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Aharonov—-Bohm effect induced by light in a fiber

Igor O. Kulik? and Alexander S. Shumovsky®
Department of Physics, Bilkent University, Bilkent 06533, Ankara, Turkey

(Received 1 March 1996; accepted for publication 2 August 1996

A weakly coupled normal-metal ring surrounding an optical fiber is considered under the condition
that the frequency of light in fiber is larger than the conduction bandwidth of the metal. It is shown
that in the presence of static magnetic field parallel to the fiber axis, the resistance of the ring is a
nonmonotone function of the optical intensity and an oscillating function of the static magnetic flux
with period equal to flux quanturnc/e. The temperature dependence of oscillations requires that
inelastic mean free path of electrons is larger than the ring size, and does not relate to the energy
level spacing to temperature ratio. €96 American Institute of Physics.

[S0003-695(196)01342-3

It has been recognized that quantum effects in mesoef a metal is larger thafiw. In this case, the magnetic com-
scopic structures related to the vector potential of the elegponent of an electromagnetic field represents the main source
tromagnetic field may lead to high-precision and high-of the electron wave function phase shift. The effect of os-
sensitivity measurements at low temperatuieg., see Ref. cillating magnetic field results in the modulation of the elec-
1). So far the quantum interferometry of normal metallic tron transmission amplitude between the parts of the ring.
loops was applied to static or slowly time-varying magneticDue to the quantum interference of electron waves in an
fields. The objective of this letter is to consider the high-oscillating potential, the dependence of the loop resistance
frequency mesoscopic effects induced by light in an opticaPn the ac field amplitude becomes a nonmonotone character.
fiber piercing the metallic loop and thereby to demonstrate An example of the high-frequency Aharonov—-Bohm ef-
the possibility of nondemolition control of light propagation fect is provided by a small metallic ring surrounding an op-
through the fiber. tical fiber[Fig. 1(a)]. We show here that the resistance of the

It is well known that the Aharonov—Bohm efféat dc  fing has a nonmonotone dependence on the ac power and
excitation manifests itself in the appearance of a persisterftscillates as a function of static magnetic field applied par-
current in a metallic loop periodic as a function of magneticallel to optical fiber axis. We assume that the ring is inho-
flux with the period of flux quantunmc/e®* and in the re- Mogeneous and that the ac electric field is concentrated near
sistance oscillations in the loop incorporated into an externdh€ narrowingsA,B,.... Hopping of electrons near these
circuit® with the same period. The first type of the experi- POINts will be influenced by a phase factor emerging from
ment was carried out by Chandrasekbtial® and by Mally ~ the vector potentiah(r,t) of the ac field. _
et al” Resistance oscillations have been observed in Ref. 1 Consider for simplicity a one-dimensional loop in the
and references therein. tight-binding approximation with two transmittance ampli-

An important case of an ac field of high frequenciestUdeStl'tZ at pointsA, B, connecting two parts of the ring at

w>v /R wherevg is the Fermi velocity an® is the ring  "="' =M1 andn=n’=n,, much smaller than the hopping
radius has been considered by Arorenal®® under the as- amplitudet, betweeln thg nearest points inside upper and
sumption that the space dependent time-varying eIectroma%Q,Wer parts of the rindFig. 1(c)]. Heren enumerates the
netic field produces the static electron energy minibands i lte_s along the nng. A weakly coupled loop of eqL,JaI/ length
the ring. The minibands have been suggesied appear due chf_;uns N=n,—n,) is formed along the contoukA’B'A.

to electron motion in a time-averaged electrostatic potentia-lrhIS model can be solved exactly and we hope that the result

e . . . ill remain qualitatively valid at, —ty. Further simplifica-
periodic with coordinate along ring circumference, produceo{’i\'On ' the gpirit of thayt philosopl)'rzl Oconsists i thg passage
by the square of an ac electric fiefiHowever, in the quan- ; . . ) Y, €O . "

. I . }o the configuration depicted by the Figdl with two par
tum case, an electron reflection from an oscillating poten'uaaIIeI weakly coupled infinite chaing...A...B...) and
causes a time-dependent phase shifts resulting in an effecti\fte é, 5) connected at the I.o.v;/er. ;.);slrt.tIO. the ther-

chaotlzatlon_ of the phase of electron wave function, except at resenvoirsR, andR,, holding at different static voltages
energy multiples ofi w.

. . . . V; andVs.
In this letter we consider the case of much higtmgti- ! 2 . . : o
cal) frequencyw>AE/A whereAE is the width of the elec- toniz-irr?e system in question is described by a model Hamil

tron conduction band of the metal. Under this condition, the
inelastic scattering of electrons is prohibited if the separation

_ + + .
between the conduction band and higher nonoccupied bands H= to; (89 Bn+1 0y bnig) +0.C. 4 Hipg,
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@) (b) © (d)

FIG. 1. (8 Mesoscopic metallic loop surrounding the core of an optical fiber. The ac magnetic fig|dof the TE,; mode lies along the-axis as well as
the static fieldH .. (b),(c) Scheme of @ loop with the external leads, ,L, weakly coupled at pointd,B. (d) Model of an ac normal-metal interferometer
adopted in this letteiR; ,R, are the thermal reservoirs held at voltage¥/2, respectively.

