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Imaging cyclotron orbits and scattering sites in a high-mobility two-dimensional electron gas

R. Crook, C. G. Smith, M. Y. Simmons, and D. A. Ritchie
Department of Physics, Cavendish Laboratory, Madingley Road, Cambridge, CB3 OHE, United Kingdom

~Received 23 September 1999; revised manuscript received 1 May 2000!

We present experimental images and computer simulations of electron and conduction-band-hole trajectories
transmitted between two series constrictions in a two-dimensional electron gas formed at a GaAs/AlGaAs
heterojunction. The electric perturbation of a scanning charged probe modified the trajectories to generate the
experimental images. In a weak magnetic field, the images revealed cyclotron orbits allowing a measurement
of electron and conduction-band-hole energies. Using the same technique, a scattering site caused a 26° change
in the trajectories. Computer simulations with localized charge fluctuations in the donor layer, which locally
distort the conduction band by 24% of the Fermi energy, reproduced structures seen in the experimental
images and features in a related magnetic steering experiment. Conduction-band-holes are holelike quasipar-
ticles in the conduction band with an energy less than the Fermi energy, being equivalent to unoccupied
electron states.
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Small-angle scattering in low-dimensional systems affe
the observation of many quantum phenomena. For exam
its strength is a crucial factor in determining the presence
absence of the fractional quantum Hall effect in tw
dimensional systems. Small-angle scattering is quantified
perimentally from the amplitude of Shubnikov-de Ha
oscillations,1 but this method provides only an average ov
the entire sample and large scale inhomogeneities p
problematic. In this paper we describe a new imaging te
nique used to reveal the scattering sites that would be
sponsible for small-angle scattering in other experiments

Low-temperature scanning probe microscopy is becom
an invaluable tool for contemporary research of transp
phenomena in semiconductor nanostructures. For exam
A noninvasive scanning probe that measures charge, ge
ated intricate images of electron compressibility in the qu
tum Hall regime, revealing meandering filaments and b
bous droplets.2 A single-electron transistor fabricated on th
end of a glass fiber produced surface-potential images
photoionized surface charge, biased surface electrodes, a
cleaved edge.3 Operating in the quantum Hall regime, a sca
ning probe used as a local voltmeter, generated profiles
images of the voltage across a Hall bar to investigate e
and bulk currents.4 A scanning charged probe produced im
ages of electron flux through a single constriction wh
electrons were backscattered by the probe’s elec
perturbation.5,6 A constriction used as a sensitive detector
charge combined with a scanning charged probe, gener
images of the probe potential and switching sites, and p
files of the electron density.7

Previous work has been limited to a complex noninvas
probe scanning over a subsurface two-dimensional elec
gas~2DEG!, or a charged probe scanning over a single c
striction. We have designed more complex nanostructure
vices to operate in conjunction with a scanning charg
probe. A new imaging technique reveals spacial informat
about electron-transport mechanisms in high-mobility h
erostructure devices. This technique imaged cyclotron or
of electrons and conduction-band-holes, and investigated
origin of small-angle scattering, while at lower temperatu
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quantum coherence effects can be explored. Conduct
band-holes are holelike quasiparticles in the conduction b
with an energy less than the Fermi energy, being equiva
to unoccupied electron states. They have been predi
theoretically,9,10 but have had limited experimenta
investigation.8

An atomic force microscope image of the device at 4.2
is shown in Fig. 1~a!. The visible surface electrodes we
fabricated using electron-beam technology as a pair of s
gates separated by 4mm, both with a lithographic gate
width of 700 nm. Located 98 nm beneath the surface, a h
mobility 2DEG is formed at a GaAs/AlGaAs heterojunctio
with a mobility of 300 m2 V21 s21 and a transport mean
free path of 20mm. A negative bias applied to the elec
trodes locally depleted electrons from the underlying 2DE
to define two constrictions in series. Ohmic contacts w
made to the 2DEG at the source, the drain, and the cen

FIG. 1. ~a! Atomic force microscope image of the device sho
ing the gate electrodes used to define two series constrictions~b!
Plot of da/dVsc wherea5I center,drain/I source,centeris the transfer ratio,
against perpendicular magnetic fieldB with Vsc522 mV, 0 V, and
12 mV for the dashed, solid, and dotted lines, respectively.
measurements made at 4.2 K.
5174 ©2000 The American Physical Society
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PRB 62 5175IMAGING CYCLOTRON ORBITS AND SCATTERING . . .
region. The constriction separating the source from the c
tral 2DEG is referred to as the injection constriction, wh
the constriction separating the drain is referred to as the
lection constriction.

