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SPINTRONICS

SPINTRONICS: PHYSICAL FOUNDATIONS AND DEVICES
Yuri K. Fetisov, Alexander S. Sigov
MIREA-Russian Technological University, https://www.mirea.ru
Moscow 119454, Russian Federation
fetisov@mirea.ru, sigov@mirea.ru
Abstract. "Spintronics" is one of  the most rapidly developing branches of  science and technology, 
which is currently considered as the most promising technology for the further development of  the 
elemental base for information technology. Spintronics includes physical effects caused by the spins 
of  individual electrons and spin-polarized currents flowing in thin magnetic and semiconductor 
films and heterostructures, and information processing devices based on them. The review 
provides qualitative estimates demonstrating potential advantages of  spintronics in comparison 
with semiconductor micro- and nanoelectronics. Physical phenomena that form the scientific 
basis of  spintronics, such as domain microstructures, skyrmions, spin waves, spin-polarized 
current, giant and tunnel magnetoresistance, spin transfer of  angular momentum are considered. 
Prospective spintronics materials, including ferromagnetic metals and semiconductors, semimetal 
ferromagnetic oxides, Heusler alloys are listed. The possibilities of  controlling spin currents using 
magnetic fields, mechanical deformations in multiferroic structures, and ultrashort optical pulses 
are shown. The spintronic devices that are under development or already made are described, such 
as high-sensitivity magnetic field sensors, random access magnetic memory elements, ultra-high 
frequency nanogenerators, spin diodes and spin transistors, and a spin holographic processor. The 
final part lists the main research centers for spintronics abroad and in Russia, and provides a list of  
overview publications on the topic.
Keywords: spintronics, magnetic heterostructures, spin-polarized current, spin waves, skyrmion, 
magnetoresistance, tunnel effect, magnetic field sensors, spin transistor, spin generator, spin 
processor
PACS: 67.57.Lm, 72.25.Ba, 75.70.-i, 75.76.+j
Bibliography - 23 references        Received 19 March 2018; accepted 21 May 2018
RENSIT, 2018, 10(3):343-356         DOI: 10.17725/rensit.2018.10.343

From the Editors
This issue of RENSIT journal, 2018, 10 (3) is devoted to spintronics, 
one of the most rapidly developing areas of science and technology. And 
although it was not possible to organize a selection of works on the 
most acute problems of spintronics within a single issue, the editors 
of the journal believe that a certain slice, reflecting the level and 
variety of research developed primarily in Russia, is nevertheless 
marked. The editors hope that further work on the most pressing 
problems of the development of spintronics will be reflected in the 
pages of our journal.

֍
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1. INTRODUCTION
The term "spintronics" represents one of  
the fastest growing direction of  science and 
technology, which, apparently, will make a 
significant contribution to the development 
of  electronics and information technology in 
the 21st century. Almost all currently existing 
electronics is based on the process of  electron's 
charge transfer – electric current. An attempt 
to use the second fundamental characteristic of  
an electron, its own magnetic moment – "spin", 
opens new possibilities to improve performance 
of  existing elecronic devices and create new 
devices, including the development of  high-
sensitivity magnetic field sensors, data storage 
elements with higher recording density and 
higher operation speed, microwave and terahertz 
nano-oscillators, new methods of  information 
processing using quantum coherent effects, 
etc. As many specialists believe, the traditional 
semiconductor electronics approaches its 
physical limits in terms of  miniaturization and 
operation speed. This will result in violation 
of  the Moore's law in the near future, which 
predicts an increase of  the computers power 
by a factor of  two every 18 months. Since 
significant part of  the modern economy is based 
on information technology, the solution of  this 
problem is of  specific importance. Currently, the 
spintronics is considered as the most promising 
base for further development of  the information 
technology.

In the broad sense, the term "spintronics" 
include physical effects of  magnetic nature, 
which arise because of  magnetic properties of  
substances and are associated with their own 
spin and orbital magnetic moments of  electrons, 
as well as their applications in micro- and nano- 
sizes information processing devices [1-3]. Such 
phenomena (domains in magnetic films, magnetic 
resonances, spin waves, magnetoresistance, 
etc.) are investigated and successfully used in 
practice for more than 100 years. In a narrow 
sense, the term "spintronics" includes physical 
effects which arise due to the spins of  individual 

electrons and spin-polarized currents. Such 
effects as the spin-dependent transport, tunnel 
magnetoresistance, excitation of  ferromagnetic 
resonance by a spin- polarized current, etc were 
discovered in the 1980s. Some of  these effects 
have already found practical application and had 
a revolutionary impact to the development of  
information technologies [4-6].

This review provides qualitative estimates 
which demonstrate potential advantages of  
spintronics in comparison with traditional 
electronics, enumerates basic physical 
phenomena and materials, forming a scientific 
basis of  spintronics, and presents some spintronic 
devices that have already been fabricated or will 
be created in the near future.

2. ELECTRONICS AND SPINTRONICS
According to the ideas of  modern physics, 
the behavior of  elementary particle "electron" 
is described by the quantum mechanics. The 
electron has a mass m = 9.1∙10-31 kg, carries 
an elementary charge e =1.6∙10-19 C, has its 
own mechanical moment J = h/4π (where 
h = 6.62∙10-34 J∙is the Planck's constant) and 
associated magnetic moment M = μB = 9.27∙10-24 
J/T (where μB is the Bohr's magneton). Besides 
that, being in a bound state in atom, the electron 
also has a mechanical and magnetic moments 
caused by its rotation around the nucleus of  the 
atom. Motion of  the electron is described by 
the quantum mechanics laws, but for qualitative 
evaluations it can be regarded as a classical 
particle and the laws of  classical nonrelativistic 
mechanics can be used.

An electron in a quasi-free state, i.e. moving, 
for example in a semiconductor, possesses a 
kinetic energy Wk ~ mv2/2 ~ kT, where v is 
the electron's velocity, k = 1.38∙10−23 J/K is the 
Boltzmann's constant, T is the temperature in 
Kelvin. The electron energy at room temperature 
can be estimated using the approach of  the 
molecular-kinetic theory, as Wk ~ 1.38∙10−23∙300 
~ 4∙10−21 J. The speed of  the electron of  this 
energy is v = (2kT/m)1/2 ≈ 105 m/s, which is 

YURI K. FETISOV, ALEXANDER S. SIGOV SPINTRONICS



345

RENSIT | 2018 | VOLUME 10 | ISSUE 3

much less than the speed of  light. The electron 
covers the distance L ~ 100 nm (the characteristic 
size of  elements in microelectronics) during the 
time τ ~ L/v ~ 10−7/105 ~ 10−12 seconds.

In digital microelectronics, an electron 
is used as the carrier of  information, i.e. the 
presence of  an electron in a limited region 
of  space corresponds to "1", and its absence 
corresponds to "0". Therefore on the basis of  the 
above calculation, one can make an optimistic 
estimate for the minimum energy required for 
recording one bit of  information Wmin ≈ Wk ~ 
10−21 J. The minimum time which is required 
for recording or reading this bit of  information 
is ~ 10−12 seconds. Modern computers have 
achieved operation frequency about of  10 GHz, 
which corresponds to minimum switching time 
for one element ~10−10 sec, that is two orders 
of  magnitude higher, than the estimate gave.

In spintronics, a physical parameter used to 
record an information, is the magnetic moment 
of  electron μB. According to quantum mechanics, 
an electron placed in external magnetic field B 
can have a projection of  magnetic moment on 
the magnetic field direction +μB or −μB. The 
positive projection corresponds, for example, to 
"1", and negative projection corresponds to "0". 
For estimates let us use classical expression for 
magnetic moment energy in an external magnetic 
field W = −μBB. By substituting in the formula 
value of  B ~1 T, which is achievable in real 
conditions, we obtain the energy which is required 
for recording/reading of  one bit of  information 
W ~ 9.27∙10−24∙1 ~10−23 J. The time which is 
required to change projections of  magnetic 
moment of  an electron can be estimated using 
classical approach and considering the motion of  
magnetic moment in an external magnetic field. 
This motion is described by the Landau-Lifshitz 
equation and represents a rotation of  magnetic 
moment around the field direction with the 
frequency f  = γB, where γ ≈ 3∙1010 Hz/T is the 
gyromagnetic ratio. The period of  this rotation 
at B = 1 T is 1/f  ~3∙10−11 s. Respectively, the 
rotation of  magnetic moment by π must occur 

in an instant (switching time) of  the order of  τ 
~10−11 sec.

It follows from the above estimates, that 
when magnetic moment (spin) of  the electron 
is used for writing the information, instead of  
the electron charge, the energy of  writing of  one 
bit of  information can be reduced from ~4∙10−21 

J to 10−23 J, that is decreased by 2-3 orders of  
magnitude. The time for one bit recording using 
the spin memory element in comparable to 
the time for one bit recording using the charge 
element. Additional advantage of  spintronics, in 
comparison with electronics, as will be shown 
shortly, is the possibility of  non-volatile memory 
elements realizing and higher radiation stability 
of  spintronic devices.

The results of  experimental investigations 
carried out during recent years, let to hope that 
information processing and recording devices 
based on the spintronics technology will do 
significantly exceed characteristics of  the devices 
using a charge of  electron.

3. PHYSICAL FOUNDATIONS OF 
SPINTRONICS
3.1. Magnetic structures and spin waves
In many-electron atoms, the magnetic moments 
of  electrons are added up with their orbital 
moments and form magnetic moment of  the 
atom. In solid states consisting of  such atoms, 
the exchange interaction between electrons 
leads to the ordering and appearance of  
spontaneous magnetization of  a sample in the 
absence of  external magnetic field. Depending 
on the nature of  the interaction, the magnetic 
ordering is ferromagnetic or antiferromagnetic. 
In such magnetically ordered samples, placed 
in external constant or variable magnetic fields, 
there are various phenomena that can be used 
to create information recording and processing 
devices.

In the 1960s and 1980s, at home and abroad, 
domain structures in thin ferromagnetic films 
with different types of  magnetic anisotropy 
were investigated. It was shown that in dielectric 

SPINTRONICS: PHYSICAL FOUNDATIONS
AND DEVICESSPINTRONICS
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single-crystal films of  yttrium iron garnet 
Y3Fe5O12 (YIG) substituted with Ga, La, Sr, 
Sc, and other ions of  thickness 1-10 μm and 
"easy axis" anisotropy, grown by the liquid-
phase epitaxy method on dielectric substrates, 
there can be stable "bubble magnetic domains" 
(BMD) of  micron and submicron sizes (Fig. 1). 
Methods for the bubbles generation and control 
their motion using pulsed magnetic fields 
were developed and prototypes of  magnetic 
memory elements were fabricated. However, 
due to technological difficulties and high cost of  
garnet films this direction of  spintronics has not 
received further development.

In 1970-2000, much attention in the country 
and abroad was paid to investigations of  spin 
waves (SW) in single-crystal films of  pure 
YIG and Ga-substituted YIG grown by the 
liquid-phase epitaxy method on singlecrystal 
substrates of  gallium-gadolinium garnet 
Gd3Ga5O12 with different crystallographic 
orientation (Fig. 2). It was shown that YIG is 
a unique material with extremely low magnetic 
losses in the microwave range ~0.5-30 GHz. 

Spin waves in YIG films of  thickness 1-20 
μm arise due to the long-range dipole-dipole 
interaction, have the group velocity of  vg ~(1-
10)·103 m/s, the wavelength of  λ ~1-500 μm, 
the characteristic propagation lengths from 
hundreds of  μm to several cm, and losses of  
electromagnetic signal to the SW conversion 
of   ~1-10 dB, depending on the wave length. 
Characteristics of  dipole SWs can be easily 
controlled by means of  relatively weak external 
magnetic fields H ~100-3000 Oe, which gives 
them significant advantages over, for example, 
surface acoustic waves. A number of  spin- wave 
devices for microwave signals processing, such 
as frequency-tunable filters and resonators, low-
noise microwave generators signals, controlled 
phase shifters and microwave delay lines etc 
have been developed. Some of  these spin-wave 
devices have found applications in special signal 
processing systems. However, due to high cost 
of  epitaxial films these devices are still not used 
in commercial scale.

In recent years, interest to the spin-wave 
electronics again rose significantly because of  
achievements in the generation and detection 
of  spin waves in metallic films (permalloy) of  
submicron and nanometer thickness, which are 
less expensive than epitaxial garnet films [7]. 
Spin waves in metal films have a purely exchange 
nature, their wavelength is a fraction of  one 
microns, and propagation distances reaches 
units-hundreds of  microns. The frequency, 
wavelength and velocity of  exchange SW can 
be tuned approximately in the same range as 
for dipole SW, by changing external magnetic 
field. This opens up possibilities of  creation of  
new controlled spin-wave microwave devices 
of  micron sizes. We emphasize that spin-wave 
devices realize the basic principle of  spintronics 
– transfer of  magnetic moment (spin) without 
charge transfer. Therefore, characteristics of  
spin-wave devices may turned out to be better 
than characteristics of  similar semiconductor 
devices.

YURI K. FETISOV, ALEXANDER S. SIGOV

Fig. 1. Bubble magnetic domains in ferromagnetic film.

Fig. 2. Schematic representation of  a spin wave. The magnetization 
rotates around direction of  magnetic field

SPINTRONICS
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Recently, new objects – "skyrmions" in 
thin ferromagnetic films were discovered, 
which may be promising for applications in 
spintronics devices [8]. Skyrmion is a stable 
two-dimensional topological structure with 
magnetization distribution in the form of  ring 
with a diameter of  ~10-30 nm. The skirmion is 
formed in a ferromagnetic or antiferromagnetic 
film 1-100 nm thick due to the competition 
between exchange interactions between the spins 
of  neighboring atoms and the Dzyaloshinsky-
Moriya interaction (Fig. 3). Methods for 
generating and detection of  the skyrmions, 
control of  their motion using external magnetic 
fields are under development now. Usage of  
skyrmions for information storage, are believed, 
will allow to increase data storage density and 
speed of  information recording by 1-3 orders, 
in comparison with existing devices. Studies in 
this direction are at the stage of  physical effects 
and demonstration of  principal possibilities.
3.2. Spin-polarized current
Since the electron has both the "e" charge, 
its own spin, and its own magnetic moment 
μB, then the electric current ("motion of  
electrons") transfers not only the charge, but 
also the spin (i.e., the magnetic moment). For 
most materials (metals, semiconductors, etc.) 
the electric current contains a number of  
electrons with magnetic moment directed along 
definite direction (for example, the direction of  

magnetic field) which is equal to a number of  
electrons whose magnetic moment is directed 
in the opposite direction. As a result, the total 
"spin current", i.e. resultant magnetic moment 
transferred by the electrons is zero. One of  
the main tasks of  spintronics is development 
of  spin current generation methods (or "spin-
polarized current") and methods for detection 
of  spin current [9]. As a characteristic of  
the spin current, is used the "degree of  spin 
polarization of  the current" P = (N+ – N–)/(N+ 
+ N–), where N+ is the number of  electrons 
with a spin directed along, for example, the 
field, N– is the number of  electrons with spin 
directed against the magnetic field. The degree 
of  polarization P = 0 for unpolarized current 
and P = 1 for completely polarized current.

The main way to obtain the spin-polarized 
current is the transmission of  electric current 
through a ferromagnet placed in magnetic 
field (internal magnetic field of  an anisotropic 
ferromagnet) with subsequent injection of  this 
current into a conventional (non-ferromagnetic) 
metal or semiconductor through the interface 
(Fig. 4). Using such ferromagnetic materials 
as Fe, Co, Ni allowed to obtain spin currents 
with polarization of  P ~0.1-0.4. When the 
spin-polarized current enters a conventional 
conductor, the degree of  the current polarization 
rapidly decreases due to the scattering of  
electrons by phonons. To date, the relaxation 
times and the relaxation lengths of  the spin-
polarized current τ > 100 ns and l > units μm, 
respectively, are achieved.

For detection of  the spin current (i.e., 
determination of  degree of  polarization) several 
methods have been developed.

SPINTRONICS: PHYSICAL FOUNDATIONS
AND DEVICES

Fig. 3. Schematic representation of  magnetization distribution in 
skyrmion.

Fig. 4. Schematic representation of  a spin-polarized current in 
conductor: left - injector, in the center - conductor, right - detector.

SPINTRONICS
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In the spin-resolving photoemission method the 
electrons are emitted from the surface of  
material and detected in a vacuum using the 
Moth analyzer which is sensitive to the spin 
direction. This is the most direct method, but 
it is limited on energy resolution and depth in 
within the upper 5-10 Å of  the material, which 
makes the analysis sensitive only to surface 
states and impurities. The magnetic tunnel transition 
method uses two ferromagnetic layers separated 
by a thin insulating layer layer, usually Al2O3 
or SrTiO3, that form a planar tunnel junction. 
The polarization is obtained by measuring 
electrical resistance of  such a sandwich MR 
=2P2/(1+P2). The problem is the sensitivity 
of  the MR to the surface state and material of  
the barrier, because the MR measured is not so 
much property of  a ferromagnet, but property 
of  the entire device. In the point contact method 
the polarization is calculated from the measured 
magnetoresistance.

Specific properties of  the spin-polarized 
current exhibit in various effects observed 
in the structures with layers of  nanometer 
thickness.

The first of  these effects, known as anisotropic 
magnetoresistance (AMR), is the change in 
the resistance of  ferromagnetic sample in an 
external magnetic field. Resistance of  the sample 
depends on the mutual orientation of  the current 
and the direction of  the magnetic field. Relative 
change in resistance of  ferromagnetic metals, 
for example Ni, does not exceed a fraction of  a 
percent.

In 1988, the effect of  a giant magnetoresistance 
(GMR) was discovered. The effect manifests 
in a structure consisting of  two layers of  
ferromagnetic metal (for example, Co) separated 
by a thin layer of  non-ferromagnetic conductor 
(for example, Cu) (Fig. 5). The electric current 
is passed through the conductor layer in the 
plane of  the structure. Resistance of  the 
structure depends on the mutual direction of  
magnetizations of  ferromagnetic layers. The 
resistance is small for parallel orientation of  

magnetizations of  the layers, it increases for 
a counter orientation of  the magnetizations. 
Magnitude of  the relative change in resistance 
can reach ten of  percent, which is much larger 
than the value of  ordinary magnetoresistance 
and justifies the use of  the term "giant". The 
effect arises due to dependence of  the electrons 
scattering efficiency on the spin direction.

Even greater change in the resistance is 
observed for tunnel magnetoresistance (TMR) effect. 
The effect is observed in a structure containing 
two layers of  ferromagnetic metal, separated 
by a dielectric layer with thickness of  units 
of  nanometers. The electric current is passed 
perpendicular to the plane of  the structure. 
Due to the small thickness of  the dielectric, 
the electrons can tunnel through the barrier, 
creating an electric current. The resistance of  
the structure is small if  the magnetizations 
of  the layers are directed in one direction and 
increases with the opposite orientation of  the 
magnetizations. The relative change in the 
tunneling magnetoresistance of  a structure can 
reach hundreds of  percent.

The next effect is the spin momentum transfer 
(SMT) [10] reflects the property of  polarized 
electrons to transfer the angular moment (Fig. 
6). The effect is observed when a spin-polarized 
current of  sufficiently high density is injected 
into a thin ferromagnetic layer perpendicular to 
the surface and manifests itself  as a change in 
the magnetization direction of  the ferromagnetic 
layer. This results in an excitation of  oscillations 
of  the ferromagnetic layer magnetization with 
frequencies close to the  magnetic resonance 
frequencies. The phenomenon was first predicted 

YURI K. FETISOV, ALEXANDER S. SIGOV

 

Fig. 5. Schematic representation of  structures: A - with giant 
magnetoresistance, B - with tunneling magnetoresistance.
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Fig. 6. Geometry of  excitation of  magnetization precession when 
mechanical moment is transmitted by spin current.

theoretically, and then found experimentally in 
Co films.

The spin Hall effect [11] is an analog of  the 
usual Hall effect for the electron current. The 
spin Hall effect is observed in the propagation 
of  the electron current in the film of  a 
nonmagnetic conductor in the absence of  an 
external magnetic field. The effect is manifested 
in the deflection of  electrons with different spin 
directions to opposite sides of  the film (Fig. 7). 
The effect arises from the spin-dependent 
scattering of  electrons by impurities. An 
inverse spin Hall effect was also found in which 
the spin current leads to a spatial separation of  
electrons with different spin directions. As a 
result, an electric voltage is generated between 
the edges of  the film. The effect can be used to 
detect spin waves.

3.3. Materials of  spintronics
A great attention is being paid now to search 
of  new materials that provide effective 
generation of  spin-polarized currents at 
room temperatures and compatible with 

well-designed technologies of  modern 
electronics [12-13]. In addition to the basic 
materials of  spintronics - ferromagnetic metals 
Fe, Co and Ni, perspective are weakly doped 
ferromagnetic semiconductors, semi-metallic 
ferromagnetic oxides, Heusler alloys, and some 
organic materials. Among semiconductors the 
most interesting materials are groups of  A3B5 
and A2B6. For example, diluted magnetic 
semiconductors based on GaAs, in which the 
individual atoms are random are replaced by 
magnetic ions Mn2+ with a concentration up to 
0.07, which have p-type conductivity at room 
temperatures as well as the semiconductors 
with a halcogenide structure of  the type 
Cd1-xMnxGeP2. Using of  semiconductors 
will significantly accelerate and facilitate the 
process of  the spintronics integration with 
modern semiconductor technologies. The 
next materials, which are considered as the 
most promising for applications in spintronics, 
are the semimetals such as CrO2 and oxides 
of  some semiconductors, for example ZnO 
doped with Co. Semimetals are unusual 
ferromagnets that have electrons at the Fermi 
level in a single-spin state: all with spin along 
the magnetic field, or all with spin against 
the field. Electrons with opposite-directed 
spin have gap in the density of  states at the 
Fermi level and therefore do not contribute to 
the conductivity. The charge carriers in such 
materials have degree of  polarization P = 1. To 
candidates in semimetals are Fe3O4, LaSrMnO 
and SrFeMoO. Heusler's alloys are a big class 
of  materials that are promising for spintronics. 
Heusler alloys include, for example, NiMnSb, 
PtMnSb, CoMnSi, CoMnGe, CoMnSn, and 
others. Most Heusler alloys are ferromagnets 
with a Curie temperature of  200 K to 103 K. 
They have a degree of  electrons polarization 
at the Fermi level P ~ 1, which makes them 
semimetals [14-15].

3.4. Control of  effects
There are several approaches to management 
spin currents and effects used in the spintronics. 
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Fig. 7. The spin Hall effect.
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The main one is the control of  the spin- 
polarized currents by means of  a magnetic 
field, orientation and magnitude of  which can 
easily be changed with external sources, for 
example, by passing a normal current through 
the conductors. Amplitude of  magnetic fields 
should be from a fraction of  mT to units of  T. 
Such fields are sufficiently easy to implement in 
a small space using currents or ferromagnets.

The second way is to control the spin 
currents with the help of  multiferroic materials 
that are simultaneously both ferromagnetic and 
ferroelectric, such as bismuth ferrite FeBiO3 
(Fig. 8) [16, 17]. An electric field applied to 
such material changes its magnetic parameters: 
saturation magnetization, orientation of  the 
magnetization, magnetic anisotropy field and 
others. There are dozens of  single crystal 
multiferroics, but only few of  them exhibit 
sufficiently large effects at room temperatures.

Magnetic parameters of  many 
ferromagnetics are strongly dependent 

on mechanical stresses that can be create 
artificially with the help of  external strains, 
temperature changes etc. This opens up 
opportunities, for example, in composite 
film structures ferromagnet-piezoelectric, 
manage magnetization of  the ferromagnetic 
layer, by applying an electric voltage to the 
piezoelectric layer (Fig. 9) [18]. Combination 
of  piezoelectric effect and magnetostriction 
allows, as shown experimentally on structures 
containing Ni film of  nanometer thickness 
and a piezoelectric with a large piezoelectric 
modulus (lead zirconate ceramic titanate, 
crystalline magnesium niobate-titanate lead, 
lithium niobate, etc.) allows much stronger 
change the orientation of  the magnetization, 
than in single-phase multiferroic crystals. 
Interlayer of  multiferroics or ferroelectrics 
are also used as an insulating layer to enhance 
tunneling magnetoresistance.

Finally, in recent years management of  
spintronic effects has been demonstrated by 
using ultrashort optical pulses due to inverse 
Faraday effect (Fig. 10) [19]. The effect is as 
follows: a light pulse with circular polarization 
of  femtosecond duration (~10-13 - 10-14 s) falls 
on the surface of  a ferromagnetic film and 
creates a pulsed magnetic field B of  up to units 
of  T. This field during the pulse can change the 
orientation of  the ferromagnet magnetization, 
excite spin waves of  microwave or terahertz 
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Fig. 9. Composite ferromagnet- piezoelectric structure in which 
direction of  magnetization is switched by an electric field.

Fig. 10. Magnetization reversal of  a ferromagnetic film with 
optical pulses.

Fig. 8. Multiferroics are the materials that posses simultaneously 
ferromagnetic, ferroelectric and ferroelastic properties.
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frequency bands, change the parameters of  
the spin-polarized current. It is expected, that 
control with optical pulses will reduce the 
switching time of  spintronics devices up to ~ 
10−14 s, which is orders of  magnitude shorter 
than switching times of  microelectronic 
devices.

4. SPINTRONIC DEVICES
By now, several different information 
processing devices based on the spintronics 
principles were realized and even more are 
under development.

