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Direct Current in Mesoscopic Rings Induced by High-Prequency Electromagnetic Field
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Action of an external high-frequency electromagnetic field on free electrons in normal-metal meso-
scopic rings threaded by a static magnetic Aux is shown to lead to a direct current proportional to the
electromagnetic field intensity. The disorder-averaged value of the current is a periodic function of the
static magnetic Aux and may considerably exceed the corresponding value of equilibrium persistent
current.
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During the past five years there has been considerable
interest in quantum interference phenomena in small
normal-metal samples of intermediate (mesoscopic) sizes,
l«L«L~, where l =vFr is the elastic scattering mean
free path and L„ is the phase-breaking length [1,2]. In
such systems, random variations of kinetic coefficients
[3,4] and energy spectrum [5] over an ensemble of sam-
ples with the same average characteristics (mesoscopic
Auctuations) turned out to be observable and universal.
More recently [6-8], the idea of mesoscopic fluctuations
has been applied to explain the nonvanishing averaged
equilibrium current (persistent current) in normal-metal
mesoscopic rings threaded by static magnetic Aux [9].
The key idea of these works [10] is that in the disconnect-
ed rings studied in [9], the number of electrons is con-
served rather than the chemical potential, the latter ex-
hibiting mesoscopic fluctuations. The typical value of the
averaged persistent current found in [6-8] is of the order
of I —ch/toto —eh/It, where A is the mean spacing be-
tween discrete energy levels in a ring, and tt=ohc/e.

However, this value is too small to explain the experimen-
tally observed static magnetization [9]. Other attempts
to explain the result in the framework of the free-electron
approximation [11—13] also failed to give a value of the
persistent current consistent with the experiment [9]. Ac-
cording to the current opinion, this inconsistency may in-
dicate an essential role played by the electron-electron in-
teraction [14]. The same conclusion can be drawn from a
very recent experiment [15]. On the other hand, there is

a deep connection between interaction and nonlinear phe-
nomena in the external electromagnetic (EM) field.
Namely, one can treat the interaction between electrons
by integrating the corresponding nonlinear-in-the-EM-
field expressions over quantum EM fields. Therefore, im-
portance of interaction for mesoscopic phenomena in

rings threaded by a static magnetic Aux p implies a high-
ly nonlinear susceptibility for a sample consisting of
many mesoscopic rings.

In this Letter we will consider the simplest nonlinear
effect: dc generation by a high-frequency EM field. The

effect we propose belongs to a class of nonequilibrium, ki-
netic phenomena. That is why we avoid here the term
"persistent current" accepted for direct current in the
equilibrium state. In contrast to the equilibrium per-
sistent current for free electrons, the nonlinearly generat-
ed direct current averaged over a large number of rings
(disorder-averaged value) is found to be nonvanishing
even in the case where all rings are connected to an elec-
tron reservoir, thus keeping the chemical potential fixed.
The maximal direct current is estimated to be of the or-
der of e/r D, where r tt is a characteristic diAusion time,
i.e., it is much larger than the value of the equilibrium
persistent current for noninteracting electrons [6-8].

A general expression for the nonlinear current response
of a metal to a high-frequency electric field, E(t) =

2

x (8 e ' '+c.c.), contains a dc component:

where trt 1(to, —co;p) is the corresponding nonlinear con-
ductivity. The high-frequency electric field 8„ is as-
sumed to be directed along a ring, i.e., the magnetic flux
has a high-frequency component pl (to) = (i co) '8 L
xe '"'. However, for the usual experimental geometry
for conductance measurements, where the sample has the
form of a bar and magnetic flux is absent, the quantity
tT (co, —co;0) =0 identically. The reason is that the
current Io (as any current) should be odd under time-
reversal transformations co —co, p

—p. Therefore,
it follows from (1) that Io(p) is an odd function, and,
hence, by continuity, Io(0) =0. It is a static magnetic
flux that makes the nonlinear conductivity cr (to, —to;p)
nonzero and yields a dc response to an applied high-
frequency electric field.

