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E_;l_érgy cost of tunneling: e2/2C

So need V>Vy, = e/2C for net gain.

TRV

7 gainin

ForV <V, there is a Coulomb Blockade

~of tunneling

ke T < e%/2C avoid thermal smearing

If junction area (0.1 um)2

- hiR,C < e%2C _avoid quantum smearing
(fr. uncertainty principle)

need T 04 KforAVAIO/AF—+

R, > Ry =hve2 = 25 kQ

SOME THEORETICAL PREDICTIONS = 1985 - 86

(Averin, Likharev; Ben-Jacob, Gefen; ...)

%)

Coulomb blockade of tunneling

- Blockade at small V, offset at large V

Titeiv,) ? h—’
B

) Current biased junction shows voliage

|

as 1a u e-

- fluctuations of v =T, Je.” et ’ IM::J / }—- I
- i Q——

~ Shows up as “inverse Shapiro steps* a2 / f
__in presence of microwave radiation. ‘L
—;_Apeesiblesfaﬂdafd-fortheﬂmp ? e é
_(Josephson effect now gives standard for Volit) _L_,/ M. AN _
)SEI' Single Electron Tunn.) Transistors. 1 7 a3 o _&‘V
~ Double junction systems: Tunneling affected ‘k'fl 10 _H_ erct
by amount of charge on central electrode '

Control by gate and get transistor.

_ Possibly high packing density, smaller size

means larger charging effect. 2D and

- Proiblems:-impedanece-matching?
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FIG. 1. Model and level scheme of Sn particles in a
tunnel junction. Vp 18 the energy in eV of the last
filled state at T =0 of the Sn particle, with respect to
the Ferm{ energy of Al. AV =¢/C 18 the voltage change
of the particle caused by addition of one electron. In
equiltbrium —e/2C>Vp #e/2C holds.
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FIG. 2. Dynamical resistance-versus-voitage char-
acteristics for normal and superconducting particles
at T=1.6'K. For particles with r=110 A, H, 18 13
kQOe so that all particles are normal at H=30 kOe.
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F1G. 2. The voitage ¥ and the derivative dV /
dI versus the current [ or versus V. a: Expen-
mental (Sampic M 147-V). The average siope
of the R, (/) curves and their shilt upon the
reversal of measurement direction are of in-
strumental onigin. b: Three experiments with
the same sample at 7= 4.2 K, alternated with
cycles b{ heating the sampie to T 300 K. c:
Theoretical predictions. 1 —Q,/e = 0; 2—0.25;
}—0.3, 4—L.75 (C/C, = 1).
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FIG. 2. A scanning-clectron micrograph of a typical sample.
Junctions labeled a, b, and ¢ are formed where the vertical
clectrodes overlap and contact the longer horizontal central
clecirode. The bar is | um long. The configuration is also
shown in the accompanying drawing.
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Digression:  "Principle” of transistor action in double junction
wmmmm—  (Gate controlled tunneling)

.O. Kulik and R.1. Shekhter, JETP 41, 308 (1975)
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The Coulonib energy on the central electrode is

Ec = (€%2C) (ny - np)2 + & (n; - ng) 0

P ¢

equilibr. density electrostatic
potential induced by gate

Rewrite by "completing the square” |
Discpe 1€ \rﬂ CONTINVOUS

E. = (€2/2C) (0 - ng + Co/e)2 - (Cole)?

1€ T

L
Ve /\/\/\/\/\,

o 1 2 y\71_%

Depending on ¢, Ec can be degenerate or nondegenerate w.r.t # electrons on

island. Current changes periodically in ¢.
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urrent-voltage characteristics taken with a voltage
tunnel system where tunneling occurs into an iso-
f silver particles 75 A on average in diameter (see
h the expected offsct in the curve at zero bias (for
¢s) by an amount e/2c—the “Coulomb gap”— and
steps scparated by a voltage ¢/C—the so-called
aircasc”~—are cvident in this trace. Also observed
1ding current steps of magnitude ¢/RC. The mea-
f the steps is 0.72 nA, and the junction resistance

This is consistent with the measured e/C voltage
7 mV (sec Fig. 3>. The inset shows an idealized
n of the current-voltage characteristic expected
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FIG. 3. Conductance trace (d7/dV vs V) accentuating the
structure shown in Fig. 2. Here we see, beginning at zero bias,
the gap of ¢/2C in voltage, followed by ‘a series of peaks
separated by a voltage of e/C =27 mV. The latter are clear
manifestation of the so-called Coulomb staircase expected for

