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Transverse and Longitudinal Thermomagnetic Waves in Conducting Media

The excited thermomagnetic wave in anisotropic conducting media is analyzed theoretically at different di-
rections of the gradient of the temperature VT, relative to the wave vector & . It is shown that at k L VT
(transverse wave) and at k I VT (longitudinal wave) the oscillation frequency has different values. In these

two cases, the excited thermomagnetic waves are increasing. The increment of the increase in each case has
different values. It is shown that the values in different directions of electrical conductivity for the excitation
and for the increase of thermomagnetic waves play a major role. Depending on the selected conditions, the

frequency of thermomagnetic waves changes significantly. In both cases (i.e. k LVT and k H@T ), the

choice of coordinate systems does not affect the theoretical calculation at all. The frequency and increment of
thermomagnetic waves do not depend on the choice of coordinate systems. However, the choice of coordinate
systems significantly affects the choice of the direction of the magnetic field and the temperature gradient.
The velocity of hydrodynamic motions of charge carriers turns towards the temperature gradient. The excited
magnetic field upon excitation of charge carriers (electrons) depends very much on the direction of the tem-
perature gradient. The oscillation frequency of excitation of thermomagnetic waves depends linearly on the
value of the temperature gradient. The increment of growth of excited thermomagnetic waves has different
values for different values of the tensor of electrical conductivity of the medium o, . It is stated that if the

wave vector of excited waves and the constant gradient of the temperature are directed at an angle, i.e.
(l;%T =kVT cos a,[lgﬁ T} =kVTsin OL) theoretical calculation of the oscillation frequency and the increment
of growth fails due to the high degree of the dispersion equation relative to the oscillation frequency. This

theory does not consider the electric field created by the redistribution of charge carriers. The theory takes in-
to account that the constant temperature 7, , external field E, and the mean free path of charge carriers sat-

isfy the relation k7, < eE/, k, is a constant. At kT, —~ eE,/ and k,T, > eE,/ a very high temperature is re-

quired, i.e. melting of the medium begins.

Keywords: excitation, frequency, increment, thermomagnetic, dispersion equation, temperature gradient,
wave, wave vector
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Introduction

In the work of L.E. Gurevich [1] it was shown that hydrodynamic movements in a nonequilibrium
plasma, in which there is a temperature gradient, lead to the emergence of magnetic fields.

In the same work it was found that plasma with gradient of the temperature VT has oscillatory properties
that are noticeably different from the properties of ordinary plasma. Even in the absence of an external magnet-
ic field and hydrodynamic motions, transverse thermomagnetic waves are possible in it (i.e., k£ L VT, k—
wave vector), in which only the magnetic field oscillates. If there is a constant external magnetic field
H,, then the wave vector of thermomagnetic waves should be perpendicular to it and lie in the plane

(H,, VT ). In addition, the usual Alphen wave splits into two hydrothermomagnetic waves, in which the vec-

tors ¥ and are perpendicular to H'. The spectrum of magnetosonic waves can change noticeably if the propa-
gation speed of thermomagnetic waves is comparable to the speed of sound and the speed of Alphen waves.

If there is a uniform magnetic field in a plasma with gradient of the temperature, then under the influ-
ence of thermomagnetic fields it gradually turns in the direction of the temperature gradient.
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Research of thermomagnetic waves in homogeneous conducting media (in semiconductors and metals)
was carried out in works [2—11]. However, there is no excitation of thermomagnetic waves in anisotropic
conducting media. In this theoretical work we will analyze some conditions for the excitation of stable ther-
momagnetic waves in anisotropic conducting media without an external magnetic field H, =0 and in the

presence of a constant temperature gradient.

Theory

In the presence of an electric field E , gradient of electron concentration Vr , temperature VT = const

and hydrodynamic movements 17(17 ,t) , the electric current density in a homogeneous medium has the form:

szE*+G'[E*I:[]—Q§T—oc'[§ﬂfl]; (1)
. |VH y
E*=E+u+2@(e>0). )
c e n
. | VA ] . . o
In (2), E is the external electric field, is the electric field created by hydrodynamic motion,
c
TVn | . . . o . .
—— is the electric field created by the electron concentration gradient. Substituting (2) into (1), we obtain
e n
an equation of the form
¥=a [Efc] : 3)
X=E.
From (3) we obtain:
. |VvH L B} , L Vn
E:—[ J_A'[VTH} ¢ rotH- CGZ[rotH,H}l@JrAVT. (4)
c 4no 4no e n
a'c—ac’ 4 . OH'

