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Magnetic-field-induced resonant tunneling in parallel two-dimensional systems
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The magnetoresistance at 4.2 K of two spatially remote two-dimensional electron gases is investigated. The
magnetic fieldB is applied parallel to the planes of the two-dimensional electron g288G’s). Tunneling
between them occurs above a critical fi@0d. In a configuration where the curreints perpendicular t@, a
resistance resonance is observe®at which is absent wheh is parallel toB. This resistance resonance is
due to a large difference in the mobilities of the two 2DEG’s. A model calculation based on the Boltzmann
equation and the symmetry properties of the electron subband dispersion curves reproduces the observed
phenomena.S0163-182606)50128-1

In recent years there has been great interest in the electtfield perpendicular to the plane of the well similar to that in
cal transport properties of parallel two-dimensional electrorRef. 8 reveals the occupation of three subbaggs,E,, and
systems(2DES’s coupled by tunneling or by Coulomb in- E, with electron concentrationsny=1x10 cm~?2,
teraction. Usually these systems are realized in narrow sym; =0.5x 10" cm~2, n,=0.11x10" cm~2, respectively,
metric double quantum wellDQW's) coupled by tunneling and mobilites w,=1.0 M°/Vs, u;=204 n¥P/Vs.
through the thin central barrfer or in wide quantum wells, u2<u1, but an accurate determination was not possible be-
in which the 2DES’s occur at the two interfadesin this  cause this subband contributes little to the total conductivity.

paper we report measurements of electrical transport on é self-consistent calculation of the subband structure is

Our work is related to the resistance resona(RR) ef-  tively separated by a distance=32 nm.
fect preViOUSIy found in DQW SampléSAn enhanced lon- Four-terminal measurements were performed on conven-

is observed when two electron sub- tional Hall-bar structures using a standard low-frequency

gitudinal resistancér, X . :
bands 1 and 2 in different wells have the same Fermi-wavel-cmk'In technique. Figure 1 shows the dependence of the lon-

vectorkg (resonance conditigrand their transport scattering gitudinal resistanc, at 300 mK on the magnetic field in
times ry, 7, differ strongly. If the resonance condition is not
fulfilled, tunneling between the wells is suppressed since the : , : . . .
subband states become localized in the individual wells and *Bc

the conductivity is dominated by transport in the high mobil- 350
ity well. Under the resonance condition, however, the sym-
metric and antisymmetric states are extended over both wells
and tunneling occurs on a characteristic time scale of
7~Nh/Agas (Agps is the symmetric antisymmetric splitting

If r<7,,7, (strong couplingthe two states have essentially
the same mobility determined by the low mobility well. It
has also been shown that the resonant tunneling between the
wells can be suppressed by a magnetic field parallel to the
plane of the 2DEG’$,thus quenching the RR.

In contrast to these experiments, we start off with a
sample where th&g of the two subbands are differe(uff
resonanceand show how a parallel magnetic field can delo-
calize states that were confined to the opposite interfaces at
B=0 T. A resistance resonance peak occurs at a field
B.~#(k®—kIM)/(ed), whered is the effective spatial 150 - T
separation of the two-dimensional states a\qﬁ?jl) are the T:3f)0mK , , , . .
respective Fermi wave vectors of the two subbands. The 0 5 10 15
resonance is sensitive to the angle between the current and B, (T)
the magnetic field and relatively insensitive to temperature.

The samples are MBE-grown, modulation-doped struc- G, 1. Longitudinal resistance as a function of the parallel
tures incorporating a single 407-A-wide QW embedded bemagnetic field at 300 mK. The inset shows the asymmetric potential
tween Aly 5Ga, 7As barriers. Undoped spacer layers of 76 A profile of the 40-nm-wide quantum well at zero magnetic field, the
separate the doped regionklf=1.33x10'® cm~3) from  three energy levels, and the corresponding electron-density distri-
the QW. Analysis of the transport properties in a magneticutions.

300H f
H.’

250

200

longitudinal resistance R (<)

0163-1829/96/5@41)/23154)/$10.00 54 R2315 © 1996 The American Physical Society



R2316 IHN, CARMONA, MAIN, EAVES, AND HENINI 54

04 . . (@)
Angle o between field and current: T T TT
——90°B L1 -5
,,,,,, 800 B _M* L |
03— 700 c s | ]
PR ) L ]
e ste B L1 15 ===
\g/ 10 | .
85 ]
O 1 1 1 1 1 1 1 1 1 1 1 1 1 (] 1 1

K 3 K

FIG. 3. Fermi contour lines and wave-function extarmt of the
E, and E; subbands at different magnetic fielda) B=0 T. (b)
B=B.,=1.6 T.(c) B=2T.

