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Abstract

The results of the creation of a high-temperature spin injector based on EuO: Fe composite material are discussed.
Their magnetic, electrical, structural and resonance parameters are given in a wide range of temperatures and an exter-
nal magnetic field. A model calculation of the electronic spectrum of the solid solution Eu—Fe—O, responsible for the
manifestation of the outstanding properties of the composite, is performed. The possibility of creating semiconductor
spin electronics devices capable of operating at room temperature is shown.
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1. Introduction

In the practice of creating real spintronic structures and
spin transistors of cryogenics, as is known, so-called dilute
magnetic semiconductors (DMS) are widely used. These
are semiconductor alloys containing magnetically active
ions of manganese: Be Mn Zn,__Se (x = 0.07, y = 0.03,
T =7 K), Ga MnAs (x = 0.045, T, = 52+110 K),
Cd, Mn GeP, (7, = 320 K) and some others [1-3]. These
alloys themselves have a low saturation magnetization and
the same degree of spin polarization of intrinsic charge
carriers (only a few scores of percent). The introduction
into the structure of basic wide-gap non-magnetic
semiconductors of magnetic manganese ions creates the
prerequisites for Zeeman splitting of the electronic energy
levels in them. The magnitude of such a Zeeman splitting
at the similar crystals is determined by the relation [4]:

T-T,
AE = Ay xS, B, l:HBSgH%} ’ (M

where are: A4_, is an integral of s-d — exchange for conduc-
tion electrons; x is the concentration of the Mn magnetic
ions; S is their effective spin; B_ is the Brillouin function;
U, is Bor’s magnetron; 7, is the effective spin temperature
of magnetic ions; s is the spin of the charge carriers. Some
compositions of such DMS have record-high values of the
g-factor of conduction electrons for semiconductors. For
example, in the first of the aforementioned g =~ 100. All of
this serves to realize the spin current-carrying over the Zee-
man levels of such crystals without a spin-flip. Moreover,
the uniformity and similarity of the crystal lattices parame-
ters of similar DMS with basic nonmagnetic semiconduc-
tor phases allows constructing the superlattices from them
using planar technology, for example, by molecular beam
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epitaxy, and layer-by-layer assembly. It was just such a con-
struction of such structures that, as noted, it was possible
to obtain Ga-Mn-Sb layered structures with 7 = 400 K,
and also the structure of Cd,_Mn GeP, with a value of
T, =320 K. It was supposed to create spintronic structures
and spin transistors capable of operating at room tempera-
tures, with their participation. However, this apparently did
not succeed. The spintronic devices created on their basis
could work steadily only at temperatures below 200 K [5].
In the first decade of this century, constructing of a suitable
injector for spintronics covered the area of composite ma-
terials. In this case, the methods of film construction of si-
milar materials were used, including methods of molecular
beam epitaxy (MBE) and magnetron sputtering. As such
composites, film structures made of alternating layers of ti-
tanium oxide (as well as zinc or silicon oxides) and metallic
cobalt, retaining semiconducting conductivity at room tem-
peratures are mainly used [6, 7]. Such structures are called
“sandwich”. They are characterized by the same significant
values of the magnetoresistance effect which makes them
promising in the development of devices with GMR or ele-
ments of quantum computers — another promising area of
spintronics application. Created oxide “sandwich” struc-
tures are unusual in that they are based on non-traditional
materials for the needs of electronics — oxides of transiti-
on elements, previously not found proper use in physical
materials science. If the properties of such structures turn
out to be reproducible and stable, then the methods of de-
signing spintronic materials have broad prospects. Indeed,
among titanium oxides, only tetragonal phases of anatase
and rutile are semiconductors with a band gap of 3.2 and
3.0 eV, respectively, and titanium monoxide, TiO, has me-
tallic electric conductivity and, as a consequence, is appa-
rently less promising for specified goals.

The manifestation of ferromagnetism with a Curie
temperature exceeding room temperature in the anatase
phase of Ti, Co O, oxide has not been explained to this
day. Although the mechanisms of its possible manifesta-
tion have been widely discussed in the literature [8—13],
nevertheless the values of the magnetic and electric
characteristics observed for this composite are insuffi-
cient for its use in spintronics.

