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Instability in multi-valley semiconductors in external electric and magnetic fields

It is theoretically proved that the excited wave in two-valley semiconductors is growing. It is indicated that
the directions of external fields play an essential role for the appearance of growing waves in the sample. It is

shown that oscillations can occur at certain values of the sample dimensions Lx , Ly , Lz Analytical formulas
for the frequency of the growing waves are obtained. The interval of variation of the external electric field in
a strong magnetic field x#H >>C has been determined. The paper takes into account that the time of transi-
tion from the lower valley to the upper valley differs from the time of transition from the upper valley to the
lower valley. It meansz;, # 7,1 In the sample, the total concentration is constant, and therefore,
Ng =N, + N, =const. The changes in the corresponding concentrations are equal to each other and have
the opposite sign, i.e. N, =—ny . It is taken into account that at critical values of the electric and magnetic

fields and the corresponding concentrations they change as a monochromatic wave. And the change in these
quantities differs little from their equilibrium value. For simplicity of mathematical calculations, the external
electric and magnetic fields are directed in the same way, i.e. in x direction. Since the current oscillations in
one direction (for example, along x) are studied in the experiment, the following equalities were taken into

account jy, =0, j; =0 In the vicinity of the critical field at the beginning of the current oscillation in the

sample, the current oscillation frequency is @ =@, +i@,, @, << @, . In addition, the magnitude of the

critical electric field, at which the current fluctuation changes depending on the magnetic field as follows
1
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Introduction

In [1-5], current oscillations in semiconductors with one type of charge carriers and in semiconductors
with two types of charge carriers were theoretically investigated. In these theoretical studies, analytical ex-
pressions were obtained for the vibration frequency and for the critical electric field at the onset of vibration
inside the sample. It is known that fluctuations in the current in the Gunn effect occurs due to the transition
of electrons from a low energy level to a higher energy level. Of course, after the transition of electrons from
the lower energy level to the upper energy level, the number of charge carriers in the lower valley decreases,
and in the upper valley their number increases. After the inelastic interaction of charge carriers, losing the
energy received from the electric field, they return to the lower valley. The transition time from the lower
valley to the upper valley z,, differs from the time of the transition from the upper valley to the lower valley

Ty, 1€
Under the influence of external electric magnetic fields, current fluctuations in the circuit occur due to
the presence of inequality (1). The effective mass of charge carriers m, in the lower valley, and the effective
mass of charge carriers ™ differ significantly
m, << mj 2
(in GaAs, m, =0,072m,, m, =1,2m,, m, is the mass of a free electron). In the Gunn effect [6], current

- . i . _ 2-10%V 3-10%V
oscillations begin at a critical value of the external electric field, approximately Am or Am. In
these critical values of the electric field, the inequality
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eEy,L >> DVn 3
(L is electron mean free path, e is elementary charge, D is diffusion coefficient, Vn is electron con-
centration gradient). In force (3), during the transition from valley a to valley b, diffusion currents do not
play the main role. In this theoretical work, we will investigate current oscillations in semiconductors of the
GaAs type under the action of an external constant electric and magnetic fields, taking into account inequali-
ties (1-3). Under the conditions of execution (1-3) and taking into account the direction of the external elec-
tric and magnetic fields, we will theoretically investigate the frequency of current oscillations in the above
semiconductors and the critical value of the external electric field. We will investigate current oscillations in
two-valley semiconductors at different directions of external electric and magnetic fields.

Basic equations of the problem

The electron concentration in GaAs is constant, therefore
Ny =N, +n, = const

Ny =-n, (4)
The equation of continuity in the valleys “a” and “b” is as follows:
ony .- N
—2 4divj, =—2 (5
otV =7 (5)

T gy =2 (6)
ot Ty

Taking into account (3) in the presence of external electric and magnetic fields, the expressions for the
flux density in the valleys “a” and “b” have the form:

Ja=0.E+0y, [EHJ+0’2aI:| [EH] @)
b =o,E+oy [EH]+JZbH [EH] ' (8)
Here o,, =en,pttaps Glap =€Mapthap’ Ozap =CMaplap: Haptap toap COTESpONding to electron mo-
bility '

’

% =—irotE’ (9)

Theory .
To determine the dispersion equation from (5, 6), taking into account (7-9), we will assume that all var-
iable quantities change as monochromatic waves, i.e.

