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Persistent Currents in Mesoscopic Connected Rings
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We report measurements of the low temperature magnetic response of a line of 16 GaAs�GaAlAs
connected mesoscopic rings whose total length is much larger than lf. Using an on-chip micro-SQUID
technology, we have measured a periodic response, with period h�e, corresponding to persistent currents
in the rings of a typical amplitude of 0.40 6 0.08 nA per ring. Direct comparison with measurements
on the same rings but isolated is presented.
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In a mesoscopic metallic sample, quantum coherence
of the electronic wave functions can affect drastically the
equilibrium properties of the system. In the case of a metal-
lic ring in a magnetic field, the new boundary conditions
imposed by the magnetic flux [1] lead the wave functions
and therefore all the thermodynamic properties of the sys-
tem to be periodic with flux, with periodicity F0 � h�e,
the flux quantum. One of the most striking consequences
of this, first pointed out by Büttiker, Imry, and Landauer
[2] for the 1D case, is that a mesoscopic normal-metal ring
pierced by a magnetic flux carries a persistent nondissi-
pative current: this is a consequence of the periodicity of
the free energy F �F� with flux, implying the existence
of an equilibrium current I�F� � 2≠F �F��≠F. Subse-
quently, much theoretical effort has been devoted to the
description of a realistic 3D disordered ring [3–7]. Both
the sign and the amplitude of this current depend on the
number of electrons in the ring and on the microscopic
disorder configuration: thus this current, like other meso-
scopic phenomena such as Aharonov-Bohm conductance
oscillations [8], is sample specific. However, the order of
magnitude of the current for a single, isolated ring can be
characterized by its typical value Ityp �

p
�I2�, with � � de-

noting the average over disorder configurations. It is given
[6,7] by Ityp � 1.56I0le�L. In this formula, I0 � eyF�L
where yF is the Fermi velocity and L the perimeter of the
ring, and le is the elastic mean free path: the current varies
as the inverse of the diffusion time tD � L2�D where
D � yFle is the diffusion constant. When measuring an
ensemble of rings, the typical current per ring decreases as
1�
p

NR , where NR is the number of rings. At finite tem-
perature [6,7,9], mixing of the energy levels reduces the
current on the scale of the Thouless energy Ec, the en-
ergy scale for energy correlations. Further reduction arises
when temperature reduces the phase coherence length lf

down to values lower than L.
For a long time, persistent currents were believed to be

a specific property of isolated systems [2]. However, re-
cent theoretical predictions suggest that persistent currents
should exist even in connected rings. Using a semiclassical
model in the diffusive limit, Ref. [10] calculated persistent
currents in various networks of connected rings, showing
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that the amplitude of the persistent currents should be re-
duced only weakly as compared to its value in the same
network of isolated rings, whereas all the other properties,
such as temperature dependance, should be similar. The
reduction factor r � Iconnected�Iisolated depends on the ge-
ometry of the network. For a line of connected rings sepa-
rated by arms longer than lf, a simple fraction r � 2�3
was predicted [10]; for the geometry considered here, it is
expected [11] that r � 0.58. Moreover, this result is inde-
pendent of the total size of the system, even much larger
than lf. This suggests that persistent currents could be
observed in a macroscopic system. However, no experi-
mental evidence of persistent currents in such a connected
geometry has been reported up to now.

A couple of key experiments have confirmed the exis-
tence of persistent currents in isolated systems, either an
ensemble of isolated rings [12–14], or a single isolated
ring [15,16]. However, the amplitude of the currents found
in Refs. [12] and [15], much larger than expected, is still
not understood. In this context, the need for new experi-
ments to clarify these results and provide new experimental
facts is very important. Moreover, the existence of persis-
tent currents in a network of connected rings larger than
lf remains to be experimentally demonstrated.

