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Low-field negative magnetoresistance in double-layer structures
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The weak-localization correction to the conductivity in coupled double-layer structures is studied both
experimentally and theoretically. Statistics of closed paths have been obtained from the analysis of the mag-
netic field and temperature dependencies of negative magnetoresistance for the magnetic field perpendicular
and parallel to the structure plane. The comparison of experimental data with the results of a computer
simulation of carrier motion over two two-dimensional layers with scattering shows that interlayer transitions
play a decisive role in the weak localization.
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I. INTRODUCTION

Transitions between two-dimensional~2D! layers is one
of the fundamental features of double-layer structures. T
change the quantum corrections to the conductivity, es
cially in a magnetic field parallel to the layers.

It is well known1 that the interference of electron wave
scattered along closed trajectories in opposite directi
~time-reversed paths! produces a negative quantum corre
tion to the conductivity known as the weak-localization co
rection. An external magnetic fieldB gives the phase differ
ence between pairs of time-reversed paths which
proportional to the area enclosed and thus destroys the i
ference and results in negative magnetoresistance.

In case of a single 2D layer the influence of a magne
field is strongly anisotropic because all the paths lie in o
plane. The magnetoresistance is maximal forBin, wheren is
the normal to 2D layer. When a magnetic field lies in the
layer plane,B'n, it does not destroy the interference, a
the negative magnetoresistance is absent in this magn
field orientation.2,3

In coupled double-layer structures, the tunneling betw
layers gives rise to the closed paths for which an elect
starts from one layer, goes to another, and then returns to
first layer. For these paths the phase shift is nonzero for
magnetic-field orientation and hence the negative magnet
sistance should appear forB'n as well.

The magnetic-field dependence of the negative mag
toresistance is determined by the statistics of closed pa
namely, by the distribution function of an enclosed area,
the area dependence of the average length of closed pat4,5

These statistic dependencies have been studied in single
layer structures by the analysis of negative magnetore
tance measured atBin.5,6

There is a number of papers devoted to the we
localization phenomenon in double-layer and multilay
structures where interlayer transitions play a crucial role.7–11

In Ref. 12 the closely related problem concerning the role
intersubband transitions in weak localization is theoretica
studied for the case of quasi-two dimensional structures w
several subbands occupied.

In this paper we present the results of experimental inv
tigations of the negative magnetoresistance in a double-l
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GaAs/InxGa12xAs structure for different magnetic-field ori
entations. We obtain the area distribution functions and a
dependencies of the average lengths of the closed paths u
the approach developed in Refs. 5 and 6. These functions
compared with those obtained from the computer simulat
of carrier motion when the interlayer transitions are a
counted for. Close agreement shows that just the interla
transitions determine the negative magnetoresistance
coupled double-layer structures.

II. EXPERIMENT

A. Details

The double-well heterostructure GaAs/InxGa12xAs was
grown by metal-organic vapor-phase epitaxy on a se
insulator GaAs substrate. The heterostructure consists
0.5-mm-thick undoped GaAs epilayer, a Sid layer, a 75-Å
spacer of undoped GaAs, a 100-Å In0.08Ga0.92As well, a
100-Å barrier of undoped GaAs, a 100-Å In0.08Ga0.92As well,
a 75-Å spacer of undoped GaAs, a Sid layer, and a 1000-Å
cap layer of undoped GaAs. The samples were mesa et
into standard Hall bridges. The measurements were
formed in the temperature range 1.5–4.2 K at low magn
field up to 0.4 T with discrete 1024 T for two orientations:
the magnetic field was perpendicular (Biz) and parallel
(Bix) to the structure plane~see the inset in Fig. 1!. Addi-
tional high-field measurements were also made to charac
ize the structure. It has been found that in the structure
vestigated the conductivity is determined by the electrons
the wells. Their densities have been determined from
Fourier analysis of the Shubnikov–de Haas oscillations
are 4.531011cm22 and 5.531011cm22. The Hall mobility
was aboutm.4200 cm2/~V3sec).

