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Crossover from Weak to Strong Localization in Quasi-One-Dimensional Conductors
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The crossover from weak to strong localization in the resistance of quasi-1D conductors is observed
for the first time with decreasing the temperature; it occurs when the phase-breaking length becomes
comparable with the localization length. The signature of the strong-localization regime is an activation-
type temperature dependence of the resistance and exponentially strong negative magnetoresistance.
The magnetoresistance is well described by the theory of doubling of the localization length in
quasi-1D conductors in strong fields; this provides a direct measurement of the localization length.
[S0031-9007(97)03671-5]
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It is widely believed that all electron states in low
dimensional conductors are localized, however weak
disorder [1,2]. The scaling theory of localization makes
distinction between the weak localization (WL) regime a
the strong localization (SL) regime. In the WL regim
the broadening of the electron energy levels due to
phase-breaking processes,h̄ytw , is larger than the spacing
between the levels,Dj, within a domain of a sizej, the
localization length. In this regime, the electron scatte
inelastically to another state, localized around a differ
site, before it diffuses over the localization length. Wi
decreasing temperature, the level broadening beco
smaller than the spacing between the levels, and eventu
the electron transport can proceed only by hopping (the
regime). However, within the length scalej the electron
motion is still diffusive providedj is much greater than
the mean free path of electronsl. In terms of competition
between the length scales, the crossover from WL to
occurs in low-dimensional conductors at a finite tempe
ture T  Tj when the phase-breaking lengthLwsT d 
sDtwd1y2 (D is the electron diffusion constant at the sca
Lw) becomes comparable to the localization length.

From the experimental viewpoint, the crossover fro
WL to SL has been studied in detail only in two
dimensional (2D) systems [3–7]. For a macroscopica
homogeneous 2D conductor, the crossover is observ
when the sheet resistanceRh approaches a universal valu
of RQ  2p h̄ye2 ø 30 kV. The 2D localization length
j2D , l expsRQyRhd is of the order of the mean free
path in this case. IfRh is well below RQ , the energy
level spacing at the length scalej decreases exponentiall
sDj ~ j22d, and the crossover temperature becomes u
tainably low.

The WL-SL crossover in quasi-1D MOSFET structur
has been observed as a function of the gate voltage (f
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review, see [8]). It would be interesting, though, to e
plore the transition from diffusive regime to hopping as
function of temperature, when the electron states are
same at the both sides of the crossover (in other wor
for a fixed concentration of the carriers and disorder
a conductor). Such crossover has not been demonstr
in 1D conductors with the same clarity as in 2D condu
tors. Most of the data were obtained for granular or d
continuous narrow metal films, where charging effects c
modify substantially the nature of the transition (see, f
instance, [9,10]). The choice ofmacroscopically homo-
geneousquasi-1D conductors suitable for observation
the crossover is rather limited. The localization length
quasi-1D conductors,

j 
p h̄
e2

W
Rh

 2p h̄nDW (1)

(n is the 2D density of electron states), is huge in both t
metal wires of any conceivable cross section (very largen)
and high-mobility semiconductor structures (very largeD),
resulting in the crossover temperaturesTj that are inacces-
sible. However, it is possible to increaseTj substantially
by exploiting low-mobility semiconductor structures. W
report in this Letter the first experimental observation
the crossover from weak to strong localization in qua
1D conductors with decreasing the temperature and on
study of the activation transport in these conductors in t
vicinity of the crossover.

We measured the temperature and magnetic-field dep
dences of the resistance of submicron-wide channels
Si d-doped GaAs structures. A singled-doped sheet of
Si donors with concentration,s3 5d 3 1012 cm22 was
placed0.1 mm below the surface of an undoped GaA
layer which was molecular-beam epitaxy (MBE)-grow
on a semi-insulating GaAs substrate. Narrow chann
© 1997 The American Physical Society 725
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of different widths between 0.3 and15 mm were defined
by e-beam lithography, followed by ion etching. Becaus
of side depletion the effective widthW of the samples is
smaller than the “geometrical” one by,0.2 mm, and the
narrowest samples studied had an effective widthW ø
0.1 mm. The mean free path of electrons in thed-doped
layers is smallsl , 20 nmd due to the strong electron-
ionized impurity scattering. The relatively high concen
tration of carriers ensures that the number of the occupi
1D subbandsN1D  kFWyp $ 10 even in the narrow-
est samples. The electron motion along the width of th
channels is diffusive; on the other hand, with respect
the quantum interference effects the samples are one
mensional at low temperaturesfW , j, LwsTdg.

We report here the results from two samples (A and B
The samples comprise five “wires”40 mm long which
are connected in parallel; the effective width of the wire
was 0.1 mm (sample A) and0.2 mm (sample B). As
will be shown below, all the samples withW # 0.3 mm
demonstrate the crossover from weak to strong localiz
tion; wider samples withW . 1 mm remain in the WL
regime down to the lowestT ø 50 mK. Parameters of
samples A and B are listed in Table I. A standard a
lock-in technique was used for resistance measureme
however, the measuring frequency was limited to 0.5 H
to avoid errors due to parasitic capacitances because
the high sample resistance at low temperatures. We p
formed I-V measurements at a series of temperatures
make sure all data presented were taken at excitation vo
ages low enough to be in a linearI-V regime.

