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Magnetoquantum oscillations of thermoelectric power in multisublevel quantum wires
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The electron-diffusion and phonon-drag thermoelectric pd&P) 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 temperatuf€ dependence in higher dimensions, the phonon-drag TEP is
proportional to exptfiwe/kgT) at low temperatures, wherewg is the threshold phonon energy with a wave
numbergg corresponding to the minimum momentum transfer for back scattering.
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[. INTRODUCTION the ground sublevel. This is due to the fact that the conduc-
tance is very low at the energies near the bottom of a sub-
Thermoelectric phenomena provide a powerful tool forlevel due to the 1D van Hove singularity and a small group
investigating the electron and phonon transport dynamic¥elocity. As a result, more heat is carried by the quasiholes in
and electron-phonon interaction. While a large amount ofhe lower-energy sublev@). The phonon-drag thermoelec-
work has been devoted to the studies of the thermoelectrific power (S,,) becomes large when many sublevels are
phenomena in the quasi-two-dimensional structéifésp-  occupied due to increased channels of electron-phonon scat-
vestigation of the phenomena in quasi-one-dimensi@tal  tering. Sy, is also sensitive to the threshold phonon energy
wires has attracted much less attention due to the difficulty it @ With wave numbeig=2kg corresponding to the mini-
the sample growtf® Nevertheless, quasi-1D structures offer mum momentum transfer for the scattering between the
rich physics in the transport dynamics due to the restrictedrermi points ink space. As a resul§y,=exp(—fiwg/kgT)
phase space and occupation of multisublevels with van HovBas an exponentidl-dependence at loW, in contrast to the
singularities at the bottom of the levéfs!! The quasi-1D  well-known power-law behavior in higher dimensions. We
structure of interest is shown in Fig(al. The wire is along  consider bulk acoustic phonon modes interacting with the
the y direction. In thez direction, only the ground level is electrons through deformation and piezoelectric scattering.
relevant in this work due to the extreme confinement. How- The organization of the paper is as follows. In Sec. Il, we
ever, the wire is wide in the direction with several occupied introduce a parabolic potential model for the electronic
sublevels. The “sublevels” in this paper designate these levstates. This model yields analytic results and is employed for
els arising from the confinement in tkalirection. The mag- nhumerical applications and also for the purpose of elucidat-
netic fieldB is in the z direction. ing the basic physical picture. A general formalism is pre-
We are interested in the following features of the problemsented for the conductance a8g},, Sy in Secs. Il and IV.
unique to the above system. The number of the occupied

sublevels can be adjusted either by the electron dehkity : B

or by applyingB. As is well known!? B increases the effec- Quantum T

tive mass along the wire and therefore the density of states wire /y

(DOSY) for each sublevel. It also increases the sublevel sepa- J,

ration. AsB is increased under a fixed density, the sublevels

pass through the chemical potential The number of Fermi —>X

points changes as a function Bf Also, the DOS is a sensi- DOS+
tive function of the energy, yielding a divergence at the bot- (a)

tom of each sublevel. AlsoB displaces and localizes the
wave functions in thex direction, affecting the interaction kg 1. |justration of(a) a quasi-1D wire structure with an
matrices. It is then expected that the thermoelectric pdSver eyternal perpendicular magnetic fieland (b) energy dispersion

will depend sensitively oN;p,B, and the temperatur€.  curves and the DOS for the first three sublevels. Solid and empty
Our theory predicts an anomalous, large positive electrondots indicate quasiparticles and quasiholes near the chemical poten-
diffusion thermoelectric powerS;) when the Fermi level tial u. The crosses signify the points knspace at energy for the

lies slightly above the bottom of any of the sublevels abovesublevel dispersion curves.
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Section Il is devoted to the calculation of the electrical con-three sublevels in Fig. (). A very similar result can be
ductance in a magnetic field. The calculationsSpf andS;  obtained wherB lies in thex direction if we assume a har-
are presented in Sec. IV. In Sec. V, we present the analytimonic confinement in the direction. In the present model,
solutions forS,, andS; for a parabolic-well model. Numeri- the effect of a magnetic field in thedirection is very small.
cal results and discussions are given in Sec. VI for the The physical picture which emerges from the above
magnetic-field, temperature, and density dependen&of  analysis is that the renormalized sublevel spadigy, in-
Sy, and the electrical conductance. The paper is concluded iereases withB sensitively when the wire is wide in the
Sec. VILI. direction. Also, the effective electron masg™* as well as
the DOS increases witlB. As a result, the sublevels
IIl. FIELD-DEPENDENT ELECTRONIC STATES =1,2, - - pass througiu successively aB is increased. We
show later that the position gf with respect to the bottom

We introduce a parabolic potential model to illustrate thepf the sublevels affectS,, andS, as well as the conductance
effect of B on the electronic structure of the sublevels and forgjgnificantly.

