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Magnetoquantum oscillations of thermoelectric power in multisublevel quantum wires
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The electron-diffusion and phonon-drag thermoelectric power~TEP! is investigated in a quantum wire as a
function of the temperature, perpendicular magnetic field, and the electron density in the regime, where the
conductivity is limited by elastic scattering. The wire is narrow in the growth direction with only the ground
sublevel populated but is wide in the other confinement direction providing several occupied sublevels at zero
field. Magnetic field causes depopulation of these sublevels, yielding quantum oscillations of the TEP and the
conductance. An anomalous, large positive electron-diffusion TEP is obtained when the Fermi level lies
slightly above a sublevel other than the ground sublevel due to the van Hove singularity at the subband edge.
In contrast to the power-law temperature~T! dependence in higher dimensions, the phonon-drag TEP is
proportional to exp(2\vF /kBT) at low temperatures, where\vF is the threshold phonon energy with a wave
numberqF corresponding to the minimum momentum transfer for back scattering.

DOI: 10.1103/PhysRevB.66.155307 PACS number~s!: 73.63.Nm, 73.40.Kp, 72.20.Pa, 72.20.My
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I. INTRODUCTION

Thermoelectric phenomena provide a powerful tool
investigating the electron and phonon transport dynam
and electron-phonon interaction. While a large amount
work has been devoted to the studies of the thermoele
phenomena in the quasi-two-dimensional structures,1–7 in-
vestigation of the phenomena in quasi-one-dimensional~1D!
wires has attracted much less attention due to the difficult
the sample growth.8,9 Nevertheless, quasi-1D structures off
rich physics in the transport dynamics due to the restric
phase space and occupation of multisublevels with van H
singularities at the bottom of the levels.10,11 The quasi-1D
structure of interest is shown in Fig. 1~a!. The wire is along
the y direction. In thez direction, only the ground level is
relevant in this work due to the extreme confinement. Ho
ever, the wire is wide in thex direction with several occupied
sublevels. The ‘‘sublevels’’ in this paper designate these l
els arising from the confinement in thex direction. The mag-
netic fieldB is in thez direction.

We are interested in the following features of the probl
unique to the above system. The number of the occup
sublevels can be adjusted either by the electron densityN1D
or by applyingB. As is well known,12 B increases the effec
tive mass along the wire and therefore the density of st
~DOS! for each sublevel. It also increases the sublevel se
ration. AsB is increased under a fixed density, the sublev
pass through the chemical potentialm. The number of Fermi
points changes as a function ofB. Also, the DOS is a sensi
tive function of the energy, yielding a divergence at the b
tom of each sublevel. Also,B displaces and localizes th
wave functions in thex direction, affecting the interaction
matrices. It is then expected that the thermoelectric powS
will depend sensitively onN1D ,B, and the temperatureT.
Our theory predicts an anomalous, large positive electr
diffusion thermoelectric power (Sd) when the Fermi level
lies slightly above the bottom of any of the sublevels abo
0163-1829/2002/66~15!/155307~11!/$20.00 66 1553
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the ground sublevel. This is due to the fact that the cond
tance is very low at the energies near the bottom of a s
level due to the 1D van Hove singularity and a small gro
velocity. As a result, more heat is carried by the quasihole
the lower-energy sublevel~s!. The phonon-drag thermoelec
tric power (Sph) becomes large when many sublevels a
occupied due to increased channels of electron-phonon s
tering. Sph is also sensitive to the threshold phonon ene
\vF with wave numberq52kF corresponding to the mini-
mum momentum transfer for the scattering between
Fermi points ink space. As a result,Sph}exp(2\vF /kBT)
has an exponentialT-dependence at lowT, in contrast to the
well-known power-law behavior in higher dimensions. W
consider bulk acoustic phonon modes interacting with
electrons through deformation and piezoelectric scatterin

The organization of the paper is as follows. In Sec. II, w
introduce a parabolic potential model for the electron
states. This model yields analytic results and is employed
numerical applications and also for the purpose of elucid
ing the basic physical picture. A general formalism is p
sented for the conductance andSph, Sd in Secs. III and IV.

FIG. 1. Illustration of ~a! a quasi-1D wire structure with an
external perpendicular magnetic fieldB and ~b! energy dispersion
curves and the DOS for the first three sublevels. Solid and em
dots indicate quasiparticles and quasiholes near the chemical p
tial m. The crosses signify the points ink space at energy« for the
sublevel dispersion curves.
©2002 The American Physical Society07-1
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Section III is devoted to the calculation of the electrical co
ductance in a magnetic field. The calculations ofSph andSd
are presented in Sec. IV. In Sec. V, we present the ana
solutions forSph andSd for a parabolic-well model. Numeri
cal results and discussions are given in Sec. VI for
magnetic-field, temperature, and density dependence ofSph,
Sd , and the electrical conductance. The paper is conclude
Sec. VII.

