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Electron-electron scattering effects on the full counting statistics of mesoscopic conductors
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(Received 14 October 2003; published 15 March 2004

In the hot electron regime, electron-electron scattering strongly modifies not only the shot noise but also the
full counting statistics. We employ a method based on a stochastic path integral to calculate the counting
statistics of two systems in which noise in the hot electron regime has been experimentally measured. We give
an analytical expression for the counting statistics of a chaotic cavity and find that heating due to electron-
electron scattering renders the distribution of transmitted charge symmetric in the shot noise limit. We also
discuss the frequency dispersion of the third order correlation function and present numerical calculations for
the statistics of diffusive wires in the hot electron regime.
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[. INTRODUCTION though the third cumulant of FCS of a diffusive wire in the
hot electron regime was obtained quantum mechanitity,
During the last ten years, nonequilibrium noise measureis clearly desirable to have a fully semiclassical method to
ments have become a standard tool in mesoscopic physidéeat the FCS of semiclassical systems. An important step in
because they reveal additional information about mesoscopi®is direction has been undertaken in Ref. 19 where a dia-
conductors beyond linear resporisBecently, even further grammatic scheme for higher order cumulants has been pro-
experimental progress has been made: Reulet, Senzier, aRgsed. A theory for the full charge distribution of FCS based
Prober for the first time successfully measured the third mo©n @ stochastic path integral was then presented in Ref. 20
ment of current statistics of a tunnel junctibhey discov- and extended to time-dependent correlation functions in Ref.
ered a surprising temperature dependence of the third ma&l. It is the aim of this paper to apply the stochastic path
ment which was explained by the backaction of the resistivdntegral approach to systems in the hot electron regime.
measurement device on the junctin. This paper is organized as follows: The first geometry
Nonequilibrium noise and third moment of current fluc- under consideration, the chaotic cavity, is introduced in
tuations are part of a more general concept, the full counting€¢- Il The principal tools to obtain the FCS for this system
statistics(FCS which is defined as the probability distribu- are discussed in Secs. 1B and Il C; results are presented
tion of charge that passed an electric conductor during & Secs. Il D and Il E. In Sec. Ill, we compare the statistics
measurement. The introduction of FCS into mesoscopi®f cavity and diffusive wire, and give, in Sec. IV, some esti-
physics by Levitov and Lesovilone decade ago has inspired matesf which show that our calculations are relevant for
a lot of theoretical work. Whereas early work concentratedeXperiments.
mainly on noninteracting systems, recent publications devel-
oped schemes which include effects due to Coulomb interac-
tions. Most of these works consider correlated electron sys- Il. CHAOTIC CAVITY
tems in which intrinsi™’ or environment&® Coulomb A M
. . Model
blockade plays a central role. However, Coulomb interac-
tions are important as well for the FCS of semiclassical sys- The system we study in this section is shown in the upper
tems: At low temperatures in the hot electron regime,panel of Fig. 1. A chaotic cavity is a conducting island of
electron-electron scattering leads to a local thermalization offregular shape. Its properties are essentially defined by two
the electron gas. Since inelastic electron-phonon scattering fiuantities, the mean spacing of electron levels Nz * and
strongly suppressed, the local electron temperature may Bbe capacitanc€, which describes the Coulomb interaction
different from the lattice temperature and is allowed to fluc-of the cavity and its environment represented by a nearby
tuate. These temperature fluctuations modify the intensity ofjate. The island is connected to external leads by two point
current noise and therefore influence the FCS. contacts. These openings are chosen to be small compared to
Nonequilibrium noise in the hot electron regime was firstthe size of the cavity in order to keep motion inside the
measured in diffusive wire¥. Since heating effects are dif- cavity chaotic. The leads are assumed to be in local thermal
ficult to avoid, it only became possible later to extend theseequilibrium described by Fermi distribution functions
measurements to the cold electron regime in which eIectronﬁL,R(s)={1+exr[(s—,u,_YR)/T]}‘1 (here and in the follow-
electron scattering is abseftSimilar noise experiments in ing, we seti=1, e=1, andkg=1).
the hot electron regime have been carried out in great detail Depending on the conductanc& g of the two point
on chaotic cavitie€ and chains of cavities contacts, this system shows, despite its conceptual simplicity,
The measured Fano factors in all cited experiments can ba rich variety of physical regimes: For low dimensionless
entirely explained by theories based on the semiclassicalonductancés, g<1, the charge transport through the cav-
Boltzmann-Langevin formalistf,"!” since both Coulomb ity is dominated by Coulomb blockade effects and may ex-
blockade and quantum interference were unimportant. Alhibit Kondo physic$? For intermediate conductance 1
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and later by a semiclassical approd®ft Higher cumulants
have been calculated quantum mechanically for open point
contactd? and semiclassically for arbitrary contaétdn the
dissipative regimégr4>7._pp,), electrons entering the cavity
are in thermal equilibrium with the surrounding phonon bath
and only the energy integrated particle current through the
cavity is conserved. Noise for this regime has been calcu-
lated from a voltage probe mod&knd recently for low bias
in the framework of circuit theor{.In the hot electron re-
gime (7 pp> 74> Te_¢), both particle current and total en-
ergy current through the cavity are conseryku theoretical
m predictions of noise see Refs. 12 and.Ikhe distribution of
Wo Wy V5) W3 Wy the electrons in the cavity is described by a Fermi function
W fe(e)={1+exd(e—uc)/Tc]}"t where both the electro-
chemical potentiakc and local electron temperatufe are
fluctuating around their mean valug$ andT2 . Notice that

