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Abstract. Itis shown that the variance of the linear dc conductance fluctuations in an open quantum
dot under high-frequency ac pumping depends significantly on the spectral content of the ac field.
For a sufficiently strong ac field the dc conductance fluctuations are much stronger for the periodic
pumping than in the case of the noise ac field of the same intensity. The reductiomn facstatic
magnetic field takes the universal value of 2 only for the white-noise pumping. In germaef
deviate from 2 thus signalling on the time-reversal breaking by the ac field. For the bi-harmonic
ac field of the formA(t) = Ay[cog w;t) +cogwyt)] we predict the enchancement of effectsTof
symmetry breaking at commensurate frequenaiggo, = P/Q. In the high-temperature limit there

is also the parity effect: the enchancement is only present if éloeQ is even.
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1. Introduction

Recently there has been considerable interest in non-equilibrium mesoscopics. The effect
of adiabatic charge pumping [1] has been experimentally observed [2] and analysed the-
oretically [3,4]. Weak localization under ac pumping [5] and the photovoltaic effect [6]

in a quantum dot have been theoretically studied. The non-equilibrium noise has been
suggested [7] as a cause of both the low temperature dephasing saturation [8] and the
anomalously large ensemble averaged persistent current [9].

Here we study the effect of high-frequency ac field on the mesoscopic fluctuations of
linear dc conductance when both ttweak dc voltagand astrong enough high-frequency
pump fieldare applied to the open quantum dot. We will study the dependence of the
variance of the dc conductance fluctuations on the ac field intensity for the noise-like and
an almost periodic ac field. In particular we focus on the reduction faetdt + %’/ 2 for
the variance of conductance fluctuations after turning on a strong static magnetic field that
kills the cooperon contribution to the varian@s2) = ¢ while leaving the diffuson one
(6G?)p = 2 unchanged.

This question is of fundamental importance since the universality of the reduction fac-
tor is related with the time-reversal invariance of the system without the static magnetic

183



V E Kravtsov

field. The external ac field certainly breaks the time-reversal invariance. However, if the
characteristic frequenay of the ac field is high it is intuitively clear that the effect of
time-reversal symmetry breaking is observed only at special conditions.

In the next sections we show that not only the power but also the spectral content of
the ac field is important for an effectiiesymmetry breaking. In particular, the white ac
noise is shown to be the most effective way to diminish the conductance fluctuations by
dephasing. Yet it does not lead to any deviations from the universal value @ The
periodic ac field is least effective in dephasing but it produces the maximum possible (at a
given ac power) effect of time-reversal breaking.

An interesting special case arises when the ac field is the superposition of two harmonic
fields with different frequencies); andw,. We will show that both the variance of the
conductance fluctuations and the inverse reduction fagtohdve very sharp peaks as a
function of the ratiar = w,/w, at any rational value af = P/Q but the height of the peak
decreases with increasing denomindorThus we conclude that the statistics of meso-
scopic conductance fluctuations revethis effect of commensurability in the frequency
domainon the dephasing and the time-reversal breaking by the ac field.

2. The Landauer conductance in the time domain

The Landauer conductange= (W /4)2[K(r,r") +K(r',r)] of a dot of the volum& with
small contacts at andr’ and the electron escape rgtecan be expressed in terms of the
exact retarded and advanced electron Green’s fund@8iyr,r’;t,t’) in the time domain
[5,10,11]

K(r,r') = /dtldtZGR(r,r';t,tl)GA(r',r;tz,t)Ftl,tz, 1)

whereF, = nTtsinh1(7Tt) is the Fourier-transform of the derivative of the Fermi distri-
bution function for electrons in the leads ah@d) = ff}fz(dt/ﬂ)f(t) denotes time av-
eraging during the observation tin#8. We consider a chaotic or disordered quantum dot
with the number of open channds>> 1 and the electron escape rate y =AM < E
whereA is the mean level separation and the Thouless erteygg/the inverse ergodic time.

We also assume the dephasing mig(T) caused by electron interaction to be smaller
than the escape rage In this situation the charging effects are negligible, the perturbative
diagrammatic analysis (see figure 1) is possible and the ergodic zero-dimensional approx-
imation applies. In this approximation the diffuson and the cooperon contribution to the
variance of conductance fluctuations is given by [11]

20 /dt’dt”Dn (t,t)D_, (t,t") Ry, 2

¢ 0 [dan', (=0~ &, —n+ G (1.0 FR ©

where averaging ovérandn is assumed.