II. FIELD-DEPENDENT ELECTRONIC STATES

We introduce a parabolic potential model to illustrate t
effect ofB on the electronic structure of the sublevels and
later numerical applications. The qualitative features of
results are expected to be independent of the model.
Hamiltonian for this model is given, for the motion in thex
direction, by

Hx52
\2

2m*

]2

]x2
1

1

2
m* vx

2 x2, ~1!

wherem* is the effective mass of electrons and\vx is the
level separation of the harmonic eigen states. In the pres
of Buuz, the quantized electron energy relevant to the Ham
tonian in Eq.~1! is10

« j5«n,k5S n1
1

2D\Vx1
\2k2

2m**
, ~2!

wherek is the electron wave number along the wire,m**
5m* /@12(vc /Vx)

2#, Vx5Avc
21vx

2, vc5eB/m* c, and
n50,1,2,•••. The electrons are confined in thez direction by
a rectangular well of widthLz and barrier heightUc . Only
the ground-state is assumed to be occupied in this direc
The Fermi wave number in thenth sublevel is knF

5A2m** «nF /\, where«nF is the Fermi energy relative to
the bottom of the sublevel.

The wave functions are given by10

fn,k~x!5~Ap2nn! l cx!
21/2expF2

~x1Dxk!
2

2l cx
2 GHnS x1Dxk

l cx
D ,

~3!

where Hn(x) is the nth Hermite polynomial, l cx

5A\c/m* Vx, Dxk5klc
2(vc /Vx)

2, and l c5A\c/eB. The
total electron wave function of the quantum wire is given

c j~r !5
1

ALy

exp~ iky!fn,k~x!j0~z!, ~4!

wherej0(z) is the ground-state wave function in thez direc-
tion and Ly is the length of the wire. The energy and th
wave function in thez direction are not affected byB. The
wave functions in thex direction are displaced by the amou
Dxk due to the Lorentz force. The effective massm* of
electrons is renormalized tom** , significantly increasing
the DOS with increasingB when the magnetic energy\vc
becomes comparable to the confinement energy\vx . The
energy-dispersion curves and the DOS are shown for the
15530
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three sublevels in Fig. 1~b!. A very similar result can be
obtained whenB lies in thex direction if we assume a har
monic confinement in thez direction. In the present mode
the effect of a magnetic field in thex direction is very small.

The physical picture which emerges from the abo
analysis is that the renormalized sublevel spacing\Vx in-
creases withB sensitively when the wire is wide in thex
direction. Also, the effective electron massm** as well as
the DOS increases withB. As a result, the sublevelsn
51,2,••• pass throughm successively asB is increased. We
show later that the position ofm with respect to the bottom
of the sublevels affectsSph andSd as well as the conductanc
significantly.

III. NONEQUILIBRIUM ELECTRON-PHONON
DISTRIBUTION FUNCTIONS

A. Linear deviation from equilibrium of the electron-phonon
distributions

In this section, we present a formalism for the relations
between the nonequilibrium distribution functions of ele
trons and phonons coupled through electron-phonon inte
tion. We assume that the electron conduction is limited
elastic scattering such as impurity scattering or interfa
roughness scattering at low temperatures. Inelastic scatte
does not influence the electron current significantly at l
temperatures.

Under the influence of an electric fieldE along the wire
direction, the nonequilibrium electron distribution function
given to the first order inE by

f j5 f 0~« j !2 f 08~« j !dEj , ~5!

where j 5(n,k), f 0(« j ) is the Fermi function, andf 08(« j ) is
the first derivative with respect to the energy. The deviat
functiondEj is linear inE. Similarly, the phonon distribution
function is written as

nsq5n0~vs,q!2n08~vs,q!dWsq , ~6!

wheren0(vs,q) is the Boson function andn08(vs,q) the first
derivative with respect to\vs,q . Here\vs,q is the energy of
the phonon of modes and wave vectorq.

The deviation functiondWsq is induced through electron
phonon interaction and is linear inE. This quantity is related
to the electron deviation functiondEj through the steady-
state condition of the phonon distribution:ṅsquscatt1ṅsqupe

50. Here,ṅsqupe and ṅsquscatt are the rates of the change o
the phonon population through scattering from the electr
phonon interaction and other sources, respectively.
ṅsquscatt, we assume a relaxation-time approximation13

ṅsquscatt5@n0(vs,q)2nsq#/tsq5n08(vs,q)dWsq /tsq , where
the relaxation timetsq of the phonons arises dominant
from the boundary scattering as will be discussed below.
the other hand,ṅsqupe is given by
7-2
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ṅsqupe5
2p

\ (
j , j 86

~6 !uVj 8 j
sq u2 f j~12 f j 8!S nsq1

1

2
6

1

2D
3d~« j82« j6\vsq!dk8,k7qy

, ~7!

where Vj 8 j
sq is the electron-phonon interaction defined

,n8k8uVs,q
e-phunk.5Vj 8 j

sq dk8,k1qy
and the upper~lower! sign

corresponds to the one-phonon emission~absorption! process
except for the sign. Linearizing Eq.~7! according to Eqs.~5!
and ~6!, using the steady-state condition we find, after
lengthy algebra,4–6,14–16

dWsq5S 2

tsq
211asq

D 2p

\ (
j , j 8

uVj 8 j
sq u2~dEj 82dEj !

