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Cyclotron trapping, mode spectroscopy, and mass enhancement
in small GaAs/Al Gai As rings
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A new electronic trapping effect has been observed in a small GaAs/Al Gai As ring, which
takes place when the cyclotron orbits match the loop geometry. The trapping causes peaks in
the magnetoresistance R(B) at low fields, and the peak positions were used to study the dispersion
relation E„(k) of the one-dimensional magnetoelectric subbands. This allows the ring to be used as a
mesoscopic mass spectrometer. The electron efFective mass increases with magnetic field by a factor of
50 at field of 0.5 T. General agreement obtains between the experiment and the subband calculations
for one-dimensional channels, indicating that true solid-state interferometers are possible.

In 1897, Thompson invented the mass spectrometer,
which was later refined by Bainbridge and others. Mass
spectroscopy involves bending the trajectory of particles
emitted from a point source with a magnetic field and
using a point collector to select a particular orbit size,
l, = mv/eB. Conventional electron focusing in the solid
state is analogous to this magnetic focusing of electrons
in vacuum. A magnetic field is used again to focus the
electrons injected by a point contact into a second point
contact a distance L away. In the conventional mass
spectrometer, the momentum of the particle is fixed by an
external electric field that accelerates the particle, but in
the solid-state experiments, the Fermi energy determines
the velocity. The focusing condition is that the cyclotron
orbit diameter 2l, be an integer fraction of L, L = 2jl, =
2j hkF /eB, where j —1 is the number of specular bounces
of the electron trajectory against the wall between the
two point contacts. 4 s A different experiment, which is
more closely related to our work, studied resistance peaks
caused by cyclotron orbits pinned to arrays of obstacles
whose spacing was commensurate with the orbit size.
Both of the above experiments studied transport in large
area regions.

Now consider electrons confined to move in circular
tracks such as the loop depicted in the inset of Fig. 1.
When the cyclotron radius matches the loop radius r, the
electrons in the ring experience a kind of cyclotron trap-
ping, or cyclotron resonance, efFect, which causes peaks
in R(B). The experimental data suggest that the sub-
band modes in the one-dimensional (1D) channel seem
not to mix with one another, so if n transverse modes
are occupied in the loop, then n difFerent values of ve-
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I IG. 1. The inset is a schematic for the sample with di-
mensions in pm. The dashed line illustrates the trapped or-
bits. Conductance vs gate voltage is shown for the ring. The
turn-on voltages for the modes are determined from dG/dV&
(dashed line) and marked by arrows.

locity parallel to the wire cause n peaks in R(B) as each
successive L,„matches r. At present, the exact cause for
this effect is not yet clear. Based on the established the-
ory of magnetoelectric subbands, ' the motion of the
electrons inside the circular channel can be understood,
with and without the magnetic field. We speculate that
the trapping arises in the area where the ring joins the
outlet port. One possibility is that when t,„=r, the elec-
trons in mode n are steered away from the outlet port; as
a result, the resistance is enhanced and a trapping peak
appears. A similar "billiard" description has been used

47 13 039 1993 The American Physical Society



13 040 LIU, ISMAIL, LEE, HONG, AND WASHBURN 47

to explain the quenching of Hall resistance and bend re-
sistance in ballistic junctions in the same field range
and has proved to be valid for single modes in computer
simulations. This classical description can be extended
to higher field in the calculation of Hall resistance. 3 If
our speculation is right, it may not be necessary to re-
quire global ballistic transport around the ring (at this
temperature the elastic mean free path in the starting
materials is 4.7 pm —roughly equal to the loop circum-
ference of 5.3 pm), rather, we only need well-defined mo-
menta for the electrons approaching the outlet port.

Our samples were fabricated on a standard high-
mobility GaAs/A1~Gai ~As modulation-doped layer
(carrier density n, = 2 x 10 /m2 and mobility p, = 90
m /Vsec) grown by molecular-beam epitaxy. The ring
geometry was de6ned by a shallow mesa formed through
a wet etching technique, and a metal gate covers all active
portions of the device. More details of the fabrication are
reported elsewhere. The ring has a radius r = 0.85 p,m
and linewidths t = 0.3 p,m. Earlier experiments on sim-
ilar samples showed clear conductance quantization
and large Aharonov-Bohm oscillations. " Such evidence
assures us that the transport in the loops approaches the
ballistic regime. All experiments reported here were con-
ducted at T = 4.2 K with a standard four-probe lock-in
method.

