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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 length. The total conductivity is given by
Considerable work has been directed in the last years to- oop(L) =00+ o, 1)
ward the creation and investigation of quantum wires
(QWr's) because of their unique electrical and optical prop- So—— 2_62| L 5
erties. Several distinct methods have been used to build =" h " I 2

them. QWr’s can be defined by laterally structuring quantum

well structure$ or through the growth on prepatterned sub- Therefore, the conductivity decreases with increasing system
strates to create ridge and groove QWhis.contrast to these  Size. At finite temperature, inelastic scattering processes
techniques where lithography is employed to either defin€ause the electron to lose its phase, while traveling a distance
the QWr’s through etching or gating, or to define where a0f |4 (dephasing length This length is of crucial importance
QWr is epitaxially deposited, techniques based on selfin devices using quantum interference. If the dephasing
organization are used to create wirelike nanostructures dengthly is smaller tharl, thenl 4, (T) replaced. in Eq. (2).

high density. The high density inevitably leads to a couplingThe logarithmic termbo is a correction to the classical con-
between adjacent wires. Such a self-organization can be irluctivity o, resulting from the quantum-mechanical effect
duced by steps on the surfdéeor by strain. The strain- of localization.

driven formation of QWr’s in the Stranski-Krastan¢8K)- Weak localization is a purely quantum-mechanical inter-
growth mode, known for growing quantum dots, is theference phenomenon in disordered conductors. At low tem-
technique used in the current investigatton. peratureT, the dephasing length, becomes large, allowing

Self-organized quantum wires have been investigated ithe coherent self-interference of an electron. Diffusing along
terms of their optical propertiés’ fewer investigations have a closed path, the electron interferes constructively with its
been reported, emphasizing electron transport properties ¢ifne-reversed path resulting in a higher-than-classical prob-
epitaxially defined QWr's, either step induéédor SK  ability of backscattering. Elastic scattering does not random-
driven® From a theoretical point of view, transport within ize the electron’s phase. The enhanced backscattering results
quantum wires or lateral superlattices is expected to reducé a decrease of conductivity whose contribution is of the
scattering®** The effect of coupling of two QWr’s via tun- order of elementary conductivig?/h. Applying a magnetic
neling and Coulomb drag is theoretically considered in Reffield perpendicular to the plane of motion destroys the con-
12, and the Hall conductivity of an array of weakly coupledstructive interference as it introduces an Aharonov-Bohm
QWr’s is investigated i3 phase shift between both time-reversed amplitudes. This is a

Transport properties of coupled QWr’s are particularly in-concurrent process that causes dephasing on the scale of the
teresting because the system may be seen as lying betwemagnetic length ,, as opposed tdq, . Therefore, the quan-
one and two dimensions. The effects of reduced dimensiortum correctiondo is also dependent on the magnetic-figld
ality appear not only in the details of the physics of the usualn addition to weak localization, electron-electron interaction
scattering mechanistfs™'° but also in the quantum- gives rise to other quantum corrections. These corrections
mechanical corrections to the conductivity such as weak loare also magnetic-field dependent, but less so than the weak
calization and electron-electron scattering. localization.

According to the scaling theory of localizatidhat zero The scaling theory of localization can be further general-
temperature in two-dimension@D) disordered systems, the ized to show that in 2D systems with anisotropic the
conductivity can be divided into a classical- and length-correctiondo due to localization or electron-electron scatter-
dependent termg, and So(L), with L describing the sys- ing is also anisotropic with the same anisotropya¥’ This
tem’s characteristic size and being the elastic scattering effect was demonstrated experimentally in (h&0)-oriented
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Si metal-oxide-semiconductor system, in which the two-
dimensional electron ga2DEG) at the silicon-oxide inter-
face shows a directional anisotropy of abodf 2.

The structural anisotropy of a system of dense, self-
organized wires leads to a directional anisotropy in electronic
transport. Depending on the degree of coupling, this trans-
port may be regarded either as primarily anisotropic 2D
transport in a “corrugated” system or as transport in a sys-
tem of one-dimensional conductors that are laterally coupled.
For systems with a low degree of anisotropy, the two-
dimensionality is dominant; on the other hand, when the lat-
eral coupling is weak, leading to a high degree of anisotropy,
the one-dimensionality is dominant.

