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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-Ettingshausen~NE! 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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I. INTRODUCTION

The theoretical and experimental interest in thermoe
tric power in bulk and recent low-dimensional systems h
been intensified.1–13A relatively long survey of literature and
some common misunderstandings in the field of thermoe
tric power (a) and Nernst-Ettingshausen~NE! effect under
different transport conditions3,7–9,14–22are given in our re-
cent paper.23

Lei11 showed in 1994 that the diffusion component ofa
may be negative at a low lattice temperature range and
electric field while the phonon drag component is still po
tive. Such a result was also obtained by Babaev
Gassymov19 in 1977. They theoretically investigated the N
effect anda in semiconductors at high electric and nonqua
tizing magnetic fields by solving the coupled system of
netic equations for electrons and phonons. The electron
phonon heating, and the phonon drag were taken into
count. It was shown that when the temperature gradien
hot electrons is produced only by the lattice temperature
dient, the electronic parts of the thermoelectric and NE fie
reverse their sign. In the case of phonon heating andTp
5Te@T, both electronic and phonon parts of the therm
electric and thermomagnetic fields reverse their sign for
cases considered. HereTe , Tp , andT are the temperature o
electrons, phonons, and lattice, respectively.

The NE effect anda in II–VI semiconductors have bee
investigated with increasing interest.24–27 The earlier inves-
tigations of the magnetic field~H! dependence of the longi
tudinal NE effect in HgSe~Refs. 28 and 29! and lead chal-
cogenides ~Refs. 30 and 31! in the region of higher
temperatures (T>77 K) demonstrated that the thermoele
tromotive force exhibits saturation in the region of stro
magnetic fields irrespective of the dominant scatter
mechanism of charge carriers in the conduction band. H
ever, the longitudinal NE effect in iron-doped HgSe samp
at low temperatures (20<T<60 K) has a maximum in the
plot of Da(H)5ua(H)2a(0)u. HereDa(H) first increases
quadratically with increasingH for Vt,1, then passes
through a maximum atH5Hm , and finally decreases as th
field increases further~hereV5eH/mc is the cyclotron fre-
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quency andt is the electron relaxation time!. Another un-
usual fact is the sign reversal of the transverse NE coeffic
Q'(H) with increasingH in the rangeVt.1.26,27 The ex-
periments in gallium-doped HgSe revealed that at low te
peratures the NE coefficients change sign with increas
gallium concentration or applied magnetic field streng
These unusual features of the NE effect may be attribute
the effect of mutual drag which can be observed in semic
ductors with a high concentration of conduction electrons32

In the absence of external magnetic field, thea of hot
electrons, taking into account the heating of phonons and
thermal drag, is considered in Ref. 18. In that paper,
deformation potential of interaction between electrons a
phonons is considered. The transverse NE effect anda of hot
electrons in nondegenerate semiconductors are studie
Ref. 33 without taking into account the effect of phonon dr
and their heating and in Ref. 19 by taking into account
thermal drag only in transverse magnetic field. Howev
these studies did not consider the mutual drag of charge
riers and phonons.

There are some investigations considering the electr
phonon drag and transport phenomena in semicond
tors.34-37 In Ref. 34, the electron–optical-phonon drag a
the size effect are mainly considered. References 35 an
also considered the size effect in finite semiconductors un
the conditions of mutual drag. The electric current and el
tron and phonon parts of the thermal fluxes are obtained
general forms for the degenerate statistics of electrons in
37. Gurevich and Mashkevich list the procedure for det
mining the distribution function of electrons. However, th
list is not complete, because they obtain only general exp
sions for electric current and electron and phonon parts
thermal fluxes, but they did not find the external electric fie
dependence of the effective electron and phonon temp
tures. Therefore, they did not find the thermoelectric coe
cients and their external electric field dependence.