3@ f 0~« j !2 f 0~« j 8!#dk8,k1qy
d~« j1\vs,q2« j 8!,

~8!

where the spin degeneracy is included. The quantity

asq5
4p

\ (
j , j 8

uVj 8 j
sq u2@ f 0~« j !2 f 0~« j 8!#dk8,k1qy

3d~« j1\vs,q2« j 8! ~9!

in Eq. ~8! originates from the linear term}d Wsq contained
in nsq in Eq. ~7! and indicates the contribution to the phon
relaxation rate via scattering by electrons. It is negligib
small compared with the contribution from boundary scatt
ing in our structure due to the scarcity of the electrons a
will be neglected.1,2,16

It was demonstrated earlier that a large number of
quantum wells~e.g., ;103) are necessary to compete wi
the boundary scattering at low temperatures.16 The mean free
path of a phonon due to the boundary scattering depend
the nature of the sample surface and is of the size of
sample dimension for absorbing~i.e., rough! boundaries. It
can be increased by polishing the sample surface.2,17 Since
we are not comparing our results with any specific data
this paper, we assume absorbing boundaries and take
mean free path as a typical sample size, independent o
mode for a numerical evaluation, thereby estimating
lower limit of the phonon-drag thermopower. This kind
approximation was successfully employed previously to
plain the phonon-drag thermopower in 2D quantum wells2,6

B. Electron conductance

The electric conductance arises from the deviation fu
tion dEj of the electron distribution, which is determined,
low temperatures, by elastic scattering through the Bo
mann equation

v j1
2p

\ (
j 8

uU j 8 j u2~gj 82gj !d~« j2« j 8!50, ~10!

wheredEj5gjeE. Here,v j5\21d« j /dk is the group veloc-
ity of electrons along the wire andU j 8 j is the elastic scatter
ing matrix. The conductance was studied in detail recently
15530
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solving Eq.~10! exactly.10 We summarize the important re
sult in the following. The electrical current density is give
by

Jy5GyyS ELy

A D5
2Ee2

hA G, ~11!

whereGyy is the electrical conductance and

G52E
0

1`

d«@2 f 08~«!#s†u21s. ~12!

Here,A is the cross sectional area of the sample andu21 is
the inverse of a nonsingular square matrixu of rank NF21
with NF being the number of points where the energy«
intersects the dispersion curves. These points are illustr
by the cross marks in Fig. 1~b! and will be designated a
‘‘Fermi points’’ since they are the Fermi points atT50.
These points are numberedj 51,2,•••,NF from the left to the
right. The matrixu is constructed from theNF3NF symmet-
ric matrix:

uj , j 85uj 8, j5
Ly

\2

uU j 8 j u2

uv j 8v j u
for j Þ j 8, ~13!

and

uj , j52 (
j 8Þ j

uj , j 8 , ~14!

by eliminating an arbitraryi th row andi th column. We will
choose to eliminate the last pointi 5NF for convenience
hereafter. The quantitys5col(s1 ,s2 ,s3 ,•••,s

NF21
) in Eq.

~12! is an NF21 dimensional column vector with its trans
poses†. The elements ofs represent the signssj561 of the
group velocity at thej th point. The original deviation func-
tion gj is given, for j 51,2,•••,NF21, by

gj5gj81g
NF

, g852uO 21s, ~15!

whereg85col(g18 ,g28 ,•••) is anNF21 dimensional column
vector. The transport coefficients such as the conductanc
Eq. ~12! andS to be studied in Sec. IV depend only ong8.
The quantitygNF

is undetermined and irrelevant.10 The pho-
non distribution function is determined from Eq.~8! using
the relationshipdEj5gjeE and depends only ong8 in view
of Eq. ~15!.

IV. THERMOELECTRIC POWER

A. Electron-diffusion thermoelectric power

The heat current density due to the electron diffusion
given, accounting for the spin degeneracy, by

Qd5
2eE

V (
j

v jgjE
0

`

d«~«2m!@2 f 08~«!#d~« j2«!,

~16!
7-3



v

n

ve

s

ere
-

d
ric

S. K. LYO AND DANHONG HUANG PHYSICAL REVIEW B 66, 155307 ~2002!
where V5LyA is the volume. Thej summation includes
summation on the sublevels and the energy integration o
«nk with the DOS}1/uvnku. This leads to

Qd5
2eE

Ah E
0

`

d«@2 f 08~«!# (
n51

NF

sngn~«n2m!

5
2eE

Ah E
0

`

d«@2 f 08~«!# (
n51

NF21

sngn8~«n2m!, ~17!

where«n is the energy at thenth Fermi point. The second
equality follows from gn85gn2g

NF
, (n51

NF sn50, and

(n51
NF sn«n50. The electron-diffusion thermopower is the

given by

Sd5
Qd

JyT
5

1

eTGE0

`

d«@2 f 08~«!# (
n51

NF21

sngn8~«n2m!,

~18!

whereG is defined in Eq.~12!. The result in Eq.~18! reduces
to Mott’s formula Sd5(p2kB

2T/3e)] ln G/]m to the first or-
der inT at extremely low temperatures. HereG52s†u21s at
«5m.

