
perpendicular to the plane of the layer occurs in magne-
tite samples upon oxidation of magnetite to maghemite,
which is accompanied by tetragonal distortion of the
cubic lattice of the magnetite [7]. From analyzing the
orientation dependence of the remanent magnetization
on the direction of the external magnetic field, we
obtained the critical strength of the magnetic field H. =
5.3 kOe for the magnetization vector lying in the plane
of the sample. This is in qualitative agreement with the
results obtained from studying nanoparticles, according
to which the magnitude of the coercive field increases
by a factor of 1.5 as compared to that in the bulk sam-
ples [8].

The emergence of the uniaxial anisotropy leads to a
change in the low-temperature behavior of the magne-
tization. The approximation of the experimental data by
the power function 1 — M/M,; = A(T/T.)%, which is
shown by the solid line in Fig. 2, leads to the exponent
o. = 1.2. This value is inconsistent with the Bloch law
for all thin films of magnetite and maghemite. All the
above changes can be caused by the long-wavelength
spin excitation cutoff as the thickness of the film
decreases. The average number of magnons n was cal-
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culated taking into account the cutoff of the long-wave-
length momentum on the z axis (Q, # 0) in the low-tem-
perature range kg7 << D (where D is the spin-wave stiff-
ness constant) according to the relationship

T T T
1
n= J.deJ-dkdekz DO + K2+ kD) Ik, T
0 0 0. e -1

It turned out that the average number of magnons n
decreases with an increase in the momentum Q.. The
calculated temperature dependences of the normalized
magnetization M/M(T) are shown in Fig. 4. The
approximation of the experimental data by the power
function leads to the linearly increasing exponent
o/o(Q, =0) = 1 + 35Q./r (see inset to Fig. 4). In our
case, the thickness of the films varies in the range
120a < L < 1000a (where « is the lattice constant) and,
correspondingly, the wave vector changes in the range
0.002 < Q,/mt < 0.017, which should result in a signifi-
cant increase in the exponent. However, as follows from
the experimental data, the exponent should decrease.
This can be associated with the change in the electronic
structure at the surface of the films, which, in turn, can
initiate non-Heisenberg exchange.

The model accounting for the change in the spin of
iron ions in tetrahedral positions offers a satisfactory
explanation for the linear dependence of the magnetiza-
tion M/M(T) on the temperature normalized to the
Curie temperature for maghemite. In particular, the
spontaneous magnetic moment for maghemite with a
spinel structure containing Fe3* ions (S = 5/2) in octa-
hedral positions with the weighting factor y; = 1/4 and
those in tetrahedral positions with the weighting factor
v,y = 3/4 is determined to be M (x) = y,[5/2(1 — x) +
x3/2] — yg5/2, where x is the concentration of iron ions
with spin § = 3/2 in the tetrahedral positions (it is a
function of temperature). In our calculations, we used
the following expression for the temperature depen-
dence of the magnetization, which was obtained from
the expansion of the free energy into a power series of
the order parameter: M/M(x = 0) = (1 — 0.6x)(1 —
T/T-)%>, where M(x = 0) = 2.5u;. Among the three
(power, logarithmic, and exponential) functions used in
our calculations, the best agreement with the experi-
mental results (Fig. 3) was achieved using the function
x(T) = exp(~137), which is plotted by the dashed line in
Fig. 3.

4. CONCLUSIONS

Thus, it was demonstrated that the linear tempera-
ture dependence of the magnetization of maghemite
below the Curie temperature is adequately described in
the framework of a model accounting for the change in
the spin of iron ions in tetrahedral positions due to
strong local deformations that, at T > T, bring about
the transformation of the crystal structure. The low-
temperature behavior of the magnetization of iron
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oxide films deviates from the Bloch law and cannot be
explained within the model of the long-wavelength
magnon excitation cutoff associated with the size
effects.
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