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Dissipation and noise in adiabatic quantum pumps
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We investigate the distribution function, the heat flow, and the noise properties of an adiabatic quantum
pump for an arbitrary relation of pump frequencyv and temperature. To achieve this we start with the
scattering matrix approach for ac transport. This approach leads to expressions for the quantities of interest in
terms of the sidebands of particles exiting the pump. The sidebands correspond to particles which have gained
or lost a modulation quantum\v. We find that our results for the pump current, the heat flow, and the noise
can all be expressed in terms of a parametric emissivity matrix. In particular we find that the current cross
correlations of a multiterminal pump are directly related to a nondiagonal element of the parametric emissivity
matrix. The approach allows a description of the quantum statistical correlation properties~noise! of an
adiabatic quantum pump.
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I. INTRODUCTION

A recent experiment by Switkeset al.1 has stimulated in-
creasing interest in adiabatic quantum charge pump
Ideally in such an experiment one aims at generating a
current by slowly modulating the shape of a mesoscopic c
ductor with the help of oscillating gate voltages. A sing
potential oscillating at frequencyv does not generate a d
current, but two potentials oscillating with the same fr
quency but out of phase can generate a dc current. The e
is of interest under conditions in which electron motion
phase coherent and is thus termedquantumpumping. The
frequency of the potential modulation is small compared
the characteristic times for traversal and reflection of el
trons and the pump is thus termedadiabatic. Thus carriers
traversing the sample see an almost static potential. The
circumstance allows to give an elegant formulation of qu
tum pumping2 which is based on the scattering matrix a
proach to low-frequency ac transport in phase-coherent
soscopic systems.3

Recently Avron et al.4 investigated adiabatic quantum
pumping with the aim to formulate criteria for an ‘‘optima
pump.’’ The term ‘‘optimal’’ means that such a pump
noiseless and transports integer charge in each cycle. To
extent they have investigated not only the dc current but a
the dissipation and the noise generated by a pump. Av
et al. express their results in terms of an energy shift ma
i\] ŝ/]t ŝ† where ŝ is the time-dependent scattering matr
This is an elegant formulation which gives a correct desc
tion of time-dependent adiabatic currents and dissipat
However, for quantities which invoke correlations at diffe
ent times the approach is valid only for pump frequenc
\v!kBT.

It is the purpose of this work to investigate the distrib
tion function, heat flow, and noise properties of an adiab
pump for an arbitrary relation of pump frequency and te
perature. To achieve this we start with the scattering ma
approach for ac transport. This approach leads to express
for the quantities of interest in terms of the sidebands
0163-1829/2002/66~3!/035306~9!/$20.00 66 0353
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particles exiting the pump. The sidebands correspond to
ticles which have gained or lost a modulation quantum\v.
In particular, the approach presented here allows a desc
tion of the quantum statistical correlation properties~noise!
of an adiabatic quantum pump.

The adiabatic quantum pump1,2,5–24of interest here should
be distinguished from a variety of other pumping mech
nisms. For certains pumps25,26 the charge transferred in eac
cycle is quantized. Quantized charge pumping is most ea
achieved in devices based on the Coulomb block
effect27–32 where the charge on a quantum dot is quantiz
This is of considerable metrological interest.33,34 Other ef-
fects which lead to pumping are the photovoltaic effect35,36

and the acoustoelectric effect.37–42

The paper is organized as follows. In Sec. II the essen
assumptions we make are described. In Sec. III we calcu
the nonequilibrium distribution function for the outgoin
particles produced by the pump. In Sec. IV we formulate
condition which is necessary to pump dc current. In Sec
we calculate the heat flows produced by an oscillating m
soscopic scatterer. In Sec. VI we consider the shot no
produced by the pump and analyze the noise in terms
uncorrelated movement of nonequilibrium quasipartic
~quasielectrons and holes! generated by the pump and corr
lations between them.43,44 In Sec. VII we present explicit
results for the particular case of a two-lead scatterer with
time-reversal symmetry.

II. MAIN ASSUMPTIONS

To describe the response of a mesoscopic phase-coh
sample to slowly oscillating~with a frequencyv) external
real parametersXj (t) ~gate potential, magnetic flux, etc.!,

Xj~ t !5Xj1Xv, je
i (vt2w j )1Xv, je

2 i (vt2w j ), ~1!

we will use the scattering matrix approach.45,46,3The sample
is connected via leads~which we will number via Greek
lettersa, b, g, etc.! to Nr reservoirs. The scattering matrixŝ
being a function of parametersXj (t) depends on time. Two
©2002 The American Physical Society06-1
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M. MOSKALETS AND M. BUTTIKER PHYSICAL REVIEW B 66, 035306 ~2002!
main assumption will be used. First, we suppose that
external parameter changes so slowly that we can appl
‘‘instant scattering’’ description using the scattering mat
ŝ(t) frozen at some timet. Physically this means that th
scattering matrix changes only a little while an electron
scattered by the mesoscopic sample~i.e., the frequencyv is
much smaller than the inverse Wigner time delay47,48!. In this
sense we use the term ‘‘adiabatic’’ pump.

