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ac electric and magnetic responses of nonconnected Aharonov-Bohm rings
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The signature of phase coherence on the electric and magnetic response of 105 nonconnected Aharonov-
Bohm rings is measured by a resonant method at 350 MHz between 20 mK and 500 mK. The rings are etched
in a GaAs-AlxGa12xAs heterojunction. Both quantities exhibit an oscillating behavior with a periodicity con-
sistent with half a flux quantumF0/25h/2e in a ring. We find that electric screening is enhanced when
time-reversal symmetry is broken by magnetic field, leading to apositivemagnetopolarizability, in agreement
with theoretical predictions for isolated rings at finite frequency. Temperature and electronic-density depen-
dences are investigated. The dissipative part of the electric response, the electric absorption, is also measured
and leads to anegativemagnetoconductance. The magnetic orbital response of the very same rings is also
investigated. It is consistent withdiamagneticpersistent currents of 0.25 nA. This magnetic response is an
order of magnitude smaller than the electric one, in qualitative agreement with theoretical expectations.
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I. INTRODUCTION

At mesoscopic scale and at low temperature, electron
metallic samples keep their phase coherence on a lengthLF ,
which is bigger than the sample size. Transport and ther
dynamic properties of the system are then sensitive to in
ference between electronic wave functions and present s
tacular signatures of this phase coherence. To study t
effects the ring geometry is especially suitable. Indeed in
presence of a magnetic fluxF through the ring the periodic
boundary conditions for electronic wave functions acquir
phase factor 2pF/F0 with F05h/e the flux quantum.1 As a
result, the magnetoconductance of a phase-coherent ring
hibits quantum oscillations the periodicity of which corr
sponds to one flux quantum through the area of the sam2

The phase of the first harmonics of these oscillations
sample specific so that these harmonics do not survive
semble average. In contrast the second harmonics ha
contribution that resists this averaging. This results from
interference between time-reversed paths around the
~weak localization contribution!. TheseF0/2 periodic oscil-
lations were observed in transport measurements on
cylinders or connected arrays of rings.3,4 Their sign corre-
sponds to a positive magnetoconductance in zero field. In
case of singly connected geometries, such as full disks,
signature of weak localization consists in a single peak
positive magnetoconductance the width of which cor
sponds tof0/2 through the sample.5,6

Magnetotransport experiments on connected systems
stitute a very sensitive and powerful probe for the investi
tion of sample specific signatures of quantum transp
However, because of strong coupling between the sys
and the measuring device, quantum corrections represe
small fraction of the conductance~of the order of 1/g, where
g is the dimensionless conductance expressed ine2/h units!
that is still dominated by the classical Drude response in
diffusive regimeg@1. There exists a number of experimen
that can address some of the electronic properties of me
0163-1829/2002/65~7!/075301~14!/$20.00 65 0753
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copic samples without coupling to macroscopic wires. T
is the case of ac conductance experiments where Aharo
Bohm rings are coupled to an electromagnetic field. In c
trast with the connected case, the response of an isol
system can be dominated by quantum effects. Moreover,
quasidiscrete nature of the energy spectrum and the sen
ity to the statistical ensemble~canonical or grand canonica!
are new features of isolated mesoscopic systems. In par
lar, it has been emphasized that the average absorbtio
isolated mesoscopic systems is determined by the en
level statistics and its sensitivity to time-reversal symme
breaking by a magnetic field.

The first experiments done in this spirit were perform
by coupling an array of disconnected GaAs/GaxAl12xAs
rings to a strip-line superconducting resonator.7 In such a
geometry the rings experience both ac magnetic and ele
fields. The magnetic response of the rings, i.e., their orb
magnetism, is directly related to persistent currents in
zero-frequency limit.8–13 On the other hand, the electric re
sponse of the isolated metallic sample is related to
screening of the electric field inside the metal. The induc
charge displacement is at the origin of the polarizabilitya,
defined as the ratio between the induced electric dipoled and
the applied electric fieldE (d5aE). The polarizability is
known to be essentially determined by the geometry of
sample with correction of the order ofls /L, with ls the
screening length andL the typical size of the system.14 It has
been recently predicted that this quantity is sensitive to ph
coherence around the ring15–17 and is thus expected to
present flux oscillations. The electric contribution can be,
the particular case of GaAs rings, of the same order of m
nitude as the magnetic response.18

To be able to distinguish between the two types of
sponse we have designed a superconductingLC resonator in
which the capacitive part and inductive part are physica
separated. In this paper we present measurements of bot
magnetic and electric responses of Aharonov-Bohm rin
Note that these experiments are done on the very same a
©2002 The American Physical Society01-1
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TABLE I. Characteristics of the rings after illumination.

Nominal densityn 331011 cm22

Thomas Fermi screening lengthls ~Ref. 21! ls5(p/2)4pe0e r\
2/(me2) 16 nm

PerimeterL 5.2 mm
Etched width 0.5 mm
Effective widthW ~Ref. 22! 0.2 mm
Phase coherence lengthLF ~Ref. 22! 6.5 mm
Mean free pathl e ~Ref. 22! 3 mm
Diffusion coefficientD D5vFl e /2 0.335 m2 s21

Mean level spacingD D5h2/(2pmWL) 80 mK or 1.66 GHz
Thouless energyEc Ec5hD/L2 450 mK or 9.34 GHz
Dimensionless conductanceg g5Ec /D 5.6
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of rings for both types of response, giving us the opportun
to compare them. A preliminary account of the measurem
of the electric response was given in Ref. 19.

The paper is organized in the following way. Section
gives a detailed presentation of the sample, an array
Aharonov-Bohm rings, and the resonating technique use
measure the magnetic and electric response. Results o
nondissipative part of the flux-dependent electric respo
are presented in Sec. III. A comparison with theoretical p
dictions is given, including frequency dependence. Temp
ture and electronic density dependences are also inv
gated. The next section focuses on the dissipative part o
magnetopolarizability of the rings. Theoretical results for t
quantity are derived and compared to the experiment. S
tion V is devoted to the measurements of the magnetic
sponse of the same rings. Despite the fact that the sign
then smaller, the magnetic response of the rings is dete
and compared to predictions on averaged persistent curr
We conclude by a comparison between the magnetic
electric response.

