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The InSe(8-CD(FeSQy)) clathrate with hierarchical architecture reveals a giant magne-
toresistive effect and extraordinary (oscillating) behavior of the current-voltage charac-
teristics in the magnetic field in the direction perpendicular to nanolayers. A new tech-
nological approach for the synthesis of multilayered nanostructure is proposed. It allows
attaining a fourfold degree of expansion of the initial InSe semiconductor matrix in which
the cavitate of S-cyclodextrin (8-CD) and iron sulfate served as a guest content. This
makes it possible to develop a theoretical model to describe the interlayer magnetocon-
ductivity in such extremely anisotropic 2D layered compounds. Graphic dependencies of
oscillating magnetoconductivity are analysed for different values of quantizing magnetic
field in a layered structure whose interlayer transfer integral can be controlled artificially.

Keywords: InSe, intercalation, clathrate, hierarchical structures, impedance spec-
troscopy, giant magnetoresistive effect.
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1. Introduction

The giant magnetoresistance effect (GMR), first discovered [1] in 1988, has attracted great attention in
recent years as it has greatly influenced the study of magnetic information storage devices [2-5], such
as ultra-sensitive magnetic field sensors, reading heads, memristors [6,7]. In 2007, the Nobel Prize
in Physics was awarded to scientists Peter Griinberg and Albert Fert for the study of GMR [2]. The
keyword in the discovery was “giant” because over a century of history of studying magnetoelectric
phenomena, the magnitude of the magnetoresistance did not exceed a few percent.

A gilant magnetoresistance effect has been detected in alternate multilayer iron-chrome structures
and its mechanism is well understood today. In short, its essence is that in a magnetic field, electrons
with spins oriented along it in all layers of iron will feel more resistance and their contribution to the
current will decrease. At the same time, electrons with opposite spin are experiencing less resistance,
and the current due to them increases significantly. In fact, how many times the indicated increase in
current over its decrease will be observed depends on the properties of the substance.

The degree of the GMR effect is usually described by the so-called magnetoresistance ratio (MR),
which can be defined as the corresponding normalized difference, i. e.

MR = (Gp —Gap)/Gap,

where Gp and G 4 p mean conductances of the P (parallel) and AP (anti-parallel) alignments, according
to the orientation of the magnetization of adjacent magnetic layers.

The use of the material exhibiting GMR has led to a sharp increase in the density of recording on
hard disks. Located over a rapidly rotating hard disk, this structure quickly tracks the magnetic fields
of the bits and immediately converts them to electrical current.
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Giant magnetoresistance effect in InSe(8-CD(FeSQOy)) clathrate 323

The supramolecular ensemble of sub-hosts (host(guest)-InSe(8-CD(FeSO,)) with magnetic compo-
nents was successfully synthesized for the first time in our laboratory [8,9]. In the cited work, the
authors analyzed in detail the conductive and polarization properties of the investigated clathrate.
However, the explanation of the detected GMR required additional explanation and theoretical sub-
stantiation, and this is what the presented work is devoted to.

2. Formulation of the problem

To obtain high MR, an attractive alternative is to use a magnetically confined semiconductor het-
erostructure. It is a type of hybrid nanostructure consisting of semiconductor and magnetic materials,
where nanoscale ferromagnetic bands often settle on the surface of a semiconductor heterostructure
and provide a non-uniform magnetic field that locally affects the motion of a two-dimensional electron
gas (2DEG) embedded in the semiconductor heterostructure.

All of the above is the basis for highlighting the novelty and benefits of our proposed nanostructure
for these purposes. First of all, it should be noted that the traditional approach uses only one of its
components to change the conductivity (o) in a magnetic field, namely its mobility (u) according to
the well-known formula:

o = enpu, (1)

where e is the charge of the electron, n is their concentration. In our case, due to the use of semi-
conductor phases, both the mobility and the concentration of current carriers are responsible for the
change in the resistance in the magnetic field. A significant change of the latter is achieved by Zeeman
localization or delocalization. This leads to the fact that we can expect not only a significant change
in the magnetoresistance but also to observe it at higher temperatures and weaker magnetic fields.
Moreover, a new possibility of analyzing the frequency dependence of GMRs opens, since, in general,
the resistance of semiconductors is frequency-dependent. This can lead to the creation of functionally
hybrid sensors.

