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Summary

Based on the analytic solutions to the electrostatic problem of both
N—turnstile and 3N-— pump, the stable domains for the Coulomb
blockade at zero temperature are analysed as a function of the number

of tunnel junction ( N), the ratio of the gate capacitance with respect to
the junction capacitance (a= C Y/C,, A= C*/C; where C/"’ and
Cgm') are gate capacitances and C; is junction capacitance), and the

asymmetric factors ( f, g). Our results for N— turnstile show that when
f=1, the domains form the symmetric rhombic-shaped Coulomb
blockade regions depending on the value of N and a . In this case,
electrons can be transferred in both positive and negative bias voltage
with the same gate swing. While for f*1, the domains has the
asymmetric regions. In this case, when an appropriate gate cycle is
applied, electrons can move in one direction only. Thus, the values of f
play an important role in determining the turnstile operation. It is also

shown that the stable domains for 3N— pump are closely related to the

values of N, a, B, f and g.



32 Yix(nano)37]9 &4 AR7 &3 &7 e9 AWz, dAA HEY
P ¥ AF7F B2 FH dAo] HX o} (Grabert 8 Devoret, 1991).
Astlda 4/2C;7F @ AF A kTR 2 228 WS E 4743 C
E Ze Y v g AL A= A HEF S A= S5 (Cou-
lomb blockade)¥ 2 2.2 #ujgtel Hgte] V ( ¢/2C;A =AM A{7 3
A7) Fagore Aol A A Art. e 29 144 Re AAY, 93
Bd 2217 a9 o2 wdE A A dd o @2 F4e] AFHL
(Ingold &} Nazarov, 1991), (Esteve, 1991), (Delsing, 1991), (Fulton 2} Dolan,
1987), (Kuz'min ¢} Likharev, 1987), (Lafrage 5 1991), (Geerligs 5 1990),
(Pothier & 1991), (Jensen & Martinis, 1992), (Ruzin % 1992), (Anman %
1989). dx¥ALR wjdd ZAANME o8 M) HEdLAR FA= ] 93,
z} H'd LA oldl = Hisland) S B dlen, Z} & Alo|E AV §F&
3l Alo]E At AAH ol o] LAAE wAAL 8L HE &7
stolo] A} el d Yol 2T A o] FE AXNAHI EF Al E At 9
A Molsls Aeg, o] dAA Lxo] 7€M Aol oty dAAL
27HA FellA e HdAAet @ Mo Alo]ER FAE = dAA BA (single
electron box) (Lafrage %,1991), ¥ 7§2] €l'd 4=} 3 79 Alo]ER FAR
dAx EWx]2H (single electron transistor) (Fulton £ Dolan,1987),
(Kuz'min $} Likharev, 1987), Al 7§2] B d&xtst ¥ 749 Ao|EE FA3}&
FH 2 FE (single electron pump) (Pothier 5,1991), vl 72 &34 =} s} §
Me] AlEE FAsE G2 W2l (single electron turnstile) (Geerling
% 1990)e) T A 77} FLE o] FoIA L A= AAolrt o] 2AFS IFTHFY
€ geed FAAHLE ¢ fésd g2 dd
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Fig. 1. An N-gated-small-junction system consisting of N tunneling

junctions with capacitances C;, C,, ..., Cy and tunneling resistances
R\,Ry, ...,Ry. The end junctions are biased by a symmetrical
voltage V and N-1 islands between the tunnel junctions are coupled to

gate voltages Uy, Uy, ..., Uy-through capacitor C;", C;2, ..., C;"".
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N2
C

Fig. 2a. The capacitances of tunnel junctions in the left-
and right-hand branches are different. The bias voltages of
the left and right edge are given by V/2 and — V/2 ,

respectively, and the gate voltage Uy, is connected to the

middle electrode of the array via a gate capacitance C g( Mz,

© < e yer D(;f> &C,

—_— C(gN) ::C'FN)

