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The frequency of current fluctuations in two-valley semiconductors
in an external electric and strong magnetic (uH > c) fields

Boltzmann's kinetic equations have not been used to date to study nonequilibrium phenomena in semiconduc-
tors, and therefore, to obtain analytical expressions for the oscillation frequency inside the semiconductor and
the critical external electric field, it is of theoretical interest. In this theoretical work, the frequency of oscilla-
tions occurring inside a two-valley semiconductor of the GaAs type in an external constant electric field and
in an external strong magnetic field (uH > c, u-mobility of charge carriers, H-magnetic field strength, c-
speed of light) is calculated. It has been proved that the critical values of the external electric field fully corre-
spond to the values of the electric field, which were obtained by the Gunn experiment. It is proved that unsta-
ble waves are excited in GaAs if the crystal dimensions are L, > 4L, and L, < L,,. Analytical expressions
are obtained by theoretical calculation for an external constant magnetic field, when unstable oscillations are
excited inside the sample. It is proved that the growth rate of the excited waves is much less than the wave
propagation frequencyy <« w,. Numerical comparisons of theoretical expressions for the frequency of oscil-
lations are carried out using the data of the Gunn experiment w,~107 = 10° Hz.

Keywords: oscillations, frequency, distribution function, electric field, magnetic field, current-voltage charac-
teristic, multi-line semiconductors, Boltzmann's kinetic equations.

Introduction

In theoretical works [1-4], current oscillations in two-valley semiconductors of the GaAs type in an ex-
ternal electric field, and in external electric and strong magnetic fields are investigated by solving the Boltz-
mann kinetic equation. In these works, the critical values of the electric and magnetic fields were calculated
from the condition

L =0,=0(1)

(j is the current flux density, E is the electric field, g, is the differential conductivity). However, from
condition (1) it is impossible to determine the frequency of the current oscillation. Therefore, it is of great
interest to determine the current fluctuation in the presence of condition (1). In this theoretical work, we will
calculate the frequency of current oscillation and the critical value of the electric and magnetic fields by ap-
plying the Boltzmann kinetic equation.

In [5] a theoretical study was made of the radiation of energy in strong electric and magnetic fields from
two valley semiconductors of the GaAs type, in which the Gunn effect was discovered. It is known that dur-
ing radiation a GaAs sample is in a nonequilibrium (unstable) state. In this theoretical work, the condition for
the emission of energy from two valley semiconductors is theoretically investigated by applying the Boltz-
mann Kinetic equation. Such a theoretical approach is not considered in periodic and theoretical works and is
of scientific interest. The application of the Boltzmann equation proves that the condition of energy emission
from the GaAs sample, (i.e. the frequency of the current oscillation corresponding to the value of the electric
field in this case), fully corresponds to the Gunn experiment.

Theory

Typical examples of the dependence of the current density in a spatially uniform system on the field
strength under conditions when there is a falling section on the current-voltage characteristic are shown in

Cepus «dunsukay Ne 4(108)/2022 65



G.M. Mammadova

A
Jpbooo
Ji ="

A\ 4

Figure 1. The dependence of the current density on the electric field in two-valley semiconductors of the GaAs type is
an N-shaped characteristic.

An essential feature of the characteristic in Figure 1 is that in a certain range of currents j, < j < j,, the
field strength is a multivalued function of the current density. In this current range, the system can be in one
of three spatially homogeneous states. The Gunn effect is associated with an N-shaped characteristic. With
negative differential conductivity, electric charges in the system are distributed unevenly, i.e. spatial regions
with different values of charges appear in the system (i.e., electrical domains appear). One of the mecha-
nisms for the appearance of domains is the Ridley-Watkins-Hillsum mechanism [6, 7]. In electronic gallium
arsenide GaAs, the dispersion law is as follows
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Figure 2. Electron energy versus wave vector in GaAs.

Since the energy distance between the minima is relatively large (A= 0,36eV,A> T, T, is the lattice
temperature) under conditions of thermodynamic equilibrium, the presence of upper valleys (minima) practi-
cally does not affect the statistics of electrons.

