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Out-of-Plane Weak Localization in Two-Dimensional Electron Structures
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The paper presents experimental data on magnetotransport in highly disordered two-dimensional
electron gas (2DEG) subsystems contained in GaAs and InP structures in a parallel magnetic field. To
interpret the observed negative magnetoresistance we introduce a model of potential fluctuations and the
idea of the destruction of out-of-plane weakly localized orbits by the magnetic field. We derive a simple
formula for the magnetic field, characterizing this effect and find relations between the behavior of
our system and other structures that also contain parallel 2DEG subsystems. [S0031-9007(98)05937-7]

PACS numbers: 72.80.Ey, 73.20.Dx, 73.20.Fz, 73.20.Jc

An important electronic quantum interference effectinteraction between two parallel 2DEG’s regardless of
called weak localization (WL) has been counted sincdypes of scattering and transport regime.
the late 1980s among well understood effects and has The measurements were performed on semiconductor
become a subject of rather extensive literature [1,2]GaAs and/or InP based, metal-organic chemical-vapor de-
However, the diversity of its manifestation still evokes position (MOCVD) grown multié-layer structures. The
new waves of interest. Recently, the idea of WL has beetwo-dimensional subsystem consisted of ten parailel
used, e.g., for the explanation of electronic transport idayers 100 nm apart. Ever§ layer, i.e., the layer with
narrow channels, dot arrays, and systems in the regime afoping confined to only a few atomic layers, contained
quantum chaos [3—6]. Traditionally, the most striking, silicon or sulfur induced shallow donors of planar concen-
well established effect is the low temperature gianttrations per layer covering the rang®-5) X 10 m~2,
negative magnetoresistance observed in two-dimensiondhe samples were shaped into the Hall-bar structures
(2D) disordered structures with a variable range hoppindpy means of wet etching and provided with AuGeNi
regime in the perpendicular magnetic field [7—9]. On thebased alloyed contacts. For the four-probe resistance
contrary, sporadic analogous experiments with a magnetimeasurements we used an Oxford Instruments AVS-47
field parallel to the 2D subsystem [10,11] gave evidencédridge eliminating spurious signals due to thermopower
that this effect is not quite negligible in only the caseand working with extremely low excitation signal levels.
where the structure contains two or more parallel 2DTemperature of the sample was controlled by a pumped
subsystems a tunneling distance apart. The theoreticéle cryostat in the range 1.2—20 K. The constancy of tem-
treatment [12,13] has shown that the observed behavigrerature during the sweeps of magnetic field was ensured
of magnetoresistance is very likely due to the existencéy setting constant He vapor pressure and/or constant
of weakly localized orbits incident with two adjacent heating power. Corresponding temperature was measured
2D subsystems. It is a remarkable fact that this resulat zero magnetic field by means of calibrated carbon re-
has some common features with a quite recent [14,15istor. A magnetic field up to 8 T generated by a su-
interpretation of the influence of the in-plane magneticperconducting solenoid was applied in either parallel or
field on the electronic bilayer existing in wide quantum perpendicular direction with respect to the multiayer
wells. To bring both these limiting cases together (i.e.subsystem. Inthe measurements in parallel magnetic field
insulating and conducting) the present Letter provideshe current flow was always perpendicular to the magnetic
lacking experimental data on structures containing parallefector. In order to provide more complete information
2D subsystems of electron concentrations from the rangabout the structures under study a short presentation of
(1015-10'* m~2) where the metal-insulator transition in some results only indirectly related to the subject of this
disordered 2D takes place [11]. The data obtained arpaper is given in the following paragraph.
interpreted using a model of potential fluctuations and In perpendicular magnetic fields the low temperature
the idea of the destruction of certain out-of-plane weaklylongitudinal magnetoresistanég,, reveals a sharp mini-
localized orbits by parallel magnetic field. In further mum at a magnetic fiel#,, accompanied by a plateau
discussion the authors claim to show that just thesginflection) in the Hall resistance ak,, =~ h/2e¢* per
states incident to different 2D subsystems and whicHayer, corresponding to the Landau level filling factor=
are not, strictly speaking, two-dimensional may serve ag. It proves the fact that mulib-layer system behaves
a satisfying general model of states responsible for that helium temperatures as actually two dimensional and
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simultaneously provides a more accurate value of théhat corresponding to the linear part of the curve where
electron concentratiof= veB,,/h) than that which can the shrinkage dominates and the system is an insulator
be deduced on the basis of technological data. Besideand that (below~ 4.5 T) where the system has properties
at low perpendicular magnetic fields-1 T) the giant of highly disordered conductor. Just the behavior of the
negative magnetoresistance (20%—30%) is systematicallpulti-S-layer system in this range will be the subject of
observed. The existence of this effect which is usuallyfurther discussion.
ascribed to the destruction of weakly localized orbits by As an example Fig. 2 shows a set of magnetoresis-
perpendicular magnetic field, as well as the observethnce curves measured at various temperatures and cor-
linearity of the temperature dependence of the sheetsponding to the parallel magnetic field up to 5T.
conductance per layer'Gat zero magnetic field [16] (see The common features of these curves may be described
the inset of Fig. 1), shows the primary importance of theas follows. At very low fields(0-0.1 T) the resistance
coherence breaking of electron waves for the transport iirs almost constant (cf. Ref. [16]). Then the curves de-
these structures. The extent of space where interferenceease by about 3%—5% till the magnetic field reaches a
phenomena can take place in principle is characterized bgertain valueB; (~0.5 T in Fig. 2) where this decrease
the phase coherence length. A reasonable estimate of strongly diminishes. After that the symptoms of further
this quantity reads [16] oscillations are distinguishable before the high field ex-
L, = & Jamesok(Ty + T), 1) ponen_tial increase of magnetorfegistance prevails.' Such
) o behavior can be described admitting that some universal
whereee, is the permittivity, k the Boltzmann constant, qgillatory function scaling with characteristic parameter