In the present paper, the NE effect anda in degenerate
semiconductors and semimetals placed in high external e
tric and longitudinal and transverse magnetic fields are
vestigated by taking into account the heating of electrons
phonons as well as the thermal and mutual drags of cha
©2003 The American Physical Society29-1
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M. M. BABAEV, T. M. GASSYM, M. TAŞ, AND M. TOMAK PHYSICAL REVIEW B 67, 115329 ~2003!
carriers and phonons. The spectrum of charge carriers is
sumed to be parabolic, e.g.,«5p2/2m. Consideration is
made for both deformation (d2) and piezoelectric (p2)
interaction potentials of electrons with phonons.

The organization of the paper is as follows: The system
equations of the problem and their solutions are given in S
II, the energy balance equations and their solutions for
ferent scattering mechanisms are investigated in deta
Sec. III, and the thermopower in a longitudinal magne
field is presented in Sec. IV. Section V concentrates on
thermopower and NE effect in transverse magnetic field.
nally, the conclusion is given in Sec. VI.

II. THEORY

Consider a degenerate semiconductor or semimetal
fully ionized impurities placed in high electric and nonqua
tizing magnetic fields. We assume that there are tempera
gradients of both electrons (¹Te) and long-wavelength~LW!
phonons interacting with electrons (¹Tph). The gradients
may be realized by the gradient of heating electric fi
(¹E): for example, by placing one end of the specimen
the wave guide with heating electromagnetic wave or by p
ducing lattice temperature gradient (¹T).

If the frequency of interelectronic collisionsnee is much
bigger than that of electron-phonon collisions for the ene
transfern« , i.e., nee@n« , then the isotropic part of the dis
tribution function of electrons has the form of a Fermi o
with effective temperature of electrons,Te ,

f 0~«!5F11expS z~Te!2«

Te
D G21

, ~1!

wherez(Te) is the chemical potential and« is the energy of
charge carriers. Note thatTe is in energy units.

We assume that in the lattice there is a thermal reser
of short-wavelength~SW! phonons for LW phonons interac
ing with electrons.38 The maximum momentum of LW
phonons interacting with electrons satisfies the conditi
qmax'2p0,T/s[qT , whereT is the lattice~reservoir! tem-
perature,qT is the momentum of thermal phonons,p0 is the
momentum of electrons in the Fermi level, ands is the ve-
locity of sound in the crystal. As it is shown in Ref. 38, und
these conditions LW phonons are heated as well. Theref
we assume that the isotropic part of the distribution funct
of phonons has the form

N0~q!5FexpS \vq

Tph
D21G21

'
Tph

\vq
. ~2!

In accordance with Ref. 38, the distribution function
phonons has the form of Eq.~2! only in two cases. In the firs
case the frequency of LW phonon-electron collisionsbe is
much smaller than the frequency of LW-phonon–S
phonon collisionsbph . In this caseTph5T if

N~Te!

N~T!

be

bph
'

Te

T

be

bph
!1. ~3!
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In the second casebe@bph ,bb
(«) , wherebb

(«) is the collision
frequency of phonons with crystal boundaries connec
with energy transfer to outside. In this case, the tempera
of LW phonons becomes equal to the temperature of e
trons (Tph5Te), and LW phonons are in nonequilibrium
state.

In high external fields electrons and phonons are ess
tially in a nonequilibrium and anisotropic state. Therefo
the distribution function of electronsf («) and that of
phononsN(q) are, as usual, in the form

f ~«!5 f 0~«!1
f1~«!•p

p
, N~q!5N0~q!1

N1~q!•q

q
,

~4!

where f1(«) and N1(q) are the antisymmetric parts of th
distribution functions of electrons and phonons, respectiv

In the present paper, we assume that the so-called ‘‘di
sion approximation’’ for electrons and phonons applie
Therefore,uf1(«)u! f 0(«) and uN1(q)u!N0(q). The isotro-
pic and anisotropic parts of the distribution functions of ele
trons and phonons are obtained from the coupled system
Boltzmann equations, which form the main equations of
problem:

p

3m
@¹f1~«!#2

2e

3p

]

]«
@«E•f1~«!#

5
m

2p2\3p

]

]« F E
0

2p

dq\vqWqqH \vqN0~q!S ] f 0~«!

]« D
1 f 0~«!@12 f 0~«!#J G , ~5!

p

m
@¹ f 0~«!#2

eEp

m S ] f 0~«!

