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Weak localization in laterally coupled quantum wires
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The magnetotransport properties of laterally coupled self-organized InAs quantum wires are investigated,
focusing on the contributions to conductivity resulting from weak localization. We demonstrate that the weak-
localization correction shows a directional anisotropy equal to the anisotropy of the total conductivity; this
result suggests that even for a conductivity anisotropy ratio as high as 14, the coupling between the quantum
wires plays a more important role than the quasi-one-dimensional nature of the electron transport in describing
the quantum-mechanical contributions due to weak localization.
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I. INTRODUCTION

Considerable work has been directed in the last years
ward the creation and investigation of quantum wir
~QWr’s! because of their unique electrical and optical pro
erties. Several distinct methods have been used to b
them. QWr’s can be defined by laterally structuring quant
well structures1 or through the growth on prepatterned su
strates to create ridge and groove QWr’s.2 In contrast to these
techniques where lithography is employed to either de
the QWr’s through etching or gating, or to define where
QWr is epitaxially deposited, techniques based on s
organization are used to create wirelike nanostructures
high density. The high density inevitably leads to a coupl
between adjacent wires. Such a self-organization can be
duced by steps on the surface3,4 or by strain. The strain-
driven formation of QWr’s in the Stranski-Krastanov~SK!-
growth mode, known for growing quantum dots, is t
technique used in the current investigation.5

Self-organized quantum wires have been investigated
terms of their optical properties;6,7 fewer investigations have
been reported, emphasizing electron transport propertie
epitaxially defined QWr’s, either step induced8,9 or SK
driven.5 From a theoretical point of view, transport withi
quantum wires or lateral superlattices is expected to red
scattering.10,11 The effect of coupling of two QWr’s via tun
neling and Coulomb drag is theoretically considered in R
12, and the Hall conductivity of an array of weakly coupl
QWr’s is investigated in.13

Transport properties of coupled QWr’s are particularly
teresting because the system may be seen as lying bet
one and two dimensions. The effects of reduced dimens
ality appear not only in the details of the physics of the us
scattering mechanisms10,11,15 but also in the quantum
mechanical corrections to the conductivity such as weak
calization and electron-electron scattering.

According to the scaling theory of localization,16 at zero
temperature in two-dimensional~2D! disordered systems, th
conductivity can be divided into a classical- and leng
dependent term,s0 and ds(L), with L describing the sys-
tem’s characteristic size andl e being the elastic scatterin
0163-1829/2003/67~19!/195331~5!/$20.00 67 1953
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length. The total conductivity is given by

s2D~L !5s01ds, ~1!

ds52
2e2

ph
lnS L

l e
D . ~2!

Therefore, the conductivity decreases with increasing sys
size. At finite temperature, inelastic scattering proces
cause the electron to lose its phase, while traveling a dista
of l F ~dephasing length!. This length is of crucial importance
in devices using quantum interference. If the dephas
lengthl F is smaller thanL, thenl F(T) replacesL in Eq. ~2!.
The logarithmic termds is a correction to the classical con
ductivity s0, resulting from the quantum-mechanical effe
of localization.

Weak localization is a purely quantum-mechanical int
ference phenomenon in disordered conductors. At low te
peratureT, the dephasing lengthl F becomes large, allowing
the coherent self-interference of an electron. Diffusing alo
a closed path, the electron interferes constructively with
time-reversed path resulting in a higher-than-classical pr
ability of backscattering. Elastic scattering does not rando
ize the electron’s phase. The enhanced backscattering re
in a decrease of conductivity whose contribution is of t
order of elementary conductivitye2/h. Applying a magnetic
field perpendicular to the plane of motion destroys the c
structive interference as it introduces an Aharonov-Bo
phase shift between both time-reversed amplitudes. This
concurrent process that causes dephasing on the scale o
magnetic lengthl m as opposed tol F . Therefore, the quan
tum correctionds is also dependent on the magnetic-fieldB.
In addition to weak localization, electron-electron interacti
gives rise to other quantum corrections. These correcti
are also magnetic-field dependent, but less so than the w
localization.

The scaling theory of localization can be further gener
ized to show that in 2D systems with anisotropics, the
correctionds due to localization or electron-electron scatte
ing is also anisotropic with the same anisotropy ass.17 This
effect was demonstrated experimentally in the~110!-oriented
©2003 The American Physical Society31-1
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Si metal-oxide-semiconductor system, in which the tw
dimensional electron gas~2DEG! at the silicon-oxide inter-
face shows a directional anisotropy of about 2.18

The structural anisotropy of a system of dense, s
organized wires leads to a directional anisotropy in electro
transport. Depending on the degree of coupling, this tra
port may be regarded either as primarily anisotropic
transport in a ‘‘corrugated’’ system or as transport in a s
tem of one-dimensional conductors that are laterally coup
For systems with a low degree of anisotropy, the tw
dimensionality is dominant; on the other hand, when the
eral coupling is weak, leading to a high degree of anisotro
the one-dimensionality is dominant.

