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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.

. INTRODUCTION GaAs/InGa, _,As structure for different magnetic-field ori-
entations. We obtain the area distribution functions and area
Transitions between two-dimension@D) layers is one  dependencies of the average lengths of the closed paths using
of the fundamental features of double-layer structures. Theyhe approach developed in Refs. 5 and 6. These functions are
change the guantum corrections to the conductivity, espesompared with those obtained from the computer simulation
cially in a magnetic field parallel to the layers. of carrier motion when the interlayer transitions are ac-
It is well known' that the interference of electron waves counted for. Close agreement shows that just the interlayer
scattered along closed trajectories in opposite directiontransitions determine the negative magnetoresistance in
(time-reversed pathsproduces a negative quantum correc-coupled double-layer structures.
tion to the conductivity known as the weak-localization cor-
rection. An external magnetic fiel gives the phase differ-
ence between pairs of time-reversed paths which is Il. EXPERIMENT
proportional to the area enclosed and thus destroys the inter- A. Details

ference and results in negative magnetoresistance.

In case of a single 2D layer the influence of a magnetic The double-well heterostructure GaAs(B® _,As was
field is strongly anisotropic because all the paths lie in onddown by metal-organic vapor-phase epitaxy on a semi-
plane. The magnetoresistance is maximaHim, wheren is insulator GaAs substrate. The heterostruqture consists of a
the normal to 2D layer. When a magnetic field lies in the 2D0-5-«m-thick undoped GaAs epilayer, a Silayer, a 75-A
layer plane,BLn, it does not destroy the interference, andSPacer of undoped GaAs, a 100-A, hgGay g As well, a
the negative magnetoresistance is absent in this magnetié00-A barrier of undoped GaAs, a 100-A;lpGa g As well,
field orientatior?3 a 75-A spacer of undoped GaAs, a&layer, and a 1000-A

In coupled double-layer structures, the tunneling betwee§ap layer of undoped GaAs. The samples were mesa etched
layers gives rise to the closed paths for which an electrofnto standard Hall bridges. The measurements were per-
starts from one layer, goes to another, and then returns to tfgrmed in the temperature range 1.5-4.2 K at low magnetic
first layer. For these paths the phase shift is nonzero for anffeld up to 0.4 T with discrete 10' T for two orientations:
magnetic-field orientation and hence the negative magnetoréde magnetic field was perpendiculaBlig) and parallel
sistance should appear fBr. n as well. (B”X) to the structure planésee the inset in Flg)lAddl-

The magnetic-field dependence of the negative magnéional high-field measurements were also made to character-
toresistance is determined by the statistics of closed pathie the structure. It has been found that in the structure in-
namely, by the distribution function of an enclosed area, andestigated the conductivity is determined by the electrons in
the area dependence of the average |ength of closed ‘b‘-_athsthe wells. Their densities have been determined from the
These statistic dependencies have been studied in single 2ibourier analysis of the Shubnikov—de Haas oscillations and
layer structures by the analysis of negative magnetoresigre 4.5<10"'cm 2 and 5.5<10'*cm~2 The Hall mobility
tance measured a-“nlfl,ﬁ was abOUf/.L:4200 cn"f/(szec).

There is a number of papers devoted to the weak- The magnetic-field dependencies of in-plane magnetocon-
localization phenomenon in double-layer and multilayerductance
structures where interlayer transitions play a crucial fofé.

In Ref. 12 the closely related problem concerning the role of
intersubband transitions in weak localization is theoretically
studied for the case of quasi-two dimensional structures with
several subbands occupied. at the magnetic field perpendiculpAo(B,)] and parallel

In this paper we present the results of experimental inveg-A o (B,)] to the structure plane are presented in Fig. 1. One

tigations of the negative magnetoresistance in a double-lay@an see that the negative magnetoresistance is observed for

Ao(B)=0d(B)—o(0)=1/p(B)—1/p(0) (1)

0163-1829/2000/624)/170895)/$15.00 PRB 62 17 089 ©2000 The American Physical Society