® ®» @

Fig. 2b. The capacitances of tunnel junctions in the left- ,
right-hand and middle branches are different. The bias

voltages of the left and right edge are given by V/2 and
— V/2 , respectively, and the gate voltages (Uy, U,y) are
connected to the left and right electrodes of the array via two
gate capacitances (C.", C/*V).
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C5U/e

Fig. 3. The stability diagram of a SET transistor with
2C, = 10C; = C,. The transistor conducts only outside the
rhombic-shaped regions. Inside these regions, there is a

constant number 2 of electrons on the island.

q':CV/l.

Fig. 4. The stability diagram of a turnstile with different » in
the (U, V) plane.
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Fig. 5a. The stability diagram of a symmetric SET transistor :
(@) a =10, () a = 1,and (¢) @ = 0.1.

Fig. 5b. The stability diagram of a symmetric turnstile :
(@ a =10,() a = 1,and (¢) « = 0.1.
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Fig. 6. The stability diagram of a symmetric N— turnstile at
a=0.5: (@ N=2, (b) N=4, (c) N=6, (d) N=8, and (e) N=10.
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Fig. 7a. The stability diagram of a symmetric SET at «=0.1.

Fig. 7b. The stability diagram of a symmetric turnstile at
2=10.1.
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Fig. 8a. The stability diagram of an asymmetric SET at
a=0.5, in the case of f=0.].

Fig. 8b. The stability diagram of an asymmetric turnstile at
a=0.5, in the case of f=0.1.
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Fig. 9a. The stability diagram of an asymmetric SET at
a=0.5, in the case of f=10.

Fig. 9b. The stability diagram of an asymmetric turnstile at
2=10.5, in the case of f=10.
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Fig. 10. The stability diagram of an asymmetric turnstile at

a=0.5: (a) f=0.1, (b) f/=0.5, (c) /=1, and (d) f=5.
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~— (d)
©
e (b) Q.2
(a)

Fig. 11. The stability diagram of a symmetric pump for 3N=3:
(@) a=0, ) a=1, (c) a=10, and (d) a= oo.
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Fig. 12. The global view of stability diagram of a symmetric
pump at a=().
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Fig. 13. The global view of stability diagram of a symmetric

pump at a=0(.5, where three neighboring domains share
a hexagonal region.
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Fig. 14a. The global view of stability diagram of a symmetric
pump at ¢=(.]1 and £=0.25.

(0.0) ols 1 135 X

Fig. 14b. The global view of stability diagram of a symmetric
pump at =10 and A=25.



Fig. 15a. The stability diagram of a symmetric pump at a/8=2.

Fig. 15b. The stability diagram of a symmetric pump at o/ B=\/é‘
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Fig. 16. The stability diagram of an asymmetric pump at
a=p8=0: (@ f=1, g=1, (b) /=10, g=1 ,(c) f=1, g=0.1,
(d) f=0.1, g=1, and (e) /=1, g=10.
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Fig. 17. The global view of stability diagram of an asymmetric
3N— pump for 3IN=6 at a=f3=0, in the case of f=0.1 and
g=1.



Fig. 18. The global view of stability diagram of an asymmetric
3N—pump for IN=6 at a= =0, in the case of f=1 and
£=0.1.
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-1

Fig. 19. The global view of stability diagram of an asymmetric
pump at @= f=1, in the case of f < g =1.
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Fig. 20. The global view of stability diagram of an asymmetric
pump at o= =1, in the case of g=f >].
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Fig. 21. The global view of stability diagram of an asymmetric
pump at @=pf=1], in the case of g > f ) 1.
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Fig. 22. The global view of stability diagram of an asymmetric
pump at a= f=1, in the case of g > > 1.
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% Mathematica Program List
H2etdo] g =279
-Program List-

