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Noise through quantum pumps
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We study the current noise through an unbiased quantum electron pump and its mesoscopic fluctuations for
arbitrary temperatures and beyond the bilinear response. In the bilinear regime, we find the full distributions of
the noise power and the current-to-noise ratio for chaotic quantum dots with single-channel and many-channel
ballistic point contacts. For a dot with many-channel point contacts we also calculate the ensemble-averaged
noise at arbitrary temperature and pumping strength. In the limit of strong pumping, a new temperature scale
appears that corresponds to the broadening of the electron distribution function in the dot as a result of the
time-dependent perturbations.
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. INTRODUCTION dreev and Kamenévand Levitov® addressed the full count-
ing statistics, but at temperaturk¥ <% w only. The mean-

A periodic perturbation of a confined electron system maysquare charge fluctuations féw,kT<<+y (but including the
produce a direct current. The initial theoretical propdsals casefw~kT) and weak pumping were considered very re-
and experimental realizatiohg for electron pumps were for cently by Moskalets and Biiker.??

a pump where the spectrum is gapped and the charge Denoting the quantum-mechanical average with a bar

pumped in one cycle quantized and not subject to fluctua-- -, the quantum and thermal fluctuations of the pumped

tions. Recently, attention has shifted to pumps that are weltharge are described by

connected to electron reservoirs, and, hence, do not have a

gapped excitation spectrufn® If the pump relies on a time- 1l = =,

de . . i S=—{Q°=(Q)°]. ey
pendent perturbation that mainly affects the quantum To

mechanical phases of the electrons, and not their classical . . . :

trajectories, it is referred to as a “quantum electron pump.”Here 7o is the observation time an@ is the total charge

: ; 10 pumped through the dot in the timeg,. The noise in an
Such a quantum pump was fabricated by Switeeal, electron pump can be divided onto a Nyquist-Johnson com-

The current that is pumped through a quantum electron N . P .
ump is subject to mesoscopic fluctuations and to quantu onents anq pumping componer8”. The former |s_the
P ermal equilibrium noise due to the thermal fluctuations of

or thermal fluctuationgnoise. Mesoscoplc_ fluctuatlon_s Of_ electrons in the leads, and depends on the electron tempera-
the current refer to the fact that the magnitude and direction

of the time-averaged current vary from sample to sample?ureT in the |eads and the time-averaged conductahaef

For a quantum pump built from a chaotic quantum dot, as ighe guantum dot through the fluctuation-dissipation theorem
the case in the experiment of Ref. 10, the mesoscopic current N —
fluctuations were investigated for various regimes of tem- ST=2kTG. @)

. . —14
perature, pumping amphtude, and dot conductafices; .__The pumping contributiors”, in contrast, is a true nonequi-
On the other ha_nd, noise—guantum and thermal fIUCtuat'Onﬁ‘nrium noise due to the perturbation of electrdnsidethe
of the current—is a property of the current pumped throug"l:iot. As we shall discuss in Sec. Ill, this contribution to the

a particular realization of an electron pump. Noise in an elechoise can be seen as arising due to the heating of electrons

tron pump s best described by the fluqtuations of the Cha.rgﬁside the dot as a result of the time-dependent perturbation.
pumped through the system in a certain number of pumping e adiapatic regimé <<y one needs to vary at least

cycles. The statistics of such charge fluctuations was studi 0 system parameters periodically in order to generate a

in Refs. 15-22 for temperatures and pumping frequencleairect current. Current noise, however, is already generated if
much smqller than the inverse dwell tinfescape rajeof only one parameter is varied. The problem of current noise
eIectrc;lns in the quantum.got. h ic f . ﬁand full counting statistiggor a single time-dependent scat-

In this paper, we consider the mesoscopic fluctuations o erer with frequencyt w<vy was addressed by Levitov and
Bo-workers'®2° Our results can be used to compute the me-
soscopic fluctuations of the current in that case. We find that
Nthe main effect of the second time-dependent parameter in a

experimental reallzatlon_ of a quantum puripand y are true electron pump is to reduce the mesoscopic fluctuations
usually comparable, while both are much larger tharur- of the noise

thermore, the experiment of Ref. 10 has addressed both the The paper is organized as follows: A formal expression
cases of weak pumping, where the pumped curteféw  for the noise in terms of the time-dependent scattering matrix
and strong pumping, where>ew. Previous works by An- of the dotS is derived in Sec. Il. Section Il considers the

magnitudes of temperatuieé pumping frequency», escape
rate y, and pumping amplitude. This is important, as in a
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the two-energy scattering formalism developed byttiRar
and co-workers for time-dependent transport through meso-
scopic structure&*=27

