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Abstract. 

We present experiments on the (magneto)resistance in the ballistic regime of two 
types of variabie width point contacts, defined by means of a split gate technique 
in the two dimensional electron gas of a high mobility GaAs-AlxGa1_xAs 
heterostructure. 
The two-terminal resistance of a wide and relatively long point contact 
( lithograpbic width l,um ) increases monotonically as the width is decreased. 
This geometrical contact resistance is described by a classica! expression, analo
gous to the Sharvin contact resistance fora three dimensional metal. 
The two-terminal resistance of a short and narrow point contact ( lithograpbic 
width 250 nm ) is quantised in integral fractions of hf2e2

. This quantised re
sistance is interpreted in terms of one dimensional subbands in the point contact, 
which arise from the electric confinement 
In the presence of a perpendicular magnetic field a smooth transition to the 
quanturn Hall effect is observed. This is described in terms of a transition of the 
electric subbands into Landau subbands as the magnetic field increases. 
A negative magnetoresistance effect is found in four-terminal measurements on 
the wide point contact. This effect is interpreted as the suppression of the ge
ometrical point contact resistance. Quantitative agreement with a Landuaer-type 
formula is obtained. 
Finally, we present data on a periodic oscillation in the low-temperature 
magnetoresistance in one of the point contacts. The oscillation resembles the 
Aharonov-Bohm effect in ring structures. An interpretation of this observation 
as an Aharonov-Bohm effect in a singly-connected geometry is proposed. This 
interpretation also accounts for the experimentally observed splitting of the peaks 
in the oscillation. It does not explain, however, the observed change of the am
plitude when the field is reversed. 
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Glossary. 

Symbols used .. 

A Amplification factor (- ). 
B Magnetic field (T). 
D(E) Two dimensional density of states (J-1 m-2). 

D1D(E) One dimensional density of states (J-1 m-1). 

E Energy (J), 
Electric field (V m - 1) 

:ff Hamiltonian (J). 
I Electric current (A). 
J Partiele current (s-1). 

k,k Electron wave vector, k = Ik I (m -1). 

I Mean free path (m). 

l<P Phase coherence length (m). 
L Length (m). 
m Effective electron mass (kg). 

ns Carrier sheet density (m-2). 

N Number of occupied subbands (- ). 

p Electron momenturn vector (kgm s - 1). 
R Resistance (Q). 
T Temperature (K), 

Transmission (-) 
V Electron velocity (m s - 1), 
V Voltage difference (V). 

Vg Gate voltage (V). 
w Width (m). 

'Y Phase factor (- ). 

f.p Fermi energy (J). 

0 Angle (rad). 
),p Fermi wavelength (m). 

Jl Chemica! potential (J). 
Electron mobility (m2 v-1 s -1). 
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Resistivity 
Wf2lc 
Cyclotron frequency 

constants. 

e 
h 
li 

elementary charge 
Planck's constant 
h/2n 

(!l). 
(-) 
(s-1). 

1.602 x 10-19 c. 
6.626 x 10-34 J s. 
1.055 x 10-34 J s 
3.142 
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1 Introduction. 

One of the major topics in modem solid state physics is the study of the 
physical properties of small structures, for which at least one of the dimensions 
is small compared to some relevant physical length scale. From a technological 
point of view the developments in this field have been driven by the strive to 
fabricate more and more complex and smaller and smaller structures on inte
grated circuits ( primarily concentrated on Si-technology ), and by the advances 
in the device fabrication techniques such as molecular beam epitaxy (MBE), 
metal organic chemica! vapor deposition (MOCVD) and electron beam 
lithography. 
From a physical point of view, the small structures are interesting because of the 
large variety of physical phenomena observed in these structures, such as the 
( integral or fractional ) quanturn Hall effect in a two dimensional electron gas 
(2DEG) [KLI] , the Aharonov-Bohm effect in small ring structures [WEB] and 
the weak localisation effect in narrow 2DEG's. [ZHE] 

In this report we study the ballistic transport of electrans in a constricted 
2DEG. The transport in such constrictions can be related to the mean free path 
I of the electrons [HOU6] , as is illustrated in Fig. l.I. 

Figure 1.1: The three transport re- * ~ 
gimes in a constriction in a 2DEG. In • 
the diffusive (a) and the quasi-ballistic 
( b) regime the transport properties are 
determined both by impurity scattering • 
and the geometry, while in the ballistic 
regime ( c) these are only determined by 
the geometry. 

* 

-

I ~ 

L< Ie -
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In the diffusive regime, where the dimensions L,W of the constriction exceed l 
( see tigure l.l.a ) much work has been concentrated on quanturn mechanica! 
interference effects, such as the weak localisation effect [ZHE] and universa! 
conductance fluctuations [LEE] . A prerequisite for these effects to occur is that 
the electrans maintain their phase coherence over a length 14>"$:>1 ( 14> is the phase 
caberenee length ). 
The transport is in the quasi-ballistic regime when the width W is less than l 
( see figure l.l.b ). In this regime the scattering of the electrans at the bounda
ries of the constriction is important. If the irregularities of the boundaries are 
small compared to the Fermi wave length ÀF, the scattering will be specular. This 
has been demonstrated recently in experiments on the flux cancellation effect in 
weak localisation in narrow channels [HOUl] , and in electron focusing exper
imentsin a 2DEG [HOU4] . 

Recently it has become possible to define constrictions in a 2DEG with 
L,W < !. The electron transport in such constrictions is ballistic. ( see tigure 
l.l.c ). In three dimensions this ballistic regime has been studied in metals, using 
constrictions known as Sharvin point cantacts [SHA] . The transport becomes 
quasi-one dimensional (QlD) when W- O(}.F)· In metals this regime is not easily 
accessible because of the short Fermi wave length Î.F- 1 A. In semiconductors, 
however, ÄF is of the order of 500 A, and with modern lithograpbic methods it 
is now possible to define constrictions with a width W- Ü(Î.F). Recently van 
Wees et al. [WEEl] and Wharam et al. [WHA] reported on the observation of a 
quantised resistance in such constrictions ( or point cantacts ) in the absence of 
a magnetic field. 

In this report we consider the resistance and magnetoresistance of a point 
contact in a 2DEG. The point contact is electrostatically defined in the 2DEG 
of a GaAs-AlxGa 1_xAs heterostructure by employing a split gate technique 
[THO]. 

The report is structured as follows. Chapter Two starts with a simple deravation 
of the classica! and semi-classica! resistance of a point contact when no magnetic 
field is applied. Thereafter the resistance of a point contact is considered in terms 
of the Landauer formalism [LAN] . In the last section of chapter Two we con
sider the magnetoresistance of a point contact. 
In chapter Three we give a short description of the samples and the experimental 
set-up used in our experiments. 
The experimental results are presented in chapter Four. This chapter starts with 
the two-terminal resistance for B = 0 T. It is shown that for a long and relatively 
wide constriction ( the Henc sample ) the resistance increases monotonically 
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upon decreasing the width of the point contact, while the resistance of a more 
narrow point contact ( the Cef samples ) changes between quantised values when 
the width is varied. The second section of chapter Four presents the experiments 
on the four-terminal resistance of the Henc sample in the presence of a perpen
diewar magnetic field. A novel negative magnetoresistance effect is found at low 
magnetic fields, which changes to a positive magnetoresistance at higher magnetic 
fields. The two-terminal experiments on the Cef samples are presented in the last 
two sections of chapter Four. lt is shown in the third section that the quantised 
resistance at B = 0 T changes smoothly into the quantised Hall resistance at high 
magnetic fields. The last section presents a novel oscillatory effect in the 
magnetoresistance of one of the Cef samples. This effect interpreted as a 
Aharonov-Bohm effect ( for a review see [WAS] ) in a singly-connected geom
etry. 
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2 Theory. 

2.1 Introduction. 

The purpose of this chapter is to derive some expressions for the resistance 
and the magnetoresistance of a point contact in a 2DEG ( for an extensive review 
on the 2DEG see [AND] ). In part t\vo of this chapter we discuss the classica! 
resistance of a pointcontact, also known as the Sharvin point contact resistance 
[SHA]. After that we proceed in part three with a semi-classical model, showing 
that the resistance of such a system is quantized in units of hj2e2 

, as was recently 
found by van Wees et al. [WEEl]. Part four of this chapter considers the resist
ance of a point contact in the Landauer formalism, starting with the resistance 
of a one-dimensional system. The last part of this chapter is concerned with the 
magnetoresistance of a point contact in a 2DEG. 