Second, we assume that the amplitudeXv, j is small
enough to keep only the terms linear inXv, j in an expansion
of the scattering matrix:

ŝ~ t !' ŝ1 ŝ2veivt1 ŝ1ve2 ivt. ~2!

In the limit of small frequencies the amplitudesŝ6v can be
expressed in terms of parametric derivatives of the on-s
scattering matrixŝ,

ŝ6v5(
j

Xv, je
6 iw j] ŝ/]Xj . ~3!

The expansion, Eq.~2!, is equivalent to the nearest sideba
approximation49,3 which implies that a scattered electron c
absorb or emit only one energy quantum\v before it leaves
the scattering region.

The kinetic properties~charge current, heat current, etc!
which are of interest here depend on the values of the s
tering matrix within the energy interval of the order
max(kBT,\v) near the Fermi energy. In the low-frequen
(v→0) and low-temperature (T→0) limit we assume the
scattering matrix to be energy independent.

III. OUTGOING DISTRIBUTION FUNCTION

In a pump setup the mesoscopic scatterer is couple
reservoirsa51,2, . . . ,Nr with the same temperaturesTa
5T and electrochemical potentialsma5m. Thus electrons
with the energyE entering the scatterer are described by
Fermi distribution function

f a
( in)~E!5 f 0~E!5

1

11e(E2m)/kBT
.

Due to the interaction with an oscillating scatterer, an el
tron can absorb or emit an energy quantum\v that changes
the distribution function. Our aim is to find the distributio
function for outgoing particles~i.e., for electrons leaving the
mesoscopic sample and entering the reservoir! far from the
scatterer.

Let us consider a single transverse channel in one of
leads. We introduce two kinds of carriers:46 first, incoming
particles which are going from the reservoir to the scatte
and, second, outgoing particles which are leaving the sca
ing region. We can express the operatorsb̂a which annihilate
outgoing carriers in the leada in terms of operatorsâb an-
nihilating incoming electrons46 in lead b. Applying the hy-
pothesis of an instant scattering we can write
03530
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b̂a~ t !5(
b

sab~ t !âb~ t !. ~4!

Heresab is an element of the scattering matrixŝ; the time-
dependent operator isâa(t)5*dEâa(E)e2 iEt/\, and the
energy-dependent operators obey the following anticomm
tation relations:46

@ âa
†~E!,âb~E8!#5dabd~E2E8!.

Note that above expressions correspond to single-~trans-
verse! channel leads and spinless electrons. For the cas
many-channel leads each lead index (a, b, etc.! includes a
transverse channel index and any repeating lead index
plies implicitly a summation over all the transverse chann
in the lead. Similarly an electron spin can be taken into
count.

Using Eqs.~2! and ~4! we obtain3

b̂a~E!5(
b

sabâb~E!1s2v,abâb~E1\v!

1s1v,abâb~E2\v!. ~5!

The distribution function for electrons leaving the sca
terer through the leada is f a

(out)(E)5^b̂a
†(E)b̂a(E)&, where

^•••& means quantum-mechanical averaging. Substitu
Eq. ~5! we find

f a
(out)~E!5(

b
usabu2f 0~E!1us2v,abu2f 0~E1\v!

1us1v,abu2f 0~E2\v!. ~6!

Note that the distribution function for outgoing carriers is
nonequilibrium distribution function generated by the no
stationary scatterer. The above expression gives a sim
physical interpretation for the Fourier amplitudes of the sc
tering matrix.us2v,abu2 (us1v,abu2) is the probability for an
electron entering the scatterer through the leadb and leaving
the scatterer through the leada to emit ~to absorb! an energy
quantum49 \v. Note that usabu2 is the probability for the
same scattering without the change of an energy. Below
will use Eq.~6! to analyze the kinetics of a pump.

IV. dc CURRENT

To be definite we take currents from the scatterer to
reservoirs to be positive. Using the distribution functio
f 0(E) for incoming electrons andf a

(out)(E) for outgoing
electrons we find for the dc currentI a in the leada far from
the scatterer:

I a5
e

hE0

`

dE@ f a
(out)~E!2 f 0~E!#. ~7!