The scattering matrix(t,t’) relates the annihilatiofcre-
ation] operatorsa,(t) [a'(t)] andb,(t) [bZ(t)] of incoming
states and outgoing states in channetl, ... AN of the
leads(the indexa includes the spin degree of freedpm

b,(0= [ S,tt)30 33

FIG. 1. Schematic drawing of the quantum dot and the leads.
There areN; (Ng) propagating modes in the leftight) contact. +
The shape of the dot is controlled by the voltages of two shape- bL(t)=f
defining gates. The vectogs r andb,_ g of annihilation operators

for the incoming and outgoing states, respectively, in the(lft  Here the indicesr and 8 label the propagating channels in
and right(R) leads are related by the scattering matix the point contact contacting the dot to the left and right res-
ervoirs fore,8=1, ... N, anda,=2N +1,... N, re-

mesoscopic fluctuations of the noise through a chaotic quarspectively. The & 2N matricesS' and S are related as
tum dot with two(or more time-dependent parameters. For

an adiabatic quantum pump at temperatifle<y we con- [ST(t,0)]ap=Sha(tt"). (4)
sider the full distribution of the mesoscopic fluctuations of . ) } ]

the noise in Sec. Ill A. We focus on the cases of a quantuntausality requires thas(t,t")=0 if t<t’. We restrict our
dot with single-channel and many-channel point contacts@ttention to the case where spin rotation invariance is pre-
For a dot with many-channel point contacts, the sample-toServed, and, henceé,is proportional to the X2 unit matrix
sample fluctuations of the noise are much smaller than th? Spin grading. _ _

average. In Sec. lll B we then present the ensemble-averaged The expression for the curreht in the left lead is

noise for a dot with many-channel point contacts at arbitrary
temperature and pumping strength. We conclude in Sec. IV. . + +
Finally, in Appendix we give some details of the calculations (D) _egl [2,()a,(t) = by(D)ba(D)]. ®)

of the averages over the ensemble of chaotic quantum dots.

A similar expression holds for the currditin the right lead.
Although the currents, (t) and —Ig(t) in the left and right
leads do not need to be equal at every instance of the pump-

We consider fluctuations of charge transmitted througHnd cycle, their integrals over one pumping cycle afEhe
the sample during the observation timg. The sample is charge on the dot is conserved after each cytlence, since
connected to electron reservoirs through two-point contactere are only interested in the time-averaged chaf@e
with N, andNg open channels, respectively, see Fig. 1. It ispumped through the dot and the charge n@seve can re-
subject to a periodic perturbation at frequensj27r. The  place the expression for the current operator by a suitable
perturbation is described by specifying the time dependenceombination ofl, andlg,
of parametersK,(t),X,(t), ... X,(t) characterizing Hamil-
tonian of the sample. The electrons in the two reservoirs are ()= %I (t)— ﬁl (t)
held at the same chemical potentialand temperatur@ at Nt N R
all times during the pumping cycle.

We calculate the noise of the quantum pump using the
scattering formalism of Bitiker2® In Buttiker’s original ap- :ea;ﬂ [al() A agag(t) DL A Lgbs(D)]. (62
plication there are no time-dependent perturbations, so that ’
the system is described by a scattering matrix that dependdere A is a diagonal matrix with elements
on energy, but not on time. On the other hand, as long as
pumping frequencies and temperatures much smaller than _NR/Na=1,. AN
the escape rate are considered, the system with a time- @@ | N /N @=2N,+1,... AN.
dependent perturbation can be described using a scattering
matrix that depends on time, but not on energif19-22 In terms of the current operatdr, the time-averaged
WhenkT, A w, andy are all comparable, one needs to use apumped current reads
scattering matrixS that depends on both time and energy, or,
equivalently, that depends on two times or two energies. 1 (o —
Here we shall make use of a formulation with a scattering I= T_Ofo dti(t),
matrix S(t,t") that depends on two times. This formulation
was used to calculate the time-averaged conductance amhere the observation timg is an integer number of pump-
pumped current in Ref. 13. The formalism is equivalent toing cycles. The nois&is defined asgcf. Eq. (1)]

xa;(t')[ST(t’,t)]Badt’. (3b)

