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:‘h~ ~esponse of Josephson junctions to microwave and far

¶.~~f :- i re i rad L~t t i o r ~ is studied . Junctions are formed by pressing a

~:b u t  %L-  :1 poir~ted wire onto a Nb thin f i lm which in turn is

pressed .~~ - .t i r ~st the open end of a waveguide. Electromagnetic radiation

is appl ied through the back of the film so that only the wave magnetic

:ield is coup led to the • unot ion.  The chan ge of the d .c .  Josephson

curren t is no ~~ tored at different levels of microwave power over

a frequency rar.ge from 22GHz to 105GHz. The dependence of the

responsivi ty of these currents on film thickness over a range from

to is studied . The observed responsivity agrees very well

with that predicted by theory . Higher responsivity is observed for

h~c o e r f i lms and lower microwave frequencies. p -The observed respon-

~G v i t y  of a t0~ f i lm junction at 22GHz is (6±3) x l 0 2 Volt/Watt.

To f~Lc~.1i~ ate comparison of our results with other experiments ,

another coupling configuration in which the wave electric field

rather than the wave magnetic field is coupled to the junction is

studied. The results are comparable with other experiments.

However , the responsivity in the R field coupling is found to be
6 -

~10 times more than that in the B field coupling configuration .

we me thods to improve the responsivity in the B field coupling

~if igur at ior .  are suggested .
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CH APTER I

INTRODUCTION

In 1962 Josephson1 predicted two remarkable phenomena

occurring between two superconductors separated by a thin insulating

harrier. The first one is that if the barrier is thin enough a

f in i t e  current can flow across the barrier without causing a

~~~~~~~~~~~~~ to develop across the barrier. This current, called the

d. o. Josephson curren t , depends on the phase difference between the

wo macroscopic quantum mechanical wavefunctions representing the

sta ’es of the two superconductors and is a periodic function of the

magnetic flux threading the barrier. The second phenomenon is that

if a voltage difference is maintained across the barrier, an

oscilJating current with a frequency proportional to the voltage

di f fe rence will appear across the barrier . These two phenomena are

known as the d .c . and a.c. Josephson effects and any element of a

device that exhibits these effects is called a Josephson junction.

One of the most promising applications of the Josephson

effects is in the detection of microwave and far infrared radiation.

A number of experiments25 have demonstrated that Josephson

~unctions are highly sensitive and very fast detectors in the

microwave and ¶~ar infrared region. Most of these experiments are

p( ’rl c rT~ed with the junction positioned inside a waveguide or light

~~çe or a : ‘ ; ! R e t . c ;Lv ~ ty i n  such a way that the radiation

1

_____________ 
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eh t r i c ’  t ’iu ld  is tightly coupled to the junction. This oscillating

c h I t  n c  t~~elI1  induces a vol tat;e across the junction which in turn

modula s Fe d .c. Josephson current and mixes with the a.c.

Jo~ ephso:: u : : -cn ~ by causing a phase change across the junction.

t}th; i n  c~~1ct ion results in a modification of the junction voltage—

cu :-rer. t characteristic , the change of which indicates the presence

or cx rea l r a d i at i o n . However , in order to calculate the

•~u :ir~ ion  response in this me thod of coupling one has to guess just

what .  t i e  telds are at the junct ion from a knowledge of the unper-

u rtH H heh ir because the fields at the junction are not precisely

In  this di sser ttion we are performing an experiment to

study  the response of a point contac t Josephson junction to

mi c row ave and t a r  infrared radiation in a configuration where the

el t ’c tromagn et ic  f i elds at the junction are precisely known. Thus

theo ry and experimen t can be quantitatively compared. In this

method of coupling a point contact is made to a thin film of a

superconductor which in turn is placed across the open end of a

waveguide or light pipe. Radiation is coming from the back side

of the film. According to the London theory of superconductivity,

Fe ele-tni c reid magnet ic  fields of the radiation penetrate into

a :;up erconduc t o r  to ;i thickness of the order of a penetration depth.

If t h e  t U r n  i s  made thin enough a substantial part of the

r ;n d i a t , i o r i  m a g n e t i c  F ield wil l  be coupled to the junction . This

h i gh  t requc:e .y m a g n e t i c  f i e l d  causes induced currents in  the

i in w h i  oh i n  u rn  in terac t wi th the Josephson current s  resulting

.~~r ____ .._ . ~~~. ~~~~~~
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in a modification of the junction voltage—current characteristic

in much the same way as in the electric field coupling case .

However, in this case the phase change across the junction is

caused by the magnetic flux threading the junction.

In order to compare our results in this coupling scheme
2, 4,5to the results of the other experiments we have also

performed another experiment with the junction positioned across

a waveguide so that the radiation electric field is coupled to

the junction . The junction response in both coupling configurations

are studied over a frequency range from 22GHz to 105GHz. The

results and discussion are presented in Chapter IV of this

dissertation .

In the first half of Chapter II the basic theory of the

Josephson effects is discussed. In the second half of Chapter II,

the basic equations for both coupling schemes are derived. Chap-

ter III concerns with a description of the experimental techniques,

sample preparation and the apparatus. In Chapter V , the final

chapter, conclusion and suggestions for future experiments will

be given .

_ _



CHAPTER II

TF~ JOSEPHSON EFFECTS P .ND FAR INFRARED DEfl’ECTION

In this chapter a macroscopic derivation of the Josephson

equations based on phenomenological theories is given . Preceeding

this is a short summary of the phenomenological theory of super-

conductivi ty,  containing some topics from the London6 and Ginzburg-

7 . 6 II , 12Landau theory , namely the Neissner effect , flux quantization

and the derivation of the basic equations of Josephson tunneling7’ l4~

This summary serves to facilitate the discussion of the d. c. and

13, 14a .c. Josephson effects

The properties of a single superconducting point contact

will be discussed in section E. Special attention will be paid

to the resistive-superconductive region and the current-voltage

characteristic. The poin t contact will be treated using a two-

fluid model in which the total current is the sum of an ideal

Josephson supercurrent and a normal current . The influence of

a shun t capacitance and a series inductance will be taken into

r .ic coun t.

In section F, the far infrared detection properties of a

superconducting point contact will be studied in two different

coupling configurat ions.  In one only the radiation magnetic field

in c oupled and in the other an electric field is impressed across

he cen t t I .  

-- - --_- --~~~~~~~~~~~~~~ ----- .~



Finally,  sect ion G deals with the penetration depth of a

supe rconducting thin film in relation with its electronic mean

f ree pa th . This has application to the magnetic field coupling

scheme discussed in section E.

A. The Ileissner Effect and Flux ~uantization

According to London 6 , the essential feature of superfluidity

F 
(superconductivity) is a condensation of a macroscopic number of

particles in the same single quasi-particle quantum state. Such

a co ndensation can be usually described by an internal order

parameter. The order parameter 
~~ 

is , according to the pheno-

menological theory of Ginzburg and Landau7, a complex quantity

whose properties are similar to those of the wavefunctiom of the

mac roscopically occupied single quasi-particle quan tum state.

This complex order parameter i4 can be represented by its

amplitude ~Pc (r, t) and its phase ~)(~ ,t)in the following way s

= 

~
Po C ~~~, t)eiV (~ , t) (i)

In the Ginsburg-Landau theory 6 , the square of the amplitude 2

is interpreted as the charge density Ps (T) of the superconducting

electrons at a given temperature T, which is identical to the

in ternal  order parameter of the two fluid model of Gorter and

Casirnir.8 Hence ,

I ~~~~ 
2 

=

~~~~~~ 
(T) (2)

_ _ _ _ _ _  

- - -  . - - - -- - _________________
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6

Eq. ( i )  ran be rewritten as

= 

~s (r ’ 
t) 1l/2 eiV  (~ , t) (3)

The absolute phase J ( i’, t) is not an observable quantity,

but the gradient of the phase is as we will show later .

According to the Ginzburg-Landau theory , the current

density j 5 is related to the probability current density of

quantum mechanics ~~-‘ terms of the wavefunction of this single

quasi-particle quantum state by the following expression, which

is just the current operator of elementary quantum mechanics,

•~
‘.‘~ 

{ ~~~~ i~~(~~~~~i’ - 1k V~,L~ ~ - q 
~ J~~s1

2} (4)

Fhe charge q in ~q. (4) is equal to twice the charge of a free

electron because bound electron pairs are involved in the ordering

process according to the microscopic theory of Bardeen , Cooper and

Schrieffer.9 The mass m is very nearly equal to twice the mass

of a free elec tron.10 Substituting Eq. (3) into Eq. (4), we get

(5)

where is the velocity of the supercomducting electrons. From

Eq. (5) one can define the fundamental relation for the generalized

dynamical momentum 1 of the superconducting pairs

-3 .4 .4
P8 ~ m v ~ 

+ q A = V v (6)

Taking the curl of Eq. (6) the I~ ndon
6 
relation is obtained

-0 
~V x i ,.~~~r~ (7) 

~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~E LL___ 
~~~~~~~~~~=. _.
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7

or

(8)

decall the Maxwell equations V x E = - and V x B =

where the total current j is divided into two parts: j  = j  +

The normal current , j , obeys Ohm ’s law: = where ~~ is

the conductivity in the superconducting state. Combining Eq. (8)

with the above equations we obtain the relationship between the

total current density and the magnetic induction

-~~ x i p~~~~+ Oj ~

Eliminating 3’ from Eq. (9) and the first Maxwell equation listed

above we obtain the following equation:

P -~V Cc’ x B) + ,L40 ~~
-
~~ 5 

B + = 0 (10)

Since . = 0 we can write Eq. (io) in the form:

(11)

Note that the two terms on the right-hand side of this equation

correspond to the contributions of the supercurrent 
~~ 

and the

normal current j respectively. Since V x is 
= - 

* ,P5 B and
- -,
V x j = - , the share of each of the two currents in an

alternating field of frequency w/2’n~ is given by the proportions

-
~~ 

n on
3 5 3 = 1  :s n qp

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _
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For quasistationary conditions, that is, as long as ~) satisfies

the inequality 4) < 
~~~~~~~~ 

(
~
. io12 sec~~ ) the normal current is

negligibly small in comparison with the supercurrent.

Accordingly for quasistationary fields we have:

2’ B
~7 B (12a )

L

where

>~ 
2 ’ ~ (12b)

is defined as the London penetration depth. It is shown by London6

that the regular solution of Eq. (12a) is satisfied by the Cartesian

components of the magnetic field, i.e.,

B (x) ~~
‘ 
(0) e~~

/>
~L (13)

Eq. (13) accounts for the Meissner effect: the magnetic field

decreases very rapidly as one recedes from the surface toward the

inter ior  of the superconductor. At a depth several tines greater

than >~L , the magnetic field is practically zero . Note also

the fac t that even if the magnetic field was already inside the

metal before cooling through the critical temperature, the magnetic

field is expelled below the critical temperature.

Consider a multiple—connected superconductive region

instead of a simply-connected region, for instance a superconducting

cylinder whose thicl~~ess is large compared to the penetration

depth. One finds that although everywhere in the superconductor

\~
‘ x l~’.

