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Abstract

We report the results of experimental investigation of coherent properties of in plane gated InGaAs/AlGaAs submi-

cron rings in a small-signal regime. The magnetic ®eld dependences of the di�erential resistance dRSD/dVG (VG is the

gate voltage) and the microwave EMF dVEMF/dVG were measured in magnetic ®elds up to 2 T at temperatures T� 4.2

K. It was shown that for the coherent processes the conditions of small signal were met when the Fermi energy mod-

ulation amplitude �dEF� in the channels of the ring did not exceed the correlation energy Ec; dEF < Ec. Under these con-

ditions the averaged component in dRSD(B)/dVG dependences (in contrast to RSD(B) dependences) was comparable with

the interference component involving aperiodic ¯uctuations and h/e oscillations. Ó 1998 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Coherent properties of a ring solid state analog
to the optical Mach±Zender interferometer ± a so
called interference transistor, have been experi-
mentally investigating for more than 10 years
[1,2]. Nevertheless the magnetotransport proper-
ties of submicron rings with metallic conductivity
in a small-signal regime remains unstudied up to
now. In the present work it is shown that such in-
vestigations make it possible, on one hand, to esti-
mate the transistor properties of such devices, and

on the other hand, to study coherent processes in
solid state structures in detail.

2. Experimental

Experimental samples have been fabricated on
the basis of InGaAs/AlGaAs heterojunctions
grown by molecular beam epitaxy by means of
electron lithography and subsequent reactive ion
etching. The parameters of a two-dimensional elec-
tron gas (2DEG) in the initial InGaAs/AlGaAs he-
terojunctions at T� 4.2 K were Ns� (7±10) á 1011

cmÿ2, l� (5±10) á 104 cm2/V s. The e�ective geo-
metrical radius of rings determined from the peri-
od of h/e-oscillations was reff � (0.2±0.35) lm.
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A schematic view of in plane gated ring is present-
ed in the inset of Fig. 1(a). Black regions in the ®g-
ure are the etched areas. The rings have current
and voltage probes and two gate electrodes situat-
ed by the conducting channels.

The magnetic ®eld dependences of di�erential
(with respect to the gate voltage VG) resistance
dRSD=dVG and microwave EMF dVEMF=dVG in
magnetic ®elds B6 2 T at T� 4.2 K have been in-
vestigated. A sinusoidal signal VG1�V0 sin(2pft)
was applied at one of the gate electrode, while
the other one was either grounded or held at a con-
stant potential VG2. A signal proportional to
dRSD=dVG1 or to dVEMF=dVG1 was measured from
the ohmic contacts to a ring at the frequency f of

sinusoidal modulation of the gate voltage. In the
®rst case the sample was held at a constant voltage
VSD6 kT/e, and in the second case it was subjected
by the microwave irradiation in the frequency
range x/2p� (1±145) GHz. In the low-frequency
range (1±10) GHz the coaxial cable was used to
apply the microwave irradiation, while in the
high-frequency range (37±145) GHz the wave
guide was used. The value of the microwave power
was chosen such that overheating of electron gas
was much less than equilibrium temperature
(DTe � T).

3. Results and discussion

A typical magnetic ®eld dependence of InGaAs/
AlGaAs-ring resistance is presented in Fig. 1. In
the dependence RSD(B) an aperiodic component
is clearly seen due to the interference of electron
waves on the scattering potential of the conducting
channels of the ring, while the h/e-oscillations are
practically not observed on the background of
the big classical component. Fig. 1(b) shows
dRSD�B�=dVG1 curves for di�erent values of the
amplitude of sinusoidal voltage (V0) applied across
the gate G1. It is seen that magnetic ®eld depen-
dences dRSD�B�=dVG1 as well as the RSD(B) depen-
dence contain averaged and aperiodic
components. Besides, in contrast to RSD(B), in
the dRSD�B�=dVG1 dependences h/e-oscillations
are well-advanced.

Magnetic ®eld dependences of di�erent compo-
nents of dRSD(B)/dVG1 for the minimal value of V0

are presented in Fig. 2(a), while the dependences
of their mean-square amplitudes on V0 are shown
in Fig. 2(b). The observed behavior of the compo-
nents of dRSD(B)/dVG1 as functions of B and V0 al-
low us to conclude that there are at least two
mechanisms of the in¯uence of VG on the ring con-
ductivity. One of them results from the classical
modulation of conductivity of the ring channels
due to the change in the electron density. This
mechanism shows itself in dRSD/dVG as magnetic
®eld averaged component, the amplitude of which
is practically independent of the value of V0 in
the voltage region investigated. The other mecha-
nism is of the quantum-mechanical origin, and is

Fig. 1. (a) Magnetic ®eld dependence of the ring resistance RSD.

