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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 frequenay 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 quantutiw. 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 propgexiss of an
adiabatic quantum pump.

DOI: 10.1103/PhysRevB.66.035306 PACS nuntder73.23—b, 72.10—-d

[. INTRODUCTION particles exiting the pump. The sidebands correspond to par-
ticles which have gained or lost a modulation quantuam
A recent experiment by Switkest al® has stimulated in- In particular, the approach presented here allows a descrip-
creasing interest in adiabatic quantum charge pumpingion of the quantum statistical correlation propertiesisg
Ideally in such an experiment one aims at generating a def an adiabatic quantum pump.
current by slowly modulating the shape of a mesoscopic con- The adiabatic quantum purhp®~>“of interest here should
ductor with the help of oscillating gate voltages. A single b€ distinguished from a variety of other pumping mecha-
potential oscillating at frequency does not generate a dc NISMS. For certains pumi?_s’- the charge transferred in each
current, but two potentials oscillating with the same fre-CYCl€ IS quantized. Quantized charge pumping is most easily

quency but out of phase can generate a dc current. The effe h'elz\é‘igz 'T} de\t/ylfesh based on thet CO(LjHOtmb bIO(t:.ka%e
is of interest under conditions in which electron motion is€ cC where Ihe charge on a quantum tot 1S quantized.

. . This is of considerable metrological interé$t* Other ef-
eauency of the potenial modlation is siall compared <C1S hich fead to pumping are the photovolaic effet
quency P P and the acoustoelectric effetr.*?

the characteristic times for traversal and reflection of elec- The paper is organized as follows. In Sec. Il the essential

trons and the pump is thus termediabatic Thus carriers ,qqmntions we make are described. In Sec. Ill we calculate
traversing the sample see an almost static potential. The lag{e nonequilibrium distribution function for the outgoing
circumstance allows to give an elegant formulation of quanparticles produced by the pump. In Sec. IV we formulate the
tum pumping which is based on the scattering matrix ap- condition which is necessary to pump dc current. In Sec. V
proach to low-frequency ac transport in phase-coherent mege calculate the heat flows produced by an oscillating me-
soscopic systents. soscopic scatterer. In Sec. VI we consider the shot noise
Recently Avron et al? investigated adiabatic quantum produced by the pump and analyze the noise in terms of
pumping with the aim to formulate criteria for an “optimal uncorrelated movement of nonequilibrium quasiparticles
pump.” The term “optimal” means that such a pump is (quasielectrons and holegenerated by the pump and corre-
noiseless and transports integer charge in each cycle. To thistions between theft?** In Sec. VII we present explicit
extent they have investigated not only the dc current but alseesults for the particular case of a two-lead scatterer with the
the dissipation and the noise generated by a pump. Avrotime-reversal symmetry.
et al. express their results in terms of an energy shift matrix

ifias/ats’ wheres is the time-dependent scattering matrix. Il MAIN ASSUMPTIONS
This is an elegant formulation which gives a correct descrip-
tion of time-dependent adiabatic currents and dissipation. To describe the response of a mesoscopic phase-coherent
However, for quantities which invoke correlations at differ- sample to slowly oscillatingwith a frequencyw) external
ent times the approach is valid only for pump frequenciegeal parameterX;(t) (gate potential, magnetic flux, e\c.
ho<kgT. ‘ _

It is the purpose of this work to investigate the distribu- Xj()=X;+X,, €@+ X, e (¢, 1)
tion function, heat flow, and noise properties of an adiabatic ) ) _
pump for an arbitrary relation of pump frequency and tem-We will use the scattering matrix approgtt>*The sample
perature. To achieve this we start with the scattering matritS connected via leadewhich we will number via Greek
approach for ac transport. This approach leads to expressiofettersa, B, v, etc) to N, reservoirs. The scattering matisx
for the quantities of interest in terms of the sidebands obeing a function of parameted§(t) depends on time. Two

0163-1829/2002/68)/0353069)/$20.00 66 035306-1 ©2002 The American Physical Society



M. MOSKALETS AND M. BUTTIKER PHYSICAL REVIEW B 66, 035306 (2002

main assumption will be used. First, we suppose that the R R
external parameter changes so slowly that we can apply an Ba(t) =2 s,p(t)agt). (4)
“instant scattering” description using the scattering matrix p

§(t) frozen at some time. Physically this means that the Heres,z is an element of the scattering matsxthe time-

scattering matrix changes only a little while an electron isgependent operator ia,(t)=fdEa,(E)e E"" and the

scattered by the mesoscopic samfple., the frequency is  energy-dependent operators obey the following anticommu-
much smaller than the inverse Wigner time d&ld$). In this  tation relation<®
sense we use the term “adiabatic” pump.