In this Letter, we report on measurement of the low tem-
perature magnetic response of a line of 16 GaAs�GaAlAs
connected rings. The experiment was performed at the
base temperature of the dilution fridge in order to maxi-
mize the signal. The sample was designed so that its total
size was much larger than lf, while the perimeter of each
ring was smaller than lf. We developed a new experi-
mental setup based on a multiloop m-SQUID gradiometer,
and observed a periodic response of the magnetization with
period F0 � h�e, corresponding to persistent currents in
the rings of amplitude 0.40 6 0.08 nA per ring. Using
gates, we performed measurements on the same rings but
isolated. We also observed an h�e periodic signal, corre-
sponding to persistent currents in the rings whose ampli-
tude is similar to the one observed for connected rings.

The GaAs�GaAlAs heterojunction was grown using
molecular beam epitaxy. The structure of the epilayers is
a 1 mm GaAs buffer layer, a 15 nm GaAlAs spacer layer,
© 2001 The American Physical Society
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a 48 nm Si doped GaAlAs layer, and a 5 nm GaAs
cap layer. At 4.2 K in the dark, the two dimensional
electron gas (2DEG) at the heterointerface had an electron
density of 5.2 3 1011 cm22 and a mobility of 0.8 3

106 cm2 V21 s21. This yields a Fermi velocity yF �
3.16 3 105 m s21 and a Fermi wavelength lF � 35 nm.
All the lithographic operations were performed using elec-
tron beam lithography on polymethyl methacrylate resist
with a JEOL 5DIIU electron beam writer. We first pat-
terned an aluminum mask of the rings (see Fig. 1), which
was removed after etching 5 nm of the GaAs cap layer by
ion milling with 250 V argon ions. This was sufficient to
deplete the underlying 2DEG. The rings, actually squares
of internal side length 2 mm, external side length 4 mm,
mean perimeter L � 12 mm, connected by 2 mm long
arms, are connected to AuGeNi Ohmic contacts in a two-
probe geometry. Using a similar technique we fabricated
wires of different widths to characterize the sample after
etching. For wires of similar width, we measured a phase
coherence length lf � 20 mm derived from weak local-
ization. Conductance measurements gave an elastic mean

FIG. 1. Fabrication of the sample: (a) Etching of the rings
and the Ohmic contacts (V), and deposition of the three gates
(G1, G2, and G3) and the calibration loop (calib. loop). (b) First
level of the m-SQUID. (c) Optical photograph of the sample,
including the second level of the m-SQUID. Inset shows a
scanning electron microscopy picture of the microbridges.
free path of le � 8 mm, and a depletion length of 100 nm
on each side of the wire due to the etching process. There-
fore the effective width of the arms of our rings is W �
0.8 mm. It should be noted that in this experiment, we
were not in the pure diffusive case since le & L, but it is
expected that the analytical results for the diffusive case
still apply [17]. Three Schottky gates were then deposited
allowing one to deplete the 2DEG underneath. The first
one (G1 in Fig. 1) was deposited on top of each ring and
allows all the interference effects in the rings such as the
persistent currents to be suppressed. The second gate (G2)
was deposited on the two outgoing wires (V) and made
possible the insulation of the rings from the Ohmic con-
tacts. The last one (G3) was placed on each arm joining
two rings, allowing the measurement of isolated rings.
A calibration loop with the same dimensions as one ring
was patterned in order to calibrate our experimental setup.
The gates and the calibration loop were obtained by lift-
off of 10 nm titanium and 50 nm gold films. The device
was then covered with a 60 nm insulating layer (AZ 1350
resist baked at 170 ±C).

The next step (see Fig. 1) was the fabrication of the
m-SQUID. It is designed as a gradiometer, equivalent to
two counterwound loops, in order to compensate the exter-
nal magnetic flux [16,18], and made of aluminum because
of its low critical current and the possibility to easily con-
nect separate levels. The first level was deposited on top of
the rings and the calibration loop. Then a new insulating
layer was deposited and the gradiometer was completed
with the other half. The two Dayem microbridge Joseph-
son junctions, 300 nm 3 20 nm 3 30 nm, were litho-
graphically defined at this stage. The contact between
the two aluminum levels was obtained by covering them
with aluminum pads deposited after an ion bombardment
cleaning. The first m-SQUID layer was made of 60 nm
thick aluminum and the second one, containing the two
Dayem microbridges, of 30 nm thick aluminum in order
to reduce the critical current of the m-SQUID. As the
m-SQUID has exactly the same shape as the rings, the
coupling between them is almost perfect [18].