AsyrmnetryTumstileN[f_,junctionN_,alpha_,arrayN_] =
Modulel[{},

colorR = Random[Real,{0,1},30];
colorG = Random[Real,{0,1},30];
colorB = Random[Real,{0,1},30);

p =1

junctionN;

alpha;

1Y
I

fllx_p_ca,nl] := ((1 + p + (ca) /2/a )1/ (1 + p)*((2*p)/c + ((1
- p)*a)/(2«(1 + p) + c*a))x + ((1 + p + (c*a)/2)/a)1 / (2 + (c a)/(p +
INU2/1 + phn + (1 + p - (2 p/e)/(1 + p) + (e / 2) - 1)/ +
p)a);

f2[x_p_ca_nl:= (1 + p+(ca)/2/aNl/ 0+ ph2ep)c + (1
- p)*a)/(2¢(1 + p) + c*a))x + ((1 + p + (c*a)/2)/a)(1 / (2 + (c al/(p +
N2/ + pn - (1 + p - (2 p/a)/(1 +p) - (e / 2) - 1)/ +
pl)la);

f3lx_p_ca_nl = -(p /(1 + pH({(1 + p + (ca) / 2) / (p a2 / ¢
((I1-pa)/ 20 +p +calx+((1+p+I(ca)/2)/ (p a1/ (2
(ca/(p+1))))((2p)n/(l+p)-(l+p—2/c)/(l+p)+(l—c

+



/2 a/ (1 + p)
falx_p_cand = ~(p /(1 + pPU( + p + (c a) / 2) / p a2/ c -
(((1 - pla) / (201 + p) + c a)))x + ((1 + p+(ca/2/((paNd/(2+
(ca/(p+ 1))))((2p)n/(1+p)+(1+p—2/c)/(1+p)-(l—c
/2)a/ 1+ p);
labeldata = Table[

Iyl = fllx,p,c,a,0);
Iy2 = f2[x,p,c,a,0+1];
1¥3 = f3[x,p,c,a,0+1];
ly4 = f4[x,p,c,a,0];

Ixp = x /. FindRoot[ly3 == 1y1,{x, -100, 100}];
Ixm = x /. FindRootlly4 == 1y2,{x, -100, 100}];

Iyp = ¢yl /. x -> Ixp;

Iym = ¢cy2 /. x -> Ixm;

List[{lym,Ixm},{lyp,Ixp}],
{n, -arrayN, arrayN - 1 ,1}};
graph = Table[

vyl = fllx,p,c,a,nk;

v2 = f2[x,p,c,a,nl;

y3
v4

f3[x,p,c,a,nl;

I

f4[x,p,c,a,nl;

px1 = x /. FindRootlyl == y3,{x, -100, 100}];
x /. FindRootly3 == y2{x, -100, 100}];
x /. FindRoot[y2 == y4,{x, -100, 100}];

px2

px3
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px4 = x /. FindRootly4 == y1,{x, -100, 100}};
pyl = y1 /. x -> pxI;
py2 = y3 /. x -> px2;
py3 = y2 /. x -> px3;
pyd = y4 /. x -> px4;

ListPlot[{{py1,px1},{py2,px2},

{py3,px3},{py4,px4},

{pyl,px1}},
PlotJoined -> True,
PlotRange -> All,
AspectRatio -> 1/GoldenRatio,
PlotStyle -> {RGBColor{colorR,colorG,colorB1},
DisplayFunction -> Identity],

{n, -arrayN, arrayN,1}};

Showl[graph,
PlotRange -> All,
AspectRatio -> 1/GoldenRatio,

DisplayFunction -> $DisplayFunction,
Frame -> True]

1
- END -

IN-Hxo] iy =23y

- Program List -

AsymmetryPumpBN[f_,g_,junctionN_,alpha_,beta_,arrayNX_,arrayNY_] =
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Module[{},

colorR = Random[Real,{0,1},30];
colorG = Random([Real,{0,1},30];
colorB = Random[Real,{0,1},301;

m = f;
r = g
h=1+1/m+ 1/n3

pO =r /(1 + ((h - 1M1 - r)c a)h )

pl =(h -1+ (c b)/(m )

