PHYSICAL REVIEW B 70, 195324(2004)

Gradual decrease of conductance of an adiabatic ballistic constriction belowe?/h
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We have performed four-terminal conductance measurements of a one-dimefBR)neiannel in which it
is possible to modulate the potential profile using three overlaying finger gates. In such a 1D ballistic structure
we have observed that the conductance steps show a gradual decrease?fitotn @.97% 2€?/h with increas-
ing negative finger gate voltage in a short, clean 1D constriction. We suggest this phenomenon is due to
differing shifts of 1D subbands with changing spilt-gate voltage. Both a simple analytical estimate for an
adiabatic constriction and a realistic modeling of the device give the same magnitude of the conductance
decrease as observed in our experiments.
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It is known that the conductance of a one-dimensionabdetermined by noninteracting source and drain contacts. In
(1D) ballistic wire is quantized in units ofé¢/h. This was  such a clean system, deviations from exact quantization aris-
discovered experimentallyin split-gate induced constric- ing from the presence of electron-electron interactions are
tions in high-mobility two-dimensional electron gases not expected? since these occur only in weakly disordered
(2DEGS. Both experimentdland theoretical resuftshave  quantum wireg“dirty Luttinger liquid”).}* Therefore, the ob-
shown that the accuracy of the observed quantization is serserved deviation in our system could not be explained by
sitive to the detailed shape of the confining potential and theonductance renormalization due to electron-electron inter-
presence of impurities. The observation that a high numbeactions.
of conductance plateatiare exactly quantized, without the ~ We have studied constrictions electrostatically shaped in
appearance of any resonant features, indicates that adiabatiee 2DEG by a pair of split gates and three finger gates lying
transport in the constrictidf is attainable. However, regular across the channel. This versatile device permits control of
deviations of plateaus from quantized values 2¢°/h have  the electrostatic potential across and along the channel with-
been observed in long 1D wire3®and have been associated out changing the series resistarRe We have measured the
with either nonadiabaticity of the constriction or electron-conductances as a function of split-gate voltagé; at dif-
electron interactions in the 1D system. In the seminal worlferent center finger gate voltages; with outer finger gates
of Tarucha, Honda, and Sakwa few percent deviations were grounded to the 2DEG. With increasing negative voltage on
observed in long(5-10um) weakly disordered quantum the center finger gate, we observed in a seriesG0¥,)
wires! The deviation was observed to increase with increaseurves the transition from pronounced steps to smeared con-
ing wire length and was explained in terms of electron-ductance steps. At the same time, the height of the first con-
electron interactions in a “dirty Luttinger liquid* The re- ductance step gradually decreased frore?/B to 0.97
duction of conductance plateaus of up to 25% has also beexi2¢?/h. The effect was reproduced in two- and four-
observed in 5—um quantum wires and was ascribed to terminal conductance measurements, whereas the series re-
backscattering of electrons due to impuritt©ther struc-  sistanceRs=R(V4=0) is varied by an order of magnitude. We
tures with a more complicated geometifrshaped cleaved- ascribe this deviation from the conductance quantw?i2
edge-overgrowth quantum wifesaind V-groove quantum to the interplay between reflection in the first transmission
wires’) have shown a significant decrease of the value of thenode and tunneling via the second mode in the adiabatic
conductance steps that has been attributed to backscatteringnstriction. Electrostatics calculations show that the tops of
of electrons from the abrupt interface between the two-the first and second subbands move with different velocities
dimensionak2D) contacts and the 1D wire. in response to the change of the split-gate voltage. This leads

In this article, we show that a deviation from the quan-to a slower decrease of the reflection as compared to simul-
tized value 2°/h is possible even in a clean, short constric-taneous increase in the tunneling, and therefore, the onset of
tion in which residual scattering and effects of nonadiabaticthe conductance step occurs at a lower value ti@&n
ity are negligible. It is well establishétl that the two- =2€?/h. The effect disappears when the smeared conduc-
terminal conductance of a clean ballistic 1D system istance steps turn into pronounced ones.
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FIG. 1. () Schematic view of devicab) Four-terminal mea- finger gate voltage¥g. From bottom to topVeg=0 to -4.8 V in
surement setup(c) Measured dependences of resistaRcen the 0.2 V steps.
split-gate voltageVvy, with all finger gates grounded to the 2DEG
(the solid line. Horizontal dashed Iin'es show valugs=h/2né? fqr constriction® Figure 2b) shows thatG.=2e?/h at V=0 and
n=1,2,3. For corparison two-terminal measurement R€V,) is G.=0.97x 2€?/h at a large negative voltagé-=—1.6 V. In
shown by the dotted line. the voltage range -18<Vr<0, a continuous transition

