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Abstract

We investigate tunnelling of electrons through a superconducting grain at
nanometre scales. The conductance is computed from a network of many-body
states, taking into account contributions from normal tunnelling and Andreev
reflection. The contribution from Andreev reflection is maximized if the grain
ground state is degenerate with a state having an extra pair of electrons. By
increasing the Coulomb interaction within the grain, the system exhibits a
crossover from the Andreev behaviour to the Kondo behaviour at a point where
the charging energy is equal to the pairing energy.

1. Introduction

In recent years there has been continuous interest in investigations of properties of small
superconducting grains [1-5]. The finite size of the grain leads to splitting of energy levels
and the Coulomb blockade effect. The even—odd parity of occupation number induced by
Coulomb blockade has been observed in experiments [1]. In measurement$-of tueves

of tunnelling through nanometer-sized Al grains, Ralph, Black and Tinkham [2] have shown
that a gap significantly larger than the typical level spacing between single-electron eigenstates
still exists. However, if the grain size is further reduced(hm), no gap in the spectrum can

be detected.

The tunnelling conductance through a superconducting grain in the Coulomb blockade
regime has been investigated by several authors [3]. In these studies the ordinal order
parameter from the mean-field theory is used for the grain. As pointed out b§ dasi{4],
the use of the order parameter in a system with a fixed number of electrons is problematical
because the superconducting order is off-diagonal in particle number. This problem is
caused by the level splitting and the Coulomb blockade as in a grain at nanometer scales
the charging energy plus the level spacing is comparable with the pairing energy [1, 2].
Several theoretical approaches have been developed to address the crossover between the
superconducting and normal state at nanometer scales beyond the concept of the mean-field
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gap [5-7]. Since the zero resistance and the Meissner effect disappear when the size shrinks
to a few nanometers, an appropriate quantity is needed to illustrate the remnant effects of

superconductivity. The parity gafvy;, which is related to the extra ground-state energy of

a system with an unpaired electron and can be determined in the canonical ensemble, was
proposed in [6].

Because the characteristic features of bulk superconductors are no longer retained in a
grain in the presence of Coulomb interaction, it is interesting to investigate the tunnelling
process in a theoretical approach which does not rely on the mean-field order parameter off-
diagonal in electron number. In this paper we calculate the tunnelling conduction in various
values of Coulomb interaction, gate voltage and temperature. We solve the grain Hamiltonian
exactly by using the method of [8]. Then an equivalent multichannel network of many-body
states [9] which represents the Satlinger equations of the system is constructed to describe
the tunnelling processes. The results show that the contribution from Andreev reflection is
maximized if the ground state of the grain is degenerate with the state having an extra pair
of electrons. By increasing the Coulomb interaction the Andreev reflection is suppressed and
the system shows the characteristics of normal quantum dots. Especially, if the Coulomb
energy is larger than the pairing energy, the Kondo effect can be observed. We illustrate the
crossover from the Andreev behaviour to the Kondo behaviour in increasing the Coulomb
energy.

The paper is organized as follows: in the next section we describe the Hamiltonian of the
system and the basic formulas; in the third section the numerical results and their physical
meanings are presented; in the last section a brief summary is given.

2. Hamiltonian and basic formulas

We consider a superconducting grain embedded between two leads:
H = Hgc + Hp + Hc (1)
whereHg is the sub-Hamiltonian of the grain,
Hge = Z (E? + Vg)cj-acjg — A Z cj+cj_cj_cj+ + (en)z/(ZC) (2)
jo ij
H; stands for the one-dimensional leads,
H; = Z toa,LUam/g + Z eoaLgama (3)
(mm’)(#0)o m(#0),0
andHc is the coupling between them,
He = Z (taT_l’JCj,g + tai’acj,g + h.C.) . (4)
jo
Here,cj.a anda;w create an electron of spin in the jth level of grain and on thesth site
of leads, respectively, = ;, c}ac jo. C is the grain capacitance andis the strength of

pairing interaction. We assume equidistant le¥€lg/ith spacing/. The position of the grain

is atm = 0. The states on the grain are coupled with the leads by hoppiftte gate voltage

V, is used to tune the particle number. Asc is a BCS reduced Hamiltonian, onlylevels
within the range of Debye frequency are taken into account. In the leads the site engrgy is
and the nearest-neighbour hoppingpis
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Hgc can be exactly diagonalized [8]. Since the interaction ternigsinonly scatter the
pair from one level to another, the labels of the singly occupied levels and their spins are
good quantum numbers. For an isolated grain the particle numlierlso a good quantum
number. The lowest-lying eigenstate with doubly occupied levels and a set mfsingly
occupied levels with specified spins,, X), is [8]