The first of  them are the magnetic fields 
sensors [20]. Design of  the sensor is shown 
in Fig. 5. It contains two ferromagnetic layers 
separated by a layer of  non-ferromagnetic metal, 
most often Cu. A magnetically rigid layer with 
large anisotropy (as a rule − antiferromagnet) 
is deposited to one of  the ferromagnetic layers. 
Because of  the exchange interface interaction 
the magnetization of  this layer is fixed, while 
orientation of  the second ferromagnetic 
layer can be changed with the help of  a weak 
external magnetic field H. Change of  the layer 
magnetization orientation due to the GMR 
effect leads to a change in the resistance of  the 
sensor for a direct current flowing through an 
average layer. Such sensors allows to register 
magnetic fields in the range of  ~10−8−10−2  T 
for units of  nanoseconds. GMR sensors are 
widely are used to read information recorded 
on magnetic disks, which led to increase the 
information capacity and speed of  the disks for 
several orders for the last 20 years. In addition, 
GMR sensors are widely used in automotive 
and aviation industry, in security systems, in 
magnetic defectoscopy, etc. (Fig. 11). In 2007, 
A. Fert and P. Grünberg were awarded the 
Nobel Prize in physics for these developments.

Almost all leading electronic companies in 
the world are working on the creation of  the 
STT-MRAM (Spin-Transfer Torque Magnetic 
Random Excess Memory), the random access 
memory based on structures with a spin-tunnel 

effect, which in the coming years can replace 
both semiconductor memory and normal 
MRAM memory. The design of  the STT-
MRAM memory element is shown schematically 
in Fig. 12. Each cell contains a structure with a 
magnetic tunnel junction that is responsible for 
storing information, and a transistor, through 
which addressing is organized. The logical "1" 
corresponds to the parallel orientation of  the 
magnetizations of  the fixed and free magnetic 
layers, and the logical "0" corresponds to the 
antiparallel orientation of  the magnetizations 
of  the layers.. The recording is carried out by 
passing a spin-polarized current through the 
tunnel junction, which changes the orientation 
of  the magnetization of  the free magnetic layer. 
For reading, a weak current is passed through 
the cell and the state of  the cell is determined 
by its resistance. Using the STT effect, instead 
of  external magnetic fields, to change the 
state of  the cell, made it possible to reduce 
significantly the recording energy. Advantages 
of  the STT-MRAM memory are higher density 
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Fig. 11. Field sensors based on giant magnetoresistance and their 
application.

Fig. 12. Schematic view of  the Magnetic Random Access Memory 
element.
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of  information recording and higher speed. 
It is significant that MRAM is a non-volatile 
memory, the data in which are stored for 
unlimited time period without power supply, in 
contrast to dynamic (DRAM) semiconductor 
memory.This means that the long process 
of  downloading programs from disks to 
the computer's memory is excluded, which 
greatly improves the speed and reduces the 
power consumption of  information systems. 
According to preliminary estimates, memory 
based on spintronic technology should also 
have increased radiation resistance. In 2016, 
the company Everspin began commercial 
production of  a 40-nanometer STT-MRAM 
memory with a capacity of  256 Mbit. In Russia, 
the company "Crocus NanoElectronica" 
plans to start production of  the STT-MRAM 
memory chips.

A promising area is development of  spin 
nano-generators of  microwave range, using 
effect of  ferromagnetic resonance excitation 
with spin current (Fig. 13) [21]. Such generators 
have dimensions of  the order of  ~100 nm, 
consumption power at the level of  microwatt, 
frequency of  radiation is in the range from 
units to tens of  GHz, and generate power of  
tens of  nW. Research is currently under way on 
optimization of  structures, increase of  output 
power, formation of  frequency characteristics 
of  generators. A possibility of  creating phased 
antenna arrays based on such generators has 
been demonstrated, that will allow to increase 
their power is 2-3 orders of  magnitude. 
It is proposed to use nano-generators for 
transmission of  information on short distances, 
for example, inside microprocessors.
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The first step towards creating computers 
using principles of  spintronics, is the 
development of  elements, which are functional 
analogues of  diodes and transistors used in 
traditional electronics. Respectively, dozens 
prototypes of  spin diodes and spin transistors 
were proposed and implemented, such as 
Johnson spin transistor (named for the 
inventor), a hybrid spin transistor, SPICE-
transistor, spin-field-effect transistor and 
others [2, 22].

As an example, Fig. 14 shows a schematic 
view of  the spin-field effect transistor. Like the 
usual transistor, it has source and drain contacts 
(ferromagnets) and a gate (semiconductor). 
Spin-polarized carriers leave the source with 
spins parallel to the magnetization of  the 
ferromagnet and process in motion due to the 
Rashba effect. In this case, the electrons must 
move at a rate of  1% of  the light speed in 
vacuum. For sufficient strength of  magnetic field 
(the velocity of  electrons in a given case is very 
important), the spins of  the electrons reverse 
their orientation. As a result, the resistance of  the 
channel increases and the current decreases. By 
varying potential on the shutter one can change 
conductivity of  the device. This device behaves 
like a conventional field-effect transistor with 
the feature that the magnetization of  its contacts 
(and, consequently, its electrical characteristics) 
is sensitive to external magnetic field.

In addition to traditional approaches, new 
approaches can be used in spintronics for 

Fig. 13. Design and frequency spectrum of  spin-current microwave 
oscillator. Fig. 14. Schematic view of  the spin-field transistor.

SPINTRONICS



353

RENSIT | 2018 | VOLUME 10 | ISSUE 3

 

Fig. 15. Principle of  operation and design of  the spin holographic 
processor.

processing of  signals, taking into account 
specific properties of  spin waves [23]. 
Fig. 15 shows, as an example, the structure 
of  a spin holographic processor. it uses 
coherence of  spin waves propagating in a 
thin ferromagnetic film. Input converters 
(4 + 4) excite in structured film spin waves. 
Phase and amplitudes of  these waves depend 
on the voltage at the input converter. In 
the places where the wave beams overlap, 
the spin current generates a voltage, whose 
amplitude depends on the phases of  the 
interfering waves. As result, the signals 
corresponding to certain transformations 
of  the input signals are formed at the 
outputs. We emphasize that in this device all 
processing of  information occurs on spin 
waves, in analogy with optical processors. 
The development of  technology is likely to 
allow processing of  big data sets.

Finally, spintronics can become the main base 
for creating quantum computers working on 
new principles radically different from currently 
used. Electron Is a quantum particle with spin 
which obey the quantum mechanics laws (along 
with the optical photon). It is the most suitable 
object for implementation so-called "q-bit". It is 
believed that the first samples of  real quantum 
computers will appear already within the next 
ten years.

5. RESEARCH CENTERS ON 
SPINTRONICS
Fundamental and applied research in the field 
of  spintronics and its applications are currently 
engaged in dozens of  universities and research 
centers of  large electronic firms. Leading 
role in terms of  scientific achievements and 
volumes of  research play organization of  the 
USA [24]. The main customers and sponsors 
in this area in the US are the Defense agency 
of  perspective research projects (DARPA), 
the US Department of  Defense (DOD), 
the Naval Research Laboratory (NRL), the 
National Science Foundation (NSF), such 
firms as IBM, Honeywell, Motorola, Infineon, 
Cypress Semiconductor, NEC, Toshiba, 
Federal Products Inc., Nonvolatile Electronics, 
and others. Research are conducted, as a 
rule, in the frames of  national programs, 
such as "Technology Reinvestments Project", 
"Magnetic Materials and Devices Project", 
"Spintronics", "SPns IN Semiconductor 
Project", "Quantum Information Science and 
Technology" and others.

Below are some of  the leading research 
centers in the field of  research and applications 
of  spintronics:

C-SPIN (Minnesota, USA) is the Center 
for spintronics of  materials, interfaces and 
new architecture. Multi-discipline university 
and industrial research Centre. They develop 
technologies of  spintronic computing devices 
and memory chips. Located at the State 
University of  Minnesota. The Center is funded 
by a five-year grant of  $28 million from 
Semiconductor Research Corporation and 
DARPA.

CSEQuIN is the Center for spin effects and 
quantum information in nanostructures. It is 
at the University of  Buffalo. Its laboratory of  
spintronics and semiconductors is financed by 
DAPRA.

CSQC (California, USA) is the Center for 
spintronics and quantum computers. It is a part 
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of  the California Institute of  nanosystems at the 
University of  Santa Barbara, USA.

NANOSPIN is the project of  the European 
Commission. It unites 8 academic and industrial 
partners from 6 EU countries on the basis of  
interest in spintronic materials and devices.

Spintec is a research laboratory, where they 
try to transfer the bridge from fundamental 
research to promising technologies for 
production of  spintronic devices. It is located 
in Grenoble, under the leadership of  the 
Commissariat for Atomic Energy (CEA) and 
the National Center of  scientific research 
(CNRS) of  France. Main subjects: memory 
devices, memory chips, MRAM, transfer of  
spin, semiconductor devices.

In France, the universities "Paris-Sud", 
"Paris-Saclay", "Paris-13", and "Université de 
Lorraine" deal with both fundamental problems 
of  spintronics and the development of  new 
devices. The research is funded by CNRS and 
the Commission of  Atomic Energy of  France.

Oakland University in the United States, 
where focus on theoretical research into the 
creation of  spintronic generators of  microwaves 
and development of  devices. Works are financed 
by National Science Foundation of  the United 
States, DARPA, and electronic companies.

In Germany, more than 20 scientific 
groups from various universities are involved 
in spintronics research. Research is carried out 
within the framework of  two Priority Programs 
and 9 Special Research Programs

In Japan and China, similar researches 
in the field of  spintronics are conducted in 
universities and research centers of  leading 
electronic companies.

In Russia, researches on spintronics are 
carried out by individual scientific groups in 
institutes of  the Russian Academy of  Sciences 
and universities. In particular, in the Institute 
of  Radioengineering and Electronics of  RAS, 
Institute of  General Physics of  RAS, Institute 
of  General and Inorganic Chemistry of  
RAS, Institute of  Physics of  Microstructures 

of  RAS, Institute of  Metal Physics of  UB 
RAS, Institute of  Physics of  SB RAS, in 
the Russian Technological University, the 
Sain-Peterburg Electrotechnical University 
"LETI", Saratov State University, Far Eastern 
Federal University, Russian Quantum Center, 
Russian company "Crocus-Nanoelectronics",  
and a number of  other organizations. 
Unfortunately, the contribution of  Russian 
researchers and developers in the research in 
this area is still insignificant. It's connected 
with organizational problems (absence of  
State programs) and with the absence of  a 
target financing. However, the qualification, 
experience and existing international contacts 
allow Russian scientists join to research in 
the field of  spintronics and cut backlog.

First publications on spintronics appeared 
in 1999, now the number of  publications 
is more than 6 thousand and continues to 
grow. In Fig. 16 is a graph of  annual growth 
in the number of  publications in the leading 
international journals, built on database Web 
of  Science using keyword "spintronics". 
According to Web of  Science, number of  
articles count on "spintronics" reaches 9709 
and is growing steadily. Annual number of  
references to articles on the topic "spintronics" 
in 2016 exceeded 28 thousand, which indicates 
extraordinary popularity and importance of  
this direction.

Fig. 16. Publications on spintronics: on the Y-axis - the number 
of  publications, on the X-axis - the year.
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6. CONCLUSION
Brief  summary of  research and development in 
the field of  spintronics allows us to make the 
following conclusion:
• Spintronics is the most promising platform 

for element base of  systems for processing 
and storage of  information.

• Spintronics devices allow realize a higher 
density data storage, will have higher 
speed of  information processing, reduced 
energy consumption, and higher radiation 
resistance than existing electronic devices 
on semiconductors.

• To date, the prototypes of  such spintronics 
devices as highly sensitive magnetic field 
sensors; non-volatile magnetic random 
access memory elements; spin-field diodes 
and transistors; tuned microwave nano-
generators, and so on. New principles of  
information processing based on spintronic 
technology are under development.

• Leading countries are carrying out intensive 
research in the area of  spintronics in 
universities and research departments of  
companies. In the US, investigations are 
financed by military departments, National 
Science Foundation, companies IBM, 
Honeywell, Motorola, Infineon, NEC, 
Toshiba and others.

• In the US, Europe and Asia (Japan, China) 
spintronic studies are held as a part of  a 
specially organized programs, executors of  
which are scientific groups from universities, 
public and private research organizations.

• In Russia there are several scientific 
groups in the institutes of  the Academy of  
Sciences and leading universities involved 
in fundamental research in the area of  
spintronics. To reduce lag of  domestic 
researchers from Western competitors it 
is necessary to organize state programs on 
this direction and increase funding.
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I. INTRODUCTION
The conservation of  the spin polarization is crucial 
for spintronic device applications. Due to the spin-
orbit interaction (SOI), electrons in quantum wells 
(QWs) experience spin relaxation and dephasing 
by Dyakonov-Perel mechanism [3]. In the QWs 
based on A3B5 compounds there are two types 
of  the SOI: Dresselhaus [1] and Rashba [2]. The 
Dresselhaus-type SOI is believed to originate from 
the lack of  inversion symmetry in the bulk crystal 
and is proportional to the Dresselhaus parameter 
αBIA. The Rashba-type SOI is due to the structural 
asymmetry and is proportional to the parameter 
αSIA. If  αBIA and αSIA are equal, the spin polarization 
of  a helical spin state is conserved [4]. To achieve 
this regime, one should know and control the values 
of  both parameters. In the envelope functions 
approximation they are determined by the following 
expressions (0) 2 3 (0)ˆ / , ( ) ,BIA c z SIA so zp a V zα γ α= = ∂  

where γс и aso are bulk constants [18]. Thus, it is 
believed that the parameter αSIA can be tuned by 
using the gate electrodes or by choosing the ratio 
between the dopant concentration on the two sides 
of  QW, while the parameter αBIA is determined 
by choosing the material and the width of  QW. 
However, the experimental determination of  the 
bulk constants γc and aSO is still challenging. In spite 
of  many experimental investigations in a wide range 
GaAs-based QWs, the precise value of  γc is still 
being discussed controversially in the literature.

The parameter γc was measured by Marushchak 
with collaborators for bulk GaAs [5[ and the value 
γc = 24 eV·Å3 was obtained which is in the good 
agreement with kp-theory and has not been revised 
yet. But since 1990th γc bas been measured not in 
bulk GaAs, but in QWs with the interfaces [4, 6-15]. 
There is a considerable spread in the data obtained 
(see Fig. 1), moreover, they are inconsistent with the 
theoretical results. As it was pointed out in Ref. [17], 
the possible reason of  the spread is an incomplete 
account of  the interfacial spin-orbit interaction 
(ISOI). Thus, not bulk values, but some effective 
quantities containing the information about the 
microscopic structure of  the interfaces are obtained 
in the experiments. The theory of  ISOI in the 
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wide unilaterally doped GaAs quantum well, where 
the electrons are pushed toward the (001) GaAs/
AlGaAs heterointerface by the built-in electric field 
was developed in Refs. [16 and 17]. The interfacial 
contributions to the αBIA and αSIA were shown to be 
of  the same order as bulk ones. However, in a more 
general situation the electrons interact with atomically 
sharp interfacial potentials of  two heterointerfaces, 
and ISOI at both of  them contribute to αBIA and αSIA. 
To take it into account, we develop the theory of  
the ISOI in the QWs with an arbitrary thickness and 
potential profile in the present paper.

2. GENERAL THEORY OF SPIN-ORBIT 
INTERACTION IN NARROW QUANTUM 
WELLS
In the QWs grown in z||[001] direction, the spin 
splitting of  the 2D electron spectrum has the general 
form

2 22 2 sin 2 ,SS BIA SIA BIA SIAE p α α α α φ= + +  (1)

where px = pcosφ , py = psinφ  are the components of  
2D momentum.

To derive the interfacial contributions to αBIA and 
αSIA we begin with 3D problem in which an effective 
wave function φ  of  the conduction electron obeys 
the effective mass equation inside the QW of  the 
thickness d. The corresponding Hamiltonian Ĥ
contains the terms ˆ

BIAH  and ˆ
SIAH  describing the 

spin splitting of  the spectrum arising due to the 
lack of  inversion symmetry in the bulk crystal and 
asymmetry of  the structure, respectively:

2

*

ˆˆ ˆ ˆ( ) ,
2 BIA SIA
pH V z H H
m

= + + +  (2)

2 2 2 2 2 2
3

ˆ ˆ ˆ ˆ( ) ( ) ( ) ,c
BIA x x y z y y z x z z x yH p p p p p p p p p

γ
σ σ σ = − + − + − 



(3)

ˆ ( ) ( ),SIA so x y y x zH a p p V zσ σ= − ∂  (4)
where σx, σy and σz are the Pauli matrices.

Aiming to take into account the microscopic 
structure of  the interfaces, we introduce appropriate 
boundary conditions (BCs) for the effective 
wave function. The phenomenological BC for a 
single (001) GaAs/AlGaAs heterointeface with 
C2v symmetry taking into account the spin-orbit 
interaction with atomically sharp interfacial potential 
was derived in Refs. [16 and 17] from the general 
physical requirements. Since the interfaces are, in 
general, non-equivalent we describe them by such 
BCs with different phenomenological parameters

1 /2 2 /2
ˆ ˆ( ) | 0,   ( ) | 0,z d z dz zφ φ= =−Γ = Γ =  (5)

1( 2)

*
1(2) 1(2)

4

1(2) * intint
1(2) 1(2)

3

2ˆ ˆ ˆ1 ( )
ˆ .

2( )
ˆ( ( )

c
y y x x

c
y y x x

R m R
i i p p

mR
p p

γ
σ σ

γχ χ
σ σ

 
− − − + 

 Γ =
 +
 + × −
 

pn pn

p n) -

 

 

σ

 (6)

Here n is the unit vector directed along the 
external normal to the corresponding interface; R1 
(R2) is a real quantity describing the spectrum of  
the Tamm’s states near the right (left) boundary if  
they exist (for this sake the condition R > 0 must 
be fulfilled); χ is the bulk spin-orbit parameter (χ = 
0.082 for GaAs); 

1

int int
1,cγ χ  and 

2

int int
2,cγ χ characterizes 

the spin-orbit interaction at the right and left 
heterointerfaces, respectively.

In the lowest order over the scalar contributions 
of  the interfaces and the ISOI parameters, the 
operators 1(2)Γ̂  in the BCs (5) can be transformed to 
the unitary form

1( 2)

1(2) 1(2) 1(2)

*
1(2)

1(2) 1(2) 3

int 2
1(2) 1(2)

* int
1(2)

3

ˆ ˆ ˆ ˆexp( / )  with  satisfying

2
ˆ ( )

( )
( )

2
( ) ,

z

c
z y y x x z

x y y x

c
y y x x z

ig p g

m R
g R n p p n

R
p p

m R
p p n

γ
σ σ

χ χ
σ σ

γ
σ σ

Γ =

= − − − −

+
− − −

− −











 (7)

where nz = 1 for the right interface and nz = −1 for 
the left one. To obtain 1(2)Γ̂  we multiply 1(2)Γ̂  by 

Fig. 1. The values of  the bulk spin-orbit constant γc extracted 
from the experimental data obtained by different groups in GaAs/
AlGaAs quantum wells. There is a considerable spread in the data 

and inconsistency with the result of  bulk measurements.
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the operator ( ){ int
1(2) 1(2) ˆ1 / ( )Rχ χ + + −  p×n σ  

}1( 2)

1
* int 32 / ( )c y y x xm p pγ σ σ

−
 − −  from the left and 

neglect the terms nonlinear over the SOI parameters.
If  the system allows to perform spin 

diagonalization, the operators ĝ1 and ĝ2 transform 
into scalar quantities Δd1 and Δd2, respectively, 
having the dimensionality of  length. In this case the 
operator 1(2)Γ̂  just shifts the right (left) boundary to 
the new position zr = d/2 + Δd1 (zl = − d/2 + Δd2 
which depends on the spin projection σ = ±1 and 
the corresponding interfacial parameters. Such spin 
diagonalization is possible in the systems with only 
one type of  SOI (Rashba or Dresselhaus).

We begin with the case when only Rashba SOI is 
present. The resulting problem reads as

2

*

ˆ
( ) ( ) ( ),

2
z

so z
p V z a p V z E z
m σ σ σσ ψ ψ

 
+ + ∂ = 

 
 (8)

1 2/2 /2( ) | 0,   ( ) | 0,z d d z d dz zσ σψ ψ= +∆ =− +∆= =  (9)
2

1(2) 1(2)
1(2) 1(2) ,z

R
d R n p

χ
σ∆ = − +





 (10)

where int
1(2) 1(2) ,χ χ χ= +  p is the absolute value of  2D 

momentum.
The further analysis is organized as follows. At 

first we consider the simple problem
2

(0) (0) (0)
*

ˆ
( ) ,

2
zp V z E

m
ψ ψ

 
+ = 

 
 (11)

(0) (0)( ) | 0,   ( ) | 0,
r lz z z zz zψ ψ= == =  (12)

which allows an exact numerical solution for an 
arbitrary potential profile V(z). Next we assume 
Δd1 and Δd2  to be much smaller than d and obtain 
the energy spectrum of  the problem (8)-(10). In the 
lowest order over the SOI parameters it reads as

(0) (0) (0)

(0) (0)

1 2
, ,

2 2 2 2

| |

.

so z

d d d dr l

E E a V p

E Ed d
z z

σ ψ ψ σ

− −

= + ∂ +

∂ ∂
+ ∆ + ∆

∂ ∂
 (13)

Finally, we calculate the spin splitting ESS = (E+1 
− E-1) and, comparing it with (1), obtain αSIA

2 2(0) (0)
(0) 1 1 2 2

, ,
2 2 2 2

.SIA SIA
d d d dr l

R RE E
z z

χ χα α
− −

∂ ∂
= + +

∂ ∂
 

 

 (14)

Here the last two terms are the desired interfacial 
contributions. In the system with only Dresselhaus-
type SOI we have

1( 2)

*
1(2)

1(2) 1(2) 3

2
,c

z z

m R
d R n n p

γ
σ∆ = − −





 (15)

where 
1( 2) 1( 2)

int .ñ ñ ñγ γ γ= +  Performing the similar 
analysis as before we obtain interfacial contributions 
to αBIA

1

1 2
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3
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where (0) (0) 2 * (0)
1 ˆ( ) | / 2 | ( ) ,zE z p m zψ ψ=

(0) (0) (0)
2 ( ) | ( ) | ( )E z V z zψ ψ= .
One can expect that since all spin-orbit constants 

are small in general case when both Rashba and 
Dresselhaus type terms are allowed in the effective 
spin Hamiltonian, the corresponding spin splitting 
has the form (1), where in the lowest order over SOI 
parameters, αSIA and αBIA are still determined by Eqs. 
(14) and (16), respectively. This assumption will be 
verified below on a simple example.

It is important to note that the interfacial 
contributions to αSIA and αBIA can be calculated 
in a QW with arbitrary doping level and potential 
distribution since one is always able to find E(0) and 
ψ (0) numerically. However, in some cases transparent 
analytical results can be obtained. As an example we 
now consider the "narrow" QW in which the size 
quantization energy much exceeds the energy of  the 
electron interaction with the smooth (in the atomic 
scale) potential V(z). Treating the potential V(z) as a 
perturbation, we obtain from Eqs. (14) and (16) for 
the ground subband

2 2
(0) 0 1 1 2 2

2 2
0 1 1 2 2

0

2 ( )

( ) ,
2

SIA SIA
E R R

d
E R ReFd

E d

χ χα α

χ χ

−
= − +

+
+



 



 



 (17)

2
(0) 0 1 2

0 1 1 2 2 2 2 1 1

0 0

2 ( )

( ) ( ) ,
4

c
BIA BIA

c c c c

k R R
d

E R R R ReFd
E d E d

γα α

γ γ γ γ
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 (18)
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where

0 0 0

2 2
0

0 0 0 *

0 0 0 0

/ ,   ( ) | '( ) | ( ) ,

( ) 2 / cos ,   ,
2

1 ( ) | '( ) | ( ) .
2

k d eF z V z z

kz d k z E
m

E E z zV z z

π ψ ψ

ψ

ψ ψ

= =

= =

= −





 (19)

It follows from Eqs. (17) and (18) that the ISOI 
not only renormalizes the values of  αBIA and αSIA, 
but also affect the qualitative behaviour of  the spin 
splitting. The spin splitting is anisotropic in the 
structures where both Dresselhaus- and Rashba-type 
SOIs are present. In the framework of  the envelope 
functions approximation, αSIA is commonly assumed 
to be nonzero only in the structures with built-in or 
external electric field. However, it is seen from the 
Eq. (17) that if  the interfaces are non-equivalent, i.e. 

2 2
1 1 2 2 ,R Rχ χ≠   the αSIA is finite even in the QWs with 

zero average electric field. This effect gives rise to 
anisotropy of  the spin splitting in such structures. 
Our theory naturally explains the results of  Ref. [4] 
where significantly nonzero αSIA was observed in the 
nominally symmetric QW with equally doped sides 
and zero average electric field. At the same time, the 
interfacial contribution to αBIA is nonzero even for 
structures with identical boundaries, i.e. 

1 2

int int
c cγ γ=  

and R1 = R2.
Now we check if  the above assumption regarding 

the additivity of  the Rashba and Dresselhaus 
contributions in the lowest order over SOI constants 
is fulfilled in the "narrow" QW. For this purpose, 
we calculate the spin splitting starting from the 3D 
problem (2)-(5) with both types of  SOI and compare 
obtained αSIA and αBIA with ones satisfying (17) and 
(18).

Aiming to analyse the effect of  ISOI on the spin 
splitting, we take into account the interaction with 
the interfacial potential exactly. At the same time, 
bulk SOI ˆ ˆ

BIA SIAH H+  and the smooth potential 
V(z) which average value is assumed to be small 
in comparison with the size quantization energy 
are treated perturbatively. At first, we consider the 
following problem

2
(0) (0) (0)

*

ˆ
( ) ( ),

2
zp z z

m
φ φ=∈  (20)

(0) (0)
1 /2 2 /2

ˆ ˆ( ) | 0,   ( ) | 0.z d z dz zφ φ= =−Γ = Γ =  (21)
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φ φ
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α α β β
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−

=

=

∆ = + − −

∆ = − + −









we obtain the eigenvalues and eigenfunctions of  
the problem (20)-(21) in the lowest order over the 
scalar contributions of  the interfaces and the ISOI 
parameters (0)

±∈  = E0 [1 + 2(R1 + R2)/d ± 2|Δ|/d],

1 3(0)

2 4

( ) ,
ik z ik z

ik z ik z

C e C e
z

C e C e
φ

± ±

± ±

−± ±

± −± ±

 +
=   + 

 (22)

where
0 1 2

*

2 1 3 0 1 2 1

[1 ( ) / | | / ],

,   1 ( ) | | ,
| |

k k R R d d

C C C ik R R C

±

± ± ± ±

= + + ± ∆

 ∆ ∆
= = + − ± ∆ ∆ ∆ 





 (23)

*
*

4 0 1 ,   
| |

C ik C± ± ∆
= − ∆ ∆ 



  (24)

and 2
1 1 2| | (1/ 4 )[1 ( ) / | | / ] .C d R R d d −= − + ∆

Next we find the spectrum of  the problem 
(2)-(5) using the eigenfunctions (22) as a 
basis (0) (0)( )z A Bφ φ φ+ −= +  and considering 
ˆ ˆ ˆ ( )BIA SIAH H H V zδ = + +  as a perturbation

(0) (0) (0) (0) (0)

(0) (0) (0) (0) (0)

ˆ ˆ| |    | |

ˆ ˆ| |    | |

.

