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Excitation of Thermomagnetic Waves in Multi-Valley Semiconductors
of the GaAs Type

It has been shown that in two-valley semiconductors, in the presence of a temperature gradient, a thermo-
magnetic wave is excited, which propagates perpendicularly to the temperature gradient. Such an unstable
wave is excited at an electric field value where ionization, recombination and generation processes do not oc-
cur. Then the total concentration of charge carriers remains constant. The Gunn effect in GaAs was discov-
ered in samples with ohmic contacts. However, obtaining true ohmic contacts in experiments is difficult;
therefore, the injection of charge carriers at the contacts must be considered: It is necessary to calculate the
impedance of the crystal in the presence of injection and to determine the capacitive and inductive nature of
this impedance. The excited wave in GaAs, under the conditions considered, depends on the frequency of hy-
drodynamic wave. The electric field acts between the valleys The Gunn effect was observed in GaAs at val-
ues of crystals of the axes. For other crystallographic orientations, the frequency and growth rate take differ-
ent values. In our theoretical study, an isotropic sample was used, following Gunn’s experiments. Of course,
theoretical investigations in anisotropic samples are also of significant scientific interest.

Keywords: thermomagnetic waves, growth, frequency, increment, dynamics, carrier concentration, character-
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Introduction

The conditions for excitation of thermomagnetic waves in a nonequilibrium plasma were first obtained
in the presence of hydrodynamic motions of charge carriers [1]. In this work it was stated that hydrodynamic

motions of charge carriers in the presence of a constant temperature gradient (V7' ) excite an alternating

magnetic field and in this case a so-called thermomagnetic wave with a frequency o, = —cAKVT arises in

the plasma (where ¢ is the speed of light, A is the Nernst-Ettinishausen coefficient, k is the wavevector).
In [2] the velocity and the thickness of the wave front are estimated, and the inclusion of an external magnet-
ic field affects the thermomagnetic wave profile only slightly.

The reflection wave depends on the initial voltage, magnetic field and fractional parameter in the semi-
conductor photothermal diffusion medium [3]. Maxwell’s equations were applied considering the absence of
infinite conducting and bias current medium. In addition, it applies the boundary settings for Maxwell and
mechanical stress, diffusion, chemical reaction, and temperature gradient at the interface near the vacu-
um [3].

Thermomagnetic waves can propagate along the wave vector or perpendicular to the wave vector. Such
transverse and longitudinal thermomagnetic waves were theoretically investigated in isotropic and aniso-
tropic conducting media in [4—7]. Of particular interest is the study of transverse and longitudinal thermo-
magnetic waves in semiconductors. In semiconductors, the flow of charge carriers creates hydrodynamic
movements, and an alternating magnetic field is excited in the medium without an external magnetic field
(thatis H,=0).

Impurity semiconductors are special media, because in them, considering two types of charge carriers
(electrons and holes). The conditions for excitation of thermomagnetic waves require several limiting cases.
It is known that in multi-valley semiconductors, unstable states of the medium are ensured by the creation of
generators or amplifiers. Of course, the Gunn effect in two-valley semiconductors of the GaAs type is of par-
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ticular interest. In GaAs semiconductors, the appearance of thermomagnetic waves can change. Experimental
conditions and, of course, the creation of Gunn amplifiers and generators. In this theoretical work, we will
investigate the appearance of thermomagnetic waves in two-valley semiconductors in the presence of an ex-
ternal constant electric field and in the presence of a constant temperature gradient. The studies will be car-
ried out at a specific direction of the temperature gradient relative to the wave vector and without an external
magnetic field.