Before we proceed, we first consicter some assumptions which are used in the 
next sections. 
We consider a 2DEG consisting of non-interacting electrons with effective mass 
m at zero temperature, which are distributed according to the Fermi-Dirac dis
tribution function. In thermal equilibrium the density is uniform in the whole 
system. Because the dimensions of the system are smaller than the mean free path 
I, we assume the motion of the electrens to be ballistic. 

L< Ie 
Î -

Figure 2.1.1: Model ofthe point contact in the 2DEG. 

The point contact is modelled as a short constriction of width W and length L 
( where L,W4_/ ), with smooth connections to the wide part of the 2DEG ( see 
tigure 2.1.1 ). Although diffraction effects are to be expected at the interfaces 
to the wide region in any real system. we will, for simplicity, not consicter these 
effects here. 
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Inside the constriction, the electroos are specularly reflected at the boundaries 
of the constriction ( which is modelled as an infinite square well ). 

Although this simple model excludes effects such as electron-electron inter
actions, diffraction effects and effects due to density variations, it describes the 
essential features of the electric transport properties of a point contact in a 2DEG 
in the ballistic regime. Some of the above mentioned effects are briefly discussed 
in chapter four. 

2.2 The Sharvin resistance of a point contact. 

In 1965 Sharvin derived, using simple arguments, the classica! resistance of 
a point contact in a three-dimensional metal [SHA] . Here we derive the 
Sharvin-resistance for our geometry by consirlering the equivalent ( by the 
Einstein relation ) transport problem o~ uncharged particles. A current arises 
when a chemical potential difference AJ..L is present across the constriction. The 
resistance R is related to the partiele current lx by 

(2.2.1) 

Here lx is the electrical current, V the voltage difference across the constriction 
and e the electron charge. 

• 

IJ.l 

- L« Ie ---
Figure 2.2 .1: The point contact with on the left ~ide ~ reserv~ir with 
chemica/ potenrial 1-'l· and on the right side a reservoir Wlth chem1cal po
tential J.l2• 1f 1-'l > J.l2, a net cu"ent flows from the left reservoir to the 
right reservoir . 

We assume tl.JJ<i,tF. since we only consider effects to linear order in /l.J-1. 
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Now consider tigure 2.2.1, where the constriction in the 2DEG is depicted, 
with chemica} potentials 11I and 112 on respectively the left- and the right hand 
side of the constriction. 
In thermal equilibrium, where 11I = 112 = ef ( with ep the Fermi energy of the 
2DEG ), there is no net current flow through the constriction, because the par
tiele flux in one direction is exactly equal to the partiele flux in the other direc
tion. If now, for example, 11 1 is raised by a small amount 1:!11, then there is an 
excess number of electrens flowing to the right, yielding a net current Jx 
Figure 2.2.2 shows this situation in the constriction in k-space The left side of the 
tigure represents states moving to the left ( tilled up to an energy 112 ), while the 
other side represents the states moving in the opposite direction ( tilled up to an 
energy 111 = 112 + 1:!11 ). 

Figure 2.2.2: All the states within the Fermi circle are occupied. The 
shaded area in the right half of the figure represent the excess states due 
to the higher chemica/ potenrial on the /eft side of the constriction. 

It is obvious that only the shaded area contributes to the net current. Since the 
spin-degenera te 2D area! density of states in k-space is D(k) = 2/(2rr)2, an ele
ment dk kd8 (with k = Ik I) contributes an amount 

w ( ! k cos e) 
2 

2 
kdkde 

(2rr) 
(2.2.2) 

to the current. The total current Jx, is therefore given by 
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w h fTt/2 fkp+ ~k 2 
lx = - 2- m cos fJdfJ J~ k dk 

2n -TrP kp 
(2.2.3) 

Rewriting this expression in terms of the kinetic energy E = h2k2 /2m leads to 

To frrst order in /lp this equation yields 

kFW !lp 
lx = 2 n -h-

(2.2.4) 

(2.2.5) 

We thus find for the electrical resistance of a ballistic point contact in a 2DEG 
( by application of equation 2.2.1 ): 

h n R= ---
2e2 kpW 

(2.2.6) 

Equation 2.2.5 shows that the resistance monotonically increases when W 
is decreased. In the next section we shall see that this classica} result is only ap
plicable for the case ).~W. When the Fermi-wavelength becomes comparable to 
the width W of the constriction the resistance becomes quantized in units of 
h/2e

2
• 

2.3 The resistance of a quanturn point contact. 

Recently van Wees et al. [WEEl] and Wharam et al. [WHA] measured the 
resistance of a variabie width point contact in the 2DEG of a high mobility 
GaAs-AlGaAs heterostructure. Instead of finding a monotonic increase of the 
resistance on decreasing the width, as is predicted by equation 2.2.5, they found 
that the resistance increased discontinuously. Expressed in the conductance, it 
was found that the conductance decreased in quantized steps of 2e2 I h . They 
argued that this effect was due to the quantisation of the transverse momentum, 
leading to well spaeed ID subbands in the constriction. Following [WEEl] we 
derive the quantized conductance for our model system. 

In the effective mass approximation the Hamiltonian for the electroos in the 
constriction can he written as 
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p2 
Jt = + V(y) 

2m 

where 

V(y) = { 0 if IY I < W/2 
00 if IYI ~ W/2 

(2.3.1) 

The time independent Schrödinger equation Jt'l' = E'P can be solved by sepa
ration of variables ( 'l'(x,y) = X(x)Y(y) ), giving in the x-direction an equation 
for a free partiele ( with effective mass m ), with plane wave solutions 
X(x) = C exp(ikxx) ( with kx = Pxfh). In the y-direction we have an equation 
for a partiele in a one-dimensional square well with infinitely high potential walls. 
Due to the confinement, the wavevector ky is quantized: 

Ir~ +me 
.. y - w n = 1,2,3, ..... (2.3.2) 

The solutions of this 'partiele in a box' problem are standing waves of the form 
sin(mry/W) ( for neven ) or cos(nrry/W) ( for n odd ). The energy spectrum for 
the electrons consists of lD subbands because of the free dispersion in the x
direction: 

2 2 2 
E _ _!l_ ( nrr )2 fl kx 
n,kx- 2m W + ~ (2.3.3) 

The corresponding spin-degenerate density of states per unit length for the n-th 
subband is 

2m I 
nh2 --r===============~ 

2mEn k 
' x 

(2.3.4) 

We can rewrite this expression in terms of the velocity vn of the n-th subband as 

Dn (E) = 2 
ID rrhv 

n 
(2.3.5) 

In figure 2.3.1 the density of states versus En.kx is plotted for the first few sub
bands. 
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o+-L-------r-------~~------~---------,--------~ 
0 6 10 

En.~t,c (meV) 

Figure 2.3 .1: The tot al density of states DQID = 1:D~D per unit length 
as a function of the energy En.k,, 

Now that we have found the density of states we can proceed in the same 
way as in the previous section. Figure 2.3.2 again shows the situation inside the 
constriction in k-space. Instead of having a constant density of states, as in the 
2D case, we now have a quasi-lD density of states. 

Figure 2.3.2: Occupation of states in k -space. The subbands are 
ft/led up to an energy tFfor electrons moving to the left, and up to an en
ergy tF+ l!.J.tfor electrons moving to the right. 
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As is clear from the figure, a finite number Ne of ID subbands are occupied, 
where 

(2.3.6) 

Here[ ... ] denotes the Entier function. The partiele current is now given by a sum 
of line integrals over sections of the ID subbands in tigure 2.3.1: 

(2.3.7) 

Because DÏn(E) is inversely proportional to vn ( see equation 2.3.4 ), the energy 
dependenee in the integrand of (3. 7) cancels, and each subband contributes the 
sa me current 2!lJ1/ h to Jx yielding a total current of 

2!lf.J. 
Jx = Nc-lz-

The point contact resistance in the quanturn case is thus 

h 1 
R =-2-N 

2e c 

(2.3.8) 

(2.3.9) 

In the limit of large Ne this equation reduces to equation 2.2.5 in the previous 
section ( because then Nc':!::.kpW /n ). 

As the preceding calculation shows, the fact that the resistance of a point 
contact in a 2DEG is quantized, is a consequence of the fundamental property 
that, in the ballistic transport regime, each ID subband carries the same current. 