The magnetic-field dependencies of in-plane magnetoc
ductance

Ds~B!5s~B!2s~0!51/r~B!21/r~0! ~1!

at the magnetic field perpendicular@Ds(Bz)# and parallel
@Ds(Bx)# to the structure plane are presented in Fig. 1. O
can see that the negative magnetoresistance is observe
17 089 ©2000 The American Physical Society
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both magnetic-field orientations and, in contrast to the c
of single-layer structures, the effects are comparable in m
nitude. An analysis of the behavior of the conductivity in
wide range of temperatures (1.5,T,20 K) and magnetic
fields (B,6 T) shows that atB,0.4– 0.5 T the main contri-
bution to the negative magnetoresistance comes from the
terference correction.

B. Basis of data processing

It is known that the weak-localization effect can be u
derstood on the quasiclassical level as a manifestation
quantum-mechanical interference.13–15 According to this ap-
proach the weak-localization correction to the conductiv
ds is proportional to the quasiprobability16 densityW that an
electron returns to the vicinity of starting point

ds}W. ~2!

In the presence of a magnetic field, which gives the ph
difference between time-reversed closed paths

Dw5
2p

F0
R dl A5

2p

F0
E dS B, ~3!

whereA is a vector potential,F0 is quantum of magnetic
flux, andW is expressed through the area distribution fun
tion of closed paths as follows:

W5E
2`

`

dS W~S!expS 2
L̄~S!

l w
D cosS 2pBS

F0
D . ~4!

Here,S is defined as

S5E dS
B

B
, ~5!

W(S)dS is the probability density of return withS from the
interval (S,S1dS), L̄(S) has a meaning of average leng
calculated by the appropriate manner@see Eq.~6! in Ref. 5#

FIG. 1. Magnetic-field dependencies ofDs/G0 for different
magnetic-field orientations forT54.2 ~a!, 1.5 K ~b!. Symbols are
the experimental data, solid curves are the simulation res
Dashed curves are the results of calculations carried out accor
to Ref. 20. The inset in~a! shows a system of coordinates.
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for the closed paths withS5(S,S1dS), l w5vFtw , vF is the
Fermi velocity, andtw is the phase-breaking time. Note th
the exponential factor in Eq.~4! takes into account interfer
ence destruction due to inelastic scattering processes.

In 2D systems all the trajectories lay in one plane; the
fore, only the normal component of the magnetic fie
changesW so that the negative magnetoresistance is ab
for B'n. In double-layer structures, the interlayer transitio
lead to the closed paths, which are long enough, and ha
nonzero value ofS with respect to any orientation. Thus th
negative magnetoresistance should exist even in the
when a fieldB is applied parallel to the layers.

Using this approach~for more detail see Sec. II of Ref. 5!
one can write the expression for conductivity of a weak
coupled double-layer structure with identical layers as f
lows:

s~Bi !5s01ds~Bi !

5s024p l 2G0E
2`

`

dSi H W~Si !expS 2
L̄~Si !

l w
D

3cosS 2pBiSi

F0
D J , ~6!

where i 5x, z indicates the magnetic-field orientation,B
5(Bx,0,0) or B5(0,0,Bz), respectively,s0 is the classical
Drude conductivity,G05e2/(2p2\), l 5vFt, and t is the
momentum relaxation time.

One can see from Eq.~6! that the Fourier transform o
ds(Bi)/G0

F~Si ,l w![E
2`

` dBi

F0

ds~Bi !

G0
cosS 2pBiSi

F0
D ~7!

is determined by the statistic characteristics of closed pa
W(Si) and L̄(Si),

F~Si ,l w!54p l 2W~Si !expS 2
L̄~Si !

l w
D . ~8!

