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es that 
an de-

te
t small 
hanges in the magneti
 �eld. They take advantage of two important properties of

super
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tors, namely 
ux quantization and the Josephson e�e
t. Furthermore, SQUIDs

demonstrate quantum e�e
ts on the ma
ros
opi
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ale, su
h as ma
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e and quantum me
hani
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ommer
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ondu
ting (HTS) DC SQUID magnetometer that will be used in

our prototypi
al experiments.
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1 Obje
tives

In this experiment, we will,

1. understand the phenomenon of super
ondu
tivity and ma
ros
opi
 quantum behavior,

2. study the basi
 prin
iples underlying SQUID appli
ations,

3. observe zero resistan
e of super
ondu
tors and examine the super
ondu
ting phase tran-

sition,

4. observe the DC Josephson e�e
t,

5. observe the periodi
ally varying 
riti
al 
urrent in the resistive mode of the SQUID, and

6. learn about the dete
tion of extremely small magneti
 �elds by 
onverting them into

voltages and using a feedba
k loop.

Referen
es

[1℄ Mi
hael Tinkham, \Introdu
tion to Super
ondu
tivity", Dover Publi
ations, 1996, pp.

1-4.

[2℄ David J. GriÆths, \Introdu
tion to Ele
trodynami
s", 3rd edition, pp. 234-240.

[3℄ Mr.SQUID User's Guide, Version 6.4.

[4℄ http : ==www:al labout
ir
uits:
om=vol 3=
hpt 3=1:html , \Introdu
tion to diodes

and re
ti�ers".

[5℄ http://
nx.org/
ontent/m22750/1.3/, \Theory of A Super
ondu
ting Quantum Inter-

feren
e Devi
e (SQUID)".

[6℄ J. R. Hook, H. E. Hall, \Solid State Physi
s", 2nd edition, John Wiley and Sons, 1991,

pp. 278-315.

[7℄ B. D. Cullity, C. D. Graham, \Introdu
tion to Magneti
 Materials", 2nd edition, John

Wiley and Sons, pp. 43, 73.

[8℄ R. L. Fagaly, \Super
ondu
ting quantum interferen
e devi
e instruments and appli
a-

tions", Review of s
enti�
 instruments. 77, 101101 (2006).

[9℄ J. C. Gallop and B. W. Petley, \SQUIDs and their appli
ations", J. Phys. E: S
i. Instrum.

9, 417-429 (1976).

3



2 Theoreti
al Introdu
tion

2.1 Super
ondu
tors

A super
ondu
tor is an element, intermetalli
 alloy or a 
ompound (may be organi
) that loses

its ele
tri
al resistan
e below a transition temperature T

C

. On
e setup, the super-
urrents in

these materials have been observed to 
ow without measurable de
rease for several years [1℄.

Super
ondu
tors 
an be 
ategorized into type I and type II super
ondu
tors. The type I

super
ondu
tors mainly 
omprising of metals and metalloids that require in
redibly low tem-

peratures to super
ondu
t. On the other hand, type II super
ondu
tors 
omprise of metalli



ompounds, alloys, and 
uprates. They a
hieve higher T

C

's than type I super
ondu
tors and

are more promising for pra
ti
al appli
ations. An important di�eren
e between the two types

is that in that in type II, the transition from a normal to a super
ondu
ting state is gradual

and involves a region of \mixed state" behavior.

In all super
ondu
tors, the 
urrent is 
arried not by single ele
trons but by pairs of ele
trons

with opposite spins 
alled Cooper pairs. These are quantum me
hani
al entities. For T < T

C

,

the binding energy of the Cooper pair is large as 
ompared to the thermal energy s
attering. As

a result, Cooper pairs propagate through the material and 
urrent 
ows without any resistan
e.

The typi
al transition from normal to super
ondu
ting behavior is shown in Figure 1.

R
e

si
st

a
n

ce

Temperature
TC

v

v
Non-superconducting metal

Superconductor

Figure 1: Resistan
e-temperature 
urve for Super
ondu
tors, ÆR=ÆT j

T=T

C

�!1:

2.2 Chara
teristi
s of Super
ondu
tors

2.2.1 In�nite 
ondu
tivity

Super
ondu
tors exhibit the remarkable property of in�nite 
ondu
tivity. Within experimental

error, their resistivities are found to be lower than 10

�26


m at T < T

C

. For 
omparison the

resistivity of 
opper, one of the �nest 
ondu
tors is at the most 10

�8


m at room temperature.

The well known relationship of 
urrent density is,

j = �E:
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Sin
e the 
ondu
tivity is in�nite, to have �nite values of j the ele
tri
 �eld E should be zero

inside a super
ondu
tor. But a

ording to Faraday's law,

�

�B

�t

= rxE

= 0

=)B = 
onstant: (1)

Hen
e inside in�nite 
ondu
tivity materials in
luding super
ondu
tors, the magneti
 �eld B

is 
onstant in time. The property that di�erentiates a super
ondu
tor from a normal perfe
t


ondu
tor is that the magneti
 �eld B is not only independent of time but is also zero inside

a super
ondu
tor. This phenomenon is dis
ussed in more detail in Se
tion 2.2.4.

2.2.2 Cooper pairs

Cooper pair is the name given to the pair of ele
trons that are bound together at low tem-

peratures. The Ameri
an physi
ist Leon Cooper showed that an arbitrarily small attra
tion

between ele
trons in a metal 
an 
ause a paired state of ele
trons to have a lower energy than

the Fermi energy, whi
h implies that the pair is bound. In super
ondu
tors, this attra
tion is

due to the ele
tron�phonon intera
tion. A

ording to the BCS theory of super
ondu
tivity,

these Cooper pairs are responsible for super
ondu
tivity.

The BCS theory is the �rst mi
ros
opi
 theory of super
ondu
tivity, proposed by Bardeen,

Cooper, and S
hrie�er in 1957, almost 46 years after the dis
overy of super
ondu
tivity in

1911. It des
ribes super
ondu
tivity as a mi
ros
opi
 e�e
t 
aused by the \
ondensation" of

pairs of ele
trons into the bosoni
 Cooper state.

2.2.3 The Meissner E�e
t

The Meissner e�e
t is the ex
lusion of magneti
 
ux from the super
ondu
tor. This is due

to the ele
tri
 
urrents known as the s
reening 
urrents 
owing on the surfa
e of the super-


ondu
tor. The s
reening 
urrents 
ow in su
h a dire
tion so as to generate a �eld equal and

opposite to the applied �eld. This results in B = 0 inside the super
ondu
tor. Super
ondu
-

tors expel the �eld even if they are 
ooled into the super
ondu
ting state in the presen
e of

an applied �eld as shown in Figure 2. This behavior is in 
ontrast with a normal, in�nitely


ondu
ting sample.

Considering the super
ondu
tor from the point of view of a magneti
 material in whi
h s
reen-

ing 
urrents produ
e an internal magneti
 �eld �

0

M expelling the applied �eld �

0

H, we require

for the Meissner e�e
t

B = �

0

(H+M)

= 0

=)M = �H:

Hen
e the equation relating magnetization and applied magneti
 �eld strength,

M = �H

5



(b)(a)

Figure 2: (a) A normal 
ondu
tor 
ooled in the presen
e of magneti
 �eld tends to sustain that

�eld after transition to zero resistan
e. (b) Cir
ular s
reening 
urrents expels the magneti


�eld as the super
ondu
tor is 
ooled below its transition temperature.

shows that the super
ondu
tor behaves as though it has a magneti
 sus
eptibility � = �1, a

perfe
t diamagnet.

Meissner e�e
t in type II super
ondu
tors A type II super
ondu
tor allows some of

the external magneti
 �eld to penetrate into its surfa
e whi
h 
reates some rather novel

phenomena like super
ondu
ting "stripes" and "
ux-latti
e vorti
es".