The multilayered gated 1D structure was Iithographicallybetwee” these two values is observed. We note that the exact
defined 158 nm above the 2DEG, as shown in Fig).1 conductance quantization G‘*:Zezlh at small negativé/g
There is a 30-nm-thick layer of polymethylmethacrylate confirms the validity of the four-terminal measurement setup.
(PMMA), which has been highly irradiated by an electronNonlocality of resistance in this setup can complicate mea-
beam, to act as a dielectric between the split gate and thregirements of the conductance of the constriction. However,
overlaying finger gates. The 2DEG has a carrier density oby deliberately ensuring that the resistance of the potentio-
2.5x 10 cm2 with a mobility of 3.0x 10° cm?/V s after  metric contacts is much smaller than that of the single-mode
brief illumination with a red-light-emitting diode. Experi- channel one can neglect this nonlocality.
ments were performed in a pumpéde cryostat at 300 mK It is also worth mentioning that the gradual decrease of
and the four-terminal resistance was measured using an dlee height of the first conductance step has been detected in
driving current of 10 nA at a frequency of 77 Hz with stan- two-terminal conductance measurements, wireas been
dard phase-sensitive techniques. subtracted. This decrease has been shown to be reproducible

In our setup, the outer finger gates were grounded to théor different cool-downs, indicating that it cannot be ex-
2DEG, while the center finger gate voltage and the split-  plained by residual disorder scattering. In addition, the lack
gate voltageV, were varied over a wide range. In this of resonant features and the pronounced conductance steps
sample, potentiometric contacts were deliberately broughtemonstrate that we have a clean 1D system in which impu-
close to the constrictioffour-terminal measurement re-  rity scattering is negligible. Therefore, we can exclude the
duce the contribution of series resistance of the 20Ei@.  possibility of “dirty Luttinger liquid” behavior in our case.
1(b)]. The measured resistanBgbetween the contacts in the Moreover, in contrast to previous observatidn$,in which
absence of the constriction was only 105 that is 0.9% of the deviation from exact quantization increased with the
the quantum resistand® 2e®. Thus, we were able to mea- length of the quantum wire, in our case we observe an in-
sure the conductance of the single-mode constriction presrease in the deviation as the 1D region shortens. Therefore,
cisely enough without resorting to subtraction of the serieghe deviation we observe must be of a different physical
resistancgFig. 1(c)]. Notice that the series resistance wasorigin.
725Q) in the two-terminal measurements. Let us now see if the observed decrease of the conduc-

Figure 2 shows the measured dependencies of condutance steps can be explained in the model of quasi-1D bal-
tanceG on (a) the split-gate voltag¥y and(b) the derivative listic transport for an adiabatic constriction. The transverse
dVy(G)/dG for different finger gate voltages from 0 to quantization of electrons allows us to view the scattering
-4.8 V. If we consider the first conductance step we carProblem in terms of the local transverse modes. The conduc-
determine its heighG. by the value ofG at a point of in- tance is then given by the Landauer formul&
flection, where the derivativelVy/dG shown in Fig. 2b) =(2€*1h)Zy[ty|% wherelt,;|? is the probability that the flux
reaches a maximum. As the voltage on the center finger gaigput in subband is traveling forward into subbankl The
Ve is made more negative, the step becomes narrower argblution of the transverse Schrédinger equation at each value
eventually transforms into a point of inflection. The reasonx along the constriction gives energies of 1D subbdfds).
for the observed smearing of the conductance steps lies in thHehese subbandg,(x) have the shape of smooth potential
decrease of the ratio,/ w, of the transverse and longitudinal barriers offset from each other by transverse quantum
frequencies that define the shape of saddle potential in thewy,(x). If e, changes slowly along then intersubband
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scattering is suppressed and the total transmission coefficienéro, w, decreases, and the effect vanishes exponentially.

