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Abstract

Electron-electron scattering conserves total momentum and does not dissi-
pate momentum directly in a low-density system where the Umklapp process
is forbidden. However, it can still affect the conductance through the energy
relaxation of the electrons. We show here that this effect can be studied
with arbitrary accuracy in a multi-sublevel one-dimensional single quantum
wire system in the presence of roughness and phonon scattering using a for-
mally exact solution of the Boltzmann transport equation. The intrasubband
electron-electron scattering is found to yield no net effect on the transport
of electrons in 1D with only one sublevel occupied. For a system with a
multi-level occupation, however, we find a significant effect of inter-sublevel
electron-electron scattering on the temperature and density dependence of the

resistance at low temperatures.
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I. INTRODUCTION

Carrier transport in low-dimensional semiconductor structures (quantum wells and wires)
is of interest for fast (high mobility) electronic devices. Many previous studies have focused
on the low-temperature conduction in semiconductor quantum wires. ' '2 The scope of these

past investigations covers fields of low-temperature elastic scattering, ! ® inelastic scatter-

10,11 5,6,8—10,12

ing, and magnetic-field effects in quantum wires. In these quantum-wire sys-
tems, scattering by impurities, interface roughness at low temperatures and by phonons at
high temperatures plays a dominant role for the momentum relaxation of drifting electrons.
Although electron-electron scattering has been known to affect the carrier transport in semi-

13715 it has not received sufficient attention in the past, especially

conductors for a long time,
in the recent calculations of mobilities in semiconductor quantum-wire systems, due to the
complexity of calculations involved. In this paper, we examine the effect of electron-electron
scattering on the resistivity using the Fermi liquid model. As is well known, electron-electron

interaction yields the Liittinger liquid effect in clean systems. This effect will not be con-

sidered here.

In modulation n-doped quantum-wire structures, there are usually many more conduc-
tion electrons than ionized impurities inside the channel. As a result, an electron can be
scattered much more frequently by other electrons than by ionized impurities, leading to
an enhanced effect of electron-electron scattering. In addition, acoustic phonon scattering
is suppressed at low temperatures. 1! Therefore, electron-electron scattering cannot be ig-
nored in the calculation of the conductance in modulation-doped quantum wires. However,
electron-electron scattering alone does not produce momentum dissipation directly because
of two-particle momentum conservation. ' The major role of electron-electron scattering is
the energy relaxation where carriers undergo rapid inelastic transitions among all the states
accessible by electron-electron scattering. As a result, the momentum relaxation rate be-
comes averaged over many states, becoming less dependent on the energy, and is driven

from the original exact relaxation rate for the rest of the elastic and inelastic scattering



mechanisms without electron-electron scattering. This effect increases the resistivity. A
quantitative argument based on the variational principle was given earlier for this effect.?
In this paper, we quantitatively study the effect of the competition of elastic, inelastic and

electron-electron scattering as functions of the temperature 7" and the electron density nip.

The intrasubband electron-electron scattering is found to yield no net effect on the trans-
port of electrons in the 1D limit where only one sublevel is occupied. This is in sharp
contrast to a finite intrasubband electron-electron scattering in the 2D limit.'® In multi-
sublevel quantum wires, intersubband electron-electron scattering is found to be significant
at low temperatures in momentum-relaxation processes as will be demonstrated later in our
numerical calculations. It is prohibitively difficult to study the effect of electron-electron
scattering in two and three dimensions accurately. In a one dimensional system, however,
we can develop an accurate solution to the Boltzmann transport equation utilizing the fact
that there are only a discrete number of points in k space for a given energy unlike in higher

dimensions.

We establish a matrix-equation approach for numerical calculation. This approach has
the advantage of performing numerical calculation with any desired accuracy. As a result,
the Boltzmann transport equation (described in the next section) can be solved exactly
formally for quantum wires yielding accurate numerical results. We apply this approach
to study the temperature- and density-dependent resistance of a single quantum wire. For
elastic scattering, we consider only surface-roughness scattering and neglect scattering from
ionized impurities by assuming that dopants sit far away from the quantum wire in the
growth (z) direction in modulation-doped systems. We study only high-quality quantum

wires where the localization length is expected to be longer than the sample length.

The outline of this paper is as follows. In Sec.II we derive an expression for the con-
ductance in the presence of interface-roughness, phonon and electron-electron scattering in

a multi-sublevel single quantum wire. In Sec.III we construct a matrix-equation approach



for solving the Boltzmann transport equation numerically with any desired accuracy. In
Sec. IV effects of intersubband electron-electron scattering on the temperature and density
dependence of the resistance are computed numerically, along with detailed discussions and

explanations of the numerical results. A brief conclusion is given in Sec. V.