P2 =r/ (1 + (h + (h - 1M1 - ))c a)/h);
p3 = (1 + (c b)/r);

p4 =

¢ = junctionN;

1

a

b

alpha;
beta:

fllx_m_r_.c_a_b_nl_n2] :=
(a / B)(-(pO)(p)x + (p0)pl)nl
- (1/2)(pO)h - 1/c + (h - 1)c
+ ((a bY/(m r)(c*2 - ¢

f2[x_,m_,r_,c_,a_b_nl_n2] :=
(a / bX(=(pOXpD)x + (p0)(pl)nl
+ (1/2)(pO)h - 1/c + (h - 1)(c

+ ((a b)/(m D)(c2 - e));

(a / bY{p2)(p3)x -(p2)(p3)nl + n2

+

+

-r/ (1 -(tr)+@2-(tr+ -1/ a);

n2
Da + (b/(m r))(c + (¢ m) - m)

n2
Da + (b/(m r))c + (c m) - m)

- (1/2)(p2)(h - 1/(m ¢) + (a/m)((h m ¢)-(m c)-1)
+ (b/tm r))c + (c m) - 1) + ((a b)/(m )2 - ¢)));

(a / b)(p2)(p3)x -(p2)(p3)nl + n2 +



(1/2)(p2)(h - 1/(m ¢) + (a/m)(th m ¢)-(m c)-1)

+ (b/lm r))c + (c m) - 1) + ((a b)/(m ("2 - ¢)));
(a / b)(-(p4)x + (p4)nl + n2

- (1/2)(pd)h - 1/(r ¢) + alc h) - ¢ - 1/r)

+ b(l + m)c - 1)/(m r) + ({a b)/(m ))(c*2 - ¢));

(a / bX(-(p4)x + (p4)nl + n2
+ (1/2)(p4)h - 1/(r ¢) + allc h) - ¢ - 1/r)
+ b1 + m)(c - 1)/(m 1) + ((a b)/(m )2 - ¢)));

graphp = Table[

vyl = fllx,m,r,c,a,b,n1,n2];

y2 = f2[x,m,r,c,a,b,n1,n2};
y3 = f3[x,m,r,c,a,b,n1,n2];
v4 = fd[x,m,r,c,a,b,n1,n2];
v5 = f5[x,m,r,c,a,b,n1,n2];
y6 = f6[x,m,r,c,a,b,n1,n2};

px1 = x /. FindRootlyl == y4,{x,-100,100}];
px2 = x /. FindRootl[y4 == y6,{x,-100,100}];
px3 = x /. FindRoot[y6 == y2,{x,~100,100}];
px4 = x /. FindRootly2 == y3,{x,-100,100}];
px5 = x /. FindRoot[y3 == y5,{x,-100,100}];
px6 = x /. FindRoot[y5 == v1,{x,-100,100}];

pyl =yl /. x -> px1;
py2 = y4 /. x -> px2;
py3 = y6 /. x -> px3;
py4 = y2 /. x -> px4;
pyd = y3 /. x -> px5;
py6 = y5 /. x -> px6;



ListPlot[{{px1,py1},{px2,py?2},
{px3.py¥3},{px4,py4d},
{px5,py5},{px6,py6},
{px1,py1}},

PlotJoined -> True,

PlotRange -> All,

AspectRatio -> 1/GoldenRatio,

PlotStyle -> {RGBColor[colorR,colorG,colorBl},
DisplayFunction -> Identity],

{nl, -arrayNX, arrayNX,1},

{n2, -arrayNY, arrayNY,1}];

Showl[graphp,
PlotRange -> All,
AspectRatio -> 1/GoldenRatio,
DisplayFunction -> $DisplayFunction,
Frame -> True]

- END -
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