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Influence of mutual drag of the carrier-phonon system on the thermopower and transverse
Nernst-Ettingshausen effect
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The thermopower and Nernst-Ettingshaug®lE) effect in degenerate semiconductors and semimetals
placed in high electric and magnetic fields are calculated by taking into account the heating of both electrons
and phonons as well as their thermal and mutual drags. The magnetic and electric field dependences of the
thermoelectric power and the transverse NE voltage are found in analytical forms. It is shown that in weak and
high transverse magnetic fields, the electronic and phonon parts of the NE coefficients change their sign for
some scattering mechanisms.
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[. INTRODUCTION quency andr is the electron relaxation timeAnother un-
usual fact is the sign reversal of the transverse NE coefficient
The theoretical and experimental interest in thermoelec®, (H) with increasingH in the rangeQ) 7>1.?6%" The ex-
tric power in bulk and recent low-dimensional systems hagperiments in gallium-doped HgSe revealed that at low tem-
been intensified A relatively long survey of literature and peratures the NE coefficients change sign with increasing
some common misunderstandings in the field of thermoeleagallium concentration or applied magnetic field strength.
tric power (@) and Nernst-EttingshauséhE) effect under These unusual features of the NE effect may be attributed to
different transport conditiod~%14~?2are given in our re- the effect of mutual drag which can be observed in semicon-
cent papef® ductors with a high concentration of conduction electrons.
Lei'! showed in 1994 that the diffusion componentaf In the absence of external magnetic field, teof hot
may be negative at a low lattice temperature range and higélectrons, taking into account the heating of phonons and the
electric field while the phonon drag component is still posi-thermal drag, is considered in Ref. 18. In that paper, the
tive. Such a result was also obtained by Babaev andeformation potential of interaction between electrons and
Gassymo¥’ in 1977. They theoretically investigated the NE phonons is considered. The transverse NE effectaantihot
effect ande in semiconductors at high electric and nonquan-electrons in nondegenerate semiconductors are studied in
tizing magnetic fields by solving the coupled system of ki-Ref. 33 without taking into account the effect of phonon drag
netic equations for electrons and phonons. The electron arehd their heating and in Ref. 19 by taking into account the
phonon heating, and the phonon drag were taken into adhermal drag only in transverse magnetic field. However,
count. It was shown that when the temperature gradient afhese studies did not consider the mutual drag of charge car-
hot electrons is produced only by the lattice temperature graders and phonons.
dient, the electronic parts of the thermoelectric and NE fields There are some investigations considering the electron-
reverse their sign. In the case of phonon heating @gd phonon drag and transport phenomena in semiconduc-
=T.>T, both electronic and phonon parts of the thermo-tors3*3’ In Ref. 34, the electron—optical-phonon drag and
electric and thermomagnetic fields reverse their sign for althe size effect are mainly considered. References 35 and 36
cases considered. Hefg, T,,, andT are the temperature of also considered the size effect in finite semiconductors under
electrons, phonons, and lattice, respectively. the conditions of mutual drag. The electric current and elec-
The NE effect andv in 1I-VI semiconductors have been tron and phonon parts of the thermal fluxes are obtained in
investigated with increasing interé$t?’ The earlier inves-  general forms for the degenerate statistics of electrons in Ref.
tigations of the magnetic fieltH) dependence of the longi- 37. Gurevich and Mashkevich list the procedure for deter-
tudinal NE effect in HgSéRefs. 28 and 2Pand lead chal- mining the distribution function of electrons. However, the
cogenides (Refs. 30 and 3]l in the region of higher listis not complete, because they obtain only general expres-
temperatures =77 K) demonstrated that the thermoelec-sions for electric current and electron and phonon parts of
tromotive force exhibits saturation in the region of strongthermal fluxes, but they did not find the external electric field
magnetic fields irrespective of the dominant scatteringdependence of the effective electron and phonon tempera-
mechanism of charge carriers in the conduction band. Howtures. Therefore, they did not find the thermoelectric coeffi-
ever, the longitudinal NE effect in iron-doped HgSe samplesients and their external electric field dependence.
at low temperatures (20T<60 K) has a maximum in the In the present paper, the NE effect aadin degenerate
plot of Aa(H) =|a(H) — a(0)|. HereAa(H) first increases semiconductors and semimetals placed in high external elec-
quadratically with increasingd for Q7<1, then passes tric and longitudinal and transverse magnetic fields are in-
through a maximum &t =H,,, and finally decreases as the vestigated by taking into account the heating of electrons and
field increases furtheihere) =eH/mc is the cyclotron fre- phonons as well as the thermal and mutual drags of charge
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carriers and phonons. The spectrum of charge carriers is am the second casé.> Byn, 85, whereg(® is the collision
sumed to be parabolic, e.gs=p?2m. Consideration is frequency of phonons with crystal boundaries connected
made for both deformationd(~) and piezoelectric f—) with energy transfer to outside. In this case, the temperature
interaction potentials of electrons with phonons. of LW phonons becomes equal to the temperature of elec-
The organization of the paper is as follows: The system otrons (T,,=T), and LW phonons are in nonequilibrium
equations of the problem and their solutions are given in Sectate.
I, the energy balance equations and their solutions for dif- In high external fields electrons and phonons are essen-
ferent scattering mechanisms are investigated in detail ifially in a nonequilibrium and anisotropic state. Therefore,
Sec. lll, and the thermopower in a longitudinal magneticthe distribution function of electrond(e) and that of
field is presented in Sec. IV. Section V concentrates on th@hononsN(q) are, as usual, in the form
thermopower and NE effect in transverse magnetic field. Fi-