— o0

2N,

Il. GENERAL FORMALISM

2N

(6b)

Y
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1 (o _ adiabatic quantum pump of Ref. 10. In this approximation it
S= T—J dtdt'[I(t)I(t") = 1(DI(t")]. (8)  is advantageous to use an analog of the Wigner transform for
070 the matrixS(t,t'),

In the leads, the electron distribution function is given by

the Fourier transforni(t) of the Fermi function, S(e,t)= fmdt’e*i‘?(t*t’)g(t,tf)_ (15)
a(t')a,(t) = 8,4f(t' 1), Up to corrections of ordet w/y, the matrixS(e,t) is equal
to the “instantaneous” scattering matr& (&), which is ob-
’ T — rs ’ H . H ” . . .
ag(t’)al(t) = S,pf (t—t"), (9) :g‘{ls‘azd by “freezing” all parameterX; to their values at time
where we defined If, in addition to being adiabatic, the parametets,
- j=1, ..., undergo only small excursions from their aver-
f(t)=a6(t)—f(1). (100 age value, which we set to zero, we may further expand in

exj . To find the noise it is sufficient to expar®up to the
econd order inX. Arranging the parameterX; in an
-component vecto&’= (X, ... X,)", we thus find

Averages involving four creation/annihilation operators ar
calculated using Wick's theorem, see, e.g., Ref. 23. Usin
Eq. (3) to eliminate the operatons(t) andb'(t) from Egs.
(6a) and(9) to compute the quantum-mechanical expectation 2 x e
. e (7o +ede [+=de
values, we find the average current SP—_f dtdt’f cog(e—e')(t—t")]
0

_47-0 7005 —mﬁ
1 ) _ _
I=T—Oef0 dtf dt;dtof(t;—t) TS (ty, ) AS(t,t5) x[f(e)f(e)+f(e)f(e)]
T _ v T e i A
—8(t—t))AS(t—ty)], (11) X{[X (=X (t")]K(e,e")[At) X(t)]}, (163
and the noise wheref(s)=1—f(¢) and thenx n matrix K reads
S=sNtsP, (12) Kij(e,e") =TI A’Ri(e)R;(e) +A*R;(e")Ri(e")
where the Nyquist-Johnson and pumping contributi&s —2ARi(e)AR;(e")],
andS" read
_ (?SX(‘E) T
Rij(e)=—i e Sx(e). (16b)

N 2e2 0 ’ INF(t!

For kT<v, Eq. (1638 coincides with the result found by
5 : Moskalets and Bitiker.?2
XISt —t) A%8(t— 1) =S (1, DAS(L, 1) AL In the bilinear regime and at zero temperature, the time-
(13 averaged currerit and the noises” are sufficient to define
the total counting statistics of the purtpTo lowest order in
b e (o , D = the excursions of the parametets, the pumping cycles are
s :T_ofo dtdt fdtldtzdtldtzf(tl_tz)f(tl_tz) statistically independent. A pumping cycle is characterized
by quantum-mechanical probabiliti®g andP, that an elec-
+ toer g ) tron is pumped from left to right or from right to left, respec-
TSt DASHLE) St ) AST L) tively. Both P and P, are small, of ordeX?, and one has
—S(t—ty) (' —t)A28(t—ty) 8(t' —t))]. (14 |=(ewl2m)(PL—Pg),S"=(e’w/2m)(P L+ Pg).
For a typical quantum dot with capacitanCeand mean
(These equations can also be derived using the Keldysh fofeve| spacingA, the charging energg?/2C>A. The deriva-
malism, see Ref. 2BEquation(14) coincides with the result  tjves in Eq.(16b) should be taken at a constant value of the
of Andreev and Kamenev in the extreme low-temperature:hemical potentiale, which, in the Hartree approximation, is
adiabatic limitk T<#w<y.™ equal to sum of the electron’s kinetic energy and the electro-
For adiabatic pumpingiw<1y, Eq. (11) is equivalent to  static potential. In the absence of electron-electron interac-
the time-averaged current of Refs. 8 and 9. The Nyquisttions all derivatives are taken at constant value of the kinetic
Johnson contribution to the noise is related to the timeenergy. As we prefer to take derivatives at constant kinetic

averaged conductan& of the system at temperatufe see  energy(i.e., at constant) in both cases, we substitute the