2. Synthesis and properties of
the EuO : Fe composite — high-

temperature spintronics

Taking into account the results of the above works, the
authors of the publications [14—17] synthesized bulk
composite poly- and single-crystal materials including a
matrix of “classical” ferromagnetic semiconductor (FS)
with low values of 7 and micro- or nanoparticles of fer-
romagnetic metals with high 7, dispersed in it: Fe and Co.
It was supposed to preserve to some extent the distinctive
physical parameters of the EuO phase in the composite
against the background of the high value of 7, which is

characteristic of these d-transition metals. As the practice
has shown, composites of the (EuO) : Fe composition
(0.15<y<0.25) are able to preserve the physical parame-
ters inherent in their components in different temperature
ranges, remaining magneto-heterogeneous semiconduc-
tor materials with a Curie temperature much higher than
room temperature, both in bulk and thin-film states.

Here it is necessary to note the following. In the early
1970’s when the problem of a possible increase in the Cu-
rie temperature of the EuO phase was actively solved, at-
tempts were made to solve it by doping the monoxide with
transition metals of the 7% group of the periodic system —
Fe, Co, Ni [18]. This turned out to be impossible to synthe-
size bulk single-phase crystals: these metals practically did
not dissolve in the monoxide lattice and did not form solid
solutions with it. Only EuO films obtained by the MBE me-
thod and containing a small (up to 5% by weight) percent
of the impurity of these ferromagnetic metals had Curie
temperatures of 7, = 150-180 K, remaining quasi-degene-
rate semiconductors. Thus, in this case, the synthesis of a
possible high-temperature spintronic (EuO) : Fe, assumed
the final product in the form of a composite — a multiphase
and magneto-heterogeneous material — in advance.

Since it follows from the preceding that europium
monoxide does not form a solid solutions with iron, the
creation of the required composite at the dispersion of
metallic iron particles in EuO was carried out by chemi-
cal reduction of a mixture of powders of sesquioxides of
europium and iron during their high-temperature vacuum
reduction in the presence of carbon, to the Europium mo-
noxide state in the structure of NaCl, and metallic a-iron.
Calculation of charges was carried out according to the
reaction equation [17]:

Fe,0, + Eu,0, +4C = 2Fe + 2EuO + 4COf1. )

The final products of the reduction of the mixture of
higher oxides of iron and europium with carbon are fine
magnetic powders consisting of 300 to 500 nm metal iron
granules uniformly dispersed in the oxide matrix of EuO.
Powders are stable in air during long-term storage, they
are easily pressed into products of various shapes.

Annealing of the latter at 800 °C at pressure of 10! Pa
for two hours does not cause a change in the chemical and
phase composition of the material. Measurements of the
nominal electrical resistivity of the composite were car-
ried out at sintered samples of rectangular shape at room
temperatures. According to these data (Fig. 1), the area of
the composite compositions corresponding to the semicon-
ductor character of their conductivity was determined and
comprised from 15 to ~25% of Fe mass in a mixture with
EuO. It was at the samples from this region of composite
compositions that all measurements of physical quantities
were performed, as presented below, as meeting the neces-
sary requirements for semiconductor spintronic materials.

Thus, the value of the activation energy of the composi-
te (AE) was estimated from the position of the absorption
edge on the optical transparency curve — it corresponds to
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a value of AE = 0.75 eV [17] that is characteristic for the
doping of this monoxide. In the “pure” EuO AE =1.2 eV
[19]. Figure 2 shows the field dependence of the ferromag-
neticsaturationmomentofacomposite ofthe (EuO), ..Fe .
composition at =2 K and 7= 300 K, and its temperature
dependences are shown in Fig. 3.
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Figure 1. Dependences of the nominal of the specific electric
resistivity (p) and the ferromagnetic saturation moment (/) of
the EuO : Fe composite on composition.
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Figure 2. Dependence of the magnetic saturation moment for
EuO, . Fe, ,, composite.

From these data, it follows that the composite really is
a heterogeneous mixture of two ferromagnets. Moreover,
the value of the magnetization of the Fe component for
this concentration range almost linearly corresponds to its
share presence in the composite. At the room temperature,
the ferromagnetic saturation moment of this composition
composite is close to the value of M = 60 emu/g, which
completely corresponds to the Fe-component, although
it exceeds it in absolute terms by approximately 10+15
units. At low temperatures the ferromagnetic moment pre-
dominates mainly due to the contribution of the divalent
europium ion in the composite against which the contri-
bution of iron to M is < 30%. Throughout the temperature
range the samples of the composite exhibit the properties
of magnetically soft ferromagnet. A feature of the M(T)
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Figure 3. Temperature dependences of the magnetization of a
composite at low (@) and elevated temperatures (b).

