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Temperaiure dependence of even-odd eleciron-number effects in the single-electron transistor
with a superconducting island

M. Tinkham, I, M. Hergenrother, and J. G. Lu
Phpsics Department and Division of Applied Sciences, Harvard University, Cambridge, Massachuserss 02138
(Received 27 December 1994)

A simple quasiequilibrium madel is presented that accounts in some detail for the observed temipera-
ture dependence of the cramsover from 2¢ o ¢ pericdicity (va gate chasge) in the current through a
single-electron tunneling transistor with & mesoscopic superconducting island.

The single-clectron tunneling transistor comnsists of a
amall metallic island weakly coupled to two bins leads by
high-resistance, low-capacitance tunnel jumctions, and
capacitively coupled to a gale electrode by a capacilance
C,. The current T through the device for a given blas
voltage F is a periodic function of the voltage ¥, on the
gate electrode. I the island s of normal metal, the
period corresponds to & change in the gate charge
2o =0C, ¥, by a single electronic charge ¢, whereas if the
island is superconducting, the period can be Ze or e, de-
pending on the temperature and the bias voliage across
the two tunnel junctions. Qualitatively, the period is 2o il
as many elecirons as possible on the superconducting is-
land are paired; the period becomes ¢ when at beast one
excess quasiparticle is present, whether by injection at
high bias voltages or by thermal excitation as the temper-
ature is raised. In this paper we present o simple model
calculation which gives insight into how this erossover in
period takes place as a function of temperature in the
limit af low hias voltage, together with some illustrative
experimental data.

To calculaie the actual device carrent J{F, F, § theoret-
ically, it is necessary to make a kinctic caleulation,?
solving a master equation to find the self-consistent
steady-state nonequilibrium populations of all relevant
states, and the resulting current. However, in the limit of
low bias voliage, state populations will be near to the
F =0 equilibrinm wvalues for the same gate woltage ¥,
Al sufficiently low bias voltages, we expect the current
through the device 1o be proportional o F with a
coefficient’ which is a function of ¥, and T, dependent on
the equilibrium populations, Thus, we expect that the
period (e or 2e) of the corrent will be determined by the
period with which the populations vary with ¥, allowing
us to use the periodicity of the equilibrium populations as
a proxy for the periodicity of the current ai low bias voli-
ages. The enormous simplification which this entails is
the motivation for pursuing this approach, even if it is
limited to finding the period of £{, ], without being able
to find its magnitude and wave form. It seems likely that
an analytic prescription could be developed for calculat-
ing the linear response df /dF|y oy a5 a function of ¥,
based on the knowledge of the egquilibrium populations,
but that remains for future work.

We start by recalling that if the island is in the normal

state, with F=0, the part of the elecirostatic energy
which depends on a, the number of excess electrons on
the island, is given by
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Here Q= =, ¥+l is the charge induced by the
gate plus any intrinsic offset charge @y, from charged im-
purities, ¢ is the charge of the electron including its sign,
Cy ix the total capacitance of the island to the bias leads
and the gate electrode, and £, =¢?/2C; characterizes
the Coulomb charging energy. As is evident from the
plot in Fig. lial, this expression is minimized if ne always
takes on the value nearest o Gy, Thus, as F; is swept, n
changes by unity every time (1, passes through a half-
integral value, This leads to a variation of the popula-
tons, and hence of the corrent J'Hf'p at fxed biax V,
which is & periodic.

If the island is a superconductor, the above resulis are
maxdified by the electron pairing. If the total number &
of eonduction electrons on the island is even, the BCS
ground state is fully paired; if NV is odd, the ground state
must include one quasiparticle above the energy e A.
To describe this distinction, Averin and Mazarov® intro-
duced an explicit additive energy term, which has the
value A in odd-N states, and zero in even-/N slates. As
can be seen from Figs. 1kl and 1ic), this has the effect of
introducing a 2e periodicity in the energy level dingram,
and hence in the populations of the various possible
states. This in turn should be reflected in a 2e periodicity
in the low-voltage current through the device at low 1em-
peratures, but at sufficiently high temperatures we expect
1o recover the ¢ periodicity of the normal state. The ob-
jective of this paper is to clarify the nature of this transi-
tion from e to e periodicity with increasing temperature,