]« D1n~«!f1~«!2V@h•f1~«!#

52
4p

~2p\!3

1

p2 S ] f 0~«!

]« D E
0

2p

dqWqq2\vqN1~q!, ~6!

s¹N0~q!1b~q!N1~q!5
4pmWqN0~q!

~2p\!3 E
«(q/2)

`

dpf1~«!,

~7!

s

3
¹N1~q!1b0~q!N0~q!2@~bph1bb

(«)!N~q,T!

1beN~q,Te!#50. ~8!

In Eqs. ~5!–~8!, e is the absolute value of the electron
charge,m is the effective mass of electrons,\vq andq are
the energy and the quasimomentum of phonons, respecti
andN(q,T) andN(q,Te) are the equilibrium Planck distri
bution functions with temperaturesT and Te . Wq is the
quantity from which the scattering probability of electro
by acoustical phonons is obtained. It is defined as

Wq5W0qt. ~9!
9-2
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For d interactiont51 andW0'2pG2/rs\, whereG is the
deformation potential constant. On the other hand, forp in-
teractiont521 andW05(4p)3\e2(2/rse0

2, where(, r,
ande0 are the piezoelectric module, density, and the diel
tric constant of the crystal, respectively.

The collision frequency of electrons with phononsnph(«)
is

nph~«!5
mW0

2p2\3p3E0

2p

dqq31tFN0~q!1
1

2G . ~10!

The total collision frequency of phonons is defined as

b~q!5b0~q!1bb~q!5be~q!1bph~q!1bb
(«)~q!1bb

(p)~q!,
~11!

where the indices mean the collision frequency of phon
with electrons (e), phonons (ph), and crystal boundaries~b!
for the energy or momentum transfer to outside. The to
collision frequencies of phononsb(q) and electronsn(«)
may be given in the form

b~q!5b~T!S qs

T D k

, n~«!5 ñS «

z0
D r

, ñ5n0Qe,ph
, ,

~12!

where z05«F is the Fermi energy,n05n(z0) and Qe,ph
5Te,ph /T is the dimensionless temperature of electrons
phonons. For the scattering of electrons by the impurity io
r 523/2, ,50; by the deformation potential of acoustic
phonons (d interaction! r 51/2, ,51; by the piezoelectric
potential of acoustical phonons (p interaction! r 521/2, ,
51; andk50,1,t for scattering of LW phonons by crysta
boundaries, by SW phonons and electrons, respectively.

By neglecting the first term in Eq.~8!, we obtain Eq.~2!.
By using Eqs.~1! and ~6!, for f1(«) we have

f1~«!2
V

n~«!
@h•f1~«!#2

p

mn~«! S eE81F«2z

Te
G¹TeD ] f 0~«!

]«

5
m2

2p3\3

1

p3~«!
S ] f 0~«!

]« D E
0

2p

dqWq\vq

q2

b~q! H s¹N0~q!

2
mWqN0~q!

2p2\3 E
«(q/2)

`

dpf1~«!J . ~13!

The first term on the right-hand side of Eq.~13! is in accor-
dance with the thermal drag and the second term with
mutual drag. Equation~13! is the integral equation forf1(«),
but if we assume as usual

f1~«!5pV~«!F2
] f 0~«!

]« G , ~14!

then for the case of degenerate electrons, this equation
comes an algebraic one. In Eq.~14!, V(«) is the drift veloc-
ity of electrons. Replacing the integral

E
«(q/2)

`

d«V~«!S 2
] f 0~«!

]« D

11532
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by V(z0), we obtain the following equation forV(«):

V~«!52
n~«!

m@V21n2~«!#
H FF1

V

n~«!
@h•F#

1h•@h•F#
V2

n2~«!
G2mn~«!g~«!FV01

V

n~«!
@h•V0#

1
V2

n2~«!
h•~h•V0!G J , ~15!

where

F5eE81S «2z

Te
D¹Te1AktS «

TD (t2k)/2

¹Tph , ~16!