17 090 G. M. MINKQV et al. PRB 62

z |E| T for the closed paths witB=(S,S+dS), | ,=ver,, vg is the

4t );y 7 1 al |E| ] Fermi velocity, andr,, is the phase-breaking time. Note that
% the exponential factor in Ed4) takes into account interfer-
X ence destruction due to inelastic scattering processes.
3l + Ac(B) 3l | In 2D systems all the trajectories lay in one plane; there-
Ao(B) fore, only the normal component of the magnetic field

Ac/G,

changegV so that the negative magnetoresistance is absent
for BL n. In double-layer structures, the interlayer transitions
lead to the closed paths, which are long enough, and have a
nonzero value of with respect to any orientation. Thus the
negative magnetoresistance should exist even in the case
when a fieldB is applied parallel to the layers.

Using this approackfor more detail see Sec. Il of Ref) 5
one can write the expression for conductivity of a weakly
coupled double-layer structure with identical layers as fol-
lows:

B(M

FIG. 1. Magnetic-field dependencies &fo/G, for different o(Bj)=0yt+ 60(B;))
magnetic-field orientations foF=4.2 (a), 1.5 K (b). Symbols are

the experimental data, solid curves are the simulation results. _ 2 “ r(Si)
Dashed curves are the results of calculations carried out according = 0o~ 4l Gof_wdS[W(S)eX[{ B ly
to Ref. 20. The inset ifla) shows a system of coordinates.
o . . . 27B; S
both magnetic-field orientations and, in contrast to the case X CcOo ) , (6)
0

of single-layer structures, the effects are comparable in mag-
nitude. An analysis of the behavior of the conductivity in awhere i =X, z indicates the magnetic-field orientatioB,
wide range of temperatures (9 <20K) and magnetic =(B,,0,0) orB=(0,0B,), respectively,o, is the classical
fields (B<<6 T) shows that aB<<0.4-0.5T the main contri- Drude conductivity,G,=e?/(27%4), |=ve7, and 7 is the
bution to the negative magnetoresistance comes from the itmomentum relaxation time.

terference correction. One can see from Ed6) that the Fourier transform of

50’(Bi)/G0
B. Basis of data processing

© dB; do(B; 21B;
It is known that the weak-localization effect can be un- (S ’I‘P)EJ dB; 50(By) S( mBiS 0

derstood on the quasiclassical level as a manifestation of —»®o  Go b
quantum-mechanical interferent&® According to this ap-
proach the weak-localization correction to the conductivity
éa is proportional to the quasiprobabiltidensity)V that an
electron returns to the vicinity of starting point f(S))

SoxW. ) d(S ,|¢)=4W|2W(Si)ex% -

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

is determirEd by the statistic characteristics of closed paths
W(S) andL(S),

®

¢

Thus, analyzing the temperature behavior of the Fourier
transforms of the experimental curvés(B;) one can obtain

2 2 the area-distribution functioWV(S;) and dependenck(S))
A(Pza dIAchf dSB, (38)  for real samples. As is seen from E() the value of

0 0 471°W(S) is given by extrapolation of theb-versusT

whereA is a vector potential®, is quantum of magnetic curve toT=0 becausé, tends to infinity whenT tends to

flux, andV is expressed through the area distribution func-zerol” The ratiof(Si)/LP for givenS, can be then obtained
tion of closed paths as follows: as If4m2W(S)]-In[®(S I )].