TV i(E?—Wt)
| o (-E,H N2.ng) e- | 8]
(x is wave vector,  is vibration frequency within the sample)
E=E +E'n, =nd+ny,n, =ng +ny,H=Hy, +H" (10)
The direction of the magnetic field H, relative to the electric field E, is essential for determining the

dispersion equation. First, we obtain the dispersion equation from (5-6) with the orientation of the electric
and magnetic fields by the following sample

E, =iE,,Hy =iH, (11)

(7 is unit vector in x). On the basis of (11) from (7) it is easy to obtain:

’ 0 0

- - -~ N - c — -\ 205.CEyr-=

o = 9B +T2E} (020s + 09agp2a )+ T - Eo(a§+a§a)+|aga5;+"laHE0(E;k—kXE')+—“Za °[KkE'] (12)
Na0 wH, oH,

jy has the form (12) only “a” must be replaced by “b”. Writing down the components (12) ( ji. Jay  J2:)
and from the condition j;, =0, j;, =0 finds the components E; and E; then supplying the values Ejand

E, in ji, we find:
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. . 20,,Ck,E 1 209,ck, By (2L, 1 , o
Jax = O-ga (l+2¢2a)+2¢a0 -2z 0. 0 0 - T _y+_2 Ex +_ao-gaE0 (13)
wH, 0a01a  ®H ’ oH, L, u N.o

2(5§a )2 ckyEy

ity has the form (13) if “a” is replaced by “b”. Supplying j, and j;, in (14) taking into account (4)
divi, N, (1+iwry,)
(1)
diviy, = np (1+icry)
™
We easily obtain the following dispersion equation

i L, 4rc 87cE ol 87cE Lo
[;_wwgakxonaga 0| D7 g | AR Bk (1 by ) Srok (1 Lo o,
(&3] 2mt, By Hol, LyHo u"\47 u,B Holx \ 47 1B

i L,w? 4 E ol L,w
+ LJFIUgkaEO O'gb @, 1L 2w _LEO_%.% 1 Yy ) _8rck 15 )
T 4 u,Ey HoL L,Hy u”l47 uE HoLy \ 47 1,Eq

(15)

Here @, =2¢, +1+2¢,,, @, =2¢p, +2¢,,
From (15) it turns out:
. m .
o° —{LﬂugkaEO +a 0, +—a&[L+ygakXEo Ha)z +
o1 My @y \ 712

1 T12

"{wa (L"'ﬂgbkxEO]aa + 0,0y + 00y (L+ﬂgaE0kxj:|(0_ (16)

i m,( i
— Wy Wy (_"' /ugb Eokx]_wxwa _a[_"',ugakxEOj =0

T My \ 712
2cL 2cL 47°E
Here a)xzm—CEO,aa:2(Da+—y,ab:2¢b+ Y ,wa:M
HOLx ,uaHOLx xUbHOLx (DaLy

Supplying in (16) o=, +im,, taking into account @, << @, (17), we obtain the following two equa-
tions for determining w, and o,
@ — Qo +2Q oy + yiay —yim —& =0 (17)
3af o — 2oy — 2 + Yoy +yiay -5 =0 (18)

2
M, i 2 —% (’uaEO) 2 _ 87 /,lan . 53 _327[2 O_O /UZa/uaEO
) 0 —

Here =10 Ek,, @ =—2.— = Al . =
% = Han ok Ty 7 7 ou LL, YUu Kk, u L2

53647 (4E)" 2 m,

U4 oLl o, m

When obtaining dispersion equations (17-18), we assumed that
2
m, 1(m,
=r,—, L, =4L,, L, >~ 2| L
71 =712 m y 71 Lx 2[ ] y

a

Analysis of equation (17-18) shows that for
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2
1 L
>E_, K =—| —2— (19
. rew [leJ 127?0’2b#3a( )

8o My My A1my 1 (20)

),
0 0 !
u m, u, 3m, 7

And the condition @, >> @, is met if

Ty >> ;(%] (21)

24engp 11, \ My

It can be seen from (20) that the frequency of the growing oscillations decreases with «, an increase in
1

.. . . k .
the external magnetic field a3w~%, and the critical field decreases as bOH . Thus, with an external

magnetic field, it is possible to obtain current oscillations in two-valley semiconductors at lower values of
the external electric field. This result was obtained in our previous theoretical works [7]. If we evaluate the
existing experimental values (19-20), then we can easily get approximate values

E, ~102V

@ ~10°Hz, @, ~2-10"Hz, Am, Ty ~67), .

