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Unstable Waves in Two-Valley Semiconductors in the Presence
of a Temperature Gradient and External Electric and Magnetic Field

A theory of unstable wave excitation in a two-valley semiconductor subjected to a temperature gradient and
constant external electric and magnetic fields is developed. The effects of the external electric field, the tem-
perature gradient, the magnetic field generated within the sample by hydrodynamic motion, and the electric
field arising from charge-carrier redistribution are taken into account. It is shown that the sample size plays
an important role in the excitation of unstable waves. The frequency of hydrodynamic waves is shown to be
twice that of the thermomagnetic waves excited in the sample. Analytical expressions for the frequencies and
growth rates of the unstable waves are obtained. Analytical conditions for the external magnetic field required
to excite hydrodynamic unstable waves are derived, and the ranges of the external electric field corresponding
to wave excitation are determined. It is established that the transition time of charge carriers from the lower
valley to the upper valley is shorter than the transition time from the upper valley to the lower valley. The
analysis is based on a linear theory and assumes that carrier mobilities differ only slightly from their equilib-
rium values. For the first time, the electric field generated within the semiconductor is taken into account,
demonstrating the feasibility of developing new Gunn-effect devices, including generators and amplifiers.
The proposed mechanisms are consistent with available experimental data on the Gunn effect. It is also
shown that the combined action of a temperature gradient and an external magnetic field can facilitate the de-
sign and optimization of high-frequency devices and amplifiers.
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Introduction

In GaAs semiconductors, the energy spectrum of charge carriers at a wave vector value k=0 has two
minima. Between the two minima, the energy gap has a value of A=0.36¢V . In the presence of an external

electric field E , charge carriers (in this case, electrons) receive energy from the electric field in order ~eF!/
(e refer to the elementary charge, [ refer to the mean free path) and, using this energy, move into a high ener-
gy band. The mobility of charge carriers is p, >> 1, (because m, <<, ).

As one moves from the first valley to the second, the total current decreases. At certain values of the ex-
ternal electric field, the sample begins to emit energy at a certain frequency. This effect was first observed by
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the English scientist Gunn and is therefore called the Gunn effect [1]. In 1963, he discovered that the electric
field £ ~2+3-10° V/cm causes oscillations in the sample at certain values.

The electric current E, , following the electric field value E>E, , oscillates at a frequency of

®~10’ +10" Hz. When the external electric field becomes greater than E,, of the sample, it begins to emit

energy, and the sample becomes an energy source. Based on the Gunn effect, amplifiers and generators were
developed, which are called Gunn devices. The theory of the Gunn effect was developed in [1-4], and the
physical basis of the effect was clarified. The energy spectrum of charge carriers in GaAs at Muller indices
of [100] has the form (Fig. 1).
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Figure 1. A plot of electric current Figure 2. A plot of the energy of charge carriers
as a function of the electric field as a function of the wave vector

The GaAs sample is assumed to be pure and free of impurities. Therefore, electrons are the only charge
carriers, and their total concentration remains constant

n=n, +n, =const . (1)

The Gunn effect theory in the presence of an external magnetic field was first developed in [5] and it
was proven that if there is an external magnetic field H , current oscillations begin at lower electric field
values, i.e., E~2+3-10° V/em.

This is due to the fact that electrons in the presence of a magnetic field twist and are quickly distributed
non-uniformly throughout the sample. In 1963, it was demonstrated in [6] that the hydrodynamic motion of
charge carriers in the presence of a temperature gradient generates a new wave, called a thermomagnetic
wave. In [6] the frequency of the thermomagnetic wave was calculated and the cause of its occurrence was
determined.

In [7-9] it was demonstrated that thermomagnetic waves can be excited in solids, and this wave does
not interact with sound waves. In [6] an expression for the effective electric field in a medium was obtained.
g O] TV

E (2)

c c n

Here E refer to the external electric field, refer to the electric field generated as a result of hydrody-

. . - T'Vn . C
namic movements with velocity v, and ——— refer to the electric field due to the redistribution of charge
cn

carriers within the medium.