3. Materials and methods

To achieve this goal, the third type of substance organization — clathrate (or supramolecular) — was
used in view of its structural and energetic features [10-12]. The clathrate InSe(5-CD(FeSOy)) of
hierarchical architecture sub-host (host(guest)) was synthesized by the method of intercalation.

InSe is a layered, black crystal that splits like
mica into very thin, smooth, transparent, brown ‘C D In
layers with a greenish tinge (Fig.1). Melting ¢ Se
point is 933 K, density 5.560 g/cm?, microhard- W

ness 5.88 - 108 Pa. It is steady in the air and in Y Se
water. The resistivity, depending on the purity WPy n
of the sample, varies from 10% to 10* Ohm-m at (L\' " Se
T = 300K [13-16]. The sharp maximum of pho- WS

toconductivity lies at 1.03 um, which coincides Se
with the edge of the fundamental absorption, WS

which corresponds to the bandgap of 1.20eV at Wr

T = 300K [16,17]. The basic physical param-
eters of gallium and indium monoselenides are
discussed in [17,18|.

CyoH79O35 is B-form cyclodextrin (8-CD) (Fig.2). Its unique structural feature, namely the sepa-
ration of hydrophilic and hydrophobic groups, causes unusual physical and chemical properties. Most
important of these is the ability to re-bind and selectively bind inorganic, organic, biological molecules

Fig.1. Spatial image of Fig.2. Structural image
the structure InSe. of 3-CD.
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324 Klapchuk M. 1., Ivashchyshyn F. O.

to form “lock-key” inclusion complexes. The high electron density inside the S-CD cavity can acti-
vate the electrons of the “guest” molecules, leading to changes in the spectral properties of both the
incorporated molecules and the 8-CD itself [10].

o 2- Iron-sulfate (II) was used as a magnetically sensitive guest component

(Fig.3) [19]. The choice of FeSOy, as a guest component was based on the

0 o" S o fact that it is a known precursor for the synthesis of nanomagnetite, as well
Fe2+| o L) as the fact that its cationic component has a large spin magnetic moment.

This makes it possible to control the properties of encapsulates (for example,
Fig. 3. Chemical formula  the combination of photoelectric and ferromagnetic properties), mainly to
of iron-sulfate (II). ensure their high sensitivity to external physical fields.

Since neither 5-CD nor FeSO4 can be directly inserted into InSe, in order to form supramolecu-
lar ensembles, we applied the three-stage intercalation-deintercalation technology (Fig.4), which was
described in our previous work [20]. According to this technology, in the first stage, sodium nitrite is
introduced into the initial matrix by the method of direct exposure in its melt of a semiconductor single
crystal at a temperature of 300°C for 5 +— 10 minutes. As a result of n-stage ordering, the distance
between the respective layers increases significantly. The process was carried out until a 4-fold increase
in the thickness of the sample.

NaNO P _— The next step was deintercalation of sodium ni-
= 2 e . . .
—_—— + § I\ s trite from the crystal by extracting it over a five-hour
% < _/) % 24-hour cycle and drying at 110°C and reduced pres-
T sure. Deintercalated matrices have become suitable
NaQNOZ e” for the introduction of organic guest components due
el N — to weakened van der Waals bonds and modified in-
= - =7 .
S 7 tracrystalline force fields.
— g Therefore, in the third stage, -CD(FeSOy4) was

intercalated into an expanded crystal lattice by direct
exposure in a saturated two-component solution with
a molar ratio of 5-CD: FeSOy4 as a 1 : 1 deintercalated
matrix at room temperature for 48 hours. In order to
provide clathrate functional hybridity and modify the
Fig.4. Stages of InSe(f-CD(FeSOy)) clathrate  properties during the formation of organic nanolayers

formation. in the extended ranges of van der Waals forces InSe,
an electric field of 110 V/cm along the crystallographic axis C' with simultaneous illumination with
visible light was also applied. Next, ohmic contacts were applied to both faces perpendicular to the
crystallographic axis (C) of the obtained nanostructure.

