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Abstract
This article describes the mechanism of changes in capacitance and resistance in magnetic tunnel junctions 
upon magnetization reversal of one of the electrodes and presents the results of measurements of the tunnel 
magnetic resistance and tunnel magnetic capacitance in magnetic tunnel junctions Tb22-δCo5Fe73/Pr6O11/Tb19-

δCo5Fe76 with perpendicular anisotropy electrodes and in magnetic tunnel junctions Co80Fe20/Pr6O11/Co30Fe70, 
where the magnetic electrodes have uniaxial anisotropy in the plane. It shows that when the magnetic 
electrodes in magnetic tunnel are magnetized, a strong magnetic field gradient appears in the barrier 
nonmagnetic layer, which causes a spatial redistribution of the concentration of spin-polarized electrons 
in the magnetic metal/insulator interface region and leads to the appearance of an uneven distribution 
of electric charge. Such a magnetically induced charge affects the dielectric characteristics of the barrier 
nanolayer and leads to a change in the resistance and capacitance of magnetic tunnel junctions. Moreover, 
this effect is most pronounced in tunnel magnetic contacts with magnetic electrodes that have perpendicular 
anisotropy. The change in resistance during magnetization reversal of magnetic tunnel junctions Tb22-δ 
Co5Fe73/Pr6O11/Tb19-δCo5Fe76 reached 120% and in magnetic tunnel junctions Co80Fe20/Pr6O11/Co30Fe70 it did 
not exceed 40%. The change in capacitance during magnetization reversal of Tb22-δCo5Fe73/Pr6O11/Tb19-δ 
Co5Fe76 magnetic tunnel junctions reached values of 110%, and the change in capacitance of Co80Fe20/Pr6O11/
Co30Fe70 magnetic tunnel junctions it reached values of 45%. In work the scheme of construction of a data 
carrier on the basis of magnetic tunnel junctions also is given and the principle of record and reading of the 
information from such carrier is described.
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Introduction
The task of developing and creating small-
sized storage media that have a large informa-
tion capacity, high temperature and radiation 
resistance and time stability, and are also well 
protected from unauthorized erasure of re-
corded information, is relevant and important. 
Such storage media are most needed today for 
data management and processing in special 
small-sized mobile systems where artificial 
intelligence is used.

In our opinion, the most promising type of 
storage media for these tasks is magnetic 
storage media. Magnetic storage media have, 
in comparison with semiconductor memory, 
higher temperature, radio-electronic and ra-
diation resistance. In addition, unauthorized 
erasure of information in magnetic storage 
media requires a sufficiently powerful mag-

netic field. Magnetic metal materials are also 
more durable and significantly cheaper com-
pared to semiconductor materials, which is 
important for serial production.

The most promising magnetic storage media 
are media based on tunnel magnetic junctions 
(MTJs). Although MTJs have been studied for 
a long time, the prospects of such structures 
as basic elements of spintronics began to be 
discussed after they obtained a large change 
in resistance under the influence of a magnetic 
field. In recent years, the effect of a change in 
capacitance during magnetization reversal of 
one of the magnetic electrodes has also been 
registered in MTJs. Today, MTJs are con-
sidered as one of the basic elements for the 
development and manufacture of microcir-
cuits in spintronics. The basis for this state-
ment was the results of experimental studies 
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in which large values of resistance change (the effect of tunnel 
magnetoresistance - TMR) and capacitance (the effect of tunnel 
magnetic capacitance - TMC) were obtained during magnetiza-
tion reversal of one of the magnetic electrodes in MTJs. The 
coefficients TMR and TMC are defined as

                                                                                    ;                 (1)

where Rmax, Rmin and Cmax, Cmin are the maximum and minimum 
values of the MTJ resistance and capacitance during magnetiza-
tion reversal of one of the electrodes.

Although scientific publications speak about the broad prospect 
of using MTJ as sensors and components of microcircuits in 
spintronics, an analysis of their main technical characteristics 
shows that the scope of their application in practice is limited 
by a number of factors. The main ones are the high value of 
the internal resistance of MTJ, and the complexity of reversing 
the magnetization of one (with a lower coercive force) magnetic 
electrode. Therefore, the development of microcircuits based on 
MTJ.

In our opinion, MTJ are also of little promise, as they are not 
very suitable for creating magnetic field sensors, which is due 
to their low sensitivity to both the field and the threshold mode 
of operation. In our opinion, the most promising direction of 
practical use of MTJ is associated with the development of data 
recording media on their basis. In essence, MTJ operate in the 
switch mode, which makes it possible to implement digital data 
recording with their help, as well as parallel recording and read-
ing mode, which increases the reliability and speed of informa-
tion processing. MTJs must have a sufficiently high level of tem-
perature, radioelectronic and radiation resistance, and to switch 
them, it is necessary to apply a sufficiently strong magnetic field, 
or supply powerful pulses of polarized current to the recording 
electrodes.

An important factor is that with high protection of the record-
ed data, the information carrier based on MTJ allows them to 
be quickly and repeatedly edited and supplemented, which is a 
great advantage compared to one-time recording media.

It is certainly clear that in modern systems of recording and pro-
cessing of information it is necessary to provide high speed of 
recording and high ratio of signal/noise at reading. In addition, 
the issue of manufacturability and cost of manufacturing of in-
formation carriers is important. Cost reduction, automation and 
reliability of technological processes are also one of the import-
ant tasks that arise in the serial production of magnetic informa-
tion carrier, as well as in the production of any other informa-
tion carrier. Therefore, the issue of research of characteristics 
of magnetic tunnel contacts and development of technological 
principles and schemes of improvement of their technical and 
operational characteristics is important and urgent.

In this work, we want to consider changes in the microstruc-
ture of the interfaces that occur in MTJs during magnetization 
reversal of magnetic electrodes and the transition from a state 
with parallel magnetized electrodes to a state with antiparallel 

magnetized electrodes. We believe that it is the change in the 
configuration of the structure and direction of the magnetic field 
in the barrier non-magnetic layer of MTJs that causes a spatial 
redistribution in the concentration of spin-polarized electrons in 
the magnetic metal/insulator interface region, a change in the di-
electric characteristics of the barrier nanolayer, and is the phys-
ical mechanism that leads to TMR and TMC effects in MTJs. 
Such a mechanism makes it possible to obtain significant values 
of TMR and TMC effects in MTJ and does not require good 
matching between the crystal lattices of magnetic electrodes and 
barrier nanolayer. Moreover, its contribution to the change in the 
value of TMR and TMC effects is much stronger in MTJ with 
magnetic electrodes that have perpendicular anisotropy. in MTJ 
We also want to provide diagrams and describe the principle of 
recording and reading information from an MTJ-based storage 
medium.