B. Phonon-drag thermoelectric power

The heat current density due to phonon transport is gi
by

Qph5V21(
s,q

\vs,q nsq

]vs,q

]qy
. ~19!

Inserting Eqs.~6! and ~8! into Eq. ~19! and using the sym-
metry relations «n,2k5«n,k , vs,2q5vs,q , and gn,2k
52gn,k , we rewrite the heat current density in Eq.~19! as

Qph5(
j 51

NF

gjZj , ~20!

where

Zj5
4p

\ (
s,q, j 8;6

]vsq

]qy
Fs,quVj 8 j

sq u2@ f 0~« j !2 f 0~« j 8!#

3dk8,k1qy
~6 !d~« j 86\vs,q2« j ! ~21!

and Fs,q5eEtsq\vs,q@2n08(vs,q)#/V. Using the antisym-
metry relationZn,2k52Zn,k , we further reduce Eq.~20! to

Q5 (
j 51

NF21

gj8Zj . ~22!

After employing the following identity

7@ f 0~«n,k!2 f 0~«n8,k1qy
!#5 f 0~«n,k!@12 f 0~«n8,k1qy

!#

3Fn0~vs,q!1
1

2
7

1

2G21

~23!
15530
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for «n8,k1qy
6\vs,q2«n,k50 in the expression in Eq.~21!,

we find the phonon-drag thermoelectric power from Eq.~22!:

Sph5
Q

JyT
52F kBAh

eV~kBT!2GG 2p

\ (
s,q;6

\vs,q

]vs,q

]qy
tsq

3Fn0~vs,q!1
1

2
6

1

2G3 (
n,n8;k

gn,k8 f 0~«n,k!

3@12 f 0~«n8,k1qy
!#uVn8n

sq u2

3d~«n8,k1qy
6\vs,q2«n,k!. ~24!

It is important to note thatGyy , Sd , andSph depend only on
NF-1-dimensionalg8 instead ofNF-dimensionalg. The for-
malism derived in this section forS and the conductance i
general for any 1D system.

V. PARABOLIC QUANTUM WIRE

In this section, we apply the results to the structure wh
the confinement in thex direction is due to a parabolic po
tential, studied in Sec. II.

In the parabolic quantum-wire model, the quantityuVn8n
sq u2

in Eq. ~24! is given by

uVn8n
sq u25~Vsq

2 /enen8!Dn8n~qx ,qy!Dz~qz!, ~25!

where

Dn8n~qx ,qy!5
n,!

n.!
Pm exp~2P!@Ln,

m ~P!#2, ~26!

P5@(Dxqy
)21qx

2l cx
4 #/2l cx

2 , m5n.2n, , and n. (n,) are

the larger~lesser! of n and n8. In Eq. ~26!, Ln
m(x) is the

associated Laguerre polynomial.Dz(qz) in Eq. ~25! is

Dz~qz!5U E
2`

1`

dzexp~ iqzz!uj0~z!u2U2

. ~27!

For the longitudinal (s5 l ) and transverse (s5t) modes
of acoustic phonons, the quantityVsq

2 introduced in Eq.~25!
is

Vlq
2 5

\v lq

2Vrmasscl
2 FD21~eh14!

2
Al~q!

q2 G , ~28!

Vtq
2 5

\v tq

2Vrmassct
2 ~eh14!

2
At~q!

q2
, ~29!

where rmass, cs , D, and h14 are the mass density, soun
velocity, deformation-potential coefficient, and piezoelect
constant.5 The quantitiesAs(q) in Eqs. ~28! and ~29! are
given by18
7-4
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Al~q!5
36qx

2qy
2qz

2

q6
,

At~q!5
2@q2~qx

2qy
21qy

2qz
21qz

2qx
2!29qx

2qy
2qz

2#

q6
. ~30!

In Eq. ~25!, en
21 is given by @e21(qy)#n,n in the static

Thomas-Fermi~TF! approximation. Here the matrix ele
ments of the dielectric functionse are19,20

en,n8~qy!5dn,n81qn
TFFnn8~qy!, ~31!

where the inverse TF screening length is

qn
TF5S 2e2

kBTk D E
0

1`

d«n,kF\uvn,kucosh2S «n,k2m~T!

2kBT D G21

,

~32!

and the form factor due to finite-size quantization is

Fn,n8~qy!5
1

2pE2`

1`

dxE
2`

1`

dx8E
2`

1`

dz

3E
2`

1`

dz8ufn,0~x!u2ufn8,0~x8!u2

3uj0~z!u2uj0~z8!u2

3K0~ uqyuA~x2x81Dxqy
!21~z2z8!2!.

~33!