H H A
BH H

A
E

B

φ δ φ φ δ φ

φ δ φ φ δ φ

+ + + + −

− + − − −

 ∈ +    =    ∈ + 
 

=  
 

 (25)

As it was expected, we obtain that the resulting 
spin splitting of  the spectrum has the form (1) 
with αSIA and αBIA satisfying Eqs. (17) and (18), 
respectively.

The values of  the interfacial parameters can be 
extracted from comparison with the experiment, as 
it was done for the wide one-side doped quantum 
well GaAs/AlGaAs in Ref.[17]. Let us, for example, 
evaluate the values 2

1 1Rχ  and 2
2 2Rχ  comparing 

Eq. (17) with the experimental data from Ref. 
[4]. Due to the fact that all quantum wells were 
grown under the same conditions we assume the 
interfacial parameters to be equal for all structures. 
However, in each quantum well the left interface 
is not equivalent to the right one. We also suppose 

0 0E E≈ . For the symmetrical sample with F = 0 
and d = 12 nm the parameter αSIA = (0.4·10−3)vF (vF 
= 4.11·107 sm/s is the Fermi velocity) is determined 
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from the difference between  2
1 1Rχ  and 2

2 2Rχ . 
Thus, we can estimate this difference as  2

1 1Rχ  − 
2

2 2Rχ  = 1.4Å2. Next we consider the sample with 
the same thickness and asymmetrical doping for 
which [4] αSIA = (1.3·10−3) vF. Performing the self-
consistent solution of  the Shrödinger and Poisson 
equations, we obtain F = 2.085·105 V/sm. Thus, we 
evaluate  2

1 1Rχ  + 2
2 2Rχ  = 7.7 2. Finally, we find 

2
1 1Rχ  = 4.6Å2, 2

2 2Rχ  = 3.1Å2. The experimental 
data presented in Ref. [4] is not enough to calculate 

1χ , 2χ , R1 and R2 separately. However, some 
estimates can be obtained. The typical value of  R 
is in the order of  ~20Å [17]. Thus, we evaluate 1χ  
~ 0.012 and 2χ ~0.008. The corresponding values 

int
1χ  ~−0.07 and int

2χ  ~−0.74 are the same order as 
bulk value χ = 0.082.

3. CONCLUSION
In conclusion we developed the theory of  ISOI in the 
narrow QWs. We have obtained the renormalization 
of  the Dresselhaus and Rashba parameters 
arising from the SOI at two heterointerfaces. 
The considerable spread in the experimentally 
determined values of  spin-orbit constants can 
originate from the dependence of  αBIA and αSIA on 
the interfacial parameters and, thus, on the growth 
conditions. We also have demonstrated that the 
microscopic dissimilarity of  the interfaces leads to 
the finite Rashba parameters even in the QWs with 
zero average electric field. This result explains the 
experimental data of  Ref. [4] where nonzero αSIA was 
obtained in the symmetric structure.
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1. INTRODUCTION
The development of  spintronic devices based 
on magnetoactive materials with the nanoscale 
interfaces is an important task, which requires 
the study of  the physics of  structural and 
phase transformations in thin films and at the 
interfaces. Spintronics is based on phenomena 
associated with the transfer of  the spin moment. 
A “pure” spin current can be created by several 
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Abstract. The magnetic properties of  the heterostructures consisting of  platinum Pt, epitaxially 
grown manganite optimally doped by strontium La0.7Sr0.3MnO3 (LSMO), rare earth intermetallic 
superlattices consisting of  exchange-coupled layers TbCo2/FeCo (TCFC), and the epitaxial 
film of  yttrium iron garnet Y3Fe5O12 (YIG) were investigated. The TCFC material provides giant 
magnetostriction, large magnitude of  the magnetomechanical coupling coefficient, and controlled 
induced magnetic anisotropy. In addition TCFC, as well as Pt, has strong spin-orbit interaction. 
Experimental studies have shown that the magnetic interaction of  the heterostructure (TeCo2/
FeCo)n/LSMO has an antiferromagnetic character. An increase of  linewidth of  the ferromagnetic 
resonance in the Pt/LSMO structure was observed and explained by the spin current flow induced 
in Pt film by the LSMO film at ferromagnetic resonance. In the TCFC/YIG heterostructure, an 
electric voltage induced in the TCFC film was observed and explained by the inverse spin-Hall 
effect under conditions of  ferromagnetic resonance.
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mechanisms, among which the most effective 
are the spin-Hall effect [1] and the spin pumping 
in ferromagnetic resonance mode [2]. The 
magnetic heterostructure as a rule consists of  
magnetic and nonmagnetic layers. Materials with 
a strong spin-orbit interaction play an important 
role in the detection of  the spin current. A 
pure spin current (JS) can be detected using the 
inverse spin-Hall effect (ISHE) in a material with 
strong spin-orbit interaction by converting into 
conduction current Jc = θSH(ħ/2e)(JS·σ), where 
θSH is the angle of  spin-Hall effect, σ - carrier 
polarization.

However, not only non-magnetic normal 
metals can be used as ISHE spin current detectors. 
In a number of  works, it was shown that magnetic 
metals, such as permalloy Py (NiFe), as well as 
Fe, Co, Ni can be used as spin current detectors 
[3-5]. TbCo2/FeCo structures containing Tb 
element with a strong spin-orbit interaction 
(high atomic weight Z) are distinguished by 
giant magnetostriction, a large value of  the 
magnetomechanical coupling coefficient, 
controlled induced magnetic anisotropy and the 
ability to induce spin-orientation transitions by a 
magnetic field or elastic stresses [6, 7]. In turn, rare 
earth manganite perovskites with the structure 
Re1-xAxMnO3 (Re are rare earth materials such 
as La or Nd), and A - alkaline earth metals such 
as Sr, Ca, Ba) exhibit a wide range of  unusual 
electrical and magnetic properties, including 
high (up to 100 %) magnetic polarization, the 
effect of  colossal magnetoresistance, etc (see 
review [8]). Manganite films for which the Curie 
temperature TC is close to room temperature is 
especially attractive for practical use. A number 
of  studies on the excitation of  the spin current by 
ferromagnetic resonance in LSMO/N structures 
(N is a normal metal, usually platinum) were 
made in [9, 10]. However, there are no data on 
the temperature dependences of  the width of  
the ferromagnetic resonance (FMR) line during 
the generation of  spin current in ferromagnets 
and on the magnitude of  the spin conductivity 
of  the LSMO/Pt boundary. We have investigated 

the magnetic properties of  heterostructures 
consisting of  platinum Pt, epitaxially grown 
manganite La0.7Sr0.3MnO3 (LSMO), rare earth 
intermetallic superlattices consisting of  
exchange-coupled layers TbCo2/FeCo (TCFC), 
and the epitaxial film of  yttrium iron garnet 
Y3Fe5O12 (YIG). Our studies are focused on 
the effects associated with the excitation and 
generation of  spin current in the structures.

2.FERROMAGNETIC RESONANCE IN 
MANGANITE EPITAXIAL FILMS
The Hilbert damping parameter α is a measure of  
the spin precession relaxation in homogeneous 
ferromagnets caused by spin-orbit interaction 
[11]. The width of  the homogeneous FMR line 
induced by Hilbert damping is proportional to 
the FMR frequency ω, ΔHG = αω/γ (γ = gμB/h is the 
gyromagnetic ratio) and describes the situation 
for the homogeneous case. In the ferromagnetic 
structure of  a ferromagnet and a normal metal, 
the FMR line is additionally broadened due to the 
generation of  the spin current, inhomogeneity 
of  the magnetization of  the ferromagnet, 
interaction with another material, two-magnon 
scattering and the appearance of  eddy current in 
the ferromagnet. As a result, the FMR linewidth 
can be represented as a sum
ΔHPP = ΔHG + ΔHI + ΔH2M + ΔHE,      (1)
where ΔHI, ΔH2M, ΔHE are the widths of  the lines 
for damping caused by the inhomogeneous state 
of  a ferromagnet, two-magnon scattering and 
damping caused by eddy current, respectively 
[12, 13]. A change in the magnetic properties of  
materials such as its anisotropy or magnetization 
affects the inhomogeneous broadening of  
the FMR line (ΔHI) which is independent of  
frequency [12, 13]. The magnetic field of  an 
alternating current caused by FMR induces 
eddy currents in a thin conductive film. These 
currents produce an additional change in the 
amplitude of  the alternating current magnetic 
fields of  the heterostructure. The influence of  
eddy currents on ferromagnetic resonance in a 
conducting ferromagnetic system can lead to 
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Fig. 1. FMR spectra for d-LSMO and h-LSMO films and 
Pt/h-LSMO heterostructures. Spectra for d-LSMO and Pt/h-

LSMO are shifted along the dP/dH axis.

broadening of  the FMR linewidth (ΔHE) and to 
the change in the shape of  the FMR spectrum 
at non-uniform microwave field [14-16]. The 
mechanism of  two-magnon scattering leads to 
the connection of  homogeneous precession (k 
= 0) with degenerate finite spin-wave modes 
[17, 18]. In a ferromagnet/normal metal 
heterostructure the precession of  magnetization 
in a ferromagnet causes a spin current to flow 
through the boundary into the normal metal, 
which broadens the FMR line. The theory [19] 
predicts the spin current to flow through the 
boundary of  the ferromagnetic and nonmagnetic 
layers perpendicular to the interface.

The linewidth of  ferromagnetic resonance 
ΔHpp, measured by scanning the external 
magnetic field H, is defined as the difference in 
the field positions between the extremes Hp+, Hp- 
of  the first derivative of  the dP/dH microwave 
absorption signal (see Fig. 1). At this value, 
the resonance field H0, defined as the point of  
transition of  the signal dP/dH through zero is 
always in the range Hp+ < H0 < Hp-. Note, that the 
determination of  the linewidth by approximating 
the FMR spectrum by several Lorentz lines gives 
an approximate 10% correction in the value of  
ΔHpp.

Experimental studies were performed on 
La0.7Sr0.3MnO3 (LSMO) epitaxial films, which 
were deposited by magnetron sputtering onto 
(110) NdGaO3 (NGO) single crystal substrates at 

T = 820°C and oxygen pressure of  0.15-1 mbar. 
Pt films 10-20 nm thick were deposited ex situ 
immediately after cooling of  the manganite film. 
Magnetic characteristics were measured by FMR 
using a Bruker spectrometer (frequency 9.51 
GHz). The experimental samples were located 
in the microwave cavity of  the spectrometer so 
that the sample plane was always parallel to the 
direction of  the constant external magnetic field 
and the magnetic component of  the microwave 
field (parallel orientation). The method of  
sample preparation and FMR measurements 
are described in [20]. Obtained films were 
investigated immediately after the deposition 
and cooling to room temperature (d-LSMO), 
and were annealed after the growth at T = 820°C 
for one hour (h-LSMO). For h-LSMO films, 40 
nm thick, we determined the attenuation α0 of  
the spin precession at room temperature from 
linewidth ΔHPP = 28 Oe which corresponds to α0 
= ΔHPP·γ/ω = 8·10-3. The increase in attenuation 
α = α0 + α' during the deposition of  Pt on the 
LSMO can occur due to the flow of  the spin 
current through the Pt/LSMO boundary. For Pt 
deposited on the h-LSMO film with thickness of  
10 nm the parameter α increases by 10%. Using 
[21, 22], one can calculate the spin conductivity 
in the Pt/LSMO heterostructure:

4 ',s LSMO

B

M tg
g

π α
µ

↑↓ =  (2)

where γ = 17.605·106 is gyromagnetic ratio for 
an electron, ω = 2π·9.51·109s-1 is microwave 
angular frequency, Ms = 300 Oe is LSMO film 
magnetization, tLSMO = 40 nm is LSMO film 
thickness, μB = 9.274·10-21 erg/G is the Bohr 
magneton, g = 2 is the Lande factor. At room 
temperature, an increase in the FMR linewidth 
after deposition of  Pt ΔHPt/LSMO − ΔHLSMO = 4 Oe 
and, therefore, g↑↓ = 0.4·1019 m-2 was obtained. This 
value of  the spin conduction of  the boundary 
slightly exceeds g↑↓ ~1018 m-2, obtained from 
measurements of  the spin current on the same 
Pt/LSMO structures using the inverse spin-Hall 
effect [23]. For comparison, g↑↓ = 2.1·1019 m-2 
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Fig. 2. Temperature dependences of  the width of  the FMR 
lines of  the b-LSMO film (open squares) and Pt/b-LSMO 
heterostructures (filled squares). The temperature dependences of  
the resistance of  LSMO manganite films (green line) and Pt/b-

LSMO heterostructures (red line) are presented.

[24] was obtained for Py/Pt boundaries, and g↑↓ 

= 4.8·1020 m-2 [25] for YIG/Pt.
When estimating the spin conductivity, 

using (2), other mechanisms of  spin precession 
damping were not been taken into account. The 
effective one-dimensional spin conductivity of  
a normal metal layer connected in series with 
the spin conductivity of  the gext interface 
contributes to the effective spin conductivity of  
the structure [26, 27].
geff = (1/g↑↓ + 1/gext).        (3)

The expression for gext is obtained by 
solving the spin diffusion equation with the 
corresponding boundary conditions. In the case 
of  the ferromagnet/normal metal structure, 
the following spin conductivity expression was 
obtained [22]
gext = tanh(dPt/λd)/(2λd Ptρ ),         (4)
where Ptρ , dPt and λd are the specific resistance, 
thickness and diffusion length for the Pt film, 
respectively. For a thickness of  dPt = 10 nm, 
exceeding λd = 3 nm [22], tanh(dPt/λd) ≈ 1, and 
the contribution to the line width from the 
spin conductivity in the Pt film is equal at room 
temperature:
ΔHext = (ω/γ)g·μB·h/(2π4e2MsdF Ptρ λd) ≈ 6 Oe, (5)
where g = 2, Ms = 300 Oe, dF = 4·10-6 cm, Ptρ
= 3·10-5 Ω cm, λd = 3·10-7 cm, h/e2 = 2.6·104 
Ω. The broadening of  the FMR line due to the 
effective spin conductivity of  the normal metal 
layer is equal to the contribution from the spin 
current. The large value of  this broadening 
is probably caused by an error in determining 
the spin relaxation length λd. The temperature 
dependences of  the linewidth for the b-LSMO 
manganite film and for the Pt/b-LSMO 
heterostructure are presented in Fig. 2. With a 
decrease in the temperature the ΔHpp markedly 
increased. Increasing Ms with decreasing T may 
cause an increase in the linewidth (see expression 
(5)). But below T = 200 K, the magnetization 
Ms is saturated, and the width of  the FMR line 
continues to grow.

When a Pt film is deposited on top of  an 
LSMO film, the overall conductivity of  the 
structure increases (see Fig. 2). The increase 
in ΔHpp, which is observed in the experiment 
after the deposition of  Pt at low temperatures, 
can be fully explained by the generation of  the 
spin current in the Pt/LSMO heterostructure. 
With decreasing temperature, the resistivity 
of  the Pt film decreases in proportion to T, 
and the resistance of  the LSMO film changes 
by more than one order of  magnitude. The 
contribution of  all layers to the resistivity of  
the heterostructure is explained by the fact that 
the LSMO film together with the Pt film acts 
as parallel resistors [28]. An increase in ΔHpp 
with decreasing temperature can be caused 
by damping caused by eddy current, which is 
proportional to the conductivity of  the structure.

3. FMR FOR TCFC/LSMO 
HETEROSTRUCTURE
The FMR spectrum of  the TCFC/LSMO 
heterostructure presented in Fig. 3a, was 
measured at the frequency ω/2π = 9.74 GHz at 
T = 300 K with a constant field lying in the plane 
of  the heterostructure and directed along the axis 
of  easy magnetization of  the heterostructure. 
Three areas of  ferromagnetic order are visible in 
the structure. The temperature dependences of  
the resonance fields H0 for three lines of  the FMR 
spectrum are shown in Fig. 3b. The line in the 
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Fig. 3. (a) FMR spectrum of  the TCFC/LSMO heterostructure. 
The constant magnetic field is directed along the easy axis of  
magnetization, T = 300K. The scale of  the TCFC superlattice 
line has been increased 10 times. (b) Temperature dependences of  
the resonant magnetic field for three lines of  FMR. Triangles, filled 
rectangles and circles refer to LSMO-2, LSMO-1 and TCFC film 

correspondingly

1900 Oe area in Fig. 3a is caused by the presence 
of  a TCFC superlattice in the structure. It is seen 
that at T ≤ 300 K, the field H0(T) of  this line 
slowly decreases with decreasing temperature, 
which indicates a high Curie temperature of  
the film (above 360 K). Two other lines refer 
to the LSMO film: LSMO-2 corresponds to 
the part of  the LSMO film that lies under the 
TCFC superstructure, while LSMO-1 refers to 
the part of  the LSMO film that is not covered 
by the TCFC film. The number of  electron 
spins for the LSMO-1 and LSMO-2 peaks is 
determined by the topology of  the sample (the 
area covered by the TCFC and the non-covered 
parts of  the chip). Estimation of  the number of  
spins was carried out by calculating the area of  
the absorption line of  the FMR spectrum. The 
widths of  the FMR spectra (ΔH) of  these two 
lines of  the LSMO film differ by 40–50 Oe.

Since both parts of  LSMO-1 and LSMO-2 
are located on the same substrate and have the 
same crystal structure, the observed difference 
of  ΔH in peaks is most likely caused by the 
interaction of  the TCFC superlattice and LSMO 
film. A similar broadening of  the FMR line 
for structures with ferromagnet/normal metal 
interfaces was observed previously (see the part 
2 of  the article) and is explained theoretically 
[19] by the spin current leaving the ferromagnet 
in a normal metal during FMR.

Solving the Landau-Lifshitz-Gilbert equation 
gives two resonance relations ω(H0), describing 
the FMR in TCFC and LSMO-2 films. With 
allowance for uniaxial and biaxial anisotropies, 
these relations are similar to those obtained in 
[29] for an autonomous LSMO film deposited 
on an (011) NdGaO3 orthorhombic substrate, 
which causes the uniaxial magnetic anisotropy 
[20]. Taking into account the magnetic interaction 
in the expressions for the resonant frequency 
ω(H0)[20], the value of  H0 should be replaced 
by the sum of  two terms H01 + HJ1 and H02 + HJ2 

for the LSMO-2 film and TCFC superlattices, 
respectively. Here, HJ1 = J/(M1d1) and HJ2 = J/
(M2d2) (d1 and d2 of  the thickness of  the LSMO 
and TCFC layers, respectively) give an effective 
interlayer exchange interaction for the LSMO-2 
and TCFC films.

To determine the structure parameters, we 
first calculate the angular dependence of  the 
FMR response of  an autonomous LSMO film 
(LSMO-1). Then, using the magnitude of  the 
magnetization obtained by fitting the dependence 
of  the resonant field on the angle, we calculate 
the angular dependence of  H0 for the LSMO-
2 film. Then, the exchange interaction constant 
J is determined. Finally, the obtained value J is 
used to calculate the angular dependence of  H0 
for the TCFC film and for calculating the value 
M2. As a result, the data obtained allow us to 
conclude that the TCFC/LSMO interface can 
be characterized by antiferromagnetic interlayer 
interaction with a constant J = -0.24 erg/cm.
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Fig. 4. Radio-frequency absorption in a ferromagnetic 
heterostructure film (FeCo/TbCo2/FeCo)/MgO/(FeCo/TbCo2/
FeCo) consisting of  two three-layer films (in brackets), separated 
by a layer of  MgO, depending on the external magnetic field H0, 
oriented perpendicular to the nu axis of  the easy magnetization.

4. RARE-EARTH INTERMETALLIC 
SUPERLATTICES
The structure in the form of  a ‘sandwich’ 
(FeCo/TbCo2/FeCo)/MgO/(FeCo/TbCo2/
FeCo) (TCFCM), which is promising for creating 
the magnetically controlled switches, was 
investigated [30]. The two films (in brackets) are 
three-layer polycrystalline films of  intermetallic 
compounds with a thickness of  2 nm (FeCo) 
and 6 nm (TbCo2), which are separated by a 
thin layer of  MgO with a thickness of  3 nm. 
This structure was deposited on a silicon 
substrate with dimensions of  5×5×0.5 mm3. 
Both intermetallic films are ferromagnets at 
room temperature with giant magnetostriction. 
During deposition of  intermetallic films the 
external magnetic field was applied in parallel to 
the substrate plane, keeping the same direction, 
but with significantly different intensities for 
each of  compounds. In this case, it was expected 
that the easy axis nu magnetic anisotropy of  the 
films will lie in their plane and will be oriented 
along the imposed magnetic field, while 
their magnetic anisotropy constants will be 
significantly different.

Recently, ferromagnetic films with in-
plane uniaxial anisotropy of  the magnetic 
field revealed the effect of  a sharp increase in 
the radio frequency (RF) dynamic magnetic 
susceptibility [23, 31–33]. It is observed when 
the external magnetic field H0 lies in the film 
plane and directed perpendicular to its easy 
magnetization axis nu (and, therefore, parallel 
relative to the hard axis direction) and passes 
through the value H0 = Hu, where Hu is the field 
of  uniaxial intra-planar magnetic anisotropy 
of  the film. In this case, the recording radio 
frequency magnetic field heiωt is directed 
perpendicular to the field H0, and its frequency 
ω is fixed. The effect manifests itself  in the 
form of  a relatively narrow resonance-like 
absorption signal with a maximum at H0 = Hu. 
A feature of  this signal is that when another 
frequency ω is set being changed over wide 
limits, the field at which it is observed remains 

unchanged and is equal to H0 = Hu. This 
effect, called the “magnetic pseudo-resonance” 
[23], is caused by the loss of  stability of  the 
magnetic system at the critical point H0 = Hu 
of  the transition from the angular phase to the 
collinear one with a direction of  magnetization 
parallel to the external field [33].

To search for a pseudo-resonance signal, the 
TCFC film structure was placed in a Q-meter 
sensor coil. The signal was recorded by the 
method of  synchronous detection with a bi-
directional sweep of  the H0 field, additionally 
modulated with the frequency of  52.3 kHz and 
the amplitude of  1.3 Oe. Signal registration 
was carried out continuously with multiple 
accumulations (up to 100 times). The received 
signal is shown in Fig. 4. Two components 
are clearly seen, corresponding to the two 
pseudo-resonance signals. We note that the 
shape of  these signals differs markedly from 
the derivative of  absorption in a magnetic 
field that is usual for EPR spectroscopy. The 
distortions are due to the high sensitivity of  the 
pseudo-resonance signals to the orientation of  
the modulating field, which in our experimental 
conditions has a small transverse component. 
Without dwelling on the details, we confine 
ourselves to stating the fact that the two 
observed components of  the RF absorption 
spectrum correspond to two pseudo-resonance 
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signals, 1 and 2, with maxima at H0* around 
74 Oe and 456 Oe, respectively. Different 
values of  H0* for these signals mean that the 
magnetic anisotropy fields Hu in sandwich-type 
films are significantly different. For signal 1, the 
dependence Sm

(1)(φ) of  its maximum on angle φ 
was removed (inset (a) in Fig. 4). It was obtained 
by scanning the field H0 in a relatively narrow 
range of  0–140 Oe at angles φ, including the 
values φ = 90° and 270°. It can be seen that 
in both cases the dependencies are almost the 
same. They turn out to be much smoother than 
a similar dependence for the LSMO film: their 
width at half-height reaches 40°. As a result, 
the average direction of  the axis of  difficult 
magnetization for film 1 corresponds to the 
angle φ = 90° with an accuracy of  ±4°. Similar 
measurements for film 2 with a wider pseudo-
resonance line yielded the value φ = 90° ± 12°. 
From this it follows that in both films of  the 
TCFCM structure the directions of  the axes 
of  the intra-plane magnetic anisotropy almost 
coincide.

It is natural to compare the data obtained 
for the described heterostructure with what 
gives FMR at a frequency of  9.78 GHz. Inset 
(b) is Fig. 4 shows the FMR signal from this 
structure, which is a derivative of  the FMR 
absorption signal. It was obtained by the 
method of  synchronous detection when 
sweeping the H0 field under conditions of  
its modulation with a frequency of  100 kHz 
and amplitude of  10 Oe and using 4-fold 
accumulation. It can be seen that the signal is 
very broad, there is no resolved structure in it, 
corresponding to two films with significantly 
different values of  the anisotropy field Hu. 
Experimentally, it was not possible to identify 
it for all possible orientations of  the sample in 
the H0 field. It also could not be detected by 
modeling the signal with the sum of  two lines 
with the shape characteristic of  FMR under 
the conditions of  our experiment. At the same 
time, it is well described by a single Lorentzian 
with a width at half-height Δ1/2 = 1024 ± 6 

Oe and a resonant field H0 = 675 ± 2 Oe (the 
solid curve in inset b in Fig. 4). The unusual 
sharply asymmetric form of  this spectrum 
is explained by the fact that resonance is 
observed in low fields (Н0 ~ Δ1/2), when both 
rotational components of  the high-frequency 
field are effective [34].

