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Magnetic-field-induced V-shaped quantized conductance staircase
in a double-layer quantum point contact
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We show that the low-temperature conductari@@ of a quantum point contact consisting of ballistic
tunnel-coupled double-layer quantum-well wires is modulated by an in-layer magnetidBfidice to the
anticrossing.B creates a V-shaped quantum staircaseGprcausing it to decrease in steps a#®sh to a
minimum and then increase to a maximum, wh@renay saturate or decrease again at higdisr Relevance
of the result to recent data is discussgsi0163-182809)14935-X]

The low-temperature conductan@®) through a narrow  whereg,, is the sublevel energy= (%c/eB)Y? andV(z) is
constricted channel known as a quantum point contact ithe double-well potential illustrated in Fig. 1. The last term is
quantized in units of 8/h.! This quantization follows from the Zeeman energy whereg is the Bohr magneton and
the fact that, in one dimension, each pair of Fermi points oro=0,1. The effect of the Zeeman splitting is negligibly small
an energy-dispersion curve of a sublevel contribeféb per  for GaAs QW's withg=0.44. The Hamiltonian in Eq(1)
spino to G=(e?/h)3 ,vg,, independent of the form of the with &,=#%2k2/2m*? has been studied earffeand explains
dispersion. Here,, is the number of pairs of Fermi points many interesting phenomenatiwo-dimensionaDQW'’s in-
Veg .t cluding the magnetoresistant®, anomalous cyclotron

We consider a quantum point contact consisting ofmass’~® and the conductance enhancement in DQW wires
coupled double quantum well®QW's) separated by a thin with a short mean free patffi.
barrier shown in Fig. 1. The confinement in thelirection We solve Eq.(1) numerically by transforming it into a
yields sublevels which will be referred to here @8V sub-  three-point difference equation. Two symmetfisyl,sy2
levels The QW widthsw, ,w, and the center-to-center dis- and two asymmetric (asyl,asy@aAs/Al Ga, As DQW
tanced are small, allowing only the tunnel-split ground dou- structures, listed in Table I, are studied. Figufe) Zhows
blet to be occupied: higher QW sublevels aa considered the B=0 eigenvalues of Eq.) for the symmetric and anti-
explicitly except that they enhance the mass of the electronsymmetric ground doublet of syl including five low-lying
of the ground doublet through sublevel mixing at high fieldssublevels evenly spaced at energy interval$e0.02 meV.

B. The channel is a few tenths of a micron wide, yielding The effective mass isn*=0.067 in the QW’s andm*
densely spaced sublevels arising from the confinement in the 0.091 in the barriers in units of the free-electron mass. The
x direction. These dense sublevels are definecttanel vertical dots signify an infinite stack of the sublevels.
sublevelsor simply assublevels The current flowsallisti- For B>0, we turn off interwell tunneling initially. The
cally along the channel. The purpose of this paper is to showonfinement wave functions are then centered=at d/2.

that B (||x) creates a V-shaped staircase of the quantizeghe effective wave numbek =ky—z/I2=kyid/2I2 in the

G(B) by causingG to decrease initially to a minimum value gacond term of Eq.) for the left and right QW's are shifted
in steps of 2%/h in a system with a smalj factor and then  gative to each other by an amoutk,=d/I2. The two

to increase to a maximum value. For’narr(w'rde) QW'S,G  ghifted energy-dispersion parabolas intersect each other at
saturategdecreases agairat higherB's and the saturation ky=0. The degeneracy at the crossing point is removed by
(maximum G is larger (smalley than G(B=0). A similar  jnienwell tunneling, yielding an anticrossing gap which sepa:
behavior was observed recently. A single-QW quantum poinfates the lower branch from the upper branch as shown in
contact withBJ|z has been studied earlier. In this ca&e, Fig. 2(b) at B=2.7T. A humpis formed at the lower gap
decreases monotonically with increasi®) in steps of edge only at a sufficiently higB. In Fig. 2c), the gap(not

1,2 . . 3
2€’/h. ) S . shown lies far above the chemical potentigt) shown by
The wave function for the structure shown in Fig. 1 is

. _ ik y . .

given by W=e"r¢n(x) ¢(Z’ky)’ Where n _|nd|cates_ the TABLE 1. DQW'’s with well widths w, center-barrier widtH,
channel sublevels. The wave functigi(x) is determined o depthsV,,V,, andB=0 energy gap\,.

by the shape of the channel confinement potential and is

treated here phenomenologically. The DQW eigenfunction wit YA Ao
for the z confinementi(z,k,) is determined by Structure A) (meV) (meV)
syl 150/25 280/280 1.39
29 1 9 kA 2 sy2 135/40 280/280 0.55
H=— 5 o 72 T ome | 2| V(@ +en asyl 150/25 280/279 171
asy2 200/20 280/279 1.46