W= JOC ds V\(S)exl< _ ﬂ) cos( ZWBS) _ (4) C. Results of data processing
o lo Po Let us now turn to the analysis of our experimental data.
Here,Sis defined as The valueAo(B)=0(B)—d(0), notdao(B), is experimen-
tally measured. It is clear from Egél) and (6) that 5o (B)
B =0(0)—0op+Ac(B). To obtaindo(B), we assume that the
SZJ dS§= (5) Drude conductivityoy is equal to the conductivity aT
=20K, when the quantum corrections are small. Notice that
W(S)dSis the probability density of return witB from the  the final results are not sensitive to the valueogf practi-
interval (S,S+dS), L(S) has a meaning of average length cally. Obtaining the distribution functioWV(S,) from the
calculated by the appropriate manfisee Eq.(6) in Ref. 5]  experimentalda(B,) dependencies for the structure investi-
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- - - - — 4 considers how trajectories with large enough length,
10" g§ El To15K E S <0.1510™ e’ >1/t, look. They are isotropically smeared over theplane
¥ ¥$ 2.0 \_ for the distance~/LI; their extended area in this plane is
*%ﬁ? 2.5 _\'\'\'\M 2 s,~LlI. In theyzplane they have size LI in they direc-
T % 3.0 tion andZ, (where Z, is the interlayer distangein the z
9; 10°F ++¢Ii% 42 w direction. So, the extended area in the plane is s,
= *++ ~ZoWLI. Thus, closed trajectories have significantly larger
g k s, thans,, and thes, /s, ratio increases with increasirgy It
3 10k is clear that the qualitative behavior 8f and S, is analo-
© gous. Therefore, foB,= S, the inequalityW(S,) >W(S,) is
valid. The average length of the trajectorlesS,) therewith
100 is greater tharh_(S,).
As was shown in Ref. 5 the area-distribution function of
- = o s s 4 closed paths, the area dependence of the average length of
10 s (10,100;1% T closed paths, and weak-localization magnetoresistance can

be obtained by computer simulation of a carrier motion over

FIG. 2. Area(a) and temperaturéd) dependencies of the Fou- & 2D plane.
rier transforms ofSo(B,). Curves in(b) show the extrapolation of
®(ST) toT=0. IIl. COMPUTER SIMULATION
gated is illustrated by Fig. 2. In the left panel the Fourier ~The model double-layer system is conceived as two iden-
transforms ofdo(B,) measured at different temperatures aretical plains with randomly distributed scattering centers with
presented. The right panel shows how the/s-T data have a given total cross section. Every plane is represented as a
been extrapolated t@=0. The area-distribution function lattice M XM with lattice parametea. The scatterers are
W(S,) has been obtained from the analysissof(B,) curves  placed in a part of the lattice sites with the use of a random
in a similar way. number generator. We assume that a particle moves with a

The results of data processing described are presented @@nstant velocity along straight lines which happen to be
Fig. 3(@). As is seen the #1°W(S,) dependence is close to terminated by collisions with the scatterers. After every col-
(2S,) ! for S=(0.3—-5)x 10" cn?. The analogous behav- lision the particle has two possibilities: it passes from one
ior of the area distribution function was obtained for a singleplane to another with a probability and moves over the
2D layer in Ref. 6. The behavior af/(S,) significantly dif- ~ second plane or it remains in the plane with probability (1
fers from that of W(S,). In particular, theW(S,) curve —1), changing the motion direction only. If the trajectory of
shows a much steeper decline 8r0.8x 10 *°cn?. An- the particle passes near the start point at the distance less
other feature of the statistics of the closed paths in thdéhan d/2 (whered is a prescribed value, which is small
double-layer structure is the fact that for givBrthe values €nough, it is perceived as being closed. The algebraic areas
of L(S,) are significantly larger thah(S,) [Fig. 3(b)]. S, andS, are calculated as

Qualitatively these peculiarities of the statistics of closed

. . N—-1
paths in double-layer structures can be understood if one Yi+11Y;j YNTY1
=2 T (X)) T X))

10’ T T T T 10

[&]

o Vjr1ty yn+y
j+1 j N 1
S.= 121 %(zjﬂ—zj)wL 5 (zy—21), (10)

—
(=]
T

whereN is the number of collisions for a given trajectory,
Xj, Y, zj stand for coordinates gth collision, z; takes the
value 0 orZ,. Otherwise the simulation details are analo-
gous to those described in Ref. 5 for the case of single 2D-
layer system.
All the results presented here have been obtained using
the parameters: lattice dimension is 680&8800; the number
of starts,l, is 1¢; the total number of scatterers is about
. . ] 1.6X10°; the scattering cross section i;7d=1a; Z,
10" 10° =18a. The value of the mean free path computed for such a
S (10™ o) S (10" emd) system is about 48 If we suppose the value afis equal to
11 A, this model double-layer system corresponds to the het-
FIG. 3. The area-distribution functions of closed patlsand  erostructure investigated. Namely, the mean free path is
the area dependence of théS,)/L(S,) ratio atT=1.5K (b). The  equal to the value df= 480 A, and the value oZ, is close
symbols are the experimental data, the solid curves are the results & the distance between the centers of the quantum wells, 200
simulation witht=0.1, and the dotted curve is ¢~ * dependence. A.