Refs. 29, 30, and Ed2) above. parametric derivatives &>
A. Bilinear adiabatic pumping E )
TIR;
. . . Lo J 17 2 14
Of particular interest is the case when the perturbation is — = = —. (17)
slow compared to théelastio escape rate of the electrons axij, X, | 7C 1 rf?_Sx v |9
from the sample into the reservoirs. This is the regime of the e’ 2 gg X
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Equation(17) differs from a similar expression in Ref. 8 by SP=€2F(T,w) (K1 X3+ KpoX3+ 2 coSh K1 oX1X5).
factor of 1/2 in front of the traces because of the double size (20)

of matrix S as a result of the inclusion of spin.
P To find the integraF (T, w) for the physically relevant limit

of long observation timesy>1/T, we note that in this limit

the distribution functionf(t) is given by Fourier transform
We now consider the mesoscopic fluctuations of theof the equilibrium Fermi distribution function,

pumping noiseS® for the case of a chaotic quantum dot. The

IIl. APPLICATION TO CHAOTIC QUANTUM DOTS

quantum dot is characterized by a mean level spading f(t):f de e'st/f _ ikT -
escape ratey=NA/2mw, Thouless energyEr,=7/7,>A, 2mh eelkTy 1  2A sinNwkTUhR) "
and capacitanc€, with charging energye?/2C>A. It is o )
coupled to two electron reservoirs via ballistic point contactsSubstitution into Eq(18a then yields
with N andNg channels each, see Fig. 1.

The dot is driven by periodically varying paramegsr F:i(cotlﬂyf—w—g). 22)
X;,i=1,...n with frequencyw, cf. Fig. 1. In the experi- 2 kT fw

ment of Ref. 10, the parameteXs correspond to the voltages

on external gates that control the dot shape. The precise r

experiment 15 not nowrs prior. but can b estaplisheq _ Te Physical meaning of the functoR(T,w) that be-

using ind dent ,t f the derivative SPMeS clear once it is written in energy representation
g independent measurements of, e.g., the derivative 0

the conductancg or the rate of change of the position of f

The result(20) with F given by Eq.(22) coincides with the
fheory of Moskalets and Biiker.22

1 . ~ 1 ~
5f(8+§ ho)f s—zﬁw —f(e)f(e)

Coulomb blockade peaks when the point contacts between F= S

the dot and the reservoirs are pinched'8fEollowing Refs.
8,11,13, we will assume that the different paramek&rsor- 1
respond to different perturbations of which the matrix ele- + Ef
ments between statéef the closed dgtwithin a Thouless
energy from the Fermi level=0 are Gaussian and indepen- Equation(23) measures the change in the number of equilib-
dently distributed. We choose the scale for the parameters rium electron-hole pairs due to absorption and emission of
such that the mean-square derivativé(de,/dX;)  the pumping field quanturhe. At temperature&T<# w the
X(de,19X;))= 5HA2/772, whereA is the mean level spac- Fermi distribution is sharp, and= w/27. At high kT>% w,
ing ande , is an energy level in the closed dot. the Fermi distribution is smooth on the scalev, so thatF

The transmitted charg® is measured during a time, is small,F~7% w?/KT.
which we will assume to be a large number of pumping Fluctuations of the noise are described by the second fac-
cycles. This requirement of large observations is discussed itor in Eq. (20), which varies from sample to sample. To find
detail in Ref. 20. For short observation times boundary efthe mesoscopic fluctuations of the noise, we use the joint
fects related to switching processes in the system need to hiistribution of the matriceR; (i=1,2) derived in Ref. 34.
taken into account. The resulting distribution of this mesoscopic contribution de-

pends on two parameters

f . (23

e——hw

2

lﬁ
8+§ [0}

A. Weak adiabatic low-temperature pumping

If not only the frequencyhw is much smaller than the C,=§(X§+ X%), CC=%X1XZSin ¢. (24
escape rate, but alsok T<<y, the scattering matri$(e,t) in
Eq. (163 can be taken at the Fermi leve=0, and we find  Equality C,=C, is achieved ifX;=X, and ¢= 7/2, corre-
the simple result sponding to the circular contour in th¥{,X,) plane. Below
o L we consider the noise distribution for a quantum dot with
p_ S [T P S T single-channel point contactdN(=Ng=1), and for a dot
S _TOJQ dtarft—tHt( t)z{[X(t) with many-channel point contactdl( ,Ng>1) separately.