II. EXPERIMENTAL SETUP

A. The sample

1. The rings

We have studied the electric and magnetic susceptibili
of isolated Aharonov-Bohm rings. Our system is an array
105 2D rings etched by reactive ion etching in a hig
mobility Al xGa12xAs/GaAs heterojunction. The characteri
tics of these rings are given in Table I. They are ballistic
the transverse direction and diffusive longitudinally (l e,L
and l e@W). It is important to perform a deep etching of th
heterojunction~down to GaAs! in order to minimize high-
frequency losses, which have been observed to be impo
in etched AlxGa12xAs. Because of etching the electron
density is strongly depressed. However, we are able to
cover the nominal density of the heterojunction by illumin
ing the rings with a infrared diode placed close to the sam
in the dilution refrigerator. For each illumination a current
10 mA is run through the diode for several minutes. Me
surements are done at least 1 h after the illumination in order
to ensure good stability of the sample. An upper value of
estimated illumination power coupled to the sample is 6
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photons/s with a wavelength of 766 nm. With this setup
are thus able to perform measurements at different electr
densities. The control on the density is rather qualitative
cause of the difficulty to calibrate the illumination procedu
We have checked the effect of illumination on a connec
Aharonov-Bohm~AB! ring ~Fig. 1!. At zero illumination
time the conductance of the ring is zero. On such a sam
we can follow the AB oscillations when the resistance d
creases by more than an order of magnitude with illumi
tion. As a consequence a clear effect of illuminating the r
is to increase its conductance. The Fourier transform of
resistance of the ring is shown in Fig. 2. We see for ea
illumination an oscillation whose periodicity is consiste
with a flux quantumF0 in the area of the ring. However th
Fourier transform shows that the peak corresponding to
periodicity change with illumination both in shape and
amplitude. The amplitude increases with illumination due
the increase of AB oscillations. The fact that the shape,
in particular the width, of the peak change with illuminatio
is an indication that the width of the ring increases w
illumination time. To be more precise the width of the rin
is multiplied by a factor of 2 between the first and last cur
of Fig. 2. Note that the increase of the electronic density
also been shown to induce an increase of the electro
mobility.20

In order to study the disorder average we have measu
conductance of a single ring and a mesh, representing a
dimensional square array, etched in the same type of het

FIG. 1. Conductance of an Aharonov-Bohm ring at differe
illuminations. At zero illumination the conductance is zero. W
illumination the resistance decreases. The curves are shifted
clarity.
1-2
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AC ELECTRIC AND MAGNETIC RESPONSES OF . . . PHYSICAL REVIEW B 65 075301
junction than the rings. The magnetoconductance is show
Fig. 3. As expected the AB effect disappears under ensem
averaging. TheF0/2 oscillations, on the other hand, rema
on the mesh. In this case the triangular shape of the ma
toconductance is attributed to weak localization in the w
of the mesh.

2. Superconducting microresonator

To measure the electric or magnetic response of the r
we couple them to a superconducting microresonator
detect the changes in its properties. This resonator is m
by optical lithography. It consists of a niobium stripline d
posited on a sapphire substrate. This substrate has been
ferred to silicon or GaAs because it induces the weak
temperature dependence of the resonance frequency
gives the best quality factor due to the quality of the niobiu
layer on sapphire. A schematic drawing is given in Fig.
The width of the wire constituting the resonator is 2mm, the
thickness 1mm, and the spacing between two adjacent wi
4 mm. The total length of the capacitance or the inducta
is 10 or 20 cm. In this kind of resonator the inductance
physically separated from the capacitance by a distanc
300mm, allowing us to submit the sample only to an elect
field ~or to a magnetic field! to measure its electric~or mag-
netic! response. This separation between magnetic and e

FIG. 2. Fourier transform of the magnetoconductance of
Aharonov Bohm ring at different illumination. The shape and a
plitude of theF0 peak are strongly dependent on illumination. T
curves are shifted for clarity.

FIG. 3. Magnetoconductance of a ring and a mesh. TheF0

signal disappears with ensemble average, so that in the mesh
theF0/2 component remains. Note the triangular shape of the m
netoconductance on the mesh. The curves are shifted for clarit
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tric response has been checked by deposition of a param
netic system~DPPH! alternatively on the capacitive an
inductive part of the resonator. A magnetic spin resona
signal was only observed when DPPH was on the induc
part. The resonance frequency of the bare resonator va
between 200 MHz and 400 MHz depending on the geome
Its quality factor is 10 000 at 4.2 K and 200 000 at 20 m
The resonator can be modeled by anLC circuit of resistance
r, inductanceL, and capacitanceC, whose resonance fre
quency is f 05(1/2p)ALC and quality factorQ5Lv0 /r .
From the value of the higher resonance frequencies of
resonator we have estimated that the residual capacitanc
the meander line is at least 10 times smaller thanC. Due to
the Meissner effect, the dc field just above the resonato
strongly inhomogeneous. In order to minimize this effect,
have inserted a thin, 1-mm-thick, Mylar film between the
detector and the rings. This reduces the field inhomogen
to about 10%, which is of the order of fluctuations in th
lithography.

3. Electric coupling between the rings and the resonator

In order to measure their electric response the rings
placed on top of the capacitance of the resonator. Note
with this procedure the rings are not well aligned with t
resonator so that they do not have the same coupling with
capacitance. This is not a problem as only linear respons
investigated. We notea(v)5a8(v)2 ia9(v) the polariz-
ability averaged over disorder of a ring at the frequencyv.
The impedance of the capacitanceC slightly modified by the
rings reads

Z~v!5
1

iCv@11Nkea~v!#

'
1

iCv
@12Nkea8~v!1 iNkea9~v!#.

In this expressionN is the number of rings coupled to th
capacitance andke is an averaged coefficient measuring t
dielectric coupling between one ring and the capacitan

n
-

nly
g-

FIG. 4. Schematic drawing of the resonator and optical pho
graphes of part of it. Note that the inductance~meander line! is
physically separated from the capacitance~comblike structure!.
1-3
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The capacitance with the rings is equivalent to a capacita
C@11Nkea8(v)# in series with a resistanceNkea9(v)/Cv.
Hence

dC
C 5Nkea8~v!. ~1!

The frequency shift due to the rings is then

d f

f 0
52

1

2
Nkea8~v0!. ~2!

The quality factor is determined by

1

Q
5

r 1
Nkea9~v0!

Cv0

L~v01dv!
, ~3!

so that, withLCv0
251 at resonance,

dS 1

QD5Nkea9~v0!2
1

Q

1

2
keNa8~v0!'Nkea9~v0!

~4!

provided thatQ@1.
The electric coupling coefficient is estimated in Append

B. Knowing this value and the number of rings coupled
the resonator, it is possible to evaluate quantitatively the
larizability of the rings by measuring the resonance f
quency shift@Eq. ~2!# and the variation of the quality facto
@Eq. ~4!#.