Akt5
2313(t2k)/2

31t2k

be~T!

b~T! S ms2

T D (t2k)/2

, ~17!

E85E1ET1
1

e
¹z~Te!, ~18!

whereE is the external field,ET is the thermoelectric field,
andV05V(z0).

The expression characterizing the mutual drag of cha
carriers and phonons is

g~«!5
31t

231t

nph~«!

n~«!

1

p31tE0

2p

dq
be~q!

b~q!
q21t. ~19!

The mutual drag is strong asg→1. This means that elec
trons and phonons are scattered preferably by each other
n(«)'nph(«) and b(q)'be(q). In fact, there are othe
scattering mechanisms of electrons and phonons, becau
the present work we assume the diffusion approximat
g(«) must be smaller than 1.

To obtainV(z)[V0(z) from Eq. ~13! by the accuracy of
the second approximation on degeneracy, we get the foll
ing relation for the electrical current:

J5s11E81s12@h•E8#1s13h•@h•E8#1b11
(e)¹Te

1b12
(e)@h¹Te#1b13

(e)h•@h¹Te#1b11
(ph)¹Tph

1b12
(ph)@h¹Tph#1b13

(ph)h•@h¹Tph#, ~20!

where

s1i5E
0

`

d« a~«!@11b~«!gi~«!#,

b1i
(e)5

1

eE0

`

d« a~«!F«2z

Te
1gi~«!d0~«!G ,

b1i
(ph)5

Akt

e E
0

`

d« a~«!H S «

TD (t2k)/2

1S z0

T D (t2k)/2

b~«!gi~«!J
~21!

and
9-3
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a~«!5
23/2m1/2e2

3p2\3 S V

n~«! D
i 21 «3/2n~«!

V21n2~«!
S 2

] f 0~«!

]« D ,

d0~«!5
p2

12

Te

z0
b~«!, b~«!5

g~«!n~«!

V21 ñ2~«!~12g0!2
,

g1~«!5 ñ~12g0!2
V2

n~«!
, g2~«!5n~«!1 ñ~12g0!,

g3~«!5n~«!F11
ñ~12g0!

n~«!
1

V21n2~«!

n~«!ñ~12g0!
G ,

ñ5n~z0 ,Qph!, g05g~z0!Qph
12,. ~22!

III. ENERGY BALANCE EQUATIONS AND THEIR
SOLUTIONS

To define the total thermopower and thermomagnetic
fects as a function ofE, H, andg0, we must start from the
energy balance equation obtained in Ref. 38. We cons
two different cases.

~a! LW phonons are not heated and electrons transfer t
energy gained from the external field to the reservoir of S
phonons, which has the equilibrium state at the lattice te
peratureT. Then, the energy balance equation has the fo

~eE!2n0~12g0!

V21n0
2~12g0!2

5
3221t

~31t !p2\3
m3sTp0

t W0@Qe21#,

~23!

whereg05g(z0).
~b! LW phonons are heated and they transfer their ene

gained from electrons to the reservoir of SW phonons,

~eE!2ñ~12g0!

V21 ñ2~12g0!2
56msp0bph~T!@Qe21#, ~24!

in this caseg05g(z,Qph).
We consider now the dependences ofQe on E, H, andT,

which are obtained by solving Eqs.~23! and~24!. The solu-
tion of Eq. ~23! for the arbitrary scattering mechanisms, d
gree of electron heating, and the ratioV/n0 is

Qe511S E

Ei
D 2 ~12g0!

11~n0 /V!2~12g0!2
, ~25!

where Ei5(3221tm3sTp0
t W0V2/(31t)p2\3e2n0)1/2. We

may considerQe in two limits: V@n0 and V!n0. In the
first limit

Qe511S E

Ei
D 2

~12g0!, ~26!

and in the second limit

Qe511S E

Ej
D 2

~12g0!21, ~27!
11532
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whereEj5Ein0 /V.
From Eq. ~26!, for different scattering mechanismsEi

take the forms

for r 51/2, r 521/2: E1
253S Hs

c D 2

,

for CI/DA: E2
25

9p

2 S «0GH

ce2 D 2
Tn1/3

Fr
,

for CI/PA: E3
253S 4pSH

ce D 2 T

Frn1/3
.