In egs (2) and (3), the time-dependent diffusdp(t,t’) and cooperoi€;(n,n’) are
certain products of electron retarde@R) or advanced®”) Green’s functions averaged
over disorder
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Figure 1. The cooperond) and the diffusonlf) contributions to the variance of con-
ductance fluctuations.

(GR(t,,t))GA(L L)) =8(n —n")Dy (,1),
(GR(t, 1)GA(E 1) = 5 8(t-1)C(n. 1), @

wheret, =t+n/2,tL. =t'+n’/2.
In the ergodic regime they are independent of the coordinates and are given by [10,11]

Do (1.6) =@,y exp| - [ T(n.€) . ©)

G =0y exp| 5 [ Telt E) . ©

where@; is the step-function.

The functiond” ;(n,&) andr¢(t, &) describe the dephasing caused by the ac field and by
the electron escape into leads. For a ring with diffusive electron motion and circular electric
field E(t) = —(d/dt)A(t) caused by the time-dependent flux through it, these functions are
given by [10,11]

F4(n,&) =y+D(AE +n/2) — A& —n/2)?, (7)

Me(t,&) = y+ D (At +&/2) +Alt—£/2)), 8)

wherey is the electron escape rafg}) is the vector-potential, arid is the electron diffu-
sion coefficient.

The same expressions hold [10] for a single connected dot with a homogeneous lon-
gitudinal electric fieldE(t) (the vector potential(t) is unambiguously defined by the

conditionA(t) = E(t) = 0) but only in the high-frequency lim > E.. In the adiabatic
limit w < E¢ one obtains [5,10]

F4(n,&) =y+CEE+n/2)—E(E—n/2)? (9)
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Fe(t,&) = y+ (C/4)(E(t+&/2) —E(t—&/2))?, (10)

whereC ~ L?/E, L being the dot size.

The existence of two different forms eqs (7), (8) and eqgs (9), (10) is the manifestation of
the fact [10] that there are two differetitne-dependentandom matrix theories for each
Dyson universality class.

3. The limit of high frequencies

Equations (2) and (3) can be significantly simplified in the limit of high frequenraiesy.
At such a high-frequency pumping one can replagén, &) andl¢(t,€) in egs (5) and (6)
by the time averagds,(n) =I4(n, &) andl¢(t) =¢(t,&). Then we obtain

7/2 dn ® ety
= F2dt 11
o2 /7/223< )>/o C an
T/2 y2 —t)e(t’)
—/ 2 — (12)
g0 7/2 7 i(rc(t) + rc(t )

where g, = my/4A is the mean conductance/ is the observation time, anB; =
nTtsinh~1(7Tt) is the Fourier-transform of the Fermi distribution function.

In figure 2 we show the result of a direct numerical evaluation of integrals in egs (2) and
(3) atT = 0. One can see how the high-frequency limit is reached for the inverse reduction
factor in the case of harmonic pumping. Equations (11) and (12) can be further simplified
in the limit of low temperature$ < y whereF; ~ 1 and in the limit of high temperatures
T > w(yty)~Y/? whereF? ~ (1/6T)5(t) and we have

(6Proc _mp (7R a 1
g(z) 1T )z T de(t)'

(13)

In the next section we consider only these limiting cases.

4. Conductance fluctuations for the noise and harmonic ac pumping

There is a dramatic difference between the noise like ac field with the short correlation time
T, ~ w1 < T4 and the harmonic ac fieki(t) = Ajcogwt) with w > y. Inthe case of the
Wh|te-n0|se pumping the time average 9f the cross tﬂgl%/sz‘ffn/z ar.ldAtTE/ZAFE/2

in egs (7) and (8) or egs (9) and (10) is zero and we olitersame, time-independent
dephasing rateBy = I'c = y+ 1/214 for the cooperons and the diffusons wigh# 0,

where

YV
ryt= {40& w> E¢ (14)

ICE?2 w<« E.
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IETH,

Figure 2. The frequency dependence of the inverse reduction factor for the harmonic
pumping at different dimensionless intensities 1/yty and low temperaturé < y.

is proportional to the pumping intensity. For further analysis we introducdithension-
less intensity |

1

| = —
r¢y

(15)

which for the harmonic pumping is equal to the number of absorbed/emitted field quanta
e for the timey ! electron spends inside the dot.

