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The power spectrum of excess noise of a quantum dot coupled to two leads and irradiated by a microwave
field of frequency() is derived exactly by directly solving the Heisenberg equation. We found thdf for
<hQ), wherel is the linewidth of the intradot energy level, the power spectrum can be nonzero even if the
averaged current is zero. This property originates from photon-assisted tunneling and is very different from the
shot noise in steady state. FBe>#A(), our results are consistent with the recent experiment by Schoelkopf
et al. and previous theory.

I. INTRODUCTION microwave (MW) field. They observed the “photon-
assisted” shot noise of a phase-coherent wire. The observed
Recently, the investigation of shot noise has become ongower spectrum exhibits frequency-dependent features hav-
of the most active subjects in mesoscopic physics. In contrad®d_all the signatures of photon-assisted tunneliRe\T),
to equilibrium thermal noise, shot noise is a nonequilibrium,While the conductance is completely unaffected by the MW
time-dependent fluctuation in current, originating from thefleld because of the linearity of the systém.

; P Various effects of PAT on transport properties, such as
discreteness of the charge of the carrfefSince the shot the linear conductance and the/ characteristics, have been

noise .reflects the. temporal.correlations of the current fluctudgy gieq extensively for a long tim8.n the last decade, PAT
tions, it can provide more information on the kinetics of the .55 peen investigated in a variety of systems, including
eIectrpns than Fhe conductance and the current—voltage Chacﬁuantum dotd! double quantum dot? semiconductor
acteristics, which are related only to the time-averagedperiattices? and mesoscopic superconductor-normal hy-
current>® Up to now, most of the studies on shot noise inprid systemd* The essential effect of PAT on transport
mesoscopic systems have concentrated on steady-state trapfoperties is that the electrons tunneling through the system
port phenomena. The main issue is to study the suppressi@an exchange energy with MW fields, opening new inelastic
or enhancement of the power spectrum of the shot noiseunneling channels and introducing many effects such as the
either by the Pauli exclusion principle or by Coulomb inter- sideband effect, the turnstile effect, photon-electron pump-
actions between electronsAnother interesting problem is ing, etc'®

how to probe the high frequency behavior of the power spec- In this paper, we study the shot noise of a quantum dot
trum of shot noise. Recently, Aguado and Kouwenhoversystem coupled to two leads irradiated by MW fields. Two
proposed a measurement setup for detecting quantum noigéferent frequency regimes have been studied in detail. For
over a wider frequency range using inelastic transitions in 4 <%, we find the following.(1) The power spectrum of
tunable two-level systems as a deteét@he systems studied the shot noise can be nonzero even if the averaged current is
include quantum point contacts, double-barrier junctionsZ€ro, which originates from the PAT. This is very different
chaotic cavities, disordered conductors, normal-metalIfom the shot noise in steady state wher? the shot noise must
superconductor hybrid structures, quantum Hall effect sysbe 2ero if the current vanishé$2) dS,/d Vg, vs e is asym-

tems, ferromagnetic single-electron tunneling devices, etdnetric for then-PAT and —n-PAT processesn is an inte-
(see the references in Refs. 1 and 3 gen, quite different from the behavior of the conductance,

Shot noise involving time-dependent transport phenomWhICh Is symmetric witheo. ForI’>#1), our results are very

; ; ; 9
ena has received less attention. Several years ago, LesoiRnsistent with the recent experiment by Schoelkephl.

and LevitoV proposed a gedanken experiment with a con-a‘nd the previous theory by Lesovik and Levitofor a

ductor driven by dc and ac external fields in which theysingle—channel coherent conductor with a time-dependent po-
studied the shot noise affected by ac excitation, and foun&ent'al'
that it had a quite different behavior from the current, due to
two-particle interferenc.Very recently, Schoelkopét al®
investigated the shot noise in time-dependent transport of a In order to study the important physics of shot noise af-
diffusive metallic conductor irradiated by a monochromaticfected by MW fields, we shall focus on transport in the

II. MODEL AND FORMULATION
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neighborhood of a single Coulomb oscillation peak. There- , t

fore we can simply assume that the dot has only one single Aﬁ(t):e("“m)t; UIEBEXP( —if €kl T)dT) ap(to).
state and the Coulomb interaction can also be neglected. fo ®)
Then the system is described by the following Hamiltonian:

Then we lett;— —<0, noting that the terms including(tg)

in Egs. (4) and (5) approach zero, which means that the
system’s behavior at timgt>t,) does not correlate with the
initial (to= —) occupation number on the dot. Substituting
Eq. (5) into the current operator, one has

H= es(Hal a
k’ﬁgL‘R ka(t)aygakp

>

k,AeL,R

+ oY)

vkgalsC+H.C.| +eocc,
wherea/, (ay).a}g(axr), andc’(c) are creationannihila-
tion) operators in the left lead, the right lead, and the dot,
respectively. The term in parentheses denotes the tunneling X
part which is time independent. Here the dot eneegyis L€t 1L(t)=(j.(t)), where(. - -) denotes the ensemble aver-
controlled by the gate voltageg:eo(vg)=68—evg 16 \ye age for the state aph=—c. Then one can obta_m the time-
assume that the MW fields are applied only on the two leadgi€Pendent and time-averaged currents immediately; they are
not on the dot. Under the adiabatic approximation, the mwihe same as thgse obtained by the nonequilibrium Green
field causes only a rigid shift of the single-electron energyf“n_Ct'or‘ method.® Now we proceed to ialculat(?a the noise,
eg(B=L,R), es(t)=e—eVh.—eVE cosQt, but does not  Which is generally defined a5 S()=(AjL(t)A]L(t+1)
change the distributions of the electrons in the left and thet AjL(t1+t)AjL(t1)>tl, whereAj (t)=] (t)—(j.(t)) and
right leads’ X the subscript; stands for the time average ovigr Substi-

The current operatoy, (t) of the electrons flowing from tuting the current operatg(t) into this definition and taking
the left lead into the quantum dot can be calculated from thgne Fourier transformation, the spectral density of the noise
evolution of the total number operator of the electrons in thecan be obtained exactly. Here we show only the zero-
left leads,j, (t) = — (d/dt)Z,a/, (t)a. (t) (in units ofi=e  frequency spectral densiSy:
=1). Then we deduce the operatag;(t) andc(t) by di-
rectly solving the Heisenberg equations. First we assume that

xﬁg In(ap)In(@p){In,(ag) I, (@p)TLTrfs(e)

jLt)y=i[eleo Al (t)c(t)—H.c]—el cTe(t). (7)

the tunneling term between the dot and two leads is turned
on at timet,, i.e., fort<t,, the three subsystenithe left
lead, the dot, and the right leadre in local equilibrium
states, which gives the initial conditions for the Heisenberg
equations. So fot>t, from the Heisenberg equations one

de
27 (E2+T12/4)(E2+12/4)

5n+nl,m+m1FLFR

>

n,m,nq,my

Sp=2

has
9 s o X[1—fg(€")]+In (ap)Im (ap)fa(e)[1—T5(e")]
i—c(t)=eqc(t)+ x (), 2
o et kictr " ol X[EmEn+T%4-T g}, ®
i%akﬁ(t):ekﬂ(t)akﬁ(t)—i—ykﬁc(t)_ (3 in which Ep=e—e+m, €'=e+tml—n, ag

Introducing the linewidth function of the intradot stadg,

FB(E)EZWpﬁ(e)|QB(e)|2 (B=L,R), in which pg(e€) _iS the
density of states in lea@ andv g(€ex) =vyg; and taking the
wide-bandwidth approximatiolf, under whichI'; is inde-

=eVf/Q(B=L,R), and B=R if B=L, otherwise B=L.
Equation(8) represents the total noise spectral density, in-
cluding the thermal noise and the shot noise. Because of the
opening of multiple inelastic tunneling channels, the expres-
sion for the noise becomes more complicated. Without the

pendent of energy, the coupled differential equations E)s.
and (3) [with the initial conditionakﬁ(t)|t:t0=akﬁ(t0) and
c(t)|i=t,=c(to)], can be solved exactly:

MW fields, Sy reduces to the well-known steady-state for-
mula,

C(t) — e—(i 60+F/2)(t—t0)c(t0) _ ie—(i60+F/2)t

d
-2 5o 3 (Thye1-ye)]

t
< [ atraut + A1, @ FTA-TDtgolL- a1}, ©)
0
t t in which T(e):FLFR/(E§+F2/4) is the Breit-Wigner
akﬁ(t)ZEXD( —if €l T)dT) ak,e(to)_if dt transmission probability. Note that E¢Q) consists of the
fo o thermal noise which vanishes at zero temperature and the
([t shot noise which exists only fofl)#0. If 7=0 and(l)
Xexp( 'Jt expl T)dT) vipC(ty) |, (5) =0, the total noise is zero. However, in the presence of MW
0

fields, since to the electrons tunneling through the dot can

wherel'=T"| +I'r, andAg4(t)(8=L,R) is defined as absorb or emit photons, both thermal noise and shot noise
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FIG. 1. Sy Vs €, at zero bias Y5.=V{.=0); wherel' =T'» 7 0.5 | Increasing i ]
=0.05, 7=0, andQ =1. Different curves correspond i@ = ag 2 ac Power e
=0.4, 0.7, 1.0, and 1.4 from bottom to top. Insé&s and (b) are 3 010 T
schematic diagrams showing the PAT processes which can causm>% ’ W
shot noise but not the averaged currdal. €= —Q; (b) e,=Q. g Y
The inset(c) showsS, vs a at e,=0.5(solid curve, and the dashed =~ 005
curve isTJ3(a)J2(a) vs a for comparison. ©
0.00

will change significantly. The noise becomes nonzero even if
7=0 and(l)=0. In the following, we study two different
regimesI'<Q andI'>().

bias V _ (arb. units)

FIG. 3. (8) dSy/d Vg, vs Vgc; (b) dS5/d V5, vs V.. The param-
eters arel' =40, I'r=20, ¢,=0, Q=1, and7=0.05. Different
IIl. THE CASE WITH TI'<Q curves correspond te, = — ag=0 (dashed curve 1.1, 1.4, 1.7,

o _ _ and 2.2, respectively. Different solid curves(lm) have been offset
This is the typical parameter region for quantum dotpy 0.025 along the vertical axis for clarity.

systems}12 For this case, the effects of PAT on the aver-

aged current or the conductance have been extensivelpvestigated! In the following, we set temperatuf&=0 and
focus on the properties of the excess noise in the presence of
photon-assisted processes. Figure 1 presgyts e, at zero

dc bias and for symmetrical MW fields.e., o, = ag= ).
Note that for this casé¢l) the averaged curreiitis always
zero, no matter whether the MW fields exist or n@; with-

out the MW fields, one ha§,=0 since the shot noise is
related to the current in the steady state. However, in the
presence of the MW fields, the shot noise will be nonzero.
This is due to the fact that the electrons tunneling through the
barriers can absorb or emit photons, opening extra inelastic
channels. Aroundg,=nQ(n==x1,+2,...), theshot noise

o
o

°
o
o

°
o
S

0.05 changes significantly, within the energy rangd’ofThis can
015k M = 4 = - A be understood as follows. Whilgy=—Q (or 0>¢y>— 1),
. i TFe | T electrons of the two leads can first tunnel into the intradot
Ve _ . “de 1 0 VR level €y, and then by absorbing a photon tunnel out of the dot

through the left or the right barrier to the left or right lead
[see inseta) in Fig. 1]. Note that this process does not give
rise to any net averaged current, but it can cause shot noise.

)
;
{

d<I>/dv} (arb. units) d8,/dvl (arb. units)

0.05 | 4
Therefore, the shot noise increases dramatically wagn

(b) passes through-(). Similarly, the shot noise decreases
0.00 4; : 5 = ; - 7 when e, passes througf) [see insetb) of Fig. 1]. The inset

(c) of Fig. 1 showsS; vs « at ;= 0.5 (solid curve and the
function T'J3(a)J2(a) (dashed curve which is the noise
FIG. 2. (a) dS, /dV5, vs €. (b) d(1)/d V4, vs €. The parameters due to the process depicted in ingal of Fig. 1. The two
areI‘L:FRZO.l, 7=0, O=1, andVbC:VEC:O_ Different curves curves are almost |d.ent|ca.| for small |ndlcat|ng that the
correspond tax, = ar=0 (dotted curvg 0.7 (dashed curve and ~ Shot noise really originates from the PAT processes de-
1.0 (solid curve. The left (e,=—) and right (=) insets in ~ Scribed above. For large, multiple photon processes be-
(b) are schematic diagrams showing the variation of PAT processeg0me more and more important, causing the difference be-
whenV}. changes slightly. The change of the net current is positiveiween the two curves. In Fig. 1 one sees that a small dip
in both insets, but the change of the noise is negative in the left andppears wherg, approaches zero. For example, gsap-
positive in the right inset. proaches zero from positive values, the dot state will gradu-