Here A :g, A=
c c
differential thermoelectric power, A'—coefficient of the Nernst-Ettinghausen effect.
We will investigate some conditions of thermomagnetic waves in anisotropic conducting media and
therefore we will write the electric field in isotropic media

> , TotH'=—], Y =—crotE', o—conductivity coefficient, A —
c t

E=w+ n’[]ﬁ] +n'(JH)H + AZ—T+ N[VT,H]+A"(VT,H)H ; (5)
X
in anisotropic media
r | g v [ Iy aT ’ " r 7
Ey =y E +n, [ JH | +n} (JH)H, + A, Y [VT,H], + A} (VT,H)H,. (6)
k

Here m, is the tensor of the inverse value of the ohmic resistance, A, is the tensor of the differential
thermoelectric power, A}, is the tensor of the Nernst-Ettinghausen coefficient, we will consider in an aniso-
tropic body an external magnetic field H,. Then in (6) the terms containing of ,,n}, A} are equal to zero.

Then for our problem we obtain the following system of equations

El=m,j, + A} I:@TH’J

.

10H"

fOtE' = ———: 7
c Ot ™
rotﬁ':4—nj’+16£.

c c Ot
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Let us assume that all variables have the form of a monochromatic wave

(E',H',j') - ei(k’;’W’) ) (8)
Considering (8) from (7) we obtain:
i’ - w® —ic’k2 Al (= Al (e
E/ =, (kE')K, + Wik g B (VIE')K, - =% (kVT)K;. ©9)
4w 4w w w
Here k —wave vector, (i,k=1,2,3).
Let's write
1, i=k
Ei, = SikE/;76ik = (10)
0, i#k.
Substituting (10) into (9) we obtain:
A
8,k =| A, K,K, +Bn, + uK} a_T E;
w Ox,
2 272 (11)
i’ ilw —ck
il i =ew)
4w 4w
From (11) next dispersion equation is obtained:
|q)ik_6ik|=0; (12)
®; = An, KK, + B, + Ay K, S_T . (13)
Xk

Transverse thermomagnetic waves k 1 VT

At the condition k L VT, a coordinate system can be chosen

kl io’kz :k3 :O’kla_T:O’a_Tioja_T:()
X, ox, [
Having written out (13) by components and expanding the determinant (12), we obtain the following

dispersion equation in the case kLVT.
i(a—b)w +4n(a, —b)w' + [Ziczk2 (b—a)+il6n’n+ 4an/n,2]w3 +
+[4ch2k2n§ +I167 (W My — Wy My + Wy My ) — 6471:3]w2 +
+|:iC4k4 (a - b) +4nc’k’ (w“nzm31 =W Ny MNss3 T Wy My M3 + Wy My M3 — (14)
=W My Ms3 — W NNy ) —il6n’c’k’ (n22 +M;; + 641 w,, )] w+
+Anctk? (n22n33 —MN3oMNa3 ) +ilon’c’k? (wzm33 — Wy Ny ) =0.

N=MN;; TNy + N3 -
From (14) it is easy to see that the general solution is very complicated and therefore we assume the fol-
lowing conditions

WMz = Wi Mass
M22M33 = N3aMoss (15)
N="M; =0y-
Condition (15) is the choice of the environment.
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Substituting (15) into (14) we obtain the following distance equation

4 c*k*(n-
w2+(w”+i—njw—M=0. (16)
n n
From (16)
1 1 v
L aew (]G .
T TI FIC S TH P L H On_ O%u/ ;2000 (17)
2 2 Wi Wi Wi
is obtained.
From (17) it is clear that if <k =2m, % =1
G, 2c’k

12
" TGy, A\
W, ——7—1211021 iw“( (1+l),

Wn

12
w, :—%—anz] +w, (ﬁj (1+i); (18)

Wi

12
W o
WZ:—#—anzl—w“( 2‘] (1+1).

Wi

112
. . . . w, o
From (18) it is clear that w, is decaying wave. A wave with frequency w, = —% +w, ( = J can be

1/2 12
. . e w,
growing if w“[ 21) >2no,, or wl >2n"%c, (G_“J >2n'”?,
11 21

w, >4nc,,. (19)

Conditions (19) are satisfied in a certain anisotropic medium. Thus, at k LVT witha frequency

2 ’
S— O, _l <M :_ckVZTA“
W, 2 2 2

in an anisotropic crystal a purely thermomagnetic wave is excited.