II. SCATTERING EFFECTS ON MULTI-SUBLEVEL TRANSPORT

In this section, we briefly review the key results in our previous studies®!° and repeat
some of the equations for completeness of the theory presented in this paper. By using
notation nearly identical to that already in the literatures,®! the Boltzmann transport

equation for electrons along the wire (y) direction is given by
2T 2
v+ 2 2 Wyl (95 —95) 0 (g5 — ) + P+ Q5 =0, (1)
j/

where P; stands for the electron-phonon scattering and (); represents electron-electron scat-
tering. These quantities will be given below. In Eq. (1), ¢; and v; = h~'de;/dk are the
kinetic energy and the group velocity of the electrons in the electronic state j = {n, k}.
Here, n =0, 1, --- represents the sublevel index due to the size quantization of the wire in
the x direction and k is the wave number of free electrons along the y direction. Moreover,
I ; is the elastic scattering matrix® due to interface roughness. The quantity g; is pro-
portional to the nonequilibrium deviation from the equilibrium Fermi distribution function
f =) = fo(e;) after a linear expansion of the distribution function to the leading order in the

J

external electric field E: f; = fj(_) + gj[—0fo(g;)0g;]ek.

The quantity P; in Eq. (1), representing the contribution from the inelastic electron-

phonon interaction, is given by 10,17
2T s |2
Pr= 30 V[ (57 4 naa) (97— 95) 085 — ey ) G i, (2)
j’.s,q,t

where V;‘Z- is the screened electron-phonon interaction!! defined by < n'k’ V:q?ph} nk >=

V;fi- Ok, k+q, and the sign — (or +) corresponds to the one-phonon emission (or absorption)

4



process. In Eq. (2), f](,Jr J=1- f](,_) and n,; is the Boson distribution function for phonons

of mode s, having wave vector ¢ = (¢s, ¢y, ¢-) and equilibrium phonon energy hwgg.

To consider the effect of electron-electron scattering on transport we assume that only
the quantum-well ground state ¢o(z) with energy level Ey, is relevant in the z direction due
to an extra-thin thickness of the wire in this direction and low temperatures. The wave
function along the wire direction is just a plane wave. The wave function of the nth sublevel
in the z direction is denoted by ¥, (z). We further assume that the confining potential in
the x direction is a parabolic confinement. This gives rise to a harmonic wave function
Un(r) = (a//72"n)'/? exp(—a?2?/2)H, (ax) and a quantized energy level (n + 1/2)h,
where H,(x) is the nth-order Hermite polynomial, o = \/m*To/h, m* is the effective mass
of electrons, and h{)g is the energy-level separation. An electron in an initial state j = (n, k)
will be scattered into a final state j' = (n’, k') by simultaneously scattering another electron
from an initial state j; = (ny, k1) into a final state j; = (n), k}) through the Coulomb

interaction between two electrons, which is given by

L 2
K= = [ @ 93(2) i (@)hula) expli (k= K)y]

€0€r

X/ d37’1 ¢(2)(Zl) @D;’l(l’l)'@bnl(l’l) €xXp [Z (kl - ki):yl] ’

|7 — 7]
where €, is the dielectric constant of the host material and L is the wire length. This can
be explicitly calculated as
2

L, o )
Kj]fl =—7 Ogy, ky—k,Okthy, b+, /dI/dZ 05 (2) U (x)hn ()

€0€r

<[ i [ e vy ) [y S

and is further simplified to

. 2
K = Okthy, k/+k! 2
J,J1 1, 1 E()ErL



x [da [ dz [dey [da Ko (K = IR) 63050 ()b (@) d0(ea) i (ea)tbns (1) . (3)

where Koy(x) is the modified Bessel function of the third kind, and R =

\/ (21 — 2)° + (21 — x)>. By denoting the two-electron wave function as

exp (iky) )M

VI VI

the matrix element of the Coulomb interaction V, for the normalized spin singlet (upper

\IIOv ]1) = ¢n( ) ¢n1(

sign) and the spin triplet (lower sign) states is given by

5 < WU VL) Vel U0, q) £ 0, ) >

Here, the first term corresponds to Eq. (3) and the second (i.e., the exchange) term is found

by interchanging j' <+ j;. The interaction averaged over the spin configuration leads to

1
J .7 .7 .7 J .7
KJ Jll KJ]ll - 2 Kjljl : (4)

The electron-electron scattering adds a term @; on the left hand side of Eq. (1), %' which

is given by
Am of,” - FA2 () () () p(4)
Qj = hknT - Oe Z ‘ijl fj fjl fj, fji
B Y 1.4,
X (gj/ + 95 — 9j — gjl) J (aj +ej, —€5 — aji) : (5)