Substituting Eq.~6! we get

I a5
ev

2p
@T1v,a2T2v,a#. ~8!
6-2
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DISSIPATION AND NOISE IN ADIABATIC QUANTUM PUMPS PHYSICAL REVIEW B66, 035306 ~2002!
Here we have introduced the total probabilities for electro
scattered into the leada ~irrespective of the lead throug
which they entered the scattering region! to absorbT1v,a or
to emit T2v,a an energy quantum\v:

T6v,a5(
b

us6v,abu2. ~9!

We see that only a scatterer with the property

T1v,aÞT2v,a ~10!

can pump current into the leada.
It is useful to express these probabilities in terms of a b

scattering matrixŝ. To this end we introduce a generalize
parametric emissivity matrixn̂@X#,

n̂@X#52
1

2p i

dŝ

dX
ŝ†, ~11!

with matrix elements

nab@X#52
1

2p i (
g

dsag

dX
sbg* . ~12!

The diagonal elementnaa@X# of the parametric emissivity
matrix2,3,50,51 is the charge that leaves the sample throu
contacta in response to a variation of the parameterX. The
nondiagonal elementnab@X# (aÞb) of the parametric
emissivity matrix determines the correlations between c
rent amplitudes generated in the contactsa andb due to a
variation of the parameterX @see Eq.~26!#.

Using Eqs. ~3! and ~15! we express the probabilitie
T6v,a given by Eq.~9! in terms of the matrix elements of th
parametric emissivity matrix~to lowest order inXv, j ):

T6v,a54p2(
b

U(
j

Xv, je
6 iw jnab@Xj #U2

. ~13!

The quantitiesT6v,a admit a simple interpretation in th
quasiparticle picture. Due to scattering, the electron sys
gains an energy from the nonstationary~oscillating! scatterer.
Absorption of an energy quantum\v leads to creation of a
nonequilibrium ~quasi!electron-hole pair. Note that at an
temperatureTÞ0 equilibrium electron-hole pairs exist. Th
nonequilibrium pair is neutral but transfers an energy\v.
From Eq.~6! it follows that T1(2)v,a is proportional to the
number of nonequilibrium quasielectrons~holes! leaving the
scattering region through the leada. The electron and hole
~belonging to the same pair! can be scattered either into on
lead @see Fig. 1~a!# or into different leads@see Fig. 1~b!#. If
they are scattered into the same lead, they do not contri
to the current. But if they are scattered into different lea
they do contribute. In any case they contribute to the h
transfer from the oscillating scatterer into the reservoirs.

The dc currentI a in the leada can be represented as
sum of two contributions I a5I a

(e)1I a
(h) , where I a

(e)

5evT1v,a /(2p) and I a
(h)52evT2v,a /(2p) are currents

carried by nonequilibrium quasielectrons and holes, resp
tively @heree(2e) is an electron~a hole! charge#.
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Now we will show that current is conserved, i.e.,(aI a
50. To this end we use the fact that the scattering matri
unitary:

ŝ~ t !ŝ†~ t !51. ~14!

For the expansion, Eq.~2!, this leads to the relations

(
g

@sagsbg* 1s2v,ags2v,bg* 1s1v,ags1v,bg* #5dab ,

~15!

(
g

sags2v,bg* 52(
g

sbg* s1v,ag , ~16!

(
g

sbg* s2v,ag52(
g

sags1v,bg* . ~17!

Multiplying Eqs. ~16! and ~17! by parts, summing the resu
overa, and taking into account Eq.~9! we obtain~neglecting
the higher powers ofs6v,ag)

(
a

T2v,a5(
a

T1v,a . ~18!

Using Eqs.~8! and~18! we see that the scatterer does n
produce any current(aI a50 but it can only push a curren
from some reservoir to another reservoir.

An alternative~but equivalent! way to find the dc current
is to average the time-dependent current:

FIG. 1. When the parameterX changes, the electron syste
gains energy from the scatterer. Absorption of an energy quan
\v leads to creation of nonequilibrium~quasi!electron-hole pairs.
The electron~solid circle! and hole~open circle! belonging to the
same pair can be scattered either into one lead~a! or into different
leads~b!. In the case~a! the quasiparticles do not contribute to th
dc current, but in the case~b! they do contribute. The proces
shown in the panel~b! contributes to the current cross correlation
In both cases~a! and ~b! the quasiparticles carry energy from th
scatterer to the reservoirs.
6-3
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M. MOSKALETS AND M. BUTTIKER PHYSICAL REVIEW B 66, 035306 ~2002!
I a5 lim
Dt→`

1

DtE0

Dt

dt^ Î a~ t !&.

