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Abstract. We consider the current fluctuations in a mesoscopic circuit
consisting of nodes connected by arbitrary connectors, in a setup with multiple
normal or superconducting terminals. In the limit of the weak superconducting
proximity effect, simplified equations for the second-order cross-correlators can
be derived from the general counting-field theory, and the result coincides with
the semi-classical principle of minimal correlations. We discuss the derivation of
this result in a multi-node case.

Contents

1. Introduction
Second correlator

3. Discussion
3.1. Equivalence to Langevin formalism. . . . . . ... ... ... .........
3.2. Application to two-node circuits . . . . . .. ... L.

4. Conclusions
Acknowledgments
References

R XL I W

! Author to whom any correspondence should be addressed.

New Journal of Physics 8 (2006) 50 PIl: S1367-2630(06)17632-6
1367-2630/06/010050+9$30.00 © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft


mailto:Pauli.Virtanen@hut.fi
mailto:Tero.T.Heikkila@hut.fi
http://www.njp.org/

2 Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

i j ) k
flab(lx f]vb& fkabo(
S1i ' s2j T3k 53k

X1, Vi, T bl Xo, Va, To, b, X, Va, Ts, b

Figure 1. A schematic circuit consisting of nodes, terminals and connectors,
specified by the transmission eigenvalues T, voltages V,, and temperatures T, at
the terminals. The Langevin noise generators s;;, characteristic potentials b/, and
distribution functions f; arise when Green’s function is expanded in the counting
fields y,.

1. Introduction

Fluctuations of charge current in mesoscopic structures are in general sensitive to the interactions
and the fermionic nature of electrons. In multi-terminal setups, the geometry of the circuit is
important for the cross-correlations, and in superconducting heterostructures, also the Andreev
reflection, the superconducting proximity effect and transmission properties of NS interfaces
need to be accounted for.

The general theory for the full counting statistics of current fluctuations in multi-terminal
structures was outlined in [1]. The calculation of the second-order correlators using this theory
can be simplified, from complicated 4 x 4 matrix equations to a Kirchhoff-type system for
scalar parameters (see figure 1), using an approach discussed also, for example, in [2, 3].
In the incoherent case [2, 4, 5], the result coincides with the semi-classical principle of
minimal correlations [2, 3]. We show a derivation of this result in arbitrary multi-node
systems.

The theory considers a network of normal (7y) and superconducting (7g) terminals
(T = Ty UTs) and nodes (N), connected by connectors. Each connector (i, j) is described
by its transmission eigenvalues 7% [6], and each node j is characterized by a Keldysh Green
function G j» which is a 4 x 4 matrix in the Keldysh(") ® Nambu(") space. In the quasi-
classical approximation, assuming stationary state and isotropicity, these are only functions of
energy, G(e).

The statistics of the current in the circuit is connected to the generating function S({ xx }xe7)
of charge transfer, which can be found by solving transport equations for the Green functions.
In the stationary case at zero frequency, the noise correlations Sy between the fluctuations
81, = Iy — (I;) of currents flowing into the terminals k, [ € T relate to it through [1, 7]

~ o dt e? 9*S
Su = f - ({81:(®), 86, (0)}) = — — : (1)
) fo OXk0X1 | (=0

The equality applies provided the duration 7, of the measurement is much larger than the
correlation time of the fluctuations.
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The boundary conditions for transport are assumed such that the terminals are in an internal
equilibrium, where the Green function has the form

=

)

v _(]’é [2) :uA3+Uif2, k:kil\—il\A,
“ 0 A)° A —‘I,,'\3RL‘I:'\3, ﬁ:fL+f3fT.

Here, u = |e| /o/e?> — A%, v =sgn(e)v/u> — 1 are the coherence factors and A is the
superconducting pair amplitude. The functions fr(¢) =1 — fo(—¢) — fo(e) and fr(e) =
fo(—¢) — fo(e) are the symmetric and antisymmetric parts of fy(e) = [e“~*V/®D 4+ 117! where
T is the temperature and V the potential of the terminal. We assume V = 0 in all S terminals to
avoid time-dependent effects. For calculation of the statistics of the current, the counting field
theory additionally specifies the rotation

Gi(x) = M52 Greg e 2 f =1 ®1;, 3)
at each terminal k, which connects the ‘counting fields’ x; to the Green functions.

