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The signature of phase coherence on the electric and magnetic responsenointonnected 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-AlGa, _,As heterojunction. Both quantities exhibit an oscillating behavior with a periodicity con-
sistent with half a flux quantun®,/2=h/2e in a ring. We find that electric screening is enhanced when
time-reversal symmetry is broken by magnetic field, leading positivemagnetopolarizability, 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 aegativemagnetoconductance. The magnetic orbital response of the very same rings is also
investigated. It is consistent wittiamagneticpersistent 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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[. INTRODUCTION copic samples without coupling to macroscopic wires. This
is the case of ac conductance experiments where Aharonov-
At mesoscopic scale and at low temperature, electrons iBohm rings are coupled to an electromagnetic field. In con-
metallic samples keep their phase coherence on a léngth  trast with the connected case, the response of an isolated
which is bigger than the sample size. Transport and thermasystem can be dominated by quantum effects. Moreover, the
dynamic properties of the system are then sensitive to intelquasidiscrete nature of the energy spectrum and the sensitiv-
ference between electronic wave functions and present speity to the statistical ensemblganonical or grand canonigal
tacular signatures of this phase coherence. To study thesge new features of isolated mesoscopic systems. In particu-
effects the ring geometry is especially suitable. Indeed in théar, it has been emphasized that the average absorbtion of
presence of a magnetic fluk through the ring the periodic isolated mesoscopic systems is determined by the energy
boundary conditions for electronic wave functions acquire devel statistics and its sensitivity to time-reversal symmetry
phase factor 2®/d, with ®,=h/e the flux quantuntAsa  breaking by a magnetic field.
result, the magnetoconductance of a phase-coherent ring ex- The first experiments done in this spirit were performed
hibits quantum oscillations the periodicity of which corre- by coupling an array of disconnected GaAs/Sla_,As
sponds to one flux quantum through the area of the safmpletings to a strip-line superconducting resondtén such a
The phase of the first harmonics of these oscillations iggeometry the rings experience both ac magnetic and electric
sample specific so that these harmonics do not survive erfields. The magnetic response of the rings, i.e., their orbital
semble average. In contrast the second harmonics havenaagnetism, is directly related to persistent currents in the
contribution that resists this averaging. This results from thezero-frequency limif=** On the other hand, the electric re-
interference between time-reversed paths around the ringponse of the isolated metallic sample is related to the
(weak localization contribution Thesed /2 periodic oscil-  screening of the electric field inside the metal. The induced
lations were observed in transport measurements on loncharge displacement is at the origin of the polarizabitity
cylinders or connected arrays of ring§Their sign corre-  defined as the ratio between the induced electric digaiad
sponds to a positive magnetoconductance in zero field. In théne applied electric fieldE (d=aE). The polarizability is
case of singly connected geometries, such as full disks, thlenown to be essentially determined by the geometry of the
signature of weak localization consists in a single peak osample with correction of the order of,/L, with \ the
positive magnetoconductance the width of which corre-screening length and the typical size of the systeffiIt has
sponds togo/2 through the sampfe® been recently predicted that this quantity is sensitive to phase
Magnetotransport experiments on connected systems cogeherence around the ritigl’ and is thus expected to
stitute a very sensitive and powerful probe for the investigapresent flux oscillations. The electric contribution can be, in
tion of sample specific signatures of quantum transporithe particular case of GaAs rings, of the same order of mag-
However, because of strong coupling between the systemitude as the magnetic resporSe.
and the measuring device, quantum corrections represent a To be able to distinguish between the two types of re-
small fraction of the conductandef the order of 19, where  sponse we have designed a supercondudti@gesonator in
g is the dimensionless conductance expressesf/in units  which the capacitive part and inductive part are physically
that is still dominated by the classical Drude response in theeparated. In this paper we present measurements of both the
diffusive regimeg> 1. There exists a number of experiments magnetic and electric responses of Aharonov-Bohm rings.
that can address some of the electronic properties of mesoklote that these experiments are done on the very same array
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TABLE |. Characteristics of the rings after illumination.

Nominal densityn 3x 10" cm?
Thomas Fermi screening lengih (Ref. 21) o= (712)dmeqe i’ (MEP) 16 nm
PerimeterL 5.2um
Etched width 0.5um
Effective widthW (Ref. 22 0.2 um
Phase coherence lendth, (Ref. 229 6.5 um

Mean free path, (Ref. 22 3um
Diffusion coefficientD D=vgls/2 0.335 st
Mean level spacing\ A=h?/(2rmWL) 80 mK or 1.66 GHz
Thouless energg. E.=hD/L? 450 mK or 9.34 GHz
Dimensionless conductance g=E./A 5.6

of rings for both types of response, giving us the opportunityphotons/s with a wavelength of 766 nm. With this setup we
to compare them. A preliminary account of the measuremenrdre thus able to perform measurements at different electronic
of the electric response was given in Ref. 19. densities. The control on the density is rather qualitative be-
The paper is organized in the following way. Section Il cause of the difficulty to calibrate the illumination procedure.
gives a detailed presentation of the sample, an array ofVe have checked the effect of illumination on a connected
Aharonov-Bohm rings, and the resonating technique used téharonov-Bohm(AB) ring (Fig. 1). At zero illumination
measure the magnetic and electric response. Results on tlime the conductance of the ring is zero. On such a sample
nondissipative part of the flux-dependent electric responsere can follow the AB oscillations when the resistance de-
are presented in Sec. lll. A comparison with theoretical precreases by more than an order of magnitude with illumina-
dictions is given, including frequency dependence. Temperation. As a consequence a clear effect of illuminating the ring
ture and electronic density dependences are also invesiis to increase its conductance. The Fourier transform of the
gated. The next section focuses on the dissipative part of theesistance of the ring is shown in Fig. 2. We see for each
magnetopolarizability of the rings. Theoretical results for thisillumination an oscillation whose periodicity is consistent
quantity are derived and compared to the experiment. Sewvith a flux quantum®, in the area of the ring. However the
tion V is devoted to the measurements of the magnetic reFourier transform shows that the peak corresponding to this
sponse of the same rings. Despite the fact that the signal jgeriodicity change with illumination both in shape and in
then smaller, the magnetic response of the rings is detecteamplitude. The amplitude increases with illumination due to
and compared to predictions on averaged persistent currentsie increase of AB oscillations. The fact that the shape, and
We conclude by a comparison between the magnetic anuh particular the width, of the peak change with illumination

electric response. is an indication that the width of the ring increases with
illumination time. To be more precise the width of the rings
Il. EXPERIMENTAL SETUP is multiplied by a factor of 2 between the first and last curve
of Fig. 2. Note that the increase of the electronic density has
A. The sample also been shown to induce an increase of the electronic
_ mobility.°
1. The rings