However, with a sufficiently strong heating of electrons by an electric field, some of them pass into the
upper minimum. The effective mass of electrons in the lower valley m, is much less than the mass of elec-
trons in the upper valley m,,. Therefore, the electron mobilities in the corresponding valleys are related by
the relation

Up >> U (2)

If we designate the concentrations in the valleys n, and ng;, we can write an expression for the current
in the form
J = engqE + enpuy E (3)
n =n,+ n, = const (4)
(we neglect the diffusion current due to eEl > kT, e is the elementary charge, is the electron mean
free path). In works [5-6], without taking into account the intervalley scattering (it is considered small in
comparison with the intravalley one), by solving the Boltzmann equation, more specific conditions for the
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appearance of current oscillations were obtained. In the scientific literature, there are no works devoted to
theoretical studies of the Gunn effect taking into account the intervalley scattering based on the solution of
the Boltzmann kinetic equation. We will theoretically analyze the influence of a strong magnetic field on the
Gunn effect, taking into account the intervalley scattering, and calculate the frequency of the current oscilla-
tion under the above conditions by solving the Boltzmann kinetic equation.

Basic Equations Of The Problem

Under the action of external forces, the state of charge carriers is described by the distribution function
f (E, F), the value that is necessary when considering transport phenomena, f (E, F) is the probability that an
electron with a wave vector k (quasimomentum hE) is located near the point 7. We consider stationary pro-
cesses, then f (E,F) is clearly independent of time. The distribution function is found from the Kinetic
Boltzmann equation. It is known that the distribution function changes under the influence of external factors

and under the influence of collisions with lattice vibrations (phonons) and crystal defects. In the considered
stationary state, the influence of these factors mutually compensate each other.

(Z_{)external * (g_{)coll =0 (5)

In the presence of external electric and magnetic fields, equation (5) has the form [8]
- = > E)
5Vaf + 2 {E + 2 [5H]}Vef = () (6)

coll
Here v = %Vke(ﬁ) is the electron velocity, V; u V. is the gradient in the space of coordinates and wave

vectors.

When solving the problem, we neglect the anisotropy. The fact that no orientation dependence was
found in studies of the Gunn effect on GaAs samples speaks in favor of this assumption. We will assume that
for the lower valley the intervalley scattering prevails over the intravalley one, and for the upper valley, the
intravalley scattering prevails over the intervalley one. Then the Boltzmann equation for the lower valley can

be written in the form
ore or?
+ =0(7
( ot )internal ( ot )intervalley )

And for the upper valley — in the form

arb arvy
| (W)i_nte_ml + (E)_ =0®
Davydov [8] showed that in a strong electric field the distribution function has the form;
f=fo+3;f 9
fo is the equilibrium distribution function, is the momentum of charge carriers. It is clear that you can
write

fo=fe+ SR = 0+ AP (10)
Distribution function £? found from equation (8) in [9]
b
i = Bemoale=" (1) fp = — Tl 5O (1)

Here
wh*pud 3D*mk,T
= 1 =—Db20_(14
by Dzmlz,koT( 3) ap e?n2h8p2u3 (14)

It is clear that for the valley "a" you can write similar formulas (13-14) replacing "a" with "b". [, is the
mean free path, D is the deformation potential, T is the temperature of the lattice, p is the density of the crys-
tal, u is the speed of sound in the crystal.

Let's calculate the total current

J=TJa+]Jp (15)

> 2e OOﬁ 7247
J = s fy B vk (16)
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Davydov [9] showed that in the case of intravalley scattering £ in an external electric and magnetic
field £ has the following form

fb _ _elpmyp afy . E
p Op 1+(elb) H2
P

3D*mZkoT|1+

a, =

e2m2h8p2ul E2+

f* and a, are obtained if we replace "b" with "a" in (17-18). After an easy calculation of the current
density j, and j, from (16) we get:
7 3
> ellgagA g c? 4m? 5= CF(7/ am? /o o ae F(3/ ) (4m2 /2
Ja = 12m2h2m2 {E e212H2 ( g ) [ H] elg H‘; ( g ) + H(EH) H22 (a_a) (19)
After calculating the total current by the formula
_7 = ]_)a +fb (20)

_1
8nc? m/2 E, a /s elaa

;' . a 2 2r(3 -1
]Z 3\/—1—(3/2)1(1[_12 14y~ 3/223/4B {1 + t)/z B + —— 2c 2m H F( / )[1 + ty VA /ZB:I} (21)

Here
-1 _ m m a l -1 - 2
A=tz /2y1=_b,,y=_a,2=_a,t=_b, =Zle agh
Mq mp ap la
Ex\? 2
e=tat? = o~(F) = (1= Bx)° gz = 3D momikel 50y
- - EJ) 'TX T nm2e2n8p2ul

We write (21) in the following form
j=0F + 01[571] + UZE[EE] (23)

K is unit vector in the magnetic field. Comparing (23) with (21), one can easily write the expressions
o + o, 0,,0,. When obtaining an expression for the current density j, (21) we direct the electric field and
the magnetic field H,, as follows
E, = hE,, Hy = hH, (24)
The E, value is obtained from the following condition

