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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
&doped GaAs. These quasi-one-dimensigdlD) 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 st@€xS) 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.
[S0163-182698)03936-9

[. INTRODUCTION & and the phase-breaking length) (for a review, see Ref.
9).

Recent progress in technology enables the realization of a It is widely believed that all electron states in low-
wide variety of materials with one-dimension@dlD) struc-  dimensional conductors are localized when both spin-orbit
tural and electronic properties: high-mobility heterojunction(SO) and electron-electron interactions are w&akThe lo-
microstructures,heavy-doped conjugated polymérsarbon calization length for a Q1D conductor with a large number of
nanotubes, or organic conductorsito mention a few. Be- transverse channeld;p and weak SO scattering can be ex-
cause of a very broad current usage of the term “1D sysPressed aH=0 as™t?
tems,” the physical properties of these conductors are di-
verse. In the limit of one conducting channgonductors
with cross-sectional dimensions smaller than the Fermi
wavelength of the conduction electrgnshere is a strong . . ) )
unscreened interaction between electrons. The electron stat)‘é@ere‘f,l”'s the conductance of a wire per unit length in the
are correlated along the channel, and the poorly deﬁnegmetall!c” regime. Despite of electron localization, this
single-electron excitations cannot be treated as Landau qua™etallic” conductance can be rather large at room tempera-

siparticles. The behavior of these so-called quantum “Wires”ture' This is due to strong inelastic scattering: the electron
) o ) . .~ _scatters to another state, localized around a different site,
is described by thg Tomonaga-_Luttmger model, and the Idealg)‘:'efore it diffuses over the localization lengitihe weak lo-
span frc_)m the Wigner crystal n the case of the Iong'r"’mg%alization(WL) regime. However, with decreasing the tem-
interactions to the charge-density waves for the short-rangge, o1 re 4 low-dimensional conductor should eventually be-

mteract'lons(for recent reviews, see Rgfs. A7 come an insulator. Electron transport can proceed only by
In this paper, we are concerned with another class of 1[?10pping in this strong localizatiofSL) regime.

conductors, usually referred to as quasi-one-dimensional ngj| recently, the temperature-driven crossover has been
(Q1D) conductors. In these disordered conductors, there argpserved only in two-dimensional conductdts®® In one-
many channels with strong scattering between them, and th@imensional metal-oxide-semiconductor field-effect transis-
quasiparticle excitations are well described by the Fermitor (MOSFET) type structures, the transition to the insulating
liquid theory. The physics of these systems is essentiallyegime has been observed with decreasing the carrier
different from the physics of quantum wires. The electronconcentratiort.In this case, however, all electron parameters
mean free path is much smaller than the length of these and disorder have been changed simultaneously with varia-
conductors, and the coherent scattering from many impurition of the gate voltage, and the electron states vegrige

ties gives rise to Anderson localizatidro be one dimen- differentin the “metallic’ and insulating regimes.

sional with respect to the quantum interference effects, a The study of the crossover is more informative if the
conductor should have cross-sectional dimensions small@rossover is observed as a function of temperature: in this
than the length of localization of the electron wave function,case the data obtained in the WL and SL regimes are perti-
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TABLE |I. Parameters of the samples.

Sample No.

1 2 3 4 5 6
W (um) 0.05 0.06 0.1 0.12 0.2 0.18
L (um) 500 500 40 500 40 500
No. of parallel “wires” 470 470 5 470 5 470
Ro(T=20 K), kQ) 1.6 1.7 35 1.6 4.2 1.7
& (um) 0.40 0.46 0.37 1.0 0.61 14
A (K) 2.1 15 11 0.35 0.34 0.17
To(H=0) (K) 2.6 1.87 1.47 0.42 0.39 0.2
RT=To) (k) 20.4 21.3 28 23 24.4 24.3
H, (kOg¢) 1.0 0.74 0.56 0.17 0.17 0.083
H?Xpt (kOe) 1.0 0.80 0.51 0.21 0.17 0.12
HSEXPVTO (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.

173

nent to thesameelectron states. Though the theoretical pre- #2Do,
diction of this remarkable crossover in Q1D conductors was L,= — 2
made by Thouless in 1977the experimental study of this v2ekgT

fundamental problem was delayed for 20 years. The “9ap”rrom comparison Eqg1) and (2), we obtain the following
between the prediction and observation indicates that this is gtimate:

very demanding experiment; in particular, the choice of ad-

equate samples is crucial. Two objects that have been used e2D
extensively for the study of the WL regime, thin metal films T§:2—~[DW2(m* 2171, 3)
and high-mobility heterostructures, do not suit well this pur- V2mkgéo,

pose: the localization length in these conductors is 100 larg&here p is the electron diffusion constant in the metallic

and, hence, the crossover temperature is too low for aYegime, W is the width of a “wire” fabricated from two-
conceivable cross sectigh'® ’