Although 2e-periodic currenis in an S55 transistor
(i.e., one in which leads and island are both supercon-
ducting) had been reported earlier by Geerligs er al.,?
this even-odd eleciron number effect on the tunnel
current was first clearly demonstrated and interpreted by
Tuominen er al.,*’ also using an 555 device. Their work
showed that the 2¢ periodicity changed to an ¢ periodici-
ty upon warming through a temperature T, far below
7., where AT 1= ALD]) == I:'.]" and the material is sl



Nanoclusters

Clusters — small aggregates of atoms or molecules

A, (e.g., Na,, Zn., Al )

e.g., Al : N=56x3 =168

ZNgg - N=66x2=132

Metallic nanoclusters

l

Discrete energy spectrum

Energy spacing depends on the particle size

Pairing is not essential if 5E >> A

Superconducting pairing is essential if oE <A

(each Al atom has 3 valence

electrons)




Shell structure

Discovery (1984)

Clusters

preparation, spectroscopy,

catalytic activity, absorption (surface),
cluster crystals
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Phys. Rev. Lett. 52, 2141 - 2143 (1984)

Electronic Shell Structure and Abundances

of Sodium Clusters

W. D. Knight *
Department of Physics, University of California, Berkeley, California 94720,

and Clarendon Laboratory, Oxford OX1 3PU, United Kingdom

Keith Clemenger, Walt A. de Heer, and Winston A. Saunders
Department of Physics, University of California, Berkeley, California 94720
M. Y. Chou and Marvin L. Cohen

Department of Physics, University of California, Berkeley, California 94720,

*Mass spectra are presented for sodium clusters of N atoms per cluster (N=4-100) produced in a supersonic
*Expansion with argon carrier gas. The spectra show large peaks or steps at N=8, 20, 40, 58, and 92. These can
* be understood in terms of a one-electron shell model in which independent delocalized atomic 3s electrons are
*Bound in a spherically symmetric potential well.
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Shell Structure

Metallic clusters contain delocalized electrons whose states
form shells similar to those in atoms or nucleli

{fePusiod Medafaricd Sete—— Paricd 4 ———wfe—— Paripd 5 ——{

z T mm@m B B
: i 77 7 i
5 37 .
gE " .
83
<p¥ 53-
X i
[ 1
g 0 g L0 lol”2tl)I 30 40 50 [ 70 80 90 100
2 1 0 AR Neutron number N
Bede C OheMgS: S & Ca i Cr Fe Niln3e So 1 Sr 2/ Ws3:P4C#EnTake BaCoNaSim
Periodic table Nuclear stabilities

20

Clusters
40

58
92
8!’ M MMNM
138
,«MJ LA ‘ m
40 80 120

0

Na, Cluster Size



Metallic clusters 5%

.
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Mass spectra of metallic clusters display i ’
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. ‘l! | L4l r "
magic numbers ”‘ m"ﬂ\lu’; |'$"*'||)|‘|[r"']7lh“ihﬁ il UIMMH -

0 40 80 120
Na_ Cluster Size

Magic numbers (N,,=8,20,40,...,168,...,192,...)
correspond to filled electronic shells (similar to inert atoms)

Cluster shapes
Clusters with closed electronic shells are spherical

1
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x There is a strong correlation:

@@ Number of electrons =—> shape —»energy spectrum
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“Magic” clusters

l

spherical shape (Quantum numbers: n,L)
degeneracy . g =2(2L+1) @
eg. N,=168 ; L=7
g=30()
Lowest
unocuﬂed shell
—
/

Highest
Occupied shell



Incomplete shell

e.g., N, = 168l
N =166 (removal of two
electrons)
Jahn-Teller shape deformation

Y —
sphere —— ellipsoid N ——
splitting
Factors:
- splitting LUS

—u(T) HOS ————




high degeneracy

l

peak in density of states
(similar to van Hove)

Increase in T

e.g., L=7(N=168; e.g., Al
degeneracy G = 2(2L +1) = 30

(30 electrons at E;)

favorable for pairing



Pairing is similar to that in nuclei

A.Bohr , B.Mottelson, D.Pines (1958)
S.Beljaev (1959)
A.Migdal (1959)

The pair is formed by two electrons

Metallic clusters
- Coulomb forces
- electrons and ions
- electronic and vibrational energy levels

electron- vibrational interaction

-increase in size = bulk metal



Critical temperature

T=T¢

~

Q2

Ao,)