5_0(25)

When estimating E2 for GaAs, the value
E2 = 43,84("/5,)” (26)
For all strong electric fields
E » E, (27)
quite satisfied. Now let's calculate the frequency of the current oscillation. When an alternating electric
field E' is excited inside the medium, an alternating magnetic field H' arises, which satisfies Maxwell's equa-
tion
aa—z = —crotE ' (28)
The current density in the presence of electric and magnetic fields has the form
j=0E + al[fﬁ] + Uzﬁ[ﬁﬁ] (29)
Let us direct the external electric and magnetic field as follows
E, = hE,, H, = hH, (30)
(R is the unit vector in z). We find the variable value jy, j,, j, from (29) taking into account (28-30),
then we get

]}'c - (1 #kaz)Eo) E + o [(1 N ckxEo) ZUZCS:EOJCkEyEO) ZEO‘zCkyEoE (31)
(32)
(Ex + Ey) (33)

o ' _ 0'1€sz0) (
Jy = —0,Ex + (a AT E +o1(1+
ZazckyEo

]z’ =(o+ GZ)EZ -
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Equating j, = 0 and j, = 0 to zero, we find E, and E,, from (31-32) and supplying E,, E,, in (33), we

obtain for j, the following expressions
20,ckyE, c ckyzuE, c ckykzuEy E, Ccky ¢ Eo) ZUZCkyﬂ(ﬂ

Jo = oo+ 22 (14 R 4 e - ) +

cuk,ckyEg\ E '
)
When deriving expression (34), we used the conditions of a strong magnetic field uH, > c. Equating
expressions (34) and (21), we obtain the following dispersion equation for determining the frequency of cur-
rent oscillation

. 3 ZazckxEO( ﬂ) 2, 207CkyEq o,ckyEy ¢ Ey Eg _
(0, — 6®)w? + 2200 (1 4 20) 2 4 w + 25 ey ik, (uHO HO+2HO) 0 (35)

w HO

Hy Hy
Here
. snc?m./2a, /* 1 5 ezl,zszal/2 3 ~1,1/
0= S @ = g [ 2B+ e T () + (1+ty12"2p)] (36)

Equating o, = 6 we easily obtain

Hy\2 c?mg *ag v
G -1 s - [ e

Yy

Putting the values of a, ** in (37), we easily obtain

1
0 Y czml/2 /2 Y4
Ho = [aﬁ(%)] 3;1) 8'< u“) (l) /4 (38)

From (38) we get
2
_(_=» Ho\*
EO_(CZ 1/2> ela((p) (39)

Mg

g
=52 r(3/2)] mo%)

Thus, the value of the electric field is obtained during current fluctuations in the above two-valley semi-
conductors of the GaAs type. In [8], it was obtained that taking into account (26)
Ey = E,, = 1500V /s,, (40)
Supplying (40) to (39), it is easy to see that
uHy > ¢
From the solution of the dispersion equation (35), we easily obtain

ch

1
2
" ck,E, iCkZEO (Z;) (41)

2H, Hy

For growing fluctuations

1/,
w= —Cgffo+ ldz;fo(z—;) = wy + iy (42)
From (42) it is seen that in the crystal L, > 4L, (43)
Y K wy

Thus, with the size (43) (L,-can be any), current oscillations (i.e., instability) are excited under an elec-
tric field (39) In the calculation, we direct E, along H,. Of course, any orientation of the electric and mag-
netic fields could be chosen. For other orientations, it is necessary to obtain expressions (21) and (34) in the
same orientations, and then find the vibration frequencies in the same orientations.

Discussion Of The Results

In valley semiconductors of the GaAs type, current oscillations occur under the influence of an external
electric and strong (wH, > c) magnetic field. The frequency of this oscillation w (42) is close to the fre-
quency of the Gunn effect, i.e. wy~107 + 10° Herz. This proves that the application of the Boltzmann
equation is quite valid, although the Boltzmann equation in strong fields is not always applied. By directing
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E, =1E,, E, = JE,, Hy = tHy, H, = JH,, one can carry out a theoretical calculation and determine the criti-
cal value of the electric field (including the magnetic field) and the frequency of current oscillation. Of
course, with such calculations, conditions (43) will most likely change. Theoretical analysis of current fluc-
tuations in multi-valley semiconductors of the GaAs type shows that the sample size at current fluctuations is
significant. This fact was confirmed in the experiment of Gunn. It should be noted that it is necessary to
solve the problem in a non-linear approximation, which requires the solution of partial differential equations.
This problem can be solved only by the asymptotic solution of a differential equation with the Bogolyubov-
Metropolsky method. The conclusion is to obtain an expression for the critical value of the electric field (39)
and for the oscillation frequency (42). They are indicated in the derivation and evaluated numerically using
experimental data.
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I'.M. MamenoBa