Temperature dependence of the resistance of sample
is shown in Fig. 1. AtT ¿ Tj , it is consistent with the
theory of quantum corrections due to the weak localizatio
and electron-electron interaction (EEI) effects [11]. Fo
instance, atT  10 70 K, where sample A is two dimen-
sional with respect to the quantum effectssW . Lw , LT d,
its resistance can be fitted with the dependence

RsT d 2 Rs30 Kd
Rs30 Kd

 C
e2Rhs30 Kd

2p2h̄
ln

µ
30
T

∂
, (2)

C > 4, which is in accord with previously reported data
on GaAs heterostructures with a high concentration o
carriers [12].

Below the crossover temperature, the dependenceRsT d
becomes exponential and can be fit with a simple activatio
law:

RsT d  R0 expsT0yT d (3)

TABLE I. Parameters of the samples.

RhsT  30 Kd W T0sH  0d j Dj

Sample skVd smmd (K) smmd (K)

A 3.5 0.1 1.47 0.37 1.1
B 4.2 0.2 0.39 0.61 0.34
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FIG. 1. The temperature dependence of the resistance
sample A in zero magnetic field. The dashed curve—t
sum of the WL and EEI corrections to the resistance
a 2D sample with the same sheet resistanceRh  3.5 kV
as that of sample A atT  30 K [Eq. (2)]. The inset
shows lnR versus1yT for sample A atH  0 smd and at
H  6.4 kOe sdd. The straight lines correspond to the de
pendencesRsH  0d  0.28 MV exps1.47 KyT d and RsH 
6.4 kOed  0.28 MV exps0.86 KyT d.

(see the inset in Fig. 1). The values ofT0 at H  0
are listed in Table I. For all the samples studied, th
magnitude of the resistance atT  T0 > Tj , calculated
for a segment of wire of the length ofj [5R0sjyLd for five
wires connected in parallel] turns out to be25 6 3 kV,
which is consistent with the resistance,hye2 expected
of a 1D conductor of the lengthj in the vicinity of
the crossover [1]. BelowT , 0.1 K the increase of the
resistance saturates, probably, because of the heatin
electrons by the rf noise, which is difficult to avoid with
high-resistance samples.

The magnetoresistance of our quasi-1D samples is ne
tive over the whole temperature range. It is very anis
tropic; we observed no magnetoresistance due to theH
component parallel to the plane of thed layer. The
magnetoresistance becomes large exponentially in the
regime (see the inset in Fig. 1); the activation ener
kBT0 decreases in strong fields by a factor of,2. In
strong fields we also observe aperiodic fluctuations
the magnetoresistance whose amplitude increases w
decreasing the temperature (see the inset in Fig. 2).

We address the question of whether our experime
agrees with the Thouless’ requirement that the crosso
to activated conductivity occurs atLwsTjd > j. The tem-
perature range, where the crossover is observed, ag
with the requirement. The phase-breaking length can
estimated at high temperaturessT $ Tjd by fitting the
magnetoresistance with the theory of suppression of
WL corrections by magnetic field [11]. (The detaile
analysis of the high-temperature magnetoresistance w
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FIG. 2. The magnetic field dependence of the resistance
samples A atT  0.3 K. The inset shows aperiodic fluctua
tions of the resistance in strong magnetic fields at differe
temperatures:d—0.3 K, m—0.4 K, .—0.6 K.

be published elsewhere.) For example, the phase-break
lengthLw for sample A increases from0.05 6 0.01 mm at
30 K to 0.2 6 0.05 mm at 3 K. The high-temperature fit
becomes progressively worse approaching the crosso
and the accuracy in estimating ofLw decreases. Neverthe-
less, it is possible to conclude that at the crossoverLw be-
comes comparable to the value ofj calculated from Eq. (1)
or estimated from the SL magnetoresistance (see below

The activation energykBT0 of the exponential depen-
denceRsT d is very close to the estimated values of th
spacing between the energy levels of the localized ele
tron states within the segment of a wire of the lengthj,

Dj  snjWd21 (4)

(see Table I). This suggests that the nearest-neighbor h
ping betweenstrongly overlappingelectron states becomes
the dominant transport mechanism in this “moderate” i
sulating regime (a segment of the wire of a size ofjxW
is “shared” among,103 localized electrons). It is worth
mentioning that in the case of hopping between strong
overlapping electron states, charging effects should n
play any significant role (in contrast to the case of granu
films [10]). The experimental proof for that is provided
by the study of nonlinear effects in the resistance of o
samples; the nonlinear regime will be discussed elsewhe

The available temperature range was too narrow
distinguish clearly between the activation law (3) and th
variable-range hopping (VRH) law