a;=al+ A sin(ot+ §) (2 locity, ande=—2tq cosk. In the steady state, the popula-
tionsf ., andf’, of electron states can be obtained from the
kinetic equation. After that, it should be E) which is now
written as follows:

where a? accounts for the effect of a dc magnetic field ap-
plied perpendicular to the plane of the ring

0 27T¢)dc hc ,
T AT g o= | BAS,  Po=— () FLdWo(1—F o) + We(1-F5)]
while A; are the amplitudes of high-frequency field at corre- = (1= fL)[Wof syt Waif 2], @)
sponding points. Hamiltoniafi) is Fourier-transformed into  The electron distributiof, in the lower chain corresponds to
the following: the electrons emerging from the thermal resenRir (at
% K>0) and therefore is equal to the equilibrium distribution
Hin= > H{Meinet function fo(e—eV/2) whereasf’ =fy(e+eV/2) corre-
= sponds to the electrons emerging frétp. The currentd in
2 . (4) the lower chain is determined by the difference between the
Hfr?t): — E tjei“iJn(Aj)af{bnj, pumber of electrons moving to _the right and to the left. Solv-
=1 . ing for f1, f; from (7), we obtain
whereJ,(2) is the Bessel function. It is not necessary to take
into acgt()u)nt the contribution ofi{") at n+0 becaus),/e the szﬂ;j—kwo WV_:_IKW - WV_\:;’; H 0( k—%/
scattering events are forbidden under the condition oM 0 k 0 -k

4ty<hw. In fact, they lead to the change of energy= ¢,
+nh . Within the framework of the one-dimensional hop- —fo
ping model, there is no other electronic band except a single
one with the width 4,. The model can be applied to a real The contribution to conductan&ge=dJ/dV due to the inter-
metallic system ifiw is less than the separation between thechain scattering is
conduction band and higher non-occupied bands.

By perturbation, the forward+) and backward(—)

eV
8k+ -

> | (8

. e2(t2+13)W, fTTWO[Wk-FW_k]-FZWkW_k

scattering probabilities between the plane-wave states 2hT o [WotWi][Wo+W_]
i i dk
=D, e'"a’|0), =, e*p*l0 5 X
Vi En: 000 b En: 10 ® vy cosH[ (e—u)/2T] ©
areW.., where We now note that Eq9) is equivalent to the Landauer for-
W, [A+B cog a+2kL) /vy, mula for the conductané&!® at transmission probabilitjt].

The logarithmic divergence in the integr@) is removed if
2 inelastic scattering andd3band effects are taken into ac-
A= 2 [t;J0(A) T2, (6)  count. At low temperature, the main contribution to integral
1= comes from the vicinity of Fermi surface where these effects
2 are insignificant.
B=22 t;Jo(A)). The largest contribution to the conductance oscillations
=1 described by the above formulas corresponds to the mode
Here L is the total length of the looABB'A’, the  TEy, of the fiber field(see Ref. 1B The typical magnitude of
phasea=27® 4/ P, v =de, /K is the electron group ve- the conductance change (f0) is of the order of universal
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1.0 the effect of conductance oscillations can persist to tempera-
tures and loop sizes larger than those in static interference
experiments.

Another feature of quantum interference which we have
not considered here may occur if the loop has unequal
lengths of the upper and lower chains, e.g., as was shown in
Refs. 14 and 15, the quantum flux periodicity may change
from single to double onéhc/l to hc/2l).

We now turn to quantitative estimation of the effects
under consideration. Let us put=1 um. It follows from
. Eq. (10) that the magnitude of the field for which the depen-
\//\‘/\/\/\” dence ofG on ®,. becomes important is of the order of
10 20.0 H.c~10 7 T which corresponds to the oscillating power in

P, arb. units the fiberP~10 3w. Estimated in a different way as a mini-
mum number of optical photons transmitted through the ring
FIG. 2. dc conductance of the loop vs square root of ac power: solid lineWhich gives a further change in the phase oscillation of the
A;:A;=1:1; dotted line,A;:A,=1:2. Change in the conductance is nor- order of 2, the field should contailN,~1/a photons
malized with respect to static conductance oscillation amplitude. where « is the fine structure constaef/#c. Such change
can be expected in the case of optical soliton propagating
conductance quantume2h=1/12.9 K). The size of the through the fibet?
loop should be of the order of a few wavelengths of light to It should be stressed that the use of a nonuniform ring is
ensure that the total flux piercing the ring in the,JEhode is ~ very important for observation of the effects. Precisely, the
not equal to zero. above estimation of the critical value &f,; crucially de-

It follows from Eq. (9) that the dependence & on pends on the assumption made, that the ac power concen-
phasea and on the electromagnetic field amplitude leads tdrates near some points in the ring because of its unhomoge-
two different effects. First, the oscillatory dependenceneity. For a uniform ring the magnetic field corresponding to
G(®4o is the standard mesoscopic interference effect simithe effect of the order ob,./N®, on the phase shift of the
lar to that in static electron interferomefeAnother type of hopping amplitude between the nearest sites. In this case, the
oscillating dependenc&(A,J), arises from the Bessel func- critical amplitude of the magnetic field has to be much
tion in Eq. (6). The dependence of conductance upon the adigher Ha~10"* T), which corresponds to the oscillating
power is shown in Fig. 2. The effect is, in fact, a classicalPower in the fiber of the order d?~ 10°w.
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