The impedance measurements were made in the direction of the crystallographic axis C' in the
frequency range 1073 + 10 Hz with the help of the “AUTOLAB” measuring complex of the company
“ECO CHEMIE” (Netherlands), complete with computer programs FRA-2 and GPES. The amplitude
of the measuring signal was 5 - 1073 V. The removal of doubtful points was performed by using the
Dirichlet filter [21,22]|. The frequency dependencies of complex impedance Z were analyzed graphically
in the environment of ZView 2.3 software package (Scribner Associates). The approximation errors
did not exceed 4%. The correspondence of the constructed impedance models to the experimental
data package was confirmed by the completely random nature of the frequency dependences of the
first-order residual differences [21,22]. Measurements of impedance dependencies were also carried out
in a constant magnetic field (intensity 2.75kOe) and in a field of light wave (simulator of solar radiation
with a power of 65 W) in the direction of their application, namely along the crystallographic axis C'.
Such a geometry of measurements was chosen to avoid the Lorentz force. The spectra of the thermally
stimulated discharge were recorded in the mode of short-circuited contacts under linear heating at a
rate of 5° C/min.
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4. Results and their discussion

The hierarchy of InSe(8-CD(FeSOy)) clathrate
structure leads to the modulation of multi-
barrier nanosheets, which is confirmed by the
appearance of Nyquist diagrams (Fig.5). It
is well evident that the impedance hodograph
is a superposition of two arcs, the higher-
frequency of which exhibits the current flow
in non-intercalated nanosheets and the lower-
frequency arc through layers with guest content.
At the same time, for each of them, the center
lies below the axis of the real component of spe-
cific impedance, indicating that there is a cer-
tain distribution of relaxation times.

The synthesis of InSe(8-CD(FeSOy)) clath-
rate in the electric field with simultaneous il-
lumination provides a different nature of the
change of the real component of the complex
impedance (Re Z(w)) than during the synthe-
sis under normal conditions. The difference is
due to delocalized carriers of the initial matrix
providing a fivefold increase in the specific con-
ductivity. The hopping mechanism of conduc-
tivity give a significant contribution to the cur-
rent conduction due to the concentration of trap
centers in the vicinity of the Fermi level.

In Fig. 6 the spectra of thermally stimulated
discharge of InSe(S-CD(FeSOy4)) clathrate are
shown. Under the normal conditions, synthe-
sized clathrate is a coordination defect (whose
structure is different from the initial matrix)
with negative correlation energy, which forms a
quasi-continuous spectrum of localized states in
the bandgap. Instead, for clathrate synthesized
in an electric field with simultaneous illumina-
tion, we obtain a wide band of localized states
in the band gap. The results of thermally stim-
ulated discharge are in good agreement with the
results of impedance spectroscopy.

An interesting result of the measurement of
volt-ampere characteristic (VAC) in the con-
stant magnetic field was obtained for InSe(s-
CD(FeSQy)) synthesized under the normal con-
ditions (Fig. 7).

It can be represented as a system of IN-
shaped sections, the occurrence of which is re-
lated to the following. It is well known |10, 12]
that in quasi-two-dimensional crystals the width
of the band F| in the direction perpendicular

'S
1

—ImZ, kQcm

—
1

(=]
1

*%2

4 6 8 10 12 14 16 18 20
Re Z, kQ cm

Fig.5. Nyquist diagrams [8] obtained in the magnetic

field for the direction perpendicular to nanolayers in

the InSe(8-CD( FeSO4)) clathrate synthesized under the

normal conditions (1) and in the electric field under the
simultaneous illumination (2).
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Fig.6. Currents of thermally stimulated discharge

for InSe(B-CD(FeSQy)) clathrate synthesized under the
normal conditions (1) and in the electric field under the
simultaneous illumination (2).

