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Controlled wave-function mixing in strongly coupled one-dimensional wires

K. J. Thomas, J. T. Nicholls, M. Y. Simmons, W. R. Tribe, A. G. Davies, and M. Pepper
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~Received 30 September 1998!

We investigate the transport properties of two strongly coupled ballistic one-dimensional~1D! wires, defined
by a split-gate structure deposited on a GaAs/AlGaAs double quantum well. Matching the widths and electron
densities of the two wires brings them into resonance, forming symmetric and antisymmetric 1D subbands
separated by energy gaps that are measured to be larger than their two-dimensional counterparts. Applying a
magnetic field parallel to the wire axes enhances wave-function mixing at low fields, whereas at high fields the
wires become completely decoupled.@S0163-1829~99!07315-4#
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The energy levels of a two-level system described b
HamiltonianH(a) may cross at some particular value of t
parametera. A perturbation applied to the system wi
couple the two levels, which will repel each other in acc
dance with the ‘‘no-crossing’’ theorem.1 For example, a pair
of near-degenerate Stark levels in the spectrum of a Ryd
atom in an electric field can be considered to be such a t
level system.2 In this paper we show that similar behavi
can be observed in a mesoscopic system when the en
levels of two ballistic one-dimensional~1D! wires are
brought together. When the wires have equal width and d
sity, the symmetry of the 1D wave functions allow the inte
wire interaction~the perturbation! only to couple subband
of the same index, giving rise to symmetric and antisymm
ric wave functions. The gate voltages controlling the dev
play the role of the parametera, and an in-plane magneti
field ~either parallelBi or perpendicularB' to the wire axes!
can tune the interwire interaction.

The transport properties of a single ballistic 1D constr
tion, defined by a split-gate deposited over a high-mobi
two-dimensional electron gas~2DEG!, are well known.3 As
the voltage applied to the split gate (Vsg) is made more
negative the 1D subbands are depopulated, and the con
tance drops by 2e2/h as each spin-degenerate subba
passes through the chemical potential. By fabricating4 a
modified split gate over a double quantum well sample,
two ballistic 1D constrictions (231D) can be brought to-
gether, one on top of the other~see Fig. 1, inset!. The wafer
~T210!, grown by molecular-beam epitaxy, comprises tw
150-Å-wide GaAs quantum wells separated by
25-Å Al0.33Ga0.67As barrier, with a center-to-center distan
of d5175 Å . The double quantum well is doped bo
above and below using 2000 Å of Si-doped (1
31017 cm23) Al0.33Ga0.67As, offset by 600 Å and 800 Å
Al0.33Ga0.67As spacer layers, respectively. The carrier de
sity in each layer is 1.331011 cm22, with an average mo-
bility of 1.453106 cm2/V s. The 2D symmetric-
antisymmetric~SAS! energy gap at resonance was measur5

to beDSAS51.4 meV. The wafer was processed into a H
bar with Ohmic contacts which connect to both 2DEGs, a
the gate pattern shown in the Fig. 1 inset was defined
electron beam lithography. The split-gate has a width
1.2 mm and a length of 0.4mm, and to add further control
a midline gate of width 0.4mm was deposited along th
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center of the split gate. Our previous measurements4 of bal-
listic 231D devices show two results: When the barr
separating the two 2DEG’s is 300 Å wide,DSAS'0, and
the two 1D wires behave independently with conductan
that add. In a 35-Å barrier sample the coupling is stron
(DSAS'1 meV), and there is mixing of the 1D subbands.
this paper we have been able to index the coupled subb
in a similar sample, and show that their behavior in zero a
finite in-plane magnetic field can be described by a sim
model.

The two-terminal conductanceG5dI/dV of the parallel
wires was measured at dilution fridge temperatures us
standard techniques.6 Conductance tracesG(Vsg) of the 2
31D device are shown in Fig. 1, as the midline voltageVmid
was changed from 0.16 to21.0 V in 40-mV steps. After
correcting for a series resistance,Rs5550 V, the plateaus
in the conductance are quantized in units of 2e2/h. The split-
gate voltageVsg defines both the upper~u! and lower ~l!

FIG. 1. Conductance characteristicsG(Vsg) at 1.65 K, where
from left to rightVmid is decreased from 0.16 to21.0 V in steps of
40 mV. In the region to the left~right!, only the upper~lower! wire
is occupied. Inset: Schematic plan and side view of the device.
231D electron gases are formed 2800 Å below the sample
face; they lie parallel to thex axis ~out of the page!, coupled in the
z direction, with lateral confinement in they direction provided by
the split gate.
12 252 ©1999 The American Physical Society
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wires; however, asVsg becomes more negative measu
ments show4 that the subbands in thel wire are depopulated
first. The midline voltageVmid has the opposite effect; as it
made more negative theu wire is depopulated first. There
fore, by varyingVsg and Vmid , the fraction of the curren
passing through theu and l wires can be tuned. The clea
conductance steps on the left-hand and right-hand side
Fig. 1 originate from conduction through just theu and l
wires, respectively. The more complicated structure in
tween occurs where 1D subbands of the two wires beco
nearly degenerate.