Electrons injected from a constriction into a 2DEG do
as a collimated beam11 diverging by typically615° to630°
depending on the electrostatic landscape of the constric
Collimation can be studied using a collection constricti
positioned opposite the injection constriction, such that i
swept perpendicular magnetic fieldB the angular distribution
is steered across the entrance of the collect
constriction.12–14 Such a magnetic steering experiment w
undertaken with this device, resulting in the plot shown
Fig. 1~b!. The dc source to center biasVsc was22 mV, 0 V,
or 12 mV as indicated. An additional low-frequency ac si
nal of 0.5 mV was applied to the source. The central 2D
was held at 0 V, and the ac drain current recorded. T
transfer ratioa5I center,drain/I source,centeris the proportion of
injected electrons that are transmitted through the collec
constriction. Electrons steered directly through both const
tions created the central peak in Fig. 1~b!, which occurs away
from B50 T because the constrictions were not perfec
aligned. The energy spectrum of electrons or conducti
band-holes is wider whenVsc562 mV, giving broader
structure on the dashed and dotted lines of Fig. 1~b!. Troughs
observed on both sides of the central peak are later show
be shadows of single scattering sites, and not quant
mechanical mode diffraction.14,15 The plot made atVsc5
12 mV demonstrates the existence of conduction-ba
holes, corresponding to a beam of reduced electron den
through the collection.

The probe is a modified atomic force microscope with
conductive boron-doped silicon tip fabricated on a piezo
sistive cantilever.16,17To characterize the system, the tip w
positioned over a single constriction device. Figure 2 pl
constriction conductanceG against tip to surface separatio
ztip at 1.5 K. The different plots have tip biasesVtip incre-
mented from22 to 1.8 V in steps of 0.2 V. The tip wa
positioned 10 nm above the center of the constriction
slowly retreated to 0.8mm above the constriction. The con
striction conductance clearly detects the changing elec
potential as the tip retreats. Several plateaus are seen in
ductance that demonstrate the one-dimensional~1D! nature
of the constriction. The tip and the sample have differ
electron affinities, causing a contact potential between the
and the 2DEG.3 To counteract the contact potential, a nullin

FIG. 2. Plots of constriction conductanceG against tip to sur-
face separationztip for Vtip from 22 to 1.8 V.
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bias is applied to the tip giving a flat response withztip .
From Fig. 2, the nulling bias was measured to beVnull5
10.4 V.

Using the double constriction device, the charged pro
was scanned over the device surface to investigate elec
trajectories in a constant magnetic field. To generate ima
a low-frequency ac signal of 0.5 V was applied to the t
During most of the ac cycle, the signal was less than
nulling bias and the tip perturbation in the 2DEG electr
static potential repelled electrons and conduction-band-ho
With the central 2DEG held at 0 V,Vsc was biased either
negative or positive to inject, respectively, either electrons
conduction-band-holes into the central 2DEG. The ac dr
current in phase with the tip signal was recorded to de
mine the image contrast. The tip scanned 50 nm above
device surface to avoid the 30 nm high-surface electrode

Figure 3 presents experimental images of the variation
da/dVtip with tip position atB50 T or 30 mT andVsc5
61 mV as indicated. The tip perturbation reduces the el
tron transfer when it scatters those electrons that would h
otherwise been transmitted through both constrictions. S
electrons should be ballistic, as the constrictions are se
rated by 4 mm and the transport mean-free path is 20mm.
The images therefore reveal all the possible trajectories
travel through both constrictions, which in a magnetic fie
are the cyclotron orbits. The enhanced transfer seen at
ends of the trajectories is due to the tip electric field direc
modifying the constrictions’ resistance.7 The resolution of

FIG. 3. Experimental images made by scanning the tip 50
above the device at 4.2 K, and recording the drain current. In~a!
and ~c! B50 T, while in ~b! and ~d! B530 mT. In ~a! and ~b!
Vsc521 mV to inject electrons, while in~c! and ~d! Vsc5
11 mV to inject conduction-band-holes. Note that in~b! and ~d!
the contrast scale was chosen to reveal detail in the center o
beam, so some points at the ends of the beams are out of ran
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this technique is intrinsically limited by the 2DEG depth5

but a lower resolution of approximately 200 nm is observ
due to the 100-nm tip radius of curvature combined with
separation between the tip and surface.

