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Electron correlations in thin disordered quantum wires
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We calculate self-consistently the dependence of electron-electron correlations on electron-defect scattering
processes in quantum wires with only the lowest subband occupied. We use the Singwi-Tosi-Land-Sjo¨lander
approach to calculate the many-body electron-electron correlations. The effect of electron scattering from
randomly distributed Coulombic impurities and off surface roughness of the wire is treated using self-
consistent current-relaxation theory. Electron correlations can become very strong even at relatively high
electron densities if the wire diameter is made sufficiently small. For a fixed disorder level the electron-defect
scattering rate increases with increasing electron correlations. The plasmon dispersion depends on electron
correlations and on the level of disorder. Electron-electron correlations transfer spectral weight at finite wave
number from the plasmon to the single-particle excitations.@S0163-1829~97!04731-0#
la

m
ir
ir

he

iq
th
ik

e
f
a

th
tu
ro
a
a

nd
-
th
en

f
th
ite

an
r

at
an

lc

lly

r
tem
PA
o
y to
ex

of
mo-

the

ac-
ive

he
to

ir
as-
an

on
,
ll
be-

ani,

for
ted
ss
t of
and
not
Thin conducting wires fabricated using direct molecu
beam epitaxy ~MBE! growth on GaAs-AlAs tilted
superlattices1 are imperfect one-dimensional conductors. I
perfections come from the impurities embedded in the w
and surroundings as well as spatial variations of the w
diameter.

For noninteracting electrons in a wire with defects all t
electron states are localized.2 For interacting electrons in a
wire with one subband and without disorder a Luttinger l
uid picture is applicable. In real quantum wires with bo
electron-electron interactions and disorder, Fermi-liquid-l
behavior may be restored if the localization length becom
larger than the physical length of the wire.3,4 The presence o
additional subbands, even if only negligibly occupied, c
also help to restore Fermi-liquid-like behavior.

In this paper we work with realistic wires that have bo
impurities and surface roughness, and we look at the mu
dependence of electron-electron correlations and elect
defect scattering. We are particularly interested in the c
where the electron correlations are strong. We adopt an
proach that self-consistently combines the Singi-Tosi-La
Sjölander~STLS! method5 with a memory function calcula
tion. The STLS is used for the electron correlations and
memory function is used to calculate the decay time of d
sity fluctuations when they scatter off defects.

Recently Hu and Das Sarma3 investigated the effect o
ionized impurity scattering and finite temperatures on
electron self-energy and spectral function in a wire of fin
diameter using the random-phase approximation~RPA!. The
effect of impurity scattering was treated by introducing
adjustable parameterg representing the static defect scatte
ing rate. They concluded that small levels of impurity sc
tering in a real sample would restore the Fermi surface
Landau Fermi liquid behavior to the system.

Li, Das Sarma, and Joynt6 have shown at relatively high
density and thick wire diameter,r s50.8 andD/a0

!53.1, that
the dispersion of the RPA plasmon and the dispersion ca
560163-1829/97/56~8!/4679~8!/$10.00
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lated within the Luttinger-Tomonaga model are essentia
identical for small momentum transfersq/kF&0.2. Dzy-
aloshinskii and Larkin7 discussed correlation functions fo
the Tomonaga model for a one-dimensional Fermi sys
with long-range interactions. They established that the R
is exact for small-q correlation functions where there is n
backscattering. Their argument, however, does not appl
the large-q part of a physical density operator. The vert
corrections do not vanish for theq52kF or 4kF correlation
functions of a physical density operator. In the presence
defects this argument cannot be applied even for small
mentum transfers due to the backscattering introduced by
defects.

In STLS the static electron correlations are taken into
count by replacing the Coulomb interaction by an effect
interaction. This construction ensures that thef -sum rule is
exactly satisfied in the STLS~Ref. 8! as it is in RPA. In the
limits of high density or small momentum transfer, where t
RPA is known to be exact, STLS goes continuously over
the RPA.