Figure 1 shows the conductance | as a function of
gate voltage Vz at B = 0 for the ring. Mode counting
conductance steps are apparent. The average heights of
the steps are 0.75e2/h, which is consistent with previous
experiments. " This value is larger than classical addition
of the conductance 2e2/h of independent electron guides
(two ports and two ring arms), which would be 0.5e /h.
The step heights are regularly spaced. These two facts
imply that the modes with the same index are correlated
in the arms and the ports, and that the mixing between
different index modes is limited. Further study of the
mode coupling between straight ports and the ring may
provide more clues to the exact cause of the trapping
effect, but evidence from bend resistance experiments
makes the trapping discussed above very plausible. We
also show where the subband bottoms E„(0,0) cross E~
in the single ring, as determined by the peaks in deriva-
tive dG/dVg.

Figure 2 contains R(B) for the single ring, which con-
tains a series of peaks on a smooth background. [We
have noticed similarly peaked R(B) data in the results
of others' experiments, too. is] We are interested in the
focusing peaks, so we have subtracted the smooth part of
R(B). We are not sure of the origin of the large negative
R(B), but we speculate that it results from steering the
incoming beam away from head-on collision with (and
strong reflection from) the inner wall of the loop. We
used a quasi-Lorentzian functional form,

R(B) = Rp —A/[1+ (B/B, ) s]

to fit R(B) (dashed line). The power 2.3 is chosen sim-
ply because it gives us the best fit, but the results dis-
cussed below do not depend on this choice. Since the
focusing effect at the outlet port increases the resistance,
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FIG. 2. R(B) the ring at Vq = 0.55 V (solid line), is fit to
(1) (dashed line), which accounts for the smooth background.
The di6'erence between the two, bR, results from orbit trap-
ping.

we only used the low-resistance portions (heavy lines) in
the fit, allowing both A and B, as free parameters. Af-
ter subtracting the smooth part, we nominally have the
net contribution of the focusing, which contains several
peaks. In addition, one sees the onset of Shubnikov —de
Haas (SdH) oscillations ( 0.5 to 1 T). Peak positions
are mapped by fitting a Gaussian function,

—[(B—Bo)/ABj + a,B + c (2)

to the data in the neighborhood of each peak, where the
last two terms allow for imperfect subtraction and over-
lap of the peaks. The resulting center field Bo yields the
peak position.

Starting with the relation l, = hkF/eB, one can show
that the cyclotron effective mass is m,„=h, k/(dE„/dk),
and tangential (group) velocity is v„= dE„/hdk. i7

The cyclotron trapping condition becomes r = l,„
5k~„/eB, which is the same form as the conventional
focusing in free space, but with the Fermi wave vector
k~„ tangential to the arm of the loop. This allows us
to infer kp from the peak positions. After measur-
ing EF(V~) via the SdH effect (0 & B & 6 T) to be
EF = 5.98V~ + 12.4 (meV), we have the dispersion re-
lation directly. Figure 3 contains E~ as a function of
peak position Bp (upper axis) and (through the focusing
condition) the corresponding wave vectors (lower axis)
in convenient units 27r/r. Data from n = 1 are omitted
because they are sensitive to the functional form (1).

There have been some calculations of the E„(k) for
curved channels in discussions of possible bound states
when the radius of curvature is of order 1/k~, and
there have been quite a few calculations for the straight
channels. Since the ring radius is at least one order of
magnitude larger than the Fermi wavelength (notice the
order of magnitude on the lower abscissa for Fig. 3), we
will use the more transparent results for straight chan-
nels. A good model of the electrostatic confinement po-
tential comprises a flat bottom plus parabolic walls,
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FIG. 3. The focusing peak positions for subband indices
2—7. The solid curves are fits to (3) treating m and E„e as
free parameters.