0241, uA

0.1+

U, mV
25 50

Fig. 7. Volt-ampere characteristic obtained in the mag-
netic field for the direction perpendicular to nanolayers
InSe(B-CD(FeSO4)) nanostructure.

Mathematical Modeling and Computing, Vol.7, No. 2, pp. 322-333 (2020)



326 Klapchuk M. 1., Ivashchyshyn F. O.

to the layers is small and that it can be substantially reduced by intercalation. In the strong coupling
approximation, the dispersion law of such a crystal can be represented as:

2
e(p) = 2p—m” + E cos(apy).

In our case, it is important that the mentioned above
AE,| . continuous band will be transformed to a mini-band charac-

I—— ter (Fig.8) due to the stepwise expansion of the crystalline
E\ lattice [13], modulating hierarchical potential of cavitate and
Zeeman splitting. In addition, the magnetic field can change
eee the asymmetry of the density of states above and below the
Fermi level, significantly affecting the current flow [14]. From
the above energy diagram it is easy to see that at a voltage
U higher than AFE | the upper edge of the conduction mini-
Fig.8. Sketch of the energy diagram  hand of one layer falls below the lower edge of the conduction
transformation to a mini-band character. i hand of the other layer and the electrons have nowhere

to move. Observed in the experiment, the re-

10
10775 gions of smooth current decay are caused by
109 electron scattering processes. It is clear that
10°] such a simple scheme of the current flow perpen-

g dicular to the nanosheets must be supplemented
< 107 by mechanisms that take into account processes

N 106 of coherent magnetization of guest cavity, which

I~ will lead to magnetoelectric interactions with
10°3 complex localization—relaxation processes, and
1041 take into account the conditions of resonant tun-
103 neling depending on the value of applied volt-

10731072107110° 10' 10% 10® 10* 10° age. . .
w, Hz In the case of the synthesis of the studied
Fig.9. Frequency dependencies of the real compo- clathrate, while simultaneously applying a con-

nent of the specific complex impedance in InSe(3-  stant electric field and illumination, the VAC
CD(FeSOy)) clathrate synthesized under the electric  has a straight-line dependence, but a frequency-
field with simultaneous illumination. The dependencies dependent colossal magnetoresistive effect is re-
were measured in dark (1) and in a magnetic field (2) [8]. | 1ed (Fig.9). Obviously, this structure is ex-
tremely promising for hypersensitive magnetic field sensors. In this case, the maximum increase in the

resistivity reaches 107-fold value and the MR ratio is 99.99%.

5. Mathematical modeling

The specific crystalline structure of layered semiconductors (InSe, GaSe) is caused by different chemical
bonds in different crystallographic directions: ion-covalent bonding within the layer and van der Waals
between the layers. Layered materials are composed of a stack of two-dimensional (2D) layers with
weak interlayer electron coupling, determined by the interlayer transfer integral t,. Such layered
structure may be of natural molecular origin, as, e.g., in cuprates, organic metals or graphite, or of
artificial origin, as in heterostructure. The small value of t,, which is much smaller than the in-plane
Fermi energy Er, provides these compounds with highly anisotropic electronic properties. Such strong
anisotropy of chemical bonds also has a decisive effect on the charge carrier scattering. For example,
the conductivity of such systems along or across layers is several orders of magnitude. Moreover, the
anisotropy can be increased by intercalation. Intercalation in layered semiconductors of 3D transition
elements allows, while maintaining the integral structure of the lattice of the base compound, to form
nanometer layers with alternate magnetic and semiconductor properties.
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Determination of the electronic structure of layered crystals is one of the fundamental problems of
condensed matter physics. A number of recent work has been devoted to the theoretical calculation
of the band electron spectrum of quasi-two-dimensional crystals [23,24]. Information on the law of
dispersion of quasi-particles is important both for understanding their physical properties and the
study of electron spectrum rearrangement under the influence of intercalated impurities. In layered
materials, the intercalation of impurities provides an alternative to doping, giving a unique ability to
adjust the phonon frequencies and electronic band structure without interfering with the host lattice.