2.2.4 London equation and des
ription of the Meissner e�e
t

To understand the London equation, we �rst need to understand the 
on
ept of ele
tromag-

neti
 momentum. Consider a stationary parti
le of 
harge q and mass m at a distan
e r from

the axis of a long solenoid. For simpli
ity we 
onsider the solenoid to be super
ondu
ting with

its ends 
onne
ted together to form a 
omplete 
ir
uit as shown in Figure 3.

C

v

r

q

i

Figure 3: A 
harged parti
le a

elerated by a de
aying magneti
 �eld.

Initially the solenoid is at T < T

C

and is 
arrying a super
urrent. The 
harge q is in a �eld-free

region as all the �eld is 
on
entrated inside the solenoid. Now If the solenoid is heated to

T > T

C

, the 
urrent and hen
e the magneti
 �eld de
ays. By virtue of Faraday's law, a
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hanging magneti
 
ux indu
es an emf around the loop C a

elerating the 
harge parti
le,

giving it a momentum mv. Where does this momentum 
ome from? After all, we have not

applied any for
e on the parti
le to boost its momentum from 0 to mv. Are we violating


onservation of momentum here?

This paradox 
an be resolved by arguing that the parti
le possessed the momentum through-

out! For the law of 
onservation of momentum to hold, we write the momentum of the

parti
le as

p = mv+ qA (2)

where p is the so-
alled 
anoni
al momentum, q is the 
harge and A is the magneti
 ve
tor

potential (rxA = B) [2℄. The momentum qA possessed by a 
harged parti
le at rest is 
alled

the ele
tromagneti
 momentum. In the initial state, all the momentum of the 
harge parti
le

is ele
tromagneti
 and in the �nal state, it is wholly kineti
.

Considering the 
urrent de
ay period to be very short, we 
an express the kineti
 momentum

as an impulse of for
e. Thus we 
an write the kineti
 momentum as,

mv =

∮

C

F

ele


dt (3)

=

∮

C

qEdt; (4)

where F

ele


is the ele
tri
 for
e on 
harge q. The expression for the ele
tri
 �eld at the

position of the parti
le 
an be written using the Faraday's law,

∮

C

E:d l = �

d�

B

dt

;

where �

B

is the magneti
 
ux through the 
ir
ular loop C.

The magneti
 �eld B at the position of parti
le is zero owing to the long size of the solenoid.

The above equation 
an also be expressed in terms of A (whi
h is non-zero at the position

of the parti
le) using the expression for magneti
 
ux �

B

, and Stoke's theorem that relates a

line integral to an area integral. Hen
e the equation is transformed into,

∮

C

E:d l = �

∮

C

dA

dt

:d l

= �

dA

dt

:

Equation 4 
an then be written as,

mv = �q

∫

dA

dt

dt

= �q�A

∣

∣

tf

ti

= �q(A(t

f

)� A(t

i

))

= qA(t

i

):

The above equation shows that even though the parti
le is kineti
ally a

elerated, its 
anoni
al

momentum de�ned by Equation 2 is indeed 
onserved.
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Comparing the initial (T < T

C

) and �nal momenta (T > T

C

),

p

i

= p

f

mv(t

i

) + qA(t

i

) = mv(t

f

) + qA(t

f

)

qA(t

i

) = mv(t

f

):

Sin
e v(t

i

) = A(t

f

) = 0, we get a general expression for the drift velo
ity of ele
tron as,

v

d

= �

eA

m

e

(5)

and the 
urrent density for the ele
trons turns out to be
ome,

j = nv

d

e (6)

= �

ne

2

m

e

A: (7)

Taking the 
url of the above equation and repla
ing the ele
tron 
urrent density n by the

super
ondu
ting 
urrent density n

s

, we arrive at the London equation for super
ondu
tors,

rx j = �

n

s

e

2

m

e

B: (8)

We are now set to show that Equation 8 implies the s
reening of the magneti
 �eld by the

super
ondu
ting ele
trons. We take the 
url of the Maxwell equation

rxB = �

0

j: (9)

Using the ve
tor identity,

rxrxB = r(r:B)�r

2

B (10)

and Equations 10, we arrive at,

�r

2

B = �

0

j (11)

= �

�

0

n

s

e

2

m

e

B: (12)

Q 1. Derive Equation 12 using Equations 9 and 10.

The above equation 12 
an also be expressed as,

r

2

B =

�

0

n

s

e

2

m

e

B

=

1

�

2

L

B; (13)

where

�

L

=

√

m

e

�

0

n

s

e

2

l
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is a 
hara
teristi
 length 
alled the London penetration depth.

The above solution shows that B de
ays exponentially as we go into the interior of the

super
ondu
ting region. Let the external magneti
 �eld be applied along the z-axis parallel to

the surfa
e of a thin slab of super
ondu
tor (thi
kness x t 0), we have for this one dimensional

setup,

d

2

B

dx

2

�

B

�

2

= 0: (14)

Applying the boundary 
onditions B = B

ext

at x=0 and B=0 at x=1, we 
an get the solution

of above di�erential equation as

B(x) = B

ext

exp(

�x

�

): (15)

This is the London equation indi
ating that the magneti
 �eld exponentially de
ays to zero

inside a super
ondu
tor. The magneti
 
ux thus penetrates the sample only for a small

distan
e from the surfa
e and be
omes zero at x � �. The length s
ale of the penetration is

determined by �.

Q 2. Why do we take divergen
e of B, r:B as zero?

Q 3. Solve the se
ond order di�erential equation 14 and apply the appropriate boundary


onditions to derive the solution 15.

Q 4. Formulate the London equation in terms of the 
urrent density j similar to Equation

13. What do you 
on
lude from this equation? HINT: Use Equation 8 along with the Maxwell

rxB = �

0

j and the 
ontinuity equation r:j = 0.

Q 5. What is the physi
al signi�
an
e of the 
ontinuity equation, r:j = 0?

2.2.5 Ma
ros
opi
 quantum phenomena in super
ondu
tors

Cooper pairs in a super
ondu
tor share a 
ommon wavefun
tion  (r) and the behavior of

the super
ondu
ting ele
trons is 
ompletely spe
i�ed by this fun
tion. This is in 
omplete


ontrast to the situation in a normal metal where the behavior 
an only be determined by

spe
ifying all of the o

upied single-parti
le states. This 
oheren
e in wavefun
tion asso
iated

with ma
ros
opi
 o

upation of the same state by Cooper pairs 
auses a super
ondu
tor to

dire
tly manifest quantum me
hani
s at a large s
ale! How pleasing!

The ma
ros
opi
 wavefun
tion is spe
i�ed by the order parameter,

 (r) =  

0

exp(ik:r): (16)

Here k is the wave ve
tor and r is the position ve
tor. The Copper pair density is,

j (r)j

2

=  

2

0

= n

s

=2:

This means that if the ele
troni
 density is n

s

, then the Cooper pair density is n

s

=2. Several

interesting quantum phenomena 
an now be motivated from the order parameter.
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Q 6. A normal metal has N non-intera
ting 
ondu
tion ele
trons. These ele
trons have

wavefun
tions  

1

(r

1

);  

2

(r

2

); :::;  

N

(r

N

). What is the 
ombined wavefun
tion of all ele
trons?

Q 7. What is the physi
al signi�
an
e of the wave ve
tor k? How is it related to the

momentum?