RsT d , expsTMyT d1y2. (5)
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However, we believe that the VRH is irrelevant in the
vicinity of the crossover. Fitting the experimental data
with Eq. (5) gives the values ofTM an order of magnitude
larger than the level spacingDj . The activation energy
for the hopping between spatially overlapping localize
states cannot exceedDj , unless there is a Coulomb gap
in the density of states at the Fermi level. The estima
of the localization length from Eq. (5),j  4ynWkBTM ,
also gives the values of the localization length 2–4 time
smaller than that obtained from Eq. (1). It is noteworth
that the simple activation law (3) can be also expected f
a long quasi-1D wiresL ¿ jd deeply in the insulating
regime, where fluctuations in the distribution of levels
should result in exponentially strong fluctuations of th
resistance of different hops [8,13,14].

All the features of the magnetoresistance observed in t
SL regime are in accord with the theory of doubling of the
localization length in quasi-1D conductors in strong mag
netic fields [15–17]. The magnetoresistance is negativ
as expected for quasi-1D conductors with weak spin-orb
scattering. The theory should apply to the moderate i
sulating regime where electrons move diffusively over
large distance,j, and the reason for the increase ofj is
the elimination of the coherent backscattering within th
localization domain by the magnetic field (the same as fo
the suppression of the interference corrections in the W
regime).

Note that the prefactorR0 in the experimental tem-
perature dependence of the resistance (3)is not affected
by the magnetic field (see the inset in Fig. 1). Hence w
can interpret the observed magnetoresistance as the re
of the magnetic-field dependence of the activation en
ergy T0sHdyT0sH  0d  sTyT0d lnfRsHdyR0g. The de-
pendencesT0sHdyT0sH  0d measured for samples A and
B at different temperatures belowTj are shown in Fig. 3.
For each sample, the dependences collapse onto the sa
universal curve; deviations from this universal behavio
observed at low temperatures in strong fields, are due

FIG. 3. The magnetic field dependences of the activatio
energy for samples A and B at different temperatures.
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the mesoscopic fluctuations (see below). The doubling
the localization length should result in halving the activ
tion energy for the nearest-neighbor hoppingsT0 , Dj ~

1yjd, which is in accord with our data.
The observed difference in the characteristic magne

fields for samples A and B is also in a good agreeme
with the theory [15–17]. The doubling ofj occurs for
H ¿ Hj , where

Hj  F0yjW (6)

is the field scale for breaking of the time-reversal symm
try within the area occupied by a localized state (F0 is the
magnetic flux quantum). The values ofHj calculated for
samples A and B are shown as arrows in Fig. 3. Thou
it is obvious that the theory predicts the correct value
the characteristic field, it would be interesting to obta
the theoretical dependencejsHd for all magnetic fields
(only limiting values ofj are available now). In this case
the magnetoresistance experiment would give the dir
and very accurate measurement of the localization len
in quasi-1D conductors.

The experiment discussed above provides the first e
dence of the doubling of the localization length in quasi-1
samples with weak SOS in strong magnetic fields. Pre
ously the idea of the universal change ofj in magnetic
fields has been used for interpretation of the magneto
sistance of several 2D and 3D systems with variable-ran
hopping (see, for instance, [17–19]). Although the effec
in higher dimensionalities could be qualitatively simila
the doubling ofj could be expected only in the quas
1D geometry; the scaling theory predicts the absence o
universal relation betweenjsH  0d andjsH ¿ Hjd for
d $ 2 [20].

We believe that observation of the magnetoresistan
fluctuations in strong magnetic fields does not substa
tially change the proposed picture of the moderate ins
lating regime in quasi-1D conductors. Fluctuations of th
resistance of different segments of wire are unavoida
on the insulating side of the crossover in 1D geomet
The length of our samples is much greater than the loc
ization length, and far from the crossover, the resistan
probably, is dominated by a few “long” hops. Howeve
the scattering of the resistances of individual hops is n
exponentially large in the moderate insulating regime [21
In addition, the importance of such anomalous hops is
duced by parallel connection of five “wires.” As the resu
the activation energy for all the samples turns out to
very close to the spacing between the electron energy l
elsDj , and the amplitude of fluctuationsDRyRsH ¿ Hjd
does not exceed,0.5 even at low temperatures (see th
inset in Fig. 2). With the increase of the magnetic fiel
the resistances of all the hops decrease exponentially
to the increase of the localization length. “Switching” be
tween leading hops in strong fields results in fluctuations
the magnetoresistance [22], the “period” of fluctuations
comparable with the characteristic fieldHj . This effect is
728
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similar to the switching of the leading hops with variation
of the gate voltageVg in experiments with gated 1D semi-
conductor channels (see [8,23], and references therein).
the last case, however, the resistance of each hop fluctua
exponentially withVg, the resistance of a sample is domi-
nated by a single hop in the strongly insulating regime, an
switching between the leading hops results in the order
of-magnitude fluctuations of the resistance.
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