+o-g/*LBB! (1)
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FIG. 1. A bilayer quantum point contact. The fieRi(||x) is o 204
perpendicular to both the channgy) and the growth directiofe). 3
Here,d<channel width. i_
10
thick horizontal bars foN=2.0x 10" cm™*. Note thatB de- 3
forms the dispersion curve from Fig(&2 to Fig. 2b) by 03
stretching out the lower branch in the direction, introduc- 0 1 2 3 4 5 6
ing additional extrema and larde.g., divergentdensities of
states. This process transfers states from the upper branch t. B()

the region below the gap, thereby loweripgtoward the
bottom of the lower branch. This important point is clearly
seen in Figs. @) and 2b), whereu decreases from 1.64 at
B=0T to 1.05 meV aBB=2.7T (relative to the bottom of
the lower branch As a result, significantly fewer sublevels ~ The B-dependentG is displayed in Fig. 3 for syl for
are necessary to accommodate the electrols=2.7 T, re-  several electron densitiéé=nx10°cm™* and §=0.02 and
ducing the number of Fermi points and th@s 0.05 meV. For the samé@, the reductionAG=G(B=0)

With further increasindg, the lower gap edges rise, cross- —G(B=B,,) at theG minimum atB= B, is larger for a
ing u, and doubling the number of Fermi points from two to largern. This is readily understood from the fact that, for a
four for each crossed hump and thereby increaGirsgeadily ~ largerN, u is larger, populating a larger number of sublevels,
to a maximum. At higiB’s, G saturates as the two groups of yielding a larger initialG(B=0). Also, it takes a largeB to
the parabolas become separated as shown in Foy. Ror  pass the hump througp, yielding a largerB,,. In this
DQW'’s with very wide wells, howevelG decreases again at process, a larger number of the sublevels are emptied, result-
higher B's due to the mass enhancement caused byng in a largerAG at B=B,,,. For the two curves with
B-induced mixing of the QW sublevels, as will be shown §=0.05 and 0.02 meV with the samme=10, B, is larger
later. for a largeré becauseu is larger for a largew. The dotted
curve shows the effect of spin splitting fg=2. The effect
n o ; is negligible forg=0.44. Forn=20 (cf. Fig. 2, G is similar
E ' ‘ | to that forn=10 but is larger.

Figure 4 comparesG for sy2, asyl, and asy2 for
6=0.02meV. TheB=0 energy gap@, of sy2 is smaller than
; : that of syl, yielding a smallex=0.92 meV compared to
41 g u=1.07meV of syl fom=10. In syl, the occupied sublev-

5 i els consist of only the lower branch of the QW doublet be-

g causeu<A,. The sublevels just under the Fermi level are a

FIG. 3. Conductance as a function Bffor syl. The dotted
curve shows the effect of spin splitting fg= 2.
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rich source of Fermi points without adding many occupied

| states. For sy2, witlu>A,, there are two stacks of occu-
. g ' - pied sublevels, each consisting of the lower and the upper
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branch, thereby providing two rich sources of Fermi points
and yielding a large6(0) than syl. For sy2, botB,,, and

0.5 {b) ] (© the relative drop ofG at B,,,, are smaller than those of syl
B=27T B=6T because the hump passes throught a lowerB.
0.0 ————t—— For the asymmetric structure asyh,= 1.71 meV in-
40 00 10 40 00 10 cludes the 1.0-meV energy mismatch and is larger thgn
Wave Number (1/100A) =1.39meV of syl. Th& (B, is shallow and occurs at a

Bmin. Which is somewhat higher than that of syl. Note that,
FIG. 2. Energy-dispersion curves for syl with five low-lying N asymmetric DQW's, the two noninteracting parabolas in-
channel sublevels spaced &0.02 meV (not to the scale The  tersect twice as they are displacedBy the first time, with
dotted lines signify higher sublevels. The horizontal bars denote théhe same sign of the slopes, and the second time, with oppo-
chemical potentiak for N=2.0x 10" cm™%, site signs. The hump develops at the lower gap edge at the
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FIG. 5. Conductance ratiB vs uo/A (defined in the tejtfor
uniformly spaced channel sublevels in the absenc@othe Zee-
man splitting andb) the mass enhancement.

B(M

Fore,=n“s (a=1,2) with 6<ug,um.., then summation
in Eg. (2) yields

21—y > (x—0")2 %% g(x—g")

FIG. 4. Conductance as a function®for structures sy2, asy1,
and asy2(upper scale The dotted curve shows the effect of spin
splitting for g=2.

higher B (e.g.,B=2.9T) when the two parabolas intersect o'=01

with opposite signs of the slopes, yielding a higBg,,. The

spin splitting is also shown in Fig. 4 fgr=2 (dotted curve = > X (y-op—d'2)7"%0(y—on—0'2),
Recently, theG-minimum behavior shown in Figs. 3 and 4 o'=017-01

with a similar order of magnitude, but with the quantum 3

steps unresolved, has been observedTat0.3K.!! The
guantum steps are smeared out kgl = §. o . . , ;
The ratiosR=G(=)/G(0) saturate at larg8=B.. for t—hg#ZBaélAso, and 6(x) is a unit step function. The ratiR
most of the curves in Figs. 3 and 4. The asymptotic behavior q
of G(B..)=G.,, is reached whem is far below the gap as in
Fig. 2(c). In DQW'’s with deep narrow QW'se.g., syl, sy2, G()/G(0)
and asylwith negligible mixing of QW sublevels, a largBr
merely displaces the parabolas further away without chang-