; 0 , the circulation of the generalized dynamical momentum

I_. - - -~~~~~~ -.---~~- -  
—~~~~~~~- - -- -- ---_

~~~~~---~~~~ 
..- - -—~~~~~~~--—- ~~~~~ --~~~~~~~ -- -- ---- 
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around the hole of the cylinder is quantized , +r Psds 
= nih

and is also related to the magnetic flux ~ enclosed by the hole

(see Fig. i). Since the wavefunctiom Sb5 is single-valued at

each point , in the superconductor, the phase must give the same

value for the wavefunction as one goes around the cylinder and

co mes back to the starting point. Hence,

2n11 (n = any integer) .

Inside the bulk of the superconductor 
~~~ 

0 , hence Eq. (6)

gives:

~s q ~~~~ 
i’iVV (14)

and the magnetic flux ~ enclosed by the hole is equal to:

JJB~~da §5 As d5 = !~~s Ps ds !~~5 d~1J = n.4 (15)

Thus the magnetic flux trapped by a superconducting cylinder is

quantized in units of h/q. The quantization of flux is first

predicted in 1948 by F. London .
6 The amoun t of trapped flux has

been experimen tally found to be quantized in units h/2e by

2 .Deaver and Fairbank and Doll and Nabauer in l9ol, thus

verifying the BGS theory . For a closed path in a region of non-

zero curren t ~~~ ~ 0 ) one has fluxoid quantization6

~~~~
. I~ ds 

~~~~~~~ 
v d s  + 

~ 
A d s  ‘ -~.~f vds + = n~~~ (16)

It follows from Eq. (16) that if a magnetic field is applied

hroiig h the hole (area A) of the cylinder in Fig. 1 in the normal

_ _ _ _ _ _ _ _ _ _ _ _  — === ~~~
- . -;~~~~~~= 

- 
- -  . —-=--- 

.
-
--- ~~-~~~~~~
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Figure 1. The path of integration F ins ide a
superconduct ing cylinder.
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e t a t e  ;eid t h e  cylinder is subsequently cool ed in to  the super-

eor Wle t leg s t a t e , a perzh t en t  circulating current ‘ci rc will be

l~ iJuei ’~t in the  cyl inder  tn such a way that the total flux enclosed

hy~~he cyl inder  is quantized : BA + LIcirc = n (h/q), in which L

is ~he se l r ’-irnduc tance of the cylinder.

B. D e r i v a t i o n  of the Basic Equations for Josephson Tunneling

In l9rJ Josephson1 predic t ed a new ty pe of tunneling which

became l a t e r  known as Josephson tunneling. If two superconductors

ar t  s e p t r a t e l  rcm each other by a sufficiently thick barrier

( i n i s u l a ~ or , semiconduc tor , no rmal me tal or even a d i f ferent

nuperconiduetor) t.hcn the wavefunctions on the two sides are not

related in any way . ‘[‘he phases are independent of each other. —

I f  there is no barrier at all, that is, we have one single block

of superconductor, then the relative phases are fixed at each

p o i n t .  When t he  barrier is thin the wavefunctions on the two sides

of the b ar n  en are in a certain sense coupled to each other . The

ph enonnen — n -u;500 i~i ed with these weakly-linked superconductors are

e r .  fly referred to as the “Josephson effects . ”

We shall follow So1ymar ’s~~ approach in investigating a

‘~ple geom , t r i ca l  ease as shown in Fig. 2 where the barrier is

~ la t  i r i fl t t f i n i  t t ’ l y  thin. The two superconductors extend from

- t o  0 and from 0 t o  + ~ respectively. The barrier lies

the 0 plane and he two sides will ~e i ‘ferred to points at

i nit —0 rospc ’ Live ly .

‘h~ ~~- n t  I t ‘s~~-pec[ lying t.he problem are as follows:

—.-- -- -
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(i) ~~~x ,y , z , t ) ‘(x ,y , +O , t) — V ( x ,y, —0 , t ) ,  the change in the

phase of the wavefunction as one crosses the barrier from

negative z to positive z;

(ii) B
~ (x,y,t) and B~ 

(x,y,t) the components of the tangential

magnetic field in the barrier;

(iii) V(x,y,t), the potential difference across the barrier; and

(iv) i~ (x,y,t), the current density through the barrier.

A relationship between the current density flowing in the

superconductor and the gradient of the phase of the wavefunction

in the presence of a magnetic field is provided by Eq. (5) : hj

V~~ =~~~(~~~+ J ~ I~
) ( 5)

which is va]id in the superconductor but not in the barrier. Next

we need to derive an expression relating the values of ~ at

two points of the barrier, P1 and P2. Denoting the coordinates of

the points by (x1 , Yl~ 
a) and (x2 , Y2, a) respectively, we may

write:

- +(~ 2
) ‘~~(x 1, y1, +o - ~, ( x 1, y1, —o) —

-V (x2
, y

2
, +o) + -~, ( x

2
, y

2 , -o) ( 17)

Ir 4 egr~ t in g  Vi) along the curves ~ and ~~ (Fig. 3) we get:

.d~~= V (x2
, y

2
, -a) - i) ( x1, y1, -a) (18)

a n~ l

- I:~ ~ ( x 1 , y1, +0) - V(x ), Y, . ~ ) ) (io)
+ 1~

- - - - _ _ - ~~~~~~ -~~~~~~~~~~~~~~~~~~~~
— -

~~~~~~~~~~~~
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z < o  z > o
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Thin Barrier

Figure 3. Integration contour used to evaluate
the space dependence of 4 .
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~ul’:;ti u ’in ~ Eqs. (18) and (19) into (17) and taking account of

Eq. (5) W€’  ) b ’ ;tin :

- ~ (p
2 ) = 

~~~ T + T ~ ~~~ 
+ ~~~ ~~

) . d~ (20)

N~’ i n ~ tha t the flux quantum is = 2lrti/q and the line integral

of the vector potential is just the magnetic flux enclosed, the first

~~rm of he i n tegral is equal to 211+r / L  . The second term

may be made arbi trarily small by choosing a suitable integration

contour .  This is possible because, owing to the Meissner effect,

the  current dens i ty  declines rapidly with distance from the barrier;

fL1 n -h e 1~ ore i ts  direction is essentially parallel to the plane of

t h ~ barrier in the penetra -tion region. Hence the correct choice

fo r  T l s  - i . curve which lies outside the penetration region

• ‘;-rywhc’re except near P1 and P
2 , and in the nei ghbo rhood of

poin ,s crosses the penetration region in a direction normal

~o ~ho barrit ’i-  as shown in Fi g. 3. For such a contour Eq. (20)

~m~ y lu  ‘ e:r~ ted to give:

- +(P
2

) = (21)

I f  and P
2 ~

ire close to each other we may write:

~~ ~~~~~~ 
)+~~ y (22)

~~- X  W ’ ’ - i  ‘ I I  Vt’ in ‘xpressiofl for the ma~~etic flux enclosed by

h i ’ s’-; . ’ in  - . 3. Na 1 ’  that the magnetic field penetrates only

‘a a ‘ I i  s i n e i wh [  - I may be c ai vt ’ni ‘ r it l y  defined as:*

I t  ‘ h ’ ’h ~ e tn  - : s -  o f ’ I t .  - t o  r n  ‘r 1 : ;  - tb ‘n a t i n  i e va lue  w

- ‘ it’ d w — t ~~~~~ l i e  a 0 r- a d S p  h of h ‘ ;1 &‘  r i  ‘‘ i d  i t  ‘ ¶

~

- - - - -
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1 1
d = ~~~(~3 J B (z)  dz (23)

Th e magnet ic flux enclosed may then be obtained with the aid of

F i g .  4 .

= . (1~ x~~ ) d = I~. (~~ x l )  d (24 )

where : ~ =~ \x I + 
~~

y I and i , are unit vectors.

Eq. (24) may be reduced to the form:

i_ f. = (B y~~
X + B x L~~Y) d (25)

which , compared with Eq. (21) and (22) leads to the differential

equations

~ 4t qd
— = —  B (26)
~~x f~ y

( 27)-f~
We shall derive two more equations one relating the phase ~

- iar ’ F the po t en t ial d i f f erence between the superconductors V and

the other expressing the relationship between the current and

‘ h i ’  rel a t ive phase . Feynman l4 obtained these two equations by

ex tend ing  h i s  method of coupled modes to Josephson tunneling.

Accord in~’i to t h i s  pic ture the rate of change of the wavefunction

an one s u b  depends on the actual values of the wavefunctions

on both s id es .  The coupled differential equation s are:

I = u1 ~~ 
+ ( 2t~) 



r1~ 

- - ‘ 

~~~~~~~~~~~~~~~ ~~~~~~ 
—

~~

-— - ‘--.‘• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

~~~~~~

17

y

Figure 4. Points and of the barrier in the x—y

plane ; used to evaluate magnetic flux.

_ _ _ _ _ _ _ _  _ _ _  
_ _ _ _ _ _ _ _
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= ~ 2 ~~

‘
2 

+ KS”1 (29)

where U
1 
and U

2 
are the self energies and K is a constant charac-

teristic of the junction. When K is zero Eqs. (28) and (29) may

be solved separately ; the two superconductors are independent of

each other. When K is finite, the two superconductors are coupled.

In the general case when there is a voltage across the

junction , the difference in self energies must be U1 - U2 
=

We may shift then the zero of energy and rewrite Eqs. (28) and

( 29) as: *

~~ 
3’

~’l 
~~~~ 

+ K~/’2 (30)

.~~~~~2 l 2 ~~
’2 (31)

Writing now both wavefunctions in the form of Eq. (3)

and substituting them into Eq. (30) and (31) we get the following

four differential equations:

~~~~ ~~K j p 1 p2 sin +

3P2 2 ____

= - 
~~~

- KJ~~ 1 ~P2 sin 1 (32)

K / ~~ qV

~~~~~ ~~~~~~~~~~~~~~~~ 

cos # - -
~~~~

~T’hi: ; is for the case of no magnetic f ield in the junction .
~‘he generalization to include magnetic fields was done by deWaele
nil ic ’ B ruyn Oubo t er; 15 K needs then to be mul tiplied by an extra
r e - f o r  i n v o l v i n g  the i nt n g m l  of the vec tor potential across the
Ur ic f I 5

- -  -~~~~~~~~~ -—
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K f r I  qV
= -

~~~~~p  ~~O5 +

where we identified 
~ 2 

- wi th 
~ 
. Note that:

~ 1~l aP2 (~~ )
?t a t

that is one side loses charge at the same rate as the other side

accumulates i t .  But whatever charge is lost it will be immediately

replen ished by the act ive element (voltage or current source)

in the circuit.  Taking further = P
2 

= we may write for the

current:

-
~~ 

= .j sin + ( t )  (34)

where

2 K P0j o = f~ 
(35)

From Eq. (32) we may also get the time dependence of

= -~~~~~~~~ - th = !~. ( 36)

The only unknown is the value of K in Eq. (35) . It may

be expected to depend on the properties of the superconductor on

both sides of the barrier and on the thickness of the insulator.

For thick barriers the coupling is small so K is small and hence

t,he supercurren t flowi ng across the barrier must also be small.

Tn t ac t wheni the barrier is thick we f ind no supercurrent at all .

The j unc t ion exhibi ts only normal electron tunneling wi th  the

associated high resistrwcc .
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The magn itude of j for an insulating barrier between two

• identical superconductors was derived from microscopic theory by

Ambegaokar arid Baratoff 16 to be in the form:

_ _ _ _  ~~(T)
3o 

= q R~~ 
tan h 2k T

whe re is the resistance per unit area of the junction in the

normal state and 2 A ( T )  is the temperature dependent energy gap

of t h e  superconductor . If the superconductors on the opposite

sides of the junction are not identical j must be determined by

numerical methods.

We have now obtained all the necessary relations for the

junction originating from the properties of the superconductors.

However , Maxwell’s equations are still valid in the insulator, and

in the general time-dependent case a displacement current density

c 
~ 

is present as well (where c 
~ 

is the capacitance per unit

area of the junction) leading to the equation

(38)
~~x -ay 0 5  0 5  ~ t

Eqs. (2 6 ) ,  (27) , (34), (36), and (38) now completely

r i c o - n bc ‘h e  behavior of the junction . Expressing B and B from

Eqs. (2 t ~) and (2 7) ,  
~~ 

f rom Eq. (34), V from Eq. (36) and

a i b s t i u t i n g  them into Eq. (38) we obtain a sin gle different ial

equation in

+ ~~~ - 
1 Ø2~ = \

_2 

~~ (39)
~~2 

~~~~ 
v 2 

~ t 2 J 

~~~~~~- ---- - - -
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where:

_______ 

/2\~~= (  
~~.