In this paper, the transport properties of coupled self-
organized InAs quantum wires embedded in InP are analyzed
with respect to quantum corrections to conductivity and their
anisotropy. The investigated system consists of quantum -0.10 -0.05 0.00 0.05 0.10
wires that are coupled both laterally and longitudinally, and B(T)
has a high conductivity anisotropy ratio of about 14. Our
data show that although the semiclassical transport appears FIG. 1. L15 sheet resistance over magnetic field parallel and
quasi-one-dimensional, the weak localization is well de-perpendicular to the QWr. Inset shows the measurement geometry
scribed as an anisotropic 2D system and much less well dénd a 0.5 0.5 um? atomic-force micrograph of the wires on L3.
scribed as principally one dimensional. Without lateral cou- ) ) ]
pling, the lateral confinement would be defined by the wirell (Ref. 5. These samples were intentionally modulation
width, which is much smaller than the dephasing lerigth doped so thqt an electron' gasis formed in the .InAs. Stronger
and the weak localization would clearly be quasi_one_lateral coupll_ng of the wires with correspond_mgly sma!ler
dimensional. Therefore, the greater success of the 2D ddransport anisotropy should follow from a higher doping
scription compared to the 1D signifies that in this system thé€Vel and also from less well-defined QWr's. We expect

lateral coupling determines the fundamental behavior of thé@mple L15 to have better defined QWr's than does L3 be-
weak localization. cause of vertical correlation effects in the growth, which re-

quired more than three periods to be effective; its lower dop-
ing level is also consistent with a higher degree of transport
Il. EXPERIMENT anisotropy. A reference sample, R15, is similar to L15 in

Modulation-doped InAs quantum wires were prepared ysStructure and doping,. but is grown by the diffusion method
ing gas-source molecular-beam epitaxy in an InP matrix aS® that the InAs remains 2[lts electron transport shows no

described in Ref. 5. Atomic-force micrographs of such struc-fj'reCtIonal anisotropy. All three samples were processed

tures including an additional QWr layer on the surface indi-into L-shaped double-Hall-bar structures for transport paral-

cate that their average length is 200 nm, the lateral periodid€! to the wires[110] and perpendicular to the wir¢410].

ity (nominal wire width is about 25 nm(see inset of Fig. 1 The structure width of about 0.2 mm is much larger than the
and Ref. 5 for detailed micrographsind the height is up to average wire width which means that a large system of
4 nm. The formation of such Stranski-Krastanov islands in &oupled wires is probed. Measurements were performed us-
wirelike form is discussed theoretically by Tersoff anding ac-lock-in technique at 13 Hz with an excitation current
Tromp® With increasing material deposition, symmetric of 100 nA to exclude heating effects. At=4.2, 1.35, and
quantum dots are predicted to transform into asymmetric is0-31 K, the sheet resistan&® for both transport directions
lands(quantum wireswhen their areas exceed a critical size. and Hall effect was measured in*dle cryostat as a function
The QWr’s grown on (001) InP surface are aligned parallelof magnetic field.

to the[ 110] direction which is explained by a higher surface
mobility of ad-atoms in this direction during growth.To Ill. RESULTS AND DISCUSSION
test the hypothesis that the wire formation is driven by strain,
we have also prepared similar structures, but substituted tr\gf
InP matrix by In 54Ga& 4/AS, which is lattice matched to InP,
and also obtained essentially identical QWr’s. In contrast to TABLE I. Carrier density and Hall mobilities of the samples.
the deposition of InAs used for our QWr’s, the exposure of
the InP surfaces to an As flux without additional In bein —2 110/ .2 1107 ~ 92
supplied (diffusion methodl leads to a P-As exchange tha(f:Jsamlole (> 10%em %) per layer wi(ent/ve) wTHCmIVS)

Electron density and mobility resulting from standard
all measurements at=0.31 K are given in Table I. The

resulted in 2D InAs layers. L15 1.3 7600 550
In the transport measurements, samples consisting of mui-3 2.4 2300 1200
tiple equivalent layers were investigated. Two of them, L3r15 1.3 3500 3500

and L15, were prepared to have the QWr structure described
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L15[110] TABLE II. Anisotropy Ao*(B)/A ¢119B) in magnetic fielcB.
anisotropy _ _
1 _ anisotropy B(T) L15 (A=13.8) L3(A=1.88)
...... A=38 03 11.1 1.54