Hereafter, CI/DA~CI/PA! means that energy of electrons
scattered by the deformation acoustical,~piezoacoustical!
phonons, and momentum of electrons by the charged im
rity ions ~CI!. Similarly, from Eq.~27!,

for DA: E4
253S mG2Tn1/3

res\3 D 2

,

for PA: E5
25

1

3 S 32pm2eS2T

«0
2\3rsn1/3 D 2

,

for CI/DA: E6
25

2

3 S em2G

«0\3 D 2
FTn1/3

r
,

for CI/PA: E7
25

1

3 S 8e2m2S2

«0
2\3 D 2

FT

rn1/3
.

In the case of phonon heating (Tph5Te) if E'H and V
@n, then for DA and PA scattering mechamisms of electro
by phonons one findsQe as

Qe5F12S E

Ei
D 2

~12g0!G21

, ~28!

where the characteristic fieldsEi are

for DA: E8
25

3

2 S HT

csmGD 2

,

for PA: E9
253S «0HT2n1/3

8csmeS D 2

r.

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

Qe5
11~E/E10!

2

11g0~E/E10!
2

, E10
2 5

9p

4 S «0HT2

cs2me2D 2
Tn1/3

Fr
.

~29!

As is seen from Eq.~29!, under the condition of mutual dra
the electron temperature is finite, i.e., becauseg0(E/E10)

2

@1 andQe<1/g05const.
9-4
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If E'H andV!n, for DA and PA scattering mechanism
Qe becomes

Qe5
1

2 H 11F114S E

Ei
D 2

~12g0!21G1/2J , ~30!

where the characteristic fieldsEi are

for DA: E11
2 5

3

2 S mGT3n1/3

es3\3r
D 2

,

for PA: E12
2 53S 4mST3

«0s3\3r
D 2

.

For both CI/DA and CI/PA scattering mechanisms t
critical field is the same, andQe is found to be as

Qe5
1

2g0
H ~11g0!2F ~12g0!224g0S E

E13
D 2G1/2J ,

E13
2 5

1

p S emT2

«0\3s2D 2
FTn1/3

r
. ~31!

Finally, in the absence of mutual drag (g0→0), Eq. ~31!
gives

Qe5S E

E13
D 2

. ~32!

IV. THERMOPOWER IN LONGITUDINAL
MAGNETIC FIELD

We will first consider the caseE'Hi¹Te,phi ẑ. From the
Jz50 condition, we have

ETz1
1

e
¹zz~Te!5ae¹zTe1aph¹zTph ,

ae,ph5
b11

(e,ph)1b13
(e,ph)

s111s13
, ~33!

whereae and aph are the electron and phonon parts of t
differential thermopower, respectively. By taking into a
count the fact thatg(«)5g0(«/z0) t2k/22r , we find

ae52
1

e

p2

6 F322r 2g0S 5

2
2r D G T

z0
Qe ,

aph52
1

e
AktS z0

T D (t2k)/2

. ~34!

The thermopower is given by

V5E
0

Lz
dz~ae¹zTe1aph¹zTph!5Ve1Vph , ~35!

whereLz is the size of the specimen in thez direction. As
follows from Eqs.~34! and~35! in a weak longitudinal mag-
netic field (V!n0@12g0#), in the absence of phonon hea
11532
ing the electronic part of the total thermopowerVe is propor-
tional to E0

4/(12g0)2, and the phonon partVph , in general,
does not depend ong0.

At high magnetic field (V@n0@12g0#), Ve is propor-
tional to (E0 /H)4(12g0)2, with E0 being the heating elec
tric field intensity at the end of the specimen where electr
are highly heated. Therefore, with increasingg0, at weak
magnetic fieldVe grows as;(12g0)22, and at high mag-
netic fieldVe decreases as;(12g0)2.