In a plasma with a constant temperature gradient, a magnetic field arises. Unlike ordinary plasma, such
a plasma has oscillatory properties and thermomagnetic waves are excited and oscillations occur only in the
magnetic field. In this case, the wave vector of thermomagnetic waves is perpendicular to the magnetic field
or lies in the plane [7]. The speed of thermomagnetic waves is comparable to the speed of sound and the
speed of the Alfven wave. These waves are transverse magnetohydrodynamic waves propagating along the
lines of force of the magnetic field. Alfven wave oscillations involve not only the electromagnetic field, but
also particles of the conducting medium, this is Oscillations in them are possible only in the presence of a
magnetic field and a conducting medium that behaves like a single liquid or gas [8].

Electromagnetic oscillations are periodic changes in the field strength £ and induction B. Maxwell
showed theoretically, and Hertz proved experimentally, that a changing magnetic field generates an alternat-
ing electric field, in turn, an alternating electric field generates an alternating magnetic field. This changes
(oscillations) in the characteristics of the electromagnetic field occur in space [9]. In semiconductors, the
temperature gradient leads to the emergence of a thermoelectric field. In metals, due to the strong degeneracy
of electrons, their distribution generally depends very weakly on temperature, and therefore the thermoelec-

tric field is less than in semiconductors in the ratio AZ, . (e, — Fermi energy), this is by three orders of
F

magnitude. However, the same temperature gradient creates a flow of phonons that implement thermal con-
ductivity; the scattering of electrons on these phonons leads to their “increase”, this is to the appearance of a
noticeable drift velocity. Because of this, the thermo-emf can increase many times [10]. The concept of mag-
nification was introduced by L.E. Gurevich [11], who applied it to metals in the absence, and later in the
presence, of a magnetic field.

Fundamental in the field of kinetics of plasma processes are the works of L.D. Landau, who established
the kinetic equation for plasma, and B.l. Davydov, who investigated the properties of plasma in a strong
electric field. Due to the peculiarity of Coulomb forces in plasma, collisions with large impact distances are
significant, at which the scattering angle and the transferred momentum are small, and therefore the collision
integral can be transformed to an integro-differential form [11].

Instability of the hydrodynamic type in a plasma can also arise in the presence of an external magnetic
field and a temperature gradient. It was considered in the case when the magnetic field is parallel to the elec-
tric field creating a constant ethical current, and in the perpendicular direction there is a temperature gradi-
ent. At certain values of the parameters, aperiodic instability occurs in the plasma. The case when the mag-
netic field is parallel to the temperature gradient and there is no current was also considered. Circularly po-
larized waves called thermomagnetic waves can propagate in the plasma along the magnetic field [11]. Un-
der certain conditions, these waves become unstable and begin to grow. In a weak magnetic field, the insta-
bility is drift, and in a strong field, it is absolute. In L.E. Gurevich and B.L. Gelmont constructed a nonlinear
theory of amplifying thermomagnetic waves. Instability, which can be called kinetic, and which is associated
with the features of the distribution function of electrons and ions in the plasma, can arise in rarefied inho-
mogeneous plasma. Yu.A. Tserkovnikov investigated such instability in the presence of a non-uniform ex-
ternal magnetic field, in the case of non-isothermal plasma. In non-isothermal plasma the electron tempera-
ture significantly exceeds the ion temperature, and in the presence of a plasma density gradient [11].

When the wavelength of the emerging fluctuations significantly exceeds the Larmor radius, instability
occurs within a certain range of carrier concentrations and magnetic field values. In the case of shorter
waves, comparable to the Larmor radius, instability arises for all parameter values and is therefore consid-
ered “universal” [11].

If a semiconductor is in an external electric field, then the electrons receive a directed motion and drag
phonons along with them [11].

Under certain steady-state conditions, the current in solids can be unstable. In this case, increasing os-
cillations arise.

If a conducting medium is in an external electric and magnetic field, then a new branch of oscillations
(longitudinal) appears in its spectrum. These waves are weakly damped at frequencies significantly lower
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than the characteristic inverse relaxation times. In the presence of a gradient of any parameter determining
the distribution of the field or current, these waves can become unstable and grow like an avalanche. This
instability, which is often called a gradient, was observed in one particular case for plasma by Lehnert and
theoretically explained by B.B. Kadomizev and A.V. Nedospasov [11]. In semiconductors it was discovered
by Yu.L. Ivanov and S.M. [11] and most generally investigated by L.E. Gurevich and co-workers [12], who
formulated the above principle and constructed a nonlinear theory for one case.