The eAect we study, as well as conductance oscillations
with changing magnetic flux in a hollow sample [16], is a
particular case of the Aharonov-Bohm efI'ect. Therefore,
from general grounds, one can expect the nonlinear con-
ductivity to oscillate as a function of p with a period po.
However, in a disordered metal, the fundamental har-
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where D is the diAusion coefficient, L is the circumference
of a ring, and Co(k, ro;p) is the particle-particle diffusion
propagator ("Cooperon") in the absence of the high-
frequency field [16,17]:

' 2

Co(k, co;P) = m+ —iro+2ir 2 . I

7 D Po Tp
(3)

In Eq. (3), rD =(2ir) '(L'/D) &(hh ' is the charac-
teristic diA usion time, and r ~ && 66 is the phase-
breaking time. The necessary conditions for the diA'usion

approximation, iD, z„,co '»r, are assumed to be ful-
filled. The factor m+2&/po, where m is an integer, arises
because of the quantization of the longitudinal momen-
tum k in a ring [19].

The nonlinear conductivity (2) can be obtained from
the usual expression [17] for the contribution of interfer-
ing time-reversal-conjugated trajectories to the current
response of a quasi-one-dimensional ring,

6I= — QC(k;8 )i „,
nL

(4)

if one formally considers the electron Green's functions in

the ladder series, C(k;A „), to depend on the high-
frequency electric field and calculates a linear-in-6 —„
term (see Fig. 1).

Now, substituting equations (3) and (2) into (1), we

have the following expression for the dc component of the

monic is known to be strongly suppressed [16], and only
the first harmonic survives because of a contribution of
time-reversal-conjugated trajectories of electrons to a cor-
responding path integral [17].

For sample sizes and temperatures where the mean lev-

el spacing h, is the smallest energy parameter in a system,
the main contribution to the disorder-averaged dc
response is made by the diagram shown in Fig. I [18].
The corresponding expression for the nonlinear conduc-
tivity has the form

4e Da t )(co, —ro;y) = — g kCo(k, co;y)Co(k, 0;P),
le&

(2)

current response averaged over an ensemble of many
disordered rings:

2
e I @.1«D

h

e
7L Z g)

3

&m
X

m = -- [(a-' + a) '+ ro'] [x' + a]
(5)

where x =m+2&/Po, ro =(2n) 'rorD, and a =rD
&& (2xr~) '. As expected, Io(ro;p) is a periodic odd func-
tion of the static magnetic Aux p with a period po/2.
Therefore, Io(ro;po/4+ p) = —Io(ro;Po/4 —P), and lo(ro;
po/4) =0. Because of this property, the function Io(ro;p)
is completely determined by its behavior for 0 & p & po/4.
Below we consider only this interval of p. The analysis of
the sum (5) shows that in contrast to the equilibrium per-
sistent current studied in [6-8], the disorder-averaged
direct current Io corresponds to a diamagnetic response to
a static magnetic flux for all values of the parameters co

and a.
In deriving the formula (5), nonlinear-in-~A'„~ terms

have been neglected. These terms describe phase break-
ing by the external EM field in a similar way as for a
usual case of conductance of a bar [17]. In the absence
of the high-frequency field, the phase diAerence corre-
sponding to two time-reversal-conjugated trajectories,
each having the form of a loop threaded by a static mag-
netic Ilux p, is independent of the form of the trajectory
and equal to 4xP/Po. That is why the interference term
survives under disorder averaging to lead to the po/2-
periodic oscillations of kinetic coefficients with changing
magnetic Aux. In the presence of the high-frequency
field, an electron acquires an additional phase diAerence
6p that depends on a form of the trajectory and thereby
is a random quantity. A typical value of 6'p for ro»1/rD
can be found as follows. During a period 2z/co of the
EM field, an electron acquires the additional phase 6p;
=2xe(Italo) '~8„~(8l+ —Bl —);, where (61 ~); is the dis-
placement of an electron along the ring for the ith posi-
tive and negative half period of the field, respectively.
For coi «1 the electron motion can be treated using the
diAusion approximation, which leads to