Friesen and Bergersen9 used STLS to calculate the pa
correlation function and the effect of correlations on the pl
mon dispersion in a perfect quantum wire. They took
interaction of the formV(q)5e2E1@(bq)2#exp@(bq)2#e21,
where b is the decay length of a Gaussian wave functi
perpendicular to the wire,e is the wire dielectric constant
and E1(x) is the exponential integral function. For sma
separations in real space this potential is the interaction
tween parallel planar charge distributions. Borges, Deg
and Hipolito10 and Campos, Degani, and Hipolito11 have in-
vestigated the plasmon excitation spectra using STLS
quasi-one-dimensional quantum-well wires. They calcula
the pair correlation function as a function of wire thickne
and electron density. References 9–11 neglect the effec
defects and are mainly concerned with electron densities
wire diameters such that the electron correlations are
very strong.
4679 © 1997 The American Physical Society
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We investigate self-consistently the effect on the elect
correlations of~i! charged impurities,~ii ! the finite diameter
of the wire, and~iii ! spatial variations in the wire diamete
~surface roughness scattering!. The wire is treated as an in
finite height well of widthD with dielectric constante. A
linear densityni of randomly distributed Coulombic impuri
ties of chargeZe is embedded in the wire. Electrons of line
densityn and effective massm! are delocalized along th
wire. Their average spacing isr s5(2na0

!)21 in units of the
effective Bohr radiusa0

!5(e\2)/(m!e2). In GaAs a0
!59.8

nm.
In our calculations the electron densities we conside

ranged from a maximum ofr s51 ~corresponding in GaAs to
n553105 cm21), where we took wire diameter
0.1&D&13 nm, to a minimum ofr s510 ~corresponding to
n553104 cm21), where we took wire diameter
13&D&127 nm. Experiments are typically carried o
with wires of diametersD&10 nm and densitiesn&5
3105 cm21. For such systems we confirm the electron c
relations are weak. Our results provide a compelling moti
tion to develop experiments to cover the strongly correla
region. They demonstrate that strong correlations lead
measurable effects in the properties of the plasmon collec
excitations.

Perpendicular to the wire the electrons occupy discr
subbands of energy En5p2\2n2/(2m!D2), with
n51,2,3,. . . . Our calculations are at zero temperature a
we consider densities where only the lowest-energy subb
is appreciably occupied. The presence of these higher
bands can restore the Fermi-liquid picture. We find that
STLS results for the lowest subband under these condit
are insensitive to the existence of the higher subbands.

Within the RPA the dynamic response function is

x~q,v!5
x~0!~q,v!

11V~q!x~0!~q,v!
, ~1!

wherex (0)(q,v) is the dynamical susceptibility for free elec
trons in one dimension,12,13

x0~q,v!52
kF

2EF

1

pq
lnU~v!22~q222q!2

~v!22~q212q!2U. ~2!

Our V(q)52e2K0(qD)e21 is the bare Coulomb interactio
in the wire. K0(qD) is the zeroth-order modified Bess
function of the second kind. It diverges logarithmically f
vanishingD, thus makingV(q) particularly sensitive to the
thickness of the wire so that we can vary the strength of
electron correlations not only by changing the electron d
sity but also by changingD.

To treat the correlations between the electrons the b
Coulomb interactionV(q) is replaced by an effective inter
action Veff5V(q)@12G(q)#, whereG(q) is a static local
field G(q).5 Because the electrons repel each other the ef
tive interaction is generally less thanV(q). The response
function is then

x~q,v!5
x~0!~q,v!

11V~q!@12G~q!#x~0!~q,v!
. ~3!
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Disorder is introduced by replacing the free particle d
namical susceptibilityx (0)(q,v) in Eq. ~3! by x (s)(q,v).14

This accounts for electron scattering off the disorder
means of a static defect scattering rateg,

x~q,v!5
x~s!~q,v!

11V~q!@12G~q!#x~s!~q,v!
,

x~s!~q,v!5
x~0!~q,v1 ig!

12@ ig/~v1 ig!#@12x~0!~q,v1 ig!/x~0!~q!#
.

~4!

g is related to the electron mean free path by the expres
l 5e/(m!g). In the diffusive regimex (s)(q,v) takes the
form

lim
v,q→0

x~s!~q,v!5
2m!

pkF\2

Dq2

Dq21 iv
, ~5!

whereD5vF
2/g is the diffusion constant.

We relateg to the disorder potential by using the memo
function formalism with the mode coupling approximation15

for the density relaxation function. Reference 15 calculateg
in the same way, but correlations between the electrons w
neglected~except for exchange!. The dependence of electro
correlations ong neglecting disorder was derived in this wa
in Ref. 16. Here we include both electron correlations a
disorder in a single self-consistent scheme. Thus we defi

ig5
1

m!n(q
q2@^uU imp~q!u2&1^uWsurf~q!u2&#

3S x̃ ~q!

x~0!~q!
D 2

f0~q,ig!