Here, T is the temperature of the thermal-equilibrium system, and the spin degeneracy has
been taken into account. The dynamical screening to the electron-electron scattering in

Eq. (5) can be included through the following substitutions

o o K] -71 K]1 g
{KJ- 1 e } N JrJ1 JJ1
e S ) NI L (e — )R] NI KL (e — <)/

RPA (

where €5 %(|q,|, w) can be found from diagonal elements of a dielectric-function matrix
under a random-phase approximation (RPA).? After the Fourier transform of Ky(z) with

respect to 7, the expression for g,-dependent K 7501 i Eq. (3) is found to be

Jhji



2¢? ) n<!ny! /+°°d F(n, q,)
0

€oer L n>ng! " /7724'%3

331 _
Kj,j1 (Qy) = 5k+k1, K +k! (

X (5n>—n<,even 5n1>—n1<,even - 25”>—”<70dd 5n1>—n1<,odd) )

where g, = k' —k, L{®)(z) is the nth-order associated Laguerre polynomial, n< = min(n, n’),
n” = max(n, n'), ny = min(ny, n}), n7 = max(ny, n}), P = n*/2a?, and the form factor

is

F(, a) = [ dz [ dz 63(2) exp(—\/n2 + a2l = 1) do(=1)?

The conductance is found to be?®
2¢” o )
G:FZngj/O de § (g —¢) —gf (¢)
J

2 00
= ™ e [—% f(‘)(a)] S @, (6)
where the symbol ® represents the matrix inner product, the k-summation for the running
variable j is converted into the €;-integration in the second equality, and S, g are column
vectors with elements s, and g, defined below. The index v describes a group of discrete
equi-energy points given by the intersection of the horizontal line at an energy ¢ with a
series of energy-dispersion curves, namely the solution of ¢ = ¢; for each j. The element
s, = v,/ |v,| of the column vector S in Eq. (6) is the sign of the slope of the tangent to the

dispersion curves at these points. The quantity g, is related to g, at the equi-energy point

v. Enumerating the indices of these points by

y=-N, —-N+1, ---, =1, 1, -+, N—1, N (7)



for symmetric dispersion curves, introducing g, = g,+¢gn, and using the fact that g_, = —g,,

we find 8

The branch index n and the wave number k of the equi-energy point v depends on
the energy . Hereafter, we put this e-dependence specifically on all quantities, e.g., g,(¢).

Following the previous treatment,® we find
U)®g(e)+V )@ PE)+V 1 e)®@Qe) = —S(e) . 9)

Here g, S, P and ) are column vectors with the index v excluding the end point v = N
for each energy ¢ in Eq. (7), V(¢) is a diagonal matrix with absolute velocity |v| being its
element in v, and U is the 2N — 1 by 2N — 1 square matrix (taking away the last row and
column) ® with its off-diagonal elements (5’ # j) by

aA2V25h?

Uit 3 — ————
7 R o]

1 /
exp |~k — K22 [ ()]

x [ an exp(—rP/2) Lo 2L (P 2

and its diagonal elements by
Ujj == D Uy
J'#i
Here, L, (x) = L (x), 2 is the position of the Al,Ga,_,As/GaAs-interface of a symmetric
quantum well in the growth direction, Vj is the conduction band offset at the interface, b
is the average layer fluctuation, and A is the correlation length of roughness in the z, y
directions. The elimination of the Nth-point in the process of reducing Eq. (1) into Eq. (9)
is necessary due to the fact that the matrix U is singular in general and has no inverse if

this point is included.



In order to carry out the g~summation in Eq.(2) for phonon scattering, we introduce a

cylindrical coordinate ¢, = g, cos @, ¢, = q, sin¢, ¢ = /% + qZ and transform

A A
> bgy Wk = r)? /QJ_dQJ_ /d¢ Oqy, k'—k = )2 /qdq /d¢ gy, k—k »
q

where A is the cross-sectional area of the wire. We now employ the Debye approximation
at low temperatures for acoustic phonons and use hw,; = hcsq, where ¢, is the sound
velocity. Carrying out the g-integration through the energy delta function and converting

the k’-summation into the energy-integration, we find

B O [ 0EEES) Vit (e, e

() ~ (@R A he, [0 ()0, (2)]

< (£7 + 1) l95() = 9.(0)] (10)

where (2 = AL is the sample volume, O(¢) is the unit step function,

hesq= ey —€p| gyl =K —k|, and qL=/¢®>—¢2. (11)