In order to study the disorder average we have measured

We have studied the electric and magnetic susceptibilitiesonductance of a single ring and a mesh, representing a two-
of isolated Aharonov-Bohm rings. Our system is an array ofdimensional square array, etched in the same type of hetero-
10° 2D rings etched by reactive ion etching in a high-

mobility Al,Ga _,As/GaAs heterojunction. The characteris- 0.06F ' ' '
tics of these rings are given in Table I. They are ballistic in —

the transverse direction and diffusive longitudinally<(L g 0.04

andl,>W). It is important to perform a deep etching of the = 0021

heterojunction(down to GaA$ in order to minimize high- é 0.00

frequency losses, which have been observed to be important Q@ 0.02|

in etched AlGa _,As. Because of etching the electronic Q W

density is strongly depressed. However, we are able to re- G -0.041 ]
30 kQ

cover the nominal density of the heterojunction by illuminat- -0.06¢ s s s

ing the rings with a infrared diode placed close to the sample 400200 0, 20 400

in the dilution refrigerator. For each illumination a current of (@)

10 wA is run through the diode for several minutes. Mea- FIG. 1. Conductance of an Aharonov-Bohm ring at different

surements are done at leédsh after the illumination in order illuminations. At zero illumination the conductance is zero. With

to ensure good stability of the sample. An upper value of théllumination the resistance decreases. The curves are shifted for
estimated illumination power coupled to the sample is 60Clarity.
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FIG. 2. Fourier transform of the magnetoconductance of an
Aharonov Bohm ring at different illumination. The shape and am-
plitude of thed, peak are strongly dependent on illumination. The ~ FIG. 4. Schematic drawing of the resonator and optical photo-
curves are shifted for clarity. graphes of part of it. Note that the inductangeeander ling is

physically separated from the capacitaricemblike structurg

junction than the rings. The magnetoconductance is shown in. N

Fig. 3. As expected the AB effect disappears under ensembféiC reésponse has been checked by deposition of a paramag-
averaging. Theb,/2 oscillations, on the other hand, remain Netic system(DPPH alternatively on the capacitive and

on the mesh. In this case the triangular shape of the magndlductive part of the resonator. A magnetic spin resonance

toconductance is attributed to weak localization in the wireSignal was only observed when DPPH was on the inductive
of the mesh. part. The resonance frequency of the bare resonator varies

between 200 MHz and 400 MHz depending on the geometry.
Its quality factor is 10000 at 4.2 K and 200000 at 20 mK.
The resonator can be modeled bylad circuit of resistance

To measure the electric or magnetic response of the rings inductance£, and capacitanc€, whose resonance fre-
we couple them to a superconducting microresonator anguency is f,=(1/27)/£C and quality factorQ=Lwg/r.
detect the changes in its properties. This resonator is madgom the value of the higher resonance frequencies of the
by optical lithography. It consists of a niobium stripline de- resonator we have estimated that the residual capacitance of
posited on a sapphire substrate. This substrate has been pfge meander line is at least 10 times smaller tHaBue to
ferred to silicon or GaAs because it induces the weakeshe Meissner effect, the dc field just above the resonator is
temperature dependence of the resonance frequency asftongly inhomogeneous. In order to minimize this effect, we
gives the best quality factor due to the quality of the niobiumhave inserted a thin, g-m-thick, Mylar film between the
layer on sapphire. A schematic drawing is given in Fig. 4.detector and the rings. This reduces the field inhomogeneity

The width of the wire constituting the resonator igh, the  to about 10%, which is of the order of fluctuations in the
thickness 1um, and the spacing between two adjacent wiresjthography.

4 um. The total length of the capacitance or the inductance
is 10 or 20 cm. In this kind of resonator the inductance is

physically separated from the capacitance by a distance of ) _ _
300 wm, allowing us to submit the sample only to an electric In order to measure thel_r electric response the rings are
field (or to a magnetic fieldto measure its electrior mag- placed on top of the capacitance of the resonator. Note that

netio response. This separation between magnetic and eleth this procedure the rings are not well aligned with the
resonator so that they do not have the same coupling with the

: : , capacitance. This is not a problem as only linear response is

2. Superconducting microresonator

3. Electric coupling between the rings and the resonator

0.015} investigated. We noter(w)=a'(w)—ia"(w) the polariz-
ability averaged over disorder of a ring at the frequency
~ 0.010 The impedance of the capacitar€slightly modified by the
a rings reads
=
Q
@ 0.005 1
2(@) = 1T Nkea(@)]
000 20 0 20 40 1
B (G) %ic—w[l—Nkea'(w)-i-iNkea”(w)].

FIG. 3. Magnetoconductance of a ring and a mesh. The
signal disappears with ensemble average, so that in the mesh onlg this expressiorN is the number of rings coupled to the
the ®,/2 component remains. Note the triangular shape of the mageapacitance anll, is an averaged coefficient measuring the
netoconductance on the mesh. The curves are shifted for clarity. dielectric coupling between one ring and the capacitance.
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The capacitance with the rings is equivalent to a capacitance RF signal
([1+Nkga'(w)] in series with a resistandék.a”(w)/Cw. m
Hence ~
sC power divider
? = N kea ((1)) . (1) mmmmmmmemae , magic T
| Hy Phase Shif
The frequency shift due to the rings is then : %T“JHE : Q5OQ ES fer
Sf 1 , Somk T I OW noise
T =— EN Kea' (wq). (2 amplifier _mixer
The quality factor is determined by
Reflected signal
Nkea" (o)
1 r—+ T Con FIG. 5. rf circuit for measuring the reflected signal from the
— = —wo (3) resonator.
Q L(wg+ dw)
so that, with£Cw2=1 at resonance have an accurate absolute measurement. Nevertheless, rela-
tive measurements are possible so that the variation of the
1 . 11 , , electric or magnetic response with magnetic field can be de-
0 al” Nkea"(wq) — a 7 keNa' (o) ~Nkea"(wo) tected in a reliable way.