FIG. 1. The two geometries under consideration in this paper, . . o
; S ) 0 “there is no experimental distinction between these three re-
Upper panel A chaotic cavity in the hot electron regime which is

characterized by a fluctuating effective chemical poteniigland gimes on the level of me.an curr_ent. Only n0|_se measu_re-
an effective temperatur€.. Lower panel A chain of N cavities ments reveal the type of interactions present in the cavity.

which mimics in the largeN limit a diffusive wire. From now on, we will focus on the hot electron regime.

=GR, weak Coulomb blockade is still possible if the tem- B. Preliminaries

perature and applied voltage= u, — ug are small enough. Before we start do describe the calculation of the FCS, we

Furthermore, the conductance of the cavity is subject t@ive a brief summary of definitions we use throughout the

weak localization correctiorfs.In the semiclassical regime paper. The complete information about the statistics of cur-

G r>1, signatures of the quantum nature of the charge carent flow(t) through a cross section of a conductor is con-

riers disappear completely in measurements of mean cutained in its probability functionaP,[I(t)]. More general,

rents. The total conductance of the cavity is now simplythe probability functional to find a certain realization of a

given by Ohm’s law, i.e., by the conductance of the two pointstochastic variablé(t) defined on the intervdl0,7] can be

contacts in seriggG=G, Gg/(G_+ GRr)]. However, evenin written as a Fourier transform

this semiclassical limit, the quantum statistics of the elec-

trons has a strong influence on transport fluctuations, namely o .

on the shot noise produced by the two point contacts. For PA[A]:J DXAeXP[ _'JO XAA+SA['XA]]v @

simplicity, we will assume that both contacts are completely

open, i.e., no backreflection is taking place at the point conwhere we introduced the characteristic functioBalya(t)],

tacts. the conjugated fielgva(t), and a functional integration over
In the semiclassical regime, the state of the cavity is charthe measur@®y, . An analytic continuation 08,[ xa(t)] to

acterized by its time-dependent electron occupation functioRn imaginary field y» is used for the Fourier transformation

fc(e—Uc) and the electrostatic potentilc. The chaotic i Eq. (1). Functional derivatives of the characteristic func-

scattering inside the cavity renders this occupation functioijonal yield the irreducible part of any correlation function
position independent and isotropftDue to the random na-

ture of the currents flowing into the cavity, the occupation Sl xa(t)]
function fc(e —Ug) is fluctuating around its meaf(&). (A(ty) ... Alty)) =
There are four time scales which are important for the dy-

namics of these fluctuations: the electron-electron scatterin
time 7., the inelastic scattering time,_p,, the dwell
time 74=RyNg, which is the time an electron spends inside el TR
the cavity, and the rc time,.=R,C,, that describes the re- spectral functionCa(wy, . . . ,@,-1) which is linked to the
laxation of charged fluctuations inside the cavity. H&g Fourier transform of the correlation functi¢@) by
=(G_+Gg) ! denotes the charge relaxation resistance and