In Eq.(10), ¢, indicates the point v at the energy e, and the &’-integration excludes the
region where ¢, becomes imaginary. The electron-phonon interaction matrix elements in

Eq. (10) are calculated as

. V2
|Vns’qn|2 = - An’n(qsc)AZ(QZ)
’ len (1 gyl, w)[?

with w = (e, ) — €p) /i, where

n.!
An’n((]z) = n—<‘P1m eXp(_Pl)[LSLTZ)(Pl)P )
>-

P =q¢?/2a*, m =n- —n., n. (n.) are the larger (lesser) of n and n’, and
2

A.(g:) = ’/dz exp(ig.z) ()

Moreover, for the longitudinal (s = [) and transverse (s = t) modes of acoustic phonons, we

find



hq Ai(q)
2 — D? + (ehy)?
K 2Qpocy  (ehua) 7 7

q

2 hg 9
tqg — QQpOCt (6h14) 2 )

where pg, D, and hy4 are the ion-mass density, deformation-potential coefficient, and piezo-

electric constant 1% and the form factors are

36459.q>

Ai(q) = "

Y

2% (3a; + 4302 + ©24) — 9924, 4]

At((D = q6

By defining

R3¢

m*

gj(k =0) + &5, (k1 = 0) — ey (K = 0) — g, (k; = 0) =

the energy-delta function in Eq. (5) with a parabolic energy dispersion ¢; = ¢, = Ey, +

(n + 1/2)hQ + h?k? /2m* can be rewritten as

5 (e +e —ep—ejy) = % Sk — k) (K — k) — €] .
Here, ¢ is related to the energy-level separation h€)y. When both electrons undergo intra-
subband scattering, only the exchange scattering with & = k; and k] = k is possible in
view of £ = 0. In this case, however, (); = 0 because the sum of all ¢ factors in Eq. (5)
vanishes. Therefore, the intrasubband electron-electron scattering cancels itself completely
and has no net effect on the conductance for a single-sublevel occupation in the 1D limit.
In the following, we consider intersubband electron-electron scattering that involves only
two occupied sublevels at low densities for simplicity and write 7 = h*k% /2m*. Possible
values of £ are given by £ = dnk3 /2, where dn = +1, +2, depending on whether only one
electron undergoes intersubband scattering or both electrons jump from the same sublevel

to the other.

10



For electron-electron scattering, we now carry out momentum summations in Eq. (5) for
the last two terms o< g; + g;, which are denoted by Q§-_). For this purpose, we write the

energy delta function as

*

0(ej+es —ep—ej) = 7;_:2 § (K = k_(k, k,on)] [k — ky(ky, k, on)])

_ m*© [D(ky — k, dn)]

K2\ /D (ks — k, on)

{6 [k/ - k—(kb k? 5n)] + 0 [k, - k+(k17 ka 5”)]} ’
where

e (bt b, On) — % [l{:l + k4 /Dl — k. 5n)} L Dk = k,0n) = (k1 — k)2 + 260k, (12)

dn =n+mn; —n' —nf #0. From these, we find

2

* T2 o
e RN O N
s==+

I
wh .fj ni,n’,nf,

O [D(ki — k,on)]
D(ky — k, on)

Xf}f)fffr)f}fr) (95 + 951) OK!, kalkr kion) OK, k_y(kakon) » O # 0. (13)

The first two terms o< g + gj¢ in the momentum summations of Eq. (5) are denoted by
Q§-+). Using

*

m / / / /
S(ej+es—ep—ep) = 7 0 (b = k(K k3, =0m)] [k — ke (', K, —om))

m*e [D(kll — k/’ —571)] !’ rot
- (6 [k1 — k(K K,, —on)] + 8 [k — ko (K, K, —0n)]}
w2\ /D — ¥, —om) 1 ' o

we find ky = ki (K, k], —dn) and k = kx(K', Kk}, —dn). The expression for k yields

onk3

SR

o onk3
= k _k‘_Q(ki—k).

Based on these, we arrive at

m* L?
oS { [ K g 8 ks ooy + [ AR g5 0, k—snkz/[mka—m]}
wh fj ni,n',nf,s=+

QY =

11



O [D(K, — k', —on)]
VD(ki — k' —on)

’KJ ]1

Jrji

R 5D Oy, kb —snyy 0N # 0 (15)

We now interchange variables j' «— j; for the k’-integration and variables jj; «— 7; for
the k{-integration in Eq. (15), and obtain

m* L?
AV=—m X / dky gj,

3
mh .fj ni,n/ nf,s==+

) ©[D(k] — Ky, —0nq)]

(-)
i DKy — ky, —omy)

Ok, ballea b5, —0m1) ORE, k—dna k2 /[2(ks —k)

{‘Kﬂl J1

) O[D(ky — K, —on
£ O Dk )]

VD (k1 — k', —0ny)

2
.],7.]1
+‘1(M

ORY, ks (k! Jer,—0mz) Ok’, k—8nak2 /[2(k1 — k)]} , (16)

where dn; =n —n; +n' —n} # 0 and dng =n —ny; —n' +nf #0.