2.2.6 Super
urrent density derivable from the wavefun
tion

The 
anoni
al momentum for the Cooper pairs is

p = 2m

e

v� 2eA (17)

From equations 6 and 17 we obtain,

j

s

(r) = �

n

s

2

(2e)

(p+ 2eA)

2m

e

=

�e

m

e

j (r)j

2

(p+ 2eA)

=

�e

m

e

 

�

(p+ 2eA) :

Substituting the momentum operator by its di�erential operator expression �i~r we get,

j

s

(r) =

e

m

e

[

i~ 

�

(r)r (r)� 2eA 

�

(r) (r)

]

:

This expression is, in general, 
omplex.To get a real expression for the 
urrent density, we

add the 
omplex 
onjugate of �rst term on the right hand side of above equation and take its

average,

j

s

(r) =

e

m

e

[

(i~ 

�

(r)r (r)) + (i~ 

�

(r)r (r))

y

2

� 2eA 

�

(r) (r)

]

=

ei~

2m

e

[( 

�

(r)r (r)�  (r)r 

�

(r)℄�

2e

2

m

e

A 

�

(r) (r) (18)

whi
h is an expression for the super
ondu
ting 
urrent density based on the order parameter.

In its most general form we write the order parameter as

 (r) =

∣

∣

 (r)

∣

∣

exp(i�(r))

where �(r) = k:r is a phase.

Q 8. De�ning the gradient operator r in spheri
al polar 
oordinate system (r; �; �) and

using the above expression for  (r) in Equation 16, derive the following alternative expression

for j

s

(r),

j

s

(r) =

�e

m

e

∣

∣

 (r)

∣

∣

2

(~r�+ 2eA): (19)

Q 9. Derive the London Equation 8 by taking 
url of Equation 19 assuming that the Cooper

pair density is independent of position, i.e.,  (r)

2

= n

s

=2.
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C

Superconducting ring

Figure 4: Closed super 
ondu
ting ring 
ontaining a 
losed path C far from the surfa
e.

2.2.7 Flux quantization

Let's 
onsider a super
ondu
tor fashioned in the form of a ring as shown in Figure 4. The

super
ondu
tor is in its Meissner state and allows a 
ir
ular path along C, far from the surfa
e,

the 
urrent density j = 0. Equation 19 thus be
omes,

~r� = �2eA:

We integrate both sides of this equation around the 
losed 
urve C, apply Stoke's theorem

and use the de�nition of the magneti
 
ux

~

∮

C

r�:d l = ~4�

= �2e

∮

C

A:d l

= �2e

∫

S

(rxA:ds)

= �2e

∫

S

B:ds

=) ~4� = �2e�

� =

�~

2e

4�: (20)

Here 4� is the 
hange in phase of the order parameter as one makes a 
omplete round

trip along C. Sin
e the order parameter  (r) is a legitimate wavefun
tion, it must be single

valued and the phase 
hange 4� around the 
losed loop must be �2�n, where n is an integer

(positive or zero). Thus,

� = �

2�n~

2e

= �

nh

2e

= �n�

0

;

whi
h shows that the magneti
 
ux through any 
losed area within a super
ondu
tor, on

whose perimeter j = 0, is quantized in units of the 
ux quantum, �

0

= h=2e = 2:07x10

�15
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Tm

2

. The 
ux in quantized just like 
harge or spin quantization. The smallest unit �

0

is,

quite aptly 
alled the \
uxon".

2.2.8 The DC Josephson e�e
t

The Josephson e�e
t is a manifestation of long-range quantum 
oheren
e of super
ondu
tors.

Josephson was a Ph.D. student in Cambridge when he dis
overed this phenomenon. It o

urs

when two super
ondu
ting regions are weakly 
oupled. A Josephson jun
tion (JJ) is formed

by pla
ing an insulating gap between two super
ondu
tors. If the gap is thin enough, ele
tron

pairs 
an tunnel from one super
ondu
tor a
ross the gap to the other super
ondu
tor. By

quantum tunneling, a resistan
eless 
urrent 
an 
ow a
ross the insulator. This is 
alled the

DC Josephson e�e
t.

ψ2ψ1

Figure 5: S
hemati
 diagram of two super 
ondu
ting regions separated by a thin gap.

To understand this e�e
t, we 
onsider two isolated samples of a super
ondu
tor with spatially


onstant order parameters,  

1

and  

2

as shown in Figure 5. In general,  

1

6=  

2

. Let the

order parameter in the left region be j 

1

jexp(i�

1

) and that on the right be j 

2

jexp(i�

2

). In

the absen
e of intera
tion between the two samples the phases �

1

and �

2

will in general be

di�erent. Strongly 
oupling the two samples by bringing them into 
onta
t over a large area


auses the phases to equalize �

1

= �

2

, so that all Cooper pairs will be in the same state;

this equality is then very diÆ
ult to disturb. But if there is a weak 
oupling, the phases �

1

and �

2

will not equalize between the two regions. It is possible to maintain a phase di�eren
e

between the two regions by passing a small 
urrent through the JJ. This is the DC Josephson

e�e
t.

-d/2 d/2

1

Superconductor 1 Superconductor 2

Barrier

x

iα1-k(x+d/2)
iα2+k(x-d/2)e

e

Figure 6: Contribution to the super 
ondu
ting order parameter within the oxide barrier

asso
iated with the tunneling of Cooper pairs through the barrier.

Below T

C

it is possible for the Cooper pairs to tunnel through the barrier, a net 
ow 
an take

pla
e even in the absen
e of an applied potential di�eren
e. This 
orresponds to a dissipation-

less super
urrent whose density is 
al
ulated below. Be
ause of the tunneling of pairs, the

12



super
ondu
ting order parameter extends throughout the barrier. Inside the barrier, we regard

it as being the sum of the 
ontributions shown in Figure 6. We thus write the order parameter

inside the barrier as,

 = j 

0

j[exp(i�

1

� k(x + d=2)) + exp(i�

2

+ k(x � d=2))℄

= (n

s

=2)

1=2

[exp(i�

1

� k(x + d=2)) + exp(i�

2

+ k(x � d=2))℄ (21)

where the barrier extends from x = �d=2 to x = d=2 and k

�1

is the 
hara
teristi
 length for

de
ay of the order parameter within the barrier. Furthermore, we assume j 

1

j

2

= j 

2

j

2

= n

s

=2.

Q 10. Cal
ulate the pair 
urrent density through the barrier by using the order parameter

of Equation 21 and A = 0. The phases �

1

and �

2

are assumed to be spatially 
onstant within

the super
ondu
ting region.

The expression you a
hieve should be similar to,

j =

ie~n

s

2m

e

k exp(�kd)[� exp i(�

1

� �

2

) + exp i(�

2

� �

1

)℄

= j

0

sin(�

1

� �

2

) (22)

where

j

0

=

e~ke

�kd

m

e

n

s

: (23)

The expression shows that the di�eren
e in the phase fa
tor on either side, leads to a tun-

neling 
urrent, even when there is no applied potential di�eren
e. The tunneling 
urrent is

a super
urrent. It is possible to dire
tly observe the DC Josephson e�e
t, and in the pro-


ess, quantum me
hani
al tunneling in the present experiment. SQUID provides a highly

inspirational way of pra
ti
ally observing tunneling!

2.2.9 The SQUID as a magnetometer

A super
ondu
ting quantum interferen
e devi
e (SQUID) uses the properties of 
ux quanti-

zation and the DC Josephson e�e
t to dete
t very small magneti
 �elds. They are sensitive

enough to measure �elds down to the range of 10

�15

T. For 
omparison, a typi
al refrigerator

magnet produ
es 0.01 T, and some pro
esses in animals produ
e very small magneti
 �elds

between 10

�9

T and 10

�6

T.

The 
entral element of a SQUID is a ring of super
ondu
ting material with one or more JJs.

An example is shown in Figure 7. The 
riti
al 
urrent, I

C

, of the jun
tions is mu
h less than

the 
riti
al 
urrent of the main ring. This produ
es a very low 
urrent density making the

momentum of the ele
tron-pairs small.