2.4 The resistance in the Landauer formalism. 

In 1957 Landauer [LAN] derived a formula for the resistance of a ID sys
tem, consistin~ of a disordered region ( with only elastic scattering ) connected 
by ideal leads to two reservoirs. ( In these reservoirs inelastic processes take 
place. which cause phase randomization and thermalization of the electrons. 
Therefore the only dissipation in the system is in the reservoirs. ) The formula 

* Here. an ideallead. is a lead without disorder, containing a single occupied 10 subband. 
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he derived is R = (h/2e2
) (1 - T)/T. Here T is the transmission for the disor

dered region. Following the aproach of Büttiker et al. [BUTI], we show that this 
equation is essentially a four terminal resistance, and that the two terminal re
sistance is given by R = (h/2e 2)I/T. At the end of this section we generalize the 
four- and two terminal resistances to a simple multi-channel ( subband ) case. 
We again consider the uncharged partiele problem, andrelate the partiele current 
J and the resistance by R = tlJJ./ e2 J 

reservoir (I) reservoir (2) 

p., 

Figure 2.4.1: The JD conductor. A disordered region with transmission 
T is conneered by ideal leads to two reservoirs ( 1) and ( 2) with chemica/ 
potentials 11 1 and 112· 

Consider the system shown in tigure 2.4.1. where a disordered region, with 
transmission T , is connected by i deal leads to two reservoirs ( 1) and (2) with 
chemica! potentials Jl.I and JJ. 2 . If Jl.I > JJ.2, then there is a net current flow from 
(1) to (2), provided that T =f. 0. To evaluate this partiele current we only have to 
consider the states between JJ.2 and Jl.I , because the states below JJ.2 are all filled, 
and the states above Jl.I are all empty. The partiele current is thus given by 

1 fll! 
J = "2 TD1D(E)v(E)dE 

IL2 

(2.4.1) 

With D1D(E) = 2/rrftv(E) ( where v is the velocity ), tlJJ. 12 = Jl.I - JJ.2, and the as
sumption that the transmission is independent of the energy, one finds for the 
two terminal resistance 

h 1 ----
2e2 T 

(2.4.2) 

It is clear from equation 2.4.2 that the two terminal resistance of a perfect 1 D 
conductor ( T = 1 ) does not vanish, but has the value h/2e2

. Imry [IMR] has 
pointed out that this remairring resistance is a Sharvin contact resistance. associ-
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ated with the contact between the ideal lD leads and the reservoirs, which are 
thought to contain a very large ( essentially infinite ) number of channels. 

---R•··--....... f \ 

reservoir (I) reservoir (2) 

Jl., 

Figure 2.4.2: The jour terminal geometry. Two extra probes, one on 
each side of the disordered region are conneered to the I D conductor. 

To find the four terminal resistance of an ideal 1D conductor ( see tigure 
2.4.2 ), we simply substract the Sharvin contact resistance hf2e2 from the two 
terminal value. leading to 

h 1- T 

2e2 T 
(2.4.3) 

Now that we have found the two terminal and four terminal resistances, we 
can generalize these results to the simple case of a conductor consisting of N in
dependent channels, with Ne channels which have a transmission T = 1 , and 
T = 0 for the N - Ne other channels. Each channel with T = 1 carries the same 
current, as is shown in the previous section, and the channels with T = 0 do not 
carry any current. Therefore the total current is given simply by 

(2.4.4) 

as derived in a slightly different way in the previous sectien ( equation 2.3.8 ). 
The two terminal resistance is now found to be 

h (2.4.5) 

This formula is a special form of a more general result [FIS] 
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R = h 1 
2e2 tr(tt t) 

(2.4.6) 

with tr(tt t) the trace of the transmission matrix tt t. This equation shows that 
even when there is interaction between the channels, equation 2.4.5 still holds, 
provided that tr(tt t) =Ne. 

The four terminal resistance in the multi-channel case generally depends on 
the geometry of the potential probes, and on the way the channels couple to the 
potential probes [BUTl] It is therefore not simple to derive a four terminal multi-

. * channel formula for a real phystcal system . If, however, the total number of 
channels Nis large compared to Ne , the Sharvin contact resistance to the reser
voirs is negligible, and the four terminal resistance is simply given by equation 
2.4.6. 

2.5 Tbe magnetoresistance of a point contact. 

In the presence of a perpendicular magnetic field (B) the density of states 
arising from the electric confinement is modified by an extra confinement im
posed by the magnetic field. For weak magnetic fields ( Ie> W/2, with 
Ie= hkFfeB the cyclotron radius ), both the magnetic field and the electrical 
confinement are important, the energy spectrum of the electrons is then split into 
hybrid magneto-electric subbands [BERl] . For strong magnetic fields ( 
Ie < W /2 ) the electron motion is dominated by the magnetic field, and the energy 
spectrum is split into Landau subbands. 

Since the energy spectrum in the constriction is still split into lD subbands 
in the presence of a perpendicular magnetic field, and the energy dependenee of 
the integrand in equation 2.3.7 still cancels because Vn = oEn,kfhok and 
Dfd = 2/n(oEn klok) , the derivation in section 2.3 which led to the quantized re-, ., 
sistance R = (hf2e'")(lfNc) still holds. What bas changed is that Ne is now deter-
mined by the number of occupied hybrid magneto-electric subbands ( for low 
magnetic fields ), or by the number of occupied Landau levels ( for high magnetic 
fields ) . 

• A general multi-channel resistance formula can be derived by consirlering the total transmission 
Tij for carriers incident in lead} to be transmitted to !ead i [BUT3]. 
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The current in the presence of a high magnetic field is carried by the Ieft and 

right moving edge states along the boundaries of the 2DEG [HAL] 

1 

0n 

boundary of 
the 2DEG 

Figure 2.5 .1: An extended edge state ( 1). and a localized bulk state 
( 2) in the presence of a perpendicu/ar magnetic field. 

Figure 2.5.1 shows the classica! path of an electron near the edge, as well as a 

classica! path of an electron far away from the edge ( bulk states ). The bulk 

states do not contribute to the current in a ballistic 2DEG. The number of sub

bands for the edge states is equal to the number of Landau subbands in the bulk 

[HAL] , therefore the resistance is given by equation 2.3.9 with 

N = [_2_ + _1] 
c hw 2 c 

(2.5.1) 

In the low field regime, where the cyclotron orbit does not fit in the con

striction the number of subbands can be calculated by application of the semi 
classica! Bohr-Sommerfeld quantisation rule [KOS] given by 

J J dpxf}py - 2nheB(n + y) , n - 1,2, ... , 0 < y < 1 . (2.5.2) 

enclosed area 

The integral on the Ieft hand side is taken over a surface enclosed by the classica! 
trajectory ( in momenturn space ) of the electrons. To find Ne we only have to 

consicter the lowest states of the subbands. We neglect the phase factor '}', and 

determine Ne in the continuüm approximation to an accuracy + 1. Figure 2.5.2 

shows 
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Px 

Figure 2.5.2: Trajeetory of an electron in the /owest state of a hybrid 
1 D subband inside the constriction in momenturn space. 

the trajectory in momenturn space corresponding to the bottorn state of the 
highest occupied subband. Application of equation 2.5.2 to this trajectory leads 
to 

N -c -

This function is shown in figure 2.5.3. 

3 

2 

1 

0 
0 

' \ 
\ 
\ 
\ 
\ 

\ 
\ 

\ 

' ' ' ' ... 

arcsmx 
ï.. 

1 

x 

) ' x-

2 

Figure 2.5.3: The number of channnels present in a constriction as a 
lunetion of x. == W/21~ (solid line). For 1 <IN~ is calculated using eq. 
2.5.3, while for 1 ~ I eq. 2.5.1 is used. The dashed fine represents the 
number of Landau subbands for the case that the width of the constriction 
is rrot taken into account. 

(2.5.3) 
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Figure 2.5.4 shows a few trajectories in real space for states in different 
subbands at the Fenni level. Again the resistance of the point contact is given 
by equation 2.3.9 in combination with equation 2.5.3. 

0o 

Figure 2.5 .4: Electron trajectories inside the constriction in the case 
Ie< W/2. 

We now turn to the four terminal resistance of a pointcontact in the presence of 
a perpendicular magnetic field (see figure 2.5.5). Following the approach of van 
Houten et al. [HOU2] , we assume that the potential probes are positioned a few 

* inelastic scattering lengtbs away from the constriction, and that the edge states 
along the boundaries near the potenrial probes have reached a local equilibrium. 

• 

J.lul J.t ur 

J.lir 

Figure 2.5.5: Geometry of the 2DEG for Jour terminal measurements. 
The arrows indicate the crurents along the boundaries. The potenrial 
probes on the sides of the wide parts are a few inelastic lengths awa}' from 
the constriction. therefore the chemica/ potentials Jl11t, Jl"" Jltl and Jlt, 
measure the local chemica/ potenrial of the electrons in the edge states 
along the boundaries . 

