PHYSICAL REVIEW B VOLUME 54, NUMBER 24 15 DECEMBER 1996-II

Hybridization of single- and double-layer behavior in a double-quantum-well structure
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We report magnetoresistivity measurements of a narrow-barrier double-quantum-well structure which reveal
that when two electron subbands are occupied, the positions of the diagonal resistivity maxima originating
from these subbands oscillate together in magnetic field as the electron density is changed to give the overall
appearance of a single-layer system. By means of Hartree calculations we demonstrate that this narrow-barrier
sample is exhibiting a hybrid behavior between that of a single quantum well and a system comprising two
independent quantum wellgS0163-182€06)50148-1

Double-layer electron systentBLES’s) comprising two,  nantly confined within separate wells. As the system is pro-
high-quality, two-dimensional electron layers in close prox-gressively brought into balandeshen the electron densities
imity are the natural extension to the single two-dimensionahssociated with each well are the saneeE; andE, wave
electron systen2DES and a further step towards fully three functions are increasingly shared between the wéllst the
dimensionally engineered quantum structures. They arBalance poin(Vy=-0.072V, trace I}, E; andE, are the
formed in either a double-quantum-well structure where @ymmetric and antisymmetric eigenstates which extend
large band-gap barrier separates the two electron sheets, equally across both wells and the subband separation is just
wide quantum well where the electron sheets are held apaifie symmetric-antisymmetric gap =Agag~20 K). At bal-
by electrostatic repulsiohDLES's have revealed a variety ance, the total density is=2.4x10"* cm “and the mobility
of new physical phenomena. For example, prominent singleiS 1.6X10° cnf/V s in the dark. IfV, is decreased further,
particle integer quantum Hall states can be destroyed ani@e front well depletes aVy;~—0.49 V and single-layer
replaced by many-body ground stated,and a new frac- Shubnikov—de Haa$SdH) oscillations are observed from
tional quantum Hall state has been observed at filling factoie back well(trace Il). The electron densities associated
v=3 (forbidden in single-layer system$ Investigations of
electron tunneling, electronic drag, and 2DES compressibil-
ity in DLES’s have been equally fruitfdl.

We identify a hybridization of single- and double-layer
behavior in a narrow-barrier double quantum well by means
of magnetoresistivity measurements and Hartree calcula-
tions. Although individual magnetoresistivity traces display
manifestly double-layer behavior demonstrating that two
electron subbands are occupied, the positions of the diagonal
resistivity maxima originating from the two subbands oscil-
late together in magnetic field as the electron density is
changed to give the overall appearance of a single-layer sys-
tem.

Our DLES comprises two 150-A-wide GaAs quantum

wells separated by a 25-A MGa, ¢As barrier. A silicon- M vy=s0100v
doped A} ;Ga ¢AS layer is situated on either side of the 00 05 A 1 B(T) 15 13
double quantum well, offset by undoped (AlGa sAS ® =
spacer layers. The DLES was processed into a Hall bar with o ' z
a Schottky front gate and electrical contacts which connect Lol T T
both wells. The sample was mounted in a dilution refrigera- =1 ny // {25
tor and magnetoresistivity measurements were performed us- = / =
ing four-terminal, low-frequency ac techniques at 100 mK. i - -y | =
Figure 1a shows diagonal and Hall magnetoresistivity = ) ) . EL
(p«x» Pxy) traces for three gate biasegy). Insets |, Il, and Il 006 -0.4 -0.2 0 0=
show the corresponding calculated conduction-band edges Ve (V)

and probability densities. The two lowest electron subbands
E,, E, (E;<E,), and the subband energy separation
A(Vg)=E,—E, are identified in the schematic left ing@,

energies For V,=+0.10 V (trace |, inset ), the wells are

V.=
and E, both label the subbands and represent the subbam‘l%

out of balance and the subband wave functions are predomiv, ,n, vs Vg with total densityn=n;+n,.
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FIG. 1. (&) pxx andp,y vs B: (1) Vy=+0.10 V (off-balancg, (Il)
—0.072 V (on-balancg (Ill) V4=-0.50 V (front well de-
ed. Insets: Hartree conduction-band edges and probability den-
sities. Schematic left inset defings; ,E,,A,u. (b) Experimental
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FIG. 2. p,(B,Vy). (8) Experimental datalb) Hartree calculation, an¢t) localized wave-function calculation—white regions represent
pxx Maxima.(d) Perfect subband locking calculation—black and white regions reprgggntaxima originating fronE; andE, subbands,
respectively. In this figure,, is scaled byB for maximum contrast.