(b) Magnetic ®eld dependences of dRSD=dVG1 for three di�erent

amplitudes of sinusoidal voltage: thick line V0� 0.28 V, dotted

line V0� 0.07 V, thin line V0� 0.014 V. Temperature T� 4.2 K.

Inset shows the schematic top view of the device.

372 A.A. Bykov et al. / Physica B 256±258 (1998) 371±374



connected with the gate voltage modulation of the
interference conditions for the electron waves in
the ring. As in Refs. [1,2] the variation of VG can
a�ect the phase of the electron wave function in
the ring in two ways. It can change the form of
the electron trajectories in the ring and also change
the electron density and hence the Fermi wave-
length. The overall phase shift is given by the ex-
pression: DuG � 2prrm DkF + kF DL, where DkF

is the corresponding variation of the Fermi wave
vector, DL is the variation of a typical electron tra-
jectory in the ring and rrm is the average radius of
the ring. The magnetic ®eld also makes a contribu-

tion to the phase shift DuB � 2pUe/h, where U is
the magnetic ¯ux through the area of the ring. It
is clear that the small-signal condition is ful®lled
when duG � 2p, where duG is the amplitude of
the phase shift variation produced by the variation
of the gate voltage. Since duG � V0, the decrease
of the mean square amplitudes of periodic and
aperiodic components with the increase of V0

(Fig. 2(b)) means the breaking of the small-signal
conditions. Arbitrarily, the small-signal condition
can be considered as ful®lled for the values of V0

lower than Vc
0, where Vc

0 corresponds to the half-
fall of the curves in Fig. 2(b). It should be noted
that the values of Vc

0 for periodic and aperiodic
components di�er not more than by a factor of
1.5, while the magnetic ®eld scales of ¯uctuations
of dRSD/dVG1 and of h/e-oscillations di�er at least
by a factor of 10. Such behavior can be explained
by the quasiballistic regime of electron transport
when the mean free path is comparable with the
length of interferometer arms, lp � preff . This is
in agreement with initial parameters of 2DEG
and interferometer dimensions. In spite of the qua-
sibalistic regime of electron transport, the presence
of the aperiodic component in dRSD/dVG1 exceed-
ing the periodic one in amplitude point to the
dominating role of the scattering potential in co-
herent processes in the rings investigated. This
should give rise to the e�ects connected with the
absence of the inversion symmetry, such as recti®-
cation [3] and mesoscopic photovoltaic e�ect [4,5].
The di�erence of the dRSD/dVG1 dependences mea-
sured for di�erent directions of current ISD

(Fig. 3(a)) resulted from the recti®cation e�ect
support this fact. Fig. 3(b) shows the di�erential
microwave EMF for x/2p� 2 GHz as the function
of B. One can see a complete correlation between
the recti®cation and EMF at the frequency of 2
GHz, which is absent for higher frequencies.

Correlational characteristics of the curves
dVEMF/dVG1 measured at di�erent x/2p and VG2

are presented in Fig. 4. The comparison of
Fig. 2(b) and Fig. 4 leads to conclusion that the
small-signal condition connected with quantum-
mechanical mechanism is ful®lled when the Fermi
energy modulation by the gate voltage does not ex-
ceed the correlation energy of the system, which is
of the order of kT (70 GHz) for our case.

Fig. 2. (a) Magnetic ®eld dependences of the components of

dRSD=dVG1. Dashed line is the averaged component, dotted line

is the aperiodic one, and the solid line is h/e-oscillations. (b)

Mean square amplitudes of dRSD=dVG1 as functions of V0.

Squares correspond to the averaged component, circles ± to

the aperiodic one, triangles ± to the periodic one.
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4. Conclusion

It was shown that the small-signal condition for
InGaAs/AlGaAs in plane gated rings is met if the
value of the Fermi energy modulation due to the
gate voltage variations does not exceed the correla-
tion energy of the system. Under these conditions
the modulation technique can be used to investi-
gate coherent processes. By means of the modula-
tion technique it was established that for the

microwave quantum energies lower than kT
the mesoscopic photovoltaic e�ect results from
the recti®cation e�ect inherent in a mesoscopic
system.
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Fig. 4. The value of correlation (F) between the dVEMF�B�=dVG1

curves measured at di�erent frequencies x/2p (crosses) and gate

voltages VG2 (circles).

Fig. 3. (a) Magnetic ®eld dependences of dRSD=dVG1 for posi-

tive (solid line) and negative (dashed line) signs of current

ISD. Dotted line is the di�erence between them. (b) Magnetic

®eld dependence of dVEMF/dVG1 at x/2p� 2 GHz. Temperature

T� 4.2 K.
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