The gradiometer design and the accuracy of the e-beam
lithography allow compensation of the external magnetic
flux of 99.96%. The magnetic field was swept from
233.5 to 23.5 G at 7.5 G s21, corresponding to 3F0
and 9F0 in each ring for the inside and outside trajec-
tories, respectively: in this range of magnetic field, the
external magnetic flux is almost perfectly compensated,
and the gain of the gradiometer, calibrated by sending a
dc current through the calibration loop, is nearly constant.
Moreover, such a limitation in the magnetic field sweep
avoids flux penetration in the Al layers of the m-SQUID.
The critical current of the m-SQUID was measured using
dedicated electronics which ramps a dc current until the
m-SQUID’s critical current is attained [18]. The current
is then reset, and the value of the critical current sent to
a computer. This cycle is repeated periodically at 5 kHz,
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and the measured flux resolution of our gradiometer is
then �5 3 1024F0�

p
Hz.

Resistance measurements as a function of magnetic
field were performed separately using a conventional ac
lock-in technique, with an ac current of 100 pA at 777 Hz.
Figure 2 shows the square root of the power spectrum of
the resistance measured at 20 mK, obtained by fast Fourier
transform (FFT) of the data. The horizontal scale shows
the field frequency expressed in G21. Because of the
aspect ratio of the rings, the F0 frequency extends from
0.12 to 0.35 G21. The spectrum clearly exhibits a peak
in the F0 frequency range, corresponding to Aharonov-
Bohm conductance oscillations. The separation between
each point of the FFT is directly related to the range of
magnetic field used, which leads to a discretization of
0.036 G21 on the frequency axis.

To measure the persistent currents, the critical current
of the m-SQUID was measured as a function of the mag-
netic field. We performed measurements with the rings
“opened” and “closed” (2561 mV applied on the gate G1
when measuring opened rings). The rings were insulated
from the Ohmic contacts by applying 2558 mV on the
gate G2. Each measurement represented about 1 min of
accumulation time. The signal of persistent currents was
then extracted by FFT of the difference between measure-
ments with closed and opened rings, whereas the noise was
obtained by FFT of the difference between two identical
measurements, either closed or opened rings. Thus one
spectrum (see Fig. 3) was obtained in about 4 min. This
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FIG. 2. Typical power spectrum of the Aharonov-Bohm con-
ductance oscillations in a line of 16 rings, measured at 20 mK.
The horizontal arrow indicates the F0 frequency window, cal-
culated from the geometrical parameters of our sample. The
Aharonov-Bohm peak is just one point out of this window, due
to the discretization on the frequency axis. Open circles corre-
spond to noise, i.e., FFT of the difference between two succes-
sive measurements. Solid circles correspond to signal. Increase
of the signal at low frequency is due to weak localization and
universal conductance fluctuations, which are canceled in the
“noise” measurements. Inset shows the raw data after subtrac-
tion of the linear background (dashed line) and after bandpassing
the signal over the F0 frequency range (solid line).
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possibility of background noise subtraction is an important
advantage of our experimental technique [16]. The total
signal was divided by 16 to obtain the current per ring.

A typical result for the square root of the power spec-
trum of the persistent currents expressed in nA per ring is
depicted in Fig. 3. The increase of the signal at low fre-
quency is mostly due to slow temporal fluctuations of the
critical current of the m-SQUID. Note that contrary to pre-
vious experiments [16], the aspect ratio of the rings allows
the signal to extend over several units of the FFT abscissa,
corresponding to the F0 frequency range [8]: the ampli-
tude of the persistent currents is then obtained by taking
the difference between the area under the F0 region of the
“signal” and the “noise” curves. By this means, the fact
that we do not observe any increase of the amplitude of
the noise curve in the F0 frequency range of Fig. 3 but an
increase of the amplitude of the signal curve is a clear sig-
nature of persistent currents in our line of connected rings.