with the two subbandn,, n,) obtained from the low-field and distort a8 is increased, with the result that the trajec-
SdH oscillations are shown as a function\4f in Fig. 1(b) tories of the single-layer Landau fan from the lower quantum
with the total electron densitp=n;+n, which varies lin-  well at the top of Fig. £a) are preserved across the entire
early withV, . The small increase in; aroundv,~—0.47V 5, (B,V,) plot, each trajectory defining a constant total fill-
has been attributed to exchange-induced charge trahsfer. ing factorv=nh/eB («V4h/eB) 8 The pyx Maxima trajecto-
Figure 2a) showsp,y as a function of perpendicular mag- ries associated with the two subbands oscillate in sympathy
netic field B) and V,. White regions represent largg,  so thatp,,(B,V,) appears to derive from a single-layer sys-
(SdH oscillation maxima For V,<—0.49 V, the front well e even though two subbands are occupied. This single-
is depleted and thg,, maxima trajectories of the back well |51 pehavior is not that observed in the double- to single-

map out the characteristic single-layer Landau level fan. A phand occupancy transition investigated in single-quantum
Vg is increased, the front well starts to populate and contrib; ells and DLES's’ achieved by depopulation of one sub-

ute to the conduction—the Landau fan from this subban . : : : .
emerges from the left axis at;=—0.49 V. ForV,>—0.49 (fand with a gate bias or via exchange interactib@grcular

V, it might be expected that theg, maxima of the front well features are formed in the,(B, V) plot by the interseption_
would map out a single-layer Landau level fan while theof the spin gaps o_f the two Landau ladders, but the distortion
positions of thep,,, maxima of the back well would be in- of the.pXX trajectories center these featurgs V\{here thg Landau
variant inV,, describing vertical lines in the figure, since the 98PS N theE, subbandat B=n,(Vg)h/e2i, with i an inte-
back well would be screened from the front gate. Howeverd€'l coincide with the spin gaps in thg&, subband[at

the contributions from the two subbands begin to oscillateB=2(Vg)h/e(2j—1), with j an integef. These circular
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features appear to lie on a set of nested parabolas centered on
the balance point. (a) I I I

We performed Hartree calculatidfig using appropriate Vg=+01V :
functional forms for the Landau extended and total density of
statest? Exchange and correlation effects were deliberately
omitted. We calculatep,, via the empirical relation
pxx=BZi ,9i . Whereg; , is the extended density of states
at the chemical potential for spim and subband. The cal-
culatedp,, is presented in Fig.(®) and the striking compari-
son with Fig. Za) demonstrates that this calculation contains
the essential physics behind the distortions in the trajectories
of the p,, maxima. This physics can be understood in terms
of two limits: (i) the limit in which one subband wave func-
tion is localized in each well, an@) the limit in which both
subband wave functions are delocalized across both wells.
Limit (i) applies to our DLES at the balance potft'®
Moving away from balance, the subband wave functions be-
come progressively localized within the two wells and the
DLES moves towards limiti).

In limit (i) the DLES together with the front gate can be
considered a triple-plate capacitor. If the distance between
wells is large, then Landau levels from each subband appear
independently at the chemical potent{@l) at fields deter-
mined byn; andn, and so thep,, maxima mapped out as a
function of Vg would follow B,,x madVg) =Ny A Vg)h/e(i
+1), wherei is an integer. However, the barrier width in our
DLES is sufficiently small that the density-of-states contri-
bution to the interlayer capacitance and the geometric con-
tribution to the interlayer capacitance are comparab@on- FIG. 3. (a) Hartree results for individual subband contributions
sequently, as the thermodynamic density of states changes i pxx (E1, solid trace;E,, dashed trade E;, E,, A, andn; at
magnetic field, the concomitant change in the interlayer caVq=*0.10 V.(b),(c) Percent change in zero field value/ofndn,
pacitance causes charge to flow from one subband to thé B. respectively, foNy= (i) +0.10 V, (i) balancefiii) —0.11 V,
other (we discuss charge transfer in more detail belothe (V) —0.30 V, (v) —0.44 V. Insets: Hartree band edges and prob-
exact numerical solution fop,,(B,V,) in the presence of ability densities.
disorder in this limit is shown in Fig.(2), calculated using
the same Landau level and extended density of states as tHlder with only one level pinned at at any field(for zero
Hartree calculation. The electron layers are taken to haveéisordej. Since all filled levels contribute B/h to the total
zero thickness with separation equal to the well center-toelectron density irrespective of their origip,, maxima oc-
center distancél75 A)—this gives the same interlayer geo- cur whenn= (i + 3)eB/h, wherei is an integer and so in this
metric capacitance as measured experimentally. The frofimit p,,(B,V,) is identical to that of a single layer. The
well starts to populate a/,~—0.6 V in Fig. Ac) because exact numerical solution fop,,(B,V,) in the presence of
there is no tunneling gap in this limit. The trajectories of thedisorder assuming perfect subband locking is shown in Fig.
pyx Maxima arising from the two subbands oscillate as &(d), calculated using the same density of states as before
result of charge flow between subbands. This oscillationand the experimentai(Vy) andA(Vy). In Fig. 2a) the p,,
however, is small in comparison with that observed in Fig.maxima trajectories associated with the andE, subbands
2(a) and does not lead to the preservation of the single-layeare displayed as black and white, respectively. The
Landau fan from the lower quantum well across the entirenaxima trajectories distort in sympathy to gipg(B,V,)
pxx(B,Vy) plot. the appearance of a single layer with lines of constant total