Magnetic Tunnel Junctions
The results of experimental studies show that the TMR and 
TMC values depend on the degree of spin polarization of the 
magnetic electrodes, on the material and structure of the barrier 
dielectric layer, and on the MTJ manufacturing technology. In 
the best MTJ samples, the TMC value reaches values greater 
than 400%, and the TMR value can be greater than 500% [1-4]. 
Such record-breaking high TMC and TMR values were obtained 
in Fe/MgO/Fe MTJs using epitaxial manufacturing methods, 
which ensured high lattice matching of the magnetic electrode 
and barrier layer.

It is clear that epitaxy technology can be used at the stage of 
research and experimental development, but it has no prospects 
for serial production of MTJs due to the complexity and uneco-
nomical nature of production. Moreover, even with the initial 
ideal matching of the crystal lattices of the magnetic electrode 
and barrier layer, significant temperature stresses will arise in 
the MTJ in the region of the magnetic electrode/dielectric barrier 
layer interface during operation. These stresses arise due to a 
significant difference in the thermal expansion coefficients of the 
metal and dielectric lattices, and they should lead to a strong de-
crease in the TMR and TMC coefficients in MTJs manufactured 
using the epitaxy technology. In addition, when manufacturing 
MTJs using the epitaxy technology, high TMR values are ob-
tained in the low-frequency region (less than 1 MHz), and high 
TMC values are obtained in the low-frequency region (less than 
1 kHz) [5].

The very low resonance frequency of the TMC effect is associ-
ated, in our opinion, with the ionic component of the dielectric 
polarization of the MTJ dielectric barrier layer, and it is possible 
that the structure of the magnetic metal/dielectric barrier layer 
interfaces of the MTJ largely determines the resonance value of 
the dielectric polarization. The above expressions for selecting 
the parameters are in good agreement with the results of exper-
imental studies and allow us to understand the main patterns of 
the TMC and TMR effects in MTJs in the low-frequency region. 
However, in experimental studies, and especially in practical de-
velopments of MTJs with high rates of TMC and TMR effects, a 
number of questions arise. The main ones are the following: the 
influence of the lattice mismatch of the magnetic electrode and 
the barrier layer, the influence of the structure (poly-, nano- and 
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amorphous) and the tensor of magnetoelectric interaction of the 
barrier layer material on the magnitude and frequency response 
of the TMC and TMR effects, the influence of the anisotropy 
direction (uniaxial anisotropy in the plane and perpendicular an-
isotropy of the magnetic electrodes), etc. In addition, high values 
of the TMC and TMR effects were obtained for very low electric 
field frequencies. And there are practically no data on the mag-
nitude of these effects in the region of megahertz and gigahertz 
frequencies, although it is the region of such high frequencies 
that is most important for information processing systems.

In scientific research and experimental development of MTJ, the 
main direction has been and remains the search for materials 
and optimization of the design and composition of MTJ in or-
der to obtain maximum values of TMR and TMC, as well as 
the establishment of patterns and the development of methods 
for controlling the conductivity of MTJ. There are very few sci-
entific publications that consider the influence of temperature 
on the technical characteristics of MTJ and the aging process 
of MTJ, although these issues are very important. It should be 
noted that the epitaxy technology can be used at the stage of 
research and experimental development, but it has no prospects 
for serial production of MTJs due to the false uneconomical na-
ture. Moreover, even with the initial ideal matching of the crystal 
lattices of the magnetic electrode and the barrier layer, signif-
icant temperature stresses will arise in the MTJ in the area of 
the magnetic electrode/dielectric barrier layer interface during 
operation. These stresses arise due to a significant difference in 
the coefficients of thermal expansion of the metal and dielectric 
lattices. These stresses should lead to a strong decrease in the 
value of the TMR and TMC coefficients in MTJs in assessing 
the prospects for practical use of MTJ. Separately, it should be 
noted that it is necessary to clarify such issues as aging and the 
effect of temperature on the technical characteristics of MT. Lit-
tle attention is paid to the study of these characteristics of MTJs 
in scientific research, but they are very important in assessing 
the prospects for the practical use of MTJs.

Theoretical calculations show that with ideal lattice matching in 
Fe/MgO/Fe Fe(001)/MgO(001)/Fe(001) MTJs, major s↑ parallel 
to the magnetic field) polarized electrons can coherently pass 
through the barrier layer without attenuation and have a high 
mean free path, which ensures high conductivity of MTJs with 
parallel-magnetized electrodes [6-8]. With incoherent tunnel-
ing, the probability of passage through the barrier layer does not 
depend on the spin polarization of the electron in the magnetic 
electrode, which should be observed when using an amorphous 
barrier layer [9]. However, in real MTJs, tunneling of major-po-
larized electrons is not purely coherent, and tunneling through 
the amorphous barrier layer is not completely incoherent. 

The magnitude of the TMR and TMC effects in MTJs depends 
on the magnetic characteristics of the electrodes and the dielec-
tric constants characteristics of the non-magnetic barrier layer. 
The electric current through the MTJ is proportional to the prob-
ability (T) of the passage of electrons through the tunnel barrier 
layer [10, 11]. To estimate the magnitude of the current of major 
polarized electrons s↑ and minor polarized electrons s↓ (antipar-
allel to the magnetic field), the following expression can be used 

                                                                                                     (2)

where                           is the electron density function in the i-th 
magnetic electrode with magnetization, m=1 is the index for the 
parallel orientation of the spin and m=2 for the antiparallel ori-
entation,   is the energy distribution function for conduction elec-
trons, f(ε) V is the electric field voltage, e is the electron charge.

At low field voltages V, we obtain an expression for TMR

                                                                                                       (3)

The magnetization reversal of the electrode causes a change in 
the distribution of the density of states of conduction electrons. 
The magnitude of such a change depends on the magnitude of 
the exchange interaction of the electron spin with the localized 
magnetic moment of the magnetic electrode and will differ for 
parallel and antiparallel magnetization of magnetic electrodes.

When studying the TMC effect in MTJs, the electron drift model 
(DF model) and the SDD model, which describes the passage of 
electrons through the barrier, are used. The total capacitance СP 
(AP) (f, V) of the MTJ at an electric field voltage V is represented as 
a sequence of capacitance according to the SDD model  CSDD P(AP) 
(V) and capacitance CDF p(AP) (f, v) according to the DF model [8].

                                                                                                     (4)

The first term in (3) describes the tunneling of electrons through 
the barrier Φ0,P(AP), with parallel and antiparallel magnetization 
of magnetic contacts, S is the area of the electrodes, λ is the char-
acteristic screening length, n0, P (AP) is the density of screening 
electrons in the interface, and k is the parameter determining the 
ratio of the dynamic capacitance to the total capacitance. C∞, P 

(AP), C0, P (AP), βP (AP) – describes the distribution of the relaxation 
time τP(AP) for parallel and antiparallel configurations.