— )  (40 )
}40q30d

and

V = (j ~~c d  yl/2 (41)

So far we have been concerned with the supercurrent only.

To be more general we mus t add to Eq. (34) the current due to the

tunneling of normal electrons as well. The complete formula

derived by Josephson is of the form :

j  = j  (v) sin 
~ 

+ ~g (v) + g1 (v) cos+I ( V (42)

in which g (v) and g
1 (‘I) cos + are the conductance and phase

dependent conductance of the junction respectively. For most

purposes g1 (v) may be neglected and g (v) taken as a constant.
That is , Eq. (42) may be simplified to:

sin 
~ 

+ g V (43)

A more general differential equation for the phase may be obtaimed

by substituting Eq. (43) into (38) yielding

+ - J_. - L .~2_1 
~ 

= ~ -2 sin 
+ 

(44 )
~x
2 

~
y2 v 2 

~~~ v2 ~~ J
where g / c  . The above differential equation has no

analytical solution except in some special cases.

g~ Th r’ d.e.  Josephson Effect

Now let us examine the time-ind ependent case of the four

‘ S I r -  equat ions (Eqs. 2(~, 27 , 34 , and 36) derived in the last

• . • ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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section . From ~q. (ju) it is immediately seen tha t V = 0. Further-

more , if there is no magnetic field Eqs. ( 26) and (27) imply tha t

= cons tan t .  So we are only left with Eq. (34), j =

which says that if ~ / 0 , a supercurrent can flow through the

barrier without causing a voltage drop. This is the so—called

d.c. Josephson effect in zero magnetic field. It also tells us

that j
0 is the maximum current density that can flow across the

barrier without developing a voltage which occurs when = 1T/2

N e x t  let- us look at the case when there is a constant -

A
magnetic field , B = B i + B i in the plane of the junction .x x  y y

Eqs. (2t ) and (27) may he integrated to give

4 
=-

~~~~~
- (Bx - B

~
y)  + ~~ (45)

where t% is an integration constant. From Eq. (4.5) we see that

may change si 1’~rt at different points of the junction. It

follows from Eq. (34) tha t the current density nay change its

direc t ion , so tha t the total current may become zero under certain

cond i t ions .  I t  will soon become clear if we integrate Eq. ( 34)

over the area of the junction giving the total current

I .i sin dS

~ 5 $ ~~i) 
exp { iL~~~ (B~x - B~ y) +oC ~}dS (46)

Tm [e~~ j  exp [ i ~~ (B~ x - B~~ ) } dS~
where Tm ~~~~~~ the imaginary part. It is obvious that the

m. xi mum t i t  i i  curren t, occur s  when this complex vector lines up 

-~~~ 
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wi th the imaginary axis. Hence,

b
0 ~~~~~~~~~~~~~~~~~~~~~~~~~ dS (47)

Mathematically, Eq. (47) is nothing but the Fourier transfo~ u

of j
0 and can be evaluated if the spatial variation of j0 is

known . For most cases of interest, for instance a point contact

junction or a uniform junction of small area, j can be considered

to be constant over the area of the junction. For a rectangular

junction of dimensions a
x and a

y 
Eq. (47) reduces to:

— 
sin u~~~ sin va~ (48)ua va

where

qd qd
u =-~-~ B , v =-~~~B ,

and I j a ajo o x y

is the maximum supercurrent in the absence of a magnetic field.

In the particular case where the applied maguetic field is parallel

to one of the edges of the junction (say B
~ 

= o) then we get the
simple form:

sin (TT~ /~~) (49)
0 Jo

where denotes the magnetic flux enclosed. Thus whenever the

ma ’rnp tie flux is an integral multiple of ~ , the flux quan tum , no

55p- r eliriU-nl ? will f’low across the junction. Anderson and Howell’7

t’irs t observed his etfect in 1963. If one were to plot 1
0
, the maxi—

‘un sun -r- ”ur r -ai , versus ~ , the applied magnetic field , one wo uld
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-Th~ain a Fraunhofer diffraction pattern with maxima and minima in

I sepa nat ed by a period B ~ /d.a

ID. the a.c. Josephson Effect

The simplest case to investigate is when a d.c. voltage V

appears across the junction without any applied magnetic field

and the self-magnetic fields are negligible. Eqs. (26) and (27)

vanish , so we are left with Eqs. ( 34) and (36). Integrating Eq.

(36) we get:

= K+ .~.v t (50)

where CC is a constant.

Substituting Eq. (so) into Eq. (34) we obtain

j 5 = j0 sin (oC +~~ v0 t) (si)

Fhus we have an oscillator with oscillating frequency

q

~~~ 
=~~~

- V (52)

which is proportional to the d.c. voltage .

Next let us see what happens when an a.c. voltage is

applied to the junction on top of the d.c. voltage. We have

V = V + V. cosi.~ t (53)

~ubn~ I tutinig Eq. (~ 3) into Eq. (36) leads to

q qV 1
1 ~~v t  +~~~~ s in L e t ~~~~~~~

I t  t’oliows from Eq. (34) ha t,

-

~~

--- . - -- - -~~~‘ 



_ _ _ _ _ _ _ _ _ _ _ _ _ _

25

q qV 1
-~ 3 s in  [ ~~ V t  + sin~~ t + cC (55)

:d- ”,-~ eqas t 1~~i may be expanded into a FourIer-Bessel series18

in.:

qV1 qV0 1
• t (~~~ ) sin (m&~+ ~~~ ) t +~ J (~ 6)

,~ih ~ ’ 1 is t h e  mth order Bessel t unc t ion . It may be seen tha t if

q n. whit ’e~- n 1;; an in ’  oge r then 3 has a ii.c. component

qV j nV1( :  - ( — i ~ ‘ 0 1! ~~~~~ si n O C  ( ] •
.) n sin ~

(57)

o h i h - i F o v e  equation bears a lot of resemblance to Eq.

~~~ s: t I - ’ 1 . - . .l L 0t phson supercunrent in the sense that in both

1 st :; ‘ h -  1 .,’ . ~- ui’ i ’e n t ~~ are determined by quantum mechanical

s; ii t ’ ’ I e O ’s;;. OC is the pha se d i f f erence be tween tw o

I I  1 -Irs i~I h i~i ent i e a l  frequencies. One is the nth harmonic of

i t  t~, L ! I ~- , I n I i - r - swave radiation , the other is the Josephson

‘ ‘ 1’ . 11! t h e se  two frequencies are locked , a d.c. current
qV1

h ’  rs wh ; , ’ ; ’ - n a i - : r l ;  010 varies between ± I J ( — )- 0 fl ~~~)

b i n ;  t h e  - a r : - ’ n i t  is  ‘i n the form e~’ a series of spikes. However,

-h i : ;  ; ;  - ;
~~~ i ’ -  h i ~ ‘lecer been observed in practice. The experi—

- e s  1 l v  s h : ~~-~ v ” h  I — V  -h: i rae t eel  st  ic is considerably different. Phe

I’ l L ; , - 0 01  t h i  1 h i  i t lC~ (1. ’ • Cu reel; t depends on the ext ernal

I ’  ‘U ‘ - 1  ‘ C~~ 0’ . - ~~’V  e T ’ h l , ’ r .’ c. o h  l u - i ’  &~ori t e l  Fm t I i S i S  t o  I he L ’UrreII I

- - t  I H~~~’ - ‘  - - ‘ ‘ ‘ i  0~ - i - - -5 . We w i l l  t ake I his up ii i  the  next

i 01 :  

-- ~~~~~~-— ~~~—_ -- ---~~~~—-—----- - - ~~~~~~~~~~~~~~ -- --- .-



-c t  ~5’SeI’v L ion of strncture in the I—V charact—

I L ’ :; ; t  V ;~ io) / q was reported by Shapiro .’9 The height

s t e p s d~ c~ tollow a Bes~e1 function dependence as

- ‘  - .  , . 20- I ;- ; ; t  L -o ; I :  I rrned cv Shapiro , et .  al.

F. UL -Ii  P -Vo l age : haracteristics of a Single Superconduc ting

F c i : .  ¶ ‘a: ’ to  U

Cn ’ ’ c t  tb ;u simplest weak connections between two super-

‘n I l e:; ‘i s  the  j o i n t  contact. while its inductance and capa—

( ‘ I  : S - L i ’I - ; ’ ~ L 1l they may play an important role in its d.c.

e a r n - st  -~~~l 1- t g e  -h ;i i-acteris tics. Models have been suggested to

( ‘H 1 ’ s’’ ( ! 1  1:; e ssent ia l  theoretical and experimental features.

n t ’ ~~-~-t a m i d  calculations on a single point contact shunted

~ 
- - - . ‘i’:ccu~ ber~

2 calculated the I—V characteristics

S i  S 1 0 ’ “L ’ 0 ’ : L I ’t. w i b  a capacitance in parallel and also a point

‘ in t a c t w i ‘h a :;i-l’-ir ;ductarice in series under different circui t

I n  I h i  S d i  sac t ’ t a t  i O U  we will follow a somewha t d i f—
i L

I - i ’. I appr oach by Oubote; ’ . At first both the supercurrent and the

I . .
~~ 

L ht ’oughi the contact will be taken into accoun t ,

t t ’ - i  I i i  il ~~ and the capacitive coupling of the contac t

;.i ll I -  - - - L -  - : c d . As usual , it is assumed that the linear

i , - n i s : , ’ n ; ; ;  i t  the contac t are so small that the effect of the

: t j ’ l i e t  n i : i g t ; i t i c  t i e l i can be neglected. The two cases for which

.1 H o ’s  hi , ’ ‘5c r - l i t  or the voltage are constants of time will be

II :;‘ u:;:; i . h i -  i l t t ’ h i i e : u ’ c  oh 1_he series inductance and the shun t
I

- L - - . ‘— , j_~- i i : - ’ I ;u u ’ e t 1 1 , ‘ - d i : ; -  t~ ;s’d i t t  t he end o I the see ion.

_ ‘~~~~~~ - -
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\ cco t ’d ing  to Josephson [Eqs. (34 ) and (36)] the super-

current through a single point contact is equal to

2e rt
I ( t )  = I sin

k 
( t )  ‘c sin { ~~ (0) _

~~~~~~~ ~~0 
v (t’ ) dt ’}

(58)

In the resistive-superconductive region [ V ( t) ~~ 0 ] a normal

curren t also has to be taken into account. We will assume that

this normal current is equal to I ( t )  = 
v~(t) , where R~ is

the ideal ohmic resistance of the junction. The total current is

equal t o

i ( t )  = i + = 1~~ sin[ ~ (0) 
- V (t ’) d t ’~~ + 

v(t)

( 59)

First consider the case for which V is constant in time. Eq.