In this paper, the transport properties of coupled s
organized InAs quantum wires embedded in InP are analy
with respect to quantum corrections to conductivity and th
anisotropy. The investigated system consists of quan
wires that are coupled both laterally and longitudinally, a
has a high conductivity anisotropy ratio of about 14. O
data show that although the semiclassical transport app
quasi-one-dimensional, the weak localization is well d
scribed as an anisotropic 2D system and much less well
scribed as principally one dimensional. Without lateral co
pling, the lateral confinement would be defined by the w
width, which is much smaller than the dephasing lengthl F ,
and the weak localization would clearly be quasi-on
dimensional. Therefore, the greater success of the 2D
scription compared to the 1D signifies that in this system
lateral coupling determines the fundamental behavior of
weak localization.

II. EXPERIMENT

Modulation-doped InAs quantum wires were prepared
ing gas-source molecular-beam epitaxy in an InP matrix
described in Ref. 5. Atomic-force micrographs of such str
tures including an additional QWr layer on the surface in
cate that their average length is 200 nm, the lateral perio
ity ~nominal wire width! is about 25 nm~see inset of Fig. 1
and Ref. 5 for detailed micrographs!, and the height is up to
4 nm. The formation of such Stranski-Krastanov islands i
wirelike form is discussed theoretically by Tersoff an
Tromp.19 With increasing material deposition, symmetr
quantum dots are predicted to transform into asymmetric
lands~quantum wires! when their areas exceed a critical siz
The QWr’s grown on (001) InP surface are aligned para
to the@ 1̄10# direction which is explained by a higher surfa
mobility of ad-atoms in this direction during growth.20 To
test the hypothesis that the wire formation is driven by stra
we have also prepared similar structures, but substituted
InP matrix by In0.53Ga0.47As, which is lattice matched to InP
and also obtained essentially identical QWr’s. In contras
the deposition of InAs used for our QWr’s, the exposure
the InP surfaces to an As flux without additional In bei
supplied~diffusion method! leads to a P-As exchange th
resulted in 2D InAs layers.

In the transport measurements, samples consisting of m
tiple equivalent layers were investigated. Two of them,
and L15, were prepared to have the QWr structure descr
19533
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in ~Ref. 5!. These samples were intentionally modulati
doped so that an electron gas is formed in the InAs. Stron
lateral coupling of the wires with correspondingly small
transport anisotropy should follow from a higher dopin
level and also from less well-defined QWr’s. We expe
sample L15 to have better defined QWr’s than does L3
cause of vertical correlation effects in the growth, which
quired more than three periods to be effective; its lower d
ing level is also consistent with a higher degree of transp
anisotropy. A reference sample, R15, is similar to L15
structure and doping, but is grown by the diffusion meth
so that the InAs remains 2D.~Its electron transport shows n
directional anisotropy.! All three samples were processe
into L-shaped double-Hall-bar structures for transport pa
lel to the wires@ 1̄10# and perpendicular to the wires@110#.
The structure width of about 0.2 mm is much larger than
average wire width which means that a large system
coupled wires is probed. Measurements were performed
ing ac-lock-in technique at 13 Hz with an excitation curre
of 100 nA to exclude heating effects. AtT54.2, 1.35, and
0.31 K, the sheet resistanceRS for both transport directions
and Hall effect was measured in a3He cryostat as a function
of magnetic field.

III. RESULTS AND DISCUSSION

Electron density and mobility resulting from standa
Hall measurements atT50.31 K are given in Table I. The

FIG. 1. L15 sheet resistance over magnetic field parallel
perpendicular to the QWr. Inset shows the measurement geom
and a 0.530.5 mm2 atomic-force micrograph of the wires on L3.

TABLE I. Carrier density and Hall mobilities of the samples.

Sample nH(31012cm22) per layer m 1̄10(cm2/Vs) m110(cm2/Vs)

L15 1.3 7600 550
L3 2.4 2300 1200
R15 1.3 3500 3500
1-2
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transport anisotropiesA5s 1̄10/s1105RS
110(B50)/RS

1̄10(B
50) of L15, L3, and R15 were measured to 13.8, 1.88, a
1.01, showing a significant anisotropy in the QWr samp
The electronic transport can be modeled as a percola
with high directional anisotropy, where the lateral coupli
to adjacent wires is significantly more important than t
longitudinal coupling of aligned wire segments. Thus, we
not anticipate that the wire lengths play an important role
describing the transport.

The sheet resistanceRS(B) in Fig. 1, measured at thre
different temperatures, exhibits a characteristic peak aB
50. The corresponding change of conductivity in each la
is calculated according to

Ds~B!5s~B!2s~0!5
RS~B!212RS~0!21

~number of layers!
. ~3!