Here, K0(x) is the modified Bessel function andk in Eq.
~33! is the bulk dielectric constant. The expression in E
~32! reduces toqn

TF58e2/\v0Fk[q0 in the limit kBT
!«0F. For single-sublevel occupationn50, qn

TF in Eq. ~32!
is the limiting expression~i.e., qy→0) of the RPA~random
phase approximation! resultqn

RPA.21 The RPA expression ha
a well-known logarithmic singularity forqy562kF scatter-
ing at T50. In the limit kBT!«0F, the RPA yields

q0
RPA5

1

2
q0@ ln~«0F/kBT!11.512# ~34!

for qy562kF .
We now carry out the integrations overk and q in Eq.

~24!. For this purpose, it is convenient to introduce the f
lowing identity between the Fermi-Dirac distributionf 0(x)
and the Bose-Einstein distributionn0(z):

f 0~x!@12 f 0~y!#d~x1z2y!5zF f 0~x!2 f 0~y!

z G
3@11n0~z!#d~x1z2y!.

~35!

At low temperatures, the right-hand side of this identity c
be approximated for smallz as4
15530
.

-

n

f 0~x!@12 f 0~y!#d~x1z2y!

'z@11n0~z!#d~x2m!d~x2y!. ~36!

Inserting x5«n,k ,y5«n8,k8 into Eq. ~36!, using z
52\vs,q for the upper sign andz5\vs,q for the lower sign
in Eq. ~24!, and carrying out the integration overk andq, we
find

Sph5E
0

1`

d«@2 f 08~«!#D~«!. ~37!

where

D~«!52F 8kB /e

~2pkBT!2G\2G E0

1`

dqxE
0

1`

dqz

3(
s

~\vs,q!2
qy

q
Lsq (

j 51

NF21

(
j 851

NF

n0~vs,q!@n0~vs,q!

11#gj8VuVj 8 j
sq u2

1

uv jv j 8u
dqy ,k82k . ~38!

Here j 5(n,k) represents the states at the intersection of
energy« and the dispersion curves. In Eq.~38!, the Debye
approximation is employed for the long-wavelength phono
vs,q5csq andLsq5cstsq is the phonon mean free path. Th
wave numbersk,k8 in Eq. ~38! at pointsj , j 8 are given by

k52
qy

2
1

7\vs,q1~n2n8!\Vx

\2qy /m**
,

k85
qy

2
1

7\vs,q1~n2n8!\Vx

\2qy /m**
. ~39!

The divergence atv j50 in Eqs.~32! and~38! at the bot-
tom of the sublevels is avoided by introducing a lev
broadening parameterg j at the bottom of the subband for th
j th Fermi point10

1

v j
5H ~m** /g j !

1/2 if 1/v j.~m** /g j !
1/2

1/v j if 1/v j<~m** /g j !
1/2.

~40!

VI. NUMERICAL RESULTS AND DISCUSSIONS

In our numerical calculations, we study a GaAs wire im
bedded in AlGaAs and assume:Lz5100 Å ~quantum-well
width!, Uc5280 meV~barrier height!, mB50.073m0 ~mass
in the barrier with free-electron massm0), k512,
m* 50.067m0 , cl55.143105 cm / sec, ct53.04
3105 cm / sec, rmass55.3 g / cm3, h1451.23107 V / cm,
D529.3 eV, Lsq50.3 mm, andg j50.16 meV.5,6,10 We
also assume that elastic scattering for the conductanc
dominated by the interface-roughness of a monolayer fl
tuation db55 Å with a correlation length given byLx
5Ly530 Å as studied earlier.10 Other parameters will be
given in the corresponding figure captions.

We plot in Fig. 2~a! theT dependence of the thermopow
at B50 for \vx550 meV andN1D513106 cm21, where
7-5
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FIG. 2. ~a! Phonon-drag (Sph, solid, dashed curves, left axis! and electron-diffusion (Sd , dotted curve, right axis! thermopower as a
function of the temperatureT at B50. Only the first subleveln50 is populated~i.e., NF52) with the Fermi energy«0F514 meV. The
dash-dotted curve represents the contribution toSph from the screened piezoelectric interaction.~b! Semilog plot of the phonon-drag
thermopower vs 1/T. The activation energy corresponds to the transverse acoustic phonon energy withqy52k0F.
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only the lowest sublevel (n50) is occupied with «0F

514 meV andNF52. The effect of smaller\vx510 and 1
meV will be studied later. The phonon-drag contributionSph
in Fig. 2~a! shows a typical 3DT3 dependence around 3 K
due to thev2-dependent bulk phonon DOS and rises with
smaller exponent above 3 K due to thex andz confinement.
A similar result was obtained earlier.8 On the other hand,Sph
decreases rapidly as exp(2\vF /kBT) for decreasingT below
2 K as shown in Fig. 2~b!. Here\vF is approximately the
minimum phonon energy necessary to scatter an elec
across the Fermi surface, namely the transverse phonon
ergy corresponding to the wave numberqy52k0F. This ac-
tivation behavior is unique to a one-dimensional struct
where the Fermi surface consists of two discrete points.
have also considered ‘‘vertical’’ phonon scattering proces
around each Fermi point corresponding toj 5 j 8 in Eq. ~38!.
This contribution arises from the small-qy solution in
Eq. ~39! with n5n8, namely qy.7k\vs,q/2«0F
2k(\vs,q /«0F)