nally, the conclusion is given in Sec. VI. fi(e)-p N.(9)-q
f(e)=fole)+ — S N(@)=Ng(a)+ : T

Il. THEORY (4)

Consider a degenerate semiconductor or semimetal witherefi() andN;(q) are the antisymmetric parts of the
fu”y ionized impurities p|aced in h|gh e|ectric and nonquan_distribution fUnCtionS of eleCtronS and phonons, respectively.
tizing magnetic fields. We assume that there are temperature In the present paper, we assume that the so-called “diffu-
gradients of both electron&(T,) and long-wavelengttiLw)  Sion approximation” for electrons and phonons applies.
phonons interacting with electron&/T,). The gradients Therefore,|f;(e)|<fo(e) and|Ny(q)[<No(q). The isotro-
may be realized by the gradient of heating electric fieldPiC and anisotropic parts of the distribution functions of elec-
(VE): for example, by placing one end of the specimen toffons and phonon_ws are optalned from thg coupleq system of
the wave guide with heating electromagnetic wave or by proBoltzmann equations, which form the main equations of the
ducing lattice temperature gradier¥ 7). problem:

If the frequency of interelectronic collisions, is much
bigger than that of electron-phonon collisions for the energy L[Vf (£)]—
transferv,, i.e., v, v, , then the isotropic part of the dis- 3m !
tribution function of electrons has the form of a Fermi one
with effective temperature of electronB,, m J

:2772ﬁ3p de
{(Te)—e
1+eX[<T—e

where{(T,) is the chemical potential andis the energy of
charge carriers. Note that, is in energy units. p eEp ( dfy(e)
We assume that in the lattice there is a thermal reservoir -[Vfo(e)]— F( e
of short-wavelengtliSW) phonons for LW phonons interact-
ing with electrons® The maximum momentum of LW 4m 1| dfg(e)
phonons interacting with electrons satisfies the condition: == 3 —2( 7
Omax~2Po<T/s=qt, whereT is the lattice(reservoij tem- (277)" p e
peratureqr is the momentum of thermal phonong, is the

2e ¢

35 70 L°E fa(e)]

2pd <3f0(8)>
fo 0 wqWqa) i wgNo(q) e

-1

fole)= : (1)

+f0(s)[1—fo(s)]H, ©)

) tv(e)fi(e)—Q[h-fi(e)]

