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Bilayer two-dimensional electron systems formed by a thin barrier in the GaAs buffer of a standard hetero-
structure were investigated by magnetotransport measurements. In magnetic fields oriented parallel to the
electron layers, the magnetoresistance exhibits an oscillation associated with the depopulation of the higher
occupied subband and the field-induced transition into a decoupled bilayer. Shubnikov—de Haas oscillations in
slightly tilted magnetic fields allow us to reconstruct the evolution of the electron concentration in the indi-
vidual subbands as a function of the in-plane magnetic field. The characteristics of the system derived experi-
mentally are inquantitative agreement with numerical self-consistent field calculations of the electronic
structure.

[. INTRODUCTION more complex here and cannot be captured by the simple
tight-binding approximation. Instead, the numerical self-
In an idealized, infinitely narrow two-dimensionéD) consistent-field technique has proven succe¥shid wide
system the in-plane component of the magnetic field coupleguantum wells.
only to the electronic spin degree of freedom. In real The importance of orbital effects of the in-plane magnetic
samples, however, the finite size of a 2D system in thdield has recently been emphasiZedso in the context of
growth (%) direction often leads to strong orbital effects of metal-insulator transition studies in Si-metal-oxide semicon-

the in-plane field. For example, 2D-2D tunneling stutliefs ductor field effect transistBrand GaAs/A} {Ga, As single

. . ’10 . .
a system consisting of two nearby narrow quantum welisheterojunctions® The observed dramatic responseBioin

which is the simplest structure with nontrivial growth direc- both metallic and insulating phases has been attrifuted
tion degree of freedom, have revealed dramatic effects of thde spin_coupling to in-plane field as well as to the
in-plane field on the Fermi surface topology. In this weaklydistortiont*? of carrier Fermi surfaces. A detailed quantita-
coupled double quantum well sample the in-plane fijdn tive understand_mg of these phenqmena requires us to incor-
effect displaces the origin of the two layer Fermi circles byPorate the orbital effects oB; using nonperturbative ap-
|e|Bjd/% and allows a sweep of one past the other at a critiProaches.
cal fieldB.= 27k /|e|d, whered is the layer separation and [N this paper we present a study of magnetotransport
ke is the individual layer Fermi wave vector. properties of GaAs/AlGa, As heterojunctions with an ad-
The crossing of Fermi surfaces is replaced with moreditional thin Al Ga,As barrier introduced into the GaAs
complicated patterns in samples with strongly coupled quanbuffer.” The structures were specially designed to combine
tum wells in which the tunneling rate dominates the elec-Properties of single-junction and bilayer systems. A compari-
tronic scattering rate within a well. In a simple tight-binding SOn between theory and experiment in our samples consti-
modef a partial energy gap, equal to the bonding-tutes an _excellt_ent test fqr the rell_ab|I|ty of the numencal
antibonding gap at zero field, opens at the wave vector corSelf-consistent-field technique applied to systems with com-
responding to the crossing point of the displaced dispersioRl€x growth direction geometries. In Sec. Il we present mea-
curves for the uncoupled layers. While the upper subbangured resistance oscillation with in-plane field and
above the energy gap maintains a nearly parabolic shape, 3iubnikov—de HaaSdH) oscillations recorded at magnetic
saddle point develops in the lower energy subband. Witﬁ|eld§ slightly tilted from the 2D layer p!ane. Theoretical cal-
increasingB) the bottom of the upper subband moves aboveculations of theB|-dependent electronic structure are used,
the Fermi energy at a critical fie@, ;, resulting in a sudden I Sec. lll, for quantitative interpretation pf the experimental
drop in the density of states. At the second critical fiBlg, ~ data. Our conclusions are summarized in Sec. IV.
the saddle point of the lower subband approaches the Fermi
energy anq th_e density of states diverges. The magpetoresis— Il. EXPERIMENTAL RESULTS
tance oscillation observed on coupled dodBland triple
quantum wells represents a striking manifestation of the two We studied modulation-doped GaAsjAGa, ;As hetero-
distinct van Hove singularities in tH&-dependent density of junctions grown by molecular-beam epitaxy ¢h00) ori-
states. For these samples the tight-binding model has prented semi-insulating GaAs substrates and patterned in the
vided an accurate quantitative estimate for the critical in-standard Hall-bar samples. A thin barrier formed by eight
plane fields. Bilayer systems realized in wide single quantunmonolayers of A} Ga-As was grown inside the GaAs
wells also displa¥ the magnetoresistance oscillation How- buffer producing two coupled quantum wells, one of a dis-
ever, the orbital effects of the in-plane magnetic field aretorted rectangular shape and the other one with a nearly tri-
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T T m T T TABLE |. Sample parametersv is the thickness of the rectan-
05| Sample | ,l;‘\ ] gular well, N, and N, are the bonding and antibonding subband
I densities obtained from SdH measureméMy,,, is the total 2D
025 electron density derived from low-field Hall data, ahtis the
average between the SdH and Hall values for the total density used
o ~ in the numerical simulations.
w 0 s
< o Sample w ) N, Na Npar N
-025 | Ty (A)  (10° cn?/Vs) (10t cm™?)
3 A 80 2.00 246 089 338 34
-0.5 0 B 90 2.34 277 0.76 3.42 35
0.5 - 0.45 K and in magnetic fields ranging from 0 to 23 T, using
Sample B both dc and low-frequencil3 Hz) ac techniques. First, we
0.25 | measured the resistan€, for a magnetic field precisely
’ parallel with the 2D layer plane. The recorded magnetoresi-
- tance, AR /Rux=[Rux(B}) = Rux(0) 1/R«x(0), is plotted in
) { = Fig. 1. Consistent with the bilayer nature of the studied
b 3 samples we observe an oscillation on the magnetoresistance
o trace with the lower critical field.; and the upper critical
-0.25 1 » field B¢,. The values of critical fields arB. ,=5.8 T, B,
3 =118 T for sampleA and B;;,=5.9 T, B;,=10.7 T for
05 . . L . . sampleB, respectively. The in-plane magnetic field depen-
"o 4 8 12 16 20 24 dence of subband occupatiom,(Bj) andN,(B)), were ob-
B, (T) tained from SdH oscillation data measured at different field-