Magnetoresistance is traditionally used to explore the internal electron structure of metals [25-27].
Oscillations of magnetization are a thermodynamic effect that is completely determined by the density-
of-states distribution. Observed in various strongly anisotropic layered compounds, which can not be
described in the framework of the standard 3D theory, interlayer magnetoresistance is induced by
disorder and by magnetic field component H, for the direction perpendicular to the layers. This effect
occurs in layered compounds with extremely high quasi-2D anisotropy, namely, when the interlayer
transfer integral t, is less than the cyclotron energy w. = eH,/m™* and than the Landau level (LL)
broadening due to impurities.

A large number of papers ( [28] and references in this paper) are devoted to the study of the
conductivity of quasi-two-dimensional (2D) multilayer systems in a magnetic field. The growing interest
is due to: (i) the fact that the conductivity measurement is technologically implemented for almost
any system,; (ii) the electrical conductivity in the magnetic field is very sensitive to the parameters of
the electronic structure, revealing the restructuring of the law of dispersion and geometry of the Fermi
surface.

In the presence of a magnetic field H, perpendicular to the layers, the motion in the conductive
layer is quantized, then the quasiparticle dispersion can be written as

en(pz) = hwe(n 4+ 1/2) — 2t, cosp,s,

where s is the interlayer distance, p, is the interlayer momentum in z direction.

Due to the Landau quantization of the 2D electron spectrum, magnetic quantum oscillations of
conductivity, as well as other characteristics, arise in the magnetic field. In [7]| it is shown that
in a magnetic field superimposed perpendicularly to the layers, oscillations for both the imaginary
component of complex impedance and for the current-voltage characteristic in a given frequency interval
appear. The aim of the present paper is to study theoretically the oscillations of magnetic conductivity
to explain the experimentally obtained measurement results.

We consider a multi-layered semiconductor described by the single-band tight-binding model with
the nearest-neighbor hopping and the on-site delta-function-like potential. The quasi-2D layered elec-
tron system (the z direction is confined) with disorder and interaction is described by the following
Hamiltonian

H=Hy+ H;+ H; + Hy,;. (2)

The first term Hy is the Hamiltonian of the noninteracting 2D electron gas in magnetic field summed

over all layers:

Ho=s [ @03 w1, (a1 — AP~ ) W) 3)
a,]

where \I/;ro, U, , are the creation (annihilation) operators of an electron on the layer j at the point r.
The second term in (2) gives the coherent electron tunnelling between two layers:

) N IVEVARSE .
H;, = —ts/d rz U (r)Wjt1,6(r) exp < - ze/ AZ(T,j,T)dZ>. (4)
g, Js

This interlayer tunnelling Hamiltonian is called “coherent” because it conserves the in-layer coordinate
dependence of the electron wave function (in other words, it conserves the in-plane electron momentum)
after the interlayer tunnelling.
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The third term describes the interaction of electrons with impurity potential w;(r):

Hr = s/d2rz \I/;fo(r)uj(r)\lljva(r). (5)
.

The impurity scattering described by this term in Hamiltonian is mainly based on perturbation theory,
for example, in a self-consistent Born approximation [29]. We further discuss point-like impurities with
a volume concentration n; and two-dimensional concentration N; = n;s in each layer. The distribution
of impurities in different layers is not correlated. The potential u;(r) of each impurity at a point r; is
given by the expression u;(r) = ué3(r — r;). In the case of different types of impurities, the sum by j
in the equation (5) also includes different types of impurities that differ in the strength of the impurity
potential wu.

The last term H;,; describes the electron-electron and electron-phonon interaction. Even without
this term and for the case of point-like impurity potential, the exact solution of this Hamiltonian is
not achievable [28].