. . dimensional electron gas, amd* is the effective electron
Experiments’1®?°have demonstrated that the dominant g

S mass. Thus, one could expect larger for narrow disor-
decoherence mechanism in Q1D conductors at low temperg, b gy

) : ; . eredconductors with amall effective mass of the current
tures is the quasielastic electron-electron scattéfingna- carriers

lyzing these data, we came to a conclusion that the crossover We have used wires fabricated frofdoped GaAs. The

tempgrature can t_)e substanually increased by using IOWéffective mass of electrons in these structures coincides with
mobility and heavily doped semiconductor structures. Re

o ; ; . )
cently we observed theéemperature-drivencrossover in m" =0.061m, in GaAs. A singlec-doped layer with concen

. yEE ARRNE TS ; tration of Si donorsNp=5x102cm 2 is 0.1 um beneath
submicrometer-wide “wires” fabricated from the Sidoped the surface of an undoped GaAs. Using the electron beam

22-24 ; ; ;
GaAs. On the msulqtmg side of the crossover, there r(:T"Iithography and deep ion etching, we were able to prepare
main unanswered questions that are crucial for understandi iform conducting wires with the effective widthV/ as

of the tr?nsport rri[ﬁchalnlgmsflr;thlg gonf.uitori- Inllch'S Pasmall as 0.05um. Because of the side-wall depletion, the
per, we focus on the study of the conductivity of Q CON" effective width is smaller than the “geometrical” one by

ductors in the strongly localized regime. 0.15-0.2um, depending on the carrier concentration. The

de;—(?r?bga}[ﬁzreii ogﬁ;rgﬁ?;jl ?E;SC;(;I:OYJV:'E;Q dS:t():s.e”r;/;\{% r? r(')iﬂt};‘values ofW, obtained from the sample resistance, were in
per q ; : Sccord with the estimate i from the analysis of the WL
WL-SL crossover in our samples. The data obtained in th

SL regime are discussed in Sec. Ill. Our experimental ﬁnd?nagnetore&stance. Parameters of the samples are listed in

; ; . . Table I.
ings and conclusions are summarized in Sec. IV.
For several samples, we repeated the whole set of mea-

surements after deposition of a thisr 50 nm) silver film on

Il. OBSERVATION OF THE WL-SL CROSSOVER top of the structure. This metal film was used as a gate elec-
trode: by varying the gate voltagg,, we could “tune” the
carrier concentration and mobility, and, hence, the localiza-

One can estimate the crossover temperaflifeusing  tion length. The metal film deposition also serves a different
Thouless’ idea that the localization lengghand the phase- purpose: it modifies the Coulomb interaction at distances
breaking lengthL ,(T,) should be of the same order of mag- greater than the distance between the electron gas and the
nitude at the crossovérAt low temperatures, the decoher- metal filmt=0.1 um, and allows one to test the effect of the
ence in Q1D conductors is due to the quasielastic electrorelectron-electron interactions on the conductivity in the SL
electron scattering(the so-called Nyquist decoherence regime.
mechanism?! The phase-breaking length in this case can be The carrier concentration in the wires could differ sub-
expressed as follows: stantially from that in the 2D5-doped layer because of the

A. Samples
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side-wall depletion. The direct measuremenhdg.g., from  tor is done by shielded twisted pairs of wires; the resistance
the Shubnikov—de Haas oscillatigreannot be performed in  between all the wires is much greater thanQ.@n external
these very disordered and narrow wireee, e.g. Ref. 25 noise pickup has been minimized by filtering of all the wires
An indirect estimate oh can be done as follows. It is well going into the cryostat.

established that the electron mobiljyin the 5-doped layers We exploit two techniques for measuring the resistance.
with Np=5x10" cm2 is ~(1+0.2)x10° cn?/Vs.* As-  For R<5MQ, we have used a lock-in amplifier with an
suming thatu=10° cn¥/V s in our samples, we obtain a input resistance of 20 K; a low measuring frequencyf
reasonable est|matew3><10? cm 2 for Vg=0; this corre-  —0 5 Hz) has been chosen because of large values of the
sponds to~40% compensation of Si dor210rs,_\2/vh|ch IS tyPl- sample resistance and capacitance of the filters. Due to a
cal for thes-doped layers withNp =5 10'? cm ™ (see, e.g., very high sensitivity of the lock-in technique, high-resolution
Ref. 27. For this carrier concentration, only the lowest 2D o qjstance measurements can be done at low voltage levels
subband is occupied.It is worth noting that the knowledge (V~10-% V). This is an important advantage of the ac mea-
of the exact value of is not crucialfor most of the effects surements, because the region of linearity ofithé charac-

discussed below. g L ; L
teristics becomes narrower with increasing the localization

A relatively high concentration of carriers ensures that th ’ . 2
number of transverse channels in our samples is lakgg ( qeng_th. €.g., for a sample witfr—1 um andL =500 um the
rnonlmearlty is observed &f as small as 10* V (see Sec.

