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Hall eff'ect in macroscopic ballistic four-terminal square structures
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The Hall efect is studied for 10-30-pm size ballistic four-terminal square structures fabricated on
an Al Gal — As-GaAs high-mobility modulation-doped wafer. On this scale, four-terminal square
structures with sharp aperture corners are possible. The Hall resistance is not quenched and is larger
than the classical linear value in a low magnetic field. It has periodic peaks corresponding to electron
focusing when the terminals are narrow, and a broadening of these peaks makes a plateaulike structure
when the terminals are wide.

Since Roukes et al. ' found "quenching" of the Hall
voltage in narrow one-dimensional (1D) wires, many in-
teresting experiments and theories have been reported for
the Hall effect in mesoscopic structures. ' The devia-
tion of Hall voltage from a classical linear line has been
discussed in connection with the ballistic nature of the sys-
tem. Chang and others experimentally demonstrated
that the "quenching, " "last plateau, " and "negative Hall
effect" are explained by ballistic trajectories bouncing at
boundaries. In these experiments, the size of the structure
was around 1 pm and the actual boundary shape was con-
siderably distorted by a depletion region spreading from
lithographically defined boundaries. In such a situation,
the collimation effect due to gradual widening of the wire
especially has an important influence on the obtained
characteristics. With a smaller system (a quantum dot
with four leads), Ford et al. " recently observed resonant
suppression of the quantized Hall effects, and Kirczenow
and Castano' explained this suppression as interference
between different edge states. Behringer et al. ' also
found many features in the bend resistance' of a small
four-terminal structure. These results indicate the impor-
tant role of interference in small systems.

On the other hand, it is interesting to investigate a large
but still ballistic structure, in which we can expect classi-
cal ballistic transport without interference and collima-
tion. In this paper, we report Hall voltage characteristics
of four-terminal square structures with square size be-
tween 10 and 30 pm. Even in such a large structure, the
ballistic nature dotninates transport characteristics when
we use a high mobility two-dimensional (2D) electron gas
at a heterointerface grown by a sophisticated molecular-
beam epitaxy. ' ' The sample shape used in this experi-
ment is the same as the widened cross used by Ford et al.
However, the structure is an order of magnitude larger
than theirs, so boundary shape distortion due to depletion
region spreading becomes negligibly small. Therefore, the
structure is considered to be a widened cross with rather
sharp aperture corners. In addition, we discuss Hall
characteristics for four-terminal square structures with
various size parameters and shapes, which are determined
exactly with an optical microscope.

Four-terminal square structures were chemically
mesa-etched from a high mobility A1035Ga065As-GaAs
modulation doped wafer (Fig. 1). The starting 2D elec-

tron gas has a carrier density n of 2.8x10" cm and a
mobility p of 7.8 && 10 cm /Vs at 1.5 K after illumination.
The detailed layer structure and growth condition are re-
ported elsewhere. ' The side length L ranged between 10
and 30 pm, and the width of terminal wire at each corner
W was between 2.5 and 10 pm. The ratio L/W was varied
from 3 to 10. Here, L and 8'were determined by optical
microscope observation. Although rounding of the aper-
ture corner by mesa-etching considerably distorted the
shape for the structure with L ~ 10 pm, the rounding
effect is insignificant for the structure with L ~ 20 pm
[see Fig. 1(b)]. The ballistic mean free path of electrons
in these structures was estimated to be around 80 pm at
1.5 K. ' Therefore, ballistic properties dominated the
transport characteristics, even for L =30 pm.

Hall voltage (VH = V24) was measured between termi-
nals 2 and 4 with a constant dc of 250 nA applied between
terminals 1 and 3 (I~3). For some structures, the bend
resistance (Rn = V43/I]2) was also measured in the same
magnetic-field range. The value I~2=0.5-2 pA was used
in this measurement. All measurements were made at 1.5
K in the dark after about 20 s of illumination. The inject-
ed current level was much larger than that conventionally
used in mesoscopic experiments. This large current level
comes from the wide terminals (W~ 2.5 pm) used in this
experiment. The voltage applied between terminals 1 and
3 was still less than 100 pV for all Hall measurements and
we can neglect any heating effects.