length, w is the cyclotron frequency, aneh the effective
mass of the electron. This diamagnetic shift depopulates suc-
cessive subbands with increasing magnetic field, each time
0 1 2 3 causing a stepwise decreaseRin*® A self-consistent calcu-
B (T) lation for our structure, including the parallel magnetic field,
identifies the shoulders &; andB, in Fig. 1 as the result of
FIG. 2. Angular dependence of the magnetoresistanceBvith  the depopulation of th&,; and theE, subband, respectively.
the plane of the quantum well. The angle-independent point at It is known that the shift of the origin of the Fermi circles
B=2 T is marked by an arrow. The fact that the curves do notcan lead to a dramatic change in the topology of the whole
exactly cross in one point is due to a small component of the magFermi  surfacé~*!! The two significant magnetic-field
netic field perpendicular to the plane of the 2DEG's. values in a two-subband system are those at which the

the plane of the QW for the two current orientatioBg, | 'gvto_ ﬁFE(rg‘L k(cil)r(/:les tlc;u;i'BfTh'sB:gf(:g'o? dlfflneg
(denoted byBj’) andBj! (BH). ForB‘T the resistance shows ~¢ [k —F /(ed). c of ¢ +e wo Fermi
a pronounced peak &,=1.6 T with a relative amplitude circles are independent, whereaBff <B<B_ they cross.

AR/R=26%. The peak is followed by a rapid decrease in'f, k(FO)z,k(Fl) (see Re_f. ;BthenBC =0. Crossing of the circles
resistance down to almost half of its zero-field value. Two9iVes rise to tunneling coupling of the subbands and an en-
shoulders can be seen, B{=10.5 T andB,=6 T. Above hanced tunneling current has been observed in a direct tun-
12 T the resistance increases with increasing field. The magdreling experiment. At B=B_" a van Hove singularity in the
netoresistance foB! is very different below 5 T. With in- density of states passes through the_Fermi level, giving rise
creasingB, a relatively smooth increase in the resistancel® @ resistance enhancement in parallel transport
saturates at about 3.5 T and no resistance peak is observékperiments.In our system, howeveB_ >16 T.
Above 5 T, however, the general behavior resembles the We find that in our sample the positidd, of the resis-
Bﬁ case. tance peak coincides with , the field at which the Fermi
To clarify the nature of the sharp resistance peak, weircles of theE, and E; subbands first come into contact.
studied the temperature dependence of the resistance beigure 3b) shows the Fermi surface Bt=B.=B_ and also
tweenT=0.3 K and 42 K. ForT<7 K, R, is not changed Az={(z—(z);)?)., the extent of the wave function in the
significantly. At higher temperatures the peak broadens and direction, as a function ok,. The curves were obtained
AR/R becomes smaller. This weak temperature dependendeom a self-consistent solution of the Schinger and Pois-
rules out a quantum explanation for the peak. son equations in a parallel magnetic field. At this field, a
Figure 2 shows how the resistance peak depends on therge fraction of the states at the Fermi level are delocalized
angle betweeh andB; . We note two features: first, there is as a result of the tunnel coupling. The delocalized wave
no shift of the peak position with angle; seconti2aTl the  functions have approximately equal probability amplitude at
magnetoresistance is independent of angle. Such fixed poinggther interface. Increasirg aboveB, moves the two cross-
were also observed but not discussed in Ref. 4. ing points of the Fermi circles to largék,|, thus decreasing
For an explanation, we note that in our three-subbandhe fraction of delocalized states at the Fermi Idegle Fig.
sample the Fermi surface Bt=0 consists of three concen- 3(c)].
tric circles[see Fig. 8a)]. For B in the plane of the QW, to We know also that we have very different mobilities in
first order the contours remain circular, B the origin of  the two lowest subbands. In the RR effect in gated DQW’s,
each circlei shifts by Ak;=(z), /|§ in the direction perpen- two factors determind R/R.? First, the scattering asymme-
dicular toB (herez denotes the direction normal to the planetry 8= (7,— 7o)/(7,+ 7o) contributes a factoB?/(1— B?),
of the 2DEG’S; (ii)) each subband rises in energy by which becomes large g@&— 1. Second, an impairment due to
AE;=mo?((z—(2);)?)/2. Here(---); denotes an expecta- disorder of the tunneling coupling reduceSR/R by
tion value in subband, |.=(#/eB)Y2 is the magnetic Q3%/(1+Q2), with Qr=Ags/h and 7=27,7y/

T=4.2K measured
1 1
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(71+ 70). 1% Using the parameters of our samples we wouldinterface. However, the scattering times are weighted by
expect a contribution of 4.64 from th@-dependent factor cog6, and siré, , respectively, which means the tunneling
and a reduction by 0.55 due to the partly supressed tunnetoupling has a much stronger influence @p(B.) than on
ing. This predictsA R/R=2.55, which we could verify, if we  o,,(B.). Also, whenB rises aboved3. the crossing points of
were able to balance the two interface states with a gate. Wdhe Fermi circle of the high mobility subband move to
therefore attribute the strong resistance enhancement we dmaller 6;,, thus decreasing,,(B) but increasingr,(B).
observe in a magnetic field to the same mechanism as in Refooking at Fig. 3b), this means that when the current is
1. Tunneling is “switched on” aB|=1.6 T for some states, along they direction(i.e., perpendicular t&) there will be
which can then scatter at both interfaces. more effect of the scattering than when it is along the
The observed behavior & may be described by Boltz- direction (i.e., parallel toB)) because in the latter case the
mann transport theory using the relaxation timeelectrons scattered at the crossing point of the circles carry
approximatiort* The magnetic field enters into this descrip- little current.
tion only via the dispersion relatiof, . The x direction is Significant changes in conductivity are expected if
the direction of the magnetic field as shown in Fig. 3. SincekT>Ag,s. At these temperatures states localized at the in-
the dispersion in a magnetic field is then symmetric withterfaces that are more remote in energy from the tunneling
respect to they direction the conductivity can be described gap start to contribute increasingly to the conductivity. As a