tilt angles. Typical SdH traces are shown in Fig. 2. In

FIG. 1. Magnetoresistance traARXX/RXX (SO|Id ||ne) recorded general' the oscillations are not perlodlc ”‘BJ_/(BL is the
at in-plane magnetic fields. For both samples the magnetoresistance

curve is multiplied by a constant to fit the calculated density of 800

statesAg/g (dashed ling at highB;. The insets show the band ' . e _i1mT

profile a?mdgthe wave functionsgof tr‘le bonding and antibonding sub- Sample A B.=>8T Ban 18T

bands aB=0. The wave functions are shifted in the vertical direc- 600 - |
tion so that their asymptotic values match the corresponding quan-

tum levels on the energy axis. In both samples, the levels lie below __ 396

the Fermi energ¥ ¢ indicating two occupied subbands at zero field. % 400 w i
angular geometry, as shown in insets of Fig. 1. We chose the | 378 ey

thickness and position of the barrier to achieve high popula- 200 [ ur

tion of the second(antibonding subband. The particular L

structure design was based on zero-field numerical self- 0 .

consistent simulations that predict minimum bonding- 0 4

antibonding gap for barriers positioned near the node of the

first excited state wave functiofpeak of the lowest energy

state wave functionof the original single junction. Note that 600 '

unlike the conventional bilayers realized in double quantum Sample B

wells or wide single wells our system is intrinsicly, strongly

anisotropic. At zero magnetic field the lowgdronding sub- 200 |

band wave function has dominant weight in the rectangular __ .

well while electrons from the highgantibonding subband <) 674

are more likely to occupy the triangular quantum well. Pa- &2 ﬁf’-;w\/\

rameters of the two studied samples are summarized in Table 200 ;75

I. The partial occupations of the bonding and antibonding Y

subbands aB =0 were obtained by Fourier analysis of the 269

low-field SdH oscillations. The Hall measurement at low

perpendicular magnetic fields provided an independent check 7 p, 3 2 16 20 24
for the total carrier density and was used to determine sample

mobilities. The insets in Fig. 1 show the confining potential B ()

profiles and wave functions of the occupied subbands for two FIG. 2. Typical magnetoresistance traces measured for small
samples. angles between the sample plane and the magnetic field direction.