dependence in Figure 3 (b) is its inflection in the region
of 7= 480 K which is characteristic of the ferromagnetic
disordering of the magneto-structural phase. If a transiti-
on of the ferro-para phase of the EuO takes place in the
region of 7= 70 K, and a similar for the Fe-component of
the composite at 7~ 1000 K, then a certain ferromagnetic
(superparamagnetic) constituent (i.e., ferromagnetic pha-
se) of the composite must undergo a disorder in the above
temperature range. Namely, it must be responsible for the
increased value of its specific magnetization in the region
of room and above (up to 480 K) temperatures. As will be
shown below, such a component can be the ability of iron
atoms under the conditions of synthesis of the EuO : Fe
composite [20] to partially interact chemically with eu-
ropium atoms via the indirect d—f-exchange interaction
mechanism [21] with the formation of ferromagnetic Eu—
Fe-O clusters (the Eu,_Fe O solid solution, SS).

The synthesized volumetric samples of the (EuO), Fe
composites were further used as precursors for obtai-
ning thin crystalline nanoscale films applied to different
substrates: InSb (001), GaAs (100), and Si (111) single
crystals, and also optical glass. Before the deposition the
substrates were pretreated with a plasma of a microwave
discharge in a successively changing working medium of
oxygen, hydrogen, and argon at a pressure of ~ 0.1 Torr.
The process of sputtering itself was performed on the de-
veloped methodologies with using standard vacuum de-
position techniques [22]. The following research results
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mainly relate to films produced by a thermal spraying
method (“flash technique” or “explosion”). The thickness
of the films varied between 100 and 500 nm. Thickness
measurements and analysis of the film surface by lay-
er-by-layer sputtering of samples with a slow oxygen ion
beam were carried out with the Femtoscan-001 atomic
force microscope with a scanning field up to 5 x 5 um?
operating in a contact mode using CSC12 silicon canti-
levers with a tip radius of less than 20 nm (MicroMasch
Company). Almost all the reflections of the X-ray films
are identified for the cubic EuO structure of the Fm3m
space group (225) with the parameter of the elementary
crystal cell of a ~ 0.516 nm close to the value of this pa-
rameter for europium monoxide. At the same time, weak
intensity reflections — (110) and (200) — are observed,
characteristic of the cubic structure of the spatial group
Imm of pure Fe, indicating that in the EuO matrix only a
partial dissolution of the iron oxide appears (Fig. 4).
Investigations of the surface morphology of the films
showed that the samples on the InSb substrates are the
most homogeneous, their root-mean-square roughness is
less than 10 nm both in the initial state and with a decre-
ase in thickness to 100 nm. With smaller film thicknes-
ses, punctures were formed deep down to the substrate
material in the intergrowth regions of the islands com-
posing the film, and differing in size as much as possi-
ble in the images of the atomic force microscope. The
films are characterized by the semiconductive character
of the electrical conductivity with the activation energy,
AE = 0.75 eV. At room temperature, the specific resistivi-

1000

(111)Eu0
(200)Eu0

800 [

600

Intensity
(220)Eu0O

400

(311)Eu0
(200)Fe

200

0
20

100

80 (111)Eu0

Intensity

0 1 1 1 1 1 1 1

10 20 30 40 50

26 (arc. deg)

60 70 80

ty of films with a thickness of 200+500 nm had a value of
p~2:10*+4-10° Ohm-cm [18].

The behavior of the magnetization of the composite
films (Fig. 5) correlates well with the data in Figure 3 —
the characteristic features of the M(T) dependences also
appear in the films. Their magnetization reversal curve
under normal conditions in the easy direction is close to
rectangular, saturation is achieved in fields of H = 0.5 T
(Fig. 6). However, the opening of the hysteresis loop is
not observed. The magnitude of the magnetic moment
of the composite thus reaches M = 4y, and correlates in
these conditions with magnetically active Fe-centers in it.
This value of M exceeds the characteristic value of the
magnetic moment of pure iron almost by 20%, which
completely corresponds to the contribution made to it
from the environment of the paramagnetic moments of
europium ions. At the same time, studies of the M(7) de-
pendence upon cooling of the composite films at low tem-
peratures in an external magnetic field (the FC condition)
and without a field (the condition ZFC) revealed another
feature — the presence in the latter case of an inflection of
this dependence in the temperature region of 7=25+30 K
(Fig. 7). This so-called blocking temperature (7,) is the
transition from the ordered state to superparamagnetism
of a-iron nanoparticles in the composite. Physically this
means that the magnetic moments of such particles with
T < T, are antiferromagnetic in relation to ferromagne-
tically ordered state of the ions of the Eu*" matrix. This
leads to a general decrease in the magnetic moment of the
composite at 7= 0 K.
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Figure 4. X-ray patterns of synthesized film samples: (@) the starting powder of the target EuO (25%) Fe; (b) EuO/Fe film on
InSb (001); (¢) EuO /Fe film on silicon (111); (d) is a film of EuO/Fe on GaAs (111). Indication of reflexes by data [23].
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Figure 6. Magnetization curves of the composite film in contact
with GaAs: along the contact plane (easy direction, para) and

perpendicular (difficult direction, perp) at room temperature.