1 chic]
v 8.2 = [T 2 557 [T <0 (5)
1=1 \jgs <57 T ) (.o)es. D)

with R the normalization factod = 2n, + ny ande; the particular solutions of equations [8]

—+Z =250

1D ey —ej ](7?526 —e

(6)

The e|genenergy of this state &M, S) = Eo(M, S) + MV, + (EM) with &M, S) =

per+ Z S e . For given Fermi leveEp, at zero temperature the particle numbers
determmed by |nequal|t|es

min[€(M +1 9] > min[5(M, ]+ Er
7
mm[é’(M 1L+ Er> mm[é’(M 9. %

Note that states described by equation (5) have a fixed number of electrons on the grain,
while the mean-field superconducting states are expressed in the grand canonical ensemble.
Thus, they are suitable for taking into account the restriction in the electron number on the
grain due to the Coulomb blockade. In calculating the tunnelling conductance, we consider
the following states containing the grain states plus one tunnelling electron or hole [9]:
d(M, S, S, m,0) =al, V(M,S, T)|F)
qD(M + 25 S5 Ea m5 O—) - amU"IJ(M—'- 27 S’ E)|F>
PM+1,5, %) =W(M+1 S, T)|F) (8)
®(M—-1,5,%,-1L0,1,6)=da  al WM-15, 5)F)
OM+1,8.%.-1,0.1,0) =a 1,01, (M + 1,5, %)|F)

where|F) denotes the Fermi sea in the leads. The last two states in equation (8) contain two

electrons or holes in the leads, representing the lowest order of the cotunnelling process. An
eigenfunction can be expressed as a linear combination of them

Y D> pim o S.)PM —i+1.S. 2.m o)+ q(S.T)M+1,5. %)

i(£1),m(£0) S, .0 S, %
+Y (S DHPM —1,5.%,-1.0.1,0)
S,z
+) 1S, DM +1,5, %, ~L o L o). )
S,

If M is even, for giverr one has equations

xi pi(m) +sign(i)to[ p; (m + 1) + p;(m — 1)] = Ep;(m) form#0,1,-1 (20)
Xi pi (£D) +sign(i)topi (£2) + ;.19 + ti 2¢i = Epi(£1) (11)
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Figure 1. Schematic illustration of the Sabdinger equations of many-body states with a tunnelling
electron or hole. The circles represent the coefficients in the linear combination of equation (9);
the lines illustrate the couplings between them in the &tihger equations. The open circles
and the broken lines denote the cotunnelling processM(&) even. The Andreev reflection is
indicated by thick arrows. (hl)/ is odd. Spin degrees of freedom are mixed.

where

g= Y.  tiapim)/(E = x00)

i(£1), m(£1)

ci= ) ti2pim)/(E = x0:)
m(x1)
x1=&M,0) +eo x-1=E&EM+2,0)— ¢
x00=EM+1,5) x0,i =EM —2i +1,5) + 2sigrii)eg
with S the singly occupied level as close as possiblEgpand

ti12) = (Vi1 Hel®(M —i+1,0,0, -1, 0))
Yir=dM+1,8,0)
Yiz=®M —2i+1,S,—0,~10,i,0)

withi = 1fori=1andi = 1 fori = —1. Here, for simplicity we include only the
low-lying configuration forS. The equations can be easily extended to include all the
intermediate states by replacing termg; ands; 2¢; in equation (11) with sums over possible
configurations. Sclidinger equations (10) and (11) correspond to an equivalent two-channel
network as shown in figure 1(a). The upper channel represents the propagation of an electron
above the Fermi level of the leads together witl{even) paired electrons on the grain. The
lower channel stands for a hole below the Fermi level accompaniad by paired electrons

on the grain. If one electron above the Fermi level is injected onto the left lead, it may be
reflected back to the upper channel as an electron, or to the lower channel as a hole, referred
as the Andreev reflection. The injected electron can also be transmitted to the right lead as
an electron, representing the normal tunnelling, or as a hole, equivalent to an electron flowing
from the right lead to the grain. On the other hand, when a hole is injected from the right lead,
it can also be reflected or transmitted as a hole or as an electron. The flow of electrons and
holes results in current in opposite directions. Thus, when a bias is applied to enhance the
potential of the left lead, the left electron channel and the right hole channel are incoming ones
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and the other two are outgoing ones for the current through the network. From tldeliBcfer
equations listed above, we can solve the 2 transmission matrix of the network