Thus, analyzing the temperature behavior of the Fou
transforms of the experimental curvesds(Bi) one can obtain
the area-distribution functionW(Si) and dependenceL̄(Si)
for real samples. As is seen from Eq.~8! the value of
4p l 2W(Si) is given by extrapolation of theF-versus-T
curve toT50 becausel w tends to infinity whenT tends to
zero.17 The ratioL̄(Si)/ l w for given Si can be then obtained
as ln@4pl2W(Si)#2ln@F(Si ,lw)#.

C. Results of data processing

Let us now turn to the analysis of our experimental da
The valueDs(B)5s(B)2s(0), notds(B), is experimen-
tally measured. It is clear from Eqs.~1! and ~6! that ds(B)
5s(0)2s01Ds(B). To obtainds(B), we assume that the
Drude conductivitys0 is equal to the conductivity atT
520 K, when the quantum corrections are small. Notice t
the final results are not sensitive to the value ofs0 practi-
cally. Obtaining the distribution functionW(Sx) from the
experimentalds(Bz) dependencies for the structure inves

s.
ng
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gated is illustrated by Fig. 2. In the left panel the Four
transforms ofds(Bx) measured at different temperatures a
presented. The right panel shows how theF-vs-T data have
been extrapolated toT50. The area-distribution function
W(Sz) has been obtained from the analysis ofds(Bz) curves
in a similar way.

The results of data processing described are presente
Fig. 3~a!. As is seen the 4p l 2W(Sz) dependence is close t
(2Sz)

21 for S.(0.3– 5)310210cm2. The analogous behav
ior of the area distribution function was obtained for a sin
2D layer in Ref. 6. The behavior ofW(Sx) significantly dif-
fers from that of W(Sz). In particular, theW(Sx) curve
shows a much steeper decline forS.0.8310210cm2. An-
other feature of the statistics of the closed paths in
double-layer structure is the fact that for givenS the values
of L̄(Sx) are significantly larger thanL̄(Sz) @Fig. 3~b!#.

Qualitatively these peculiarities of the statistics of clos
paths in double-layer structures can be understood if

FIG. 2. Area~a! and temperature~b! dependencies of the Fou
rier transforms ofds(Bx). Curves in~b! show the extrapolation o
F(S,T) to T50.

FIG. 3. The area-distribution functions of closed paths~a! and

the area dependence of theL̄(Sx)/L̄(Sz) ratio atT51.5 K ~b!. The
symbols are the experimental data, the solid curves are the resu
simulation witht50.1, and the dotted curve is (2S)21 dependence.
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considers how trajectories with large enough length,L
@ l /t, look. They are isotropically smeared over thexy plane
for the distance;ALl ; their extended area in this plane
sz;Ll . In theyz plane they have size;ALl in the y direc-
tion and Z0 ~where Z0 is the interlayer distance! in the z
direction. So, the extended area in theyz plane is sx

;Z0ALl . Thus, closed trajectories have significantly larg
sz thansx , and thesz /sx ratio increases with increasings. It
is clear that the qualitative behavior ofSz and Sx is analo-
gous. Therefore, forSx5Sz the inequalityW(Sz).W(Sx) is
valid. The average length of the trajectoriesL̄(Sx) therewith
is greater thanL̄(Sz).

As was shown in Ref. 5 the area-distribution function
closed paths, the area dependence of the average leng
closed paths, and weak-localization magnetoresistance
be obtained by computer simulation of a carrier motion o
a 2D plane.

III. COMPUTER SIMULATION

The model double-layer system is conceived as two id
tical plains with randomly distributed scattering centers w
a given total cross section. Every plane is represented
lattice M3M with lattice parametera. The scatterers are
placed in a part of the lattice sites with the use of a rand
number generator. We assume that a particle moves wi
constant velocity along straight lines which happen to
terminated by collisions with the scatterers. After every c
lision the particle has two possibilities: it passes from o
plane to another with a probabilityt and moves over the
second plane or it remains in the plane with probability
2t), changing the motion direction only. If the trajectory
the particle passes near the start point at the distance
than d/2 ~where d is a prescribed value, which is sma
enough!, it is perceived as being closed. The algebraic ar
Sz andSx are calculated as

Sz5 (
j 51

N21
yj 111yj

2
~xj 112xj !1

yN1y1

2
~xN2x1!, ~9!

