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Strong localization of electrons in quasi-one-dimensional conductors
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We report on an experimental study of electron transport in submicrometer-wide ‘‘wires’’ fabricated from Si
d-doped GaAs. These quasi-one-dimensional~Q1D! conductors demonstrate the crossover from weak to strong
localization with decreasing temperature. On the insulating side of the crossover, the resistance has been
measured as a function of temperature, magnetic field, and applied voltage for different values of the electron
concentration, which was varied by applying the gate voltage. The activation temperature dependence of the
resistance has been observed with the activation energy close to the mean energy spacing of electron states
within the localization domain. The study of nonlinearity of the current-voltage characteristics provides infor-
mation on the distance between the critical hops that govern the resistance of Q1D conductors in the strong
localization~SL! regime. We observe the exponentially strong negative magnetoresistance; this orbital mag-
netoresistance is due to the universal magnetic-field dependence of the localization length in Q1D conductors.
The method of measuring the single-particle density of states~DOS! in the SL regime has been suggested. Our
data indicate that there is a minimum of DOS at the Fermi level due to the long-range Coulomb interaction.
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I. INTRODUCTION

Recent progress in technology enables the realization
wide variety of materials with one-dimensional~1D! struc-
tural and electronic properties: high-mobility heterojuncti
microstructures,1 heavy-doped conjugated polymers,2 carbon
nanotubes,3 or organic conductors,4 to mention a few. Be-
cause of a very broad current usage of the term ‘‘1D s
tems,’’ the physical properties of these conductors are
verse. In the limit of one conducting channel~conductors
with cross-sectional dimensions smaller than the Fe
wavelength of the conduction electrons!, there is a strong
unscreened interaction between electrons. The electron s
are correlated along the channel, and the poorly defi
single-electron excitations cannot be treated as Landau
siparticles. The behavior of these so-called quantum ‘‘wire
is described by the Tomonaga-Luttinger model, and the id
span from the Wigner crystal in the case of the long-ran
interactions to the charge-density waves for the short-ra
interactions~for recent reviews, see Refs. 4–7!.

In this paper, we are concerned with another class of
conductors, usually referred to as quasi-one-dimensio
~Q1D! conductors. In these disordered conductors, there
many channels with strong scattering between them, and
quasiparticle excitations are well described by the Fer
liquid theory. The physics of these systems is essenti
different from the physics of quantum wires. The electr
mean free pathl is much smaller than the length of the
conductors, and the coherent scattering from many imp
ties gives rise to Anderson localization.8 To be one dimen-
sional with respect to the quantum interference effects
conductor should have cross-sectional dimensions sm
than the length of localization of the electron wave functio
PRB 580163-1829/98/58~12!/8009~11!/$15.00
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j, and the phase-breaking lengthLw ~for a review, see Ref.
9!.

It is widely believed that all electron states in low
dimensional conductors are localized when both spin-o
~SO! and electron-electron interactions are weak.8,10 The lo-
calization length for a Q1D conductor with a large number
transverse channelsN1D and weak SO scattering can be e
pressed atH50 as11,12

j5N1Dl 5
p\

e2 s1 , ~1!

wheres1 is the conductance of a wire per unit length in t
‘‘metallic’’ regime. Despite of electron localization, thi
‘‘metallic’’ conductance can be rather large at room tempe
ture. This is due to strong inelastic scattering: the elect
scatters to another state, localized around a different
before it diffuses over the localization length@the weak lo-
calization~WL! regime#. However, with decreasing the tem
perature, a low-dimensional conductor should eventually
come an insulator. Electron transport can proceed only
hopping in this strong localization~SL! regime.

Until recently, the temperature-driven crossover has b
observed only in two-dimensional conductors.13–16 In one-
dimensional metal-oxide-semiconductor field-effect trans
tor ~MOSFET! type structures, the transition to the insulatin
regime has been observed with decreasing the ca
concentration.1 In this case, however, all electron paramete
and disorder have been changed simultaneously with va
tion of the gate voltage, and the electron states werequite
different in the ‘‘metallic’’ and insulating regimes.

The study of the crossover is more informative if th
crossover is observed as a function of temperature: in
case the data obtained in the WL and SL regimes are p
8009 © 1998 The American Physical Society
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TABLE I. Parameters of the samples.