The above expressions for selecting the parameters are in good 
agreement with the results of experimental studies and allow us 
to understand the main patterns of the TMC and TMR effects in 
MTJs in the low-frequency region. However, in experimental 
studies, and especially in practical developments of MTJs with 
high rates of TMC and TMR effects, a number of questions arise. 
The main ones are the following: the influence of the lattice mis-
match of the magnetic electrode and the barrier layer, the in-
fluence of the structure (poly-, nano- and amorphous) and the 
tensor of magnetoelectric interaction of the barrier layer material 
on the magnitude and frequency response of the TMC and TMR 
effects, the influence of the anisotropy direction (uniaxial anisot-
ropy in the plane and perpendicular anisotropy of the magnetic 
electrodes), etc. In addition, high values of the TMC and TMR 
effects were obtained for very low electric field frequencies. And 
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there are practically no data on the magnitude of these effects in 
the region of megahertz and gigahertz frequencies, although it 
is the region of such high frequencies that is most important for 
information processing systems.

Separately, it should be noted that it is necessary to clarify such 
issues as aging and the effect of temperature on the technical 
characteristics of MTJs. Little attention is paid to the study of 
these characteristics of MTJs in scientific research, but they are 
very important in assessing the prospects for the practical use 
of MTJs.

Therefore, we believe that a broad study of the patterns of TMC 
and TMR effects in MTJs is an urgent task and will allow us 
to clarify known and obtain new scientific results and technical 
data on MTJs that will be useful in the technology of develop-
ing high-frequency MTJs. o, and to develop recommendations 
and schemes. The task of improving the technical characteristics 
of MTJs and the development of technological principles and 
schemes for creating magnetic storage media based on them is 
both urgent from a scientific point of view and is of high interest 
for their practical use in the development of magnetic storage 
media.

Magnetic Field in Magnetic Tunnel Junctions
It is clear that the TMC and TMR effects in MTJs are due to 
the change in the characteristics of the magnetic field and the 
magnetic interaction between the magnetic electrodes when the 
MTJs transition from a state with parallel magnetized electrodes 
to a state with antiparallel magnetized electrodes. The results of 
theoretical works [12, 13] and our experimental studies of the 
interaction of samarium cobalt magnets allow us to present a 
scheme of the magnetic interaction and magnetic field distribu-
tion in MTJs with parallel and antiparallel magnetized magnetic 
electrodes (Figure 1).

Figure 1: Scheme of magnetic field distribution and magnetic inter-
action between magnetic electrodes MTJs with different anisotropy 
of magnetic electrodes: uniaxial anisotropy in the electrode plane   
and MTJ(M1↑M2↑) and MTJ(M1↑M2↓) - (top); MTJs with perpendicu-
lar anisotropy of electrodes: MTJ((M1M2) і MTJ((M1M2) - (bottom).

It is clear that in MTJs, as in non-magnetic tunnel junctions, 
in the region of the metal electrode/dielectric barrier layer in-
terface there is a transitional compensatory inverse nanolayer 
with a thickness of  di. The thickness of such a compensatory 
inverse nanolayer depends on the contact potential difference WC  
between the material of the magnetic metal electrode and the 
barrier dielectric layer. The magnitude of the contact potential 
difference WC  is given by the thermodynamic work function of 
electrons from the contacting materials. The work function of 
electrons from a metallic magnetic conductor is in most cases 
less than the thermodynamic work function of electrons from a 
barrier dielectric layer (except when a heavily doped semicon-
ductor is used as a barrier layer). Therefore, under the action of 
such an electric field, conduction electrons move from the metal-
lic magnetic electrode MTJ to the barrier layer and a negatively 
charged inverse nanolayer with a thickness of. is formed in the 
magnetic electrode/dielectric barrier layer interface region.

                                                                                                     (5)

where ne is the concentration of conduction electrons in the met-
al electrode, e is the electron charge, εi is the dielectric constant 
of the barrier layer, ε0 is the absolute dielectric constant, γ<1 is 
the coefficient characterizing the transition of conduction elec-
trons to the barrier layer, Ai is the proportionality coefficient.

The thickness of such an inverse nanolayer changes when an 
electric voltage Ui is applied to the tunnel contact. It increases 
near one metal electrode, and decreases near the opposite elec-
trode. 

                                                                                                      (6)

In magnetic tunnel junctions, the thickness and dielectric, electro 
transport and magnetic characteristics of the inverted nanolayer   
can vary depending on the magnetization state of the magnetic 
electrodes. In the absence of a magnetic field in the barrier layer 
in MTJs with demagnetized magnetic electrodes, the character-
istics of the transient inverted nanolayer di will be determined by 
the contact potential difference WC. In MTJs with demagnetized 
magnetic electrodes, the characteristics of the transient inverted 
nanolayer will be determined by the contact potential difference 
WC. In MTJs with magnetized magnetic electrodes, the dielec-
tric, electro transport and magnetic characteristics of the invert-
ed nanolayers di, as well as similar characteristics of the entire 
barrier layer, with parallel and antiparallel magnetization of the 
electrodes, can be different. The main reason for the change in 
the characteristics of the barrier layer of MTJs is the change in 
the configuration of the magnetic field structure when one of 
the electrodes in MTJs is magnetized. The change in the dielec-
tric, electrical transport, and magnetic characteristics of inverted 
nanolayers upon magnetization reversal of one of the magnetic 
electrodes plays a dominant role in the TMC and TMR effects 
in MTJs.

As can be seen from Figure. 1, when MTJs transition from a 
state with parallel magnetization to a state with antiparallel 
magnetization of the electrodes, the structure of the magnetic 
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field distribution in the barrier non-magnetic layer changes and 
a strong magnetic field gradient appears near each of the elec-
trodes. In a gradient magnetic field, electrons injected from the 
magnetic electrode into the inverted nanolayer di are subjected 
to a magnetomotive force    , which leads to a spatial separation 
of major and minor spin-polarized electrons in this nanolayer. 
The absolute value of the magnetomotive force   is proportional 
to the magnetic field induction gradient   , and its direction is 
given by the angle between the electron spin and the magnetic 
field gradient
                                                                                                 
                                                                                                    (7)

Analysis of the magnetic field distribution diagram (Figure 1) 
shows that in MTJs with uniaxial anisotropy in the electrode 
plane, which coincides with the direction of the z axis, with 
a parallel orientation of the magnetizations of the electrodes 
a magnetic repulsive force acts between the electrodes. In the 
dielectric barrier layer of the MTJ(M1↑M2↑) near each magnet-
ic electrode, a magnetic field gradient arises, which is directed 
along the x axis. Along the z axis, the magnetic field strength 
H=Hz changes much weaker and practically does not change 
along the y axis: |dHz/dx|>>|dHz/dz|>|dHz/dy|. Such a direction 
of the magnetic field gradient is perpendicular to the polarization 
direction of both major ni(s↑) and minor ni(s↓) polarized electrons 
and the magnetomotive force acting on electrons in the inverted 
nanolayer is practically zero. Therefore, with parallel magne-
tization of electrodes with uniaxial magnetic anisotropy in the 
plane in the inverted layer MTJ(M1↑M2↑) there is practically no 
separation of major ni(s↑) and minor ni(s↓) polarized electrons.