ChIpTKBI YJIEKTPJIIK KdHe KYIITIi MAarHUTTIK epicTepaeri (uh>c)
€Ki BAJICHTTI KapThLIAOTKI3rilITepaeri TOKTbIH (JIYKTYauus sKUUIIri

JKapTeutaiieTkisrimTepaeri Tene-TeHci3 KyObUIpICTap bl 3epTTeY YIIIH Ka3ipri yakbITKa neiiH borsiManHbIH
KAHETHUKABIK TEHICYi KOJIAHBIIMAIBI JKOHE KapThUIail OTKI3rilITeri TepOesic )KHULTITiHIH KOHEe KPUTHKAIIBIK
CBIPTKBI JIEKTP OPICiHIH aHATMTHKAIBIK OPHETIH aly TEOPUSUIBIK KbI3BIFYIIBUIBIK TYABIPaAbl. Byl TeopusiibIK
JKYMBICTa CBIPTKBI TYPAKThI AJIEKTP Opici MEH CHIPTKBI KYIITI MarHUT epicTepinie exi xonakTel GaAs TUnTeri
KapTHUIAHOTKI3TINI iIiHe TYBIHAAUTBIH TepOelic uiiiri ecentenrer (WH>>C — 3apsaThl TackIMaiayIbl-
JIapAbIH KO3FaIFBIITHIFb, H — MarHuT epiciHiH KepHeyi, ¢ — KapbIK KbUIIaMIBIFbI). [IIKi 5KOHE CHIPTKBI
Ti30€KTiH KUUTITH KO3ABIPY YIIIH YATiHIH OJIIIeMi aHbIKTaIFaH 00Tybl KaKET eKeHi Tonenaeni. Yori iminge
JKOHE CBIPTKBI Ti30€KTe TYpaKChI3 TepOemicTepAiH maina Ooysl YIIiH YITiHiH Oenrini 6ip Y3BIHABIFB OOTyBI
Kepek. CBIPTKBI 3JIEKTP OPICiHIH KPUTHKAIBIK MOH/AEpi ['aHH ToxipuOeciMeH anbIHFaH 3JIEKTP OpIiCiHiH MOH-
JiepiHe TOJIBIK colikec KeneTiHi aiikpiHaiasl. Erep kpuctangpia emmemi Ly>4Lz, Lx<< Ly 6onca, Typakcsi3
ToJKbIHAap GaAs-/e KO3ABIPbUIATHIHEI IoJIeIICHIeH. TeopHsIIbIK ecenTey apKbUIbl YITiHIH iIIiHAe TYPaKChI3
TepbericTep KO3FaH Ke37e CHIPTKBI TYPAKThl MarHUT OPICIiHIH aHATUTHKAIBIK ©PHET1 alblHAbL. TeOpPHsIIBIK
ecenTeyiep CBIPTKBI TYPaKThl JJEKTp epici MEH CBHIPTKbI MarHuT epici Oip OarbITTa OGaFbITTaNFaH Ke3ae

opbiganansl, srau, Hy =hH,,, E;=hE,, . Ko3ablpaTsiH TOIKBIHHBIH ©CYi TOJKBIHHBIH TapalybIMeH Y<<
(Do caJBICTHIPFaHIA NJCKala a3 eKeHi HaKThUIaHABL. ['aHH TOXIpHUOECIHIH JepeKTepiH Mmaianana OTHIPHII

(00 ~107 +£10° Hz Tep6etic KHUiMriHIH TEOPUATBIK OPHEKTEPIH CAHIBIK CANBICTBIPY JKY3€re achIphUIAbL YT
imiHgeri TepOenicTepai Ko3AbIPY YIIiH CBIPTKBI AJEKTP Opici MEH CBIPTKBI MATHHUT OPICiHIH OAFbIThI MaHbI3IbI
peI aTKapaThIHbl AHBIKTAJFaH.
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Kinm ce30ep: Tepbenic, Uik, Tapany (pyHKIHUICHI, JIEKTP Opici, MarHUT Opici, BOJIBT-aMIIEPIIiK CUITaTTa-
MaCBI, KOII CBI3BIKTHI JKapThlIai eTKi3rimrep, BonpIMaHHBIH KHHETHKAIIBIK TCHACYI.

