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Controlled wave-function mixing in strongly coupled one-dimensional wires
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We investigate the transport properties of two strongly coupled ballistic one-dimen&i@natires, 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 decouplé80163-182809)07315-4

The energy levels of a two-level system described by aenter of the split gate. Our previous measurenfesitbal-
HamiltonianH (a) may cross at some particular value of thelistic 2X 1D devices show two results: When the barrier
parametera. A perturbation applied to the system will separating the two 2DEG’s is 300 A widAgas=0, and
couple the two levels, which will repel each other in accor-the two 1D wires behave independently with conductances
dance with the “no-crossing” theoremEor example, a pair that add. In a 35-A barrier sample the coupling is stronger
of near-degenerate Stark levels in the spectrum of a RydbergA\s,<~1 meV), and there is mixing of the 1D subbands. In
atom in an electric field can be considered to be such a twathis paper we have been able to index the coupled subbands
level systent. In this paper we show that similar behavior in a similar sample, and show that their behavior in zero and
can be observed in a mesoscopic system when the enerdjpite in-plane magnetic field can be described by a simple
levels of two ballistic one-dimensionallD) wires are  model.
brought together. When the wires have equal width and den- The two-terminal conductand8=dI/dV of the parallel
sity, the symmetry of the 1D wave functions allow the inter-wires was measured at dilution fridge temperatures using
wire interaction(the perturbationonly to couple subbands standard techniquésConductance trace&(Vgg) of the 2
of the same index, giving rise to symmetric and antisymmet-x 1D device are shown in Fig. 1, as the midline voltage,
ric wave functions. The gate voltages controlling the deviceayas changed from 0.16 te-1.0 V in 40-mV steps. After
play the role of the paramete; and an in-plane magnetic correcting for a series resistand®,=550 (), the plateaus
field (either paralleB or perpendiculaB, to the wire axes  in the conductance are quantized in units ef/h. The split-

can tune the interwire interaction. gate voltageV, defines both the uppeiu) and lower ()
The transport properties of a single ballistic 1D constric-

tion, defined by a split-gate deposited over a high-mobility
two-dimensional electron gg@DEG), are well knowrt As

the voltage applied to the split gat&/{) is made more
negative the 1D subbands are depopulated, and the conduc-
tance drops by €/h as each spin-degenerate subband
passes through the chemical potential. By fabric4tiag
modified split gate over a double quantum well sample, the
two ballistic 1D constrictions (X 1D) can be brought to-
gether, one on top of the othé&ee Fig. 1, insét The wafer
(T210, grown by molecular-beam epitaxy, comprises two
150-A-wide GaAs quantum wells separated by a
25-A Al 3Ga, ¢As barrier, with a center-to-center distance
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of d=175 A. The double quantum well is doped both u

above and below using 2000 A of Si-doped (1.2 - ” I |
X 10t cm™3) Al 35Ga ¢-AS, offset by 600 A and 800 A ok . LU / .
Alg 35Gay g7AS spacer layers, respectively. The carrier den- -6 - -
sity in each layer is 1.810'* cm™2, with an average mo- Gate Voltage Vsg (V)

bility  of ~ 1.45X 1° cn?/Vs. The 2D  symmetric- FIG. 1. Conductance characteristifV,,) at 1.65 K, where
antisymmetrid SAS) energy gap at resonance Was_measlhredfrom left to rightV,,iq is decreased from 0.16 te1.0 V in steps of

to beAgag=1.4 meV. The wafer was processed into a Hall 49 mv. In the region to the lefright), only the uppexlower) wire

bar with Ohmic contacts which connect to both 2DEGS, ands occupied. Inset: Schematic plan and side view of the device. The
the gate pattern shown in the Fig. 1 inset was defined bgx 1D electron gases are formed 2800 A below the sample sur-
electron beam lithography. The split-gate has a width oface; they lie parallel to the axis (out of the pagg coupled in the

1.2 pm and a length of 0.4um, and to add further control, zdirection, with lateral confinement in thedirection provided by

a midline gate of width 0.4um was deposited along the the split gate.
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| wires are decoupled in a 300-A barrier sample. The sub-
bands in Fig. &) are indexed with integens andq, corre-
sponding to the quantization of the conductaficeunits of
2e?/h) in theu and! wires. In Fig. Zb) decoupled subbands
of the same index cross without mixing at0, the same
line along which there are anticrossings betweenrttand

n* subbands aB=0 [Fig. 2@]. In addition to this decou-
pling atB=8 T, there is also evidence of spin-splitting of
the 1D subbands.