The Gunn effect was studied in the presence of an electric field E. A theoretical study in the presence of
external electric and magnetic fields was conducted in [5].

However, no theoretical study has been conducted taking electric fields (2) into account.

In this theoretical work, we will investigate the oscillations of physical quantities in GaAs semiconduc-
tors, taking into account electric fields (2), the presence of a constant temperature gradient, and an external
magnetic field Hy. We will analyze the conditions for the emergence of unstable waves within the sample
and the relationship of the excited waves to the thermomagnetic wave.
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Materials and Methods

Under the influence of external forces (this is H , E , VT ), the charge carrier moves from the first val-
ley (Fig. 2) to the second valley in time t,,, and the reverse transition from the second valley to the first val-
ley takes time t,,. Therefore, the continuity equation in each valley is [9]:

M di j=t
ot T,
3)
on, ., - n
—+divj, =—
ot T,
Considering that the total concentration of charge carriers is constant, this is
n=n, +n, = const; 4)
n =-n,, (5)
]1 and ]’2 the current flow density in both valleys [9]:
Ji=nwE +nul [E*f]}_al [?Tﬁ}—aﬁﬂ ©)

J, =mLE +ny, [E*I:I} —a, [ﬁTI:I} —a,VT.
The relationship between the magnetic field and the electric field is determined by Maxwell’s equation

a—Hz—crotE*, @)
ot

¢ refers to speed of light.
Taking into account (4) from (3), we easily find

divj= [L - LJ n . (8)
T Ty

Substituting (6) into (8), we easily obtain:

div{cE* +2[vH] +Z(i—&)wl +o'[E'H |+ Z(i—&j[wﬁ] —aVT—a'[?TH]} =

Where j=j +7,.

¢ €\ Ty e\ Iy Ty
)
[ 11 ] ,
= ——— |n,.
T Ty
Where G{Mj,cl i, ,G,:(Mj,azal o —ol .
e e e e
Determining from Maxwell’s equations
jl +]’2 =8—Crotﬁ.
4n
Let's put j, and j, from (6), and we easily obtain an equation of the following type:
¥=d+(bx),¥=E". (10)

Due to the cumbersome nature of the expression 4 and b , we will not write out the vectors.

By multiplying equation (10) once as a vector £* and a second time as a scalar £ with a weak mag-
netic field (this is p,,H, << c ), we easily obtain
o [on]

E =———A'[VTH]+Lrot1L1+Z L1 luwiavr (11)
c 4nc e\n, hn,
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! ’
aoc—oa
Where A'=——>=
(¢

refer to Nernst-Ettingshausen coefficient

a
A=—,a=0a,+0a,,0' =0 +0a;

(e)
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- | AVTE, - .
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To obtain the dispersion equation for the frequency of the excited waves inside the sample, equations
(9, 10, 11) must be solved simultaneously.
We linearize equations (9, 10, 11) with respect to the physical quantities as follows:

E=E +E E' <<E.,H=H,+H ,H <<Hyn =ng+n,n <<n, (13)
and the total current flow
J=Jo+J-
We select the following coordinate system: H, = kH ,E, = iE, ,VT=iV T, i,k — unit vector.

0z? o

Considering conditions (13) from (9, 10, 11), after algebraic calculations:

=0 ,E! +Eo’+ 22 v, H! - UOZH;)+E1i[ﬂ—ﬁJn; +GlET +
¢ My My
P - (14)
+E1—yi[i—&JHon'—A8VXT x
k. \my 0
T
E =—k;
e
' H 'H k '
j =o' Oy O oUm+E1_yi[&_2Jn;+GgE: _E{&_&jn;:o; 15)
' ¢ ¢ ke \myy 1y CURL
o *, cSO ! ! kz . G] 62 ’ ! EO ’ ’
j =cE +—(UX0Hy—UyOHx)+Elk—l L= | +0y - H) —aV TH] =0; (16)
¢ v \Tho My o
H =—(kyEZ ~kE ) H! =—(kZEx kE ) H' =—(kxEy kE ) (17)
o Q) o ’
At
g bom (18)
’ My L, my
The dispersion equation has the form:
272 272
(Q+ikv,,) o’ +{Q(k60 —Zmr)+kx010 : k +i(kx010k60 — k0,020, —Q5 k J_
TG, 4nc
- (19)
—kfuluoyn[m+inj:|(o—kfolouoy (h+inJ(]€60 -2w, —i ¢ ]: 0;
Ty, Ny, 4no,

