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Quasi-one-dimensional transport in the extreme quantum limit of heavily doped-InSb

S. S. Murzin
Institute of Solid State Physics RAS, 142432, Chernogolovka, Moscow District, Russia

A. G. M. Jansen
Grenoble High Magnetic Field Laboratory, Max-Planck-Institlit feestkaperforschung
and Centre National de la Recherche ScientifiquéfeBBostale 166, F-38042, Grenoble Cedex 9, France

E. G. Haanappel
Laboratoire de Physique de la Mati Condense and Laboratoire National des Champs Matigaes Pulss,
143 Avenue de Rangueil, BeiPostale 4245, 31432, Toulouse Cedex 4, France
(Received 30 November 1999; revised manuscript received 21 Jun¢ 2000

The longitudinal p,,) and transversep,) resistivities of heavily doped-InSb have been studied system-
atically in the extreme quantum limit of applied magnetic field. The results are discussed in terms of the
guasi-one-dimensional nature of the transport in the extreme quantum limit for the case of electron scattering
by ionized impurities. The relation between transverse and longitudinal resistivity predicted for this case is
verified experimentally both in magnetic-field and temperature-dependent data.

[. INTRODUCTION point-scattering impurities. For the case when the screening
of the ionized impurities occurs on a length scale larger than
The theoretical basis for electronic transport in the exthe extent of the electronic wave functire., the magnetic

treme quantum limitEQL) of an applied magnetic field with length, the scattering events are no longer independent, and
only the lowest Landau level occupied was first given in thethe drift motion of the electrons is correlated for recurrent
late 1950s. The description of magnetotransport in the lowedpteractions with the same impurity potentipéee Fig. 1b)].
Landau-quantized state of the electrorideads essentially We will discuss this correlated quasi-one-dimensiodd)
to the same result for transverse and longitudinal conductiviransport in more detail in Sec. Il. The investigated topic is
ity as obtained for diffusional transport in the classical high-Of relevance for investigations of quasi-1D conducting sys-
field case. However, in a quantum-mechanical description ofems in zero magnetic field, because of the quasi-1D charac-
the extreme quantum limit, the classical magnetotranspof€r Of the transport in a 3D system in strong magnetic fields
expressions will have to contain the magnetic-field depencOnceming the scattering with ionized impurities.

dence of the density of states and of the scattering rates. _ We have performed experiments on InSb samples with
Experimentally, the extreme quantum limit can be different electron concentrations in order to investigate this

reached in metallically doped semiconductors. The dopin odified diffusion in the transverse magnetoconductivity re-
element provides a free charge carrier to the otherase 1ated to quasi-one-dimensional magnetotransport in the ex-
low temperaturesinsulating semiconductor, and acts, at the

same time, as an ionized scattering center for charge carriers R

in these metallic systems. The above-cited theories are B —F="
widely believed to give a correct description of magnetic- o T
field-dependent transport in the extreme quantum liigee impurity S B
various monographs and reviev®. However, it was real- =
ized that in the most interesting case of ionized impurities eleciton i
the electron interacts repeatedly with the same ionized impu- = )
rities in quasi-one-dimensional motion along the magnetic . g o |
field>1! This leads to a breakdown of the diffusion over a b 4

short distances perpendicular to the magnetic field. After a

lateral displacement of the electron given by the SCreening ¢ 1o point scattering by impuritiegh) Electron motion in a high

length, .d'ﬁ”S'on descrlbes the tran_sport perpendlcul_ar to thﬁwagnetic field in the electric field of charged impurities. The elec-
magnetic field. For this modified diffusion a correlation cany ' returns many times in the same impurity potential, and drifts

be derived between longitudinal and transverse conductivityith the same velocity . In the extreme quantum limit the screen-

which must be valid for applied magnetic fields in the eX-jng length, of the impurity potential is always larger than the
treme quantum limit up to the magnetic-field-induced metalmagnetic lengttig (extent of the electronic wave functipric) The
insulator transitiort! motion of a quasilocalized electron in the extreme quantum limit.