III. MATRIX FORMALISM FOR THE CONDUCTANCE

In this section, we present details of the matrix formalism for solving the Boltzmann
transport equation numerically with any desired accuracy. For the phonon scattering P
term, let us first define the scattering-out (second) term on the right-hand side of Eq. (10)

Q qO (£’ F ¢ (5 € )}

W,j(o)(s):i /d'—/dgb—

(2m)2h* vy (€)uje(e")]

along with conditions given in Eq. (11). We now replace the &’-integration in the scattering-

(£ +ng) (1)

n (first) term in Eq.(10) by a summation over energy points uniformly spaced with a
sufficiently small energy interval de. We further introduce a new index t = {¢, m}, where ¢
counts points from the left to the right for a given energy and m indicates energy branches

in the above subdivision. Defining

Qde qO (£’ F¢) / ’V;t’ t ()
T ——e [ ’ ) s7) s 1
Wee (2m)2R? 2 hes ¢ |vgvy| ( v q) (18)

s,+

12



we can recast Eq. (10) into a matrix form

K 0

LW, ) gt = Z Wi g (19)
t,

with W = ¥, W, . This equation can be rewritten in view of Eq. (8) as

— =" Wiy gv, (20)
where for t = {¢, m} and ¢’ = {¢',m’} we have
Wip = (Wew = 00 W) (1 —% 54,,1> . (21)
It is understood that the index ¢ (¢') excludes the right-most point for a given energy index
m (m'). Here, ¢/ = 1 signifies the left-most point for any energy index m’.

For the intersubband electron-electron scattering () term, we now transform the ki-
integration in Egs. (13) and (16) into an energy integration using dk; = dej, /h|vj,| and
change the ¢; -integration into a discrete summation by chopping the integration into many

sufficiently small uniform intervals of width Je as before. Equation (13) leads to

Qg_) — [vj] ( g; + Z J1 ng) ’ (22)

where Z(0 i Z ”1 and

1 m*L258

Jii 7rh4fj(+) i lvjvj,]

O [D(ky — k, on)]

() ()
i T D(ky — k, on)

Okt ka(ky kdn) OK, k_o(kykon) » 0N # 0. (23)

The quantity Qgﬂ in Eq. (16) can also be written in a matrix form

2
= Juy] Z z2 g, . (24)
where
% +
Z(Q) _ m*L28¢e fj(l ) ‘Kﬁ’,ﬂ 2 f.(,_)f.(,—i_) Q) [D(]{le — ]{21, —(571/1)]
PRt Y s ol D DR — Ry, —omy)

13



) O [D(ky — K, —ony)]

2
Ry
T Dk — K, —dny)

_jl7j1
><5kf, ks (k1,k},—6n1) 5k;, k—on1k% /[2(k1—k)] + ‘Kj,j;

X Okt | ko (' i, —0ns) Ok, k-&ngkg/p(kl_k)]} ;o ong #0, dng #0 . (25)

Finally, the last term on the left side of Eq. (1) is then given by
Qj = vyl (‘ZJ('O)QJ' +2 Zig, gjl) (26)
Ji

with Z;;, = 2% — z\)

i ;71> and the summation on j; indicates summing over all points gener-

ated by intersections between uniformly spaced horizontal energy lines and energy-dispersion

curves. Replacing g; = g; — % J_n, we obtain

& — Z Zt,t’ gt’ 5 (27)

|/Ut‘ t

where for t = {¢, m} and t' = {¢', m'}

- o 1
Ly = (Zt,t' - 5t,t' Zt( )) (1 3 5@’,1) . (28)

Inserting Eqgs. (20) and (27) into Eq. (9), we find
U+W+Zleg=-5, (29)
and the solution of Eq. (29) is
N e |
g=-|U+W+2] ®5. (30)

Here, indices t = {¢,m} and t' = {¢',m'} exclude the right-most points for any given energy
indices m, m’. The index m is the k value at the intersection point ¢. Note that U is block-
diagonal, namely Uy p X 0,/ m, While |vp¢| o< 0y p is diagonal. When both the roughness and
phonon scattering are absent from Eq. (30), i.e. U = W = 0, we find that the matrix Z itself
is singular. This confirms that the electron-electron scattering alone does not contribute to
the resistance in the transport due to the fact that it conserves total momentum and does

not dissipate momentum. The conductance is found from the discrete version of Eq. (6):