~7-30). The localization length is always much greate . )
than the mean free path and electron motion igliffusive lIl). For the resistance measurements in the range @0 M
within the localization domain. At high temperatures, these~R=1 G{2, we have used a dc current source and electrom-
samples can be considered as a disordered two-dimensiorffer With the input resistance greater thar 10** Q. The
metal with the Fermi energyg of the order of~10° K, and elgctrometer res_,oluuon, which was mostly limited by slow
the parameteke| ranging from 6 to 4Gk is the Fermi wave drifts, has been increased upA%~1x10° V by alternat-
numbey. In particular, the density of states for noninteract-ing of the measuring current direction.

ing electrons should be energy independent, as in two dimen-

sions, because of the strong interchannel scattefilg

> e IN;p, whereris the momentum relaxation tieHow- C. Crossover from weak to strong localization

ever, at low temperatures the samples became dimen- The resistance of all the samples increases with decreas-
sional with respect to the quantum interference effets: ing the temperaturéFig. 1). At high temperatures, a slow
<L, (T)s¢. growth ofRR is consistent with the theory of quantum correc-

In these samples, the electrons are localized over a larg#ons to the resistance in the WL regirffeHowever, a dra-
areaéW, which is shared by several thousand of the othematic change in the temperature dependence of the resistance
localized electrons. Though the electron states strongly ovehas been observed for sufficiently narrowW€0.3 um)
lap in space, they are separated by the mean energy spacingres: it becomes activation-type at low temperatures.

within the localization domain We have shown that the Q1D conductors are driven into
. the insulating state byoth single-particle localization and
A(1D)=(v1pé) (4 electron-electron interactidf.This evidence stems from the

study of precursors of the crossover, namely, from the quan-

strong interchannel scattering,p=Wwv,p). For the samples titative analysis Of_ the temperatu‘r‘e and 'T“:’j‘g'ﬁe“c field depen-
gLences of the resistance on the “metallic”’ side of the cross-

discussed in this paper, this energy spacing varies from 0 - . S
pap gy sp 9 over. The contributions to the resistance due to localization

to 5 K depending on the wire width and the carrier concen- : ) .
tration. and interaction effects are of the same order of magnitude at

We studied the resistance of many wires connected irﬁhe crossover. The temperature dependence of the resistance

parallel. This has been done for two reasons. First, the pall§ well described by the sum of t.he first-order quantum cor-
rections down to~3T,, whereT, is the crossover tempera-

allel connection of wires enlarges the temperature interval~ " tl ¢ L the hiah q i b
where the sample resistance is within the range of our megure; at lower temperatures, the higher-order corrections be-

suring equipment$€1 G()). Second, increasing the number come importantsee Sec. |ll A_for our methqd of fir}din'gg).
of wires and their length reduces mesoscopic fluctuations b%oSmce our samples are driven into the insulating state by

improving the ensemble averaging. Initially, we studied fiveth th_rlﬁca:lzatlon and.'merﬁ?t'r?r;]Eﬁ%CtS’ itis not (?[bglcf)us that
40 um-long wires connected in parall@ later the number € Thouless scenario, which nas been suggested lor a Sys-

of wires was increased up to 470, and the lenigtbf each tem of nonintere_lcting electrofisapplies in this case. How-
wire—up to 500um. 2% The distan(’:e between the wires is 1 €V the experiment demonstrates that the features of the
um in all the samp'les The longer wires have an additionanserved crossover are consistent with the Thouless predic-

important advantage: the voltage interval that corresponds t ons. . .
thelinear current-voltage I(-V) characteristics is narrow for First, the r esistand,, calculated for a wire segment of a
our sampleqsee Sec. I, and the use of the longer wires length of ¢, IS 24+4 k.Q at the crossover temperatu(_'eee
facilitates measurements in the linear regime. Tabzle I and Fig. 1, which is _cIo_se to th_e_q_uantum resistance
h/e“ expected for such a wire in the vicinity of the Thouless
crossover.
Secondly, the theofypredicts that the crossover occurs
For the measurements, we use a dilution refrigerator wittwhen the temperature-dependent phase-breaking length
a base temperature of 30 mK. All the wiring in the refrigera-L ,(T) becomes of the order of the temperature-independent

wherev, is the single-particle density of statédue to the

B. Measuring technique



8012 YU. B. KHAVIN, M. E. GERSHENSON, AND A. L. BOGDANOQV PRB 58

lll. THE STRONG LOCALIZATION REGIME

A. The temperature dependence of the resistance

On the insulating side of the crossover, an activated be-
havior of the resistance is observeste Fig. ): the experi-

mental dependencéqT) at T<0.3T, can be fitted with the
Arrhenius-type dependence

. To
. Y R(T)= Roex;{ ?) . (5)
2 T(K) 10

|
®
[ \. Similar R(T) dependences were reported earlier for the me-
10°F—— -
.
(]
)
L

L (um) o

¢

R (MQ)
o

soscopic MOSFET-type structures in the SL regime.