The current operator is46

Î a~ t !5
e

h
@ b̂a

†~ t !b̂a~ t !2âa
†~ t !âa~ t !#. ~19!

Substituting Eqs.~2! and ~4! into Eq. ~19! and performing
quantum-mechanical and time averaging we obtain Eq.~8!.

Note that in a pump setup where the external reserv
are at the same macroscopic conditions~electrochemical po-
tential, temperature, etc.! and a periodic in time perturbatio
is applied directly to the mesoscopic conductor there is
linear regime for dc transport~only ac currents are linear in
perturbation!. The dc currents~charge, heat, etc.! are of a
quantum-mechanical nature and arise because of a nonl
~quadratic! dependence on the quantum-mechanical~scatter-
ing! amplitudes@see Eq.~9!#.

V. HEAT FLOW

Particles traversing the sample absorb energy from a ti
dependent scatterer and carry it into the reservoirs. We
sume that the reservoirs are large enough to absorb this
ergy and to remain still in thermal equilibrium. In the lea
the energy is transferred by electrons only~we neglect any
inelastic processes in the leads!. Thus to calculate52–58 an
energy flow I E,a entering the reservoira we can use an
electron distribution function and write

I E,a5
1

hE0

`

dE~E2m!@ f a
(out)~E!2 f 0~E!#. ~20!

Substituting Eq.~6! we obtain

I E,a5
\v2

4p
@T1v,a1T2v,a#. ~21!

Comparing Eqs.~8! and~21! we see that the time-depende
scatterer always generates heat flows~becauseT6v,a are
positively defined! and can be considered as a mesosco
~phase-coherent! heat source which can be useful, for i
stance, for studying various thermoelectric phenomena
mesoscopic structures. In contrast the existence of a dc
rent, Eq.~8!, requires a special condition@see Eq.~10!#. An-
other difference is that the heat flow is directed~at any lead!
from the scatterer to the reservoir~if all the reservoirs are a
the same temperature! but the charge flow, if it exists, can b
directed either from the reservoir to the scatterer~at some
lead! or vice versa~at another lead! because of charge con
servation.

The quasiparticle description gives a simple physical
terpretation of Eq.~21!. We can say that the heat is tran
ported by two kinds of quasiparticles: the quasielectrons
holes. Each quasiparticle has an energy\v/2 ~on average!.
This is because the absorption of each energy quantum\v
creates two quasiparticles: a quasielectron and a hole. T
the heat~energy! transferred by quasielectrons and holes
I E,a

(e) 5(\v/2)(I a
(e)/e) and I E,a

(h) 5@\v/2)(I a
(h)/(2e)#, respec-
03530
rs

o

ear

e-
s-
n-

ic

in
ur-

-

d

us
s

tively @the quasielectronI a
(e) and holeI a

(h) currents are de-
fined in the previous section after Eq.~13!#. The sum of these
contributions gives Eq.~21!

VI. CURRENT FLUCTUATIONS

The problem of current noise in a quantum pump
closely connected with the problem of quantization of t
charge pumped in one cycle.4,6,16,17,31On the other hand, the
noise in mesoscopic phase-coherent conductors is intere
in itself44–46,59 because it is very sensitive to quantum
mechanical interference effects and can give additional in
mation about the scattering matrix.

To describe the current-current fluctuations we will u
the correlation function44

Sab~ t,t8!5
1

2
^D Î a~ t !D Î b~ t8!1D Î b~ t8!D Î a~ t !&, ~22!

whereD Î 5 Î 2^ Î & and Î a(t) is the quantum-mechanical cu
rent operator in the leada given by Eq.~19!. Note that in the
case of a time-dependent scatterer the correlation func
depends on two timest and t8.

Here we are interested in the noise averaged over a
time60,61 (Dt@2p/v) and we investigate

Sab~ t !5
v

2pE0

2p/v

dt8Sab~ t,t8!.

In addition we restrict our consideration to the zer
frequency component of the noise spectraSab5*dtSab(t).
Substituting the current operator, Eq.~19!, and taking into
account Eqs.~2! and ~4! we can write the zero-frequenc
noise power

Sab5
2e2

h E
0

`

dE^Ŝab~E,E!1Ŝab~E,E2\v!

1Ŝab~E,E1\v!&. ~23!

Here

Ŝab~E,E8!5
1

2
@D Î a~E!D Î b~E8!1D Î b~E8!D Î a~E!#,

D Î a~E!5 Î a~E!2^ Î a~E!&,

Î a~E!5b̂a
†~E!b̂a~E!2âa

†~E!âa~E!.