In such a model, the longitudinal current density arises only from tunneling processes and is given
by the expression

0H
Jo(r, j,7) = “SALr 37 —iets? Z ( Go(T) exp(—z’esAz(r,j,T))> . (6)
Using the formalism of usual temperature Green s functions defined by [30]
GZ;Uz (7*17 T1, T2, 7'2) = _<T7'\Pi70'1 (7’1, 7'1)\1/;_02 (7’2, 7'2)>7 (7)

where the averaging is carried out over the grand canonical ensemble, the average current density in
the j-th nanolayer in terms of Green’s functions reads

jj(rvT) = (JZ(’I",j,T)> :jjp(’r‘77—)+ij(r7T)7 (8)
where we distinguish the contribution from the paramagnetic and diamagnetic components of the
current density.

The equation of motion for the Green’s functions in the presence of a magnetic field, impurities
and vector potential A, (r,j,7) for the given spin value o is written as [29]

0 1 , » .
<_E ~ 50 (—iV — eA)? +t,(Aj e A L Ay o4 4yt oo H — uj(r)> Goji(r,m,r', 7"

= 3_15]-1(5(7* —ro(r—7"), (9)

where the operators A W, ,(r,7) = Vi1 o(r, 7).
The interlayer conductivity o,, of the heterosystem under the influence of the magnetic field per-
pendicular to the nanosheets can be written in the form

g dpz de
Ozz = 623_00‘)62/ 2 /%( /F( )) (Gc}rzn,pz,sG?n D2,E Re(an,pz )2) ) (10)

where n/,(¢) is the derivative of the Fermi-Dirac distribution function

n/ (E) — _;
E 4T cosh? (5£)°
here T is temperature. The functions GF and G* are the retarded and advanced Green’s functions

defined by

* 1
A R
= = 11
GO' ,1,Pz € (GO' lepzﬁ) £ — 60_7n’pz + 7:1—‘54_“7 ( )
1
§onp. = <n + §> Wwe — 2t co8p,s — p— opeH, (12)

where . is the electron’s magnetic moment, and ¥(e) = il'; is the energy-depended impurity self-
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energy. It arises mainly from impurity scattering. The main contribution to resistivity comes from
the short-range impurity scattering. We approximate short-range impurities by point-like ones. Then,
if one does not take into account the diagrams with intersections of impurity lines in the self-energy
(the contribution of such diagrams at finite k, dispersion of electrons is usually small) the electron
self-energy depends only on electron energy and not on electron quantum numbers. This fact greatly
simplifies the calculations. The constant part of the real part of electron self-energy produces only a
constant shift of the chemical potential. It does not influence the physical effects and, hence, is omitted
in the subsequent calculations.

In the limit w. > 4nt, the total magnetic conductivity can be written in a simpler form: the
oscillating part of o,, becomes independent of the interlayer integral integral ¢,, which only appears
in the normalization factor og of the zero field. This clearly establishes the physical origin of the o,
oscillations as a quantization of motion in a plane perpendicular to the magnetic field, affecting the
transport between the nanosheets across the energy spectrum. Then the total magnetic conductivity
is given by

Our = /_J:O(—n};(a — p))o(e) de, (13)
0..(e)  To sinh (a?—g) - 1+ cosh (a?—g) cos(2mx) 10

29
o0 Le cosh (all:—;) + cos(2mz) (cosh (a?—g) + cos(2mc))

where o is the conductivity in the absence of a magnetic field, Iy is the imaginary part of the self-
energy part at zero magnetic field, parameter o = 271y /w, and the renormalized energy = = £/w,.. At
zero temperature, the magnetic conductivity oscillations are given by the formula

Ozz = O'zz(,u)' (15)

It can be seen from formula (14) that the second addition makes a negative contribution to o, (u)
for p ~ nw, and positive for p ~ (n + 1/2)w.. Accordingly, the magnetoconductivity minima (or
magnetoresistance maxima) appear when the chemical potential lies between the Landau levels. For
we > 210, 11 # (n + 1/2)w, the contribution from both additives is of the same order, so the total
magnetoconductivity at zero temperatures vanishes periodically. The numerical analysis of the depen-
dence 0,,(¢) is performed in two modes, depending on the value of the parameter a: (i) a low-field
regime: w, < 27y (or a > 1); (ii) a high-field regime: w, > 27Ty (or a < 1).