Returning to the pseudo-resonance 
spectrum (Fig. 4), we emphasize once again 
that it consists of  two well-resolved signals 
corresponding to different values of  the field 
Hu in the films. In addition, from the signals 
in the inset (a) to Fig. 4, the direction of  
the nu axis is also determined, which in this 
case cannot be done with the help of  the 
FMR spectrum. This suggests that magnetic 
pseudo-resonance recorded at a frequency of  
hundreds of  MHz may be a useful addition to 
the ferromagnetic resonance in the microwave 
range in the study of  thin ferromagnetic films 
with uniaxial planar magnetic anisotropy. 
Note that the above values of  the field H0*, 
corresponding to the maxima of  the signals 
of  pseudo-resonance 1 and 2, cannot be 
identified with the values of  the fields Hu 
in isolated ferromagnetic films. In complex 
structures such as TCFCM, interlayer exchange 
interactions usually occur, which can lead to 
renormalization of  the anisotropy fields and 
the corresponding shift of  the maximum of  
the pseudo-resonance in a magnetic field.

5. SPIN CURRENT IN TCFC/Y3Fe5O12 
STRUCTURE
Films from Y3Fe5O12 (YIG) are very attractive 
for spintronic structures because of  the small 
magnetic attenuation and the fact that they 
are an insulator. It was reported that the spin 
current can be excited in YIG and detected 
with a Py film [3-5]. Fig. 5 presents the results 
of  experimental studies of  the inverse spin-Hall 
effect (ISHE) in the TCFC/YIG heterostructure. 
The YIG epitaxial film with a thickness of  
5 μm was grown on a (111) Gd3Ga5O12 (GGG) 
substrate. The [TbCo2(5nm)/Cu(0.4nm)/
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FeCo(5nm)/Cu(0.4nm)]3 (TCFCС) 32 nm thick 
superlattice was deposited. On the surface of  
the heterostructure, contact pads were formed 
to measure the potential difference caused by 
the ISHE effect. The sample was placed on a 
strip microwave line located in the gap of  the 
electromagnet, with which FMR was excited in 
the YIG film. When the magnetizing field was 
changed, the potential difference ISHE and the 
intensity of  the FMR signal were recorded. Fig. 5 
shows the FMR spectrum of  a YIG film, taken 
in a microstrip configuration at a frequency of  
1615 MHz at T = 300 K, a generator power of  
2 mW and a magnetic field that lies in the plane 
of  the substrate and directed along the hard 
axis of  magnetization. At H = 169 ± 0.2 Oe, 
a peak is observed, caused by FMR in the YIG 
film. There is a slight asymmetry of  the peak 
position relative to a change in the polarity of  
the magnetic field. The peak half-width is 24 Oe. 
The second peak caused by ferromagnetism of  
TCFC is not observed due to the small thickness 
of  the layer.

Fig. 5 also shows the dependence of  the 
voltage of  the inverse spin-Hall effect measured 
on the TCFCC film on the magnetic field. A 
strong asymmetry of  the ISHE peak of  ~ 7 Oe 
is observed. The ISHE peak width was 60 Oe. 
When the direction of  the magnetizing field was 
changed, a change in the ISHE sign of  voltage 
was observed, the value of  which reached 80 μV. 

The implementation of  ISHE in ferromagnetic 
metals significantly expands the types of  
materials that could be used to study the spin 
current, including the rare-earth materials of  
the lanthanum group with extremely large spin-
Hall angles, such as manganites, ruthenates, and 
etc.

6. CONCLUSION
Experimental studies of  the magnetic 
properties of  heterostructures consisting of  
epitaxially grown manganite LSMO and rare-
earth intermetallic superlattices consisting of  
exchange-coupled TCFC layers showed that 
the magnetic interaction in the heterostructure 
has an antiferromagnetic character. After the 
deposition of  a thin Pt film on top of  the LSMO 
manganite film, an increase in the ferromagnetic 
resonance line width was observed due to the 
spin current flowing in Pt, which occurs in the 
LSMO film at resonance. An electric voltage 
caused by the inverse spin Hall effect in a 
TCFC film was experimentally observed under 
conditions of  ferromagnetic resonance in an 
yttrium iron garnet.
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1. INTRODUCTION
Investigation of  the spin-transport phenomena 
in micro- and nanostructures is of  interest due to 
the possibility of  development and optimization 
of  spintronic devices – hard disk, MRAM 
devices, high sensitive microwave detectors, 
spin transistor and biosensor [1-9]. Nowdays, 
multilayer spin-valve structures with vertical 
arrangement of  the injection and detection 
ferromagnetic electrodes (FM) separated by a 
thin layer of  a paramagnetic metal or insulator 
are applied as an “active” element in the majority 
of  spintronic devices [10]. However, there is a 
growing interest to investigation of  spin-valve 
structures with lateral geometry of  injection and 

detection FM electrodes connected by a “bridge” 
of  paramagnetic metal [11-25], semiconductor 
[26-32], graphen [33, 34] or conducting polymer 
material [35]. This location of  FM electrodes 
in a lateral spin-valve structure (LSV) gives it 
possible to separate injection’s circuit of  spin-
polarized current and detection’s circuit by means 
of  a non-local geometry of  spin injection and 
accumulation proposed in [36]. The advantage 
of  the non-local geometry is a possibility to 
generate and detect “pure” spin current – 
diffusion current of  electrons not associated 
with a charge transfer. Besides, “pure” spin 
current in LSV can be controlled by changing 
the magnetization direction of  the injection and 
detection FM electrodes from parallel direction 
to antiparallel as in vertical spin valves.

The main physical parameters of  materials 
applied for creation FM and NM electrodes in 
LSV structure are spin polarization of  electrons 
in FM metal, spin diffusion length of  electrons in 
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non-magnetic (NM) material and cleanliness of  
interface between FM metal and NM material. 
Thus, to increase the spin accumulation voltage, 
strong ferromagnetic materials with high spin 
polarization like NiFe [12-19, 21, 22, 32, 33, 35], 
FeCo [25], Co [14, 15, 23, 30, 34], CoFeAl [11, 18], 
Co2FeSi [20, 24, 31] and nonmagnetic materials 
with the highest spin diffusion length [11-34] are 
applied to form FM and NM electrodes.

Currently, LSV structures based on 
polycrystalline films of  ferromagnetic and 
paramagnetic metals Cu [13-25], Al [14, 25], Ag 
[12, 17, 25], Au [15, 25] got the most widespread 
due to simplicity of  fabrication such structures. 
However, spin diffusion length of  paramagnetic 
metals commonly less than few hundreds 
nanometers [11-25, 37]. By this reason, the 
magnitude of  spin accumulation voltage Us 
measured in non-local geometry for FM-NM 
metal based LSV structures is of  few microvolts 
magnitude at cryogenic temperature [11-25]. 
Note, that Us for such LSV can be increased to few 
hundreds microvolts at cryogenic temperatures 
by using the tunnel barrier between FM and NM 
metals [12-25].

It should be expected that Us can be 
significantly increased at room temperature if  
spin transmitting channel is made of  material with 
much higher λs and µ than that of  paramagnetic 
metals. By this reason, semiconductors and 
graphen are the most perspective materials. 
LSV structures based on monocrystalline InAs, 
GaAs, InSb and graphen were discussed in [26-
34]. Spin diffusion length was estimated to be λs 
≈ 1.5-4 µm for LSV structures based on graphen 
[33, 34], λs ≈ 1.9 µm for InAs [30], λs ≈ 6.2 µm for 
GaAs [31] and λs ≈ 25 µm for monocrystalline 
n-InSb [26, 27]. The highest value of  the spin 
diffusion length for monocrystalline InSb is due 
to the highest electron mobility in n-InSb (µH 
≈ 6 m2/V·s at 300 K and 70 m2/V·s at 77 K) in 
comparison with other semiconductors [38].

Taking to account potential advantages 
of  epitaxial InSb films for creation a spin 
channel in LSV structure, needs to note, that 

the requirement of  the small lattice mismatch 
between film and substrate imposes severe 
restrictions on the choice of  a substrate material 
for growth of  epitaxial InSb film and as a result 
complicates the technology of  fabrication LSV 
structures. So, development of  LSV structures 
with spin transmitting channel produced from 
polycrystalline InSb films with high electron 
mobility is of  great practical interest. Due to 
the fact, that polycrystalline films can be grown 
on any nonorientating substrates, for example, 
glass, silicon oxide, polycor, this possibility can 
significantly increase a range of  application of  
ferromagnetic metal – semiconductor based LSV 
structures. However, LSV structures with spin 
transmitting channel made of  a polycrystalline 
InSb film until now has not been discussed 
[11-34].

This work shows, that LSV structure with 
distance between FM electrodes w ≈ 1.5 µm 
and spin transmitting channel prepared from 
textured n-InSb(111) film with electron mobility 
2.1 m2/V·s at 300 K can effectively accumulate 
spin voltage Us up to few hundreds microvolts 
at room temperature. The influence of  the 
magnitude and direction of  the injected dc-
current on spin accumulation voltage Us and 
thermoEMF Ue in non-local geometry of  
injection and detection at room temperature is 
discussed.

2. MATERIALS AND METHODS
Lateral spin-valve structure NiCo(d ≈ 30 
nm)/InSb(d ≈ 500 nm)/NiCo(d ≈ 30 nm) 
was produced by dc-magnetron sputtering 
(NiCo), thermal evaporation (InSb), positive 
photolithography and ion etching on polycor 
substrate (Fig. 1a). At the first step, InSb film 
with thickness d ≈ 500 nm (Dektak 150, Veeco) 
was formed on a polycor substrate by thermal 
impulse evaporation [39]. XRD analysis (DRON-
8, ”Burevestnik”) shows that InSb film has a 
strong (111) texture with texture coefficient k 
≈ 0.016, i.e. 98.4% of  crystallites are oriented 
in [111] direction perpendicular to the substrate 
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surface (Fig. 1a). Mass concentrations of  the 
crystal phases correspond InSb-97%, In-2%, 
In2O3 – 1%. The content of  the amorphous 
phase in the film is about 0.4-2%. The average 
size of  the coherent scattering region is 250 nm. 
According to data of  optical (Olympus, MX-
4) and scanning electronic (Auriga, Carl Zeiss) 
microscopies InSb film possesses a mosaic 
surface morphology and column microstructure 
(Fig. 1a).

Estimations of  the electron mobility µH 
[m2/V·s], Hall coefficient RH [m3/C], resistivity 
ρ [Ohm·m] and charge carrier concentration 
n [m-3] for InSb film were carried out by the 
Van Der Pauw technique [40, 41] at room 
temperature in magnetic field (B ≈ 0.2 Т) 
applied perpendicular to surface of  InSb film. 
Fig. 1 shows a schematic image of  the measured 
InSb sample. Digits 1-4 denote conducting point 
contacts, I-IV – deleted parts of  InSb film.

Estimations of  µH, RH, ρ and n were carried 
out according to [41]:

12,34 23,41 12,34 23,41

12,34 23,41

ln 21 ,
ln 2 2 2

R R R Rd
R R

πρ
  + − 

≈ −      +    
(1)

24

24

,H
U dR
I B
∆

≈  (2)

,H
H

Rµ
ρ

≈  (3)

1 ,
H

n
eR

≈  (4)

where d is a thickness of  the InSb film, 34
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I
≈  

is a relation of  voltage, measured between 
contacts 3 – 4 to current I between contacts 1–2; 

41
23,41

23

UR
I

≈  – is a relation of  voltage, measured 
between contacts 4–1 to current I between 
contacts 2–3; ΔU24 is a voltage change of  U24 
caused by a magnetic field B ≈ 0.2 Т; e ≈1.602·10-19 
C – charge of  electron.

As a result of  the measurement, following 
estimates of  µH, RH, ρ and n of  textured 
n-InSb(111) film with thickness 500 nm were 
obtained: µH ≈ 2.1 m2/V·s, RH ≈ 1.06·10-4 m3/C, 
ρ ≈ 49·10-6 Оhm·m and n ≈ 5.8·1022 m-3.

At the second step, the pattern of  contacts 
and spin channel of  width w ≈ 1.5 µm (Fig. 2a) 
was formed on the surface of  the InSb film by 
a positive photolithography and ion etching. In 
the third step, NiCo film with thickness d ≈ 30 
nm was dc-sputtered on the surface of  the InSb 
film. Next, ferromagnetic injector and detector 
electrodes with width w ≈ 1.5 µm and distance 
between each other w ≈ 1.5 µm were formed 
on the surface of  the NiCo film by positive 
photolithography and ion etching (Fig. 2b).

To verify contact impedance of  the indium 
antimonide–NiCo contact volt-ampere 
characteristic (VAC) was measured in the current 
range |I| ≤ 2 mА. Cruciform structure, consisting 
of  two intersecting microstrips of  InSb (d ≈ 500 
nm) and NiCo (d ≈ 30 nm) with width w ≈ 1.5 
µm was prepared for VAC measurements. Results 
of  the VAC measurements of  the InSb-NiCo 
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Fig. 1. (a) X-ray diffraction pattern of  n-InSb(111) film with thickness 500 nm; (b) optical picture of  the surface of  n-InSb(111) film. 
The inset of  the picture (b) shows the cross section image of  InSb film with thickness d ≈ 600 nm; (c) schematic image of  a sample formed 

from InSb film on a polycor substrate (10x10 mm2) for Van Der Pauw measurements.
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contact show that this structure possesses non-
rectifying contact in the ferromagnetic metal-
indium antimonide interface. As follows from 
the Fig. 2c, VAC is close to linear at |I| ≤ 1.5 
mА and there is a small nonlinearity at |I| ≥ 
1.5 mА of  the contact, which may be caused by 
a thin layer of  In2O3 between InSb and NiCo 
films formed during deposition of  InSb film.

3. RESULTS AND DISCUSSIONS
Current’s measurements in LSV structure 
were performed in non-local geometry of  spin 
injection and detection at room temperature by 
a four probe technique. Fig. 3a shows a scheme 
of  the measurements. Direct current I with 
magnitude I ≈ 1 µA–1.2 mA was injected to the 
structure in two directions I+ и I- at T ≈ 300 K. 
Magnetic field H ≈ ±0.3 kOe was applied parallel 
to FM electrodes. This range of  H corresponds 
to the field where each ferromagnetic electrode 
shows magnetoresistive effect. For each definite 
magnitude and direction of  the injected 
current I were determined dependences of  the 

resistance R of  the detecting contact on the 
magnetic field H magnitude, where R = Uac/I, 
Uac = Us + Ue, Uac – detecting voltage, I –  current 
injected to the structure, Us – voltage of  the spin 
accumulation, Ue – voltage of  the thermoelectric 
effect (Fig. 3b). Values of  Rap, Rp, ΔR = Rap - Rp 
and Uac = ΔR·|I| were determined from R(H) 
dependences, where Rap – resistance of  the 
structure, when directions of  the magnetizations 
of  detector and injector FM electrodes are closer 
to anti-parallel, Rp – resistance of  the structure 
in magnetic field H corresponding to saturation 
field of  FM electrodes.

Dependences Rap, ∆R and Uac = ΔR·|I| on 
the magnitude and direction of  injected current 
I at Т ≈ 300 К are shown in the Fig. 4a-c. As can 
be seen, values Rap and ∆R don’t depend on I at 
I less than critical current Ic (I < Ic+ ≈ 1.1 mА 
and I < Ic- ≈ 0.5 mА), but Uac increases linearly 
with I up to |Uac| ≈ 250–500 µV. It is known 
that magnitude of  the spin voltage Us depends 
on the injecting current I linearly [27]:

SPINTRONICS

Fig. 2. (a) System of  InSb electrodes with width of  the spin transmitting channel w ≈ 1.5 µm; (b) System of  NiCo(1,2) electrodes 
with width w ≈ 1.5 µm and located over the top of  the InSb electrodes (3). Distance between FM electrodes is w ≈ 1.5 µm; (c) VAC 

characteristic of  the contact InSb-NiCo measured in currents range |I| ≤ 2 mА.

Fig. 3. (a) Non-local geometry of  spin injection and detection for lateral spin-valve structure NiCo-InSb-NiCo. Ferromagnetic electrodes 
marked as 1 and 2; InSb channel marked as 3; (b) Dependence of  parameter R on external field H for injection current I ≈ 500 µА, 

where R = Uac/I, Uac – measured voltage, I – injection current.
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where I – injecting current, w – distance between 
ferromagnetic electrodes, λs – spin diffusion 
length in nonmagnetic material, P – electron 
polarization near the nonmagnetic material 
interface, p – resistivity of  nonmagnetic material, 
A – cross-sectional area of  the spin transmitting 
channel.

Therefore, we could conclude that the range 
of  injection currents |I| < Ic corresponds to 
the range in which spin accumulation voltage Us 
dominates in the measured voltage Uac, Uac ≈ Us, 
Ue ≈ 0.

It should note that the value of  the critical 
current is substantially determined by a geometry 
and shapes of  electrodes of  the spin-valve 
structures, by thickness of  the ferromagnetic 
and nonmagnetic films and, in general, by the 
technology of  producing LSV structure. In our 

case, difference between Ic+ и Ic- can be explained 
by a shape asymmetry of  FM and InSb electrodes 
and area difference of  FM and InSb electrodes.

At injection currents higher than critical 
value Ic (I > Ic+ ≈ 1.1 mА and I > Ic- ≈ 0.5 
mА) there is a sharp increase of  the detectable 
voltage Uac for one direction of  the injection 
current (“negative” Ic-) and a change of  the sign 
of  the Uac(I) dependence for reverse (“positive” 
Ic+) direction of  I. Such behavior of  Uac(I) 
dependence can be caused by contribution of  
thermoEMF Ue to the voltage Uac due to the 
resistive heating of  the LSV structure at large 
injection currents [14]. When injected current 
flows through the contact of  indium antimonide 
– ferromagnetic metal, independently on the 
current’s direction, it causes a Joule heating. 
So, we can assume that the second detection 
contact play a role of  a thermocouple, for which 
heating is always accompanied by generation 
of  thermEMF of  positive polarity. Thus, it can 
be concluded, that a range of  currents |I| > 
Ic correspond to the range where thermoEMF 
dominates in detectable voltage Uaс, i.e. Uac ≈ Ue, 
Us << Ue.

4. CONCLUSION
Influence of  the direction and magnitude of  
injection current I (5 µА–2 mА) on the spin 
accumulation voltage in the lateral spin-valve 
structure ferromagnetic metal (NiCo) – indium 
antimonide with spin transmitting channel 
formed of  a texture film InSb (111) with electron 
mobility 2.1 m2/V·s was investigated. For non-
local geometry of  the injection and detection at T 
≈ 300 K were determined current dependences 
of  parameters Rap, ∆R = Rp – Rap и Uac = ∆R·I, 
where Us – spin accumulation voltage, Ue – 
voltage of  a thermoelectric effect, Rap resistance 
of  the structure at “quasi” antiparallel direction 
of  the magnetizations of  the detection and 
injection ferromagnetic (FM) electrodes, Rp – 
resistance of  LSV structure in the saturation 
magnetic field H corresponding to the parallel 
magnetization of  FM electrodes.

INFLUENCE OF THE MAGNITUDE AND DIRECTION OF 
DC-INJECTION CURRENT ON SPIN ACCUMULATION...SPINTRONICS

Fig. 4. Dependences of  parameters (a) Rap, (b) ΔR = Rap – Rp 
and (c) Uac = ΔR·|I| on a magnitude and direction of  current I 

injected to the structure at room temperature.



378

33 ISSUE | VOLUME 10 | 2018 | RENSIT

It was established that at T ≈ 300 K and 
injection currents I less than critical Ic which 
magnitude is determined by a geometry of  
the LSV structure, the magnitude of  Rap and 
∆R, almost independent on I, but Uac linearly 
increase with current from units to few hundreds 
microvolts (the range of  spin accumulation, Uac 
≈ Us). At injection currents |I| > Ic there are 
a sharp increase in magnitude of  ∆R and Uac 
for one current’s direction and sign change of  
∆R(I) and Uac(I) dependences for other current’s 
direction due to resistive heating of  the structure 
at large injection current (|I| > Ic – the currents 
range, where thermoelectric effect dominates, 
Uac ≈ Ue, Us << Ue).

Obtained results could be of  interest at 
creation high sensitive microwave detectors 
based on the lateral spin-valve ferromagnetic 
metal-indium antimonide structures [17].
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1. INTRODUCTION
It is known that the increase in the speed 
of  processing and transmitting information 
in modern microelectronics devices is 
approaching the limit due to the fundamental 
physical limitations on the further reduction 
of  the size of  active elements. In this regard, in 
order to expand the capabilities of  electronic 

devices, it is necessary to search for and create 
new technological approaches that would 
ensure further progress in this field of  science 
and technology.

Using, along with the charge of  an electron, 
its spin will allow in the future to create 
instrument film devices that are integrally 
controlled by magnetic and electric fields, 
which can be: spin field-effect transistors, 
ultrafast frequency tuning filters, coatings and 
screens absorbing electromagnetic radiation in 
a wide wavelength range , as well as matching 
devices in antenna systems and receiving 
modules of  the microwave range, tunable delay 
lines, noise suppressors, etc. These structures 
can be applied in satellite communications 
and radiolocation systems, cellular telephony, 
digital television systems, etc.

An important characteristic of  new 
electronic devices in terms of  future 
technologies is their energy efficiency. When 
using them, there is no need for high current 
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densities, energy losses are sharply reduced 
and the signal transmission rate increases.

2. BASIC DIRECTIONS OF SEARCH OF 
MATERIALS AND FILM STRUCTURES OF 
SPINTTRONICS
At present, the search for new materials and 
film heterostructures with both semiconductor 
and magnetic characteristics at temperatures 
above room temperature is conducted in two 
main directions [1-3].

The first direction is connected with the 
creation of  a “ferromagnet-semiconductor” 
film composite structure, obtained by sequential 
layer spraying of  the structure components. 
Such a path is quite attractive due to the variety 
of  existing magnetic and semiconductor 
materials, which can be combined to make 
a directed search for structures with the 
necessary properties. Such a hybrid structure 
should be considered as exchange-related. It 
should be noted that in this case the contact 
of  a ferromagnet (FM) with a semiconductor 
(PP) is accompanied by two effects: the Hall 
effect in a semiconductor under the action of  
the magnetic field of  the ferromagnet, and the 
formation of  a Schottky barrier due to the 
distortion of  the band structure [1, 4], which is 
accompanied by the accumulation near the film 
– substrate interface is a significant number of  
charge carriers. In this case, a strong exchange 
interaction near the interface region between 
charge carriers in PP and magnetic atoms in 
FM can lead to the appearance of  a unified spin 
system. The disadvantage of  this approach is a 
small spin relaxation time, which limits the use 
of  such structures.

As an example, we can cite a number of  
works in which the results of  studies of  FM 
films on zinc oxide substrates are presented. 
Thus, in the works, the authors, using various 
methods of  synthesis (sol-gel [5], reactive 
sputtering [6], laser evaporation [7]) obtained 
ferromagnetic (TC above 350 K) films (0 < x 

< 0.25 [5], 0.035 < x < 0.115 [6], x < 0.4 [7]), 
in which there were no cobalt clusters. In [8], 
films (x = 0.05-0.25) deposited on a sapphire 
substrate by the method of  pulsed laser 
evaporation were ferromagnetic and retained 
magnetic ordering at temperatures above room 
temperature.

At the same time, other authors argue that 
solid solutions with wurtzite structure are 
predominantly paramagnetic [9-11]. At the 
same time, in films (x = 0.25) obtained by the 
method of  pulsed laser decomposition [9], 
ferromagnetism is caused by the presence of  
cobalt clusters, and in polycrystals (x = 0.05, 
0.1 and 0.15) synthesized by the solid phase 
method [10], and in single crystals, grown by 
the melt technique [11], due to the presence of  
impurities.

In some papers, information is given on the 
existence of  ferromagnetism (TC above 300 K) 
in 3d-doped wide-gap semiconductors GaN 
[4], AlN [12], ZnO [13-16], TiO2 [17], SnO2 
[18-21].

In a number of  works [21-24], the 
occurrence of  ferromagnetism in undoped 
3d-elements SnO2 has been reported. It is 
assumed that this effect may occur either with 
a large number of  defects in the crystal lattice, 
or its appearance is associated with the size 
factor.

The authors of  [25] investigated phase 
equilibria in the Co-Zn-O system and showed 
that in solid solutions Zn1-XCoXO1+δ, where x 
≤ 0.2, there is only antiferromagnetic ordering, 
and the manifestation of  ferromagnetism in 
ceramics is most likely associated with the 
violation of  homogeneity or the presence of  
impurities.

The second direction of  the search is based 
on the creation of  homogeneous materials with 
both semiconductor and magnetic properties, 
which must satisfy three basic criteria: 
the simplicity and reliability of  synthesis 
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methods, the possibility of  including products 
derived from these materials into standard 
semiconductor circuits; preservation of  the 
structure and physicochemical properties 
of  the original semiconductor arrays in the 
obtained magnetic semiconductor materials 
without deterioration of  their functional 
characteristics; preservation of  the magnetic 
orientation in semiconductors with n- and 
p-mobile charge carriers at temperatures above 
room temperature.

The first open ferromagnetic 
semiconductor is europium monoxide EuO 
[26]. Ferromagnetic ordering in EuO and 
its semiconductor conductivity is associated 
primarily with the unusual electronic 
structure of  the doubly charged europium 
ion. Being in the lowest oxidation state for 
rare-earth metals, Eu2+ is characterized by 
the maximum possible number of  unpaired 
electrons at the 4f-electronic level. This 
provides ferromagnetism with a colossal 
atomic magnetic moment (7 μB). At the same 
time, it should be noted that the creation of  
heterostructures for microelectronic devices 
based on EuO is difficult due to the low Curie 
temperature (69.4 K) and the instability of  the 
material in air. In [3], it is said that TC can be 
enhanced by dissolving samarium monoxide 
SmO or ytterbium YbO in EuO. Thus, the 
TS was increased to 130 K. However, the 
authors could not significantly raise the Curie 
temperature due to the fact that the solubility 
of  the oxides SmO and YbO was not high 
enough (for example, for SmO it was 14 
mol%). In addition, solid solutions of  Eu1-

XSmXO or Eu1-XYbXO, as well as EuO, turned 
out to be metastable. It should be noted that 
the functional characteristics of  EuO depend 
on oxygen nonstoichiometry. At the same 
time, despite the indicated drawbacks, the work 
on obtaining EuO-based heterostructures 
continues to this day.