C,'=Cy *+Ng' is the electrochemical capacitance of the (Al@) ... Alwn))

cavity The mean occupation funct_lofg(s) depends on =278(w1+ -+ ) Ch( @1, . .. wn_1)- (3)

the relations between the different time scales: In ¢bid

electron regime(7,_,n>7e¢>174), the energy of every The full counting statistics of charge transfer as defined by
electron passing the cavity is conserved. Particle current con-evitov et al* does not keep the entire information con-
servation at each energy implieﬁzRq(GLfLﬂLGRfR). tained in the functiona5[ x,] for current fluctuations, but
Shot noise in this regime has been first characterized by rametains only the probability distribution of the time integrated
dom matrix theor$ using the scattering theory of nofée®®  current:

) ot |,

% a time representation. Often, one is interested in the be-
havior of stationary systems. It is then useful to introduce the
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Hi(\EVY; Ve, T, To)

P(Q)=fdxe—ixQ+S<iX>, Q:den(t). 4)
° %G VN TINZH[(T)2+ (V)¢

6 1-T;
The characteristic functio8(y) of the FCS is obtained from i
the complete functiona$[ x,] by choosingy,(t)=x. The 72Gj 2Veh—TeN?+[(Te)?+ (V)2 €
counting fieldy is constant in time. The distributioR(Q) T 76 1+Tcé : @)

may be connected to the spectral function of the cur@ht
In the long-time limit for instance, the cumulants of the FCSTo shorten the expressions, we have rescaled the chemical
P(Q) turn out to be the spectral function€] taken at zero ~potentialsu;=V;/\3 and the fields;=m\; /3.
frequency. Now that we have solved the problem of charge and en-
ergy transfer statistics through each individual point contact,
_ we can proceed to determine the more difficult statistics for
C. Calculations two point contacts in series. To this end, we need to find
In this section, we discuss the essential steps that are negonservation laws that set the slow dynamics of the two vari-
essary to calculate the transport statistics in the presence ablesuc and T which define the state of the cavity in the
strong electron-electron scattering. We employ a stochasti@ot electron regime. We therefore combine the conservation
path integral formalism developed in Ref. 20 to study theof chargeQc and total energye inside the cavity,
FCS of semiclassical mesoscopic conductors. This formalism
is based on the observation that the correlation time of bare Qc=IP+1%, Ec=It+1§ (8)
current fluctuations in the point contacts is the shortest time
scale in the problem. This allows us to proceed in two stepswith expressions that link the conserved quantities to the
First, we consider the point contacts as sources of whit€hemical potential and temperature:
noise which obey statistics that depend on external param-

eters such as the occupation functions of the leads and the _ _772 ,, 1 2

cavity. Second, we identify a set of conserved currents which Qc=Cppuc, EC_KNF(TC) +§CM(“C) )
allow us to determine the adiabatic time evolution of the

external parameters. These relations include charge screening inside the cavity on

To characterize the bare noise of the point contacts wéhe level of the Thomas-Fermi approximatiotThe conser-
introduce characteristic functiona® x; ,&;] for the current ~ vation laws(8) are conveniently expressed by Lagrange mul-

fluctuations in each contafsee Eq.(1)]: tipliers yc and &c which are introduced through delta func-
tionals in a Fourier representation. We use
SJ[Xj’gj]:fo Hj(vagj!MJ’Ti’/-LCaTC)dTa j=L,R. 5[|E+|E—Qc]=fDXceXp<—ijothc(lprR_Qc)
(5 (10)