G—2—€25 3 _if(—)() Sh e g (31)
=L € t , &t t WGt -
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IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present the numerical results and discussions. In our numerical calcu-
lations, we have chosen the following parameters. For the quantum well in the z direction,
we employ m* = 0.067 mg in the well (mg being the free electron mass), mg = 0.073 my
in the barrier, Vj = 280 meV for the barrier height, Lw = 50 A for the well width, and
e, = 12 for the average dielectric constant. These parameters yield E;, = 84 meV for the
ground-state energy and Fs, — E1, = 188 meV for the energy separation between the first
excited level and the ground state. For the parabolic confinement in the = direction, we
use hfly = 2.7 meV for the energy-level separation. For the interface roughness, we as-
sume 6b = 5 A for the average layer fluctuation in the z direction and A = 10 A for the
Gaussian correlation length in the x, y directions. For the acoustic phonons in the bulk,
the following parameters are employed: ¢; = 5.14 x 10° e¢m/s for the longitudinal mode,
¢y = 3.04 x 10° ¢m/s for the transverse mode, D = —9.3 eV for the deformation potential,
hiy = 1.2x 107 V/em for the piezoelectric field, and py = 5.3 g/cm? for the ion mass density.

The wire length in the y direction is assumed to be L = 1 um except for the cases indicated.

For the 1D density n,p = 10% em ™! assumed for the numerical study, the relative chemical
potential 1 = pu — Ey, — h€/2 shows that hQy < i < 2k for the temperature range
0.5 < T < 8 K considered, indicating occupation of the two lowest sublevels n = 0, 1.
When T tends to zero, i approaches the Fermi levels Ejp = 4.98 meV and Eop = 2.28 meV/,

indicating that the electrons are highly degenerate.

In Fig. 1, we present the scaled resistances R/R, as a function of the temperature 7" in
the range 4 < T < 8 K. Here, Ry is the resistance R; due to surface roughness scattering
at T'= 0.5 K. When only the roughness scattering is present, R; (dash-dot-dotted curve)
increases with T' due to gradual population (ji S 2h€)) of the bottom of the sublevel n = 2,
where the density-of-states (proportional to the inverse of the electron group velocity) is

very large, yielding enhanced roughness scattering. When 7' is very high, R; becomes linear
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in 7. When phonon scattering is added, the total resistance Ry (dashed curve) increases
with T faster compared to R;, causing an appreciable enhancement of the resistance at
T =8 K. When electron-electron scattering is further included, Rj (solid curve) displays
a much stronger increase with T compared to Rs, showing a significant enhancement of
the resistance at T = 8 K. On the other hand, the differences among R;, R,, and Rj
become negligible at low temperatures 7' < 1 K. The inset of the figure shows R3/R, as a
function of 7" in the whole range of T" considered. The overall feature of R3/Ry reflects the

T-dependence of Ry /Ry since the system is dominated by roughness scattering.

Electron-electron scattering itself does not directly contribute to the resistance in the
transport of electrons because it conserves the two-particle momentum through the scat-
tering process. However, it contributes to the momentum dissipation indirectly by redis-
tributing the electron energy. This point can be made clear by using Kohler’s variational
principle. ¥ According to this theorem, the resistance is minimum and exact when the
entropy production rate due to the external field is minimum. To make the argument sim-
ple, we suppose for a moment that the electron-electron interaction is infinitely large in
comparison with other elastic and inelastic interactions. In this case, the exact resistivity is
obtained when the transport relaxation time is independent of the energy in the effective-
mass model. The exact resistivity is proportional to the entropy production rate under the
DC field which vanishes for this solution.!® What happens is that the electrons are swept
through all possible accessible states rapidly by electron-electron scattering. As a result,
the relaxation rate is averaged over these states and becomes independent of the energy.
While this energy-independent relaxation rate minimizes the entropy production rate from
electron-electron scattering and the resistance, this solution does not minimize the entropy
production rate from other elastic and inelastic scattering mechanisms and raises the resis-
tivity for these mechanisms beyond their original exact resistivity obtained in the absence
of electron-electron scattering. In the presence of realistic (i.e., finite) electron-electron

scattering, there is a compromise between the electron-electron scattering and rest of the
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scattering mechanisms in minimizing the entropy production rate, enhancing the net re-
sistivity beyond the resistivity value without electron-electron scattering. Practically, the
roughness scattering often dominates the phonon and electron-electron scattering at low
temperatures, as seen in Fig. 1. However, we can theoretically highlight the importance of
the buried electron-electron scattering either by deducting the contribution of roughness

scattering or even by assuming the absence of roughness scattering in our system.