We assume that w0 > 2/c, with Wo the width of the wide part. 
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The number of occupied subbands in the wide part (Nw), and in the constriction 
(Ne) in the high field regime is given by equation 2.5.1, while the number of oc
cupied subbands in the constriction in the low field regime is given by equation 
2.5.3. In the presence of a chemica! potential difference à,u12, the net partiele 
current is given by ( cf equation 2.3.8 ) 

2à,u 
J=N-

c h (2.5.4) 

We first consider the potential difference across the constriction measured by the 
potential probes on the upper boundaries of the wide parts. The upper left po
tential probeis in equilibrium with the incoming electroos from the left reservoir, 
we therefore have .Uu! = ,u1. Part of the incident current on the upper left bound
ary is transmitted through the constriction ( equation 2.5.5 ) and reaches the 
upper right potential probe. Because there is no net current entering the probe, 

• the chemica! potential .Uur is given by .Uur= .U2 + (NcfNw)à,u12 We can now cal-
culate the four terminal resistance across the constriction as 

(2.5.5) 

In zero magnetic field this equation is equal to the two terminal resistance 
R21 = (hf2e2)(IfNc). On increasing the magnetic field the four terminal resistance 
decreases from the two terminal value, this is due to the fact that a larger and 
larger fraction of the edge states are transmitted through the constriction when 
the magnetic field increases. When the magnetic field has become so large that 
the cylotron diameter fits into the constriction, we have Ne = Nw ( all the edge 
states are transmitted through the constriction ), and the four terminal resistance 
is zero. However, if the electron density in the channel is less than the density 
in the wide parts, equation 2.5.5 shows that there is a positive magnetoresistance 
in the case W > 2/c. 

We now consider the potential probes at the lower boundaries of the wide 
parts. The lower right potential probe is in equilibrium with the incoming 
electrons from the right reservoir, so we have .U!r = ,u2. The current reaching the 
lower left potential probe is equal to the part of the net current reflected by the 
constriction, thus equal to 2(Nw- Nc)àp 12fh Therefore, we have 
.Uu = .U2 + ((Nw- Nc)fNw)àp 12, and the four terminal resistance is, as expected, 

* We again only have to consider statesin the interval ~1112· 
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again given by equation 2.5.5. The Hall resistance measured over either of the 
wide parts is 

(2.5.6) 

Combining this result with the two terminal resistance yields equation 2.5.5, since 
R4t = R2t _ RHall. 
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3 Experimental. 

3.1 Samples. 

The point cantacts used in this work are defined using a split gate technique 
[THO] in the 2DEG of a high mobility GaAs-AlxGa1_xAs heterostructure. An
other technique which bas been used to fabricate devices to study ID transport 

in heterostructures is the mesa etch metbod [HOU3] . The split gate technique 

bas the advantage above this metbod that the width of the constriction can be 
continuously varied. 

The heterostructures. 

The heterostructures used in this work have been grown. using molecular beam 
epitaxy (MBE), by C.T. Foxon and J.J. Harris at the Philips Research Labora

tories in Redhill. U .K .. They consist of a GaAs substrate on which an undoped 
layer ( the spaeer ) and a silicon doped layer of AlGaAs are grown ( See figure 
3.1.1 ). 

200 A GaAs 

400 A Al~-xGa_.As (x =0.33, doped 

with 1.33 1018cm-3 Si) 

200 A AI 1_"Ga,.As (x .. 0.33) 

2DEG J GaAs sub!itrate 

Figure 3.1.1: Schematic cross section ofthe G200 heterostructure. The 
2DEG is located at the GaA.s/A.IGaA.s interface. 
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AIGaAsl GaAs 

Figure 3 .1.2: Band diagram of the GaAs-AlGaAs heterostrucrure. EF 
is the Fermi energy, and E0 is the bandgap of the semiconductors. 

Due to the different bandgap and electron affinity of the GaAs and the 
AIGaAs, the conduction bands near the GaAs/AIGaAs interface bend and an 
( almost triangular ) potential well is formed perpendicular to the interface ( see 
tigure 3.1.2 ). The electron motion perpendicular to the interface becomes 
quantised due to this well, leading toa discrete energy spectrum for the electrons. 
If the Fermi energy and the thermal energy are small enough, only the lowest 
subband in the well will be occupied. As a result of this the electrons only have 
two degrees of freedom left ( in the plane of the interface ) and a 2DEG is cre
ated. 

The spaeer between the GaAs and the dopedAlGaAs is used to decrease the 
scattering of the electrons due to the ionised donors in the AlGaAs, which leads 
to an increase of the mobility of the 2DEG. 

The sheet carrier density ( ns ) is determined from the oscillatory ( periodic 
in the reciprocal magnetic field ) longitudinal magnetoresistance ( the 
Shubnikov-de Haas (SdH) effect, [KIT] ) of the heterostructures (see tigure 3 .1.3 ). 
The sheet carrier density is related to the period !l.B-1 of the oscillation by 
ns = y(efh)/!l.B-, 1 

• where y is the spin degeneracy factor. 
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Figure 3.1.3: The Shubnikov-de Haas effect (Rxx) and the quamum 
Hall effect (Rxy) in the G200 heterostructure at T = 30 mK. 
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Another important property of the 2DEG is the mobility J1 of the electrons. 
defined by < v > = J1E. where < v > is the average velocity of the elctrons due 
to an electric field E. The mobility can be calculated from the low magnetic field 
resistivity Po of the 2DEG by J-1 = lfpoens. 

Tabel 3.1.1 lists the values of ns and J1 for the three samples used in this 
work, together with some other relevant parameters of the 2DEG's. 

sample Henc Gl F2 
material code G200 G312 G312 

density (l0 15m-2) ns 3.23 3.56 3.58 
resistivity (Q) Po 25 21 21 
mobility (m2fVs) f.l. 1/~ 78 85 85 
mean free path (f.l.m) Ie "/2mz.y f.l. hfe 7.3 8.3 8.4 
Fermi energy (meV) F.F ns 7rft-/m 11.5 12.6 12.7 
Fermi wavelength (nm) ÀF ~2n/ns 44 42 42 

Tabel 3.1.1: Values of some of the relevant parametersjor the samples 
used in this work. The density and the resistiriry are experimentally de
termined. the other properties are ca/cu/a red by the formu/as given in the 
third column. 
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The devices made on the heterostructures consist of an etched standard 
• Hall bar with on top of it the split gate structure. The 2DEG is contacted 

by rneans of furnace alloyed AuGeNi contacts. 

The split eate structure. 

The split gate structure consists of two Schottky gates ( Au, 200 A 
thick ) on top of the heterostructure, and are fabricated using electron beam 
( E-beam ) lithography. 

...------- Gate 

,...---- AlGaAs 

Figure 3.1.4: A heterostructure with on top of it the split gate struc
ture. The 2DEG under the gates is depleted by a negative bias on the gates 
and only a narrow channel is left for conducrion. 

Figure 3.1.4 shows a cross-section of a split gate sample. Application 
of a negative bias ( Vg < - 0.6 V ) to the gates leads to an electrostatic de
pletion of the 2DEG under the gates, leaving only a narrow channel for 
conduction. Of course the depletion is not abrupt, and the negative gate 
voltage also influences the carrier density inside the constriction. When the 
negative gate voltage is large enough ( depending on the lithograpbic width 
Wlith• Vg =- 2.2 ... - 4.5V for the samples used ), the 2DEG between the 
gates will be totally depleted. 

Two types of samples are used in this work. One sample has been fab
ricated in cooperation with T.J. Thornton et al. at Cambridge University 

• The Hall bar geometry is a bar with small probes on the sides of it: ~~~ 
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( see figure 3.1.5 ). There are two sets of gates present in order to make it 
possible to measure the Hall resistance of the channel. In our experiments 
we used one set of gates, so that only one short channel ( of length 3.4 f.J.m ) 
is present, with no side probes attached to it. The lithograpbic width of this 
sample is Wuch = Iwn . The other sample has been fabricated in cooperation 
with B.J. van Wees et al. at the Delft University of Technology ( see figure 
3.1.6 ). For this sample the lithograpbic width is Wuch = 250 nm. The main 
purpose of these samples was to investigate electron focussing by a magnetic 
field in a 2DEG [HOU4], therefore two constrictions are present. 

Figure 3.1.5: Geometry of the Henc sample. 

CONTACT 

Figure 3.1.6: Geometry of the Cef samples. 
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3.2 Experimental details. 