Q=kv, Mo -nk.v, —o(1).
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At k0, =20,
272 2,2
(Q+ikxl)10)0)2 +| kU, i koo, n’ +Q L ko, nh -
4nc, ~ ' 4no g 20 20
; o (20)
_k.fulOUUy li_ln =O
0 4no,
At
2,2
iEO = kXonnEl ni ° (21)
4o, 7y,
At 1, = Do 47;020 solution of (20) is
Eyny, ¢’k

This is o, <o, .
In this case, the growing wave of a hydrodynamic nature has a greater increment than the frequency of
propagation of this wave.

Results and Discussion

Thus, when a two-valley GaAs semiconductor is exposed to external energy, magnetic fields and a tem-
perature gradient with a specific direction, a hydrodynamic wave is excited instead of a thermomagnetic
electromagnetic wave. The excited wave is growing, and with increasing electromagnetic wave frequency,
the frequency of this wave increases. The sample size can be any value, and the ratio to the concentrations is

n P . .
—%>1. The transition time from the first valley to the second valley satisfies the condition t,, <7,,. The
My

magnetic field has specific values and satisfies the condition

woH, <<c.

The frequency of hydrodynamic waves is twice that of thermomagnetic waves. The electric field, under
increasing conditions of excited waves, has a certain range. During unstable states of the sample, the electric
field must exceed a certain characteristic field, this is £, > AV T .

Conclusion

The direction of the external electric field and the temperature gradient are the same. The direction of
the external magnetic field is perpendicular to the electric field of the temperature gradient. All theoretical
calculations were performed for oscillations of physical quantities within the sample. Thus, internal instabil-
ity was theoretically investigated. When oscillations of physical quantities are released externally, that is,
when current oscillations in the circuit begin (i.e., external instability) and energy is emitted from the sample,
the sample’s resistance decreases. To calculate the oscillation frequency during external instability, it is nec-
essary to calculate the impedance with a real frequency and a complex wave vector. This problem requires a
different type of theoretical calculation. Taking into account the temperature gradient and external magnetic
field simplifies the process of manufacturing high-frequency devices and amplifiers.
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3.P. I'acanos, lIL.I'. Xanunosa, P.I'. Myctadaesa

TemnepaTypa rpagueHTi >kdHe CbIPTKBI 3JIEKTP MEH MarHUT opicTepi
0ap xaFaaiaa eKki aHFapJIbl ;KAPThLJIAll OTKI3riIITepaAeri TYPaKchi3 TOJKbIHIAP

