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was observed first by Kame o

and allovs drops suddenly to zero
ntly low temperature, often a tempesas
L ht‘.'lu';ml-'nun_ called .sup{_-rrtnmlurti\ ity,
he first liquified helium, At ; ::‘filciit:“ml in Leiden in 1911, three years after

al temperature T, the specimen undergoes a

wr
phase trans®ion from a state of
" . . normal electrical resistivity o : . ot~
tog Stie, P11 cal resistivity 1o a supe reonduct

Super vity is -
prar.:tic-ﬁ af?]ngluCthI{} 15 now very well understood. It is a field with many
a ‘ ‘ C-Orehcal' aspects. The length of this chapter and the relevant
ppendices reflect the richness and subtleties of the field. '

EXPERIMENTAL SURVEY

Gﬂ the superconducting state the dc electrical resistivity is zero, or so close
to zero that persistent electrical enrrents have been observed to flow without
attenuation in superconducting rings for more than a year, until at lasi the
experimentalist wearied of the experiment.

The decay of supercurrents in a solenoid was studied by File and Mills®
using precision nuclear magnetic resonance methods to measure the magnetic
field associated with the supercurrent. They concluded that the decay time of
the supercurrent is not less than 100,000 years. We estimate the decay time
below. |

In some superconducting materials, particularly those used for supercon-
ducting magnets, finite decay times are observed because of an irreversible
redistribution of megnetic flux in the material. '
~ The magnetic properties exhibited by superconductors are as dramaticas
their electrical properties. The magnetic properties cannot be accounted for by
the assumption that a superconductor is a normal conductor with zero electrical

resistivity. I

e . Kmnéﬂin'.gli“()nndf. Akad. van Wetenschappen (Amsterdam) 14, 113, 818 (1911} “The
valuc of the mercnry resistance used was 172.7 ohms in the liguid condition at 0° C;_extrapolation
from the melting point to 0°C by means of the temperature coeflicient of solid mercury gives a
resistance corresponding to this of 39.7 ohms in the solid state. At 4.3 K this had sunk to 0.054
- ohms, that is, to 0.0021 times the resistance which the solid 'iﬁi:rcn_.\ry' would have at 0°C. At 3 K the
resistance was ouud to bave fallen below 3 X 107 ohms, that is to one ten-millionth of the value
which it would have at 0°C. As the temperature sank further to 1.5 K this value remained the upper
limit of the resistance.” Historical references are given by C. J. Gorter, Rev. Mod. Phys. 36, 1

(1964). F -
*J. File and R. G. Mills. Phys. Rev. Lett. 10, 83 {1963).
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Figure 2 Meissner effect in a superconducting sphere cooled in a constant applied magnetic field;

- @n passing below the transition temperature the lines of inductivn B are ejected from the sphere.

It is an experimental fact<that a bulk superconductor in a weak magnetic
field will act as a perfect diamagnet, with zero magnetic induction in the inte-
rior. When a specimen is i}lace;l'ixl a magnetic field and is then cooled thfough
the transition temperature for superconductivity, the magnetic flux originally
present is ejected from the specimen. This is called the Meissner effect. The
sequence of events is shown in Fig. 2. The unique magnetic properties-of
superconductors are central to the characterization of the supercoenducting
state. | ;
The superconducting state is an ordered state of the conduction electrons
of the metal. The order s in the formation of loosely associated pairs of elec-
trons. The electrons are ordered at temperatures below the transition tempera-
ture, and they are disordered above the transition temperature.

The nature:and origin of the ordering was explained by Bardeen, Cooper,

___‘_ail_id%ﬁchrlieﬂ'er.a In the present chapter we develop as far-as we can in an

elementary way the physics of the éuperconducting-stater. We shall also discuss
the basic physics of the materials used for superconducting magnets, but not
their technology. Appendices H and I give deeper treatments of the supercon-
ducting state. - - i et ' 22

Occurrence of Superconductivity . e _ 3
- (%pérmﬂnﬂﬁcﬁvity occurs in many metallic elements of the periodic sys-
tem and also in alloys, intermetallic compounds, and doped semiconductors.
The range of transition temperatures best confirmed at present extends ._ﬁ'om "
90.0 K for the compound YBa;Cu30g g to belom:{_ﬁ;‘{)ﬂ_l K for the elemaint fih___:ﬁ,hod‘[ wn
Several f-band superconductors, also known as “exotic superconductors,} are

listed in-Chapter6: Several materials become superconducting only under high

pressure; for example, Si has a superconducting form at 165 kbar, with

T. = 8.3 K. The elements known to be superconducting are displayed inTable e va lw. .z't

4 for zero pressure.
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Will every nonmagnetic metallic element become a superconductor at suf-
ficiently low temperatures? We do not know. In experimental searches for
superconductors with ultralow transition temperatures it is important to elimi-
nate from the specimen even trace quantities of foreign paramagnetic ele-
ments, because they can lower the transition tempsﬁm e.severely. One part of
Fe in 10* will destroy the superconductivity of Mo, w Eﬁ%ﬂ% jure has T, =
0.92 K: and 1 at. percent of gadolinium lowersﬂthe transition temperature of
lanthanum from 5.6 X to 0.6 K. Nonmagnetic impurities have no very marked
effect on the transition temperature. The transition temperatures of a number
of interesting superconducting compounds are listedin-Table-3 Several organic
compounds show superconductivity at fairly low temperatu—r_ei._ /o
Destruction of Superconductivity by Magnetic Fields

A sufficiently strong magnetic field will destroy superconductivity. The
threshold or critical value of the applied magnetic field for the destruction of
superconductivity is denoted by H(T) and is a function of the temperature. At
the critical temperature the critical field is zero: H(T,;) = 0. The variation of
the critical field with temperature for several superconducting. elements is
shown in Fig. 3. .

: The threshold curves separate the superconducting state in the lower left

of the figure from the normal state in the upper right. Note: We should denote
the critical value of the applied magnetic field as B, but this is not common
practice among workers in superconductivity. ‘In the CGS system we shall
always understand that H, = B, and in the SI we have H. = B,/us. The
symbol B, denotes the applied magnetic field.