Magnetotransport data were collected at the temperaturéhe curves for higher angles are shifted upward b@ 75
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4 — T T T T Il. THEORETICAL ANALYSIS
Sample A _ . . o ,
3.5 poampre ] The single-particle Hamiltonian for an electron confined
3 " P . in a GaAs/A) ;Ga, ;As heterostructure and subjected to in-
onding S L. .
s e b oaer Left o plane magnetic field can be written as
g 77 [ NAFFT) | oz Gola® o B 00—0—]
= 2t e . )
~ i AS —
% 15| ;;j; . ] H= om* (p+|e|A) +Vconf(z)y (1)
= N (FFT) | %98 Right . ) ) .
g - T wherem™ is the effective mass in the GaAs conduction band
0.5 A""bf’;d"ii U . ] and the vector potential fdB applied along the direction
0 i S , takes a formA=(B;z,0,0). The confining potential;,,(2)
0 4 8 12 16 20 24 is constructed using the nominal growth parameters and in-
B, (T) cludes Hartree and exchange-correlation potentials generated
by the free carriers in the quantum wells. The Hartree poten-
’ Sampleb B ' ' ' tial is derived from the-dependent density of electropéz)
35r ] by numerical solution of the Poisson equation. The
3l ’ exchange-correlation term is calculated within the local-
~ density approximatioh® In each loop of the self-consistent
s 23 [ MO procedure we solve numerically the Sctirmer equation
< 2t with the Hamiltonian(1) to getp(z). Then, a new q,(2)
g_ s | is constructed, which enters the next loop of the procedure
> ’ until the self-consistency condition has been achieved. The
I N,(FFT) | resulting energy spectra have the form
o5 | Antibonding | ] ,
chy,=5.9 T { B,=107T h 2
0 S - ' - Ei(k)=Eix(kd+ 52Ky, 2
0 4 8 2 16 20 24 m

B, (T) whereE; ,(k,) depends on the sample geometry and on the
FIG. 3. 2D electronic concentrations in occupied subbandsmagnitude of the in-plane magnetic field. An indexa,b

Solid lines represent theoretical results, marked points denote dagéistinguishes the antibonding and bonding subband states.
derived from magnetoresistance measurements. Due to strongly 2D subband concentratiohg are proportional to the area
field-dependent cyclotron effective masses, measurements at diffeenclosed by corresponding Fermi contours. The partial den-
ent groups of angles were appropriate for different subbands anslities of statesDOS) g; and the cyclotron effective masses
different in-plane field regiond\, andN, denote experimental re- m.; are related to the shape of the Fermi contours by the
sults obtained from the Fourier transformation of Shubnikov-defonowing expression:
Hass oscillations measured at low perpendicular magnetic fields

(B<1T). me, 1 [ dk
gi= 2 = 2 V.E. . (3)
Th 2 |V Eil

perpendicular component of the magnetic fiekihce both _ ) )
The total density of stateg=g,+0,. The distortion of

B, andB, vary when the field _is swept _at a fixed tilt angle. Fermi lines can be probed experimentally by adding a weak
Therefore, the standard Fourier technique does not app%

Instead, we use the measured distance between valleys s re_rpend|cular (.:Omponem O.f the magnetic field. Ry
T . . : <B, the quantization of the in-plane component of the elec-
rounding individual peaks to identify subband densitfes. I . . ; . .
For Bi<B. . one tvpe of oscillation. corresponding to the tron motion can be described in terms of qugsmlassmal
I™=e1 YPe O ! P 9 Landau levels with the cyclotron effective mass given by Eq.
lower ‘?'e”S'ty (ant|b9nd|ng subband, can be deteptgd at (3). The degeneracy of the spin-unresolved levels is
small tilt angles while two subbands are clearly visible at2|e| B, /h.
higher angles. With increasing the distribution of elec- The evolution of Fermi surfaces By is illustrated in Fig.
trons between the two supbands changes, as shown in Fig. 8.for sampleB. Figure 4a) presents theoretical Fermi con-
Eventually, the antibonding subband is depopulated®@at tours calculated for several selected valuesBpf corre-
=B 1. At higher in-plane fields two regimes can be distin- sponding cyclotron effective masses are shown in Fil).4
guished. FoB ;<<B|<B,, the SdH oscillations are periodic The deviations from the zero-field circles reflect the field-
indicating a single occupied subband. Consistently, the corinduced changes of; ,(k,) described for the case of the
responding density is equal to the total 2D density measuresimple tight-binding model in Sec. I. The antibonding
at zero in-plane magnetic field. The character of the oscillak, ,(k,) is an asymmetric function d,, narrower than the
tions changes abruptly @&;=B.,; the low in-plane field free-electron parabola, with the minimu¢bhottom moving
nonperiodicity is recovered and the obtained carrier densityo the Fermi energy which crossesBt=B.,. The corre-
is significantly reducedsee Fig. 3 These results suggest sponding Fermi contour acquires the shape of a “lens,” i.e.,
that the Fermi sea splits into two disconnected parts of derthe oval with the longer axis oriented in tﬁ@direction. Due
sities that vary withB;. Only one Fermi surface, however, to this type of deformation the antibonding cyclotron effec-
can be detected from our SdH data. tive massm, , is a decreasing function @ .
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(b) Sample B pb(2), and their sump(z) = p4(2) + py(2) as functions of in-plane
r T magnetic field. Note the different scales for the positive and nega-
$ B =59T B_,=107T . tive parts of the vertical axes.
Right
<, 20t -
s Bonding the electron oscillates in the direction when it travels
~— Lef ] around a Fermi contour. For the lens orbits, its turning point
Antibonding is close to the interface at maximum possikje in the case
00 - y P 17 15 20 2¢ of peanut orbits it reaches this point for minimuq. The
electron tunnels through the barrier fiog corresponding to
B, (D (v)px=0. At the samek, the neck of peanut Fermi lines is