3. Studies of the EuO : Fe
spintronic material using
Mossbauer spectroscopy

To detail the results of magnetic studies of EuO : Fe com-
posites, a study of their nuclear gyromagnetic resonance
(NGR or Mossbauer) spectra on the *’Fe and *'Eu iso-
topes was made [24, 25]. The Mossbauer spectra were
recorded on MS-2201 spectrometers at room temperatu-
re with *’Fe and "*'Sm,O, sources. In this case, the iron
spectra were recorded both on the polycrystalline powder
of the composite and on films of the same composition up
to 500 nm thick. The Eu-151 spectra were obtained only
on powders.

Figure 8 shows the Mossbauer spectra of the ’Fe bulk
samples of the composite, made in the form of a pow-
der (P). They contain at least two sixes of Zeeman lines:
one with /=328 T, 6 = 0, AE' = 0, the other one with
H,= 192 T, 3 = +0.20 mm/s, AE = 0.005 mm/s, cor-
responding respectively to o-Fe and Eu-Fe-O clus-

film on a silicon substrate under conditions of ZFC and FC.
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Figure 8. NGR spectra of *’Fe powder of the EuO : Fe compos-
ite at room temperature.

ters. The relative intensity of the sextets /(a-Fe) = 0.72;
I(Eu—Fe-0O) = 0.28. From which it can be concluded that
the presence of iron in the composite, basically, corres-
ponds to its free (metallic) state. The fraction of ferromag-
netic clusters in it is much smaller, which agrees with the
impossibility of formation of solid substitution solutions of
Eu on Fe at the EuO lattice. The manifestation of the ionic
state of iron in the composite should be considered as im-
purity centers forming Eu—Fe-O clusters as a result of a
possible chemical bond in accordance with the mechanism
noted in Section 2.

The Mossbauer spectra of 3'Fe of the composite films
(Fig. 9) represent a singlet with an isomeric shift of 6 =
+0.20 mm/s and a very weak splitting, typical for the ma-
nifestation of superparamagnetism of a-Fe nanoparticles.

The Mossbauer spectrum of the ''"Eu powder of the
composite is illustrated in Fig. 10. It is an overlap of two
lines characterized by isomeric shifts of & = —12.6 mm/s
and § =+ 0.02 mm/s, and width at half-height of 3.7 mm/s
and 4.1 mm/s, respectively. The first line corresponds to
the paramagnetic ion of the Eu?* matrix, the second line
is responsible for the manifestation of the valence state of
Eu*". Such isomeric shifts of NGR spectra of *'Eu in the
composite correspond to the positions of these cations in
the lattices of EuO and Eu,O, [26]. The obtained spectra
and the position of the isomeric shifts of the Eu?* and Eu**
ions in them agree well with the NGR investigation of the
microcrystals of the magnetic semiconductor EuS inters-
persed in thin films of the TiO,, AL,O, and SiO, oxides [27].
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Figure 10. The Mossbauer spectrum of '"'Eu powder of the
composite at room temperature.

The presence of Eu** ions in the composite, on the one
hand, can be considered as an impurity phase of Eu,O,
due to the conditions of its synthesis — high-temperature
reduction of a sesquioxide or a mixture (Eu,O, + Fe,0,)
by carbon. Based on the results of chemical and X-ray
spectral analysis, the presence of this phase in the compo-
site did not exceed 1% by weight.