(4)
B. Measurement of the resonance frequency

rovided thatQ>1.
P Q and the quality factor

The electric coupling coefficient is estimated in Appendix

B. Knowing this value and the number of rings coupled to The reflected signal of the resonator is measured with the
the resonator, it is possible to evaluate quantitatively the posetup of Fig. 5 and used in a feedback loop to lock the
larizability of the rings by measuring the resonance fre-frequency of a rf generator to the resonance frequency. The
quency shiff Eq. (2)] and the variation of the quality factor setup is summarized in Fig. 6. The resonator is coupled ca-
[Eq. (4)]. pacitively to the external circuit using on-chip capacitances.
In order to preserve the quality factor of the resonator we

4. Magnetic coupling with the resonator work in a configuration where the resonator is undercoupled.

When the rings are placed on top of the inductascef The rf power injected is sufficiently low~£10 pW) so as
the resonator, this inductance is shifted because of their magl©t o heat the sample.

netic responsg(w)= x'(w)—ix"(w) according to .
1. Detection of the resonance frequency

oL ;
— =Nk (5) The frequency of the rf generator is modulatedlaand

L the signal from the resonator is detected by a lock-in detector
at the frequency of the modulation. The lock-in signal is to a
pdirst approximation the derivative of the resonance peak: it
gives an error signal, i.e., this signal is zero at resonance, and
changes sign when the frequency of the generator is higher
or lower than the resonance frequency. Using this signal in a

with N the number of rings coupled to the resonator &pd
the magnetic coupling coefficient between one ring and t
inductance, which has the dimension of the inverse of a vol
ume. Note that, properly defined, the coupling coefficligpt

is of the same order of magnitude las More precisely, the
estimation ofk, and k,, done in Appendix A leads td,,

~e€g€ Ko, as expected from Ref. 18. Following the same RF generator Reflected signal

reasoning as for the electric coupling, the properties of the EM

resonator are modified according to
of 1 , GB‘—l LF generator |—-| Lock-in detectionl
T = - EN ka y (6)

1 " | ‘onnal integral|
S a =Nkmnx". (7) Proportionnal integral
From previous equations it is in principle possible to mea-
sure the absolute value ef or y. However when a GaAs

sample is on the inductive or capacitive part of the resonator, Ao

the modification of the resonance is dominated by the influ- FIG. 6. Experimental setup used to lock the frequency of the rf
ence of the substrate. As a consequence it is very difficult tgenerator to the resonance frequency.
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feedback loop the frequency of the rf generator is locked to
the resonance frequency. This way, by measuring the feed-
back signal, one has direct access to the shift of the reso-
nance frequency. To enhance the accuracy we modulate the
magnetic field by a 1-G ac field oscillating at 30 Hz, pro- D -
duced by a small superconducting coil close to the sample,
and detect the modulated resonance frequency with a lock-in
detector.

df/dB (Hz/G)

20 0 20
B(G) B (G)

(c)]

| <I>0/2
' H‘L//\\*___H.-._H‘._;

2. Detection of the quality factor

At this point we consider that the frequency of the gen-
erator is locked to the resonance frequency by the previous

FFT power (arb. units)
o

setup. The signal measured is the signal reflected from the 0.0k . . .
resonator. As a consequence it is related to the reflexion co- 0.00 0.05 0.10 015 0.20
efficient [Z(w) — Zo)/[Z(w) + Z,], with Z(w) the imped- | _BE)
ance of the resonator and the coupling capacitanceZand 0.25=348.7 MHz ﬁ (d)]
=50 ) the impedance matched by the external circuit. We 0.20T=19mKg & % gi% ~
assume that near the resonance frequency the impedance 0.15 R, & 8 % § 8 g
Z(w) reads = g 98 g
o, 0.10F 3 § % ]
RQ? T 0.05¢ 89 1
Z(a)0+ 5(1)) = T A~ e 7 (8) 0.00} % i
1+2iQ dw/ wq 005 30 15 0 15 30
with wy the resonance frequency. In the lind{w)<Z,, B (G)

which corresponds to a very undercoupled resonator, the re-
flected signal is a linear function & ). As a consequence
if the rf signal is frequency modulated &t around the reso-

nance frequenc_:y)o_the reflected signal at Zl is _related to graph(a)] due to the resonator from previous ddt.Fourier trans-
the second derivative of the real pditw), which is propor- ; ; -

: b ‘ p. @), Wi prop form of signal(b). The vertical arrow indicates the cutoff frequency
tional toQ“. In this way, by measuring the signal at@ we seq for high-pass filtering the signéd) Frequency shift due to the

have access to_the_ quality factor. However, Whe_n the frerings obtained after integration of the high-pass filtered signal of
quency modulation is not small compared to the width of thep).

resonance peak or the resonator is not very undercoupled
to the external circuit, the relation between the signal & 2 contribution, which is the expected signature of phase coher-
and the quality factor is not straightforward and needsence, a numerical high-pass filter with a cutoff frequency of
calibration. 0.05 G ! [corresponding to the arrow on Fig(c]] is applied
and the signal is then numerically integrated in order to have
IIl. ELUX-DEPENDENT POLARIZABILITY the frequency shift due to the ringBig. 7(d)]. This shift is
) proportional to the variation of polarizability versus mag-
In this part we present measurements of the fluxetic field according to formul#2). We will return to the

dependent polarizability of the rings, which are placed on thgyperiodic signal in the section devoted to illumination effect.
capacitive part of the resonator as described in Sec. Il. In this

configuration the resonance frequency is decreased by 15%,
due to the dielectric constant of the GaAs substrate. More-
over, the quality factor drops down to 3000 at 20 mK and The frequency shift due to the rings is periodic with a
zero illumination. This strong decrease is attributed to dielecperiod of approximately 12.5 G. From the Fourier transform
tric losses in the heterojunction. The derivative of the reso{Fig. 7(c)] the period of the oscillation is deduced to be con-
nance frequency of the resonator with the rings is shown osistent with half a flux quantun®,/2 in a ring with no

Fig. 7(a). This signal is a straight line, on top of which small signature of®, periodicity, as expected for an Aharonov-
oscillations are superimposed. The straight line is due to thBohm effect averaged over many rimgsNote the extra
field dependence of the penetration length in niobium, whictbroadeningby more than a factor)2f this ®,/2 peak com-
constitutes the resonator. This behavior has been verified foared to the measurements on a single connected ring. We
be the same with or without the rings. The oscillating signalinterpret this as resulting from the dispersion in circum-
is, on the other hand, attributed to the flux-dependent electrifrences in the different rings. The sign of frequency shift is
response of the rings. These oscillations are extracted byegative at low magnetic field, which means according to
subtracting the base liféig. 7(b)]. Note their anharmonic- formula (2) that the magnetopolarizability is positive, i.e.,
ity as well as the existence of an aperiodic signal as illus«’(H)—«’'(0)>0 at low magnetic field. The screening is
trated by the Fourier transform of the d4fédg. 7(c)] show-  thus better when time-reversal symmetry is broken by mag-
ing a well-defined peak. In order to focus on this periodicnetic field. The scale of the signal is given by the amplitude

FIG. 7. (a) Derivative of the resonance frequency of the resona-
tor with the rings versus magnetic field at illumination time 870 s.
(b) Signal obtained by subtracting the base Ilimshed-line on

A. Magnetopolarizability
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of the first oscillation. From Fig. (d) we deducedsyf/f
—[f(6.3G)—f(0)]/f=—2.5x10 '. Note that this value <|Faa|2>ﬂ=f dr1J droF (r)F(ro)(|ra(r) da(r2)|?) . -
means detecting a frequency shift of 100 Hz at a frequency (10)
of 350 MHz. With the coupling coefficient estimated in Ap-
pendix B it leads to the value of the magnetopolarizability
Spa'lap=5x10"4+2.3x10"4, where a1p

= e,m°R3/In(R/W) is the calculated polarizability of a quasi-
one-dimensionalquasi-1D circular ring of radiusk.