Second, we assume that the amplitudg; is small [él(E),éﬁ(E’)]:5aﬁ5(E—E’)-
enough to keep only the terms linearxy, ; in an expansion ) )
of the scattering matrix: ' Note that above expressions correspond to singlans-

verse channel leads and spinless electrons. For the case of
many-channel leads each lead index (3, etc) includes a
transverse channel index and any repeating lead index im-
plies implicitly a summation over all the transverse channels
in the lead. Similarly an electron spin can be taken into ac-

s(t)y~s+s_,e“+s, e et 2

In the limit of small frequencies the amplitudss,, can be
expressed in terms of parametric derivatives of the on-she

N ount.

scattering matris, Using Egs.(2) and(4) we obtairi

gthz Xw’jeiiwi&g/&xj . (3) Ba(E):é SaﬁéB(E)_}—S*w,aﬁéB(E_l—ﬁw)

]

The expansion, Eq2), is equivalent to the nearest sideband +S4 w,apBp(E—fiw). 5)
approximatiofA’2 which implies that a scattered electron can o _ _
absorb or emit only one energy quantdma before it leaves The distribution function for electrons leaving the scat-
the scattering region. terer through the lead is f(°"9(E)=(b!(E)b,(E)), where

The kinetic propertiegcharge current, heat current, ¢tc. (---) means quantum-mechanical averaging. Substituting
which are of interest here depend on the values of the scakq. (5) we find
tering matrix within the energy interval of the order of
maxkgT,iw) near the Fermi energy. In the low-frequency (out) =y — 2 2
(w—0) and low-temperatureT(—0) limit we assume the ™ (B) 2,3: [Sagl To(B) T 10 apl To(E+ i)
scattering matrix to be energy independent.
+|S+w,aﬁ|2fO(E_hw)- (6)
1Il. OUTGOING DISTRIBUTION EUNCTION Note that the distribution function for outgoing carriers is a
) . nonequilibrium distribution function generated by the non-
In a pump setup the mesoscopic scatterer is coupled tgationary scatterer. The above expression gives a simple
reservoirsa=1,2, ... N; with the same temperatureés,  physical interpretation for the Fourier amplitudes of the scat-
=T and electrochemical potentiajs,=u. Thus electrons tering matrix.|s_, a5|2 (|ss., aﬁ|2) is the probability for an
with the energ)E entering the scatterer are described by thegjectron entering the scatterer through the Igaahd leaving
Fermi distribution function the scatterer through the leadto emit(to absorb an energy
quantunt? Zw. Note that|s,,|? is the probability for the
FIn) (B — (B = same scattering without the chf_;mgg of an energy. Below we
o (BE)=fo(E)= 1o o mikeT” will use Eq.(6) to analyze the kinetics of a pump.

Due to the interaction with an oscillating scatterer, an elec- IV. dc CURRENT
tron can absorb or emit an energy quantim that changes

the distribution function. Our aim is to find the distribution
function for outgoing particle§.e., for electrons leaving the

mesoscopic sample and entering the reseyvair from the electrons we find for the dc curreht in the leada far from

scatterer.
. : . the scatterer:
Let us consider a single transverse channel in one of the

leads. We introduce two kinds of carriéfsfirst, incoming e =
particles which are going from the reservoir to the scatterer Ia:ﬁf dE[f(a"”t)(E)—fo(E)]. (7)
and, second, outgoing particles which are leaving the scatter- 0

ing region. We can express the Opel’alﬁ))&SNhiCh annihilate  Substituting Eq(6) we get

outgoing carriers in the lead in terms of operatoréﬁ an-
nihilating incoming electror§ in lead 3. Applying the hy- _Cw _

; ; ; ; Ia__[T+wa T, a]' (8)
pothesis of an instant scattering we can write 2 : :

To be definite we take currents from the scatterer to the
reservoirs to be positive. Using the distribution functions
fo(E) for incoming electrons and°“(E) for outgoing
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Here we have introduced the total probabilities for electrons
scattered into the lead (irrespective of the lead through @ X(t)
which they entered the scattering regido absorbT . ,, ., or
to emitT_,, , an energy quanturw: —//X
. —
Tiw,a:% |Siw,aﬁ’|2' (9) O_>
We see that only a scatterer with the property v
T+w,a7&T7w,a (10)
b
can pump current into the lead ® \<X(t)
It is useful to express these probabilities in terms of a bare A
scattering matrixs. To this end we introduce a generalized
parametric emissivity matrix[ X], 8_’
SIX]=— — dSes 11 v
AXI= =5 axs (1D
with matrix elements FIG. 1. When the parametet changes, the electron system

gains energy from the scatterer. Absorption of an energy quantum
dsay hw leads to creation of nonequilibriufyuasjelectron-hole pairs.
Vaﬁ[x]z o E ax Sz'y' (12 The electron(solid circle and hole(open circle belonging to the
oy same pair can be scattered either into one I@adr into different
The diagonal element,, [X] of the parametric emissivity leads(b). In the casea) the quasiparticles do not contribute to the
matrix@3%%51is the charge that leaves the sample throughdc current, but in the casé) they do contribute. The process

contacte in response to a variation of the parameXefThe shown in the panelb) contributes to the current cross correlations.
nondiagonal elementy B[X] (a#B) of the parametric In both casega) and (b) the quasiparticles carry energy from the
a

Lo . . . scatterer to the reservoirs.
emissivity matrix determines the correlations between cur-

rent amplitudes generated in the contaetand 8 due to a
variation of the parametex [see Eq.(26)].
Using Egs.(3) and (15 we express the probabilities

Now we will show that current is conserved, i.&,l,
=0. To this end we use the fact that the scattering matrix is

T+ 0.« given by Eq.(9) in terms of the matrix elements of the unitary:
parametric emissivity matrixto lowest order inX, ;): s(hst()=1. (14)
2
T. :47722 2 X e*ieiy X (13) For the expansion, Ed2), this leads to the relations
= T J
* * * —
The quantitiesT .., , admit a simple interpretation in the Ey [SaySpy T S-0.ayS" 0,8y S+w.avSto,py]= Sap
guasiparticle picture. Due to scattering, the electron system (15)

gains an energy from the nonstationéogcillating scatterer.