Now we will choose the following orientation of the electric and magnetic fields
Eo =ik, Ho :J?Hol (22)

With orientation (22), repeating calculations using equations (5.6) taking into account (4), we obtain the
following dispersion equation

~ 2 2 ~ 2 2 . 2 2
6, o;+o, [ 1 &, 1 o U, +o,U i (o o
o, P Oa\T21 712

Here

din din
0'2=k6au ,0'2=k6'ua,5azaa 1+2¢,); 6, =0, (1+2¢,); ¢, = Ha Y = Ho
P T2 0( ) P bo( ) dIn(Eoz) dIn(Eé)

From (23) is the electric field

_ 20, 0y (1+0, +0,) _ 2(Den_b0 (24)
€Ny g o, Ky Ke
Supplying (24) to (23) with

721 Oq Tp2 a

2 2 2
5 O + O
[i+@.ij e, T 02 o)
O

We obtain the following expressions for the oscillation frequency in the above two-valley semiconduc-

tors
1(1 6, 1i 11&b1[i }
= —+= || =(1+42) ]|, @y =—F=| —+ 2 || =(1-~2 26
“ \E(TZI +5—a z-12]|:2( +\/_):| “2 \E[TZ]_ +5—a TIZJ 2( \/_) ( )
It can be seen from (26) that the excited wave with frequency «, = i(i+@i] and grows with
V2 Tar 04 Tp2
the increment ;/:i i+@-i 1+42
2\t 6, 71 2
A wave with a frequency @, is damped. This means that when the magnetic field is directed perpendic-

ular to the electric field, a wave is excited with a frequency that is very different from the case Eo L Ho
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Conclusion

Two-valley semiconductors with valleys “a” and “b” effective masses of electrons are m, < m,. In an
external constant electric and magnetic fields, we radiate energy at a high frequency, at certain values of the
electric field. Magnetic field values are u, Hy >>c¢ and x4, Hy >>c. These fluctuations occur in the sample

with certain values L,,L,,L,. Hy L E, the oscillation is excited with a different frequency and in a different

value of the external electric field. Rough estimates of the electric field and vibration frequency within the
existing experiments are quite satisfactory.
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9.P. I'acanos, III.I'. XanumoBa

ChIPTKBI 2JIEKTP KIHE MATHUT OpicTepinaeri
KOIIKAKTHI ’KAPThLIAl OTKI3rimTepaeri TYpakcbI3AbIK

ExikakThl KapThUlail ©TKI3TIIITEpAeTri KO3FaH TOJKBIH OipTiHAEN apTaTHIHBI TEOPHUSUIBIK TYPAE AOJICIICH/II.
CBIpTKBI ©picTepaiH OaFbITTaphl YATLAET1 apTHIN Keje jKaTKaH TOJKBIHAAPIBIH Maiiia OOoMysl YIIiH MaHBI3IbI

pex aTkapaThiHbl KepceTitren. TepGemicTep yiri enmemaepinin Genrini 6ip mongepinne L, Ly ,L, Gomysr
MYMKiH €KEHJIT1 ToNeNACHTeH. APTHIT Kelle KaTKaH TOJKBIHAAPIBIH KUITIr YIIH aHATUTHKAJBIK (GopMyIia-
nap ameiEAbel. Kymri marsmt epici 6ap f(H >>C cripTke! amextp epiciHiH e3repy apambIFbl aHBIKTAIIEL.
JKymMbicTa TOMEHT1 aiMaKkTaH >KOFapFbl aiiMakKa ©Ty yaKbBITHI KOFAapFhl aiiMaKTaH TOMEHT1 aiiMakka eTy ya-
KBITBIHAH ©3Telle eKEeHIri ecKepinreH. bys nereniMis 7, # 7,q . YJTijle *ajmbl KOHLEHTPALHs TYPaKThI,
CoHABIKTaH Ny =N, + Ny = CONSt. TuicTi KOHIEHTpamUsIAPIBIH ©3repyi Oip-OipiHe TeH oHe Kapama-
Kapchl TaHOara ue, sFuu N, = —Ny . DIEKTp %oHEe MArHUT OPICTEPIHIH KPUTHKAILIK MOH/IEPIHJIE KaHE THICT

KOHIIEHTpaLysIapia MOHOXPOMATTHI TOJIKBIH peTiH/e e3repeTiHi eckepinai. XKoHe Oy mamanapabiH e3repyi
OJIap/IbIH TeTle-TeHAIK MOHIHEH a3 epeKiueneHe1i. MaTeMaTHKaIbIK ecenTeyiep/iH KapanaibIMIbUIBIFb YIIiH
CBIPTKBI JIEKTP JKOHE MarHUT epicTepi Oip OarbITTa, SIFHA X OOWBIHIIA OAFBITTATFaH. DKCIEPUMEHTTE TOKTHIH

. . . o . . . ! !
Tepbenicrepi Gip GarbITTa (MBICAJBI, X OOMBIHINA) 3EPTTENTCHIIKTEH, Keleci TeHIIKTep ly = 0,]; =0 6o-