( ‘59) t hen ; red lanes -to

I (t )  = I sin 
~4 (0)  - 

~~~ 
vtj + ~~~

. (6o)

For V 0, the above expression reduces to I = = 1~~ sin4 (o),

thus any d .c .  current between -I~ and can flow throu~ ’i

4h e  junction . For V ~ 0 , the a.c. Josephson current is sinusoidal

wi th frequency i) -
~~~~~

‘ V and amplitude I~~. The time average

o~ I ( t )  is equal to zero and only the normal component contri-

butes to the d.c. current. The T-v characteristic which is
measured w i t h  d . c . or low-frequency methods can be described

w l h
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V = 0 , 0 ~ ~ (t~ ~ 
I
~ 

(6la)

V ~ 0 , I (-t ) = .p
~

_ (61b)

whi ch is given in Fig. 5a.

Now we take I (t) in Eq. (59) as a constant in time and

calculate V ( f ) .  With the aid of Eq. (36) we obtain :

I I~ sin 4 (-t ) + V (t) = sin + (-t) + .~~~
.. 4... ~~ (~ )

= constant (62)

When I > ‘c ’ then V (t) is a periodic function of 4i ( t )  with

period 21’,- . The voltage derived from this equation is a sharply

peaked function of t im e , especially when I is only slightly

larger than 1 . 15 Furthermore , we derive from Eq. (6 2)

~~ ç~~~~(t) 
d+

I I - I  sin 4~n 
~~~(~ ) C

hence

-
~~ f2’7~ — 

d4 )  6
V 

— 

~~ J0 I - I~ sin 4 ‘ 3)

in which V is the basic frequency of the complete si~~al

belonging to the mean voltage V (t). The time average of the

voltage is equal to the time average in one period , hence

T
v (t )  = ~~~ v ( t )  dU ~~~~~~~~~~~~ ~~~~~~~dt =

~~~ —~~ ) (64 )

Subst i tu t ing  Eq. (63) in Eq. (64) gives

~ > 1 V ( i )  
~~~ d~ 

= R (i ’ -
.
~o ~ - T~~ siñ~ 

-- - - - - . - - - - - -_ - -- -‘- -‘-‘- - 
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For the values of I between- 0 and the solution is 4 = constant

and consequently

0 ~ I 
~ 

I
C ’ 

V (t )  = 0 (65b)

From these two equations the I-V dependence can be calculated

and is given in Fig. 5b.

Voltage biasing can be achieved by shunting the junction

with a parallel ideal resistance H ( where R <‘C R
n ) or an ideal

capacitance C [with l~ 2~~1C) <‘C R].~~~
’ 22

A constant current can be realized experimentally if

one applies the current with a circuit having high impedance.

However, if one tries to measure the I-V characteristic with

such a constant-current circuit it is nearly impossible to avoid

capa ci t ive coup ling between the two superconductors of order

pF. This capacitance does not play a significant role

when R <‘C l,~?1WC). For large values of V (t) the frequency

of the a.c. currents is large and the capacitance is a short

for a .c .  currents between the superconductors , R n >) l/(21~’C).

In this limit V ( t )  is constant in time and the I-V characteristic

approaches that of Fig. 5a. When there is also a self-inductance

in series with the point contact , the I-V dependence may be a

curve 13 :1 v i ’s in F ig .  5c. With a c i r cu i t  having high r - en i s t a t s - e ,

t h € ~ I-V char; ’;ts-ristic has an irreversible regi s.

21 22 - -St  ‘wa r - t  and McCumber have p er t  rr; -d ~( - - ; 1 - - i  s. 3pu - - r

c,”t lcula i, i o r i s  on h i ’  sy ;;tem o~ ii. F o i s t  con ’ s ’ ’  W l  hi ,‘ t  ( ‘ t j L S ’ i  -

iii i-- I 1 - ]  d r i  v - n  by a con stan t—eu 1,r’~ n ; ’ :; u r o’ .- . i t : v t ’ h

- -

~

-- - ‘-- - - - -~~~~~~~~~~~~~~ - - - - -
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solve the equation for the equivalent circuit shown in Fig. 6

assuming L = 0.

i = c ~~~~~~~~~~ + v
R
(t)
~ + I sin + (t) = constant

‘his differential equation is analogous to that of a damped

pendulum . l’he characteristic parameter ( ~-~~~~t )
2 of Stewart

is equal to the /3 E 
~~~~~~~~~~~ 

CR2/ (, .~~ L) of NcCumber. Both predict

an irreversible I-V dependence for values of ~~t >0.5. For a

typical point contact with I
C 

= l0O~.&A, and H = 10 ohms, the

a’ ove condition tells us that the capacitance has to be greater

-2 .than 10 pF to show this hysteresis effect .  But most point

contacts  have capacitance of the order of 10 pF so this irre-

versible characteristic is very often observed .

McCumber22 also performed calculations on a point contact

with a self inductance in series while the system is voltage

biased. Again the I-V characteristic will become irreversible

depending on a characteristic value ,~L ~ 
(~~~_)/(2TtL Is). Both

parameters and /3~ 
are temperature dependent because I~ is

temperature dependent.

F. Far Infrared Detection with a Single Superconducting Point

~on tact

Josephson junctions have been demonstrated to be one of

the most promi s ing , highly sensitive detectors 2-5 and mixers 23

for microwave and far infrared radiation . The usual method of

de tec t . i  n is t ,o i educe an i t  • c. vol tage ; c  ruin’  the ,~u r ; - t . i i i  wi. th

Ihe i r i ’ i .dert t , r’ ;i , d i ; t  t i c s .  h i -  r e s u l t  lug nab hem;tt 1(511 . -xp  r’ ess ’i ai

- __ _~~~~--_ _-- -- -~~~~~ ---~~~ _ _ _  __________
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_ _ _ _  

L .
_ _ _  _ _ _ _ _ _ _ _ _ _

~~~ ~~~~I = I ~~sin~~

FIGUR E 6

Equivalent Circuit Model of a Point Contact
Josephson Junction
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for the junction critical current is obtained from Eq. (57)

by :ic~-ting n = 0

I = 1  J ( ~~~1)sin oC (66)
C CO 0

Fbr a small high frequency signal such that q V1<-c fi~~

Eq. (66 ) can be approximated by

I ~~I [l~~~(~~~~l )
2
] (67)

C Co 21’i~

in which we have set ~ = lt/2 for simplicity. Thus the resulting

change in the critical current across the junction is

~ 
I
~ 

1
~~ 

( IIV ] )
2 (68)

If the junction is biased at a current just larger than the

maximum critical current L~~’ an expression for the resulting

voltage change can be obtained from Eq. (65a). However, for a

real junction the voltage change is better approximated by using

the dynamic resistance R D of the junction at the bias point ,

thus

~ 
R~ . = Ico RD ( q V 1 )2 (69)

The responsivity of the junction is defined as

RE ‘
~~~~~~

‘ =2 Ico RD H ( 
~~~~ 

(70)

in which P = V~ / (ZR ) is the power incident on the junction and

H is the resistance of the junction in the normal state.ri

L. - 
_____________  ____
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Most experiments so far have been done with the junction

inside a waveguide , light pipe or cavity in such a way that the

rad ia t ion electr ic field is strongly coupl ed to the junction.

One disadvantage of this mett od of coupling is that the fields

at the junction are not precisely known and in the cavity mode

the detector is narrow banded.

In the present experiment we are measuring the response

of Josephson junctions to microwave and far infrared radiation

in a confignration where the fields at the junction are precisely

known so that experiment and theory can be quantitatively

compared . The junc tion is formed by pressing a pointed super-

conduc ting wire onto a superconducting thin film which in turn is

placed across the open end of a waveguide or light pipe . 1-tadiation

coming from the back of the film penetrates into the film a

distance of ‘the order of a penetration depth. According to the

London theory the expressions for the magnetic field and the

induced current at a depth t in the film are given as:

B = B e
_t
~~ (71)

and

B~ e~~~~ (7 2 )
JL4Ø>~

in which is the am pli tude of the incident magnetic field and

~‘\ is the penetra tion dep th of the film . A method of computing
24

p—. of a thin t i m  based on Pippard s non-local theory will be

di scussed i t ;  h~- ii - x l  S c ’  1 on

- ----~~~-
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Now if a point contact is made tc- the film at a point

where the induced current is high this current will cause a

magnetic flux through the junction . This changing flux will

modulate the d.c. Josephson current and mix with the a.c. Josephson

currents by causing a phase change across the junction . The

resulting mathematical expression for the d.c. Josephson current

given in a previously derived equation is of the form

i = 
sin ( rr~40) (49)

c Co

where ~ , the magnetic flux threading the junction , is now equal

to

~ ~~~~~~ e t
~~ (73)

in which w is the width of the junction and t is the thickness of

the film.

Note that an electric field also penetrates into the

film to a depth of the order of a penetration depth. But the

electric field component is essentially parallel to the area of

-the junction and therefore does not induce a voltage across the

junction as in the previous case considered. In this configuration

one is effectively coupling to the radiation magnetic field

rather than the electric field.

For low level radiation such that itf ~~~~~ Eq. (49) can

be approximated by

I ~ L ~ 
- 
1 
(~~~~~)

2 Ic Co - 

-‘-- -- - - - --- -. - ‘ - --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- --
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and the change in the critical current is

~~~~ .~2
6 i-:— ’ (74

If the junct ion is biased at a current just larger than 
~~ 

the

resulting voltage change is

= R~~~. ~~I ( 75)

where R
D 
is the dynamic resistance of the junction at the bias

point .  Substituting Eqs. (73), (74), and (75) into the definition

of responsivity we obtain the responsivity for the magnetic

field coupling scheme as

- RD ~ - ‘c 1C0 RD WX w Boe~~~~ 2
11= 

P 
= p = 6P I . (76)

Note that H in this case does not have the ~~ 
2 dependence as

in the previous case considered. An expression for P in terms

of B 2 inside a rectangular waveguide is given by Eq. (86) in

Chapter IV . Substituting this equation into Eq. (76) we will

oi’c~ais an expression for R independent of P and B0
2.

. The Penetration Depth of a Superconducting Thin Film

- 
- In this section we will first discuss the temperature

dependence of the penetration depth of a superconductor , followed

• ~~• . 6 24by a mod i f i ca t i on  of the London theory by Pippard, and

f i nally the form of the penetration depth for thin films.

Acco rding to the I~ ndon theory 6 the expression for the

magneti c field penetration in to  a semi-infinite slab of super-

conductor has the form

_ _  -- - — -- - -~~~~ ~~~ ‘ - -- . - - - -~~~~~~~~~~ -‘ -------- -- - - --- ~~~~~~~ ‘-
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B (x )  = Be exp ( — x/~ 1 ) (77)

where is the London penetration depth

= (€ omc2/nse2)
1/2 (78)

where m is the mass of an electron ,

e is the charge of an electron ,

and n is the number densi ty of the superconducting electrons.