2/8 for the absorption and emission pr
cesses. Here it is clear that the first term cancels out
one-phonon emission and absorption processes, leaving
the second termqy;2k(kBT/«0F)

2/8, which is very small
~i.e., kBT/«0F!1). Although this contribution yields a
power-lawT dependence and dominates the above expon
tial Sph for T→0, it is still about three orders of magnitud
smaller thanSph shown in Fig. 2 atT50.8 K and is negli-
gible in the range ofT shown there. This arises from the fa
that \vF /«0F!1. In the low temperature rangeT<1.5 K
shown in Fig. 2~a!, the main contribution toSph arises from
the piezoelectric interaction with long-wavelength phono
as shown by the dash-dotted curve. The electron-diffus
contributionSd in Fig. 2~a! is linear inT, becomes larger than
Sph in magnitude below 1.2 K and deviates from the line
behavior at highT.

In Fig. 3, we examine the accuracy ofSph based on the TF
approximation~dashed curve! by comparing it with that ob-
tained from the RPA~solid curve!. At low temperatures, the
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effect of damping (G@kBT) is expected to be important. Th
damping effect on the inverse screening length is calcula
from the result of Das Sarma and Lai22 for kBT!«0F and is
shown in the inset. For the ratioa[G/«0F50.1 employed
for the solid curve forSph, qRPA.4q0 at qy562k0F is
larger thanq0

RPA in Eq. ~34! in the temperature range show
in Fig. 3. It is seen that the TF approximation overestima
uSphu by less than 10% compared with the RPA. For mu
level occupation, the most important effect occurs whenm is
slightly above the bottom of a sublevel, wherea is close to
unity. In this case, screening is dominated by this level due
the large DOS nearm. Therefore, the TF approximation i
expected to give a similar result to that of the RPA beca
qRPA;qo for qy562k0F as seen from the inset.

FIG. 3. Comparison ofSph due to TF approximation with tha
from the RPA. The ratioqRPA/q0 of the inverse RPA screening
length to that from TF approximation is obtained in the lowT
!«0FkB

21 limit and is displayed in the inset for several values
a5G/«0F.
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FIG. 4. B dependence of~a! Sph ~solid, dashed curves, left axis! and Sd ~dotted curve, right axis! and ~b! Gyy ~solid curve! at T
54 K. Only the ground sublevel is populated (NF52) for this sample.
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Figure 4~a! displaysSph and Sd as a function ofB at T
54 K for the same sample parameters as in Fig. 2. The
electric screening reducesSph significantly. The quadraticB
dependence ofSph is a consequence of theB-enhancement o
the DOS}Am** . The B dependence enters Eqs.~37! and
~38! for Sph in three ways. One is the product 1/uv jv j 8u,
namely the product of the DOS at the Fermi pointsj and j 8.
The second is the overlap factorDn8n(qx , qy) introduced in
Eqs. ~25! and ~26! for the electron-phonon interaction. Th
factor decreases for increasingB due to theB-induced dis-
placement of the wave functions. This effect is importa
only at high B. The third factor is the phonon occupatio
numbern0(vs,q), where the minimum phonon energy is r
stricted byqy52k0F. In this regard, theq-dependence o
Vsq

2 }q,q21 in the deformation-potential and piezoelectr
scattering also affectsSph. In the present case of single-lev
occupation,k0F is independent ofB due to the conservation
of the number of the electrons. For the case of multile
occupation, it can depend sensitively onB through the DOS.
15530
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The quantitySd ~dotted curve with right scale! also rises
quadratically withB. The origin of this behavior has th
following explanation. The contribution to the conductan
from a given energy level« is G}v2rt, where v is the
group velocity,r}uvu21 is the DOS, andt}r21 is the scat-
tering time. ThereforeG}r22}« is a decreasing function o
the DOS and is larger for the quasiparticles than the qu
holes, yielding a negativeSd . The absolute value ofSd is
given by uSdu}G21]G/]«}«21 and increases as}«21

52m** /(\k0F)
2}m** .m* (11vc

2/vx
2) as a function ofB.

TheB-dependent behavior ofG5Gyy can be explained simi-
larly.

If the electron densityN1D is lowered to 0.53106 cm21

with the other parameters in Fig. 4 fixed, bothSph and Sd
increase dramatically as shown in Fig. 5~a!. In this case, both
the phonon population forqy52k0F5pN1D and the DOS
}1/N1D at the Fermi level increase significantly. Contrary
this, Gyy ~solid curve! reduces withN1D due to the larger
DOS or the lower Fermi velocity, as shown in Fig. 5~b!.
FIG. 5. B dependence of~a! Sph ~solid, dashed curves, left axis! and Sd ~dotted curve, right axis! and ~b! Gyy at T54 K for \vx