To understand the working of SQUID, let's 
onsider the s
enario when we bias it with a 
urrent

well below its 
riti
al 
urrent value. Then, if we apply a tiny magneti
 �eld to the SQUID,

the applied magneti
 �eld tends to 
hange the super
ondu
ting wave fun
tion  (r). But the

super
ondu
ting wavefun
tion doesn't want to 
hange. As dis
ussed in Se
tion 2.2.7, it must

maintain an integral number of wavefun
tion 
y
les around the loop. So the super
ondu
ting

loop does what you would expe
t; it opposes the applied magneti
 �eld by generating a

13



Is

J1

J2

 Ibias /2

 Ibias /2

 Ibias

V

Figure 7: A DC SQUID in the presen
e of an applied magneti
 �eld.

s
reening 
urrent I

s

, that 
ows around the loop as shown in Figure 7. The s
reening 
urrent


reates a magneti
 �eld equal but opposite to the applied �eld, e�e
tively 
an
eling out the

net 
ux in the ring.

In this way, the applied magneti
 �eld has lowered the e�e
tive 
riti
al 
urrent of the SQUID.

In other words, it has redu
ed the amount of bias 
urrent we 
an pass through the SQUID

without generating a resistive voltage, sin
e the s
reening 
urrent has superimposed itself

on top of the bias 
urrent. The situation is depi
ted in Figure 7, where I

s


ows parallel to

I

bias

/2 in one of the arms, in
reasing the total 
urrent, making it more likely to a
hieve the

super
ondu
ting to normal transition.

Now, as we in
rease the applied magneti
 
ux, the s
reening 
urrent in
reases. But when

the applied magneti
 
ux rea
hes half a 
ux quantum, something interesting happens: the

super
ondu
ting jun
tions momentarily be
ome resistive. If we try to observe this transition in

terms of s
reening 
urrent, we 
an 
on
lude that in order to have lower energy at � � �

0

=2,

it is little easier for the SQUID to keep 0.49 
ux quanta in rather than keeping 0.51 
ux

quanta out. Of 
ourse, the s
reening 
urrent will have to 
hange dire
tion at this point. The

variation of I

S

with � is shown in Figure 8.

IS

φ

φ0

2

φ0

2

φ0

2

φ0

2
3 5 7

φ0 φ0 φ02 3

Figure 8: Relationship between s
reening 
urrent and applied magneti
 
ux. (This �gure is

taken from [3℄ page no. 37.)

Figure 8 
learly shows that the s
reening 
urrent 
hanges sign when the applied 
ux rea
hes

14



half of a 
ux quantum. Then, as the applied 
ux goes from half a 
ux quantum toward one


ux quantum, the s
reening 
urrent de
reases. When the applied 
ux rea
hes exa
tly one 
ux

quantum, the s
reening 
urrent goes to zero. At this instant, the magneti
 
ux inside the

loop and the magneti
 
ux applied to the loop are equal, so there is no need for a s
reening


urrent. If we in
rease the applied magneti
 
ux a little more, a small s
reening 
urrent starts

to 
ow in the positive dire
tion, and the 
y
le begins again. The s
reening 
urrent is periodi


in the applied 
ux, with a period equal to one 
ux quantum, �

0

.

Hen
e we 
on
lude that,

� the s
reening 
urrent of a SQUID is periodi
 in the applied 
ux, and

� the 
riti
al 
urrent of a SQUID depends on the s
reening 
urrent.

Thus it makes sense that the SQUID 
riti
al 
urrent is also periodi
 in the applied magneti



ux. The 
riti
al 
urrent goes through maxima when the applied magneti
 
ux is an integral

multiple of the 
ux quantum (I

s

=0) and it goes through minima when the applied magneti



ux is an integral multiple of one plus half 
ux quantum.

The 
riti
al 
urrent is usually obtained by measuring the voltage drop a
ross the jun
tion as

a fun
tion of the total 
urrent through the devi
e. To make a magnetometer, the SQUID is

operated at a biasing 
urrent slightly greater than I

C

, so the SQUID always operates in the

resistive mode. Under these 
onditions, there is a periodi
 relationship between the voltage

a
ross the SQUID and the applied magneti
 
ux with a period of one 
ux quantum �

0

. This

is shown in Figure 9.

0 1 2 3

 Flux /φ0  

 V
ol

at
ge

(V
)

φ

Figure 9: Voltage-Flux 
hara
teristi
s of DC SQUID showing the periodi
 dependen
e of the

SQUID voltage on applied 
ux for a �xed bias 
urrent.

Q 11. The periodi
ally varying 
riti
al 
urrent as a fun
tion of applied magneti
 
ux 
an

be expressed mathemati
ally as

I

C

(�) / I

C

(0)

∣

∣


os

(

��

�

0

)
∣

∣

: (24)

Derive Equation 24 from [6℄, page no. 308-310. How will the equation's graphi
al depi
tion

di�er from Figure 9?
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The sinusoidally varying 
riti
al 
urrent is, in fa
t, a dire
t demonstration of quantum inter-

feren
e. The variation in the 
urrent 
an be 
ompared to the variation in the intensity of

light dete
ted on the s
reen of a Young's double-slit experiment. In the latter experiment,

a phase di�eren
e is a
hieved by varying the opti
al path length, as we remember from our

basi
 physi
s 
ourse. In the 
ase of the SQUID, the phase di�eren
e is maintained by the


urrents 
owing through the two arms of the SQUID. Refer to [6℄, page 310 for details.

The phenomena of interferen
e and 
ux quantization are exploited to 
reate the world's most

sensitive magneti
 �eld dete
tors [3, 5℄. These ideas will be dire
tly veri�ed in the present

experiment.

Remember, when using the SQUID as a highly sensitive super
ondu
ting dete
tor for magneti



ux, we bias it with a 
urrent slightly higher than the 
riti
al 
urrent I

C

so that a voltage drop

o

urs a
ross the JJ's with the SQUID operative in the resistive mode.

3 Overview of the Mr. SQUID apparatus

Our experiment uses \Mr. SQUID", a 
ommer
ial DC Super
ondu
ting QUantum Interfer-

en
e Devi
e (SQUID) magnetometer, in
orporating the following 
omponents,

� a high-temperature super
ondu
tor (HTS) thin-�lm SQUID 
hip,

� two feedba
k 
oils to modulate the SQUID and to 
ouple an external signal to the

SQUID

� a 
ryogeni
 probe with a removable magneti
 shield

� an ele
troni
 
ontrol box 
ontaining all the 
ir
uits needed to operate the SQUID, and

� a 
able to 
onne
t the probe to the ele
troni
s box.

A s
hemati
 diagram of Mr. SQUID with the above mentioned 
omponents is shown in Figure

10.

At the heart of Mr. SQUID is a small integrated 
ir
uit 
hip made of yttrium barium 
opper

oxide (YBCO) that is fashioned into a ring 
ontaining two Josephson jun
tions. For a full

des
ription and working of this devi
e, refer to the relevant se
tions of the Mr. SQUID manual

[3℄.

3.1 Brief des
ription to the Ele
troni
 Box

POWER swit
h The power swit
h of the SQUID's 
ontrol box is normally in the OFF

(down) position.

V� I, V�� mode swit
h The mode swit
h is normally in the V � I (up) position. This

mode allows us to observe the voltage-
urrent 
hara
teristi
s of the SQUID, i.e., we apply a

biasing 
urrent I to the SQUID and observe the voltage drop V a
ross the parallel JJs. In

this mode we 
an dire
tly observe the DC josephson e�e
t. The V�� (down) position swit
h

16
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x

A
MONITOR
CURRENT

V
MONITOR
VOLTAGE

JJ1

JJ2

I

Internal 

modulation coil
External 

modulation coil

Figure 10: A simpli�ed s
hemati
 diagram of the Mr. SQUID experiment. Current 
owing

into the super
ondu
ting ring is monitored by an ammeter `A' in series and voltage developed

a
ross the JJs 
an be dete
ted by a voltmeter `V ' 
onne
ted in parallel. Current in the external

and internal modulation 
oils links 
ux to the ring.