In [28], the authors synthesized EuO – Fe 
(Co) composites, including in the form of  thin 
films, whose Curie temperatures corresponded 
to the indicated transition ferromagnetic 
metals, while the composites themselves 
remained semiconductors with a band gap Eg 
≈ 0.75 eV.

High Curie temperatures were found in 
chalcogenide ferromagnetic semiconductors 
with a spinel structure with the general formula 
AB2C4 (where A is Cd, Hg. Zn, Cu; B is Cr, 
Fe; C is S, Se, Te) [29]. However, it has not yet 
been possible to obtain film structures in such 
materials.

Based on the principles of  isovalent 
substitution of  cations in the structure, a 
solid solution Ga1-xMnxAs (where x is up to 
5%) was obtained, which had a higher Curie 
temperature of  170 K compared to EuO [3]. 
Such substances, which are characterized by a 
disordered distribution of  impurity magnetic 
ions in the crystal structure, are called diluted 
magnetic semiconductors – DMS (diluted 
magnetic semiconductors).

As follows from a brief  analysis of  the 
presented results, the range of  materials that 
would satisfy the necessary criteria for their 
use in spintronic devices is extremely limited. 
At the same time, recently, the number of  
publications related to the synthesis and 
research of  materials and film structures based 
on ferrites with a spinel and garnet structure, 
which can be used in spintronics devices, has 
significantly increased [30-32].

3. MAGNETIC SEMICONDUCTOR 
MATERIALS BASED ON FERRITES
Interest in the creation of  electronic devices 
containing ferrite films on semiconductor 
substrates increased significantly after the 
discovery of  Mg(Fe0.8Ga0.2)2O4 magnetic 
semiconductors in the Mg-Fe-Ga-O system 
[3].

PROBLEMS OF CREATING MATERIALS AND FILM 
STRUCTURES BASED ON FERRITS FOR SPINTRONICS...SPINTRONICS
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As a result of  a detailed study of  the 
Mg-Fe-Ga-O system, the authors found 
that the most optimal combination of  
functional properties is a solid solution of  the 
composition Mg(Fe0.8Ga0.2)2O4. This material 
is characterized by Curie temperature (TC) ~ 
450 K, saturation magnetization (MS) ~ 28 A · 
m2 · kg-1, specific electrical conductivity ~ 10-8 
S/m, band gap ∆Е ~ 1.9 eV.

In Fig. 1 and Fig. 2 presents the results of  
studies of  the functional characteristics of  the 
Mg(Fe1-xGax)2O4 solid solution at 300 K.

As can be seen from Fig. 1, the magnitude of  
specific magnetization (МS) reaches saturation 
only for Mg(Fe0.8Ga0.2)2O4 and MgFe2O4 at 
values of  the applied external magnetic field of  
0.1–0.3 T. In this case, the magnitude of  МS in 
Mg(Fe0.8Ga0.2)2O4 (МS = 28) is higher compared 
to МS of  magnesium ferrite MgFe2O4 (МS = 
23). At the same time, in Mg(Fe0.7Ga0.3)2O4 
and Mg(Fe0.65Ga0.35)2O4, MS does not reach 
saturation values even in external fields up to 
4T, which indicates magnetic inhomogeneity 
of  materials.

However, a significant disadvantage of  both 
Mg(Fe0.8Ga0.2)2O4 and ferrites in general is the 
high (850–950°C) crystallization temperature, 
as well as the significant mismatch of  the 
crystallographic parameters of  their lattices 
with commercial semiconductors such as 
Si, GaN and GaAs. At these temperatures, 
elastic stresses arise in the heterostructures, 
initiated by the processes of  crystallization of  
the films, and undesirable interactions of  the 
components at the interface occur, which leads 
to a significant decrease in their functional 
characteristics.

As an example in Fig. 3 shows the 
results of  study the cross section of  the 
Mg(Fe0.8Ga0.2)2O4/Si heterostructure after 

VALERY A. KETSKO, MARIA N. SMIRNOVA, MARIA A. 
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Fig. 1. Field dependences of  the specific magnetization solid 
solution the Mg(Fe1-xGax)2O4 at 300 K: 1- Mg(Fe0.8Ga0.2)2O4, 2 - 
Mg(Fe0.7Ga0.3)2O4, 3 - Mg(Fe0.65Ga0.35)2O4, 4 - Mg(Fe0.2Ga0.8)2O4, 

5 - MgFe2O4.

Fig. 2. Current-voltage characteristics of  the solid solution Mg(Fe1-

хGaх)2O4 at 300 K: 1- Mg(Fe0.8Ga0.2)2O4, 2 -  Mg(Fe0.7Ga0.3)2O4, 
3 - Mg(Fe0.65Ga0.35)2O4, 4 - Mg(Fe0.2Ga0.8)2O4, 5 - MgFe2O4, 

6- MgGa2O4.

Fig. 3. SEM imaging the cross section of  the Mg(Fe0.8Ga0.2)2O4/Si  
heterostructure after crystallization at 1173 K for 10 min (Figures 
1, 2, 3 show the areas of  interaction Mg(Fe0.8Ga0.2)2O4 with Si).
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the film crystallizes at 1173 K for 10 min. It 
can be seen from the figure that an intensive 
interaction occurs at the film/substrate 
interface, leading to a decrease in the primarily 
magnetic characteristics of  the substituted 
ferrite.

In Fig. 4 shows the SEM image of  the 
cross section of  the Mg(Fe0.8Ga0.2)2O4/Si 
heterostructure after crystallization at 1173 K 
for 30 min. It can be seen that the film contains 
numerous defects, local delaminations from 
the substrate are also seen.

In Fig. 5 shows the results of  studies of  the 
magnetization curves of  the Mg(Fe0.8Ga0.2)2O4 
film on Si with a thickness of  200 nm after 
its crystallization at 800 K for 30 min. It 
can be seen from the figure that МS is much 
less than the analogous value for powdered 
Mg(Fe0.8Ga0.2)2O4 and does not reach saturation 
at room temperature in an external magnetic 
field exceeding 4T.

4. A NEW WAY OF OBTAINING 
FERRITE FILMS ON SEMICONDUCTOR 
SUBSTRATES
The authors of  [33] proposed a method for 
obtaining microelectronic-quality ferrite films 
on semiconductor and dielectric substrates 
without elastic stresses and undesirable 
interactions of  components at the interface. 
The film structures were obtained by ion-
beam sputtering, which allows the transfer 
of  the metal oxide target material to the 
substrate without changing the cationic 
composition, ensuring the density of  the 
submicron thickness layer close to the density 
of  the bulk target material, and achieving 
high adhesion of  the deposited layer due to 
the presence of  a high-energy component in 
the flow adatoms.

For an effective implementation of  this 
method, they applied an integrated approach, 
which consists in the fact that a method of  
synthesizing a target material was originally 
developed, which allows minimizing surface 
and bulk film defects in the process of  its 
creation, to obtain a uniform thickness and 
area while ensuring the chemical stability 
of  the interface film/substrate. Then, at the 
second stage, when creating the film structures, 
the original idea of   the film crystallization 
process was implemented without heating the 
substrate.

Note that in most of  the works, the 
quality (phase homogeneity, dimensional 
unimodality, etc.) of  the target material 
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Fig. 4. SEM imaging the cross section of  the Mg(Fe0.8Ga0.2)2O4/Si  
heterostructure after crystallization at 1173 K for 30 min.

Fig. 5. Magnetization curves of  Mg(Fe0.8Ga0.2)2O4 film on Si with 
a thickness of  200 nm after its crystallization at 800 K for 30 min 

[6].
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for the synthesis of  films is not given due 
attention. However, it is this factor that can 
have a significant effect on the quality of  the 
heterostructures obtained.

To achieve this goal, a method for the 
synthesis of  powdered ferrites was developed, 
which uses gel burning [34]. The method is 
based on heat treatment of  mixtures containing 
nitrates of  the respective metals and "organic 
fuel", which must meet certain requirements. 
First, to form complex compounds with 
metal salts, which contributes to increasing 
the solubility of  the starting components and 
prevents precipitation upon evaporation of  
water. As a result, a uniform distribution of  
ions in the gel precursor is achieved, the heat 
treatment of  which leads to the formation 
of  a single-phase highly dispersed powdered 
oxide. Secondly, the organic component of  
the reaction mixture should generate enough 
heat to burn/smolder the gel in a self-
sustaining mode, which, in turn, eliminates 
the subsequent high-temperature annealing 
in order to crystallize the final product. The 
choice of  an effective "organic fuel" took 
into account these requirements, as well as 
the individual characteristics of  the objects of  
study.

Let us consider in more detail the process 
of  synthesizing a homogeneous powder that 
is unimodal in particle size Mg(Fe0.8Ga0.2)2O4 
powder by burning a gel using glycine as an 
“organic fuel” and its mixture with hexamine. 
Due to its symmetry, the glycine molecule can 
serve as a bidentate ligand for divalent and 
trivalent d-metals, which contributes to the 
homogenization of  the gel precursor, and, 
as a consequence, the phase and dimensional 
uniformity of  the final powdered material. 
The second component of  the fuel mixture 
- hexamine, has attractive calorific properties 
(calorific value of  4215 kJ/mol), which ensures 

the initiation of  gel burning and the flow of  
this process in a self-sustaining mode.

Note that the initial solution of  metal 
nitrates was prepared by dissolving metallic 
magnesium, gallium and carbonyl iron. In a 
molar ratio of  1:0.4:1.6 in diluted (1:3) nitric 
acid. Then a mixture of  glycine (H2N–CH2–
C(O)OH) and hexamine (C6H12N4) were added 
to the solution.

The resulting solutions were evaporated 
in the reactor with stirring at ~ 100°C to the 
state of  gels. At a temperature of  > 100°C, an 
intense combustion reaction began (Fig. 6). 
At temperatures of  ~ 135-165°C (Fig. 6), a 
sharp mass loss was observed, accompanied 
by a significant exothermic effect (DSC 
curve, Fig. 6). It is associated with burning 
gels.

It is obvious that the actual temperature 
of  combustion of  the samples is significantly 
higher than the specified temperature range. 
In this regard, the authors of  [34] developed a 
calculation method based on the DSC results 
to determine the temperature of  burning 
gels. As a result, it turned out that the real 
temperature of  short-term burning is 1040°C. 
At the same time, in the literature, as a rule, 
only the adiabatic combustion temperature 
of  the samples is indicated, which is several 
thousand degrees.

VALERY A. KETSKO, MARIA N. SMIRNOVA, MARIA A. 
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Fig. 6. TGA-DSC of  gel (air flow).
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On X-ray diffractograms of  the powders 
(Fig. 7a), after burning and cooling, the 
reflections of  crystalline Mg(Fe0.8Ga0.2)2O4 were 
recorded. Further heat treatment at 600°C and 
700°C (Fig. 7b, c) contributes to an increase in 
the degree of  crystallinity of  the powder and 
allows one to obtain a single-phase, nano-sized 
powder with a relative unimodality of  particle 
size distribution without carbon-containing 
impurities.

Targets for film production were prepared 
from the synthesized powders.

In this case, the synthesis of  ferrite films 
took place in several stages. Initially, a layer of  
ferrite from 10 to 20 nm thick was deposited 
with an ion beam method of  oxygen ions 
with an energy of  1500 to 1600 eV and a 
beam current density of  0.1 to 0.25 mA/
cm2. The interval of  thicknesses was chosen 
from the following considerations: when the 
film thickness is less than 10 nm, the magnetic 
properties of  the films after crystallization 
practically do not appear, and when the layer 
thickness is more than 20 nm, it is necessary 
to increase the crystallization temperature of  
the film.

Then, in the quasi-pulse mode, ferrites 
crystallized. The speed (150–200°C/min) and 
the exposure time (700–720°C for 2–3 min) of  
the reactor were selected so that the substrate 
did not heat up during the crystallization of  

the film. After rapid cooling of  the reactor, 
the film was thinned to a thickness of  ~ 2 
nanometers. As a result of  such operations, a 
ferrite film containing numerous defects (see 
Fig. 4), formed as a result of  its crystallization, 
was removed.

Next, re-deposition of  the film on the 
germinal crystal layer of  ferrite was performed. 
Thus, a quasi-epitaxial growth of  the ferrite film 
took place, and its subsequent crystallization in 
the quasi-pulse mode was not accompanied by 
the formation of  defects.

In Fig. 8 shows the SEM image of  the 
cross section of  the Mg(Fe0.8Ga0.2)2O4/Si 
heterostructure after quasi-pulse crystallization. 
It is seen that the interface border is smooth, 
and there are no defects in the film itself.

In Fig. 9 shows the SEM images of  the 
surface of  the Mg(Fe0.8Ga0.2)2O4 film on the 
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Fig. 7. XRD patterns of  Mg(Fe0.8Ga0.2)2O4 powder: a - after 
synthesis; b - annealing at 600°C; c - annealing at 700°C.

Fig. 8. SEM image the cross section of  Mg(Fe0.8Ga0.2)2O4/Si  
heterostructure after crystallization in the quasi-pulse mode.

Fig. 9. SEM images of  the surface of  the Mg(Fe0.8Ga0.2)2O4 film 
on the Si substrate after its crystallization in the isothermal (left) and 

quasi-pulse (right) modes.
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silicon substrate after its crystallization by the 
isothermal method (left) and in the quasi-pulse 
mode (right).

It can be seen from the figure that the 
Mg(Fe0.8Ga0.2)2O4 surface after crystallization 
in the isothermal mode consists of  numerous 
defects and cracks over the entire film area, and 
vice versa, the Mg(Fe0.8Ga0.2)2O4 surface remains 
nano-sized after quasi-pulse crystallization.

It should be noted that the proposed method 
of  creating film structures is quite complex in 
execution. Its implementation is possible only 
with the availability of  appropriate high-tech 
sputtering equipment and personnel with high 
qualifications.

In some cases, when creating film structures, 
it is possible to use another approach - the use 
of  barrier layers at the interface, which will 
interfere with the processes of  interaction of  
components during the crystallization of  films. 
At the same time, the question remains whether 
the composition of  the buffer layer affects 
the functional properties of  the structures 
obtained. The physical properties of  film 
structures were analyzed by the example of  
films of  yttrium iron garnet (YIG, Y3Fe5O12) 
on Si with buffer layers of  SiO2 and AlOx [35].

5. FILM STRUCTURES OF Y3Fe5O12 ON Si
It is known that epitaxial Y3Fe5O12 films of  
micron thickness are usually grown by the 
method of  liquid-phase epitaxy (LPE) on 

gallium-gadolinium garnet (GGG) substrates 
due to the small lattice mismatch ≈ 0.06%. 
At the same time, Y3Fe5O12 films on silicon or 
quartz substrates are characterized by higher 
values of  the Hilbert attenuation parameter 
≈ 10-2 [36], which is caused by the mismatch 
of  the crystal lattices and the temperature 
expansion coefficients of  Y3Fe5O12 and 
Si, which excludes their epitaxial growth. 
However, if  we separate the processes of  
precipitation and crystallization of  Y3Fe5O12, 
and form a buffer layer on the Si surface in 
the form of  a thin film of  SiO2 or AlOx, which 
will prevent third-party chemical reactions 
during annealing, but at the same time provide 
high adhesion of  the deposited layer to the 
surface, then we can expect high quality 
polycrystalline ferrite garnet films. In this case, 
at the deposition stage, diffusion exchange will 
be excluded between the substrate, which is 
perfect in structure and the substrate and film 
of  the material being crystallized, and the role 
of  diffusion processes in the crystallization of  
the film will be leveled by the high density of  
the material being deposited.

In Fig. 10 shows the appearance of  the 
surface of  the YIG film in the composition 
of  the Y3Fe5O12 (260nm)/AlOx/SiOx/Si (100) 
heterostructure (Fig. 10a), its cross section (Fig. 
10b) and its elemental composition (Fig. 10c).

From Fig. 10 that the Y3Fe5O12 film is 
characterized by the presence of  large and 
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Fig. 10. SEM image of  the surface of  the Y3Fe5O12/AlOх/SiOx/Si(100) film heterostructure (Fig. 10a, inset shows a section of  the 
surface with a high resolution).
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small fracture meshes. The characteristic 
dimensions of  large grids of  cracks are up 
to 2 μm, and small ones that are contained 
inside large ones do not exceed 0.3 μm, 
which correlates with the thickness of  the 
Y3Fe5O12film (about 0.3). In this case, the 
Y3Fe5O12 film is polycrystalline and consists 
of  single-crystal blocks with characteristic 
sizes up to 0.3 microns. The interface areas 
of  the grain boundaries, especially when the 
boundaries of  large and small areas coincide, 
are enriched with defects, which is reflected in 
the contrast in the appearance of  the surface 
(Fig. 10a,b). The fine mesh of  cracks does 
not grow through the entire thickness of  the 
Y3Fe5O12 film, and the large one extends up to 
the buffer layer (Fig. 10b). It can be seen that 
the interfaces in the Y3Fe5O12 (260nm)/AlOx/
SiOx/Si (100) heterostructure are solid, clear 
and plane-parallel. In this case, no violations 
that could be caused by intense interactions 
with the buffer layer and the substrate are 
recorded. The elemental composition of  
the heterostructure (Fig. 10c) contains only 
elements corresponding to the composition 
Y3Fe5O12/AlOx/SiOx/Si (100). Similar results 
were obtained for heterostructures with the 
composition Y3Fe5O12/SiO2/Si (111). It should 
be noted that the formation of  cracked grids is 
also fixed for films of  ferrite garnets obtained 
by the method of  magnetron sputtering on Si 
or quartz substrates [38, 39].

In Fig. 11 shows X-ray diffraction patterns 
of  film heterostructures Y3Fe5O12(260nm)/
AlOx(40nm)/SiOx(10nm)/Si (100) (Fig. 11, 
curve 1) and Y3Fe5O12(260nm)/SiO2(800nm)/
Si (111) (Fig. 11, curve 2). For Y3Fe5O12 films 
with a thickness of  about 200 nm, diffraction 
patterns identify narrow reflexes of  high 
intensity, which are related to the cubic 
symmetry of  the space group (230) [40]. In this 
case, the lattice constant of  submicron films 
was about 1.2378 nm, which is somewhat larger 

than that of  a bulk YIG single crystal (1.2376 
nm [41]). One can see a good agreement of  the 
X-ray diffraction spectra of  both samples. In 
the case of  a relatively thick thermally grown 
layer of  SiO2 (Fig. 11, curve 2), the substrate 
is completely shielded from X-rays, but this 
does not lead to a significant deformation of  
the diffractogram reflections. This is evidence 
in favor of  the non-diffusion mechanism of  
crystallization of  the samples under study. It 
should also be noted that in films of  ferrite 
garnets obtained by the method of  ion-beam 
sputtering-deposition, the lattice constant 
always turns out to be greater than the value 
characteristic of  bulk single crystals. The 
reason for this can be either the intrinsic defect 
structure of  the YIG films, which forms as the 
crystallization progresses, and the adhesive, 
rather than epitaxial, bond with the substrate, 
which does not involve a gradual relaxation 
of  the elastic stresses as the film thickness 
increases.

According to the magnetization curves, 
ferrite-garnet films with a thickness of  more 
than 100 nm, regardless of  the composition 
of  the buffer layer, are characterized by a 
saturation magnetization value close to that 
of  the Y3Fe5O12 single crystal, i.e. 1740 Gs and 
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Fig. 11. X-ray diffraction patterns of  typical heterostructures 
Y3Fe5O12(200нм)/AlOх(40нм)/SiOx(10нм)/Si (100) (Fig. 11, 
curve 1) and Y3Fe5O12 (200nm)/SiO2 (800nm)/Si (111) (Fig. 

11, curve 2).
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a coercive force of  30 ... 40 O. This indicates 
that the films obtained are characterized by the 
stoichiometric composition of  Y3Fe5O12.

To determine the magnetic properties, 
measurements were made of  the Kerr effect 
for films differing in buffer layers and thickness. 
In the polar configuration, the rotation of  the 
Kerr angle θK for the Y3Fe5O12(260nm)/AlOx 
/ SiOx/S (100) heterostructure is 1530 degrees 
/cm (Fig. 12a). It is known that in Y3Fe5O12the 
contribution from Fe3+ ions in tetrahedral and 
octahedral sublattices has the opposite sign 
of  the Faraday angle θF [42] and the resulting 
rotation θF at the incident light wavelength λ 
= 640 nm is 750 degrees/cm [35]. For a laser 
wavelength of  640 nm, the garnet ferrite film is 
optically transparent. Therefore, for submicron 
ferrite-garnet films, in the light reflection 
configuration, the Kerr rotation angle θK will 
be comparable to twice the angle of  rotation 
of  the polarization plane in a magnetic field θF 
Y3Fe5O12 with a transparent thin buffer layer 
AlOx. Accordingly, we can assume, taking into 
account the linear relationship between θF and 
saturation magnetization, that in this case the 
magnitude of  the sublattice magnetization 
correspond to bulk ferrite garnet, and, therefore, 
the concentration of  Fe3+ ions in tetrahedrons 
and octahedra is close to the stoichiometric 
composition of  Y3Fe5O12. For a ferrite garnet 
film on a relatively thick buffer layer of  SiO2, 
the angle θK ≈ 820 deg/cm is about 2 times 
smaller than for a sample with a buffer layer of  

AlOx (Fig. 12b). Such a difference may be due 
to a relatively thick layer of  SiO2, which leads 
to an additional reflection of  the incident beam 
of  light at different interfaces, and the rotation 
of  θK mainly occurs only in one direction - 
upon reflection from the Si (100) substrate.

In a magnetic field applied along the 
normal to the garnet surface, the films are 
characterized by a saturation field HS of  about 
1.3 kOe (Fig. 12a), and in a field directed along 
the film plane, the value of  the saturation field 
is about 0.06 kOe (Fig. 12b). Therefore, in these 
samples, the axis of  easy magnetization is close 
in location to the film plane and determines the 
planar nature of  the magnetic anisotropy. The 
coercive field in polycrystalline ferrite garnet 
films does not exceed 30 Oe and is typical of  
ferrite garnet films obtained on Si [43].

In Fig. 13 shows the characteristic 
dependence of  the amplitude of  the FMR signal 
for ferrite-garnet films 260 nm thick on the 
external magnetic field and on the orientation 
of  the samples, given by the polar θH and 
azimuthal φH angles. This makes it possible to 
measure the values of  the resonant field and, 
according to the phenomenological model [44], 

VALERY A. KETSKO, MARIA N. SMIRNOVA, MARIA A. 
KOPIEVA, EVGENY N. BERESNEV SPINTRONICS

Fig. 13. FMR spectra of  characteristic Y3Fe5O12(200nm)/ 
AlOx(40nm)/SiOx(10nm)/Si (100) film heterostructures (Fig. 
13, curve 1) and Y3Fe5O12(200nm)/SiO2(800nm)/Si (111) (Fig. 
13, curve 2) in a magnetic field oriented along the surface of  the 
sample. The inset in Fig. 13 shows the FMR spectrum for sample 
Y3Fe5O12(200nm)/SiO2(800nm)/Si(111) in a magnetic field 

normally oriented to the sample surface.

Fig. 12. Field dependences of  the polar (a) and meridional (b) Kerr 
effect for the characteristic Y3Fe5O12(200nm)/AlOx(40nm)/SiOx 
(10nm)/Si (100) film heterostructures (Fig. 12a,b, curve 1) and 
Y3Fe5O12( 200nm)/SiO2(800nm)/Si (111) (Fig. 12a,b, curve 2).
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determine the values of  the effective magnetic 
anisotropy constant Keff  for these samples, 
including the uniaxial anisotropy constant Ku 
and the demagnetization energy 2πMS

2. For 
the buffer layers under consideration, the 
value of  Kerr was –1·105 erg/cm3. Note that 
the negative sign Kerr corresponds to the 
orientation of  the axis of  easy magnetization 
lying in the sample plane, and, therefore, 
correlates with the results obtained using the 
magneto-optical Kerr effect (Fig. 13).

From Fig. 13 that the FMR line for ferrite-
garnet films, in the case of  the direction of  
an external magnetic field along the sample 
plane, contains several resonances. This fact is 
the subject of  a separate study. In the case of  
a garnet ferrite film on the AlOx buffer layer, 
these resonances are difficult to distinguish. 
However, for a garnet ferrite film crystallized 
on a SiO2 layer, the FMR line contains lines 
of  two resonances, marked as I and II. The 
amplitude of  the second resonance line 
decreases with a change in the direction of  the 
external magnetic field from the plane of  the 
sample surface to the normal to it. At θH = 0°, 
only one contribution from the first resonance 
to the total signal is observed (inset to Fig. 13). 
Using the value for the width of  the resonance 
curve ∆H, obtained for the resonant frequency 
of  FMR, we can estimate the dimensionless 
damping parameter Hilbert α, which is 
determined by [35] from the relationship: ∆H 
≈ 2πfα/γ, where f is the FMR frequency, γ = 
1.7588·107 Oe-1 is the gyromagnetic ratio.

For samples with buffer layers in an external 
magnetic field applied parallel to the sample 
surface, the width of  the first resonance line 
∆Н1 is in the range of  150-200 Oe, while 
∆H2 is 270 O. However, for the perpendicular 
direction of  the magnetic field ∆H1 for ferrite 
films-granate on the AlOx buffer layer is 150 
Oe and 11 Oe for samples with a buffer layer 
of  SiO2 (inset to Fig. 13), which corresponds 

to the value of  the Hilbert damping parameter 
α = 2.8·10-3. The value of  ∆H = 11 Oe for 
the considered submicron films of  ferrite-
garnet, obtained by the method of  ion-beam 
sputtering on silicon substrates, is 3-4 times 
higher than for films, by the method of  pulsed 
laser evaporation PLD [44] and 3 times less 
than with films of  ferrite garnets obtained 
by magnetron sputtering on GGG substrates 
[45].