Meissner and Ochsenfeld (1933) found that if a superconductor is cooled in
a magnetic field to below the transition temperature, then at the transition the

lines of induction B are pushed out (Fig. 2). The Meissner effect shows that s
bulk superconductor behaves as if inside the specimen B = 0.

Table 2 Superconductivity of selected compounds

g T IR S PR PR AT TR TN T PO FTERL 200 AT TSR YT N
p . T
Compound in K Compound mn A
. " r .k 3 e ' 3 » L - gl - ‘. - -
NbaSn 18.05 V.Ga 16 =
NhyGe 23.2 Vasi 1T 1
NhiAl ‘ 17.5 YBagCualdgg = o
NhN 16.0 RbeCsCeo ]
K,CgO 19.2 La,ln 0 =
B FAa " - : R—— — 'iw “ 'l.‘h‘_“ - P, e i WM
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SUPERCONDUCTIVITY

of e Tl

than Tll"' years. Thus gxistence

in a solenoid of Nbg.75 Zrp 25 1S Aot lesss ) atate
is a proof of the occurrence of superconducting s
It has been found that the superconducting P
varying temperature, magnetic field, magnetic stress,
electric fields, impurities and with atomic structurc, izt an

We shall, in this article, take up some of the effects.

11 EFFECT o@acﬁ\mc HELD):(THE CRITICAL FIELD)H c o
Superconductivity will disappear if the temperature of the specimen 18 raised 3

T, or if a sufficiently strong magnetic field is —

be

perties of metals can _
frequency of exatalion of
d jsotopic mass of boe sprs i

VRt ]

bove its

employed. The critical value of the applied 1000 A
magnelic field necessary to restore the normal _ ‘w
Zﬁ;—;gtélty}, i.e.:qto destroy superconductivity is o
il r-: T) and is a function of 800F
. At critical temperature, the critical field 700
1S zero, t.e., H(T) = 0. The variation of critical T
field as a.ﬁmction of temperature for some | or
elements is shown in fig. 3. We note that 8 500
curves are nearly parabolic and can % - o
reasonably be represented by the relation, ;3 4001 | \'4
) Ta
H,=H0[ FT—g} . SR
T€
200

where H, is critical field at 0 K The diagrams
look like the phase diagrams. Inside the curve s

(say any curve, eg., for Hg) the material (Hg) 0 L . :
g 1 23 4_§5_ 6 7_3

is in the superconducting phase (resistivity

approaches zero) and outside the curve, the Temperature (K) —»

m‘&m————um in the normal phase (normal Fig. 3. Hc- T curves for seversal supesconducicns.
em—— For lead, Tc=7-19 K and Hc =803 gauss.

resistivity is restored). Equation (1) is thus the
equation of phase boundag.j

11.2-2 Magnetic Properties of Superconductors :
- Perfect Diamagnetism or the Meissner Effect -~
"7 Meissner, in 1935, found that if a superconductor is cooled in a magnetic field down to
the transition temperature, then at the transition, the lines of induction B are pushed out
(fig. 4). This phenomenon is called Meissner effect. This shows that, in an applied external
field, a bulk superconductor behaves as if inside the specimen B = 0.
(i) Meissner effect contradicts the Maxwell’s equations : Before the Meissner’s
discovery maxwell’s equations were thought to be quite adequate to explain the phenomenon

of superconductivity. From Maxwell’s equations, we have

dB
?XE-—— Tt

From Ohm’s law E = p j we see that if the resistivity goes to zero while j is held finite then
E must be zero. This means E = 0 inside a superconductor. From equation (1), we have then

{1}

dB
dt ~ .
B = constant,

or
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V1. CRITIC .
1 UTICAL CURRENTS l

The maen “ ] -
Eiete ield which causes a superconductor 1o become normal from a superconducting SRl

heed not necessarily by an external applied field, it may arise as a result of electric current flow in the

conductor The mmimum cnrrent that can be passed in a sample without destroying its superconductivity

v called cratical currens TYI1 a wire of radius r of a Type | superconductor carries a current /, there is a

surfiace magnetic field, = 12nr associated with the current. If H, exceeds H, the material will go

normal. 1 in addition, a transverse magnetic field / is applied to the wire, the condition for the transitiQh, 1
|
|
5

to the nermal state at the surface is that the sum of the applied field and the ficld due to the current
should be equal to the critical field. Thus we have

‘Ht,~=H;+’3H He '"'.:I_.C-L- $aH - g.:.lTT[H(]
v

If;nznr(ﬂrzm_lé— Te = 2TY (Hc’a) (8.2)

This is called Silsbee's rule. The critical current /. will decrease linearly with increase of applied
field until it reaches zero at H = H /2. If the applied ficld is zero, I, = 2nrH,. , .

Ic | S ] —-..
H"E&?”H"' 21 Te © D-'T‘{Ch'c.""\") Je<x J‘q
l

_jvu'ELux EXCLUSION: THE MEISSNER EFFECT =

e ——

It was assumed that the effect of a magnetic field on a superconductor would be as that in a metal.
However| in 1933 Meissner and Ochsenfeld measured the flux distribution outside tin and lead specimens
which had been cooled below their transition temperatures while in a magnetic field. They found that at
their tranSition temperatures the specimens spontaneously became perfectly diamagnetic, cancelling all
flux inside even though they have been cooled in a magnetic field.