2
) fo "dqW,aP wgNs(a), (6)

momentum of electrons in the Fermi level, amis the ve- _AmmW;No(q) (=
locity of sound in the crystal. As it is shown in Ref. 38, under SV No(@)+B(Q)N1(q)= T 2nh)? S(q/z)dpfl(g)'
these conditions LW phonons are heated as well. Therefore, @)

we assume that the isotropic part of the distribution function
of phonons has the form

fiwg
eXp( T_ph) -t +BeN(0,Te)]=0. (®)

In accordance with Ref. 38, the distribution function of N EGs. (5)—(8), e is the absolute value of the electronic
phonons has the form of E€2) only in two cases. In the first chargemis the effective mass of electronsw, andq are
case the frequency of LW phonon-electron collisiggisis the energy and the quasimomentum of phonons, respectively,

much smaller than the frequency of LW-phonon—SW—a”d N(q,T) andN(q,T,) are the equilibrium Planck distri-
phonon collisionsB,y, . In this caseT =T if bution functions with temperatures and T,. W, is the

quantity from which the scattering probability of electrons
by acoustical phonons is obtained. It is defined as

= VNL(a)+ Bo(@)No(@) ~[( B BEIN(A,T)
7l~h )

hwq'

No(q)=

N(Te) Be Te Be
NT) Bon T ﬁph<1' © W, =W, 9
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For d interactiont=1 andWy~2=7G?/pst, whereG is the
deformation potential constant. On the other hand pfan-
teractiont=—1 andW,=(47)%%e?S?/pse3, wheres, p,

and ¢, are the piezoelectric module, density, and the dielec-

tric constant of the crystal, respectively.
The collision frequency of electrons with phonang,(e)
is

mW,

—_— . 10
27T2ﬁ3p3 ( )

Vph(s):

N 1
O(Q)+§

2p

J' dqq3+t
0

The total collision frequency of phonons is defined as

ﬂ(q)=ﬁo<q>+ﬁb<q>=ﬂe<q)+ﬁph<q>+ﬁ£f><q>+ﬂé,”><(q>,)
11

where the indices mean the collision frequency of phonons

with electrons €), phonons ph), and crystal boundarig$)

for the energy or momentum transfer to outside. The total

collision frequencies of phonong(q) and electronsv(g)
may be given in the form

gs\k ~le\" - .
B(Q)Zﬁ(T)<?), V(S):V<§_o>' v=v0¢ pp,

where {y=ef is the Fermi energyy,=v({o) and O,
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by V({o), we obtain the following equation for(e):

Vie)=—— &) F+— [hF
)= 07+ ()] ey M F
2 Q
+h-[h~F]V2(£) —muv(e)y(e)| Vot m[h-vo]
QZ
+ Vz(g) h(hVO) ’ (15)
where
e—¢ e\ (k72
F=eE'+ . )VTe+Akt ?) VTpha (16)
23+3(t—k)/2 Bu(T) (M (t-K)/2
A= 33 K B (T) ' (a7
1
E'=E+E+ Evg(Te), (18

whereE is the external fieldE; is the thermoelectric field,
andVOZV(go).
The expression characterizing the mutual drag of charge

=Tepn/T is the dimensionless temperature of electrons andarriers and phonons is
phonons. For the scattering of electrons by the impurity ions

r=-3/2, €=0; by the deformation potential of acoustical
phonons @ interaction r=1/2, £=1; by the piezoelectric

potential of acoustical phonong (interaction r=-1/2, ¢

(19

y(e)= 3+t vp(e) 1 f2p Be(q) QZH.