JKapTeinail eTKI3rimTep i KOpCeTIreH eKi aHFapbIHAa Oenriii 6ip OarbITTaFbl TEMIIEpaTypa rpaueHTi KoHe
Oenrimi Oip OaFpITTaFbI CHIPTKBI TYPAKTHI AJIEKTP JKOHE MAaTHUT epicTepi OOJFaH araaiiina Ko3aThIH TYPaKChI3
TONKBIHAAPIABIH ~ Teopwsichl  xacanabl. CBIPTKBI  DIEKTp  OpICiHIH, TemIepaTypa TIpagueHTIHiH,
THUIPOIMHAMUKAIBIK KO3FaJbICTap HOTHXKECIHJIIE YJITI INNHJC Maiaa OOJNIaThIH MarHUT OpiCiHiH, COHIal-aK
3aps] TackIMajJayIbUIapAblH KaifTa TapadyblHaH TYBIHIAWTBIH iIIKi 2JIEKTP OpiCiHIH acepiiepi ecKepiimi.
Typakchl3 TONKBIHAAPIBIH KO3YBIHAA YATIHIH ~ONIIeMi MaHBI3OBl pPOJl  aTKapaThlHBl KOPCETiI.
I'uapoaHAMHUKATIBIK TOMKBIHIAPIBIH KU aTaFaH YIIri iliHae K03aThlH TEPMOMArHUTTIK TOJKBIHIAPABIH
JKUITITIHEH €Ki ece KOFapbl eKeHi nonenaeHpi. [laiima OoNaTeIH TYpaKChI3 TOJNKBIHIAAPABIH KU MEH
ociMiHE apHaFaH AHATUTHKAIBIK OPHEKTEP aJIBIHIbL [ HMIPOANHAMUKAIBIK TAaOUFATTaFbl TYPAKCHI3
TOJIKBIHAAPIBI KO3IBIPY YIIiH KaXKETTI CBIPTKBI MarHUT OPICiHIH aHAINTHKAJBIK OPHEKTEPl aHBIKTANAbL. By
TONKBIHAAPIBl KO3JBIPYFa apHAJFaH CHIPTKBl JHEPTeTHKANBIK OPICTIH apaiblKTapbl OenriieHmi. 3apsm
TachIMaJIIayIIbUIApbIH TOMEHT1 aHFap/laH JKOFapFbl aHFapFa Ty yaKbIThl eKiHIII aHFapJaH OipiHIIi aHFapra
KaparaHJa KbpICKa eKeHi aWKplH#anapl.  CBI3BIKTBIK — TEOPHUs  KYPBUIBI, TachIMaJAaylIbLIap/IbIH
KO3FaJIFBIITHIFGI OJNIAPABIH Tele-TeHIiK MOHJEpiHeH IIaMaibl FaHa aifbIPMaIIbUIBIFEl Oap Jen KaObUiiaH[bl.
AJFan peT oChl JKapThlIail OTKI3TiLI ilIiH/e TybIHAANTHIH JIEKTP OpICiH ecenke any xaHa ['aHH acranTapbH,
SFHA TEHepaTopilap MEH KYIIEUTKITepAl jkacay MYMKIHAITIHIH MPaKTHKAIBIK >KY3€Te achIPhUIATHIHBIH
kepcerTi. JKympIcTa CHNaTTalfaH MYHIAi acmanTapAbl jkacay MyMKiHzaikrepi ['aHH a¢ddekrici OoitpaITa
TOKIpUOENiK JepeKTepMEH TOJBIK ColKec Keieni. TemmepaTypa TpagdeHTI MEH CHIPTKBI MarHUT OpiciH
€CKepy KOFapbl KHUUTIKTI KYPhUIFbUIAp MEH KYIIECHTKIIITEp i j)kacayFra MyMKIHJIK OepeTiHi KepceTii.

Kinm ce30ep: TepMOMAarHWTTIK TOJKBIHIAP, ©CY, JKHITIK, WHKPEMEHT, AWHAMHKa, TachIMalaylibuiap
KOHIICHTPALMSCH], CHUIATTaMaJblK JKHIUTIKTEp, CHIATTaMajblK JIeKTp epici, ['aHH 3¢dekrici, xapTbuiaii
OTKI3rinI

9O.P. Tl'acanos, l11.I'. Xanumnosa, P.I". Mycradaena

HectadunibHble BOJHBI B IBYXA0JMHEHHBIX NOJYNPOBOIHNKAX B IPUCYTCTBHHU
TeMIIePaTYPHOI'0 IPAJMEHTA U BHEIIHEr0 JIeKTPUY€eCKOr0 U MATHUTHOTO MOJIS