= X(t)TIK[X(t) = XD T}, (183 1. Two channel geometry, &2

For smallN, the full distribution of the noise can be ob-
tained using the method of Ref. 35 to numerically generate
: . the matricesR; andR, according to the appropriate distri-
We now consider the case of two time-dependent parar.q)ution, see Appendix for details. Figure 2 shows the distri-

— T
eters, (1) =[X1(1). Xz() ], bution of the noise powes” and the current-to-noise ratio
X4 (1) =X,€08 wt),X,(t) = X,c08 wt+ ), (19) 1/S for a quantum dot. Wifch s!ngle-channel Ieaqktzé 2) for
the caseC,=C.. The distributions are shown with and with-
in more detail. For this case, E(L83 is factorized into a out time-reversal symmetry. For reference we have also in-
factor F(T,®) that depends on the relevant time and energycluded the distributions for the case?//C<A of weak
scales, and a sample specific contribution electron-electron interactions inside the dot. The c@se

Kij=Tr(A*RiRj+ A*RyRi—2ARAR;). (18D
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1.0 . \ :
‘ 4 ---- TRS, e /Ce<A \ M
; [ —— TRS, €'/C>>a 1.0 LN Lo o=n/12
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FIG. 2. Main panel: Distribution of pumping noisg® for a FIG. 3. Distribution of thPe pumping nois§” (main panel and
chaotic quantum dot with single-channel point contacts and twdh® current-to-noise ratit/S™ (inse for a quantum dot with two
time-dependent parameteXs and X, given by Eq.(19) with C, smgle-(_:hannel point contacts and broken time-reversal symmetry,
=C.. [The parameter€, and C, are defined in Eq(24).] The  for various values ofC./C,. The values ofC./C, shown are
noise is measured in units 6?C,F. The plots are with and without ~Cc/Ci=1.sin(r/4),sin(w/12), and 0. If the variations of the param-
time-reversal symmetryTRS) and for e/C<A (weak electron- eFerle and X, have equal amplitudes, th|§ correspond§ to.phase
electron interactions inside the datr 2/C>A. Inset: distribution dlﬁerenceq):w(z,w/g,m/lz, and 0, respectively. The nois€ is
of the current-to-noise ratit/'SP, measured in units ab/(27Fe). measured in units &@C|F and _the currentis measured in units of
There is no divergence &tSP—0. er?w/r)ZW. For C.=0, P(1/S") is a delta function at/S*=0 (not

shown).

<C, (i.e., the dependence on the phase differetas il-
lustrated in Fig. 3. The current-to-noise ratio shown in Figs
2 and 3 accounts for the pumping noi§€ only. The

tary group and over the eigenvalues of the Wigner-Smith
time-delay matrixR= —i#(9S/de)S' .26 These integrals can
Nygquist-Johnson nois8" presents a different noise source, be calculated using the method of Refs. 36, 37, together with

which will dominate over the pumpind noise KT asymptotic expressions for the density and two-point corre-
~hwyC, pumping lations of the eigenvalues of the Wigner-Smith time-delay
= |.

We note that the distributions & and|/S” are highly ma_:_rr;x, see Appendix for details,
. . . . e result is

non-Gaussian. In particular, the me&f’) of the noise dis-
tribution is dominated by the algebraic tail for larg§g, and
is not representative of the distribution itsglfor example, (SP)=2¢e?Fg
in the absence of time-reversal symmetry ande®IC<A,
the mean(S™)=8/3(e?C,F), while the most probable value
is for SP~0.5(e°C,F).] We also note that, while the phase g
difference ¢ affects the typical size of the time-averaged vars’=(2e°F)? =
pumped currenitxewC, but not the form of the distribution, N
changing¢ has a small effect on the average ngiS€), but
changes the shape of the noise distribution significantly, see -
Fig. 3. In particular, the probability to find sm&# is sig-
nificantly higher for¢ close to zero than foth~ /2. The . .
reason for this difference is that the cage- /2 corre- where we abbreviategl=N, Ng/N. The factor depends on

sponds to noise generated by two independent sources Whﬁ‘éandT and was defined in Eq22). Note that the fluctua-
P 9 y P ' tons of SP are a factor~1/N smaller than the average.