In the presence of a temperature gradient in a conducting medium, a new type of instability phenome-
non is possible. In the case of plasma, it was considered in a special review; in solids, it is possible only in
very good conductors at hydrogen and lower temperatures. Under such conditions, weakly damped trans-
verse waves (thermomagnetic) arise, associated with oscillations of the magnetic field. In the presence of an
external magnetic field, these waves begin to grow. The work [12] describes an experiment by which it is
possible to detect thermomagnetic waves and their amplification.

The theory of fluctuations in a nonequilibrium state, for example, for a system in an external electric
field, was developed by V.L. Gurevich [13], using the kinetic equation for correlation functions of a certain
type.

Soviet theoretical physicists investigated the phenomenon in semiconductors with a falling volt-ampere
characteristic of an N-shaped connection. Such a characteristic can be caused either by the capture of elec-
trons in deep traps, or by the transition of electrons under the influence of an electric field to higher states
with lower mobility. The possibility of obtaining high-frequency oscillations gave rise to numerous studies
throughout the world. A.F. Volkov and Sh.M. Kogan considered nonlinear oscillations in the case of an
s-shaped characteristic. M.IL. Iglitsii, E.G. Pel, L.Ya. Pervova and V.I. Fistul investigated oscillations not as-
sociated with the space charge, arising in semiconductors with a carrier of both signs, if the differential re-
sistance for one of the carriers is negative [13, 14].

L.E. Gurevich and V.I. Vladimirov [14] investigated the kinetics of plasma with high radiative pressure
and showed that the phenomenon of mutual increase of electrons and photons significantly changes the ki-
netic coefficients. The conditions of thermal instability of the type investigated by A.V. Gurevich also
change. A special group of works in plasma kinetics is devoted to the so-called drift approximation, which
describes the behavior of a rarefied plasma in an external magnetic field that slowly changes in space or
time. In this case, the rapid motion of electrons along Larmor “circles” is accompanied by a slow displace-
ment and change in the radius of these circles due to a change in the magnetic field. Averaging over the fast
motion leads to the drift approximation. The theory of plasma oscillations based on this equation was devel-
oped by L.D. Landau, who showed that the problem of oscillations should be solved based on a certain initial
state of the plasma, that is, its initial distribution function [15-19]. It turned out that even in the absence of
collisions, plasma oscillations attenuate, roughly speaking, due to the transfer of wave energy to electrons,
whose speed coincides with the phase velocity of the wave. This peculiar attenuation, called Landau attenua-
tion, subsequently became the object of numerous studies.

We will consider excitation of thermomagnetic waves in the above semiconductors (in double-valley)
without an external magnetic field and in the presence of a constant electric field. The crystals are under the
influence of a constant temperature gradient. The temperature gradient is directed specifically along the ex-
ternal electric field. Between the valleys of the energy gap & — when compared with the energy eE!/ ob-
tained from the electric field of charge carriers, where / is the mean free path.

Basic equations of the problem
If the environment is under the influence of an external electric field £ and a constant temperature gra-
dient VT =const , then the electric field in the environment has the form:
.. - |OH| TV
E =E+ u +=21
c cn

(1

Equation (1) shows the full effect of the electric field inside the sample. Here E is the electric field in-
[vH]

c

side the medium due to the electric charge,

is the electric field arising due to hydrodynamic move-

I . . TVn . . D
ments with ¥ the velocity of the charge carriers, ——— is the electric field created due to the redistribution
c n

of uneven charges inside the medium. It is known that in GaAs semiconductors the first and second valleys