later numerical applications. The qualitative features of the
results are expected to be independent of the model. The

Hamiltonian for this model is given, for the motion in tke I1l. NONEQUILIBRIUM ELECTRON-PHONON
direction, by DISTRIBUTION FUNCTIONS
2 2 1 A. Linear deviation from equilibrium of the electron-phonon
Hy=— —— ——+ —m* w2 X, ) distributions
2m* ox?> 2 *

In this section, we present a formalism for the relationship
wherem* is the effective mass of electrons afid, is the  between the nonequilibrium distribution functions of elec-
level separation of the harmonic eigen states. In the presend¢®ns and phonons coupled through electron-phonon interac-
of B||z, the quantized electron energy relevant to the Hamiltion. We assume that the electron conduction is limited by

tonian in Eq.(1) is'® elastic scattering such as impurity scattering or interface-
roughness scattering at low temperatures. Inelastic scattering
1 h2K? does not influence the electron current significantly at low
gj=enk=| N+ 5| Ayt Py (2 temperatures.

Under the influence of an electric fiekl along the wire
wherek is the electron wave number along the wing;* direction, the nonequilibrium electron distribution function is
=m*/[1— (0./Q)?], Q=i+ w? w;=eB/m*c, and given to the first order irE by
n=0,1,2; - -. The electrons are confined in thdirection by
a rectangular well of width., and barrier height.. Only
the ground-state is assumed to be occupied in this direction.
The Fermi wave number in theath sublevel is k.
= \2m** & /%, wheree ¢ is the Fermi energy relative to wherej=(n,k), fo(e;) is the Fermi function, andig(e;) is

fi="fo(e;)—fole)) 08, (5)

the bottom of the sublevel. the first derivative with respect to the energy. The deviation
The wave functions are given By function 8&; is linear inE. Similarly, the phonon distribution
function is written as
X+ Axy)? X+ AX
d)n,k(x):(\/Eznn”cx)_llzexi{_ ( 2 i n | X ) ,
21%, cx 3 Ngq=No( s q) —No(ws,q) Wsq, (6)

where H,(x) is the nth Hermite polynomial, I  whereny(ws,) is the Boson function andy(ws ) the first
= Jhc/m* (), Axk=klg(wclﬂx)2, and .= VAc/eB. The  derivative with respect th ws 4. Heref w4 is the energy of
total electron wave function of the quantum wire is given bythe phonon of mods and wave vectog.
The deviation functiosVy, is induced through electron-
1 _ phonon interaction and is linear Ea This quantity is related
i(r)= \/Texld'kY) b k(X)€0(2), (4 {0 the electron deviation functiods; through the steady-
y

state condition of the phonon distribution,|scact Nsgl pe

=0. Here,Ng| pe andNgyscar are the rates of the change of

tion a?d Ly is the Aeng’gh of the wire. Thﬁe enzr%y anr(]j the the phonon population through scattering from the electron-
wave function in thez direction are not affected bg. The  hon6n interaction and other sources, respectively. For
wave functions in thex direction are displaced by the amount -

Ax due to the Lorentz force. The effective masg of n5q|sca“’ we assume a relaxation-time approximation:
electrons is renormalized tov** , significantly increasing Nsalscat™=[No(@s,q) ~ Nsql/ 7sq= No(ws,q) Wsq/ 7q,  Where
the DOS with increasing® when the magnetic energyw,  the relaxation timers, of .the pho_nons arises dominantly
becomes comparable to the confinement endrgy. The  from the boundary scattering as will be discussed below. On
energy-dispersion curves and the DOS are shown for the firghe other handnsq|pe is given by

whereéy(z) is the ground-state wave function in thelirec-

155307-2



MAGNETOQUANTUM OSCILLATIONS OF . .. PHYSICAL REVIEW B 66, 155307 (2002

_ 27 - 11 solving Eq.(10) exactly’® We summarize the important re-
nsq|pe:7 > (i)|Vj9j fi(1=fj)| Nyt 5%5 sult in the following. The electrical current density is given
= by
X (el —e Fhwey) Ok k=q » 7
( j j sq) k', k Ay ( ) Ie ELy _ZEE’Z ”
where V31 is the electron-phonon interaction defined by =8l 1 )T ha Y (11)

<n’K'|VEPnk> =V 8 k+q, and the uppetlower) sign
corresponds to the one-phonon emisdi@nsorption process
except for the sign. Linearizing E¢?) according to Eqs(5) 4o
and (6), using the steady-state condition we find, after a g=—f ds[—fé(s)]STH_ls. (12
lengthy algebrg; 61416 0

whereG,, is the electrical conductance and

Here, A is the cross sectional area of the sample andlis
2 2 . , . 214
W= il E IV 12( 58, — 88 the inverse of a nonsingular square matixf rank Ng— 1
R Wt i ! ! with Ng being the number of points where the energy
intersects the dispersion curves. These points are illustrated
X[fo(ej)—Folej )16 k+q,0(ej T hws g &), by the cross marks in Fig.(d) and will be designated as
) “Fermi points” since they are the Fermi points @t=0.
These points are numbergd 1,2, - - ,Ng from the left to the