4. Magnetic coupling with the resonator

When the rings are placed on top of the inductanceL of
the resonator, this inductance is shifted because of their m
netic responsex(v)5x8(v)2 ix9(v) according to

dL
L 5Nkmx ~5!

with N the number of rings coupled to the resonator andkm
the magnetic coupling coefficient between one ring and
inductance, which has the dimension of the inverse of a v
ume. Note that, properly defined, the coupling coefficientkm
is of the same order of magnitude aske . More precisely, the
estimation ofke and km done in Appendix A leads tokm
'e0e rke , as expected from Ref. 18. Following the sam
reasoning as for the electric coupling, the properties of
resonator are modified according to

d f

f
52

1

2
Nkmx8, ~6!

dS 1

QD5Nkmx9. ~7!

From previous equations it is in principle possible to me
sure the absolute value ofa or x. However when a GaAs
sample is on the inductive or capacitive part of the resona
the modification of the resonance is dominated by the in
ence of the substrate. As a consequence it is very difficu
07530
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have an accurate absolute measurement. Nevertheless,
tive measurements are possible so that the variation of
electric or magnetic response with magnetic field can be
tected in a reliable way.

B. Measurement of the resonance frequency
and the quality factor

The reflected signal of the resonator is measured with
setup of Fig. 5 and used in a feedback loop to lock
frequency of a rf generator to the resonance frequency.
setup is summarized in Fig. 6. The resonator is coupled
pacitively to the external circuit using on-chip capacitanc
In order to preserve the quality factor of the resonator
work in a configuration where the resonator is undercoup
The rf power injected is sufficiently low ('10 pW) so as
not to heat the sample.

1. Detection of the resonance frequency

The frequency of the rf generator is modulated atV and
the signal from the resonator is detected by a lock-in dete
at the frequency of the modulation. The lock-in signal is to
first approximation the derivative of the resonance peak
gives an error signal, i.e., this signal is zero at resonance,
changes sign when the frequency of the generator is hig
or lower than the resonance frequency. Using this signal

FIG. 5. rf circuit for measuring the reflected signal from th
resonator.

FIG. 6. Experimental setup used to lock the frequency of the
generator to the resonance frequency.
1-4
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AC ELECTRIC AND MAGNETIC RESPONSES OF . . . PHYSICAL REVIEW B 65 075301
feedback loop the frequency of the rf generator is locked
the resonance frequency. This way, by measuring the fe
back signal, one has direct access to the shift of the re
nance frequency. To enhance the accuracy we modulate
magnetic field by a 1-G ac field oscillating at 30 Hz, pr
duced by a small superconducting coil close to the sam
and detect the modulated resonance frequency with a loc
detector.

2. Detection of the quality factor

At this point we consider that the frequency of the ge
erator is locked to the resonance frequency by the prev
setup. The signal measured is the signal reflected from
resonator. As a consequence it is related to the reflexion
efficient @Z(v)2Z0#/@Z(v)1Z0#, with Z(v) the imped-
ance of the resonator and the coupling capacitance anZ0
550 V the impedance matched by the external circuit.
assume that near the resonance frequency the imped
Z(v) reads

Z~v01dv!5
RQ2

112iQdv/v0
, ~8!

with v0 the resonance frequency. In the limitZ(v)!Z0,
which corresponds to a very undercoupled resonator, the
flected signal is a linear function ofZ(v). As a consequence
if the rf signal is frequency modulated atV around the reso-
nance frequencyv0 the reflected signal at 2V is related to
the second derivative of the real partZ(v), which is propor-
tional toQ2. In this way, by measuring the signal at 2V we
have access to the quality factor. However, when the
quency modulation is not small compared to the width of
resonance peak or the resonator is not very undercou
to the external circuit, the relation between the signal at 2V
and the quality factor is not straightforward and nee
calibration.

III. FLUX-DEPENDENT POLARIZABILITY

In this part we present measurements of the fl
dependent polarizability of the rings, which are placed on
capacitive part of the resonator as described in Sec. II. In
configuration the resonance frequency is decreased by 1
due to the dielectric constant of the GaAs substrate. Mo
over, the quality factor drops down to 3000 at 20 mK a
zero illumination. This strong decrease is attributed to diel
tric losses in the heterojunction. The derivative of the re
nance frequency of the resonator with the rings is shown
Fig. 7~a!. This signal is a straight line, on top of which sma
oscillations are superimposed. The straight line is due to
field dependence of the penetration length in niobium, wh
constitutes the resonator. This behavior has been verifie
be the same with or without the rings. The oscillating sig
is, on the other hand, attributed to the flux-dependent elec
response of the rings. These oscillations are extracted
subtracting the base line@Fig. 7~b!#. Note their anharmonic-
ity as well as the existence of an aperiodic signal as ill
trated by the Fourier transform of the data@Fig. 7~c!# show-
ing a well-defined peak. In order to focus on this period
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contribution, which is the expected signature of phase co
ence, a numerical high-pass filter with a cutoff frequency
0.05 G21 @corresponding to the arrow on Fig. 7~c!# is applied
and the signal is then numerically integrated in order to h
the frequency shift due to the rings@Fig. 7~d!#. This shift is
proportional to the variation of polarizability versus ma
netic field according to formula~2!. We will return to the
aperiodic signal in the section devoted to illumination effe

A. Magnetopolarizability

The frequency shift due to the rings is periodic with
period of approximately 12.5 G. From the Fourier transfo
@Fig. 7~c!# the period of the oscillation is deduced to be co
sistent with half a flux quantumF0 /2 in a ring with no
signature ofF0 periodicity, as expected for an Aharonov
Bohm effect averaged over many rings.23 Note the extra
broadening~by more than a factor 2! of this F0/2 peak com-
pared to the measurements on a single connected ring
interpret this as resulting from the dispersion in circu
frences in the different rings. The sign of frequency shift
negative at low magnetic field, which means according
formula ~2! that the magnetopolarizability is positive, i.e
a8(H)2a8(0).0 at low magnetic field. The screening
thus better when time-reversal symmetry is broken by m
netic field. The scale of the signal is given by the amplitu

FIG. 7. ~a! Derivative of the resonance frequency of the reso
tor with the rings versus magnetic field at illumination time 870
~b! Signal obtained by subtracting the base line@dashed-line on
graph~a!# due to the resonator from previous data.~c! Fourier trans-
form of signal~b!. The vertical arrow indicates the cutoff frequenc
used for high-pass filtering the signal.~d! Frequency shift due to the
rings obtained after integration of the high-pass filtered signa
~b!.
1-5
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of the first oscillation. From Fig. 7~d! we deduceddF f / f
5@ f (6.3G)2 f (0)#/ f 522.531027. Note that this value
means detecting a frequency shift of 100 Hz at a freque
of 350 MHz. With the coupling coefficient estimated in Ap
pendix B it leads to the value of the magnetopolarizabi
dFa8/a1D553102462.331024, where a1D
5e0p2R3/ln(R/W) is the calculated polarizability of a quas
one-dimensional~quasi-1D! circular ring of radiusR.