The experiments are performed in an Oxford 400 TLM dilution 
refridgerator. With this refridgerator temperatures can be reached between 
30 mK and 4.2 K. An Oxford 3142 temperature controller is used to stabilize 
the temperature ( to better than 1 % ). The temperature in the mixing 
chamber is measured by a Lake Shore Cryotronics calibrated germanium 
resistor. 

The magnetic field is generated by an Oxford superconducting magnet 
( 0 - 10 T ). The central homogeneity of the field is 0.1 % in a sphere of 1 
cm radius. The magnitude of the magnetic field is determined by measuring 
the current through the superconducting coils of the magnet ( magnetic field 
to current ratio: 0.0975 T/A ). 

A low frequency AC double lock-in technique is used to measure the 
resistance Rsam of a sample. Figure 3.2.1 schematically shows the measure
ment circuit used. 

1 AC 
Voltage 
lsource 
I 

·~ 
Q) 
Ul 

c: 

----------, 
reference signal 

>-f-1--t Joek-in 
1 

Joek-in 
>----t 2. 

r· 3 2 } · Schematic circuit o• the AC double lock-in measurement c1gure . . . 'J 

method. 
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A Philips PM5126 sine oscillator, together with a Philips 5180 attenuator 
supplies an AC current ( frequency: 10 - 20 Hz ) with an RMS value of 0.3 
- 5 nA. To avoid electron heating, the voltage drop over the sample is kept 
below kbTfe ( with kb Boltzmann's constant ). 
An adjustable resistor Rser ( 0 - 1 MQ ), in series with the sample, is used 
to measure the current in the circuit. After amplification by amplifier Aser 

(1000 x) , the voltage drop over the series resistor is measured by lock-in 
Llser· lf Rser is an ohmic resistor, we can write: 

vser 
I=--

Rser 

= _1 __ v...;;L;;.;;I;;.;;se.;;...r 

Aser Rser 
(3.2.1) 

where Vuser is the voltage difference Llser measures. The voltage difference 
over the sample is, after amplification by Asam (100 x), measured by Llsam 

. The resistance of the sample is thus given by: 

_ Asam Vusam R 

A V ser 
ser Llser 

(3.2.2) 

This equation shows that the measurement of Rsam is independent of the 
current I in the circuit. 
An analog divider is used to determine Vusam/ Vuser· The output of the 
divider is, together with the gate voltage Vg or the current through the mag
net IB, recorded by a x-y plotterand a HP computer. The data analysis bas 
been performed on an IBM 3090 computer. 
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4 Results. 

In this chapter we present the results of the experiments on the Henc 
sample and the Cef samples. Section 4.I starts with the resistance of the 
samples as a function of the applied gate voltage for B = 0 T, showing a 
continuously increasing resistance in the Henc sample and a stepwise in
creasing resistance for the F2 point contact sample. In section 4.2 the meas
urements of the four-terminal magnetoresistance of the Henc sample are 
presented. lt is shown that the measurements are in reasonable agreement 
with the four-terminal results of section 2.5. In section 4.3 we present the 
two-terminal measurements on the G I sample. It is shown that the meas
urements are quite well described by the two-terminal results of section 2.5. 
Section 4.4 presents an oscillatory effect ( periodic in the magnetic field ) in 
the magnetoresistance of the G I sample at low temperatures ( T < 1 K ). 
This novel effect is interpreted as an Aharonov-Bohm effect in a singly
connected geometry. 

4.1 Tbe resistance for B = 0 T. 

The Henc geometry. 

The electrostatic potential due to the negative gate voltage affects both 
the width of the constriction and the sheet carrier density in the constriction. 
The classica! resistance of a constriction of a 2DEG varies linearly with 
IfkpW ( see eq. 2.2.6 ). Therefore decreasing the gate voltage leads to an 
increase in the resistance of the constriction ( both W and k F = .J 2nn5 de
crease as the gate voltage becomes more negative ). Figure 4.I.l shows the 
result of a measurement of the two-terminal resistance of the Henc sample 
at T = 30 mK ( the curve is temperature independent between 30 mK and 
4 K ). The constriction has been formed at vg~ - 0.4 V, as indicated by the 
resistance increase there. At vg~ - 3.9 V the constriction is totally depleted, 
and the resistance is "infinite". 
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Figure 4 .1.1: Two-terminal re sisrance of the Henc sample as a function 
of the gate voltage. The increase in the resistance at Vg:::: - 0.4 V indi
cates that the constriction is formed at this gate \'Oltage. As vg becomes 
more negative the resistance increases due to a decrease of both the width 
of and the electron density in the constriction until at Vg:::: - 3.9 V the 
constriction is tota/ly depleted. 

Between Vg.:=::- 0.4 V and Vg.:=::- 3.9 V the curve shows the behaviour 
expected from the above argument. At Vg =- 0.5 V the resistance is 840 
n. Subtraction of the two-terminal resistance of the wide parts ( 500 n at 
Vg = 0 V ) leads to a constriction resistance for this gate voltage of 240 n. 
From this the width of the constriction can be calculated ( using eq. 2.2.6 ) 
to be 0.84 Jlm. This value is in fairly good agreement with the lithograpbic 
width between the gates ( 1 Jlm ). For a more negative gate voltage it is 
difficult to subtract the width from the measurement. because then the effect 
of the electrostatic potential on the carrier density in the constriction be
comes important [LAU]. 
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The Cef geometry. 

The two-terminal resistance measured ( at T = 30 mK ) on the F2 
sample is shown in figure 4.1.2. For this sample the constriction is formed 
at Vg~- 0.6 V and is totally depleted at vg~ - 2.4 V. 
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Figure 4.1.2: Two-terminal resistance of the F2 sample as a function 
of the gate voltage. The constriction is formed at Vg::::::: - 0.6 V, as is indi
cated by the increase in the resistance. As Vg becomes more negative the 
number of subbands in the constriction decreases and the resistance of the 
constriction increases in steps. At Vg::::::: -2.4 V the constriction is totally 
depleted. 
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Several plateaux can be seen in the resistance and, after subtraction of 
the resistance due to the wide 2DEG and the contacts ( 400 n ), these 
plateaux correspond to integer fractions of lzf2e2 ( see eq. 2.4.6 ). The 
plateaux are not exactly quantized. Deviations from equation 2.4.6 may arise 
from reflection at the entrance and the exit of the constriction, resulting in 
a transmission less than unity [WEE3] . 
The width at Vg =- 0.7 V, calculated with equation 2.3.6. is 315 nm. This 
is in reasonable agreement with the lithograpbic width ( 250 nm ). 
Although the curve in figure 4.1.1 also shows some structure, it was not 
possible to relate this to integer fractions of lzf2e 2 . 
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* 4.2 Tbe Henc geometry for B ::1: 0 T. 

In the presence of a perpendicular magnetic field the electric subbands 
in the constriction change into hybrid magnetoelectric subbands and even
tually into Landau subbands ( see section 2.2.5 ). One possible metbod to 
study the transport in narrow channels uses probes along the sides of the 
channel to measure voltage differences [TIM] . A problem in this geometry 
is the fact that the voltage probes themselves are a souree of diffuse scatter
ing, and thus influence the transport in the channel. This problem can he 
avoided if another geometry is chosen, where the voltage probes are posi
tioned along the sides of the wide parts of the 2DEG on both sides of the 
constriction [BER2] . In this section we present the measurements of the 
four-terminal magnetoresistance measured in this geometry ( see inset tigure 
4.2.4 ). 

Figure 4.2.1 shows the result of a four-terminal measurement for 
Vg = 0 V and Vg = -3.0 V at T = 30mK . The curve for Vg = 0 shows the 
Shubnikov-de Haas effect. From this effect the sheet carrier density of the 
wide part of the 2DEG is calculated to give n;t· = 3.23 10 15 m - 2 

For weak magnetic fields ( B < 0.5 T ) the curve for ~~ = -3.0 V 
shows a negative magnetoresistance. This negative magnetoresistance can 
he understood in terms of the number of conduction channels in the wide and 
the narrow parts: 

R4t = ~(Ne-l- N;I) 
2e 

(2.5.5) 

provided that the background resistance due to the wide part of the 2DEG 
is subtracted from the measurement. Nw is determined by the the number of 
Landau levels in the wide part ( assuming that Ww~2/e, which is the case for 
B > 0.015T ), while Ne is determined by the number of hybrid 
magnetoelectric subbands given by equation 2.5.3. 

* The results presented in th.is section have been publisbed in Phys. Rev. B rapid communi-
cations [HOU2]. 
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Figure 4.2.1: The jour-terminal resistance of the Henc sample as a 
function of the perpendicular magnetic field for Vg = 0.0 V and-3 .0 V. the 
curve for Vg = -3.0 V shows a large negative magnetoresistance at weak 
magnetic fields, which changes sign at higher fields. 

