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Abstract. A unified theory for the current through a mesoscopic region of interacting electrons connected
to two leads which can be either ferromagnet or superconductor is presented, yielding Meir-Wingreen-type
formulas when applied to specific circumstances. In such a formulation, the requirement of gauge invariance
is satisfied automatically. Moreover, one can judge unambiguously what quantities can be measured in the

transport experiment.

PACS. 72.10.Bg General formulation of transport theory — 73.63.-b Electronic transport in nanoscale
materials and structures — 72.25.-b Spin polarized transport — 74.50.4r Tunneling phenomena; point

contacts, weak links, Josephson effects

Mesoscopic electron transport has received an increasing
attention both theoretically and experimentally in last
decade [1]. In mesoscopic or nanoscale systems the wave
nature of electrons becomes apparent and the transport
process is coherent. The Landauer-Biittiker formula [2],
which encodes the current in the local properties of the
interacting mesoscopic region and the equilibrium distri-
bution functions of the noninteracting electron reservoirs,
enhances our understanding of mesoscopic electron trans-
port and has been applied successful in many fields [3].
In 1992 Meir and Wingreen [4] presented a formulation
for electron transporting through a small confined region
(quantum dot, QD) where the electron-electron interac-
tion is important, and recovered the form of Landauer-
Biittiker formula in the noninteracting case.

Recent advances in nanofabrication and material
growth technologies make it possible to realize various
kinds of hybrid mesoscopic structures [5-12], of which the
building blocks are normal metals (N), ferromagnets (F)
and superconductors (S). It is known that transport in
the presence of a ferromagnet and a superconductor will
be strongly related to the spin polarization of the ferro-
magnet and the Andreev reflection at the boundary of
the superconductor [13,14]. The co-existence of two fer-
romagnets or two superconductors is revealed to display
spin-valve effect [15] or Josephson effect [16]. When an in-
teracting normal metal is connected with bulk ferromag-
net(s) and/or superconductor(s), it is expected that the
interplay among the electron-electron interaction, spin im-
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balance, Andreev reflection would induce more interesting
or even more surprising features in mesoscopic electronic
transport. Previous theoretical investigations on the trans-
port properties of specific mesoscopic hybrid structures,
such as N-QD-S [17], S-QD-S [18], F-QD-F [19], F-QD-
S [20] etc., make some intuitive presumptions and hence
lack mathematical rigidity, which will be discussed below
in detail.

In this paper, we provide a scheme to treat the trans-
port problem in an interacting hybrid mesoscopic struc-
ture in a unified way by using the Keldysh formalism [4,
21]. It is shown that gauge invariance can be satisfied au-
tomatically. It is also shown that what physical quantities
can be measured in experiment.

We start with the Hamiltonian

H=H;+Hr+Hc+Hr, (1)

He = Zna (Enff ﬂCW,ngi/)dm +
Hint ({Qb:;mr}, {¢dna}> is the Hamiltonian for the

central interaction region, H, (Hg) for the left (right)
lead can be either the Stoner model [15] characterized by
an exchange magnetization h with polar angle 6 or the
BCS Hamiltonian [16] with order parameter A = |Ale'?:

H’(YF) = YkolEvko + sign(o)h, coslyy — N’v]fikgkaa +
. s
2oko Py Slne’Yff;Lkakag’ or H(v b= 2o (Exko

* o1 T
p [A”/S'ykTs’y—kl + Avsv—klsva}v
Hamiltonian can be written as

where
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H}(F) _ an'a[ k) vakgquerhc} or H}( )

ana[ kna ’ykawd"0+hci| Here’y = ‘C’R’ M’Y/C is
the chemical potential of the corresponding part, and
hereafter the notations ¢ =71,| and ¢ = =+ are used
interchangeably.

