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Manipulation and detection of gate-confined quantum devices

EE LR
H P

NSC 99-2112-M-009-007
99 #8711 p32101=#472 300p

AFAFEEE WA AFT IR
- PR WA W IEH S T+ 2 0% BT
e o ik o AR -

R F 2% AT EREERE - AER
A BT RF AL bR
F e TR R Y FRA B R D
BT R SIS R I‘F LR
R NP PET BT SEA
¥7 % 3.¥2 Aharonov-Bohm -,x@_,vii@i 7
TR DT HaAnt § 0 kMBS
TR E g fREIETEA 2 2 Ed Bk
Borpritid S X2 bR RS Bk
N R T R F IR A A
AR T RT BT é ¢ chaotic
et regular TV TG A
PR AR A BETRAS
%%ﬁwﬁ’rlal e BT
Mg BES - a3 § i@
€ 2 o A3 2 A5(regular ) e
W ¢ aptae B4 A 4 eflahE
el Puzpﬁ‘ T FF A
SEE(F R REC]) ) RN e fl%if,?g
2N sl - PR e s R I
3K coregular VAR o B o chaot|c
veRl o H g B d B L Lorentzian
FoR Vg h ik fmR2GE S f R
A ¢ 4 Lorentzian 4 % 5 AEA550 5 F]pt
73: ERAEE R S g Rk gt
% > g8 a5 %k d Chaotic 7 "2 # % %
Regular 7 %%

a5
RPN

m*t—x*

i
#
L
&

Abstract

Electrons are confined in a small region
forming a cavity by negatively biasing a pair
of metallic gate in a two dimensional electron
gas. We have fabricated such electron
cavities of different areas in submicron scale.
Conductance oscillations are present in
conductance-gate voltage characteristics and
source-drain spectroscopy. In the presence of
perpendicular magnetic field, two quantum
interference effects take place in longitudinal
resistances. In  high magnetic fields,
resistance oscillation occurs at a periodicity
of magnetic flux due to Aharonov-Bohm
effect. In low magnetic fields, a negative
magnetoresistance is obtained and can be
ascribed to weak localization effect. By
varying gate voltage, the line shape of low
field magnetoresistance would transits from
Lorentzian to linear. We suggest that the
transition may be resulted from the shape
change of cavity from chaotic to regular with
decreasing split gate voltage.

Keywords: gate-confined electron cavity,
magnetoresistance, chaotic, regular.
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With advanced technology nowadays,

fabricating a device with its dimension
comparable with the mean free path of



charge carrier is applicable. In such kind of
so called mesoscopic systems, the motion of
charge carrier is coherent and ballistic, and
many fascinating physics are associated with
these criteria. Quasi-one-dimensional wires
and quantum dots are the typical examples
by an artificial confinement in the two
dimensional electron/hole gases at the
interface of semiconductor heterostructures.
The electrical properties are sensitive to the
energy spectrum of the carrier arisen out of
the confinement induced quantization.

During the past decades, the open
guantum dots have attracted much attentions
providing important insights in topics of
electron-electron interaction, wavefunction
interference, decoherence, and localization
effects in addition to the charge and size
quantization'®. Besides, they have the
valuable potential for application in future
technologies such as a single photon
detector® and a qubit of quantum computer®.
Hence, it is necessary to understand the
details of the artificial dots and cavities. Here,
we demonstrate the evolution of the weak
localization resistance peak form of a single
cavity with its shape.

I RE%E

The two dimensional electron gas(2DEG)
which forms at the interface of an
AlGa; ,As/GaAs heterostructure was grown
using MBE by Dr. Umansky at Wiezmann
institute in Israel. Shubnikov-de Haas and
Hall measurements were used to determine
the areal electron density n. Mobility p is
about 1.6x10° cm?/Vs and n is 1.4x10"cm?

corresponding to the elastic mean free path /¢

of ~10um at low temperatures.

Electron beam lithography along with
thermal deposition were used to fabricate
metallic gates on (100) plane of the substrate.
A pair of metallic gates with fork-like
splitting fingers was fabricated. Therefore, an
electron cavity can be formed by the
depletion of 2DEG ~93nm beneath the

negatively biased splitting finger gates. In this
work, two cavities with different topological
areas (~0.48 pum’ for C1 and ~0.12 pm?® for
C2) but similar shapes were studied. On top
of the gates, being isolated by a ~100nm
thick dielectric layer of cross-linked
Polymethylmethacrylate (PMMA), a top
metallic gate was fabricated to control carrier
concentration of cavity.