B. Theoretical predictions

Our experiment shows that there is a flux correction to
polarizability of the rings, which ispositiveat low field. Let
us now compare this result to recent theoretical predictio
Since we are using a ring geometry we are going alter
tively from a situation where the system presents tim
reversal symmetry~at flux values ofF5nF0 /2, with n
PZ) to the case where time reversal symmetry is broken
magnetic field. In the random matrix theory~RMT! the first
case corresponds to the Gaussian orthogonal ense
~GOE! whereas the second is related to the Gaussian un
ensemble~GUE!. So the quantity to be compared with the
retical predictions that evaluate the variation of a physi
variable A between GOE and GUE isdFA, defined as
A(F0/4)2A(0). Note that since the rings are semiballist
the transition with magnetic field may not be exactly fro
GOE to GUE.

The polarizability of small metallic grains was studie
using RMT first by Gor’kov and Eliashberg.24 The sensitivity
of the electrostatic properties of mesoscopic systems
quantum coherence has been emphasized by Bu¨ttiker for
connected geometries.25 The phase-coherent correction to t
polarizability of isolated systems was recently theoretica
investigated. Efetov found that it is possible to relate t
correction self-consistently to the flux dependence of
screened potential.15 Two recent works have calculated th
effect in the diffusive regime using linear response form
ism ~Noat et al.16,26! or supersymmetry techniques~Blanter
and Mirlin17,27!.

In the grand canonical ensemble~GCE! the chemical po-
tential in each ring is supposed to be constant. It describ
situation where the rings are connected to a reservoir of
ticules.A priori this is not the case in the experiment whe
the rings are isolated, but as the theory is simpler in GCE
recall first the result in this statistical ensemble. No flux d
pendence for the polarizability is predicted if the rf pulsati
v is much smaller than the inverse relaxation timeg. How-
ever, whenv@g the magnetopolarizability is related to th
flux dependence of the diagonal matrix element of
screened potential:

dFaGCE8 52
2e2

E2D
dF~^uFaau2&m!. ~9!

^uFaau2&m is the disorder averaged squared of the diago
matrix element of the screened potentialF at energym, the
mean chemical potential of the rings.E is the applied electric
field. ca are the eigenstates of the unperturbed system. T
matrix element is then given by
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^uFaau2&m5E dr1E dr2F~r1!F~r2!^uca~r1!ca~r2!u2&m .

~10!

From this expression it appears that the magnetopolariza
ity is related to the difference of the correlation function
the eigenstates with and without time-reversal symme
This correlation function has been computed in the diffus
regime within a supersymmetrics-model approach:28,29

V2^uca~r1!ca~r2!u2&m5@112kd~r !#

3@112PD~r1 ,r2!# ~GOE!,

~11!

V2^uca~r1!ca~r2!u2&m5@11kd~r !#

3@11PD~r1 ,r2!#, ~GUE!

~12!

with V the volume of the sample,kd(r ) a short-range func-
tion that decays on the length scale of the mean free p
andPD(r1 ,r2) the diffusion propagator. The correction du
to the short-range termkd(r ) has been shown to b
negligible.17 By considering only the diffusion term the mag
netopolarizability is given by

dFaGCE8 5
2e2

E2DV2E dr1E dr2F~r1!F~r2!PD~r1 ,r2!.

~13!

Note that this derivation of the magnetopolarizability
equivalent to the one used by Noatet al.16 based on the
following RMT argument:

dF~^uFaau2&!'2
1

2
^uFaau2&GOE. ~14!

This relation can also be obtained from Eqs.~11! and ~12!
using the fact that

E dr F~r !50 ~15!

due to symmetry properties of the screened potential.
calculation of the magnetopolarizability using formula~13!
for the case of a quasi-1D ring~Appendix C! leads to

dFaGCE8

a1D
5e r f S L

WDls

W

D

Ec
. ~16!

f (x) is a function related to the geometry and the dimens
of the sample. Using this expression and the value of Tab
we havedaGCE8 /a1D51.231023.

In our experiment the rings are isolated and the numbe
electrons in each ring is supposed to be constant, so tha
result of the canonical ensemble~CE! should apply. AtT
50 and zero frequency the flux-dependent correction to
larizability is found to be zero. However, atv@D the GCE
result is recovered. The complete frequency dependenc
the magnetopolarizability in the CE has been recently
rived by Blanter and Mirlin.27 Following their reasoning bu
taking into account the level broadeningg we can write
1-6
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dFaCE8 ~v!5dFaGCE8 F~v! ~17!

with F(v) a function that depends only on the statistic
energy levels:

F~v!511E
0

`

de
1

e S e~e1v!1g2

~e1v!21g2
1

e~e2v!1g2

~e2v!21g2 D
3FdFR2~e!1E

0

e

de1dFR3~e,e1!G . ~18!

R2(e) and R3(e,e1) are, respectively, the two- and thre
level correlation function, known from RMT.30,31 By evalu-
ating this expression versus frequency at different value
level broadening we get the results shown in Fig. 8.

The behavior at low values of the level broadening is
qualitative agreement with result of Ref. 27. In particular t
magnetopolarizability is found to be zero at zero frequen
@in our calculation the value ofdFaCE8 (v50) is at least 25
times smaller thandFaGCE8 #. The present experiment wa
performed atv/D50.2, and the CE magnetopolarizability
equal at most to 50% of the GCE value~in the limit of small
level broadening!. As a consequence the expected value
dFaCE8 /a1D is then 631024, which is of the same order o
magnitude as the experimental value. Note that the meas
ment is not sufficiently accurate to give an estimate of
level broadening by comparing the experimental result w
the curves of Fig. 8. A very interesting extension of the e
periment would be to study the magnetopolarizability at d
ferent frequencies in order to test the theoretical predictio
This could be done by working with resonators with smal
inductances.