This experiment was the first to demonstratc that superconductors are something more thau
materials which are perfectly conducting; they have an additional property that a merely resistanceless
metal would not possess: A metal in the superconducting state never allows a magnetic flux density to
exist in its interior] That is fo say, inside a superconducting metal we always have

B=0
or\l‘? i : 2 y
whereas inside a merely resistanceless metal there may or may not be a flux density, depending on the
cifcumstances. When a superconductor is cooled in a weak magnetic field, at the transition temperature

persistent currents arise on the surface and circulate so as to cancel the flux density inside, in just the
way as a magnetic field is applicd after the meial has been cooled. This effect, whereby a superconductor

' Suppose a magnetic field ot:_ flux density B, is applied to a superconductor.: In order to neglect
demagnetising effects, we considerlong superconducting rod with the field applied parallel to its length.
An applied inagnetic ficld of flux density B, produces in the material flux density equal to uB,, where
1 is the relatnve permeability of the material. Metals. other than ferromagnctic, have a relative
permeability which is very close to unity. ie., ji, = I, so the flux density within them due to the applied
magnetic field is equai to B, However, as we have seen, the toial {lux density in a superconducting
body is zero. This perfect diamagneusm arises because surface screering currents circulate s0-as #0

e Plian o B Sk ever e e cicdo o peaias .
. ,'“:.".Jw.. CE _].an TR . W eve : ner?2 ne '-‘l' 'h; :l'.'._:l_;i} ‘_-:‘!’.l.i":._!l_ ,\.:'nr.k;i c .'1|| TR \__’C[':_.‘:si‘l‘l ,JL;,'J o l!-h\
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- | - < ihalo e t1F IR0 1
3 due 0 the appl 1‘““\ JL“‘\“\ W, To ‘ Lepafy 04 i '!:L .r\_‘l\'".ML_i of
i | { r'e : ! T P (o
\Uensiy due to the apolied miagneiic | ield, To creaw N o -
i = wirlernnnndd fowpia be 3 =
i hi”l. \li'l"J\{ vurrent [“-f tni t If\noln n]“'\l ' -ani Ihi l'!l(hll "y pn

B =0 ' Rooin B,
temperature
{a)
Cooled - :
; (e)
j ~ Cooled
)
P e "‘
B vy LDW’ l—'-'.._
(e) N ]
- B QA LAY By 0 = e
(d) - (9) _

i

In other words, _] H , where H_ is the applied field strength.

We can, however, descnbethe perfect diamagnetism in another wa 1Because we cannot actually
observe the surface screening currents which arise when a magnetic ﬁciﬂd s applied, ‘we could suppose
that the perfect diamagnetism arises from some special bulk magnetic propesty of ihie superconducting
metal] and we can describe the perfect d:a:nagn:euz‘.m s;mply by saying that for a superconducting
me jp ={), so that the flux densuy inside, B = u B . is zero. Here we do not consider the mechanism
by which the duamaguemm arises; the effect of thc screening currents is included in the statement

i, =0. The strength H_ of the apphed mavnenc ﬁc]d is given by

--._,......_.-—'
(8=
and the flux density in a magnetic material is related to the strength of the applied ficld by

Scanned with ACE Scanner



366 s, ™ Stars

Physics

B=|.Ln(H“+M) (8.3)
1o or intensity of magnetisation of the material. The magnetisation of 2
= 0, must therefore be

M=-H
and the magnetic susceptibility “

where M is (he magnretisat
Superconductor, ip which B

X =M/MH, =1 (8.4

This i i : G aen
s the maximum value for the susceptibility of a diamagnet. In this sense a superconductor

1s a perfect dj . . : ;
perfect diamagnet. However, it must be noted that superconductivity is not only a strong diamagnetism,

but also'a new type of di&magneti—s‘tfj

Like the electromagnetic properties, the thermal properties—entropy, electronic specific heat, etc. of a
metal also change sharply as the temperature is lowered through the transition temperature of
superconductivity. We have shown that the Meissner effect shows that the transition in the presence of
magnetic field through the normal-superconducting (N-S) boundary H_ = H, [1 ~ (1/T }*}is reversible,
and therefore, that the laws of thermodynamics also apply to (N-S) phase transition. -

” Y

In all superconductors the entrdpy decreases markedly on cooling below the critical temperature.

We know that, entropy is a measure of the disorder
of a system and hence the observed decrease in entropy
between the normal state and the superconducting state tells
us that the snperconducting state is more ordered ihan the
normal state.

For aluminium we observe that the change in entropy
is small and of the order of 10714 kg per atom TRe Gecrease ) .
is entropy between the normal state and the superconducting o S, SuPevign,) .
state means that some or all of the electrons thermaliy . B A
excited in the normal state are ordered in the 0 i T
superconducting state. It has been predicted that in simple

superconduciors (Type I), there is a spatial order which ' "
extends over a distance of the order of 10~ metre. This range is called coherence lengthf Entropy of

A gy T L " . . ~ - - -
-mal and superconducting states as a function of tcmperature is piotied in Fig. & ,

Entropy

aluminium in the noi
% (4] »

G\ )\S’P&CL 5 kﬂa‘

%o cnaific bl | ~ormal metal 18 seen 10 be of the form,

4 bis i3y i s
.

LS
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Is the contnibution of lattice vibralions at low {emperatures. e H' [T pepneal 10

shows a jump at 7. Since the superconductivity affects siecirous m“;r h Ch -1 and supe
DY Loy i : . . . g o Wi 77 in the nOTHE €ir

lattice yibration part remains unaffected, i.¢., it has the same value BT ith temperature.

; A ; = C is not lincar W
states. On subtracting this, we notice that the electronic .‘ipE-CifiL heat C_J5 X

It rather fits an exponential form

ol ke HLI!Z-'E'ICF':!U‘“L'";\'{
assume that the

rconducung

(8.6)

C.,{T)=Aexp(-AKT) |

This exponential form is an indication of

the existence of a finite gap in the energy spectrum : ‘.;’?
of electrons separating the ground state from the ] § AN
lowest state (Fig. 8.9). — g V\"(‘f

S
The number of electrons thermally excited : cg :
across the gap vdries exponentially with the J
reciprocal of temperature. The energy gap is
believed to be a characteristic feature of the .
superconducting state which determines the | o . y R P ' 4__ _T(I()
thermal properiies as well as high frequency & I S e T T
electromagnetic response of all superconductors.Jy/ =~~~ © R

L Thandal Canduetinty QXG-S0 p- -
Prof. -Itlitﬂr_xnl—_an_d-otﬁe;sﬁ discussed the results of thermal conductivity-in superconductors. The thermal
f superconductors undergoes a continuous change between the two phases and is usually

conductvity o ce between the .
lower in the superconducting phase. suggesting that the electronic contribution drops, the superconducting
electrons possibly playing no part in heat transfer.
gt i Y
Normal Superconducting
(@ (b)
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When .mund wave propagales through a metal, the microscopic electric fields due to the displacement
of the ions can impart energy to electrons near the Fermi level, thereby removing energy from the wave.
This is expressed by the attenuation coefficient, o, of acoustic waves. The ratio of & for superconducting
and normal state is given by