Measurements were performed in either
a pumped °He cryostat or a dilution
refrigerator with base temperatures of 0.27K
and 40mK, respectively.  Differential
conductance measurement was carried out
using standard four terminal ac lock-in
techniques at 17 Hz with a small excitation
voltage of 5uV. Samples were placed in the
center of a 9T superconducting solenoid
magnet. The magnetic field direction is
always perpendicular with the 2DEG plane.

T~ R%RER

As shown in the insets of Fig.1l, two
fork-like gates embrace a rectangular region
with two open ends of ~350 nm in width on
the opposite sides serving as the entrance and
exit. By negatively biasing the pair of metal
gates, electrons can be confined in a small
region forming a cavity. In figure 1, we plot
the conductance versus the top gate voltage
V, against a series of split gate voltage V., at
T=45mK for both cavities, respectively.
Using the top gate, carrier concentration and
corresponding Fermi energy are varied.
Evolution of curves follows fairly with the
confinements V, and carrier concentration
V. In addition, there are some conductance
oscillations below 2e’/h. They are present in
the region where G is between 0.1 and 0.6
(2e*/h) and not typical coulomb-blockade
type oscillations for G< 0.1(2e*h) with exit
and entrance quantum point contacts in the
tunneling (weakly coupled to reservoirs)
regime. With the source-drain spectroscopy,
diamond structures can be obtained. All data
indicate that cavities are indeed created and
Cl is larger than C2 in confined area.



Charging energies are 0.7 and 1.7 meV under
the similar conditions for cavities C1 and C2,
respectively.
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Fig. 1 Conductance versus the top gate voltage
against the split gate voltage for two cavities, (top)
C1 and (bottom) C2, at T=45mK. For cavity C1, Vs,
is from —470 to —=770 mV in 15 mV steps. For cavity
C2, Vg is from —300 to —640 mV in 20 mV steps.
Insets: SEM images of the corresponding cavity.

A negative magnetoresistance behavior
at low fields is generally observed in ballistic
cavity analogous to the well-known weak
localization effect in the weakly disordered
samples. We show the traces of
magnetoresistance with the split gate voltage
for cavity C2 in Fig.2. As seen, in addition to
SdH conductance oscillations at B> 0.1 T,
resistance is the maximum at B=0 and
decreases with increasing magnetic field
symbolizing a negative magnetoresistance
behavior. It is attributed to the constructive

interference  of  time-reversal returned
trajectories of ballistic electrons resulting in a
enhancement of coherent backscattering and
the resistance maximum in the absence of
magnetic field. However, ballistic electrons
are scattered at the boundaries of cavity
differing from diffusive electrons in
disordered samples. For the high fields,
3%\sim$5 T, magnetoresistance demonstrates
periodic oscillation with a period of $\sim$90
mT. The scenario is due to interference of
the opposite skipping orbits, clockwise along
up half wall and counterclockwise along
down half wall, in accord with
Aharnov-Bohm effect. Period is determined
by the magnetic flux and hence, the area of
cavity can be estimated. Parameters from fits
are listed in Table 1. The size of cavity is
slightly reduced with more negatively biasing
the split gates.
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Fig. 2 Magnetoresistance of cavity C2 at T=0.3K for

Vip =0.1V. Vg are (a) —-0.25V, (b) —0.35V, (c)

—0.45V, and (d)-0.50V, respectively. Solid lines are

the Lorentzian fits to data using Eq.(1).

Earlier work by Baranger et al.
demonstrated the interference leads to a
negative  magnetoresistance in  ballistic
cavities and argued the form can be
influenced by the spatial symmetry and
nonergodic paths’. The reflection coefficients
at boundaries are sensitive to magnetic field
via time-reversal symmetry. The difference of
magnetoresistance arises between chaotic



and regular cavity taken account for the
effective area distribution enclosed by
classical path with respect to the field scale.
For a chaotic cavity with less spatial
symmetry, the magnetoresistance has a
Lorentzian dependence on magnetic field
following’
R

R(B)=
(8) 1+(2B/a,®, )’
where oy is the inverse of the area enclosed
by a classical path and ®,=2r7c/e is the flux

guantum. Chang et al. reported that the
Lorentzian behavior was observed for the
chaotic stadium cavities and the almost linear
behavior for the nonchaotic, circle cavities®.

