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Dynamic Response of Isolated Aharonov-Bohm Rings Coupled to an Electromagnetic Resonator
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We have measured the flux dependence of both the real and the imaginary conductance of
GaAs/GaAlAs isolated mesoscopic rings at 310 MHz. The rings are coupled to a highly sensitive
electromagnetic superconducting microresonator and lead to a perturbation of the resonance frequency
and quality factor. This experiment provides a new tool for the investigation of the conductance of
mesoscopic systems without the need for invasive probes. The results obtained can be compared with
recent theoretical predictions emphasizing the differences between isolated and connected geometries
and the relation between ac conductance and persistent currents.
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Mesoscopic metallic rings present a spectacular thermo-
dynamic property: they carry a persistent nondissipative
current when they are threaded by a magnetic flux [1-3].
The existence of such a persistent current is a consequence
of the coherence of the electronic wave functions around
the ring. However, unlike a superconductor, when con-
nected to a voltage source, the same rings present a finite
Ohmic conductance close to the classical value given by
the Drude formula. In this formula the conductance de-
pends only on the elastic scattering time (quantum inter-
ference effects give rise to contributions which are only
a small fraction of this main classical contribution in the
metallic diffusive regime). It has already been pointed out
[4] that the existence of a finite Ohmic resistance for a
phase coherent sample is not paradoxical when one prop-
erly takes into account the influence of the measuring
leads. When connected to the sample, these macroscopic
wires play the role of incoherent reservoirs where electron
thermalization and dissipation take place. Such a strong
coupling with a reservoir of electrons can be avoided by
studying the current response of a mesoscopic ring to
a time dependent flux, which induces an electric field
around the ring. Since the early work of Biittiker and co-
workers [5—7] (subsequently generalized [8—12]), it has
been shown that the conductance measured by this last
technique on an isolated ring is indeed fundamentally dif-
ferent from the conductance of the same sample connected
to a voltage source. Essentially, it depends on the inelas-
tic time 7y, (which describes the coupling of the electrons
to the thermal bath). Furthermore, it is strongly related to
the presence of persistent currents around the ring.

In its ac version the experiment consists of measur-
ing the complex magnetic susceptibility of the rings
x(w) = x(w) + ix"(w) submitted to a small ac flux,
which is in turn superimposed on a dc one ®. In the lin-
ear response limit, this susceptibility is related to the com-
plex ac conductance of the rings G by y(w) * iwG(w).
Let us summarize the main theoretical predictions [10—
12].  An important time scale for the dynamics of the
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system is its thermalization time v~ ! = 7y,. In the adia-
batic limit w < vy, Im(G) reduces to the derivative of the
persistent current, while a relaxation term occurs at higher
frequency. In the continuous spectrum limit Ay > A
(where A denotes the mean level spacing) and zero fre-
quency, Re(G) is given by Re(G) = Gy + 6 G(P) where
8G = GoA/hy < Gy is the ®y/2 periodic Altshuler-
Aronov-Spivak (AAS) weak localization correction, posi-
tive in weak field [13,14]. Nevertheless, the same
quantity in the discrete spectrum limit iy << A (and in
the canonical statistical ensemble corresponding to iso-
lated objects) may give oscillations of opposite sign (for
T < A, w < 7y) and amplitude of the order of Gy (the
Boltzmann constant is taken equal to unity everywhere).
These oscillations are predicted to reverse sign and
become of the order of (A/fiy)Go when the temperature
T increases.

Motivated by these findings, we have designed an
experiment to measure the complex ac conductance of
an array of GaAs/GaAlAs isolated rings. The discrete
spectrum is much easier to reach in these samples (where
A is of the order of a few tens of mK) than in metallic
ones of comparable sizes (corresponding to A in the
microkelvin range). The sample is an array of 10°
isolated square rings, 2 um in size, made using e-beam
lithography. The electronic parameters of the rings are
obtained from transport measurements on connected rings
and wires fabricated together with the isolated rings.
Moreover, because of depletion effects, the real width of
the wires etched in the 2D electron gas is substantially
smaller than the nominal one, and must be determined
by weak localization measurements [15]. From these
measurements we deduced the following parameters:
A =35mK, E. = hD/L* =200 mK, M = 17, I, =
3 um, Metr = 4, and Ly (T = 50 mK) = 7 pwm, where
D denotes the diffusion coefficient, L the length of the
rings, M their number of channels, Mg their effective
one, I, the transport length, and L4(T) the (temperature
dependent) phase coherence length of electrons. The

© 1995 The American Physical Society



VOLUME 75, NUMBER 1

PHYSICAL REVIEW LETTERS

3 JuLy 1995

electronic motion is then diffusive around the rings and
ballistic in the transverse direction. In terms of fre-
quency, the energies are A/h = 630 MHz and E./h =
4.2 GHz.