Figure 11: Photograph of the Mr. SQUID probe along with its ele
troni
 box.

allows us to observe the voltage-
ux 
hara
teristi
s of the SQUID, where � is the externally

applied magneti
 
ux and V is the periodi
ally 
hanging voltage a
ross the SQUID as the 
ux

is varied. The period of the voltage modulation is determined by the quantum of the magneti



ux, the 
uxon.

PROBE Nine-pin DB-9 so
ket for 
onne
tions to the Mr. SQUID probe.

BIAS OFFSET knob This knob applies a �xed DC 
urrent through the SQUID. In the

12 o'
lo
k position, this 
urrent is approximately zero. Turning the knob either 
lo
kwise or

anti
lo
kwise supplies a �xed 
urrent through the SQUID in either of the two dire
tions.

EXT INPUT A BNC 
onne
tor used to 
ouple an external voltage signal to the \external"

feedba
k 
oil on the Mr. SQUID 
hip. A MODE swit
h inside the Mr. SQUID ele
troni
s box

(a

essible by removing the top 
over) sele
ts whether this signal is routed dire
tly through a

17



100 mA fuse at lo
ation F1 inside the box to the \external" feedba
k 
oil on the Mr. SQUID


hip (swit
h position DIR) or is 
onverted to true di�erential input using a bu�er ampli�er

and then routed to the feedba
k 
oil (swit
h position BUF). The 
urrent output from the

bu�er ampli�er (i.e., the 
urrent applied to the external 
oil) is 100 �A/V. The bu�ered


on�guration is the default fa
tory setting.

SWEEP OUTPUT knob This 
ontrol sets the amplitude of the triangle wave test signal

in either the V� I or the V�� mode. The 
ontrol sweeps the 
urrent ba
k and forth between

the two extreme values. These values are set by rotating the position of this knob while the


enter position of the 
urrent is determined by the BIAS OFFSET knob. This arrangement

is shown in Figure 12. In the V � I mode, the triangular 
urrent wave is applied to the bias

0

BIAS OFFSET knob

SWEEP OUTPUT knob

V

V

t

I

Figure 12: Fun
tion of the BIAS and SWEEP outputs of the SQUID ele
troni
 box.

terminals of the SQUID and in the V�� mode, the triangular wave is applied to the internal

modulation 
oil.

FLUX OFFSET knob This knob applies a �xed DC 
urrent to the internal modulation


oil and thus a
ts as a sour
e of applied magneti
 �eld for the SQUID. In the 12 o'
lo
k

position this 
urrent is approximately zero. This fun
tion 
ontrols the amount of magneti



ux through the 
entral annular region in the SQUID loop.

CURRENT Output A BNC female 
onne
tor provides the output 
urrent of the Mr.

SQUID box. The 
urrent is 
onverted to an output voltage by dropping a
ross a 10k


resistor. Hen
e to determine the 
urrent 
owing through the JJs, we divide the measured

voltage by 10k
.

� In the V � I mode this output represents the total 
urrent through the SQUID (sum

of the �xed bias 
urrent and triangular wave provided by BIAS OFFSET and SWEEP

OUTPUT respe
tively).

� In the V�� mode this output represents the 
urrent through the modulation 
oil (sum of

�xed modulation 
urrent through the FLUX OFFSET 
ontrol and the triangular wave).

VOLTAGE Output Another BNC female 
onne
tor provides the voltage a
ross the SQUID

(in both the V � I and V�� modes). This voltage is ampli�ed by a fa
tor of 10,000. So the

a
tual voltage a
ross the SQUID is the measured voltage divided by 10,000.
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4 Experiments

4.1 The DC Josephson e�e
t and V � I 
hara
teristi
s of the SQUID

4.1.1 Obje
tive

In this experiment we will observe the resistan
eless 
urrent in the SQUID and also measure

the 
riti
al 
urrent.

4.1.2 Apparatus

1. Mr. SQUID probe

2. Ele
troni
 
ontrol box

3. DB-9 M/M 
able with 9-pin male 
onne
tor

4. Liquid nitrogen

5. Magneti
 shield

4.1.3 Pro
edure

1. Con�gure the os
illos
ope for the dual X-Y mode and set the verti
al sensitivity to 0.5

V/div and the horizontal sensitivity to 0.1 V/div. With the GND on the s
ope, use the

horizontal and verti
al positioning knobs to set the CRO dot to the middle of the s
reen.

2. Using BNC 
ables 
onne
t the VOLTAGE output of the SQUID's 
ontrol box to the

Y -
hannel of the CRO and the CURRENT output to the X-
hannel and set the sour
e

swit
h to CH I.

3. Con�rm that the POWER swit
h of the ele
troni
 box is OFF and the mode swit
h is

in the V � I position, FLUX OFFSET and BIAS OFFSET are in the 12 o'
lo
k position

and the SWEEP OUTPUT knob is fully 
ounter
lo
kwise.

4. Plug the 5-pin power 
able into the POWER 
onne
tor at the rear panel of the ele
troni


box.

5. Plug one end of the 9-pin DB-9 M/M 
able into the PROBE 
onne
tor and the other

end into the Mr. SQUID probe.

6. Now turn the POWER swit
h ON and swit
h the CRO input 
oupling to DC mode.

Use the BIAS OFFSET knob to position the dot in the middle of the CRO s
reen. In


ase you are unable to a
hieve this, 
he
k the 
onne
tions and see Se
tion 6 of the Mr.

SQUID (page no. 49-55) manual.

7. Fill the dear about 3/4-full with LN

2

. Fix the shielded probe into its styrofoam bla
k


over and slowly lower the sensor end into the LN

2

dewar.
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8. The 
riti
al temperature for the YBCO super
ondu
tor in SQUID is T

C

t 90K and it

will take some minutes for the SQUID sensor to rea
h the boiling point of LN

2

, 77K.

9. It is important to 
ool the SQUID while minimizing the presen
e of magneti
 �elds in

the surroundings. This will redu
e the e�e
t of 
ux trapping.

10. Minimize the BIAS OFFSET 
ontrol and in
rease the SWEEP OUTPUT. The V � I


urve will appear on the CRO s
reen. Use the BIAS OFFSET to symmetrize the tra
e

and FLUX OFFSET to maximize the super
urrent (zero voltage drop) region. A good

V� I 
urve should look like that shown in Figure 13.

Figure 13: V � I 
hara
teristi
s of SQUID with CH I at 0.1 V/div and CH II at 0.5 V/div.

4.1.4 Determining the 
riti
al 
urrent

The V � I 
urve has a 
at region at the 
enter where the 
urrent is 
owing with zero voltage

drop. This region represents the super
urrent or zero-resistan
e 
urrent 
owing through the

JJ's, exhibiting DC Josephson e�e
t. The 
urrent exists even though there is no voltage

drop. You must have guessed that the 
urrent 
ows be
ause of a nonzero phase di�eren
e

4� between the two super
ondu
ting regions a
ross the JJ. But the super
ondu
tor 
eases

to be resistan
eless as soon as the 
urrent ex
eeds the 
riti
al 
urrent, I

C

. This 
riti
al 
urrent


an be determined through the pro
edure given below.

Figure 14: Method to determine the 
riti
al 
urrent 2I

C

:

1. Measure the voltage at the \knee" in the V� I 
urve from the CRO s
reen after

maximizing the zero voltage 
urrent by using the FLUX OFFSET 
ontrol.

2. Divide that voltage by 10,000 to 
onvert the voltage to 
urrent.
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3. The V� I 
urve is typi
ally rounded owing to the thermal noise. To measure the 
urrent

more a

urately , in
rease the verti
al and horizontal sensitivities at the CRO 
hannels.

4. As shown in Figure 14, extrapolate the straight part of the V� I 
urve in the resistive

region down to the horizontal axis. The point of interse
tion with the horizontal axis


orresponds roughly to the 
riti
al 
urrent in the absen
e of thermal noise.