The fieldsy; and¢; are conjugated to particle curreifi(t)  for the charge conservation and a similar expression for the
and total energy currentje(t), respectively. The Fourier €nergy conservation. Wlthout incorporating  conservation
transform of exfS} is the probability functionapi[hp,“?] to Iaws (8), the probability to find a certain realization of par-
find a certain realization of currents. The white color of theliCle and energy currents is given by the product
noise is apparent from the form of E€5) which contains  PLlIL.ITIPRIIR.IR], i.e., the left and right point contacts
one single time integration; probabilities at different timesare independent. We combine this product with the delta
are hence independent. The precise forripfmust be taken functional (10) and construct a conditional probability

from a quantum mechanical calculation. With the help of

Ref. 4, one finds, for open point contaéts; PLIPLIE.IC, E]:f PQEDEAIP+1B—Ocl.

e e_ p e p e
HJ(ingj):GjJ'dg |n[1+fj(8)(exj+s§j_l)] 5[IL+IR EC]PL[IL'IL]PR[IR’IR]! (11)
which satisfies the current conservation laws. Introducing the
characteristic functional§s) of the point contacts, we find
that the total characteristic functional for the cavity can be

+ij de In[1+fc(s)(e‘xj‘8§j—1)].
written as a stochastic path intedfal

(6)
Since all occupation functions in E¢f) are Fermi functions, eSlinl="| DQLDE Dy Décesln ixciéc Qe Ecl
the energy integrals over remain elementary. The generat- (12)
ing functions of the point contacts as a function of tempera-
ture T and chemical potentiak of the cavity are given by over the action
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T . . Second cumulant Third cumulant Forth cumulant
Silxixc:éc,Qc Ecl= jo dtf —(xcQc+ écEc) o5
: —— — 5 —————
6
+H (xct+xi,éc) T Hrxc éc) ] == Cold electrons| |

13

In the semiclassical regime, this path integral may be evalu*[~

ated in saddle point approximatior5ES, at the saddle
point). Due to the adiabatic evolution of the chemical poten- |
tial uc and the effective temperatuffe of the cavity, Gauss-

ian corrections are smélf. The four saddle point equations

obtain the forms 0
0 30
dH_ JHR . oH_  JdHR
oxe e’ STk Tk - |
Xc Xc c C FIG. 2. Comparison of hot and cold electron regime: The cumu-
lants of counting statistics are plotted as a function of the applied
oH_  JHg ) oH_  JHg

— _ —_ _ (14) bias u for an asymmetric cavity 4= 2/5). The biggest difference
Xc dQc dQ¢’ ¢ JEc  JEG’ appears in the third cumulant which does not change sign in the

. . . Ipresence of electron-electron scattering.
and formally resemble the canonical equations of motion fo

position and momentum in mechanics. The first two equa- 5

tions can be interpreted as continuity equations that express Cszi G T_f“
the change of charge and energy in the cavity in terms of ' 2 G +Gg TO
) . ) : . C
incoming currents. The right sides of the third and fourth

(16)

equations can be understood as forces which prevent the 2 4

. i . ; . 9 G 2T
saddle point solutions from exploring unlikely regions of the C|4:— - T—T?:Jr )
configuration space. 7? GL+Gr (T2)?

The mean effective temperature of the cavity T&Y?=T?

_ _ _ +7?7?u®l3. The average currenC; is obtained from

_ Inthis section, we evaluate EQL3) in the zero frequency  opms Jaw, the nois€?2 has been first calculated in Refs. 12
limit. In this case, we may set all time derivatives in action ;4 16 and third and fourth cumulant were obtained in a
(13 and the saddle point equatiofis}) to zero. The external - yorrhative manner in Ref. 20. The cumulants are shown as

counting field y,(t)=x becomes time independent and is 5 fnction of applied voltage in Fig. 2 and are compared to
conjugated to the charge transmitted through the cavity dufa same cumulants in the cold electron regiftiehe asym-

ing time 7, i.e., S(x)=S[x] generates the FCBee EQ.  metry s chosen to bey=2/5. Several conclusions can be
(4)]. We are left with a system of four nonlinear equations y.awn from Fig. 2 and Eq€15) and(16).