FIG. 4. (a) Theoretical evolution of Fermi contours in the in- developed irk space with increasing, . The separation of a
plane magnetic field(b) Self-consistently calculated cyclotron ef- peanut into two parts means that two independent real-space
fective masses. trajectories for electrons are formed, localized completely in

opposite wells. In this case, the electron moving around a

The field-induced local maximum developing in tke  Fermi line is always reflected by the barrier and remains
dependence ofy ,(k,) causes elongation of the bonding confined in one of the wells. The larger, almost circular
Fermi contour in thek, direction. For higher fields, the Fermi contour describes the electrons in the left rectangular
Fermi line evolves into an asymmetric “peanut” shape. AWell while the smaller elongated oval corresponds to elec-
neck connecting left and right parts of the peanut breaks a§ons in the right triangular well. The cyclotron effective
the saddle point reaches the Fermi energBatB,,. For ~ Masses in two wells are different: AboB , the mass for
B|<B. the bonding effective massg, ;, grows withB and the left well drops quickly close to the zero-field valmé,
diverges at the saddle point. Abo®e ,, the Fermi contour the mass for the triangular well also drops, but to a substan-
splits into two approximately elliptic lines. Very similar re- tially larger value. _ _
sults are obtained for samphe Not just the electrons on the Fermi level are influenced by

According to a quasiclassical theory the weak perpendicuth€ in-plane magnetic field. Whole sheets of eIePtrons from
lar field componen®B, drives electrons along Fermi con- bonding and antibonding subbands are shifted inzttéec-
tours with the cyclotron frequenay. ;=|e|B, /m;. Inthe  tion. We will characterize their position with respect to the
real space, electron trajectories have the shape of Fermi linggrrier by z/(By), the field-dependent centroids of partial
rotated by an angler/2 and multiplied by#/|e[B, . The electron densities, defined by
real-space orbits also havezaomponent which can be de-
fined as a mean value of the electron coordiraie the Z(B ):if 2p.(2)dz ©6)
eigenstate |i k, ,ky) corresponding to E;(k): (z);« RPN Pi '

.:<i’kx’ky|z|i’kx’kY>' It can be shown that thzecomponent Results calculated for sampk are shown in Fig. 5. The
is k, dependent and related to the electron position on th%enter of mass op(z) is in the middle of the structure at

Fermi contour by expressions Bj=0 and moves closer to the interface as the field in-

hiky—m*(v); « creases. This behavior is typical for single-junction
(2ix= |e|B” ' ) structures® Below B¢, the centroicEa of antibonding elec-
trons is inside the triangular well for all fields. At zero field,
(v); XZE M (5) ?a is far from the barrier. The growing transfers antibond-
*h oK ing electrons from the triangular to rectangular well and,

