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Cooper pair tunneling rate and |-V of single junction at R1 0
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Experiment with a single junction

L.S. Kuzmin et al., PRL 67, 1161 (1991).
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2-junction system...



Sequential tunneling of pairs in the superconducting (Bloch) transistor
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At C,V, =0 (mod 2e) - blocked, G exp(-4E./kgT)
At C,V, = e (mod 2e) - open

Theory: Wilhelm, Schén and Zimanyi (2001)
Exp.: Kycia et al. (2002), Lu et al. (2002)

Generally, operation is similar to SE
but



Two comments:

Bloch transistor (2e)

(1)
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(2) Effect of the environment is weaker!
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R/2 C, C, R/2 where k? =(C,/C,,)* = 1/4

Coer = C1C/(C1+Cy)



In normal SET the regime of simultaneous tunneling of two
electrons across the junctions is also possible!
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Single electron cotunneling

(Averin and Odintsov 1989; Averin and Nazarov 1990; for R 0 Odintsov et al. 1992)
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The electron cotunneling in normal metallic SET devices is usually the
Inelastic process, because it creates the “e-h” excitations in the island.
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Is a Cooper pair cotunneling possible and what shall we
understand under the term “cotunneling of pairs”?

& f

, f +f
2) / f \
R=0 —i::::::j—W Phase diffusion, <I,(f)>10, V- small.
(exp) Z ~ 100W
3
3) e Phase fluctuations are large,
R~R, /"—\ so the language of tunneling
m m of discrete charges is now
R adequate, | = 2eG

our case



Theory R;,C1 Ry C,
Assumptions: % W
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When E; » E;, and C, «C,,the variables| andf are

decoupled!

1. Quantum mechanics with the island variable |
[theory Likharev and Zorin, 1985].

Huans = Eoll (F),Qp, 1 (F)= ES*™(F)/E, ? 2| , 2 2(E,, + E,,)/E,
Qo = C,V, is the gate charge

2. Perturbation theory for the outer variable f .

P
G= —-E;P(E
o, Fo P(E)



Ground state energy E,(f ,Q,)

f
VN

Bloch transistor (Q, fixed): %
Q

Energy E [l (f),Ql/E,

=
o

0.8

0.6

0.4

o
N

O
o

0

/\/\Qoze

__//_\_/\
_ 0.9e

L e T
0.8e

Phase f/p

u(f)

For comparison:

Josephson coupling

energy

N

X

Single junction

1.04
0.5
0.0
-0.5

-1.0

U=-E,cosf

Phase f/p

Yields I (b sinf



Supercurrent 1/1_,

Supercurrent in the Bloch transistor versus total phase difference
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Compare with the dependence |, = I, sinf in a single tunnel junction.



Fourier series:

2 2 H ;
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Operators exp(zxikf) describe tunneling of charge 2ek across the
Bloch transistor in either direction

The net cotunneling current:

| .. = 2e’_; k[G, (2keV)- G (- 2keV)]

k=1




For the case of ohmic resistor
(similar to the result for single junction, Ingold et al. 1994):
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The gate dependence is explicitly given by:
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experiment



Layout of the plain Bloch transistor samples

. L= SE1 EHT= 20.0 KV HD= 15  mm MAG= X 17.0 K PHOTO= O
MethOd: 3'ang|e evaporatlon I_JF_.__._I_rnIII:r:HTll‘rII : —1mL
(Cr, Al <+ oxidation>, Al)

e

Gate Junctions

Cr resistors

Typical parameters

Junctions: Al/AIO/Al; C4» 500 aF, E, =e2/2C4» 150 peV; D, » 200 peV;
Ej 50 = E;=(F¢/2p)I.0» 30 peV; I.0» 16 nA;
E,/E » 0.2

Resistors: R =2- 20 kW; w=100nm, h=7 nm, | =0.3- 3 um; material - Cr;
R. =0.55-0.7 kW



Samples of SQUID configuration

MAG= ¥ 19.0 K PHOTO= O 1 Hm

H-island

1t

Junctions
Cr resistive inserts

T

1]

The E,/E. ratio can be varied
by applying a perpendicular
magnetic field

(Possible) disadvantage: Cr-film shadow always falls on the Al island

making it “not clean”.
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Range of the gate charge variation

Although all samples had E_ ~ 150 peV < D,, = 200 peV, the I-V curves
exhibited only 1e-periodic dependence on the gate charge = C V:

guasiparticle poisoning

Possible reason: E, was not MUCH less than D, and possible
contamination of the island.

| rans ¢ ’3
-e/2?2 Q,? e/2 and o~ (oot _ % mf; 9/2)2 =19,
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Sequential tunneling is exponentially suppressed: at Q,=*e/2, I, 1 exp(-2E./kgT).
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Gate dependence of cotunneling current

E,JE.~0.2; R=3.3kW

8
‘a,' e/Cg ‘a,' ' ooo - our experiment
61 y -
ﬁ\lﬁ }?\ | - our theory,
accessible range
P
4%5{!5 %@@ﬁt{ﬂﬁ — — - our theory,
Inaccessible range
230 0 10 20

Gate voltage Vv, (MmV)



Current | (pA)

N
o

=
o

o

_
o

SL 265 11: Tr-r 13-14

Cr

R. =3 kw

)

e

7

P il

pd

oll

i
i
| |

i
|

i
|

Vg corr. to max
V,corr.tomin |

-200 -100

0

100

Voltage V (HV)

200

10
< 5
£
c 0
O
=
@)

-5

T T T T T
SL 265 11; Tr-r 13-10 )
R. =9kw Wat
C "l N
~ §
Vg corr. to max .- .
— Vg corr. to min

200 -100 O 100 200
Voltage V (pV)

Suppression of current at large R...



Suppression of CP current at larger values of R

15 —
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For ohmic environmental impedance:
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g=0.577... Euler's constant, T = 0.
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Comparison with experimental data
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Possible application of the effect of suppression
of Cooper pair cotunneling

In SET pump the speed of operation is determined by errors

because of: e
1. missing of tunneling events
2. enhanced electron temperature in the islands - —

3. co-tunneling
4. ... | = ef ~ few pA

IS too small for using as the current standar

N
.
r's

The idea is:
To realize a high-speed regime of single charge tunneling using
Cooper pairs instead of electrons. 2e

R should efficiently suppress the cotunneling! R | %




Finite dissipation in the leads (R > R)

R/2

R/2 makes the rates G, and G, very

S §_| unequal (G, >>G,).
ot b l

cotunneling Incoherent tunneling

0.61 R = 30 kw
- One can operate
Y 0.4 such CP pump even
g atE,/E_~ 1, i.e. when
O 021 across 2 junctions .
_ Landau-Zener tunneling
004t T T is negligibly small.
0 2 4 6 8 10




Conclusion

1. Theory of CP cotunneling is developed

2. Experimentally, the regime of CP cotunneling was
realized in the range of gate charges from -e/2 to e/2
for the wide range of on-chip resistors.

3. Possible application of suppression of CP current

at large R is outlined
Preprint: cond-mat/0305113

Problems:

(a) Extention of the gate charge range up to from -e to e.

(b) Stable 2e-periodicity in the transistors at small bias
voltage.