In Fig. 1, we give a schematic picture of the motion of theFor some time the electron drifts across the magnetic field in the
electrons to illustrate this modified transverse motion. Figureslectric field of impuritiegindicated by the small arrowthen hops
1(a) shows the standard high-field diffusion of an electron atinto another drift trajectoryindicated by the dashed arrpw

FIG. 1. (a) Electron diffusive motion in a high magnetic field
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treme quantum limit. The possibility to extend these experi-The longitudinal conductivityr,, is described by the Drude
ments easily to magnetic fields up to 40 T and higher makeformula

it worthwhile to reconsider the problem of magnetoquantum

transport in the extreme quantum limit, which in itself dates ner,

back to the 1950s. Samples with higher charge-carrier den- T2z " @
sities can be investigated in the metallic state up to higher ) o

fields, without showing a magnetic-field-induced metal-where Tp IS _the_backward scattering time. The transverse
insulator transition. conductivity is given by the Einstein relation

In magnetotransport investigations in the extreme quan-
tum limit, two other issues will be considered. One is con-

cerned with the change in regime of screening upon increasgyhich depends on the density of states at the Fermi level,
ing the magnetic field. In the extreme quantum limit the

Oxx— VFeZDxxv (2

electron wave vectdk, -, parallel to the magnetic field, de-

. | S 1 V2m 1
creases with increasing magnetic field and can become VE= 5 ' 3
smaller than the inverse screening length* which in- (2mlg)? T E:

creases with magnetic field due to the increasing density of
states at the Fermi level. This phenomenon reduces the sc&”
tering cross section of ionized impurities starting from a
characteristic field I(Z,F:)\s‘l) and should lead to a non- DXXZE (AX;)%/265t, (4)
monotic field dependence of the longitudinal resistivitf.o [
our knowledge, this phenomenon has never been observed, : . .
because the magnetic-field-induced metal-insulator transitioli! the plane perpend|cular to Fhe applied magnehp figld
probably prevents the observation of such effects which ar&l€r€ls=VA/eB is the magnetic length. The Fermi energy
inherently connected to the metallic state of a system. In ouFF S taktzanzfrom the energy of the lowest Landau level, so
experiments, we discuss this effect in view of an observedhatE=7%k;/2m s the energy related to the electron motion
change in curvature in the field dependence of the longitudialong the magnetic field. In the extreme quantum lirfit,
nal resistivity. «B~2 holds if one neglects the dependence of the effective
The second issue for quasi-one-dimensional transport iftassm on the magnetic field. The summation in Hd) is
the EQL is related to localization phenomena for the situai€erformed over all collisions experienced by an electron dur-
tion when the transverse motion of the electrons is muchng a long time-intervabt, whereAx; is the change in the
smaller than the extent of the electronic wave functﬁtjﬂ’e coordinate of an electron as a result of flle collision. In
magnetic length [see Fig. 1c)]. If there is no transverse Fig. 1@ we schematically sketch the diffusion in strong
motion the electron is localized, because all electrons aréields with point scattering at impurities. The results for the
localized even in weakly disordered 1D systems. A slowconductivity tensor differ from the classically strong-
transverse motion results in a finite lifetime of the localizedmagnetic-field case in the magnetic-field dependence of the
states, and the nonzero conductivity along the magnetic fieldensity of states/r and of the scattering times only. These
is predicted to be much smaller compared to the standardependences of scattering times are different for different
Drude result® We will consider this effect in our discussion scattering mechanisms. For our doped semiconductor
of magnetotransport data in the extreme quantum limit. Thé&amples, the dominant scattering mechanism is scattering by
most convincing indications of one-dimensional localizationionized impurities.
effects were found in the temperature dependence of the lon- The above given description has been generally accepted
gitudinal transport along the magnetic field, which has arfor a long time, with quotations in various reviews and
opposite temperature coefficient compared to the one esnonograph$7® However, because of the quasi-one-
pected for electron-phonon scatteritig?* dimensional electron motion, expressidis and(4) do not
In the following we will present these different aspectsapply to the most interesting case of scattering by ionized
related to quasi-one-dimensional motion in the extremdmpurities, from an experimental point of view. That is, in
quantum limit. Experiments on metallically dopedinSb  the extreme quantum limit, during the backward scattering
will be presented and discussed in view of the abovelime 7,, the displacement, of electrons perpendicular to
sketched transport phenomena. The experimental data shdfie magnetic field is smaller than the screening lengtand
the correlation between transverse and longitudinal condudhe magnetic lengthg . In the EQL,
tivity as predicted for the recurrent interactions with ionized
impurities. Such a correlation is seen both in the magnetic- r<lg<Ais. 5