= . 0.05 12.6 1.76

S el 0.01 133 1.82

< W | 1% el 13.8 1.88

S 01 S| FAGEERL 7

confirmation of this theoretical prediction &b the best of
our knowledgg the highest anisotropy to date.
| According to the theory of 2D weak localization, the sup-
0.01 4 L pression of the conductivity caused by a magnetic field is
-0.10 -005 0.00 0.05 0.10 given by
B(T)
2
. - — e 1 T 1 7
FIG._Z. _Change of conductivity per layer of sample L15 due to AO’%_lDO’nO(B)ZallO’nO— \I’(—+ Bl w2428

magnetic field. h 2 2719 2 o,
transport anisotropiesA= o119 o110= RLYB=0)/RL(B +In(7:¢) . (4)
=0) of L15, L3, and R15 were measured to 13.8, 1.88, and T

1.01, showing a significant anisotropy in the QWr samples. ) ) — ]
The electronic transport can be modeled as a percolatiol contrast to the isotropic caser{'>*°=1), the following
with high directional anisotropy, where the lateral couplingModifications are done to include the anisotrdpy:
to adjacent wires is significantly more important than the
longitudinal coupling of aligned wire segments. Thus, we do
not anticipate that the wire lengths play an important role in = :
describing the transport. \/0110(B=0)0110(B=0)
The sheet resistandgy(B) in Fig. 1, measured at three o . _
different temperatures, exhibits a characteristic peal at The_coefficienta scalesAo due to anisotropy ana
=0. The corresponding change of conductivity in each layer= \/ 711%110 is the average elastic scattering time. The other
is calculated according to quantities used are the magnetic relaxation tirge:12/2D

and the diffusion constard=3v2r, with magnetic length

Rg(B) 1—Rg(0)71 Iy and Fermi velocityy g .

(3 The experimental data are fit to the model of weak local-
ization for low magnetic fieldsg<15 mT). The dephasing
time 7, was used as a fitting parameter; all other quantities

Since for smallB, the classical conductivityrg is inde-  were determined from classical transport measurements at
pendent ofB (as shown in experiments dt=77 K), the  T=10 K, at which the correction term is negligible due to
peak inRg(B) is solely a measure of the magnetic-field de-inelastic scattering. This procedure allows the determination

pendence of the quantum correctiéar. Also, the smaller of the dephasing length, =D 7.

peak height at higher temperaturesee Fig. 1 indicates a Figure 3 shows that the model of anisotropic 2D weak

suppression of the quantum correction due to increased irlecalization describes the low field magnetoconductance for

elastic scattering. Using Egél) and (3), the experimental L15 very well with the following parameters:riig
quantity Ao measures the dependence of the quantum cor=152 fsr,,,=11 fs,r=41fs, and|,=46 nm. At higher
rection to the conductivity on magnetic field. Furthermore,magnetic fields, the effect of electron-electron interactions
the directional anisotropy of Ac(B), defined as plays a growing role, causing a deviation of our measure-

Act9(B)/AcYB), is a measure of the anisotropy of the ments from the weak-localization model. The fit parameter

quantum correction to the conductivio(B). A compari- 7, was found to be 5.1 psTE=0.31K), 3.9 ps T

son of Ao (B) for both principal transport directions by plot- =1.35 K), and 1.8 ps {=4.2 K) with an uncertainty of

ting them on a log scaléFig. 2) shows that its directional about 0.3 ps determined by varying the fit parameter. The

anisotropy(the vertical distance of the curves of both direc- corresponding dephasing lengths &ge=360, 320, and 210

tions) remains fairly constant for the entire rangeBf nm. The dephasing length is much larger than the elastic