(14) to be solved. It turns out that analytical solutions to this (i) Whereas even cumulants behave qualitatively similar
system exist. After inserting these solutions into B we iy poth regimes, odd cumulants are strongly suppressed in
arrive at the following result for the generating function of \he shot noise limit of the hot electron regime. This can be
FCS which is valid in the long-time limit @Tmax(u.T}  immediately seen in Eq(15). There are only two terms

>1): which are odd in the counting fielg. The first term is re-

g 5 _ sponsible for the mean current only, and the second term in
S(y)= ?Gr{vx+(\/n*2+x2— 7 ?) the square root is irrelevant for high voltageshot noisg
and for low voltagegthermal noisg An asymmetry in the

5~ > 2 ~> 2 ~ distribution of transmitted charge thus only appears in an

><[T\/77 X +\/T (7 " XD FVEH 2TV intermediate regime. Qualitatively, this symmetrization can

(15  be explained by the argument that the hot electron regime is

The ration= G, Gr/(G, + Gg) describes the asymmetry of closer to thermal equilibrium where odd cumulants vanish.
- LYR L R

. : (ii) In both regimes, the third cumulant carries the same
the cavity and becomes at most 1/2 in the case of a symmeé—i n as the first cumulant for low voltage. However, for high
ric cavity; G=G,Ggr/(G_+ Gpg) is the conductance of the 9 ge. ' 9

cavity. We remind the reader that we have rescaled the bia@Itages the third cum_ulant in the cold electr_on regime
o ~ changes sign(Such a sign change does not exist for two

M:WV_/\E and the cougtlng fielg = mx/ 3. Cumulants of  tynnel junctions in series.For cold electrons, the sign

transmitted charg®=J¢dtl(t) can be obtained from de- change can be understood from the distribution of transmis-

rivatives of Eq.(15) with respect toy. For the first few  sjon eigenvalues. In the hot electron regime, a careful analy-

D. Results

cumulantsrC{' one finds sis of cascade correctiofis® shows that positive correla-
1 5 0 tions between electron temperaturg and charge currents
Ci=Gu, Ci=G(T+Tp), are at the origin of this sign.

115315-4
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(iii) The transition from low to high bias is smoother in 20272
the hot electron regime: The formulas contain square root Ay(w)= 1+—'°2 1(1+ w?7%,) (20
laws in contrast to the cold electron regime where the tran- 1-y1l-4p

sition is described by exponential laws.
(iv) Even and odd cumulants close to equilibrium are
linked by a generalized fluctuation-dissipation theotem

which depends only on the rc timg. and the asymmetry
parametery. At low frequencies,C? describes correlated
noise of left and right point contact and reduces to @6)

&Cr—l for ®=0. At high frequencies, the statistics of the two point
2T p =C! at u=0. (17) contacts become independe@qz, is then equal to the bare
K noise of the left contact.

The general result for the third order correlation function

transmitted charge which is the Fourier transform of @) 'S 00 long to be presented here. We only give the experi-
can be calculated in saddle point approximation. The uppefentally relevant behavior at low frequencigsny ,

left panel of Fig. 4 shows the probability distribution for low <(7rc) 7]
bias, high bias, and for an intermediate regime where the
distribution becomes asymmetric. An analytical result is
available in the shot noise limit. We find

7-,6 Q Q The dispersion at low frequencies is independent of the
P(Q)~exp{— 1- :( 2— :) “ , (18  asymmetry parametey and given by
V37 Ql  Q

i.e., the logarithm of the distribution in the long time limit A (w;,w,)=
corresponds to a semicircle drawn around the mean charge

Q=Grpu.

In the long-time limit, the probability distribution of

9 G?> Tu

— == —Aj. 21
w2 GL+Ggr T2 s (0

Cﬁhot( w1,07)=

1+ (w2 + w3+ wi0,) 75/3

(1—iw17g)(l=iwmg)[1+i(wi+wy)7q]
(22)

It is important to note that charge pile up inside the cavity is
forbidden on time scales longer than the rc time. Therefore,
] ) these current fluctuations are the same in both point contacts.
In this section, we go beyond the FCS and calculate the For comparison, we also give the third order correlation
frequency dependence of the third order correlation functiogynction of the cold electron regiméhe zero temperature
(2). To this end, we solve the saddle point equatiti® for  yesyit has been calculated in Ref. 21 for more general cavi-

a time dependent external fied(t). The solution has to be  tjes with backscattering at the point contacts
found in a perturbative manner: First, the response of all