&k vE

E
E

IlvE

(Sl+ —8'l —) =0, (Sl+ —Sl —) —2zcD/ro,

where the overbar denotes averaging over diAerent time
intervals of length 2x/co. The phase 8p is proportional to
the sum of a large number N =voto of independent ran-
dom variables (8'I+ —6l —);. Therefore, its root mean
square is given by

(8g) = (6g); 1V =(2' l A„lL/atro)

FIG. 1. A diagram for calculating the direct current. Bold
lines are retarded (+) or advanced ( —) electron Green's func-
tions of the energy indicated; each three-dashed-line set denotes
a "Cooperon"; vertices correspond to the interaction with an
external electric field (8+. ) or to a current operator (Io).

A remarkable feature of the phase difference (7) is that it
turns out to be independent of disorder. If this phase
diAerence is small, one can neglect higher powers of the
EM field and restrict oneself to the quadratic-in-D„ap-
proximation (5). In the opposite case 6p)) I, two time-
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reversal-conjugated trajectories have a random phase
diAerence, and their interference term makes a negligible
contribution to the averaged response. Therefore, one
can expect a maximum in the dependence of the averaged
dc response Jo on the amplitude of the high-frequency
electric field that corresponds to 6'p —2z. Making use of
Eq. (7), we express the fiux dependence of the dc re-
sponse in the limiting case to)& I/rti in the following way:

r

I+ (tt;a), (8)
D 2Ã

where the dimensionless function I+(p;a) is obtained by
evaluation of the sum in (5),

Ip(tt) =—

sin(4trtt /yp)I+ P;a
cosh(2tr Ja) —cos(4np/Pp)

For lower frequencies corD« I, the expression (8) is also
formally valid with 6+=(e/h)~@~lLrD and I+(P; )are-
placed by I (tt;a) = —,

' d I+/da . Substituting Ii&p-2tr
into (8), we get an estimation for the maximum value of
the averaged direct current in a ring. For a (1 and

p —pp/8 it is given by

Ip '"—e/rD. (10)

An exact value of Io'" can be found by taking into ac-
count the nonlinear corrections of all odd orders to the
Cooperon P(k, to;tt) in (4). This can be done in a way
described in [17]. Omitting details of the derivation [20],
we give the final result for co)&1/rD, rD « r~:

eD
' ~ el&~IL . '4trp

z ~ I„ sin n , 1 IL'Ip(tit) =—

where 1„(x) is a universal function,

r &/2

1„(x)= z „sin t exp( —J2 nx sint )dt . (12)

This function is shown in Fig. 2.
For large values of 2tr Ja =L/Lv, (T) )& I the dc com-

ponent of the averaged response decreases exponentially.
In other words, the eA'ect could be observable only in

mesoscopic samples for su%ciently low temperatures T.
However, the dependence of Io on co turned out to be not
so dramatic. The expressions (7) and (8) show that for
high frequencies 1/r )) to)&1/rD, i.e., in the region co
= 10' -10 ' s ', the dc response does not depend on co

and is proportional to (e/rD)(p~/pp), where pt is an am-
plitude of the high-frequency component of the Aux. For
cp « I /r D, we have Bp =2tr(co r D ) (p ~/pp), so that Ip de-
creases as to (at a fixed value of p~) with decreasing co.

In conclusion, we have shown that in a sample consist-
ing of many mesoscopic rings threaded by a static mag-
netic flux, a diamagnetic static magnetization arises as a
nonlinear response to an applied high-frequency electric
field. The cause of this magnetization is a nonzero
ensemble-averaged direct current in the rings. The max-
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FIG. 2. The amplitude I~ of the first harmonic of Ip(p) in
units of eD/L as a function of x =el@ 1L/h, ,co
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