550 meV, N1D50.53106 cm21, andLy510 mm ~for Gyy). Only then50 sublevel is occupied~i.e., NF52) with «0F53.5 meV. Other
parameters are given in the text.
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S. K. LYO AND DANHONG HUANG PHYSICAL REVIEW B 66, 155307 ~2002!
FIG. 6. T dependence of~a! Sph ~solid, dashed curves, left axis! andSd ~dotted curve, right axis! and~b! Gyy for Ly510 mm atB50 for
two-sublevel occupationNF54. Other parameters are given in the text.
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The discussions so far have been limited to the extre
quantum limit where only the ground subleveln50 is popu-
lated. We now study the situation where\vx is reduced to 10
meV with the sameN1D5106 cm21 studied in Figs. 2 and 4
In this case, the second subleveln51 is populated near the
bottom with a small Fermi energy«1F50.29 meV. TheT
dependence ofSph ~solid, dashed curves, left scale! and Sd
~dotted curve, right scale! is shown atB50 in Fig. 6~a!. The
exponentialT-dependence forSph is seen only at extremely
low T,0.25 K becauseq52k1F is small. The quantity
2Sd rises linearly below 0.15 K and more steeply betwe
0.15 K,T,0.5 K with a negative sign forSd and then de-
creases rapidly. What is striking, however, is thatSd changes
sign, yielding a positive value. Its magnitude is larger th
the screeneduSphu below 0.27 K. A positive sign forSd from
the electron heat transport is unusual and has the follow
explanation: Due to the proximity ofm to the bottom of the
subleveln51, the DOS near the thermal layer is very lar
abovem for the quasiparticles with a smallG and small for
the quasiholes in the subleveln50 belowm with a largeG.
15530
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Therefore, the heat is carried mainly by the quasiholes, yie
ing a positiveSd . The conductance displayed in Fig. 6~b!
increases withT because the current is more efficiently ca
ried by the quasiholes and particles away from the lar
DOS region.

We display theN1D dependence ofSph ~solid, dashed
curves, left scale!, Sd ~dotted curve, right scale!, andGyy in
Fig. 7 atT52 K andB50 for \vx510 meV. The vertical
arrows indicate the densityN1D50.923106 cm21 where the
second sublevel begins to be populated. The quantityqy
52k0F reaches its maximum value just before the therm
occupation of then51 sublevel, yielding the minimum in
2Sph aroundN1D50.83106 cm21 as discussed earlier. Th
quantity qy52k1F becomes small just above the arrow a
increases withN1D , yielding a sharp peak in2Sph around
N1D51.023106 cm21 as shown in Fig. 7~a!. This sharp
minimum-maximum structure is rounded at higher tempe
tures.Sd undergoes a sign change to a positive value a
becomes large between the dip and peak of2Sph. It is in-
teresting to note thatSd nearly cancels outSph near N1D
50.93106 cm21. A similar level depopulation can be cre
FIG. 7. N1D dependence of~a! Sph ~solid, dashed curves, left axis! andSd ~dotted curve, right axis! and~b! Gyy at T52 K andB50 for
\vx510 meV andLy510 mm ~for Gyy). Other parameters are given in the text. The vertical arrows in~a! and~b! indicateN1D where the
second sublevel begins to be populated.
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FIG. 8. B dependence of~a! Sph ~solid, dashed curves, left axis! and Sd ~dotted curve, right axis! and ~b! Gyy at T52 K for \vx

510 meV, N1D513106 cm21, Ly510 mm ~for Gyy). Other parameters are given in the text. Two sublevels are populated atB50 with
«1F50.29 meV andNF54. The vertical arrows in~a! and ~b! indicate the magnetic field at which the second sublevel is depopulated
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ated by a magnetic field as will be shown in Fig. 8. T
conductanceGyy in Fig. 7~b! has a peak and a dip just belo
and above the arrow near the minimum and maximum of
total DOS, respectively. This behavior can readily be un
stood from the argumentG}r22 presented for Fig. 4 earlie
in this section. A much shallower dip is expected in tw
dimensions due to the absence of the van Hove singularit
has been observed.23

In the rest of the section, we discuss theB-dependence
and the effect of multisublevel occupation onSph,Sd , and
Gyy . In Fig. 8, we study the sample with\vx510 mev and
N1D5106 cm21, which was studied in Fig. 6. Here, th
Fermi level is near the bottom of then51 sublevel. In Fig.
8~a!, 2Sph decreases rapidly withB because then51 sub-
level is depopulated nearB52.4 T ~marked by a vertical
arrow!. In this case,«1F50.29 meV is close to the leve
broadeningg j50.16 meV. Here,qy52k1F is already small
at B50 andn0(vs,q) is not the major source of theB de-
pendence because\vs,q&kBT at T52 K. This is not true at
15530
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low temperatures where an oppositeB-dependent behavior is
found for Sph at T50.2 K as will be studied in Fig. 9. The
situation in Fig. 8 atB50 is very similar to that studied in
Fig. 7 near the level depopulation densityN1D indicated by
the arrow and can be explained using the same physics. AB
increases, the chemical potential falls below the subleven
51, pushing2Sph toward the minimum. In the present cas
however,2Sph continues to decrease monotonically due
the overlap factorDn8n(qx , qy) in Eqs. ~25! and ~26! as
discussed earlier. The mechanism of the sign change ofSd in
Fig. 8~a! as well as the large anomalous positiveSd is the
same as explained in Fig. 7. In Fig. 8~b!, Gyy increases
steeply withB nearB52.4 T due to the depopulation of th
second sublevel and the sudden reduction of the DOS.
states near the bottom ofn51 sublevel carry little current
due to their small group velocities, while contributing dr
matically to the intersublevel elastic scattering rates for
electrons in then50 sublevel.