Of course, an inhomogeneous magnetic field will lead to a 
change in the dielectric constant of the barrier layer material in 
the interface region due to the magnetoelectric effect and the 
non-zero value of the magnetoelectric interaction tensor in such 
a field. Changes in the dielectric constant of the barrier layer ma-
terial led to a change in capacitance and resistance. Therefore, 
even with parallel magnetization of electrodes in  MTJ(M1↑M2↑), 
their capacitance and resistance may differ from the capacitance 
of the same MTJs if the magnetic electrodes in them are demag-
netized.

With antiparallel magnetization of the electrodes in the MTJ 
(M1↑M2↓) with uniaxial anisotropy in the plane, a magnetic field 
gradient along the z axis appears in the barrier layer, which can 
be equal to or even exceed the magnetic field gradient along the 
x axis. The absolute value of such a gradient can be estimated in 
a first approximation as

                                                        ,                                            (8)

where H1 and H2 are the coercive forces of the first and second 
magnetic electrodes, and  l0 is the size of the magnetic electrode 
along the z axis. The magnetomotive force   for such a magneti-
zation of the electrodes in the MTJ(M1↑M2↓) is not zero, but for 
major ni(s↑) polarized and minor ni(s↓) polarized electrons it has 
the opposite direction, which leads to the spatial separation of 
these electrons in the inverted nanolayer di. Since the number of 
major polarized electrons in the inverted nanolayer significantly 
exceeds the number of minor polarized electrons, a non-uniform 

distribution of electrons occurs near each of the magnetic elec-
trodes in the inverted nanolayer, i.e. a non-equilibrium electric 
charge Qs is formed in it.

Usually in such MTJ(M1↑M2↓) with antiparallel magnetization 
of the electrodes, the gradient magnetic field will also cause a 
change in the dielectric constant of the barrier layer material in 
the interface region due to the magnetoelectric interaction, and 
such a change in the dielectric constant with antiparallel mag-
netization of the electrodes may be greater than for the case 
of parallel magnetization of electrodes. The capacitance of the 
MTJ(M1↑M2↓) with antiparallel magnetized electrodes should be 
less than the capacitance of the same MTJ(M1↑M2↑) with par-
allel magnetized electrodes. The decrease in capacitance in the 
MTJ(M1↑M2↓) can be explained by the appearance of additional 
capacitance in the interface region of the barrier layer due to 
the inhomogeneous distribution of electrons and the appear-
ance of a non-equilibrium electric charge Qs The resistance of 
MTJ(M1↑M2↓) with antiparallel magnetized electrodes should 
be greater compared to the resistance of the same MTJ(M1↑M2↑) 
with parallel magnetization of the magnetic electrodes, which is 
due to additional scattering of major ni(s↑) spin-polarized elec-
trons by inhomogeneity of the electric and magnetic fields.

In        with perpendicular anisotropy of magnetic electrodes, 
with parallel magnetization of electrodes, an attractive force acts 
between the electrodes. In the dielectric barrier layer, with such 
an orientation of magnetizations, a practically uniform magnetic 
field H=Hx arises along the x axis, as well as along the y and 
z axes, which allows us to write:                             . The mag-
netic field strength in the barrier layer is close in magnitude to 
the magnetic field of perpendicular anisotropy of magnetic elec-
trodes       .

With perpendicular anisotropy of magnetic electrodes, magneti-
zation reversal leads to even stronger changes in the distribution 
of the magnetic field in the barrier layer of magnetic tunnel con-
tacts. In the barrier layer, with parallel orientation of the magne-
tizations of the MTJ(            ) between the magnetic electrodes, an 
almost uniform magnetic field acts, which is directed along the x 
axis. Magnetization reversal of magnetic electrodes in        with 
perpendicular anisotropy of electrodes leads to the appearance 
of a very strong magnetic field gradient   near each magnetic 
electrode, the absolute value of which is much larger compared 
to the magnetic field gradient  for the case of antiparallel mag-
netization of electrodes in MTJ(M1↑M2↓) with uniaxial magnetic 
anisotropy of electrodes in the plane.

                                                                                                                  (9)

where H1 and H2 are the coercive force of the first and second 
magnetic electrodes, d0<<l0, d0 is the thickness of the barrier 
layer,  l0 is the size of the magnetic electrode along the z axis.

The magnetomotive force   in such        will lead to the spatial 
separation of major ni(s↑) and minor  ni(s↓) polarized electrons in 
the inverted nanolayer di. Major polarized electrons are concen-
trated in the yz–plane at the boundary of the inverted nanolayer 
with the magnetic electrode, and minor polarized electrons are 
concentrated in the parallel yz–plane at the opposite boundary of 
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the inverted nanolayer. As a result, a potential difference arises 
between the boundaries of the inverted nanolayer, which allows 
us to consider this inverted nanolayer as an additional spin-de-
pendent capacitance. Because of a difference in concentration of 
major ni(s↑) and minor ni(s↓) polarized electrons in the inverted 
nanolayer   arises also the nonequilibrium electric charge charge 
Qs.

The electric field of the non-equilibrium spin charge Qs counter-
acts the magnetomotive force, which limits the maximum val-
ue of the charge Q0. The estimate of the maximum value of the 
non-equilibrium charge   in the inverted nanolayer di can be ob-
tained from the condition of equality of the energy of the electro-
static interaction We of the electron charge   with the electric field 
of this charge Q0 and the energy of the magnetic interaction   Wμ 
of the electron spin μe with the magnetic field gradient  μe = We

                                                                                                     (10)

where Cs=Q0Ui
-1=AiεiS/di- additional spin capacitance that arises 

in the inverted nanolayer di εi, is the dielectric constant of the 
barrier layer material, S - the area of the magnetic electrodes, Ai 
is the proportionality coefficient.

If, based on equations (8), (9) and (10), we compare the val-
ue of the non-equilibrium spin charge Q0 for magnetic tunnel 
junctions       with perpendicular anisotropy of electrodes and 
magnetic tunnel junctions with uniaxial magnetic anisotropy of 
electrodes MTJ(M1↑M2↓), then it is clear that the value             will 
be significantly larger compared to the value  Q0(M1↑M2↓), be-
cause the magnetic field gradient in            is much larger than 
the magnetic field gradient in MTJ(M1↑M2↓).

To determine the resistance   of tunnel junctions, the value of 
the tunnel junctions transparency coefficient DT is often used, 
which is inversely proportional to the resistance value RT~(DT)-1  
and determines the probability of an electron passing through 
the tunnel barrier. The value of the tunnel junctions transparency 
coefficient is determined through the value of the energy height   
UT of the tunnel barrier and the thickness of the dielectric barrier 
layer d0. At small values of the applied electric voltage V, the 
value of the tunnel junctions transparency coefficient is defined 
as
                                                                                                                                                                                                                                                                                                            
                                                                                                  (11)                                                                                       

where  Ee=eV<U0, D0 is a coefficient that depends on the electri-
cal characteristics of the electrode material and the barrier layer, 
h is Planck's constant, e and me are the charge and mass of the 
electron.

