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We analyze the shot noise in a voltage biased superconducting quantum point contact. Results are
presented for the single channel case with arbitrary transmission. In the limit of very low transmission
it is found that the effective charge, defined from the noise-current ratio, exhibits a steplike behavior
as a function of voltage with well-defined plateaus at integer values of the electronic charge. This
multiple charge corresponds to the transmitted charge in a multiple Andreev reflection (MAR) process.
This effect gradually disappears for increasing transmission due to interference between different MAR
processes. [S0031-9007(99)09168-1]

PACS numbers: 74.80.Fp, 72.70.+m, 74.50.+r

In the past few years much attention has been paitheen quantitatively described with high accuracy using
to the study of shot noise in mesoscopic systems [1,2fully quantum mechanical theories of transport through
These time-dependent current fluctuations are a conse-single channel [11,12]. One would expect that a simi-
quence of the discreteness of the charge carriers and théétr quantitative agreement between theory and experiment
measurement can provide information on correlations andould be reached also in the case of noise.
charge of the individual carriers not available in usual So far the analysis of current fluctuations in a super-
conductance experiments. In the case of a curfeot  conducting single channel contact has been restricted to
uncorrelated carriers of charge the shot noise reaches a few special cases. Thus, the excess n(ise> A)
its maximum valueS = 2gI = Spisson- ThiS result has for a perfect transparent channel has been obtained in
been recently used for detecting the fraction& charge Ref. [13]. The noise has also been analyzed for zero
carriers by measuring the rati§/27 in the fractional voltage and arbitrary transmission in Ref. [14], while the
guantum Hall regime [3]. perfect transmission and finite voltage case has been ad-

In  low-transmitting normal-superconductinghv-S  dressed in Ref. [15].
structures a doubling of the normal Poisson noise- The aim of this work is to analyze the shot noise for
current ratio has been predicted [4—6] due to Andreethe whole range of transmissions and voltages within
processes where twice the electron charge is transmittethe same microscopic model used for the calculation
In S-N-S or S-I-S structures the situation is far more of the current in Ref. [12]. This analysis would allow
complex. In this case, it is well established that theone to answer the question on whether a well-defined
main processes contributing to the current for subgag = §/2I transmitted effective charge can be associated
bias voltages are multiple Andreev reflections (MAR)to the processes giving rise to the SGS in the current.
[7]. At a given subgap voltag® the current is mainly We shall explicitly show that this is only possible in
carried by MAR processes of the order of~ 2A/eV,  the low transmission regime where the effective charge
in which a net charge ofe is transferred. One would tends tointeger multiplesof the electron charge: =
then expect an increase of the noise-current ratio roughly + Int[2A/eV].
as 1/V for decreasing bias. This qualitative behavior We shall consider the case of a superconducting
has been recently confirmed experimentally by Dielemamuantum point contact (SQPC), i.e., a shait < &)
et al. [8] for a S-7-S tunnel junction. These authors give mesoscopic constriction between two superconducting
an explanation of the observed shot noise enhancemeatectrodes with a constant applied bias volt&geFor the
due to MAR within the framework of the semiclassical rangeeV ~ A one can neglect the energy dependence of
theory of Ref. [7]. the transmission coefficients and all transport properties

In large tunnel junctions a quantitative comparison becan be expressed as a superposition of independent
tween theory and experiment is prevented by unavoidablehannel contributions [16]. Thus, we will concentrate on
uncertainties in the junction geometrical structure. Oranalyzing a single channel model which can be described
the other hand, there has been in recent years a lard®y the following Hamiltonian [12]:
progress in the fabrication of superconducting point con-
tacts with a reduced number of conducting channels with A(7) = H; + Hy + Z(re"‘ﬁ(”/zczgc,e(r
rather controllable transmission [9,10]. The subgap struc- o
ture (SGS) in thd-V characteristics of these systems has + e M2t iy ()
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where FIL,R are the BCS Hamiltonians for the left and  The current-noise spectral density is defined as

right uncoupled electrodesi(7) = ¢o + 2¢V7/h is the _ L iwr o A os
time-dependent superconducting phase difference, which Slw,7) =k | dr'e™(3l(r + 7)81(7)

enters as a phase factor in the hopping terms describing + 81(1)8I(r + 7'))
electron transfer between both electrodes. To obtain the
transport properties we use a perturbative Green functions =j / dr e K(r,7'), (3)

approach including processes up to infinite order in the . R . ) )

hopping parameter(all MAR processes of arbitrary order WheresI(r) = I(r) — (I(r)) is the time-dependent fluc-
are in this way naturally included). In the normal state tuation in the current. . .