The potential in a single 1D constriction is well described
by a saddle point°where there is parabolic confinement in
they direction and a parabolic barrier to free motion in the
direction. The conductand@ units of 26%/h) is determined
by the number of occupied 1D subbands at the saddle point.
For the 2<1D device we assume that the two saddle points
are aligned at the samex,fy) position, and the transport
properties are determined by the mixing of the highest occu-
pied wave functions¥; (wherej=u or ), at this point. If
separable, the unperturbed wave function in each wire is
given by

Wi(x,y,2)=e%p; (Y)Z; m(2), (6N

l wherem=p for j=u, andm=q for j=1. ¢; n(y) is the
/q=1,2,...,s mth 1D subband wave function, arfj ,,(z) is the ground-
—r— - state 2D wave function in the quantum well; () is a

- -4 2 function of the carrier density at the saddle point, and hence
Gate Voltage Vsg (V) it depends on the 1D subband index For k,=0, there is
peak indG/dV,g4, and the matrix element that determines

FIG. 2. TransconductancelG/dVsg) data at 60 mK presented  the mixing between thp andq subbands of the and| wires
as a gray-scale plot 48 B=0 and(b) B, =8 T. The insets show g

the indexed subbands plotted with new axadj.

o | (W V@)
WIres; however, aS\/Sg becomes more negatlve measure-

ments showthat the subbands in tHewire are depopulated . .

first. The midline voltagd/,,,4 has the opposite effect; as it is = f ¢u,p(y)¢|,q(y)dyf Zup(2V(2)Z] 4(2)dZ, 2
made more negative the wire is depopulated first. There- . . .

fore, by varyingVs, and Vpiq, the fraction of the current where V(z) is the conducnon_-band profile of the double
passing through the and| wires can be tuned. The clean quantum well structure. If the integral

conductance steps on the left-hand and right-hand sides of

Fi_g. 1 originat_e from conduction thrqugh just tlmeand_l |:J ¢u,p(Y)¢|*,q(Y)dy 3)
wires, respectively. The more complicated structure in be-

tween occurs where 1D subbands of the two wires becomg . ther(W,|V/(2)|¥,) =0, and thep andq 1D subbands
) u 1
nearly degenerate. cross without mixingl is determined by both the alignment

To understand the conductance characteristics better, they .o .\ i-oc and the symmetries of the two 1D wave func-
are differentiatelwith respect toVs4 to generate the gray- tions. If misaligned, then in genera 0, and there will be

scale plot in Fig. 2(a). Th_e dark lines denote the transcon- complicated mixing between all subbands of the two wires;
ductance §G/dVsg) maxima between plateaus, indicating this is not observed in thB=0 results shown in Fig.(2),

where a 1D subband edge passes through the chemical PY; . : :
. . . . pporting the assumption that the two saddle points are ap-
tential. The Fig. 2a) inset shows the subband positions re'proximately aligned. For aligned wire= 8, o, if the wires

dra_wn with new axesg, b) and i”d?xed byn ar_ld n*,_ have the same width. If the wires have different widths
which are(to be Shf’V.V” latgrthe bondlng_and antibonding #0 only whenp andq are either both odd or even. Figure
states formed by mixing theth wave functions of the and 2(a) does not show this odd-even mixing expected for wires

| wires. of very different widths, and so we believe that the aligned

A magnetic fieldB applied parallel to the wo 2DEG's wires have approximately equal widthsin which case th
shifts the Fermi circleof radii ke, andke, ) with respect to and z compo[:f()ents of th)é uqnperturbed. wave functiong mix

each other byAk=eBd#.% The Fermi circles are com- h —g=n to qi
pletely decoupled wheAk>kg ,+kg,, which for the car- whenp=g=ntfogive
rier densities in our sample occurs BE7 T. Figure 2Zb) = _ 7 " 7 N
showsdG/d Vg in an in-plane field, =8 T. A similar plot YD =LAV Z1n(2)F Bdun(¥)Zun(2)] A (@
is obtained forBj=8 T, and for both field directions the

characteristics are similar to those obsefwetien theuand  and
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FIG. 4. (a) Traces ofdG/dV,q4 on resonancea=0) at Vgq
=0, 0.2, 0.4, and 0.6 mV, obtained along thexis, a linear com-
Gate Voltage ng V) bination of Vg and V4, which are swept simultaneously across
the ranges given at the top and bottom of the figdog The posi-
FIG. 3. Gray-scale plots alG/dV,q as a function olV,;q and tions of the right-moving transconductance peaks ofrtkebbands
Vg at (@ B, =2 T and(b) Bj=2 T. (@), and the left-moving peaks of th& subbandsQ) as a func-
tion of V4. The solid lines are guides to the eye, showing the

Fos (¥,2)= (B ()21 n(2) = oY) Zy (D) YNT+ G2, C1OSSING voltages used [0 calculadsg
"2, V)20, 2