Absorption of an energy quantufiw leads to creation of a . .

nonequilibrium (quasjelectron-hole pair. Note that at any > 80,8 0=~ 2 ShySiunays (16)
temperaturel #0 equilibrium electron-hole pairs exist. This 7 7

nonequilibrium pair is neutral but transfers an enefgy.

From Eq.(6) it follows that T, _, . is proportional to the > SpyS—way= -> SayStw gy (17
number of nonequilibrium quasielectrofi®les leaving the Y Y

scattering region through the lead The electron and hole Multiplying Egs. (16) and(17) by parts, summing the result
(belonging to the same paican be scattered either into one over«, and taking into account E¢9) we obtain(neglecting

lead[see Fig. 1a)] or into different leadgsee Fig. W)]. If  the nhigher powers of. , ,.)
they are scattered into the same lead, they do not contribute ey

to the current. But if they are scattered into different leads,
they do contribute. In any case they contribute to the heat Ea: T,Wl:% Tiva (18)
transfer from the oscillating scatterer into the reservoirs.

The dc current,, in the leada can be represented as a  Using Eqs.(8) and(18) we see that the scatterer does not
sum of two contributions I,=1®+1®  where 19  produce any currerif I ,=0 but it can only push a current

=ewT,, . /(27) and Iflh)= —ewT_, . /(2m) are currents from some reservoir to another reservoir.
carried by nonequilibrium quasielectrons and holes, respec- An alternative(but equivalentway to find the dc current
tively [heree(—e) is an electrona hole chargg. is to average the time-dependent current:
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1At tively [the quasielectron(® and holel™ currents are de-
lo= lim <= [ di(la(1)). fined in the previous section after E4.3)]. The sum of these
At—w™E0 contributions gives Eq21)
The current operator 18
VI. CURRENT FLUCTUATIONS

R e .. . ar A
Ia(t):H[bz(t)ba(t)_az(t)aa(t)]- (19 The problem of current noise in a quantum pump is
closely connected with the problem of quantization of the
Substituting Eqs(2) and (4) into Eq. (19) and performing charge pumped in one cyct&:1%17310n the other hand, the
guantum-mechanical and time averaging we obtain(Bg.  noise in mesoscopic phase-coherent conductors is interesting
Note that in a pump setup where the external reservoirin itself**~*¢°° because it is very sensitive to quantum-
are at the same macroscopic conditigelectrochemical po- mechanical interference effects and can give additional infor-
tential, temperature, ejcand a periodic in time perturbation mation about the scattering matrix.
is applied directly to the mesoscopic conductor there is no To describe the current-current fluctuations we will use
linear regime for dc transpofonly ac currents are linear in the correlation functiotf
perturbation. The dc currentgcharge, heat, etcare of a
guantum-mechanical nature and arise because of a nonlinear
(quadrati¢ dependence on the quantum-mechaniseatter-
ing) amplitudeg see Eq.(9)].

Sup(tit)= %(Afa(t)ATﬁ(t’)+Afﬁ(t’)ATa(t)>, (22)

whereAT=1— (1) andl (t) is the quantum-mechanical cur-
V. HEAT ELOW rent operator in the lead given by Eq.(19). Note that in the
case of a time-dependent scatterer the correlation function
Particles traversing the sample absorb energy from a timedepends on two timesandt’.
dependent scatterer and carry it into the reservoirs. We as- Here we are interested in the noise averaged over a long
sume that the reservoirs are large enough to absorb this efime®®6! (At>2x/w) and we investigate
ergy and to remain still in thermal equilibrium. In the leads

the energy is transferred by electrons ofiye neglect any S o ZW/wd 's ,

inelastic processes in the lead3hus to calculat¥>® an wp() = 27)o USap(tit).

energy flowlg , entering the reservoir we can use an N _ _ _

electron distribution function and write In addition we restrict our consideration to the zero-

frequency component of the noise specg=JdtS,4(t).
1 (e (out) Substituting the current operator, Ed.9), and taking into
'E,a:ﬁfo dE(E—w)[fy, " (E)—fo(E)]. (20) account Egs(2) and (4) we can write the zero-frequency

noise power
Substituting Eq(6) we obtain 0e?
e (= . .
% w? S“ﬁ:TJO dE(S,4(E,E)+S,s(E,.E-fw)
IE,a:E[T*—w,a—FT—w,a]' (21) A
+S,4(E,E+hw)). (23