In circuit theory [8], transport is modelled by the conservation of the matrix current at each
node i

v« ‘.. 2 eh
ZI’J:O, Ji =~ n ") . 4)
Th~4+T/({G;, G;} —2)

The sum runs over all nodes and terminals (C = 7 U \): we assume the convention that 7% = 0
fori = jandnodes that are not directly connected. The resulting matrix is related to the observable
charge and energy currents by

o0

1™ L o1 -
1" = @/;wdgTr[TKI]]’ I} = S _OodssTr[nIJ]. (5)

Their dependency on {x;}, in turn, describes the generating function of charge transfer: [1]

dS{xh = —%0 DO P ah diixe). (6)

keT jeC

Determining the Green functions at the nodes from (3) and (4) and finally applying (5) and (6),
one can in principle find the distribution of the fluctuations in the current. However, the problem
becomes considerably simpler if one is interested only in the second moment of this distribution,
1.e., the current noise as given in (1).

2. Second correlator

We proceed calculating the noise by assuming that the superconducting proximity effect is
negligible, so that the anomalous parts (o Ty, T») of the functions vanish in each node [2, 4].
Then, one can expand the Green function at node j to the first order in the counting fields {x;},
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in the Nambu-diagonal form [2, 3, 9]:

6= (0 0o () "

keT

where b’ (e) = 1b’(|8|) ck = cT + rch and h = fr + T3 fr. This satisfies the quasi-classical

normalization G2 =1 up to the second order in {y;}. For the matrix currents, the above
corresponds to the expansion

i (0 1Y : 0 17, -1}
11=(6 (/§)>+Zl)(k<iij ‘*"6 ””‘) T (8)

of (4), where fo, I bk and fc,k have the structure [ = 731(73¢), due to symmetries in the Nambu
space. Here, Teon({x}) contains the off-diagonal Nambu-elements, present if j corresponds to a
superconducting terminal. In what follows, we neglect this coherent part of the current, assuming
there are additional decoherence-inducing sink terms in (4). This is valid if the superconductors
are weakly connected to the rest of the system, the Thouless energy describing the inverse time-
of-flight through the node or the connector is much less than the characteristic energy scales of the
problem, or, if there is a strong pair-breaking effect in the node, e.g., due to magnetic impurities
or a suitably large magnetic field. Conditions for reaching this incoherent limit are discussed in
detail in [2, 4]. The coherent corrections to the current correlators due to the superconducting
proximity effect are described, for example, in [9]-[11].

One can then consider expansion (8) in detail, assuming node i € N is connected to node
or terminal j. This yields four independent equations of conservation:

Y ri=o0.  >'r/=o0. Y r,=0 Y 1/,=0 9)

jec jec jec jec

in which I corresponds to the spectral charge current, /; to the energy current, and the last
two to a ‘noise’ current, with the symmetnc part defined as 1. 7x(¢) = I.x(&) + 1. x(—¢). The
corresponding antisymmetric current /; J L.« 1s not needed, as we concentrate on the noise in the
charge current. The spectral currents have the form

Il =gy(fi— fi). I, = gybl — b)), (10a)
; 0 for j € Tg and |e| < |A],

J
Ir= { gi(fi — f1)  otherwise. (10b)

Thus, no energy current flows to the superconductors for |¢| < |A|. The fourth current is

L7 e = g — o) — (b, — bD)[sij(e) +si5(—8)], (11)

but it can be eliminated, see below.