field and temperature dependences of the transport data. , ) . . .
To show this, the displacement in a time r, can be esti-

mated by using the expressiopn= /D7, with D,, and 7,
obtained in Refs. 1 and 2 for the EQL:

d on the diffusion coefficient,

II. QUASI-1D MOTION IN THE EQL

The expressions for the magnetoconductivity in the ex- M ~13\VakS e+ g °<lp. (6)
treme quantum limit of an applied magnetic field, with only
the lowest Landau level occupiéd® are not essentially dif- r, is always smaller thahg in the extreme quantum limit,
ferent from the results for classically strong magnetic fieldsbecausdgk, = 2Er/fiw <1 andlghg <1 (kzF is the
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Fermi wave number of the electrons at the Fermi energy, and o  melo3gsn N\ 2/3
w.=eB/m is the cyclotron frequengy The last inequality Pyx= p%’f —) , (11
follows from AT nTRy4ee, n

with the expressions for density of states and screenin
Ns=(e%vpleeq) V=lg\mnaglg>1p ™ length in tr?e extreme quantun{ limit. ?ﬁere is no suc% a
universal correlation betweea,, and o, in the standard
description of Adams and Holstein. In the Adams-Holstein
theory? for almost all scattering mechanisms one obtains
pxx*B3p,,. Only for scattering with ionized impuritieg,,
*p,, for the casek, A>1. These relations follow from a
omparison of the two independent transport equations for
ngitudinal and transverse motion in the Adams-Holstein
eory. We note that Eq10) is valid whenever the electron
Y ; ) . displacement across the magnetic field during the backflow
electric field of the same impurity before it moves across the[ime alon o Y .

g the magnetic field is smaller than the screening

magnetic field through a distance)¢ [see Fig. 1b)]. For _ . e
each interaction with the electric field of the impurity under !ength (<)), even for classically strong magnetic fields

examination, the electron will drift in crossed fieldthe in the absence of Landau quantization.

electric field of the impurity and the external magnetic field Upon increasing the nlalgnetlc field in the EQLZ the wave
. . N vectork, p decreases%{B™ "), and the screening increases
in, approximately, the same direction over a lengithh . If :

the electron interactM times with P impurities during the due to the Increasing density of states at the _Ferm| IM.
R T, - Eq. (7)]. A transition occurs from a classical screening
time interval 6t, the diffusion coefficient equals .

Kz eNs>1 to a quantum-mechanical screenkyghs<1. As

for a metallic system witmagl3>1. Heree is the relative
dielectric constant of the lattice, amg=47%%ee,/me the
Bohr radius.

For the case | <)\ in the EQL, we cannot consider all
scattering events as independent, and expregdipis not
valid. Especially for this case of a quasi—one—dimensionar
random walk along the magnetic field, an electron scattere
once by an ionized impurity will return many times into an

M 2 a result the backscattering along the magnetic field changes
2 ( 2 Ax slope with magnetic field, and a maximum is expected in the
S \=m a?_ field dependence qf,,.** The observed change in curvature
Do~ o5t §PM : ) of p,(B) in our measurements could be a precursor for such

a maximum which has never been observed.
This diffusion coefficient isM times larger than the one ob- ~ Forr, much smaller thamg, localization effects should
tained under the assumption of independent scatterininfluence the one-dimensional transport of the longitudinal
events, where conductivity#**! becausd gz determines the extent of the
wave function of electrons across the magnetic field in the
) extreme quantum limit. It is well known that all electrons in
IEJ (Axi,) a2 disordered 1D systems are localized regardless of their
D= 55— =5 PM- (9  energy:®! If there were no transverse motion at all, the
electron would be localized along the field direction because