C. Effect of temperature

The temperature dependence of the signal is also inv
gated. The magnetopolarizability decreases with tempera
~inset of Fig. 9!. Theoretically the effect of temperature o
magnetopolarizability has not been studied yet. We will b
our analysis of the temperature dependence on the hyp
esis that the amplitude of the signal is related to the pha
coherence lengthLF in the same way as weak localizatio
In this case the amplitude of theF0/2 component of the

FIG. 8. Calculated evaluation ofdFaCE8 (v)/dFaGCE8 at different
value of the parameterg/D. Note that the value of magnetopola
izability is zero at zero whatever the level broadening.
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signal is proportional to exp@22L/LF(T)#.4 In Fig. 9 the tem-
perature dependence of this component is shown. We h
tried to fit it using two laws forLF(T). First, using the be-
havior deduced from the measurements on connected wir32

we have tried the experimental valueLF
expt(T), which exhib-

its aT21/3 dependence, as expected for 1D systems.33 It leads
to poor agreement with experimental points. Using for t
phase-coherence time the result of electron-electron inte
tion in quantum dots~0D system34! tF(T)}T22 , leading in
the diffusive regime toLF(T)}1/T, gives better agreemen
In this case the temperature scale is found to be 90 mK.
deduced from this valueg51/tF5D/LF

2 .0.8 mK at 18
mK, i.e., much smaller than the level spacing. The pha
coherence length deduced from this analysis is 10 tim
higher than the length measured on the connected samp32

We relate this difference between the nonconnected and
nected case to the fact that whereas the connected sam
are one dimensional with a continuous energy spectrum
to the strong coupling with the reservoirs, the spectrum
the nonconnected rings is discrete. As a concluding rem
on this temperature dependence, we want to emphasize
need for a deeper theoretical analysis on the behavior of
magnetopolarizability versus temperature.

D. Effect of illumination

Using the procedure described in Sec. II A 1 we are a
to study the influence of electronic density on magnetopo
izability. In Fig. 10 the Fourier transform of the derivative
frequency shift, when the baseline due to the resonato
removed, is shown at different illumination times. As e
pected the Fourier transform exhibits aF0/2 peak. Note also
the low-frequency component that corresponds to the ap
odic signal seen in Fig. 7~b!. The F0/2 peak depends on
electronic density. Its amplitude shows first an increase
then decreases at high illumination. Moreover the width
the F0/2 peak increases, showing that the rings widen w
illumination. The peak becomes asymmetric, suggesting

FIG. 9. Temperature dependenceF0/2 component of the Fourie
transform of the signal. The fitting function used is proportional
exp@22L/LF(T)# with two fitting functions forLF(T). First we took
the phase-coherence length measured on connected sa
LF

expt(T), which exhibits aT21/3 behavior. The other fitting function
is LF(T)}1/T. The best agreement is found with an exponen
decay with a temperature scale of 90 mK. Inset: Temperature
pendence of the frequency shift due to the rings.
1-7
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DEBLOCK, NOAT, REULET, BOUCHIAT, AND MAILLY PHYSICAL REVIEW B 65 075301
rings having long circumferences initially not populated co
tribute to the signal at high illumination. Following the pro
cedure described in Sec. III we measured the amplitude
magnetopolarizability versus illumination time. It yields Fi
11, which shows the change of the amplitude of the mag
topolarizability. At first the signal increases, then for illum
nation time above 1400 s the amplitude of oscillation d
creases. We interpret this behavior in the following w
Before illumination the electronic density in the rings o
tained after deep etching of the 2D electron gas~2DEG! is
strongly depressed compared to the nominal value. As a
sequence an important fraction of the rings is likely to
localized and does not contribute to the magnetopolariza
ity. In this regime the signal is small. After illumination th
number of rings contributing to the signal increases so
the frequency shift due to the rings increases. At high eno
electronic density when the rings are sufficiently popula
so that they contain delocalized electrons the theoretica
sults obtained in the diffusive regime are expected to
valid, leading to a 1/g dependence@formula ~16!#, with g
5Ec /D the dimensionless conductance. This is a poss
explanation for the decrease of the magnetopolarizability
served at high illumination level. Note that we cannot e
clude also a reduction of the screening lengthls due to illu-
mination. From formula~16! we deduce then a decrease
the signal. However, we believe that the screening len
changes very weakly with illumination because this length

FIG. 10. Fourier transform of the derivative of the resonan
frequency versus magnetic field at different illumination. T
curves are shifted for clarity.

FIG. 11. Amplitude of the frequency shift due to the rings
different illumination time.
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essentially determined by the density of states at the Fe
energy, which is independent of energy for a 2D system~see
Table I!.

We have analyzed so far theF0/2 periodic component of
the magnetopolarizability signal obtained after filtering lo
frequency~see Fig. 7!. On the other hand, the whole inte
grated signal is depicted in Fig. 12. One can clearly se
triangular shape dependence of the signal with magnetic fi
superimposed on the oscillations, very similar to the we
localization conductance of the connected mesh shown
Fig. 3. Note that this behavior is only present at low te
perature; it completely disappears for temperatures hig
than 300 mK. The amplitude of this extra signal due to t
finite width of the rings strongly increases and sharpens w
illumination. We think that it is reasonable to attribute th
evolution to the increase of the width of the rings. Note th
a similar evolution has been previously observed in the
magnetoconductance of ballistic GaAs squares.35

IV. ELECTRIC ABSORPTION

By measuring the quality factor of the resonator vers
magnetic field, we have access to the flux-dependent ele
absorption@formula~4!#, which is related to the conductanc
in the case of an electric dipole, through

Ge5
va9

a2
. ~19!

The contribution due to the rings~Fig. 13! exhibits the same

e

t

FIG. 12. Frequency shift without selecting theF0/2 component
before numerical integration, for different illumination times.