No,)Z = /I—FTZ »
o)
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Matrix method:
A=2K A

1-K,|-0

K  oc(G,+Gy)

+Q2 W -|-(g ,U) ...........

w,= (2n+1)aT,

C.Owen and D.Scalapino (1971)
V.Kresin, H.Gutfreund, W.Little (1987)



LUS (lowest unoccupied shell)

............................... HOS (highest occupied shell)

~/

Parameters: N, Ag y, 9., On; Ep Ay €2
Examples:
N =168; Ag = 70meV,

g, = 30; g, = 18; Q= 25meV; A, = 0.5; E.=105K
L=7)  (L=4)

T.=150K

Gag, (N = 168) T.=160K (T2 =1.1K)

ZN,40(N=380) T.=105K (Te?=0.9K)



Fluctuations

T~T,
Ginzburg - Landau functional

!

dT.(broadening of the transition)

ol ~5-10%

C



Clusters with pair correlation are promising

building blocks for tunneling networks.

|

Macroscopic superconducting current at high
temperatures
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Depositing clusters on a surface without strong
disturbance of the shell structure



ﬁL Two clusters are embedded In

dielectric matrix

Josephson effect for bulk superconductors

J.=JSin(p, - ,)
E,=E[1-Cos(¢,— p,)]

AA,
(a)j +E+NA Xa)j +E0+ AZ/),)

7=y | | azag

J.=(%/2eR)Ath(A/2T)
Assume Sa: SB T =0K;J,=(7/2eR)A

T~T;J =(x/4eR)N /T,

Clusters — [ac>3e,

discrete energy S =By~ = (Epys = Epos) /2
spectrum



NO-ON

-

ie

o _ 2

m

\

|

|
or

|

Tunneling

|

Splitting 6E

el

m

J

>G(7'D,V'ﬂrmm—>rm



]DD < ze( 0 - é’g

I ar o
6-TYY S efitre
T e E

(3
A_

L
—>r



T <<T. AN,
- Jo=elt]
Sues (g +5ﬁ)5 &g
g, =[(E,—p)y" +A,1"
Assume — A, =A,

J
-cl. e| |2 AZ
.]O (A8)3
AZ
bulk 2
~e|t
Jo a TCE;

E, >>Ag—> ji >> jork,

Lowest

unoccupied shell .cl. bulk 3
S /o =10
/ ....................... - AE

Highest

occupied shell



-bulk 2
Jo " =elt]

AE=103K; E. =105
T.E;
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Tunneling Network

Macroscopic superconducting current at high
temperatures
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Josephson Coupled Quantum Dot Artificial Solids
|.Weitz, Jennifer L. Sample, Ryan Ries, Eileen M. Spain,
and James R. Heath*UCLA Department of Chemistry and
Biochemistry, 405 Hilgard Avenue, Los Angeles, California
90095-2000 ; J.Phys.Chem.B 2000,104,4288

Josephson coupled quantum dot artificial solids were
prepared from 20 = 4 nm diameter organically
functionalized Pb particles. Interparticle separation distances
were varied from approximately 26 to 11 A by varying the
passivating organic ligand. Isolated particles were too small
to exhibit a Meisner effect by themselves, and so it was
possible to employ SQUID magnetometry as a zero-
background probe for Cooper pair delocalization in these
solids. As the interparticle separation distance was
decreased, the guantum dot solids progressed from a Mott
iInsulator to a strongly localized superfluid, and finally to a
superfluid.
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Cluster and Atomization Studies by Laser Spectroscopy [E “VE

Individual (bi-)metallic clusters deposited on flat surfaces

Research is conducted on individual (bi-)metallic clusters, deposited on very flat surfaces. We examine
the influence of the surface on shape, structure and mobility of the deposited clusters and we also probe
the electronic structure of the clusters.

The deposited clusters can be examined by many different techniques. To get information about shape,
structure and mobility, experiments with Scanning Tunneling Microscopy (STM), High Resolution
Electron Spectroscopy (HREM), Auger Spectroscopy and Reflection High Energy Electron Diffraction
(RHEED) among others, are conducted. To get insight in the electronic properties of the clusters, we use
low temperature Scanning Tunneling Spectroscopy (STS).