Comparing Eqgs(8) and(21) we see that the time-dependent
scatterer always generates heat flolpecauseT. , , are Here
positively definedl and can be considered as a mesoscopic 1
(phase-coherentheat source which can be useful, for in- S (EEEN==TA] (EVATAE"V+ATAENAT (E
stance, for studying various thermoelectric phenomena in ap(E.E") 2[ o(B)AI(E) s(EDAL(B)],
mesoscopic structures. In contrast the existence of a dc cur-

rent, EQ.(8), requires a special conditidsee Eq(10)]. An- AT (E)=1,E)— (1 (E)),
other difference is that the heat flow is directed any lead
from the scatterer to the reservdif all the reservoirs are at i (E)=6T(E)B (E)_éT(E)é (E).
the same temperatyrbut the charge flow, if it exists, can be “ « “ “ “
directed either from the reservoir to the scatteadr some For the energy-independent sattering matrix in the lowest
lead or vice versa(at another leadbecause of charge con- order ins. , we Obtainsaﬁzs(atg)_’_sg:gjmn. Here the ther-
servation. o . . ._mal (or Nyquist-Johnsonnoise i4>4*
The quasiparticle description gives a simple physical in-
terpretation of Eq(21). We can say that the heat is trans- SSZ)=292kBT/h[25aﬁ—|Sa3|2—|Sﬁa|2]-

ported by two kinds of quasiparticles: the quasielectrons and
holes. Each quasiparticle has an enefigy/2 (on average  The noise power produced by the pump is
This is because the absorption of each energy quaritem

- - H 2
creates two quasiparticles: a quasielectron and a hole. Thus.pump_ 2€” —T(con
the heat(energy transferred by quasielectrons and holes is %~ h Ao keT)(Oapl T-vat Troal = Tap ),
1) = (f1w/2)(1P/e) and 1) =[ 7 w/2)(1M/(—€)], respec- @9
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2
where S(pum@,(cor): _ e_wT(COT)
) aff T ap
+

2
> SgyShway » (29 . .
> is due to correlations between quasielectrons and holes.
These correlations are a consequence of the common origin
andF (% w,kgT) =f wcott iw/(2kgT) ] - 2kgT. _ of the electron and hole forming a pair and their subsequent
In addition to the probabilities -, , which determine the scattering into different leads, Fig(t). Thus we can say that

dc current, Eq(8), ‘?c'gg heat flow, Eq(21), there appears @ e cross correlations are exclusively due to dissolNire-

third key quantityT 5, which describes the effect of cor- {ra)) electron-hole pairs. Because of charge conservation, this

relations betweeriquasjparticles. Similarly toT..,, , [see  gives a simple explanation of a negative sign of cross corre-

Egs. (13)] this probability can be expressed in terms of ajations in our case Ed24). Note that Schottky’s result gives

generalized emissivity matrix [see Eq(11)]: no correlations between currents at different leads. Due to
) S{Pump.(con “the current correlation at the same legf'™?

> X, €741 . (26) is below the Poisson valug" and the Fano factor charac-

]

terizing the deviation of the actual shot noise from the Pois-

. . ; —gpump/a(P) ia
Note that there is no summation overor 3: Consequently SON Noise(see, e.g., Ref. 44 =S, "P/S;7 is, in general,

this probability which determines the current cross correlal€Ss than unity. We would like to emphasize that when we
tion is directly proportional to the off-diagonal element of calculate the Poisson value of shot noise we do not use the

the emissivity matrix. totz_;\I curren_ﬂ « In the leade but we calculate_ the sum of the
Now we will analyze the noise power, E(R4). We can PO'S?’O’}eg‘O'SeS produced by both the q(g;asmlect(rl;tmscur-

see that the current cross correlatic@3™ (a+pg) pro- ~ entisl,’) and the holesthe current id,”).

duced by the pump are negative: that is quite general for

nonequilibrium noise in the system of fermiotfsThe noise VII. APPLICATIONS

generated by the pump obeys the following sum rfes:

3, SPmMP =3 ,SPUMP=0. This is a straightforward conse-

guence of an instant scattering description applied here. |

deed, using Eqg4), (14), and(19) we can see that the con- assume that the external, time-dependent paramigt$

s;rvanon law holds not only for a quantum—ave[aged currenfo ot change the total charge on a sanifflénis is not the

(I4(t)) but for a current operator as wéfi:=,1,(t)=0.  case we need to take into account the self-consistent internal

Thus the current correlationS,z~(l,l g) must obey the potentiaf). In this case we can choose the scattering matrix

T&c[?l’): zy SByStw,ay

T(cor):4ﬂ_2
@B 77:;,—1

In this section we consider a simple but a quite generic
case of a two-terminal mesoscopic conductor with a time-
"Feversal symmetrywithout magnetic fluxes In addition we

same sum rule. as follows(we consider spinless electrons
The functionF (% w,kgT) describes the effect of thermal . _
fluctuation on shot noise and determines the dependence of R ret it
the noise on the pump frequenay At sufficiently high tem- s=| it rei?|- (27
peratureh o<kgT the noise, Eq(24), is quadratic inw. This

is in agreement with Ref. 4. But at low temperatbigl 101012 angdt? are the reflection and the transmission prob-

<hw the noise is linear inv and this is in agreement with ability, respectively (2+t2=1). We assume the quantities

the counting statistics caIcuIat|on_s of Levitt\. . .1,t,0 to be the functions of external paramet&is[see Eq.
Next consider the three terms in the brackets of the rlghttl)]

hand side(RHS) of Eq. (24). Consider the low-temperature
limit kgT<%w and divide the expression for noise into two A Heat fl d noise i . ,
partsS&’};“mg: 5aﬁ85f”mmp)+SS’,S‘“"’“C‘”’ . The first part . Heat flow and noise in one-parameter “pumps