For higher magnetic fields ( B > 0.5 T ) there is a crossover from a 
negative magnetoresistance to a positive magnetoresistance. In this field re
gime both Na. and Ne are given by the number of Landau levels. But, because 
of the difference in carrier density, this does not mean that Ne = Nw In fact 
one generally bas Ne < Nw, and because both vary linearly with B this results 
in the observed positive magnetoresistance. 

The carrier density in the constriction can independently be found from 
the high magnetic field two-terminal resistance of the constriction ( see 
equation 2.4.6 ). Figure 4.2.2 shows the measured two-terminal resistance 
for various magnetic fields, chosen such that the background resistance is 
zero ( in a minimum of the SdH effect of the wide parts ). 
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Figure 4.2.2: The two-terminal magnetoresistance of the Henc sample 
for B = 1.66.2.15,2.63,3.22 T. The observed plateaux in the resistance 
correspond to an integral number Ne of occupied Lamlau subbands in the 
constriction. N, is determined by the carrier density in the con.~triction 
which decreases as the gate voltage becomes more negative. 

With the assumption that in the middle of the plateaux an integral number 
of Landau subbands ( Ne ) are filled. the carrier density is found to be 

c eB 
n = --s 2nfz 

(4.2.1) 

where the factor of two arises from the spin splitting. With equation 4.2.1 
the carrier density is calculated at various gate voltages. The results of these 
calculations are shown in figure 4.2.3. They are in qualitative agreement with 
the results obtained by Laux et al. [LAU] from self-consistent calculations 
on a constriction in the 2DEG of a GaAs- Al sub x Ga sub 1-x As 
heterostructure, similar to the one used in our experiments. 
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Figure 4.2.3: The density in the constriction of the Henc sample at 
various applied gate voltages. The points are calculated from Fig. 4.2.2 
by use of equation 4.2.1. 

The density for Vg = 0 V is calculated from the Shubnikov-de Haas effect, 
while the pinch off voltage is detennined from the gate voltage dependenee 
at B = 0 T. It should be noted here that the pinch off voltage is not exactly 
reproducible after the sample has been cycled to room temperature and back 
to a low temperature again. If, however, the sample is kept at low temper
ature, the pinch off voltage is reproducible to within a few percent. 

The weak field magnetoresistance has been measured for various gate 
voltages ( see tigure 4.2.4 ). After subtraction of the background resistance 
( which is a constant 315 n. This is consistent with the geometry of the 
sample for Vg = - I V to - 3 V ) the curves were fitted, with W as a single 
free parameter. to equation 2.5.5 ( solid lines in tigure 4.2.4 ). The results 
of the fit are shown in tabel 4.2. I. 
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2000 

1500 

vg (V) Ro (Q) c (1015 -2 
n~ m W (pm) 

0.0 225 3.25 ----
-0.3 300 3.25 0.81 
-1.0 315 3.08 0.60 
-2.0 315 2.50 0.42 
-2.5 315 2.25 0.36 
-3.0 315 1.90 0.29 

Tabel 4.2.1: Parameters for the curves 
in figure 4.2.4. n; is obtained from figure 
4.2.3, whi/e Wis obtained from the fit of the 
negative magnetoresistance to equation 
2.5.5. 

6 Vg (V) -~ 
a: 1000 -3.0 

0 
~.6 -o.4 -o.2 0 0.2 0.4 0.6 

B(T) 
Figure 4.2.4: The measured weakfzeldfour-termina/ magnetoresistance 
of the Henc sample for V1 - 0,-0.3,-1.0,-2.0.-2.5,-3.0 V (markers) to
gether with the ca/cu/ated fits to eq. 2..5.5 (solid lines). The inset sche
matica/ly shows the geometry of the sample and the defenition of the 
jour-terminal resistance in this report. 
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The sharp peaks at B = 0 T in the solid curves in tigure 4.2.5 arise from the 
fact that we have assumed that W w~2lc , and have therefore no physical 
significance. For Vg = - 0.3 V the width found is W = 0.8 f.J.m. This is in 
resonable agreement with the lithographically defined width ( 1 f.J.m ). 
Consirlering that the width is the only free parameter in the fitting procedure, 
we consider the agreement found in tigure 4.2.5, and the resulting parameter 
values in tabel 4.2.1 to be quite satisfactory. 
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4.3 The Cef geometry for B ;é 0 T. 

An increasing perpendicular magnetic field leads to a decrease in the 
number of occupied subbands, which in turn leads to an increase in the 
two-terminal resistance R = hf2e2 I/Ne ( see section 2.4 ). This behaviour 
is observed in figure 4.3.1, where the two-terminal magnetoresistance of the 
G 1 sample is shown for various gate voltages at T = 30 mK. 

-0.75 
-0.71 
-0.67 
-0.60 
-0.55 

0 

0~--~----~----~--~----~----~--~ 
0 1 2 3 4 5 6 

B (T) 

Figure 4.3 .1: The measured two-terminal magnetoresistance of the G 1 
sample for Vg == 0,-0.55,-0.60,-0.67,-0.71,-0.75 V. The sharp peak at 
B == 0 T resulls from a Jocalisation effect in the comacts to the 2DEG. 
The slepwise increase of the resistance is caused by a depopulation of the 
occupied subbands in the constriction ( or in the wide 2DEG for 
Vg == 0 V). The arrows indicate the fzelds for which the transitions 10 the 
next p/ateawc take p/ace according to a fit of the data 10 eq. 2.4.6. Two 
oscülatory effects are observed in the data. The one periodic in 1/B is 
caused by the SdH effect in the wide parts of the sample ( compare the 
curve for Vg == o V), the other effect. periodic in B itse/f. is discussed in 
section 4.4. 
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T ogether with the stepwise in erement of the magnetoresistance a sharp peak 
near B = 0 Tand oscillations in the resistance are obseved in the curves. 
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The sharp peak near B = 0 T in each curve is associated with a weak local
ization effect in the contacts [HOU5] ( Which is confirmed by four-terminal 
measurements of the magnetoresistance of the wide 2DEG, where the peak 
is absent ), and, although it is interesting, is not considered bere. 
There are two different oscillatory effects in the measured magnetoresistance. 
One effect, present in each curve, is periodic in the redprocal magnetic field, 
and is caused by the Shubnikov-de Haas effect in the wide parts of the 
2DEG. This is confirmed by the two-terminal measurement of the 
magnetoresistance for Vg = 0 V. 
The other oscillatory effect is periodic in the magnetic field. These oscil
lations must be caused by the presence of the constriction, since they are 
absent in the curve for Vg = 0 V. We will return to these oscillations in the 
next section. 

We now return to the two-terminal magnetoresistance of the constriction, 
described by equation 2.4.6. Characteristic for the curves is the resistance 
at B = 0 T ( after subtraction of the weak localisation peak ), and the mag
netic fields for which the transitions to the next plateaux takes place. For 
Weak magnetic fields ( B < tzkFf2eW ) these transitions are caused by a 
change in the number of occupied magnetoelectric subbands ( determined 
by kF and W, see equation 2.5.3 ), while for high magnetic fields ( 
B > kpz/2eW ) they are caused by a change in the number of occupied 
Landau subbands ( [kFlc/2 + 1/2] for the spin degenerate case or 
[kp'c + 1/2] for the non spin degenerate case ). 
From the high field magnetoresistance we can thus find the Fermi wavevector 
kF inside the channel, and subsequently determine the width of the channel 
from the weak field magnetoresistance. With this metbod the curves in figure 
4.3.1 are fitted to equation 2.4.6. The transition fields resulting from the 
fitting procedure are indicated by the arrows in the figure, and it is seen that 
there is a satisfactory agreement with the measured curves. The values found 
for kF and W are listed in tabel 4.3.1, together with the values of the mag
netic fields for which the cyclotron diameter just fits in the constriction, that 
is Be= kpzf2eW. 
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vg (V) Ne (B = 0 W(nml kF (108 m-1) Be (T) 

-0.55 4 147 0.92 0.82 
-0.60 3 125 0.82 0.86 
-0.67 '2.5' 85 0.79 1.22 
-0.71 2 83 0.79 1.25 
-0.75 I < 79 0.79 > 1.31 

Tabel 4.3.1: Parameters for the curves in figure 
4.3.1. kF and Ware obtained from the fit of the mag
netoresistance to equation 2.4.6. The magnetic field 
Be, for which 2/e = W holds, is calculated from these 
val~es. 