Tsq Tasq

where the spin degeneracy is included. The quantity right. The matrixu is constructed from th&lgX Ng symmet-
ric matrix:
4
aquT_Z, |V;~591 2[fo(«?j)_fo((°31")]5|<',|<+qy L, [Ui[2
" ujjr “j’,J__; o for j#j, (13
X 8(e;+hogg—e)) ) 7 Jujog)

in Eq. (8) originates from the linear term 6V, contained and
in ngy in Eq. (7) and indicates the contribution to the phonon
relaxation rate via scattering by electrons. It is negligibly ui=— u o
small compared with the contribution from boundary scatter- h b
ing in our structure due to the scarcity of the electrons and
will be neglected:?16 by eliminating an arbitraryth row andith column. We will

It was demonstrated earlier that a large number of 20choose to eliminate the last point=Ng for convenience
quantum wells(e.g., ~10°) are necessary to compete with hereafter. The quantitg=col(s;,s,,S3," - - Sy _1) in Eq.
the boundary scattering at low temperatuf&Bhe mean free (12) is anNg— 1 dimensional column vector with its trans-
path of a phonon due to the boundary scattering depends Wbses'. The elements of represent the signs=+1 of the

the nature of the sample surface and is of the size of thg,,, velocity at thgth point. The original deviation func-
sample dimension for absorbir{ge., rough boundaries. It i, g; is given, forj=1,2, - - ,Ne— 1, by
J 1 1 1 i) 1

can be increased by polishing the sample surfdé&ince
we are not comparing our results with any specific data in
this paper, we assume absorbing boundaries and take the
mean free path as a typical sample size, independent of the , . i i ,
mode for a numerical evaluation, thereby estimating theVNe€reg’=col(g,gz,---) is anNg—1 dimensional column
lower limit of the phonon-drag thermopower. This kind of vector. The transport coefﬂmgnts such as the conductance in
approximation was successfully employed previously to exEd- (12 andSto be studied in Sec. IV depend only gh.
plain the phonon-drag thermopower in 2D quantum wals. The quantitygy,_ is undetermined and irrelevattThe pho-
non distribution function is determined from E) using
B. Electron conductance the relationships&; = g;e E and depends only og’ in view

. . L of Eq. (15).
The electric conductance arises from the deviation func-

tion o6&; of the electron distribution, which is determined, at
low temperatures, by elastic scattering through the Boltz-
mann equation A. Electron-diffusion thermoelectric power

14
J"#]

gj=9gj*+g,. g=-u"s (15)

IV. THERMOELECTRIC POWER

o The heat current density due to the electron diffusion is
v+ W Z |Uj,j|2(gj,—gj)5(sj—sj,)zo, (10 given, accounting for the spin degeneracy, by
J/

_ - i 2eE *
wheres€j=g;eE. Here,v;=1 1d£j/dkls the group veloc- _ _ f de(e— Y Sle—
ity of electrons along the wire arld;; is the elastic scatter- ) 2 v 0 sle=ml—fole)]ole;~e),
ing matrix. The conductance was studied in detail recently by (16)
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where (=L A is the volume. Thg summation includes

PHYSICAL REVIEW B 66, 155307 (2002

for e Jtay *hogsq—enk=0 in the expression in Eq21),

summation on the sublevels and the energy integration ovege find the phonon-drag thermoelectric power from &):

nk With the DOSx1/|v,,,|. This leads to

fds[—fo(s]z 80,20~ 1)

NE—1

2eE (=
:mjo de~15e)] 3,

wheree, is the energy at theth Fermi point. The second
equality follows from g;zgy—gN , Et‘ilsvzo, and
F

ETE:LSVSV:O. The electron-diffusion thermopower is then

given by
Q4 1 f“’
4737 eTG)o de[~

Svg:)(sv_lu)a (17)

Ne—1

fo(e)] V;

V_IU’)l

(18)
whereg is defined in Eq(12). The result in Eq(18) reduces
to Mott's formula Sy=(72k3T/3e)dInG/du to the first or-

der inT at extremely low temperatures. Heje — sTg‘ lsat
E=M.