Sample No.
1 2 3 4 5 6

W ~mm! 0.05 0.06 0.1 0.12 0.2 0.18
L ~mm! 500 500 40 500 40 500
No. of parallel ‘‘wires’’ 470a 470 5 470 5 470
Rh(T520 K), kV 1.6 1.7 3.5 1.6 4.2 1.7
j ~mm! 0.40 0.46 0.37 1.0 0.61 1.4
Dj ~K! 2.1 1.5 1.1 0.35 0.34 0.17
T0(H50) ~K! 2.6 1.87 1.47 0.42 0.39 0.2
Rj(T5T0) ~kV! 20.4 21.3 28 23 24.4 24.3
Hj ~kOe! 1.0 0.74 0.56 0.17 0.17 0.08
Hj

expt ~kOe! 1.0 0.80 0.51 0.21 0.17 0.12
Hj

expt/T0 ~kOe/K! 0.37 0.43 0.35 0.50 0.44 0.59

aSample 1 has been scratched during the gate deposition, and after this it contained 360 wires.
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nent to thesameelectron states. Though the theoretical p
diction of this remarkable crossover in Q1D conductors w
made by Thouless in 1977,8 the experimental study of thi
fundamental problem was delayed for 20 years. The ‘‘ga
between the prediction and observation indicates that this
very demanding experiment; in particular, the choice of
equate samples is crucial. Two objects that have been
extensively for the study of the WL regime, thin metal film
and high-mobility heterostructures, do not suit well this p
pose: the localization length in these conductors is too la
and, hence, the crossover temperature is too low for
conceivable cross section.17,18

Experiments17,19,20 have demonstrated that the domina
decoherence mechanism in Q1D conductors at low temp
tures is the quasielastic electron-electron scattering.21 Ana-
lyzing these data, we came to a conclusion that the cross
temperature can be substantially increased by using l
mobility and heavily doped semiconductor structures. R
cently we observed thetemperature-drivencrossover in
submicrometer-wide ‘‘wires’’ fabricated from the Sid-doped
GaAs.22–24 On the insulating side of the crossover, there
main unanswered questions that are crucial for understan
of the transport mechanisms in Q1D conductors. In this
per, we focus on the study of the conductivity of Q1D co
ductors in the strongly localized regime.

The paper is organized as follows. In Sec. II, we brie
describe the experimental technique and observation of
WL-SL crossover in our samples. The data obtained in
SL regime are discussed in Sec. III. Our experimental fi
ings and conclusions are summarized in Sec. IV.

II. OBSERVATION OF THE WL-SL CROSSOVER

A. Samples

One can estimate the crossover temperatureTj using
Thouless’ idea that the localization lengthj and the phase
breaking lengthLw(Tj) should be of the same order of ma
nitude at the crossover.8 At low temperatures, the decohe
ence in Q1D conductors is due to the quasielastic elect
electron scattering~the so-called Nyquist decoherenc
mechanism!.21 The phase-breaking length in this case can
expressed as follows:21
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Lw5S \2Ds1

&e2kBT
D 1/3

. ~2!

From comparison Eqs.~1! and ~2!, we obtain the following
estimate;

Tj5
e2D

&p2kBjs1

;@DW2~m* !2#21, ~3!

where D is the electron diffusion constant in the metall
regime,W is the width of a ‘‘wire’’ fabricated from two-
dimensional electron gas, andm* is the effective electron
mass. Thus, one could expect largerTj for narrow disor-
deredconductors with asmall effective mass of the curren
carriers.

We have used wires fabricated fromd-doped GaAs. The
effective mass of electrons in these structures coincides
m* .0.067me in GaAs. A singled-doped layer with concen
tration of Si donorsND5531012 cm22 is 0.1 mm beneath
the surface of an undoped GaAs. Using the electron be
lithography and deep ion etching, we were able to prep
uniform conducting wires with the effective widthW as
small as 0.05mm. Because of the side-wall depletion, th
effective width is smaller than the ‘‘geometrical’’ one b
0.15–0.2mm, depending on the carrier concentration. T
values ofW, obtained from the sample resistance, were
accord with the estimate ofW from the analysis of the WL
magnetoresistance. Parameters of the samples are liste
Table I.

For several samples, we repeated the whole set of m
surements after deposition of a thin (;50 nm) silver film on
top of the structure. This metal film was used as a gate e
trode: by varying the gate voltageVg , we could ‘‘tune’’ the
carrier concentration and mobility, and, hence, the locali
tion length. The metal film deposition also serves a differ
purpose: it modifies the Coulomb interaction at distan
greater than the distance between the electron gas and
metal film t50.1 mm, and allows one to test the effect of th
electron-electron interactions on the conductivity in the
regime.

The carrier concentrationn in the wires could differ sub-
stantially from that in the 2Dd-doped layer because of th
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side-wall depletion. The direct measurement ofn ~e.g., from
the Shubnikov–de Haas oscillations! cannot be performed in
these very disordered and narrow wires~see, e.g. Ref. 25!.
An indirect estimate ofn can be done as follows. It is we
established that the electron mobilitym in thed-doped layers
with ND5531012 cm22 is ;(160.2)3103 cm2/V s.26 As-
suming thatm5103 cm2/V s in our samples, we obtain
reasonable estimaten'331012 cm22 for Vg50; this corre-
sponds to;40% compensation of Si donors, which is typ
cal for thed-doped layers withND5531012 cm22 ~see, e.g.,
Ref. 27!. For this carrier concentration, only the lowest 2
subband is occupied.28 It is worth noting that the knowledge
of the exact value ofn is not crucialfor most of the effects
discussed below.