0 10 v
o, d+exp(AlkyT) G
At low temperature
o, .
= =2 [exp (~ Atk )] (8.8)

(X. THE ENERGY GAP

The heat capacity in the superconducting state varies with temperature in an exponential manner: that
is, it is of the form exp (= A/k,T) with A= b k, T, where b is a constant. This indicates, in accordance
with the fact that the exponentisl form is compatible with the thermal excitation acioss 2 gap 1n energy,
that an encrpy gap may exist in the superconducting eleciron levels. The jump in the heat capacity at the
critical temperature 1, supports this idea of the existence of the energy gap further. See Fig. 8 9. The
enerpy gap in superconductors diffors from the gap m seruconductors or insulators in a very fundamental
vay. The energy gap in superconductons is often an entirely different naore than the CRCTEY gEp m

=
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s mttached

W the Fernu g whereas in the later the gap is tied

“INH""";‘ b ' i Ihe furnce, the B

w the lanice E:. seroconducios, the gap prevents

Ehc Mow ol elecimeal curment. !"JTCI'F\ must by !.H‘.d

o it elections fram e valence hand into the il

venduction band before current can flow. In a

superconductor, on the other hand, current flows

despite the presence of 2 gap, The enerpy gap has no . : T

eflect upon the behaviour of the special electrons that
Carry cwrent in a supercondvetor Superconduictors
contain normal electrons as well, and it is these
clectrons that are affected by the E‘Ej

The existence of energy gep in .
superconductors has been confirmed by a number of experiments: Electron tunnelling observalion across
the superconducting junctions by Giaever being one of them. Some experiments have been employed
for the experimental determination of its value. From theory and from comparison with optical and
other methods of determination of gap, it is concluded that

CHAPTFR R

E,=2A=2b(k,T)

or (£ fk,T) =25 (8.9)

b is about 3.5 ie., the gap decreases from a value of about 3.5 k,7, at 0 K 1o zero at the transition
rzmperature. Values of energy gap of some selected superconductors are given in Table 8.} !

X. ISOTOPE\EFFECT.

it has been observed critical temperature of superconductors varies with % mass. The
e erontinm wae first made Dy Maxwell and others, who used mercury isotopes. To give an idea of the
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nding on n ateri
L . aterinl,
critical temperatyre T, &

A - . ——

® much greater than atomic distance, It ranges from 300 to 5000 A
q:::h:?::; with wt.ir-.tl;\'uwmlliur]u rnn;i menlmu ';.:litl_'} lll;rym cllu.'!-h' to the
(iv *s ‘ m applied field has also been observed.
mﬂmﬁetiz l:;l::m dj?t“ state : ¢ I and type 11 Superconductors : The ideal
Ne 1 om I ol superconductors falls into two classes : Type I and Type 11
completely & Pgmqnduclon ¢ They exhibit complete Meissner effect, ie., they are
: y diamagnetic. The magnetisation curve for Type T matorial is shown in fig(#)Refer
to-fig- 7 which illustrate-a geom . We
note that [in the superconducting state flux 16
concentrated at the sides XX of the specimen. The
concentration of the flux lines at points X, X means
that the field is higher there than it is at a great
Nomal distance from the superconductor. Thus, if the ficld is
" state - increased, it will reach a value H,, the critical field,
at points X, X before the field at the top and bottom
of specimen has this value. Thus at sides X, X

dt?pen

~4dn—

.Q-“N-\_._\'\C- Type | transition from superconducting state to normal
kf : AFig. 6. Magnetic curve for Type I. phase starts and the apeci;nen exi.st.s as a .mlxture of
;Lu\»‘*" . normal and superconducting regions. This state of
3 mixture of two phases is called intermediate state. If, instead of spherical shape, we take

specimen in the form of long cylinders then no stch points as X, X would be therc and the
magnetic field, parallel to the axis of eylinder, will remain uniform over the surfaces of such
a specimen. Consequently, field will be either greater than H, or less than H, for the whole
surface of the specimen which implies that either the specimen will be in superconducting
state or in normal state. A long cylinder of Type I material parallel to the field, will exclyde

the field completely if it is below H, or be completely ?netrated by the maggetig flux if the

field is above H, The magnetisation of normal state is negligible compared to

superconducting state and can be ignored. Values of H, for Type I materials are always too

low (of the order of few tens and hundreds of Oersteds) to have any useful technical
application in the coils for superconducting magnets. -

Type H superconductors : They behave differently as shown in fig. 7. For applied field

: below H, the material is

diamagnetié and hence the field is
completely excluded. H,, is termed
as Towerzcm H,, the
field startsTo thread the specimen
and this penetration increases
.- g until Hyp is r'eTa_chefl at which the
e -l ___T.__.:- ) e O magnetisation vanishes and (he

- e

‘=4nM ——>

specimen becomes normal. H.o is

state
L called upper critical field. There is
Her  He Hea gradual fell of magmetisation in
H ——> the case of Type Il supercggductor
Type I (fig. ) whereas fall is aBfupt in

Fig. 7. Magnetization curves for type Il superconductors. case of Type I ifig. 6). The vail._w of
(Magnetization in normal state has not been shownas /. for tvpe 1l may be 100 times mes |
it is too small o be seen on this scale). Note that e —Tiohor than that for
minus 471 M is plotted on the vertical axis : the Mg O Ve T e e
negstive values of Af corresponds 1o glamagnetism.
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both reversible in case of

pe | Malery)

iden| - Magnetisation curves for Type I and Type I are

SUpereun uetorg l

1-2_:3 Isotope ec
9ct_ aries with the
’ l.l_ has been observed that the eritical temperature of guperconductors varies with o
i . . 2 o " = s
selopie mass. The transition temperature T, is found 10 e pmportlonal to the reciproca

the square root of 1}

~ eir respective isotopic masses, i.2., Table 2. Experimental Values of u
» Tewa 17 Substance ‘E
r = =
. M2 T, = constant. Za 0-45 £ 005
the iigmm‘-w':“'y Te varies from 4.185 K to 4146 K as Cd 0-321 007
Experii¢ MASS varies from 1995 to 2034 a.m.u. Sn 047 £ 0:02
s mental values of o in M¥27. = constant, for Hg 0.50 + 003
§ substances, are listed in table 2
A heavier isotopi : ; Pb 0-49 £ 002
vibrations. It j Sotopic mass lowers the lattice
shonen s 1s known that Debye temperature O, of the Tl 0611010
pPectrum is also proportional to M- 12 g0 that Ru 000 1 0-05
6, MV2 = constant. Mo 033
Therefore we find that Nb,Sn 0-08 + 0-02
Zr 000 £ 005
TC
5; = constant 1)
Or in general we can write _
T o ©p o« MV2 . A2)