For the energy-independent sattering matrix in the low
order in ŝ6v we obtainSab5Sab

(th)1Sab
(pump) . Here the ther-

mal ~or Nyquist-Johnson! noise is45,44

Sab
(th)52e2kBT/h@2dab2usabu22usbau2#.

The noise power produced by the pump is

Sab
(pump)5

2e2

h
F~\v,kBT!~dab@T2v,a1T1v,a#2Tab

(cor)!,

~24!
6-4
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where

Tab
(cor)5U(

g
sbgs2v,ag* U2

1U(
g

sbgs1v,ag* U2

, ~25!

andF(\v,kBT)5\vcoth@\v/(2kBT)#22kBT.
In addition to the probabilitiesT6v,a which determine the

dc current, Eq.~8!, and heat flow, Eq.~21!, there appears a
third key quantityTab

(cor) , which describes the effect of co
relations between~quasi!particles. Similarly toT6v,a @see
Eqs. ~13!# this probability can be expressed in terms of
generalized emissivity matrixn̂ @see Eq.~11!#:

Tab
(cor)54p2 (

h511,21
U(

j
Xv, je

ihw jnab@Xj #U2

. ~26!

Note that there is no summation overa or b: Consequently
this probability which determines the current cross corre
tion is directly proportional to the off-diagonal element
the emissivity matrix.

Now we will analyze the noise power, Eq.~24!. We can
see that the current cross correlationsSab

(pump) (aÞb) pro-
duced by the pump are negative: that is quite general
nonequilibrium noise in the system of fermions.46 The noise
generated by the pump obeys the following sum rule46

(aSab
(pump)5(bSab

(pump)50. This is a straightforward conse
quence of an instant scattering description applied here
deed, using Eqs.~4!, ~14!, and~19! we can see that the con
servation law holds not only for a quantum-averaged curr

^ Î a(t)& but for a current operator as well:46 (a Î a(t)50.
Thus the current correlationsSab;^ Î a Î b& must obey the
same sum rule.

The functionF(\v,kBT) describes the effect of therma
fluctuation on shot noise and determines the dependenc
the noise on the pump frequencyv. At sufficiently high tem-
perature\v!kBT the noise, Eq.~24!, is quadratic inv. This
is in agreement with Ref. 4. But at low temperaturekBT
!\v the noise is linear inv and this is in agreement with
the counting statistics calculations of Levitov.16

Next consider the three terms in the brackets of the rig
hand side~RHS! of Eq. ~24!. Consider the low-temperatur
limit kBT!\v and divide the expression for noise into tw
partsSab

(pump)5dabSa
(pump),(P)1Sab

(pump),(cor) . The first part

Sa
(pump),(P)5

e2v

p
@T2v,a1T1v,a#

is due to an uncorrelated movement of nonequilibriu
quasielectrons and holes. To verify this we apply t
Schottky formula62 for shot noise,Sa,q

(Sch)52qIa
(q) ~hereq is a

particle charge and the indexq means that the current i
carried by the particles with the chargeq). Substituting the
current carried by the quasielectronsI a

(e)5evT1v,a /(2p)
and by the holesI a

(h)52evT1v,a /(2p) @heree(2e) is an
electron ~hole! charge# into Schottky’s formula we obtain
Sa

(pump),(P)5Sa,e
(Sch)1Sa,h

(Sch) ~in the literature the Schottky re
sult is referred as the Poisson value of shot noise that
indicate by the uppercase indexP).

The second part
03530
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Sab
(pump),(cor)52

e2v

p
Tab

(cor)

is due to correlations between quasielectrons and ho
These correlations are a consequence of the common o
of the electron and hole forming a pair and their subsequ
scattering into different leads, Fig. 1~b!. Thus we can say tha
the cross correlations are exclusively due to dissolving~neu-
tral! electron-hole pairs. Because of charge conservation,
gives a simple explanation of a negative sign of cross co
lations in our case Eq.~24!. Note that Schottky’s result give
no correlations between currents at different leads. Due
Saa

(pump),(cor) , the current correlation at the same leadSaa
(pump)

is below the Poisson valueSa
(P) and the Fano factor charac

terizing the deviation of the actual shot noise from the Po
son noise~see, e.g., Ref. 44! F5Saa

(pump)/Sa
(P) is, in general,

less than unity. We would like to emphasize that when
calculate the Poisson value of shot noise we do not use
total currentI a in the leada but we calculate the sum of th
Poisson noises produced by both the quasielectrons~the cur-
rent is I a

(e)) and the holes~the current isI a
(h)).