T3 u(e) pirt)o “OB()

=1; andk=0,1t for scattering of LW phonons by crystal The mutual drag is strong ag—1. This means that elec-

boundaries, by SW phonons and electrons, respectively.
By neglecting the first term in Eq48), we obtain Eq(2).
By using Eqgs.(1) and(6), for f,(¢) we have

e—{
Te

afoe)
de

QO
v(e)
m? 1

T 27%h° p3(e)

fi(e)— [h-fi(e)]—

(eE’+ VTe)

my(e)

afo(e)) [2p 9
( 9 )fo dquﬁwqm

[SVNo(OI)

~ mWNo(a) (=

13
27%H3 13

dpfl(s)].

s(a/2)

The first term on the right-hand side of EG.3) is in accor-

dance with the thermal drag and the second term with the

mutual drag. EquatiofiL3) is the integral equation fdi (&),
but if we assume as usual

dafo(e)
de

fi(e)=pV(e) , (14

trons and phonons are scattered preferably by each other, i.e.,
v(e)~vpn(e) and B(q)=~pBe(q). In fact, there are other
scattering mechanisms of electrons and phonons, because in
the present work we assume the diffusion approximation
v(g) must be smaller than 1.

To obtainV({)=Vy({) from Eq.(13) by the accuracy of
the second approximation on degeneracy, we get the follow-
ing relation for the electrical current:

J=01E' + 01 h-E']+0o5h-[h- E,]+ﬁ(1e1)VTe
+,3(1?[hVTe]+,8(l?h [hVTe]+,3(1qh)VTph

then for the case of degenerate electrons, this equation be-

comes an algebraic one. In Ed4), V() is the drift veloc-
ity of electrons. Replacing the integral

J'w dsV(s)( — (?f0(8)>

#(a/2) de

+BE VTl + BB h-[hV T ], (20)
where
cnsfo de a(e)[1+b(e)gi(e)],
1 o) —
&?’=5JO de a(s) %wi(s)do(e) ,
o (t—Kk)/2 (t—k)/2
p =2 e a(a){(%) +52 b(e)gi(s>]
(2D)
and
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23/2m1/2e2( QO )i—l 83/21/(8) ( ﬁf0(8)>
a(e)= - ,

3r?hs \vle)] Q2+ 1%(e) de
2

T le

dy(e) = U b(s), y(e)v(e)

Q2+72()(1— yp)?

b(e)=

- 02 -
g1(e)=v(1— o) — 2(s)’ g2(e)=wv(e)+v(1— 7o),

7/(1—)/0) Qz-i—vz(s)
= 1 — s
R RO RS T
V= 1(£0.0p),  ¥o=Y({0)OL". (22

IIl. ENERGY BALANCE EQUATIONS AND THEIR
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whereE;=E;vy/Q.
From Eg. (26), for different scattering mechanisnis
take the forms

Hs\?
for r=1/2, r=—1/2: E§=3(T> :

for CUDA:  E2 97 [ eqGH 2Tn1’3
or : =— ,
22\ ce? Fp
, [AmEH\Z T
for CI/PA: E=3|———| —=.
ce Fpn1/3

Hereafter, CI/DA(CI/PA) means that energy of electrons is
scattered by the deformation acousticgdjezoacoustical
phonons, and momentum of electrons by the charged impu-
rity ions (ClI). Similarly, from Eq.(27),

SOLUTIONS
To define the total thermopower and thermomagnetic ef- ., _[mGTn'® z
fects as a function oE, H, andy,, we must start from the for DA:  E;=3 pesh? '
energy balance equation obtained in Ref. 38. We consider
two different cases. 1/ 32mm2es 2T\ 2
(a) LW phonons are not heated and electrons transfer their for PA: E2== semmres"1
energy gained from the external field to the reservoir of SW ® 3| e2n3psme
phonons, which has the equilibrium state at the lattice tem-
peratureT. Then, the energy balance equation has the form 2 enfG\2ETn3
for CI/DA: Eg=§ Dorrl Bt
eE)2vy(1— 322*t €0
( ) 20( ’YO) _ m3STﬁ)W0[®e_ 1]'
Q%+ v5(1—y9)?  (3+t)7?h3 2m2s 2\ 2
(23 for CI/PA: ] e N
73 eSﬁB pnl3

where yo= v({o)-

(b) LW phonons are heated and they transfer their energyn the case of phonon heating f,=T,) if ELH and Q

gained from electrons to the reservoir of SW phonons,

(eB)Zv(1-yy) B
VL yg? OMSRB (DO 1], (24)

in this caseyo= y({,0pp).
We consider now the dependences®qf on E, H, andT,

which are obtained by solving Eq&3) and (24). The solu-
tion of Eq.(23) for the arbitrary scattering mechanisms, de-

gree of electron heating, and the rafd v, is
E\? 1-
0.1+ (_) (1= 10) ,
1+ (vo/Q)*(1~- yo)?