9 tunneling into particles with ultrasmall capacitance. The Ag
narticles arcent 2 cinole additinaat alamson. PR S ST T
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Effect of High-Frequenc  Flectrodynamic Environment on th- Ringple-Electron

Tunneung in Ultra<nsall Junctiong
P. Dclsing,(” K. K. Likharcv,“‘z_." L.S. Kuzmin,"? and T. Clawonm‘

D pepartment of »hycics, Chalmers Dm‘Ec e

@ pepartment of Physics, Mostov 5.
(Rec ived .:8 Aprh 1989)

.? Vechnology, S-417° 56 Goteborg, Sweden
«-=sity, Moscow 11409 GSP USSR

Single-clectron tunncling in A/AL/G,/Al (unctions with areas below ©.01 pgm? was studied at t.cmper-
atures close to 1 K. The junctions, “laced in different lign-frequency environm ent: but similar in all

ther as<pects, exhibited differert de I-‘V'Lurvé'.. fa L

~corda.. = with the thecry of correlated single-

clectron tunneling. Qur results imply rhat a tunne¥iag electron can cffectively probe its electrodynamic
cavircameat at distances much iarger thau c7, whcrc 1, is the “traversal™ time of its passage t.hrough

the energy barrier.

PACS sumbers: T4.50.+r, 73.40.Gk, 73.40.Rw

TO OTHER [XPERRMNMTS
— et

?\E\t\o CONTACT PAD & @mﬂru %L- '5 G &
W

FIG. 1. Coafiguration of our thin-flm structure. The
schematically s’ own array regios is biows up. A region which
yickds the largest contribution to the cap>c . wce Cp between
the solitary junctiom lcads ir masked gray. -~
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SEMICLASSICAL COULOMB BLOCKADE

Theory:  Mullen et al. PRB 37, 98 (1988)
Averin and Likharev, J. Low. Temp. Phys. 62, 345 (19886)

nel jouclion
Capacitance C ton J
Tunneling (junct.) :

resistance = R, m %

Apply a voltage

\
. ‘ \ 0
w Energy
Charge befoie tunneiing
{(continuous charge buildup) -V CV2/2
(v
Charge after tunneling SN (e-CV)2/2C
(discrete charge transfer) & Y
Change in energy = eV - €2/2C <O unless V > Vy, = €he
A : 4% A
L ﬂs \'4
) , v )V . + _ 3
N J viv
: W
Experiments: ~ Dolan and Fulton
Kuzmin

sequential tunneling
e —
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COMPLICATIONS: DISCHARGE Gunne\m) Hursuah oxides
R tnlkes Yo be m.sla.uwme.ocs)

® Leads modelled as transmission lines of impedance Z (=,IUC_}I if ideal)

® Consider no applied voitage

Charge before . ' )
tunneling

c Eneray -
Charge immediately (6 el
after tunneling ~ A\ LC

® Very fast screening: Excess charge decouples from tunneling electron
and discharges down leads

Charge on junction is

@ —3 q{0,t) = e exp(-t/'tp) |

‘ED=ZC

® Uncertainty relation

Eg / (hp) =Z/2 (Wed)] = Z/2R,, &= Parumeter that wil

determine strength
of blockade

NEED q;\amrrun TREATNENT
OF DISTHARGE

/R
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Fig.l1 Suddenly displaced harmonic oscillators. Panel
A shows a harmonic potential and the effect of being
displaced on classical and quantum particles moving in
this potential. When a classical particle in its ground
state (open drcle) is displaced (closed circle) it still has
a well defined ¢nergy. When a quantum particle in its
ground state (dotted line) is displaced (solid line) its en-
ergy is no longer well defined as it is a superposition of all
of the eigenstates of the oscillator, each with its own en-
ergy (dashed lines). Panels B and C show the probability
distribution over the different harmonic osdllator states
when an oscillator is slightly and strongly displaced re-
spectively.
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Clossical &ime Jepondence of o charse
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Fig.2 Classical time dependence of a charge suddenly
placed on a junction connected to an ideal transmission
line. Panel A shows the decay in time of the charge
remaining on the junction and Panel B shows the classi-
cal charge wave propagating down the transmission line.
The quantity v = 1/v/{cis the speed of light in the trans-
mission line.
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TABLE 8.3. Orthogonality Index a

Na Mg Al
Faperiment® 0.20 G.13 0.12
Theores
Minnhagen* 0.19 0.1} 0.11
Almbladh-von Barth” 020 0.13
Bryani-Mahan* 0.12 0.10

& Curin et al. (1977

* Minnhagen (1977).