The relaxation of  spin-wave excitation 
processes in the samples under consideration is 
determined by their polycrystalline nature, the 
state of  grain boundaries and the influence of  
the interface regions on the state of  the film as 
a whole with its thickness specified by a limited 
range of  values comparable to the value of  10 
... 100 lattice constants. In this case, in films 
of  ferrite-garnet, inhomogeneous effective 
fields are created mainly due to the anisotropy 
of  the crystal structure (random orientation 
of  crystallites) and the anisotropy induced 
by stresses [46]. For the anisotropy field, Ha 
~ 4πMS, and the width of  the FMR line is 
determined by the expression ∆H = 0.5Ha 
[35]. Since the field of  uniaxial anisotropy is 
HU = 370 Oe, an increase in the FMR line 
width in the structure of  polycrystallites may 
be ΔH ≈ 190 O, which is in good agreement 
with the experimental value (Fig. 13). Due to 
the fact that HU ~ 4πMS, it should be expected 
that the interaction between the crystallites is 
weak, and the crystallites are resonantly excited 
in an external magnetic field independently 
of  each other [35]. Therefore, the presence 
of  two resonances in the FMR line (Fig. 
13) may be due to two types of  crystallites 
and intercrystallite boundaries differing in 
size (Fig. 13a,b), which are formed during 
deposition and subsequent crystallization. In 
addition, the value of  the damping parameter 
is also affected by the buffer layer. It is known 
that a thermally oxidized SiO2 layer on Si is 
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amorphous [46]. This provides a more stable 
structure of  the SiO2 layer, compared to the 
AlOx layer obtained by precipitation at room 
temperature. Therefore, the ferrite-garnet film 
on the buffer layer of  SiO2 is less strained as 
compared to the film containing AlOx. As a 
consequence, the ferrite-garnet film on the 
SiO2 buffer layer in an external magnetic 
field perpendicular to the sample plane is 
characterized by a smaller contribution of  
randomly oriented crystallites to the total 
width of  the FMR ∆H line.

The practical significance of  applying the 
method of  ion-beam sputtering to obtain 
submicron films of  ferrite garnets on a SiO2 
buffer layer on silicon with the Hilbert decay 
parameter α ≈ 10-3 is obvious. Film structures 
can be claimed in a large area of  silicon spin-
wave device structures.

6. CONCLUSION
A team of  authors to create ferrite films on 
semiconductor substrates without elastic 
stresses and interactions of  components at the 
interface created by crystallization of  structures 
can give additional impetus for accelerated 
development of  work in both spintronics and 
magnon-plasmon structures.

A distinctive feature of  this method 
is that with its help it is possible to create 
structures not only of  ferrites, but also of  
other film heterostructures with mismatched 
lattice parameters, group methods of  
microelectronics.
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1. INTRODUCTION
Granular structures are an alternative to 
superlattices in spintronic devices. Currently, 
spintronics is one of  the most dynamically 

developed areas of  electronics. This is due to the 
fact that it is more energy-efficient to control the 
electron spin than the electron charge. In this 
regard, research on the creation of  spin diodes, 
transistors and other traditional electronics 
devices is intensively carried out in Russia and 
abroad. However, while research on the creation 
of  such devices are at the model levels [1, 2]. 
Actually existing spintronic devices are magnetic 
memory devices. Magnetic memory devices are 
produced in large quantities, because are part of  
all modern computers [3, 4]. Magnetic memory 
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devices are based on two effects, the effects of  giant 
(GMR) and tunnel (TMR) magnetoresistance. [5, 
6]. Effects were found on superlattices, which 
consisted of  nanolayers of  a magnetic and non-
magnetic ones. Heterogeneous magnetically 
ordered systems are considered as analogues of  
superlattices, better known in the literature as 
magnetically granulated structures [7-11]. The 
effects of  GMR and TMR are also observed 
on such structures [12–16]. Magnetogranular 
structure consists of  a nonmagnetic matrix 
and ferromagnetic nanoparticles. Metals, 
semiconductors and dielectrics can be used as 
matrix materials [17–23].

The nature of  the GMR effect in magnetically 
granular structures and superlattices is similar. 
Figure 1 shows the scheme of  the appearance 
of  the HMS effect. Despite the fact that the 
magnitudes of  the effects of  GMR and TMR 
in magnetically granulated structures are smaller 
than in superlattices, however, these structures 
have several advantages [24]. Of  the advantages, 
there are: less labor-intensive methods of  
obtaining, softer requirements for the size 
of  a ferromagnet and non-magnetics, better 
possibilities for creating a stable phase boundary 
between a ferromagnet and a nonmagnet, 
softer requirements for the thickness of  layers, 
etc. Therefore, the synthesis and study of  the 
properties of  magnetically granular structures 
are rather intensive. Nonmagnetic metals or 
dielectrics, usually oxides, are used as the matrix 
material. Iron, cobalt, nickel or alloys based on 
them are chosen as ferromagnets. In our works, 

semiconductors are used as the matrix material. 
Semiconductors have high mobility of  charge 
carriers; this allows increasing the spin relaxation 
time and increasing the polarization efficiency 
of  the spin transport.

2. PHASE EQUILIBRIA IN 
SEMICONDUCTOR-FERROMAGNET 
SYSTEMS
For the synthesis of  a magnetically granular 
structure in semiconductor-ferromagnet 
systems, components are needed that would 
form a eutectic between themselves and 
have minimal inter-solubility. During eutectic 
crystallization, simultaneous crystallization of  
all phases that make up the eutectic occurs, 
which forms a specific fine structure. The 
use of  ultra-high supersaturation, leads to a 
significant overcooling of  the medium, and 
cause metastable crystallization. Both of  these 
factors cause a synergistic effect that contributes 
to nanostructuring when creating a granular 
structure.

Manganese compounds (MnP, MnAs, MnSb) 
were chosen as ferromagnetic components of  
eutectic type systems. These compounds are 
semi-metallic ferromagnets with high Curie 
temperatures [25, 26]. Compounds AIIBIVCV

2, 
AIICV, AII

2C
V

3 and AIICV
2, which include an 

element of  the fifth group, were chosen as 
semiconductors. The crystal structure of  these 
semiconductors is significantly different from 
the crystal structure of  MnP, MnAs and MnSb, 
which suggests the possibility of  the formation 
of  systems of  the eutectic type or systems with 
significant areas of  delamination.

The study of  semiconductor-ferromagnet 
systems was performed using a complex of  
physicochemical analysis methods: XRD, 
DTA and DSC. Microstructural studies were 
performed using SEM, AFM and optical 
microscope "Epicuant". The results of  these 
studies are presented in Table 1. The table 
shows the composition, melting points and 
types of  eutectic microstructures. As can be 
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Fig. 1. Pattern for GMR effect -  а) in superlattices, б) in granular 
structures. (1 – ferromagnetic, 2 - nonmagnetic).
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seen from the data in the table, the systems were 
of  the eutectic type, the microstructures of  the 
eutectics depending on the composition were 
plate-like, columnar, needle-shaped [27, 28].

3. SYNTHESIS AND PROPERTIES 
OF MAGNETIC GRANULATED 
STRUCTURES
Based on the works of  Ya.B. Zeldovich on 
nucleation, under conditions of  significant 
supersaturation [29, 30], composites were 
synthesized with nanoclusters of  MnAs and 
MnSb ferromagnets with TC = 290–600 K. 
Subsequently, the effect of  the dispersion factor 
on the electrical and magnetic properties in a 
wide range of  temperatures and magnetic fields 
was studied on these composite alloys [31]. 
In the ZnGeAs2-MnAs system, two types of  
samples were prepared. Upon receipt of  the 
first type, the melt crystallized under normal 
conditions; in the off-furnace mode, the cooling 
rate was ~ 1.5∙10-2 deg/s. The melts of  the 
second type crystallized in quenching mode. The 
cooling rate was ~ 1∙102 deg/s. Salt solutions 
with high thermal conductivity were used as a 
quenching medium. Microstructural studies 
have shown that the synthesized alloys were 
of  the eutectic type, the size of  the manganese 
arsenide crystallites in them depended on the 
cooling rate. With an increase in speed of  4 
orders of  magnitude, the average crystallite size 
of  manganese arsenide changed by 3 orders of  

magnitude from 5·104 to ≤ 6·101 nm. In samples 
of  the second type, unlike samples of  the first 
type, the DSC curves showed no thermal effect 
of  the structural transformation α–β MnAs, 
while the Curie temperature shifted towards 
higher values, from 318 to 351 K, respectively. 
Significant differences in the properties show 
the increasing role of  surface phenomena with 
increasing dispersion.

The magnetoresistance was measured on 
granular structures of  alloys: ZnGeAs2 and 
CdGeAs2 with MnAs. In Fig. 2 (a) shows the 
change in resistance from the magnetic field for 
the ZnGeAs2 alloy with MnAs. At the beginning, 
the resistance dropped sharply with increasing 
magnetic field, and then saturation was observed. 
The magnitude of  the magnetoresistance 
reached 60%. The type of  magnetoresistance 
practically corresponded to the results observed 
by A. Fert and P. Grünberg when opening the 
GMR effect on superlattices [5, 6]. For CdGeAs2 
alloys with MnAs, the change in resistance had 
a different appearance. The resistance increased 
sharply with increasing magnetic field and there 
was no saturation (Fig. 2b). The known models 
of  magnetoresistance cannot explain this nature 
of  the change in resistance. As an attempt to 
find an explanation, alloys of  ZnGeAs2 solid 
solutions with CdGeAs2 were prepared with 
the subsequent introduction of  manganese 
arsenide. To determine the boundaries of  solid 

PHYSICO-CHEMICAL ANALYSIS OF SEMICONDUCTOR-
FERROMAGNET SYSTEMS AS A BASIS OF SYNTHESIS OF...SPINTRONICS

System Eutectic coordinates Microstructure 
of eutecticComposition, mol.% Тm°С

ZnSiAs2 - MnAs 87 MnAs 847 needle

ZnSnAs2 - MnAs 45 MnAs 744 needle

ZnGeAs2 - MnAs 39 MnAs 816 lamellar

CdGeAs2 - MnAs 18 MnAs 620 needle

Zn0,9Cd0,1As2- MnAs 43 MnAs 756 lamellar

Zn0,1Cd0,9As2- MnAs 24 MnAs 615 needle

GaSb - MnSb 41 MnSb 632 lamellar

InSb – MnSb 6.5 MnSb 515 needle

Zn3As2 – MnAs [44] 50 MnAs 815 lamellar

ZnAs2 – MnAs [45] 27 MnAs 716 needle

Table 1
The results of the study of systems AIIBIVCV

2, AII
3CV

2, 
AIICV

2, AIIIBV - manganese pnictides.

                      a                                            b
Fig. 2. Magnetic field/resistance dependence for alloys:  а) 

ZnGeAs2 with MnAs, b) CdGeAs2 with MnAs.
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solutions, the ZnGeAs2-CdGeAs2 system was 
studied. The results were unexpected [32, 33]. 
Despite the proximity of  the crystal structures 
of  compounds, the formation of  solid solutions 
between them occurs in narrow boundaries 
(Fig. 3) with a large decay region. Therefore, 
magnetic field measurements were performed 
on alloys of  solid solutions with a composition 
close to the compositions of  ZnGeAs2 and 
CdGeAs2 compounds. The nature of  the change 
in resistance (Fig. 4) from the magnetic field, as 
in the case of  solid solutions from the side of  
ZnGeAs2, and from the side of  CdGeAs2 did 
not change, but the magnitude of  the effects 
decreased, as if  their convergence occurred.  
The different type of  change in resistance 
from the magnetic field for composite alloys 
ZnGeAs2 and CdGeAs2 with MnAs corresponds 
to the difference in the microstructures of  their 
eutectic eutectics. In the first case, it is lamellar; 
in the second, needle-like, a form effect is 
observed. The needle-like view of  the granular 
structure of  CdGeAs2 with MnAs is a classical 
solenoid, which leads either to the appearance 
of  percolation processes or to the formation of  
a complex spin-valve structure. In both cases, a 
positive effect of  magnetoresistance is possible 
[34, 35].

The interesting results were obtained on 
granular structures of  alloys of  the Ga(In) 
Sb–MnSb systems. Of  greatest interest were 
the data of  the magnetoresistance of  granular 
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structures. The average size of  ferromagnetic 
MnSb clusters in granular structures was 24 
nm [36-40]. Fig. 5 presents the temperature 
dependence of  the magnetization of  the 
eutectic alloy of  the GaSb-MnSb system. The 
Curie temperature ~ 600 K was determined 
by the MnSb clusters. The dependence of  
resistance in a magnetic field had a complex 
form. At small values of  the magnetic field (up 
to a saturation of  0.8 T), the resistance dropped 
sharply, and at large values it grew slowly. At low 
magnetic fields, negative magnetoresistance was 
observed, and at high magnetic fields, which 
was observed both at low temperatures of  5 K 
and at room 300 K (Fig. 6). The same type of  
change in resistance from the magnetic field was 
observed by A. Fert and P. Grünberg when the 
GMR effect was discovered [5, 6]. The change 
in the mechanism of  charge carrier scattering 
occurs due to the fact that at low magnetic fields 

Fig. 3. Phase diagram of  ZnGeAs2 – CdGeAs2 system.

 

Fig. 4. Magnetic field/resistance dependence for alloys:
а) Zn1-xCdxGeAs2 с MnAs, b) Cd1-xZnxGeAs2 с MnAs.

Fig. 5. Temperature dependence of  the specific magnetization for 
eutectic alloy of  GaSb + MnSb system at B = 0.1 T.

                      a                                        b
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up to saturation, scattering associated with the 
spin-dependent effect predominates, and at 
high magnetic fields, the resistance changes due 
to the Lorentz force. The change in resistance 
is insignificant in magnetic fields above 
saturation, but it is positive. Using pulsed laser 
deposition, using composite alloys of  eutectics 
of  the GaSb-MnSb and InSb-MnSb systems 
as a target, films were obtained. GaSb films 
with MnSb were synthesized on leucosapphire 
substrates, the film thickness was 80-100 nm. 
According to electron and atomic force 
microscopy data, the films were homogeneous 
[38, 41]. The electrical conditions of  deposition 
largely influenced their electrical properties. 
The best samples had a hole type with a 
specific resistance of  7·1019 cm-3 at 300 K. The 
dependences of  the specific magnetization and 
resistance on the magnetic field are presented 
in Fig. 7a,b respectively. The type of  change in 
film resistance coincided qualitatively with bulk 
samples (Fig. 6). There was only a difference in 
the magnitude of  the saturation magnetic field. 
In films, it is lower than ~ 0.2 T, and in bulk 
samples it was ~ 0.8 T.

Films of  the InSb + MnSb composite with 
hole type conductivity were formed on single-
crystal n-type InSb substrates by pulsed laser 
deposition and diode structures were formed 
[42, 43]. Fig. 8a shows the formation of  these 
diode structures, Fig. 8b shows the current-
voltage characteristic (VAC) of  the p-(96% InSb 
+ 4% MnSb)/n-InSb diode structure at 300 K: 
1 - B = 0 T; 3 - B = 0.15 T in the perpendicular 
field of  the heterojunction plane.

Diodes based on this granular structure 
showed high sensitivity to a magnetic field. The 
magnitude of  the current in a magnetic field of  
0.15 T, applied perpendicular to the plane of  the 
diode structure, decreased more than 9 times 
from 0.35 A to 0.04 A at a voltage of  1 V.

4. CONCLUSION
It is shown that the use of  semiconductors as a 
matrix of  magnetically granulated structures due 
to the high mobility of  charge carriers is preferable 
to metals or dielectrics. The basic principles 
of  creating granular structures with high 
values of  magnetoresistance based on eutectic 
type systems are formulated. During eutectic 
crystallization, simultaneous crystallization of  all 
phases takes place, and a specific fine-dispersed 
structure of  eutectic alloys is formed. The use 
of  ultra-high supersaturation leads to metastable 
crystallization, which causes a synergistic effect 
leading to nanostructuring, which is necessary 
when creating granular structures.

 

Fig. 7. Specific magnetization (a) and the specific resistance (b) 
magnetic field dependences for GaSb + MnSb structure’s film.

Fig. 8. а) Pattern for diode structure; b) (volt-current plot) of  the 
p-(96%InSb+4%MnSb)/n-InSb diode structure at 300 К

(1 - B = 0 T and  2 - B = 0.15 T).

Fig. 6. Magnetic field’s magenetude/resistance dependence of  the 
GaSb + MnSb granular structure at Т = 5 (а) и 300 К (b).
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1. INTRODUCTION
It is considered [1] that metallic iron does not 
dissolve in europium monoxide and does not 
form an independent crystalline phase with it 
as a solid solution (SS) Eu1-xFexO. However, 
this does not mean that such SSs are not able 
to originate at least partially or in limited 
regions of  compositions in more complex 
multiphase composites containing europium 
and iron oxides. In particular, in the spintronic 
composite material synthesized from higher 
oxides of  europium (Eu2O3) and iron (Fe2O3) 
by the high-temperature solid-phase reduction 
method [2]. It has been experimentally 

confirmed [3] that several more independent 
crystalline phases co-exist in such composite in 
addition to the above-mentioned SS: from nano 
sized super paramagnetic particles of  metallic 
iron to oxides of  both metals in different 
oxidation states. However, it is the presence 
of  this SS that determines the outstanding 
physical characteristics of  this composite - 
its high specific magnetization (40-60 emu/g 
at room temperatures, Tr) and the Curie 
temperature, Tc = 480 K. Under the conditions 
of  its inherent semiconductor conductivity at 
the range of  compositions 0.15 <x < 0.25, this 
composite material is promising in the creation 
of  semiconductor spintronic devices capable 
of  stable operation at the room temperature, 
while ensuring an increased degree of  spin 
current transfer, P ≈60% [4]. To the latter in a 
great extent contributes the chemical stability 
of  this composite, located both in bulk and 
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in thin-film states in normal environmental 
conditions. This is evidenced by the complete 
identity of  the experimental data obtained on 
samples of  different synthesis series after long 
(several years) time intervals of  their storage. 
The data are presented below.

2. EXPERIMENTAL DATA
In support of  the above, we present the results of  
the experimental studies of  resonance (nuclear 
magnetic resonance, NGR) and magnetic 
parameters of  this composite, according to 
data from [5, 6]. Moreover, NGR spectroscopy 
of  composite samples was studied using a 
standard SM-2201 spectrometer with 57Fe and 
151Sm2O3 sources. Their magnetic parameter 
at low temperatures was studied on a SQUID 
magnetometer of  MPHS-XL7 type, and at 
elevated temperatures - on a magnetic balance 
using the Faraday method.

Thus, the spectra of  nuclear magnetic 
resonance (or the Mössbauer effect) of  a bulk 
sample of  the EuO:Fe composite for the 
57Fe isotope, taken at room temperature are 
presented in Fig. 1. It’s characterized by a typical 
ferromagnetism and contain at least two sixes 
of  Zeeman lines: one with Heff  = 32.8Tl, δ = 0, 
ΔE = 0, the other with Heff  = 19.2Тl, δ = +0.20 
mm/s, ΔE = 0.005 mm/s.

They relate to α-Fe nanoparticles and Eu-
Fe-O clusters, respectively. The relative intensity 
of  the sextets I(α-Fe) ≈ 0.72; I(Eu-Fe-O) ≈ 
0.28. From which it may be concluded that the 
presence of  iron in the composite, basically, 

corresponds to its free (metallic) state. The 
fraction of  ferromagnetic 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 display of  
the ionic state of  iron in the composite should 
be considered as impurity centers forming Eu-
Fe-O clusters as a result of  a possible chemical 
interaction of  them with an europium cations 
at accordance by the mechanism of  indirect d-f- 
exchange [7].

In the same conditions the Mössbauer 
spectra of  57Fe of  the composite films (Fig. 2) 
represent a singlet with an isomeric shift of  δ 
= +0.20 mm/s and with a very weak splitting, 
typical for the display of  super paramagnets 
of  α-Fe nano particles. This data exemplifies 
that the high-temperature magnetism of  the 
composite is caused by the presence of  the 
ferromagnetic ordering of  Eu-Fe-O clusters and 
super paramagnetic α-Fe nanoparticles in it. As 
shown below, this is fully confirmed by magnetic 
studies of  the composite.

The cation state of  the europium atoms in 
the composite illustrates the NGR spectrum 
of  151Eu, Fig. 3. It is an overlap of  two lines 
characterized by isomeric shifts of  δ = 12.6 mm/s 
and δ = +0.02 mm/s, and width at half  height 
of  3.7 mm/s and 4.1 mm/s, respectively. The 

SPINTRONICSARNOLD S. BORUKHOVICH, VITALY G. BAMBUROV

Fig. 1. NGR spectra of  57Fe powder of  the EuO:Fe composite at 
room temperature.

Fig. 2. Mössbauer spectra of  57Fe thin films of  a composite on 
Quartz.
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first line corresponds to the paramagnetic ion of  
the Eu2+ matrix; the second line is responsible 
for the manifestation of  the valence state of  
Eu3+. Note that such isomeric shifts of  NGR 
spectra of  151Eu at the composite correspond 
to the positions of  these cations in the lattices 
of  EuO and Eu2O3 [8]. The obtained spectra 
and the position of  the isomeric shifts of  the 
Eu2+ and Eu3+ ions in them agree well with the 
NGR investigation of  the micro crystals of  the 
magnetic semiconductor EuS interspersed in 
thin films of  the TiO2, Al2O3 and SiO2 oxides [9].

The presence of  Eu3+ ions in the composite, 
on the one hand, can be considered as an 
impurity phase of  Eu2O3 due to the conditions 
of  its synthesis – high temperature reduction 
of  a sesquioxide or a mixture (Eu2O3 + Fe2O3) 
by carbon. Based on the results of  chemical 
and X-ray spectral analysis, the presence of  this 
phase in the composite did not exceed 1% by 
weight.

On the other hand, comparison of  state 
line intensities of  the Eu3+ ions (~0.55) in 
the spectrum with that for the ion state Eu2+ 
(~ 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 151Eu nuclei. This, as noted above, can 
correspond to the manifestation of  an indirect 
(via the p-state of  oxygen) d-f exchange between 
iron and europium to form Eu-Fe-O clusters. A 
possible transfer of  the electron density from 
Eu2+ to the iron (even partial) will lead to the 

polarization of  the spins of  these ions, which 
under these conditions is equivalent to the 
manifestation of  their ionic state in the cluster 
as Eu3+, and the states of  the iron ion as Fe+. As 
a result, the ferromagnetic moment of  such an 
Eu3+Fe+O cluster at T > 70 K (the temperature 
of  the ferromagnetic disordering of  the EuO 
phase) caused by the spin polarization of  the 
paramagnetic europium ions from the nearest 
environment of  the impurity Fe+ ion and 
localized on might become increased comparing 
to magnetic moment of  atomic iron.

Let us now analyze the magnetic characteristics 
of  the samples of  the composite, measured for a 
wide range of  temperatures and magnitudes of  
the external magnetic field. Fig. 4 shows the field 
dependence from the ferromagnetic saturation 
moment M(H) of  a composite composition 
(EuO)0.75Fe0.25 at T = 2 K and T = 300 K, and in 
Fig. 5 (a, b) its temperature dependences, M(T).

From these data, it follows that the composite 
is actually a heterogeneous mixture at least of  
three ferromagnetic ally ordered phases. In this 
case, the value of  the magnetization of  the 
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Fig. 3. The Mossbauer spectrum of  151Eu powder of  the composite 
at room temperature. Fig. 4. Dependence of  the magnetic saturation moment of  the 

(EuO)0.75Fe0.25 composite by H.

Fig. 5. Temperature dependences of  the magnetization of  a composite 
at low (a) and elevated temperatures (b).
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Fe-component for this concentration range 
almost linearly corresponds to its share presence 
in the composite [2]. 

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 
predominates mainly due to the contribution 
of  the divalent europium ion in the composite 
against which the contribution of  iron to M is 
≤ 30%. Throughout the temperature range the 
samples of  the composite exhibit the properties 
of  magnetically soft ferromagnetism. A feature 
of  the M(T) dependence in Fig. 5(b) is its 
inflection in the region of  T ≈ 480 K which is 
characteristic of  the ferromagnetic disordering 
of  the magneto-structural phase. If  a transition 
of  the “ferro-para” of  the EuO phase takes 
place in the region of  T ≈ 70 K, and a similar for 
the Fe-component of  the composite observed at 
T ≈ 1000 K, then a certain ferromagnetic (super 
paramagnetic) constituent (i.e., ferromagnetic 
phase) of  the composite must undergo a disorder 
in the above temperature range. It should be 
responsible for the increased value of  its specific 
magnetization (magnetic saturation moment) at 
the room temperature range and above (up to 
480 K). As follows from the above NMR-spectra 
of  a composite, such a ferromagnetically ordered 
structural phase can only be the presence of  a 
cluster (solid solution) of  Eu3+Fe+O with a Curie 
temperature in it, Tc = 480 K.