Eq-ua_tion (1) or (2) indicates that the lattice vibrations or the electron phonon
interactions may be important for the occurrence of superconductili@ |
11.2-4 Thermodynamic Effects ' ’
There are a number of thermodynamic effects in'the normal and superconductin g states
discussed below : asodil
.. (i) Entropy : In all superconductors the entropy decreases markedly on ceoling below
- _the critical temperature 7,. From -the- - - - ~—
~ lowered entropy in the superconducting - 20k
state, it can be concluded _that
~ superconducting electrons are more .
ordered for the entropy is a measure of
disorder. It has been predicted that in
simple superconductors (Type I) there is a
spatial order which extends over a distance
of the order of 107° metre. This range is
called coherence length. Entropy of 0 02 04 068 08 10 12
alominium in the normal and Temperature in deg K ——*
superconducting states as a function of
temperature is plotted in fig. 8.

-
[5)]
L)

mol~! deg™!
o

=]
(4]
-

Entropy inmJ

Fig. 8. Entropy of aluminium.
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mmrm‘;%'ucw‘hm (BCS theory) which accounts for the observed propertics
| rs. We shall take up these theories in brief.

11.31
:{ < w;‘;-‘-‘M'_‘"‘rm of the Superconducting Transition :
y effect Shonuw f;;:t thermodynamics can be well ETI;p_lied to all revergible processes. Meissner
W ﬂ'uper-curr::m t superconducting transition is reversible for we have scen that [

dctabcatal Be restorod when magnetic field is removed [art. 11.2-2 Gi)l. Keesom 2% i
thermod _ that transition between superconducting and normal states % %
o ynamically reversible exactly like the transition between liquid and vapour phass=s

a Q;Jbuunm under conditions of low evaporation. ;

insid

n the present discussion we shall consider only Type 1 superconductor s0 that B=0 2

_ the mnductor. F urther, we shall study the gupemondu:ting tl’ﬁnﬂiﬁﬂﬂ IJl'ldG‘l‘ constar.:' :
temperature and pressure conditions when the two phases (normal and superconducting) 2T
in equilibrium. For such a study it is useful to consider the Gibbs function () which rerm=2
invariant during the isothermal isobaric process. The Gibb’s function is given by

4 (Mg =D =TS GaUsp V=TS8, = P=Pof .. y= - AL
_ where S is entropy. Basing on the analogy of poH to p and M to -V, we can write :
Heh -1 S G=U-TS-pHM 1%
g where M is magnetisation. : -
JAM Differentiating, - o 4 iar ;
ens e = Sep g U-TdS-SdT-uoHdM—-ponH. =
Since dU=TdS+pH dM
we find that dG = -8dT-po M dH i w8
For a process at constant témperature, we shall have
G=-ugMdH.

The normal éfate of most superconductors is paramagnetic and the magnetisation = '—.j
small compared with that of the superconducting state Therefore we can neglect the norma.

state magnetisation. Consequently from equation (4), dG=0 or we can state that Gibbs
function G in the normal state is not changed by the application of the magnetic field. Hence
i " G(T, Hy = G(T 0)- A5
But in superconducting state of the specimen under constant pressure, temperature an
magnetic field (same conditions as for normal state), we know that
.B=0 {from Meissner effec
and X M =- H 3 -
so that from equation (3) with dT =0 at constant temperature,
dG = po H dH, 8
or on integrating (as a function of magnetic field), - T ¢ 5 ol
" (g = BT TS
G,(T,H)-Gs(T,0) =g } 7 '5: hio % W " |
...--"'""— —
> ke

1 L)
or GoT, H) = Gy(T, 0) + 5 Ko H.:
At the critical field, the free energies of the normal and superconducting states mus:

be equal for equilibnum of two phases, (.¢.,
GyT . Hoy = GT, H)

s
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(1L,;lllri:1ing equations (7) and (8), we E:&JN) e

> v g0 1
GWT, Hy) = Gs(T5 0) + 5 Mo

H.2.

Combining equations (5) and (9), we get

1 ..(10)
GMT, 0) = Gs(T’, 0) + 5 Mo H2,

which is the basie equation obtained by Gorter.

We know that when H>H,
. Gs> Gy, _
Interpreting that for magnetic fields H > H,, the normal state is more stable or in other words
material can not be in superconducting state when H > H, which is expected. '

P ntropy : Let us now calculate the difference in entropy of two phases. For sohds_
entropy; S;-i¥ given by ' B

dG
8],

dT},

so that equation (10), on differentiating with 7', gives

¢ 4R '
Snzss“iNoHc‘ci_;-" : ..(11)
} b O 2o
At T'=T,, H, = 0 so that equation (11) yields
i.e., entropies of the phases are equal-at thecritical temperature. At any lower temperature.

|  H >0 and %is_negative so that S, > S;.
This means entropy in superconducting state is lower which implies that
superconducting state is a more orderly state.
‘Specific heat : The specific heat is given by
Bicias rdS
g1

so that on differentiating (1) with respect to T and multiplying by T, we get

dSy dSg m dHﬁ]

T Tar ——Tar\ear
A i e - d?H, dH,}
= &_J:'%-'Hc'r'ﬁ*poT(dﬂs]

or

-

At T=T,, H, =0 and therefore
-m._-—l-ﬂ

dH,Y |
AC = C.N = Cs = "'“0 TC [_&Tj’g’] ) -;-(12)

e metal is cooled or warmed in the absence of maguetic field, there

- if th
which shows that i sing the transition temperature. We note

will be a discontinuity in specific heat in pas
equation (12) that when H.=0,
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Discontinuity but at  lower temperatures wh;ﬂ
AMT=T superconductivity is destroyed in 2 miig]ne c
=Tc  feld, the sign of Cs—Cy must chang®