In the case that there is no weak field transitiOn ( the curve for 
Vg = -0.75 V ) only an upper boundary can be set to the width of the con
striction ( although it is expected that width is not much less than the width 
for Vg = -0.71 V ). 
In conclusion, we can say that the parameter values resulting from the fitting 
procedure are reasonable, and that the measured two-terminal resitance of 
the constriction is in reasonable agreement with equation 2.4.6. 

4.4 The Aharonov-Bohm effect in the G 1 sample. 

In this section we present the measurements of the oscillatory effect 
( periadie in B ) in the magnetoresistance of the G 1 sample. This section 
has been submitted for publication to Physical Review B, rapid 
comunications. 
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We report the discovery of an oscillation in the low-temperature magnetoresistance of a point 
contact in the two-dimensional electron gas of a GaAs-AixGa1_xAs heterostructure. The 
oscillation is periodic in the magnetic field and is reminiscent of the Aharonov-Bohm effect 
in rings- although the geometry is singly connected. A possible mechanism for this quanturn 
interference effect is tunneling between edge states across the point contact at the potenrial 
step at the entrance and the exit of the constriction. 
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Aharonov-Bohm (AB) magnetoresistance oscillations are a fundamental 
manifestation of the influence of a magnetic field on the phase of the electron 
wave function. The effect has been studied extensively in metal rings and 
cylinders1 , and has recently also been seen (with a much larger amplitude) 
in rings defined in the two-dimensional electron gas (2DEG) of a GaAs
AlxGa1_xAs heterostructure2

•
3 

. In these experiments oscillations in the re
sistance of the ring are observed as a function of the applied perpendicular 
magnetic field B. The oscillations are periodic in B, with a fundamental pe
riod !lB = hfeA determined by the area A of the ring. Their origin is the 
field-induced phase difference between the two paths ( one clockwise, one 
counterclockwise) which take an electron from one side of the ring to the 
other. 

In this paper we report the observation of periodic oscillations in the 
magnetoresistance of a narrow and short constriction (point contact) con
necting two broad regions in a 2DEG. The effect is reminiscent of the AB 
effect in rings, but occurs in a singly-connected geometry. The period of the 
oscillations is constant within 5% over the field range from 2 to 8 T where 
the effect is observed. A splitting of the peaks develops as the field resolves 
the spin degeneracy. We interpret the oscillations as a quanturn interference 
effect, in view of the fact that they disappear on increasing current or tem
perature, and are absent in a parallel magnetic field. As a possible mech
anism, which can explain the remarkable periodicity of the oscillations, we 
propose a novel AB effect associated with the flux enclosed by two "tunneling 
paths" - rather than by the two classica! paths in a ring. We base our ar
gument on the study of tunneling problems in high magnetic fields by Jain 
and Kivelson4

. Related mechanisms, based on circulating edge currents, 
have been considered for AB effects in small conductors5

•
6

·
7

. An exper
imental feature which is not understood is that the amplitude of the oscil
lations is changed on reversing the magnetic field. 

Studies of quanturn transport through constrictions have revealed a 
wealth of interesting new phenomena8- 11 . Chang et a/. 12 have observed 
aperiodic fluctuations superimposed on Quanturn Hall (QH) plateaus. Van 
Wees et a/. 13 and Wharam et al. 14 have fabricated constrictions with variabie 
dimensions much smaller than the mean free path, and of the order of the 
Fermi wave length. It was discovered that the conductance of these point 
contacts is quantized in units of 2e2 fh without a magnetic field. U pon ap
plication of a perpendicular field a smooth transition to the QH plateaus is 
observed. Electron focusing in a magnetic field has been realized using two 
such quanturn point contacts, and shows fine structure due to the phase co-
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herenee of the focused electrons15
. The magnetoresistance oscillations re

ported below were observed in a point contact device13
•
15 fabricated on a 

high mobility GaAs-AlxGa 1_xAs heterostructure (sheet carrier concentration 
no = 3.6 x 1015 m - 2

, and mean free path 8.5 J.J.m ). The point contact is de
fined electrostatically by means of a split gate (opening 250 nm) on top of 
the heterostructure (Fig. 1, inset). By applying a negative voltage on the 
gate, a narrow and short constriction is created in the 2DEG. The 2DEG 
directly under the gate is depleted at gate voltages Vg ::5 - 0.6 V , and the 
point contact is fully pinched off at Vg ::5 - 2.4 V . A low-frequency AC 
lock-in technique with voltages below 5 J.J.V was used to measure the two
terminal resistance R2r of the point contact. Results are shown in Figs. 1 and 
2. 

The bottorn curve in Fig. lb gives R2r for Vg = 0 V, when the 2DEG 
below the gate is not depleted. This two-terminal resistance measurement 
shows the characteristic superposition of Shubnikov-de Haas (SdH) oscil
lations (periodic in 1/B) and QH plateaus at values hje2i ~ 26 kO.fi (coincid
ing with minima of the SdH oscillations). Around zero field a negative 
magnetoresistance peak appears, originating in the souree and drain 
contacts15 

. The top curve in Fig. la gives the magnetoresistance of the point 
contact (for Vg = - 1.65 V) at the relatively high temperature of 1 K. The 
density ne in the point contact region is reduced by applying a gate 
voltage13

, which results in a shift of the QH plateaus to lower fields. From 
the location of the plateaus we estimate ne ~ 1.5 x 1015 m - 2 for 
Vg = - 1.65 V. Note that the QH plateaus (determined by ne) no longer 
coincide with the minima of the SdH oscillations (which originate in the 
broad 2DEG, and have a periodicity determined by no). At low fields, R2, is 
determined by the number Ne of occupied subbands in the constriction, ac
cording to 13

'
14 R2r = hf2e2Ne. Fora square well confining potential we have 

Ne~ kpW/n , where W is the constriction width, and kp = (2nne) 112 is the 
Fermi wave vector in the constriction. We thus estimate W ~ 90 nm for 

\ vg =- 1.65 v. 
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Fig. 4.4.1: Two-terminal magnetoresistance of a point contactfora 
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have offsets of. respective/y, 5,10, and 15 k!l. The inset in 4.4.Ja shows 
the device geometry. 
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Upon lowering the temperature, reproducible large amplitude oscil
lations develop in R21 for B;;;;: 2 T. In contrast to the SdH oscillations (pe
riodic in l/B), these oscillations are periodic in B itself. The periodicity for 
Vg = -1.65 V is óB = 0.056 ± 0.003 T over the field range from 2 to 8 T. 
The oscillations occur predominantly between the QH plateaus, and not on 
the plateaus themselves. No periodic oscillations are observed at the highest 
negative gate voltages (top curve in Fig. Ib). No effect is found if Bis par
allel to the 2DEG. In the range of gate voltages where the oscillations occur, 
óB is insensitive within 10 % to changes in Vg . This is much less than the 
estimated relative variations of nc and W. A close-up of the oscillations 
shows the development of a splitting of the peaks between the i= 4 and the 
i= 2 spin-degenerate QH plateaus (Fig. 2a). The 

5 5.2 5.4 5.6 5.8 6 62 6.4 6.6 6.8 7 7.2 7.4 
14 
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10 

e 13 
V 

.:::::::..-

11 

9 
1.6 

(a)} 
1.8 2 

10 
5 5.5 6 6.5 

22 2.4 2.6 2.8 3 32 

B (Tesla) 
Fig. 4.4.2: Curves a and bare close-ups of the curve for V

1 
= -1.7 V 

in Fig. lb. Curve c was measured three months earlier on the samedevice 
(note the different field scale, due toa change in electron density in the 
constriction). 

peak separation increases approximately Iinearly with B, indicating that the 
two components of the peak have a slightly different (a few percent) but ap
proximately constant periodicity. Only a single peak is seen at higher fields. 
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see the transition from i= 2 to i= I in Fig. 2b. Large changes in the device 
properties are obtained if it is brought to room temperature and then cooled 
again, and this bas a much stronger effect on dB than variations in the gate 
voltage. This is illustrated by Fig. 2c, obtained three months earlier than 2a. 
In curve c, dB= 0.18 T is three times larger than in curve a. Both sets of data 
show the peak splitting between the i = 4 and i= 2 plateaus. which occurs 
at higher fields in curve c because of an increase in nc of about a factor of 
two. The periadie oscillations have been observed in only one of several 
point contact devices available. We should emphasize, however, the overall 
reproducibility of the effect with its characteristic peak splitting over a period 
of several months, as evidenced by Fig. 2. 