Then egs (2) and (3) giv& = 2, i.e., the diffuson and the cooperon contributions to
the variance of conductance fluctuations are equal. HeémecBme-reversal symmetry is
effectively unbroken

The variance of conductance fluctuations in this case is given by

-2
9 ¢ | 301+, T<y+q 16)
® % | @+, T>yta

For the harmonic pumping the dephasing rates are periodic functions of time
Fa(m) =T4(n,&) = y+ 15" sinf(wn/2),

Me(t) =Telt,§) = y+ 75" cos(at), (17)

and egs (11) and (12) no longer lead to the same result.
For large pumping intensitids= (14 y)~1 > 1 the dephasing functions (eq. (17)) are
small in the'no-dephasing’ windowsiear zeros), andty of sir?(wn /2) and cod(wt). It
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is these no-dephasing windows of widtT 11 ~1/2 that make dominant contribution to the
magnitude of all phase-coherent effects at high pumping intenkitie&.

In order to compute the diffuson and the cooperon contribution to the conductance fluc-
tuations one can expard;(n) andl(t) in egs (11) and (12) neay, andt,, perform
integrations from—o to +o overdn = n —nn, anddt =t —t, and sum over alh. The
result depends on the relation between the temperature offeauldy. ForT < y <« rdjl
we obtain

9 1 ¢ 1
R A @2

One can see that the diffuson contributi@nio the conductance fluctuations is parametri-
cally larger than the cooperon of#éeven in the absence of a static magnetic field. This
signals the extremely stronb-breaking effect in this regime with the reduction factor
r=1+21"Y2closeto 1.

However, it is enough to raise the temperature of leads to makg-tireaking effect
negligible. At high temperaturés > w+/l and strong pumping>> 1, eq. (13) gives the
same value

2_¢_mw 1
g% 9@ 12T Vi
for the diffuson and the cooperon contribution to conductance fluctuations, and the reduc-
tion factorr = 2.
Comparing eq. (16) with eqgs (18) and (19) we also conclude that at high intehsitigs
the suppression of mesoscopic fluctuations by the noise-like ac field is always stronger than

the suppression by a harmonic field of the same power. This is because the ‘no dephasing’
windows are absent in the case of noise.

(I>1). (18)

(19)

5. Conductance fluctuations for an almost periodic ac field and statistics of zeros of
the dephasing functions

The idea of the ‘no dephasing windows’ in the vicinity of zeros of the dephasing functions
M4(n) —yandrlc(t) —y can be applied to a general case of an almost periodic ac field.
For such an ac field the dephasing functions have a certain densitynpiexzerosz,, =

Xn + iyn with a small complex panty:

PO = T (B(x—%)3(y— V) (20)

n

where(...)x = ()7t |X|<y/de... stands for the averaging over

Since only the time variables in the ‘no dephasing windows’ contribute to the variance
of mesoscopic fluctuations at large pumping intensities, one can express the dependence of
the variance on the dimensionless intenkity terms of the density of zergxg(y).

For an important example of the-harmonicac field

A(t) = Ag[coq wt) + cog a wt)] (21)

one obtains in the high-temperature limit [TL}> w+/1

188 Pramana — J. Phys.Vol. 58, No. 2, February 2002



Time-reversal symmetry breaking by ac field

(22)

(8G%)pc Ry Lt dYpgely)
_ -/ T 75

2 - / 2 2
gO 3T 2(1+a ) I,l+y§(l+02):|

Wherepd7C is the density of zeros that corresponds to the equation (thetsgjands for
the cooperon (diffuson) part)

cosz+cogaz)+2=0. (23)

6. Effect of commensurability in the frequency domain

There is a drastic difference in the density of zep&g(y) for the case ofommensuratand
incommensuratFequenciesy; = w andw, = awin eq. (21). For the case of commensu-
rate frequencies = P/Q < 1 the density(y) is a set of-functions(2mQ) =15 d(y— yn)
separated by gapsy, ~ 1/Q. In the limit of incommensurate frequenci€s— « the
functionp(y) is continuous with no singularity 3t= 0. This difference shows up in the
dependence of the diffuson and the cooperon contribution to the variance of conductance
fluctuations on the pumping intensity

Let us consider the case of commensurate frequencie$/Q with Q which is not a
very large denominator. At large dimensionless intensltigs Q?, the gapy; ~ 1/Qis
large compared tb~1/2, and one can neglect in eq. (22) all complex roots with# 0.
Equation (23) with the minus sign has real rootarata. Then one immediately concludes
from eq. (22) that for commensurate frequencies @tk /1 the diffuson part of the
variance of conductance fluctuations is proportionaltd2. However, eq. (23) with the
plus sign (relevant for the cooperon contribution) has real solutions ofaifd Q are
both odd In this case in the high-temperature limit we ha@e= ¢ 01 ~/2 as for strictly
harmonic pumping. Thus tlymmetry between the diffuson and the cooperon contribution
is unbroken One can see that the condition that bBtandQ in a = P/Qin eq. (21) are
odd, is a particular case of a more general condition