Super corresponding to the fact that Sy—Ss passes
T Man throus:lf max%ma. The discontinuity 1n specific
dg heat at the transition temperature has been
/ " 3 experimentally verified. For example, the
,_-_---""Non'nal E specific heat of tin with 4% bismuth alloy 1S

found to be discontinuous at 7'=T, 2s shown
: in fig. 15. It is found that electronic specific

T T— . heat C,q , rises exponentially with temgier;t‘;gz
Fig. 15. Specific heat variation with temperature unlike that of normal metals for whic

for Bismuth in two phases, electronic specific heat varies linearly with
' temperature.

ics of Superconductors : London Equations . :

TETE Tertics—of - saperconductor can be explained in
general terms by considering the superconductor to be a perfect diamagnetic. Refer to art.
11.2-2 (iii), in which it has been pointed out that although, according to Meissner effect, 2
superconductor will completely eject out the magnetic flux yet we should account for the -
penetration of magnetic field into the surface of conductor. It has really been found that the
penetration- depths are -mueh-larger than- the atomic distances. In order to explain this
penetration, it is desirable to modify a constitutive equation of electrodynamics, say Ohm’s
law, rather than to -modify the Maxwell's equations. We already know that Maxwell’s
equations are inadequate to explain the electrodynamics of superconductors i.e., to account
for the conditions E =0 and B = 0 together. London, in 1935, derived two field equations to
~ explain the superconducting state of matter by modifying Ohm’s law.

The way in which the entropy varies with temperature suggests that the number of
normal conduction electrons decreases below transition temperature, while superconducting
electrons increase. Therefore London, basing on the assumption that there are two types of
conduction electrons in a superconductor, namely the super-electrons and normal electrons,
put forward the idea that at any temperature the sum of super electrons and normal electrons
is equal to the conduction eleciron density in the material in the normal state. Further the
super electrons are not subjected to any lattice scattering and are merely accelerated in an
electric field.

As pointed out above, at 0 K superconductor consists enly super electrons but as the
temperature increases the proportion of normal electrons compared to super electrons
increases until at transition temperature all electrons are normal.

(@) @hﬂdgn equation : Let n, be the super electron density at a temperature
less {han the transition temperature. Then super current density will be

dg=—en; v, (1)

-~

- 11.3-2 Electrod

where v, is the drift’velocity of super electrons. Since super electrons are not subjected to
any lattice scattering, they are continuously accelerated by the electric field. With force on
super electron being ¢ E, we can write the equation of motion as
dv
m “3;5 =-¢eE .(2)

« LA
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Difrerential-iug (1)

dJ_t; en dv"
| - e I
which with equation (2) gives .
o) a
dds nge” E. i

This ; Mdt m .
his is the first London equation which describes the absence of resistance. The

le;:q:';h°3 SI’;‘:’S"’; ﬂ}at. iLis possible to have steady currents in the absence of electric field (for
CDrres'porfdi S gnd steady) which is the phenomenon of superconductivity. The
-ICiNg expression for normal current density is
JN =0 E
which show . _
with the bega:.::;rn: fctt;;rrentt? p(llss1ble in the absence of an electric field which is in line
se e material in th al tte“‘
(ii . e normal state.
) Second London Equations : From Maxwell’s equation, we write

E=_9B
curl E = dz_
or dH
VKE—--—]J.GE' (4)

Taking curl of equation (8), we write

= _
. e* JH
s ‘:t m E » ---(5)
on applying equation (4). . : ) |
On integrating equation (5), we-arrive at
' 2
_ Lo nge
curl Js=-——"— (H- Hy), E .46)

Bt 5 0
-where-Hj is a constant of integration. Since Meissner effect prohibits magnetic fields inside
“the superconductor, Hy must be zero. Therefore ' :
' 2

ponse? . ——
m B A7)

i cuﬂ Js=“

which is second London equation and explains Meissner effect.
(iii) Calculation of penetration depth : Equation (7) explains Meissner effect. We

shall now see whether equation predicts the penetration of supercurrent and magnetic flux

in a superconductor or not.

Taking curl of equation (7), we get
Ho g e
curl H
m

curl curl Jg=-

n, e2

(grad div &y - V2 Jg =~ 225 curl B
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Since div J is zero, we find that

2
n
V2, = -"9.’.;1.".5_ curl H. A8

From Maxwell’s equations, we have

dD
curl H=dy +oJg+ 3

where D is 1 ic di
is the electric displacement vector. For direct current case, under consideration, we

dD ..
can neglect J, and - (displacement current) so that

e o Gk 5 weidad curl H=J;g _ ..(9)

v J, " ol . Js
or §2 Js =f£§ p | ...(16)
where A2 = -11;?2—7; so(11)

The parameter A has the dimensions of length and is called penetration depth.”Since

A contains Ag the density of superconducting electrons, it varies with temperature. In one
dimension, equation(10) can be expressed as T

d%Js  Js
kA2
thﬁr solution of which can be written as
J3=Aem‘+Be"xm, LA

where A and B are the two constants. £ represents the distance into the metal from the
surface. T]Ele first factor A & of above equation predicts that J’s increases with x which is

contrary to the fact. Therefore only second factor of eq. (12) would lead to the appropriate

solution. Thus

J3=Be"‘d“'

Let J, = Jo at x =0; so that ds=Jdoe™ ..13)
N

When X =My Jﬂ e’

which defines the penetration depth as the distance into the superconductor st which the

its - face (Jg).

t value falls to e of its value at the sur 0 - -
cu“e;)r:wback of the theory @ Though the London’s theory explains t.he‘two G’Jnfht.l.ons
E=0and B =0, characteriging the superconducting state but it does not gj.ve any 11-::;31“_
into the underlying electronic processes in superconductors. BCS theory gives the better

understanding of the phenomenaon of superconductivity‘: '
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The terms :

H
22 — represents the field penetration due to supercurrent.*
2
W HoeH — represents the field penetration due to the displacement current, and
@ Ho “N_H — Iepresents the field penetration due to the eddy currents.
We note that :
(i) For d.c. fields the last two terms reduce to zero and we get
veg =2
L

which is the same as predicted by London theory.