Ei
where E;=(322"'m3s T WoQ2/(3+1) m?%i3e2up) 2. We
may consider®, in two limits: >y, and Q<vq. In the
first limit

(25

2
O.=1+ E (21— o), (26)
|
and in the second limit
E\? .
Oc=1+| | (1-70) 27
]

>, then for DA and PA scattering mechamisms of electrons
by phonons one find®, as

-1

E 2
®e:[l_ E) (1—70)} , (28)

where the characteristic fields are

for DA: E2—3 HT \*
orbA- Ee=5 csmal
80HT2n1/3 2
. 2__
for PA: E9_3(—8csm92 ) p.

If the momentum of electrons is scattered from the impurity
ions, regardless of the scattering of energy from either DA or
PA phonons, we find

_ 1+(E/Ey)?

5 97
e_—’ =
1+ yo(E/E10)?

1074

soHT2 | Tn13
cme?| Fp
(29

As is seen from Eq(29), under the condition of mutual drag
the electron temperature is finite, i.e., becayg€E/E;)?
>1 and® < 1/y,=const.
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If ELH andQ<v, for DA and PA scattering mechanisms ing the electronic part of the total thermopowéyis propor-

O, becomes tional to Eé/(l— v0)?, and the phonon pak,y, in general,
does not depend of.

At high magnetic field 0> vo[1— y4]), Ve IS propor-
tional to (Eq/H)*(1— v,)?2, with E, being the heating elec-
tric field intensity at the end of the specimen where electrons
are highly heated. Therefore, with increasipg, at weak

1+|1+4

E\2 12
E) (1_70)1} }, (30)

where the characteristic fields are

1
G)e:E

3 ( mGTn3\ 2 magnetic fieldV, grows as~(1— y,) 2, and at high mag-
for DA: E§1=§ —3) netic fieldV, decreases as (1— v;)2.
esh®p In the case of strong heating of LW phonons and for the
) scattering of momentum and energy of electrons by acousti-
; _ 2 _o Am3T? cal phonons, at weak magnetic fields, from E@sl), (34),
or PA: Epp= £05%h3p and (35), we have
For both CI/DA and CI/PA scattering mechanisms the Vo @ e Eo V.- Eo \?
critical field is the same, an@®, is found to be as Phoe  1— g e 1=/
1 2|12 and at high magnetic fields,
®e:2_ (14 1y0) — (1_7’0)2_47’0<E—> ],
Yo 13 1 P
2 2
Eo =
1 em'lQ 2F'l'ﬂl/*?' Vph~ 1__2(1_’)/0) ’ Ve~ 1__2(1_YO) ’
E%sz - (31) Eo1 Eo
™ Sohasz p
Finally, in the absence of mutual drag¢—0), Eq. (31) 24 o _ 6spoBpnH?
; Eo(1-v)<Eoi=—> -
gives (M)

In the calculation for the dependences\gf and the NE
voltage(U) on E andH in the transverse magnetic fields, it is
necessary to assume that ,, is constant along the speci-
men; i.e., at one end of the specimen electrons are heated
strongly by the electric field®.>1), yet at the other end
their temperature i§.

E 2
@e_ E_13 .