Cslsh

47 *W(S) (10" cm?®)
3
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S, (@) S () different interlayer transition probability/l ¢=0.01.

e o bt8) 4S5 ey s v enth of ikt cosed pai.The el o
entt values. the calculatlon. are present_ed in Fig. 5, wheker(B;)
= 60(B;)— 60(0) is plotted againsB/B,, B,=#c/(2el?). As

The area distribution functions obtained as the result ofS S€€n the changes in magnetic-field dependencies of nega-
simulation with different interlayer transition probabilities Ve magnetoresistance with a change of the interlayer tran-
are presented in Fig. 4. Let us discuss at first the behavior ¢fition probability reflect the variation of area-distribution
W(S,) [Fig. 4@]. For t=0, the 47I2W(S,) curve corre- funct|on§. IndeedA o (B,) <_jepends ort sllgh.tly: maximal
sponds to the area-distribution function for a single layerchange is less than two times for decreasing to zero,

For large S this curve goes close to th8 ! dependence, whereasA o(B,) changes drastically. It decreases about 100

which corresponds to the ideal 2D system in the diffusionliMes, when the value dfdecreases from 0.1 to 0.002.

regime® The deviation, which is evident fo8,<10%a?, is
just due to the transition to the ballistic regime. It is obvi-
ously that for sufficiently large values @fthe probability of
return to the start point has to be twice as small as that for Now we are in a position to compare the calculated area
t=0. As is seen from Fig.(@) even the valu¢=0.1is large  distributions with experimental data. One can see from Figs.
enough in this sense: the corresponding curve is close to tt&a) and 4 that the behavior of calculated and experimental
(2S)~* dependence practically in whole area range. This isN(S,) and W(S,) dependencies is close qualitatively. As
because the long trajectories with a large number of passesentioned aboveW(S,) depends on interlayer transition
between layers give significant contribution\W4(S,) start-  probability significantly stronger thaw/(S,). Therefore we

ing from small areasS,>0.12. For the intermediate value have estimated the transition probability comparing the cal-
of t (t=0.002, 0.01) the area-distribution function is closeculated and experimental(S,) curves. The most accor-
to theS™* function for small areas and tends to theSj2*  dance has been obtained wits 0.1[see Fig. 8)]. As seen

IV. DISCUSSION

dependence for large ones. from the figure, with this value of the calculated\V/(S,)
The behavior ofN/(S,) contrasts with that 0fV(S,) [Fig.  dependence describes the experimental data well.
4(b)]. At small S, W(S,) depends only weakly ors,, Let us turn now to magnetic-field dependencies of nega-

whereas at largs, it decreases sharply whe®y increases. tive magnetoresistance. To calculdte(B;), in addition to
The sensitivity ofW(S,) to the interlayer transition probabil- the interlayer transition probability it is necessary to know
ity depends on th&, value. For smallS, values, when the the phase-breaking length. Using the valuetef0.1 esti-
area-distribution function is mainly determined by shortmated above, we have found that the best agreement between
closed paths with a small number of interlayer transitionstheoretical and experimental o(B;) dependencies is ob-
the value ofW(S,) considerably increases with increasing tained withl ,=3.4 and 1.4um for T=1.5 and 4.2 K, re-
For largeS,, i.e., for paths with a large number of interlayer spectively. TheAs(B,) and Ac(B,) dependencies calcu-
transitions, W(S,) weakly depends on the transition prob- lated with thesel,, values practically coincide with those
ability. measured experimental(gee Fig. 1 It should be noted that
Here we demonstrate how the magnetoresistance of odor these values of, some differ from those obtained by
model 2D system changes with the changing of the interlayefitting of the Ao (B,) curves to the Hikami expressidfithe
transition probability. The theoreticalo(B;) dependencies fit gives |,=4.8 and 1.7um for T=1.5 and 4.2 K, respec-
have been calculated by summing over the contributions ofively. The reason for this difference is that the Hikami for-
every closed path to the conductivity in accordance with fol-mula was obtained for a single 2D layer, and it is not suitable