) If only one external parametex is varied, then we get,
S(p“mp)'(PEe—w[T_ T from Eq. (3), |s,w,a,3|2_=|s+fl,,aég|2 for,'ar!ya and 8. Thus

@ T o, o, the one-parameter adiabatic “pump” gives the same prob-

) ... ability for absorption and emission at both leads<1,2),
is due to an uncorrelated movement of nonequilibrium

quasielectrons and holes. To verify this we apply the T =70 =T
Schottky formul&? for shot noiseSS"=2q1® (hereq is a ' ' '
. . a,q @ . (28)
particle charge and the index means that the current is " ) ds,g 2
carried by the particles with the chargg. Substituting the Tw,a[X]ZXw% ax |

current carried by the quasielectroh§ =ewT. , ,/(27)
and by the holes" = —ewT. , ,/(27) [heree(—€) isan  and does not produce a dc currehf:=0 [see Eq.(8)]. In
electron (hole) chargg into Schottky’s formula we obtain contrast it does produce the heat flows, E2{l), and the
S&pum@,(P):Sgs‘gmrS&SﬁW (in the literature the Schottky re- noise, Eq.(24). The contribution to the noise, E5), due
sult is referred as the Poisson value of shot noise that wé correlations between quasiparticles is

indicate by the uppercase ind€y.
The second part Tffﬁc”)=8772Xi| Vol X1|2. (29
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Herev, g[ X] is a matrix element of a generalized parametric —(a+b) e e
emissivity matrixz[ X], Eq. (11). With the scattering matrix, . Je a b
Eq. (27), we find a heat flow s= € : (32
Je b a
ho®X2[ (de\2 [dr\? [dt)?
et AR 2 g e i
: : 2 dX dX dX where a=(y1—2e—1)/2 and b=(y1—2e+1)/2. For e
=0 carriers incident from lead 1 are completely reflected;
and a noises!™P = SPUMP = — SPUmMA = —SPUmA =M ¢ c=1/2 carriers incident from lead 1 are transmitted
(without reflection with equal probability into leads 2 and 3.
(1) 2 fj 5., d0 2 [dr\? [dt\? We choose the transpareneyas an external parameter
SH= FlhokeT) 1| 5| +lgx) Tlax) | and assume that it is subject to small amplitude oscillations
e(t)=€e+2¢,cosWt) (e,<€). With the scattering matrix,
(3D Eq. (32), the parametric emissivity matrix €], Eq. (11), is

We see that the noise produced by the one-parameter 0 i i
“pump,” Eq. (31), gives us direct information on the depen- bl
dence of the scattering matrix on the varying external param- el 1 -i 0 0 _ 33)

~ VI €=
eterX. This dependencg(X) is important for calculating the 4m\(1-2e)e| —j
current produced by the pump if two external parameters are
varied, Eg.(39). In a real experimental situation the depen-

dences(X) is unknown and cannot be calculated in a simple (Cgr?'”g Egs.(13) and (26) we can calculatel ., , and
way. Thus the possibility to obtain this dependence from thel «s - Substituting these probabilities into Ed8), (21),
experimental data seems useful. and(24) we obtain the quantities of interest h_er_e. We see that
Note that for some particular conditions the noise and thdhe dc charge curret, is zero at all leadsas it is expected
heat flow at the same lead are related by a simple relatioecause only one parameter is vayiedowever, the heat
For instance, if the amplitude of a reflection coefficient is flow Ig , and zero-frequency noise power show interesting
independent ofX, the ratio SP/I) at low temperature features. .
(ksT<h ) is 87G/w, whereG=¢€?t?/h is the conductance Despite the fact that lead=1 is coupled only weakly,
of our mesoscopic sample. the heat flowlg , (for any €>0) and the shot noise power
On the other hand, if the phageof a reflection coeffi- S{A'™P are the same in all three leads:
cient is independent of the varying parameterthe contri-
bution of quasiparticle correlations to the current correlations ﬁwzfi
at the same lead vanishes, i.8°7=0. In this case the lE!lzlEl2=|5:3=4we(1—2e)'
noise SP“™P reaches the Poisson val(ie Fano factor is
F=1) and the ratio of the noise to the heat flow is a univer-The heat flow is related to the noise in the simple way dis-
sal function of the temperature and the pump frequency, cussed at the end of the previous subsect@f}y™?/1¢
= 4e’F(hw,kgT)/(hw)?.
SONB=FD(#iw,kgT)=4eF (how,kgT)/ (fiw)?, The asymmetry between leads appears in cross correla-
tions SP'™P (a# B). The cross correlation of current fluc-
which is independent of individual features of a scatterertuations at the two symmetrically coupled leads vanishes,
Comparing Egs(21) and(24) we see that this conclusion is S(z‘:’,,“mp)zo, but the cross correlations invoking the fluctuat-
a quite general feature of a weak amplitude pumﬂ?(jf’) ing current of the weakly coupled lead 1 are nonvanishing,
=0, the ratioSPP"™/1 . ,=FD(hw,ksT). Note that even if ~ SHU™P=SEUMA = — LgPump
the phased is independent oK, TS #0 (a#B) and the
quasiparticle correlations are important for the current cross C. Heat flow and noise in two parameter pumps
correlations. To illustrate this fact in the next subsection we , ,
consider a particular case of a multitermirigiree-terminal Now we return to the scattering matrix, E(27), and
conductor. We investigate a case when the phase of the trar@SSUme that it depends on two parameXytt) andX,(t).