The experimental values of the activation enekgy, are
very close to the spacing of the electron states on the scale of
the localization domainm\,. We have verified thiga) by
varying the width of samples, an@) by varying the local-
. e ] ization length with the gate voltage. In particular, Table |
o .{ T demonstrates that, for the samples with the same diffusion
0.1 1 10 100 constant varies proportional t8/~2, as one could expect

from Eq. (3).
T(K)

At the crossover temperaturell relevant energy scales

become of the same order of magnitude:
FIG. 1. The temperature dependence of the resistance of the

0.05.um-wide wires(sample ] in zero magnetic field without the L~A§~ ﬁ_IZDNKBTON keTe. (6)

gate, the solid curve is a guide to the eye. The arrow indicates the qu(Tg) 3

temperaturd y that corresponds to the activation energy of hoppingIndeed the scaling theory of localizatfo predicts that the
transport on the insulating side of the crossover. Inset: the temper%-rosso\’/er occurs when the smearing of the energy levels
ture depenqence of the ph?se_breakmg legih The dashed line hl 7, becomes comparable with the level spacing within the
is the Nyquist phase-breaking lendtq. (2)]. @

localization domain .. For a Q1D conductor), is of the
order of the Thouless energgD/&? [Eq. (1)]. Our experi-
localization length. We estimated,(T) by fitting the high-

_ _ mental data indicate that the activation enekgyl is also
temperature T>T,) magnetoresistance with the WL very close to the level spacin; (see below Finally, if the

theory?* (for a detailed procedure of fitting the experimental Nyquist phase breaking is the dominant decoherence mecha-
magnetoresistance of Q1D conductors with the thébsge

nism (which is always the case in low-dimensional conduc-
Refs. 20 and 24 It has been shown that the dominant phase-

breaking mechanism in our samples on the metallic side of
the crossover is the

10T 177" T T3
quasielastic  electron-electron 6133 252
scattering?* both the temperature dependence of the phase- i ?_j e ﬁ I ]
breaking length i ,~T %) and its magnitude are in a good 2 i #1.45 4 - T I
agreement with the theoretical resul).>* For all the 10 [ 2 1o E
samples studied, , at the crossover temperature is approxi- T4 '
mately 2—3 times smaller thaa calculated from Eq(1). i / i To=0-82K
However, it would be naive to expect the exact equality 10’ 3 iR + '
L,(T)=¢&atT=T,, since the prediction has an “order-of- ) : ?/j
magnitude” character. = [ / v,

The good agreement with Thouless’ prediction indicates o 10° E ! J
that in our samples the localization effects prevail in the 3 ° -0.35v
WL-SL crossover. An additional evidence for that is pro- Hes / & -0.25v
vided by observation of the exponentially strong orbital mag- Y/ / v 0 1
netoresistance in the SL regime and the decrease of the 107 i o 05V
crossover temperature in classically weak magnetic fields s, i g'i\slv
(see Sec. Il ¢ I )

Thus, we observe the crossover from weak to strong lo- T3 il S SNPRRE SOV SR SPR s s B
calization in Q1D conductors as a function of temperature, 0 2 4 6 8 101214 16 18
when the electron states and disorder identical on either R
side of the crossover. This important aspect of the experi- T (K

ment allows us to compare information on the electron states FiG. 2. TheR(T) dependences at different values of the gate
that can be obtained independently from the study of convoltage for sample 1. Straight lines are Arrhenius dependefies
ductivity on both sidesof the crossover. with the values of the activation enerdy shown next to the lines.
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s a ence of the gate electrode affe&g,: for sample 1R, has
4 been increased up to 4kafter the gate deposition. With
< 3 . increasing the gate voltag®, decrease$Fig. 3(d)], how-
:o 2 ..° ever,Ry, is almostV, independent. This observation can be
; e also presented as thé;-independent ratidRo /R (T>T)
ost : for a given sample. As will be shown below, the prefadigr
, is not affected by the magnetic field.
E 06 %y The observed Arrhenius-type temperature dependence of
2 o4 5 the resistance witkg Ty~ A, could be accounted for by dif-
i et ferent models of electron transport in the SL regifsee,
02/ o e.g., Refs. 30-33 In particular, the theory of the variable
T 10 o | range hoppingVRH) in one dimensiof?3%33predicts the
3 ¢ activation behavior of the resistan¢@ contrast to higher
X 08 . ] dimensions, where one can expect to observe either Mott's
,“_’5 . T e e or Efros-Shklovskii lav). Similarity of the theoretical pre-
06 ¢ ¢ | dictions stems from the fact that the resistance of a Q1D
conductor is governed by the so-calledtical hops, rare
S sl e d segments of a wire with no localized states in the vicinity of
= - T the Fermi levef?33 Indeed, any model of the SL transport
o 20! ¢ o ] that takes into account a realistic distribution of parameters
o *e of the hops, brings to the highly resistive hops separated by a
ey R Ry — distancelL, much larger than the hopping length. Thus, in
vV (V) order to test the relevance of different theoretical models to