To see the tunneling processes more clearly, and even
more importantly, to facilitate the analysis of the gauge
invariance, and the simplification of the general current
formula (9) to the form of specific systems, we first trans-
form the Stoner and BCS Hamiltonian and the tunneling
Hamiltonian by the following Bogoliubov transformations

frko = c08(0 1/ 2) 1 o — sgn(o) sin(0y7/2)

)

yfko

efi“"”/stgw = 08 05k Yy sk + sgn(o) sin 9757)1# o

k'o

where O 51y = arctanf(eyke + 4/ V,w—i—A )/ (Evke —
\V ke T AQ)]l/Q and P (P1) is the pair destruction (cre-

ation) operator guaranteeing the particle conservation,
transforming a state of a given N particles into that with
(N+2)/(N—2) particles, i.c., PT/P|N) = |[N+2)/|N —2),
thus make sense the abnormal off-diagonal Green’s func-
tions consists of two creation or destruction particle oper-
ators. One finds that the lead Hamiltonian is diagonalized
after the above Bogoliubov transformations.

In order to treat the ferromagnet and superconductor

on the same footing, we introduce a 4-dimensional Nambu-
t

spinor space, denoted by ¥, = (wlT Yo wli waT)
and the Green’s function in the Keldysh formal-
21] Gapltits) = HTo(Talt) ® ®h(ts)),
where 7T, is the contour-order operator, including

GI/5(t1ts) = Fid(Eh F to){{altr), Th(t2)}),

GIF (1) = H(W)(ta)/Walh) © Paltr)/Th(r2)).
The tunneling Hamiltonian in such a representation takes
the form

ism

and

HP =5 (Wl Vil ()%, +hee), (2)
kn
S
1 >:Z( Vsk/vgn( ) W4, + hec.), (3)
kn
where V2I(t) = RI(BLHVIIP(uct), Vi) =

R (050 ) V], P (pyct + %) with pyo = py — pc,
vaIs g 0 0
Vi | 0 =l o 0
n 0 o v oo ’
0 0 0 v

The European Physical Journal B

and the unitary rotation and phase operators (matrices)
are given by

cosr 0 sinx 0
FroN 0 cosz 0 —sinx
Ri(z) = —sinz 0 cosx O ’
0 sinx 0 cosx
cosr —Psinx 0 0
X P*sinx cosw 0 0
S —
R*(z) = 0 0 cosr Psinzx |’
0 0 —P*sinx cosx
x/h 0 0 0
0 —iz/h 0 0
0 0 0 ix/h

The chemical potential pi. /¢ is incorporated into the phase
matrix P and the ferromagnetism and superconductivity
are reflected in the corresponding rotation matrices Rf
and R?. The tunneling Hamiltonian now represents the ex-
plicit physical processes in the semiconductor model [16]:
an electron of spin ¢ in the central regime can tunnel into

either the spin o band or o band of the ferromagnetic lead,
or tunnel into a spin ¢ state or condensate into an elec-
tron pair with a hole state of opposite spin being created;
and wvice versa. The total probability of the two tunnel-
ing processes into the same lead is cos? z + sin® x = 1. As
shown below, these rotation and phase matrices are very
useful in our analysis of gauge invariance, and even more
importantly, the simplification of the formulas.

The current from the left lead into the interacting re-
gion is [4]

Iﬁ(t) = —6<N£>

i=1,3

_ R Z (va/ST

'yf/sk dn(t’t)> .