From this expression it appears that the magnetopolarizabil-
ity is related to the difference of the correlation function of

the eigenstates with and without time-reversal symmetry.
This correlation function has been computed in the diffusive

regime within a supersymmetrie-model approaci®2°
B. Theoretical predictions Vo) a(r2)|?) . =[1+2K4(r)]
Our experiment shows that there is a flux correction to the X[1+2I1p(rq,r,)] (GOB),
polarizability of the rings, which ipositiveat low field. Let (11)

us now compare this result to recent theoretical predictions.

Since we are using a ring geometry we are going alterna- ,2 2 _

tively from a situation where the system presents time- VA a(r)va(r2) |9, =[1+ ka(r)]
reversal symmetry(at flux values of®=nd,/2, with n X[1+1Ip(rq,ro)], (GUE)

e 7) to the case where time reversal symmetry is broken by (12)
magnetic field. In the random matrix theoigMT) the first
case corresponds to the Gaussian orthogonal ensembith V the volume of the sampléy(r) a short-range func-
(GOE) whereas the second is related to the Gaussian unitafjon that decays on the length scale of the mean free path,
ensemblgGUE). So the quantity to be compared with theo- andIl(rq,r;) the diffusion propagator. The correction due
retical predictions that evaluate the variation of a physicato the short-range termky(r) has been shown to be
variable A between GOE and GUE is,A, defined as negligible!’ By considering only the diffusion term the mag-
A(Po/4)—A(0). Note that since the rings are semiballistic, netopolarizability is given by

the transition with magnetic field may not be exactly from
GOE to GUE.

The polarizability of small metallic grains was studied EZAVZJ drlf draF(ry)F(ra)p(ry,r2).
using RMT first by Gor’kov and Eliashbef§ The sensitivity (13
of the electrostatic properties of mesoscopic systems t
quantum coherenc_e has been emphasized hylk_Bu for equivalent to the one used by Noet al® based on the
connected geometrié3 The phase-coherent correction to thef . )

T . X ollowing RMT argument:
polarizability of isolated systems was recently theoretically
investigated. Efetov found that it is possible to relate this 1
correction self-consistently to the flux dependence of the 5<1>(<|Faa|2>)”—§<|Faa|2>GOE- (14)
screened potential. Two recent works have calculated this
effect in the diffusive regime using linear response formal-This relation can also be obtained from E¢sl) and (12)
ism (Noat et alX®29 or supersymmetry techniquéBlanter ~ using the fact that
and Mirlint"29.

In the grand canonical ensemi8CE) the chemical po- J dr F(r)=0 (15)
tential in each ring is supposed to be constant. It describes a
situation where the rings are connected to a reservoir of padue to symmetry properties of the screened potential. The
ticules. A priori this is not the case in the experiment wherecalculation of the magnetopolarizability using formylEB)
the rings are isolated, but as the theory is simpler in GCE wéor the case of a quasi-1D rin@d\ppendix Q leads to
recall first the result in this statistical ensemble. No flux de- ,
pendence for the polarizability is predicted if the rf pulsation 5<1>C“GCE: c (L)’\_s A
o is much smaller than the inverse relaxation timeHow- a1p T\W/WE.

ever, whenw> y the magnetopolarizability is related to the f(x) is a function related to the geometry and the dimension

flux dependenc_e of the diagonal matrix element of theyt e sample. Using this expression and the value of Table |
screened potential:

we havedaged a;p=1.2x103,

In our experiment the rings are isolated and the number of
electrons in each ring is supposed to be constant, so that the
result of the canonical ensemb{€E) should apply. AtT
=0 and zero frequency the flux-dependent correction to po-
<|FM|2)M is the disorder averaged squared of the diagonalarizability is found to be zero. However, at>A the GCE
matrix element of the screened potentraht energyu, the  result is recovered. The complete frequency dependence of
mean chemical potential of the ringSis the applied electric the magnetopolarizability in the CE has been recently de-
field. ¢, are the eigenstates of the unperturbed system. Thigved by Blanter and Mirlirf” Following their reasoning but
matrix element is then given by taking into account the level broadeningwe can write

2
’ _
OpAGce=

Riote that this derivation of the magnetopolarizability is

(16)

2
Bpatsce=— o S0((F ael?),) ©
dAGCE EZA (0] aal /u/*
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o

o

=2
T

300

FFT (arb. units)

10.028 exp(-2L/L,(T))
0.028 exp(-T/90)

0 50 100 150 200 250 300
T (mK)

1E-3

2 3

/A

FIG. 9. Temperature dependernbg/2 component of the Fourier
FIG. 8. Calculated evaluation @, ac( @)/ Spasee at different  transform of the signal. The fitting function used is proportional to
value of the parametey/A. Note that the value of magnetopolar- exfd —2L/Lg(T)] with two fitting functions forL 4(T). First we took

izability is zero at zero whatever the level broadening. the phase-coherence length measured on connected sample
L2®(T), which exhibits a ~ Y behavior. The other fitting function
Spald w)=SpaicdF (o) (17) is Lo(my>1/T. The best agreement is found with an exponential

decay with a temperature scale of 90 mK. Inset: Temperature de-
with F(w) a function that depends only on the statistic of pendence of the frequency shift due to the rings.
energy levels:

signal is proportional to eXp-2L/Ly(T)].# In Fig. 9 the tem-
perature dependence of this component is shown. We have
tried to fit it using two laws folL4(T). First, using the be-
havior deduced from the measurements on connectedires

. (18  Wwe have tried the experimental valu§®(T), which exhib-

its aT~® dependence, as expected for 1D systéhtisleads

to poor agreement with experimental points. Using for the
level correlation function, known from RM¥:3! By evalu- phase-coherence time the result of electron-electron interac-