is equal to the sum of contributions of all subbaRdE:

Thus, the simple equatio@) predicts behavior that qualita-

=3.T To=Itod. At G=2€?/h the conductance can be ex- tively agrees with our experimental resulsg. 2).

pressed in the form

6= R+, M

Notice that the effect is absentH,=E;, i.e., whenV, has
a linear dependence on the gate voltagyeand frequencies
oy and o, remain constarft Essentially, this is the same as if
energy changes within the saddle potential are kept constant.
In this case the quantization is exddt=n) because at the

whereR,; is the reflection coefficient of the first subband and;ufiection pPOintsE=\Vy+nfiw,y, the reflection coefficierR, is

T, is the transmission coefficient through the second subgqual to the transmission coefficiefit,,. However, if the
band. When the plateaus Gi(V,) appear smeared out, their electrostatic potential deforms with varying gate voltage,
height is determined by the interplay of two basic phenom+then G(V,) dependencies for fixed Fermi energy aB(E)
ena of quantum mechanics: above-barrier reflection and turfor a fixed potential can be qualitatively different.

neling. If Ry(V,y) reduces more slowly thaf,(V,) increases,
then at the point of inflection of the cun@&(V,), the height

Realistic modeling of the electrostatics of the devices al-
lows us to check the validity of this prediction without mak-

of the stepsG. can be less than the conductance quantuning any assumptions about the shape of the potential profile.

2€?/h.

The basis of the computations is given by the structural data:

The effect is most easily seen in an approximation of ahickness and material of the layers, concentration of doping

saddle-point potentialU(x,y):V0+%m[wiyz—wﬁ(x—xmax)z],
for which the transmission coefficient via tmth subband

En(X) =Vo+fiw,(n-1/2)— 3MwZ(X—Xmay? has a simple ana-

lytical expressiorf. T,=(1+e ™)™, where en=2[E—ﬁwy(n
-3)-Volitw,, n=1,2,....

impurities, and 3D geometry of the gates. The electrostatic
potential U(x,y,z) was calculated self-consistently along
with the electron densityp(x,y,z) and the statistical
exchange-correlation potentidl . (X,Y,2)=Uq{p) in the
GaAlAs/GaAs/GaAlAs quantum well The function
Ueydp) was chosen to be the same as that used recently for

With increasing negative voltagé, on the split gate, the modeling a 2DEG(Ref.14 and a 1D quantum wir® It is

saddle potential goes up and becomes narrower. Modeling @fportant that exchange and correlation are taken into ac-
the three-dimensiona(3D) electrostatics shows that the count, particularly at low electron densiti&s.

change ofw, is small compared to the changeds andV,
as V, varies. Thus, we can assume that and V, depend

In the middle part of the channegl,was computed using a
quasiclassical approximation from the 1D density of states,

linearly onVy, while , remains constant. One can readily and the temperature was chosen to imitate tunneling through
see that the second subband moves more rapidly than thRe potential barrier along. We have found that the thresh-

first one:

g = 9B QYo Lhido,
dvg dvy 2 dy
,_dE,_dVo  3hdo,

dvy dvy 2 dV

Hence, at the minimum olT/dV,, it holds thatR;>T,.
Indeed, aflf =1, the coefficients can be approximated as

)

E-E(X
R=1-T,~ exp(— zw—ﬁl( mas) )
Wy
E -E
T,~ exp(— 277M>. (3)
hw,

At the point of inflection, d*T/dV5=0, we have T,
~Ry(E/E})? E=Vo+hawy+hiw, IN(E]/E))/2m, and

T.~1- e‘my’wx<E—f - 5) : (4)
El E2

Let us estimate the deviatioh=1-T.. If the steps on the

old voltages for the finger gates are different in the modeling
of the electrostatics of the structures and those found experi-
mentally. However, we note that experimentally these volt-
ages are sensitive, for example, to the charge in PMMA
layer. As a result, we chose the gate voltages to fit computed
curvesG(V,) to the experimental curves. The conductance
was determined by solving the multiple-mode transmission
problem with an effective potenti&l.x(x,y) in the plane of
2DEG calculated using 3D-electrostatic modeling for a given
\Z andVg.1” We considered 15 transverse modes in the cal-
culations. As a result, if nonadiabaticity of the constriction is
responsible for the reduction in quantized values, then we
would expect to find evidence for intersubband scattering. In
fact, intersubband mixing is absent for the modeled constric-
tions and transport is adiabatic.