(23

i=1,3
2e
= _Re Z / dtl zﬁf/s nm(t tl)de dn(tlvt)

+E[1f/s nm(t’tl)Ggm,dn(tlvt)) o (4)

(23

where the self-energy matrices after converting the sum

>, into an integral fdskpy]/v (ex)(where p’yf]/v is the
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Iy, = 2mp (Vv

spin-dependent /normal density of states of the ferromag-
net/superconductor) are

i de _. 0
sr/a _ 1 9 —ie(ti—ta)/hp st [ Yof
Yt =5} [ o (%

0
XT3, (e 5 poc) RS (7f> , 5)

i de _. . _ P
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s Py
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de _. 0
</> : —ie — f
EJWAmJﬂ:{/gf “lmmRﬁ<ﬁ§>

™
+f 7 (s L.
XD (€ F Hac) R =7 ) 1By (e F pac) — 51 £ 511, (7)
: de —ie(t1— ¥
B0 (b ) :1/%e (ti—t2)/hpt (,uwch-i-%)
» 11
er;nm(gq::u"}/c) f’Y(Eq::u"Yc)igliil

xP (,u,yctl + %) , (8)

with (subscripts mn is omitted in the matrices)

fle—c) 0 0 0
B 0  fle+e) 0 0
B(eFo) = 0 0 fle—¢) 0 )
0 0 fle+o)
M (eFc)=
e —oc 0 0 0
0 IMM(e+e) 0 0
0 0 I(e-o 0 ’
0 0 0 Ie+o
I3 (e) = 2mo )V IV,

and (z = o, 0%, p)
see equation above

Here f(z) = 1/(1 + ¢*/kpT) is the Fermi distribution
function. The quasi-particle density of states of the BCS
superconductor is p7%(e) = Re{0"*(¢)}.

The current flowing from the right lead Zz can be
obtained in a similar way. In the steady transport problem,

the current is uniform if no charge piles up in the central
region, that is, Z, = —Zx. Symmetrizing equation (4) one
finds

i=1,3 ¢t
I@%:%ReE: /kﬁﬂkﬂzzﬂguu)—z%ﬁguuﬂ

X G gt 1)+ [BFp, (L 4) = Sy (6 0)] Gha(ti, )}

(%3

(9)

where the trace is over the level indices in the cen-
tral region. Equation (9) with the self-energy matrices
(5, 6, 7, 8) is the central result of this work, it expresses
the current through an interacting region in terms of the

local properties of such region (GZ”Z/ <) and the equilib-

rium distribution functions (E;}l//:) of the attached leads,

as in the work of Meir and Wingreen [4]. It can be applied
to many types of hybrid mesoscopic structures even in
the non-equilibrium situation, allowing various kinds of
interactions in the central region. Notice that, the current
is generally time-independent, except the case of two su-
perconducting leads with nonzero bias, and that the full
Green’s functions Gg’f/ < should be evaluated with the
consideration of the tunneling between the interacting re-
gion and the leads. The retarded/advanced Green’s func-

tions GJ% can be calculated in several approaches, such

as the equation of motion formalism [22], interpolative
method [23] and the NCA technique [24]. While the lesser
one Gi 4 can be obtained from the Keldysh’s equation
based on Ng’s ansatz [25]. With the help of the unitary
property of the phase operator P, it is not difficult to
find that equation (9) is gauge invariant, namely, Z(t) re-
mains unchanged under a global energy shift. When the
bias V' = (ug — pr)/e becomes zero, one can readily find
that Z(¢) = 0 except the case of two superconducting leads
with different superconducting phases, due to the coherent
transport of quasi-particle pairs [26].

In the following, we apply this generalized result equa-
tion (9) to the specific structures we are interested in.
When the two leads are both ferromagnetic, after a phase
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and a rotation transformation, equation (9) reduces to

Z / rﬁf (e FeV) —TRI(e)]
X Gd7d(5) [I‘Lf(e FeV)fe(e FeV)
— T (@)t (2)] [Gha(e) — Giu()] )} (10)

where T4/ = RfT(Ef)I‘chf(%f), 0f =0,r —Orys, and

s

o~ . ’ 9

Gy “(e) = /d(t — ) P (et RS ()
T,a 9

<Gl <(t,t’)RfT(—§f Pl (uret).

One sees that equation (10) is formally the same as the
Meir-Wingree formula [4] in the normal lead case. The
current is time-independent as one might expect, and just
depends on the relative angle 6 between two magnetiza-
tion orientations and the bias V, the difference between
the chemical potential of the two leads.