Pa3paboTana Teopusi BO30Y)KACHHSI HEYCTONUMBBIX BOJH B MPUCYTCTBUH TEMIIEPATypHOTO IpagyeHTa 3a/1aH-
HOTO HAaNpaBJEHUs, a TaKKe BHEIIHUX MOCTOSHHBIX JIEKTPUUECKOTO M MAarHUTHOIO Mojed 3aaaHHOro
HalpaBJICHUA B BYX YKa3aHHBIX JOJMHAX MOJYIPOBOJHUKOB. YUTCHO BJIMSHHE BHELIHErO JIEKTPUYECKOrO
MOJIS, TEMIIEPaTypHOTO TPAJAUEHTA, MarHUTHOTO IOJIS, BO3HHUKAIONIETO BHYTPH oOpasiia BCIEACTBHE THAPO-
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JUHAMUYECKUX JBWXKEHMH, a TAKKe BIMSHHUE 3JIEKTPUUECKOTO OIS, BO3HUKAIOIIETO BHYTPH 00pasiia BCiues-
CTBHUE TIepepacipesenieHust HocuTenei 3apsaa. IlokasaHo, 4To pasmep oOpasla UrpaeT BaKHYIO POIb IPH
B030YKJEHHH HEYCTOIUMBBIX BOJH. Jl0OKa3aHO, YTO YacTOTA THAPOJUMHAMHUYECKUX BOJH B J[Ba pa3a BBIIIE Ya-
CTOTHI TEPMOMAarHUTHEIX BOJIH, BO30Y’KIaeMBIX BHYTPH yKa3aHHOTO oOpasia. [loydeHbl aHamnTHIecKue BbI-
paXkeHHs U YaCTOTHI M HHKPEMEHTa BO3HHUKAIOIINX HEYCTOWYMBBIX BOH. ONpe/eneHsl aHaIUTHYECKIE BhI-
paXkeHHs IJIsI BHEIITHETO0 MarHUTHOTO T10JIsI, HEOOXOMMOTO ISl BO30YKICHUSI HEYCTOWYMBBIX BOJH THIPOIH-
HaMHYECKOW MPUPOJBL. Y CTaHOBJIEHB! MHTEPBAIHI BHEITHETO SHEPTETHIECKOTO OIS JUTsl BO30YKICHHS 9THX
BOJH. YCTaHOBIICHO, UTO NEPEXO/ HOCUTENEH 3apsiia 3 HIDKHEH JOJIMHBI B BEPXHIOIO MPOUCXOAUT OBICTpEE,
4yeM Iepexoi U3 BTOPOH J0IMHBI B nepByro. [locTpoeHa nuHelHas Teopusi, MPHU 3TOM MPeEIoNaraaoch, 4To
MOABM)KHOCTH HOCUTENEH 3apsia HE3HAUUTEIbHO OTINYAIOTCS OT UX PABHOBECHBIX 3HaUeHUH. BriepBele yuer
3MEKTPUYIECKOTO TI0JIsI, TEHEPUPYEMOT0 BHYTPU JAHHOTO MOJIYHPOBOAHHUKA, AEMOHCTPHPYET MPAKTUUECKYIO
BO3MOXXHOCTb CO3JJaHUsI HOBBIX NMPUOOpOB ["aHHa, TO ecTh TeHepaTopoB U ycwmnTeled. BoamoxkHoCTH co3xa-
HUS TaKHUX NMPUOOPOB, ONMCAaHHBEIE B pabOTe, MOJHOCTHIO COMIACYIOTCS ¢ IKCIEPHMEHTAIBHBIMI JaHHEIMH 110
sddexry ['anna. [Toka3aHo, YTO y4eT TEeMIEpaTypHOTO IpaJdeHTa M BHEIIHEr0 MarHUTHOTO IOJIS CIIOCO0-
CTBYET CO3JJaHUIO BBICOKOYACTOTHBIX IIPHOOPOB U yCHIIUTENCH.

Kniouesvie cnosa: TepMOMarHUTHBIC BOJIHBI, POCT, YacTOTa, HUHKPEMEHT, TUHAMHKA, KOHLEHTPALUs HOCUTE-
Jielt, XapaKTepHBIE JaCTOThI, XapaKTEPHOE IEKTPHUIECKoe 1oJie, 3 ekt ['aHHa, MOTynpoBOAHUK
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