In the case of strong heating of LW phonons and for
scattering of momentum and energy of electrons by acou
cal phonons, at weak magnetic fields, from Eqs.~24!, ~34!,
and ~35!, we have

Vph;Qe;
E0

12g0
, Ve5S E0

12g0
D 2

,

and at high magnetic fields,

Vph;F12
E0

2

E01
2 ~12g0!G21

, Ve;F12
E0

2

E01
2 ~12g0!G22

,

E0
2~12g0!,E01

2 5
6sp0bphH

2

~mc2n0!2
.

In the calculation for the dependences ofVe and the NE
voltage~U! on E andH in the transverse magnetic fields, it
necessary to assume that¹Te,ph is constant along the spec
men; i.e., at one end of the specimen electrons are he
strongly by the electric field (Qe@1), yet at the other end
their temperature isT.

V. THERMOPOWER AND NERNST-ETTINGSHAUSEN
EFFECT IN TRANSVERSE MAGNETIC FIELD

In general, the thermomagnetic effects are measured
perimentally under the condition of¹xTe,ph50. We will di-
rect the external fieldsE and H along they axis and the
temperature gradients along thez axis. Therefore, from Eq.
~20! and the conditionJx5Jz50, for the transverse NE volt
age, we obtain

ETx52H~Qe¹zTe1Qph¹zTph!,

Qe,ph5
1

H

s11b12
(e,ph)2s12b11

(e,ph)

s11
2 1s12

2
. ~36!

In this case the thermoelectric fieldETz coincides with Eq.
~33! by changingae,ph as

ae,ph52
s11b11

(e,ph)1s12b12
(e,ph)

s11
2 1s12

2
. ~37!

We would like to investigate Eqs.~35! and~36! by taking
into account Eqs.~21! and ~22! in the weak- and high-
magnetic-field limits in the following subsections.
9-5



u

-

i

e

le

p

s
n

u

e
e

he
e

,

s

oth
e
lds
of

ong

uses
mi-

eads
this
y

e

,
NE

ons
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A. Weak-magnetic-field case

If ñ2@V2, then for the electron partQe and phonon part
Qph of the NE coefficients, we obtain

Qe52
1

e

p2

3

m0

c

T

z0
H r 1g0S 5

4
22r D J QeQph

2,,

Qph52
1

e

p2

6

m0

c
~ t2k!S T

z0
D 21(k2t)/2

3H r 1g0S 122r 1
t2k

4 D J AktQe
2Qph

2,, ~38!

wherem05e/mn0 is the mobility of ‘‘cold’’ electrons. As is
seen from this equation, under the conditions of strong m
tual drag for the parabolic spectrum of electrons (be
@bph ,bpb , i.e., be'b), the phonon part of the NE coeffi
cient Qph50 or, more exactly,Qph;(b2be)/b5(bph
1bpb)/b!1 ~see also Refs. 20 and 21!. Moreover, electrons
and phonons form a system coupled by the mutual drag w
common temperatureTe5Tph and drift velocity ve5vph
5s. For this reason, there is only one thermomagnetic co
ficient for the quasiparticle~electron dressed by phonon!
coupled by the mutual drag. The quasiparticle has the e
tronic chargee and the mass of phononsM5Te /s2 ~see
Refs. 39–42!. However, since we assume the diffusion a
proximation, g0,1 or u,s, Qph is proportional to (bph
1bpb)/bÞ0. Only when g051 or u5s, we haveQph
50.

The expression ofae,ph at weak magnetic field coincide
with Eq. ~34!. Therefore, here we give only the expressio
denoting the change inae and aph in the weak magnetic
field:

Dae52
1

e

p2

3 H 7

4
22r

1S 1

4
2r Dg0~22g0!

~12g0!2 J V2

n0
2

T

z0
QeQph

22,,

Daph52
1

e
AktS z0

T D (t2k)/2 V2

n0
2~12g0!2

Qph
22,. ~39!

In the case of scattering of electrons by deformation aco
tical phonons (r 51/2) as g0→1, the last term in square
bracket in Eq.~39! is negative and much bigger than th
other terms; hence,Dae changes its sign. The NE voltag
has the form

U52E
0

Lx
dx H~Qe¹zTe1Qph¹zTph!5Ue1Uph . ~40!