I'.M. MamenoBa

YacToTa uIyKTyaluii TOka B IBYXBAJEHTHBIX MOJYNPOBOIHUKAX
BO BHELIHHUX JIEKTPUYECKUX U CHIIbHBIX MArHUTHBIX (nh>c) moJsix

Kunernueckue ypaBHeHus bonpiiMaHa 10 HaCTOSIIEr0 BPEMEHH JUISl MCCIICI0BaHNs HEPAaBHOBECHBIX SIBJICHHUI
B TIOJYIPOBOAHMKAX HE UCIIONB30BAHBI U MIOITOMY JULS MOITYYCHHUS aHATUTHYECKUX BBIPAKCHUH JUI 4aCTOTHI
KoJ1e0aHusl BHYTPH MOJYNPOBOAHHUKA M KPUTHYECKOIO BHEIIHETO JIEKTPHYECKOTO MOJIS MPECTABIAIOT TEO-
permdeckuil nHTEpec. B HacTosmel paboTe BBIYHCIACTCS YacTOTa BOSHUKAIOMNX KOJIeOaHUH BHYTPH IBYX-
JOJMHHOTO TOJNYNpoBogHHUKA THIAa GaAs BO BHEIIHEM IOCTOSIHHOM DJIEKTPHYECKOM II0JIE M BO BHEIIHEM
CHJIPHOM MarHMTHOM moje (UH > ¢ — NOJIBMXHOCTb HOCHUTENEH 3apsana; H — HapsHKeHHOCTh MarHUTHO-
TO MOJIS; ¢ — CKOPOCTH CBeTa). Jloka3aHo, 4To pa3Mmep obpasna il Bo30yKIeHHs KoyieOaHUi BHYTPH U BO
BHEILIHEH LENH JOJDKHBI OBITH OIpeieIeHHbIM. [0Ka3aHo, 4TO /Ul HOSBJICHUS HEYCTOHYMBBIX KOeOaHHi
BHYTpH 00paslia M BO BHEIIHEH Iiery o0pasell J0JDKeH UMETh OlpeeeHHYI0 HYy. OnpeieneHo, 4To Kpu-
THYECKHE 3HAYEHUS BHEIIHEro 3JIEKTPUYECKOro IOJIS BIIOJHE COOTBETCTBYIOT 3HAYCHMIO JIEKTPHYECKOTO
HOJIS, KOTOPBIE TTOYYeHBI SKcriepuMeHToM ['anHa. JlokazaHO, YTO HEyCTOHYMBEIE BOJHBEI BO30OYXIAalOTCS B
GaAs, eciu pasmepsl kpuctamia Ly, > 4L,;L, < Ly, LXKLy. TeopeTHueckuM pacieToM IONTY4EHbl aHAIIUTH-
YECKHe BBIPAKECHHS JUIS BHELIHETO MIOCTOSIHHOTO MarHUTHOTO IIOJIsL, TPU BO30Y)KICHUH HEYCTOHYHMBBIX KOJIE-
GaHuii BHyTpH 00pasua. TeopeTHYeCKUue pacuyeThl BHIIOIHEHBI, KOT/Ia BHEIIHEE TOCTOSHHOE DIIEKTPHYECKOEe

IoJe U BHELIHee MarHUTHOE II0JI¢ HamlpaBlIeHbl 0JuHaKoBo, To ectb Hy =hH,,; E, =hE,, . lokasano, uro

WHKPEMEHT HapacTaHus BO30YyXXIaeMbIX BOJH HAMHOTO MEHBIIE, Y€M 4YacTOTa PACIPOCTPAHCHUS BOJIHBI
Y & wy. [IpoBeCHBI YHCICHHBIC CPABHCHUS TCOPETHYCCKUX BBIPAXKCHUI JUIS 4acTOTHI KOJEOaHUI ¢ TOMO-
1IBIO JIAHHBIX SKcriepuMenTa ['anHa ®, ~ 107 +10° Hz. JlokasaHo, 4TO HANpaBleHHE BHENIHETO EKTPHYE-

CKOTO TOJI1 U BHEITHETO0 MArHUTHOTO TIOJIS Ui BO3OYXKACHUs KoJicOaHWH BHYTpU 00pasiia UTPArOT CYIIe-
CTBEHHYIO POJIb.

Kniouesvie cnosa: xonebanus, 4actora, GyHKIMS pacupelereHus, JeKTPHIEeCKoe I0Jie, MarHUTHOE I10JIe,
BOJIbT-aMIIEpHAsl XapaKTEePUCTHKA, MHOTOJIMHEHHBIE MOIYIIPOBOJIHUKH, KHHETHIECKUE ypaBHEHHs bombima-
Ha.
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