The tunnel barrier height U↑↑ and the tunnel resistance of mag-
netic tunnel junctions with uniaxial magnetic anisotropy of elec-
trodes in the plane with parallel magnetization of contacts will 
not be equal to the energy height of the tunnel barrier U0 and the 
resistance for the same magnetic tunnel junctions with demag-
netized electrodes. This difference arises due to the change in 
the dielectric characteristics of the barrier layer near each of the 
magnetized electrodes due to the non-zero value of the magne-

toelectric interaction thesor of the barrier layer in an inhomoge-
neous magnetic. In magnetic tunnel junctions with perpendicu-
lar anisotropy of magnetic electrodes, the energy height U↑↑ of 
the tunnel barrier and the resistance with parallel magnetization 
of the electrodes will be practically equal to the energy height 
of the tunnel barrier U0 and the resistance of the same magnetic 
tunnel junctions with demagnetized electrodes. This difference 
between magnetic tunnel junctions with uniaxial magnetic an-
isotropy of the electrodes in the plane and magnetic tunnel junc-
tions with perpendicular anisotropy of the magnetic electrodes is 
due to the fact that with parallel magnetization of the electrodes, 
a strong magnetic field gradient arises, and with parallel magne-
tization of the electrodes, the magnetic field in the barrier layer 
is practically uniform.

With antiparallel magnetization of the electrodes, the transpar-
ency coefficient will be smaller in magnitude for both magnetic 
tunnel junctions with uniaxial magnetic anisotropy and for mag-
netic tunnel junctions with perpendicular magnetic anisotropy 
of the electrodes. Such a decrease in the transparency coefficient 
is associated with the appearance of additional energy barriers 
that arise near each magnetic electrode. Usually, with antiparal-
lel magnetization of the electrodes, the dielectric characteristics 
of the barrier layer also change due to the magnetoelectric inter-
action and the non-zero value of the magnetoelectric interaction 
tensor in the region of action of a strong gradient magnetic field.

To determine the resistance of magnetic tunnel junctions, you 
can use formula (11), in which you enter the average value of 
the thickness <d0> of the barrier layer and the magnitude of the 
energy height of the tunnel magnetic barrier <UTMJ>, which de-
pends on the orientation of the magnetizations of the magnetic 
electrodes (2) and (3). But to describe the effect of changing the 
capacitance of magnetic tunnel junctions, it is better to use the 
model of three consecutive energy barriers in MTJs that arise in 
MTJs due to the heterogeneity of the dielectric characteristics of 
the barrier layer. Such barriers arise near each magnetic electrode 
due to the non-zero value of the magnetoelectric interaction of 
the barrier layer material in an inhomogeneous magnetic field 
transparency coefficient of MTJs DTM(P,AP) in this approach can be 
represented as the product of the transparency coefficients of all 
barriers, and the resistance of MTJs as the sum of the successive 
tunneling resistances for each barrier

                                                                                                       (12)

where D0(P,AP) is the coefficient that depends on the electrical 
characteristics of the electrode material and the barrier layer, as 
well as on the orientation of the magnetization of the electrodes 
(P – paraparallel, AP – antiparallel), U1(P,AP), U2(P,AP), U3(P,AP), and  
d1(P,AP), d2(P,AP), d3(P,AP) are the effective values of the energy height 
and thickness of the tunnel barrier near the output magnetic elec-
trode, the central part of the barrier layer, and near the input 
magnetic electrode.

The effective value of the energy height and thickness of the 
tunnel barriers will change when the orientation of the magne-
tization of the electrodes in MTJs changes UiP≠UiAP and diP≠di-

AP due to the change in the configuration of the magnetic field 
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distribution and the magnitude and direction of the magnetic 
field gradient (Figure 1). Changing the structure of the magnetic 
field distribution in the barrier layer of MTJs leads to a change 
in the dielectric characteristics of the barrier layer material due 
to the magnetoelectric interaction and the non-zero value of 
the magnetoelectric interaction in an inhomogeneous magnetic 
field [1x]. With antiparallel magnetization of the electrodes in 
MTJs, it is possible to formally introduce an additional contri-
bution to the height of these barriers due to the Coulomb barrier 
UQ, which is associated with the formation of a non-equilibrium 
spin charge Us in a gradient magnetic field (10), as well as the 
spin-dependent barrier Us↑↓, which is essentially a pseudobarrier, 
and it takes into account the increase in resistance for spin-po-
larized electrons due to their scattering on the magnetic inhomo-
geneity in the region of the magnetic electrode/dielectric barrier 
layer interface.

In magnetic tunnel junctions with uniaxial magnetic anisotro-
py of the electrodes in the plane, when transitioning from one 
state   to state MTJ(M1↑M2↑), the effective value of the output bar-
rier for electrons should increase slightly U1AP≤PU1P due to the 
contribution of a weak increase in the dielectric constant of the 
barrier layer material due to magnetoelectric interaction and the 
contribution of the Coulomb barrier UQ. The effective value of 
the barrier near the second input magnetic electrode must grow 
much more strongly U3AP >U3P to ensure a significant increase in 
the tunnel resistance in such MTJ(M1↑M2↓) [1x, 11]. The effective 
value of the central barrier with such an orientation of the elec-
trode magnetizations will almost not change              . 

A significant increase in the tunnel resistance and an increase 
in the barrier height U3AP in MTJ(M1↑M2↓) are associated with 
spin-dependent scattering of electrons on magnetic inhomoge-
neity in the barrier layer/magnetic electrode interface region. A 
certain small contribution to the growth of the height of this bar-
rier in will also be made by an increase in the dielectric constant 
of the barrier layer material due to the magnetoelectric interac-
tion in the barrier layer/input magnetic electrode interface region 
and the appearance of a Coulomb barrier UQ in this region due 
to the magnetically induced spatial separation of major ni(s↑) and 
minor ni(s↓) polarized electrons. It is obvious that the values of 
the barriers U1AP, U1P, U2AP, U2P, U3AP and U3P will depend on the 
magnetic and dielectric characteristics of the barrier layer mate-
rial and the magnetic electrodes.

In magnetic tunnel junctions with perpendicular anisotropy of 
magnetic electrodes, the energy height of tunnel barriers for con-
duction electrons should change significantly more when transi-
tioning from a state with parallel magnetized electrodes              to 
a state          with antiparallel magnetization of electrodes. The 
effective value of the output barrier near the first magnetic elec-
trode should increase slightly U1AP> U1P due to the magnetoelec-
tric increase in the dielectric constant of the barrier layer materi-
al and the contribution of the Coulomb barrier  UQ, which arises 
during the magnetically induced spatial separation of major and 
minor polarized electrons in a strongly gradient magnetic field. 
The effective value of the central barrier U2AP in magnetic tunnel 
junctions with perpendicular anisotropy of magnetic electrodes 
will also change (most likely increase)         , due to the magne-
toelectric interaction-induced increase in the dielectric constant 
of the barrier layer material.