¢ close to zero corresponds to only a single noise source.,. .
) o . igher cumulants of the noise are even smaller, so that we
Furthermore, the current-noise ratitS™ has a maximum at : S
conclude that, forN>1, the noise distribution becomes

I/SP=e, as was predicted by Levitd¥.For a quantum dot p L
with single-channel point contacts, there is a finite probabil-Sharply peaked at the av_erags ) and tha.‘t the remaining
sample-to-sample fluctuations are Gaussian.

ity density to achieve this optimum current-to-noise ratio, as ; . .
; ) : ; . . In Fig. 4 we show the results of a numerical calculation of
is seen in the inset of Fig. 2. For point contacts with MO he distribution noises® and the current-to-noise ratiéS”
than one channel, the probability density to attain the maxi : )
mum valuel/SP=e vanishes® see, e.g., Fig. 4 for a dot_ with NL_: Ngr=5N=10. This vaIL!e ofN can be

' T C seen as intermediate between the satkgime, where the
distributions are strongly non-Gaussian and the I&ges-
gime where the distributions are Gaussian. We note that for
For largeN, the ensemble average and variance of theN=10 the noise distribution still has pronounced tails for

noise can be expressed in terms of an integral over the uniarge S°.

2
1+ N‘Sf“) C, (253

3

2
1+(1+ zaﬁyl)ﬂ c?

1+ (1+45ﬁ,1)%}c§), (25b)

2. Multichannel limit, N>1
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0.5

t— 72Ad n

N _ _ _ T
8 I\ RS C(ty,t,7)=0(t, tz)exq’ ftzﬂz—{zﬂ_h N.+2[X'(7n)
.. PUIS
‘ ( )4 FoY —XT(ty+t— ) [ X(9) — Xty +t,— ) 1}
P(S) J “ (28)
02 04 Here ®(z)=1 if z>0 and 0 otherwise and we
s abbreviated
\ Nd: N, NC: N + 2X2, (29)
00, : ., "'8 where xo (®/ D) (e )~ Y2 is a dimensionless parameter

describing the magnetic flux penetrating the quantum dot and
®, the flux quantuni® The unitary ensemble, when time-

FIG. 4. The same as Fig. 2 for a quantum dot with=Ng reversal symmetry is fully broken, corresponds to the limit
=5. Curves with weak and strong electron-electron interaction arg—s oo,

indistinguishable. In the literature, two equivalent approaches have been
taken to calculate correlators such as E2p) above, the
B. Noise at arbitrary pumping for multichannel dots Hamiltonian and scattering approaclésn the Hamiltonian

In this section we consider a aeneral time dependence art proach the fundamental object is the random Hamiltonian
. general P of the closed chaotic quantum dot and the Green functions
amplitude of the parameteds;. We limit ourselves to the

calculation of the ensemble-averaged noise, since the mesre_lated to it. Once the scattering matdis expressed in

. . . 9 ) {&rms of Green functions, the correlat@6) can be analyzed
scopic fluctuations of the noise are smaller than the average standard diagrammatic techniques. The two tefhasd
by a factor 1IN if N>1, see Eq(25). y 9 ques.

For a calculation of the ensemble-average ndisg) D then appear as the cooperon and diffuson contributions.
we need to know the correlation functionsg of scattérin The fundamental object of the scattering approach is a sta-
matrix elementsS, 4(t,t’) for an ensemble of chaotic Yiistical model for the scattering matri of an ensemble of

uantum dots Thgﬁinaicea and 3 refer to the “orbital” dots. Equivalence of both methods, including the parametric
9 : : and energy dependence &fis shown in Ref. 34. A deriva-
channels as well as to the spin of the electrons. In order. fEq.(26) using th : his ai in Ref
to discriminate between the orbital and spin degrees ofon o 9.(26) using t escatte_nng approach Is given in Ret.
: ; 0. We refer to Ref. 28 for a discussion based on the Hamil-
freedom, we setw=(i,o), where c==*1 refers to spin toni h
andi=1 N denotes the orbital channeiss 1 N onlan approach. :
v . . o L Knowing the correlato(26), we can find the ensemble-
for channels in the left point contact ameéF N, +1,... N averaged noiseSP>
for channels in the right point contact. In this notation, the g '
scattering matrixS‘aﬂzsi‘} S, IS proportional to the X2 5
unit matrix in spin space. The correlator of the orbital part py_ 2679 [0 7
' (S)y=——| dtdt'f(t—t")f(t'—1)
7o Jo

S;j reads
wa t+t’ t+t’ A¢ v_tlg 2 .
o D\ 2 Tt tdeg — 1
t+7 7—1 (30
5”(5”1) _,t,+ ,T_t .
2 2 whereg=N,Ng/N is the dot conductancey=NA/27 the

escape rate, and we assumgg>1/w,fi/y. The Cooperon
(26)  termC of Eq.(26) does not appear iS”) to leading order in

(SS(Lt)SE(7,7)) X[

=6(t—t' —7+7')

t+7 71
+5i|6jkc(71t,+_17_t>}!