FIG. 13. Variation of 1/Q versus magnetic field at different il
lumination.
1-8
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AC ELECTRIC AND MAGNETIC RESPONSES OF . . . PHYSICAL REVIEW B 65 075301
periodicity as the frequency shift, which corresponds to h
a quantum flux in a ring. The low-field signal decreases
corresponds to a negative magnetoconductance, i.e., opp
to weak localization. This surprising sign was pointed out
the context of the magnetoconductance of rings submitte
an oscillating magnetic flux in the discrete spectru
limit.36–38

To explain this result one has to take into account
level spacing distribution in a disordered system.24,39 The
sign and amplitude of the typical variation of electric abso
tion are understandable using the fact that level repulsio
a disordered system is higher in GUE than in GOE. Follo
ing Ref. 18 the flux-dependent electric absorption in a s
tem described by eigenvaluesea and the corresponding
eigenfunctionsca could be written in a linear response r
gime,

dFa952
2e2

E2
dFS (

aÞb

f a2 f b

eab

gv

~eab1v!21g2
uFabu2

1
gv

g21v2 (
a

] f a

]ea
uFaau2D , ~20!

with eab5ea2eb . We will first consider this expression i
the GCE where an average over the chemical potentia
computed. With this procedurê( f a2 f b)/(eab)&521/Dm
and^] f a /]ea&521/Dm, whereDm is the range over which
the average over the chemical potential is done. The
term in the right-hand side of Eq.~20! then reads

2e2

E2Dm
dFS (

eaÞeb

gv

~eab1v!21g2
uFabu2D . ~21!

Note that in this sum the energiesea andeb have to belong
to the range@m2Dm/2,m1Dm/2#. Using this constraint we
replace the sum by an integral,

(
ea,eb

~ !5
Dm

D E
0

`de

D
R2~e!~ !, ~22!

with R2(e) the two-energy-level correlation function. In th
expression we neglect the flux dependence of the matrix
ement and note its average value^uFabu2&m,v . With this ap-
proximation Eq.~21! reads

2e2

E2D
^uFabu2&m,vE

0

`de

D S gv

~e1v!21g2

1
gv

~e2v!21g2D dFR2~e!. ~23!

The Debye term of Eq.~20! is equal in the GCE to

2e2

E2D

gv

v21g2
dF~ uFaau2!. ~24!

In the GCE in the dynamical regime the flux correction to t
polarizability is given by formula~9! at T50. Using the
following correlation function,29
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V2^ca* ~r1!cb~r1!ca~r2!cb* ~r2!&m,v

5kd~r !1@11kd~r !#PD~r1 ,r2! ~GOE!, ~25!

we havedF(^uFaau2&m)'2^uFabu2&m,v
GOE. Hence

dFaGCE9 ~v!

dFaGCE8
52

gv

v21g2
1E

0

`de

D S gv

~e1v!21g2

1
gv

~e2v!21g2D dFR2~e!, ~26!

which can be evaluated numerically~Fig. 14!.
For isolated rings we have to apply the result of CE. It

then possible to estimate the correction to electric absorp
by using the same treatment as for the real part of pola
ability. It leads to

dFaCE9 ~v!

dFaGCE8
5E

0

`de

D

1

e S vg

~e1v!21g2
1

vg

~e2v!21g2D
3FdFR2~e!1E

0

e

de1dFR3~e,e1!G . ~27!

Numerical estimation of this formula at different values
the level broadening leads to the behavior shown in Fig.
The electric absorption is always negative at low frequen
and may change sign at low values ofg/D.

FIG. 14. Calculated value ofdFaGCE9 (v)/dFaGCE8 versusv in
GCE at different value of the parameterg/D.

FIG. 15. Calculated electric absorption in CE versus freque
at different value of the parameterg/D.
1-9
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In order to compare these calculations with our expe
mental result we will compute the ratiodFa9/dFa8. It is
worth noting that in our experiment this quantity is give
according to Eqs.~2! and~4! by dF(1/Q)/(22dF f / f ) and is
independent of the number of rings coupled to the reson
or the electric coupling coefficientke . Experimentally we
find dFa9/dFa8520.2 at illumination time zero and
20.23 after 420 s of illumination. Theoretically, atv/D
50.2, dFaCE8 (v)50.5dFaGCE8 and dFa9(v)/dFaGCE8 5

20.5 so that the expected value ofdFa9(v)/dFaCE8 (v) is
around 1. It corresponds to smallg/D. For higher values of
this parameter the ratio is of the same amplitude or hig
As a consequence the predicted behavior is consistent
the experimental value for the sign, but the theoretical a
plitude is too high by more than a factor of 2. This conc
sion is different from our previous statement where the f
quency dependence of the real part of magnetopolarizab
was not taken into account.19

V. MAGNETIC RESPONSE

Due to the design of the resonator we have also the
portunity to investigate the magnetic response of the sa
Aharonov-Bohm rings used for the measurements of
electric response. In this case the rings are placed on to
the inductive part of the resonator. Note that to do so
have to warm up, cool down, and reilluminate the rings. A
consequence, strictly speaking, the rings are not the sam
for the measurement of the electrical response because
electronic density and the disorder realization in each r
are not exactly the same from one run to the other. Ne
theless, due to the fact that we are measuring an ense
average quantity, the change in disorder realization of e
ring does not modify the result of the experiment. Moreov
we have checked~on the electric response measureme!
that, for the same illumination procedure, the result var
within a 15% range from one run to the other. The flu
dependent orbital magnetism at a frequency of 350 MHz
then detected. In this configuration the quality factor of t
resonator is only 500. We do not understand this strong
crease of magnetic losses. This low-quality factor decrea
the accuracy of our measurements of the resonance
quency. Moreover, it prevents precise measurements of
flux dependence of the dissipative part of magnetic respo
of the rings. As a consequence in this part we present o
the flux-dependent nondissipative part of the magnetic
sponse. Note that we cannot rule out the fact that the sig
measured in this configuration could be partially due to el
tric response of the rings. However, due to the small value
the residual capacitance of the meander line and the
electric coupling in this geometry this electric componen
estimated to be at least 20 times smaller than when the r
are placed on top of the capacitance. Moreover, the v
different shape of the electric and magnetic signals is str
evidence that we are indeed measuring essentially the m
netic response of the rings.
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A. Flux-dependent orbital magnetism

The signal measured at zero illumination, after subtract
the baseline due to the resonator, is shown in the lower
of Fig. 16. Inspired by our previous analysis we decomp
the measured field-dependent part of the signal into an a
riodic and a periodic part, which corresponds toF0/2 in a
ring ~Fig. 16!. We interpret theF0/2 component as the con
tribution of electronic trajectories enclosing the whole rin
On the other hand, the triangular shape signal could be
to the contribution of trajectories confined in the finite wid
of the ring. The amplitude of theF0/2 periodic component of
the signal isdF f / f 521.531028. We deduce from formula
~6! and evaluation of the magnetic coupling done in Appe
dix A that the flux-dependent magnetic response of the r
is dFx55.431022462.1310224m23. In the following we
first assume that the main contribution to this signal is due
the flux derivative of the persistent currents40 and then dis-
cuss finite frequency effects. If the flux dependence of p
sistent currents isI (F)5I 0 sin(4pF/F0), we deduce