(0= 0 ke Kylvyli ke Ky s thex component of the elec- consequentlyz?1 is shifted towards_ the bar(ier. The QIec_tron;
tron group velocity. Thus, the real-space trajectory is slightlyfrom the bonding subband exhibit opposite behavior in this
tilted with respect to the plane of the 2D electron layer, i.e.range of fieldsz, moves from the position close to the in-
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terface to the position near the barrierBasncreases. Above tight-binding model of the double quantum well, not ad-
B..1, when only the bonding subband is occupied, the transequate to our samples. Also, we can only speculate about the
fer of electrons from the triangular to rectangular well con-nature of scattering centers and their distribution in the wells.
tinues. This is the case also aboBg, when the bonding Fitting of a number of parameters would be necessary to
Fermi contour is split into the left and right parts. achieve agreement between the theory and experiment, an
The characteristics of samplésand B derived from the ~approach which would not be consistent with the rest of the
magnetoresitance experiments are collected in Figs. 1 and Baper.
together with results of the self-consistent numerical simula- At Bj>B¢ >, the Fermi contour splits into two approxi-
tion. In the case when theory cannot be directly comparednately elliptic lines. The larger, almost circular Fermi con-
with experiments, only the theoretical results for samle tour is for the rectangular well while the smaller elongated
are presented. oval corresponds to states in the triangular well. Since elec-
We associate the sharp minima in the experimental magons are localized in one or the other quantum well, the
netoresistance traces, presented in Fig. 1 with the sudde&¢attering rate becomes nearly independentBpf and
decrease of the density of statesBat; that contributes to  ARxx/Rxx*Ag/g applies, as seen from Fig. 1. Large cyclo-
reduction of the scattering rate at the Eermi energy. The diftron effective mass and low concentration of electrons in the
ference between the field dependence of cyclotron effectivéfiangular well explain why these states are not detectable by
massesn, , andm, ,,, calculated for samplB and shown in the SdH measurement; at most two weak oscillations can
Fig. 4(b), éxplains 'why the SdH oscillations of electrons in occur in available magnetic fields. The calculated density of
the antibonding subband are seen at lower tilt angles than tHectrons in the rectangular well is again in excellent quan-
oscillations of electrons from the bonding subband. Morelitative agreement with SdH data.
detailed studies of th_e field depgnder}ce of the cyclqtron _ef— IV. CONCLUSIONS
fective mass of bonding and antibonding subbands, in which
the model calculations is compared with experimental data We have performed an experimental and theoretical study
obtained from the temperature damping of SdH oscillationspf asymmetric GaAs/ Al:Ga, 7As heterostructure consisting
can be found in Ref. 14. of coupled rectangular and triangular quantum wells. The
The increase of theoreticah, , at in-plane fields below positions of a strong minimum and maximum in the mea-
B. . is related to the strong distortion of the Fermi contour,sured in-plane field dependent resistance of the 2D electron
as seen in Fig 4. Only the bonding subband is occupied fosystem match precisely with calculated van Hove singulari-
B.,1<B|<B. and, therefore, the SdH oscillations are peri-ties in the DOS. Theoretical predictions f&j-dependent
odic in 1B, . The decrease of their amplitude f&j ap-  occupations of electronic subbands and quantum wells are in
proachingB, , is an experimental confirmation of calculated quantitative agreement with SdH data recorded at magnetic
sharp increase ah. ;. The theoretical value for the critical fields slightly tilted from the 2D layer plane. We conclude
in-plane field precisely matches wiBy, , obtained from ex-  that the numerical self-consistent-field technique provides a
periment. The peak in the measured in-plane field magnee€alistic description of orbital effects of the in-plane field on
toresistance aB. , can be understood as a consequence ofD electron systems confined in semiconductor heterostruc-
the divergence of the DOS at Fermi energy or, in othertures with general growth-direction geometry.
words, of a zero group velocity of electrons at the saddle To achieve a similar level of accuracy for valence-band
point. states with strong spin-orbit coupling represents a formidable
The experimental magnetoresistance oscillation is clearlghallenge for future theoretical work. Particularly intriguing
associated with van Hove singularities in tBedependent is the derivation of local-spin-density approximation for
DOS. However, apart from these strong featuReg does ~ Mmany-body states with unequal population of different spin
not follow g for in-plane fields less thaB, , (see Fig. 1L ~ subbands. Recent remarkable studies of the metal-insulator
The differences betweeAR,,/R,, and Ag/g curves stem transition in high mobility GaAs hole systems certainly give
from the in-plane field suppression of the coupling betweerf strong motivation for pursuing this kind of research.
wells, the transfer of electron_s from the triangular to rectan- ACKNOWLEDGMENTS
gular well, and the changes in the nature of electronic scat-
tering. We did not attempt to apply the available theoretical This work was supported by the Czech-French project
model of the electron transport in double wéflgo explain  Barrande 99011 and by the Grant Agency of the Czech Re-
these differences, as the theory is developed for a simplpublic under Contract No. 202/98/0085.
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