Cepus «dusukay. 2025, 30, 4(120) 47



E.R. Hasanov, Sh.G. Khalilova, A.H. Sultanova

have an energy gap between them A =0.36 e¢V. The mobility of charge carriers receiving energy of the order
of eEl (I is the mean free path of charge carriers) from the electric field can move to a high energy level if
eEl ~ A . If we denote the time of transition from the first valley to the second valley 1, and back by t,,,

then t,, >1,,, because the carriers in the second valley after scattering cannot move back to the first valley in
an elastic manner. The mobility of charge carriers p, >> p, due to the effective masses

m <<m; . 2)

Since in the Gunn effect there was no ionization and generation of charge carriers, the total concentra-
tion in the medium was constant, that is
n=n, +n, = const;
! i (3)
n =—n,.

The sample under consideration is without impurities and generation and recombination of charge carri-
ers are absent. The external electric field is applied to the crystal in such a way that ionization of atoms is
absent, therefore the concentration of charge carriers in the medium is constant.

Considering t,, and t,, the continuity equation in the valleys will have the form

on, +div j = i;

ot T, @)
on, .. ., n

—+divj, =—.

ot T,

Here j| and j; are the current flux densities in the valleys. Equations (2), (3) and (4) describe the law
of transition of charge carriers between valleys. The Gunn effect in two-valley semiconductors was observed
at external electric fields of the order of 2+3-10° \%rn and therefore at room temperature

ekl >> kT, ®)
(k, — Boltzmann constant). Equation (5) is the condition of a strong electric field.

In the environment, the current flow density is created by electric current £~ and therefore the current
flow density in each valley has the form:

j’l:nlulE*+n1u[[E*]f1]—ocl§T—a;[§TI:1J; ©
Jy =y, B 4 ), [EH] —o, VT —al) [@TH}
Thus, to obtain the dispersion equation, we must jointly solve the system of equations (4) taking into
account (3) and (6). Equation (6) is the flux density of each valley.

Theory

We must find the expression of the electric field F * from the variable concentration of charge carriers.
Therefore, equation (7), (8) will determine the expression E~ from n'.
First, we define £ from (1) as follows

oH

E—crotE*;
o’ ()
H' =—|kE" |;
| ]
-]2]1 +sz :(nlul +”2H2)E* +(n1“{ +”2M’2)[E*I:I]_(O‘1 +O‘2)§T_(a{ +a’2)[§TIjI]; (8)
JerotFI'. )
4no

Equations (7), (8) and (9) are Maxwell’s equation and the expression for the total current.
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Substituting (1), (7), (9) into (8) and expanding the vector dedication, we easily obtain ;| and j, the
equation of continuity of divergence will have the following form (10)

* ] - ! = EE*
=L A BVT 0 1.
e n, Ey o
2”* 272
=14 2K0 20 R (10)
0] ® 2n6m
dinA
=2 >
dInE;

From (10) it is evident that the propagation of thermomagnetic waves (finite excitation) depends very
strongly on the wave vector and on the temperature gradient. We consider the case k L V7' because the fie-
quency of thermomagnetic waves has the form

o, —c(kVT)L',

A" is the Nerst-Ettinshausen’s coefficient. Considering that all variable physical quantities have a mono-
chromatic form after that is

(Er*’nr) N eil?fc—mt
after linearization (4) we easily obtain:
o o\ 20ICKE, [ - o\ iTkE, n' ]
Ky —ulonw(kE )+ku10n +T(kE )+<k010n1061 —aloylkVT) Egead)n_m’
= o\ o, 20NCKE, (- P iTk n'
kjy = Haghyg (kE )_kuzon +T(kE )+(a1072kVT_k020”2082 _)mn_zo’ (11)
ABENVT
0

From (11) the solution to equation (11) is too complicated, and therefore we will consider the following
approximations