the one-channel contract is characterized by its transmis- [N the case of a voltage biased superconducting con-
sion coefficienta, which as a function of adopts the tact both(i(7)) and S(w,7) contain all the harmonics
form a = 4(¢1/W)?/[1 + (t/W)?], whereW = 1/7pp, of the Josephson frequeney, = _2_ev/ﬁ, ie., (7)) =

with p being the electrodes density of states at the Fermi In €Hinwo7]. These quantities can be expressed
energy [12]. Within this model the current operator isin terms of nonequilibrium Green functions in a super-

given by conducting broken symmetry or Nambu representation
G;;_(t,t’) andG;;'(t,1') wherei, j = L, R defined as
i(r) = 2 Speitmr2.d ) t (e (e
1) = 3 DLt elo(M)cq(r) G2 (rur) = i(@,;(r,)c;(f» <c,,l<rl)cg<7>>>’ @
<ch(T )cil(T» (le(T )Ci1(7)>

_ p—idm/2 1 . .
e cro(7)eLo(T)]. (2) and obey the relatiot, ;" (1, 7') =[G} (v, )]t

Then, the mean current and the keridlr, r’) in the
noise spectral density are given by

(A = 4 THoLinGi (r.7) = MG (.7,

2
K(r.7) = ST DG ()i Grid (7o) + 60Gric (7,701 ()61 (7 7) (5)

— (DG Li (r, (G (7, 7) — i(r)Gri (7, 7)) )Gri (7, 1)] + (r — )},

where &, is the Pauli matrix, Tr denotes the trace in thestructure consists of a series of steps at voltagés =
Nambu space, andis the hopping in this representation 2A/n (n integer) as in the case of the dc current. (iii) For
. tei®()/2 0 higher transmissions there is a steep increase in the noise
1= < 0 —remid(m)/2 - 6) at low voltages. (iv) For perfect transmission the shot
; _noise is greatly reduced. (v) In the large voltage limit
In the expression (5) for the kernel we have factorizedhere is an excess noise with respect to the normal case.
the two body correlation functions following a mean | et ys start by analyzing the low transmission regime.
field BCS decoupling scheme [14]. The problem of|, this case it turns out that the electronic transport is
evaluating the Fourier components pfand S can be el described by a sequential tunneling picture [17]
reduced to the calculation of the Fourier components Ofnd the current can be written as the sum of tunnel-
the Keldysh Green functions. Within our perturbativeing rates for each multiple Andreev process times the
method these Fourier components satisfy an infinite sgfznsmitted charge, i.elp(V) = e 3. nl, (V) with T,, =

of algebraic equations which can be solved numerically /1) [ 4w R,(w). The probability of anmth-order An-
by standard recursive methods (for an efficient algorithmgyeey procesg, is given by [12]

see Ref. [12]). We shall restrict our attention to the zero-

. 2 n[nzl
frequency dc component of the noiSe= S(0, ) at zero R, () = ™ fv |p(w — ieV)P
temperature. O I
Figure 1 illustrates the behavior of as a function
J X plw — neVp(w), )

of V for different values of the normal transmission
For comparison, the dc component of the current is also o € [A,neV — A],

shown. As can be observed, the more noticeable features

in the shot noise are the following: (i) the presence of avherep(w) = |w|/y/w? — A? is the dimensionless BCS
strongly pronounced subgay = 2A) structure, which  density of states ang(w) ~ A/{/A? — w? is the Cooper
persists up to transmissions close to 1 (in the dc currergair creation amplitude. Expression (7) f&;, clearly
this structure is pronounced only for low transmissions)displays the different ingredients in a MAR processes,
(ii) In the low transparency limit the shot noise subgapi.e., it is proportional to the initial and final density of
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FIG. 1. (a) Current-voltage and (b) noise-voltage characteris- 0 —
tics for different transmissions at zero temperature. The values 0.5 1.0 1.5 2.0 25 3.0

of the transmission are the same in both panels. eV/A

ot o ; FIG. 2. (a) Effective charge as a function of voltage for
sta(;es, tt? the pbrobb?blllt¥ of crea_ltlng- | 1 Cooper.palrs different transmissions. (b) Comparison between the exact
and to the probapility of a quasiparticle Crossmaimes et (solid line) and the tunnel approximation given by Eq. (8)

the interfacga”). In this regime the shot noise adopts an(open circles) fora = 0.1. The inset shows the exact result
appealing form in terms a®,,, (solid line) fora = 0.01 and the steplike function (dashed line)