S,0,(&

B. Phonon-drag thermoelectric power

The heat current density due to phonon transport is given

by

&Sq

Neg—— 7y (19

Qph29712 ﬁwsq
s.q
Inserting Eqs(6) and (8) into Eq. (19) and using the sym-
metry relations e, =enx, s q=wsq, and gn
=—0nk, We rewrite the heat current density in E§9) as

Ng
Qpn= 2 97, (20)
i=1
where
_47T &wsq sq 12
Tk s,q%:t el Fs’q|vj’j [fo(e) = Tolej)]
X5k/,k+qy(i)5(81/iﬁws’q—aj) (22)

and Fg q=eErgfiwg o[ —No(ws )1/, Using the antisym-
metry relationZ,, _,=—Z, , we further reduce Eq20) to

Ng—1

Q= 121 9/Z

After employing the following identity

(22

:[fo(sn,k)_fO(£n’,k+qy)]:fO(Sn,k)[l_fO(Sn',kJrqy)]

X

1 -1
} (23)

2

732 hw

fiojea

kgAh
e (kgT)?G

X E gnkf (Snk)

n,n’;k

l 1

X[l_ fO(£n’,k+qy)]|Vn’n|2

X5(8n/'k+qyiﬁw&q_8n‘k). (24)

It is important to note thaG,,, Sq, andS;, depend only on
Ng-1-dimensionalg’ instead ofNg-dimensionalg. The for-
malism derived in this section fd8 and the conductance is
general for any 1D system.

V. PARABOLIC QUANTUM WIRE

In this section, we apply the results to the structure where
the confinement in the& direction is due to a parabolic po-
tential, studied in Sec. Il.

In the parabolic quantum-wire model, the quantiy;
in Eq. (24) is given by

|2

|Vrs1c5n|2:(nglfnén’)An’n(QXvqy)Az(qz): (25

where

Ann(ay,ay) = —PmeXp( P)[Ly (P)]%,  (26)
P=[(quy)2+q§I‘C‘x]/2I§X, m=n.—n_, andn. (n.) are
the larger(lessey of n andn’. In Eq. (26), L;(x) is the
associated Laguerre polynomial,(q,) in Eq. (25) is

(27)

suay=| [ azemmia.al

For the longitudinal $=1) and transversesEt) modes
of acoustic phonons, the quantng introduced in Eq(25)
is

V=9 D2+ (ehyy)? '(Q)l, (28
2QPmasé:l q
2 Wiq LAU)
= (ehyy) ) (29
a Zmeas§t2 q

where pnhass Cs, D, and hy, are the mass density, sound
velocity, deformation-potential coefficient, and piezoelectric
constanf. The quantitiesA¢(q) in Egs. (28) and (29) are
given by®

155307-4



MAGNETOQUANTUM OSCILLATIONS OF . .. PHYSICAL REVIEW B 66, 155307 (2002

. eq§q§q§ fo(X)[1—fo(y)]18(x+2—Y)

| o ~Z1+ny(2)]8(x—w)d(x=y).  (36)

2 2 Inserting x=g,,Yy=¢€p v into EQ. (36), using z

A(Q)= 2q? (qqu+quz+q qx) 9qquqz]. (30) = —hws q for the upper sign and= w 4 for the lower sign

‘ q® in Eq. (24), and carrying out the integration ovieandq, we
find

In Eq. (25), €, " is given by[e *(q,)]n, in the static .
Thomas-Fermi(TF) approximation. Here the matrix ele- :f del — () 1D(&). 3
ments of the dielectric functionsare®° Soin 0 [=fo(e)]D(e) S

where
en,n’(Qy):5n,n’+qIFan’(Qy)v (3D
where the inverse TF screening length is D(s)=— 8k5/e j f dq
, ) (2mkgT)2GH2 ‘
2e +oo enk— (T |-
TE nk— M Ne—1 N
an =( )j denk ﬁlvn,k|cosr?<—” , q Pt e
keTx/ Jo 2kgT XE (ﬁwsq)2 yAsq E 2 no(wsq)[no(wsq)
(32) S q =L j'=1
and the form factor due to finite-size quantization is 9 12 1
lvju ,I
Fonr(Qy)= f dxf dx’ f dz Herej=(n,k) represents the states at the intersection of the

energye and the dispersion curves. In E@8), the Debye
e ) 2 approximation is employed for the long-wavelength phonons
X f_w dZ'| n,o0) || nr o) ws q= C<0 ANdA ¢;= Cs7g, is the phonon mean free path. The
wave numbers,k’ in Eq. (38) at pointsj,j’ are given by

X |£0(2)|?|é0(2))I?
gy Fhogqt(n—n")h,

X Ko(]ay| /(x—x’ +quy)2+(z—z’)2). k=—>+ g, I
(33
. - . . Ay Iﬁwsq (n=n )hQ
Here, Ko(x) is the modified Bessel function and in Eq. k'= ?+ 5 - (39
(33) is the bulk dielectric constant. The expression in Eq. hiegy/m