The transverse motion of an electron has a nondiffusive ne2! the one-dimensional nature of the motion, as shown sche-

ture over a distance shorter thag, and becomes diffusive me_ltica}lly.in Fig. 1c). A sI_ow transverse motion results in a
only over a length scale greater thag. The characteristic finite lifetime of the localized states and a nonzero conduc-

e : tivity along the magnetic field, which will be considerably
step of such a diffusion is of the order »f, and the diffu- :
sion coefficient isD~\2/t,, wheret, is the time over smaller than the Drude formuldEq. (1)] predicts. For the

. K . . > < . i
which the electron is displaced over a distane&s. The casesk; phe>1 andk, plg<1, Ref. 13 derived the result

time tg depends on the probability of the electron motion to
return to an electric field of the same impurity and, therefore, Oy7~
depends on the diffusioB,, along the magnetic field.

The scenario given above was worked out in Refs. 9 angh qualitative interpretation of this result was given in Ref.
10. In Ref. 11, the following correlation was derived be- 11, |n Ref. 15 the case of a smooth potential was considered

esz

(Ky e18)2 IN(1/2K, ). (12

tween the transverse and longitudinal conductivity: on the basis of the approach for the one-dimensional Yase,
and the same resylEq. (12)] without logarithmic factor was
3 4/3 .
I N2/3)\ 23,113 (10 obtained.
T 4mee B s 92z Because of the unchanged correlation between longitudi-

nal and transverse transport, expressiti® and (11) are
whereN is the density of ionized impurities, anda numeri-  valid for one-dimensional transport both when 1D localiza-
cal coefficient of order unity. The presencecgf, in the right  tion effects are important and when they are not. 1D local-
part of Eq.(10) follows from the dependence of the number jzation effects, leading to a decrease of the longitudinal con-
M, i.e., the number of correlated drift interactions of an elecductivity, result in an increase of the transverse conductivity.
tron with one impurity in Eq(8), on the diffusion coefficient  With increasing temperature, the suppression of localization
along the magnetic field,,=o,,/€’v¢. Using the Hall  effects should lead to an increase in the longitudinal conduc-
conductivity o, = ne/B> oy, this relation can be rewritten tivity and, according to Eq(10), to a decrease of the trans-
for the transverse gy,= axxlaiy) and longitudinal p,, verse conductivity. This phenomenon was observed in the
=1/o0,,) resistivities as temperature dependence of magnetotransport experiments on
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10°pr . . . - tion of the electron density of different samplegnot all
these samples have been investigated in detail in the present
INSULATOR By investigation. These experimental data can be compared
10°F -~ 3 very well with theBg o, values(lower solid ling, as deduced
QL " o s
from the conditionEr=g* Z w /2, yielding
o~ BQS
=
; 10y B ; 2133 n?s
,' BEQL:2 m EW (13)
ol ,/:--‘ 3 . .
10 METAL Here g*=gm/m.= —0.71 is the effectivey factor of InSb
Ve, with the effective massn=0.014n, near the conduction-
10" z " " " . band bottom i, is the free-electron mass

10 10" 107 10® 10" For an uncompensated semiconductor the metal-insulator

transition fieldB,,, is determined by the reduced overlap of

the electronic wave functions in a magnetic field via the
FIG. 2. Experimental dat&ircles and calculated dependencies conditiorf'?2

(lineg) of the fieldsBeq, , Bos, andBy, for the extreme quantum

limit, the quantum screening and the metal-insulator transition as a naﬂaf =0, (14

function of the electron density, respectively.

n (cm'3)

wherea=2ag/In(ag/lg) anda, =2lg. However, the exact
INAs and INSB With pyy> pyy, psze and pyy practically value of § is unknown. For our samples, we have defined the

independent of temperature. We note that in the frame of€ld Bu as the field, where log p,,/dlog B starts to change
work Adams-Holstein theory,the temperature dependence &t low temperaturegsdown to 50 mK; see Fig. 4 below

of the resistivity can be caused by the electron-phonon scaficcompanied by a strong temperature dependence of all
tering only. It leads exactly to the opposite behavior. Here affomponents of the resistivity tensor. The experimental data
increase of temperature decreases the longitudinal conducti¢@? be fitted by Eq(14) with 6~0.04(see Fig. 2 Equation

ity, and increases the transverse conductivity. (14 is v_alld_only whenag /|l at the fieldBy, is rathe_r large