. . 4 72 - .
ating this expression versus frequency at different values dfon in quantum dot¢0D systert’) 7o(T)T" 7, leading in
level broadening we get the results shown in Fig. 8. the diffusive regime td.q(T)1/T, gives better agreement.
The behavior at low values of the level broadening is inln this case the temperature scale is found to be 90 mK. We

qualitative agreement with result of Ref. 27. In particular thededuced from this valuey=1/7,=D/L§=0.8 mK at 18
magnetopolarizability is found to be zero at zero frequencyMK, i.e., much smaller than the level spacing. The phase-
[in our calculation the value oy ale(w=0) is at least 25 coherence length deduced from this analysis is 10 times
times smaller thanyalseg]. The present experiment was Migher than the length measured on the connected safple.
performed aiw/A=0.2, and the CE magnetopolarizability is We relate this difference between the nonconnected and con-
equal at most to 50% of the GCE val(ia the limit of small nected case to the fact that whereas the connected samples

level broadening As a consequence the expected value foAr€ one dimensional With. a continuous energy spectrum due
Swatdarp is then 6x 10~%, which is of the same order of to the strong coupling with the reservoirs, the spectrum of

magnitude as the experimental value. Note that the measurglne tﬂgnf:rznzcr:;?udren%ges ézsngleslfggte\;v:?/vgniotgcgjrﬂlnr?a;?zrgatrrll(e
ment is not sufficiently accurate to give an estimate of the p pe P ph
. : ; .. heed for a deeper theoretical analysis on the behavior of the
level broadening by comparing the experimental result with A
; . . : magnetopolarizability versus temperature.
the curves of Fig. 8. A very interesting extension of the ex-
periment would be to study the magnetopolarizability at dif-
ferent frequencies in order to test the theoretical predictions. D. Effect of illumination
This could be done by working with resonators with smaller

inductances.

Flw)=1+ focdeE

0 €

eletw)+y? ele—w)+y?
(e+w)?+ 7> (e—w)?+v?

X

(Sq,Rz( E) + f dEl(s(pR3(E, 61)
0

R,(€) and R;(e,e;) are, respectively, the two- and three-

Using the procedure described in Sec. Il A1 we are able
to study the influence of electronic density on magnetopolar-
izability. In Fig. 10 the Fourier transform of the derivative of
frequency shift, when the baseline due to the resonator is

The temperature dependence of the signal is also investiemoved, is shown at different illumination times. As ex-
gated. The magnetopolarizability decreases with temperatuggected the Fourier transform exhibitsbg/2 peak. Note also
(inset of Fig. 9. Theoretically the effect of temperature on the low-frequency component that corresponds to the aperi-
magnetopolarizability has not been studied yet. We will basedic signal seen in Fig. (B). The ®y/2 peak depends on
our analysis of the temperature dependence on the hypotlelectronic density. Its amplitude shows first an increase and
esis that the amplitude of the signal is related to the phasehen decreases at high illumination. Moreover the width of
coherence lengthg, in the same way as weak localization. the ®,/2 peak increases, showing that the rings widen with
In this case the amplitude of thé®,/2 component of the illumination. The peak becomes asymmetric, suggesting that

C. Effect of temperature
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FIG. 10. Fourier transform of the derivative of the resonance FIG. 12. Frequency shift without selecting thig/2 component
frequency versus magnetic field at different illumination. The before numerical integration, for different illumination times.

curves are shifted for clarity.
Y essentially determined by the density of states at the Fermi

energy, which is independent of energy for a 2D sys(eee
rings having long circumferences initially not populated con-Taple .
tribute to the signal at high illumination. Following the pro-  we have analyzed so far thie,/2 periodic component of
cedure described in Sec. Il we measured the amplitude ahe magnetopolarizability signal obtained after filtering low
magnetopolarizability versus illumination time. It yields Fig. frequency(see Fig. 7. On the other hand, the whole inte-
11, which shows the change of the amplitude of the magnegrated signal is depicted in Fig. 12. One can clearly see a
topolarizability. At first the signal increases, then for illumi- triangular shape dependence of the signal with magnetic field
nation time above 1400 s the amplitude of oscillation de-superimposed on the oscillations, very similar to the weak-
creases. We interpret this behavior in the following way.localization conductance of the connected mesh shown in
Before illumination the electronic density in the rings ob- Fig. 3. Note that this behavior is only present at low tem-
tained after deep etching of the 2D electron ¢2BEG) is  perature; it completely disappears for temperatures higher
strongly depressed compared to the nominal value. As a cothan 300 mK. The amplitude of this extra signal due to the
sequence an important fraction of the rings is likely to befinite width of the rings strongly increases and sharpens with
localized and does not contribute to the magnetopolarizabililumination. We think that it is reasonable to attribute this
ity. In this regime the signal is small. After illumination the evolution to the increase of the width of the rings. Note that
number of rings contributing to the signal increases so thaa similar evolution has been previously observed in the ac
the frequency shift due to the rings increases. At high enougmagnetoconductance of ballistic GaAs squéres.
electronic density when the rings are sufficiently populated

so that they contain delocalized electrons the theoretical re- IV. ELECTRIC ABSORPTION
sults obtained in the diffusive regime are expected to be
valid, leading to a 1 dependencgformula (16)], with g By measuring the quality factor of the resonator versus

=Ec/A the dimensionless conductance. This is a possiblgnagnetic field, we have access to the flux-dependent electric

explanation for the decrease of the magnetopolarizability 0bapsorptiorfformula(4)], which is related to the conductance,
served at high illumination level. Note that we cannot ex-j the case of an electric dipole, through

clude also a reduction of the screening lengitdue to illu-

mination. From formula16) we deduce then a decrease of wa"

the signal. However, we believe that the screening length Ge=—- (19

changes very weakly with illumination because this length is
The contribution due to the ring&ig. 13 exhibits the same

0.30— T T T T

025 = .

8, f/f

0.20} 1

-10°

0.15¢ 1

0.10

0 500 1000 1500 2000
lllumination time (s)

FIG. 11. Amplitude of the frequency shift due to the rings at  FIG. 13. Variation of 1@ versus magnetic field at different il-
different illumination time. lumination.
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periodicity as the frequency shift, which corresponds to half
a quantum flux in a ring. The low-field signal decreases. It
corresponds to a negative magnetoconductance, i.e., opposite
to weak localization. This surprising sign was pointed out in
the context of the magnetoconductance of rings submitted to
an oscillating magnetic flux in the discrete spectrum
limit. 3638

To explain this result one has to take into account the
level spacing distribution in a disordered syst& The
sign and amplitude of the typical variation of electric absorp-