and7) the parameter characterizing the particular systemg s syperimposed on the magnetoresistance curve due to
It should be noticed that for GaAs and InP based multiyj,q shrinkage effect.

5-layers with interlayer distancé = 100 nm, the coher- For the interpretation of these results we have em-

. 7 e
ence length., at helium temperaturgd0='~10"° m) is ployed the following model of two-dimensional electron
just sufficient to enable the interference of electron wavegas (2DEG) disordered by random potential fluctuations.
extending over the interlayer space. Another important €fTha qonors randomly distributed over the plane &f

fe_ct observed in_perpend_icular as well as parallel fi.elds aMayer, together with the acceptor background, introduce
plied to the multis-layer is due to the so-called shrinkage 5 strongly oscillating potential. The variation of the po-
of the wave functions in the high field limit where their tential ¢ can be estimated as [11]

diameter ¢ 2 times Bohr radius) exceeds the magnetic

length A = (fi/eB)"/2. According to theory [17] the de- 8¢ = ev/N [dmeey, (2)
pendence of 0§, on the square of magnetic field should \here v is the donor planar concentration in thdayer

be linear in this case. An example of such a dependencg,q | /4 ¢¢, is the fundamental constant of electrostat-

is demonstrated in Fig. 1 where the magnetoregistance I8s related to the host crystal. In the concentration range
parallel field is plotted in coordinates I&3, vs B-. In

the figure two regions can easily be distinguished, namely,
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FIG. 1. The field dependence of the magnetoresistance of Bg B [T]

INP:Si based mults-layer (N = 2.5 X 10" m~?) measured

at 1.2 K and plotted at coordinates relevant to the shrinkag&lG. 2. Magnetoresistance curves measured at various tem-
effect. Inset: The temperature dependence of the zero-fielderatures corresponding to the same sample as in Fig. 1. Inset:
conductance of the same samglg = 2.2 K). Schematic illustration to the presented model.
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between10'>-10'® m~2 this variation amounts to a few B, = wh/N/2ed, 4)
mV. Size confinement of electrons to the argagener-
ating in 2DEG the same mean energy spacing &g, is
given by the formula

defining the magnetic fiel®, at which the constructive
interference on the triangular loops of described type is
fully suppressed or, in other words, where the negative
S = 2mh*/med, (3) magnetoresistance reaches its ultimate value. In order to
test its validity, formula (4) was compared with experi-

where m is the effective electron mass. A simple cal- mental data obtained on various multlaver svstems
culation gives evidence of the fact that the character: yer sy \

i Gméncn (damto f such an s g o5, e e 1, vas rmine gaphcly
a = (4S/m)'/? is practically the same as the mean dis- P 9

. . . the decrease of magnetoresistance stops and was plotted
tance between neighboring donors, iZ/y/N (for N = - ) )
3% 105 m-2 it foll%ws thagt&// — 6 32‘J/X\/1;_(3 V. g — versus+/N/d (see Fig. 3). While the graphical method
38 % 10-8 m’ and 2/VN = 3.7 X 1'0,8 m) Wé can of the determination oB; inevitably brings about a rather
tﬁus imagine ’the highly disordered SDEG .in thdayer large error (15%), the coincidence of experimental data

as a sea divided into a system of randomly distributed\’ith formula (4) is astonishingly good. This fact strongly

shallow basins interconnected by tunnel junctions at thgupports our opinion that despite the simplifying approach

saddle points of the potential profile (cf. [18,19]). Ac- Loc0 e Interpretation of the hegative magnetoresistance
cording to this model the transport along thdayer will eakl Iocaliged orbits by a magnetic field arallel&rc))
be provided by tunneling through the potential barriers a ersyis essentiall corre)c/:t 9 P
the saddle points separating adjacent basins. Moreoveii’}y - yc i’ .