In the cases of the absence and presence of phonon
ing, the energy balance equation in the transverse magn
field has the form, respectively,
11532
-

th

f-

c-

-

s

s-

at-
tic

E25E02
2 ~12g0!~Qe21!, E02

2 5
3221tm3sn0p0

t TW0

~31t !p\3e2
,

~41!

~eE!256bph~T!msp0ñ~12g0!~Qe21!. ~42!

It follows from Eq. ~38! that Qe has two components. Then
by using Eqs.~38!, ~40!, and~41! we obtain the first and the
second components of the electron part of NE voltage a

Ue
I ;~12g0!22E0

4 , Ue
II ;g0~12g0!22E0

4 . ~43!

By analogy, we may obtain the phonon part as

Uph;~12g0!22E0
4 . ~44!

It is interesting that in the absence of phonon heating b
Ue andUph are proportional toHE0

4; i.e., they have the sam
dependence on the intensity of electric and magnetic fie
for all scattering mechanisms of electrons in the case
strong electron heating,Qe@1. If the energy and momentum
of electrons are transferred to phonons, in the case of str
electron and phonon heating, we have

Ue
I ;E0H~12g0!21/2, Ue

II ;E0Hg0~12g0!1/2 ~45!

and

Uph
I ;E0

2H~12g0!, Uph
II ;E0

2Hg0~12g0!21. ~46!

Therefore, the mutual drag of electrons and phonons ca
essential changes in the thermomagnetic behavior of se
conductors and semimetals. The strong phonon heating l
to an important contribution to these effects, because in
caseg0;Qe for the scattering of momentum of electrons b
impurity ions and energy by LW phonons~the thermal drag
case!.

B. High-magnetic-field case

In the limit V2@ ñ2, the thermomagnetic coefficients tak
the forms

ae52
1

e

p2

2

T

z0
Qe ; ~47!

Qe52
1

e

p2

3 S r 1
5

4
g0D c

H2m0

T

z0
QeQph

, ,

Qph52
1

e

p2

6
~ t2k!H r 1g0S 11

t2k

4 D J
3

cAkt

H2m0
S T

z0
D 21(k2t)/2

Qe
2Qph

, . ~48!

As it is seen from Eq.~48!, for the case of weak mutual drag
both the electronic and phonon parts of the transverse
coefficients change their sign for the scattering of electr
by the piezoacoustical phonons (r 521/2). Moreover, the
9-6
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phonon part of NE coefficient changes its sign if L
phonons are scattered by SW phonons (k51), and electrons
are scattered by piezo acoustical phonons (t521).

For the case under consideration, the expression foraph
coincides with Eq.~34!. As follows from Eqs.~38! and~48!,
at weak and high magnetic fieldsQph50 for the scattering
of LW phonons by electrons (k5t) and by SW phonons (t
51). From Eqs.~40!–~42! and ~48!, in the absence of pho
non heating, we obtain

Ue,ph
I ;H21E0

4~12g0!22, Ue,ph
II ;H21E0

4g0~12g0!22.
~49!

In the case of strong phonon heating, for the scattering
energy and momentum of electrons by phonons, we find

Ue;H21E0
3~12g0!23/2, Uph;H21E0

4~12g0!22.
~50!

VI. CONCLUSION

In the present work, we have shown that at weak long
dinal magnetic fields in the absence of phonon heating,
electron part of thermoelectric powerVe increases with in-
creasingE0 and the degree of mutual drag of electrons a
phononsg0. Nevertheless, the phonon partVph does not de-
pend ong0. At longitudinal high magnetic fields,Ve in-

*Electronic address: semic@lan.ab.az
†Electronic address: gassymt@newton.physics.metu.edu.tr
‡Electronic address: tasm@metu.edu.tr
§Electronic address: tomak@metu.edu.tr
1C. W. J. Beenakker and A. A. M. Staring, Phys. Rev. B46, 9667

~1992!.
2L. W. Molenkamp, A. A. M. Staring, B. W. Alphenaar, and H. va

Houten, inProceedings of 8th International Conference on H
Carriers in Semiconductors, edited by K. Hess, J. P. Leburton
and U. Ravaioli~Plenum, Oxford, 1993!.