The graphic dependence of the 8
function o,,(¢) for different values of | :“‘. H—40T
the magnetic field at I’y = 0.22meV i
and the value of m* = 1.96m, is 6 '
shown in Fig.10. Graphic depen-
dence analysis reveals the appearance
of a pseudogap at magnetic field val- ,
ues above 20 T, which corresponds to T H=2T
the parameter a ~ 1, and the gap 91
width increases with the increase of
the magnetic field. Such small val- | / W\
ues of 0,,(e) for a < 1, respectively, '

lead to the appearance of a giant mag-
netoresistance = o l(e) at low
pzz 2= (&) Fig.10. Graphic dependence of ¢,,(¢)/oo on the value of ¢/w,,
temperatures. According to equa- - .
. . which detects a pseudogap at high field values. The appearance of
tion (13) and when y ~ nwe, the main a pseudogap at H = 20T, that is, for the value of the parameter
mechanism of conduction in this case a1l

is the thermal excitation of quasiparticles at the edges of the pseudogap.

4 A

0..(€) /o0

-1.0 -0.5 0.0 0.5 1.0
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The two phenomena lay in the basis of the specific features of the magnetoconductivity in 2D layered
heterostructure, namely Landau quantization of energy levels in magnetic fields, and the disorder-
induced localization. In order to calculate the electron self-energy we use the self-consistent Born
approximation [28]. It is known that the imaginary part of self-energy is proportional to the density
of states:

i Z A
g(E) = o (Gf,n,pz,e—,u - Go’,n,pz,s—u)' (16)
07n7pz

Using the Poisson summation formula
+o0 +o0 +00 '
Sosm= 3 [ e du,
n=0 I=—c0 V@

which is valid for arbitrary function f(u), a € (—1;0), and after summation over momentum p,, we

obtain
> ATlt\  _omle
9(¢) = g0 <1 +2 ;:1(—1)1J0 < ;Tc > e~ cos <27leic>) , (17)

where Jj is the zero order Bessel function, gg is density of states at zero magnetic field.
In the self-consistent Born approximation, neglecting multiple scattering on one impurity, a non-
linear equation for unknown self-energy I'; is as follows:

r. sinh(aI's /Ty)
o cosh(al'c/Tg) 4 cos(2mzx)

(18)

Beyond the Born approximation the relation (18) is no more valid as other scattering mechanisms
should be taken into account.

Now, let us discuss other limitations of proposed theoretical analysis. First of all, we considered
the case of small values of the interlayer transfer integral, namely, when ¢, is less than the cyclotron
energy and than the LL’s broadening I'y due to impurities. In the other case, the electron interlayer
jumps and electron scattering on impurities should not be considered separately. The other limitation
is that magnetic field has the direction perpendicular to the layers. A finite tilt angle of the magnetic
field may be approximately taken into account by re-scaling the LL’s separation. In this paper we
considered short-range impurities, the generalisation of the obtained results for the case of screened
Coulomb impurities that is expected to be particularly relevant experimentally is addressed to future
work.

6. Conclusion

1. The hierarchization of InSe(5-CD(FeSO,)) structure results not only in the expansion of the initial
matrix but also in the decreasing of interlayer distance in non-intercalated areas of a nanostructure.
The essentially different variation character of the real component of the complex impedance is due to
the delocalized charge carriers in the initial matrix, in comparison with the case of clathrate synthesis
under the normal conditions. The hopping mechanism of conductivity gives a significant contribution
to the current conduction due to the concentration of trap centers in the vicinity of the Fermi level.
2. The response to a constant magnetic field applied normally to the nanolayers is accompanied
by a cardinal transformation of the frequency dependences Re Z(w) and the Nyquist diagrams only
for the structures synthesized in the electric field under the simultaneous illumination. In particular,
there appears a strong inductive response in the low-frequency interval. At the same time, unlike the
behavior of a nanohybrid synthesized under the normal conditions, the magnetoresistive effect, in this
case, depends on the frequency and can demonstrate a giant (almost 107) growth at room temperature.
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3. The influence of the magnetic field causes both a reduction of the conductivity associated with
delocalized charge carriers and a growth of the hopping conductivity, as well as the quantization of
energy levels of charge carriers, in particular, in impurity subbands, which can result in the oscillatory
behavior of the real component of the impedance in the low-frequency interval.