I 052
dFx

2m0

F0

4pS2
, ~28!

with S the surface of the ring. We find then adiamagnetic
average persistent current, the amplitude of which isuI 0u
50.2560.1 nA. The aperiodic component of the signal co
responds, on the other hand, to low-field paramagnetism

B. Persistent currents

Let us now compare our result for the average persis
currents to other experimental results and to theoretical
dictions. AF0/2 periodic diamagnetic persistent current h
been also observed in arrays of metallic rings.11,13 The ex-
pected amplitude of the averaged current due to repul
electron-electron interactions from the first-order Hartre
Fock calculation41 is Ec /F051.5 nA, this value is expected
to be decreased by higher-order terms. Considering, on
other hand, theoretical predictions for noninteracti
electrons42 the expected value is betweenADEc/F050.6 nA
andD/F050.3 nA. In both cases the currents are predic
to be paramagnetic. The rather small difference between
teracting and noninteracting electrons is very specific to
GaAs rings where the number of electrons is small. The m

FIG. 16. Lower part: frequency shift due to the rings at 20 m
and zero illumination time. Upper part: the previous signal is d
composed into a periodic behavior and a low-frequency behav
1-10
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sured signal is consistent for the amplitude but not for
sign ~unless assuming attractive interactions! with theoretical
predictions.

It may also be important to take into account an effect
frequency for the flux-dependent orbital magnetism. In f
by applying a formalism very similar to the one used f
magnetopolarizability the variation of the real part~nondis-
sipative! of the susceptibility of a ring submitted to an osc
lating magnetic flux in CE without interactions is give
by36,40

dFx8~v!5dFS (
aÞb

f a2 f b

eab

eab~eab1v!1g2

~eab1v!21g2
uJabu2D

~29!

with Jab the matrix element of the current operator. It is th
possible to apply the same reasoning as for the real pa
polarizability, and to use the fact thatdF(^uJaau2&)
5^uJabu2&, so that

dFx8~v!

dFx8~v50!
5

1

2 H 12E
0

`

de
1

e S e~e1v!1g2

~e1v!21g2

1
e~e2v!1g2

~e2v!21g2 D FdFR2~e!

1E
0

e

de1dFR3~e,e1!G J . ~30!

The evaluation of this expression is easily deduced from
evaluation of magnetopolarizability and leads to Fig. 17. F
quency induces a strong decrease of the magnetic signa
frequencies of the order ofD but does not seem to induce
sign change ofdFx8. Note that in strong contrast with th
electric response the magnetic susceptibility is maximum
zero frequency, which corresponds to persistent current
would be important to investigate the effect of finite fr
quency on the contribution due to electron-electron inter
tions on persistent currents.

Recently it has been suggested that the measured cur
may be due to a rectifying behavior of the rings: a hig
frequency noise leads then to a dc current.43 Noise also in-
duces dephasing. A recent paper by Kravtsov and Altshul44

predicts that those two quantities, average persistent cu

FIG. 17. Calculated frequency dependence of the real part o
susceptibility at different values of the parameterg/D.
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and dephasing measured by the saturation of the phase
herence time, are related in a simple way:I 5Ce/tF(T
50). C is a constant giving the sign of the persistent curr
andtF(T50) the dephasing time at zero temperature. Us
the value oftF51.5 ns at 20 mK, deduced from measur
ments on the connected sample, and considering the orth
nal case~absences of spin orbit, thenC524/p), we deduce
an expected value for persistent currents of20.14 nA. The
predicted persistent current is thendiamagnetic. The sign
and amplitude are then consistent with our experimen
findings. On the other hand, if we take the value dedu
from the temperature dependence of the magnetopolariz
ity of nonconnected rings, which is not the case conside
theoretically, we deduceI 0520.02 nA, smaller by an orde
of magnitude than the experimental value.

C. Effect of illumination

The influence of electronic density on the magnetic
sponse of the rings has been investigated by illuminat
them. Different illumination times are shown in Fig. 18. W
observed that the triangular envelope of the signal chan
sign and increases with illumination. For each illuminati
the Fourier transform of the signal exhibits a component t
is consistent with half a flux quantum periodicity~Fig. 19!.
One sees, however, that with illumination the shape of
F0/2 peak in the Fourier transform is modified. The pe
broadens with electronic density, indicating that the width
the rings increases. Note that this width is always consis

e
FIG. 18. Frequency shift due to the magnetic response of

rings at different illumination time.

FIG. 19. Fast Fourier transform of the magnetic response of
rings at different illumination.
1-11
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DEBLOCK, NOAT, REULET, BOUCHIAT, AND MAILLY PHYSICAL REVIEW B 65 075301
with the one deduced from etching and depletion effects.
power of the Fourier transform integrated in theF0/2 zone is
constant within 10%. So the amplitude of theF0/2 signal is
constant but its shape is modified. It indicates that the a
plitude of the persistent currents does not depend much
electronic density. The sign change of the low-frequency p
of the flux-dependent magnetic response of the rings, go
from low-field paramagnetism to diamagnetism, is not und
stood.

VI. CONCLUSION

We have presented measurements of electric and mag
responses of Aharonov-Bohm rings etched in a 2DEG. T
present a flux-dependent correction to screening. This cor
tion is positive in low field which means that screening
enhanced when time-reversal symmetry is broken by a m
netic field. The sign of the effect is consistent with theory
isolated rings at finite frequency. The value of magnetopo
izability is dFa8/a1D553102462.331024, with a1D
5e0p2R3/ln(R/W) the calculated polarizability of a
quasi-1D circular ring of radiusR. The temperature depen
dence of magnetopolarizability is consistent withLF}1/T.
The behavior versus electronic density is compatible wit
1/g dependence of magnetopolarizability.