JIATBIHBI €CKepiIai. YJrimeri 6acTanksl TOK TepOeMiCiHiH KPUTHKABIK OPICIHIH alfHalackIHIa TOK TepOemici-
HiH Kuiniri @ =@g +i@;, @ << @ . COHbBIMEH KaTap, KPUTUKAIBIK SJIEKTP OPICiHiH MaMAachl, TOKTHIH

1

4
external

TepOenici MarHuT epicine OaiimaHbICTHI Keneciaeit esrepeai Ey, ~

Kinm ce30ep. apty, TepOelnic, )KHULTIK, 6Cy, )KaKThl, KO3FaJIbIC, THIMII Macca, ['aHH 3¢ ¢exTici.
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HCYCTOﬁqHBOCTb B MHOI'OJAOJHHHBIX IMOJYINPOBOAHHUKAX BO BHCIITHEM
INEKTPUICCKOM U MATHUTHOM I10JISIX

TeopernueckuM 00pa3oM IOKa3aHO, 9TO BO30OY)KaaeMasi BOJIHA B ABYXJOJIMHHBIX ITOJYIPOBOJHAKAX SIBIISET-
csl HapacTaromieil. Yka3aHo, YTO HallpaBlIeHNs] BHEIITHUX MOJEH UTPalOT CYIMIECTBEHHYIO POJIb IS MOSIBICHHS
HapacTaloIUX BOIH B oOpasie. ITokazaHo, 4To kKoaeOaHHs MOTYT MPOMCXOJUTH MPHU ONpPEAEICHHBIX 3HaYe-

HUAX pasMepos obpasua L, Ly ,L, . Tlonmydens! anammtiaeckune (opMyITBl LTS 9aCTOTH HAPACTAFOIIUX BOJH.

Onpez{eﬂeH HUHTEPpBAJI H3MCHCHHS BHCIIHETO JJICKTPUYECKOTO MOJid IpU CHUIIBHOM MAarHuTHOM IIO0JIE
,LlH >>C . B cratbe YYTEHO, UTO BpEMs II€EpEXoaa U3 HIDKHEH JIOJIMHBI B BEPXHIOIO OTINYACTCA OT BPEMEHU

nepexosia U3 BEpXHEH JOJMHBI B HMKHIOK. DTO O3HAYaeT T1p, # Tpq . B 0Opasuie 00mas KOHLEHTpaIus 1o-
CTOSIHHA, HO3TOMY Ng = Ny + Ny, = CONSt. M3MeHeHUs COOTBETCTBYIONMNX KOHICHTPAUH PaBHEL APYT OPY-

Iy U UMEIOT IPOTUBOIOIOKHBIN 3HAK, TO €cTh N, = —N{ YYTEHO, YTO IIPH KPUTUYECKUX 3HAYCHHUAX DIEK-

TPUYECKOTO U MArHUTHOI'O mmoJjei COOTBETCTBYIOIIME KOHICHTPALUU MCHAIOTCSA KaK MOHOXPOMATHYECKUE
BOJHBL. V3MeHEeHUe 3TUX BEJIMYUH MAJIO OTJIMYAETCS OT UX PaBHOBECHOT'O 3HAYCHUS. ,HJ'IF[ IIPpOCTOTHI MaTEMa-
THYCCKHUX BBIUMCIICHUI BHEIIIHEE QJICKTPHUYCCKOEC U MAarHuTHOC I0JIA HaAIlpaBJICHbBI B OJTHOM HallpaBJICHUU, TO
€CTh 110 HAIIPaBJICHUIO X. HOCKOJ’[LKy B SKCTICPUMECHTE UCCIIENOBAHBI KoJieOaHus TOKa B OJHOM HaIlpaBJICHUUN

H H
Harpumep, BAOJIb X UTBHIBAJIUCH CICAYIOIIME PAaBCHCTBA. = O, = 0 . B okpecTHOCTH KPUTHUECKOTO
> s y z

oJIsi B Havayie KojeOaHHus TOKa B 06pa3ue, 4acToTa KOJIeOaHUs TOKa @ = W +i w,, 0, << wy . KpOMe

TOTO, BEJIMYMHA KPUTUYECKOTO DJICKTPHUYICCKOI'O IMOJIA, IIPU KOTOPOM KojiebaHe TOKa U3MEHSETCS B 3aBUCH-

1
H4

external

MOCTH OT MAarHuTHOTI'O I10JIAA, BBIITIAAUT CICAYOLIUM 06pa30M: Ekr -~

Knrouegvie cnosa: HapacTaHue, KoyieOaHHE, 4acTOTa, NMPUPAIICHHUE, JIOJIMHA, MOJIBHXHOCTh, 3((OEKTUBHAS
Macca, ¢ dexr ['anHa.
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