(i1) At microwave : ¢ ) : :
will be I As ﬁ‘equenc:e_;i, frequency o will be sufficiently high and wavelength }.o

ST 2.2
_m?me;mfcz:d't; =i::
Therefore equatu;n (8) becomes
F 1. 4n® .
V2H = Iz-_lgz +J © o Oy H (9)

Obvicusly as penetration depth A varies from 300 A to 5000 A, the term due to eddy
current will predominate. In other words, it is oy which determines the properties of
superconductors in this range of frequencies, which, in its turn, i.e., oy, depends on the
number of normal conduction electrons that is quite large at high frequencies. '

Penetration depth A and skin depth & : We note from equations (4) and (6) that

AL
e R Ho @ Gy

which icts that when frequency is sufficiently high, 5 is small; and penetration depth
A becogr:sdllarger compared to skin depth 8. With A>3, we infer that Jy>J; or narmal
current predominates. This implies that at high frequencies, superconductors behave like

normal conductors. : By
11.3-4 [BCS Theory of Superconductivity ' :

1t%% interesting to note that in the experimental survey of superconducting state, a
sufficient quantitative information has been given without any reference in particular to any
superconducting element, e.8., W€ have discussed magnetic properties, thermodynamic effects
for all the superconducting elements without specifying any particular glement. 'I:lns means
any theory that aims to explain the phenomenon of superconductivity must ignore the
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Complicateq —
fem —— -—— ———————
orm of ideal; Y& which (. .

;d:]::;ri}:{d Model of :::si::l]mum; any individual element and must be presented in the
electronic ang * .o Stussed ear)je N
and S::lr::': . atomic ntruc;arhmP do not relate the phenomenon of superconductivity with

reffer (BCS), in 10 ures. The microscopic theory put forward by Bardeen, Cooper

an 7 . et
d aecountg very wel) l‘orsa.l' Provides the better quantum explanation of superconductivily

e electron inte t-he Properties exhibited by the superconductors. This theory
qm“?twe descriptj ractions through phonons as mediators. In this article only

eory will be given in following steps :

: 0 experi ectron Interaction : The basis of the formulation of_ BCS
Specific heat of superﬁl::en mental conclusions namely the isotope effect and the variation of
the transition resultin nductors. From isotope effect T, M'? = constant, one can infer that
lattice vibrations or op.,° Perconducting state must involve the dynamics of ion motions,
appoaches infinity. T}uI; :]n ons. Further we note that T, attains a va!ue zero when M
the finite mags of. the i 1 suggests that non zero transition temperature is a conseguence of
Bardeen, in 1950, poi l:e? which can contribute phonons by their vibrations. 'Frohlxch and
energy amcmpan;ego ;:1 i out ‘jhﬂt an electr?n moving through a crystal lai:tu:e has a self
lattice distorts the latg;: virtual P}}onops. This means that an electron moving torough the
forces between t} ce and lattice, in turn, acts on the electron by virtue of electrostatic
and so one can ; The oscillatory distortion of the lattice is quantised in terms of phonons

s interpret the interaction between the lattice and electron as the constant
emisstion and re-absorption (creation and annihilation) of phonons by the latter. -
s BCS showed that the basic interaction responsible for superconductivity appears to be
. foflj;zspfzw of electrons by means of an interchange of virtual phonons. This is explained
~ Suppose an electron approaches a positive ion core. It suffers attractive coulomb
interaction. Due to this attraction, ion core is set in motion and consequently distorts the
lattice. Smaller the mass of positive ion core, greater will be the A=
distortion. Suppose towards that side another electron comes and sees il
this distorted lattice. Then the interaction between the two-the k-q K+q
electron and the distoried lattice, occurrs which in its effect lowers
the energy of the second electron. Thus we interpret that the two et
electrons interact via the lattice distortion or the phonon field

resulting in the lowering of energy for the electrons. The lowering of N R A

electron energy implies that the force between the two electrons is

attractive. ' T;b.ls type of interaction is called electron-lattice-electron Fig. 16. Electron-

iﬁtera}:tion. This interaction is strongest when the two electrons have phonon

equal and opposite momenta and spins. ‘ - .m_

Since the oscillatory distortion of lattice, as pomtet.l out earlier, is quantised in terms
of phonons and therefore above interaction can also be interpreted as the electron-electron
interaction through phonons the mediator. Suppose, as shown in fig. 16, an electron of wave
vector K emits a virtual phonon ¢ which is absorbed by an electron K'. K is thus scattered
as K ~¢q and K’ as K’ - g. The process being a virtual one, energy need not be conserved (the

i called virtual phonons because, as a consequence of uncerteinty

phonons involved are z " & i B
rinciple, theirveryshortlifetlmerenders it unnecessary to conserve the energy

e s). Infact the nature of the resulting electron-electron interaction depends on the

fme ‘magnitudes of the electronic energy change and the .ph”t':“ boone e o

this phonon energy exceeds electronic energy, the interaction 15 attractave.
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(i) Cooper Pair : The fundamental postuiste of BCS heod % B
superconductivicy octurrs when such an atiractive interaction mentioned above, betweenl

electrons, by means of a phonon exchange, dominate the usual i mmbmteracﬁﬂ?;

mdsothenhmeleemmndmpmuppamgismmpmatT=0Kandisoum;ietel.v
broken at critical temperature. o

{iii) Existence of energy gap : The energy difference between the free state of the
_ electron (i.e., energy of individual electron—a case of normal state) and the paired state (the
demmﬁmhﬁﬁgmﬂ}w&%tﬁee&mmﬁw
WMWhﬂwhmmﬂmmewgapisaﬁde
mm&ehmémmmmmﬂmmﬂiﬂmﬂﬂ Since
pairing is complete at 0 K. the difference in energy of free 2nd paired electron states (2.
mmwmmm@ﬁsmaﬁmmwinMrwmﬂswgzpis
mnimma:ahaduﬁemﬁt?=fﬁ-pﬁhg’&cﬁmﬂvedandmggapredmmm.
MKSMMMMMMaMmMmBﬁ&E
mmm&nmomfcandinmgamwpimmmppmmbem
mdmmﬁmammm.&mmmm
Wmnmmmmmmmﬁmdmm@mm

1 state.