mission(reflection amplitude is unimportant but the current N tis case we can represent the probabilities for absorption
cross correlations are present. and emission in terms of a symmetric and antisymmetric

contribution

(34)

B. Noise and heat flow of an oscillating wave splitter T(fl a:TS)aiTEua)a' (35)
Let us consider a wave splitter in which one leae 1 ' ' '

couples via a tunnel barrier with transparencgymmetri-  Here the symmetri¢with respect to absorption and emission

cally to two leadsa=2,3. We assume that this three-lead of a modulation quantur w) Tfj)a and antisymmetrid‘ﬁj)a

structure is described by the single-parameter scatteringarts which determine the heat flow, E@1), and the dc

matrix®® current, Eq.(8), respectively, are
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Tu=TOWXa]+ TULIXo]+2X,, 1X,, 2008 ¢

8e?
AS{™ ==X, 1 X, oF (i, ks T)COS @~ 1)
— @RI (X1, X,)], (36)

X REN o 5(X1,%2) ], 43
T® =2X,, 1X, 2SI @~ o) IM[I1,(X1,X5)],  (37)

with the quantityll (X;,X5) being

where

, Naal X, Xo) =47 X Vi [Xilva,[Xol,  (44)
‘93015 3Saﬁ Y#F a

IX; 9,

Ha<x1,x2>=§

= 4772% Viﬁ[Xl] Vapl Xa].

(38) NaB(XlIXZ): _47T2V218[x1] VaB[XZ:l! a/;tﬁ (45)

R . Note the cosine dependence of the additional heat and noise
In Eq. (36) the quantityT,; [ X] is given by Eq.(28). on the phase difference\o=¢,—¢;. In contrast the
Substituting Eq(35) into Eq. (8) we immediately repro-  pumped current, Eq:39), is determined by the sine of the
duce the result obtained by Brouvidor the pumped current phase differencé ¢. As a consequence, if the pumped cur-

(at small amplitude,, ;): rent is large(as a function ofA ¢), the additional noise and
) heat flow are small.
Ew : For the scattering matrix, Eq27), we have REN;;]
|, =——X, X 2SI @p— @) IM[II (X1, X5)]. (39 ’ ’ 1
- 1 ,ZS n((P2 @1) [ ( 1 2)] ( ) :Rquz]:_Rquz-I:_Rquﬂ:Rq:N(Z)]:
We see that varying only or(@o matter whichparameter o -\ (2) 500 90 or ogr gt dt
i gNEIX X)) ]=rte 0+ .
we cannot generate a dc current. But if at least two param- IXq IXy  IXy Xy IXq IX,
etersX; and X, are varied periodically but out of phagg (46)

# ¢», then the mesoscopic sample can continuously pump "
charge between reservoirs with the same chemical potentials. F'om Egs.(41) and (46) we can see that the additional
This is a consequence of quantum-mechanical interferenda@t production and the additional noise vanish if the ampli-
effects. These effects manifest themselves not only in the dtide Of the reflection coefficiemtand its phase depend on
current but also in the heat flow and in the noise. a single parameter onl{not necessary the sameiowever,

To characterize the contribution of interference effects tdhere remains a heat production, E§0), and noise, Eq.
the heat flow we consider the differendég , between the (31, owing to independently oscillating parameters. As is
heat flow!® when the two parameters are varied simulta-€Vident from Eq(28) this unavoidable heat producti¢see
neously and the sum of heat flows when only one parametdrd- (2] and noisgsee Eq(24)] are present always if only

; (1) 1) " : the “pump” is working. On the other hand, if the phageof
oscillates[£ o[ X1 ] +1E.a[ Xo]. This difference is the reflection coefficient depends on only one varying pa-
b w? rameter, the ratio of additional noise, E¢3), to additional
Al E,QZTXw,lxw,zCOS( @~ @) RETL (X1, X,)]. heat production, Eq40), does not depend on the scattering

matrix and is equal to &F (fw,kgT)/(fw)?.

(40 Under some conditions the additional nois&>*™? can
We see that the additional heat productibh: , and the dc  Pe related to the dc currerlt, at the same lead. If
current give a full description of the quantiff,(X;,X,); =T (X1) [orr=r(Xz)], then their ratio
i.e., they determine the real and imaginary parts. (pump
For the scattering matrix, Eq27), we get AS;, 30 F(fiw,kgT)

=(— 2 —0r)—
, (m)detcoler—ey)- 5 —5

a

R I1,(X1,X5) =R II5(Xq,X o .
A1 (X0 Xo) =R T (X1 Xo)] is independent of the varying parameters. On the other hand,
2 a0 96  ar or at ot if 6=0(X,) [or 8= 6(X;)], then we get

o ot oo
9X1 9X5 | IXq IXy | IXq IXy'

@ AsPimd e PF(heksT)
I =( )tzrzuOt(QDz Yy
IM[1I(X1,Xz)]= = Im[I15(X1,X3)] In the low-temperature limit this ratio becomes independent
1/ 0r2 960 06 or? of frequency.