The current research is focussed on Au clusters deposited

on a Au surface. To produce these gold samples, a 200
nm gold layer is deposited on MICA. On top of the gold
layer we can also deposit a self-assembled monolayer of
hexanethiol to form an insulating layer between the surface
and the deposited clusters. This insulating layer is needed
when couble tunnelling barrier STS is performed.

The image shown in figure 1 is an STM image of Au,

clusters deposited on a Au surface. Interpretation of this
image enables us to get information about cluster heights,
sizes and mobility. We can find on the surface clusters of
which sizes vary between 15 over 100 A. The fact that the
number of large clusters found on the surface is larger then
the number originally produced gives evidence for the fact that diffusion takes place on the surface, so
that several clusters can agglomerate to form larger entities.




Superconducting state of nanoclusters :

Proposed Experiments

Energy spectrum
experimentally measured excitation spectrum

e.g. HOS — LUS internal (AE)) is temperature
(e.g Apemal gE))) p
dependent

IT>1-

- clusters at various temperatures
.................................... HOS 1)T<<TC 1 2)T>TC

e.g., Cdg3 (N=166) : ho,,,~ 34 meV( T>T)); ho,, =~ 6 meV (T<<T)
photoemission spectroscopy

Odd-even effect

the spectrum strongly depends on the number of electrons being odd or even
Magnetic moment




Recent progress

-Spectroscopy

B.von Issendorff and O.Cheshovsky
Annu.Rev.Phys.Chem. 56,540(2005)

-Preparation



Experiments:
Selection ( mass spectroscopy;e.g.,
Gagg)
- Cluster beams at different temperatures
(T>T.and T<T),)
- Spectroscopy ( photoemission)

- Magnetic properties



L.Bloomfield, A.Post (U.of Virginia)
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In the first chamber, the clusters pass through a narrow
copper channel which is connected to a liquid N, bath

The cluster anions travel through the pipe to the
detector, which registers a spike for each mass as a
function of time. This allows us to just focus on the
magic cluster of interest

To measure the energies, a UV laser is sent into the
“interaction region’, just before the cluster detector.
The photons remove the extra electron from the Al
clusters

The photodetached electrons are directed up another
long pipe to a detector. Their kinetic energy is deduced
from their flight time, and from that we get the binding
energy

At T, Cooper pairing will lower the electron energy,
increasing the minimum energy needed to photodetach
them



Simple metallic clusters (Al, Ga, Zn, Cd)

|

T, ~ 150K

Change in the parameters (f), AE, etc)

l

Room temperature

Conditions:

- small HOS-LUS energy spacing

- large degeneracy of H and L shells
- small splitting for slightly unoccupied shells
e.g., N=168, 340; N=166



Conditions:
-Large value of L™ number of electrons
g=2(2L+1) is large
(e.g.,for Alss L=7
&ros =30(!) )

-The spacing HOS-LUS should be small;
e.g.,

Q =50meV

AE=02eV

k,=17x10*sm™ —>  1,=240K
m*=0.5m,

R=55X



Summary

The presence of shell structure and the accompanying high level of
degeneracy in small metallic nanoclusters leads to large increase in the
value of the critical temperature

e.g., Gags : T.= 150K

- It is possible to raise T, up to room temperatures

- Experiments:
Temperature dependence of the spectrum

AEIT<Tc ;é AE|T>Tc

Odd-even effect

- Clusters with superconducting pair correlation are promising building
blocks for tunneling network

Phys.Rev.B74,024514 (2006)



ransition into superconducting state

1

jump In heat capacity

« Selected nanoclusters display
jump Iin heat capacity at high T;
e.d., Al,:~ (N=136) has a jump «—— M.Jarrold
at T.=200K(!). B.Cao
C.Neal
A.Starace
(Indiana U., Bloomington)



LB=(47"/3) (Qj N~

® =0 —ar’ (l—t)
¢ =2aT /Qt=T/T

Value of the jJump is in a good agreement with the data



Summary

The presence of shell structure and the accompanying high level of
degeneracy in small metallic nanoclusters leads to large increase in the
value of the critical temperature

e.g., Gags : T.= 150K

- It is possible to raise T, up to room temperatures

- Experiments:
Temperature dependence of the spectrum

AEIT<Tc ;é AE|T>Tc

Odd-even effect

- Clusters with superconducting pair correlation are promising building
blocks for tunneling network

Phys.Rev.B74,024514 (2006)
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