Besides localization, electron-electron interaction alsdthe solid high-field part of the curve fd@y,(n) in Fig. 2].
plays an important role in the extreme quantum limit. Due to! Ne dashed part is a schematic prolongatioBgf using the
the strongly reduced diffusion perpendicular to the magneti€xpressiom.ag=0.027 of the metal-insulator transition in
field, the electron-electron-interaction quantum correctiong€ro magnetic field at the critical electron dengity.*® In
to the diagonal components of the conductivity tensor inthese calculations the magnetic field dependence of the ef-
crease with the magnetic fiel,and can be shown to be- fective electron mass due to the nonparabolicity of the con-
come comparable to the conductivity itsEl£° The electron-  duction band in InSb was taken into account using the two-
electron interaction effects make the dominant contributiorpand modét*
to the temperature dependence at low temperatures. An indi-
cation of such a phenomenon was found in the observed \/ ﬁwc(l—lg*|/2)+kipﬁ2/m
decrease of both the longitudinal and transverse conductivity m(B)=my/1+2 E '
at low temperaturesi{<1 K) while the Hall conductivity is ’
independent of temperatuf®and in the violation of rela- WhereE;=236 meV is the band gap. These corrections in
tions (10) and (11). For the investigations above 1.5 K pre- the effective mass are about 40% for a 20-T field, and were
sented here, we will not consider this phenomenon. verified in magneto-optical experimerits.

In this work we study the longitudinalp(,) and trans- Near the fieldBgg, the screening is classicakf{g\s
verse p,,) magnetoresistivities of heavily dopeatinSb ~ >1) if |g*|~1. With increasing fielk, g\ s decreases, and
with different electron densities in the extreme quantum limitthe screening requires a quantum-mechanical description of
of the applied magnetic field, in order to explore the exis-an impurity potential ak, As<1.'? The field Bgs, which
tence of one-dimensional transport. One of the proofs fodivides classical and quantum screening regions, as defined
such quasi-one-dimensionality is given by an experimentaby the relation X, (A =1, is plotted in Fig. 2 as a function

verification of the relation betweeg,, and p,, in Eq. (11). of n by the dotted line.
The dependencies of the characteristic fields as a function

of electron density in Fig. 2 show that the relative magnitude
Bwi/Beq. of the characteristic fields does not really increase
In order to study the magnetotransport properties in thdor electron densities above>510'® cm™3. Therefore, the
extreme quantum limit with only the lowest Landau level characteristic parameter, /Ig for the importance of 1D
occupied, we have investigated the metallically doped semitransport in the metallic region abog o, does not strongly
conductor InSh. The extreme quantum limit starts at the fieldlecrease with increasing electron concentration.
BeqL of the last Shubnikov—de Haas oscillation, and the We have investigated the magnetotransport in the extreme
metallic regime finishes at the magnetic-field-induced metalquantum limit for different InSb sampledNos. 1-5 with
insulator transition at the fielB), . electron densitesn=1.1, 14, 23, 4.1, and 5.0
In Fig. 2 we plot(open circles the fields of the last mini- X 10 cm™2 and with mobilitiesu of 12, 12, 10, 8.2, and
mum in the Shubnikov—de Haas structurepgf as a func-  8.3x10* cm?/V's, respectively (values at 4.2 K The

(15

Ill. SAMPLES
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highest electron density were carried out in a pulsed magnet
using the two-terminal method.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Longitudinal magnetoresistance

In Fig. 3 the longitudinal magnetoresistivipy, is plotted
for all our samples aT~1.5 K. The experimental data are
plotted in the extreme quantum limit starting from the fields
near the last minimum of the Shubnikov—de Haas oscilla-
tions in p,,(B), where the extreme quantum limit stafis-
dicated by the arrow witlBgq, for one of the samples in
Fig. 3. At higher magnetic fields the strong upturnggy(B)
corresponds to the magnetic-field-induced metal-insulator