We also studied the effect of the transverse finger gates on
the electrostatic potential in the constriction. When the volt-
age on the outermost finger gates is equal to zero and the
negative voltage on the center finger gate is large, a potential
of a triangular shape is formed along the channel, with a
smoothed top and the base width defined by the separation
between the outermost finger gafsslid line in Fig. 3a)]. If
there were only one finger gate in the center then the longi-

plot T(Vy) are to be observed, it is necessary that thatudinal potential would resemble a triangle with a wider base
wy/ w,>1.255 Thus, the exponent in E¢4) does not exceed (dotted ling. Finally, in the case in which there are no over-
2%. On the other hand, from computation of the electrostattaying finger gates, the potential would look like a smooth
ics (see belowy, dVo/dVg~%ﬁdwy/dVg and E}/E;=~2. wide hump[dashed line in Fig. @]. The presence of the
Therefore, the conductance step can decrease by 3%. Whénger gates increases, and in addition decreases,, per-
the negative voltage on the center finger gate approachesiting the ratiow,/ v, to approach 1.
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S I s A - - - computingG(V,) in such a way, there is no need to compute
30 the electrostatic potential for every value \g§. As a result,

we find that near the conductance quantum we get results
very close to the more cumbersome and time-consuming
computations of 3D electrostatics followed by 2D transmis-
sion. From Fig. &) we see that the predicted theoretical
curve is very close to the experimental curve. The same can
also be said about the curve&(Vy)/dV,. The computations
demonstrate that the quantization steps are smeared out as
they are in the experiment and reproduce, with 1% precision,
the observed reduction in the height of the quantized conduc-
tance steps.

, , o In conclusion, we have demonstrated that it is possible to
.85 150  -1.45 observe deviations from exact conductance quantization in
short adiabatic constrictions. In our devices we are able to
control the potential profile in the 1D constriction using
overlaying finger gates, and find a gradual decrease of the
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FIG. 3. (a) Effective potentialUgg(x,y=0) computed for struc-

tures without finger gate@ashed ling with one center finger gate . -
(dotted ling, and with three finger gatdsolid line). The gate volt- height of the first conductance step fronezh to 0.97

ages were chosen to adjust the transmission coefficient to (nity. ><2e2/h_ as we increasing apply a negative voltage to an
1D subbandsE; Ax) for a case characterized by surface density ofOVerlaying finger gate. The effect can be explained using a
charge in PMMA layern;=10'tcm™? and gate voltages/,= saddle-point potential model taking into account the defor-
-1.47 V andVg=-2.1 V. (c) Experimental and theoretical curves Mation of the potential with varying split-gate voltayg.
of G(Vy), dG/dV, versusV,. The computationdashed ling was Here we find that the dependence of conductance on gate
performed for the 1D subbands shown (in). Measured curves Voltage is qualitatively different from that of energy such that
(solid) refer to Ve=-3.6 V. Theoretical curves were shifted by the deviation from exact quantization appears onlGiiv,).
-0.055 V for better alignment. We find that the top of the first subband moves two times
slower than the second subband in response to the change of
Figure 3b) shows the computed 1D subbarfig,(x) for the sp_Iit—gate voltage. Th.is leads to a .slower de_crease of the
Vy=-1.47 V andVe=-2.1V [in this case,T(Ef)=T;+T, reflection compared to simultaneous increase in the tunnel-
=0.96]. The Fermi leveE£=0 is located between the tops of IN9: Such that when the conductance step height is smeared
curvesE,(x) andE,(X). Interestingly, the quantization of the out it is al_so reduced. Rgahstlc numenca_l modelmg of the
conductanceS(E) is exact for computed subbans (x). electrqst_atlcs of the devices and transm|s§|or1 through the
The computed3(V,) is shown in Fig. &) togethér with  constriction produces results that are very similar to our ex-

the corresponding experimental curve. The computation Wagerlmental data.
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