A relatively high concentration of carriers ensures that
number of transverse channels in our samples is large (N1D
'7 – 30). The localization length is always much grea
than the mean free pathl , and electron motion isdiffusive
within the localization domain. At high temperatures, the
samples can be considered as a disordered two-dimens
metal with the Fermi energy«F of the order of;103 K, and
the parameterkFl ranging from 6 to 40~kF is the Fermi wave
number!. In particular, the density of states for nonintera
ing electrons should be energy independent, as in two dim
sions, because of the strong interchannel scattering~\/t
@«F /N1D , wheret is the momentum relaxation time!. How-
ever, at low temperatures the samples becomeone dimen-
sional with respect to the quantum interference effects:W
,Lw(T)<j.

In these samples, the electrons are localized over a l
areajW, which is shared by several thousand of the ot
localized electrons. Though the electron states strongly o
lap in space, they are separated by the mean energy sp
within the localization domain

Dj~1D!5~n1Dj!21, ~4!

wheren1D is the single-particle density of states~due to the
strong interchannel scattering,n1D5Wn2D!. For the samples
discussed in this paper, this energy spacing varies from
to 5 K depending on the wire width and the carrier conc
tration.

We studied the resistance of many wires connected
parallel. This has been done for two reasons. First, the
allel connection of wires enlarges the temperature inte
where the sample resistance is within the range of our m
suring equipment (<1 GV). Second, increasing the numb
of wires and their length reduces mesoscopic fluctuations
improving the ensemble averaging. Initially, we studied fi
40 mm-long wires connected in parallel,22 later the number
of wires was increased up to 470, and the lengthL of each
wire—up to 500mm.23,24The distance between the wires is
mm in all the samples. The longer wires have an additio
important advantage: the voltage interval that correspond
the linear current-voltage (I -V) characteristics is narrow fo
our samples~see Sec. III!, and the use of the longer wire
facilitates measurements in the linear regime.

B. Measuring technique

For the measurements, we use a dilution refrigerator w
a base temperature of 30 mK. All the wiring in the refriger
e
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tor is done by shielded twisted pairs of wires; the resista
between all the wires is much greater than 1 GV. An external
noise pickup has been minimized by filtering of all the wir
going into the cryostat.

We exploit two techniques for measuring the resistan
For R<5 MV, we have used a lock-in amplifier with a
input resistance of 20 MV; a low measuring frequency (f
50.5 Hz) has been chosen because of large values of
sample resistance and capacitance of the filters. Due
very high sensitivity of the lock-in technique, high-resolutio
resistance measurements can be done at low voltage le
(V;1026 V). This is an important advantage of the ac me
surements, because the region of linearity of theI -V charac-
teristics becomes narrower with increasing the localizat
length: e.g., for a sample withj;1 mm andL5500 mm the
nonlinearity is observed atV as small as 1024 V ~see Sec.
III !. For the resistance measurements in the range 10V
<R<1 GV, we have used a dc current source and electro
eter with the input resistance greater than 131014 V. The
electrometer resolution, which was mostly limited by slo
drifts, has been increased up toDV;131025 V by alternat-
ing of the measuring current direction.

C. Crossover from weak to strong localization

The resistance of all the samples increases with decr
ing the temperature~Fig. 1!. At high temperatures, a slow
growth ofR is consistent with the theory of quantum corre
tions to the resistance in the WL regime.24 However, a dra-
matic change in the temperature dependence of the resist
has been observed for sufficiently narrow (W,0.3mm)
wires: it becomes activation-type at low temperatures.

We have shown that the Q1D conductors are driven i
the insulating state byboth single-particle localization and
electron-electron interaction.24 This evidence stems from th
study of precursors of the crossover, namely, from the qu
titative analysis of the temperature and magnetic field dep
dences of the resistance on the ‘‘metallic’’ side of the cro
over. The contributions to the resistance due to localizat
and interaction effects are of the same order of magnitud
the crossover. The temperature dependence of the resis
is well described by the sum of the first-order quantum c
rections down to;3Tj , whereTj is the crossover tempera
ture; at lower temperatures, the higher-order corrections
come important~see Sec. III A for our method of findingTj!.

Since our samples are driven into the insulating state
both localization and interaction effects, it is not obvious th
the Thouless scenario, which has been suggested for a
tem of noninteracting electrons,8 applies in this case. How
ever, the experiment demonstrates that the features of
observed crossover are consistent with the Thouless pre
tions.

First, the resistanceRj , calculated for a wire segment of
length of j, is 2464 kV at the crossover temperature~see
Table I and Fig. 1!, which is close to the quantum resistan
h/e2 expected for such a wire in the vicinity of the Thoule
crossover.