Figure 2 shows the effect of electron-electron scattering on the resistivity in the presence
of strong roughness scattering in (a) and without roughness scattering in (b). Case (a)
corresponds to the situation studied in Fig. 1 with the same definitions for Ry, Rs, R3
but not for Ry. The contribution from the phonon or electron-electron scattering can be
separated as clearly seen in (a) which presents the scaled resistance differences AR/ Ry
and in (b) which shows the scaled resistance R/R, as a function of the temperature. In
(a), the contribution from phonon scattering is shown as Ry — R; (dashed curve), while the
contribution from electron-electron scattering is shown as R3 — Ry (solid curve). The phonon
scattering part Ry — Ry displays a rapid rise above T' > Ty = 2c¢44/2m* (i — 7€) kg ~ 2.7 K.
The energy kg’ equals the energy of the phonon with wave number g, = 2k;r corresponding
to the momentum transfer between the Fermi points in the sublevel n = 1. For T' > Ty,
Ry — Ry is found to exhibit a linear behavior in 7'/Ty. The electron-electron scattering
contribution R3 — Ry vanishes at 7' = 0 K due to the restricted phase space available
for scattering. However, R3 — Ry increases rapidly with T, roughly oc T? below 2 K,
a well-known behavior from the Umklapp scattering process.'® In the high-temperature
nondegenerate regime, we can show analytically that (R3 — R)/R; approaches a constant
(4 — ) /7 for the roughness-scattering dominated system in the presence of strong electron-
electron scattering following the method given earlier by one of the authors.'® In this high
temperature regime, the increase of R3 — Ry slows down to a quasilinear dependence of R; as
seen from (a). In contrast, we do not see the slow down in the increase of electron-electron

scattering contribution with 7" at high temperatures in (b) in the absence of roughness
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scattering. In this case, we can show analytically that the ratio of the upper solid curve and
the lower dashed curve approaches a constant 4/m in the high-temperature nondegenerate
regime for strong electron-electron interaction.'® Interestingly, the numerical ratio of the
resistance between the solid and dashed curves in (b) approaches roughly 4/ ~ 1.3 at high

temperatures.

In the following we study the density dependence of the resistivity at 7' = 4 K. The
quantity jz increases with n,p from one range 0 < i < h{)y to another range h{)y < i < 2h€),
passing through the occupation of the bottom of sublevel n = 1 in the z direction at
nip = 0.5x 10% em~!. In Fig. 3, we show the calculated scaled resistances R/ Ry as functions
of the density n;p within a small range 0.8 x 10° < n;p < 1.0 x 10° em~!. Here, Ry is the
resistance R; due to surface roughness scattering at n;p = 10° em™'. When only roughness
scattering is present, the resistance R; (dash-dot-dotted curve) decreases with nip as 1/nip.
With phonon scattering added, we see very small changes in Ry (dashed curve). When
electron-electron scattering is further taken into account, we find relatively large changes in
R (solid curve) compared to that in Ry. In addition, the differences among R;, Rs, and Rj
as functions of nip are smaller compared to those shown as functions of 7" in Fig. 1. The inset
of the figure shows R3/ Ry as a function of nip in the whole range of nip considered. The
overall feature of R3/ Ry in the inset is dominated by the roughness-scattering contribution
Ri/Ry. The plateau-like feature in the range 0.4 x 10° < nip < 0.6 x 105 cm ™! arises from

1

the abrupt rise of Ry near n;p = 0.5 x 10% em ™!, where 1 passes through the bottom of the

n = 1 sublevel, where the scattering rate is very large due to the large density of states.

The dominance of roughness scattering in Fig. 3 overshadows the electron-electron scat-
tering as a function of the electron density. Figure 4 highlights the effects of electron-electron
and phonon scattering by (a) including and (b) removing the roughness scattering from our
system. Case (a) corresponds to the situation studied in Fig. 3 with the same definitions
for Ry, Ry, Rs but not for Ry. The contribution from the phonon or electron-electron scat-