The current through an interaction region with a fer-
romagnetic and a superconducting lead can be derived
similarly

i=1,3
. d
Tins = ;—; Z /iTr{([I‘cf(s FeV)-— I‘Z}S(s)]

x Gy a(e) + [T (e FeV)fs(e FeV)
~ I (©)R()] [Guae) — Guale)]) }o (D)

in which the full Green’s functions are
GO = [ d(t — )=t =/P (gt + PR
d,d = Hret + 9
0 0
r(bcs ra/< npft [ YLf + 1 PRY
xR (—2)Gd7d (t.t)R (2)P( t+—2>

The current through a generic hybrid mesoscopic struc-
ture also depends on just the bias V. The dependence on
the magnetization orientation of the ferromagnetic lead
and the phase of the order parameter of the supercon-
ductor lead is absent after the rotation and phase opera-
tions, which are just presumptions in previous investiga-
tions [17-20].

When the two leads are both superconductors, the sit-
uation becomes complicated. However, we still obtain an
elegant formula in this case following the same procedure
as in the above derivation

Z /—ImTr
—TR(e)]Gg y(e:t) — [TE5(e F eVit)
(e F eV) — TR ()£ ()] G (e t))m}, (12)

Tons(t [rﬁé(g FeV;t)
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where

(e FeV;t) =Pt (th+ )I‘Q/p(s:FeV)

P(th+ %)

Gy “(est) = / d(t =)= MP (et + £F)

x G/ <(t,t')PT (MRct' + %z) :

with s = ¢ — pr. Here we have added the time vari-
able ¢ into the full Green’s function G a/<( t), other

than G/ a/<( ). The reason is that the full Green’s func-

tions G, d d/ should be calculated in the presence of tun-
neling as well as interactions in the central region. In the
present case, the t-dependence can not be avoided in the
self-energy matrices (6, 8), while it can be removed by
a unitary phase operation in the case of only one su-
perconductor lead. The current through an interacting
mesoscopic region with two superconductor leads, is gen-
erally time dependent, as in the case of weak Josephson
links [16]. However, in the limiting case of zero bias, the
current is a time-independent nonzero quantity, as can be
found from equation (12).

I‘g/p

The time-dependence of é;’f;/ < arises from the cou-
plings to the voltage biased two superconducting leads.
One can show that GT a/< depends only on the single
time variable ¢ at least Wlthln perturbative analysis. In
fact the Green’s function G / / < can be expanded in
powers of the fundamental frequency wo = 2eV/h, i.e.,
Gy <(e,t) = X, GLY/ < (e, € + mwo/2)e™=0"/2, which

with the expression for the Green’s function G ’a/ < be-

low equation (12) is exactly the form of the double -energy
transformation [27]. And the current can be generally ex-
pressed as Z(t) = Y I,e"wot.

The ferromagnetic or superconductor lead will be in a
normal state, when the magnetization h or the order pa-
rameter A becomes zero. Such an observation allows us
to study a more broad category of the hybrid structures
using the above formalism. By defining the unitary oper-
ators, we prove rigorously that the relative value between
some quantities, such as chemical potential, magnetization
orientation, and order parameter phase etc. can be mea-
sured. All these quantities can be expressed as the energy-
independent arguments of the exponential functions or the
triangle functions in a unitary matriz, reflecting some kind
of requirement of the symmetrical invariance. As a further
example, we recover all the known formulas obtained in
the absence of interactions [17-20,26]. This proves the va-
lidity and generality of our formalism in other respects.
Taking into consideration the electron-electron interac-
tions, one expect rich physics to show up, especially in
the Kondo regime.

In summary, we have given a unified formula for the
current through an interacting region with either super-
conducting or ferromagnetic leads. The current formula
derived satisfies gauge invariance automatically. Such a
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hybrid mesoscopic systems, allowing arbitrary interactions
within the central nanoscale region.