¢ Almbladh and von Banh (1976),
¢ Bryant and Mahan (1978).
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Charge Fluctuations in Small-Capacitance Junctions

A. N, Cleland, '. M. Sciu_-lidt, and John Clarke

Department of Physics, University o "lif rnia, Berkeley, California 94720
and Materials and Chemical Sciences Division, Lawrence Berkeley Laboratories, Berkeley, California 94720
(Received 18 December 1989)

The current-voltage charactcristics of submicron normal-metal tunnel junctions at millikelvin temper-
atures are observed to exhibit a sharp Coulomb blockade with high-resistance thin-Alm leads, but to be
heavily sm~ared for low-resistance leads. As the temperature 15 lowered, the zero-bias di Terential resis-
tance te. 1> 1symptotically to a limit that 15 greater for junctions with high-resistance lcags. Both obser-
vations are explained in terms of a model in which quantum fluctuations in the external circuit enhance -
the low-temperature tunneling rate. The predictions are in reasonable agreement with the data.

PACS numbers: 74.50.+r, 05.30.—d, 73.40.Gk
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FIG. 1. I-¥ characteristics (solid lines) for two junctions at > +88 kA, 65101
20 mK with (2) C=4 % | {F and 2 =23 k0 and (b) C=5 + | [ s Wb, 40001
{F and R=28 kn. Dots represe... predictions of theory. Insct o 27 ki1, 30 !:i - :
."“c_h Sigure is dV/dl vs I: note different Curremt scales. Also M-_ ]
inset in (a) is the configuration of junction and leads (not to -5 *_{,_“
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FIG. 2. Ro/R vs I/T for five junctions; the open sy nbols are
for low lead resistance and the solid symbols for high lead
- resistance, Arrows indicate the predicted vau ¢s of Ro/R.
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Fig.9. The differential
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to the array resistance) of array 2.2
as a function of bias current and at
different microwave radiation
powers. (a) Experimental curves
for no radiation power and for
relative dampings of -10 and -9
dB. T= 50 mK. f=0.75 GHz
The ac modulation of the derivative
measurement was about S pA rms,
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curves with relative microwave
amplitudes of a=0, 6, and 6.73,
where a is the normalized voltage
amplitude (a=Ap /(e/C)) of the
microwaves. The parameters used
were the same ones as for the
calculations for Fig.6b.

T-=

V1e'§

M=l x7

Fig.10. The locations of the
differential resistance peaks (and
shoulders) at applied radiation as
function of microwave frequency.
Data are given for arrays 1.5
(N=23) 2.1 (N=15) and 2.2

(N=19). The lines are given
I=nef with n=%1, $2.

Al

by



e —

NS

o WA T VI , M Ty
N \
) 1

Frequency-locked tur. "™, evice for single electrons,

;
C LJ. Geerligs, V.2, \1 eregg, P.AM. Holweg,® ©.B. Mooij
,Department of Applic 1 Physics, Delft University 0" zzhnology,
P.Q. Box J046, 2600 GA Delft, The Nt} erfands N

H. Pothiei, D. Esteve, 7 Urbina, M.H. Devoret \

. Sexvice de Physique du Sulide et de R onance Magnétique,

~~Ceatre d'Erudes Nuckaires de 3rccy, 91191 Gif-Sur-Yvette, France

=R

Figure 1,

Principle of controllcd single electron mansfer throy

gh 8 linear amay of small tunnel

TLECTRON

junctions. Junctions, with capacitance C, are denoted
gate voltage Vg is applied via a tue (non-tunneling) capacitance Cq. 7 Cp=C/2,
tunneling across any junction can only occur if for that jurction 1Q>Qe, = Ith Qu=ef3.
The voltages and charges are indicated in unitsof */C and . |
tmes i, Ci: cycle. Left: First half of the cycte, Vg=2. An clementary charge (- in &

circle) ends up trapped on the central electrode, Right: Second half of the cycle, V=0,