The anisotropy im\ o(B) is shown for several values 8  scattering length, a necessary condition for weak localiza-
and compared with the anisotropy of the total conductivity tion, since elastic-scattering events are required for return
in Table II. It is theoretically expected that in a 2D systemtrajectories. With increasing temperature, the dephasing time
with directional anisotropy, these values will be identical; thedecreases due to temperature-dependent inelastic scattering.
similarity in the experimental values is regarded as anotheinterestingly,74 shows no simple power dependence on tem-

o O_llO,l'I.O(B:O)
a,llO,]lO:

®)

110,110

Ac(B)=c(B)—0(0)= (number of layers
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FIG. 3. Change of conductivity per layer of L15B+ 0.31 K as
function of magnetic field for both transport directiofsquares
=parallel, circles-perpendicular to QWr Lines shows the model
of weak localization fit to the datésolid and dashed: 2D, dotted:
1D).
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many wires both in parallel and in series, and under the
assumption that the longitudinal coupling does not change
with magnetic field, the change of macroscopic conductance
AG of each QWr adds to the measured change of micro-
scopic conductivity per layer Ao=(1/d)[ 6G1p(B)

— 8G4p(0)] with the lengthl and lateral periodicityl of the
QWr. The measured data, however, cannot be well fit to this
model of 1D weak localization. The best fit of the data with
W=25 nm, diffusive boundary scattering given by
=152 fs, andr,= 100 ps is represented by the dotted line in
Fig. 3. This 1D theory explicitly requires that the wire width
be larger than the Fermi wavelength of the electrons,
>\g, a condition not met in our structures, since the wire
width W=25 nm is similar to the Fermi wavelengtihc
=22 nm.(The fact that the width of the wires is comparable
to A\g and much smaller thahg,, together with the QWr
lengths being much larger thary and comparable tbg ,
indicates that for the present experiment, the structures may,
in fact, be considered as coupled “quantum wirg¢sProb-
ably more significant, the 1D theory also does not include

perature o= T P) as is often quoted. Rather, the data showlateral coupling. Still open is the question if a theory based
a decreasing slope toward lower temperatures which ma! n coupled1D transportwith noninfinite anisotropyis able

indicate a saturation of the dephasing time as reported for 2

explain the current data as well as the theory of aniso-

and 1D system&-?2 The measured dephasing time may belropic 2D transport.

empirically described by I,(T)=1/74(0)+ATP, where
the zero-temperature dephasing timg(0)=5.2 ps andp
=1.5.

In conclusion, the anisotropy of quantum corrections to
conductivity for coupled self-organized InAs quantum wires
embedded in InP are investigated. Although the transport is

If there were no lateral coupling and the electrons weréPhysically described as a percolation through laterally

strictly confined to the quantum wires, the weak localizationc@UPled 1D quantum wire segments, the weak localization is
would take place within every single QWr and would behaveSuccessfully modeled by regarding the system as a 2DEG
as 1D because the wire width is much smaller than th&Vith anisotropic conductivities due to a structural corruga-
dephasing lengthW<I,. Furthermore, if the lateral cou- tion. The anlsotr_opy of weak localizatidialong Wlt_h other
pling leads only to inelastic phase-randomizing scatterindlUantum correctionsas the same value as the anisotropy of
processes, the weak localization would still be 1D. To invesihe total conductivity for values as large as 14; this result
tigate these scenarios, we attempted to fit our transport dagPnfirms the theory ofRef. 17 for high anisotropy in two

parallel to the wires to the model of 1D weak localizatién, dimensions. The temperature dependence of the dephasing
time suggests a saturation towards lower temperatures. Since

2¢2\D[({1 1\ our data cannot be fit within the model for 1D weak local-

6Gp(B)=— i —) ization, we conclude that the weak localization in our
Te T8 samples is better described as anisotropic 2D than purely 1D,

1 1 1\°v2 indicating that the lateral coupling plays an important role

—(ng T—B+;) } (6) and the wire-to-wire scattering is not inelastic. Further in-

sight may be gained through a theoretical understanding of
which was successful in describing the weak localization inthe effect of noninfinite anisotropy in coupled quasi-1D
single quantum wire$’ The expressions fdb and 7 differ  structures on quantum transport and also through experimen-
from the 2D case and depend on the type of boundary scatal investigations of transport varying the degree of anisot-
tering (specular or diffuse™* Since our measurements probe ropy.

*Electronic address: bierwage@physik.hu-berlin.de
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