A least-squares fit to the peak transfer of eachy-direction
sweep determines the cyclotron radii of the trajectories
Figs. 3~b! and 3~d!. The electrons have more energy than t
conduction-band-holes and therefore a larger cyclotron
dius. Points at the ends of the trajectories and points wh
the trajectory appears to split in two were not included in
calculation. The cyclotron radii for electrons and conductio
band-holes are 3.1160.06 mm, and 2.9060.05 mm, giving
energies of 11.560.3 meV and 9.960.3 meV, respectively,
which fall 0.8 meV to either side of the Fermi energyEF
510.7 meV obtained from Hall measurements. This is c
sistent withVsc561 mV.

The cyclotron radiusr c is related toB through

r c5
A2Em!

eB
, ~1!

whereE is the electron energy andm! is the electron effec-
tive mass. Figure 4~a! plots 1/r c againstB with data points at
215,0,115, and130 mT. At 230 mT the image contras
was too low to fit a meaningful radius. For points on t
solid and dotted lines in Fig. 4~a! Vsc521 or 11 mV, re-
spectively. A negative 1/r c denotes the change in the sign
the trajectory curvature observed for negativeB. This is
shown in Figs. 4~b! and 4~c!, which present experimenta
images atB5215 and115 mT with Vsc521 mV. The

FIG. 4. ~a! Plot of 1/r c wherer c is the cyclotron radius, agains
perpendicular magnetic fieldB with Vsc521 and11 mV for the
solid and dotted lines, respectively.~b! and ~c!: experimental im-
ages withVsc521 mV andB5215 or 115 mT, respectively.
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gradient of the plots in Fig. 4~a! identifies the different ener
gies of electrons and conduction-band-holes, being prop
tional to E20.5.

Images, which are not shown here, were also generate
Vsc561 and62 mV, B5236 to 136 mT, T51.5 and
4.2 K, at a gate bias from21 to 22.25 mV, using severa
different measurement configurations. All these images
hibited trajectories with the correct cyclotron radii. The im
ages presented were selected to maximize the signal-to-n
ratio without reducing the image resolution. Larger magne
fields steer the collimated beam away from the collect
constriction, which reduces the current and image contr
With largerVsc the structure becomes less distinct.

We performed computer simulations to investigate
origin of the additional structure seen in the experimen
images. In our model, electrons emanated from across
injection constriction with an energy ofEF and a normal
angular distribution of standard deviation 17°, which w
determined from the envelope of Fig. 1~b!. Point charges
represented collections or absences of ionized donors,18 and
the resulting potential was calculated including the screen
effect of the 2DEG.19 Note that surface states and deep don
levels known as DX centers20 will polarize to reduce the
donor disorder seen at the 2DEG, so the magnitude of
modeled donor charges is an under estimate. The tip
represented by a point charge of254e, calculated from the
capacitance of a conductive sphere above a dielectric bo
ary, above a conductive plane representing the 2DEG
method of multiple images through successi
approximation21 for a sphere of radius 100 nm located 50 n
above the dielectric boundary and 98 nm above the cond
tive plane, gave a capacitance of 0.017 fF. In Fig. 5~a! the
simulated trajectories of electrons are shown in the prese
two point charges of magnitude24.5e and 25e, both lo-
cated 60 nm above the 2DEG in the middle of the don
layer and separated laterally by 300 nm, atB50 T. In Fig.
5~b! the simulation was repeated with a count of trajector
passing through the collection constriction plotted againsB.
The position and charge of the point charges were chose
reproduce the two distinct side troughs seen in the solid
whereVsc50 V in the magnetic steering experiment of Fi
1~b!. The 25e point charge locally distorts the conductio
band by 0.24EF .

Figure 5~c! shows an image generated by repeating
simulation with the tip at each position on a grid using t
same point charge parameters. A count of trajectories p
ing through the collection constriction determines the co
trast of the corresponding pixel. The simulation usedB
50 T for comparison with Fig. 3~a!. To identify features
caused by the point charges, the image in Fig. 5~d! was gen-
erated in their absence. The enhanced transfer seen bord
the central beam of both the experimental and simulated
ages occurs when the tip is positioned off the center of
beam, repelling electrons through the collection constricti
and thereby increasing the collector current. There are s
eral features caused by the point charges that are qua
tively similar in the experimental images and the simulatio
in the locality of the point charges additional structure
seen, at the collection end of the beam the transfer return
the background level, and the enhanced transfer borde
the beam is more prominent at the injection end. Figure 5~e!



t
e
nt
ce

e
u

e
c

s
e

ai
e
ith

rin

f
at
e
no

ing

he
tial
a
l in

e.

n ac

s,

lle
cle
c-
.
a
a

f
m
t o

tip

PRB 62 5177IMAGING CYCLOTRON ORBITS AND SCATTERING . . .
shows a simulation with the two point charges present aB
530 mT, E for comparison with the experimental imag
Fig. 3~c!. In both images, the structure seen above the ce
of the beam is due to the two point charges. Differen
between the images arise because the simulation does
include the complete background disorder.