These values determine the interesting range of fre-
quency: from a few hundred megahertz (fw < A) to a
few gigahertz (Aw = E_.). The inelastic parameter 7y, of
course, cannot be a priori deduced from such transport
experiments, since it represents a property of the isolated
rings. Nevertheless, assuming that y is of the order of
1/74 (where 74 is the phase coherence time of electrons
measured by weak localization in wires having the same
width as the rings), we expect that it is smaller than A /A
below 50 mK (such an assumption is in agreement with
the results obtained by Sivan et al [16] on the tunnel
spectroscopy measurements of quantum dots).

Our aim was to be able to detect the in-phase and out-
of-phase response of this array of rings to a small mag-
netic excitation. We recall that such an experiment, which
deals with electrically isolated objects, is very different
from the ac measurement of the complex conductance of
connected rings [17] and also from dc conductance mea-
surements in the presence of a high frequency electro-
magnetic field [18]. Since the estimated amplitude of the
signal was extremely small, we had to design a special
experimental setup. We have used a resonant technique
in which the rings are magnetically coupled to an elec-
tromagnetic multimode resonator, whose performance is
affected by the perturbations caused by the rings. The
resonance frequencies f, and quality factors Q, are modi-
fied by the presence of the rings according to
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FIG. 1. Optical photography of a piece of the resonator
coupled to the GaAs/GaAlAs mesoscopic rings. One notes
the two folded Nb lines (1 wm thick, 2 um wide, and 20 cm
long) on the sapphire substrate.

where N is the number of rings and M is the mutual
inductance between one ring and the resonator of self-
inductance L. Considerations of coupling optimization
between the samples and the detector have led us to use
the meander strip line resonator depicted in Fig. 1. The
array of rings is placed on the top of this resonator. In
this geometry each ring is close to the resonating line,
which ensures a good mutual coupling between them.
The line, open at both ends, has resonances each time
its length is a multiple value of A¢/2, where Aq is the
electromagnetic wavelength. The resonator is coupled to
an rf synthesizer via capacitances made by lithography on
the same substrate as the meander.

Typical superconducting Nb resonators produced on
sapphire substrates have a fundamental resonant fre-
quency of 380 Mhz and a Q = 80000 at temperatures
below 1 K. The injected power (1 nW) is small enough to
avoid the heating of electrons, and corresponds to an ac
magnetic flux less than 0.1d through the rings. The sen-
sitivity of our experiment is determined by the precision
with which we can detect a small deviation of f,, and Q,,
actually [15] 6 f,/f» = 107° and §Q,/Q2 =~ 10710,

Ideally all the rings should be exposed to the same
ac magnetic field and therefore should have a very well-
controlled position tightly coupled to the resonator, but
for the moment this is very difficult to achieve, since
for reasons of lithography the line and the rings are
sitting on different substrates. However, as long as we
are concerned only with the linear response, it is not
necessary that all the rings experience the same ac field
(if it is small enough). The problem of the homogeneity
of the dc magnetic field is somewhat more serious.
Since the characteristic signature of the effects we are
looking for are periodic oscillations with the dc flux
through the rings, it is crucial that they see essentially
the same dc field. Because of the Meissner effect, the
dc field just above the resonator is strongly spatially
inhomogeneous. However, these field inhomogeneities
decrease exponentially with the distance between the rings
and line substrates and are reduced to 10% when a
1.5 um thick, Mylar film is inserted between the detector
and the ring substrate. We have estimated that in this
geometry the typical mutual inductance M between one
ring and the resonator is of the order of 1.5 X 1071
H. We have checked this value by measuring the
susceptibility of an array of superconducting aluminum
rings. The most serious difficulty we had to overcome
in order to realize this experiment was the existence of
spurious losses coming from the partially etched GaAlAs
top layer of the heterostructure. The first attempt was
made with very slightly etched samples, for which we
observed a drop of the quality factor of the resonator
from 80000 to 10. By etching the samples more deeply
we could decrease these losses by a factor of 100 and
we obtained the results depicted below where Q = 1650
for the fundamental frequency. As yet it has not been

125



VOLUME 75, NUMBER 1

PHYSICAL REVIEW LETTERS

3 JuLy 1995

possible to work on the higher harmonics . We hope to
reduce further these residual losses in future experiments.

Let us now describe the magnetic field and temperature
dependence of the complex susceptibility of the array
of GaAs/GaAlAs rings measured at 310 MHz. The
measurements were done using two different resonators
and were reproducible. The amplitudes of the measured
signals 6Q and &§f are independent of the injected
power below 1 nW but decrease at higher excitation.
Further investigation of these nonlinearities is necessary
to separate heating effects from possibly more interesting
ones. The dc magnetic field was modulated at 3 Hz
with an amplitude of 1 G. The resulting signals are
proportional to the derivatives of f; and Q; with respect
to the dc magnetic field. In Fig. 2 we show the field
dependence of —df;/dH averaged 40 times. In low
field one clearly notices the oscillations associated with
the rings superimposed on the linear dependence of the
Nb diamagnetism. The 5 G periodicity corresponds to
a flux of amplitude ®y/2 = h/2e in each square. The
oscillations are not visible at fields larger than 10 G,
which is due to the rather small aspect ratio of the rings
(1®g through the area of the wires corresponds to 15 G).
One deduces from Fig. 2