Secondly, the theory8 predicts that the crossover occu
when the temperature-dependent phase-breaking le
Lw(T) becomes of the order of the temperature-independ
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localization length. We estimatedLw(T) by fitting the high-
temperature (T.Tj) magnetoresistance with the W
theory24 ~for a detailed procedure of fitting the experimen
magnetoresistance of Q1D conductors with the theory,21 see
Refs. 20 and 24!. It has been shown that the dominant pha
breaking mechanism in our samples on the metallic side
the crossover is the quasielastic electron-elect
scattering;21 both the temperature dependence of the pha
breaking length (Lw;T21/3) and its magnitude are in a goo
agreement with the theoretical result~2!.24 For all the
samples studied,Lw at the crossover temperature is appro
mately 2–3 times smaller thanj calculated from Eq.~1!.
However, it would be naive to expect the exact equa
Lw(Tj)5j at T5Tj , since the prediction has an ‘‘order-o
magnitude’’ character.

The good agreement with Thouless’ prediction indica
that in our samples the localization effects prevail in t
WL-SL crossover. An additional evidence for that is pr
vided by observation of the exponentially strong orbital ma
netoresistance in the SL regime and the decrease of
crossover temperature in classically weak magnetic fie
~see Sec. III C!.

Thus, we observe the crossover from weak to strong
calization in Q1D conductors as a function of temperatu
when the electron states and disorder areidentical on either
side of the crossover. This important aspect of the exp
ment allows us to compare information on the electron sta
that can be obtained independently from the study of c
ductivity on both sidesof the crossover.

FIG. 1. The temperature dependence of the resistance o
0.05-mm-wide wires~sample 1! in zero magnetic field without the
gate, the solid curve is a guide to the eye. The arrow indicates
temperatureT0 that corresponds to the activation energy of hopp
transport on the insulating side of the crossover. Inset: the temp
ture dependence of the phase-breaking lengthLw . The dashed line
is the Nyquist phase-breaking length@Eq. ~2!#.
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III. THE STRONG LOCALIZATION REGIME

A. The temperature dependence of the resistance

On the insulating side of the crossover, an activated
havior of the resistance is observed~see Fig. 1!: the experi-
mental dependencesR(T) at T<0.3T0 can be fitted with the
Arrhenius-type dependence

R~T!5R0expS T0

T D . ~5!

Similar R(T) dependences were reported earlier for the m
soscopic MOSFET-type structures in the SL regime.1

The experimental values of the activation energykBT0 are
very close to the spacing of the electron states on the sca
the localization domainDj . We have verified this~a! by
varying the width of samples, and~b! by varying the local-
ization length with the gate voltage. In particular, Table
demonstrates thatT0 for the samples with the same diffusio
constant varies proportional toW22, as one could expec
from Eq. ~3!.

At the crossover temperature,all relevant energy scales
become of the same order of magnitude:

\

tw~Tj!
;Dj;

\D

j2 ;kBT0;kBTj . ~6!

Indeed, the scaling theory of localization8,10 predicts that the
crossover occurs when the smearing of the energy le
\/tw becomes comparable with the level spacing within
localization domainDj . For a Q1D conductor,Dj is of the
order of the Thouless energy,\D/j2 @Eq. ~1!#. Our experi-
mental data indicate that the activation energykBT0 is also
very close to the level spacingDj ~see below!. Finally, if the
Nyquist phase breaking is the dominant decoherence me
nism ~which is always the case in low-dimensional condu

FIG. 2. TheR(T) dependences at different values of the ga
voltage for sample 1. Straight lines are Arrhenius dependences~5!
with the values of the activation energyT0 shown next to the lines.
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tors at sufficiently low temperatures!, the phase-breaking rat
\/tw becomes of the order of the temperatureT5Tj at the
crossover@see Eqs.~1! and ~2!#. In other words, the quasi
particle description holds over thewhole temperature range
that corresponds to the WL regime.9

Since the crossover temperatureTj and the temperature
T0 pertinent to the activation energy on the insulating side
the crossover are close to one another, we do not disting
between them.29 When discussing the crossover temperat
in this paper, we refer toT0 , which can be accurately est
mated on the insulating side of the crossover.

One can shift the crossover and vary the activation ene
over a wide range by applying the gate voltage~the tempera-
ture dependences of the resistance for sample 1 at diffe
Vg are shown in Fig. 2!. With increasing the carrier concen
tration, the activation energy decreases@Fig. 3~a!# and the
localization length increases@the values ofj shown in Fig.
3~b! have been calculated from Eq.~1!#. However, the prod-
uct T0j remains independent of the gate voltage@Fig. 3~c!#.
Thus, the activation energy is inversely proportional toj.
Numerically, the activation energy is very close to the me
energy spacing within the localization domain; we have a
verified this by studying samples of different width~see
Table I!.