To understand the conductance characteristics better,
are differentiated4 with respect toVsg to generate the gray
scale plot7 in Fig. 2~a!. The dark lines denote the transco
ductance (dG/dVsg) maxima between plateaus, indicatin
where a 1D subband edge passes through the chemica
tential. The Fig. 2~a! inset shows the subband positions r
drawn with new axes (a, b) and indexed byn and n* ,
which are~to be shown later! the bonding and antibondin
states formed by mixing thenth wave functions of theu and
l wires.

A magnetic fieldB applied parallel to the two 2DEG’s
shifts the Fermi circles~of radii kF,u andkF,l) with respect to
each other byDk5eBd/\.8 The Fermi circles are com
pletely decoupled whenDk.kF,u1kF,l , which for the car-
rier densities in our sample occurs forB.7 T. Figure 2~b!
showsdG/dVsg in an in-plane fieldB'58 T. A similar plot
is obtained forBi58 T, and for both field directions the
characteristics are similar to those observed4 when theu and

FIG. 2. Transconductance (dG/dVsg) data at 60 mK presente
as a gray-scale plot at~a! B50 and~b! B'58 T. The insets show
the indexed subbands plotted with new axes (a,b).
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l wires are decoupled in a 300-Å barrier sample. The s
bands in Fig. 2~b! are indexed with integersp andq, corre-
sponding to the quantization of the conductance~in units of
2e2/h) in theu andl wires. In Fig. 2~b! decoupled subband
of the same index cross without mixing ata50, the same
line along which there are anticrossings between then and
n* subbands atB50 @Fig. 2~a!#. In addition to this decou-
pling at B58 T, there is also evidence of spin-splitting o
the 1D subbands.

The potential in a single 1D constriction is well describ
by a saddle point,9,10 where there is parabolic confinement
they direction and a parabolic barrier to free motion in thex
direction. The conductance~in units of 2e2/h) is determined
by the number of occupied 1D subbands at the saddle po
For the 231D device we assume that the two saddle poi
are aligned at the same (x,y) position, and the transpor
properties are determined by the mixing of the highest oc
pied wave functions,C j ~where j 5u or l ), at this point. If
separable, the unperturbed wave function in each wire
given by

C j~x,y,z!5eikxxf j ,m~y!Zj ,m~z!, ~1!

where m5p for j 5u, and m5q for j 5 l . f j ,m(y) is the
mth 1D subband wave function, andZj ,m(z) is the ground-
state 2D wave function in the quantum well.Zj ,m(z) is a
function of the carrier density at the saddle point, and he
it depends on the 1D subband indexm. For kx50, there is
peak in dG/dVsg , and the matrix element that determin
the mixing between thep andq subbands of theu andl wires
is

^CuuV~z!uC l&

5E fu,p~y!f l ,q* ~y!dyE Zu,p~z!V~z!Zl ,q* ~z!dz, ~2!

where V(z) is the conduction-band profile of the doub
quantum well structure. If the integral

I 5E fu,p~y!f l ,q* ~y!dy ~3!

is zero, then̂ CuuV(z)uC l&50, and thep andq 1D subbands
cross without mixing.I is determined by both the alignmen
of the wires and the symmetries of the two 1D wave fun
tions. If misaligned, then in generalIÞ0, and there will be
complicated mixing between all subbands of the two wir
this is not observed in theB50 results shown in Fig. 2~a!,
supporting the assumption that the two saddle points are
proximately aligned. For aligned wires,I 5dp,q , if the wires
have the same width. If the wires have different widthsI
Þ0 only whenp andq are either both odd or even. Figur
2~a! does not show this odd-even mixing expected for wi
of very different widths, and so we believe that the align
wires have approximately equal widths.11 In which case they
and z components of the unperturbed wave functions m
whenp5q5n to give

Fn~y,z!5@f l ,n~y!Zl ,n~z!1bfu,n~y!Zu,n~z!#/A11b2,
~4!

and
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Fn* ~y,z!5@bf l ,n~y!Zl ,n~z!2fu,n~y!Zu,n~z!#/A11b2.
~5!

The numberb describes how much of the wave function
in each wire and is determined by the position on thea axis,
which is itself a linear combination ofVsg and Vmid . For
example, the state labeledn51 in Fig. 2~a! has the wave
functionF1(y,z). Whena is large and negative,b→`, and
conduction is through theu wire. Whena is large and posi-
tive, b→0, and conduction proceeds through thel wire. At
a50 the 1D levels are at resonance (b51) and the integral

E Zu,n~z!V~z!Zl ,n* ~z!dz5DSAS
n /2, ~6!

defines the energy gapDSAS
n between the symmetric and an

tisymmetric 1D subbands at their anticrossing. Going alo
the b axis increases the number of occupied 1D subban
For example in Fig. 2~a!, at a50 the symmetric and anti
symmetric subbands are populated in the or
1,2,1* ,3,2* , . . . . For this reason the gray scale plots can
thought of as ‘‘energy’’ diagramsEb(a).