The only temperature-dependent factor in Eq. (7 8) is

n which is assumed in the Gorter-Casimir two-fluid model 8 to be

(~~ )

where t = T/T is the reduced temperature and T is the transition

temperature of the superconductor. Hence , the temperature

dependent form of 
~~L ~~S

~~L 
(t) = 

~~L (o)/( 1 - t4 ) 1/2 (80)

The empirical temperature variation of the penetration depth

is represented very closely by Eq. (80) . However, the empirical

values of \(o) turn out to be higher than what one would expect

from the London definition Eq. (78), unless one makes rather

unlikely assumptions of low densities of superconducting electrons

or of a large et’~
’ective mass . Experiments on very small samples ,

and measurements on impure m etals , yield even higher values of

X (o), al though none of the fac tors in Eq. (78) appear to depend

~

- -- -- - - - - - —

~

-

~

--

~ 

- - -- ‘ -
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1

on s i s e  01’ ~-uVl ty. This failure of the London theory will be

discussed inc a later sectio’~.

In 19~ 3 Pippard measured the penetration depth in a

series of  dilu te alloys of indium in tin , and found that the

decrease in t he normal electronic mean free path of the metal

was accompanied by an appreciable rise in the value of N(o).

Such a dependence of ~.(o) on the mean free path is quite incom-

patible with the London model, since none of the parameters in

the defining Eq. (78) varies appreciably with the electronic

mean free path . This experimental result , plus the above

meti Lioned incorrectness of the London model , led Pippard24 to -:

deve lop a fundamental modification of this model .

Based on the concep t of the range of coherence of the

superconducting wave functions according to which the order

parameter changes gradually over a certain distance ~ , the

typical size of the Cooper pairs, Pippard proposed that ?‘~..

should have the form

(81)

where 
~ 

is the range of coherence of the pure superconductor

(~~ l0~~cm) and ~ 
(2W ) is an effective range of coherence of the

metal depending on the mean free path L. . As experimentally X..

is found to increase with decreasing ,L , it is clear tha t ~ 
( a,)

must decrease as t- decreases.  ~h is  is the result of the so—

• ~ _ . 25called Pippa rd non-local theory which Is proved by Bardeen

t o  be ‘st rely -q-u i valor,4 to he H ~ t heorv ~ t
’ onc e assumes:
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F

hv~ /-~~(o) (82)

whore 2A (o) is the enert~’ gap at 00K and v is the Fermi velo-

c ity at 0°K. Subs t ituting the BCS value 2~~ (0) 
= 3.5ZkB

T
c

Eq. (~~ ) becomes:

= 0.l8I.iv1~ / kBT (83 )

For Nb , v = 3.L4,x107 cm/sec and T
~ 

= 9. L4’6°K. Hence, 
~~ 

=

For the  case of small or impure specimens where the mean

free p ath L is l imi t ed by boundary as well as impuri ty scattering,

Pippard assumes tha t

1 (84 )

where 0( is a constant of order uni ty .

From the above expression it is clear that ‘
~~~(~~-) tends to as

• , but t h at ~ (~-) - t  as L -~ 0.

Purthermore , it is now generally accepted that whenever

one applIes t h i ’  equation of the Pippa rd theory to the case of

smal l or impure specimens , one obtains good agreement by modi-

b y  l i t  -~ Eq. ( -i ~l ~

~ bJ~~~) 
(85)

wh~~r ’v is ‘ s w  ‘he empi rical penetration depth for a bulk

sample and takes I h i ’ p ise - of the London value 
~~ L

A 1 (o) 
‘ui ’ N b i s  ~?O ~~~, as determined by Maxf ie ld  and

hi len ‘ . ~i ’ n ’ - , b Eq. (So), ~ at ,  ~ .:‘°K is equal to 1~8O ~~ .

-

~

-— -- ~~~ ‘—- -—--— - —-~~~~~~~ --~~~~~~~-
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CHAPTER III

APPARATUS AND E)~~ERIMENTAL PROCEDURES

The three independent components for this experimen t

consist of the following: good superconducting samples, a reli-

able electro-mechanical device for point contact adjustment , and

a variety of microwave sources. These three are then combined in

a cryostat to perform the actual experiment. Careful rf and magne-

tic shielding and temperature stability are required in the

cryostat because of the sensitivity of the junction to magnetic

fields, rf radiation , and temperature changes. The design of

the cryostat is described in the next section of this chapter.

This section is followed by descriptions of the point contact

adjusting device , sample preparation , and the microwave system.

Measurement of junction voltage-current characteristics and a

video detection technique will be discussed in the last two

sections of this chapter.

A. Cryostat

The cryostat and the magnetic shield arrangement are

shown in Fig. 7. ~he final experiments are performed in a 15 cm

inner diameter superinsulated metal dewar (A) with no liquid

nitrogen shell. A conventional glass dewar with liquid nitrogen

shell is also used in earlier experiments. The Pb plated can

~4O

_ _ _ _ _ _ _ _ _ _ _ _ _  _ __ 
j
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_ _ _ _ _  _ _ _ _ _  
A. META L HELIUM

~~~~~~~~~~~~~~~~~~~~~ DEWA R

B. RG 53/U
WAVEGU IDES

Pb PLATED CAN

r D. ADJUSTABLE MOUNT
I

_ 

E. Nb Sarn~~e

- - 
_ __ G. Nb TI WI RE

~~~~~~~ ~~~~~~~~~ MICROWAV E ABSORBERS
- - 

~~~~~~~~~~~~~~~~~~~~~~~ Pb SHIELD
~~ __________ 1

_______________  J. Be-Cu BELLOWS

K. SUPERCONDUCT~ NG
SOLENOID

FIGURE 7

i i~ w- i t ’  and Magnetic Shielding (Not to Scale)
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(o) is fabricat ed by electroplat in g Pb on the inside and outside

of a du can of about 9 cm outer diameter and 30 cm in length. The

top of the can (C) is fastened to the waveguide (B) . The room

temperature end of the waveguide (B) is sealed with a mylar

window . In order for the junction to be in contact with a

constant temperature bath, liquid helium is allowed into the

can through small holes in the top and bottom of the can .

The 19 mm diameter and .75 mm thick Nb sample (E) is

mounted on the end of the waveguide (B) with a brass flange and

two In 0-ring seals (F). The In seals are to stop microwaves from

leaking out from the sides of the substrate. To further prevent

stray microwaves from reflecting back to the junction 3 mm thick

noninagnetic microwave absorbers (H) are placed between the junction

and all surrounding Pb shields. The microwave absorber used is

Castable Carlioflow C-126 manufactured by Microwave Filter Company ,

Inc .

A pointed Nb-Ti wire (G) is mounted on the top plate of

a soft Be-Cu bellows (j )  with an insulating mount.

The Pb shield (I), the bellows (J), and the superconducting

solenoid (K) are mounted on the adjustable mount (D) which is

attached to the waveguide (B) . The pointed Nb-Ti wire is

ini tially separated from the Nb film by a gap of less than .7

inn. ~he contact is then made to the film while the apparatus is

i mmersed in li quid heli um by stretching the bellows (~) which is

operated by the solenoid (K). The details of this electro-

mechanical device is described in the next section .

_ _ _  -~~~~~~~~~~~~~~~~~~~ --
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Each of the fou r electrical leads int o the dewar , two

for the film and two for the wire , is independently shielded in

a grounded 3 inn tube . To minimize rf pickup from outside the

dewar, th ere is a commercial low-pass LC-filter in each lead .

The cryostat can be operated at any temperature between

4.2°K to l.6°K by pumping on the liquid helium .

B. An Electromechanical Device for Adjusting Supercosd c c t ~ ;.g

Point Contact Characteristics

The apparatus is illustrated in F T ” . H • Our ,l uns c ions

are formed by pressing the pointed end of a 0.6 an-. ciarreter N b - F l

wire ontoa ~~ thin film mounted at the open eric of a waveguide.

The desired junction V-I characteristics are o~ taised by varying

the pressure at the points. The pointed wire is mo snnted upright

on top of a soft bellows which is expanded by the combined

magnetic repulsion of a solenoid on a superconducting plate

and the attraction of the solenoid to a ferromagnetic disc .

Absolute stability at the contact is achieved by putting the

solenoid into a persistent mode . This kind of stability is not

easily achieved with a purely mechanical design such as the

commo nly used differential  threaded mechanism .28

Referring to Fig. 8, the solenoid assembly inside the

t-eIl ows -o n s i st s  of 1500 turn s of 0.3 nun diamet -r  ,\b- Ti wire

wound nfl a c a c t I ,  i ron spool with a 3 mm d i a m e t e r  clearance hole

- h r’ iu~ h j i  s - ’i .x j a ind with a cavi Ly at one end f or  a small i ron

I i  SC to move ip - cc - I  down . An alum ilium rod wi h one end a t  t ;~~-he i I
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to this disc is fitted loosely through the hole. The bottom

of the solenoid is fixed on a base plate. The end wires of the

solenoid with their copper coating taken off are joined together

by spot welding to form a superconducting loop. A heat switch

is put in the loop by baring about 1 cm of wire and by glueing

a 1/4 U , 100 ohm resistor around it with epoxy . It is operated at

10 V and 80 mA. Two copper wires to be used as supply leads

to the solenoid are soldered to the loop at two places, one at

each side of the heat switch. When the heat switch is on , this

se- - ’ i o n  of the loop will be driven normal and most of the current

i n  he supply leads will  flow through the solenoid. When the

heat ,  s w i t c h  is off, a superconducting loop forms and the current

in the solenoid will flow through the switch to form a persistent

current. I’he L/R tine constant of the solenoid is about 300

insec .

The 0.12 mm wall soft Be-Cu bellows is manufactured by

Flexonics Division, Universal Oil Productions Company and has

a spring constant of 1.1 x io6 dynes/cm. The dimensions of the

bellows are: 3.8 cm outer diameter, 2.29 cm inner diameter, 3.43

cm length and 10 corrugations. A circular piece of 0. 64 nun

thick Nb-Ti sheet is glued on top of it with epoxy. The bottom

of the bellows is fixed on the same base plate as that of the

solenoid. When a current is passed through the solenoid , two

forces combine t-o stretch the bellows. One is t h e  a t t r a c t i o n

b e t w e en  t b ’  solenoid and the s of t  iron disc which pushes t h e  rod up

t h e  op plaLe . The o ther is the repulsion between t h e

_ _ _ _ _ _ _ _ _ _  ~~~ - ‘- ,~~~~~~~~~~~~~~-~~~~~~~~~~~-
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magnetic field gradient of the solenoid and the superconducting

top plate. With a current of 10 an elongation of about 3 nun

is obtained.

Enclosing the bellows, at a distance of about 6 mm away

on all sides , is a 0.25 nun thick lead shield. The distance is to

allow the magnetic field in the solenoid to drop off so that the

maximum field at the shield is less than the critical field of

lead (570 oersted at 4.2°K). No magnetic disturbance is observed

at the point contact as it is doubly shielded ‘by the lead foil as

well as by the Nb-Ti top plate which has a higher critical field

than lead.

A typical run using this apparatus is to set the point

at a distance of about 0.7 mm from the Nb film. The V-I charac-

teristics of the junction are displayed on an oscilloscope.

Initial contact can usually be made with a solenoid current of

about 2 ~~ . The zero voltage current (d.c. Josephson current)

can then be adjusted smoothly from about 40j~tA to about 2 ma

on a typical junction with a current increment of only 2 amperes.

In Fig. 9 a plot of junction critical current vs.  solenoid current

for a typical run is shown. The smoothness of operation is

nri ’iicativ e th ’i ’ we have a very fine linear motion at the points.