E. Frequency dispersion

internal fieldsyc,éc,uc, andT¢ to the external fieldy, is 3 3G? Tsinh(u/T)—u
calculated up to quadratic order using the four saddle point Cl cod w1, 02) =M + — 3

: ! : : , G +Gr cosiu/T)—1
equations(14). Second, the internal fields are inserted into (23

action(13). All terms in the action which are of third order in ) o L
the external field will contribute to the desired correlationWhereM is a contribution which is independent of the fre-

function (for details of the calculation see Ref. 21, where thedUency:
same calculation for the cold electron regime is discussed

thoroughly. v GG GRI(GL—Gr)*
There is a substantial difference between the noise cor- (G +Gp)*
relator and higher order correlation functions which was first
pointed out in Ref. 21. Dispersion in the noise correlator 2p+ pcosiu/T)—3T sin(u/T)
appears only at high frequencies given by the inverse rc time X cosu/T)—1 (24)

(7c) " and is therefore difficult to measure. Higher order _ _
correlators however, exhibit dispersion already on a scaldlote that the low-frequency dispersidig(w,, ;) of the
given by the inverse dwell timer{) " which is a much third order cprrelanon functiof22) is the same as in thg cpld
lower frequency in metallic systems. Physically, this disper-8l€ctron regime. Also the prefactors df(w,,w,) are simi- -
sion is due to slow fluctuations of the electron temperaturd@: They both vanish at zero temperature and at zero bias,
T which do not show up in the noise correlator, but couple!€- they are proportional to the minimum of temperature and
back into higher cumulants. Such charge-neutral temperaturl?-,‘as'

fluctuations cannot be relieved by particle currents. The only

relaxation mechanism for these fluctuations is heat flow lll. DIFFUSIVE WIRE

which reacts on the time scatg.

. . . . So far we considered heating effects on current statistics
For the noise correlator in the hot electron regime we f'”% g

semiclassical chaotic cavities. It was particularly easy to

C,z(w)=G(T+T?:)A2. (19) introduce the stochast!c path |n.tegral formgllsm '50 the reader

on a geometry which is essentially zero dimensional. More-

This is the auto correlation function of currents in the leftover, heating effects on noise in this geometry have been
lead. The dispersion is described by the expression measured® Nevertheless, it is an important question

115315-5
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whether part of our observations do also apply to other sysfor the diffusive wire was constructed from the continuous
tems in which electron-electron scattering is strong. In factlimit of a very specific model, a chain of cavities linked by
noise in the hot electron regime was first theoreticallyopen point contacts, one might question the validity of our
studied*'® and experimentally verifigd!! in diffusive  “back of the envelope” derivation that we employed for sim-
wires. It therefore seems natural to extend our theory to difplicity. It turns out that Eq.(26) may be obtained as well
fusive systems and to compare the results to the chaotic cafrom a detailed microscopic calculation based on the
ity. Boltzmann-Langevin approach!®if we apply the standard

To derive an action similar to Eq13) for a diffusive  diffusion approximation and assume the conductor to be
wire, we consider first a chain of cavities connected by idenguasi-one-dimensional. Even without referring to the Boltz-
tical point contactgsee the lower panel of Fig.)1lEvery = mann equation, it can be checked that the continuous limit of
cavity is capacitively coupled to a close gate. Such a chaimction (25 does not depend on the details of the chain
has been studied experimentally and theoretically in Ref. 13which may as well contain point contacts of arbitrary energy
In a second step, we take the continuous limit of a largendependent transparencyin general, the conductanae
numberN of cavities, but keep the total conductance con-then becomes coordinate dependent. However, we made an
stant. The continuous limit corresponds to a diffusive wireapproximation in neglecting the possible energy dependence
with short range Coulomb interactiofishort screening of the transparency of the point contacts. Including such a

length, since we have neglected capacitances betWGeGependence adds an off-diagonal e|er®ﬁt¢0 to the lin-
neighboring cavities. The action for the chain is given by  ear response tensor, i.e., temperature gradients then generate
N—1 a particle flow. Such an additional term implies that the

_ _ _ Wiedemann-Franz law is no longer valid and that the Fano
S= Tz‘o Hns1=Anodnes=én Vi Vaesi Too Tosa), factor of the shot noise becomes nonuniveté&ince there
(25)  is no trace of such a non-universality in the experiments on
noise in diffusive wire¥*and in the chain of cavities we
disregard this additional term.