our experimental situation, we need to measure directly the

FIG. 3. The dependences 3%, & Tof andR, on the gate WO characteristic length scales: the hopping distanckor
voltage for sample 1. Open dots are the corresponding values befotBe critical hops, and the distantg between such hops. The
the gate deposition. These values have been plotted at novigero experimental data on the hopping distance are still unavail-
to facilitate comparison of parameters for the samples with/withou@ble; without this information, it is difficult to distinguish
a gate with thesameé. The values of have been calculated from between the alternatives: nearest-neighbor hopping versus
Eg. (D). variable-range hopping. We hope to address this problem in

our future experiments with multiconnected samples fabri-
tors at sufficiently low temperaturgshe phase-breaking rate cated from Q1D wires. However, the second important
fl 7, becomes of the order of the temperatlire T; at the length scale, the distance between the critical hops, can be
crossovel[see Eqs(1) and(2)]. In other words, the quasi- Mmeasured directly.
particle description holds over thehole temperature range
that corresponds to the WL regime.

Since the crossover temperatufe and the temperature
T, pertinent to the activation energy on the insulating side of The study of nonlinear effects in the SL regime allows
the crossover are close to one another, we do not distinguishne to measuré. and its dependence dnandH, which is
between them® When discussing the crossover temperaturecrucial for understanding of electron transport in the SL re-
in this paper, we refer td,, which can be accurately esti- gime. For all the samples in Table I, we have measured the
mated on the insulating side of the crossover. dependence of the resistariRe=V/I on the voltage/ across

One can shift the crossover and vary the activation energthe sample at different temperatures; we have also repeated
over a wide range by applying the gate voltdthee tempera- these measurements for sample 1 after the gate deposition for
ture dependences of the resistance for sample 1 at differedifferent V, (all the data discussed in Sec. Ill A were ob-
Vg are shown in Fig. R With increasing the carrier concen- tained in the linear regime The dependenceR(V) mea-
tration, the activation energy decreag€sy. 3a)] and the sured at differenfr andH=0 for sample 1 before the gate
localization length increasdshe values ofé shown in Fig.  deposition are shown in Fig. 4.

3(b) have been calculated from E@.)]. However, the prod- Qualitatively, one can consider two different voltage re-
uct Toé remains independent of the gate voltageay. 3(c)]. gions for these dependences, separated by the characteristic
Thus, the activation energy is inversely proportionaléto  voltageV* (~5x1072 V for sample 1. At small V<V*,
Numerically, the activation energy is very close to the mearthe resistance is strongly temperature dependent; this voltage
energy spacing within the localization domain; we have alsanterval corresponds to the SL regime. For lakge V*, all
verified this by studying samples of different widtsee dependenceR(V,T) collapse onto a single curve regardless
Table ). of the temperature; in the latter WL regime, the electron

We observe correlation between the prefad®grin the  transport is nonactivated. Heating of sample 1 by measuring
Arrhenius law(5) and the sheet resistanBe, on the metallic  currents can be neglected ®t<1x10 2 V: independent
side of the crossoverTe>T,). For example, the magnitude measurements show that the power 1 nW dissipated in the
of R, calculated for a segment of wire of the lengtiiR,,) sample does not overheat electrons dowi 00.1 K.*°
is 1.7 K2 for sample 1 R5(20 K)=1.6 k) and 12-14 K In the SL regime, the nonlinear resistariReV/1 for all
for samples 3 and $R5(20 K)=3.5-4.2 K)]. The pres- samples can be fitted with the dependence:

B. Nonlinearity of the |-V characteristics
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FIG. 5. The temperature dependence lof for different
FIG. 4. The dependence B=V/1 on the voltage droly across  samples; the sample parameters are given in Table I.
sample 1 at different temperaturésefore the gate depositipn

Solid curves are Eq(7); the corresponding values dfc in mi- crease with increasing the wire lengtfihe opposite case of
crometers are shown next to each curve. large fluctuations in mesoscopic samplés<(L:) has been
studied by Hughest al3®
To—aV Another experimental evidence for the self-averaged be-
R~exp< ) 7) havior of the wire resistance stems from comparison of the
T samples comprising 5 wires with=40 um and 470 wires

with L=500 um. For 40um-long wires we observed resis-
tance fluctuations in strong magnetic field@&g. 9; see also

whe_rev is the FOtal voltage across the sample. In orcjer t ef. 29; these fluctuations are completely washed out for
clarify the physical meaning ok, we assume the following : X .
longer wires(Fig. 8). Relatively small values of - are also

simplified model: the critical' hops are i.den'tical, and they A€ onsistent with the fact that we have not observed any recti-
separated by the average distahge which is much greater fying effects even for the 4gm-long wires: the rectifying

than the hopping distance. In the electric field, the activation ; )
effects are typical for mesoscopic samples.