tering can be separated as clearly seen in (a) which presents the scaled resistance differences
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AR/Ry and in (b) which shows the scaled resistance R/Ry as a function of the density. In
(a), the contribution from phonon scattering is shown as Ry — R; (dashed curve), while the
contribution from electron-electron scattering is shown as R3 — Ry (solid curve). For phonon
scattering in (a), Ry — Ry displays a broad peak around n;p = 0.5 x 105 em™! where the
n = 1 sublevel starts to be populated. Just above the threshold density for the occupation
of the n = 1 sublevel, the Fermi wave vector kg of this sublevel is small allowing efficient
emission and absorption of small-momentum phonons. With further increasing of nip, kg
becomes larger, leading to a suppression of phonon scattering or a decrease of Ry — Ry with
nip. The electron-electron scattering contributions R3 — Ry vanishes in (a) at low density
due to the complete cancellation of the intrasubband electron-electron scattering until the
n = 1 sublevel is populated at n;p = 0.5 x 10° em~!. When nyp increases above this value,
R3 — R, increases dramatically with nip because more and more electrons are available for
Coulomb scattering, in sharp contrast to the decrease of Ry — Ry with nip. As a result,
Rs — Ry eventually dominates Ry, — R; above nip > 0.8 x 10° em™!. In the absence of
roughness scattering, we find from (b) that the effect of electron-electron scattering (solid
curve) is to enhance the phonon-scattering resistivity (dashed curve) above the threshold
density at nip = 0.5 x 10 em™!. A completely different n;p dependence of the resistance
is seen in (b) for a roughness-free system in contrast with that in the inset of Fig.3 for a

roughness-dominated system.

V. CONCLUSIONS

In conclusion, we have investigated the effect of the electron-electron interaction on the
resistance of diffusive electrons in a multi-sublevel single quantum wire as a function of
the temperature and the density at low temperatures. The intrasubband electron-electron
scattering is shown to have no effect. However, for systems with multi-sublevel occupation,
electron-electron scattering is shown to enhance the resistance significantly. Also, this effect

is relatively more important in high-density systems. We have demonstrated that this effect
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can be studied with arbitrary accuracy using a formally exact solution of the Boltzmann

transport equation in the presence of roughness and phonon scattering.
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FIGURES
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FIG. 1. Scaled resistances (R/Ry) as functions of the temperature 7" in the range 4 < T < 8 K.
Here, Ry = 1.06 (h/2€?) is the resistance R; due to surface roughness scattering alone around
T = 0.5 K. Three different cases are compared to each other in the figure: (1) Ry (dash-dot-dotted
curve); (2) Roughness plus phonon scattering (R2, dashed curve); (3) Roughness plus phonon plus
electron-electron scattering (Rs, solid curve). The inset shows R3/Ry in the temperature range

0.5 <T <8 K.
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FIG. 2. Scaled resistance differences AR/Ry in (a) and the scaled resistance R/Ry in (b) as
functions of the temperature 7. The roughness scattering is included in (a) but is excluded in (b).
Case (a) corresponds to the situation studied in Fig. 1 with the same definitions for Ry, R, R3
but not for Ry. Two different cases are compared to each other in (a) with Ry = 0.106 (h/2¢?)
and L = 0.1 pm: (1) Ry — Ry (dashed curve, effect of phonon scattering); (2) Rs — Rs (solid curve,
effect of electron-electron scattering). We have compared two results in (b) for phonon scattering
only (dashed curve) and for combined electron-electron and phonon scattering (solid curve) with

Ry = 0.678 (h/2€?) and L = 100 um.
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FIG. 3. Scaled resistances (R/Rp) as a function of the density nip in the range
0.8 x 10° < nyp < 1.0 x 10° em™!. Here, Ry = 1.236 (h/2¢?) is the resistance R; due to sur-

face roughness scattering alone at nip = 10% ecm™!

. Three different cases are compared to each
other in the figure: (1) R; (dash-dot-dotted curve); (2) Roughness plus phonon scattering (Ro,

dashed curve); (3) Roughness plus phonon plus electron-electron scattering (Rs, solid curve). The

inset shows R3/Ry in the range 0.35 X 10 < nip < 1.0 x 10% em 1.
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FIG. 4. Scaled resistance differences AR/Ry in (a) and the scaled resistance R/Ry in (b) as a
function of the density nip. Roughness scattering is included in (a) but is excluded in (b). Case
(a) corresponds to the situation studied in Fig. 3 with the same definitions for Ry, Rg, Rs but
not for Ry. Two different cases are compared to each other in (a) with Ry = 0.124 (h/2e?) and
L =0.1 pm: (1) Ry — Ry (dashed curve, effect of phonon scattering); (2) R3 — Rs (solid curve,
effect of electron-electron scattering). We have compared two results in (b) for phonon scattering

only (dashed curve) and for combined electron-electron and phonon scattering (solid curve) with

Ry = 0.667 (h/2€?) and L = 100 um.
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