: . ; ; .~ ' To generalize the discussion, let us examine the structure
according to the above estimates the typical basin havmg

a diameter of~2/+/N will contain on average one elec- tk]:iE% (j'g;igr:n%rg dﬁ;al(lj'b; Isrl]g% %Qenes;zﬂal iintilgs}lgr[r%oc])’f
tron (see the inset of Fig. 2). d y y y

A recent analysis of the electronic transport in disor-dImenSIonIess monoiwlal,
dered 2DEG based on a similar model has shown that the liv/N/eBd = const (5)
magnetic field perpendicular to thilayer should affect bviously, the ensemble of universal constants and vari-
the tunnel probabilities through the saddle points changin bl Y, Ve . N d. andB. is rel it th
the overlap of wave functions on both sides of the junc- es, hamelye, #, ¥, ¢, aht.b, 1S refevant 1o a ramer

tions [19]. Just this effect together with the interferenceWlder class of physical situations, and the constant in (5)

(weak localization) effects gives rise to a giant negativ defining the scaling properties of the solution of any par-

magnetoresistance observed. Both these effects vanishetilﬁUIar problem cannot be, n general, determlned W"hO‘.‘t
eference to a suitable physical model. To illustrate this

the parallel magnetic field provided that the electrons ddS . .
not leave the plane of thé layer. The experimental ob- circumstance let us apply our approach to a slightly differ-

servation of the negative magnetoresistance in the parallglgtS p:‘(;t;:]eerr a{ge?ﬁg ?n(:‘:\ljteeﬂczyoToraerz:I(l)eplhrlzgciteet?cr?igltg_
magnetic field may be, however, consistently explaine t’he two-é{imensional bilayer eIeEtronic S stgm existin
by the assumption that some electrons are also scatter8dl y y 9

by the centers lying out of the particulérlayer and espe-

cially by those forming adjacer# layers. 1.0 : : : :

Let us assume that during the transport along dhe
layer the electron shifts over a distane€/+/N from one
basin to another and simultaneously is scattered by a cen- 0.8 Bee 7Th(\/ﬁ) @ i
ter P lying somewhere in a neighboring parali&llayer 572 d’ ¢
(see the inset of Fig. 2). The alternative paths enabling 0.6 F ® i
weak localization constitute a triangular loop whose or- & o}
thogonal projection onto the plane perpendicular to the & @@

M
vector B has an area which is independent of the posi- 04 r il
tion of the pointP but depends on the angte between @
the vectorB and the direction of the electron shift in the 0.2 ]
plane of thes layer. By averaging the projected area
~(d/+/N) sina over the randomly distributed anglewe
obtain the average area of the triangular loop orthogonal 0.0 0 2 4'1 6 8 10

to the magnetic field as 2d/7+/N. Comparing this area o
with the square of magnetic leng#?, i.e., with the area VN/d[10" m”]
which is at a given magnetic field just sufficient to com-gig, 3. Experimental test of formula (4) using the data taken

pletely destroy the phase coherence of the electron moyrom the present study and the literature. 1—Ref. [10]; 3—
ing on its periphery, we obtain the formula GaAs:Si; 2—InP:Si; 4—Ref. [21]; 5, 7—InP:S; 6—GaAs:S.
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in wide quantum wells with remote doping [15]. In this tions between the behavior of our systems and others also
structure the electrons condensing in the vicinity of bothcontaining parallel 2DEG subsystems (e.g., well ordered
sides of quantum well give rise to two parallel 2DEG'’s, 2DEG bilayer, multis-layers with a variable range hop-
each of which has an effective concentration~ofV/2.  ping regime) were established. 5

The absence of a strongly fluctuating potential in the re- The authors are grateful to Dr. \6picka and Dr. P.
motely doped quantum well has two consequences. Firstipavsky for valuable discussions and to MsSidakova

the characteristic length for planar electronic transport is néor technical assistance. This work was partly supported
longer the size of potential fluctuations but the most probaby the Grant Agencies of the Czech Republic, Contract
ble distance between electrons, i-e.] /v/27(N/2), mea- No. 202/96/0021 and of the Academy of Sciences, Con-
suring the distance between succeeding scattering eventgact No. A1010806.

Second, the moving electrons attain more freedom in
comparison with those i@ layers, because the potential
profile does not put further constraints on their motion,
which makes the averaging procedure with respect to the
angle a superfluous. Then in close analogy with the
derivation of (4), we obtain immediately the following
expression:
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