We observe correlation between the prefactorR0 in the
Arrhenius law~5! and the sheet resistanceRh on the metallic
side of the crossover (T@T0). For example, the magnitud
of R0 calculated for a segment of wire of the lengthj (R0j)
is 1.7 kV for sample 1 (Rh(20 K)51.6 kV) and 12–14 kV
for samples 3 and 5@Rh(20 K)53.5– 4.2 kV#. The pres-

FIG. 3. The dependences ofT0 , j, T0j, and R0 on the gate
voltage for sample 1. Open dots are the corresponding values b
the gate deposition. These values have been plotted at nonzeVg

to facilitate comparison of parameters for the samples with/with
a gate with thesamej. The values ofj have been calculated from
Eq. ~1!.
f
sh
e

y

nt

n
o

ence of the gate electrode affectsR0j : for sample 1,R0j has
been increased up to 4 kV after the gate deposition. With
increasing the gate voltage,R0 decreases@Fig. 3~d!#, how-
ever,R0j is almostVg independent. This observation can b
also presented as theVg-independent ratioR0 /Rh(T@T0)
for a given sample. As will be shown below, the prefactorR0
is not affected by the magnetic field.

The observed Arrhenius-type temperature dependenc
the resistance withkBT0'Dj could be accounted for by dif
ferent models of electron transport in the SL regime~see,
e.g., Refs. 30–33!. In particular, the theory of the variabl
range hopping~VRH! in one dimension30,32,33 predicts the
activation behavior of the resistance~in contrast to higher
dimensions, where one can expect to observe either Mo
or Efros-Shklovskii law34!. Similarity of the theoretical pre-
dictions stems from the fact that the resistance of a Q
conductor is governed by the so-calledcritical hops, rare
segments of a wire with no localized states in the vicinity
the Fermi level.32,33 Indeed, any model of the SL transpo
that takes into account a realistic distribution of paramet
of the hops, brings to the highly resistive hops separated b
distanceLc much larger than the hopping length. Thus,
order to test the relevance of different theoretical models
our experimental situation, we need to measure directly
two characteristic length scales: the hopping distancer h for
the critical hops, and the distanceLc between such hops. Th
experimental data on the hopping distance are still unav
able; without this information, it is difficult to distinguish
between the alternatives: nearest-neighbor hopping ve
variable-range hopping. We hope to address this problem
our future experiments with multiconnected samples fab
cated from Q1D wires. However, the second importa
length scale, the distance between the critical hops, can
measured directly.

B. Nonlinearity of the I -V characteristics

The study of nonlinear effects in the SL regime allow
one to measureLC and its dependence onT andH, which is
crucial for understanding of electron transport in the SL
gime. For all the samples in Table I, we have measured
dependence of the resistanceR[V/I on the voltageV across
the sample at different temperatures; we have also repe
these measurements for sample 1 after the gate depositio
different Vg ~all the data discussed in Sec. III A were o
tained in the linear regime!. The dependencesR(V) mea-
sured at differentT andH50 for sample 1 before the gat
deposition are shown in Fig. 4.

Qualitatively, one can consider two different voltage r
gions for these dependences, separated by the characte
voltageV* ~;531023 V for sample 1!. At small V,V* ,
the resistance is strongly temperature dependent; this vol
interval corresponds to the SL regime. For largeV.V* , all
dependencesR(V,T) collapse onto a single curve regardle
of the temperature; in the latter WL regime, the electr
transport is nonactivated. Heating of sample 1 by measu
currents can be neglected atV,131022 V: independent
measurements show that the power 1 nW dissipated in
sample does not overheat electrons down toT;0.1 K.35

In the SL regime, the nonlinear resistanceR[V/I for all
samples can be fitted with the dependence:
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R;expS T02aV

T D , ~7!

whereV is the total voltage across the sample. In order
clarify the physical meaning ofa, we assume the following
simplified model: the critical hops are identical, and they
separated by the average distanceLC , which is much greater
than the hopping distance. In the electric field, the activat
energy of each critical hop decreases proportionally to
voltage drop across the hop. In this model,a21 is propor-
tional to the average number of critical hopsL/LC in a wire
of the lengthL.

Obviously, this model is very naive. However, a mo
realistic model based on the normal distribution of the a
vation energies and self-consistent calculation of the volt
drop across each hop fits the experimental depende
R(V) less accurately than Eq.~7!.

On the basis of this model, one can estimate the dista
between the critical hopsLC5aLkB /e. This distance in-
creases with decreasing the temperature~Fig. 5! and at
T0 /T@1 it exceedsj by more than an order of magnitud
However, even at the lowest temperatures, this distanc
still a factor of;50 smaller than the total length of the wir

The theory33 predicts that the wire-to-wire fluctuation
can be neglected ifh[ ln(L/j)/ln(LC /j).1; for our experi-
mental values ofLC , h52 – 3 for all T and Vg for all
samples. Since the width of the distribution function for t
wire’s resistance depends exponentially onh, the wire-to-
wire fluctuations are averaged out in our ‘‘long’’ sample
Thus, the wire resistance is aself-averagedquantity in the
studied temperature range~the resistance fluctuations de