by a diagonal X2 matrix with elements result the RR smears out.
) To illustrate this explanation, we calculatpg B) using
o :Ziz V2oL | — ti(&i) the first-order correction to the dispersion and neglecting the
XA 4K ik & | level repulsion between resonant states. This leads to a para-
bolic dispersion, which simplifies the summation okem
afi(Ei) Eqg. (1). We did not calculate the;, from the Boltzmann

T 9E } equation, but chose a Lorentz function with the wigtlas a
plausible functional dependence kn

26,
O'yy:T% Vi k5|n20ik7'ik

Oxy= Oyx=— 0, (1) .
where 6, is the angle betweenv;, and the x axis, T =T+ T_?:es) .
Vik=h"Y(V &) is the velocity of an electron with wave 1+ (ky—ky )%y

vectork, 7, is the scattering timef;(&;,) is the Fermi dis-
tribution function, andA is a normalization area. In the ex- Here 7; denotes the transport scattering timeBat0 T and
periment, the current along the Hall-bar axis is in general a@ll ky are measured from the center of the Fermi circle of
an anglea to By, and we measure the components of thesubband. The scattering time at the resonance point is taken
electric field parallel(giving R) and perpendicular to this to ber=17/6, whereé is an adjustable parameter. In the very
direction (giving the transverse resistanBg). In this “ex-  strong tunneling limit §=1) 1/ is the average of the two
perimental” reference frame, where the current defines the

x" direction(i.e., j,»=0) the conductivity tensor is no longer 04
diagonal but has components

Angle o between field and current:

Oy (@) = 0y COSa+ a'yysinza, —90°B LI
oyry(a)= Oy SirPa+ ayycosza,

Oy (@) =SiNaCos(ayy— ayy) = oyry(@). (2

Equations (2) immediately make clear that, whenever
Oyx= 0yy, points independent ok occur in an angular de-
pendent measurement. This explains the occurrence of fixed
points in theAR/R versusB| plot in terms of the symmetry
properties of the dispersion. If we make the approximation
that all the current is carried by the high mobility subband,
the summations over in Egs. (1) can be dropped and
oxx=0yy When the angle between the axis and the vector
from the origin of the Fermi circle to the crossing point is
exactly /4. The fixed point should then occur at about 2 T,
in good agreement with experiment.

Equationg(1) also give us some insight into the nature of L
the anisotropy ofo,, and oy,. The derivative off; at low 0 1 2 3
temperatures restricts the summation to the Fermi surface. B, ()

The square of the velocity does not vary significantly within

one subband, but can be expected to change drastically in  FIG. 4. Calculated magnetoresistance at different angles be-
the vicinity of states that are delocalized in real space, sinceveen current and the magnetic field. The arrow marks the fixed
their mobility is roughly determined by the low mobility points atB=2 T and the resistance peakB{=1.6 T.

calculated
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scattering rates { and 1k, since in this case an electron fields at which the RR peak and the crossing point occur are
spends exactly the same time at either interface. The “tunmainly determined by the measured electron densities at the
neling strength parameterd is therefore allowed to vary two interfaces. The two fitting parameters and & are
with the restrictiond< 1. The crossing point between the two needed to adjust the resistance values at these two fields.
circles k§,’es) is given by In summary, we have shown that in a system with two
remote 2D subbands of different electron density, a parallel

2 2y2
k(reS):ZmAE/ﬁ = (/%) magnetic field opens a tunneling channel between the two
y 2d/12 ’ subbands. If the mobilities of electrons in the two 2DEG’s

whereAE is the energy separation of the bottoms of the twodlﬁcer strongly, a RR marks the onset of the tunneling in a

subbands, calculated from the measured density difference?a;ﬁ”el transpt)prtf.e;;pe'illment with the curren.tf ;:t)ﬁrpendmutlgr
The result of the calculation dt=0 K is shown in Fig. 4 0 the magnetic Tield. NO resonance occurs 1f the current 1S

for y=27.6 nm ands=0.5, corresponding te=1.57 ps. It parallel to the field. The existence of a magnetic field, for
resembles strongly the experimental data shown in Fig. 2VMich the longitudinal resistance does not depend on the

The value ofé implies that the system is not in the strong angle between current and field is explained by the symmetry

tunneling limit. This can be explained by a partial suppres—pmpert"')S of the dispersion relation.

sion of tunneling due to the disord&r'3which is also sup- This work was supported by the EPSROK). L.E.
ported by 6~Q2/(1+Q2), the “tunneling strength param- thanks the Royal Societ§UK), and H.C. the CNP¢Brazil)
eter” of the RR theory in Ref. 12. Note that the magneticfor financial support.
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