5. However this 
urrent is through both the jun
tions in the SQUID, so the 
riti
al 
urrent

through one Josephson jun
tion is half this value.

4.1.5 Cal
ulation of the normal state resistan
e R

N

The V � I mode also helps us measure another parameter of the JJ known as the normal state

resistan
e. It 
an be measured by 
al
ulating the slope of the V� I 
urve in the resistive region

of the SQUID as des
ribed below.

1. In
rease the horizontal and verti
al sensitivities on the CRO 
hannels

2. In
rease the SWEEP OUTPUT 
ontrol almost to the point where the horizontal and

verti
al outputs saturate, i.e., the ends of the V� I 
urve get 
lipped and appear as 
at

lines as shown in Figure 15.

Figure 15: Saturation in the V � I 
urve as the SWEEP OUTPUT is in
reased.

3. The slope of an imaginary line drawn between the endpoints of the V � I 
urve passing

through the origin, 
orresponds to the normal resistan
e of the SQUID. Refer to Figure

16.

4. Sin
e the SQUID ring 
ontains two JJs and hen
e two resistan
es in parallel, so the

normal state resistan
e for a single JJ would be twi
e the slope of the dashed line drawn

in Figure 16.

4.2 Flux quantization and V-� 
hara
teristi
s of the SQUID

4.2.1 Obje
tive

This experiment investigates the quantization of 
ux through SQUID ring. We will observe

one of the most remarkable properties of the DC SQUID: the development of a periodi
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Figure 16: Method to determine the normal resistan
e of the JJ. R

N

is twi
e the slope of the

dashed line.

voltage a
ross it in response to an applied magneti
 
ux, when biased slightly above the


riti
al 
urrent.

Q 12. Equation 24 shows the sinusoidal variation of the 
riti
al 
urrent with 
ux. What is

your predi
tion about the voltage developed a
ross the SQUID as a fun
tion of the 
ux?

4.2.2 Apparatus

1. Mr. SQUID probe

2. Ele
troni
 
ontrol box

3. DB-9 M/M 
able with 9-pin 
onne
tor

4. Liquid nitrogen

5. Magneti
 shield

4.2.3 Pro
edure

1. In the V � I mode, rotate the SWEEP OUTPUT 
ontrol 
ompletely 
ounter
lo
kwise

(so as to see a dot on the CRO). Now rotate the BIAS OUTPUT knob, the dot will tra
e

the usual V� I. Bias the SQUID just slightly above the 
riti
al 
urrent by adjusting the

dot slightly above the knee of the V � I 
urve. This is the most sensitive point on the

V� I 
urve.

2. Manually modulate the SQUID with the FLUX OFFSET 
ontrol so that the point on

the CRO s
reen will move up and down in response to the 
hanging 
ux as an integral

multiple of 
uxons threading the super
ondu
ting ring. This periodi
 motion arises

be
ause the s
reening 
urrent in the SQUID body depends on the applied magneti
 
ux

in a periodi
 manner where the period is determined by the magneti
 
ux quantum (�

0

).

3. Turn the MODE swit
h to V��, the down position. We will now attempt to automate

the above step.
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4. Rotate the SWEEP OUTPUT knob 
lo
kwise. This in
reases the sweep 
urrent through

the internal modulation 
oil 
oupling a magneti
 �eld to the SQUID and the periodi


V�� 
urve appears on the CRO s
reen.

5. The voltage 
hange that o

urs due to the in
uen
e of magneti
 �eld now appears

on the verti
al axis of the CRO. Observe the modulation depth at in
reased verti
al

sensitivity.

6. The maximum peak-to-peak voltage swing of the SQUID modulation 4V is measured

whi
h is 
alled the modulation voltage for the SQUID. A typi
al 
urve is shown in Figure

17.

Figure 17: V�� 
urve for the SQUID with CH I at 0.2 V/div and CH II at 20 mV/div.

7. The BIAS OFFSET 
an be adjusted to maximize the modulation depth.

8. Sin
e this is an ampli�ed signal so divide the 4V value (obtained from the CRO) by

10,000 to get the a
tual magnitude of the voltage swing.

9. Adjusting the FLUX OFFSET 
ontrol enables us to view a spe
i�
 region of the V��


urve. It a
tually allows us to apply a stati
 magneti
 �eld on the top of the os
illating

�eld applied using the SWEEP OUTPUT. Turning this knob thus moves the V�� 
urve

left or right and enables us to explore points along the V�� 
urve.

Q 13. Using the V�� 
urve, �nd the mutual indu
tan
e of the SQUID 
hip with the

internal modulation 
oil. HINT: Mutual indu
tan
e between the internal 
oil and the SQUID,

M

int

is expressed as the ratio of the magneti
 
ux threading 
oil 2 produ
ed by 
urrent 
owing

through 
oil 1,

M

int

=

�

2

I

1

=

�

0

4I

per iod

(25)

where 4I

per iod

is the 
urrent required by the 
ux � to 
omplete 1 waveform. Refer to the

des
ription found in [3℄, Se
tion 4.4, page no. 27-28.

Q 14. Dis
uss the fun
tion of the FLUX OFFSET 
ontrol knob in the V � I and V��

mode. Refer to page no. 17 and 23 of [3℄.
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4.3 Resistan
e vs. temperature of the YBCO SQUID

4.3.1 Obje
tive

This experiment helps us tra
k the normally resistive to super
ondu
tive transition of the

YBCO �lm that forms the SQUID in Mr. SQUID.

4.3.2 Apparatus

1. A 
ommonly available sili
on diode e.g., 1N914.

2. 200 
m long insulated 
opper wire (magnet wire).

3. A digital voltmeter (DVM) with sub millivolt resolution.

4. A soldering iron and ele
troni
s-grade solder.

5. A binder 
lip (stationery item).

6. Cotton wool.

7. Te
on tape.

8. DC 
onstant 
urrent sour
e of 10�A, 
onstru
ted from the following equipment

� An operational ampli�er e.g., 741.

� A zener diode 2.5-7 volts.

� A sele
tion of resistors in the range 1 k
 through 100 k
.

� A 
apa
itor in the range 100 pF to 100 nF.

� Two 9-volt batteries.

� A solderless breadboard.

4.3.3 Constru
ting a 
onstant 
urrent sour
e (10�A)

In this part of the experiment, we will use a sili
on diode as a thermometer. A 
onstant


urrent is supplied through the diode, operating in the forward bias region and the voltage

drop a
ross it is measured. The voltage is related to the temperature, as we show in the

following dis
ussion.

Q 15. Why does the resistan
e of a semi
ondu
tor de
rease with in
rease in temperature?

Consider the response of ele
tron hole pairs to 
hanges in temperature.

A simple 
onstant 
urrent sour
e 
an be build using a zener diode, two resistors, a 
apa
itor,

a general purpose operational ampli�er and two 9 volt batteries. Build the 
ir
uit shown in

Figure 18. The spe
i�
 sele
tion of the resistor R


ur rent

is determined by the zener diode

voltage. The 
ir
uit is designed in su
h a way so that the ratio of the zener diode voltage to

the output resistan
e R


ur rent

gives the value of the 
onstant 
urrent generated by the 
ir
uit.

Choose the 
omponents su
h that the output 
urrent is nearly 10�A.

Q 16. Des
ribe the working of the 
onstant 
urrent sour
e.
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Figure 18: Cir
uit diagram for the 
onstant 
urrent sour
e.

4.3.4 Sili
on Diode as a temperature sensor

1. We will use the 
ommonly available sili
on diode to measure the temperature of the

SQUID inside the probe be
ause the voltage a
ross the diode varies almost linearly with

temperature.