2ieki*kin) /sin(k;) Sin(k; ;i1 8o

Siitoo' (M) = . 12
ii';oo ( ) Zéki/vl’l’/ _ 1 ( )
where i and i’ are pseudo-spin indices distinguishing the partigle’ = 1) and hole
(i,i’ = —1), k; the corresponding momentum satisfying the dispersion reldfien y; =
2 sign(i)tp cosk; and
2¢8,12, 580
ti1tir 1 <1 — 7IO(E—XO.1‘)> t,'225i,i’
=k (12 2 _E—xo0 f (lf — X0.i) (13)
Zé =i’ (t—i/,l + t_i/’zm) - tO(E - X0,0) 0 Xo’l
2dk-ir 12
2 —i’2
fira <1 - ro<E—xo,_,-/>> 1,
Vit =~ ik . 2 2 E—x0,0 IO(E —’ X0 '/) (14)
2er-i (t_i,’1+t_i,’2m) —10(E = x0.0) !

In this notatiorsy 1., ands_1 _1.,, are the amplitudes of normal transmission of electron and
hole channels, respectively, and 1.5/, 5-1.1:0 the amplitudes of the Andreev reflection.

If M is odd, there is an unpaired electron on the grain before tunnelling. A tunnelling
electron with spin opposite to this unpaired electron can be transmitted through the grain via
a paired intermediate state. In this case there is a mixing for both the spin and pseudo-spin
degrees of freedom. Thus there are four channels coupled, as shown in figure 1(b). In this case
there is an intermediate state with + 1 electrons on the grain shown by the close circle and
several intermediate states with— 1 andM + 3 electrons on the grain, denoted by the open
circles in figure 1(b). The latter represent the cotunnelling process in which two electrons or
two holes appear in the leads. The expressions for the transmission and reflection coefficients
can be obtained from solving the corresponding 8dhrger equations

2iekitki)  /sin(k;) sink; Yujr

Siire !/ M = - 15
1,00 ( ) Zékl/l)”/ o 1 ( )
where
25112, 181185 o
fi,3tir.3 (1 T T E-x ) ) 12,8, 1185,
Ui = —— P += E’ : (16)
4ék7i, (tzi/’3 + tEl‘/,4E—X)iij/) —1o(E — Xl,O) fo(E — Xl’l)
2812
2 _ —i’4
2lirg (1 ra(E—xl,_,-/)) 2% ,
vii/ = — - _ + E ’ (17)
4k (tgi/,s + tEi’AWﬂ) — 10(E — x1,0) fo(E — x1.i1)
with
ti34) = (Vizw@w|He|®(M —i+1, S, -0, -1, 0))
Yiz=®M+10,0 (18)
Yia=®M —2i+1,0,0, —1,0,i,—0)
and

x1.0=EM +1,0), x1., =EM — 2i +1,0) + 2 signi)eo. (29)
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By applying a bias voltag#,, there are two contributions to the current: the normal
tunnelling and the Andreev reflection. The tunnelling current can be calculated from elements
of the transmission matrix and the LandaueittBker formula

e ieVy .
I = E,/dE Z |Sii’;mr’(E,M)|2 I:Fi <E— T,M—l"'l)

M,i,i’" o0’

i'eVy ieVp

,M—i+l>
2

xF_i/<E+ ,M—i’+1>—F,~<E+

./
X F_p <E—%,M—i’+1ﬂ (20)

whereF; (E, M) is the thermal distribution probability at energyof many-body states with
M electrons on the grain and an electroa-(1) or a hole {= —1) in the lead. We assume the
local equilibrium for the grain and leads. Thus the statistical factor can be written as
FI(E,M)=PM,T)f(E—-EM),T) (21)
Fo(E, M) =P(M,T)[1 - f(E—EM),T)] (22)
where P(M, T) is the thermal probability of grain stat& (M), and f(E, T) is the Fermi

distribution of electrons in the leads.
By taking the limitV, — 0, one can obtain the linear conductance
2
e .
- / dE D ksTlsinoo (M)PPi(M =i +1.T)
M.,i,i' o0

G=-—

of(E—EWM —i+1),T)
OE ’