3M. J. Kearney and P. N. Butcher, J. Phys. C19, 5429~1986!; 20,
47 ~1987!.

4R. J. Nicholas, J. Phys. C18, L695 ~1985!.
5R. Fletcher, J. C. Maan, and G. Weimann, Phys. Rev. B32, 8477

~1985!.
6R. Fletcher, J. C. Maan, K. Ploog, and G. Weimann, Phys. Re

33, 7122~1986!.
7D. G. Cantrell and P. N. Butcher, J. Phys. A19, L429 ~1986!; 20,

1985 ~1987!; 20, 1993~1987!.
8L. D. Hicks and M. S. Dresselhaus, Phys. Rev. B47, 12 727

~1993!.
9X. Zianni, P. N. Butcher, and M. J. Kearney, Phys. Rev. B49,

7520 ~1994!.
10R. Fletcher, J. J. Harris, C. T. Foxon, M. Tsaousidou, and P

Butcher, Phys. Rev. B50, 14 991~1994!.
11X. L. Lei, J. Phys.: Condens. Matter6, L305 ~1994!.
12D. Y. Xing, M. Liu, J. M. Dong, and Z. D. Wang, Phys. Rev.

51, 2193~1995!.
13X. L. Lei, J. Cai, and L. M. Xie, Phys. Rev. B38, 1529~1988!.
14E. M. Conwell and J. Zucker, J. Appl. Phys.36, 2192~1995!.
15A. A. Abrikosov, Introduction to the Theory of Normal Metals
11532
of

-
e

d

creases with increasingE0 and decreases with increasingH
andg0. In the case of strong phonon heating, if the mome
tum and energy of electrons are transferred to acous
phonons at weak magnetic fields,Ve andVph grow asE0 and
g0 increase. It has been shown that at high magnetic field
a giveng0,1, Ve andVph grow asH increases.

In a weak transverse magnetic field,Ve and Vph are ex-
actly the same as in the case of longitudinal magnetic fie
and in the absence of phonon heating both the electron
phonon parts of the transverse NE voltageUe and Uph are
proportional toHE0

4. In the case of strong electron and ph
non heating bothUe andUph grow asE, H, andg0 increase.
At high magnetic field in the absence of phonon heating,Ue
andUph grow with increasingE0 andg0, and decrease lin-
early with increasingH. It has also been shown that in wea
and high transverse magnetic fields, both the electronic
phonon parts of the NE coefficients change their sign
some scattering mechanisms.

ACKNOWLEDGMENTS

This work was partially supported by the Scientific a
Technical Research Council of Turkey~TUBITAK !. In the
course of this work, T. M. Gassym was supported
TUBITAK-NATO.

B

.

Solid State Physics Suppl.~Academic, New York, 1972!, Vol.
12.

16B. M. Askerov, Electron Transport Phenomena in Semicondu
tors ~World Scientific, Singapore, 1994!.

17M. Bailyn, Phys. Rev.112, 1587~1958!; 157, 480 ~1967!.
18L. E. Gurevich and T. M. Gassymov, Fiz. Tverd. Tela~Leningrad!

9, 3493~1967!.
19M. M. Babaev and T. M. Gassymov, Phys. Status Solidi B84, 473

~1977!.
20M. M. Babaev and T. M. Gassymov, Fiz. Tekh. Poluprovod

~S.-Peterburg! 14, 1227~1980!.
21T. M. Gassymov, A. A. Katanov, and M. M. Babaev, Phys. Sta

Solidi B 119, 391 ~1983!.
22M. M. Babaev, T. M. Gassymov, and A. A. Katanov, Phys. Sta

Solidi B 125, 421 ~1984!.
23M. M. Babaev, T. M. Gassym, M. Tas¸, and M. Tomak, Phys. Rev

B 65, 165324~2002!.
24I. G. Kuleev, I. I. Lyapilin, A. A. Lanchakov, and I. M.
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