Vg |AB |A E. AE | AEJE
(MV) | (mT) | (um?) | (meV) | (meV)

400 | 88.7 [ 0.047 [1.34 [0.154 [0.114
450 [ 97.0 |0.043 [1.47 [0.168 |0.114
500 | 1255 0.033 [ 1.69 | 0.218 | 0.129

Tablel Parameters obtained from the fits.

Our rectangular shape cavity has a
certain degree of symmetry and should be
catalogued as regular. The Lorentzian
dependence is not expected. Solid lines in
figure 2 are the Lorentzian fits to data for
different split gate voltages. Strikingly, the
Lorentzian fits fall on top of the low field
magnetoresitance curves in Figs.2(a), (b),
and (c), meanwhile the fit departs from data
in Fig.2(d) which the split gate voltage is the
most negative. The electrostatic confinement
of cavity is controlled by the split gate
voltage. The cavity area and shape can be
varied. Aharnov-Bohm effect in high
magnetic fields reveals that the area are
slightly decreased from (a) to (d) in turn as
listed in Table 1. However, the evolution of
magnetoresistance form implies that the
dominant role is the cavity shape tuned by
the split gate voltage. With the less
negatively biasing, the confinement is smooth
and cavity corners are rounded. Therefore,
the most trajectories of the electrons are
scrambled by the round corners and soft
walls remain inside the cavity resulting in the

Lorentzian type magnetoresistance similar to
the chaotic cavity. With further increasing the
negative bias, the confinement is deeper and
cavity corners are sharp. In contract, it
evolves from chaotic to regular dynamics. In
fact, the low-field magnetoresistance is
nearly linear in figure 2(d) as expected for a
regular cavity’.

In summary, two cavities were created
by negatively biasing a pair of fork-like
metallic gate in two dimensional electron
gases. Evolution of the low field
magnetoresistance of the rectangular cavities
was investigated. By increasing split gate
voltage (less negative), the form of low field
magnetoresistance  would transits from
Lorentzian to linear. In comparison with
theory account for interference of ballistic
electrons bounced in the cavity, the behavior
implies that cavity shape changes from
regular to chaotic with less confinement.
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Introduction

Aharonov-Bohm effect Applying Feynman path-integral method, the
phase difference can be expressed as below:

¥ Phase difference bet. cw and ccw paths
changes from 0 to 2 w. varying magnefic flux.
¥ Oscillations show up inthe periodicity of
‘magnetic flox.
Magnetic-flux quantization of
a cylindrical metallic film

Osallations of magnetoresistance
occurred ina cylindrical Mg film.
Sharvin efal., JETP Leit 34. 272 (1981)

ExperimentalDetails

2DEG : high mobility GaAs/AfGaAs heterostructure (provided by Umansky group)
Sample structure : by e-beam lithography

sz

Isolating from an insnlating layer, a top gate is fabricated on top of the cavity to modify
the eleciron density at 7D electron gas in the channel

Gate arangement:
Apply negafive voliage to the fork-ike gates to produ
Apply additional voltage on the top gate to control camer density in cavity.

10

Motivation
With advanced technology nowadays, fabricating a device with its dimension
comparable with the mean free path of charge carrier is applicable.
In such kind of so called mesoscopic systems, the motion of charge carmer is
coherent and ballistic, and many fascinating physics are associated with these
criteria. Quasi-one-dimensional wires and quantum dots are the typical examples by
an arfificial confinement on the two dimensional electron/hole gas at the interface of
semiconductor heterostructures. The elecirical properties are sensitive to the energy
specirum of the camier arisen out of the confinement induced quanfization.
During the past decades, the open quantum dots have atiracted much attentions
providing important insights in topics of eleciron-electron interaction, wave
interference, decoherence, and localization effects in addiion to the charge and size
quanfization. Besides, they have the valuable potenfial for application in future
technologies such as a single pholon detector and a qubit of quantum computer.
Hence, it is necessary to understand the details of the artificial dots and cavities.

Here, we demonstrate the evolution of the weak localization resistance peak
form of a single cavity with its shape.

Weak localization effect in disordered samples
¥ Probability of finding electron in this region increases.
Electron seems be localized at this place.
(Resistance increases.)
¥ Magnetic field would break the time reversal symmetry.
Negative magnetoresistance appears.
Two paths of time-reversal symmetry. L P
Constructive interference.

Ballistic analogue of weak localization effect.

¥ There also exist electron paths with time reversal symmetry
when electrons transport through a ballistic cavity
Negative magnetoresistance appears.

1P.Bird etal_, Phys_ Rev. B 52, 14336 (1005).
I.H. Chan efal.. Phys. Rev. Lett. 74. 3876 (1995).