=l =] (42
2\ X4 aX Xy X
9%y Xy 9%y 9% VIIl. CONCLUSION
As we did for the heat production we calculate an addi- In this work we have developed the approach to the ki-
tional noiseASEYpB“m” generated by two simultaneously os- netics of an adiabatic quantum pump for an arbitrary relation
cillating parameterK; and X, over the sum of noises pro- of pump frequency and temperature. Our consideration is
duced by each of them separately, based on the scattering matrix approach for ac transport. This
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approach takes into account the existence of the sidebands tbfe correlations between the currents at the leadmsd 8
particles exiting the pump and thus allows a description oficross correlations Thus we conclude that the existence of
the quantume-statistical correlation propertiesg., noisg of  the dc current in a weak amplitude pump is always accom-
an adiabatic quantum pump. The sidebands correspond fmnied by current correlationshot nois¢ This type of a
particles which have gained or lost a modulation quantunpump cannot be optimain particular, noiselessn the sense
fhiw. We find that our results for the pump current, the heaof Ref. 4.
flow, and the noise can all be expressed in terms of a para- To assess the possibility of an optimal adiabatic quantum
metric emissivity matrix. In particular we find that the cur- pump further investigations are necessary. In particular large
rent cross correlations of a multiterminal pump are directlyamplitude variations of the external parameter have to be
related to a nondiagonal element of the parametric emissivitgonsidered. We hope that by taking into account many pho-
matrix. ton processessee, e.g., Ref. §lthe approach developed in
Using the quasiparticle picture we have given a simplethe present paper can be generalized to the case of a strong
physical interpretations of processes leading to charge amamplitude adiabatic quantum pump.
energy transfer in the system. Due to the oscillations of the Note added in proofSince submission of our work two
scatterer, the electron system gains eneftine sidebands closely related preprints have appeared: M.L. Polianski,
arise. Absorption of an energy quantufw leads to the M.G. Vavilov, and P.W. Brouwé&f consider mesoscopic fluc-
creation of a nonequilibriuniquasjelectron-hole pair. These tuations of the current noise for an ensemble of quantum
quasiparticles carry energy from the scatterer to the resepumps. The strong pumping limit is addressed by Baigeng
voirs. On average the electron-hole pair is neutral and thugvang and Jian Warig
the pump is not a source of a charge current but under some
conditiong can only push charge from some reservoirs to
others. These conditions can be realized if the quasielectron
and hole(belonging to the same paileave the scatterer M.B. thanks G. M. Graf for stimulating discussions. Both
through different leadgsay, « and ). In this case these of us acknowledge useful discussions with A. Alekseev.
quasiparticles contribute to the charge transfer between thé.M. gratefully acknowledges the support of the University
reservoirsa and 8. These quasiparticles are correlated sinceof Geneva where this work was done. This work was sup-
they are created in the same event. This is also the source pbrted by the Swiss National Science Foundation.

ACKNOWLEDGMENTS

IM. Switkes, C.M. Marcus, K. Campman, and A.C. Gossard, Sci-*®P. Sharma and C. Chamon, Phys. Rev. L&f.096401(2001).

ence283 1905(1999.
2p.W. Brouwer, Phys. Rev. B8 R10 135(1998.

19y, Wei, J. Wang, H. Guo, and C. Roland, Phys. Re%¥43115321
(2002).

3M. Blittiker, H. Thomas, and A. Pte, Z. Phys. B: Condens. 2°E.R. Mucciolo, C. Chamon, and C.M. Marcus, cond-mat/0112157

Matter 94, 133(1994.

(unpublishegt

4J.E. Avron, A. Elgart, G.M. Graf, and L. Sadun, Phys. Rev. Lett. 21Baigeng Wang, Jian Wang, and Hong Guo, Phys. Rew65B

87, 236601(2001).

S5F. Zhou, B. Spivak, and B. Altshuler, Phys. Rev. L&?, 608
(1999.

6A. Andreev and A. Kamenev, Phys. Rev. L3, 1294(2000.

"T.A. Shutenko, I.L. Aleiner, and B.L. Altshuler, Phys. Rev6R,
10 366(2000.

8S.H. Simon, Phys. Rev. B1, R16 327(2000.

9Yadong Wei, Jian Wang, and Hong Guo, Phys. Re% 289947
(2000.

10| L. Aleiner, B.L. Altshuler, and A. Kamenev, Phys. Rev6B, 10
373(2000.

1y Levinson, O. Entin-Wohlman, and P.
cond-mat/0010494unpublished

123 E. Avron, A. Elgart, G.M. Graf, and L. Sadun, Phys. Re\v6 B
R10 618(2000.

13pw. Brouwer, Phys. Rev. B3, 121303(2001).

¥M.L. Polianski and P.W. Brouwer, Phys. Rev. @), 075304
(2002.

5M. Moskalets and M. Bttiker, Phys. Rev. B54, 201305(2001).

8|S, Levitov, cond-mat/010361{npublishesl

17y, Makhlin and A.D. Mirlin, Phys. Rev. Lett37, 276803(2001).

