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Introduction

Interferometer type Josephson junctions are noted as potential elements for
logic and memory circuits [1,2]. Especially, two junction interferometer, i.e.
DC-SQUID, is promising for a memory cell which memorizes the flux quantum, as
well as for a sum or a carry generator in a parallel full adder circuit proposed
by Hasuo and Dazai [3].

When we design a logic or a memory circuit mentioned above, a threshold
characteristic of the DC-SQUID plays the most important role. This paper
presents a design theory of the DC-SQUID.

Design of DC-3QUID
The threshold characteristic, i.e., a control current Iy dependence of a,
eritical current Iz, is illustrated schematicallly in Fig.1. Interference pat-
terns (vortex modes) are included in the envelope of the threshold characteris-
tiecs of the junction itself. 1In order to apply the DC-SQUIDs to digital cir-
cuits, following parameters (ef. Fig.1) should be controlled as expected.
1. Iyp: the difference of the control current between two neighboring
vortex modes.

Iyy : the control current which gives the bottom of the vortex mode.
3. Iye: the control current which gives a node of the envelope of
threshold characteristic.

We have analytically investigated geometrical parameter dependences of
these parameters by taking account of the image current of the control current.
Then, we have fabricated tunnel junction type DC-S5QUIDs with various geometries
and dimentions in order to confirm the validity of the analytical results, which
are listed as follows.

IHD = wﬂﬁéa/#n(dnﬂj""diﬂ) (1)

L = Weg &/ 2y (du st dif) + Wesr Lo/ UE (2)
Ius=wﬂ'f§a/}1udoﬂr (2
where, u&H is given by j
Wegp = W (with ground plane) u)
'weg = We (Wu+Wa)/wB (without ground plane) (5)
Other notations are as follows. $, :the flux quantum, ﬂ,:the permeability,
L teritical current for one junction, /, 2= (dp + g+ A d* roxide thick-

ness of the junction, A A, :London's penetration depths of the base and the

counter electrodes), 4, :=(dm +Ag+ Qer ding : thickness of the insulator of the
inductive bridge), EI :length of the junction, J :distance between two Jjunc-

tions, Wy :width of the control line, yu"ué :widths of the base and the
counter electrodes.

Figure 2 and 3 show example of the fabricated SQUID characteristics. As
shown in these figures, the SQUID in Fig.2 (SQUID-A) has a symmetric structure
and that in Fig.3 (SQUID-B) has an asymmetriec structure. Twp » ITwy and Iy can
be measured from these figures. They are 6.6, 16.0, 53 mA for SQUID-A and 3.6,
12.0, 54 mA for SQUID-B, respectively. These values obtained by egs.(1)=(3) are
6.1, 15.7, 54 mA for SQUID-A and 3.5, 11.5, 54 mA for SQUID-B, respectively. It
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can be seen that eqgs.(1)-(3) correctly describes the threshold characteristics

of DC-SQUIDs. Referring these results, we have developed a numerical calcula-
tion method of the characteristic of DC-SQUID whose Jjunctions are represented by

distributed circuit models. An  example of the calculated characteristic is
shown in Fig.4 for the SQUID-B.

Digital applications

In order to apply DC-SQUIDs to the full adder circuit, following two condi-
tions should be satisfied. 1. The overlap of two neighboring vortex modes
should not exceed two fold. 2. Many interference patterns should be included in
the envelope of the threshold characteristic of the Jjunction itself. Typical
example of the DC-SQUID characteristic for the full adder is shown in Fig.5.

When the DC-SQUID is used as a flux quantum memory cell, the constraint is
that three vortex modes should overlap at no external current. The SQUID satis-
fying this condition has been fabricated , and its memory operation has been
successfully achieved as shown in Fig.6.
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Fig.1 Schematic characteristic
of a DC-SQUID

15

(mA}
(=]

w

10

Criticol  Current I,
o

L i q i Fig.3 An asymmetric
e - S Fig.2 A symmetric SQUID g-3 ]

Control Current L. (mA) characteristics. (V,H)= SQUID characteristics.

i P (5,20)mA/div (middle) (V,H)=(4,20)mA/div (mi=-
iy o et eguspaackeristic (P H)=(k, M ma/div (low- ddle), (V,H)=(2,2)mAs
& er, magnified) div (lower, magnified)

vert: |OmAvdiv (upper) 8mA/div (middle) Smv/div (lower)

horiz: 200ns/div
Fig.6 Memory operation of a DC-SQUID. Upper,
middle and lower traces show a control cur-

rent, a bias current and a junction voltage
waveform , respectively.
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Fig.5 Threshold characteristic
of a DC-SQUID for a full adder



