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Parity effect in superconducting islands with increasing lengths
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We explore island length effects in single-electron transistors with superconducting islands and normal-
metal leads. It had been shown experimentally that the current versus gate-induced charge characteristics
change from 2e periodicity toe periodicity above a temperatureT* far belowTc . According to the equilib-
rium model of this parity effect proposed by Tuominenet al., T* depends inversely on the logarithm of the
island volume, soT* should be depressed as the island length is increased. Our high-current-sensitivity data
show that the depression ofT* with increasing island length from 2 to 10mm agrees well with the theoretical
calculation ofT* . @S0163-1829~98!00501-3#
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In a typical single-electron transistor, a small Al island
weakly coupled to a bias circuit through two sma
capacitance tunnel junctions and a capacitive gate as i
trated in Fig. 1. The gate chargeQ05CgVg controls the most
probable number of electrons on the island. When the isl
is superconducting, the behavior of the system depe
strongly on whether the number of electrons on the islan
even or odd, even though it containsN;109 conduction
electrons. This parity effect is due to electron pairing as
scribed in the BCS theory of superconductivity. Recent
periments have studied these parity effects, which occur
low T* 'Tc/5 whether the single-electron tunnelin
transistor has superconducting leads~the SSS
configuration!1–3 or normal-metal leads ~the NSN
configuration!.4–6 These parity effects, also known as eve
odd electron number effects, have also been studied theo
cally in some detail.6–9

In this paper, we present measurements which revea
length dependence of the parity effects. In the NSN sing
electron tunneling transistor, the current versus the g
induced charge exhibits 2e periodicity at very low tempera
tures. According to the equilibrium model proposed
Tuominenet al.,1 this 2e periodicity will cross over intoe
periodicity above a certain temperatureT* . This crossover
temperatureT* depends inversely on the logarithm of th
island volume, and thus its length, if other dimensions
held constant. As a result, we expect thatT* should be de-
pressed as the island length is increased. Our experim
test for the existence of thisT* depression by studying two
NSN samples with island lengths of 2 and 10mm, respec-
tively.

Since one might expect that deviations from the sim
equilibrium model might appear in islands whose length
ceeds a nonequilibrium quasiparticle diffusion leng
(;5 – 10mm), we also studied samples with islands of up
40 mm in length. However the amplitude of the gate mod
lation was so small in these longer samples that we w
unable to study the transition from 2e to e periodicity. Our
analysis indicates that this falloff in modulation amplitu
stems from the classical effect of stray capacitance betw
the longer island and the leads, and is consistent with or
dox theory without any allowance for nonequilibrium e
570163-1829/98/57~1!/120~3!/$15.00
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fects. This work, which involves quite different physics fro
that reported here, has been submitted for publicat
elsewhere.10

Our NSN samples are fabricated using conventio
electron-beam lithography followed by a double-angle th
mal evaporation. The island is formed by depositing Al on
a Si substrate at a 25° angle from the substrate normal a
the length of the island. The island is typically 80 nm wid
and 23 nm thick. The Al is then oxidized in 50 mtorr of O2
for 5 min. The leads are formed by depositing'50 nm of Au
at a 45° angle along the leads towards the island. To en
that the number of electrons on the island is well defined,
tunnel junction resistances must exceed the quantum re
tance RQ5h/e2. In addition, the charging energyEc
5e2/2CS , whereCS5C11C21Cg , must exceedkBT so
that its effects are not washed out by thermal fluctuations
our experiment, measurements are made in a top-loading
lution refrigerator, and the current is measured with a lo
noise Ithaco 1211 current preamplifier. The sample is ca
fully shielded to prevent photon-assisted tunneling
described by Hergenrotheret al.11

Tinkham, Hergenrother, and Lu6 had reported the tem
perature dependence of the current versus gate chargeI -Q0
characteristics for an NSN sample with a 2mm long island.
Its volume was estimated to be 3.2310221 m3. A value for
the energy gapD'245meV was extracted from the curren
versus bias voltageI -V characteristics by using the fact th
with Q05e/2, the current should rise rapidly at 2D/e.5 The

FIG. 1. Configuration of the NSN single-electron transistor. T
shaded regions denote the two small tunnel junctions.
120 © 1998 The American Physical Society
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experimental crossover temperatureT* at which the current
changes from being 2e periodic toe periodic ~as described
below! is about 280 mK. More recently we have done a
other temperature dependence measurement in an
sample with a 10mm island. This sample has an island vo
ume of 1.6310220 m3 and D5260meV. A series ofI -Q0
curves at different temperatures are illustrated in Fig. 2. T
evolution of the periodicity changes of this NSN sample
qualitatively similar to the 2mm sample reported earlier. A
low temperatures, the curves are strongly 2e periodic with
two-electron tunneling~Andreev peaks! occurring at odd-
integer values ofQ0 /e. As the temperature is increased, t
Andreev peaks decrease in size. Eventually single-elec
tunneling dominates so that the current becomese periodic
and the peaks shift to half-integer values ofQ0 /e. The mag-
nitude of the current modulation grows with a further i
crease in the temperature. From observation, theseI -Q0
curves in Fig. 2 are 2e periodic at temperatures up to an
including 260 mK. At 265 mK and above, onlye periodicity
can be distinguished in these curves at the available sig
to-noise ratio. Thus, we define the crossover tempera
from 2e to e periodicity asT* '262 mK, compared to 280
mK in the shorter sample. From Fig. 2, we see that the wa
forms are very sensitive to the temperature. Even a 5 mK
change in temperature results in noticeably different w
shapes, soT* can be determined to a precision of;2%.