The model of three consecutive barriers not only well describes 
the change in resistance in magnetic tunnel junctions when 
switching from parallel to antiparallel orientation of the mag-
netizations of magnetic electrodes, but also explains the mech-
anism of TMR effects in MTJs. Such a model provides a good 
understanding of the TMR effect due to the increase in the effec-
tive height of the barriers, and also shows that the increase in the 
effective height of the barriers due to the increase in the dielec-
tric constant of the barrier layer material and the contribution of 
the Coulomb barrier due to the spatial separation of major and 
minor polarized electrons is greater in magnetic tunnel junctions 
with perpendicular anisotropy of the magnetic electrodes.

When moving on to the description of the TMC effect in mag-
netic tunnel junctions, it can also be assumed that the total ca-
pacitance of MTJs consists of several series capacitances. The 
basis for this assumption is our consideration, which shows that 
the barrier layer in MTJs is inhomogeneous and three different 
regions can be distinguished in it. These are two interface re-
gions near each of the magnetic electrodes and the central part 
of the barrier layer. The dielectric constant of the barrier layer of 
MTJs in these regions will be different. The equivalent complex 
capacitance of MTJs С0*=C’–jС’’ can be represented through 
the series capacitances of these parts 

                                                                                                       (13)

where C0* is the complex capacitance of MTJs; C1* and C2* are 
the complex capacitances of the part of the barrier layer of MTJs 
near the first magnetic electrode and near the second magnetic 
electrode, C3* is the complex capacitance of the central part of 
the barrier layer of MTJs, 

If we assume that the thermodynamic value of the work function 
for both magnetic electrodes in MTJs is the same, then in the ab-
sence of an applied electric field, the electrode capacitances C1* 
and C2* will be practically the same both with parallel            and 
with antiparallel magnetization of the electrodes           . Usual-
ly, when the orientation of the magnetizations of the electrodes 
changes, the values of the electrode capacitances in MTJs will 
change           and           .

The dependence of the MTJs capacitance on frequency and ap-
plied voltage can be described using formulas (3), which use a 
number of parameters determined based on the results of experi-
mental measurements [8]. However, these formulas do not show 
the reasons for the change in the capacitance of magnetic tunnel 
junctions when the orientation of the electrode magnetizations 
changes and do not describe the microscopic mechanism of the 
TMC effect in MTJs. The mechanism of the change in capaci-
tance can be explained by explaining the reason for the change 
in the value of each component of the capacitance in magnetic 
tunnel junctions when the orientation of the electrode magneti-
zations changes.

In the absence of an electric field, when the parallel orienta-
tion of the electrode magnetizations changes to antiparallel, the 
electrode capacitances C1* and C2* in the MTJs junction will 
decrease. In magnetic tunnel junctions with uniaxial magnetic 
anisotropy of the electrodes in the plane, the decrease in the 
near-electrode capacitances C1* and C2* will occur both due to 
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a decrease in the dielectric constant of the barrier layer and due 
to the appearance of an additional spin capacitance in the inter-
face region near each of the magnetic electrodes. The decrease 
in the dielectric constant of the barrier layer in the near-elec-
trode region in such MTJs should occur because, with parallel 
orientation, a strong magnetic field gradient arises in the barrier 
layer in the direction perpendicular to the plane of the magnet-
ic electrodes and to the direction of electron polarization in the 
magnetic electrodes dHz/dx>>dHz/dx>dHz/dy. With antiparallel 
magnetization of the electrode in these MTJs, the magnitude of 
the magnetic field gradient in the barrier layer is smaller in ab-
solute value, but in the direction of this gradient a component 
appears that is parallel to the direction of the magnetization of 
the electrodes and the polarization of major and minor polarized 
electrons dHz/dz≥dHz/dx>>dHz/dy. This leads to the appear-
ance in the near-electrode region of the barrier layer of a small 
spin capacitance, which arises due to the separation of major and 
minor polarized electrons in the inhomogeneous gradient mag-
netic field (10) in the magnetic electrodes, and thereby leads to a 
decrease in the near-electrode capacitances C1* and C2*.

In magnetic tunnel junctions with perpendicular magnetic an-
isotropy of electrodes, when the magnetizations are oriented 
parallel to the barrier layer, an almost uniform magnetic field 
is formed, and when the magnetizations are oriented antiparal-
lel, a strong magnetic field gradient arises. The absolute value 
of this gradient exceeds the values of the gradients described 
above dHx/dx>>dHx/dz>dHx/dy, and its direction is parallel to 
the direction of magnetization of magnetic electrodes in MTJs 
and the direction of polarization of both major and minor polar-
ized electrons. Therefore, in MTJs with perpendicular magnetic 
anisotropy, the effective values of the near-electrode capacitanc-
es C1* and C2* will decrease when the electrodes are oriented 
antiparallel, mainly due to the appearance of an additional spin 
capacitance in the interface region near each of the magnetic 
electrodes. Based on formula (13), for the value of the near-elec-
trode capacitances, we obtain the relation

                                                                                                        (14)

where CP1,2*, CAP1,2* and C1,2s* are the complex values of the 
near-electrode capacitances 1 and 2 for parallel P and antiparal-
lel AP orientations of the electrode magnetizations, as well as the 
spin capacitance values for near-electrode capacitances 1 and 2, 
A1,2 ≤1 is the proportionality coefficient.

Since the spin capacitance C1,2s* is much smaller than the ca-
pacitance Cp1,2*, the near-electrode capacitances in MTJs for 
antiparallel magnetization will be smaller than the same capac-
itance values for parallel magnetization of the electrodes Cp1,2* 
>>CAP1,2*. The capacitance of the central part of the barrier layer 
C3* will change little when the orientation of the magnetizations 
in MTJs changes          .Therefore, the effective value of the 
complex capacitance of magnetic tunnel junctions should sig-
nificantly decrease when MTJs transition from a state with par-
allel magnetization of magnetic electrodes to a state with their 
antiparallel magnetization.

Under the action of a weak electric field V, when the electron 
energy         , the thickness of the inverse nanolayer di  in MTJs 

with antiparallel magnetized electrodes will slightly increase 
near the first negative electrode and decrease near the second 
positive electrode. The value Ui can be determined from the 
equation Ui=QsiCs

-1≈ASedi[ni(s↑)-ni(s↓)]Cs
-1, where Ui is the Cou-

lomb barrier, which arises due to the spatial separation of major 
and minor polarized electrons and the generation of an inverse 
spin charge in a gradient magnetic field (8), (9) and (10). The 
effective thickness of the central capacitance C3

* of the elec-
trodes will change little under the action of a weak electric field 
С3AP

*(V)≈С3AP
* (0).