IV. THERMOPOWER IN LONGITUDINAL
MAGNETIC FIELD

(32

We will first consider the casg.L H||VTeyph||2. From the

J,=0 condition, we have V. THERMOPOWER AND NERNST-ETTINGSHAUSEN

EFFECT IN TRANSVERSE MAGNETIC FIELD

1
Erzt Evzg(TE):aevaeJr @pnVzTph, In general, the thermomagnetic effects are measured ex-

perimentally under the condition 84T, ,,=0. We will di-
rect the external fieldE and H along they axis and the
temperature gradients along thexis. Therefore, from Eq.
(20) and the conditiod,=J,=0, for the transverse NE volt-
where @, and a, are the electron and phonon parts of theage, we obtain

differential thermopower, respectively. By taking into ac-
count the fact that(e) = yo(e/ o) 27", we find

e,ph e,ph
B+ BLGPY
o1tog

(33

Qe ph=—

Erx= —H(QeV,Tet QpthTph)y

1 72 5 T
w5 532wl 5-1)| 20 L oupls™— r1p5™
6 2 )] Qeph=17 > : (36)
’ H 0111071
1 Zo\ W2
aph=— EA'“<?) . (39 In this case the thermoelectric fiel, coincides with Eq.

(33) by changinge, 5, as
The thermopower is given by

ph ph
o118 + 01 B5P"

(37

Qe ph= —

LZ
V= J dz(aeV,Tet apnV,Tpn) =VetVpn, (39
0

wherel, is the size of the specimen in tlzedirection. As
follows from Eqs.(34) and(35) in a weak longitudinal mag-

2, 2
o1t oy

We would like to investigate Eq$35) and(36) by taking
into account Eqs(21) and (22) in the weak- and high-

netic field Q<<vgo[1— 7y0]), in the absence of phonon heat- magnetic-field limits in the following subsections.
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A. Weak-magnetic-field case 322+tm35V0ptTW0
252 E?=EZ(1- 0)(0c—1), Ejp= :
If v°>Q*, then for the electron paf, and phonon part (3+1) mh3e?
Qpn of the NE coefficients, we obtain (41)
172wy T 2_ ~(1— _
. —g?%z[fﬂo 4—2r)]®e®phﬂ (€E)2=6Bu(T)Mspr(1=70)(O.—1). (42
0 It follows from Eq. (38) that Q. has two components. Then,
) 24 (k—1)/2 by using Eqs(38), (40), and(41) we obtain the first and the
__ 1 T Mo —k l second components of the electron part of NE voltage as
n="5% ¢ |z
- Ug~ (1= %) E, Ud~vo(l—7) ’Ep. (43
2@ — ¢
X[f+ Yo| 1—=2r+ T)]Akt®e®ph! (38 By analogy, we may obtain the phonon part as
where o= e/muyy is the mobility of “cold” electrons. As is UPP~ (1 o) "?Ep. (44)

seen from this equation, under the conditions of strong mu
tual drag for the parabolic spectrum of electrong, (

> Bon,Bpbs 1-€., Be~ ), the phonon part of the NE coeffi-
cient Q,,=0 or, more exactly,Qpn~(8—Be)/B=(Bpn

+ Bpn)/ B<1 (see also Refs. 20 and RMoreover, electrons
and phonons form a system coupled by the mutual drag wit f electrons are transferred to phonons, in the case of strong

common t_emperaturé’ezTPh and drift velocity Ve=Uph  glectron and phonon heating, we have
=s. For this reason, there is only one thermomagnetic coef-

ficient for the quasiparticlgelectron dressed by phonon I N2 gl AR
coupled by the mutual drag. The quasiparticle has the elec- Ue~EoH(1—170) ™ Ug~EoHyo(1= 170" (45
tronic chargee and the mass of phonord =T,./s? (see and

Refs. 39—42 However, since we assume the diffusion ap-

proximation, yo<1 or u<s, Q, is proportional to By, Uph~ESH(1=7%0), Up~EdHyo(1—v0) . (46)
+ Bpn)/B#0. Only wheny,=1 or u=s, we haveQuy
=0

It is interesting that in the absence of phonon heating both
Ue andU,, are proportional téd E¢: i.e., they have the same
dependence on the intensity of electric and magnetic fields
for all scattering mechanisms of electrons in the case of
trong electron heatin§) .> 1. If the energy and momentum