Differential resistance measurement (finite Vg, up to 3mV)
For zero bias (Vg~0) resistance, V. supply and adder box are removed.

measured either
at T=0.3K in a *He cryostat or

Synchronizing




Results and Discussion
de Haas Oscillations of 2DEG & Cavity 2.
The formation of the cavity does not affect carrier concentration n..
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MNegative magnetoresistance at low fields (B<0.5T)

Magnetoresistance curves of cavity for different Viz and Vi demonstrate
negative magentoresistances at low fields.
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Theoretical calculation of
semiclassical dynamics in quantum
cavities of different shapes
(chaotic/regular).

Lorentzian o
chaotic—s ({Ro(B)) = R/[1 + (28 rada)?]

regular—= |§i,(B)) = [B| for small B
Linear

H. U Baranger ef al., Phys. Rev. Lett 70, 3876 {1203)
J.P.Birds et al. Rep. Prog. Phys. 88, 583 (2003).

Previous Reports
(Gate biasing induced line shape fransition from Lorentzian to linear
in magnetoresistance characteristics

» Lead induced transition fo chaos in 0.6 um dpt

ballistic mesoscopic billiards

*| v=—0.689v

The line shape of MR curves transits Lorentzian
from Lorentzian to linear with
increasing negative biasi

naneE e V,=0.710V
JP.Bird efal_ Phys. Rev. B52. 14336 (1885 Linear

~i>Lorentzian fit

. o ! élcperimenta\ data
» Ballistic weak localization in regular

and chaotic quantum—electron billiards
Cavities with rounded corner have the
zero field weak localization peak shape, ©

8}

it

Zozoulenko ef al.. Phys. Rev. B 54. 5823 (1888).
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By “alorentzian fit
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Oscillations in periodicity of magnetic flux at high magnetic fields
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g - 4 Athigh magnetic fields, edge states
form and electrons can transport along
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U condition of AB effect.
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Teporiatoat 400 887 0047 128 134 153 0l4
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Fit maghetoresistance to the Lorentzian function

R(B)= RU _ _ A = Adjustable variables: R, (), A (Q2) , g (cm)™
2B
1+ ———
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S Lol B e
- o e,
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The fitis poor.
Effective area: §=(2az)” forthe ergodic motion 1

Area enclosed by classical trajectories (~ the area of cavity) § = = o —

V
Ve | gt | (o) | ) | A )|
+0.1 .00z

g

-250 791

+01 350 873  ocomB

+01 450 98g oom6 0047 7 )

01 500 e e 0.043 ],fT[mnsmon in line sh?pe
01 550 e T 0033 'om Lorentzian to linear.

Lorentzian fits are poor.



Conclusions

1 Two electron cavities of different sizes were fabricated.

AT high magnetic fields, oscillations of resistance occur
with the periodicity in magnetic flux in consistence with
interference condition of Aharonov-Bohm effect.

AT low magnetic fields, a negative MR is present and is

ascribed to weak localization effect.

By varying V_, shape of the low field MR curve would
transits from Lorentzian to linear.

We suggest that the transition may be due to that the
shape of cavity has changed from chaotic to regular wi
increasing negative gate bias.
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Introduction

Aharonov-Bohm effect Applying Feynman path-integral method, the
phase difference can be expressed as below:

¥ Phase difference bet. cw and ccw paths
changes from 0 to 2 w. varying magnefic flux.
¥ Oscillations show up inthe periodicity of
‘magnetic flox.
Magnetic-flux quantization of
a cylindrical metallic film

Osallations of magnetoresistance
occurred ina cylindrical Mg film.
Sharvin efal., JETP Leit 34. 272 (1981)

ExperimentalDetails

2DEG : high mobility GaAs/AfGaAs heterostructure (provided by Umansky group)
Sample structure : by e-beam lithography

sz

Isolating from an insnlating layer, a top gate is fabricated on top of the cavity to modify
the eleciron density at 7D electron gas in the channel

Gate arangement:
Apply negafive voliage to the fork-ike gates to produ
Apply additional voltage on the top gate to control camer density in cavity.