(32) reduce_s tody, = 8e2/ﬁv°FKqu in thTeF .Iimit KeT The divergence at;=0 in Eqgs.(32) and(38) at the bot-
<eoe. For single-sublevel occupation=0, g, in Eq.(32 {5 of the sublevels is avoided by introducing a level-

is the limiting expressiofi.e. Pﬂyzo) of the RPA(random o3 dening parametey; at the bottom of the subband for the
phase apprOX|mat|()rresuItqn The RPA expression has jth Fermi point®

a well-known logarithmic singularity fog,= =+ 2kg scatter-

ing atT=0. In the limitkgT<gqg, the RPA yields 1 (M ypY2 if o> (m** [y)H?
v | 1w, it o= 1yt 40
%= 2 qO[ln(EOF/kBTH 1512 39 VI. NUMERICAL RESULTS AND DISCUSSIONS
for g, = = 2ke. In our numerical calculations, we study a GaAs wire im-

We now carry out the integrations ovkrand q in Eq.  bedded in AlGaAs and assumk;=100 A (quantum-well
(24). For this purpose, it is convenient to introduce the fol-width), U.=280 meV(barrier height, mg=0.073m, (mass
lowing identity between the Fermi-Dirac distributidg(x) in the barrier with free-electron massng), «=12,
and the Bose-Einstein distribution(z): m* =0.067mj, ¢;=5.14xX 10° cm/ sec, c;=3.04
X 10° cm/ sec, pmass=5.3 g/cnt, hy,=1.2x10" V/cm,
D=-9.3 eV, A,=0.3 mm, andy;=0.16 meV>> We
also assume that elastic scattering for the conductance is
dominated by the interface-roughness of a monolayer fluc-

X[1+ng(2)]o(x+2~Y). tuation sSb=5 A with a correlation length given by,
35 =A,=30A as studied earliéf. Other parameters will be
given in the corresponding figure captions.
At low temperatures, the right-hand side of this identity can We plot in Fig. Za) the T dependence of the thermopower
be approximated for smatl ag atB=0 for #w,=50 meV andN;p=1x10° cm™!, where

fo(x) = foly)
PS4

fo(O[1—fo(y)18(x+2z—y)= _
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FIG. 2. (a) Phonon-drag $,,, solid, dashed curves, left axiand electron-diffusiony, dotted curve, right axjsthermopower as a
function of the temperatur€ at B=0. Only the first subleveh=0 is populatedi.e., Ne.=2) with the Fermi energy =14 meV. The
dash-dotted curve represents the contributiorSgp from the screened piezoelectric interactigh) Semilog plot of the phonon-drag
thermopower vs T7. The activation energy corresponds to the transverse acoustic phonon energy 2k .

only the lowest sublevel (=0) is occupied withsor  effect of damping ['>kgT) is expected to be important. The
=14 meV andNg=2. The effect of smallefiw,=10 and 1 damping effect on the inverse screening length is calculated
meV will be studied later. The phonon-drag contributiyy ~ from the result of Das Sarma and Bafor ksT<eor and is

in Fig. 2(a) shows a typical 30T dependence around 3 K shown in the inset. For the ratie=I"/eor=0.1 employed
due to thew?-dependent bulk phonon DOS and rises with afor the solid curve forSy,, drea=4do at gy= =2k is
smaller exponent abev3 K due to thex andz confinement.  larger thang§™ in Eq. (34) in the temperature range shown
A similar result was obtained earli2On the other hands,, in Fig. 3. It is seen that the TF approximation overestimates
decreases rapidly as expkwe/kgT) for decreasing below  |Syil by less than 10% compared with the RPA. For multi-
2 K as shown in Fig. @). Herefiwg is approximately the level occupation, the most important effect occurs wheis
minimum phonon energy necessary to scatter an electroglightly above the bottom of a sublevel, wheres close to
across the Fermi surface, namely the transverse phonon eunity. In this case, screening is dominated by this level due to
ergy corresponding to the wave numligr=2koe. This ac-  the large DOS neap. Therefore, the TF approximation is
tivation behavior is unique to a one-dimensional structureexpected to give a similar result to that of the RPA because
where the Fermi surface consists of two discrete points. Wélrpa™d,o for g,= =2k, as seen from the inset.

have also considered “vertical” phonon scattering processes

around each Fermi point correspondingjtej’ in Eqg. (38). 300 —— T .
This contribution arises from the smajj- solution in L |
Eq. (39 with n=n’, namely q,=7khwsq/2eor — 250 L ;'L

—k(hwsyq/sop)Z/S for the absorption and emission pro- =
cesses. Here it is clear that the first term cancels out for=
one-phonon emission and absorption processes, leaving only—
the second terngy,~ —k(kgT/£0g)?/8, which is very small =