V(~x~ ) t/2) = mcus(~x~ —t/2) /2 and V(~x~ ( t/2) =
0, where m = 0.067m, is the eBective mass for two-
dimensional GaAs/Al Gai As (100) electron gas. At
B = 0, the problem has been solved analytically with
the result

E„(k,O) = E„(O,O) + n'k'/2m,

where the energy of the subband bottom is

(3)

E.(0, o) = E (l(2 +1)+E /E j"' —%' /E 1"')'
(4)

and Es = (vrh) /2mt and E~ = hue/2 are ground-
state energies for square (width t) and parabolic wells,
respectively. The efFective mass is not changed by the
electrostatic confinement.

Now we can compare the measured E„(0,0) from Fig. 1

(B = 0) with these formulas as shown in the inset of
Fig. 4. The agreement of the data with a parabolic form
(solid line) means that the wall is steep (Ep )) Es
0.05 meV) so that the deviation from a square well is
negligible. The inferred well width is t = 0.3 pm, in
agreement with the lithographic linewidth. The fit also
yields a barrier energy Eb ——13 meV, which defines the
bottom of the potential well relative to E~(Vg) measured
from SdH oscillations. 9

For B ) 0, the electron is in the electrostatic potential
plus a magnetic potential Vi, = mw2(x —xe) /2, where
xe = hk/eB. For t =—0, the new potential is just
a shifted parabola, so the solution is a new harmonic
oscillator, 2i s but with a new curvature u = (cu~+tue2) i~2,

and an enhanced efFective mass m* = mw /wo. The sub-
band bottom rises and eventually approaches the Landau
level when a, )) we. E(k) is still oc k with a mass that
increases with B but is independent of n.

For B ) 0 and t ) o,s m* still describes the dispersion
curve E„(k,B) = E„ fr + h k2/2m*, in the low Band-
high-n limit. Since this equation is not necessarily true
in the limit k —+ 0, the significance of E~ fr (which is the
B = 0 intercept of the fit) is not clear. s One must apply
these formulas to the data advisedly since B is not fixed
while the dispersion in k is traced, but since the range

FIG. 4. m"/m from Fig. 3 as a function of the average
magnetic field for each subband. At low field, it fits well
with a parabolic function (solid line). The inset contains the
zero field subband bottom energy as a function of the band
indices n. The solid curve is a least-square fit to the square-
well prediction.

of B over which each peak is studied is small, we can
safely approximate B as a constant in the analysis. The
resulting m' are displayed in Fig. 4. They increase more
than 50-fold. For n = 7 to n = 4, m' is described quite
well by the parabolic field dependence discussed above,
but there is significant deviation at higher field where the
Landau level is beginning to form. From the fit, we get
m*(B = 0) = 0.95 m, in excellent agreement with the
ideal value 1; and the electrostatic parameter huo = 0.12
meV, which is smaller than we had expected given the
parabolic dependence of E„(0,0) on n.

The enhancement of m* by the magnetic field in 1D
subbands has been known theoretically for some time,
but, to the best of our knowledge, this is the first experi-
mental measurement for two reasons. First, in the usual
ballistic one-dimensional conductance experiments, is k
and m' (the density of states) cancel each other and lead
to the quantized conductance steps. Second, experiments
designed to study the magnetoelectric subbands, usually
through the SdH effect, measure the magnetic depopu-
lation of the subbands, and are intrinsically mostly sen-
sitive to the subband bottoms. Except in studies of the
sharpening of the depopulation peaks, s little attention
has been paid to the mass enhancement. In contrast, our
sample acts like a small mass spectrometer and provides
a direct measurement of the subband dispersion relation
and the carrier mass.

Similar measurements were also conducted on a cou-
pled two-ring samples and a single ring with Bared ports.
The results from these experiments further support our
cyclotron trapping mechanism explanation, and these
will be discussed in a forthcoming publication.

In conclusion, we remark that we have observed cy-
clotron trapping effects in a GaAs/Al Gai As ring.
The peaks in R(B), resulting from t,„of each subband
matching the ring radius, directly yielded E„(k~„).Cal-
culations for straight channels agreed with the data, if the
lateral electric confinement was modeled as a Bat bottom
plus a parabolic wall. The modeling allowed us to observe
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the enhancement of the cyclotron effective mass directly.
We also remark that it points the way toward making
clean interferometers from these materials, thereby re-
moving the random scattering contributions from the in-
terference patterns. 7
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