FIG. 4. The dependence ofR[V/I on the voltage dropV across
sample 1 at different temperatures~before the gate deposition!.
Solid curves are Eq.~7!; the corresponding values ofLC in mi-
crometers are shown next to each curve.
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crease with increasing the wire length!. The opposite case o
large fluctuations in mesoscopic samples (L<LC) has been
studied by Hugheset al.36

Another experimental evidence for the self-averaged
havior of the wire resistance stems from comparison of
samples comprising 5 wires withL540 mm and 470 wires
with L5500 mm. For 40mm-long wires we observed resis
tance fluctuations in strong magnetic fields~Fig. 9; see also
Ref. 22!; these fluctuations are completely washed out
longer wires~Fig. 8!. Relatively small values ofLC are also
consistent with the fact that we have not observed any re
fying effects even for the 40-mm-long wires; the rectifying
effects are typical for mesoscopic samples.1

The study ofLC for the same sample at differentVg
shows thatLC is proportional to j for a fixed T0 /T. For
sample 1 bothLC and j increase with increasingVg by a
factor of ;6, however, the ratioLC /j remains the same fo
all Vg ~Fig. 6!.

The temperature dependences ofLC shown in Fig. 5 con-
tradict the VRH theory in one dimension, which predicts t
exponential temperature dependence ofLC ,32,33

LC5jAT0

T
expS T0

2TD . ~8!

Instead,LC grows approximately asT0 /T at high tempera-
tures and saturates at lowerT ~Fig. 5!. This discrepancy re-
mains the challenge for the theory.

C. The magnetoresistance

An important advantage of our experiment is that we c
measure directly the localization length by studying the m
netoresistance in the SL regime. The magnetoresistance
sample 1 below the crossover temperature is shown in Fig
The magnetoresistance in the WL and SL regimes sh

FIG. 5. The temperature dependence ofLC for different
samples; the sample parameters are given in Table I.
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several common features: it is negative and strongly an
tropic ~this pure orbital magnetoresistance vanishes for
parallel orientation of the field with respect to the plane
the d layer!. However, the magnitude of the magnetores
tance increases dramatically on the insulating side of
crossover. The inset in Fig. 7 demonstrates that the cross

FIG. 6. ~a! The dependence ofLC on Vg at a fixed T0 /T
.8.25. ~b! The ratioLC /j vs Vg . The open circles correspond t
the measurements before the gate deposition.

FIG. 7. The magnetoresistance of sample 1 without the g
electrode at different temperatures (T!T052.6 K). The solid lines
are guides to the eye. The inset: the shift of the crossover in
magnetic field for the same sample with the gate electrode aVg

510.7 V ~s: H50; n: H517 kOe!.
o-
e
f
-
e
er

shifts down to lower temperatures, and the magnetore
tance becomes exponentially strong in classically weak m
netic fields.

For different fixed values of the magnetic field, we o
serve the exponential temperature dependence of the r
tance with the same prefactorR0 . The only parameter that
varies with the magnetic field is the activation energy:

R~T,H !5R0exp@T0~H !/T#. ~9!

Thus, the magnetoresistance is due to the magnetic field
pendence of the activation energy.22,23 Taking this into ac-
count, it is convenient to convert the magnetoresistance
the H dependence of the activation energy:

T0~H !

T0~H50!
5

T

T0~H50!
ln

R~H !

R0
. ~10!

The dependences~10! measured for samples 1 and 5 at d
ferent temperaturesT!T0 are shown in Figs. 8 and 9. For a
the samples, these dependences collapse onto thesame uni-
versal curve, which reflects the transition from weak
strong fields; the normalized activation energy varies
tween 1 (H50) and;0.5 ~strong fields!. ~For samples with
L540 mm, the deviations from this universal curve due
insufficient averaging of mesoscopic fluctuations have b
observed in strong fields,22 see Fig. 9.!

It was shown in Sec. III A that the activation energy
our samples practically coincides with the mean energy sp
ing within the localization domain and is inversely propo
tional to the localization length. Thus, the observed mag
toresistance reflects the universal magnetic-field depend
of the localization length.

This observation is in agreement with the theoretical p
diction that the localization length in a 1D conductor with
large number of channelsN1D should be a universal function
of the symmetry class:11,37–39

j5gN1Dl , ~11!

whereg52b/s, b is the Dyson parameter, which characte
izes the symmetry properties of the system, ands is the
Kramers degeneracy of the channels. The coeffici
g equals 1~2,4,4!, respectively, for potential scatterin
~b51, s52!, potential scattering in strong magnetic fie
~b52, s52!, spin-flip scattering by magnetic impuritie
or the strong spin-orbit scattering in strong magnetic fie
~b52, s51, note broken Kramers degeneracy!, and the
strong SO scattering atH50 ~b54, s52!. In our case, the
magnetic field induces a transition from the orthogonal
unitary case without breaking the spin degeneracy of
scattering channels~b51, s52→b52, s52! and, hence,
doublingof j. The theory is well adapted to the conducto
with a large localization length, where electrons move dif
sively within the localization domain. Since for our sampl
T0.Dj;1/j, doublingof the localization length should re
sult in halving the activation energy in agreement with o
experimental data.