(i.e., kgT/ege<l). Although this contribution yields a U>Q150-B=0T%,5 m 5 20,7

Gepa’

power-lawT dependence and dominates the above exponen—aga " e =14 meV qa/ 2k,
tial Sy, for T—0, it is still about three orders of magnitude & 100} N o .
I - . y r
smallt_er thanS,, shown in Fig. 2 afl'—_O.8 _K and is negli g L he = 50 meV e Unscreened
gible in the range of shown there. This arises from the fact % sol w 6 a4 Lz S
that Awg/ege<1. In the low temperature range<1.5 K = Nm;: x100em™ 27 ----- ;I;X/Iodel
! ra=0. 2 —_—

shown in Fig. 2a), the main contribution t&,, arises from ) . . o
the piezoelectric interaction with long-wavelength phpnqns 00.5 10 15 20 25 30 35 40
as shown by the dash-dotted curve. The electron-diffusion Temperature T (K)
contributionS; in Fig. 2(a) is linear inT, becomes larger than P

Spn in magnitude below 1.2 K and deviates from the linear fiG. 3. Comparison o8, due to TF approximation with that
behavior at highT. from the RPA. The ratioggrpa/do Of the inverse RPA screening

In Fig. 3, we examine the accuracy 8, based on the TF  |ength to that from TF approximation is obtained in the IGw-
approximation(dashed curveby comparing it with that ob- <gykg?! limit and is displayed in the inset for several values of
tained from the RPAsolid curve. At low temperatures, the a=T/gq.
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FIG. 4. B dependence ofa) Sy, (solid, dashed curves, left axignd Sy (dotted curve, right axjsand (b) Gy, (solid curvg at T
=4 K. Only the ground sublevel is populateN{=2) for this sample.

Figure 4a) displaysSy, and Sy as a function ofB at T The quantitySy (dotted curve with right scalealso rises
=4 K for the same sample parameters as in Fig. 2. The digquadratically withB. The origin of this behavior has the
electric screening reduce®y, significantly. The quadrati®  following explanation. The contribution to the conductance
dependence d§, is a consequence of ttizenhancement of from a given energy levet is Gov?pr, wherev is the
the DOS«\/m** . The B dependence enters Eq87) and  group velocity,p|v| ! is the DOS, and=p ! is the scat-
(39) for Sy, in three ways. One is the product|dy;|, tering time. Therefor&«p ?x¢ is a decreasing function of
namely the product of the DOS at the Fermi poinéndj’. the DOS and is larger for the quasiparticles than the quasi-
The second is the overlap factdy, ,(dx, gy) introduced in  holes, yielding a negativ&,;. The absolute value o§; is
Egs.(25) and(26) for the electron-phonon interaction. This given by |SyxG 19G/dexe~! and increases ase*
factor decreases for increasiBydue to theB-induced dis-  =2m** /(fikqp) 2ocm** =m* (1+ w2/ w?) as a function oB.
placement of the wave functions. This effect is importantThe B-dependent behavior & =G, can be explained simi-
only at highB. The third factor is the phonon occupation |arly.
numberny(ws o), Where the minimum phonon energy is re-  If the electron densit\N;p is lowered to 0.5 10° cm™*
stricted by gy =2kor. In this regard, theg-dependence of with the other parameters in Fig. 4 fixed, b8, and Sy
ngocq,q*1 in the deformation-potential and piezoelectric increase dramatically as shown in Figap In this case, both
scattering also affectS,y,. In the present case of single-level the phonon population fogy=2kee=7N;p and the DOS
occupation kg is independent oB due to the conservation «1/N;p at the Fermi level increase significantly. Contrary to
of the number of the electrons. For the case of multilevethis, G, (solid curve reduces withN;p due to the larger
occupation, it can depend sensitively Brihrough the DOS. DOS or the lower Fermi velocity, as shown in Fighh
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x 1600 \&F o c - No-2
~ [
iy o~ he_ =50 meV
2 - ho =50 meV 2 & 0024 N o 5x10°em™ ]
~ 1400} N, =5x 10° cm” < ) | Lm_mx cm
5 - =10pm
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S 1200} o @
3 2 Q
g .- g S 0020 i
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. £ I
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00 3 6 9 12 N 0 3 6 9 12 15
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FIG. 5. B dependence ofa) Sy, (solid, dashed curves, left axiand Sy (dotted curve, right axjsand (b) Gy, at T=4 K for i wy

=50 meV,N;p=0.5x10° cm™ !, and Ly=10 um (for Gy,). Only then=0 sublevel is occupied.e., Ng=2) with £oe=3.5 meV. Other
parameters are given in the text.
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FIG. 6. T dependence af) S, (solid, dashed curves, left axiandSy (dotted curve, right axjsand(b) G, for L,=10 um atB=0 for
two-sublevel occupatiohl=4. Other parameters are given in the text.