)
_ . Bj=2 T, see Fig. &), there is strong mixing that gives rise
The numberg describes how much of the wave function is to complicated crossings and anticrossings. By dield the
in each wire and is determined by the position onafexis,  electron gains momentutkk,=eBd/# as it tunnels the dis-

which is itself a linear combination d¥sq and Viyig. FOr  tanced in the z direction, and Eq(3) becomes
example, the state labelat=1 in Fig. Aa) has the wave

functionF(y,z). Whena is large and negativg8—, and _
conduction is through the wire. Whena is large and posi- |(BH)IJ e Yy o(Y) i (y)dy
tive, B—0, and conduction proceeds through theire. At

a=0 the 1D levels are at resonang=f1) and the integral

= J bup(ky— Aky) Bi'q(ky)dky

Zun(2)V(2)ZF ((2)dz= A% d2, 6 - ~
f un(2DV(2D)Z] 1(2) sad (6) :f d)u,p(ky_ea\d/h)d)r,q(ky)dky1 R0
defines the energy gapg ,sbetween the symmetric and an- 3
tisymmetric 1D subbands at their anticrossing. Going alongvhere ¢; (k,) is the Fourier transform ofp; ,(y). The
the b axis increases the number of occupied 1D subbandsvave functions of the two wires are shifted with respect to
For example in Fig. @), ata=0 the symmetric and anti- each other irk, space, and in gener&{B|) #0. TheEy(a)
symmetric subbands are populated in the ordediagram atB=1 T (not shown exhibits completely differ-
1,2,17,3,2%, ... . For this reason the gray scale plots can beent crossings and anticrossings to thoseBgt2 T [Fig.
thought of as “energy” diagramg,(a). 3(b)], reflecting the changes i(B)). For the other in-plane

At B=0 the integrall = 5, 4, and there is only mixing direction, B, , there is no change ik, and the observed
between subbands of the same index. Using an in-plane fie,(a) diagrams are nearly identical at low field8,
of B=2 T, we can alted so that there is also mixing be- <7 T.
tween subbands of different index; though, unlike the high To calibrate theE,(a) diagrams atB=0 we have per-
field case B>7 T), the energy diagrar&,(a) is sensitive to  formed dc source-drain voltage measurements using a spec-
the direction of the in-plane field. Whe®, =2 T, see Fig. troscopic technique developed to study single wir@he
3(a), Ep(a) is similar to that obtained @ =0 [Fig. 2@)], energy spacing between two subbands is given by the ap-
and there is no evidence of new anticrossings. In contrast, fglied dc voltageVy that causes their split transconductance
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(dG/dVsg) peaks to cross. We have used the same techniqueause the mixing between theand | subbands is clearly

to measureAd, s, the energy gap at the-n* anticrossings seen in theEy(a) diagrams, ang andq are determined from
along theb axis ata=0. Figure 4a) shows thedG/d Vs the quantized conductance. Other stutfiesve investigated
characteristics along tHeaxis at resonance forg,=0, 0.2, 2% 1D wires defined over parabolic quantum wells, but be-
0.4, and 0.6 MV, doubles the number afG/dV,, peaks, ~Cause of the large well width, these systems show strong
as shown by dashed lines far=2 and 3. To simplify the ~diamagnetic shifts in an in-plart field.

picture, Fig. 4b) shows only the position of the right-moving . " conclusion, we have observed the bonding and anti-
n peaks and left-moving* peaks as a function &f.4. The bonding subbands of coupled 1D wires. At resonance, the

gapAl,sis the voltage across thex2LD device at which wires are aligned and have approximately equal widths, and

n . . '
adjacenth andn* peaks cross, and for this reason the cross:[he gapAsasat the anticrossing has been measured. Using a

; ; ; imple single-particle model we can understand the overall
ing voltages measured from Fig(b} are corrected for series S'MP'€ : _ _
esistance efecs The corected vales aral, =26 Leraver of e coupled 10 subbards were s no evience
+0.4,2.4-0.3,2.1:0.3, and 1.60.3 meV forn=1, 2, 3 ! . . .
and 4 respec’tively A!;I increases the Coulomb r,ep,uls,ion wards each other. The coupled 1D devices are of interest in
associated with the higher carrier density in the vicinity c)ffurthermg studies of th8.7 structure—this is a reproducible

. 5 .
the constriction pushes the wave functions further apart inconductance feature at 0.%Zh) that is observet® in a

thez direction, decreasing the SAS gap towards the 2D Iimitdean single 1D wire, in addition to the usual qgantized con-
Acrceld mév of the as-grown sample ‘ductance plateaus. In a strong parallel magnetic field the 0.7
SAS +- ’ - .

We note that the matrix element in E@) is the same as structure evolves into a spin-split plateaweéth, suggesting

that usedf in studies of 1D resonant tunneling diodes, wherethat th_e zero—f|eld structure at O'.7€(22h) arises fro”.‘ many-
body interactions where spin is an important ingredient.

the tunneling current is proportional t6¥ |V(2)|¥))|2. In S g

these other studies the anisotropy inO\{;e two in-i)lane ﬁel(;rhere are indications of a 0.7 structure in Fig. 1.

directions was observed, but modeling was required to de- We thank the Engineering and Physical Sciences Re-
cide which tunneling transitiom—m is associated with search Counci(U.K.) for supporting this work, and J.T.N.
which structure in thd-V characteristics. For the case of also acknowledges support from EPSRC. We thank Dr. N. J.
strong coupling considered here, indexing is much easier beAppleyard for useful discussions.
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