. . . transition(indicated by arrow withBy,,).
FIG. 3. Longitudinal magnetoresistanesg in the extreme quan- = h tic-field d d B) it foll
tum limit of the applied magnetic field afi~1.5 K for InSb rom the magnetic-ne ependencepi(B) it follows

samples with different electron densitiesolid circles. The num- th_at the ‘?'e”Va“Y?d IanZ/dIn B changes _nonmonotomcally
bers near the curves indicate the electron densities in unitd/ith the field. Initially it decreases, then increases again. To
10% cm~2. The dashed lines show magnetoresistance calculation@Ur knowledge such a behavior has not been reported before.
for the samples with the smallegtpper ling and the largesower ~ FOr an explanation of S_UCh a behaviorf(B), we CQnS@e"

line) electron density. The arrows indicate the fifidg, for the  the influence of screening on the backward scattering tigne
extreme quantum limit, fields for quantum screening, and field in the extreme quantum limit. In accordance with the very
By, for the metal-insulator transition for sample No. 2, with an first estimates,and given that the real part of the dielectric
electron density 1410'° cm 3. function of the electron system has a logarithmic Kohn sin-
gularity at wave number K, (,?® which is spread by the
IJi%roadening of the electronic states by the amduntf/ r;

single-crystalline samples were in most cases cut by spa 27 S
erosion in a Hall-bar geometry with legs for the voltage mea-" 7/ 7o,"" the forward and backward scattering times can be

surements. Before contacting the samples, they were etchéd itten as

p,, (Qcm)

3 1 I0 40
B (T)

with SR-4A etchant. The dimensions of the samples were of 4 Eg Nlé 1 Eg Nlé
the order of 1 mrhin cross section and 10 mm in length. —=87r7 k—fbo(f), and 7=8w? k—rbo(g’).
z,F f z,F

The mobilities of the samples are close to the mobilities of b (16)
the best samples of this kind of crystals with comparable
electron densities. Since the residual density of acceptors iEhe forward scattering involves scattering without a change
only about 16* cm~3, the InSb are practically uncompen- in the momentum of the electron along the magnetic field.
sated, i.e., the impurity concentratioh equals the carrier Eg=me*/32n%e?e5h? is the Bohr energy, and
concentratiom. The zero-magnetic-field resistivity of the in- -
vestigated samples depends very weakly on temperature. B (&)= f“ x'e

The quality of the current contacts is very important for n 0 (x+ &2
longitudinal resistivity measurements because of the strong
anisotropy of the conductivity parallel and perpendicular to  ¢=0.54kZ+\;?In(8EL/T)/2]I5, & =0.5\;%13.
the magnetic field. The indium current contacts have to cover ) o )
the surface of the end faces of the sample entirely. In man§Or the case of a good metaidglz>1) in high magnetic
cases the quality of the contacts was not good enough, ields, wheng<1,
manifested in the experiments by a linear magnetoresistance
in weak magnetic fields and by a singularity in the longitu- 1~ Eg N
dinal magnetoresistance when the Fermi level coincides with T_b_ 16777 K, e[4K2 =+ N2 IN(8EL/T)/2] (18

. . _ . . z,F z,F S F

the bottom of the spin-split Landau subband. Orhis singu- ’
larity should not arise in the longitudinal magnetoresistance$ince bothk, r and\¢ are propotional to B in the extreme
because the component of the velocity parallel to the fieldjuantum limit, expression(18) clearly shows that the
tends to zero at the bottom of theé Gninority-spin subband, magnetic-field dependence ef and, correspondingly, that
and spin-flip scattering is absent between the two lowesof p,,, are different in the classical screening region
spin-split Landau levels Dand 0 . In cases when the con- (K,pAs>1) compared to the quantum screening region
tact quality was unsatisfactory, new contacts were fabricatedk, A s<1). The longitudinal magnetoresistivity calculated
The transverse resistance measurements were carried out With the help of Eq.(18) should increase, then decrease, in
the four-terminal method. The longitudinal resistance meathe quantum screening region before finally increasing again
surements were carried out by both the four-terminal methoat the metal-insulator transition. Even if localization effects
and the two-terminal metho@the voltage between current are important, the expected qualitative behaviopgfwould
contacts was measuned-or good contacts the results were be the samé? Such a nonmonotonic behavior pf, would
independent of the contact configuration. The measuremente expected if the fiel@qs is much larger thamBgo, and
of the longitudinal resistance of the two samples with themuch smaller thamB,,, . In our samples the fielBgq, is a