Fhe se c’ v o lt a g e  ‘-urr er l i will remain stable, for periods of

hours , once the  so l e no i d  - -u r n - r i ’. is put into a persistent loop.

‘he la -k of c r s i  ‘ l v i ’  y ‘o m , -c - h , t ~ 1 cal vib ra t ion  and to small

n p - han I ‘ci oh , - k : ;  i n ;  I n i  I -
~~ ‘ ‘ I  by banging the dewar wi th  the

h LIId1C of a i t-ge s - i . - w i r ’ n . . Ne r i -sal  I n c  change i i i  the V—I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ - _ _ _ _ _ _ _



—‘ ‘ - ‘ ‘‘ ‘ ‘‘— ———

47

I-zw x

0

-J

~ I -
0
F-

0

z
0
F- x
0 /

3.5

SOLENOID CURRENT (A)
FIGUR E 9

lot ,~~~
- ion I T w i - e r  Tun e i on  ‘I r i tical Tu rn -nT and Solenoid 

i t  fo r  a “ V pi  cal ~~~~ n 

-~~~~~~~~~~~~~~~~~~~ - ‘ -_~~-~~~~~- - - -~~~ ---- _ _



- 
‘

‘~~~~~~~~~~~~~~~~~~~~~~~~~

48

characteristics is observed.

C. Sample Preparation and Electrical Connections

A usable sample consists of the following two parts: an

evaporated superconducting film and a pointed superconducting wire.

The preparation of the film is the most time consuming portion

of this experimen t and will be discussed next followed by the

preparation of a pointed wire.

Niobium is the superconductor used for the thin film

evaporation because of its high transition temperature and the

hardness of the metal . Although there are a number of methods29~~~

available for preparing Nb films , it appears that none has attempted

films of thickness less than 100 ~~~. In this laboratory a success-

ful method is developed for preparing Nb films as thin as 30 ~

by electron beam evaporating Nb in a Veeco high vacuum thin film

evaporator Model VE-770 .

Due to the fact that there is a slow deterioration of the

superconducting properties of these unprotected films , a new set

of samples is required for each run . The important parameters

for making the Nb films used in this experiment are given in

Table I. Higher evaporation rates mean higher purity for the

films. The 10 ~/sec evaporation rate for Nb is about the maximum

for this  particular vacuum system , probably the fault of the

material . At higher evaporation rates the Nb is getting sputtered

out of the crucible because the gas trapped in the molten Nb did

c o t have a ‘h irice to escape .
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TABLE I

EV APORATION PARAMETERS

Ma terial Nb

Deposition Rate Approx. 10 ~/sec

Electron Beam Power 2.5 kW

-rhickness 30-1,000 ~

Substrate Material Sapphire

Substrate Temperature - About 400°c

Evaporation Pressure 1 to 5 x l0~~ mml{g

~
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The samples are prepared by electron beam evaporating

Nb onto three circular and six rectangular polished sapphire

substrates purchased from Adolf Meller Company. The rectangular

ones of dimensions 1.27 cm x 2.54 cm and .64 mm are test samples

while the circular ones of dimensions 19 nun dia. x .76 nun are used

in the actual run. The Nb used is 99.99% pure and purchased from

Material Research Corporation. The sapphire substrates are much

better than the glass substrates used earlier in this experiment

because of its much higher transmittance in the far infrared

and its much higher thermal conductivity .

The substrates are first cleaned in 4~~ hydrofluoric

acid to etch Iw ay any old Nb from previous evaporations. Secondly,

they are cleaned by successively rinsing with distilled water,

scrubbing with me thyl alcohol , and ultrasonically cleaned in

freon. The last portion of this procedure is performed in a

dus ’~ free laminar flow clean bench. The substrates are mounted on

a holder and put directly into the evaporator, which is then

evacuated.

~u n i r i ; - evacuation a 1000 W quartz filament lamp heater

noun ,‘d dl c- ectly above the substrate holder is turned on. The

substr;O e temperature is maintained at about 400°C by the heater

thereafter un t i l  the evaporation is finished, which usually

‘akes n on e than twelve hours. A 1.6 nun copper plate placed on

top of he su b st r a t e  holder is there to provide more uniform

h c i 1 in t -; t o all substrates. The temperature of the substrates is

o r - c t  w i  h a c o p p e r — e ot c s t an t , i n  thermocouple in contac t with

- hi ’  sul- ;; i - ~~~t ’  hohier. The h e a t i n g  process increases adl~esion of

- - 
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of the film to the substrates by baking out trapped gases and

water molecules left on the substrates.

The bell jar is left pumping overnight with the liquid

nitrogen cold trap being topped at all times with an automatic

liquid nitrogen filling device. The cold trap is essential in

keeping any oil vapor from getting into the bell jar. After about

eight hours of pumping, baking, and cold trapping the residual

pressure in the bell jar should be less than 1 x 10~~ minHg.

Further cleaning is provided in the evaporator where the

substrates are exposed to an argon glow discharge at 20-40 microns

pressure for 45 m m .  The discharge is excited by a 10 M1-Iz rf

field of approximately 50 volts. The glow discharge cleaning process

makes an obvious improvement in film quality by greatly reducing

the number of pinholes.

The substrates are arranged in three columns on the

substrate holder as shown in Fig. l0a. The substrates are

shielded from the evaporant by a mechanical shutter. The evapo-

ration rate is established over a period of about three hours by

increasing in small increments the electron beam power from

zero to 2.5 kW. During this procedure the high vacuum pressure

is carefully monitored to be sure it does not exceed 5 x ~~~~

rnrnHg. In order to guarantee the best possible film quality the

deposi t ion rate is maintained for another two hours after it has

‘eon ro t  abi i shed hef , no de~’osi I i  r , - ~ the f i  1 mu .  ‘h i- position of

the shu ’ t i ’ r ’  I t O i ’ ( ~ to r o tc  tro t he ( c V L p o rat ior:  t i m e  on each

eo lwn r c of subs I ~ni t~~ ; ~o t h a t  three ncr of f i lms , rf  hree cli f fe r en t  

---—~~ --- ‘ - - ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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th icknesses are obtained in one evaporation.

l’he thickness of the sample is monitored with a Sloan

thickness monitor . The output signal from the thickness monitor

is proportional to the thickness of the f~im. An evaporation rate

of about 10 ~/sec at pressures 1-5 x 10~
’ minHg is found to be

most satisfactory. After the film is deposited the electron beam

and the quartz filament lamp are turned off and the substrates are

allowed to cool to room temperature in high vacuum before removal.

Contac t is made to the metal films using pure indium

solder applied with an ultrasonic iron. These contacts can be

recycled and do not seem to affect the quality of the films.

Copper leads are soldered to the terminals of each film for

current-voltage measurements as shown in Fig. lob.

A rectangular sample is first tested in a liquid helium

storage dewar for its superconducting properties. A good quality

superconducting film should have a critical current density and

a transition temperature close to that of the bulk material . A

set of typical film parameters is shown in Table II. If the

test sample is satisfactory, the circular film will be used in

the ac tual run .

The other part of the junction is a pointed superconducting

wire . In most of the runs a 0.7 nun diameter copper clad Nb-Ti

wire is used . In the rest of the runs a 2.5 inn diameter pure

Nb rod is ;is,’d instead . “he poin t ing  procedure is the sane fo r

ho ’h wi res .

A f t e r  the insulation is ~aken off f rom the wire , etci ’  end 

—-- -- - ---—- —~~~~ —— --- ---- -- ---- - -- - ---- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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TABLE II

TYPICAL FILM PARA!4E’I’ERS

Film Resistivity Ratio Critical Current Transition

Thickness ?3000K/ ~
°4.2°K 

Density A/cm2 Temp. °K

Bulk 100 2 x 10~ 9.4t~

500 ~ 4.7 1.25 x 106 9.4

200 4.6 2.5 x 106 9.

100 4.9 2.5 x iO
6 8.~

50 ~ 4.8 1.7 x 10
6 7.1

*For reference see B. W. Roberts, Superconductive Materials and

Some of their Properties, NBS Technical Note 408 (19( 6) .
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of it is mechanically g-round to a cone shape with approximately

a 40° half cone angle. This end is fu rther chemicall y etched by

dipping momentarily in a solution of 1:1:1 hydrofluoric acid ,

nitric acid, and distilled water. After rinsing in distilled

water the point is examined under a lOX microscope. The tip

of the cone should have a positive curvature and a diameter of

about 25 microns. If this is not the case, the above process

will be repeated until the desired shape of the point is obtained.

A f ine r point with a smaller half cone angle would seem

to reduce the capacitance of the point contact and further enhance —

the detectivity of the junction at high frequencies. However,

this is of little advantage for the present experiment because

after each run the point is found to be flattened to about 100

microns in diameter for the Nb-Ti wire and about 200 microns in

diameter for the Nb rod due to the hardness of the sapphire

substrate.

Two copper wires are soldered to the copper clad Nb-Ti

wire with Pb-Sn solder for current-voltage measurements. In

the case of pure Nb contact is made to the rod by spot welding two

Nb- ti wires.

D. Microwave Sources and Harmonic Generators

two n 1 crowave sou r-e s  and two harmonic generators are

used in this - x l r - n i r n e n c  . ‘hr combined microwave sources span a

f:V-quency rarc~ i - t i - r n  ;Hs to id - }ic . I ’  i s  in t h i s  f requency

t - ’ Lfli e hat m en; ’ of our da i - - it - - t I-: i n  

—_~~~~~~~~~~-
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The lower  frequency source is a 50 mW Gunn effect oscilla-

tor wi th a c e nt e r  frequency at 22. 125 GHz. The higher frequency

source is a 200 m~-J OKI 35 Vl2 Klystron with a center frequency

at 3~ ~H s . I’ we harmonic generators, both of the Gordy35’ 36

cross waveguide type , are used to gen erate the third harmonics

from the two fundamental sources. The details of the harmonic

generators will be described below .

A block diagram of the microwave system is shown in Fig.

11. The chopping of the 22 GHz microwave is provided by an external

square wave modula ting the d .c . Gur’in diode power supply, whereas

the 35 UHz microwave is chopped by an internal square wave modu-

lation in the Klystron power supply. The chopping circuit for

the Gunn diode is shown in Fig. 12. A convenient chopping fre-

quency for both sources is around 500 cps. The chopping of the

microwaves is needed for phase sensitive detection. The output

wav egu i d r o of the 35 GHz source and the two harmonic generators

ai-~- coupled to the RG 53/U waveguicle in the cryost~at via suitable

Yc ppe ri’d t r ans i t ion  sections.

The design of the harmonic generators is essent ially the

same as the one described in Gordy ’s paper.35 Two rectangular

wavegu ides of different sizes, one for the fundamental and the

o~ her  fo r  the third and higher harmonics, are soldered together

a t righ t angles to each other with  the larger walls in contact.

:he c o n t a c t  i ng  walls are thinned t o  ~h0 m icrons in order to

increase t h c  coupl i ng b e t w e e n  t h e  wc guides .  Three holes of

si Son;  sn’c I i  - - ‘ r n  p i n - cl c c  h - - t i  m d c c ,  l o s s  of he wnt v ec ’u iden ; cni-

- ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
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drilled through the walls of the cross waveguides along the axis

perpendicular to and through the center of the contacting

surfaces.