11 igf0~q,ig!/x~0!~q!
. ~6!

x̃ (q)5x (0)(q)/$11V(q)@12G(q)#x (0)(q)% is the static re-
sponse function for correlated electrons.f0(q,ig)
5(1/ig)@x (0)(q,ig)2x (0)(q)# is the relaxation function for
noninteracting electrons scattering from defects.U imp(q) is
the electron-impurity potential. With Coulombic impuritie
randomly distributed inside the wire,^uU imp(q)u2&
5ni@(2Ze2/e)K0(qD)#2. We take the impurity charge
Z51. Wsurf(q) accounts for surface roughness scattering17

We write ^uWsurf(q)u2&5Ap(dE0 /dD)2hd2exp@2(qh/2)2#,
where h and d are surface roughness parameters a
E055.76(a0

!/D)2 Ry!, is the lowest occupied subband e
ergy level.

Our approach is different from that of Liu and Da
Sarma.18 They calculated the relaxation rate for free ele
trons scattering from impurities within the first Born a
proximation. In our method we consider correlated electro
scattering from both impurities and surface roughness.

In STLS we approximate the density-density correlati
function by the nonlinear product,̂ dn̂(r ,t)dn̂(r 8,t)&
'dn(r ,t)g(r 2r 8)dn(r 8,t), where thedn(r ,t) are expecta-
tion values andg(r ) is the static electron-electron correlatio
function. This relation when combined with the Fourier r
lation betweeng(r ) and the static structure factorS(q) gives
an expression for the local field,
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56 4681ELECTRON CORRELATIONS IN THIN DISORDERED . . .
G~q!52
1

4qK0~qD!
E

0

`

dk@~q2k!K0„~q2k!D…

1~q1k!K0„~q1k!D…#3@S~k!21#. ~7!

g depends on the local fieldG(q) through x̃ (q) so
G(q) links the STLS equations and the expression forg, Eq.
~6!. We use Eq.~4! together with the fluctuation-dissipatio
theorem to determineG(q) through Eq. ~7!. With this
G(q) we solve Eq.~6! for g. The new value ofg is substi-
tuted in Eq. ~4! and the process is repeated until over
self-consistency is achieved.

The system parameters are~i! the electron densityn, ~ii !
the wire diameterD, ~iii ! the density of randomly distribute
impuritiesni , and~iv! the surface roughness. For our resu
here we fix the surface roughness parametersd50.3 nm and
h56 nm, which are found for GaAs wires.19,20

FIG. 1. Dependence of impurity scattering rateg on impurity
concentrationci for different electron densitiesr s as marked. Wire
diameter isD/a0

!52.6. Surface roughness is fixed~see text!.

FIG. 2. Pair correlation functionsg(r ) for different electron
densities as marked. Wire diameter isD/a0

!51.3. Insets show the
the correspondingg(r ) within the RPA.
l

Figure 1 shows for different electron densities the depe
dence ofg on the normalized impurity density paramete
ci5ni /n. For weak impurity scattering, that is
l /r 05(8/p)(EF /g)@1, where r 0 is the average electron

FIG. 3. Pair correlation functionsg(r ) for different wire diam-
etersD. Labels on curves indicateD/a0

!. The r s for each panel is
marked. Insets show the correspondingg(r ) within the RPA.
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spacing, the disorder concentrationci is small andg in-
creases linearly withci .

We find that the static properties of the system are
sensitive to the presence of defects in the applicable rang
g&EF . We present a single set of static results in the pr

FIG. 4. In these panels electron density isr s510. Labels on
curves indicate wire diameterD/a0

!. ~a! Solid lines are the effective
interactionsVeff(q). Dotted lines are the corresponding bare Co
lomb interactionsV(q). ~b! Local fieldsG(q). ~c! Static structure
factor S(q).
t
of

s-

ence of impurities that are equally valid for allg,EF . In
Fig. 2 the pair correlation functiong(r ) is shown for densi-
ties r s51, 2, 5, and 10 for a fixed wire diameter
D/a0

!51.3. The inset shows the corresponding RPA result
We recall that the spin averagedg0(r ) for the noninteracting
system atr 50 equals 1/2. Forr s51 the RPA and STLS
produce similar results, indicating that correlation effects ar
small at this density. Forr s.2 the RPAg(r ) goes negative
for small r . The corresponding STLSg(r ), however, re-
mains positive. The discrepancy between the STLSg(r ) and
the RPAg(r ) increases as the density is lowered, indicating
that correlations are becoming stronger. The range of den
ties in Fig. 2 takes us from a regime whereg(r ) approxi-
mates the noninteractingg0(r ) to a g(r ) typical for a
strongly interacting system. Thus atr s510 we see a total
exclusion of electron density around each electron out to
separation rkF.0.1 and a peak ing(r ) centered at
rkF.1.8.