77 and BL have been supported in part by the Academic Re-
search Fund of the National University of Singapore and DSTA
of Singapore. FC has been supported by Cétedra Presidencial
en Ciencias of Chile and FONDECYT 1020829 of Chile.

References

3.

4.
5.

6.

7.

. For a review, see Mesoscopic Electronic Transport, edited

by L.L. Sohn, L.P. Kouwenhoven, G. Schon, Kluwer, Series
E 345, 1997

R. Landauer, Philos. Mag. 21, 863 (1970); M. Biittiker,
Y. Imry, R. Landauer, S. Pinhas, Phys. Rev. B 31, 6207
(1985)

S. Datta, FElectronic Transport in Mesoscopic Systems
(Cambridge University Press, 1995), pp. 246-273

Y. Meir, N.S. Wingreen, Phys. Rev. Lett. 68, 2512 (1992)
W. Poirier, D. Mailly, M. Sanquer, Phys. Rev. Lett. 79,
2105 (1997)

N. van der Post, E.T. Peters, LK. Yanson, J. M. van
Ruitenbeek, Phys. Rev. Lett. 73, 2611 (1994)

A.F. Morpurgo, B.J. van Wees, T.M. Klapwijk, G. Borghs,
Phys. Rev. Lett. 79, 4010 (1997)

M.T. Tuominen, J.M. Hergenrother, T.S. Tighe, M.
Tinkham, Phys. Rev. Lett. 69, 1997 (1992)

9.
10.
11.
12.
13.
14.
15.
16.

17.

18.

19.
20.
21.
22.

23.
24.
25.
26.

27.

405

T.M. Eiles, J.M. Martinis, M.H. Devoret, Phys. Rev. Lett.
70, 1862 (1993)

S.K. Upadhyay, A. Palanisami, R.N. Loulie,
Buhrman, Phys. Rev. Lett. 81, 3247 (1999)

M.D. Lawrence, N. Giordano, J. Phys. Cond. Matt. 39,
L563 (1996)

S. Gueron, Mandar M. Deshmukh, E.B. Myers, D.C.
Ralph, Phys. Rev. Lett. 83, 4148 (1999)

M.J.M. de Jong, C.W.J. Beenakker, Phys. Rev. Lett. 74,
1657 (1995)

G.A. Prinz, Science 282, 1660 (1998)

J.C. Slonczewski, Phys. Rev. B 39, 6995 (1989)

M. Tinkham, Introduction to Superconductivity (Mcgraw-
Hill, Inc 1996)

R. Fazio, R. Raimondi, Phys. Rev. Lett. 80, 2913 (1999);
Q.-F Sun, J. Wang, Ts.-H Lin, Phys. Rev. B 59, 3831
(1999)

A L. Yeyati, J.C. Cuevas, A.L. Dvalos, A.M. Rodero, Phys.
Rev. B 55, R6137 (1997)

N. Sergueev et al., Phys. Rev. B 65, 165303 (2002)

Y. Zhu et al., Phys. Rev. B 65, 024516 (2001)

A.-P. Jauho et al., Phys. Rev. B 50, 5528 (1994)

Y. Meir, N.S. Wingreen, P.A. Lee, Phys. Rev. Lett. 70,
2601 (1993)

A. Martin-Rodero et al., Sol. Stat. Commun. 44, 911
(1982)

N.E. Bickers, Rev. Mod. Phys. 59, 845 (1987)

T.-K. Ng, Phys. Rev. Lett. 76, 487 (1996)

7.Y. Zeng, B. Li, F. Claro, cond-matt/0301264 (unpub-
lished)

G.B. Arnold, J. Low. Temp. Phys. 59, 143 (1985); J.C.
Cuevas et al., Phys. Rev. B 54, 7366 (1996)

R.A.