2. This diode voltage as a fun
tion of temperature is given by the following equation

V

f

(T ) =

E

g

2q

�

[

ln(�) +

3

2

ln(T )� ln(I

f

)

]

k

B

T

q

; (26)

where

� =

1

4

(

2mk

B

�~

2

)

3=2

Ak

B

�E

:

(The details are provided in [3℄ page no. 62, however there is a 
al
ulational error in

[3℄.)

Q 17. Derive Equation 26 by using the diode equation [4℄ for the forward bias 
urrent,

I

f

= I

S

exp(

qV

f

k

B

T

);

where I

S

is the saturation 
urrent through a pn jun
tion semi
ondu
tor diode, q is the


harge of 
arriers, T is the absolute temperature, k

B

is Boltzmann's 
onstant and V

f

is

the voltage a
ross the diode.

Q 18. Using Equation 26, plot V

f

as a fun
tion of temperature T .

3. After trimming the leads of the diode, solder the 
opper wires to its ends.

4. Conne
t the diode leads to the 10 �A DC 
onstant 
urrent sour
e and the DVM as

shown in Figure 19. Use at least 50 
m of 
opper wire between the diode and the DVM.

5. Now turn on the 
urrent sour
e and the DVM. There should be a voltage drop of

approximately 0.3-0.4 V a
ross the forward biased diode.
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4.3.5 Temperature 
alibration

1. We 
an now 
alibrate the temperature response of the diode sin
e the voltage drop

a
ross the diode in
reases almost linearly with de
reasing temperature.

2. Note the temperature of the laboratory with the help of a thermometer and re
ord the

voltage drop a
ross the diode at his temperature. The room temperature 
an be the

�rst 
alibration point for the diode sensor.

3. Use thermo
ouple to get a range of temperature values and get a better 
alibration


urve.

10µΑ
 current

source

 
      + -

DVM

100cm fine copper wire

Figure 19: Setup for diode 
alibration.

4. Now slowly lower the diode right to the bottom of the dewar, three-fourth �lled with

LN

2

. After the voltage reading has stabilized, again re
ord the voltage a
ross the diode.

This voltage will lie somewhere between 0:9 and 1:1 volts and serves as the se
ond


alibration point, at 77 K.

5. A linear diode requires two 
alibration points, but the diode may be pla
ed in an i
e bath

to get a third point also.

6. Now plot the diode voltage as a fun
tion of temperature and draw the line of best �t to

the a
quired data. In this way we have produ
ed a 
alibration 
urve that inter
onverts

diode voltage to temperature. Hen
e we have 
onstru
ted a 
ryogeni
 temperature

sensor using a Si-diode, a 
onstant 
urrent sour
e and voltmeter.

4.3.6 Pro
edure for dete
ting the super
ondu
ting phase transition

1. After performing the 
alibration we are required to plot the R-T 
urve for the SQUID. We

will now use the diode (atta
hed with long 
opper wires) to sense the temperature in the

vi
inity of the SQUID 
hip and 
al
ulate the 
orresponding resistan
e by measuring the

slope of the SQUID's V � I 
urve whi
h keeps on 
hanging while redu
ing temperature.

2. For this purpose �rst remove the magneti
 shield of the probe 
arefully, keeping the

s
rew in a safe pla
e to be re
overed later.

3. We will temporarily mount the diode with the probe using the te
on tape as shown in

Figure 20.
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4. The diode is mounted to the ba
k side of the 
hip.This pro
ess should be 
arried

out very 
arefully so that the probe is not damaged in any 
ase. Also avoid sti
king

te
on tape to the front side of the 
hip. DO NOT use ordinary tape to mount

the diode.

5. Now put the magneti
 shield ba
k on its pla
e with the help of its s
rew. The 
opper

wires should trail down the bottom of the shield.

6. Use small 
otton stuÆng to 
lose the bottom of the probe in order to improve the

temperature uniformity.

Diode

(a)

(b) (c)

 T
ef

lo
n 

ta
pe

 to

  b
in

d 
th

e 
di

od
e 

le
ad

s

Diode leads trailing down the shield

Figure 20: Setup for diode mounting. (a) Diode atta
hed to Mr. SQUID. (b) Diode is

atta
hed with the te
on tape. (
) Shield the probe with the 
opper wires trailing downward.

7. Now empty the dewar until there is about 10-12 
m of LN

2

left at the bottom and lower

the probe into the dewar.

8. The binder 
lip along with the foam 
over is used to prevent the probe from sliding

down right to the base of the dewar. Start with the SQUID probe at the very top of

the dewar as shown in �gure 21.

9. Now 
onne
t the SQUID probe to the ele
troni
 box and the 
urrent and voltage outputs

of the ele
troni
 box to the CRO. Turn the mode swit
h to the V � I position.

10. Conne
t the leads of the diode (
oming from the bottom of the dewar) to the 
urrent

sour
e and DVM.

11. A straight line will be seen on the CRO s
reen, the slope of whi
h gives the resistan
e

of Mr. SQUID. At near room temperature (probe's 
hip end near the top end of dewar)

it should be several hundred ohms.
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Figure 21: Position of Mr. SQUID's probe inside the LN

2

dewar.

12. Measuring resistan
e as a fun
tion of T

� When the voltage a
ross the mounted diode stabilizes, re
ord its value. Wait

patiently for the DVM to show you a stable value of voltage drop a
ross the diode

and then measure the 
orresponding slope.

� Cal
ulate and re
ord the slope of the V � I 
urve near the origin (V=0).

� Holding the probe, 
arefully loosen the binder 
lip and lower the probe about 1 
m

further down into the dewar and re
ord the voltage as well as slope of the V � I


urve.

� Repeat this pro
edure until the probe's 
hip end is 
ompletely immersed in LN

2

and attained the temperature of 77 K. The diode's voltage should 
orrespond to

the LN

2

's temperature at this point.

13. The expe
ted transition of the slope while 
ooling the SQUID to LN

2

's temperature is

shown in Figure 22. The R-T graph should appear similar to Figure 23.

Figure 22: Transition of slope (resistan
e) from a �nite value to zero during 
ooling to liquid

nitrogen temperatures.

Q 19. Plot the R-T 
urve and note down the transition temperature of the YBCO �lm. Is

the super
ondu
ting transition sudden? Is the resistan
e of the super
ondu
tor really zero?

Q 20. How does the resistan
e of a normal metal su
h as 
opper or silver 
hange with

temperature? What happens to the resistan
e at 0 K?
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Figure 23: A typi
al R � T graph.

4.4 Analog 
ux-lo
ked loop (FLL)

Mr. SQUID 
an be used as a sensitive magnetometer when employed in the so-
alled 
ux-

lo
ked loop FLL 
on�guration. We know that in the resistive mode, the voltage a
ross

the SQUID is a sinusoidal fun
tion of the applied magneti
 
ux, with a period of one 
ux

quantum �

0

, but this is not the limiting resolution for the 
ux measurement. We 
an, quite

a

urately measure 
ux 
hanges that are mu
h smaller than a 
ux quantum. This extremely

high sensitivity, makes the SQUID the most sensitive magnetometer!

4.4.1 Obje
tive

In the present experiment, we will learn how the external 
oil of Mr. SQUID is used in a

negative feedba
k loop for maintaining a 
onstant magneti
 
ux through the SQUID ring. In

the pro
ess, we will dete
t and measure ultra-small magneti
 �elds.

4.4.2 Prin
iple of operation of the FLL

The FLL 
ir
uit is s
hemati
ally represented in Figure 24. Here is the basi
 prin
iple of

operation.

1. The SQUID (in the V � I mode) is biased with i > I

C

.

2. The V��mode is swit
hed on and a sweep 
urrent is applied a
ross the inner modulation


oil of the SQUID. This indu
es a magneti
 
ux in the SQUID loop whi
h results in a

periodi
 voltage a
ross it.

3. This periodi
 voltage is then fed into the input of the FLL 
ir
uit, where it is ampli�ed

and inverted. The resultant negative voltage is used to drive the external 
oil of the

SQUID.