On the other hand, comparison of state line intensi-
ties of the Eu**ions (~0.55) in the spectrum with that for
the ion state Eu** (~0.45) may indicate the appearance
in the composite of some “inductive” effect associated
with the effect of iron atoms on the electron density on
SEu nuclei. This, as noted above, can correspond to
the manifestation of an indirect (via the p-state of oxy-
gen) d—f exchange between iron and europium to form
Eu—Fe—O clusters. A possible, even partial, transfer of
the electron density from Eu** to the iron will lead to the
polarization of the spins of these ions, which under the-
se conditions is equivalent to the manifestation of their
ionic state in the cluster as Eu’’, and the states of the
iron ion as Fe'. As a result, the ferromagnetic moment
of such an Eu*'Fe*O cluster at 7> 70 K (the temperature
of the ferromagnetic disordering of the EuO phase) due
to the spin polarization of the paramagnetic europium
ions from the nearest environment of the impurity Fe*

ion and localized on it is increased. As follows from the
above mentioned magnetic data, numerically it exceeds
the ferromagnetic moment inherent in pure iron at these
temperatures by more than 10 units (in the SI system).
And this, as noted, leads not only to an increase in the
specific magnetization of the composite at room tempe-
rature, but and makes it a record among all other known
materials, especially semiconductor, recommended for
spintronics. When using a composite as a spin injector,
these properties will be to contribute an increasing in the
share of spin current transfer at spintronic structures cre-
ated with its participation.

4. Electronic band structure of
the Eu,_Fe O solid solution.
Calculation and comparison with
the experimental data for the
EuO : Fe composite

For a possible theoretical justification and understanding
of the behavior of the experimental parameters of the
EuO : Fe composite, the electronic band structure of the
Eu,_Fe O solid solution (SS) structurally included in its
composition was calculated in comparison with the same
calculation for “pure” europium monoxide [28]. As be-
fore, the calculation method included the use of the li-
near method of associated plane waves (FLAPW, code
WIEN2k) with the generalized gradient approximation
(GGA) of the exchange-correlation potential [29]. In re-
cent years, a similar calculation method has been applied
to the EuO and EuS phases doped with REM metals and
provides fairly good correlation with experiment [30, 31].

In calculating [28] the concentration of iron doping of
europium monoxide was 6.25% and 12.5%. In the origi-
nal crystal, a NaCl cubic type cell of EuO consists of the
same-named cations of the f~metal (Eu?*). In the calculati-
ons a superlattice was constructed, obtained by translating
the unit cell of EuO along the crystallographic axes when
one of the europium cations is replaced by an iron ion. We
recall that the essence of this method consists in the sepa-
ration of the unit cell space into atomic MT (muffin-tin)
spheres and interstitial regions, and the representation of
wave functions in the form of a linear combination of sp-
herical harmonics inside MT spheres and plane waves in
the interstitial space. A mixed set of plane waves was used
in the calculations.

The radii of the atomic spheres were 0.21 nm, the total
number of k points in the irreducible part of the Brillouin
zone for a composition with a concentration of 12.5% Fe
was 72, and for a composition with a 6.25% Fe — con-
centration of 32. The resultant magnetic moments on Fe
ions were 3.74y,, on Eu** cations — 6.88+6.885p, and on
Eu*" — 6.86+6.875 p,,. This is all under conditions of 7'=
0 K. The final results of the calculation of the SS electro-
nic band structure at the spintronics composite are shown
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in Figs 11-13. But before proceeding to the analysis of
the performed calculations it is necessary to note the fol-
lowing. It is known that in case of systems with strongly
correlated electrons which are also europium compounds,
the GGA-approximation makes calculations for large ele-
mentary cells possible, but it requires certain corrections
for correct description of the energy gap in the spectrum
of band states. In this case, correlations of the band states
spectrum in (GGA + U) — approximation are made [32].
This approach introduces corrections to the exchange-cor-
relation potential for atoms that have valence electrons in
sufficiently localized orbitals, which in our case are 4f-
and 5d-orbitals of europium atoms and 3d-orbitals of iron
atoms. The values of the corrections depend on the values
of the U parameters of the Coulomb and J exchange in-
teractions which are determined the most often by fitting
the characteristics of the calculated band-state spectrum to
the available experimental data. It is also known that the
parameter J is much smaller than U and has little effect on
the calculation results. Therefore, for all the mentioned or-
bitals, we assumed /= 0. For iron atoms, we used the value
of U=5 eV, proposed in [33] on the basis of calculations of
the band structure of Fe,O, by the FLAPW method. Exact-
ly the same value of U = 5 eV was proposed for 4f- and
Sd-orbitals of europium in [34] devoted to the calculation
of the EuO band structure with allowance for correlation
corrections. By varying these values within 1 eV near the
value indicated above, we found that the optimal values for
the europium orbitals are U(4f) = 5.5 eV and U(5d) =5 eV,
leading to a good agreement between the results of band
calculations and the above experimental data.