energy of each critical hop decrea_ses propclnr.nonally to the The study ofL. for the same sample at differe

voltage drop across the hop. In this model,~ is propor- h hatl ~ i ional f fixed To/T. F 9

tional to the average number of critical hopA.. in a wire shows thatl ¢ Is proport_|ona to & or a fixed 1o/ 1. "or
¢ sample 1 both_c and ¢ increase with increasinyy by a

of the IgngthL. . . . factor of ~6, however, the ratit.- /¢ remains the same for
Obviously, this model is very naive. However, a more all v, (Fig. 6
g . 6).

realistic model based on the normal distribution of the acti- The temperature dependences.gfshown in Fig. 5 con-

vation energies and self-consistent calculation of the voltag dict the VRH theory in one dimension, which predicts the

. . T
gr&% E:Csr:zzci?gtg; (t)r? ar?téq%]e experimental deF)endenc%?ponential temperature dependencé. gf3233

On the basis of this model, one can estimate the distance T T
between the critical hoptc=alLkg/e. This distance in- chg\/; exp(%)

creases with decreasing the temperat(ffeg. 5 and at
To/T>1 it exceedst by more than an order of magnitude.
However, even at the lowest temperatures, this distance
still a factor of~50 smaller than the total length of the wire.
The theory® predicts that the wire-to-wire fluctuations
can be neglected ih=In(L/&)/In(Lc/€)>1; for our experi-
mental values ofLc, 7=2-3 for all T and Vy for all
samples. Since the width of the distribution function for the = An important advantage of our experiment is that we can
wire's resistance depends exponentially pnthe wire-to- measure directly the localization length by studying the mag-
wire fluctuations are averaged out in our “long” samples. netoresistance in the SL regime. The magnetoresistance for
Thus, the wire resistance isself-averagedquantity in the  sample 1 below the crossover temperature is shown in Fig. 7.
studied temperature rangghe resistance fluctuations de- The magnetoresistance in the WL and SL regimes shares

®

Instead,L - grows approximately a$,/T at high tempera-
Wires and saturates at lowEr(Fig. 5). This discrepancy re-
mains the challenge for the theory.

C. The magnetoresistance
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several common features: it is negative and strongly aniso-
tropic (this pure orbital magnetoresistance vanishes for th
parallel orientation of the field with respect to the plane of
the & layer. However, the magnitude of the magnetoresis
tance increases dramatically on the insulating side of th
crossover. The inset in Fig. 7 demonstrates that the crossover
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shifts down to lower temperatures, and the magnetoresis-
tance becomes exponentially strong in classically weak mag-
netic fields.

For different fixed values of the magnetic field, we ob-
serve the exponential temperature dependence of the resis-
tance with the same prefact®,. The only parameter that
varies with the magnetic field is the activation energy:

(©)

Thus, the magnetoresistance is due to the magnetic field de-
pendence of the activation enertfy?® Taking this into ac-
count, it is convenient to convert the magnetoresistance into
the H dependence of the activation energy:

R(T,H)=Rpexd To(H)/T].

ToH) T R(H)
T,H=0) _ To(H=0) " Ry

(10

The dependencgd.0) measured for samples 1 and 5 at dif-
ferent temperatureB< T are shown in Figs. 8 and 9. For all
the samples, these dependences collapse ontsatine uni-
versal curve, which reflects the transition from weak to
strong fields; the normalized activation energy varies be-
tween 1 H=0) and~0.5 (strong field$. (For samples with
L=40 um, the deviations from this universal curve due to
insufficient averaging of mesoscopic fluctuations have been
observed in strong field?,see Fig. 9.

It was shown in Sec. Il A that the activation energy in

our samples practically coincides with the mean energy spac-

ing within the localization domain and is inversely propor-
tional to the localization length. Thus, the observed magne-

toresistance reflects the universal magnetic-field dependence

f the localization length.