The harmonic generating element consists of a .5 mm x

.5 mm lN53 silicon crystal chip and a pointed 50 microns diameter

tungsten cat whisker.  Both the crystals and cat whisker are

purchased from Alpha Industries, Inc. A cross sectional view

of the multiplier is shown in Fig. 13.

The crystal is mounted on the post of a differential

screw mechanism with an equivalent travel of 70 microns per

revolution . The crystal is positioned at the center of the hole

on the outer wall of the small waveguide. The crystal can be

ro tated and be screwed in and out of the hole without ro tation

and without touching the walls of the waveguides. This is to

preven~ breakage of the crystal while it is inside the hole.

The tungsten cat whisker is etched and cleaned to a

smooth fine point in a solution of KOH. The etching is done by

barely dipping the tip of the cat whisker in KOH and passing a

small a.c. current through the cat whisker and the solution .

The etching stops when the bubbling reaction at the tip of the

cat whisker ceases. The cleaning is done by dipping about 0.5

rn of the cat wh i sker in the same KOH solution and passing a

d. c . c- m c t  h r c cn h the cat whisker  and the solution for a few

see rfl~~~;~

‘ h -  p- - i n ed ‘a~ w h i s k e r  is l i en  ex amin t - d  u n d e r  a microscope .

:h~ - r’ - - ‘ 9 c c  ii ha ’~’ i -  a sm- coot  h - - n o -  uhape w i  tIn a small posi t ive

___ ~~~~~~~~~~~~~~~~~~~~~
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curvature and a fine t ip .  If the point is over-etched or under-

etched , the above procedures are repeated with slight variations

in some of the parameters until the desired point shape is obtained.

The etched and cleaned cat whisker is moun ted on a nylon

screw and then threaded through the holes in the cross waveguldes

until it reaches the inner surface of the outer hole in the small

waveguide . The bend in the cat whisker provides more strength to

the point contact and also acts as a partial choke to the harmonics

generated in the small waveguide.

When mounting the differential screw mechanism onto the

cross waveguides it is best to back off the crystal far enough

so that it ends up just outside the outer hole in the small

waveguide . The crystal is then advanced slowly through the hole

until contact is made to the cat whisker.

The condition of the contact is monitored with a sensitive

ammeter. The moment the cat whisker touches the crystal, a micro-

wave induced current will show up in the ammeter. In case the

cat whisker hits the post or the walls of the waveguides instead

of the crystal a current in the opposite direction will result.

The best- contact, is usually the first contact with the lightest

pre -;sun (- and maximum induced current in the diode. After a few

~rl c1s ‘ h i - ca t , whisker will become blunt and it has to be etched

-‘ ccci  n ‘ i n i i ’ c l  - e -~ci m c .

h ’ -  h - m m - c - - c d  c o u t p u t is tuned to maximum wi th  the t w o

nh c r i n c ’ ~ p 1 n c r ; , - - c t one of t hi - ends of each c ross wavegni de.

‘ h i -  o u t p ’u  m c , .‘ i n ;  ‘ c u n - ’ t c i - n -  or  i mn ’.i c ccl by rev i-r ’se  t c i n u n — ’u n u g  the 

-
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diode at a voltage slightly less than its breakdown voltage.

The output power is estimated to within ±5 dB by detecting wi th

a lN53 diode commercial crystal detector. The 1N53 diode is

calibrated against the known output powers from the fundamentals.

The performance of the harmonic generators depends on

the cleanliness of the crystal and cat whisker con tact. If the

performance of the generator is degraded, the cat whisker has

to be recleaned and/or re-etched in a KOH solution. The average

conversion loss of the 66 GHz harmonic is about 4-0 dB whereas

that of the 105 GHz harmonic is about 30 dB.

The reason why there is more loss at 66 GHz than at

105 GHz is because the crystals in the two harmonic generators

are different. The 66 GHz harmonic generator employed silicon

crystal material from cartridge-mounted 1N53 diodes. However, at

a later stage of this experiment we were fortunate to have on loan

a 105 GHz harmonic generator and a 200 mW V-band source from

Professor W. C. Oelfke of Florida Technological University. The

crystal employed in this multiplier is an improved silicon

crystal bomba rded with high ener~ ’ radiation obtained from Bell

‘telephone Laboratories.  These cr ystals were found to improve the

performance of the multiplier u n i t .  The method of development

Of th i s  crystal is described by Ohl, Budenstein , and Burrus37

of the Bell Thlephone Laboratories.

H. Measurement of Junction Voltage-Current Characteristics (VICs)

A block diagram of the biasing circuit is shown in Fig. 14.

the tri angle wave ;~cn1cn ra or and the d.c. amplifier are built 

-~~~ ~~~~~~~~~~~~~~~~~~~ -~~~~~~-- -- ---‘ ---~~~~~~~~~~~~~ . - , ‘ - _ _ _ _ _
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38according to the circuits described In Longacre s paper. The

junction VIC is display ed on an oscilloscope or plotted on an X-Y

recorder by sweeping the junction current with a triangle wave

generator. The attenuator network is shown in Fig. 15. The film

side of the junction is grounded to the metal dewar which in turn

is grounded to a common ground on the oscilloscope. To minimize

rf pick up problems low pass LC filters with a cutoff frequency

of 10 kHz are used in each of the leads that goes down to the

junction .

Since the junction responsivity depends on the product of

the maximum critical current I~ and the junction dynamic resistance

RD at the bias point, the highest responsivity is obtained by

optimizing the product I
CRD 

on the junction VIC. Typical junction

VICs of a 50 ~ film point contact junction in the absence and

presence of microwave radiation are shown in Fig. l6a and 16b

respectively.

F. Video Detection Mode

In the video detection mode the junction is current biased

on the junction VIC at a point where the dynamic resistance is

hit-h as shown in Fig. 17 and the incident microwave radiation

is chopped or square wave modulated at a convenient frequency .

The resulting voltage change at the chopping frequency is then

detected with - m  standard phase sensitive detection system. A

typical response curve for a 50 ~ film point contact junction

i rradiated w i ’ h  22c 1-{ z rad 1a~~i oni is shown in Fig. Pc .

- - ~~----- -- -‘ - - - -~~--rn ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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CHAPTER IV

E)G~ERIMENTAL RESULTS MID DISCUSSION

In this chapter experimental results on the responsivities
-~ -4

of the junction in both the B field ant E field coupling confi-

gurations are presented. Comparisons are made to the calculated

responsivities and to other experiments.

A. B Field Coupling Scheme

The responsivity of a thin-film-point-contact junction in

the B f ield coupling scheme is calculat ed in the following way :

From Eq. (76) of Chap ter II the voltage response of the

junction in the presence of low level monochromatic radiation is

IcoR D ~T > ~w Bg e t/~ ~2 
(76)

where the symbols are defined in Chapter II and will not be

repeated here. If the microwave radiation is transmitted through

a rectangular waveguide in the TE modes, the total power transmitted

~~— related to the amplitude of the magnetic field by the following

expression

~ ~~ 
(~ AO ) 2 

4J/ 7 (~~~) 2 (~~)

w het -c a arid b (a greater than b) are the inner dimensions of

hi , ;-~ii Ie , j t  and ~~. ar c - the permeability and permi t t i v ity

68
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respectively of the medium . In the medium under consideration

which is either air or helium vapour p.. = and ~ 6

2a is the cut-off wavelength of the waveguide, and 
~~ 

is

the transmitted wavelength in the guide. For simplicity let

us assume that the magnetic field threading the junction is the

B field in the TE modes. Writing B0 
in terms of 

~T 
in Eq. (86)

and substituting into Eq. (76) we get:

____ _______________________  

,\we
_t
~~ 

2 

(87)
a b f ~~~~~~~~~ 2~~~~~~~( x ) 2

8p..2~~~ ~~~~jj

Note that P,. , the total power transmitted is not the sane as

F, the incident power on the junction in the definition of the

junction responsivity. Since the exact value of P is not easily

measured we could only defi n e our junction responsivity as:

‘co~~ 
1 

{

~\we
t
~~~~

2 

(88)- 

~
‘T 6 

~~~~~~~~~~~~~~~
2F

~~~~~~~~~~~~

2 
~~~ 

i

In the above equation I RD , and w are the junction parameters

and are easily neasured. a, b and ) .  are the waveguide

par-inc~ers and depend on the size of the waveguide used. X

is measured by a waverneter and should be very close to the free

space wav€-ior~~~h. the remaining quantity is X , the penetration

depth of the Uilm , which is not an easily measurable quantity .

h- w ’-~’ r , if . 1:; c-ot .~ m~t t_ed in hI- c ilOwin C way .

_ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Pc~ mentioned in Chapter II, )~.. depends on the mean free

path , j  , of the sample. For a thin film sample with the

thickness of the sample small compared to the other dimensions

o~ the sample , 3.. is restricted by the thickness of the film.

Also if £. is snail compared to the range of coherence , the

effective range of coherence is approximately equal to 3.. [Eq. (84),

Chapter II]. For ~b, 
~ 

is ~ 500 ~~. The film thickness studied

ranges from 50 ~ to 500 ~~. In this range of film thickness fi

is smaller than or equal to 500 ~~~. Hence, to a first order

approximation ~ is approximately equal to J and X is given

as: 

= 

~~ ~~~b 
(89)

where for Nb is equal to 480 ~ at LJ..2°1{.

The estimated values for >\ are listed in Table III.

The mean free paths are essentially the same as the film thick-

nesses in the range considered. An oxide thickness of about

10 ~ grown on top of the sample further limits the mean free

path, which becomes important for very thin films. This is taken

into account for the three thinnest films considered.

A plot of the estimated penetration depths versus film

thicknesses shown in Fig. 18. The essential features are tha t

is three to t o u r  times lta rpci - than that of the bulk value

for a 50 ~ f~ im and ~ approaches Nb 
for 500 ~ or thicker 
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TABLE III

CALCULATED PENETR ATION DEPTHS

Film Mean Penetration
Thickness Free Path Depth

t , (~) .~, (
~) A , (~)

50 40 1700 1
100 90 1130

200 190 780

300 300 620

400 400 540

500 500 480 
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In the present experiment a K-band waveguide is used for

all ~he f requencies from 22GH z to 105GHz. The waveguide parameters

are: a = 1.07 cm , b = .432 cm and = 2.14 cm , which corresponds

t - o a cu t - o f f  frequency of 14 .1GHz .

The junction parameters (I , , and w) vary from

:uncticcrc to junction because no two junctions are identically

the same . Even during the sane run the junction parameters are

ch~cc~ed to obtain the optimum responsivity by varying the IV

characteristics of the junction . The average values for ‘Co 
and

are respectively 200jLA and l0~ chins for junct ions wi th  high

responsivi~ios. Ihe average value of w after the run is about

?-xlO 5m because the t ip of the point is usually flattened by the

Nb film on the sapphire substrate.

Using the average typical values for the junction para-

meters and the estimated penetration depths from Table III, the

junction responsivities as a function of frequency and film thick-

ness are cnlculated using Eq. (88). The calculated and measured

renponsivi cies are shown in Table IV. The average measured

responsivt~y is the combined average of all the runs with a

junction of the same thickness. There are no data for 66GHz and

105GHz for a junction wi th a 100 ~ or thicker film because the mm

wove powers c :onrra ted by the harmonic generators are not powerful

ø r i c ~ic~h to produce a detectable change in the junction VIC.