VII. APPLICATIONS

In this section we consider a simple but a quite gene
case of a two-terminal mesoscopic conductor with a tim
reversal symmetry~without magnetic fluxes!. In addition we
assume that the external, time-dependent parametersXj (t)
do not change the total charge on a sample~if this is not the
case we need to take into account the self-consistent inte
potential3!. In this case we can choose the scattering ma
as follows~we consider spinless electrons!:

ŝ5S reiu i t

i t re2 iuD . ~27!

Here r 2 and t2 are the reflection and the transmission pro
ability, respectively (r 21t251). We assume the quantitie
r ,t,u to be the functions of external parametersXj @see Eq.
~1!#.

A. Heat flow and noise in one-parameter ‘‘pumps’’

If only one external parameterX is varied, then we get
from Eq. ~3!, us2v,abu25us1v,abu2 for any a and b. Thus
the one-parameter adiabatic ‘‘pump’’ gives the same pr
ability for absorption and emission at both leads (a51,2),

T2v,a
(1) 5T1v,a

(1) 5Tv,a
(1) ,

~28!

Tv,a
(1) @X#5Xv

2 (
b

Udsab

dX U2

,

and does not produce a dc current:I a50 @see Eq.~8!#. In
contrast it does produce the heat flows, Eq.~21!, and the
noise, Eq.~24!. The contribution to the noise, Eq.~25!, due
to correlations between quasiparticles is

Tab
(cor)58p2Xv

2 unab@X#u2. ~29!
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Herena,b@X# is a matrix element of a generalized paramet
emissivity matrixn̂@X#, Eq. ~11!. With the scattering matrix
Eq. ~27!, we find a heat flow

I E,1
(1)5I E,2

(1)5
\v2Xv

2

2p F r 2S du

dXD 2

1S dr

dXD 2

1S dt

dXD 2G ~30!

and a noiseS11
(pump)5S22

(pump)52S12
(pump)52S21

(pump)5S(1):

S(1)5
4e2Xv

2

h
F~\v,kBT!F r 2t2S du

dXD 2

1S dr

dXD 2

1S dt

dXD 2G .
~31!

We see that the noise produced by the one-param
‘‘pump,’’ Eq. ~31!, gives us direct information on the depe
dence of the scattering matrix on the varying external par
eterX. This dependenceŝ(X) is important for calculating the
current produced by the pump if two external parameters
varied, Eq.~39!. In a real experimental situation the depe
denceŝ(X) is unknown and cannot be calculated in a sim
way. Thus the possibility to obtain this dependence from
experimental data seems useful.

Note that for some particular conditions the noise and
heat flow at the same lead are related by a simple relat
For instance, if the amplituder of a reflection coefficient is
independent ofX, the ratio S(1)/I E

(1) at low temperature
(kBT!\v) is 8pG/v, whereG5e2t2/h is the conductance
of our mesoscopic sample.

On the other hand, if the phaseu of a reflection coeffi-
cient is independent of the varying parameterX, the contri-
bution of quasiparticle correlations to the current correlatio
at the same lead vanishes, i.e.,Taa

(cor)50. In this case the
noiseSaa

(pump) reaches the Poisson value~the Fano factor is
F51) and the ratio of the noise to the heat flow is a univ
sal function of the temperature and the pump frequency,

S(1)/I E
(1)5F (1)~\v,kBT!54e2F~\v,kBT!/~\v!2,

which is independent of individual features of a scatte
Comparing Eqs.~21! and~24! we see that this conclusion i
a quite general feature of a weak amplitude pump: ifTaa

(cor)

50, the ratioSaa
(pump)/I E,a5F (1)(\v,kBT). Note that even if

the phaseu is independent ofX, Tab
(cor)Þ0 (aÞb) and the

quasiparticle correlations are important for the current cr
correlations. To illustrate this fact in the next subsection
consider a particular case of a multiterminal~three-terminal!
conductor. We investigate a case when the phase of the tr
mission~reflection! amplitude is unimportant but the curre
cross correlations are present.

B. Noise and heat flow of an oscillating wave splitter

Let us consider a wave splitter in which one leada51
couples via a tunnel barrier with transparencye symmetri-
cally to two leadsa52,3. We assume that this three-le
structure is described by the single-parameter scatte
matrix63
03530
ter

-

re
-

e

e
n.

s

-

r.

s
e

ns-

g

ŝ5S 2~a1b! Ae Ae

Ae a b

Ae b a
D , ~32!

where a5(A122e21)/2 and b5(A122e11)/2. For e
50 carriers incident from lead 1 are completely reflecte
for e51/2 carriers incident from lead 1 are transmitt
~without reflection! with equal probability into leads 2 and 3

We choose the transparencye as an external paramete
and assume that it is subject to small amplitude oscillati
e(t)5e12evcos(vt) (ev!e). With the scattering matrix,
Eq. ~32!, the parametric emissivity matrixn̂@e#, Eq. ~11!, is

n̂@e#5
1

4pA~122e!e S 0 i i

2 i 0 0

2 i 0 0
D . ~33!