20 25 3.0

. . Lo 00 05 10 15
tion are understandable using the fact that level repulsion in /A

a disordered system is higher in GUE than in GOE. Follow-

ing Ref. 18 the flux-dependent electric absorption in a sys- FIG. 14. Calculated value afyagee @)/ Spagce Versuse in
tem described by eigenvalues, and the corresponding CGCE at different value of the parametefA.
eigenfunctionsy, could be written in a linear response re-

gime, V(i (r) thg(ry) Por2)V5(12)) 1w

e fofy v ) =ky(r)+[1+ky(N)]Mp(r1,F2)  (GOB), (25
Spa :_Eé‘l’ ;B P 2 2|Faﬁ| 2Ny 2\ GOE
a apB (eaﬁ+w) +y we have5®(<||:aa| >/.L)~ <|Faﬁ| >/.Lw - Hence
+—2yw 5 > ﬂ“:aaF) : (20) Spagee( ®) e J"”E ye
v+ e Jde, 5(I)a, w2+ 2 0 A ( + )2+ 2
GCE Y €Tw Y
with €,5=€,—€5. We will first consider this expression in
the GCE where an average over the chemical potential is n yw S5uRy(€) 26)
computed. With this procedurg(f,—fz)/(€,5))=—1/Apn (e— w)2+ 72 P2 ES

and{df ,/de,)=—1/A u, whereA n is the range over which
the average over the chemical potential is done. The firsivhich can be evaluated numericalliyig. 14).

term in the right-hand side of E¢20) then reads For isolated rings we have to apply the result of CE. It is
then possible to estimate the correction to electric absorption

2€? sl S Yy I, 21) by using the same treatment as for the real part of polariz-
E2Au @ e Tep (eqpt )2+ 72 apl |- ability. It leads to

Note that in this sum the energieg and ;5 have to belong Spald ) »de 1 wy Wy

to the rangd u— A u/2,u+ Ap/2]. Using this constraint we —,:J X< N 5 2)
replace the sum by an integral, dpagce 40 B €l(etw)+y" (e-w) 'ty

Au (>de €
> ()= —MJ —Ry(€)(), (22) X| 6pRo(€) + fo de;dgpRa(e,€1) | (27)
€.<€g A 0 A

with R,(€) the two-energy-level correlation function. In this Numerical estima_tion of this formula at_different \{alues of
expression we neglect the flux dependence of the matrix ethe level broadening leads to the behavior shown in Fig. 15.
ement and note its average Vaméaﬁ|2>,u, .- With this ap-  The electric absorption is always negative at low frequency

proximation Eq.(21) reads and may change sign at low valuesofA.
2¢? ~de Yo ' '
——(IFepl® 0 f | 0.5
E2A<| oo |, & (e+ )2+ v2 y
Q
.0
yo % 0.0
—————| dpRs(€). (23 54
(e—w)*+y° 6
The Debye term of Eq20) is equal in the GCE to =5° -0.5
<
[2=)
2¢’  yo
—— ———380(|F 4al?). 24 -1.0
c2n wig g2 o0 Fadl) (24 ; 1, . !
/A
In the GCE in the dynamical regime the flux correction to the @
polarizability is given by formula(9) at T=0. Using the FIG. 15. Calculated electric absorption in CE versus frequency
following correlation functiorf® at different value of the parameterA.
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In order to compare these calculations with our experi-
mental result we will compute the ratiég,a"/dgpa’. It is 0.02f
worth noting that in our experiment this quantity is given 0.04F
according to Eqs2) and(4) by 64(1/Q)/(—264f/f) and is -0.06 |
independent of the number of rings coupled to the resonator
or the electric coupling coefficierit,. Experimentally we

- 0.00

- 10° &t/

0.00f T-20mK
-0.02} 1 - 350 MHz §

find dpa”’lSpa’=—0.2 at illumination time zero and 0% 0.04R,

—0.23 after 420 s of illumination. Theoretically, at/A = -0.06}° W
=0.2, Spacdw)=0.56pasce and dpa’(w) Spagee= 008 = 0 o 10 20 30
—0.5 so that the expected value &f " (w)/Space(w) is B (G)

around 1. It corresponds to smallA. For higher values of
this parameter the ratio is of the same amplitude or higher,
As a consequence the predicted behavior is consistent wi

the experimental value for the sign, but the theoretical am-
plitude is too high by more than a factor of 2. This conclu- A. Flux-dependent orbital magnetism
sion is different from our previous statement where the fre-

guency dependence of the real part of magnetopolarizabilit){h
was not taken into accoutt.

FIG. 16. Lower part: frequency shift due to the rings at 20 mK
nd zero illumination time. Upper part: the previous signal is de-
mposed into a periodic behavior and a low-frequency behavior.

The signal measured at zero illumination, after subtracting
e baseline due to the resonator, is shown in the lower part
of Fig. 16. Inspired by our previous analysis we decompose
the measured field-dependent part of the signal into an ape-
riodic and a periodic part, which correspondsdg/2 in a

V. MAGNETIC RESPONSE ring (Fig. 16). We interpret theb,/2 component as the con-
ribution of electronic trajectories enclosing the whole ring.

Due to the design of the resonator we have also the opt- ) :
portunity to investigate the magnetic response of the samgn the other hand, the triangular shape signal could be due

Aharonov-Bohm rinas used for the measurements of the the contribution of trajectories confined in the finite width
. 9s . off the ring. The amplitude of th& /2 periodic component of
electric response. In this case the rings are placed on top

: ) e signal isd,f/f=—1.5x10"8. We deduce from formula
the inductive part of the resonator. Note that to do so W€6) and evaluation of the magnetic coupling done in Appen-
have to warm up, cool down, and reilluminate the rings. As

ict Ki he ri h &ix A that the flux-dependent magnetic response of the ring
consequence, strictly speaking, the rings are not the same 8 5px=5.4x10"24+2.1x 10 2’m 3. In the following we

for the measurement of the electrical response because s 2ssume that the main contribution to this signal is due to
electronic density and the disorder realization in each ringne flux derivative of the persistent currefftand then dis-
are not exactly the same from one run to the other. Nevergyss finite frequency effects. If the flux dependence of per-

theless, due to the fact that we are measuring an ensembigstent currents is(®) =1, sin(4md/d,), we deduce
average quantity, the change in disorder realization of each

ring does not modify the result of the experiment. Moreover, Sox Pg

we have checkedon the electric response measurement lo=— Pt Am S (28)
that, for the same illumination procedure, the result varies 0 am

within a 15% range from one run to the other. The flux-with Sthe surface of the ring. We find thendiamagnetic
dependent orbital magnetism at a frequency of 350 MHz isaverage persistent current, the amplitude of whicHl j$
then detected. In this configuration the quality factor of the=0.25+0.1 nA. The aperiodic component of the signal cor-
resonator is only 500. We do not understand this strong inresponds, on the other hand, to low-field paramagnetism.
crease of magnetic losses. This low-quality factor decreases