Therefore, the mutual drag of electrons and phonons causes

fhe expression of, ,, at weak magnetic field coincides essential changes in the thermomagnetic behavior of semi-
ep

with Eq. (34). Therefore, here we give only the expressionscondu.CtorS and semir_‘net_als. The strong phonon heating Iea_ds
denoting the change i& and a,, in the weak magnetic to an important contribution to these effects, because in this
e P

field: caseyy~ 0, for the scattering of momentum of electrons by
' impurity ions and energy by LW phonorithe thermal drag
case.
A 1|7 )
Qe=——= 717~ r
¢ e 3|4 B. High-magnetic-field case
1 \%2-y)|Q*T 0 In the limit Q?>72, the thermomagnetic coefficients take
+lg- )—2 — 700, the forms
(1=y0)* | v5 Lo
2
1 L\2 g2 ae:_57§_0®e; (47)
Aapp=— —Akt( ?) 2—2&35 . (39
€ vo(1=v0) 5
1l 5 c T
i i Qe=—= = |+ 7% |5 700,
In the case of scattering of electrons by deformation acous- e e 3 470 H2uo Lo e~ ph
tical phonons (=1/2) asy,—1, the last term in square
bracket in Eq.(39) is negative and much bigger than the 1 72 —k
- . . ™

other terms; henced «, changes its sign. The NE voltage Qph="— s F(t_k)[H. 70( 1+T)}
has the form

c T\ 2+ (k=72
N (-) 020%,. (48)

LX
U=-— fo dx H(QeV,Te+ QpthTph) =Ue+ Uph- (40) HZ/.LO {o
As it is seen from Eq(48), for the case of weak mutual drag,
In the cases of the absence and presence of phonon hebabth the electronic and phonon parts of the transverse NE

ing, the energy balance equation in the transverse magnetioefficients change their sign for the scattering of electrons
field has the form, respectively, by the piezoacoustical phonons={—1/2). Moreover, the
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phonon part of NE coefficient changes its sign if LW creases with increasing, and decreases with increasihlg
phonons are scattered by SW phonoks:(), and electrons  anq,. In the case of strong phonon heating, if the momen-
are scattered by piezo acoustical phonans £ 1). tum and energy of electrons are transferred to acoustical

For the case under consideration, the expressionrf@r  phonons at weak magnetic field, andV,, grow asE, and
coincides with Eq(34). As follows from Eqs(38) and(48_), 7o increase. It has been shown that at high magnetic field for
at weak and high magnetic fieldg,,=0 for the scattering 3 giveny,<1, V, andV,, grow asH increases.

of LW phonons by electronsk{=t) and by SW phononst( In a weak transverse magnetic fie, andV,,, are ex-
=1). From Eqgs(40)—(42) and(48), in the absence of pho- actly the same as in the case of longitudinal magnetic field,
non heating, we obtain and in the absence of phonon heating both the electron and

| 14 ) T 14 ) phonon parts of the transverse NE voltddg and U, are
Uepn=H "Eo(1=70) % Uepn=H "Eov0(1~ 7o) (4'9) proportional toHEg. In the case of strong electron F;;md pho-
non heating bottJ, andU,, grow asE, H, andy, increase.
In the case of strong phonon heating, for the scattering oAt high magnetic field in the absence of phonon heating,
energy and momentum of electrons by phonons, we find  andU ,, grow with increasingg, and y,, and decrease lin-
early with increasindd. It has also been shown that in weak
Ue~H'Eq(1-y0) %2, Upn~H "Eg(1=70) 2. andyhigh transverseg-lmagnetic fields, both the electronic and
(50) phonon parts of the NE coefficients change their sign for

some scattering mechanisms.
VI. CONCLUSION

In the present work, we have shown that at weak longitu-
dinal magnetic fields in the absence of phonon heating, the
electron part of thermoelectric powsf, increases with in- This work was partially supported by the Scientific and
creasingE, and the degree of mutual drag of electrons andTechnical Research Council of TurkéJUBITAK). In the
phononsy,. Nevertheless, the phonon paff,, does not de- course of this work, T. M. Gassym was supported by
pend onvy,. At longitudinal high magnetic fieldsy, in-  TUBITAK-NATO.
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