Using Eqs.~13! and ~26! we can calculateT6v,a and
Tab

(cor) . Substituting these probabilities into Eqs.~8!, ~21!,
and~24! we obtain the quantities of interest here. We see t
the dc charge currentI a is zero at all leads~as it is expected
because only one parameter is varied!. However, the heat
flow I E,a and zero-frequency noise power show interest
features.

Despite the fact that leada51 is coupled only weakly,
the heat flowI E,a ~for any e.0) and the shot noise powe
Saa

(pump) are the same in all three leads:

I E,15I E,25I E,35
\v2ev

2

4pe~122e!
. ~34!

The heat flow is related to the noise in the simple way d
cussed at the end of the previous subsection,Saa

(pump)/I E,a

5 4e2F(\v,kBT)/(\v)2.
The asymmetry between leads appears in cross cor

tions Sab
(pump) (aÞb). The cross correlation of current fluc

tuations at the two symmetrically coupled leads vanish
S23

(pump)50, but the cross correlations invoking the fluctua
ing current of the weakly coupled lead 1 are nonvanishi
S12

(pump)5S13
(pump)52 1

2 Saa
(pump) .

C. Heat flow and noise in two parameter pumps

Now we return to the scattering matrix, Eq.~27!, and
assume that it depends on two parametersX1(t) andX2(t).
In this case we can represent the probabilities for absorp
and emission in terms of a symmetric and antisymme
contribution

T6v,a
(2) 5Tv,a

(s) 6Tv,a
(a) . ~35!

Here the symmetric~with respect to absorption and emissio
of a modulation quantum\v) Tv,a

(s) and antisymmetricTv,a
(a)

parts which determine the heat flow, Eq.~21!, and the dc
current, Eq.~8!, respectively, are
6-6
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Tv,a
(s) 5Tv,a

(1) @X1#1Tv,a
(1) @X2#12Xv,1Xv,2cos~w2

2w1!Re@Pa~X1 ,X2!#, ~36!

Tv,a
(a) 52Xv,1Xv,2sin~w22w1!Im@Pa~X1 ,X2!#, ~37!

with the quantityPa(X1 ,X2) being

Pa~X1 ,X2!5(
b

F]sab*

]X1

]sab

]X2
G54p2(

b
nab* @X1#nab@X2#.

~38!

In Eq. ~36! the quantityTv,a
(1) @X# is given by Eq.~28!.

Substituting Eq.~35! into Eq. ~8! we immediately repro-
duce the result obtained by Brouwer2 for the pumped curren
~at small amplitudesXv, j ):

I a5
2ev

p
Xv,1Xv,2sin~w22w1!Im@Pa~X1 ,X2!#. ~39!

We see that varying only one~no matter which! parameter
we cannot generate a dc current. But if at least two par
etersX1 andX2 are varied periodically but out of phasew1
Þw2, then the mesoscopic sample can continuously pu
charge between reservoirs with the same chemical poten
This is a consequence of quantum-mechanical interfere
effects. These effects manifest themselves not only in the
current but also in the heat flow and in the noise.

To characterize the contribution of interference effects
the heat flow we consider the differenceDI E,a between the
heat flow I E

(2) when the two parameters are varied simul
neously and the sum of heat flows when only one param
oscillates,I E,a

(1) @X1#1I E,a
(1) @X2#. This difference is

DI E,a5
\v2

p
Xv,1Xv,2cos~w22w1!Re@Pa~X1 ,X2!#.

~40!

We see that the additional heat productionDI E,a and the dc
current give a full description of the quantityPa(X1 ,X2);
i.e., they determine the real and imaginary parts.

For the scattering matrix, Eq.~27!, we get

Re@P1~X1 ,X2!#5Re@P2~X1 ,X2!#

5r 2
]u

]X1

]u

]X2
1

]r

]X1

]r

]X2
1

]t

]X1

]t

]X2
,

~41!

Im@P1~X1 ,X2!#52Im@P2~X1 ,X2!#

5
1

2 S ]r 2

]X1

]u

]X2
2

]u

]X1

]r 2

]X2
D . ~42!

As we did for the heat production we calculate an ad
tional noiseDSab

(pump) generated by two simultaneously o
cillating parametersX1 andX2 over the sum of noises pro
duced by each of them separately,
03530
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DSab
(pump)5

8e2

h
Xv,1Xv,2F~\v,kBT!cos~w22w1!