Longitudinal thermomagnetic waves k VT

Given the condition, one can choose the axes so that

bkt k02T 0T T _oT _
Ox, Ox,

Ox Ox

b

i(a—b)w' +4n(a, —b )w' +| 2ic’k* (a—b)+il6n'n + 4mim; |w' +
+[ 4’k (a, —by) +il6m*bn, — 64" |w’ +
+[ic'k* (a—b)+4nc*k* ] +i16m win, —il6m” (N, +My5)— (20)
—64T (wyy +wyy ) [ ATtk (NyyNyy =My ) + 64T (s, — woyws; )+

+ilon’c’k’ (sznsz T WMoy = WasMy, + Wyy; ) =0.
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MN2nM33 = NasNs2s
WinMas = WMoy
W33 = Wy,
Substituting (21) into (20):
—64m'Ww — [il 61N’ k? + 641 (W, + Wy )] W 64T (Wyy Wy, —Wyywyy ) =0

is obtained.
From solution (22):

2
272 2,2
w,+w, .ck W, +W,, . Ck
W, =t ni[( B2+ n] +W22W33_W23W32]
’ 2 8n

is obtained
is N’k® = 4n(wy, +wyy)

1/2 12
Wy, + Wy, 1 ( — )} Wy, + Wy, 1 ( — )
w=—2_3| |4+ —(Jo2+p* +a|| +2—E|1+—(Jo’+p* -] |;
[ 2 P 2 2 P

2

2

Wy + Wiy 1 2

a= ;B= QT =Wy Wy — Wy Wy
( Q 167

Considering (25), analysis of (24) shows that when

(«/ocz +B° —oc)l/2 >1

with a frequency

2

+ 1 "
wo=u{—l+$(\/a2+ﬁz +a) }
an unstable wave is excited and when performing (26) it is required

( 1 Jz S 2(W22W33 _W23W32)

E (sz + Wi )2

Inequality (27) is satisfied if wy;wy, >w,,w,,. Then

( 1 )2 2w, W,
— | >l
l6m (sz + Wsz)

+1.

If w, =w,
2
(L) o1 N3P
2
167 2wy,
or
Wy Wiy >1.
2w222

Then the frequency of the thermomagnetic wave
1 12
W, =w2{—1+$(\/a2+[32 +OL) }

and the growth increment
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W =w, {—1+%(\/a2 +p? —oc)l/z } (29)

From (28-29) it is clear that w, <w,.
Conclusion

Thus, in anisotropic conducting media, a transverse k LVT and longitudinal & || VT growing ther-
momagnetic wave is excited. The frequencies of these waves w, (/2 LVT ) and w, (lg | ﬁT) are determined
by the conductivities in different directions.

w, (lg \VT ) depends only on the frequency w,, =cALkV,T, and w, (l; LVT ) depends only on the
frequency w,, =cA]kV,T and therefore the values of these frequencies are different. The increment of
growing w, (]E VT ) and w, (lg 1VT ) also depend on different values of the frequency of thermomagnetic

waves. The Nernst-Ettinizhausen coefficient A}, is different in different directions. Of course, studies of
thermomagnetic waves in the presence of an external magnetic field certainly lead to different dependencies
w, (l€ L@T) and w, (%II@T) .

The obtained expressions for frequency, expressions for increment in this theoretical work, are valid for
waves propagating perpendicular to the temperature gradient, when parallel to the temperature gradient the
conditions of excitation of waves in the medium will be different. It is possible to conduct corresponding
experiments based on the results of this theoretical work and apply them to GaAs-type semiconductors. As
for the application of the obtained results, it is necessary to experimentally measure The Nernst-
Ettinizhausen coefficient A}, in anisotropic conducting media. After measuring this coefficient, it is possible

to control significantly the frequencies ®, and ®,. This can lead to an improvement in the preparation of
generators based on these thermomagnetic waves.
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D.P. l'acanos, I11.I'. Xanunosa, P.K. Mycradaena

OTKI3rim oprajapaarbl KeJJIeHeH KdHe 00MJIbIK TEPMOMATHUTTIK TOJKBIHIAAPD

Temneparypa rpajueHTiHIH V7T TONKBIHABIK BEKTOPFa k KaThICTBI OPTYpi OarbITTapblHAA aHM3ATPOMNTHI
OTKI3TilI OpTajga KO3ZBIPHUIATBIH TEPMOMArHHMTTIK TOJIKBIHFAa TEOPWSUIBIK Tajmay okyprizimemi. k L VT