The increase in the value di will lead to a decrease in the value of 
the near-electrode capacitance near the negative electrode com-
pared to the same capacitance without an electric field C1AP

*(V)           
C1AP

*(0), which is due to the decrease in the capacitance of a con-
ventional capacitor with an increase in the separation between 
the electrodes, as well as a decrease in the spin capacitance        . 
The near-electrode capacitance near the second positive elec-
trode should also decrease compared to the same capacitance 
without an electric field C2AP

*(V) C2AP
*(0), but the main reason 

for such a decrease will not be a weak change di, but a signifi-
cant decrease in the value of the spin capacitance CS

* due to a 
decrease in the inverse spin charge Qs2 in the inverse nanolayer 
near this electrode. The values  Qs2 will decrease under the action 
of the polarized current of major polarized electrons n1(s↑) from 
the first (negative) magnetic electrode due to magnetization re-
versal and compensation of the concentration of major polarized 
electrons n2(s↑) in the inverse nanolayer near this electrode. The 
analysis shows that even in a weak electric field, the effective 
value of the complex capacitance of magnetic tunnel junctions 
should decrease when MTJs transition from a state with parallel 
magnetization of magnetic electrodes to a state with their anti-
parallel magnetization.

The results presented above show that the main reason for the 
change in the effective value of the capacitance in magnetic 
tunnel junctions when transitioning from parallel to antiparal-
lel orientation of the magnetizations of the electrodes is the ap-
pearance of an additional spin capacitance Сs

* near each of the 
magnetic electrodes. Such spin capacitance arises in the inverted 
nanolayer di in the MTJs barrier nonmagnetic layer due to the 
spatial separation of major n1(s↑) and minor  ni(s↓) polarized elec-
trons by a high-gradient magnetic field. 

It should be noted that the effect of the spatial separation of ma-
jor n1(s↑) and minor ni(s↓) polarized electrons on the magnitude 
of the TMC effect in magnetic tunnel junctions is much greater 
in the case when the magnetic electrodes in MTJs have perpen-
dicular magnetic anisotropy. 

Tunnel Magnetic Junctions
Tb22Co5Fe73/Pr6O11/Tb19Co5Fe0 and Co80Fe20/Pr6O11/Co30Fe70 
The presented analysis of the influence of the magnetic field dis-
tribution on the magnitude of the TMR and TMC effects in tun-
nel magnetic contacts shows that MTJs with perpendicular an-
isotropy of magnetic electrodes are the most promising elements 
for creating spintronics microcircuits. To confirm this thesis, we 
conducted experimental measurements of the TMR and TMC 
effects in MTJs Tb22Co5Fe73/Pr6O11/Tb19Co5Fe76 and Co80Fe20/
Pr6O11/Co30Fe70, which are practically identical in design and dif-
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fer in that the former has perpendicular anisotropy of magnetic 
electrodes and the latter use magnetic electrodes with uniaxial 
anisotropy in the plane. Magnetic contacts were fabricated by 
photolithography on a substrate of fused quartz S=14x14 mm 
in the film structure Au/Tb22Co5Fe73/Pr6O11/Tb19Co5Fe76/Au and 
Au/Co80Fe20/Pr6O11/Co30Fe70/Au. The films were fabricated by 
magnetron sputtering of alloyed magnetic targets Tb22Co5Fe73, 
Tb19Co5Fe76, Co80Fe20 and Co30Fe70, as well as dielectric targets 
of praseodymium oxide Pr6O11. First, an Au film with a thickness 
of d≈100 nm was deposited on the substrate, and then a magnetic 
film, a Pr6O11 nanolayer, a magnetic film and an Au film with a 
thickness of d≈10 nm were sequentially deposited on it, which 
was used as a protective coating and as a measuring contact in 
our MTJs. The thickness of magnetic films was dm≈ 40 nm. 
The area of each magnetic electrode was approximately equal 
to S≈10х5 μ2. We investigated tunnel contacts with two differ-
ent thicknesses of Pr6O11 (d1=1-1.2 nm or d2=1.5-1.8 nm). The 
distance between individual tunnel contacts was at least 5 mm.

Amorphous ferrimagnetic films of TbCoFe have a large energy 
of perpendicular magnetic anisotropy and the value of their co-
ercive force depends on the concentration of components in the 
film [14]. At T=300 K the coercive force of the Tb22Co5Fe73 film 
is H1≈3х105 A/m and that of the Tb19Co5Fe76 film is H2≈1,2х105 
A/m. When sputtering magnetic polycrystalline CoFe films, a 
constant field parallel to the substrate plane was applied, which 
allowed obtaining a high degree of uniaxial anisotropy in the 
films. At T=300 K the coercive force of the Co30Fe70 film was 
equal to H1≈2,5x103 A/m and the Co80Fe.20 film H2≈6x103 A/m. 
Praseodymium oxide Pr6O11 is a wide-gap semiconductor and 
paramagnet with a large effective magnetic moment but a low 
Curie temperature TK≈85 К.

The magnitude of the TMR and TMC effects was measured by 
the four-probe method and using an bridge in the frequency 
ranges 0-300 Hz. The measurement signals were recorded and 
processed by a personal computer. The constant magnetic field 
was created by an electromagnet. The value of TMR is defined 
as TMR=(Rmax – Rmin)/Rmin, where Rmax and Rmin are the maxi-
mum and minimum resistances of the structure under investiga-
tion. The value of tunnel magnetocapacitance was determined 
as TMC=(CP − CAP)/CAP, where CP and CAP is the capacitance 
at parallel and anti-parallel magnetization of the magnetic elec-
trodes. The measurement results showed that the resistance of 
MTJs with a smaller thickness of the Pr6O11 barrier nanolayer 
d1=1-1.2 nm changes more strongly upon magnetization reversal 
of the magnetic electrodes than in MTJs with a barrier nano-
layer thickness d2=1.5-1.8 nm. The capacitance of MTJs with 
a larger thickness of the Pr6O11 barrier nanolayer d2=1.5-1.8 
nm changes more strongly upon magnetization reversal than in 
tunnel contacts with a smaller thickness of the barrier nanolayer 
d1=1-1.2 nm. The value of TMR in MTJs Tb22-δCo5Fe73/Pr6O11/
Tb22-δCo5Fe76 with perpendicular anisotropy of magnetic elec-
trodes reached the value of TMR=120% at the thickness of the 
Pr6O11 nanolayer d1=1-1.2 nm and TMR=75% at the thickness of 
the Pr6O11 nanolayer d1=1.5-1.8 nm. The value of TMC in such 
MTJs reached the value of TMC=80% at the thickness of the 
Pr6O11 nanolayer d1=1-1.2 nm and TMC=110% at the thickness 
of the Pr6O11 nanolayer d2=1.5-1.8 nm (Figure 2).