This observation is in agreement with the theoretical pre-
diction that the localization length in a 1D conductor with a
large number of channeld; , should be a universal function
of the symmetry clast:3"~°

§=yNpl, (11

wherey=2p8/s, Bis the Dyson parameter, which character-
izes the symmetry properties of the system, and the
Kramers degeneracy of the channels. The coefficient
v equals 12,4,9, respectively, for potential scattering
(B=1, s=2), potential scattering in strong magnetic field
(B=2, s=2), spin-flip scattering by magnetic impurities
or the strong spin-orbit scattering in strong magnetic field
(B=2, s=1, note broken Kramers degenergcand the
strong SO scattering &1=0 (8=4, s=2). In our case, the
magnetic field induces a transition from the orthogonal to
unitary case without breaking the spin degeneracy of the
scattering channel§3=1, s=2— 8=2, s=2) and, hence,
doublingof & The theory is well adapted to the conductors
with a large localization length, where electrons move diffu-
sively within the localization domain. Since for our samples
To=A,~1/¢, doubling of the localization length should re-
sult in halving the activation energy in agreement with our

FIG. 7. The magnetoresistance of sample 1 without the gat€Xperimental data.

electrode at different temperaturéb<€T,=2.6 K). The solid lines

Figure 8 shows that the activation energy for sample 1

are guides to the eye. The inset: the shift of the crossover in théliminishes in strong magnetic fields less than by a factor of

magnetic field for the same sample with the gate electrodéat

=+0.7V(O: H=0; A: H=17 kOe.

2. We believe that two reasons preclude observation of the
exacthalving of T in this sample. First, the number of chan-
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FIG. 8. The normalized magnetic field dependences of the acti-
vation energy for sample 1. Characteristic fields and H* are FIG. 9. The normalized magnetic field dependences of the acti-
shown with arrows. The dashed line is the theoretical strong-fieldation energy for sample 5. The solid line is the theoretical depen-
limit for N;p=7 (see the tejt denceg(0)/£(H) [=To(H)/To(0)] for Nyp>1 (see the text The

dashed line is the theoretical strong-field limit. The amplitude of
nels is not very large for sample N{p=7); in this case, the reproducible fluctuations of magnetoresistance, observed at
exact expression fof should be useds(=2):39 =1 kOe, increases with the decrease of temperature; the fluctua-
tions clearly manifest themself @t=0.1 K.

£=(BNip+2-p)l. (12 o _

geometry’®*! It is unclear at present how to reconcile the

According to Eq.(12), for a conductor withN,p=7, Ty in observed positive magnetoresistance in insulating 1D

strong fields should be smaller th@ig(H=0) by a factor of ~samples with strong SO scatteriffgwith the theory that

1.75. The corresponding high-field limit af, is shown as Pproperly accounts for Kramers degenerétS” In this case,

the dashed line in Fig. 8. Note that for sample 5 with a larg¢he magnetic field should not affect the localization length,

number of transverse channell;(;=30), the normalized since the time-reversal symmetry and Kramers degeneracy

T, approaches the level 0.5 in strong field&g. 9). Sec-  are broken simultaneousty:*4°

ondly, in stronger field$H>H* =®d,/W? (®, is the mag- Observation of the magnetic-field-induced doublingéof

netic flux quantury two essential requirements of the theory Provides us with adirect method of measurement @&f in

applicability are violated: sample 1 becomes two dimen-Q1D conductors. Indeed, the localization length is the only

sional with respect to the localization effects, and, at thednknown parameter in fitting the experimental dependences

same time, transport is already affected by the magnetic fieldo(H)/To with the theory:® According to the theor§)?

at scales smaller than the mean free pathcel is close to  To(H)/To(H=0)~0.83 in the characteristic field

W for this samplé In this case, the dependeng@) is more

complicated and not univers&*! _ Dy

Not only the limits of variation o&(H) are in agreement Hf_gT\/’

with the theory, but also the shape of the transition curve in

the field rangeH <H* is consistent with the analytical ex- which corresponds to breaking of the time-reversal symme-

pression for £(H) obtained for all magnetic fields by try within the localization domaifi® The value ofH, for

Bouchaud®® The dependencg(H) calculated folN;p>1is  samples 1 and 5 are shown by arrows in Figs. 8 and 9. For all

shown in Fig. 9 by the solid curve. In particular, our data arethe samples studied, the experimental valueg afe in an

consistent with the prediction that the limf(H)/£(0) is  excellent agreement with the estimate of the localization

reached slowly with increasing.* length from the resistance in the “metallic” regini#) (see

Our experiment€~?*provide evidence of the doubling of Table ).

£ due to breaking of the time-reversal symmetry. Previously, The evolution of theR(V) dependences with magnetic

the idea of the universal change &§fn magnetic fields has field for sample 1 is shown in Fig. 10. In the SL regimé (

been used for interpretation of the magnetoresistance of sewV*), these normalized dependences are not affected by the

eral 2D and 3D systems with variable-range hoppifit*®>  magnetic field in accord with our experimental observation

Although the effects in higher dimensions could be qualitathat Lo~ &(To/T)=1/v,pT. However, the values oW,

tively similar, the doubling of is expected only in the Q1D where deviation from the fitting curvé’) is observed, are

(13
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o ] ] o FIG. 11. The dependence b, and v, on V. Solid lines are
diminishing with the increase of magnetic field. We cannotguides to the eye. Open circles correspond to the values before the
suggest a plausible explanation of this experimental fact. gate deposition.