the accuracy of our measurements of the resonance fre- B. Persistent currents

quency. Moreover, it prevents precise measurements of the Let us now compare our result for the average persistent
flux dependence of the d|SS|pat|v_e pa_rt of magnetic reSPONS&rents to other experimental results and to theoretical pre-
of the rings. As a consequence in this part we present onlictions. Ad /2 periodic diamagnetic persistent current has
the flux-dependent nondissipative part of the magneuq "eheen also observed in arrays of metallic rifgE The ex-
sponse. Note that we cannot rule out the fact that the signgected amplitude of the averaged current due to repulsive
measured in this configuration could be partially due to elecglectron-electron interactions from the first-order Hartree-
tric response of the rings. However, due to the small value ofock calculatioft* is E./®,=1.5 nA, this value is expected
the residual capacitance of the meander line and the bag be decreased by higher-order terms. Considering, on the
electric coupling in this geometry this electric component isother hand, theoretical predictions for noninteracting
estimated to be at least 20 times smaller than when the ringsectroné? the expected value is betwegAE/®,=0.6 nA

are placed on top of the capacitance. Moreover, the vergnd A/®,=0.3 nA. In both cases the currents are predicted
different shape of the electric and magnetic signals is strongp be paramagnetic. The rather small difference between in-
evidence that we are indeed measuring essentially the mageracting and noninteracting electrons is very specific to the
netic response of the rings. GaAs rings where the number of electrons is small. The mea-
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FIG. 17. Calculated frequency dependence of the real part of the
susceptibility at different values of the paramején .

B (G)

FIG. 18. Frequency shift due to the magnetic response of the
rings at different illumination time.

sured signal is consistent for the amplitude but not for the

sign (unless assuming attractive interactipngth theoretical ﬁg?egsghﬁ,:gg ;r:gafeulgetg db)i/nth: ;?Tt]l;rlztlsvna;:f Ct:rg/an?_ar\se co-
predictions. o . : g . e e

It may also be important to take into account an effect of;n%)' (Hs_aot):otﬂitﬁgt %le?r? t:iz%? ;é:g?eﬁrzrs;funr?ﬁ;?:t
frequency for the flux-dependent orbital magnetism. In factt Toll = P 9 P ) 9
by applying a formalism very similar to the one used for

magnetopolarizability the variation of the real pambndis-

he value ofr¢,=1.5 ns at 20 mK, deduced from measure-
ments on the connected sample, and considering the orthogo-

sipative of the susceptibility of a ring submitted to an oscil- nal case(e:bgencles ?f spin qrt;nt, tth@: _ti_/g) ,:sze iequr?e
lating magnetic flux in CE without interactions is given an expected value for persistent curren -4 A 1he
by36:40 predicted persistent current is thellmamagnetic The sign

and amplitude are then consistent with our experimental

findings. On the other hand, if we take the value deduced

from the temperature dependence of the magnetopolarizabil-

ity of nonconnected rings, which is not the case considered
(29 theoretically, we deducky= —0.02 nA, smaller by an order

with J,,; the matrix element of the current operator. It is then©f magnitude than the experimental value.

possible to apply the same reasoning as for the real part of

polarizability, and to use the fact thaby((|J,.|?)) C. Effect of illumination

=(|J44/%), so that
= 1
1—f de—
0 €

e(e—w)+ yz
(e—w)?+y?

fa_fﬁ EQ,IB(EQ,’B"'Q))""}/Z 2
E |‘]aB|

Sox’ (w)=6
°X qj(a?ﬁﬁ €ap (Gaﬁ+w)2+ ’y2

The influence of electronic density on the magnetic re-
5 sponse of the rings has been investigated by illuminating
eletw)ty them. Different illumination times are shown in Fig. 18. We
(e+w)?+v? observed that the triangular envelope of the signal changes
sign and increases with illumination. For each illumination
the Fourier transform of the signal exhibits a component that
[&PRz(E) is consistent with half a flux quantum periodicififig. 19.
One sees, however, that with illumination the shape of the
] ®y/2 peak in the Fourier transform is modified. The peak

dpx' (w) :1
Sox'(w=0) 2

+f de16pR5(€,€7) (300  broadens with electronic density, indicating that the width of
0

the rings increases. Note that this width is always consistent

The evaluation of this expression is easily deduced from the . .
evaluation of magnetopolarizability and leads to Fig. 17. Fre- . l ‘ ®,2

guency induces a strong decrease of the magnetic signal for

frequencies of the order df but does not seem to induce a

sign change o5, x’. Note that in strong contrast with the

electric response the magnetic susceptibility is maximum at

zero frequency, which corresponds to persistent currents. It

would be important to investigate the effect of finite fre-

guency on the contribution due to electron-electron interac-

tions on persistent currents. —a—1200's
Recently it has been suggested that the measured currents 00 0 65 0 '10 015

may be due to a rectifying behavior of the rings: a high- ' B G™ : :

frequency noise leads then to a dc curfriloise also in-

duces dephasing. A recent paper by Kravtsov and Altsfuler  FIG. 19. Fast Fourier transform of the magnetic response of the

predicts that those two quantities, average persistent currerihgs at different illumination.

L \ i

N |

— N
—e—600s \.s,.‘i\ /l>

o FFT power (arb. units)
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with the one deduced from etching and depletion effects. The )

(a) (b
power of the Fourier transform integrated in thg/2 zone is a
constant within 10%. So the amplitude of thg/2 signal is
constant but its shape is modified. It indicates that the am- ﬁ X
plitude of the persistent currents does not depend much on ‘
electronic density. The sign change of the low-frequency part p
of the flux-dependent magnetic response of the rings, going +\ b\ -A o
from low-field paramagnetism to diamagnetism, is not under- ‘
stood. p ‘

VI. CONCLUSION 21} p b B
2d

a

We have presented measurements of electric and magnetic
responses of Aharonov-Bohm rings etched in a 2DEG. They g, 20. (a) Schematic picture of the rings coupled to the ca-
present a flux-dependent correction to screening. This corregpcitance (b) Modelization used for the estimation of the electric
tion is positive in low field which means that screening is coupling coefficient. The linear chargeis determined by the po-
enhanced when time-reversal symmetry is broken by a magarizability of the rings and the electric field generated by the ca-
netic field. The sign of the effect is consistent with theory forpacitance at the ring position.
isolated rings at finite frequency. The value of magnetopolar-
izability is dpa'la;p=5x10 £2.3x10° %, with @1p  AppENDIX A: EVALUATION OF THE MAGNETIC
=€,m’R3/IN(R'W) the calculated polarizability of a COUPLING
quasi-1D circular ring of radiuR The temperature depen-
dence of magnetopolarizability is consistent withyo1/T. In this appendix we evaluate the magnetic coupling of one
The behavior versus electronic density is compatible with &quare ring with the resonator in the configuration of the
1/g dependence of magnetopolarizability. experiment. The inductana®is modeled by two cylindrical
The magnetic response has been measured on the venjres separated by a distance af see Fig. 208)]. Aring is
same array of rings. The rings exhibits a signal consistengubmitted to the magnetic field of those wires. Let us first
with diamagneticaverage persistent currents of amplitudeevaluate the mutual inductangel between the ring and the
[l)|=0.25+0.1 nA. Because the measurements are done ofesonator. Using Ampere’s theorem the magnetic field gener-
the same rings it is possible to compare the electric and thated by a currenitin the the inductance is easily calculated.
magnetic signal. The experimental ratio between the freThe flux of this magnetic field through a ring of sia€elo-
quency shift due to the electric or magnetic response isated at th¢0,0) point is then
around 10, a value consistent with theoretical expectations
taking into account the electric and magnetic coupling coef-
ficient (Appendixes A and Band the ratio between the typi- =M= '“_Oam
cal matrix element of the screened potential and the current ™
operator, which leads &