The calculated densities of the band states for pure and
iron-doped europium oxide shown in Figures 11 and 12
indicate that in both cases the band states formed mainly
by the 2p-orbitals of oxygen atoms are located below the
energy -2eV, whereas the band states formed by the 5d-or-
bitals of europium atoms (the energy of states is given re-
lative to the Fermi level) are situated at the energy above
0.5 eV. The band states formed by the 4f-orbitals of euro-
pium are situated in the near Fermi region. In case of pure
EuO the forbidden gap, i.e. the activation energy of the
conductivity, between the Fermi level near the 4f-zone cei-
ling and the bottom of the 5d band is 0.8 eV, which agrees
well with the experimental value of 1.2 eV [35]. Also the
calculations reproduce well the interval between the maxi-
ma of the 2pO- and 4/Eu-states, equal to 2.5 eV [36].

The most significant changes in the spectrum of the
EuO band states when doped with iron are the appearance
of two bands of states with a positive spin-up direction at
the energy near -6 eV and one band with a negative spin-
down direction at Fermi level (Fig. 13). Differences bet-
ween the band states obtained for the 32-atom supercell
i.e., with replacement of europium with 6.25 at.% of iron,
and band states for a 16-atom supercell, i.e., when repla-
cing 12.5 at.% of iron, are insignificant, so we will consider
the case of a 16-atom supercell. The magnetic moments
obtained for this case on Fe ions were 3.74y,,, and on Eu**
cations they were from 6.86 to 6.88p,. To explain these
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Figure 14. The current-voltage characteristics of a spin diode
without a magnetic field and in a field of 200 mT (2 kOe)

values, we consider the partial density of the 3d states of
iron atoms which additively enters the band spectrum of
this SS (Fig. 14). The bands of spin-up band states noted on
it by the numerals 1 and 2 have the type of local symmetry
Ly and e, and contain 3 + 2 electrons. Another peak of the
density of 3dFe-states (peak 3) is located at the top of the
valence 2pO-band, but it is a consequence of the hybridi-
zation of 2p0O- and 3dFe-states.

Band I’ corresponds to spin-down 3dFe-states with
e -type local symmetry: it contains one electron. Band 2’
corresponds to the empty zone of spin-down 3dFe states. It
follows that the iron ions in the monoxide structure retain
6 electrons, i.e. they are in the charge state 2% and should
have a magnetic moment equal to 4y, which corresponds
to the data given above. The spin-up band of the 4f-states
in the near Fermi region contains ~ 7 electrons, i.e., the
magnetic moment of the Eu atoms is ~ 7u,,, which also cor-
responds to the values given above. Consequently, the for-
mation of O* anions occurs due to electron transfer from
the 4s-states of iron and 6s-states of europium. The reason
for the presence of large magnetic moments on iron atoms
is a large exchange splitting of the states of iron ions — at
around 5 eV (Fig. 13), so that the majority of spin-down
states of iron are not populated by electrons. As a result,
the magnetic moment on Fe** cations is ~ 1.7u, higher
than the magnetic moment of pure iron. Accordingly, at
room temperature, the numerical value of the saturation
magnetization of the composite due to doping reaches
values of 4060 emu/g (in the SI system) [15]. Since the
3d-orbitals of iron are much less localized in space than
the 4f-states of europium, the appearance of iron atoms in
the structure of the monoxide leads to an increase in the
exchange interaction between the f- and d-cations and, as
a consequence, to an increase in the Curie temperature of
the composite. This makes Fe-doped europium monoxi-
de the record one among all other known semiconductor
ferromagnetic materials, recommended for spintronics as
spins injectors, including at room temperatures. Note also
that in the energy range from about 0.9 to 1.3 eV, i.e., near
the bottom of the conduction band, there are no spin-down
band states. This may mean that even in the presence of

iron atoms a 100% spin polarization of the charge carriers
is possible what corresponds to the previously indicated
values of the spin polarization P in pure EuO [37].

It follows from the calculations that at low iron concen-
trations in EuO, its impurity electrons at states below the
valence band, like spin-down electrons at the Fermi level,
form rather narrow (local) energy levels. With increasing
the iron concentration, the states in near the Fermi region
are blurred into the d-impurity band which is also a direct
indication of the d—f-exchange interaction between the
impurity and matrix electrons, which leads to an increase
in the Curie temperature. From the foregoing, it is easy to
see that the results of the latest quantum-chemical calcu-
lations of the electronic band structure of the Eu_Fe O
solid solution, which is one of the structural components
of the EuO : Fe composite, are in surprisingly good agree-
ment with its experimentally established magnetic, op-
tical and resonance characteristics. Although the entire
complex of features of the electronic parameters of the
composite given in Sections 2 and 3, only to the indicated
solid solution, without taking into account the contribu-
tions of all its other structural components, is an illegal
occupation. Let us trace this, in particular, on two charac-
teristic examples.