The magnetic response has been measured on the
same array of rings. The rings exhibits a signal consis
with diamagneticaverage persistent currents of amplitu
uI 0u50.2560.1 nA. Because the measurements are done
the same rings it is possible to compare the electric and
magnetic signal. The experimental ratio between the
quency shift due to the electric or magnetic response
around 10, a value consistent with theoretical expectati
taking into account the electric and magnetic coupling co
ficient ~Appendixes A and B! and the ratio between the typ
cal matrix element of the screened potential and the cur
operator, which leads to18

dFx

dFa/e0
'~Z0GD!2'a2g2, ~31!

with Z05Am0 /e05377 V the vacuum impedance,GD
5ge2/h the Drude conductance, anda'1/137 the fine-
structure constant. We have thus shown that the mesosc
electromagnetic response of GaAs rings is dominated by
flux-dependent polarizability instead of orbital magnetis
This would not be the case in metallic rings, where, due
the very short screening length, the mesoscopic electric
sponse is negligible. The low-field diamagnetic sign of t
orbital magnetism needs further investigation both on
experimental and theoretical sides.
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APPENDIX A: EVALUATION OF THE MAGNETIC
COUPLING

In this appendix we evaluate the magnetic coupling of o
square ring with the resonator in the configuration of t
experiment. The inductanceL is modeled by two cylindrical
wires separated by a distance of 2d @see Fig. 20~a!#. A ring is
submitted to the magnetic field of those wires. Let us fi
evaluate the mutual inductanceM between the ring and the
resonator. Using Ampere’s theorem the magnetic field ge
ated by a currentI in the the inductance is easily calculate
The flux of this magnetic field through a ring of sizea lo-
cated at the~0,0! point is then

F5MI 5
m0a

p
lnS 2d1a

2d2aD I . ~A1!

If the ring is located at a point (x,y), M reads

M5
m0a

4p
ln

@~x1d1a/2!21y2#@~x2d2a/2!21y2#

@~x1d2a/2!21y2#@~x2d1a/2!21y2#
.

~A2!

The ring submitted to a magnetic fieldB acts as a magnetic
dipole m5xB/m0. This dipole is equivalent to the ring with
a currentm/a2, so that the flux in the inductance is nowF
5(L1M 2x/a4)I . We deduce from these results thatkm
5M 2/(m0a4L) with L the inductance of the meander lin
From the resonance frequency and the calculation of the
pacitance we deduceL50.05 mH. The rings are not per-
fectly well coupled to the inductance so that they are not
located atx50. Moreover, because of the Mylar sheet i
serted between the rings and the resonator, the rings are
in the plane of the resonator. To take this into account
inductance is averaged over thex position of the rings and
1.5 mm,y,2.5 mm. Within these approximations,km
51.33101160.531011 m23.

FIG. 20. ~a! Schematic picture of the rings coupled to the c
pacitance.~b! Modelization used for the estimation of the electr
coupling coefficient. The linear charges is determined by the po-
larizability of the rings and the electric field generated by the
pacitance at the ring position.
1-12
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APPENDIX B: EVALUATION OF THE ELECTRIC
COUPLING

In this appendix we evaluate the electric coupling coe
cient k of one ring with the capacitanceC of the resonator.
The capacitance is modeled by two cylindrical wires of
dius r and separated by a distance 2d, one wire with a linear
charge ofl and the other one2l. The electric field outside
the wires is the one generated by two linear of lineic cha
l and 2l separated by a distance 2d1 determined byd1

5Ad22r 2.45 In our caseC510 pF. Using the Gauss theo
rem we can easily calculate the electric field in the plane
the rings in every point (x,y) outside the wires:

E~x,y!5
l

2pe0
S x1d1

~x1d1!21y2
2

x2d1

~x2d1!21y2D .

~B1!

A ring submitted to this field generates an electric dipoleP
5aE with a the polarizability of one ring, so that the ring
submitted to electric field act as an ensemble of dipole.
model them by two line of linear charges and2s separated
by a distancea, and such thatsb5aE/a ~see Fig. 20!. Note
that to do so the electric field has to be constant on the s
of the rings: this is roughly the case. Evaluating the poten
dV created by these two wires between each side of
capacitance, and using the relationdV52VdC/C, we have
for rings located at (x,y)

dC
C 5

s

2l

ln
@~d2r 2x2a/2!21y2#@~d2r 1x2a/2!21y2#

@~d2r 2x1a/2!21y2#@~d2r 1x1a/2!21y2#

ln ~d1
2/r 2!

.

~B2!

To have the capacitance shift induced by one ring we hav
divide the previous result by the number of ringsN5 l /b
with l the length of the capacitance. Moreover, as the ri
are embedded in GaAs-AlxGa12xAs we have to divide our
result by the dielectric constant of the substratee r512.85.
We can now evaluate the electric coupling coefficientke de-
fined bydC/C5Nkea by averaging over thex position of the
rings and considering that the rings are located between
mm and 2.5mm in they direction from the resonator. Within
these approximationse0e rke583101063.431010 m23.
Note that the previous result is very close to the value of
magnetic coupling coefficientkm .

APPENDIX C: MAGNETOPOLARIZABILITY FOR A
QUASI-1D RING

In this appendix we evaluate the magnetopolarizabi
given by formula~13! for a quasi-1D ring. The diffusion
propagator at frequencyv is given by

PD~r ,r 8,v!5
DS

p (
n

cn* ~r !cn~r 8!

2 iv1En
~C1!

S andD are respectively the surface of the ring and the m
level spacing.En andcn are the eigenvalues and eigenve
tors of the diffusion equation
07530
-

-

e

f

e

le
l
e

to

s

.5

e

y

n
-

2\DD rcn~r !5Encn~r !. ~C2!

We consider a 2D ring of perimeterL, radiusR, and widthW,
with W!L. In this case the solutions of the diffusion equ
tion are

cm,n~x,y!5A 2

LW
cosS pm

y

WDexpS i2pn
x

L D ~C3!

with mPN* and nPZ. The modes corresponding tom50
are given by

cm50,n~x,y!5A 1

LW
expS i2pn

x

L D . ~C4!

x is the coordinate along the ring, andy the radial coordinate.
In our description the ring corresponds toyP@0,W#. We con-
sider the reflecting border in they direction.The correspond
ing eigenvalue is

Em,n5EcF2pn21m2
p

2 S L

WD 2G . ~C5!

Ec5hD/L2 is the Thouless energy. The mean charge den
~average over the width of the ring! in the ring submitted to
an electric fieldE is

r~x5R cosu,y!5
e0pRE

W ln~R/W!
cosu. ~C6!

Note that using this density we recover the classical result
a quasi-1D ringa1D5e0p2R3/ln(R/W). In the Thomas-
Fermi approximation we deduce the mean screened pote

F~x5R cosu,y!5
RlsE

2W ln~R/W!
cosu. ~C7!

Using this relation and the formula for the diffuson one c
do the calculation analytically. Because of the form ofF only
the mode (m50, n51) remains and leads to

dFa8

a1D
5e r f S L

WDls

W

D

Ec
, ~C8!

with f (x)51/(4p2 ln x/2p).
1-13
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