One sees from Fig. 1 that the periadie oscillations have a much smaller 
amplitude in reverse fields (although the periodicity is the same). Note also 
that a slow modulation of R"r around B = 7 T is observed in one field di
rection only. The generalized reciprocity relation derived by Büttiker16 for 
non-Jocal phase coherent resistance measurements prediets that two-terminal 

resistances should be symmetrie, R21 (B) = R2t ( - B) , provided no magnetic 
impurities are present. We verified the symmetry of R2t (to within 10 %) in 
other point contact devices, which contained large magnetoresistance fluctu
ations - but withq__ut a well-defined periodicity . 

.. .. 

x 

y_j 
08 

Fig. 4.4.3: 1//ustration of the tunneling mechanism for AB oscillations 
in the point contact magnetoresistance, discussed in the text. 

We now discuss the tunneling mechanism for AB oscillations, illustrated 
in Fig. 3. The split gate (shaded) both contines the electrans laterally and 
reduces their density by raising the bottorn of the conduction band relative 
to the broad 2DEG regions. As a consequence the electrastatic potential has 
a saddle form. The classica! guiding center motion in a strong magnetic field 
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is along equipotentials, which are shown schematically (arrows point in the 
direction of motion, determined by the potenrial gradient). The energy of the 
equipotential is the guiding center energy EG, which for an electron in the 
n -tb Landau level is given by 

(I) 

Here EF is the Fermi energy (which may depend on B due to pinning at the 
Landau levels), wc= eBfm is the cyclotron frequency, and gJ.LBB is the 
Zeeman spin splitting. Tunneling corresponds to motion across the 
equipotentials. An electron which enters the constriction at a can be reflected 
back into the broad region by tunneling to the opposite edge, either at the 
potenrial step at the entrance of the constriction (from a to b) or at its exit 
(from d to c). These two tunneling paths acquire an AB phase difference4 

of order eBA/h (where A is the enclosed area abcd), leading to 
magnetoresistance oscillations of periodicity hfeA. For a well-defined area 
A, the potenrial V(x, y) should vary rapidly change over a short distance. 
The possibility in principle of such an effect can be demonstrared by a simple 
model calculation. Following Jain and Kivelson 17

, we have studied the sad
dle potenrial V(x, y) = + n; w6 y

2 + VB (x) , where VB (x) is a rectangular 
barrier of height V0 extending over a length L. The transmission probability 
Tin the large-Blimit is 17 (for EG > V0) 

., 
v-

T-1 = 1 + 4EG (E~ -Vo) sin
2
(eBLWG /2h), (2) 

and shows AB oscillations determined by the constriction length L and its 
width WG = 2[(EG- V0) 2/m wà ]112 at the guiding center energy. 

The above mechanism can account for the observed periodicity: Usin~ 

llB - hfeA, experimental constriction areas A in the range from (250 nm) 
to (150 nm)2 are derived, in accord with estimates for its width (from 100 to 

* 200 nm) and length (L <:: Jf') . The experimental insensitivity of llB to gate 
voltage changes is consistent with the increasing length of the constriction 
as its width is reduced. The predominanee of the oscillations between the 

• The observation of plateaus in R21 at B = 0 indicates L ;;(: W. so that a ID density of states 
applies in the constriction region. Relatively large values of L also follow from an analysis 
of modulations in the zero-field conductance as a function of Ve, in terms of interferences 
between electrons reflected at the entrance and the exit of the constriction (B.J. van Wees er 

al .. unpublished J. 
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QH plateaus can he understood in terms of Eq. (2), since at these fields we 
expect a nearly depopulated Landau level with guiding center energy EG close 
to the potential step v0 in the constriction, so that the oscillations in T are 
large. The tunneling AB effect requires that W is large compared to the 
magnetic length lm = (hfeB)112, to permit the spatial separation in edge states 
of electrons moving in opposite directions. Indeed, the periodic oscillations 
are absent in the narrowest constrictions (top curve in Fig. Ib). Spin splitting 
of Landau levels causes spin-up and spin-down electrons to move along 
equipotentials enclosing slightly different areas (cf Eq. (1)), thus explaining 
the experimental splitting of the oscillation peaks at higher fields. This is a 
striking feature of the effect, which might also he observable in 2DEG rings 
if studied in a tilted magnetic field (in order to avoid the high field sup
pression of the AB effect18

). The above mechanism does not explain the 
observed asymmetry on reversing the magnetic field. This fact, combined 
with the sensitivity of the periodicity of the oscillations to temperature cycl
ing and the absence of the effect in other devices of the same design, suggests 
that magnetic impurity scattering may play a role. We intend to study the 
tunneling AB effect further in specially designed geometries. 

We thank M.E.I. Broekaart for assistance with the experiments, and 
C.J.P.M. Harmans, J.A. Pais, and M.F.H. Schuurmans for support. We 
acknowledge the facilities offered by the Delft Centre for Submicron Tech
nology and the financial support from the "Stichting voor Fundamenteel 
Onderzoek der Materie". 
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5 Conlusions. 

We have been concerned with the resistance and magnetoresistance of 
a constriction with dimensions L,W~/ ( point contact ), which was 
electrostatically defined by means of a split gate technique in the 2DEG of 
a GaAs-AlxGa 1_xAs heterostructure. In our experiments we used two types 
of samples, one with a relatively long channel with a lithograpbic width of 
l,um, and one point contact with a width of 250 nm. 

Measurements of the two-terminal resistance R 2
t of a wide point contact 

showed a monotonically increasing value on decreasing the width. We have 
shown that this behaviour can be described by a classica! formula, analogous 
to the Sharvin resistance of a point contact in a three dimensional metal. 
The experiments on the narrow point contact showed plateaux in R2

' at in
teger fractions of hf2e2. This quantisation of the resistance was interpreled 
in terms of a simple semi-classica! model. We have shown that when the 
width of the point contact becomes comparable to the Fermi-wavelength of 
the electrans the two dimensional density of states splits into well defined one 
dimensional subbands. When the width is varied by an amount ± i.F/2. the 
number of occupied one dimensional subbands changes by + 1. Since each 
occupied subband contributes the same amount 2e2 fh to the conductance, 
this leads directly to the experimentally observed resistance 
R

2
' = h/2e

2 1/ Nc-
Using the Landauer formalism the quantised resistance R2

' = hf2e2 lfNc was 
derived in an alternative way for an ideal system with Ne channels ( sub
bands ), each ha ving a transmission T = 1. Deviations from the quantised 
values occur if T # 1. In this case the electrans which entered the point con
tact have a non-zero probability 1 - T to scatter back into the broad region, 
and the resistance is enhanced by a factor 1/T. The quantisation of the re
sistance is therefore expected to be much lessexact than in the quanturn Hall 
effect, and it is not likely that it will provide an alternative resistance stand
ard. Büttiker [BUT2] has shown that in the quanturn Hall effect back
scattering is suppressed because the magnetic field spatially separates left
and right moving electrons. 

In the presence of a magnetic field perpendicular to the 2DEG, meas
urements of the two-terminal magnetoresistance of a narrow point contact 
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again showed plateaux at integral fractions of hf2i. At higher magnetic 
fields ( above - 2 T ), where the spin degeneracr is resolved, we observed 
additional plateaux at odd integer fractions of hfe . Our observations again 
can be interpreted in terms of the number of occupied one dimensional sub
bands. The magnetic field changes the electric subbands into hybrid 
magneto-electric subbands, and eventually into Landau subbands. Since 
R 21 = hf2e2 1/Nc holds irrespective of the form of the subbands, this formula 
also describes the two-terminal resistance in the presence of a magnetic field. 
The only effect of the magnetic field is that it reduces the number of occupied 
subbands. 
Four-terminal experiments on the wide point contact showed a negative 
magnetoresistance at weak magnetic fields. This novel effect was well de
scribed by the Landauer-type formula R 41 = hf2e2(1/Nc- 1/Nw) . For higher 
magnetic fields this formula prediets R 41 = 0. We observed, however, a 
cross-over to a positive magnetoresistance at higher fields. This was expained 
in terms of the reduced carrier density in the point contact, which leads to 
Ne =I N 11 • in this regime. 

In one of our samples we observed an oscillatory effect. perioctic in B, in the 
low-temperature magnetoresistance. This effect resembles the Aharonov
Bohm effect in ring structures. We propose an interpretation of our obser
vations in terms of an Aharonov-Bohm effect in a singly-connected 
geometry, resulting from tunneling between edge states at the entrance and 
the exit of the point contact. This also explains the experimentally observed 
splitting of the peaks at higher fields. The experiments showed that the am
plitude of the oscillation was changed when the inagnetic field was reversed. 
This experimental feature is not understood, and it suggests that magnetic 
impurity scattering may play a role. 
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