Figure 8 shows that the activation energy for sample
diminishes in strong magnetic fields less than by a facto
2. We believe that two reasons preclude observation of
exacthalving ofT0 in this sample. First, the number of cha

te
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nels is not very large for sample 1 (N1D.7); in this case, the
exact expression forj should be used (s52):39

j5~bN1D122b!l . ~12!

According to Eq.~12!, for a conductor withN1D57, T0 in
strong fields should be smaller thanT0(H50) by a factor of
1.75. The corresponding high-field limit ofT0 is shown as
the dashed line in Fig. 8. Note that for sample 5 with a la
number of transverse channels (N1D.30), the normalized
T0 approaches the level 0.5 in strong fields~Fig. 9!. Sec-
ondly, in stronger fieldsH.H* 5F0 /W2 ~F0 is the mag-
netic flux quantum!, two essential requirements of the theo
applicability are violated: sample 1 becomes two dime
sional with respect to the localization effects, and, at
same time, transport is already affected by the magnetic fi
at scales smaller than the mean free path~sincel is close to
W for this sample!. In this case, the dependencej~b! is more
complicated and not universal.40,41

Not only the limits of variation ofj(H) are in agreemen
with the theory, but also the shape of the transition curve
the field rangeH,H* is consistent with the analytical ex
pression for j(H) obtained for all magnetic fields b
Bouchaud.40 The dependencej(H) calculated forN1D@1 is
shown in Fig. 9 by the solid curve. In particular, our data a
consistent with the prediction that the limitj(H)/j(0) is
reached slowly with increasingH.40

Our experiments22–24provide evidence of the doubling o
j due to breaking of the time-reversal symmetry. Previou
the idea of the universal change ofj in magnetic fields has
been used for interpretation of the magnetoresistance of
eral 2D and 3D systems with variable-range hopping.37,42,43

Although the effects in higher dimensions could be qual
tively similar, the doubling ofj is expected only in the Q1D

FIG. 8. The normalized magnetic field dependences of the a
vation energy for sample 1. Characteristic fieldsHj and H* are
shown with arrows. The dashed line is the theoretical strong-fi
limit for N1D57 ~see the text!.
e

-
e
ld
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geometry.40,41 It is unclear at present how to reconcile th
observed positive magnetoresistance in insulating
samples with strong SO scattering,42 with the theory that
properly accounts for Kramers degeneracy.44,45 In this case,
the magnetic field should not affect the localization leng
since the time-reversal symmetry and Kramers degene
are broken simultaneously.11,44,45

Observation of the magnetic-field-induced doubling oj
provides us with adirect method of measurement ofj in
Q1D conductors. Indeed, the localization length is the o
unknown parameter in fitting the experimental dependen
T0(H)/T0 with the theory.40 According to the theory,40

T0(H)/T0(H50)'0.83 in the characteristic field

Hj5
F0

jW
, ~13!

which corresponds to breaking of the time-reversal symm
try within the localization domain.46 The value ofHj for
samples 1 and 5 are shown by arrows in Figs. 8 and 9. Fo
the samples studied, the experimental values ofj are in an
excellent agreement with the estimate of the localizat
length from the resistance in the ‘‘metallic’’ regime~1! ~see
Table I!.

The evolution of theR(V) dependences with magnet
field for sample 1 is shown in Fig. 10. In the SL regime (V
!V* ), these normalized dependences are not affected by
magnetic field in accord with our experimental observat
that LC;j(T0 /T)51/n1DT. However, the values ofV,
where deviation from the fitting curve~7! is observed, are

ti-

ld
FIG. 9. The normalized magnetic field dependences of the a

vation energy for sample 5. The solid line is the theoretical dep
dencej(0)/j(H) @5T0(H)/T0(0)# for N1D@1 ~see the text!. The
dashed line is the theoretical strong-field limit. The amplitude
reproducible fluctuations of magnetoresistance, observed aH
>1 kOe, increases with the decrease of temperature; the fluc
tions clearly manifest themself atT50.1 K.
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diminishing with the increase of magnetic field. We cann
suggest a plausible explanation of this experimental fact

D. The density of states

Comparison of expressions for the activation ene
kBT0'Dj and the characteristic fieldHj shows that the ratio
of these quantities depends only on the single-particle d
sity of states:

Hj

Dj
5

F0n1D

W
5F0n2D . ~14!