(17)
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B (T) FIG. 5. The coefficient€, obtained from the data analysis in

Fig. 4 as a function of the electron density. The dashed line shows
FIG. 4. Transverse magnetoresistapgg(open circlesand res-  the dependenc€,xn~ "3,

caled longitudinal magnetoresistan€gB®3y°*m(B)/m (crosses
atT~1.5 K for different samples with indicated electron concen- X 10’ cm. Therefore, the localization effects should not be
tration (units 16° cm3). For sample No. 2p,, is also presented very large. One can expect that they change resistivity only a
at T=80 mK to indicate the fieldBy, . The dashed lines show few times. We note that the most convincing indications of
calculations using the Adams-Holstein theory for the samples Witl’bne_dimensionaj localization effects were found in the tem-
the smallest and largest electron densities. The arrows indicate “}%rature dependence pf,, which is totally different from
estimated field8gq., andBy, for sample No. 2. the one expected for electron-phonon scattetigas will

. ) ) be presented below.
few times smaller thaBy,, and the fieldBgs is close to

Bwm (see Fig. 2 Therefore, probably as a signature of this
effect, only a decrease ihln p,,/dIn B is observed. _ o
For a comparison with experimental data, we have calcu- N Fig. 4 we plot the transverse magnetoresistiyify as
lated p,, as a function of the magnetic field using E¢ss) @ function of magnetic field ak~1.5 K. For sample No. 2,
and(17). The nonparabolicity of the conduction band resultsWe have again indicated the characteristic fidgg, (mini-
in a dependence of the effective mass on the magnetic fiellhum in p,) andBy, . The existence of the metal-insulator
[Eq. (15)], and was taken into account for this calculation. transition is demonstrated by the added data at 80 mK for
Sincer, enters the right-hand side of Ed.6) through ther, ~ Sample No. 2, showing a stronger upturn at lower tempera-
dependence of or ®y(¢), Egs.(16) and(17) were solved tures. . . o .
by an iterative method. In first approximation we topk? With the appropriate chog/:f 1%f coefficien,, Fig. 4
instead ofi ; 2In(8E/T") in Eq. (17). Subsequently, we sub- contains the rescaled dafaB™p;;m(B)/m(0) of the lon-
stituted the obtained values of, and 7 in T, and so on. gitudinal resistance. The coefﬂqerﬁ‘s, were chosen in or-
Already after three iterations a good convergence was obd€r to have a good overlap with thg,(B) data. A good
tained. For the two samples with the highest and lowes@dreement is found with the expected dependence for the
charge-carrier concentrations, the calculated data fdiB) corre_latlon between longitudinal and transverse transport ac-
are plotted as the dashed curves in Fig. 3. The calculategPrding to Eq.(10). Th% dati for sample No. 3, with an
values are approximately two times smaller than the experi€lectron density 2810 cm™®, do not show such a good
mental measurements. The given calculations should pagreement. For this sample, the measured transverse resis-

taken with care. The calculations are fairly adequate for théance was different for the two different magnetic-field po-
initial sections of the curves, wheE:7,/4>1 as holds for larities (about a factor 2 in the smallest fields, and about 5%

a metallic system. For example, for sample NoEss,/# @t the highest In Fig. 4 we plot the average of the two field
=23 in a 9-T field. AsEr=B~2 and 7, decreases quickly polarities. Probably even the average does not give a correct
with the magnetic field, the paramet&ir, /4 becomes Measurement gb,,, which could explain the deviation ob-
about unity in a field B¢, . Moreover, in larger fields close served in Fig. 4 for sample No. 3.

to the metal-insulator transition, Eq&l6) and (17) are no In Fig. 5 we plot the coefficient€,, as a function of the
longer valid. electron concentration. The best linear fit for the depen-