Figures 6~a! and 6~c! show experimental images mad
using the same device but with a different imaging config
ration, atB50 and 9 mT, respectively, and both withVsc
522 mV. The tip was vibrated at 22 Hz with an amplitud
of 50 nm and positioned on average 60 nm off the surfa
with a dc tip bias of 0 V, which is less thanVnull . The tip
was not scanned in the lower-left and upper-right corner
avoid a collision between the tip and the surface electrod
With the central 2DEG held at 0 V, the in-phase ac dr
current determined the image contrast. The 9 mT image
hibits structure in addition to the increasing curvature w
increasing magnetic field. Figures 6~b! and 6~d! show con-
trast minima of images~a! and ~c!, respectively, plotted to
the same spatial scale with correction for magnetic stee
and gate misalignment. Figure 6~d! reveals a distinct 26°
change in direction, which is interpreted as the location o
scattering site. We believe the scattering process origin
from donor disorder, but not directly from the point charg
used in the simulation, as at 9 mT, the trajectories do
correspond to one of the side troughs seen in Fig. 1~b!.

A higher spatial resolution is achieved using the vibrat

FIG. 5. Computer simulation of electron trajectories.~a! Trajec-
tories emanating from across the injection constriction and repe
away from two point charges positioned at the centers of the cir
at B50 T. ~b! A count of trajectories passing through the colle
tion constriction plotted againstB to simulate the experiment of Fig
1~b!. ~c! Image generated by repeating the simulation with the tip
all positions on a grid, including the two point charges positioned
the centers of the circles, atB50 T to simulate the experiment o
Fig. 3~a!. ~d! Image generated without the point charges for co
parison.~e! Image generated at 30 mT to simulate the experimen
Fig. 3~b!.
er
s
not

-

e,

to
s.

n
x-

g

a
es
s
t

tip configuration due to the sharper functional form of t
differential response of the 2DEG electrostatic poten
V2DEG with the tip perturbation. If the tip is modeled as
point charge on the device surface, then the tip potentia
the 2DEG plane is

V2DEG'b~Vtip2Vnull!~r 21z2!2g, ~2!

wherez is the distance from the tip to the 2DEG andr is the
radial distance from the tip perturbation in the 2DEG plan
To approximate screening,g is greater than 0.5, andb is a
constant, which is also dependent on screening. When a
signal is applied to the tip, an ac measurement ofV2DEG is
equal to

Vtip

]V2DEG

]Vtip
'Vtipb~r 21z2!2g. ~3!

When using the vibrating tip configuration with a dc tip bia
the measurement becomes

z
]V2DEG

]z
'22gz2b~r 21z2!2(g11). ~4!

The measurement decreases withr more rapidly for the vi-
brating tip configuration resulting in a higher resolution.

By studying images fromB5230 to 130 mT, we
sampled a swept area of approximately 2.2mm2 for scatter-
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-
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FIG. 6. Experimental images made by scanning the vibrating
60 nm above the device at 4.2 K. In~a! and~c! B50 T and 9 mT,
respectively, withVsc522 mV. Contrast minima are plotted in~b!
and ~d! from images~a! and ~c!, respectively.
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ing sites. By comparing images made at slightly differentB,
the trajectories are sensitive to scattering over a width
approximately 0.25mm. With the three observed scatterin
sites, the quantum mean-free path can be approximate
2.2 mm2/(330.25 mm)52.9 mm, compared to the trans
port mean-free path of 20mm. The ratio of quantum to
transport mean-free paths agrees with previo
experiments.22

In conclusion, we present experimental images and c
puter simulations of electron and conduction-band-hole
jectories between two series constrictions. A scann
charged probe scattered a collimated beam of electron
conduction-band-holes to generate the images. This dem
strates that a specifically designed nanostructure device c
bined with a low-temperature scanning probe can prov
new insights into electronic-transport processes. In a w
magnetic field, we imaged cyclotron orbits to measure
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energy of electrons and conduction-band-holes. A differ
measurement configuration produced experimental ima
that showed an abrupt change in trajectories, which we
terpret as the effect of single scattering site. Computer m
elling reproduced qualitative features of the experimental
ages, using absences of ionized donors that locally distor
conduction band by 24% of the Fermi energy. The sa
donor fluctuations simulated the structure observed in a
lated magnetic steering experiment. We therefore sug
that donor disorder is the origin of structure in the expe
mental images and this magnetic steering experiment.
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