3Re@Nab~X1 ,X2!#, ~43!

where

Naa~X1 ,X2!54p2 (
gÞa

nag* @X1#nag@X2#, ~44!

Nab~X1 ,X2!524p2nab* @X1#nab@X2#, aÞb. ~45!

Note the cosine dependence of the additional heat and n
on the phase differenceDw5w22w1. In contrast the
pumped current, Eq.~39!, is determined by the sine of th
phase differenceDw. As a consequence, if the pumped cu
rent is large~as a function ofDw), the additional noise and
heat flow are small.

For the scattering matrix, Eq.~27!, we have Re@N11#
5Re@N22#52Re@N12#52Re@N21#5Re@N(2)#:

Re@N(2)~X1 ,X2!#5r 2t2
]u

]X1

]u

]X2
1

]r

]X1

]r

]X2
1

]t

]X1

]t

]X2
.

~46!

From Eqs.~41! and ~46! we can see that the additiona
heat production and the additional noise vanish if the am
tude of the reflection coefficientr and its phaseu depend on
a single parameter only~not necessary the same!. However,
there remains a heat production, Eq.~30!, and noise, Eq.
~31!, owing to independently oscillating parameters. As
evident from Eq.~28! this unavoidable heat production@see
Eq. ~21!# and noise@see Eq.~24!# are present always if only
the ‘‘pump’’ is working. On the other hand, if the phaseu of
the reflection coefficient depends on only one varying
rameter, the ratio of additional noise, Eq.~43!, to additional
heat production, Eq.~40!, does not depend on the scatterin
matrix and is equal to 4e2F(\v,kBT)/(\v)2.

Under some conditions the additional noiseDSaa
(pump) can

be related to the dc currentI a at the same lead. Ifr
5r (X1) @or r 5r (X2)], then their ratio

DSaa
(pump)

I a
5~2 !4et2cot~w22w1!

]u

]r 2

F~\v,kBT!

\v

is independent of the varying parameters. On the other h
if u5u(X2) @or u5u(X1)], then we get

DSaa
(pump)

I a
5~2 !

e

t2r 2
cot~w22w1!

]r 2

]u

F~\v,kBT!

\v
.

In the low-temperature limit this ratio becomes independ
of frequency.

VIII. CONCLUSION

In this work we have developed the approach to the
netics of an adiabatic quantum pump for an arbitrary relat
of pump frequency and temperature. Our consideration
based on the scattering matrix approach for ac transport.
6-7
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approach takes into account the existence of the sideban
particles exiting the pump and thus allows a description
the quantum-statistical correlation properties~e.g., noise! of
an adiabatic quantum pump. The sidebands correspon
particles which have gained or lost a modulation quant
\v. We find that our results for the pump current, the h
flow, and the noise can all be expressed in terms of a p
metric emissivity matrix. In particular we find that the cu
rent cross correlations of a multiterminal pump are direc
related to a nondiagonal element of the parametric emiss
matrix.

Using the quasiparticle picture we have given a sim
physical interpretations of processes leading to charge
energy transfer in the system. Due to the oscillations of
scatterer, the electron system gains energy~the sidebands
arise!. Absorption of an energy quantum\v leads to the
creation of a nonequilibrium~quasi!electron-hole pair. These
quasiparticles carry energy from the scatterer to the re
voirs. On average the electron-hole pair is neutral and t
the pump is not a source of a charge current but under s
conditions2 can only push charge from some reservoirs
others. These conditions can be realized if the quasielec
and hole ~belonging to the same pair! leave the scattere
through different leads~say, a and b). In this case these
quasiparticles contribute to the charge transfer between
reservoirsa andb. These quasiparticles are correlated sin
they are created in the same event. This is also the sourc
c

.

tt
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the correlations between the currents at the leadsa and b
~cross correlations!. Thus we conclude that the existence
the dc current in a weak amplitude pump is always acco
panied by current correlations~shot noise!. This type of a
pump cannot be optimal~in particular, noiseless! in the sense
of Ref. 4.

To assess the possibility of an optimal adiabatic quant
pump further investigations are necessary. In particular la
amplitude variations of the external parameter have to
considered. We hope that by taking into account many p
ton processes~see, e.g., Ref. 61! the approach developed i
the present paper can be generalized to the case of a s
amplitude adiabatic quantum pump.

Note added in proof. Since submission of our work two
closely related preprints have appeared: M.L. Polians
M.G. Vavilov, and P.W. Brouwer64 consider mesoscopic fluc
tuations of the current noise for an ensemble of quant
pumps. The strong pumping limit is addressed by Baige
Wang and Jian Wang65.
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