The behavior of  the magnetization of  the 
composite films received “flash technique” in the 
way [3], correlates well with the data in Fig. 5 - 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 ≈ 0.5Tl. However, the 
opening of  the hysteresis loop is not observed. 
The magnitude of  the magnetic moment of  the 

composite thus reaches M ≈ 4μB 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(T) 
dependence upon cooling of  the composite 
films at low temperatures in an external magnetic 
field (the FC condition) and without a field (H = 
0, the ZFC condition) revealed another feature. 
Namely, the presence of  an inflection of  this 
dependence in the temperature region of  T = 
25÷30 K (Fig. 6) in the latter case. This so-called 
“blocking temperature” (Tbl) - is the transition 
from the anti ferromagnetically ordered state (at 
T < Tbl) to super paramagnetic (at T > Tbl) of  
α-iron nanoparticles in the composite. Physically 
this means that the magnetic moments of  such 
nanoparticles at T ≤ Tbl are anti ferromagnetically 
in relation to ferromagnetically ordered state 
of  the ions of  the Eu2+ matrix. This leads to a 
general decrease in the magnetic moment of  the 
composite at T = 0 K to a value of  M = 180 emu/g. 
For comparison: under the same conditions, 
“pure” EuO monoxide has a record value of  M 
= 240 emu/g for ferromagnets. However, at T > 
Tbl, the situation changes to the directly opposite 
– super paramagnetic of  α-Fe nanoparticles 

ARNOLD S. BORUKHOVICH, VITALY G. BAMBUROV SPINTRONICS

Fig. 6. The magnetization of  the (EuO)0.75Fe0.25 composite film on 
a silicon substrate under conditions of  ZFC and FC.
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promotes the growth of  the magnetic moment 
of  the EuO:Fe cluster (solid solution) in the 
composite with decreasing magnetization and 
disordering of  the Eu2+ cations of  the matrix. 
According to the magnetic data presented, 
the total ferromagnetic moment of  such a 
cluster (solid solution) at room temperature is 
numerically more than 10 emu/g exceeding the 
ferromagnetic moment inherent in pure iron at 
these temperatures. Due to this, in general, taking 
into account a last parameter, this composite 
is the record among all known ferromagnetic 
materials, especially semiconductor materials, 
which are recommended for spintronics. When 
using a composite as a spin injector, these qualities 
will, in particular, contribute to an increase of  
the degree of  spin current transfer in spintronic 
structures created with his participation [4].

3. THEORY
For a possible theoretical justification and 
understanding of  the regularities behavior of  
the EuO:Fe composite experimental parameters, 
a model calculation of  the electronic band 
structure of  the Eu1-xFexO solid solution, 
which is structurally included at the composite 
composition, was performed [10]. The calculation 
method included the use of  the linear method of  
associated plane waves (FLAPW, code WIEN2k) 
with the generalized gradient approximation 
(GGA) of  the exchange-correlation potential 
[11]. In recent years, a similar calculation 
method has been applied to the EuO and a 
EuS phase doped with rare earth metals and 
provides good correlation with experiment 
[12, 13]. At the calculations a super lattice, 
obtained by translating the unit cell of  EuO 
along the crystallographic axes when one of  the 
europium cations is replaced by an iron ion, was 
constructed. Without going into here, especially 
in carrying out such calculations of  systems with 
strongly correlated electrons, such as Europium 
compounds, and performing certain corrections 
of  the band-state spectrum [14], we will analyze 
only the results of  the theoretically modeling of  

the band states density of  iron-doped europium 
oxide, indicating their good agreement with 
the above experimental data presented. These 
results are illustrated in Fig. 7, where along with 
the final picture of  the spectrum of  the solid 
solution, the partial density of  the electronic 3d 
states of  iron is allocated.

It follows that zone states formed mainly 
by the 2p orbitals of  oxygen atoms are located 
below the energies -2eV, whereas at states above 
0.5 eV there are band states formed by the 5d 
orbital’s of  europium atoms (the energy of  
states is relative to the Fermi level). The band 
states formed by the 4f-orbitals of  europium 
are situated at the near Fermi region. Wherein 
the activation energy of  the conductivity, ΔE, 
between the Fermi level near the 4f-zone ceiling 
and the bottom of  the 5d band is 0.8 eV, which 
agrees well with the experimental value of  ΔE 
= 0.75 eV [3]. Also the calculations reproduce 
well the interval between the maxima of  the 2p 
O- and 4f Eu-states, equal to 2.5 eV [15].

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. The magnetic moments 
values obtained on Fe ions were 3.74 μB, and 
on Eu2+ cations, they were from 6.86 to 6.88 
μB. To explain these values, we consider the 
partial density of  the 3d states of  iron atoms 
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Fig. 7. The density of  electronic states of  TP Eu1-xFexO with the 
separation of  the partial density of  the electronic 3d-states of  iron.
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which additively enters the band spectrum of  
this SS. The bands of  spin-up band states noted 
on Fig. 7 by the numerals 1 and 2 have the type 
of  local symmetry t2g and eg and contain 3+2 
electrons. Another peak of  the density of  3d 
Fe- states (peak 3) is located at the top of  the 
valence 2p O - band, but it is a consequence of  
the hybridization of  2p O- and 3d Fe - states. 
Band 1' corresponds to spin down 3d Fe-states 
with eg-type local symmetry: it contains one 
electron. Band 2’corresponds to the empty 
zone of  spin-down 3d Fe states. It follows that 
the iron ions in the monoxide structure retain 
6 electrons, i.e. they are in the charge state 2+ 
and will have a magnetic moment equal to 4 μB 
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 ~ 7 μB, which also 
corresponds to the values given above.

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. 7), so that the majority of  spin-down 
states of  iron are not populated by electrons. As 
a result, the magnetic moment on Fe2+ cations 
is ~1.7μB 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  40÷60 emu/g [2]. 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. 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 

[16]. Thus, the existence of  a ferromagnetically 
ordered phase in the form of  a similar SS in the 
EuO:Fe composite is completely responsible 
for the experimental observation in it at room 
temperature of  a record-breaking degree of  spin 
current transfer.

Let us also trace the possible correspondence 
of  the performed calculation of  the band spectrum 
of  the solid solution to the electronic parameters 
of  the composite, related to the manifestations 
of  its other structural components. First, this 
concerns the data of  the NGR-studies of  the 
composite and the possibility of  carrying out in 
it an “induction” effect - transfer of  the electron 
density from Eu2+ ions to impurity ions Fe2+ 
introduced in the matrix lattice. The presence 
of  such a transfer, which can be interpreted as 
the transition of  a part of  the europium ions 
Eu2+ to the Eu3+ 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. 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 larger (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 circumstances indicate that there is actually 
a slight transfer of  the electron density from the 
4f  Eu2+ state to the 3d Fe2+ state (about 0.03 
electron per impurity Fe-node).

These calculations, like the vast majority 
of  similar calculations by the methods of  the 
electron density functional theory, correspond to 
the temperature of  T = 0 K. Obviously, a certain 
“smearing” of  the Fermi level with an increase 
in the temperature can be accompanied by a 
somewhat higher transfer of  the electron density 
from 4f Eu- states to 3d Fe-states wherein.
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The second example concerns the 
experimental data of  Fig. 6 – the presence 
of  a “blocking” temperature – the spin 
reorientation of  the magnetic moments of  free 
iron nanoparticles in the composite structure 
and its transition from an antiferromagnetic to 
a superparamagnetic state at T > 25 K. Such a 
spin reorientation is in many ways analogous to 
spin-orientation transitions in rare-earth metals 
observed at low temperatures [17]. Nevertheless, 
the very indication of  the theory of  the 
antiparallelity of  the spins of  iron nanoparticles 
at the SS with respect to the spin state of  the 
Eu2+ - cations at T = 0 K implies the presence 
of  Tbl at T > 0 K. What also can be attributed to 
the merit of  these calculations.

4. CONCLUSION
Thus, the comparison of  the calculation results 
of  electronic band structure of  the Eu1-xFeхO 
SS with the experimental 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 doping a monoxide lattice, and the 
method used at calculating its electronic band 
structure. It is shown that the presence of  this 
SS in the composite provides its elevated Curie 
temperature. At the same time, iron cations are 
in a high-spin state, on the 1.7μB higher than 
the intrinsic magnetic moment of  pure iron. It 
is also shown that iron and europium cations 
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-state of  europium) are 
100% spin-polarized. What is quite possible to 
provide, as already noted, an increased (record-
to-date) degree of  spin current transfer from 
the composite when it is used as an injector 
of  spin carriers in semiconductor devices of  
spin electronics. It is shown that in Fe-doped 
monoxide there is an insignificant electron 
density transfer from Eu2+ ions to Fe2+ ions, 

but the main factor ensuring the presence of  
Eu3+ ions observed in the experiments - iron 
nanoparticles, apparently provides is apparently 
the presence of  Eu2O3 nanoclusters in the 
composite structure. Their presence, as well 
as the presence of  superparamagnetic α-iron 
nanoparticles, apparently provides the samples 
of  this composite in the bulk and thin-film 
states with long-term chemical stability of  their 
physical parameters under normal conditions. 
As evidenced by the available experience 
with this spintronic material [18]. Its further 
advancement in high-temperature spintronics 
and the creation of  appropriate devices, in 
particular, a spin transistor, is possible with the 
development of  thin-film composite technology 
in the method of  molecular epitaxy from higher 
oxides of  europium and iron. As the most 
economically justified and corresponding to 
industrial production of  films of  composites of  
a given composition with a corresponding set of  
physical and physical-chemical characteristics. In 
contrast from the less effective and a more costly 
of  the “flash technique” method of  synthesis of  
the thin films of  such a composite, based on 
the preliminary synthesis of  bulk material - a 
precursor [3].

In conclusion, we note that this combination 
of  phase components, which form the 
outstanding properties of  this composite as a 
high-temperature spintronic material, may be 
reproduced only when it is synthesized from the 
higher oxides of  metals. Attempts to synthesize 
the aforementioned single-phase SS from the 
metals corresponding to the properties of  this 
composite have so far been unsuccessful.
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1. INTRODUCTION
The concept of  the spin nuclide electron 
condensate (SNEC) is associated with the creation 
of  the theory of  low-energy transmutation of  
chemical elements (transformation of  some 
elements into others, then transmutation). 
Transmutation reactions occur in a weakly 
excited condensed medium [1-5]. Numerous 
and diverse, simple and complex experiments on 
low-energy transmutation of  chemical elements 

demonstrate the obviousness of  those processes. 
This article gives a brief  description of  the 
possibility of  the existence of  spin electron 
and spin nuclide electron condensates. Their 
properties and possible technologies based on 
these properties are discussed.

The main property of  transmutation 
reactions is that “extraneous” chemical 
elements appear in their products, which were 
absent in initial material prior to beginning 
of  said processes. In addition, in the reaction 
products there is an increased yield of  
some elements and groups of  elements and 
a different ratio of  isotopes of  chemical 
elements that is different from the natural 
ratio.

The isotopes of  elements obtained in 
transmutation reactions are non-radioactive. 
During the course of  these reactions, γ- 
and β-radiation were also not detected. In 
special experiments with radioactive isotopes, 
their transformation into stable isotopes is 
demonstrated.

SPINTRONICS

SPIN ELECTRON CONDENSATE. SPIN NUCLIDE ELECTRON 
CONDENSATE
Gennady V. Mishinsky
Joint Institute for Nuclear Research, http://www.jinr.ru/
6, Joliot Curie str., Dubna 141980, Moscow Region, Russian Federation
mysh@jinr.ru

Abstract. Atomic electrons pair in orthobosons in a strong magnetic field. In orthoboson, the spins 
of  the electrons are parallel S = 1, and their energies are equal. The atomic electron orthobosons 
form a Bose-Einstein spin electron condensate, in which the magnetic moments of  electrons are 
directed in one direction. Such an atom is called the transatom. The magnetic moments of  electrons 
generate a giant, directed, inhomogeneous and anisotropic magnetic field inside and outside the 
transatom. This field interacts with the magnetic and orbital moments of  the protons and neutrons 
of  the atomic nucleus and changes the structure of  the latter and turns the atomic nucleus into a 
transnucleus. A transnuclear transatom is a spin nuclide electron condensate. This is a new state of  
matter, based on the properties of  that matter we can create new technologies.
Keywords: quantum physics, atomic physics, nuclear physics, spin Bose–Einstein condensate, low 
energy nuclear reactions, spintronics, abnormal phenomena
PACS: 03.75.Mn; 03.75.Nt; 25.60.Pj; 32.10.-f; 76.30.-v
Bibliography - 25 references        Received November 10, 2018; accepted December 08, 2018

RENSIT, 2018, 10(3):411-424         DOI: 10.17725/rensit.2018.10.411



412

33 ISSUE | VOLUME 10 | 2018 | RENSIT

Other peculiarity of  transmutation process is 
the registration in them of  excess heat (in some 
experiments, electrical) energy, the value of  
which cannot be explained by chemical reactions.

It is noted that in transmutation reactions 
occurring in relatively element-light medium, 
along with “extraneous” light elements, heavy 
elements are produced that cannot be obtained 
in pairwise, nuclear reactions. Moreover, in 
some experimental methods, the yield of  
transmutation products reaches tens of  percent 
of  the total mass of  the condensed medium, 
which is incomparable with the yield of  products 
in conventional nuclear reactions. Thus, it 
should be assumed that in the transmutation 
reactions there occurs interaction of  many 
atoms simultaneously, and, accordingly, of  
many nuclei. The latter means that atoms 
should attract each other, and the structure 
of  atomic electron shells should automatically 
lead to the approach of  nuclei to the distances 
of  the nuclear forces and the beginning of  
the processes of  nuclear transformations. In 
this case, the probability of  nuclear reactions 
becomes equal to the probability of  atomic 
transformations.

Thus, it becomes obvious that in order to 
carry out low-energy transmutation reactions, 
it is necessary that the structures of  atoms and 
nuclei change dramatically. The simplest and 
most known way to change the structure of  
electron levels in an atom is to place the latter in 
a magnetic field.

2. ELECTRONIC OSCILLATIONS. 
FORMATION OF TRANSATOM
For clearness, the Bohr concept of  elliptic 
motion of  electrons in a plane will be used in 
reasoning and drawings. The internal electron 
orbitals of  the atom, in the absence of  a 
strong magnetic field, do not have a constant 
orientation in outer space, since they precess 
under the action of  other charges and cease to 
lie in one plane. The electron moves around the 
nucleus not in a plane, but along a trajectory 

similar to “thread in the clew” [6]. Therefore, in 
spite of  the fact  that the orbital moments for p, 
d ... of  electronic states differ from zero (ℓ ≠ 0), 
the medium values of  orbital moments for x, y 
and z-components are equal to zero: (0|ℓx|0) = 
(0|ℓy|0) = (0|ℓz|0) = 0. Because of  this, first, 
the magnetic field created by orbital motion of  
an electron is zeroed, and, secondly, the forces 
of  Coulomb repulsion between atomic electrons 
do not have a preferred direction, their medium 
values for the x-, y-, and z-components are equal 
to zero.

In a strong external magnetic field, apparently, 
more than 30 T: First, ℓ-s and j-j bonds of  each 
electron in the whole atom are torn apart, not 
only on external but also on internal orbitals. Fig. 
1a shows the splitting of  energy, electronic levels 
in the sodium atom. The external magnetic field 
B, which has a constant orientation, rigidly aligns 
electron orbitals with respect to its direction in 
accordance with their orbital magnetic moments. 
The average values of  the orbital moments 
for x-, y- and z-components cease to be zero. 
The orbital and orbital magnetic moments of  
electrons precess around the magnetic field B. 
The orbital magnetic moments create their own 
magnetic fields, rotating around the field B. Fig. 
1b shows schematically two orbitals with equal 
orbital moments ℓ and their projections mℓ on the 

SPINTRONICSGENNADY V. MISHINSKY

Fig. 1. a - sodium electronic shell in strong magnetic field B, b - 
precession of  orbitals, c - electron oscillations.
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Z axis parallel to B, but with different directions 
of  electron spins s = ±1/2.

Secondly, the Coulomb repulsive forces, 
which forced, in the absence of  field B, the 
electron orbitals to freely precess, now cause 
the electrons to oscillate near the orbitals (Fig. 
1c). Oscillation is an additional degree of  
freedom of  the spatial motion of  electron. A 
new degree of  electron freedom generates a new 
quantum number for them nb. The frequency 
of  oscillations ωB is related to the frequency of  
electron rotation on the orbital ω0 = E0/ћ and the 
precession frequency of  its orbital momentum   
ωℓ by the following relation [7, 8]:

2 2
0 ,   1, 2,3,...B b bn nω ω ω= + =



Apparently, the value of  the oscillation 
quantum number nb depends on the value of  
the magnetic field. The greater the magnetic 
field, the greater nb can be. Initially nb = 1. 
Owing to the exchange interaction, the two 
electrons can form an orthoboson with 
oscillation quantum numbers 1 and –1. In 
the orthoboson, the spins of  the electrons 
are parallel S = 1, and their energies are 
equal. Orthobosons create a spin electron 
condensate in an atom. An atom with such a 
condensate is called a transatom.

The spin μe and orbital μℓ magnetic 
moments of  each individual electron interact 
independently interact with an external 
magnetic field B. The spin magnetic moments 
of  electrons do not precess around B, since 
they are oriented only in two ways: mS = –1/2 
over the field and mS =+1/2 against the field. 
Electron states with identical orbital ℓ and 
magnetic moments mℓ  are split into two levels 
with antiparallel electron spins s = ±1/2. The 
frequency of  transitions between these levels ms 
= ±1/2 is the same for all electron pairs ω = 
2·μeB/ћ (Fig. 1a) and it does not depend on the 
charge of  the nuclei Z.

The orbital magnetic moment μℓ of  each 
individual electron precesses around magnetic 
field B with frequency ωℓ = μℓ·B/ћ (μℓ = ℓ·μe) 

and it creates its own intra-atomic magnetic field 
with a magnetic induction vector Bμ, which is 
calculated by the formula [9]:

0 3

3 ( ) ,   (   ),S efor
rµ µ ⋅ −

=
n nB B 

µ µ
µ  (1)

where μ0 = 1.26·10-6 H/m is magnetic constant; 
μe = 9.29·10-24 J/T = 5.79·10-5 eV/T, r is the 
distance from electron to the point at which 
the field is calculated; and n is a unit vector in 
the r direction. The magnetic induction vector 
Bμ rotates with the same frequency as μℓ and 
it can be decomposed into two components: 
a magnetic field Bµ

  directed parallel to the 
homogeneous field B and a magnetic field Bµ

⊥

directed perpendicular to the field B (Fig. 1b) 
[10]. The internal magnetic field Bµ

⊥  stimulates 
transitions between the levels ms = 1/2 → 
ms = −1/2. The 1/2 → –1/2 transitions are 
possible, since they occur in states with the 
formation of  orthobosons. An interlevel 
transition is performed with the emission of  
a photon with energy Ef = 2μe·B. The photon 
energy amounts, with an external magnetic 
field in the range of  10÷100 T, to 10-3÷10-2 
eV, which corresponds to a frequency of  0.3-
3 THz or a wavelength of  1-0.1 mm. Thus, 
in a strong magnetic field, the spin-orbit 
interaction of  internal electrons leads to intra-
atomic electron magnetic resonance (IAMR). 
The IAMR and photons Ef, propagating in the 
medium, stimulate the forced transitions with 
the same energy both inside the atom in which 
they were generated and in other surrounding 
atoms. Then the orthobosons transit to the 
low-lying levels with the emission of  photons 
with characteristic energy for a given element. 
Transitions to low-lying levels will be carried 
out by electron orthobosons, probably, with 
the emission of  two photons. Since transitions 
occur between internal electron levels of  the 
atom, the energies of  these photons depend on 
the charge of  nucleus Z and lie in the range 
from hard ultraviolet to hard X-rays of  102-
105 eV. Thus, orthobosons are formed in the 
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entire atom and spin electron Bose–Einstein 
condensate is produced.

3. ELECTRON PAIRING INTO 
ORTHOBOSON
If  we transfer the conditions for electron pairing 
to an atom, as at superconductivity in metals, 
then we must observe three basic requirements:
1. The Pauli principle must be fulfilled, 

according to which fermions cannot be in 
exactly equal states.

2. Electrons should be attracted by each other 
(Cooper condition [11]). This attraction 
between electrons can be arbitrarily small.

3. The sum of  pulses of  two electrons in a pair 
must be equal to zero Рее = 0, i.e. electrons 
in the pair must have equal in magnitude and 
opposite in the direction pulses: Pe1 = –Pe2.
Atomic electrons with equal quantum 

numbers n, ℓ and mℓ, but and with antiparallel 
spins s = ±1/2, occupy different energy states 
in a strong magnetic field, for them Pе1 ≠ –Pе2 
(Fig. 1a). Therefore, electrons cannot form 
a boson with S = 0. Consequently, paired 
atomic electrons should be in equal energy 
states, which requires equal direction of  their 
spins ↑↑ S = 1.

The second condition − presence of  
attraction between paired electrons, is 
provided by the exchange interaction [12]. It 
is remarkable that the exchange interaction 
has the character of  attraction in an atom for 
electrons with parallel-directed spins ↑↑ only. 
The exchange interaction is associated with the 
indistinguishability of  electrons (the principle 
of  identity). It is characterized by the magnitude 
of  exchange energy “A”. The exchange energy 
represents an additional contribution to the 
total system energy. It differs from zero only 
in case if  wave functions of  electrons overlap. 
The more the wave functions of  electrons 
overlap, the greater is the exchange energy. In 
the atom, the energy of  the Coulomb repulsion 
of  electrons “C” and the exchange energy 
“A” are positive. In contrast to the Coulomb 

electrostatic energy “C”, the contribution of  the 
exchange energy “A” to the total system energy 
can have different signs depending on whether 
the wave function of  the spatial motion of  two 
electrons is symmetric or antisymmetric, or, 
correspondingly, the spin part of  wave function 
is antisymmetric or symmetric. The correction 
ΔE to the total system energy, connected 
with the interaction of  electrons, is calculated 
in perturbation theory and, depending on 
whether the spatial part of  the wave function is 
symmetric or antisymmetric, is equal to:
ΔE = C + A,          (2)
or
ΔE = C - A,          (3)
where '+' refers to the symmetric spatial wave 
function and the antisymmetric ↑↓ spin state S 
= 0, and '−' refers to the antisymmetric spatial 
wave function and the symmetric ↑↑ spin state 
S = 1.

Owing to the exchange interaction, the two 
electrons obtain rigidly correlated oscillations. 
The sum of  their pulses is zero Рее = 0, P1В = –
P2В (Fig. 2e). The projections of  the oscillation 
pulse moments for each electron in a pair by 
the selected direction (Z axis) are not defined. 
However, these moments, just like the pulses 
themselves, are equal and opposite to each 
other in the direction: 1

bn ћ = r1·P1В = r2·(–P2В) 
= – 2

bn ћ. With an average <r1> equal to the 
mean <r2>, this is equivalent to the equality 
of  the modules, but with opposite signs, the 
quantum numbers of  electron oscillations 1

bn  
= – 2

bn ,  nb = 1, 2, 3, ... [10]. Therefore, the Pauli 
principle for them is satisfied.

Opposite oscillation quantum numbers 
of  electrons make it possible to create an 
antisymmetric wave function of  their spatial 
motion. Therefore, two electrons can be in 
the same energy state and have parallel spins 
S = 1, thereby forming an coupled pair — 
orthoboson. In the orthoboson, in the first 
order of  perturbation theory, the exchange 
Coulomb energy of  electrons is equal to the 
energy of  their Coulomb repulsion A = C 
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[13]. Therefore, the exchange Coulomb energy 
of  orthoboson completely compensates the 
energy of  their Coulomb repulsion ΔЕ = 0 
(3). It turns into the quantum paradox - “The 
Waves extinguish the Wind”.

For clearness, Fig. 2 shows the formation 
of  orthoboson in the helium atom. The spatial 
wave function of  electrons of  the ground state 
of  parahelium is symmetric. The electrons are 
in equal energy states. The exchange energy for 
them is equal to the energy of  their Coulomb 
repulsion A = C. These energies are added 
together (2) (Fig. 2a). The spatial wave function 
of  electrons of  orthohelium is antisymmetric. 
The electrons are in different energy states. The 
exchange energy for them is different from the 
Coulomb repulsion energy А ≠ C. It is subtracted 
from the latter (3) (Fig. 2b). Due to the Pauli 
principle, electrons cannot be in the same energy 
states with parallel spins (Fig. 2c). Let’s turn on 
a strong magnetic field. Correlated oscillations 
of  electrons with oscillation quantum numbers 
1 and –1 (nb and -nb) appear in a strong magnetic 
field. The spatial wave function of  electrons is 
antisymmetric, but electrons are in the same 
energy states (Fig. 2d). The exchange energy for 
them is equal to the Coulomb repulsion energy 
A = C and it is subtracted from the latter (3) → 
ΔЕ = 0. In Fig. 2d, for clearness, the oscillation 
quantum numbers of  electrons nb = ± 4. For 
oscillation quantum numbers nb = ± 1, the 
energy of  two electrons is 6Ea, where Ea = 54.4 
eV is ionization energy of  the He+ helium ion 

[13]. Electron oscillations in the orthobosons 
are carried out both in the longitudinal and 
in the transverse magnetic field B directions. 
Since electrons in a pair oscillate in antiphase, 
such a motion allows two electrons in identical 
energy states to be in nonintersecting spatial 
regions (Fig. 2e). The trajectories of  two 
moving paired electrons can be represented 
as a closed double helix like screw molecule 
of  DNA and located on the toroidal surface 
(Fig. 2f). Another quantum paradox emerged, 
while the wave functions of  electrons in the 
orthoboson overlap to the maximum, their 
real, spatial clouds do not intersect.

4. PROPERTIES OF ORTHOBOSONS
1. Since the magnetic moments of  electrons 
μе in a Bose-condensate are directed in the 
same direction, they create a giant directional 
inhomogeneous and anisotropic magnetic field 
BS 105–1010 T inside and around the transatom 
(1). This magnetic field and the electrostatic 
electric field of  a spin electron condensate 
form inside the first electron orthobosonic 
orbitals with a radius RZ an electromagnetic 
well with a magnetic field inhomogeneity of  
102–106 T at the nucleus diameter [10]. Fig. 3 
shows, in relative units, the dependence of  
magnetic induction vector BS on the distance 
to the nucleus C(RZ) along the axis C (Fig. 2f). 
Distance C(RZ) is normalized to RZ. Negative 
values of  BS mean that the magnetic field in 
central region of  the atom is directed opposite 
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Fig. 2. Parahelium. Orthogelium. Transhelium - Orthoboson.
Fig. 3. Dependence of  magnetic induction vector BS along axis 

C(RZ).
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to the direction of  the magnetic moment of  
electron.