Sx5 (
j 51

N21
yj 111yj

2
~zj 112zj !1

yN1y1

2
~zN2z1!, ~10!

whereN is the number of collisions for a given trajector
xj , yj , zj stand for coordinates ofj th collision,zj takes the
value 0 orZ0 . Otherwise the simulation details are anal
gous to those described in Ref. 5 for the case of single
layer system.

All the results presented here have been obtained u
the parameters: lattice dimension is 680036800; the number
of starts,I s , is 106; the total number of scatterers is abo
1.63105; the scattering cross section is 7a; d51a; Z0
518a. The value of the mean free path computed for suc
system is about 43a. If we suppose the value ofa is equal to
11 Å, this model double-layer system corresponds to the
erostructure investigated. Namely, the mean free path
equal to the value ofl .480 Å, and the value ofZ0 is close
to the distance between the centers of the quantum wells,
Å.
of
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17 092 PRB 62G. M. MINKOV et al.
The area distribution functions obtained as the result
simulation with different interlayer transition probabilitie
are presented in Fig. 4. Let us discuss at first the behavio
W(Sz) @Fig. 4~a!#. For t50, the 4p l 2W(Sz) curve corre-
sponds to the area-distribution function for a single lay
For largeS this curve goes close to theS21 dependence
which corresponds to the ideal 2D system in the diffus
regime.5 The deviation, which is evident forSz,103 a2, is
just due to the transition to the ballistic regime. It is obv
ously that for sufficiently large values oft, the probability of
return to the start point has to be twice as small as that
t50. As is seen from Fig. 4~a! even the valuet50.1 is large
enough in this sense: the corresponding curve is close to
(2S)21 dependence practically in whole area range. This
because the long trajectories with a large number of pa
between layers give significant contribution toW(Sz) start-
ing from small areas,Sz.0.1l 2. For the intermediate value
of t (t50.002, 0.01) the area-distribution function is clo
to theS21 function for small areas and tends to the (2S)21

dependence for large ones.
The behavior ofW(Sx) contrasts with that ofW(Sz) @Fig.

4~b!#. At small Sx , W(Sx) depends only weakly onSx ,
whereas at largeSx it decreases sharply whenSx increases.
The sensitivity ofW(Sx) to the interlayer transition probabil
ity depends on theSx value. For smallSx values, when the
area-distribution function is mainly determined by sh
closed paths with a small number of interlayer transitio
the value ofW(Sx) considerably increases with increasingt.
For largeSx , i.e., for paths with a large number of interlay
transitions,W(Sx) weakly depends on the transition pro
ability.

Here we demonstrate how the magnetoresistance of
model 2D system changes with the changing of the interla
transition probability. The theoreticalds(Bi) dependencies
have been calculated by summing over the contributions
every closed path to the conductivity in accordance with f
lowing expression:5

ds~Bi !

G0
5

4p l

I sd
(

k
cosS 2pBiSk

F0
DexpS 2

l k

l w
D , ~11!

FIG. 4. Area-distribution functionsW(Sz) ~a! andW(Sx) ~b! as
they have been obtained from the simulation procedure with dif
ent t values.
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wherel k is the length of thekth closed path. The results o
the calculation are presented in Fig. 5, whereDs(Bi)
5ds(Bi)2ds(0) is plotted againstB/Bt , Bt5\c/(2el2). As
is seen the changes in magnetic-field dependencies of n
tive magnetoresistance with a change of the interlayer tr
sition probability reflect the variation of area-distributio
functions. Indeed,Ds(Bz) depends ont slightly: maximal
change is less than two times for decreasingt up to zero,
whereasDs(Bx) changes drastically. It decreases about 1
times, when the value oft decreases from 0.1 to 0.002.