It should be stressed that random modifications of the
disorder configuration of the sample occurred due to re-
laxation processes of the dopants in the GaAlAs layer;
this explains why the signal varied in amplitude on a
time scale of �15 min. It is this instability that allows
us to perform statistics over the amplitudes of the per-
sistent currents corresponding to different disorder con-
figurations, and thus to measure the typical current [16].
Using this technique over a sample of �1000 spectra,
we find for our line of 16 connected rings after subtrac-
tion of the noise, a typical current of 0.40 6 0.08 nA
per ring. This value has to be compared with the theo-
retical value 0.58 3 1.56�I0�

p
NR � �le�L� � 0.63 nA per
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FIG. 3. Typical power spectrum of the magnetization due to
persistent currents in a line of 16 connected rings expressed in
nA per ring, measured at 20 mK. The horizontal arrow indi-
cates the F0 frequency window, calculated from the geometri-
cal parameters of our sample. Open circles correspond to noise,
i.e., FFT of the difference between two identical measurements.
Solid circles correspond to signal, i.e., FFT of the difference
between measurements with the rings closed and opened. Inset
shows the raw data after subtraction of the linear background
(dashed line) and after bandpassing the signal over the F0 fre-
quency range (solid line).
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ring, r � 0.58 being the reduction factor predicted for the
same line of connected rings and I0 being derived from our
experimental parameters.

By applying 2540 mV on the gate G3 we isolated the
rings and performed the same experiment as for con-
nected rings. We also observed an h�e periodic signal,
corresponding to persistent currents in the rings of 0.35 6

0.07 nA per ring, to be compared with the theoretical
value 1.56�I0�

p
NR � �le�L� � 1.09 nA per ring. Such a

difference between experimental and theoretical values
may be due to the finite value of lf [7] as well as the
exact shape of the sample (squares instead of rings).

The key point is the direct experimental comparison
between persistent currents in the same rings either con-
nected or isolated. Our experiment gave a ratio Iconnected�
Iisolated � 1.2 6 0.5. A similar experiment on a line of
four rings gave a similar result. The theoretical value cal-
culated by Refs. [10,11] for the diffusive case is r � 0.58:
the difference may be due to the fact that the model used
is valid in the diffusive regime. In our samples le & L,
and deviations from the pure diffusive case may be ex-
pected [11]. But such a ratio of order unity points out
the most striking result of our experiment: persistent cur-
rents were not significantly modified when connecting or
isolating the rings. All previous experiments were car-
ried out on isolated rings [12–16]. Our result shows that
persistent currents are not a specific property of isolated
systems: in our line of rings, electrons can visit the whole
sample and lose their phase coherence. However, we have
shown quantitatively that the trajectories encircling indi-
vidual loops, and thus giving rise to the persistent currents,
are very weakly affected by the connection to arms. This
result should remain valid for any two dimensional array
of rings (or holes) whose perimeter is smaller than lf [10].
By extension, this suggests that persistent currents could
be observed in a macroscopic sample: all the closed tra-
jectories smaller than lf, which enclose flux, should give
rise to a measurable persistent current, even if the whole
sample is clearly not a quantum coherent object.

In conclusion, using a multiloop m-SQUID gradiometer,
we have measured the magnetization of a line of connected
GaAs�GaAlAs rings as a function of magnetic field. We
have observed a periodic response, with period h�e; the
amplitude of the corresponding persistent currents is in
good agreement with theoretical estimates. Measurements
on the same but isolated rings also showed an oscillatory
component of the magnetization with period h�e: the am-
plitude of the persistent currents in connected and isolated
rings was found to be similar.

Further measurements on various geometries are now
needed to fully understand the effect of the connectivity of
the sample on the persistent currents. Experiments in the
pure diffusive case or on a larger number of rings should
also help to give a correct description of this “extensive”
nature of persistent currents. From the theoretical side, a
model for the ballistic case is needed for a direct com-
parison with our experiment.
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