Where X:,LL()/A(), y:,(LOC/Ao, 7]:AE/A0, Z

ing their shapesy, or G. While most of theR's in Figs. 3 > D (ymop—a'Z2)Y5 05 g(y—oy—0a'Z)
and 4 are larger than unitRRis less than unity for the bottom o'=01 o=01

curve(with g=2) and the asy2 curve in Fig. 4. For the latter, =

R decreases after reaching a maximum. These anomalies are 2 D (x—a )5 0%g(x—g")

due to a combination of large Zeeman splitting, field-induced o'=01 @

mass enhancement, and the energy asymmnaefywithout
tunneling, as will be shown below. , The quantityR is plotted as a function o= uq/A, in
We find, equating the number of the occupied states aigig 5 for e,=N&. ForZ=0 andy=0, R=1 as seen from
— _ . n . y =
B=0TandB=B., Fig. 5a) and is consistent with the results in Fig. 3. For
symmetric DQW's(i.e., =0), R equals 2°=1.26 andv2

” g =1.41, respectively, fow=1 and 2 in the regiox=1 and
2\/1—720 2 NHo— 0 Ao~ e decreases monotonically aboxe-1, approaching unity at
o'=01 large x. For asymmetric DQW’gi.e., >0) with y=0, R

* equals unity forx= 7, increases monotonically to a maxi-
22 E V= (0’ AE+e,+ 0gugB..). mum at x=1, and decreases monotonically approaching
n=0 o0’=01 unity at largex.
2) We estimate y~2%w(1]2|2)%/(E},1?) for single-well

QW sublevelg1) and|2) with parity. Heref o, is the cyclo-
Here the square roots vanish for negative arguments angon energy andEs,=E ,+ o ((2]2%|2)—(1|z%|1))/21% is
Mo, Mo Arep's atB=0 andB=B,,. 1—yisthe ratio ofthe the level separation. A similar effect was found earlier using
mass along the channel B&=0 andB=B., in the QW'’s. a different approact? The quantityy increases the density
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of states, reducing the number of occupied sublevels and 30
thus R, as shown by the dashed curves in Figa)5 This

effect is important in wide QW’'s such as asy2, where ]
y=0.09 at 10 T due t@-induced mixing of the QW sublev- 25
els. For the asy2 curve in Fig. 4 wit=0.63 and»=0.68,R ]

Structure: syt

N=25x10°cm™”’

is smaller than unity, as shown in Fig(ads v increases £ ]
with B, yielding a maximum inG. ‘@ 204

ForZ>0, Ris invariant under the interchange—Z. The 73' ]
effect of Z is shown in Fig. ®), whereZ=0.11 and 0.5 8 .
correspond, respectively, to the spin splittingBat=6 T for é 15
g=0.44,9=2, andA,=1.39 meV. An interesting aspect of § )

the result in Fig. ) is that, wherx is less than the lesser of
(n,2) times 2°?® R equalsR=2"13 which is about 20%
less than unity.

The conductance displayed in Figs. 3 and 4 is consistent
with the results shown in Fig. 5. The ratios obtained from .
the curves witm= 10 in Figs. 3 and 4 agree with those from 0.0 0.1 0.2 0.3 0.4 0.5
Fig. 5a). For the low-density case=2.5 in Fig. 3, however, 3 (meV)

R shows a 5% deviation from the theoretical value in Fig.

5(a) because the continuum approximation is poor at low FIG. 6. Conductance vs the uniform sublevel spacing for syl
densities. The effect of spin splitting @in Figs. 3 and 4 is and g=0. The dashed curves are the continuum results without
small for GaAs QW’s. However, fog=2, the effect is sig- Mass enhancemefite., y=0) at B=0 and at asymptotic fieldB
nificant at highB’'s. An interesting aspect of the Zeeman =B-

splitting occurs when it is combined with the asymmetry

7>0. In this caseR can become less than 1 as shown in Fig.of 2e2/h and then increasing it to a maximum, whe@e

5(b) and occurs for the bottom curve in Fig. 4. saturategdecreases agaifor narrow(wide) QW’s at higher

For large 6, fewer sublevels are populated, yielding a g The effect ofB-induced mass enhancement and spin
smallerG as seen in Fig. 3. Thé dependence o6 is dis- splitting was examined.

played in Fig. 6 for syl foB=0, 2.2, and 6 T. The dashed

curves there represent the analytic results obtained from the The author thanks J. S. Moon, J. A. Simmons, and M.

continuum approximation. Her& drops asé~*® for small ~ Blount for the discussions about the double quantum wire

6<0.12 meV. structures and for making their data available to him prior to
In summary, we have shown that a perpendiclare- publication. Sandia is a multiprogram laboratory operated by

ates a V-shaped quantized conductance staircase for a DQ®BAndia Corporation, a Lockheed Martin Company, for the

guantum point contact, decreasi@gto a minimum in steps U.S. DOE under Contract No. DE-AC04-94AL85000.
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