IV. DISCUSSION

Now we are in a position to compare the calculated a
distributions with experimental data. One can see from F
3~a! and 4 that the behavior of calculated and experimen
W(Sz) and W(Sx) dependencies is close qualitatively. A
mentioned above,W(Sx) depends on interlayer transitio
probability significantly stronger thanW(Sz). Therefore we
have estimated the transition probability comparing the c
culated and experimentalW(Sx) curves. The most accor
dance has been obtained witht.0.1 @see Fig. 3~a!#. As seen
from the figure, with this value oft the calculatedW(Sz)
dependence describes the experimental data well.

Let us turn now to magnetic-field dependencies of ne
tive magnetoresistance. To calculateDs(Bi), in addition to
the interlayer transition probability it is necessary to kno
the phase-breaking length. Using the value oft50.1 esti-
mated above, we have found that the best agreement betw
theoretical and experimentalDs(Bi) dependencies is ob
tained with l w.3.4 and 1.4mm for T51.5 and 4.2 K, re-
spectively. TheDs(Bz) and Ds(Bx) dependencies calcu
lated with thesel w values practically coincide with thos
measured experimentally~see Fig. 1!. It should be noted tha
for these values ofl w some differ from those obtained b
fitting of the Ds(Bz) curves to the Hikami expression:18 the
fit gives l w.4.8 and 1.7mm for T51.5 and 4.2 K, respec
tively. The reason for this difference is that the Hikami fo
mula was obtained for a single 2D layer, and it is not suita
for the analysis of negative magnetoresistance in coup
double-layers structures.

Finally, knowing the values oft and l w we are able to
compare the calculated and experimental area depende

r-

FIG. 5. Calculated magnetic-field dependencies ofDs for the
different interlayer transition probability,l / lw50.01.
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of L̄(Sx) to L̄(Sz) ratio @Fig. 3~b!#. It is seen that the experi
mental ratio is significantly larger than unity as well as
calculated one.

It should be noted that some quantitative inconsiste
between calculated and experimental curvesW(Sx) and
L̄(Sx)/L̄(Sz) is evident~Fig. 3!. We believe this is a result o
crudity of the model used. In particular, we supposed
identity of both 2D layers in the numerical calculation.

Let us briefly discuss the limits of validity of our ap
proach. In the first place, the conditionskFl @1, wherekF is
the Fermi wave vector, must be fulfilled. It is common for
theories of the weak localization. Since we neglect the s
effects, this approach is valid when the spin relaxation ti
is much greater than the phase-breaking time.19 We have also
supposed that an electron does not escape the layer mo
through the interference region. This means that the co
tion t!1 should be fulfilled. For the case of an in-plan
magnetic field we have assumed that the asymmetry of w
functions and/or the scattering potential~see Ref. 2! gives a
significantly lesser contribution to the negative magneto
sistance than the interlayer transitions. At last we have
sumed that the interlayer transition probability is indepe
dent of the magnetic field. Thus an in-plane magnetic fi
must be low enough to change the electron wave functio

After this paper has been prepared for publication,
paper by Raichev and Vasilopoulos on the theory of we
localization in double quantum wells is appeared.20 Let us
apply this theory to our case. Using the formulas derived
Ref. 20, we have calculatedDs(Bi) dependencies for ou
structure. These dependencies are represented in Fig.
dashed curves. As is clearly seen, theory developed in
20 describes our experimental results only in low magn
fields. The reason is that the calculations in Ref. 20 w
carried out in the framework of the diffusion approximatio
It means that two conditions are met. The first condition
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Our calculations are valid beyond the diffusion appro
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V. CONCLUSION

We have investigated the weak-localization negative m
netoresistance in double-layer heterostructures for diffe
magnetic-field orientations. Area-distribution functions a
area dependencies of average lengths of closed paths
been extracted from the analysis of temperature
magnetic-field dependencies of magnetoresistance. In o
to interpret the experimental results, we have investigated
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ing the computer simulation of the carrier motion with sc
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magnetic field the negative magnetoresistance in dou
layer structures is determined by interlayer transitions.
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