At very low temperatureskBT!\v2k1F
, however, theB
,
FIG. 9. B dependence of~a! Sph ~solid, dashed curves, left axis! andSd ~dotted curve, right axis! and~b! Sph1Sd ~solid and dashed curves
left axis! andGyy ~dotted curve, right axis! at T50.2 K for \vx510 meV,N1D513106 cm21, andLy510 mm ~for Gyy). Two sublevels
are populated atB50 with «1F50.29 meV andNF54. Other parameters are given in the text.
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S. K. LYO AND DANHONG HUANG PHYSICAL REVIEW B 66, 155307 ~2002!
FIG. 10. B dependence of~a! Sph ~solid, dashed curves, left axis! and Sd ~dotted curve, right axis! and ~b! Gyy at T52 K for \vx

51 meV, N1D513106 cm21, andLy550 mm ~for Gyy). The third subleveln52 is populated atB50 with «2F50.66 meV~middle of the
n52 andn53 sublevels! andNF56. Other parameters are given in the text.
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dependence ofSph in Fig. 8~a! alters dramatically at lowB as
shown at 0.2 K in Fig. 9~a!. In this case,2Sph rises initially
with B as in Fig. 4~a! due to n0(vs,q) and DOS factors.
However, the overlap factorDn8n(qx , qy) becomes domi-
nant at highB, decreasing2Sph after a maximum. The de
population effect is sharper in this case as seen for2Sd . The
minimum of 2Sd is shifted to a slightly higherB compared
with that in Fig. 8~a! because of a slightly larger value ofm
at lowerT. The conductanceGyy decreases withB initially as
shown in Fig. 9~b! by a dotted curve~right axis! because of
the increasing DOS around the thin thermal layer ofm but
rises more steeply than in Fig. 8~b! when then51 sublevel
is depopulated. The total thermopowerST[Sph1Sd is dis-
played also in Fig. 9~b! by dashed and solid curves~left axis!
and is positive aboveB.1.7 T. This large positive anoma
lous ST is dominated bySd and can be observed withou
being masked bySph in this regime.

At a much lower sublevel energy\vx51 meV, the third
subleveln52 is populated forN1D513106 cm21. Figure
10 showsSph ~solid, dashed curves, left axis!, Sd ~dotted
curve, right axis! in ~a! at T52 K andGyy in ~b! at T50.2
and T52 K as a function ofB. The third sublevel Ferm
energy«2F50.66 meV atB50 is near the middle betwee
the levelsn52 andn53. The magnitude ofSph in ~a! de-
creases initially withB due to the depopulation of the thir
sublevel at this highT as explained in Fig. 8~a!, followed by
a further monotonic reduction due to theB-induced suppres
sion ofSph through the overlap factor, and finally a comple
suppression ofSph for B.1.0 T. On the other hand,Sd dis-
plays quantum oscillations as a result of the two succes
depopulations of sublevels and switches its sign around
depopulationB. In ~b!, Gyy decreases before the depopu
tion of the levelsn53 andn52 at 0.2 K, rises and reache
maxima after the level depopulation.Gyy displays a sharp
upward step near the depopulation of the second subl
~second vertical arrow!. At 2 K, however, the first maximum
is smeared out, leaving only one large maximum near
second sublevel depopulation.
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VII. CONCLUSIONS

We have examined the phonon-drag and electr
diffusion thermoelectric power at low temperatures as
function of temperature, magnetic field, and electron dens
including the effect of multisublevel occupation. The ele
tron conductance is dominated by elastic scattering in
temperature regime studied. The main role of the magn
field is: ~1! to monotonically increase the effective mass
well as the DOS along the wire thereby causing depopula
of the sublevels and quantum oscillations of the th
mopower, and~2! to reduce the interaction and therefore t
phonon-drag thermopower by displacing the electron w
functions of the initial and final states. Both the phonon-dr
and the electron-diffusion contributions are found to exhi
unusual behavior unique to the one-dimensional system
contrast to the well-known power-law~e.g.,;T3) behavior
in higher dimensions, the phonon-drag thermopower
creases exponentially with decreasing temperature as}exp
(2\vF /kBT) at low temperatures. Here\vF is approxi-
mately the phonon energy with the wave numberqF corre-
sponding to the minimum momentum transfer for the ba
scattering. The electron-diffusion thermoelectric power b
comes anomalous, namely positive, and is much large
magnitude than the phonon-drag contribution when
chemical potential lies near the bottom of a sublevel~other
than the ground sublevel! due to the presence of a stron
one-dimensional van Hove singularity.
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