The charge can only leave on the right hand side. No further tunneling can occur in the :
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Current-voliage characteristics witheut ac gate voltage (dotted) and with appli. _ - gae
Sccn at [=ef, The inset shows current versus de gate voltage characteris', ;0 "-- fm$
MHz The curves tend to be confined between levels at I=nef and I={n+ 5" w'hn
integer. The bias voltage was fixed at 0.15 mV. For the bottom curve, w.ich is nea y
flae, the ac gate voitage amplitude is 0, For t'.2 ather curves the calculated ac amplifude

at the sample increases from 0.60e/C for the lowest one to 3.4¢/C for the upper one,
where ¢/C=0.30 mV,
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A charge, ¢, on one junction, that is a member of a lon g array of series
coupled junctions, affects the charge distributions on surrounding junc-
uons. A charge soliton is formed. Its charge equals the supplied charge,
¢, and its extension is given by the junction and stray capacitances. It
typically is of the order of a few junctions for common array paramneters.
The upper part of the figure shows an array of junctions, each of which
has a capacitance of C and with stray capacitance Cg to ground from each
intermediate electrode. The charge distribution on electrode k is shown.
The lower part of the figure shows the potential distribution on the
electrodes around the charged electrode k of a long homogeneous array
with M=3,
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was.applied-- {b) Differential resistance-as-a functiomot————
current for a 25-junction array with microwaves applied at a
,,,,,, frequency £ =.0.9 GHz. The peaks: fall close to their——
expected values, / = nef. Note that there is even a sign of a
. subharmonic peak.at about 70 pA- Superconductivity was -———
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a) Defined as 1072 (s2/20).

b) c{.' is socoepted to squal 600 kOhm (a.r-io'z).

o) Some other (larger) time soale may be mor?d relevant for

the sige 30 small, see seotion 6.5.
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Fig 1.2 Phase diagram showing different limits for a tunned jnction.
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Fig.1.3 a) The general circ it b) The SET limit ; a current biased junction where single electrons

tunnel across the |.uTicr ©) The Josephson limit : a voltage biased junction where single flux quanta
are mensfered acToss the junction.
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- 6. (a) The etfect of magnetic field on the /-V curve of
a Pb alloy junction, A, =~ 85k}, A, ,s T KQE, =

400 peV, E. = 200-300 ueV (depending upon method of
evaluation), T = 60 mK./,, = 1 A corresponds to a magnetic
field of about 0.3 kG at the junction. (b) The dynamic
resistance as a function of oc current for a Pb alloy sample
with R, = 56 kQ1, R ,.¢ = 95 kQ,E, = 60 peV, £ =
200-600 ueV, T = 60 mK at four microwave frequencies.
Two traces of each curve indicate the noise level. The
arrows mark / = +2ef. {c) The half-distance in current
betwaeen peaks in dV/d/ as a function of . Sample 1 is the
junction of (a), sample 2 of {b), sample 3 an Al junction
similar to the one in figure 5(a) but with A, = 3.2 k{l,

AR.... =200k} E, = 200 ueV. £, = 80-180 ueV,
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Fig. 1. - The IV curve for sample 1 (T = 50 mK). A magnification of the current by 10 times is shown.
The upper left inset is a blow-up of the central region showing the blockade voltage Vy, which is due to
the Counlomb blockade of Cooper pair tunnelling. Also shown is the theoretical value of the Zener

current Iz, The lower right inset shows a schematic of the four-point measurement scheme used:
QO electrodes, m resistors.
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Fig. 2. -~ The effect of suppressing £; with a magnetic field is shown for sample 3 (T = 42mK). The I.V
traces are expansions of the central region as in fig. 1. Curve A) is taken in zero magnetic field,

whereas in curves B) to L) the magnetic field is increased from approximately & = 160 G to 600 G. The
origin is displaced for each curve for clarity.

Fig. 3. - The temperature dependence of the blockade voltage is shown for sample 3,
field (curve A) of fig. 2). The temperature values are listed above each curve,
energy, kg T, is listed below each curve.

in zero magnetic
and the corresponding
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Fig.4. 2 The experimental I-V curves of a Pb-alloy Josephson
junction (sampie 10) in different magnetic fields. From curves 4 to
E the magnetic field values are H =0G, 480 G, 720 G, 1.1 kG and

1.6 kG respectively. b The experimental, H =0, I-V curve of the

same junction, where the quasiparticle current has been subtracted
off {solid line), and the fitted theoretical /- V curve (dashed line}
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Fig.28 Three differem 1ypes of SET mransistors and their SQUID analogies.
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