(KemIeHeH TOJKBIH) YKOHE k I VT (OOMIIBIK TOJNKBIH) KaFAailapblHAa TEPOEIic KUUIIrT 9pTYpil MOHTE ue
GoylaThIHBI KOpceTireH. bynm eki jkarmaiina na KO3ABIPBUIATHIH TEPMOMArHUTTIK TOJKBIHIAP ApTTHIPYILBI
cumaTtka ue. OpOip JKarmalia TOJNKBIHHBIH KYILICI0 HHKpPEMeHTi opTypii Oonagsl. TepMoMarHMTTIK
TOJIKBIHAP/bIH KO3Ybl MEH KYIICIOIHE aHU30TPONTHI OPTAHBIH OPTYPIIi OaFbITTapbIHAAFBI HICKTPOTKI3TIIITIK
G, MOoHzepi 0acTbl pell aTKapaThlHbI AdenjeHreH. TaHnanFaH mapTrapra OallaHBICTBI TEPMOMArHHUTTIK

TOJIKBIHHBIH JKHMLIIri eneyni typae esrepeni. Exi skarmaiina na (sFHH, & LVT u k VT ), xoopnuHaTTap
JKYHECIH TaHAay TEOPUSUIBIK ecenTeyiepre ocep eTmelmi. TepMOMAarHWTTiK TONKBIHIAPABIH SKHALTI MeH
KYILICIO MHKPEMEHTI KOOp/IMHATTAp KyileciHe Tayeni emec. Anaiina, KOOpAUHATTAp KYHECIH TaHIay MarHUT
epici MeH TeMIepaTypa rpaJueHTi OaFbITBIH TaHIayFa ejeyii ocep ereni. ['MIpOAMHAMHUKAIBIK KO3FaIIbIC
JKBUIJAMJIBIFBL  TEMIlEpaTypa TpajueHTi OaFbIThIHA Kapail OarbITTanaipl. 3apsj] —TackIMalgaylibuiap
(371eKTpOHIap) KO3ABIPBUIFaH Ke3/ie Maiiia 6oaThlH MarHUT ©pici TeMIepaTypa IpaaueHTi OaFbIThIHA KATThI
Toyenai. TepMOMarHuTTIiK TOJNKBIHAAPABIH KO3y TepOelic >KUiiiri TemmepaTypa TPaAuMeHTIHIH IIamMachblHA
CBI3BIKTBI TYpAe Toyeinni. Ko3ablpbuiaThlH TEPMOMAarHUTTIK TOJKBIHAAPABIH KYIICIO MHKPEMEHTI OPTAaHbIH
3IEKTPOTKI3TITIK G, TEH30PbIHBIH OPTYpIi MoHAepiHAe Typuime Oonaxsl. Ko3bIPhIIATEIH TOJIKBIHHBIH

TOJIKBIHIBIK BEKTOPbI MEH TYPAKThl TeMIlepaTtypa IpaJueHTi (lgﬁT:kVT cosa,[lgﬁT}:kVTsina) 6ip-

Oipine Oenrimi Oip OypeIIIeH OAaFBITTANFaH >KaFdaija, TepOeNic KHULTriHe KATBICTBI JUCTICPCHSIIBIK
TEHJACYIIH Jaopexeci OomyblHa OalaHBICTHI TEpPOENIC KHEJIri MEH KYIICK WHKPEMEHTIHIH TEOPHSUIBIK
ecenTeysepi OpbIHIAIMANTBIHIBIFE TOJCNACHICH. By Teopusga 3aps TackIManjaylIbUIap/blH KaiTa
Tapalybl HOTHXKECIHAE mMaiia OoNaThlH 3JEKTp epici ecemke anbiHOaraH. TeopHsaa TeMIIEpaTypaHbIH
TYpakThl MOHI 7;, CBIPTKbI epic £E;, XoHe 3aps] TachIMaIayIIbUIApPIbIH EPKIH JKYPIC Y3BIHIBIFBI
kT, <eEyJ, k, MplHa mapTKa coiikec KeJeTiHi KapactelppurraH. Erep kT, ~eEl xone kT, > eE,/

JKaFIaibIHAa 00JIca, OPTaHBIH OalKy Mpolieci OacTalaTEIHIAN OTe )KOFaphl TEMITEpaTypa KaKeT eTie .

Kinm cesdep: K03y, XHUIIIK, HHKPEMEHT, TEPMOMArHuT, IHUCIIEPCHSIIBIK TEHIEY, TeMIepaTypa TPaJueHTi,
TOJIKBIH, TOJKBIHIBIK BEKTOP