—0f1/0H = aH + Bsind7® /Dy + B, sin87d /Dy,

2
with @ = 13 Hz/G?, B; =27 + 2 Hz/G, and B, =
10 = 2 Hz/G. According to Eq. (1) this amplitude of the
oscillations corresponds to an imaginary conductance of
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FIG. 2. Evolution of the derivative of the fundamental reso-

nance frequency f; of the line as a function of the dc magnetic
field. The linear background observed in the absence of the
rings (open symbols) corresponds to the diamagnetism of the
Nb, on which are superimposed the h/2e oscillations due to
the mesoscopic rings. This curve is averaged 40 times. Inset:
Fourier transform of the signal in the presence of the rings for
two different temperatures.
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the order of 2.5 X 1073 Q™! per ring for which the esti-
mated Drude conductance is Go = 5 X 107% Q~!. This
is clearly shown in Fig. 3. The temperature dependence
of the h/2e periodic component of the signal (see Fig. 4)
is compatible with an exponential decay with a character-
istic energy of 200 mK over a range of temperature corre-
sponding to 1.5A — 2FE,.

Since the frequency is smaller than the level spacing,
we can assume that the variations of f reflect only the dc
orbital magnetism of the rings: —df/dH o 621per/8(l>2.
Thus the amplitude of the oscillations corresponds to
a value of 1.5 nA per ring, which is of the order of
2E./®g = 1.4 nA (the factor 2 standing for spin), as
compared to 2/E.A/®Py = 0.5 nA or 2A /Py = 0.2 nA.
However, under the same assumption, our result implies
a diamagnetic zero field persistent current. One possible
explanation of this diamagnetism could be the presence of
interactions that modify the orbital magnetism of the rings
[19]. Although the existence of an attractive interaction
between electrons in the GaAs/GaAlAs heterojunction,
necessary to explain our experimental results, is not very
likely, it cannot be completely ruled out. Furthermore,
we cannot rule out that we are in the regime y < w,
implying a possible contribution from relaxation processes
to Im(G). However, according to Ref. 10, this last
hypothesis does not explain the observed sign either.

The magnetic field oscillations of the dissipative con-
ductance, obtained by integration of dQ,/0H, are pre-
sented in Fig. 3. Their period is also h/2e, and their
amplitude, which is an order of magnitude smaller than
the oscillations of Im(G), corresponds to 0.2Gy, i.e.,
10 times greater than the AAS h/2e periodic weak lo-
calization magnetoconductance, as measured in identi-
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FIG. 3. Magnetic field dependence of the imaginary and real
components of the conductance of the rings expressed in units
of the Drude conductance Gy. These two curves have been
obtained by integrating the measured quantities df;/dH and
9Q,/dH after subtraction of the background.
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FIG. 4. Temperature dependence of the h/2e periodic com-
ponents of df,/dH and 0Q,/0H.

cal connected rings. This is the first indication that the
conductance measured in isolated rings is different from
that measured in connected ones. The temperature de-
pendence of the h/2e periodic component of dQ;/dH
depicted in Fig. 4 is notably different from the tempera-
ture dependence of df1/dH; it is nearly independent of
temperature until 7 = 200 mK and strongly decreases at
higher temperature. The sign of dQ/dH is positive in
small field which according to Eq. (1) corresponds to a
negative magnetoconductance in low field. It is thus op-
posite to the AAS result. The observation of a nega-
tive sign for the low field magnetoconductance at 7 > A
could be another indication that y < w [10]. In this limit,
interlevel absorption processes are the dominant contribu-
tion to Re(G). The magnetoconductance is then related to
the flux dependent spectral properties of the rings and, ac-
cording to random matrix theory, has negative sign in low
field. These results invite us to pursue the experiment in
a wider range of frequency and temperature.

Up to now we have only discussed the magnetic
coupling of the rings to the detector. However, we also
expect the resonator to be affected by the polarizability
of the rings, which experience a strong electric field
in their plane. This field is screened by the electrons
on a scale of the order of the Thomas-Fermi length.
However, since it is not infinitely small (of the order
of 200 A) compared to the dimensions of the ring, one
cannot exclude the existence of quantum corrections to
the polarizability of the rings contributing to the flux
dependence of f; with Aharonov-Bohm-like oscillations.
A quantitative estimation of this effect is clearly needed
and is underway.

In conclusion, we have designed an experiment

sensitive enough to measure the complex conduc-
tance of an array of rings in the relevant frequency
range. We have given evidence for h/2e flux os-
cillations for both the real and imaginary parts of
the conductance. The sign of the oscillations of the
imaginary conductance corresponds to diamagnetism in
low field, which is for the moment difficult to inter-
pret. The periodic component of the real part of the
conductance has an opposite sign to the weak locali-
zation oscillations measured in connected rings, and is at
least 10 times larger.
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FIG. 1. Optical photography of a piece of the resonator
coupled to the GaAs/GaAlAs mesoscopic rings. One notes
the two folded Nb lines (1 wm thick, 2 wm wide, and 20 cm
long) on the sapphire substrate.