Now consider limit(ii). For the electron density to remain filling factor comprising alternating contributions from the
constant in a two-dimensional systemBags swept, the band two subbands. Consider an arbitrgsy, maximum atv=i
edge(and subband energynoves down in energy when a + 3. When the front well is depleted, all occupied Landau
peak in the Landau level density of states is pinned ghe  levels are inE, in the back well so thav,;=i+3 and v,
Fermi energy increaspand up in energythe Fermi energy =0 (wherew; andw, are the filling factors of th&, andE,
decreasgswhen u is in a minimum of the Landau level subbands, respectivglyAs B andV, are increased along the
density of state$® Since the subband wave functions aretrajectory of constant, at some point the first Landau level
delocalized across the DLES in limiti) sharing the same in the E, subband will become occupiedy,— 3 and v;—i.
confining potential, both subband energies are equally afEach timew, increases bys, v, decreases by so this p,,
fected by the changing Landau level density of stateg.at maximum derives alternately from the two subbands as ob-
Consequently, aB is swept, the subbands oscillate together,served. At the balance point this process is reversed and
locked with fixed separatiol. Because of this subband ultimately all occupied Landau levels will again be i,
locking, the two Landau ladders effectively form a single but now in the front well.
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In general, a DLES will exhibit hybrid behavior between functions are spatially separated, therefdr@) oscillates
that of limits (i) and (ii). In order to demonstrate how this maximally in this limit and the transfer of charge is re-
hybridization occurs, we discuss the detailed electrostatics dftricted. In general, thg,, maxima continuously move from
our DLES at an arbitrary gate bias. Figur@3showsE;, the positions shown close to the balance point in Figl) 2
EZ! A, ng, and the individual subband contributions to thEtowards those shown away from balance in F|g;) As a
total p,, obtained from our Hartree calculations, for resylt of the changes in subband locking and charge transfer.
Vg=+0.10 V. ConsiderA and n, in regions I and Il. In |y oyr device we never access true liijtbehavior. There is
region |, a spin-split Landau level in thE, subband is g fficient wave-function delocalization between the two
pinned atu and the highest occupied Landau level in B¢ \yeis in our narrow-barrier DLES for limitii) single-layer
subband lies below (px, maxima in this region derive from b vioc 10 pe predominant over the entig range, al-

E,). As B increasesA decreases accompanied by an in-
. ! . . : though away from balance, some aspects of #heB,V)
glri%s;n:jmils ' Irilnrnega;gn I:;]insrf]'gﬁglr'itv Iéafrrlgre:;k)evzlnlg ;fé plot (e.g., the shape of the circular featyrase better repre-
P XX . sented by the localized wave-function calculat[dimit (i)]

increasesA increases andh; decreases(The behavior in X X
region Il is complicated by the crossing of Landau levels alcjeri?;)nstratlng that the system behaves as a hybrid of these

wm.) Charge transfers out of the subband which has a Landat[" i , . ,
In conclusion, we have observed a distortion in the posi-

level pinned aju into the other subband, keepingnvariant . . - : I
to within small capacitive corrections. FigurebBand 3c) ~ tions of thep,, maxima in a narrow-barrier DLES which

show the calculated andn, as a function oB for a series  9ives the overall appearance of a single-layer system. We
Of Vg, together W|th Corresponding band_edge prof”es an(‘fxplaﬂ] this phenomenon in terms of wave-function delocal-
probability densities. Moving away from balance, the waveization, subband locking, and charge transfer between sub-
functions become progressively localized in the wells anddands. These effects will be generic to any electronic system
there is a reduction in charge transfai(B) oscillates less  in which two discrete densities of states are brought into
and a weakening of subband lockip(B) oscillates morg  contact—e.g., coupled 1D systems or quantum antidots
The charge transfer moderates the relative motion of the twaround which a series of bound states condense out of each
subbands and produces a tendency for them to lock togethdrandau level at high field

Since the subband wave functions occupy the same physical

space in limit(ii), there is no capacitive energy cost for the ~A.G.D. and C.H.W.B. thank the Royal Society and the
transfer of Charge between subbands, and&B) oscillates Isaac Newton Trust. K.R.Z. and D.A.R. acknowledge TCRC.
maximally. In limit (i) there is a capacitive energy cost to We thank F. Stern and C. J. B. Ford for discussions. This

transfer charge between subbands since the subband wawerk was funded by the EPSR@OK).
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