(a)

FIG. I. (a) Schematic diagram of the high mobility four-
terminal square structure. Trajectories a, a', and b correspond
to Bf~, Bfz (k =4), and B . They are discussed in the text. (b)
Optical micrograph of (L, W) = (30,4.4) (pm) sample.
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Hall resistance (RH = V24/I ~ 3) characteristics mea-
sured for structures with L =30 pm and 3 pm ~ W~ 9.8
pm and a structure with L =20 pm and 8'=6.5 pm are
shown in Fig. 2. Rg characteristics for L =30 pm and
W=4.4 and 9.8 pm are also shown in the figure. Though
experimental results have some asymmetric characteris-
tics probably originating from an impurity effect and/or
an unintentional inhomogeneity between the terminal
wires, they clearly indicate the following interesting be-
havior. (i) Quenching of RH around 8 =0 is not observed
in Fig. 2, though a slight suppression of RH is observed for
(L, W) =(20,6.5) and (30,3)(pm). On the other hand,
the ballistic nature of the samples is confirmed by the
clear observation of a negative resistance peak in Re. (ii)
RH becomes larger than the classical linear value and
makes a plateau between the magnetic field By& satisfying
the relation of Bf~ =(8mEF)' /eL [trajectory a in Fig.
1(a)] and B„satisfying 2l,„,(8=8„)= W [trajectory b in
Fig. 1(a)]. Here, l,„,is the cyclotron radius with EF =9.8
meV (corresponding to n =2.8X10" cm ). (iii) As the
ratio L/W increases, the plateau separates into a series of
focusing peaks at the field of Bfk (8mEF) ' k/eL (k: in-
teger). ' These focusing characteristics are also observed
in the magnetic-field dependence of Rtt.

The rounding of the shape becomes important for L
=10pm structures. The rounding can be enhanced under
a lithographic condition slightly deviated from the op-
timum point. Typical characteristics of RH and R~ for
L =10 pm structures are shown in Fig. 3 with optical mi-
crographs and schematic drawings. In contrast with Fig.
2, suppression of RH around B=0 is apparent in Fig. 3.
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FIG. 2. RH and Rg characteristics of four-terminal square
structures with various (L, 8') measured at 1.5 K (L ~ 20 pm).
The RH curves are offset vertically by 100 0 and the R& curves
are offset by 10 A for clarity. Solid triangles, arrows, and open
triangles indicate Bf~, Bfk (k: integer), and B, respectively.
The classical linear Hall characteristics are indicated by fine-
solid lines.
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FIG. 3. RH and Rg characteristics of L =10pm structures; A

is a typical structure and 8 is an intentionally rounded structure.
An optical micrograph of each structure is shown in the figure;
bottom inset indicates a schematic drawing. Solid triangles, ar-
rows, and fine-straight lines indicate Bfi, Bfj, (k =2), and classi-
cal linear RH. The RH curves are offset vertically by 80 0 and
the Rp curves are offset by 20 0 for clarity.

Furthermore, suppression of RH is enhanced for the more
distorted (rounded) structure and RH is almost quenched
for the structure B in Fig. 3. On the other hand, the R~
characteristics are similar between these two samples.
This indicates that a strong collimation with distinctly
enhancing a straight injection does not occur in the struc-
ture, though a direct ballistic component from terminal 1

to 2 is shadowed around 8 =0 by the round shape.
These results confirm that there is no suppression of RH

in the four-terminal structure (or the widened cross) with
sharp aperture corners. The sharp corners prohibit an
adiabatic injection and suppress the collimation eff'ects.
This forms a striking contrast to the widened cross of Ford
et al. where the smooth horn formed by depletion region
produces a strong collimation. When there is no collima-
tion for injection from terminal 1, T21 & T4~ is established
at any applied magnetic field by the difference of the
direct ballistic component between 1 2 and 1 4.
Therefore, RH expressed as' '

] T2) —T4iRH= (1)
2e ~ T2~+T4~+2T3/(T3)+T2)+T4))

is not quenched around 8 0. In Eq. (1), T;, is the
transmission probability from terminal j to i and N is a
number of subbands in each terminal. When the injection
around B—0 is shadowed by the round shape and cannot
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reach terminal 2, we can consider the injected angular dis-
tribution to be effectively limited to within 4 x —

2 q
& 8& —,

' x+ —,
'

rl (rl & 2 z) as shown in the bottom inset
of Fig. 3. This distribution suppresses the direct ballistic
components from I to both 2 and 4 in the magnetic-field
region below B, =(8mEF)' sin( —,

' ir —
2 r))/eL. Assum-

ing that scrambling trajectories make no difference be-
tween 2 and 4, T2i = T4~ and RH =0. The values B,—40
6 is obtained for the structure B shown in Fig. 3. This B,
approxiinately agrees with the width of the experimentally
observed quenching region. These effects probably more
or less remain in other structures and are responsible for
the slight suppression of RH observed in Fig. 2. It is
noteworthy that we never observed a negative RH in our
experiments, including in the measurements of slightly
rounded structures. This indicates that a strong collima-
tion is essential for obtaining negative RH due to "re-
bouncing. "