The factors g;; and s;;(¢) appearing in the expansion can be identified as the conductances
and spectral noise densities characteristic of the connectors, and their exact form depends on
whether the connector lies between two normal nodes (NN) or between a normal node and a
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superconducting terminal (NS). The expressions for the NS case are lengthy, so for simplicity
we use here only the limits ¢ << A and ¢ > A for superconducting Green’s functions, effectively
neglecting the exact form of the superconducting density of states. In this approximation, for an
NS connector at |¢| > |A| or an NN connector,

siN(e) = 180N2 — (fi + f207 = (fL+ D7+ FXN(fL + fo— £ = D7, (12a)
NN 62 /7 NN 62 . ..
_ ij _ i1 _ i
& =— Xn:Tn A= Xn:Tn (1—T7). (12b)
The result for an NS connector at |¢| < |A] is, withi € N, j € T,
() = $N(e) = LaiST1 — (F)2 — () + S (i), (13a)
2 i\ 2
Ns € 2(TY)
NS —nr 13b
gl] n,h Xn: (2 . T’;])2 ( )
RS = (@91 ) RUCHE RS (13c)
17 17 7'[7! (2 . Trij)4 n/’»

as found through an expansion of (4). Naturally, the results above agree with expressions for the
noise generated between two terminals, with F;; being the differential Fano factor [6, 12].
The above equations are supplied with the boundary conditions

bl = 8, i =0, Jfi(e) = fole, Vi, Ty), (14)

where k and [/ are indices of terminals. These can be found by comparing expansion (7) to (3)
(for N terminals), and by examining the expression for / (for S terminals).
We now note that the solution to the conservation equations for /. 7 can be written directly,

= 3"yl =@ sl = >y, VieN, (15)

JeN meC JeEN meC

in terms of the elements y;l of the inverse of the positive definite conductance matrix

Yii = —8ij +8ij D rec 8ik- Substituting this solution back to (11) and making use of (1), (5) and
(6) finally yields the result

- oo 1 oo
Su = Z/ da%]f%l = 5/ de Z gk,-yi]’.lxljm + inm
o -

meC ¥~ o0 i,jeN;meC meC

1 > i i
-2 / ) de(. INUEREDY bkxfm>
ieN;meC ieT;meC
00 ) . . )
= Z/ de(b, — b)) (b] — b)si;(e), (16)
() ¥~
for the correlations between terminals k and /. The last sum runs over all connectors (i, j ) in the
circuit. To assemble this expression, we made use of the boundary conditions (14) and the facts

that - v g = b and y;;' = v
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3. Discussion

3.1. Equivalence to Langevin formalism

It is illustrative to note that the above quantum-mechanical counting-field result agrees with the
well-known principle of minimal correlations, which is often used in semi-classical calculations
[2, 6]. In a typical model, assuming only N-terminals, one has the Langevin equations

Y Ii=0, 1= gy(f;— f)+8l, (17)
jeC
where f; are the electron distribution functions at the nodes, and 8" are the microscopic
fluctuations of the current generated in connector (i, j ) within the energy interval [e, € + de].
Assuming the distribution functions f; do not fluctuate at the terminals, one can perform a
similar calculation as above and find the result

SI =y (b}, — b)sIY, (18)
@)
for the fluctuations 81 in the current flowing to terminal k. The variables b coincide exactly
with the characteristic potentials often used in semi-classical multi-terminal calculations [13].
Assuming 81 are stochastically independent, one finds an analogue to (16):

S = / de! (31, 51))

o0

o
= Z/ de (b, — b)) (b} — b{)%({(SI”, 81}). (19)

Gy © =
The result coincides exactly with the prediction from the counting field theory, for an arbitrary
circuit, showing that s;; correspond to correlators of the microscopic fluctuations that should be
evaluated using the (average) distribution functions at the nodes (see figure 1). The distribution
functions may in general be in non-equilibrium, and should be obtained from a kinetic equation.
Moreover, in the incoherent limit, the Langevin equations can be applied also in the presence of

superconducting terminals [2, 4, 5].

The above discussion also clearly shows that an attempt to evaluate the higher correlators of
noise using the principle of minimal correlations fails, as this corresponds to truncating expansion
(7) after the first two terms. The higher-order semi-classical corrections needed to fix this are
discussed for example in [3].