4. By using the gain of the inverted ampli�er and adjusting the variable resistan
e of the

potentiometer, (shown in Figure 24), the FLL is set up in su
h a way that the 
urrent
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Test Point 2

 Test Point 1

at the input of FLL

Figure 24: The 
ux-lo
ked loop 
ir
uit, a s
hemati
 representation.


owing through the external 
oil 
reates a magneti
 
ux of opposite polarity and equal

magnitude to the applied 
ux produ
ed by the inner 
oil.

5. Thus two 
uxes 
an
el the e�e
t of ea
h other and the SQUID will be in a zero magneti



ux state: it will be lo
ked in a zero-
ux 
ondition.

6. By measuring the 
urrent being used to generate the opposing 
ux through the external


oil and using the mutual indu
tan
e of the external 
oil to the SQUID, M

ext

, we 
an

determine the magnitude of the applied unknown magneti
 
ux.

7. The FLL te
hnique is based on the prin
iple of the 
onversion of magneti
 
ux, whi
h

is hard to measure, into voltage, whi
h is easier to measure.

Q 21. The terminals of external 
oil at low temperature are provided at the bottom of the

probe as shown in Figure 25. Bind a � 50 
m long 
opper wire to ea
h terminal of the 
oil

and �nd the 
oil's resistan
e R

ext

at 77 K.

4.4.3 Apparatus

1. Mr. SQUID and LN

2

.

2. Os
illos
ope.

3. Two dual-operational ampli�ers (e.g., HA17458P).

4. Two 9-volt batteries.

5. One 10 k
 potentiometer.

6. A sele
tion of resistors in the range of 1 k
 through 100 k
.

7. A sele
tion of 
apa
itors in the range of 0.001 �F through 1 �F.

8. A sele
tion of BNC 
onne
tors, hook up wires and alligator 
lips.

9. Copper wire to 
onne
t to the external 
oil 
onne
tions.
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Figure 25: Copper wire 
onne
tion to the EXT. COIL terminals to �nd its the 
oil's resistan
e

at liquid nitrogen temperature.

4.4.4 Pro
edure

1. Conne
t the FLL 
ir
uit on the bread board, as shown in Figure 26.

TP1

TP2

+

-

-9V

+9V

10
k 

po
te

n
ti

o
m

et
er

U1A

U2A
+

-

10k

10k

100k

-

+
U2A

C

Rf

 M
r. S

Q
U

ID
’s

E
x

tern
a

l Feedba
ck co

il

 Voltage output

of Mr. SQUID Box

R
ext

Iext

Figure 26: Cir
uit diagram for the 
ux-lo
ked loop 
ir
uit.
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2. Before setting up Mr. SQUID, remove the top 
over of the MS-EB03 ele
troni
s box

and move the MODE swit
h next to the BNC 
onne
tor into the dire
t (DIR) position.

In this position, the signal 
onne
ted to the EXT INPUT BNC on the rear panel of the

Mr. SQUID ele
troni
s box is dire
tly 
oupled through a 100 mA fuse at lo
ation F1

to the external feedba
k 
oil on the Mr. SQUID 
hip. Be sure to reset the MODE

swit
h in the bu�ered (BUF) position after you are �nished with the experiment.

3. In the V � I mode, turn the SWEEP OUTPUT to its minimum so that you 
an just

see a point on the CRO s
reen. Using the BIAS OFFSET knob adjust this point at the

knee of the V � I 
urve and turn on the V�� mode.

4. Turn the SWEEP OUTPUT knob to set the amplitude of the 
ux (�) to about �

0.5 
ux quantum by adjusting the single waveform symmetri
ally on the x-axis of the

os
illos
ope about the origin. This is shown in Figure 27, the top left 
orner.

5. Conne
t the voltage output of the ele
troni
 box to the input of the FLL 
ir
uit and

CRO's 
hannel II to either test point TP1 or test point TP2 as required.

6. The outputs at the TP1 and TP2 should look similar to Figure 27 (a) and (b). Compare

the phase shift and amplitudes of TP1 and TP2.

Figure 27: S
ope photos of signals at TP1 (left) and TP2 (right) without external feedba
k.

(a)TP1 showing 
ux being applied to the SQUID, (b) Ampli�ed and inverted signal at TP2,

(
) TP1 with the feedba
k 
ux superimposed, (d) Left over 
ux negatively ampli�ed at TP2.

7. TP1 simply shows the V�� output of Mr. SQUID as a magneti
 
ux of 1�

0

threads

the SQUID loop. We 
an suppress the DC o�set at TP1 by a
-
oupling into the CRO.
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8. TP2 also shows the V�� output of Mr.SQUID but magni�ed by a fa
tor of -10 and

with an extra DC o�set from the FLL 
ir
uit's potentiometer. DC-
ouple the CRO at

TP2 to see this o�set and adjust the potentiometer so that the TP2 signal doesn't


ontain this DC o�set anymore.

Q 22. Des
ribe the working of the di�eren
e ampli�er 
ir
uit shown in Figure 26.Cal
ulate

its gain?

9. Now the 
ir
uit is ready to lo
k the 
ux state of Mr.SQUID. This is done by 
arefully


onne
ting the FLL 
ir
uit output to the BNC 
onne
tor labeled EXT. COIL on the ba
k

of your Mr. SQUID ele
troni
 box. This BNC is a dire
t 
onne
tion to the external 
oil.

10. Re
onne
t the power to your 
ux-lo
ked loop 
ir
uit. The outputs at the TPs should

now look like those in Figures 27 (
) and (d).

11. At this stage, TP1 should ideally would be a 
at line if the FLL 
ir
uit perfe
tly 
an
eled

the 
ux applied by the Mr. SQUID box. But our output at TP1 Figure 27 (
) is slightly

sloped indi
ating that the 
an
elation was not perfe
t due to the noise of the SQUID

and the noise of the ele
troni
s.

12. The amount of 
ux threading the SQUID loop (before the feedba
k is superimposed)

is,

�

SQ

= NL

SQ

I

B

+M

int

I

int

; (27)

where N is the number of turns of SQUID 
oil, i.e., 3/4 [3℄, L

SQ

is the SQUID's self-

indu
tan
e, I

B

is the amount of biasing 
urrent 
owing through the SQUID loop, M

int

is the mutual indu
tan
e of the internal modulation 
oil and I

int

is the 
urrent 
owing

through it. The mutual indu
tan
e M

int

was 
al
ulated in Equation 25.

Q 23. What is the value of the 
urrent I

B

, when the SQUID is biased approximately

at the knee of the V � I 
urve?

13. After providing feedba
k through the external 
oil, the net 
ux linking the SQUID is

�

Net

= L

SQ

I

B

+M

int

I

int

�M

ext

I

ext

= �

SQ

+M

ext

I

ext

= �

SQ

+ �

FB

; (28)

where �

FB

is the negative feedba
k 
ux provided through the external 
oil. Ideally

�

Net

� 0, i.e., �

FB

= ��

SQ

.

14. The values of the relevant indu
tan
es and resistan
es are given in Table 1.

15. Cal
ulate I

ext

by measuring the voltage at TP2.

Q 24. Using the ideas developed above, estimate the eÆ
a
y of the FLL, i.e., how

mu
h 
ux is the 
ir
uit a
tually 
an
eling out.

Q 25. Des
ribe how the FLL is a
tually working as a magnetometer. What is the

magnitude of the applied 
ux �

SQ

before the feedba
k is applied? Cal
ulate the un-


an
eled 
ux as a fra
tion of �

0

.
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Component Values

M

int

Cal
ulate from Q. 13, Se
tion 4.2.3

M

ext

35 pH

L

SQ

73 pH

R

f b

2400 


R

ext

Cal
ulate from Q. 21, Se
tion 4.4.2

Table 1: Values of Indu
tan
es and Resistan
es required for 
ux 
al
ulations
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