At B50 the integralI 5dp,q , and there is only mixing
between subbands of the same index. Using an in-plane
of B52 T, we can alterI so that there is also mixing be
tween subbands of different index; though, unlike the h
field case (B.7 T!, the energy diagramEb(a) is sensitive to
the direction of the in-plane field. WhenB'52 T, see Fig.
3~a!, Eb(a) is similar to that obtained atB50 @Fig. 2~a!#,
and there is no evidence of new anticrossings. In contrast

FIG. 3. Gray-scale plots ofdG/dVsg as a function ofVmid and
Vsg at ~a! B'52 T and~b! Bi52 T.
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Bi52 T, see Fig. 3~b!, there is strong mixing that gives ris
to complicated crossings and anticrossings. In aBi field the
electron gains momentumDky5eBid/\ as it tunnels the dis-
tanced in the z direction, and Eq.~3! becomes

I ~Bi!5E e2 iDkyyfu,p~y!f l ,q* ~y!dy

5E f̃u,p~ky2Dky!f̃ l ,q* ~ky!dky

5E f̃u,p~ky2eBid/\!f̃ l ,q* ~ky!dky , ~7!

where f̃ j ,p(ky) is the Fourier transform off j ,p(y). The
wave functions of the two wires are shifted with respect
each other inky space, and in generalI (Bi)Þ0. TheEb(a)
diagram atBi51 T ~not shown! exhibits completely differ-
ent crossings and anticrossings to those atBi52 T @Fig.
3~b!#, reflecting the changes inI (Bi). For the other in-plane
direction, B' , there is no change inky and the observed
Eb(a) diagrams are nearly identical at low fields,B'

!7 T.
To calibrate theEb(a) diagrams atB50 we have per-

formed dc source-drain voltage measurements using a s
troscopic technique developed to study single wires.6 The
energy spacing between two subbands is given by the
plied dc voltageVsd that causes their split transconductan

FIG. 4. ~a! Traces ofdG/dVsg on resonance (a50) at Vsd

50, 0.2, 0.4, and 0.6 mV, obtained along theb axis, a linear com-
bination of Vmid and Vsg , which are swept simultaneously acro
the ranges given at the top and bottom of the figure.~b! The posi-
tions of the right-moving transconductance peaks of then subbands
(d), and the left-moving peaks of then* subbands (s) as a func-
tion of Vsd . The solid lines are guides to the eye, showing t
crossing voltages used to calculateDSAS

n .
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(dG/dVsg) peaks to cross. We have used the same techn
to measureDSAS

n , the energy gap at then-n* anticrossings
along theb axis at a50. Figure 4~a! shows thedG/dVsg
characteristics along theb axis at resonance forVsd50, 0.2,
0.4, and 0.6 mV;Vsd doubles the number ofdG/dVsg peaks,
as shown by dashed lines forn52 and 3. To simplify the
picture, Fig. 4~b! shows only the position of the right-movin
n peaks and left-movingn* peaks as a function ofVsd . The
gap DSAS

n is the voltage across the 231D device at which
adjacentn andn* peaks cross, and for this reason the cro
ing voltages measured from Fig. 4~b! are corrected for serie
resistance effects.6 The corrected values areDSAS

n 52.6
60.4, 2.460.3, 2.160.3, and 1.660.3 meV forn51, 2, 3,
and 4, respectively. Asn increases the Coulomb repulsio
associated with the higher carrier density in the vicinity
the constriction pushes the wave functions further apar
thez direction, decreasing the SAS gap towards the 2D lim
DSAS51.4 meV, of the as-grown sample.

We note that the matrix element in Eq.~2! is the same as
that used12 in studies of 1D resonant tunneling diodes, whe
the tunneling current is proportional tou^CuuV(z)uC l&u2. In
these other studies the anisotropy in the two in-plane fi
directions was observed, but modeling was required to
cide which tunneling transitionn→m is associated with
which structure in theI -V characteristics. For the case
strong coupling considered here, indexing is much easier
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cause the mixing between theu and l subbands is clearly
seen in theEb(a) diagrams, andp andq are determined from
the quantized conductance. Other studies13 have investigated
231D wires defined over parabolic quantum wells, but b
cause of the large well width, these systems show str
diamagnetic shifts in an in-planeB field.

In conclusion, we have observed the bonding and a
bonding subbands of coupled 1D wires. At resonance,
wires are aligned and have approximately equal widths,
the gapDSAS

n at the anticrossing has been measured. Usin
simple single-particle model we can understand the ove
behavior of the coupled 1D subbands; there is no evide
for subband locking,14 where 1D subbands are attracted t
wards each other. The coupled 1D devices are of interes
furthering studies of the0.7 structure—this is a reproducible
conductance feature at 0.7(2e2/h) that is observed3,15 in a
clean single 1D wire, in addition to the usual quantized co
ductance plateaus. In a strong parallel magnetic field the
structure evolves into a spin-split plateau ate2/h, suggesting
that the zero-field structure at 0.7(2e2/h) arises from many-
body interactions where spin is an important ingredie
There are indications of a 0.7 structure in Fig. 1.
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