We implicitly assumed above that there is no inelastic scattering which would drive the
system towards equilibrium. However, following [14], a strong relaxation of the distribution
function in a node may be modelled by assuming that f; has the form of a Fermi function. In the
case of relaxation due to strong electron—electron scattering, the corresponding potential V; and
temperature T; can be determined by taking the two first moments, [ de and [ dee of (9):

kZm?
dos(Vi=V) =0, L= (20a)
jec
> glVi = Vi+L(I7 = TH] =0. (20b)
JEC\Ts
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Figure 2. Two multi-node circuits and the cross-correlations S between the
normal terminals when both are biased to voltage V and are at temperature 7 = 0.
Connectors are assumed to be single-channel conductors with transparency I.

These describe the conservation of charge and energy currents. If some of the nodes are in non-
equilibrium, one can define the effective voltages and temperatures so that the above equations
still apply for the whole circuit. In addition, relaxation due to strong electron—phonon coupling
can be modelled by forcing 7; coincide with the lattice temperature, so that only V; need be
determined.

3.2. Application to two-node circuits

As an example of multi-node structures, consider the two circuits in figure 2, consisting of two
normal and superconducting terminals joined by two nodes. It is straightforward to calculate
the cross-correlation between the normal terminals, and the result in a simple case is shown in
figure 2. When the setup (a) is assumed symmetric on an interchange of the two normal or the
two superconducting terminals, we get from (9)

2r+ R)

b5:b621b5216: r( 21

L T R T R T G+ RGr+ R (212)
2

b =5 = Lpt = Lps = ! , 21b

P27 R37TR* r+RGr+R (210)

where r = 1/g™5, R = 1/g"N. The correlators can now be evaluated using the knowledge that in
general fi =3, ;b fra, and here f; =2f} +1f2 ff=1f]+2f7 The integration over
the energy is convenient to perform by writing (16) in terms of f;, fr in terminals and
collecting the quadratic terms. At 7 = 0, this results in ['de fi f/ — — |Vi+ V| = |V; = V]|
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and [ de fifi — Vi+ V| = [Vi-V;

, so that the N—N correlator reads

YA (Vi + Vo) +da |V + V| +d5 |V — V)

Sir@ = — 22
2.@ = ~2 18R(z+ 1)*(3z + 1) @2)
Here, 7z = g"V/g"S and the full expressions for the coefficients d are
di = 22z + 1)(4z+ 1)(212% + 20z + 5) + F (482" + 1692’ + 1462% + 49z + 6)
—18f22Qz+ )(5z* + 4z + 1), (23a)

dr =222z + 1)(392° + 4427 + 162+ 2) + F (332" + 1282 + 1062” + 32z + 3) — 36 f2° (2z + 1)
(23b)

dy =22z + )4z + 1)(92° + 1227 + 82 +2)
+F (542° +2882° +5372% + 4162° + 16027 + 32z + 3) + 36 f° 2z + 1)?, (23¢)

with f = F™ and F = F™N. The cross-correlation can be positive due to the presence of the
superconductors: while the coefficient d; is always positive, d; and d, can be negative for large
z and f, i.e., when the coupling to the superconductors is weak and the NS contact produces
enough noise [15]. The largest effect is achieved for a voltage configuration where all normal
terminals are biased at the same potential.

The setup (b) in figure 2 can be reduced to a cross [16] or Y-shaped [15, 17] one-node
system, if we are not interested in cross-correlations between the superconductors. Setup (a),
however, cannot. This is simply due to the fact that in (a) the distribution functions at 5 and 6
are linearly independent combinations of f7,; ; and f7. », whereas in (b) the two enter in the
same ratio at both nodes. For example, if the setup is required to be symmetric with respect to
an interchange of the normal terminals, in (b) the terms |Vi|, | V2|, and |V} + V| have the same
prefactor. This does not occur in (a), resulting in a different voltage dependence.

4. Conclusions

In conclusion, we discuss a simple model for the transmission of noise in multi-node incoherent
normal—superconducting structures, applying the microscopic counting field theory. We show
that the formalism coincides exactly with the semi-classical principle of minimal correlations
also in arbitrary multi-node circuits.
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