D. The density of states where v, is the “nucleating” DOS K is the relative per-

Comparison of expressions for the activation energyl12dY 2 T o nteraction. Sup-
kgTo~A; and the characteristic field, shows that the ratio 9 9 - oUp

of these quantities depends only on the single-particle derfy coo 0" of the long-range Coulomb interaction can result in
sity of states: he measurable increase of,. Indeed, deposition of the

gate electrode “screens” the long-range part of the Coulomb
interaction: it becomes of a dipole-dipole type at distances
greater than the distan¢ebetween the electron gas and the
metallic gate electrodéfor our samplest=0.1 um is much
smaller than¢ and the hopping lengihTo the best of our
Thus, by measuring the experimental counterpart of this raknowledge, this is the first experimental evidence of the
tio, HEXPVTO, one can probe the DOS at the energy scaleninimum of the DOS at the Fermi level in Q1D conductors.
~kgTo near the Fermi level. The values ngpt/-ro for  This could also be an indirect evidence that the hopping

samples without a gate are listed in Table |. Despite of arflistance aff <T, exceeds: only in this case one can expect
order-of-magnitude variation oH, and T, for different to observe the effect of the Coulomb interaction on the DOS.

samples, their ratio remains close to the estimate 0.5 kOe/K,

H by

¢ o’1D
~ = = Porap- (14
A, W

obtameql for the nonlnt*eractlzng Electrons in the parabolic IV. CONCLUSION
conduction bandv,p=m*/7A<, m*=0.067,).
Interestingly, however, we observe40% increase of In conclusion, we have studied the resistance of quasi-

v,p after depositionof the gate electrodéFig. 11). The in-  one-dimensional wires fabricated from Stoped GaAs as a
crease ofv,p also manifests itself in the decreaseTgf(Fig.  function of temperature, magnetic field, and applied voltage.
3) and increase of . (Fig. 6) if one compares the samples The crossover from weak to strong localization has been ob-
with the same localization length. This behavior @fy is  served in these conductors with decreasing temperature. The
difficult to explain in the model of noninteracting electrons. main features of the observed crossover, driven by both lo-
We believe that this is a manifestation of the effect of thecalization and interaction effects, are in agreement with the
long-range Coulomb interaction on the DOS in the SL re- Thouless scenario: the crossover occurs when the phase-
gime. Indeed, the Coulomb interaction, being poorlybreaking length becomes comparable with the localization
screened in Q1D conductors, can affect both thermodynamiength, and the resistance of the segment of wire of the
and transport properties. In particular, Raikh and Efros prelength & is ~h/e?.

dicted a logarithmic singularity of the single-particle DOS at  On the insulating side of the crossover, we observe the

the Fermi energy in Q1D conductors in the SL regithe: activation temperature dependence of the resistance with the
activation energy very close to the mean energy spacing

0 within the localization domain. Both the crossover tempera-
Y1p t d th tivation energy can be varied over a wide
— , (15) ure and the ac gy
1+ (evip/K) In(e;/e) range by the gate voltage.

viple)=
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The study of nonlinearity of the current-voltage character-sition of the gate electrode decreases the amplitude of the
istics in the SL regime provides the direct measurement ominimum. We believe that this is due to screening of the
the distance between the critical electron hops, which goverfong-range interaction by the metal film separated from the

the resistance of a Q1D conductor. This distahgés pro-

Q1D conductor by a distance much smaller than the hopping

portional to the localization length; it increases with decreasiength.

ing temperature, and at low temperaturd§T,=0.1) ex-
ceeds¢ by a factor of ~30. However,L. is insufficiently

In the situation when direct measurement of the hopping
distance is still unavailable, it is difficult to give preference

large to be consistent with prediction of the theory of vari-to one of the models of electron transport in the insulating

able range hopping in Q1D conductdfsSincelL . is much

regime(nearest-neighbor hopping versus variable-range hop-

smaller than the length of wires, there is no rectifying effectsping). However, observation of the minimum of the density
in the resistance of our samples, and the wire-to-wire flucof states at the Fermi level can serve as an indirect evidence

tuations of the resistance are negligible.

that the hopping distance exceeds the localization length.

The exponentially strong magnetoresistance in the SL reMore theoretical efforts are needed to take into account such
gime is due to the magnetic field dependence of the localizeessential features of quasi-one-dimensional conductors as
tion length. Observation of the universal magnetic-field de-strong overlapping between the localized electron states and
pendence of the activation energy, which is caused byong-range Coulomb interaction.
breaking of time-reversal symmetry in strong fields, has been

used for the direct measurement &fin Q1D conductors.

There is good agreement between the value§ eftimated
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