The discussions so far have been limited to the extrem&herefore, the heat is carried mainly by the quasiholes, yield-
quantum limit where only the ground sublevek 0 is popu- ing a positiveSy. The conductance displayed in Figlbb
lated. We now study the situation whefre, is reduced to 10  increases witlT because the current is more efficiently car-
meV with the sam&,p=10° cm ! studied in Figs. 2 and 4. ried by the quasiholes and particles away from the large-
In this case, the second sublevet 1 is populated near the DOS region. _
bottom with a small Fermi energy;=0.29 meV. TheT We display theN;p dependence of, (solid, dashed
dependence 08, (solid, dashed curves, left scalandS; ~ CUrves, left scale Sy (dotted curve, right scaleandG,, in
(dotted curve, right scalés shown aB=0 in Fig. §a). The Fig. 7 a_tT.=2 K andB=Q for hwx=100rg1ev.7;|'he vertical
exponentialT-dependence fo§,, is seen only at extremely 27'OWS indicate the density;p=0.92<10° cm ~ where the
low T<0.25 K becauseq=2kyy is small. The quanity SR Z0EE DR e o O e henmal
_ ; ; = <KoF
o e S el eeThccfaton of i1 sublevel, yiedig e miimum

) . . ) —Syn aroundN; = 0.8X 10° cm ! as discussed earlier. The
creases rapidly. What is striking, however, is tBgthanges quantity q, = 2k; - becomes small just above the arrow and

sign, yielding a positive value. Its magnitude is larger thanincreases wittN,p, yielding a sharp peak in-S,, around

the screenedlS,;| below 0.27 K. A positive sign foB; from Nyp=1.02<10° cm ! as shown in Fig. ®. This sharp

the electron heat transport is unusual and has the followingyinimum-maximum structure is rounded at higher tempera-
explanation: Due to the proximity gf to the bottom of the  tres. S, undergoes a sign change to a positive value and

subleveln=1, the DOS near the thermal layer is very largepecomes large between the dip and peak-&,,. It is in-
aboveu for the quasiparticles with a smaB and small for teresting to note tha§y nearly cancels ougph near Nqp

the quasiholes in the sublevet-0 belowx with a largeG.  =0.9x10° cm 1. A similar level depopulation can be cre-
500 T T v T T T T T ¥ 60 0'40 T T T T T T T
Screened | I
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FIG. 7. N;p dependence afa) S,y (solid, dashed curves, left axiand Sy (dotted curve, right axisand(b) Gy, atT=2 K andB=0 for
fiwy,=10 meV and., =10 um (for G,,). Other parameters are given in the text. The vertical arrowa)iand (b) indicateN,p where the
second sublevel begins to be populated.
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FIG. 8. B dependence ofa) Sy, (solid, dashed curves, left axiand Sy (dotted curve, right axjsand (b) Gy, at T=2 K for fw,
=10 meV,N;p=1x10° cm™1, Ly=10 um (for G,,). Other parameters are given in the text. Two sublevels are populaié @twith
£1,=0.29 meV and\=4. The vertical arrows irfa) and (b) indicate the magnetic field at which the second sublevel is depopulated.

ated by a magnetic field as will be shown in Fig. 8. Thelow temperatures where an oppodtelependent behavior is
conductancé,, in Fig. 7(b) has a peak and a dip just below found for S, at T=0.2 K as will be studied in Fig. 9. The
and above the arrow near the minimum and maximum of theituation in Fig. 8 aB=0 is very similar to that studied in
total DOS, respectively. This behavior can readily be undefFig. 7 near the level depopulation density indicated by
stood from the argumer@=p 2 presented for Fig. 4 earlier the arrow and can be explained using the same physicB. As
in this section. A much shallower dip is expected in twoincreases, the chemical potential falls below the sublavel
dimensions due to the absence of the van Hove singularity as 1, pushing— S, toward the minimum. In the present case,
has been observed. however, — S;;, continues to decrease monotonically due to

In the rest of the section, we discuss tBelependence the overlap factorA ,(ay, qy) in Egs. (25 and (26) as
and the effect of multisublevel occupation &j,,Sy, and  discussed earlier. The mechanism of the sign chan@ iof
Gyy. In Fig. 8, we study the sample withw,=10 mev and Fig. 8a) as well as the large anomalous positi8gis the
Nip=10° cm™!, which was studied in Fig. 6. Here, the same as explained in Fig. 7. In Fig(b§ G,, increases
Fermi level is near the bottom of the=1 sublevel. In Fig.  steeply withB nearB=2.4 T due to the depopulation of the
8(a), — Sy decreases rapidly witB because th@=1 sub-  second sublevel and the sudden reduction of the DOS. The
level is depopulated ned=2.4 T (marked by a vertical states near the bottom of=1 sublevel carry little current
arrow). In this case,e;=0.29 meV is close to the level due to their small group velocities, while contributing dra-
broadeningy;=0.16 meV. Hereq, =2k, is already small matically to the intersublevel elastic scattering rates for the
atB=0 andng(wsg) is not the major source of thB de-  electrons in thex=0 sublevel.