In Fig. 3 we show the dependence ofg(r ) on the wire
diameterD for electron densitiesr s51, 5, and 10. The insets

-

FIG. 5. ~a! Static response functionV(kF)x(q) for different
electron densitiesr s as marked. Wire diameter isD/a0

!51.3. ~b!
V(kF)x(q) for r s510. Labels on curves indicate the different wire
diametersD/a0

!.
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FIG. 6. Dispersion curves for the plasmonvpl(q) with impurities and surface roughness~see text!. Shaded areas are the single-partic
excitation regions.~a! Without disorder. Electron densityr s and wire diameterD/a0

! are marked on each panel. The solid line is from t
present calculation. The dash-dotted line is the RPA.~b! Without disorder. Curves for different wire diametersD/a0

! as marked.~c!
Comparison with and without disorder. Electron density isr s510. Wire diameter isD/a0

!52.6. Present calculation~STLS! and RPA curves
as marked. Dashed lines:ci50.01 with surface roughness. Solid lines: without disorder.
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4684 56J. S. THAKUR AND D. NEILSON
showg(r ) calculated within the RPA for the same wire di
ameters. In the RPA the sensitivity ofg(r ) to D is due solely
to the increased strength of the bare Coulomb potential
D is decreased but in the full calculation this is compensat
by the buildup in electron correlations@see Fig. 4~a!#. The
net result is that ourg(r ) is less sensitive toD than it is in
the RPA and forr s55 and 10 whenD has become small
g(r ) changes only slowly withD. For r s51 g(r ) goes from
the noninteracting result for largerD, to a quite strongly
correlated system for smallerD.

We note in the RPA forr s51 thatg(r ) at smallr goes
negative for wire diametersD/a0

!&0.1. A negative value for
this positive definite probability function indicates a break
down in the RPA. The breakdown occurs at increasing
larger values ofD as r s is increased.

For r s510 ourg(r ) has a peak. AsD decreases the peak
moves towards smallerr and at the same time the slope o
g(r ) to the left of the peak becomes steeper. The maximu
peak height does not increase withD.

FIG. 7. Separate contributions to the static structure fact
S(q) from the plasmon and from single particle~S.P.! excitations
~solid lines!. The dotted lines are the corresponding contribution
calculated within the RPA. Electron densities are as marked. T
wire diameter isD/a0

!52.6.
as
d

-
y

m

Figure 4~a! compares the effective interactio
Veff(q)5V(q)@12G(q)# at r s510 with the bare Coulomb
interaction V(q) for three wire diameters D. For
D/a0

!&2.6 the changes inG(q) compensate the dependen
of V(q) on D so thatVeff(q) is much more weakly depen
dent on D than is V(q). The compensating changes
G(q) are shown in Fig. 4~b!. For smallerD the G(q) in-
creases more rapidly withq, indicating that the correlations
are stronger. The range ofq over which correlations have
significant effect onx(q,v) decreases with increasingD and
this explains forD/a0

!&12.7 the more rapid increase o
G(q) towards unity in the rangeq/kF*1.

The strong dependence of the correlations on wire dia
eter is again apparent in Fig. 4~c!, which shows the static
structure factorS(q). However, even for the smallest wir
diameter there is no indication of a peak inS(q).

In Fig. 5~a! the static response functionx(q)
5x(q,v50) is shown at densitiesr s51, 5, and 10 for a wire
diameterD/a0

!51.3. Within the RPAx(q) has a cusp at
q/kF52 that is a remnant of the cusp in the free-electr
static susceptibilityx (0)(q). For r s51 where the correlations
are weak the peak inx(q) is still centered onq/kF52 but as
r s increases the peak center moves towards largerq. By
r s510 it is centered onq/kF.3. The peak height increase
with r s and it also broadens. We found no tendency for
peak to diverge.

Figure 5~b! shows the dependence of the static respo
function on wire diameter. The density is fixed atr s510. For
larger wire diameters,D/a0

!*12.7, where the correlation
are weak the peak remains centered onq/kF52. By the
smallest wire diameterD/a0

!51.3 the center has moved t
q/kF.3.