Motivation
With advanced technology nowadays, fabricating a device with its dimension
comparable with the mean free path of charge carrier is applicable.
In such kind of so called mesoscopic systems, the motion of charge carmer is
coherent and ballistic, and many fascinating physics are associated with these
criteria. Quasi-one-dimensional wires and quantum dots are the typical examples by
an arfificial confinement on the two dimensional electron/hole gas at the interface of
semiconductor heterostructures. The elecirical properties are sensitive to the energy
specirum of the camier arisen out of the confinement induced quanfization.
During the past decades, the open quantum dots have atiracted much attentions
providing important insights in topics of eleciron-electron interaction, wave
interference, decoherence, and localization effects in addiion to the charge and size
quanfization. Besides, they have the valuable potenfial for application in future
technologies such as a single pholon detector and a qubit of quantum computer.
Hence, it is necessary to understand the details of the artificial dots and cavities.

Here, we demonstrate the evolution of the weak localization resistance peak
form of a single cavity with its shape.

Weak localization effect in disordered samples
¥ Probability of finding electron in this region increases.
Electron seems be localized at this place.
(Resistance increases.)
¥ Magnetic field would break the time reversal symmetry.
Negative magnetoresistance appears.
Two paths of time-reversal symmetry. L P
Constructive interference.

Ballistic analogue of weak localization effect.

¥ There also exist electron paths with time reversal symmetry
when electrons transport through a ballistic cavity
Negative magnetoresistance appears.

1P.Bird etal_, Phys_ Rev. B 52, 14336 (1005).
I.H. Chan efal.. Phys. Rev. Lett. 74. 3876 (1995).

Differential resistance measurement (finite Vg, up to 3mV)
For zero bias (Vg~0) resistance, V. supply and adder box are removed.

measured either
at T=0.3K in a *He cryostat or

Synchronizing




Results and Discussion
de Haas Oscillations of 2DEG & Cavity 2.
The formation of the cavity does not affect carrier concentration n..
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MNegative magnetoresistance at low fields (B<0.5T)

Magnetoresistance curves of cavity for different Viz and Vi demonstrate
negative magentoresistances at low fields.

1000

_ WIF apEc

Genf

o[ 4
00 —— -

Theoretical calculation of
semiclassical dynamics in quantum

cavities of different shapes
(chaotic/regular).
Vgg=-350 MV =
Lorentzian o
chaotic—s (4Ro(B)) = R/[L+ (18 /aade)’|
1 L . . L
o o o2 o o % regular—= (ii,(B)) x |B| for small |B|
B(T) Linear

H. U Baranger ef al., Phys. Rev. Lett 70, 3876 {1203)
J.P.Birds et al. Rep. Prog. Phys. 88, 583 (2003).

Previous Reports
(Gate biasing induced line shape fransition from Lorentzian to linear

) ) in magnetoresistance characteristics
» Lead induced transition fo chaos in 0.6 um dpt
ballistic mesoscopic billiards

*| v=—0.689v

The line shape of MR curves transits Lorentzian
from Lorentzian to linear with
increasing negative biasi

naneE e V,=0.710V
JP.Bird efal_ Phys. Rev. B52. 14336 (1885 Linear

~i>Lorentzian fit

. o ! élcperimenta\ data
» Ballistic weak localization in regular

and chaotic quantum—electron billiards
Cavities with rounded corner have the
zero field weak localization peak shape, ©
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it

Zozoulenko ef al.. Phys. Rev. B 54. 5823 (1888).
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By “alorentzian fit

Oscillations in periodicity of magnetic flux at high magnetic fields
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g - 4 Athigh magnetic fields, edge states
form and electrons can transport along
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© In consistence with the interference
U condition of AB effect.
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Fit maghetoresistance to the Lorentzian function

R(B)= RU _ _ Adjustable variables: R, (), A (Q2) , g (cm)™
2B
1+ ———
o P,
S Lol B e
- o e,
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R T w e WS 6
o iy | N
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T e W
The fitis poor.
Effective area: §=(2az)” forthe ergodic motion 1

Area enclosed by classical trajectories (~ the area of cavity) § = = ® =
E
[ V(0 | Vig V) | (=) | S () | A (o) |
01 250 a1 ooz
01 350 873 ocomd
+01 450 o839  oomb 0047 }

Transition in line shape
from Lorentzian to linear.

Lorentzian fits are poor.
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Conclusions

1 Two electron cavities of different sizes were fabricated.

AT high magnetic fields, oscillations of resistance occur
with the periodicity in magnetic flux in consistence with
interference condition of Aharonov-Bohm effect.

AT low magnetic fields, a negative MR is present and is

ascribed to weak localization effect.

By varying V_, shape of the low field MR curve would
transits from Lorentzian to linear.

We suggest that the transition may be due to that the
shape of cavity has changed from chaotic to regular wi
increasing negative gate bias.
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