The contribution from Andreev reflection is from the terms wita i/, for which the statistical

factorF;(E,M —i+1, T)Fy(E, M — i’ +1, T) becomes large at low temperature only when

W (M) and¥ (M +2) are nearly degenerate and have the lowest energy. Thus, the degeneracy

of the grain ground state with a state having an extra pair can be regarded as a condition for

observing the Andreev reflection. From equation (7) it can be seen that this condition can be

satisfied at certain values of gate voltage only whgn= Eo(M) —[Eo(M +1)+E(M —1)]/2,

the parity gap, is greater than the charging engégyOn the other hand, the terms with= i’

give the contribution from normal tunnelling, which reaches a maximum at resonances as in

a normal quantum dot.

xPy(M—i'+1,T) (23)

3. Numerical results of tunnelling conductance

From the above analysis it can be seen that there is a remarkable difference in the Andreev
reflection between even and odfl Before calculation of conductance one should specify
the occupation status of the grain. By sweeping the gate voltag#f can be sequentially
changed. From inequality (7), the length of interval@fin which the particle number &

can be expressed as

% - ZAM if ? > ZAM

§Ve(M) = { (24)
0

otherwise
For even the intervals v, (M) is always finite because of the negativgy due to the pairing.
For oddM, A is positive. Thus, ifAy > % M will be always even and changed by two
2
, M

each time in sweeping,. On the other hand, if the Coulomb energy is larges; < 5~
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Figure 2. Grain particle numbe#/ as a function of the gate voltagg . The single-particle levels
range a&? =jd,forj =12,..., N with N = 90. The BCS pairing strength is = 0.18.
The Coulomb energy i82/(2C) = 0.3d. The upper inset is the corresponding energy of state
W (M) related to the energy ob (M = 68) for M = 66 (solid line),M = 68 (dashed line),

M = 70 (dotted line) and/ = 72 (dot—dashed line). The circles indicate the degenerady of)
andW (M £ 2). The lower inset displays/ as a function ofV, for strong Coulomb interaction

(¢2/(2C) = 1.3d) where odd occupations appear.

can be changed one by one but with different intervals for even and/oddhis situation is
illustrated in figure 2, wher#/ is plotted as a function of, and the corresponding energies

for states with differendM are shown. In the case afy; > % states¥ (M) andW¥ (M + 2)
are lowest lying and degenerate at value¥pihereM jumps by two. Thus, the contribution
to the conductance from the Andreev reflection is expected to reach the maximum at these
values ofV,. For Ay > % M jumps between even and odd and at the jumping points
W (M) is degenerate with (M + 1) rather thanW (M + 2). In this case the contribution
from the Andreev reflection is small in the whole rangé/gf This implies that although the
Coulomb blockade has no effect on the inner spectrum of the superconducting grain except
for a constant shift, it does destroy the outer superconducting appearance, such as the Andreev
reflection.

From the obtained occupatidfiand the corresponding energies we calculate the conduc-
tance for various parameters. In figure 3 we flah the case of weak Coulomb interaction
(Ay > %) as a function oW, for different temperatures. The main peaks appear at the gate
voltages where stateB(M) andW (M + 2) are degenerate, corresponding to the contribution
from the Andreev reflection. The peaks are lowered and widened by increasing the temper-
ature, implying the destruction effect of the thermal fluctuations. Between two main peaks a
lower peak appears, corresponding to the contribution of the cotunnelling process represented
by the broken lines and open circles in figure 1(a). In this case the occupation number on the
grain is even, thus the cotunnelling does not change the spin and pseudo-spin indices, leaving
the paired grain state unchanged after tunnelling. This is different from the cotunnelling of
the normal quantum dots that changes the spin indices and leads to the Kondo effect in the
valley regime. However, the temperature dependence of these lower peaks is similar to that
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14 L -

G (e’h)

Figure 3. The conductance as a function of the gate voltage for different temperatures in the
case of weak Coulomb interacti@ﬁ/(ZC) = 0.1d. The other parameters are the same as those
infigure 2.kg T = 0.05J (solid line), 0.2 (dashed line), 0.15(dotted line) and 0.2(dash—dotted

line).

of the cotunnelling in the normal dots. Since there are only even occupations, the peaks can
be used to count the number of the pairs on the grain, rather than the single electrons.
In figure 4 we plot the conductance versus gate voltage in the case of intermediate

Coulomb interactionj—z ~ Aypy. The contribution from the normal tunnelling is increased.
The main peaks correspond to the contribution from the Andreev reflection, while the lower
peaks are from the resonances in the odd occupations. The latter is much weaker than the
former because of the low thermal probability of the odd occupations. Note that in the shorter
valleys between high and low peaks the conductance is lowered by increasing the temperature
due to the cotunnelling process. In this case the cotunnelling can partly lead to a spin—flip like
the Kondo effect in the normal quantum dot.