We now turn to the dependence of the dynamical prop
ties of the system on disorder. In the absence of disorder
plasmon dispersionvpl(q) is determined from the zeroes i
the denominator of Eq.~3!. The analytical expression fo
vpl(q) is

r

s
e

FIG. 8. Imx(q,v) for fixed q/kF51 for wires with impurities
and surface roughness. Electron densityr s510. Wire diameter is
D/a0

!51.3. Labels on curves indicate impurity concentrationci .
The ci50 peaks have been multiplied by a factor of 0.05. So
lines are from present calculation. Dashed lines are RPA.
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56 4685ELECTRON CORRELATIONS IN THIN DISORDERED . . .
vpl~q!52qF11
q2

4
1qcothH qp2

16r sK0~qD!@12G~q!#J G1/2

.

~8!

In the RPAvpl(q) merges with the single-particle excita
tion region in the asymptotic limitq→`. The introduction of
G(q) lowers this cutoff wave vector, which is then dete
mined by theq value at whichG(q) crosses unity. Asr s
increases the value for the cutoff wave vector decreases

In Fig. 6~a! our plasmon dispersion curvesvpl(q) are
shown in the defect-free case~i! for electron densityr s51
and wire diameterD/a0

!50.01, and~ii ! for electron density
r s510 and wire diameterD/a0

!51.3. The corresponding
curves calculated within the RPA are also shown. The c
relations introduced through the local fieldG(q) weaken the
effective electron-electron interaction and dramatically
creasevpl(q) compared with the RPA. Even for a relative
high densityr s51, strong electron correlations significant
depress the plasmon energy for small wire diameters.

Figure 6~b! showsvpl(q) for r s51 and 10 for a range o
wire diametersD. The variation invpl(q) with changing
wire diameter is due~i! to the dependence of the Coulom
interaction onD and~ii ! the dependence ofG(q) on D. The
decrease ofvpl(q) with increasingD means that the depen
dence ofV(q) on D is the dominating effect. The results i
Fig. 6 extend those of Refs. 11 and 13 into the region
strong electron correlations. Forr s510 the local fieldG(q)
flattensvpl(q) when q/kF*0.5. For r s51 and large wire
diameters the deviation from RPA is small. Thus the res
reported by Gonĩ et al.21 which are forr s50.8 andD/a!53,
are not affected by correlations.

Figure 6~c! shows the effect of impurities on the plasmo
dispersion curve.vpl(q) at finite ci is determined from the
peak position of Imx(q,v). Impurities depressvpl(q) and
reduce its curvature near the plasmon cutoff. The co
sponding results in the RPA are also shown. The RPA cur
are not sensitive to the presence of these impurities. We
estimate the localization length using the express
l /r 05(8/p)(EF /g). For ci<0.01 l /r 0 remains much
greater than unity so for these results we remain far aw
from localization.
H
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In Fig. 7 we show in the absence of defects the sepa
contributions to the static structure factorS(q) coming from
the plasmon and from the single-particle excitations. T
corresponding contributions calculated within the RPA a
also shown. Forr s51 STLS gives similar results to RPA
For r s>2 the single-particle excitations calculated with
STLS are significantly greater than the RPA for a giv
value of q. For r s>5 the single-particle excitations start t
be significant whenq/kF*1.5. After that the single-particle
contribution increases rapidly withq. By q/kF*222.5 these
excitations have supplanted the plasmon as the domi
contributor to the spectral strength. Thef -sum rule is auto-
matically satisfied in the STLS~Ref. 8! as in the RPA. We
found in our results that the numerical accuracy of thef -sum
rule was the same in STLS as in RPA.

Figure 8 shows the variation withci of the imaginary part
of the dynamic response function Imx(q,v) for fixed
q/kF51. The wire diameter isD/a0

!51.3 and the surface
roughness is fixed. The dotted lines are the RPA result.
convenience theci50 peaks have been multiplied by a sca
factor of 0.05. Since we are at zero temperature the width
the peaks is determined byg. For ci50 the finite width
results from surface roughness scattering. Asci increases the
peaks broaden. The RPA peaks have almost the same w
but are shifted towards higher frequencies.

In summary we developed a method to calculate s
consistently the interdependence between electron-elec
correlations and the effects of electron scatterings off dis
der. For the levels of disorder considered the properties
the system at lower electron densities or small wire dia
eters depend weakly on the disorder. Strong electron co
lations significantly depress the dispersion curve of the p
mon and also significantly boost the spectral strength of
single-particle excitations so that the plasmon at finiteq does
not saturate the spectral strength.

We thank D. J. W. Geldart, G. La Rocca, M. P. Tosi, a
J. Voit for helpful discussions. This work is supported by
Australian Research Council grant. D.N. thanks F. Bass
for the hospitality and facilities of the Scuola Normale S
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