The difference inp,, between theory and experiment dence of logC on logn gives a power-law dependenc,
could be ascribed to the above-mentioned 1D localizatiof " With q= —2.24+0.07. This dependence is very close to
effects, which were not taken into account in the calculathe expected power 7/3= —2.33 according to Eq10). The
tions. Existing theories for localization effects in the longi- deduced numerical coefficientin Egs.(10) and(11) equals
tudinal transpof cannot be used for the calculationmf, in a= 2-1; ,
our case, because they have been developed for conditions In Fig. 4 we plot the calculatedy,= oxx/ %, using the
k,eAs>1 andk, (lg<1, which are not well realized. The Adams-Holstein theofy
parameter, /lz, which determines the importance of local- 4
ization effects, is not.vew s_mall. Fo[7sample No. 5_, for ex- oxx=2we2vFE N—IB[<I>1(§)+®1(§’)]. (19)
ample, in a 15-T fieldr, =3.8x107 cm and 13=6.6 i Ky r

B. Transverse magnetoresistance
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FIG. 7. Temperature dependences of the transverse conductivity
oy and of Ag,}* for sample No. 1 at two different magnetic fields.
The fit coefficientsA are different for different curves. For sample

FIG. 6. Temperature dependences of the longitudinal conductivNo. 2 we show thes,, data down to 50 mK, showing strong
ity o,, for sample No. 1 for the indicated magnetic fields in the electron-electron-interaction effedsee the tejt
extreme quantum limit.

T (K)

) served, as illustrated in Fig. 7, with data down to 50 mK for
The calculated values gf,, are 2—3 times smaller than the gample No. 2. The relation between longitudinal and trans-
experimental values. The correlations in the electron scattelzerse conductivity componenf&q. (10)] breaks down in

ing across the magnetic field, as discussed in Fi), In-  this temperature range. Electron-electron-interaction effects
crease the diffusion coefficiel,,, and therefore the resis- have been put forward for the explanation of this

tivity py,<Dyy. Sincelg andr, are not very small with  phenomenof?

respect toks (for sample No. 5 in a 15-T fieldlg=6.6 In summary, the magnetic-field and temperature depen-
X107 em, r;=38x107 cm, and A=124 dence of the resistivities,, andp,, of the investigated me-
X10"" cm), one can expect that the correlated scatteringallically doped InSb samples show a correlated behavior
increases the resistivity only a few times. In the lower fieldpetween longitudinal and transverse resistance in the extreme
range, where the Fermi energy is large and therefore thguantum limit. The correlation can be described by a model
standard theoriés* can be better applied, the calculated a5 derived for the quasi-1D motion of the electrons in a
magnetic, field dependence using the Adams-HolsteiRtrong magnetic field. Although the possible existence of lo-
theory is weaker than observed in the experimental data. calization effects in the quasi-1D transport does not allow for
a detailed theoretical description of the experimental magne-
totransport data, the universal relations betwpgnand p,

The longitudinal conductivityo,, of our samples in- [Eq_s.(lO_) and(11)] are confirmed experimentally. By com-
creases with increasing temperature, as shown in Fig. 6 fdfa/ing different samples, the expected concentration depen-
sample No. 1 for different fields in the extreme quantumdence_ in the correlated_ transport is found. The most striking
limit. This is opposite to the expected influence of electron-XPerimental result which would support the developed con-
phonon scattering. With increasing temperature, the tran€Pt Of @ 1D localization phenomenon along the magnetic
verse conductivityo, increases upat 1 K and decreases '€ld is the observed temperature dependenae,pndo,y,
above 2 K (see Fig. 7. In this high-temperature region which is just opposite to what is expected for electron-
o (T)x 0, {T) 3 holds, in accordance with EL0). The phonqn scattering in the standard approach of Adams and
Hall conductivity o, is practically independent of tempera- Holstein.
ture in the presented temperature range. The temperature-
dependent data abew K with the observed correlation be-
tween longitudinal and transverse transport give strong
evidence for the importance of quasi-one-dimensional effects This work was supported by RFBR-PIGGSrant No. 98-
in the electron transport in strong magnetic fields. At lower02-22037 and the program “Physics of Solid State Nano-
temperatures, below 1 K, a strong decreaserjp is ob-  structures”(Grant No. 99-112)

C. Temperature dependence
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