4. The theoretical model is developed to describe the interlayer magnetoconductivity in InSe(s-
CD(FeSQy)) heterostructure in strongly anisotropic 2D compounds. The Hamiltonian model describes
the noninteracting 2D electron gas in a magnetic field, the coherent electron tunneling between layers,
and the electron interaction with impurity potential.

5. The analytical expressions are given for the magnetoconductivity in the layered compounds
in presence of a quantizing magnetic field perpendicular to the layers and for short-range impurity
scattering in the frame of quantum transport theory. The electron scattering only on short-range
impurities is taken into account in the frames of the self-consistent Born approximation.

6. Graphic dependencies of oscillating magnetoconductivity are analysed for different values of a
quantizing magnetic field in a layered structure whose interlayer transfer integral can be controlled
artificially.

7. The thermally activated behavior of the magnetoconductivity minima that occur when chemical
potential is between the Landau levels is in agreement with the experimental observation of giant mag-
netoresistance maxima, reaching 107-fold values at low temperatures. The results of both theoretical
calculation and controllable experiments show the well qualitative and quantitative agreements of the
proposed theory with experiments in very anisotropic layered heterostructures.
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lNranTcbknini marHeTope3ncTnBHuii ecpekT B KaaTpaTi
InSe(5-CD(FeSO,))

Knamayk M. 1., Isamummn @. Q.12

! Haugonanrvruti ynisepcumem “JIvsiecvra noaimexrnixa”,
eyn. C. Bandepu, 12, 79013, Jlveis, Yxpaina
2 Yenemozoscvruti mexnonrozivnut yrisepcumen,
eyn. Apmii Kpatiosot, 17, 42-200, Hoavwa

Karpar InSe(8-CD(FeSO4)) 3 iepapxivuHo10 apxXiTEeKTYPOIO BUSIBJISE TIraHTCHKUI MArHITO-
pesuctuBHuil edekT Ta HAA3BUYANHY (OCIUIISIIiHY) TOBEIIHKY BOJIBT-AMIIEPHOI XapaKTe-
PUCTHKYM B MarHiTHOMY IIOJIi y HAIPAMKY, HEPICHINKYISPHOMY 0 HAHOIIAPIB. 3aImpo-
[TOHOBAHO HOBHUI TEXHOJIOTIYHMIA MiIXisd 10 cuHTe3y Oararomapool HaHocTpykTypu. Lle
JIO3BOJISIE JIOCATTH YOTHPHUPA30BOI0 CTYIIEHsI PO3LIMPEHHs I04aTKoBOI InSe HamiBIpOBiI-
HUKOBOI MaTpulj, B #kiil Kasirar (-uukiogekcrpuny (8-CD) i cynsdar 3amniza ciyrye
rOCTHOBUM KOMIOHEHTOM. Ile nae MOXKIIMBICTH PO3POOUTH TEOPETUYIHY MOJIEJb JJIs OIIUCY
MiKIITapOBOT MarHETOIPOBIIHOCTI B TakKiil HAJA3BUYAWHO AHI30TPOIMHIN JBOIIAPOBIiil CIIO-
Jyti. AHami3yoThcst rpadidHi 3aJIe2KHOCTI OCIMISTIHOT MAHETOIPOBIIHOCTI /1151 pi3HUX
3HAYE€Hb KBAHTYIOYOI'O MAarHITHOI'O IIOJIA B MIApyBaTiil CTPYKTYpi, B dKiil MixKITapoBuit
iHTerpaJ 1mepeckoky MoxKe OyTH KOHTPOJIBbOBAHUI IITYYHO.

Knw4osi cnoBa: ceaenid indito, xaampam, 1€paprivmii Cmpykmypu, IMNedaHCcHa Cnek-
MPOCKONiA, 212aHMCORULT MA2HIMOPE3UCTNUBHUTL eherm.
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