Figure 2: Change in the capacitance and resistance of MTJs 
with perpendicular anisotropy of magnetic electrodes Tb22-δ-
Co5Fe73/Pr6O11/Tb19-δCo5Fe76: a and c describes the process when 
the thickness of Pr6O11 nanolayer is d1=1-1,2 nm; b and d de-
scribes the process when the thickness of Pr6O11 nanolayer is 
d1=1,5-1,8 nm.

The values of TMR and TMC in MTJs Co80Fe20/Pr6O11/Co30Fe70 
were smaller in absolute value. The value of TMR in such 
MTJs reached the values of TMR=40% at the thickness of the 
Pr6O11 nanolayer d1=1-1,2 nm and TMR=30% at the thickness 
of the Pr6O11 nanolayer d2=1,5-1,8 nm. The value of TMC in 
such MTJs reached the values TMC=25% at the thickness the 
Pr6O11 nanolayer d1=1-1,2 nm and TMC=45% at the thickness 
the Pr6O11 monolayer d2=1,5-1,8 nm (Figure 3).

Figure 3: Change in the capacitance and resistance of MTJs 
Co80Fe20/Pr6O11/Co30Fe70, in which the magnetic electrodes have 
uniaxial anisotropy in the plane: a and c describes the process 
when the thickness of Pr6O11 nanolayer is d1=1-1.2 nm; b and d 
describes the process when the thickness of Pr6O11 nanolayer is 
d2=1.5-1.8 nm.
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The results of experimental studies confirm the conclusions 
of the analysis and show that the influence of the magnetic 
field gradient on the magnitude of the TMR and TMC effects 
in MTJs, which leads to the spatial separation of major ni(s↑) 
and minor ni(s↓) spin-polarized electrons and the formation of a 
non-equilibrium charge near each magnetic electrode, is more 
pronounced in MTJs with perpendicular anisotropy of the mag-
netic electrodes.

Data Carrier on the Basis of Magnetic Tunnel Junctions
As we noted in the beginning of this article, the most promising 
direction of practical use of TMR and TMC effects in MTJs is 
the construction of carriers for recording information based on 
them. The work also presents a scheme and a method for record-
ing and reading information from a carrier based on MTJs. A 
feature of such a spin carrier is that it consists of a large number 
of double MTJs, to which write-read electrodes are connected 
(Figure. 4). In these MTJs, magnetic electrodes 1, 3 and 4 have 
different values of coercive force: H1>H4>>H3, which allows 
pre-magnetizing magnetic electrodes 1 and 4 in antiparallel di-
rections. The presented scheme for constructing a memory cell 
based on double MTJs makes it possible to write-rewrite "0" or 
"1" into a given ml memory cell.

Figure 4: Scheme of the information carrier based on the mag-
netic tunnel junctions: 0 is the substrate, 1 is magnetic electrodes 
with a fixed direction of magnetization and coercive force H1, 
2 is the dielectric barrier layer, 3 is magnetic electrode with a 
small coercive force H3, 4 is magnetic electrodes with a fixed 
direction of magnetization and coercive force H4.

When writing “1” in ml memory cell, a powerful write pulse JW 
is applied to 1m and 3l magnetic electrodes. Moreover, a nega-
tive electric field voltage is applied to 1m electrode. When writ-
ing “0” in ml memory cell, the same powerful write pulse JW is 
applied to 4m magnetic electrode and 3l magnetic electrode. The 
negative electric field voltage is also applied to 4m electrode. 
The amplitude of the write pulse is determined by the magni-
tude of the current JW, which must be passed through the tunnel 
contact to obtain a local magnetization reversal of the magnetic 
electrode 3l

                                                                           (15)

where Sе and h is area and thickness of the magnetic electrode 
3l,  and  is magnetic permeability and relaxation time of spin 
polarization in the material of this electrode,   is coefficient char-
acterizing the magnitude of spin polarization in the magnetic 
materials of the electrodes 1m or 4m, e is electron charge, 0 is 
absolute magnetic permeability.

When reading information from ml memory cell, 2 the same 
read pulses JR are applied simultaneously to the 1m electrode and 
3l electrode, as well as to the 4m electrode and 3l electrode. The 
polarity of the read pulse coincides with the polarity of the write 
pulse, but its amplitude JR is much smaller than JR JR     0,1JW. 

The information recorded in the ml memory cell ("0" or "1") 
can be recorded by measuring the difference in the amplitudes 
of the read pulses, or by measuring the difference in the phase 
shift between these pulses. In the first case, the change in the 
resistance of the double MTJs is used when recording informa-
tion, that is, the effect of changing the magnetoresistance TMR 
is used, and in the second case, the effect of changing the magne-
tocapacitance TMC is used. The method of measuring the phase 
difference between the signals is more sensitive and accurate, 
which increases the reliability of the operation of information 
recording devices based on double MTJs, in which the TMC ef-
fect is used. The magnitude of the phase shift between the read 
pulses will depend on the difference in capacitance between the 
magnetic contacts 1m-3l and 4m-3l    =f (C13-C43). If the ml-th 
memory cell contains “1”, then the capacitance between the con-
tacts 1m-3l will be greater than the tunnel magnetic capacitance 
tunnel magnetic capacitance between the contacts 1m-3l will be 
less than the capacitance between the contacts 4m-3l.

Conclusion
In the final part of our work, we would like to note that in or-
der to implement the effects of magnetic tunnel resistance and 
magnetic tunnel capacitance, a number of important scientific 
and technological problems must be solved. The most important 
is the issue of high TMR and TMC coefficients in the high and 
ultra-high frequency range. Unfortunately, today record high 
TMR and TMC values in MTJs are obtained not only when us-
ing epitaxy technology, which is not very promising for industry, 
but such high indicators are registered in the low and medium 
frequency range. It is clear that the maximum values of TMR 
and TMC in MTJs will be set by the resonant frequencies of 
the dielectric polarization of the barrier insulating layer materi-
al, which depend on the parameters of the electron-ion coupling 
and the structure of the material. The low-frequency high values 
of TMR and TMC, which are currently obtained in MTJs, are as-
sociated, in our opinion, with the ionic polarization of the dielec-
tric characteristics of the barrier insulating layer material. The 
most high-frequency component of the dielectric polarization of 
the material is its electronic component. Therefore, in further 
scientific research and development of MTJs, it is necessary to 
focus on materials and structures in which the electronic com-
ponent of the dielectric polarization of the barrier layer material 
makes a significant contribution to the value of TMR and TMC.

The results of our research show that tunnel magnetic contacts 
with magnetic electrodes that have perpendicular anisotropy are 
not only an interesting object for studying the tunnel magnetic 
capacitance effect, but they may also have good prospects for 
practical use in the development of a medium for magnetic in-
formation recording.
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