The behaviour of tunnelling conductance in the case of strong Coulomb interaction

% > Ay, is displayed in figure 5. In this case the contribution from the normal tunnelling
is dominant. The main peaks correspond to resonances in both odd and even occupations.
There are two small shoulders beside a resonance peak of the odd occupation. They are due
to the cotunnelling in particle and hole channels, respectively, which lead to the Kondo effect
with spin—flip on the grain. The behaviour is similar to that of the normal quantum dots,
except for the different peak spacing between the odd and even occupations, reminiscent of
the remainder of the pairing gap, and the cotunnelling in two (particle and hole) channels.

In figures 6 and 7 we show, and Pg, the fractions of contributions from Andreev
reflection and spin—flip cotunnelling to the conductance, respectively. From figure 6 it can be
seen that the Andreev reflection occurs only in narrow rang&s afeflecting the restriction
on variation of particle number of the grain. The peak height is reduced by increasing the
Coulomb interaction, and approaches zero in the case of strong interaction. In contrast, by
increasing interaction the peak height of the spin—flip cotunnelling is increased from zero, as
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Figure 5. The same as in figure 3 but Wikﬁ/(ZC) =0.8d.

can be seen from figure 7. There are two cotunnelling peaks corresponding to the shoulders
beside a resonance peak of odd occupationin figure 5. They are produced by two intermediate
states in particle and hole channels which have different energies and electron numbers on the
grain. The peaks afg are narrow because only the low order of cotunnelling process in real
space is included in the present calculation.
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Figure 6. The fraction of contribution from Andreev reflection to the conductafgeas a
function of the gate voltage:?/(2C) = 0.1d (solid line), 0.3/ (dashed line) and 0ddotted line).
kpT = 0.054 and the other parameters are the same as those in figure 3.2/1%BC) = 0.84
P4 ~ 0, so the dotted curve could not be seen.
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Figure 7. The fraction of contribution from spin—flip cotunnelling to the conductaige
as a function of the gate voltage. The parameters are the same as those in figure 6. For
ez/(ZC) = 0.1d Pg ~ 0, so the solid curve cannot be seen.
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Figure 8. The peak intensities a?4 andPg as functions of Coulomb interaction. The parameters
are the same as those in figure 6.

Since the Andreev reflection is suppressed by the Coulomb interaction and the Kondo
effect is suppressed by the pairing, one can expect a crossover from the Andreev to the
Kondo regime by increasing the interaction. Such a crossover is clearly displayed in figure 8,
whereP, andPg are shown as functions of the interaction. It can be seen that the crossover
occurs neae?/(2C) ~ Ay. Fore?/(2C) <« Ay the Kondo-type spin—flip transmission
is nearly zero(Ps ~ 0) and the amplitude of Andreev reflectiq®,) is finite, while for
€?/(2C) > Ay Ps is finite andP4 ~ 0.

In this system there are three characteristic energies, level spagiadring energyA i,
and Coulomb interactioe?/(2C). As illustrated above the crossover is mainly determined by
the values ofA,; ande?/(2C). The level spacing only influences the internal spectrum of the
grain. Generally, by reducing the size of the greifi(2C) is increased and y; is decreased.

Thus, the crossover from Andreev to Kondo behaviour could be observed by changing the size
of the grain.

4. Conclusions

We have studied the Andreev reflection and Kondo effect in tunnelling through a
superconducting grain in the presence of Coulomb interaction. The Andreev reflection is
suppressed by the Coulomb interaction on the grain due to the fixing trend of electron number,
while the Kondo effect is suppressed by the pairing due to the reduction of probability of
odd occupations. Thus, in such systems the main energy scales are the pairing energy
Ay and the charging energy/(2C). Whene?/(2C) is increased from zero, the tunnelling
conductance exhibits the crossover from Andreev behaviour to Kondo behaviour near the point
€?/(2C) ~ Ay. This crossover reflects the transition of the system from the superconducting
grain to the normal quantum dot.
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