Alt+ 1) = —A(-t+ 1), (24)

that is, by a certain shift* the vector-potentiah(t) can be made an odd function of time.
This is the natural definition of the time-reversal symmetry on the absence of a preferential
time-origin. If eitherQ or P is even, this condition is violated and the cooperon contribution

is anomalously suppressedd |1 ~1. In this case the effectivE-symmetry breaking is
strong even in the high-temperature limit (see figures 4 and 5). Spahitg effectis also
present in the low-temperature linit < y as seen from figure 3 obtained by numerical
integration of eqs (11) and (12). However, in this case it is much weaker and the symmetry
equation (eq. (24)) no longer impligg= 2.

Now consider the cag@ > /1. In this case the functio,nd@(y) in eq. (22) is effectively
averaged over the intervaly ~ | /2 and can be replaced by a constant. As a result both
the diffuson and the cooperon part of the variance is proportionaltdn| and the effect
of T-breaking drastically decreases. That is why the depth of dips in the reduction factor
r at a = P/Q rapidly decrease with increase in the denomin&@t a given intensity
(see figures 4 and 5). The same trend holds for the low-temperature regime too (figure 3)
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Figure 3. Reduction factor vs the frequency ratia in simple commensurate points
a = P/Q for low temperature§ < y and pumping intensity = (yr¢)*1 =20. Also
plotted isr for the golden meanr = 1 = (v/5—1)/2.
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Figure 4. The reduction factor as a function of the frequency ratio in the
high-temperature limiT > /1 for | = 4 and ¥ w = 0.05 and 0.02. The dips
ata = 3,3, and3 are seen while there is no dip far= 3 where bottP andQ are
odd. The width of peaks is of the order of Z cw.
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Figure 5. The reduction factor as a function of the frequency ratio in the
high-temperature limiT >> w/1 for | = 8 and ¥.7 w = 0.02. Small dips atr = P/Q
with larger denominato® (PQ is even) become visible.
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Figure 6. The total variance of conductance fluctuations (in units of the ensem-
ble-average dc conductance)lak y as a function of the frequency ratiofor | = 20
and /. w = 0.01. The width of peaks is of the order of Z w.
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but the reduction factar does not reach its universal value even for the ‘most irrational’
frequency ratiax = (v/5—1)/2.

Itis possible to obtain an explicit analytical expression for the cooperon and the diffuson
co\r/l'gribution to the variance of conductance fluctuations in the high-temperature timit
wvV1:

400 . -1 n2+mz 2
%z% T Sn—am’ K°<2 i ) M0 o)
95 n,mM=—oco |*1|n(2\/|_)’ m=n=0
4o . -1 n2+m? 2
Crd S cormdn-am ]! o2/ ) w0,
95 n,mM=—co |*1|n(2\/|_), m=n=0
(26)

whereK(x) is the Bessel function an@(wx) is the spectral line shape function of the
harmonic component normalized so tig0) = 1. Figures 4 and 5 are obtained from eqs

(25) and (26) for the Gaussian line shaixe() =g X’ 7?, Equations (25) and (26) reveal

an important and a bit counter-intuitive feature of thdependences. The electron escape
ratey enters only in the dimensionless intensifgee eq. (15)) that controls the magnitude

of peaks/dips in the dependences. The width of peaks/dips is determined by the spectral
linewidth & = .7 ~1 of the harmonic components and can be much smallerythan

The commensurability effect is present not only for the reduction fachut also for
the total variance of conductance fluctuations. In figure 6 the total variance is plotted as a
function of the frequency ratia for the case of low temperaturés< y.

In conclusion, the effect of ac pumping on the statistics of conductance fluctuations
possesses an interesting dualism: the periodic ac fields that are least effective in suppress-
ing conductance fluctuations by dephasing, turn out to be the most effective in breaking
the time-reversal symmetry. An important exception is the periodic ac field tlaatiis
symmetriavith respect to ahift by a half-period /2. At high temperatures its effect on the
reduction factor is negligible while the conductance fluctuations are much larger than for
the white-noise of the same power. Thus for periodic ac pumping in the high-temperature
regime the symmetmj(t) = —A(t + 1/2) plays the same role as the time-reversal symme-
try in the absence of pumping.
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