pendence becaudgvs ;<kgT atT=2 K. This is not true at At very low temperaturekBT<ﬁw2le, however, theB
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FIG. 9. B dependence dB) S, (solid, dashed curves, left axiandS, (dotted curve, right axjsand(b) S,p+ Sy (solid and dashed curves,
left axis) and G, (dotted curve, right axjsat T=0.2 K for #iw,=10 meV, N;p=1X 10° cm™ 1, andL,=10 um (for G,,). Two sublevels
are populated aB=0 with £,.=0.29 meV andNg=4. Other parameters are given in the text.
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FIG. 10. B dependence ofa) Sy, (solid, dashed curves, left axiand Sy (dotted curve, right axjsand (b) G,, at T=2 K for fw,
=1 meV,N;p=1x10° cm™*, andL,=50 um (for G,,). The third subleveh= 2 is populated aB =0 with & ,-=0.66 meV(middle of the
n=2 andn=23 sublevelsandNg=6. Other parameters are given in the text.

dependence d8,, in Fig. 8(a) alters dramatically at lov8 as VIl. CONCLUSIONS
shown at 0.2 K in Fig. @). In this case- Sy rises initially
with B as in Fig. 4a) due tong(wsq) and DOS factors. We have examined the phonon-drag and electron-

However, the overlap factod, ,(qx, qy) becomes domi- diffusion thermoelectric power at low temperatures as a
nant at highB, decreasing- Sy, after a maximum. The de- function of temperature, magnetic field, and electron density,
population effect is sharper in this case as seenf§§. The including the effect of multisublevel occupation. The elec-
minimum of — Sy is shifted to a slightly higheB compared tron conductance is dominated by elastic scattering in the
with that in Fig. 8a) because of a slightly larger value pof  temperature regime studied. The main role of the magnetic
at lowerT. The conductanc&,, decreases witB initially as  field is: (1) to monotonically increase the effective mass as
shown in Fig. b) by a dotted curveright axis because of well as the DOS along the wire thereby causing depopulation
the increasing DOS around the thin thermal layeobut  of the sublevels and quantum oscillations of the ther-
rises more steeply than in Fig(l8 when then=1 sublevel  mopower, and?2) to reduce the interaction and therefore the
is depopulated. The total thermopowsf= Syn+Sq is dis-  phonon-drag thermopower by displacing the electron wave
played also in Fig. &) by dashed and solid curvéleft axis)  functions of the initial and final states. Both the phonon-drag
and is positive abov8>1.7 T. This large positive anoma- 44 the electron-diffusion contributions are found to exhibit
lous Sy is dominated byS, and can be observed without \;nysyal behavior unique to the one-dimensional system: In
being masked by, in this regime. , contrast to the well-known power-lage.g., ~T°) behavior

At a much Ipwer sublevel energhin, =1 meY,lthg third in higher dimensions, the phonon-drag thermopower de-
subleveln=2 is p_opulated foN1p=1x 10° cm - Figure creases exponentially with decreasing temperature e
10 showsS,, (solid, dashed curves, left axjsS; (dotted (—hwglksT) at low tem : .

; o = . = e/ Kg peratures. Hergwg is approxi
curve, right axigin (a) atT=2 K andGy, in (b) at T=0.2 telv the ph ith th i
and T=2 K as a function ofB. The third sublevel Fermi 2o € phonon energy wi € wave numpgrcorre
energye,-=0.66 meV atB=0 is near the middle between spondl_ng to the m|n|mum_mor_nentum transfer_for the back
scattering. The electron-diffusion thermoelectric power be-

the levelsn=2 andn=3. The magnitude 08, in (a) de- I | " qi hi .
creases initially withB due to the depopulation of the third COMeS anomalous, namely positive, and is much larger in

sublevel at this hig as explained in Fig. @), followed by ~ Magnitude than the phonon-drag contribution when the
a further monotonic reduction due to tBenduced suppres- chemical potential lies near the bottom of a subleiather
sion of S, through the overlap factor, and finally a complete than the ground sublevetlue to the presence of a strong
suppression 08, for B>1.0 T. On the other hand, dis- one-dimensional van Hove singularity.

plays quantum oscillations as a result of the two successive

depopulations of sublevels and switches its sign around the

depopulationB. In (b), G,, decreases before the depopula-

tion of the levelsn=3 andn=2 at 0.2 K, rises and reaches

maxima after the level depopulatio,, displays a sharp ACKNOWLEDGMENTS

upward step near the depopulation of the second sublevel
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