The internal magnetic field BS, interacting 
with the spin and orbital magnetic moments 
of  protons and neutrons in the atomic nucleus, 
changes its structure and turns the atomic 
nucleus into a transnucleus. Transnucleus with 
transatoms represent a new state of  matter: 
spin-nuclide-electron condensate [10].

The external ultrastrong magnetic fields 
and the electron Bose-condensates of  
transatoms allow them to attract each other, 
thereby creating binuclear and multinuclear 
molecules − transmolecules.
2. The exchange energy of  paired electrons has 
the character of  attraction and it completely 
compensates, in the first order of  perturbation 
theory, the energy of  their Coulomb repulsion. 
Oscillations of  paired electrons in the transatom 
increase by three times their binding energy and 
decrease by three times the radius of  their orbitals 
compared to the binding energy and the radius 
of  the single electron of  the multiply charged 
ion [13]. The radius of  the orbital of  such an 
electron is less than the radius of  the K-orbital. 
Therefore, electrons in the Bose condensate are 
located on the orbital closest to atomic nucleus. 
The wave functions of  electrons in transatoms 
and transmolecules significantly overlap with 
wave functions of  transnuclei. This property of  
transatoms and transmolecules in low energy 
transmutation reactions allows to increase the 
probabilities of  weak processes responsible for 
the transformation of  protons into neutrons 
and vice versa. Thus, radioactive isotopes are not 
formed in transmutation reactions.
3. The exchange Coulomb energy of  any two 
charged particles paired in orthoboson has 
the character of  attraction and it completely 
compensates the energy of  their Coulomb 
repulsion. For strongly interacting identical 
particles, including atomic nuclei, this fact energy 
compensation leads to an automatic launch of  
nuclear reactions without Coulomb barrier. This 
is due to the fact that the ultrastrong internal 

magnetic field BS of  transmolecules, consisting 
of  identical transnuclei allows the latter, due to 
exchange interaction, to form an orthoboson. 
Since the exchange energy of  identical transnuclei 
compensates for their Coulomb repulsion, they 
can enter into nuclear interactions without 
Coulomb barrier. Thus, the nuclear reactions 
occur after the formation of  transmolecules 
automatically. This explains the possibility of  
low energy nuclear reactions with atomic cross 
sections.

Moreover, transnuclei in the transmolecule 
move in inhomogeneous and anisotropic 
space created by an ultrastrong magnetic field. 
Thus, motion integrals are not conserved in 
the interaction of  the transnuclei: momentum 
conservation law, angular momentum (spin) 
conservation law, and energy conservation law 
are violated.

5. "CAPSULES", ORTHOHELIUM
The appearance of  a strong magnetic field in 
a condensed medium still remains an open 
question. A large variety of  physical experiments, 
in which transmutation reactions take place, 
suggests the existence of  a characteristic object 
that is the same for all types of  experiments. 
Therefore, it should be assumed that as a result 
of  ionization of  a weakly excited condensed 
matter, local, stable, electron-ion formations, 
so called “capsules” with a strong magnetic 
field inside appear in it [13, 14]. Experimental 
data show that the size of  the “capsules” is 
estimated at L = 10-8÷10-5 m. It is known that 
the transmutation process is accompanied by 
an unknown radiation, which leaves “strange” 
traces in photoemulsions, on metallographic 
sections and which, when interacting with a 
substance, changes its structure and chemical 
composition. It is possible that those “capsules”, 
originating in condensed matter and moving 
inside and outside that matter, represent that 
“strange” radiation, which is recorded in many 
experiments. Since “capsules” are magnetic 
formations, an external magnetic field should 
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be used to produce them, to effectively connect 
them with each other and to arrange them 
into long structures. That technology was 
applied in experiments by A.V.Vachaev and 
N.I. Ivanov [3], V.A.Krivitsky [15], V.A.Pankov 
and B.P.Kuzmin [16]. Thus, it can be said that 
a magnetic “nesting Russian doll” is formed in 
transmutation reactions (Table 1). The magnetic 
moments of  protons, neutrons and nuclei are 
approximately three orders of  magnitude less 
than the magnetic moment of  an electron. 
Therefore, the magnetic fields generated by 
their orthobosons will be approximately the 
same as those of  spin electron condensate (μp = 
1.41·10-26 J/T = 8.79·10-8 eV/T, μn = –0.97·10-

26 J/T = –6.02·10-8 eV/T).
Separate attention should be paid to the 

chemical element helium, namely, orthohelium, 
which has a strong magnetic field. In 
orthohelium, the magnetic moments of  
electrons are parallel. The calculation (1) shows  
that the magnetic field at the center of  the atom 
is ~ 410 T, and at the orthohelium radius R2 = 
8.76·10-11 m, the magnetic field is ~ 70 T. As 
experiments have shown, the magnitude of  
such a field is sufficient to trigger transmutation 
reactions.

When two orthohelium atoms interact, they 
form a nuclear transmolecule of  “beryllium-8” 
(Fig. 4a). Two transhelium nuclei form a 
nuclear orthoboson in that transmolecule. The 
“Be-8” transmolecule is stable, because the two 
transhelium nuclei cannot merge at reaction 
energy Q < 0. The radius of  transmolecule 
“8Be” will be RBe = 4.4·10-12 m, and the magnetic 
fields will be: in the center 0

sB (Be) = 5.4·105 

and at a distance of  1.2·RBe from the center 
R
sB (Be) = 1.1·105 T. The transmolecule “Be-

8” attaches another atom of  orthohelium to 
itself, forming the transmolecule “carbon-12”. 
The transmolecule “12С” is also stable because 
it consists of  three 4He nuclei: two paired 
transhelium nuclei and one unpaired 4He (Fig. 
4b). The radius of  the transmolecule “12C” is 
RC = 3.0·10-12 m, and the magnetic fields are: in 
the center 0

sB (C) = 2.6·106 T and at a distance 
of  1.2·RC from the center R

sB (C) = 5.2·105 T. 
Subsequently, the transmolecules “8Be” and 
“12C” due to their own ultrastrong magnetic 
fields, are attracted to each other and enter 
into exchange interaction with their electronic 
Bose condensates. As a result, multinuclear 
transmolecules 4

2n He⋅  with a helium Bose 
condensate are formed. The creation of  such 
transmolecules causes multinuclear reactions, 
with the emission of  protons, neutrons, alpha-
particles and heavy fragments [17]:
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−
−

−

−
−
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⋅ → + + + +

where Q is the energy released by the reaction.
Atoms of  other chemical elements 

in ultrastrong fields of  the “8Be”, “12C” 
transmolecules can also transform into 
transatoms and enter into low-energy 
transmutation reactions. So the hydrogen 
atom in a strong and ultrastrong magnetic 
fields, due to electron oscillation, is converted 
into the hydrogen transatom “H”. In this 
case, a photon with an energy of  2·13.6 = 
27.2 eV [13] is emitted. Energy 13.6 eV is the 
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Table 1
Magnetic "nesting Russian dolls"

"Nesting Russian dolls" Size, m Magnetic field, T

External field 0.01 ÷ 0.1 0.1 ÷ 10

“Capsules” 10-9 ÷ 10-5 > 20

Electron orthobosons ~10-12 105 ÷ 1010

Nuclear orthobosons <10-13 >107

Proton and neutron
orthobosons

<10-14 >1010

                            a                                      b
Fig. 4. Formation of  transmolecules 8Be and 12C.
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ionization energy of  the hydrogen atom. In 
the case of  recombination of  an electron with 
the H+ ion, a photon with an energy of  3·13.6 
= 40.8 eV is emitted, and when the electron 
recombines with a molecular hydrogen ion H2

+ 
with formation of  two hydrogen transatoms 
2“H”, two photons with energies of  32.7 eV 
are emitted. In a strong magnetic field, the 
hydrogen molecule H2, two hydrogen atoms 
2H, and two hydrogen transatoms 2“H” 
form a hydrogen transmolecule “H2”with an 
energy level of  102.7 eV (Fig. 5a, Fig. 6). This 
transmolecule transforms into a helium-pp 
transmolecule with an electron energy level of  
3Ea = 163.2 eV (Fig. 5b, Fig. 6). The hydrogen 
molecule H2 and two hydrogen atoms 2H can 
turn into a helium-pp transmolecule directly, 
bypassing the “H2” stage. In an ultrastrong 
magnetic field, the electron levels in the 
hydrogen atom and in the molecular ion of  

hydrogen H2
+ are split, so lines with energies 

of  28.05 eV and 33.16 eV appear in the 
spectrum (Table 2). Fig. 6 shows a supposed 
transition scheme. The same transitions and 
transformations will occur with deuterium and 
with tritium in a strong magnetic field. Helium-
dd and helium-tt transmolecules are formed 
in those cases. In the work of  R.Mills and 
P.Ray on extreme ultraviolet spectroscopy of  
helium-hydrogen plasma [18], these emission 
lines were observed (Fig. 7, Table 2). Those 
lines were registered at microwave discharge 
in a helium mixture with 2% of  hydrogen at 
room temperature and at pressures from 20 to 
1 torr. They appear in a mixture of  helium and 
hydrogen only, but are absent in pure helium 
or hydrogen and in mixtures of  hydrogen with 
other noble gases.

6. NUCLEAR ORTHOBOSONS. 
TRANSMUTATION REACTIONS
The helium-pp, helium-dd, and helium-tt 
transmolecules are nuclear orthobosons. They 
enter non-Coulomb nuclear transmutation 
reactions with the formation of  protons, 
neutrons, deuterons, tritons, 3He, 4He, 6He nuclei 
(Fig. 5) [13]. Transmutation reactions can occur 
with the participation of  electron orthobosons 
+2e–:

GENNADY V. MISHINSKY

Fig. 5. Transformation of  hydrogen transmolecule into “helium” 
transmolecule.

Fig. 6. Scheme of  electron transitions in the hydrogen-helium 
transmolecule in He + H2 plasma.

Fig. 7. Short-wave spectrum in He + H2 and H2 plasmas [18].
Table 2

Wave lengths and energy of lines in spectrum He + H2.

λ, nm 8.29 10.13 14.15 20.5 30.4 37.4 44.2 45.6
E, eV 149.6 122.4 87.6 60.5 40.8 33.16 28.05 27.2



419

RENSIT | 2018 | VOLUME 10 | ISSUE 3

p + p + 2e– → d + νe + e– + 1.44 MeV
d + d → t + p + 4.03 MeV
d + d → 3He + n + 3.26 MeV
d + d + 2e– → 4He + 2e– + 23.85 MeV
t + t → 4He + 2n + 11.3 MeV
t + t + 2e– → 2e– + 12.3 MeV + 6He (β-, T1/2 = 
0.8c) → 6Li + e– + eν  + 3.5 MeV.

Thus, orthohelium with its own strong 
magnetic field is a catalytic element that creates, 
in a mixture with hydrogen, conditions for 
formation of  hydrogen-“helium” transmolecule 
and for realization of  nuclear fusion reaction of  
two protons and an electron orthoboson. Other 
inert gases do not create strong magnetic fields.

Nuclear levels, in a strong magnetic field due 
to its interaction with magnetic moments of  
protons and neutrons, split ΔE(p, n) = ± μ(p, 
n)· 0

sB . That is why all even-even nuclei with a 
spin equal to zero (I = 0) obtain a mechanical 
moment I ≠ 0 [13]. For example, the spin of  the 
nucleus 12

6C is I = 0, but the mechanical moment 
of  the transatom " 12

6C " is I ≠ 0. The identical 
transnuclei will also enter into non-Coulomb 
transmutation reactions [I( 6

3 Li ) = 1]:
6Li + 6Li + 2e–→ 2e– + 12С + 28.17 МэВ,
12С +12С + 2e– →2e– + 24Mg + 13.93 МэВ.

In a strong magnetic field, an atom, from 
an “amorphous state”, is transformed into 
an ordered, magnetic “crystal”. The same 
happens with the nucleus, but already in the 
ultrastrong magnetic field of  the spin electron 
condensate. A transnucleus is an ordered, 
nuclear magnetic “crystal”. Nucleons in 
the nucleus, as well as electrons in an atom, 
can form nucleon orthobosons: proton-
proton and neutron-neutron orthobosons 
(Table 1). Apparently, intra-nuclear nucleon 
magnetic resonance is also possible in the 
nucleus. Apparently, intra-nuclear reactions 
with two neutrons can occur in neutron-rich 
transnuclei: n + n +A1→ d + e- + eν  + A2 + 
Q (3.04 MeV) with subsequent reactions d + 
d + B → 4He + B + Q (23.85 MeV), where 
A1,2 and B are parts of  the nucleus in which 
intra-nuclear reactions occur. The energy Q 

released in the intra-nuclear reaction must take 
into account the changed energy balance in 
the entire nucleus. The energy released in the 
reaction, if  it proceeded outside the nucleus, 
is given in brackets The assumption of  such 
types of  reactions follows from experiments 
on electron explosion of  metallic targets 
[19]. In these experiments with targets made 
of  Cu, Ag, Ta and Pb, the appearance of  
multiple track clusters with a well-pronounced 
expansion center and with a number of  
tracks > 100 is noted. The clusters include 
α-particles, lithium nuclei, and probably 
heavier nuclei with energies of  the order of  
several MeV/nucleon, i.e. nuclei, in which the 
number of  neutrons is approximately equal to 
the number of  protons. In target nuclei, the 
number of  neutrons is 1.3÷1.5 times more 
than the number of  protons.

Nuclear transformations of  radioactive 
isotopes into stable isotopes and heavy 
nuclei dissotiations, like fission, but with 
the formation of  stable fragments occur in 
transnuclei. Such dissociations are discussed 
by V.A.Krivitsky. in the book [15]. Obviously, 
it should be assumed that as a result of  fusion 
of  transatoms into a general formation, but 
with non-identical transnuclei, the latter also 
enter into transmutation reactions

7. TECHNOLOGIES
Not all atomic electrons, but only a part of  
them can, in the process of  forced transitions, 
be transformed into orthobosons. Thus, each 
atomic nucleus Z can have Z/2 “chemical” 
transelements or “transatomic chimeras”. A part 
of  “transatomic chimera” will be represented 
by electrons in a paired boson state, the other 
part will be represented by electrons, which fill 
the “chimera” orbitals. Here, “chimera” orbitals 
should be understood as “traditional” orbitals 
with corrections due to magnetic and electric 
field influence created by transatomic paired 
electrons of  the transatom on its unpaired 
electrons. Thus, many other transelements 
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are added to the existing chemical elements in 
Mendeleev Periodic Table.

Since not all atomic electrons can pass into 
the orthoboson state, there are three possibilities 
for the existence of  chimeric transatoms.

The first case. When converting an atom 
into transatom, a situation may arise in which 
the number of  orthobosons will be Ob = 1 or 
Ob = 2. In this case, the energy of  magnetic 
attraction between Chemical TransAtoms 
(ChTA) is less than the energy of  thermal 
motion [5]. Then the ChTA cannot connect 
between each other due to their magnetic 
attraction. However, for such transatoms, the 
formation of  chemical molecules with both 
ChTA and ordinary atoms on the basis of  
chemical bonds is not excluded..

The second case. The energy of  the interacting 
Magnetic TransAtoms (MTA) is enough to form 
a complex of  transatoms based on their magnetic 
attraction, but it is not enough to overcome the 
Coulomb barrier of  repulsive, atomic electrons, 
i.e. to form a nuclear transmolecule.

And the third case. There is a formation 
of  nuclear transmolecule from the Nuclide 
TransAtoms (NTA) followed by the launch of  
transmutation reaction.

For MTA and NTA transatoms, the 
formation of  chemical molecules with ordinary 
atoms on the basis of  chemical bonds is also 
not excluded.

Based on the properties of  transatoms and 
transmolecules discussed above, it is possible to 
implement the following obvious technologies:
• The release of  nuclear energy in the process 

of  transmutation allows to create new type 
energy generators: powerful, compact, non-
radiative. Such generators can be used in 
home conditions.

• The possibility of  transforming one element 
into another allows to obtain rare elements 
and their isotopes from cheap elements, 
including to obtain superheavy elements and, 
possibly, supercharged nuclei.

• A method to eliminate radioactive waste by 
converting radioactive isotopes into stable 
isotopes has appeared.

• Spin and magnetic transatoms can be used 
in computing technology, for example, in 
quantum computer technologies as qudites 
with D = 3 and D = 5 [20]. Since ChTA with 
Ob = 1 has S = 1, and therefore, it has three 
states -1, 0, +1, and ChTA with Ob = 2, S = 
2 already has five states -2, -1, 0, +1, +2.

• It is possible to create various devices based 
on materials with low density, but with huge 
magnetic, both constant and variable, fields.

• It is possible to create materials with record 
strength characteristics, with magnetic 
transatoms in their composition, since the 
binding energy between them is much greater 
than the energy of  any chemical bonds.

• To the chemical elements present in the 
Periodic Mendeleev table, a great lot of  
other “chemical” trans-elements are added. 
So, if  one confines himself  to nuclei with 
Z charge from 2 to 100, then the number 
of  transelements without Lorentz sub-
shells, will be ~ 2500. This opens up huge 
prospects in chemistry, materials science, 
industry, etc.

8. SPIN MATTER
Let us briefly consider possible and non-trivial 
technologies that use the “spin” matter - spin 
electron condensate as basis.
• After experimental confirmation of  the 

Einstein-Podolsky-Rosen (EPR) paradox, it 
became obvious that entangled pairs could 
be used for information communication 
between objects. If  two matrices are created 
on the basis of  spin electron orthobosons, 
the orthobosons of  which are pairwise 
entangled, then when the orthoboson 
state changes in one of  the matrices, the 
orthoboson states in the other matrix will 
also change. Thus, information will be 
transmitted almost instantaneously and 
at any distance, since the EPR paradox 
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does not depend on speed or distance. In 
the EPR paradox, the wave functions of  
the partners in an entangled pair overlap 
maximally, but they themselves can be 
maximally far from each other. − “Spooky 
action at a distance”.

• Experiments on cold nuclear fusion (cold 
fusion - CF) conducted by I.S. Filimonenko 
in the sixties of  the last century, led to the 
creation of  a research program, one item 
of  which reads - the implementation of  
“thrust without mass removal”. Apparently, 
this point did not appear by chance, and it is 
associated with the CF phenomenon and the 
low-energy transmutation phenomenon.
In the 30s of  the last century, the French 
mathematician E.Cartan hypothesized that 
the proper rotation of  material objects 
creates a torsion of  space around them, just 
as the gravitational mass of  material objects 
creates a curvature of  space around them.
In the theory of  physical vacuum by 
G.I.Shipov [21], “all particles are field 
microgyroscopes consisting of  Riemann 
curvature and Ricci torsion, which generate 
their spins. Therefore, permanent magnets, 
which magnetic field is generated by electron 
spin, detect right and left static Ricci torsion 
fields around themselves. Apparently, under 
certain conditions and properties of  a 
material object, the torsion of  space caused by 
it can compensate for the inherent curvature 
of  space. Thus, the rotation will extinguish 
gravity - “Waves extinguish the Wind”. As 
a result, it can be assumed that the rotating 
inertial mass reduces or fully compensates for 
the gravitational mass, and it either decreases 
or disappears. In addition, the torsion field 
or, in other words, the field of  inertia can 
cause the body to move without a mass drop.
The English scientist John Searl created, from 
rotating, self-moving magnets, generators, 
which not only convert the energy of  their 
rotation into electrical energy, but also lose 
weight. The loss in weight was expressed in 

the fact that the rotating magnetic disks rose 
above the ground and were lost in the sky. 
In the end, John Searl learned to control the 
disks in flight.
The experiments of  J. Searl were repeated 
in Russia, the USA and Taiwan. In Russia, 
a device similar to the Searl generator was 
created by V.V. Roshchin. and S.M.Godin 
[22]. That device allowed to generate electric 
power up to 7 kW and it would lose or gain in 
weight up to 50%, depending on the direction 
of  rotation.

Summarizing what has been said in this 
paragraph, it can be assumed that a solid body 
that has, in its composition, a macroscopic 
rotating ensemble of  unidirectional electron 
orthobosons, “loses its weight”, and moves 
without inertia and without mass dropping 
in the direction corresponding to direction 
of  rotation and orientation of  magnetic 
moments of  orthobosons relative to that 
rotation. The impression appears that the 
magnetic field created by the magnetic 
moments of  electrons increases the thrust 
of  the whole body. The rotation of  the 
ensemble of  electron orthobosons along the 
circumference can be, obviously, self-moving, 
like in case of  disks in experiments of  J. Searl. 
But it is possible to organize the movement of  
orthobosons along the circumference in the 
form of  electron current without resistance.

• Indeed, unlike electrons in superconductors, 
which are paired into a Cooper pair with 
S = 0, electrons in a transatom are paired 
into orthodoson with S = 1. It is possible 
to realize superconductivity using electron 
orthobosons. Superconductivity with the 
help of  Cooper pairs is ensured by a low 
temperature. At present, a number of  
mercury-containing superconductors have 
the highest critical temperature ~–138°С. 
Orthoboson superconductivity is provided 
by a strong magnetic field. Thus, the 
orthobosons superconductivity does not 
depend on temperature (up to temperature 
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destruction of  the conductor) and can be 
realized at room temperature and above 
it. The orthobosons themselves, which 
create a magnetic field, can provide a strong 
magnetic field in the conductor. It is possible 
that superconductivity at room temperature 
registered in palladium by dissolving 
deuterium in it with the concentration 
of  atoms of  the latter more than two per 
palladium atom in cold nuclear fusion 
reactions, is realized by orthobosons.

By and large, the requirement of  magnetic 
field presence is not necessary, since for the 
existence of  an orthoboson it is necessary 
that electrons in the orthoboson are in 
the same energy state and that their wave 
spatial function is antisymmetric. And since 
the trajectories of  electrons in orthoboson 
represent double helix, the conductor through 
which the orthobosonic current flows should 
probably consist of  two twisted micro-, and 
possibly nano-filaments. The double-filament 
structure of  the conductor and exchange 
interaction between electrons make the 
motion of  electrons strictly correlated, and 
their spatial wave function - antisymmetric. 
Organic molecules like DNA molecules 
must probably be used as conductors. In 
organic molecules, superconductivity can 
be organized on the basis of  the hydrogen, 
namely the proton orthoboson.

• The proposal to use organic molecules 
as superconductors seems to be quite 
acceptable, as known are successful works 
[23-25] on low energy transmutation 
of  elements in microbiological cultures, 
including the transmutation of  radioactive 
isotopes into stable isotopes. Transmutation 
of  isotopes in biocultures occurs in rapidly 
growing biological systems, in which RNA 
molecules and proteins are synthesized on 
DNA matrix. The DNA provides storage 
and transmission of  information through 
a genetic program on the development and 
functioning of  living organisms. In essence, 

biological systems are dynamic information 
systems that correct their activities as a result 
of  data exchange both between the elements-
structures that make up a biological system, 
and between the biological system itself  and 
external surrounding systems. If  we assume 
that the information exchange between 
DNA molecules, RNA and proteins involves 
electron and proton orthobosons, and if  
we project the properties of  orthobosons 
formulated in this chapter onto biological 
systems, then a physical basis appears for 
explaining such fantastic phenomena as 
exchange of  information between biological 
objects separated by large distances, telepathy, 
levitation.

9. CONCLUSION
The phenomenon of  low energy nuclear 
reactions led to the creation of  a theory 
of  spin nuclide electron condensate. Thus, 
the taming and “domestication” of  nuclear 
energy occurred. Thanks to the SNEC theory, 
spintronics is expanding its research not only 
on collective states of  spin electron matter, but 
also on states of  spin protons and spin nuclear 
matter. Spintronics of  biological objects, animals 
and humans appears. A new front of  scientific 
research, and associated creation of  advanced 
technologies passes through such areas as: inertial 
field, low energy nuclear reactions, orthoboson 
superconductivity at high temperatures, inertia-
free and non-gravitational motion of  bodies 
without mass rejection, instantaneous transfer 
of  information over any distances, creation of  
new materials, biospintronics.
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Telminov O.A., Ph.D.; Akchurin R.Kh., Dr Sci Chem; 
Gorbatsevich A.A., Corr Memb RAS; Gornev E.S., Dr 
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SEMINAR "RESEARCH IN THE FIELD OF SPINTRONICS AND THE 
PROSPECTS FOR CREATING AN ELEMENT BASE ON ITS BASIS"

During the seminar 10 reports were heard:
1. Fetisov Yu.K., Sigov A.S. Spintronics: physical 
fundamentals and devices.
2. Ustinov V.V., Milyaev M.A. Metallic nanospintronics 
and the element base of  magnetic sensors.
3. Nikitov S.A., Sadovnikov A.V. Streintronics - a 
new area of    spintronics and magnonics.
4. Zinovyeva A.F., Nenashev A.V., Zarodnyuk T.S., 
Gornov A.Yu., Dvurechensky A.V. Quantum logical 
operations on spin states in a continuous microwave 
field.
5. Fraerman A.A. Magnetic states and transport 
properties of  ferromagnetic nanostructures: the 
effect of  tunneling magnetoresistance and its 
application.
6. Logunov M.V., Nikitov S.A. Prospects for 
the development of  information recording and 
processing devices based on magnetic domains and 
domain boundaries.
7. Morozov A.I. Magnetoresistive memory recording 
electric field.
8. Ryazanov V.V. Hybrid Josephson structures for 
superconducting electronics and spintronics devices.
9. Uspenskaya L.S. Switching the spin-polarized 
current of  hybrid structures based on permalloy.
10. Belotelov V.I., Kozhaev M.A., Chernov A.I., 
Savochkin I.V., Zvezdin A.K. Excitation of  spin 
waves by femtosecond optical pulses.

The presentations of  the speakers reflected the 
level of  research conducted in the field of  spintronics 
and the prospects for creating an element base on its 
basis in Russia, which will make it possible to draw 
up objective and scientifically based plans for the 
development of  Russian microelectronics for the 
coming years.

Summing up, the chairman of  the seminar, 
Corresponding Member of  the RAS S.A. Nikitov 
noted the high scientific and technical level of  
the reports and expressed hope for strengthening 
cooperation between organizations and enterprises 
in the field of  development of  spintronics and the 
creation of  an element base based on it.