‘Wie,

073306(2002. We thank the authors for pointing out to us that
our[Eq. (8)] for the pumped current is exactly the same as given
by Eq.(6) in their paper(if the scattering matrix is energy inde-
pendenk

223 N.H.J. Cremers and P.W. Brouwer, Phys. Rev6® 115333
(2002.

0.  Entin-Wohlman, A. Aharony,
cond-mat/0201078unpublishegl

24A. Alekseev, cond-mat/020147dinpublished (2002.

25p.J. Thouless, Phys. Rev. B, 6083(1983.

26Q). Niu, Phys. Rev. Lett64, 1812(1990.

27| P. Kouwenhoven, A.T. Johnson, N.C. van der Vaart, C.J.P.M.
Harmans, and C.T. Foxon, Phys. Rev. Léf, 1626(1991).

284, pothier, P. Lafarge, C. Urbina, D. Esteve, and M.H. Devoret,
Europhys. Lett17, 249 (1992.

29T H. Oosterkamp, L.P. Kouwenhoven, A.E.A. Koolen, N.C. van
der Vaart, and C.J.P.M. Harmans, Phys. Rev. Lé&. 1536
(1997.

30| L. Aleiner and A.V. Andreev, Phys. Rev. LeB1, 1286(1998.

3IA.V. Andreev and E.G. Mishchenko, Phys. Rev.68, 233316
(2002).

and Y. Levinson,

035306-8



DISSIPATION AND NOISE IN ADIABATIC QUANTUM PUMPS

2B L. Hazelzet, M.R. Wegewijs, T.H. Stoof, and Yu. V. Nazarov,

Phys. Rev. B63, 165313(2002.

33M.W. Keller, J.M. Martinis, and R.L. Kautz, Phys. Rev. Le&0,
4530(1998.

34\, Covington, Mark W. Keller, R. L. Kautz, and John M. Marti-
nis, Phys. Rev. Leti84, 5192(2000.

35B. Spivak, F. Zhou, and M.T. Beal Monod, Phys. Rev5B 13
226 (1995.

38M.G. Vavilov, V. Ambegaokar, and I.L. Aleiner, Phys. Rev6B,
195313(2002.

373.M. Shilton, D.R. Mace, V.I. Talyanskii, Yu. Galperin, M.Y. Sim-
mons, M. Pepper, and D.A. Ritchie, J. Phys.: Condens. Mater
L337 (1996.

38\/. Talyanskii, J.M. Shilton, M. Pepper, C.G. Smith, C.J.B. Ford,

E. H. Linfield, D. A. Ritchie, and G.A.C. Jones, Phys. Re\b®
15 180(1997.

39y, Levinson, O. Entin-Wohiman, and P. i¥le, Phys. Rev. Lett.
85, 634 (2000.

490. Entin-Wohlman, Y. Levinson, and P. e, Phys. Rev. B4,
195308(2001).

4IA. Aharony and O. Entin-Wolhman, cond-mat/011106®pub-
lished.

42A.M. Robinson, V.. Talyanskii, M. Pepper, J.E. Cunningham,

E.H. Linfield, and D. A. Ritchie, Phys. Rev. B5, 045313
(2002.
43M.J.M. de Jong and C.W.J. Beenakker, Ntesoscopic Electron

PHYSICAL REVIEW B66, 035306 (2002

edited by L.L. Sohn, L.P. Kouwenhoven, and G. Stkidluwer
Academic, Dordrecht, 1997p. 225.

44y M. Blanter and M. Bitiker, Phys. Rep336, 2 (2000.

4SM. Biittiker, Phys. Rev. Lett65, 2901(1990.

46M. Biittiker, Phys. Rev. B46, 12 485(1992.

4TE.P. Wigner, Phys. Re@8, 145 (1955.

48E.T. Smith, Phys. Re\l18 349 (1960.

49M. Buttiker and R. Landauer, Phys. Rev. LetB, 1739(1982.

0M. Biittiker, J. Math. Phys37, 4793(1996.

5IM. Biittiker, Pramana J. Phy5s8, 241 (2002.

524 -L. Engquist and P.W. Anderson, Phys. Re\248 1151(1981).

53y. sivan and Y. Imry, Phys. Rev. B3, 551(1986.

54p.N. Butcher, J. Phys.: Condens. Mateert869(1990.

5G.D. Guttman, E. Ben-Jacob, and D.J. Bergman, Phys. RES, B
15 856(1996.

%6R. Fazio, F.W.J. Hekking, and D.E. Khmelnitskii, Phys. Rev. Lett.
80, 5611(1998.

5"M.V. Moskalets, JETF87, 991 (1998.

58) V. Krive, Phys. Rev. B59, 12 338(1999.

59M. Biittiker, Phys. Rev. B15, 3807(1992.

%0G.B. Lesovik and L.S. Levitov, Phys. Rev. Lef2, 538 (1994).

51M.H. Pedersen and M. Biiker, Phys. Rev. B58, 12 993(1998.

62\, Schottky, Ann. Phys(Leipzig) 57, 541 (1918.

53M. Blttiker, Y. Imry, and M.Ya. Azbel, Phys. Rev. 80, 1982
(1984.

84M.L.  Polianski, M.G. Vavilov,
cond-mat/0202241unpublishegl

and P.W. Brouwer,

Transport Vol. 345 of NATO Advanced Study Institute, Series E ®°Baigeng Wang and Jian Wang, cond-mat/0204Q6vpublishedl

035306-9