Plots of j un c 1 i c ~n responsivity versus film thickness are

shown i s  - ‘ig . 19 and ¶“i c~. 20 for ; 2JRz and 35 Ghz respectively .

ic - sd - - - u rv -:; arc the cal oula ed rrs~ co:is V i i  y curve , t he open 

---- ~-,~-~ -
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TABLE IV

HESPONSIVITY VS. FREQUENCY FOR VARIOUS POINT
CONTACT CONFIGURATIONS

Responsivi ty v/w 22GHz 35GHz 66GHz 105GHz

~ field coupling 5.lxlo 2 l.7xl0 2 4.5x10 3 1.7x10 3

5O~~~Nb film and (6 l0
2
) (2.5x10

_2
) (7 5x1O 3) (3~lO~~)

~ field coupling 2.OxlO 2 6.~ xlO
3 1.7x10 3 O.?x 10 3

100 ~ N b film and / -2~ / -3
Nh-Ti poin* ~2xl0 c ?xlO

-2 -‘~ -4 -4
B field coupling O.7x10 2.2x10 -J 5.9x10 2 .3xlO
200 ~ Nb film and (8ao 3) (2.3xl0 3)
Nb -li point

field coupling 5.4xlO
4 

1.8x10
4 4.7x1O 5 l.9xl0 5

Nb film and (~~io~~) (2.5xlO~~)

**E field coupling l .5x10
6 4.4x lO 5 l.35xl05 3.4x104

Nb—Ti sheet and (3.6xlO~) (6xi04) (l.5xlO~) (6.8xlO
4
)

**E field coupling l.5x10
6 4.4xl05 1.35x105 3.4x104

(4. 3~1O~) (8~lo~ ) (1. 6xl O~ ) (5. lxl0~)

~~~~~~
‘ field coupling 1.5x106 4.4x105 l.35x105 3.4xl04

5O~~~~Nh f i lm and 
(9xl0

4
) (4xl04

) (5.4-x20
4
) (3.3x10 4)

* H esponsiv i ties in parentheses are average measured responsivity .

~~ ‘h~ c ou p l i t i C  is maximized only t o  22 and 66GHz.
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circles are the average measured responsivities and the bars

correspond to one standard deviation. The number in parenthesis

represents the nu’nber of individual IV characteristics used in

the calculation of the mean and stanaard deviation. The measured

responsivity agrees quite well with the calculated one.

B. E Field Coupling Scheme

In this coupling configuration shown in Fig. 21 the point

contact junction is put across a waveguide with its axis lying

along the lines of maximum H field. t~he voltage induced across

the junction is:

(90)

where H is the amplitude of the E field at the :-ection and d

is an effective junction thickness of the order of w i c e  the

penetration depth of the superconductor forming the junction.

The responsivity of the junction in this coupling scheme

is calculated in the following way:

The to +,al transmitted power through a lossless rectangular

waveguide is related to the amplitude of the electric field of

the microwave radiation in the TT~1 modes by the fol lowing expression39

P ., - -

~~]~~ 
(
XO
)2 
f
~~~~(X )

2 H2 (91)

he sy r c i c c c l s  have he u - i n c  c l c f l r i i L i o n s  u; i n  Eq. (ft-)

~~~~~~~~~~~~ ~~~~~~ 
~, c  

i n  Eqs. ( ?o ) :uid (ni) and su b s t i l u~ l f l i ’ the resul t  i r o
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c q u:~ t ion  for V 1 in Eq. (69) is Chapter II for the voltage response

of the j u n c t i o n  in this couplis~ scheme , we obtain:

I H d
2
P

= 
ab J~~ (~~Q)

2 
T 

- 
~~~~~~~~~ 

( e )2 
(92)

~~~~ ~~

But the power input to the junction is only a small fraction of

P. , due to impedance mismat ch between the waveguide and the point

contac t junction . Substituting P = 

~~~ 
in Eq. (92) we obtain

the junction responsivity as:

— I R d 2/f
R p = 

—~~-[~~ ( XO) 2 r 1 - (~~~)
2 (~~~~~

2 (~~)
4

‘he f rac t ion  of power absorbed by the junction, f, is estimated

by the equivalen t circuit of the junction as shown in Fig. 6.

When there is a mismatch between the characteristic impedance

of the waveguide and the load impedance of the junction , the

fraction of maximum possible power absorbed by the circuit from

the source is given by:40

4 R RL o  
(94)

whe re H i s  the c haruc~ cris~ 1-  impedance of t h e  guide and

~ 
+ the load impedance of the junction .

he m t i r i  con t i - i  l ’ -~ ion o f he 1 n c i u c ’ t ~ u - - , L , of the junction

IS • he 1en~ th h i ’  p - ‘cd w I r - - i  - r so Lhi - w u v i  ~Tu I d c . ‘he

I rI ’  is - —- n ’ s - o ri S r u  ~h w i  ci - of I i  ucce I - r • -~ mm rind I en t~t.h 1 mm
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is 2.2 x l0~~~~~ Henry. The capacitance of the junction is

where ~ 20 
~ 

for Nb
205

41 
at 1O10GHz, d is the oxide

thickness of the junction and A = l rr 2 is the area of the junction.

The estimated dimensionsof the junction are r = l0~~ in and d

20 which p-lye a junction capacitance of 28 pF. Note that the

junction width is smaller than the previous case because the

point does not have to push as hard on a superconductor as it

has to on a Nb film on a sapphire substrate to form a junction.

The junction resistance in the normal state is about 10 ohms.

Usinp- the above values for L , C , and R and the characteristic
n

impedance of a K-band waveguide , the fraction, f, for a particular

frequency is  calculated.

I l ic  es t imated value for d in Eq. (93 ) is 1000 which

is about twice the penetration depth of Nb at 4.2°K. Typical

values of I and 2 are 200 A and lO~ ohms for our junctions.co P

All the experiments are performed with the junct ion inside a K-

band waveguide. The frequency range studied is from 22GHz to

1050Hz. The waveguide is terminated with an adjustable short which

is set at ~i distance of a 1/4 free space wavelength of 22GHz

fr om the junction . This distance is set before the run and

-+

cannot be ‘djusted during the run. Hence , the H field at the

unction Is approx:imately maximized only to 22 and 6E~ {z but not

t o 35 - 10 ~

i i -  c’rc iculat ed r ’: sponuivi  t1e~ using Eq .  (93) and I hi-

m as ur- i ri- r i c n r , i  v i  t ie s  i s  lu- c d i P l i - s c s i  j u n c t i  o~ cu rtre l i s t e d

i n  he l o w - - c l v i i  t’ of r u b l e  tV . i -  i - s t  ima l ed - - r r o r  for the 22H:r
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and 35GHz measurements is ~- lO~~ due to uncertainties in the rated

power outputs of the sources. The estimated error for the 66GHz

and 1050Hz mea surements  is ± 20% due to the additional uncertainties

in the power outputs of the harmonic generators.

The measured values of responsivity are generally lower

than the predicted values especially for 35GHz. This is due to

the fact that the junction configuration is desi~~ed for wide

band detection and is not tuned to any particular frequency. The

1/w 2 dependence predicted in Eq. (93) is approximately followed

by all the junctions. The low responsivities for the 50 ~ film

junction is due to a lower critical current density in the film

which reduces I of the junction.co

Our measured responsivities althou~ i slightly lower are

comparable to the reported responsivities in the experiments of

I-~ant er and Vernon and Divin and Nad’ .~~



CHAPTER V

CONCLUSION AND FUTURE H)~~ERIMENTS

Our experiments show that the responsivity in the B field

coupling scheme is low compared to that in the H field coupling

scheme . The reason for this is that in the B field coupling

scheme described in this experiment the radiation B field is not

slrongly coupled to the junction. There are at least two ways

to improve on the responsivi ty of the B field coupling scheme.

One involves the use of a double point contact junction to increase

the magnetic flux threading the junctions and the other involves

the use of a Fabry-Perot resonant cavity to increase the field

intensity at the junction. These two methods are discussed

l~e1ow .

The fIrs I method is to make a double point contact

junction on the film instead of just a single point contact as

in the previous case (Pig. 22). If the two Josephson junctions

are identical and usc- connected in parallel the maximum super-

current. flowinc through the ‘we junctions is given by the

- 13
I nr ~cru 1- u

sin ( 
~~~ ~ 

1
~~intI - - - = 21 con (~~‘-1)

co
0 0

_ _
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Schematic Drawing of a Double Point Contact Junction
in the ~ Field Coupling Scheme
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where ~~ is the maximusn critical current of a single jurintion ,

is the irr - j p- nc ’t ic  flux enclosed by each junction and

is ‘he flux enclosed in the loop formed by the two junctions. The

sine term is the modulation of ‘Co due to the ma~~etic flux

threading the individual junctions and the cosine term is the

modulation due to the magnetic flux threading the loop of the

junctions. For radiation coming through the back of the film

= },..wB0e
_t/

~ and 
‘int 

= XLB e t/~~ , where w and L are

the width  and separation of the junctions respectively . Since

L is usually much larger than w of the individual junctions, the

cosine term in Eq. (95)  varies much faster than the sine term.

For low level radiation such that ~~ . ‘.‘ ~~~. ~. ~ , a flux
3 m t  0

quan tu m , we only need to concentrate on the cosine term . Following

a similar derivation leading to Eq. (76) for a single poin t

contac t , t h e  rc-s~cors ivi Iy of a double point contact is obtained

as:

11 
1 H ~ L (do)

P
dompa ring Eq. (~~t r )  wi th Eq. (76) we see that R is increased by

a factor of (L/w)
2 
for a double point contact. Note that L is

limi~ed by the wavelength of the incident radiation . Further

is-r -ease  rc L results in a reduction of because of r - ~~. u~ ~r it ion
lc d

i ) f  ‘he f i e l d . - - .

l n - l i m i r c r v  e~~jc rimen 4.u wi th a 50 ~ film double p o in t

0 - 5  • r l c L c ’ l i  c ’ c i  W I  i c a ;elc d . r’r i li on of abou t 1 mm : rh , ’w an inCreast-
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in R of two orders of maguitude at 22GHz from a single point

contact in the field coupling configuration. (L/w)
2 is about

150 in this case. One of the difficulties in this experiment

is to try to make two junctions simultaneously with one point

contact adjusting mechanism.

Another method is to use a semiconfocal type Fabry-Perot

resonator (Fig. 23) to increase the field at the junction.

The resonator is believed to be most suitable for operation in

the millimeter wave region. It consists of two circular reflectors

between which standing wave TEIM modes are maintained. One

reflector is a concave spherical mirror through which is passed

a millimeter waveguide . Power is coupled into the cavity through

the waveguide. The other reflector is a planar surface formed

by a film of a superconductor. Contact is made to the center

of the film where the fields are high. To facilitate coupling

of power out of the cavity and into the junction a small area

of the film at the junction is made thin compared to the pene-

tration depth of the film. Means have to be provided for adjusting

the distance between the two reflectors so that the cavity can

be tuned to a broad range of frequencies. While this method

of coupling will enhance the maguetic field at the junction and

therefore the responsivity , the fields at the junct ion are not

easily calculated.

The estimated coupling coefficients for the field
-4

in the B field and ~ field coupling schemes studied are- of the

order of l0~~ and 10~~, respectively. This accounts for the low
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responsivities in our experiments. Our conclusion is that for

successful use of simple Josephson junction detectors in the

mill imeter and submill imeter region it is probably crucial not

only to impedance match the junction to the radiation source but

also to make them a part of a resonant structure.

_ _ _ _ _ _ _ _ _  _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _
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