Finally, we show a simple calculation for explaining the
obtained results. We assume the configuration shown in
the top inset of Fig. 4(b). In real system with a finite
ballistic mean free path, shorter trajectories have greater
infIuence on the transport characteristics. The path
length of ballistic trajectories between I and 2 is shorter
than that of complex scrambling trajectories. Then, a
point injection source (I), collector (2), and a specular
boundary between I and 2 are considered in place of a
real four-terminal structure. The angular distribution of
injection is assumed to be (Il) —,

' [cos(8——,
' x)+ ~sin(8

——,
' x) ( j(0 & 8 & —,

' x), corresponding to an injection
from perfectly sharp aperture corners, (I2) (I/J2)
&icos(8 —

—,
' x)(0& 8& —,

' x), corresponding to a conven-
tional classical distribution without collimation, and (I3)
fl/2sin(rl/2)) cos(8 —

—,
' x) (-,' m

——,
'

t) & 8 & —.
' ~+ —,

'
t):rl

=
—,', x), corresponding to a slightly collimated or sha-

dowed injection. The probability f that trajectories inject-
ed from I are ballistically collected in terminal 2 is calcu-
lated as a function of magnetic field and shown in the in-
sets of Fig. 4. When L/W is large, f clearly indicates a
peak structure corresponding to focusing. The peak struc-
ture is not so pronounced as in a normal focusing experi-
ment configuration' because of the competition of the
0= 4 x injection component and the 8= 2 x focusing
component in this configuration. The latter produces
peaks at the field of Bfk =(SmEF) ' k/eL (k: integer).
When f is large (f& 0.5), we can assume for the four-
terminal structure that T2i f, T3i =I f, and T4i =0.—
Thus, RH is represented as RH =(h/2e /V)[f/[(f —1)
+1]J. This assumption is apparently not valid at B =0.
However, it gives a good approximation at 8 & Bf~ for the
structure parameters used here. Actually, —Rg (which
approximately corresponds to T3~) and RH exhibit com-
plementary peak structures in Fig. 2. The number of sub-
bands N in each terminal is calculated assuming a square
well with infinite potential confinement as previously re-
ported by van Houten et al. ' (also see Fig. 4). It is in-
teresting that ballistic transport characteristics observed
in large structures are well explained by Landauer-
equation-based analysis ' in spite of the fact that
N & 100 and subband energy separation is much smaller
than kT. The calculated RH characteristics are shown
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in Fig. 4 for (L, W) =(30,3) and (30, 10)(pm). The main
features of RH are invariant with the injection distribution
assumed in the calculation. RH peaks are always obtained
around focusing positions Bfj, though peak amplitude be-
comes small and the oscillatory characteristic disappears
at smaller magnetic fields for the collimated injections
(I3). The peak amplitude is most enhanced at the third or
fourth peak not at the first peak [see Fig. 4(a)]. The over-
lap of these peaks makes a plateaulike structure when
L/I/I is small, as shown in Fig. 4(b). These results agree
with the experimental observations in Figs. 2 and 3. This
indicates that "last plateau" characteristics are well ex-

1 /I cyc (pm 1)

FIG. 4. Calculated RH characteristics for (a) (L, W)
=(30,3)(pm) and (b) (30, 10)(pm). Magnetic field (8) of the
horizontal axis is calculated for EF =9.8 meV from 1/I,„,. Dot-
ted, solid, and dashed lines, respectively, represent injection an-
gular distribution of the (Il), (12), and (I3) discussed in the
text. Bottom insets show f [only for the injection (I2)l and I/1V,

and top inset of (b) shows the configuration assumed for calcu-
lating f. Solid triangles, arrows, open triangles, and fine-dashed
lines indicate 8f ~, 8fI, (k: integer), 8 and classical linear RH.
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plained only by considering the focusing effect between
terminals l and 2 for four-terminal square structures ex-
amined in this paper.

In summary, we observed RH characteristics of ballistic
four-terminal square structures, in which rounding of the
shape due to depletion region spreading is negligibly
small. The last plateau is always observed in RH. It is not
a plateau, but a series of focusing peaks when L/8' is
large; it becomes a plateaulike structure with decreasing
L/W. On the other hand, quenching and negative RH are

not intrinsic to a four-terminal square structure (in other
words a widened cross). When the rounding of the shape
slightly collimates or shadows the injections, we can ob-
serve the quenching of RH. On the other hand, a negative
RH is not observed without a strong collimation.
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