Since for smallB, the classical conductivitys0 is inde-
pendent ofB ~as shown in experiments atT577 K), the
peak inRS(B) is solely a measure of the magnetic-field d
pendence of the quantum correctionds. Also, the smaller
peak height at higher temperatures~see Fig. 1! indicates a
suppression of the quantum correction due to increased
elastic scattering. Using Eqs.~1! and ~3!, the experimental
quantity Ds measures the dependence of the quantum
rection to the conductivity on magnetic field. Furthermo
the directional anisotropy of Ds(B), defined as
Ds 1̄10(B)/Ds110(B), is a measure of the anisotropy of th
quantum correction to the conductivityds(B). A compari-
son ofDs(B) for both principal transport directions by plo
ting them on a log scale~Fig. 2! shows that its directiona
anisotropy~the vertical distance of the curves of both dire
tions! remains fairly constant for the entire range ofB.

The anisotropy inDs(B) is shown for several values ofB
and compared with the anisotropy of the total conductivitys
in Table II. It is theoretically expected that in a 2D syste
with directional anisotropy, these values will be identical; t
similarity in the experimental values is regarded as ano

FIG. 2. Change of conductivity per layer of sample L15 due
magnetic field.
19533
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confirmation of this theoretical prediction at~to the best of
our knowledge! the highest anisotropy to date.

According to the theory of 2D weak localization, the su
pression of the conductivity caused by a magnetic field
given by14

Ds2D
110,1̄10~B!5a110,1̄10

e2

ph FCS 1

2
1

tB

2tF
D2CS 1

2
1

tB

2t̄
D

1 lnS tF

t̄
D G . ~4!

In contrast to the isotropic case (a110,1̄1051), the following
modifications are done to include the anisotropy:16

a110,1̄105
s110,1̄10~B50!

As110~B50!s 1̄10~B50!
. ~5!

The coefficienta110,1̄10 scalesDs due to anisotropy andt̄

5At110t 1̄10 is the average elastic scattering time. The oth
quantities used are the magnetic relaxation timetB5 l m

2 /2D

and the diffusion constantD5 1
2 vF

2 t̄, with magnetic length
l m and Fermi velocityvF .

The experimental data are fit to the model of weak loc
ization for low magnetic fields (B,15 mT). The dephasing
time tf was used as a fitting parameter; all other quantit
were determined from classical transport measurement
T510 K, at which the correction term is negligible due
inelastic scattering. This procedure allows the determina
of the dephasing lengthl F5ADtF.

Figure 3 shows that the model of anisotropic 2D we
localization describes the low field magnetoconductance
L15 very well with the following parameters:t 1̄10

5152 fs,t110511 fs,t̄541 fs, and l e546 nm. At higher
magnetic fields, the effect of electron-electron interactio
plays a growing role, causing a deviation of our measu
ments from the weak-localization model. The fit parame
tf was found to be 5.1 ps (T50.31 K), 3.9 ps (T
51.35 K), and 1.8 ps (T54.2 K) with an uncertainty of
about 0.3 ps determined by varying the fit parameter. T
corresponding dephasing lengths arel F5360, 320, and 210
nm. The dephasing length is much larger than the ela
scattering length, a necessary condition for weak locali
tion, since elastic-scattering events are required for ret
trajectories. With increasing temperature, the dephasing t
decreases due to temperature-dependent inelastic scatte
Interestingly,tF shows no simple power dependence on te

TABLE II. Anisotropy Ds 1̄10(B)/Ds110(B) in magnetic fieldB.

B(T) L15 (A513.8) L3(A51.88)

0.3 11.1 1.54
0.05 12.6 1.76
0.01 13.3 1.82
s 13.8 1.88
1-3
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perature (tF}T2p) as is often quoted. Rather, the data sh
a decreasing slope toward lower temperatures which m
indicate a saturation of the dephasing time as reported for
and 1D systems.21,22 The measured dephasing time may
empirically described by 1/tF(T)51/tF(0)1ATp, where
the zero-temperature dephasing timetF(0)55.2 ps andp
51.5.

If there were no lateral coupling and the electrons w
strictly confined to the quantum wires, the weak localizat
would take place within every single QWr and would beha
as 1D because the wire width is much smaller than
dephasing length,W! l F . Furthermore, if the lateral cou
pling leads only to inelastic phase-randomizing scatter
processes, the weak localization would still be 1D. To inv
tigate these scenarios, we attempted to fit our transport
parallel to the wires to the model of 1D weak localization14

dG1D~B!52
2e2

h

AD

l F S 1

tF
1

1

tB
D 21/2

2S 1

tF
1

1

tB
1

1

t D 21/2G , ~6!

which was successful in describing the weak localization
single quantum wires.23 The expressions forD andtB differ
from the 2D case and depend on the type of boundary s
tering ~specular or diffuse!.14 Since our measurements prob
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