€, (arb. units)
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ally be occupied by electrons because of the finite width ofy .. Here we take7# 0 but very small and/;c: _Vgc (i.e.,

the resonant statéf e,=0, the occupation number in the o =—ag, which is the situation in the experiment by
state just equals 1j2so the PAT processes mentioned aboveschoelkopfet al). In Fig. 3a) one can clearly see that
[inset (b) of Fig. 1] will be slightly blocked by the Pauli ds,/dV,, vs Vg exhibits a series of steps, with a step width
exclusion principle, leading to a slight decrease of the shogf () and heights proportional td?(e)(n=0,+1,+2, ...).
noise. . _ Correspondingly,d?Sy/dV3. vs Vg exhibits a series of
FlgurLe 2a) showsd S, /dVqc Vs €, while the conductance oy with the peak spacing 6, heights related td%(«),
d(1)/dVg, is also Sh?W” in Fig. @) for comparisortfor the g4 the half-width of the peak determined by temperafre
behavior ofd(l)/dVg., see Refs. 11 and 18The dotted |t should be mentioned that the averaged curtésapproxi-
curve in Fig. 2a) denotes the steady-state case, showing tWonately equal to ar' I'rVyJ/2aT, independent of the MW
maxima ate,=*1I'/2, corresponding to the transmission fie|d. These results are very consistent with the experiment
probability T=1/2; while the dashed and solid curves repre-py Schoelkopt al® and the previous theory by Lesovik and
sent the results with PAT. In addition to the pOSitive peakq_evitov_7 This is because, in this case, the quantum dot is
emerging atep=n{(n=1,2,...),there are also negative strongly coupled to the two leads, so the dot in the resonant
peaks ako= —n{}. Notice that this property is very different tunneling condition is approximately equivalent to a single-

from the behavior of the conductance whereraPAT pro-  conducting-channel conductor, similar to the system studied
cesses give positive peaks. The heights of the peaks vafy the experiment by Schoelkogt al®

nonmonotonically with the power of the MW field. This can |t should also be pointed out that, B>, S, will still
be understood from the insets of Fig. 2 as follo@i3.If €5iS  be nonzero even ifl)=0 and7=0.

slightly larger thar(, the electrons at the Fermi level of the
two leads cannot jump into the intradot levg], even by
absorbing a photon. However, WhM{gC increases slightly,
the process become possiptes shown by the dashed arrows

V. SUMMARY

In this paper we investigated the excess noise in a quan-
tum dot system in the presence of photon-assisted processes.

Isnhg':en(r)liizt ?ﬁg:e?gggémgéiiizdlngaf(oe?gelpcégéig) gr:he For the case of <(), we found that the excess power spec-
: »ap P 9es. trum of the shot noise can be nonzero even if the averaged

the contrary, whemo=— (1, the electrons at the levej can current is zero; andlS,)/dV5, vs €, is asymmetric for the
jump to a state above the Fermi level of the left lead. How- ’ de 0=
jump n-PAT and —n-PAT processes, quite different from the be-

ever, Ve Increases shghtlisee the left msgt n F'gf(ﬁ)]’ . havior of the conductance, which is symmetric wéth This
this process will be prohibited by the Pauli exclusion prin-
result has not been reported before to our knowledge and

ciple, leading to a decrease of the shot noise. So a negativ . )
_ eserves further experimental tests. For the opposite case of
peak emerges at= — (). Note that the averaged current also ; ) .
I'>Q), our results are very consistent with the recent experi-

changes n .the above two processes, but the changes hent by Schoelkopét al. and the previous theory by Leso-
always positive.

vik and Levitov.

IV. THE CASE WITH TI'>Q ACKNOWLEDGMENTS
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