2 1/N; its contribution is a factor N smaller, see, e.g., Eq.
(253.
with D andC given by Equation(30) gives the ensemble-averaged noise for ar-

bitrary w,T, and y, and for arbitrary excursions of the pa-
rametersX;. We now investigate E(30) for the case that
there are two time-dependent paramet&ksand X, with
time dependence given by E@L9). In order to distinguish
regimes of “weak” (bilinean and “strong” pumping, we in-
troduce the energy scafe®

t1Adé T
D(tl,t2,7)2®(t1_t2)ex _J; m{Nd—'_Z[X (f_ ’7'/2)

— XT(E+ 112 X(E—712)— Xé+712)1}H
27) kT* =7iw\/C,. (3D)
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The meaning of the energy scatd* becomes clear when can be obtained if pumping is adiabatiap< y. In that case,
we view the pumping process as “diffusion in energywe note thatD in Eq. (30) contains the fast decay
space:” carriers absorb or emit energy quanta of 8imeata  ~exp(—¢) and a slowly varying contribution from the time
rate X?A/#%.1® Weak (bilinean pumping corresponds to the dependence of the parametets. Since theX; vary slowly
case when the probability to absorb or emit one or moren the time scaléi/y, the integration ove¢ can be done,
quanta is small, i.e., to the regi&A <y or kT* <fiw. For  and the result is

kT*>#% o many quanta are absorbed or emitted, so that the

carriers in the dot shift their energies by an amount b 2e%g (o , L ,

~hwX?Aly~T*. If T* exceeds the temperatufeof the (8= To fo drdtf(t’ —f(t-t’)

electrons in the leads, the time-dependent potentials in the
dot lead to significant “heating” of the electrons inside the
dot andT* can be viewed as an effective electron tempera-
ture inside the dot. The latter regime is referred to as

N )2 .
N+2[XT(t) —XT(t) ][ X(t) — A(t')]

“strong” pumping. (32
For weak pumpingkT* <A w, we can expand to first
order inX? and we recover the result E58), now without In the limit of low temperaturekT<#% w (and, as before,

a restriction on the temperatureé For strong pumping, assuming long observation timéd 7o<kT,Aw), EQ. (32
kT* >maxhw,kT}, a simple expression for the noise power yields

e’gw {1+6C,[1+C{(1—S?)}E(k)—[1+2C,(1—S)]K(k)

™ m[1+2C(1-9)]V1+2C/(1+9S) '

(8= (33

whereE(k) andK (k) are full elliptic integrals of the second The low-temperature asymptotics can be easily obtained

and third kind, respectively, and we abbreviated from this result, and reproduce the Eg5) for KT* <7 w or
kT*>#%w. For intermediate values &T*/Aw andkT/A w,

Cc\? ) 4C,;S Eq. (36) is plotted in Fig. 5. As long as bothw andkT are

S= 1_(6 ’ T1+2C,(1+9) (34 much smaller thakT*, the integral(36) is dominated by

) . <hwl/kT* <1, so that the strong pumping asymptote of Eq.
In the special case that the two time-dependent paramete(§5b) is reached, irrespective of or T.

X4(t) andX,(t) have equal amplitude§=|cosd|. The de-
pendence of the averaged noise in E83) on the ratio  ,piained from Eq(32) as well. The qualitative behavior as a
Cc/C, (i.e., on the phase differeneg) is weak. For the case fnction of pumping strength and temperature is similar to
Cc=0 (¢=0) we find the asymptotes that shown in Fig. 5 for the cas¢=0. The limit of strong

2 pumping should converge to the limit E®3) of T=0, simi-
(::;230 if kT*<fho (359 larly to the casep=0 studied above.