Thus, by measuring the experimental counterpart of this
tio, Hj

expt/T0, one can probe the DOS at the energy sc
;kBT0 near the Fermi level. The values ofHj

expt/T0 for
samples without a gate are listed in Table I. Despite of
order-of-magnitude variation ofHj and T0 for different
samples, their ratio remains close to the estimate 0.5 kO
obtained for the noninteracting electrons in the parab
conduction band~n2D5m* /p\2, m* 50.067e!.

Interestingly, however, we observe;40% increase of
n2D after depositionof the gate electrode~Fig. 11!. The in-
crease ofn2D also manifests itself in the decrease ofT0 ~Fig.
3! and increase ofLC ~Fig. 6! if one compares the sample
with the same localization length. This behavior ofn2D is
difficult to explain in the model of noninteracting electron
We believe that this is a manifestation of the effect of t
long-rangeCoulomb interaction on the DOS in the SL r
gime. Indeed, the Coulomb interaction, being poo
screened in Q1D conductors, can affect both thermodyna
and transport properties. In particular, Raikh and Efros p
dicted a logarithmic singularity of the single-particle DOS
the Fermi energy in Q1D conductors in the SL regime:47

n1D~«!5
n1D

0

11 ~e2n1D
0 /K ! ln~«j /«!

, ~15!

FIG. 10. The normalizedR(V) dependences at differentH, T
50.2 K. Solid lines are guides to the eye; the dashed line den
Eq. ~7!.
t
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wheren1D
0 is the ‘‘nucleating’’ DOS,K is the relative per-

mittivity of the medium around the conductor, andej gives a
measure of the strength of nearest-neighbor interaction. S
pression of the long-range Coulomb interaction can resul
the measurable increase ofn2D . Indeed, deposition of the
gate electrode ‘‘screens’’ the long-range part of the Coulo
interaction: it becomes of a dipole-dipole type at distan
greater than the distancet between the electron gas and th
metallic gate electrode~for our samples,t50.1 mm is much
smaller thanj and the hopping length!. To the best of our
knowledge, this is the first experimental evidence of t
minimum of the DOS at the Fermi level in Q1D conducto
This could also be an indirect evidence that the hopp
distance atT!T0 exceedsj: only in this case one can expe
to observe the effect of the Coulomb interaction on the DO

IV. CONCLUSION

In conclusion, we have studied the resistance of qu
one-dimensional wires fabricated from Sid-doped GaAs as a
function of temperature, magnetic field, and applied volta
The crossover from weak to strong localization has been
served in these conductors with decreasing temperature.
main features of the observed crossover, driven by both
calization and interaction effects, are in agreement with
Thouless scenario: the crossover occurs when the ph
breaking length becomes comparable with the localizat
length, and the resistance of the segment of wire of
lengthj is ;h/e2.

On the insulating side of the crossover, we observe
activation temperature dependence of the resistance with
activation energy very close to the mean energy spac
within the localization domain. Both the crossover tempe
ture and the activation energy can be varied over a w
range by the gate voltage.

es

FIG. 11. The dependence ofHj andn2D on Vg . Solid lines are
guides to the eye. Open circles correspond to the values befor
gate deposition.
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The study of nonlinearity of the current-voltage charact
istics in the SL regime provides the direct measuremen
the distance between the critical electron hops, which gov
the resistance of a Q1D conductor. This distanceLc is pro-
portional to the localization length; it increases with decre
ing temperature, and at low temperatures (T/T050.1) ex-
ceedsj by a factor of;30. However,Lc is insufficiently
large to be consistent with prediction of the theory of va
able range hopping in Q1D conductors.32,33SinceLc is much
smaller than the length of wires, there is no rectifying effe
in the resistance of our samples, and the wire-to-wire fl
tuations of the resistance are negligible.

The exponentially strong magnetoresistance in the SL
gime is due to the magnetic field dependence of the local
tion length. Observation of the universal magnetic-field d
pendence of the activation energy, which is caused
breaking of time-reversal symmetry in strong fields, has b
used for the direct measurement ofj in Q1D conductors.
There is good agreement between the values ofj estimated
from the SL magnetoresistance and calculated from the
sistance in the WL regime.

Simultaneous measurement of the activation energy
the characteristic field of doubling of the localization leng
allows one to probe the single-particle density of states at
Fermi level in Q1D conductors. Our data indicate that de
,

y

V.
-
f

rn

-

-

s
-

e-
a-
-
y
n

e-

d

e
-

sition of the gate electrode decreases the amplitude of
minimum. We believe that this is due to screening of t
long-range interaction by the metal film separated from
Q1D conductor by a distance much smaller than the hopp
length.

In the situation when direct measurement of the hopp
distance is still unavailable, it is difficult to give preferenc
to one of the models of electron transport in the insulat
regime~nearest-neighbor hopping versus variable-range h
ping!. However, observation of the minimum of the dens
of states at the Fermi level can serve as an indirect evide
that the hopping distance exceeds the localization len
More theoretical efforts are needed to take into account s
essential features of quasi-one-dimensional conductors
strong overlapping between the localized electron states
long-range Coulomb interaction.
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