Note that actior(26) is quadratic in the fields ¢, i.e., in

the gradient expansion we lost all informations about higher
'drder correlators of the elementary noise sourtes point

whereH of each point contact is defined by E{). Each
cavity (n=1...N—1) is characterized by its rescaled
chemical potentiaV,= 3w,/ and its effective tempera-
ture T,,. The energy and charge in each cavity obey conse
vation laws that are guaranteed by_ the fielgsandé,, . The contact$. This property is not restricted to the hot electron
Iabel;n.=0,N bglong to the reservoirs. To calculate the Char‘regime, but is a consequence of the diffusion approximation
acteristic functionS(x) of FCS, we choose the boundary 4nq the assumption that there are no long range interactions
conditionsgo=éy=Xo=0 and\y=y3x/m for the counting  |eading to displacement currents. Furthermore, all terms in
fields, uo=p, un=0 for the chemical potentials arli,  action (26) depend only orx derivatives\’ and £’. There-
=T\=T for the temperature. Actiori25) has then to be fgre, the saddle point equations which are obtained from
varied with respect to all internal fields to obtailN44  \5rying Eq.(26) with respect tox and ¢ take the form of
coupled nonlinear saddle point equations. continuity equations for charge and energy conservation.
In the continuous limitN—cc, the difference between Their solutions are easily found for the special boundary
neighboring fieldsr andn+1 becomes infinitesimal and the condition y=0. We obtain the profiles of mean chemical

sum in Eq.(25 may be replaced by an integral. We obtain potential and mean effective temperature in the wire:
the action of a nonlinear field theory

d , AN A ’ "\ B V! Vozv(l_i)’
S=7’f0dx{()\ §)A(§, +(A §)B<T,)]. Hd
(26)

X

on2_—2.2l 1 XX
(T)—T+VL1 ila (29

The first matrix

- VT The comparison of this result with Refs. 14 and 15 serves as
A:T( > 3 (270 a check for our calculation. For general counting figld
vT VIT+T #0, the saddle point equations form a set of coupled non-

expresses the noise intensity in local equilibrium. The secontinear diffusion equations. We have used the discretized ver-

matrix sion of action(25) to solve these equations and to obtain the
FCS numerically®

. a1l O Exemplary solutions of the saddle point equations are

B= T(V T)' (28)  plotted in Fig. 3. The interpretation of these plots is as fol-

lows: Each showru(x) is the most probable profile of the
is the linear response tenser,denotes the one-dimensional chemical potential inside the wire under the condition that
conductance(the generalization to higher dimensions isthe chargeq=Q/(Gu7) is measured after time. If for
straightforwardl. instanceg=0, i.e. the mean charge is measurg@x) has a
At this point, it seems appropriate to discuss the approxilinear profile. If the transmitted charge after a measurement
mations made in the derivation of E@®6). Since the action is very small = —0.9), the potential drop occurs mostly in
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FIG. 3. Saddle point solutions to the acti®6) of a diffusive 0 5 10 15

wire in the hot electron regime: The inset shows the probability
distribution P(q) of transmitted charge through a wire in the hot FIG. 4. Upper panel:Comparison of counting statistics of cha-
electron regime in the shot noise limit. The charge is normalized a8yic cavity, two cavities in series, and diffusive wire in the hot
q=Q/(Gu7) and the mean charge has been subtracted. For fouélectron ’regime. We use th,e dimensionless  variatije
selected values af, we plot the corresponding saddle point solu- —Q/(G maxXu \/§T/7r}7-) to parametrize the charge. For the inter-
tion for the mean chemical potentialx) inside a wire of lengtHd. mediate case,’ we use the rajigT=2/+3. The distribution of