Bolp 1 1 (12)
Moo T2 Ty
The time of transition from the first valley to the second t,, and the reverse t,, transition are different

and t,, > 1,,. We consider the case when they are related to the relation (12).
Choosing the direction V7' and k as follows k L VT and substituting (10) into equation (4) we

c’k’ o 2kv, 20, .k .
O——- - —i +ikv,0+
4nc T, T T, 2noT,,

[—io)2 —2ik V0 — 2im, 0+
272 272 o

O+—+

4nc T,

+2ik O k0, + ik 0,0, — 1 EBI}(uzonzoaw 2ckul’n10)—{im2 + 2k 0,0 + 2iw, o —
TOo
2]€~ ) 272 . o . 272 .
L2 200 L CRES 0——2i0,0, — 2ik 5,0, +Z—kk02 (Moo + 2ckpty, ) = 0
TO

T, T, 2moT,,
U = E,0, =1,k
From (11) it is clear that the solution to equation (11) is too complicated, and therefore we will consider

the following approximations. Equation (11) is the dispersion equation for determining the frequency (13) of
the waves arising under the condition (12).
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Considering (12), from solution (11) we obtain:

2 272
0, =2 (040, ~0,) %[ 2| (i0-40, —0,F + 2| 20,260, +i S |; (13)
21, 21y, T, 4noc
272
=11 o —arp,+ <k (14)
T,y T 2nc

Equation (14) is a characteristic notation. From the analysis of (13) considering (14) we obtain and we
will select the imaginary and real parts of the oscillation frequency as follows:
i 112 ;.
0,=——-——(40, +0 )t (x+iy);
1,2 2’[21 2121 ( T X) ( y)

| 1
x=%[1/9;‘ oY +Qf}é,y=%[«/9f+§2;‘ —Qf}é.

(15)

Then from (15)

2 2
2 =
Q= ki ] (4(9T+0)x)2—(%j QZ+T—(2coT+2kUO);
. 21 21 (16)
272
Q- iz -2(4mT+mx)+LCk .
27y, "1, 2no

In (15) it is to see that one wave is decaying, and the second wave can grow if
1 [ ——2 J}é 1
— +¢3 = >— (17)
SRR R

2 (4 2 .
P, =M+4T21(mT +k60)—%;
(18)
1 (40, +0,) . ’k’t,

b,

2 2noT,

Equations (15), (16), (17) and (18) are the distinguished real and imaginary parts of the corresponding
quantities. By putting (18) into (15) we easily obtain:

0=, +io, (19)

In the notation (18) the obtained imaginary and real parts of the frequencies

®, =, {@[1/1 +(21,0, ) + 1}% —h}; (20)

T Ty
2 W

o =, @[ 1+(2T21®T)2—1} _ : (21)
Tu 21,,

Equation (20)—(21) define the expression for the part for the increment after theoretical calculation.
Analysis (21) shows that for a wave to grow with frequency (20), the inequality must be satisfied

8v2nw,6(w,1,)" >k (22)

Under the conditions of Gunn’s experiment, an increase in thermomagnetic waves is obtained under
condition (23). It should be noted that the condition for excitation of thermomagnetic waves in the above-
mentioned two-valley semiconductors was investigated for the first time and there is no experimental evi-
dence for the excitation of thermomagnetic waves in two-valley semiconductors.

Using experimental data of the Gunn effect, that is L=0.25mm, n~3-10'° cm™ is the length of the
sample, it is easy to prove that (22) is well satisfied. When obtaining (20), (21) and (22), it was taken into
account that
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272
T,0; > l,ﬂ <27T,0;,Ty > Ty, (23)
2701,
which are easily achieved under experimental conditions. Inequality (22) is the condition of excited thermo-
magnetic waves, inequality (23) is the relationship between the transition times between the valleys.
In our theoretical work, the conditions for observing thermomagnetic waves in two-valley semiconduc-
tors of the GaAs type are indicated and corresponding experiments can be carried out.