4¢2 » w 2 corresponding to the — 0 limit.
_ 2
S_T dw[r;n R,,—(Zan) ] (8)

n=1

As the transmission increases the sequential tunneling

This expression corresponds to the fluctuations of a rarRiCture breaks down due to the interference between dif-
dom variable (the current) having a multinomial distri- '€r€nt MAR processes contributing to the current at any

bution. This is a generalization of the simple binomialVoltage. The charge quantization found in the tunnel
distribution one finds in &/-N contact, which leads to the €9ime progressively disappears and is eventually washed
well-known (1 — «) behavior [1,2,4]. out when approaching perfect transmission. This is illus-
This analysis shows that in the limit of vanishing rated in Fig. 2(a). o _
transmission only the lowest order process with a For intermediate transmissions the analysis of the shot
nonzero probability contributes to the current at ghoise becomes rather involved not only due to the interfer-

given bias voltage. As a consequence the effectiv€NCe between different processes but also to the increas-

charge shows a steplike behavior described by thé9 contribution of fluctuations of higher harmonics of the
formula g/e = S/2el = 1 + In2A/eV]. The inset current. On the other hand, in the perfect transmission

in Fig. 2(b) shows the effective charge far = 0.01 limit, the analysis is again simplified due to the absence of
together with the steplike function corresponding to thePackscattering, allowing one to solve analytically the re-
a — 0 limit. This figure also shows the comparison be-Cursive equations forth_e Green functl_ons [12]. Within our
tween the tunnel approximation given by Eq. (8) and thdheory one obtains a simple expression for the shot noise

exact result for a transmissian = 0.1. Notice that even 11 this limit, )
for this small transmission value there are deviations g — 8e? d ZR (1-R,)
from the simple steplike behavior which are increasingly h @ = " "

pronounced when the voltage is reduced. These devia-
tions are produced by the contribution of more than one
MAR process at a given voltage.

] k
X |:l + 22 l_[|r(a) + leV)|2:|, 9
k=1 I=1
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where R,, are the multiple Andreev reflection probabili- 1.0 — T T
ties given by R,(w) =[], _olr(w — meV)]?;, o € ]
[neV,(n + 1eV], and r(w) = (0 + iJA? — w?)/A 0.8 .

is the Andreev reflection amplitude at anS interface. ]
This expression can be shown to be equivalent to the result =64
of Averin and Imam in Ref. [15]. The great reduction NZ

of noise that can be observed in Fig. 1 for perfect trans- 3 4
mission is a consequence of having an Andreev reflection <<,
probability equal to 1 inside the gap. wn

2/5)el,

Q
5 —-

It is also interesting to analyze the large voltage 0.2
limit, in which the zero-frequency noise behaves as
liMmy_.S = (4e*/h)a(l — a)V + Sexe, i.€., the shot 0.0 —T T T T
noise of a normal contact with transmissienplus and 0.0 0.2 0.4 . '0'6 0.8 1.0
“excess noise’S.... The excess noise as a function Transmission (c.)

of transmission is shown in Fig. 3Sex. has the same rg 3. Excess noise as a function of transmission at zero
physical origin as the excess currefilx.), Which  temperature.
arises from the contribution of the first order Andreev

process. One Sh.OUId remark that the approac_h to thfﬁ view of the remarkable agreement between theory and
asympiotic value is much s'Iower for the shot noise thar1=:xperiments for the current-voltage characteristics found
for the current. we obtam_that at zero temperaturq, yhoqe systems, one would expect a similar quantitative
Sexe 1S twice the excess noise of A-§ contact [4]. agreement when measuring current-current fluctuations.
with the same transmission. In particular, this relation The authors would like to thank C. Urbina and

yields Sexe = 2/5elex; for the perfect ballistic case in E. Scheer for useful discussions. This Work has been

agreement with Ref. [13]. ;
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