. . ) charge in the shot noise regime is symmetric for a cavity, but asym-
the middle of the wire: charges entering from the left there-netric for a wire.Lower panel:Fano factors of second, third, and
fore most likely diffuse back to the reservoir they have comeiourth cumulants in the shot noise regime as a functiolothe
from, before they follow the gradient of the chemical poten-number of point contacts in series.
tial. If the transmitted charge is largey€2.0), the drop

oceurs mostly close the reSEervoirs. This means that Man¥s extraneous sources of noise—such as the point contacts
charge carriers from the left S|d_e are attracted to the m'ddl?eading into a chaotic cavity or impurity scatterers in diffu-
of the wire, and escape to the right. _sive wires—is short compared to the characteristic time
The upper panel o_f_F|g. 4 compares the FC.:S .Of a CaVilygajes for the evolution of the electron distribution function.
of a chain Of. two cavities, and of a d_|ffus_,|ve wire in the .hOt This allowed us to employ a stochastic path integral for the
electron regime. It shows the distributions of transm'ttedgenerating function of counting statistics which can be
chargeP(q) in thermal equilibriumu<T, for high biasu solved in saddle point approximatih.
>T and for an intermediate case/T=2m/\3. For zero We derived a variety of results: For a chaotic cavity in the
temperature, the distributions are bounded from below ang glectron regime, the generating function of full counting
except for the wire also from above. For finite temperaturesgiagistics is given analytically. For this system we find that
the distributions acquire expor_lentlal_ tails. Th_e most strikinghe thermalization of the electron gas in the cavity tends to
difference between the zero-dimensional cavity and the ON&ymmetrize the probability distribution of counted charge.
dimensional wire appears in the shot noise limit in which the\whereas even cumulants are proportional to the maximum of
distribution for the cavity becomes symmetric whereas th&yiernal temperature and applied bias, odd cumulants are
distribution for the wire stays asymmetric. _ proportional to the minimum and vanish therefore in the shot
The lower panel of Fig. 4 illustrates tge behavior of theyise regime. Conversely, for a diffusive wire in the hot elec-
Fano factors at zero temperatifg=CJ/C/ of several cU-  ron regime our numerical calculations show that this sym-
mulants as a function df, the number of point contacts. The metrization does not exist. Furthermore, we discussed the
result forF; is taken from Ref. 13. The results f6s andF4  frequency dependence of the third order correlation function
are new, in the diffusive limitN—o, F; agrees with the and explained its unexpected low-frequency dispersion by
literature:® The increase of; towards the diffusive limit charge-neutral fluctuations of the local electron temperature.
describes the growing asymmetry of the charge distribution, We stress the experimental importance of our findings:
the sign change of, indicates that tails become more im- Noise measurements in wires with strong electron-electron
portant in the diffusive limit. scattering have been carried out with great precididhThe
resistances of the samples used in these experiments range
from 1 to 30@). The first successful measurement of a third
cumulant was carried out within this range. The third mo-
In this paper, we presented a method to calculate the fulinent of the FCS for diffusive wires in the hot electron re-
counting statistics of semiclassical mesoscopic conductors igime should therefore be measurable in a similar setup. The
which electron-electron scattering is important. This methocthaotic cavities used in the experiméAts had higher resis-
is based on a separation of time scales: The correlation timences and would require a different setup to measure the

IV. CONCLUSIONS
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third moment. The low-frequency dispersion sets in at arns much slower. Such temperature fluctuations in the reser-

inverse dwell time ¢4) ~ which we estimate from Ref. 12 to voirs may couple back into higher order correlation functions

be 1-10 GHz. Dispersion might therefore be of importanceof the electrical signal and may cause a low-frequency dis-

since the bandwidth used in experinfeistof the same order. persion similar to the dispersion that we described in this
As a final remark we would like to note that heating ef- article. In such cases, the notion of an ideal reservoir at local

fects due to electron-electron scattering may not only occuthermal equilibrium has to be given up.

inside a cavity or a diffusive wire, but also inside reservoirs.

Most calculationgincluding the one presented in this paper

assume res_erV(_)i_rs to be at local thermai equilibrium. Ti_iis is ACKNOWLEDGMENT
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