The first one relates to the data of the NGR-studies of
the EuO : Fe composite (Fig. 10) and the possibility of
carrying out an “induction” effect in it — electron density
transfer from Eu** ions to impurity ions embedded in the
matrix lattice. The presence of such a transfer, which can
be interpreted as the transition of a part of the europium
ions Eu?* to the Eu’* state, and some iron ions to the Fe*
state, does not contradict the results of calculations of the
electronic band structure of the solid solution, although
they do not directly follow from them. To clarify this
not-so-obvious fact in [28] on an enlarged scale, the den-
sity of electronic states near the Fermi level of SS is given
for a composition with 12.5 at.% iron.

It can be seen from this data that the position of the
Fermi level does not coincide with the edge of the 4f-state
band. Approximately 0.03 of the 4f-states (per europium
atom) remain empty. On the other hand, it can be noted
that the band of 3d-states of iron (with a negative value
of the spin projection, spin-down) is asymmetric relative
to the Fermi level, i.e., the number of states occupied by
electrons (to the left of the Fermi energy) is somewhat lar-
ger (their zeroing corresponds to an energy of -0.15 eV)
than the number of empty states in this zone (to the right
of the Fermi energy, zeroing at 0.1 eV). Both of these cir-
cumstances indicate that there is actually a slight transfer
of the electron density from the 4/Eu®" state to the 3dFe*
state (about 0.03 electron per impurity Fe-node).

The latest calculations, like the vast majority of simi-
lar calculations by the methods of the electron density
functional theory, refer to the temperature of 7 = 0 K.
Obviously, a certain “smearing” of the Fermi level with
increasing temperature roughly should be accompanied
by a somewhat higher transfer of the electron density
from 4fEu-states to 3dFe states. We note, however, that
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the number of electrons transferred as a result of this ef-
fect to iron ions will be proportional to its concentration
in the matrix. It follows that for small (by the order of a
few percent) degrees of substitution of europium atoms
by iron atoms, one cannot expect that the concentration
of Eu** ions will be comparable with the concentration of
Eu®" ions in the composite, as takes place in case of the
experiment (Fig. 11). This contradiction can be explain-
ed if it is assumed that higher Eu,O, oxide nanoparticles
are present in the structure of the EuO : Fe composites
studied earlier, which are not detected by X-ray diffrac-
tion because of their small size, but can be identified by
X-ray spectral methods. Arguments in favor of the exis-
tence of such aggregates have been repeatedly cited in
the literature, for example, in studies of the properties
of photocatalytic oxides doped with 3d-elements. Thus,
in [38], based on the study of X-ray absorption spectra,
it was shown that when doping rutile with vanadium to-
gether with the formation of a solid solution V,0, aggre-
gates are also formed. Similarly, nanoparticles of oxides
are formed also upon alloying rutile with iron, chromi-
um, cobalt. In [39], using the X-ray emission spectro-
scopy method, it was shown that at the anatase is doped
by chromium, the Cr,O, nanoparticles are appearing in
its structure, and in [40] it was established that the ex-
perimental spectra of optical absorption of iron-doped
anatase can be explained by the presence of hematite or
ilmenite nanoparticles. As for Fe-doped europium mo-
noxide we know of only one work [41] in which it was
shown by X-ray absorption spectroscopy that up to 10%
of europium ions in the monoxide of the EuO, ,, compo-
sition are in the oxidation state of 3" which agrees with
the ideas that the monoxide of this composition contains
an admixture of the Eu O, phase.

The second example concerns the experimental data of
Fig. 7 — the presence of a “blocking” temperature — the
spin reorientation of the magnetic moments of free iron
nanoparticles in the composite structure and the transition
to a superparamagnetic state at 7> 25 K. Such a spin re-
orientation is in many ways analogous to spin-orientation
transitions in rare-earth metals observed at low tempera-
tures [42]. Nevertheless, the very indication of the theory
of the antiparallelity of the spins of iron particles in the SS
with respect to the spin state of the Eu®* cations at 7= 0
K implies the presence of 7, at 7> 0 K. What also can be
attributed to the merit of the calculations.