To calculate the actual device currentI -Q0 theoretically,
it would be necessary to do a kinetic calculation,12,13numeri-
cally solving a master equation to find the self-consist
steady-state nonequilibrium populations of all relevant sta

FIG. 2. Experimental I -Q0 curves at a bias voltageV
5140mV and temperatures ranging from 50 to 300 mK for
NSN sample with a 10mm long island. The curves are displace
upward successively for clarity. At low temperatures, the curves
strongly 2e periodic. As temperature is gradually increased,
curves evolve until they become completelye periodic above a
crossover temperature of about 262 mK for this sample.
-
N

e

on

al-
re

e-

e

t
s,

and the resulting current. However, in the limit of low bia
voltage, state populations will be near theV50 equilibrium
values for the same gate-induced chargeQ0 . At sufficiently
low bias voltages, we expect that the period~e or 2e! of the
current will be determined by the period with which th
populations vary withQ0 in equilibrium. This ‘‘equilibrium
model’’ greatly simplifies the calculation of the periodicit
crossover, and hence theT* depression.1,6,14This model de-
scribes the system free energy of the single-electron tran
tor, which depends on whether there is an even or odd n
ber of electrons on the island. It was predicted by Averin a
Nazarov7 that atT50 andH50, the ground-state energy15 is
higher by an amountD when the number of electrons on th
island is odd~due to the presence of an unpaired electr
which exists as a quasiparticle excitation! compared to when
the number is even~all electrons paired!. At finite tempera-
tures, it is appropriate to generalize this to an even-oddfree-
energy differenceF0 which includes an entropy contribution
With such a parity-dependent free-energy difference, the s
tem free energy is inherently 2e periodic inQ0 .

To make this more quantitative, at low (eV!Ec) bias
voltage, the system free energy can be written in the follo
ing form:5,14

Fsys~n,Q0!'
~2ne1Q0!2

2CS
1pnF0 , ~1!

with

pn5 H0, if n is even,
1, if n is odd.

Here, n is the number of excess electrons on the island16

The first term in Eq.~1! is the charging energy and the se
ond term is the even-odd free energy difference which gi
rise to the parity effect.

At low temperatures,F0 reduces to a simple form, an
exhibits a nearly linear relationship with temperature:

F0'D2kBT ln Neff~T!, ~2!

whereD is the superconducting gap andNeff(T) is the effec-
tive number of quasiparticle states available for thermal
citation. The corresponding entropy iskBln(Neff). The low-
temperature approximation gives

Neff~T!'VIrn~0!A2pDkBT, ~3!

whereV1 is the volume of the superconducting island, a
rn(0) is the normal density of states~including the spin de-
generacy! in the island per unit energy and per unit volum
For aluminum,rn(0)'1.4531047 m23 J21.

As the temperature is raised,F0 gradually decreases t
zero, at which point the periodicity of theI -Q0 curves
changes from being 2e to e. The crossover temperatureT0*
is defined as the temperature at whichF0 becomes zero in
the nearly linear approximation of Eq.~2!,

T0* 5
D

kBlnNeff~T0* !
. ~4!

Table I shows the results of using Eq.~4! to calculateT0*
for each sample using the appropriate experimental value
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D and the values ofNeff calculated for each sample using E
~3!. TheseT0* values agree remarkably well with the me
sured valuesT* for both samples. This good agreement m
be somewhat fortuitous, however, because the experime
crossover atT* is not sharp, so that the measured value m
depend slightly on the signal-to-noise ratio. AlsoT0* is based
on the extrapolated zero crossing of the linear approxima
to F0 , while F0 actually goes to zero only asymptotically
However, these small distinctions in the definitions ofT*
andT0* should have very similar effects in both samples a
hence cancel out in the ratio. Accordingly, we now exam
the comparison of the ratios.

According to Eq.~4!, we expect the ratio of the crossove
temperatures for the two different island lengths to be

TABLE I. Comparison of theoretical and experimental values ofT* .

Island
length

Experimental
T*

Experimental
D

Estimated
Neff

Calculated
T0* 5D/kB ln(Neff)

2 mm 280 mK 245meV 2.73104 296 mK

10 mm 262 mK 260meV 1.43105 270 mK

T10 mm*

T2 mm*

0.93 0.91
r

e
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y
tal
y

n
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e

T2 mm*

T10 mm*
'

D2 mm ln Neff
10 mm~T0,10mm* !

D10 mm ln Neff
2 mm~T0,2 mm* !

. ~5!

As seen in Table I, when the island length is increas
from 2 to 10mm, the experimentally determined crossov
temperatureT* decreases by;7%, while the theoretically
predicted decrease inT0* is ;9%. Since most of the system
atic uncertainties cancel in taking the ratios, we consider
excellent agreement of the predicted and measuredratios of
T* for the two sample lengths to be very significant, desp
the small magnitude of the logarithmic length effect.

In conclusion, this investigation of the island length effe
in single-electron transistors has further supported the p
dictions of the theory of the parity effect by demonstrating
depression ofT* as island length increases. The good agre
ment of the data with these theoretical calculations sho
that the measured depression of the crossover tempera
T* is consistent with the predicted proportionality ofT* to
the inverse of the logarithm of the island volume.
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