Results

Thus, in two-valley semiconductors, when charge carriers transition between valleys, a thermomagnetic
wave is excited, the wave vector of which is directed perpendicular to the temperature gradient. The frequen-
cy of this wave is thermomagnetic in nature. The growth increment of this wave is less than the frequency of
the wave. The frequency and growth increment of this wave depend on the times t,, and t,,. Such instabil-
ity is a purely thermomagnetic instability. The growth criterion of the excited wave is well satisfied when
using the data of the Gunn experiment.

Conclusion

For the preparation of high-frequency amplifiers, our theoretical calculation shows an improvement in
the quality factor of the devices.
Evaluation of frequencies , and growth increment o, taking into account the Gunn experiment data

shows that the frequency o, of excited waves is of the order of 10° Hz, and the growth increment «, of this

wave is much smaller, this is 10" Hz. It should be noted that the excited thermomagnetic wave propagates
with a higher frequency than the frequency of hydrodynamic waves (kvo) and a lower frequency of electro-

magnetic waves o, <ck . The results of our theoretical work, this is the expression for the frequency, the

expression for the increment is valid when the waves propagate perpendicular to the temperature gradient. Of
course, under the conditions k|| VT of excitation of the corresponding waves and the expression for them as
a function of the external electromagnetic field and as a function of the total concentration in the medium
will be different. The conditions of excitation of thermomagnetic waves in anisotropic crystals were theoreti-
cally investigated in [7]. To obtain the frequencies of current oscillations, it is necessary to calculate the total
resistance of the sample, this is the impedance of the crystal.
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GaAs THIITI Kell aHFAapPJIbI )KapThLJIail 6TKI3rimrepaeri
TEPMOMATHUTTIK TOJKBIHIAPABIH KO3Ybl

Exi aHrapiisl skapThUtail ©TKI3TilITEple TeMIeparypa TpaJuceHTI OoyFaH Ke3le TeMIlepaTypa IpaJueHTiHe
HEpIEeHIUKYJIIAP TapajJaThlH TEPMOMATHUTTIK TOJKBIH KO3FAlaThIHbI JCIICHAI. MyHIall TypaKkchI3 TOJIKBIH
MOHJaHy, PEKOMOMHALINS YXKOHE TCHEpaIys KYPMEUTIH JIEKTP OpiciHiH MoHiHIe Ko3famanpl. CoHpma 3apsin
TachIMaJIay IIBUTAPIBIH YKaJIbl KOHICHTPAIMACH TYpakThl Oomambl. GaAs-tarel ['aHH 3¢ dekrici chiHamana
OMJIBIK KOHTaKTiIep OOJIFaH Ke3[e aHbIKTalgsl. Toxipubeae OMABIK KOHTAKTUIEpAl ally KHUbIH, COHIBIKTaH
KOHTAKTUIepre 3apsj TachMajayllbUIapAblH MHBEKIMSACHIH KapacThlpy KaxkeT. VHbekuus OoiraH Ke3nue
KPHUCTAIIABIH KeJepTiCiH ecenTel, KeAepriHiH CHIMBIMABUIBIK JKOHE WHIYKTUBTI CHIIATBIH aHBIKTAy KaXKeT.
KapacTeIpbuibin oTbIpraH sxaraaiinga GaAs-Tarbl KO3FaH TOJKBIH THIPOJHHAMHUKAJIBIK TOJKBIHHBIH JKHITIriHE
GaiaHBICTEL. AHFapiap apachlH/a JKYy3ere achIpbUIaTHIH 1eKTp opici ['aHH 3¢ dexrici GaAs-Ta ocbTepiHiH
KPHCTAJIapPbIHBIH MOHJEpiHAE aHBIKTANIbl. KpuCTangslk OchTepHiH 0acka MOHAEPIHAE XHUUIIK HEH ecy
ociMiHiH Oacka MoHZIepi Oomaapl. bi3miH TeopusublK 3eprTeyimizne ['aHHBIH ToXipuOenepiHeH KeHiH
M30TPONTHI YITi KOJJAHBUIABL. OPHHE, AHW30TPONTHI YITUIEpAeri TEOPUSIIBIK 3EpTTeyNiep FBhUIBIMU
KBI3BIFYIIBUIBIK TYABIPAJIBI.