Thus, the comparison of calculation results of the elec-
tronic band structure of the Eu,_Fe O SS with the experi-
mental data of the EuO : Fe spintronic composite, which
is one of its structural constituents, is indicative of both
surprisingly good agreement between each other and a
correct and justified choice of theoretical model for do-
ping a monoxide lattice, and the method used at calcula-
ting its electronic band structure.

It is shown that iron cations in the SS are at a high spin
state, 1.7y, higher than the intrinsic magnetic moment of
pure iron. It is also shown that iron and europium cati-
ons in the monoxide structure have an oxidation degree

close to 2*. Both in pure and in Fe-doped monoxide, the
states near the bottom of the conduction band (the 5d-sta-
te of europium) are 100% spin-polarized. It is shown that
in Fe-doped monoxide there is an insignificant electron
density transfer from Eu?* ions to Fe?" ions, but the main
factor ensuring the presence of Eu** ions observed in the
experiments is apparently the presence of Eu,0, nanoclus-
ters in the composite structure. Their presence, as well as
the presence of superparamagnetic a-iron nanoparticles,
apparently provide the samples of this composite in the
bulk and thin-film states with long-term chemical stability
and temporal stability of their physical parameters under
normal conditions, as evidenced by the available experi-
ence with this spintronic material [43].

5. Conclusion. The EuO : Fe
spintronic in contact with a
nonmagnetic semiconductor

The above results of experimental and theoretical studies
of the EuO : Fe ferromagnetic semiconductor composite
served as the basis for modeling the operation of a spintro-
nic contact device with its participation — as an electron in-
jector (emitter) in a non-magnetic semiconductor n-GaAs
(collector) capable of spin current transfer at room tem-
perature. Such a structure can be used as the basis for the
creation of a high-temperature field spin transistor [44].
Its creation on the basis of a contact of (EuO : Fe)/GaAs
involved a process based on the use of industrial microelec-
tronics technologies in designing similar devices and inte-
grated circuits: on single-crystal n-GaAs plate with a car-
rier density of n= 10" cm™ a composite layer of (EuO : Fe)
up to 0.2 um thick was deposited, which served as an
emitter (injector) of spins. Contacts to the emitter and
collector were made of gold. The magnetization and
volt-ampere characteristic of individual contact structures
at room temperature were measured. The behavior of the
first characteristic corresponds to the data in Fig. 6. At
saturation, the eigenvalue of the magnetic moment of the
structure was in the range of M = 40 emu/g.

The current-voltage characteristic of the contact struc-
ture in absence of external magnetic field and in the state
of its magnetization in a field of H# =200 mT is shown in
Fig. 14. In the absence of an external magnetic field with
an unmagnetized emitter, this characteristic is similar to
the one observed in the operation of a conventional field
MOS-transistor. In case of magnetization of the emitter,
the current in the collector appears even at zero bias and
in its magnitude it is inferior to the collector current at
H = 0. In other words, it is determined by the spin com-
ponent of the tunnel current, which coincides with the
direction of the magnetization of the emitter — the spin
injector. With the bias voltage applied to the contact, the
magnitude of the spin current decreases.

If we consider the current through the collector in the
unmagnetized state of the emitter as 100% charge current
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transfer (J,), then the degree of spin transfer (P) from the
magnetized emitter (J,,) can be estimated from the relation:
P=(J,—J)J,+J). 3)

According to Fig. 14, it reaches a value of P = 60%, i.e.
is very significant and, apparently, is largely determined
by the Eu,_Fe O (or the SS) — component of the composite
— the emitter of the spins. This result, along with the mag-
netic and NGR investigations of the composite, as well as
the analysis of the results of theoretical calculations of its
electronic band structure, can serve as one more indirect
proof of the above-mentioned physical mechanisms that
contribute to the increased values of the magnetic moment
of the emitter at room temperatures. It can be assumed that
in this case the temperature factor (lattice vibrations of the
structural components of the contact) does not have a signi-
ficant effect on the possible spin-flip of the charge carriers.
The interface layer of the collector is also transparent for
them. The mechanism of such a high-magnitude spintrance
in case under consideration is ensured by the wide-band
structure of the injector and collector of forbidden zones
composing the planar structure. When the relationship bet-
ween their values is fulfilled: Eg (GaAs) > Eg (EuO).

The supply of voltage to the contact structure may
well cause electronic transport from the injector and
with a different spin orientation of the carriers. In ad-
dition, in this device, crystal-structural nonidentity of
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