D.P. l'acanos, I11.I'. Xanunosa, P.K. Mycradaena

Honepeqﬂble N NMPOAOJbHBbIC TCPMOMAIHUTHBLIC BOJHBI B IIPOBOAAIIINX Cpeaax

Teoperuueckn aHanmu3upyercs Bo30yxkaaemas TepPMOMAarHWTHasi BOJHA B aHU30TPONHBIX MPOBOJSIINX Cpe-
[ax MpU pa3IMdHOM HANpaBICHWU IpagueHTa Temiepatypbl V7T , OTHOCHUTENBHO BOJHOBOTO BEKTOpa k .
[Mokazano, uto mpu k L VT (nomnepedunas BomHa) u npu k || VT (mpononbHast BOJHA) YacTOTHI KoJeOaHU
HUMEIOT pa3Hble 3HauYeHMs. B 9THX ABYX ciydasx Bo30yIaeMble TEPMOMArHUTHBIC BOJIHBI SBJISIOTCS Hapac-
TarouMMH. HKpEeMEHT HapacTaHHs B KaXKIOM Cliydae UMEIOT pa3Hble 3Ha4ueHHs1. [loka3aHo, 4To 3HAYCHUs B
Pa3sHBIX HANpPaBICHUAX JIEKTPONPOBOJHOCTH G, U1 BO3OYKICHHS M IJI1 HAapacTaHUs TePMOMArHHTHBIX
BOJIH UTPAIOT OCHOBHOM POJib. B 3aBUCHMOCTH OT BBHIOPAHHBIX YCIIOBHIA 3HAYEHHSI YaCTOTHI TEPMOMATHUTHBIX
BOJIH CYIIECTBEHHO MeHsieTcs. B oboux cinyudasx (t.e. £ L VT wu k|| VT ) BbIOOp KOOPIHUHATHBIX CHCTEM CO-
BCEM HE BJIMSIET HA TEOPETHYECKHI pacyér. YacToTa U MHKPEMEHT TEPMOMATrHUTHBIX BOJIH HE 3aBHCAT OT BBI-
0opa KOOpJMHATHBIX cucTeM. OJHAKO BHIOOP KOOPIWHATHOW CHCTEMBI CYIIECTBCHHO BIIMSAET Ha BHIOOD
HAIpaBlICHUss MATHUTHOTO TMOJISI U TpajiieHTa Temreparypbl. CKOpOCTh THIPOANHAMUYECKIX JIBHIKCHHN HO-
cuTesel 3apsiia MOBOPAYMBACTCS B CTOPOHY IpajJMeHTa TeMIeparypbl. Bo30yxknaeMoe MarHuTHOE TIOJIE MPH
B030YX/ICHUH HOCHTENeH 3apsiia (3eKTPOHOB) OYEHb CHJIBHO 3aBHCHUT OT HAIIPABJICHUs TPAJHCHTa TeMIepa-
Typbl. HacTtoTa KonebGaHus BO30YKACHHS TEPMOMATHUTHBIX BOJIH JIMHEHHO 3aBUCHT OT 3HAYEHHs rpagieHTa
Temreparypbl. MTHKpeMeHT HapacTaHus BO30YKIaeMbIX TEPMOMArHUTHBIX BOJIH UMEET Pa3HbIe 3HAYCHUS [IPU
Pa3HBIX 3HAYEHMAX TEH30pa JNIEKTPOHPOBOAHOCTH CPEAbl G, . YTBEPXKIEHO, YTO €CIM BOJHOBOH BEKTOP

BO36y)KI[aeMLIX BOJIH u TTOCTOSTHHBIH TpaJuUCHT TEMIEpPaTypy HampaBJICH mnoa  yriow, T.C.

(lgﬁT =kVT cos (x,[lgﬁT } =kVTsin (1) TEOPEeTHYECKHi PacyéT 4acTOThl KOJeOaHuss U MHKPEMEHT HapacTa-

HUS He yIaéTcs U3-3a BBICOKOW CTENEHH JHCIIEPCHOHHOTO YPaBHEHNs OTHOCHTENILHO YacTOTHI Koebanus. B
3TOI TEOPHU HE YUTEHBI EKTPUUECKOE MOJIe, CO3aBaeMoe IiepepacipeielieHueM Hocureneit 3apsaa. B teo-
pHHM yUTEHBI, YTO ITOCTOSIHHASI TeMIiepatypa I, , BHemHee mojie E,, JuuHa cBOOOJHOTO mpobera HocuTenen
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3apsizia yAOBJIETBOPAOT cooTHomeHuto kT) < ekl , k,-nocrosnnas. Ipu kT, ~eE)] n kT, >eE)] Tpe-

OyeTcst OYCHB BBICOKAs TeMIIepaTypa, T.e. HAUWHACTCS TUIABJICHUE CPE/IbI.

Kniouesvie cnosa: Bo30yxJeHUE, 4aCTOTA, HHKPEMEHT, TEPMOMArHUT, JUCIIEPCHOHHOE YPABHEHHE, TPATUEHT
TeMIIepaTypy, BOJIHA, BOJHOBON BEKTOP
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