Kinm ce30ep: TepMOMarHMTTiK TOJKBIHAAP, OCY, XKHITIK, 6CYy, IMHAMHUKA, TACBIMAJJayIbl KOHIIEHTPALUSCHI,
CHITATTaMAaJIBIK JKUITIKTEp, CHIIATTAMAIIBIK KT opici, ['aHH a¢dekrici, xapThiiail oTKi3rint

9.P. T'acanos, III.I". Xanunosa, A.X. CynranoBa

Bo30yxaeHue TepMOMATHUTHBIX BOJIH
B MHOT'0JI0JIMHHBIX NMOJYNIPOBOAHUKAX TUNA GaAs

Jloka3aHo, YTO B JBYXJOJIMHHBIX ITOJIYIPOBOJHHUKAX MPH HAJIWIMHU TPaJUEHTa TEMIIEPaTyphl BO30YKAAETCS
TEpPMOMAarHUTHas BOJHA, PACHPOCTPAHSIOMIASCA MEPIEeHIUKYISIPHO TPaANCHTY TeMIepaTypsl. Takas He-
yCTOWYMBAsl BOJTHA BO30Y>KIaeTCs MPU 3HAYCHUH JIEKTPHIECKOTO TIOJIs, IPH KOTOPOM HE IPOUCXOIUT HOHH-
3aIus, peKoMOMHaIMs U reHepanus. [Ipy 5ToM 001as KOHIEHTpaIMs HOCUTEIIeH 3apsa OCTAeTCsl TIOCTOSTH-
Ho#. D¢ dext 'anHa B GaAs ObuT 0OHApYIKEeH HPH HAJIMYMHU B 00pa3iie OMUUECKUX KOHTAKTOB. [lyHa oOpas-
11a B 3kcriepuMente ['anHa cocraBisina L =~ 0,25 mum. [lonydeHne oMHuecKUX KOHTaKTOB B SKCIIEPUMEHTE 3a-
TPYIHEHO, MOATOMY HEOOXOJMMO YUHTHIBaTh MHXKEKIMIO HOCUTENeH 3apsaa depe3 KoHTakThl. Heobxomumo
paccuuTaTh UMIIEIAaHC KPUCTa/UIa TIPH HATMIUN WHXXEKIIUN U ONPeeTIUTh EMKOCTHYIO U HHAYKTHBHYIO TIPH-
poxy MMIeaHca. DIEKTPHUIECKOe MoJIe OCYIIECTBIIET Nepexo Mexay poauHaMu. Dddext ['anHa ObuT 00-
HapyxeH B GaAs mpy 3HaUCHMSIX KpHCTaUIorpadmdeckux oceil. [Ipu apyrux 3HaueHMsIX KpHcTauiorpadu-
YECKUX OCeH JacTOTa M MHKPEMEHT pocTa OyAyT MMeTh ApyTrHe 3HaueHus. B Hamem TeopeTHueckoM nccie-
JIOBaHMH HCIIOJIB30BANICS M30TPONHBIA oOpasel, cienys skcrnepuMeHTam ['aHHa. KoHewHO, TeopeTnueckue
HCCIICIOBaHMUS B aHM30TPOIHBIX 00pa3iiax Mpe/CTaBIsIOT HayyHbId HHTepec. B Hammx paboTax mpenacrasie-
HBI MCCJICIOBaHMS TEPMOMArHUTHBIX BOJIH B @HHU30TPOIHBIX 00pa3siax. OfHako B HAIIMX paboTax HEe YYUTHI-
BAIOTCS IIEPEXO/IbI MEXIY JOJMHAMH.
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