lowing expressior: for the analysis of negative magnetoresistance in coupled
double-layers structures.
60(B;) _ 4l 5 cos( ZWBiSk)eXp( B I_k) (11) Finally, knowing the values of and |, we are able to
Go ld % D, l,)" compare the calculated and experimental area dependencies
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of L(S,) to L(S,) ratio [Fig. Ib)]. It is seen that the experi- 7<7,. For the structure investigated 7,=0.014-0.035
mental ratio is significantly larger than unity as well as afor different temperatures, and this condition may be consid-
calculated one. ered as fulfilled. According to the second condition, the mag-
It should be noted that some quantitative inconsistencyietic field has to be low enougi8<B, when Bliz, or B
between calculated and experimental curwS,) and  <B/Zo whenBiix. In our caseB=0.14T,1/Zy=2.5 and
L(S)/L(S,) is evident(Fig. 3. We believe this is a result of N€nce the diffusion approximation is applicable whn
crudity of the model used. In particular, we supposed the=0-14 or 0.35 T, depending on the magnetic-field orienta-

identity of both 2D layers in the numerical calculation. tion. It is in this range of the magnetic field that the results of
Let us briefly discuss the limits of validity of our ap- Re€f- 20 are close to our experimental data. _
proach. In the first place, the conditioksl > 1, whereke is Our calculations are valid beyond the diffusion approxi-

the Fermi wave vector, must be fulfilled. It is common for all mation 'and therefore they b_ettgr describe the experimental
theories of the weak localization. Since we neglect the spif€Sults in the whole magnetic field range, where the weak-
effects, this approach is valid when the spin relaxation timdocalization correction to the conductivity is dominant.

is much greater than the phase-breaking tiha/e have also

supposed that an electron does not escape the layer moving V. CONCLUSION

t_hrough the interference. region. This means that the condi- We have investigated the weak-localization negative mag-
tion t<1 should be fulfilled. For the case of an in-plane heygresistance in double-layer heterostructures for different
magnetic field we have assumed that the asymmetry of wavig,sgnetic-field orientations. Area-distribution functions and

functions and/or the scattering potentiate Ref. 2gives @  5re5 dependencies of average lengths of closed paths have
s!gn|f|cantly Iesser_ contribution to _the negative magnetorepaany extracted from the analysis of temperature and
sistance than the interlayer transitions. At last we have asyagnetic-field dependencies of magnetoresistance. In order
sumed that the interlayer transition probability is indepen-q interpret the experimental results, we have investigated the
dent of the magnetic field. Thus an in-plane magnetic fieldyiatistics of closed paths and negative magnetoresistance us-
must be low enough to change the electron wave functionsiy the computer simulation of the carrier motion with scat-
After this paper has been prepared for publication, th&gjng over two 2D layers. Analysis of experimental and the-
paper by Raichev and Vasilopoulos on the theory of weakyreiical results unambiguously shows that in a parallel

localization in double quantum wells is appeafedet us magnetic field the negative magnetoresistance in double-
apply this theory to our case. Using the formulas derived inayer structures is determined by interlayer transitions.
Ref. 20, we have calculatelo(B;) dependencies for our

structure. These dependencies are represented in Fig. 1 by
dashed curves. As is clearly seen, theory developed in Ref.
20 describes our experimental results only in low magnetic This work was supported in part by the RFBR through
fields. The reason is that the calculations in Ref. 20 wer&srant No. 00-02-16215, the Progradniversity of Russia
carried out in the framework of the diffusion approximation. through Grant Nos. 990409 and 990425, and the CRDF
It means that two conditions are met. The first condition isthrough Award No. REC-005.
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