2d+a
2d—a

l. (A1)

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

)
o ~(Z4Gp)*~ @, (31
® ¥ €0 e Fod [(x+d+a/2)2+y2][ (x—d—a/2)2+y?]
=——In .
with Zo=o/€,=377 Q the vacuum impedanceGp 47 [(x+d—a/2)?+y?][(x—d+a/2)®+y?]
=ge?/h the Drude conductance, and~1/137 the fine- (A2)

structure constant. We have thus shown that the mesoscopic
electromagnetic response of GaAs rings is dominated by thghe ring submitted to a magnetic fieRlacts as a magnetic
flux-dependent polarizability instead of orbital magnetism.dipole m= yB/u,. This dipole is equivalent to the ring with
This would not be the case in metallic rings, where, due tq currentm/a?2, so that the flux in the inductance is nav
the very short screening length, the mesoscopic electric re= (£+ AM?y/a*)l. We deduce from these results tHaf,
sponse is negligible. The low-field diamagnetic sign of the=M2/(Moa4£) with £ the inductance of the meander line.
orbital magnetism needs further investigation both on the=rom the resonance frequency and the calculation of the ca-
experimental and theoretical sides. pacitance we deduc€=0.05 uH. The rings are not per-
fectly well coupled to the inductance so that they are not all
located atx=0. Moreover, because of the Mylar sheet in-
serted between the rings and the resonator, the rings are not
We thank B. Etienne for the fabrication of the heterojunc-in the plane of the resonator. To take this into account the
tion. We acknowledge fruitful discussions with L.P.\Mye  inductance is averaged over tReosition of the rings and
Ya.M. Blanter, S. Guen and G. Montambaux, and the tech- 1.5 um<y<2.5 um. Within these approximationsk,,
nical help of M. Nardone and P. Demianozuck. =1.3x10"+0.5x 10" m 3.
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APPENDIX B: EVALUATION OF THE ELECTRIC —hDA, (1) =E (1. (C2)
COUPLING

In this appendix we evaluate the electric coupling coeffi-
cientk of one ring with the capacitanag of the resonator.
The capacitance is modeled by two cylindrical wires of ra-
diusr and separated by a distance, ne wire with a linear
charge ofa and the other one-\. The electric field outside
the wires is the one generated by two linear of lineic charge 5 y y
N and —\ separated by a distancal determined byd, N Y . A
=/d?—r2% In our caseC=10 pF. Using the Gauss theo- Yma(XY) LWCOS( 7TmW) ex;{|2wn L) ©3
rem we can easily calculate the electric field in the plane of
the rings in every pointx,y) outside the wires:

We consider a 2D ring of perimeter radiusR, and widthW,
with W<L. In this case the solutions of the diffusion equa-
tion are

with me N* andne”Z. The modes corresponding to=0

E(xy) A X+d; x—d; are given by
X,y)= - .
Y™ 276 (x+dy)2+y?  (x—d;)?+y?

(B1)

1 ) X
A ring submitted to this field generates an electric dipele Um=on(X,y) = \/WVGXF{ IZWHE)- (C4H
= aE with « the polarizability of one ring, so that the rings
submitted to electric field act as an ensemble of dipole. We

model them by two line of linear chargeand — o separated  y is the coordinate along the ring, apthe radial coordinate.
by a distance, and such thatrb= aE/a (see Fig. 2D Note | our description the ring correspondsyte [ 0,W]. We con-

that to do so the electric field has to be constant on the Scaﬁder the reﬂecting border in ﬂ'}edirection_The Correspond_
of the rings: this is roughly the case. Evaluating the potentiajng eigenvalue is

6V created by these two wires between each side of the
capacitance, and using the relatioW'=—V C/C, we have
for rings located atX,y)

2
2mn’+ mzZ(L) } (C5)

Em,anc 2

| [(d—r—x—a/2)?2+y?][(d—r +x—a/2)?+y?]

n

8¢ o [(d=r—x+a/2)?+y?][(d—r+x+al2)?+y?]

C 2\ In (d2/r2) : E.=hD/L? is the Thouless energy. The mean charge density
! (B2) (average over the width of the ripgn the ring submitted to

. s ) an electric fieldE is
To have the capacitance shift induced by one ring we have to

divide the previous result by the number of rinys=1/b

with | the length of the capacitance. Moreover, as the rings €omRE

are embedded in GaAs-&ba_,As we have to divide our p(x=Rcosb,y)= mcosa. (Co)
result by the dielectric constant of the substrate 12.85.

We can now evaluate the electric coupling coefficiientle-

fined by 5C/C=Nk.a by averaging over the position of the  Note that using this density we recover the classical result for
rings and considering that the rings are located between 1.5 quasi-1D ring a;p=e,m?RY/IN(RMW). In the Thomas-

pm and 2.5um in they direction from ﬂge resonat%r. V\fighi” Fermi approximation we deduce the mean screened potential
these approximations ege, ke=8%10"9+3.4x10° m™3,

Note that the previous result is very close to the value of the
magnetic coupling coefficierk,,. RAE
F(x=Rcosb,y)= —ZWIn(R/W)

cosé. (C7)
APPENDIX C: MAGNETOPOLARIZABILITY FOR A
QUASI-1D RING

In this appendix we evaluate the magnetopolarizabiIityUSing this rela.tion and the formula for the diffuson one can
given by formula(13) for a quasi-1D ring. The diffusion do the calculation analytlcally_. Because of the forniainly
propagator at frequenay is given by the mode (h=0, n=1) remains and leads to

AS o Y ()gn(r")
Hp(r,r’,w)= — (CY Spa’ (L))\S A
— €

? n —iw-l—En 2 (C8)

. . a1p
SandA are respectively the surface of the ring and the mean

level spacingE,, and ¢, are the eigenvalues and eigenvec-
tors of the diffusion equation with f(x)=1/(4m? Inx/27).
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