An analytical expression fop#0 can, in principle, be

(S°)=€g—-Ci=eg

IV. CONCLUSION

3w [C 3 ) . . .
(SP>:ezg—2 \/:: e?g kT* if kKT">hw In this paper we calculated the current noise generated in
77 2 w2 a quantum pump using a scattering matrix formalism with a
(35D scattering matrixS(t,t’) that depends on two times. With
For the caseC,=0, but at arbitrary temperaturdsT, Eq.  this formalism, we could consider arbitrary pumping fre-
(32) yields guency w, temperatureT, escape ratey, and pumping
strengthX. We then calculated the average and variance of
o o 2kT\2 [~ d¢ the noise for an ensemble of quantum pumps consisting of a
(S)=ego| 4 — fo (27K Tl he) chaotic quantum dot.
One issue that has received considerable attention
[ heo recently is the question whether one can build a
X4 1-

> —— noiseless quantum punrfpWhile our results for the bilinear
V(hw)?+4(kT*)?sin¢ pumping regime show that there is a finitmesoscopic

probability for zero noise, it is not possible to have no
(36) noise and a finite pumped current at the same time
in the bilinear regimé®*?cf. Figs. 2 and 3. This is different

. 2(kT*)?hw Sirel
[(Fw)2+4(kT*)2sint]3?]

245314-7
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whereU is an NXN unitary matrix, 7 is a diagonaNXx N
matrix containing the eigenvalues,,m=1, ... N, of the
10' © Wigner-Smith time-delay matrix on the diagoriéld; is an
NXN Hermitian (real symmetrit matrix is time-reversal
P symmetry is brokeripresen), andl, is the 2x2 unit matrix
100 - in spin grading.
s For a chaotic quantum dot, the distributions of the Her-
10° © mitian matricesH; and H,, the unitary matrixU, and
/f// // - Tioc0.2 the diagonal matrixr are all independent. The matrices
s EL T i H;,j=1,2, have a Gaussian distribution
10° L7 .7 .- T/o=1
///// ———- Tlo=5
ol L | o The=28 P(H)xexp(— B Tr H%/8), (A2)
10" 107 10° 10' 10°
™o whereB=1 if time-reversal symmetry is present a@ek 2 if

time-reversal symmetry is broken by a magnetic field. The
matrix U is uniformly distributed in the unitary group, and
the eigenvalues,,m=1,... N of the time-delay matrix
have distribution

FIG. 5. Noise(S") in units of egw, as a function of the
dimensionless pumping strengkiT* /% w and for various choices
kT/h w.

beyond the bilinear regime, where a quantized, and,
hence, noiseless pump has been proposed using a pumping

2 N N
contour that encircles a resonance in an almost closed quan- Po| 1+ c > ot I 17— m0l?
tum dot®® mhC =1 ") min
We note that both the equilibrium Nyquist-Johnson noise N
N ; io@P i
S. and the pumping noiss .depend on the aval_lable energy % H O () Tr;ISBN/2+,B—2e7B7Tﬁ/ATm. (A3)
window. For pumping noise, that energy window is the m=1

heating temperaturé*, see Eq.(31); for Nyquist-Johnson

noise it is the temperatur@ of the electron reservoirs.
The results (25 and (33)—(36) allow us to compare

the Nyquist-Johnson and pumping contributions to th
averaged noise. In the experimentally relevant casefthat

<KkT, both noise contributions are proportional to the
(dimensionlessdot conductance, but the Nyquist-Johnson

noise scales a3, while the pumping noise scales g

Knowing these distributions, finding the distribution
for small N becomes a matter of mere quadrature. We
®have obtained the plots of the distributions 8% and 1/SP
by numerically generating 16- 10° matricesR; distributed
according to the above distribution. We refer to Ref. 35
for the details of implementation of this procedure. Moments
) ; . of the noise and the current can be found by performing
if T*>T and asT**/T if T*<T. The Nyquist-Johnson " Gayssian integrations oved and the integrations

and pumping contributions to the noise are comparable gl or the ynitary group with the help of the technique of
T~T*. An experiment cannot separate the two colntrlbutloanef_ 36. For smallN, the remaining integration over the
to the noise, since it measures the total noise power,

. S L X m can be done explicitly. For larghl, it is sufficient to
The eumplng contribution to the noise is dominant as long a%now the density and two-point correlator of the in order
T<T*.

to find the first two moments dfor S°. The density of time

delays i§*
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APPENDIX INTEGRATION OVER THE MATRICES R spectrum edges’s_ and r, ." " With the help of the
pair-correlation functiof? we find that, up to corrections of
For the integration over the matric®, andR, we make order 1N,
use of the fact that they can be parametrizef as

(Ad)

N q
A . . 2mh\9
Rim gt T Tk, 122 A <<le Tm) >:( A )

2
1+q(q—-1) — .
=iy W=D
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