A 3 demsmm&emam&mdmﬁng
meﬁMMMdmﬂ&ﬂ&emﬁmm&ofmmmmﬁ
state (the Wnd:ngsh&)islmthmthem&gyofthemh&aem

_ _ ; gl be
;gmedmmthWﬁmmm*hebmdmgmmd‘m?:rmdmmm
gmtpmﬂenmhﬂdmchmka&mmmatmm#mmdm.:;
mmwmmnmfor&twﬂ-m}ammm .
therefore, the maximum number of peirs that mn.hemm:edmhefenﬂyso;hzmmd.é

. states such that their lotel momentum is o constant. In particular for the grou’d
state, whick corries no net current, the best possible pairing is between afaftfp <f-': oyl =
w:!e momentum ir. the Stalc K and -K are alwsse occupied simultanecusiy o
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Um m?uhlllmlluu energy. To estimate 1, in terms of H,, we consider the stabil-
iy ol the vartex state ot absolinte zoro in the impare Ihriil (< A; here k > 1 and
the coherence lenggth is short in comparison with the penetration depth.

We estimate in the vortex state the stabilization energy of a fluxoid core
}'It'\w'd as u normal metal eylinder which carrdes an average magnetic field B,.
l'lw;mllm is of the order of the coherence length, the thickness of the bound-
ary Detween N and S plinses, ‘The encrgy of the normal core referred to the

energy ol a puire superconduetor is given by the product of the stabilization
energy times the area of the core:

6T sk o l . _
(.(a(rb} . ﬂ,-mn “___1_]’3 % ,n,gz . (32)
| 8 . - :
per unit length. But there is also a decrease in magnetic energy because of the

penetration of the applied ficld B, inte the superconducting material around
the core: - : :

et PO .'..Jﬁm.g-sél.-'g}f"six-xk’r; (33)

For ha-.‘;intgl_e .ﬂu_x‘('iid'_w*g”_add these -f.\s{q contributions to obtain
(CGS): .ttt F o foie  fonng = UHHE = B2AYY . (34)

The core is stable if f < 0. The threshold field for a stable fluxoid is at £=0, or,
with Ht‘l written f‘{n.-_-Bm - N : ;

HalH = & - "(35)
The threshold field divides the region of positive surface energy from the

region of negative surface energy.
We can combine (30) and (35) to obtain a relation for H,:

-

1T§/\H e ™ q)o S (36}
We can combine (30), (31), and (35) to obtain
- (HaHs)"*% H,, | (37a)
and
H,, =~ (MOH, = xH, . (37b)

Single Particle Tunneling

[ Consider two metals separated by an insulator, as in Fig. 20. The insulator
normally acts as a barrier to the flow of conduction electrons from one mot;l to
the nthf:?r. if the barrier is sufliciently thin (less than 10 or 20 A“l there 1s a
significant probability that an electron which impinges on the laame_r will pass
from one metal to the other: this is called tunneling. In many experiments the
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Figure 81  Preparation of :
ahiminum strip ?an:ﬁi\::h?: :" iA f ALO,/Sn sandwich, (a) Glass slide with indium contacts. () An
aluminum strip has boen o "I;' 000 to 2000 A thivk has been deposited aoross the contacts, () The
been deposited nevoss th :’l ted to form an ALOy Tayer 10 10 20 A o thickness. () A 1in filim bas
voihe aluminam B, forming an AVALOY S sandwich. The saternal lowds sre

i CL8 two contaets are us WIFre ——
the voltage measurement. (After Glaover and Mesg::;:,)ﬁ” e e

Current

Voltage Vooltaye
() 1]

Figure .22 (a) Linear current-voltage relation for Junction of normal wetals sepurated by oxide
layer: (b) eurrent-voltage relation with one metal normal and the other metal superconducting.

insulating layer is simply a thin oxide layer formed on one of two evaporated
metal films, as in Fig. 21. :

When both metals are normal conductars, the current-voltage relation of
the sandwich or tunneling junction is ohmic at low voltages, with the current
directly proportional to the applied voltage. Giaever (1960) discovered that if
one of the metals becomes superconducting the current-voltage characteristic
changes from the straight line of Fig. 22a to the curve shown in Fig. 22h.

Figure 23a contrasts the electron density of orbitals in the superconductor
with that in the normal metal. In the superconductor there is an energy gap
centered at the Fermi level. At ahsolute zero no current can flow until the
applied voltage is V = E/2e = Ale. |

P
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Figure 23 The density of orbitals and the current-voltage characteristic for 2 tunneling junction. In
(a) the energy is plotted on the vertica! scale and the density of orbitals on the horizontal scale. One
metal is in the normal state and one in the superconducting state. (b} I versus V; the dashes indicate
the expected break at T = 0. (After Giaever and Megerle.}

The gap E. corresponds to the break-up of a pair of electrons in the super-
conducting state, with the formation of tw0o électr?}ns or an electron and a hole,
i the normal state. The current starts when eV = A. At finite temperatures
there is a small current flow even at low voltages, because of electrons in the
superconductor that are thermally excited across the energy gap. |

e i s e, i et
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on the nght side. There 15 no current in the ciredll antl &

’f"‘-?!&lﬂm critical voltage V, is attained and the current bepins N
10 increase afterwards somewhat as shown in Fig. ¥.23. This .
is explained on the basis of quantum tunnelling as follows:

Quantum mechanically an electron on one side of a barrier i
has a finite probability of wnoelling through it, if theie is an | E, L S
allowed state of equal energy available on the other side of ‘B | gr Sk
the barrier. Figure 8.22 shows the density of states function .' "_"_-‘-'_ = e —
in the encrgy space for a sandwich consisting of a et =
superconductor, an insulator and a normal metal, ail at ; e N
absolute zero. In the normal conductor the electrons fill up e

to the Fermi level. = _Occuﬁ; d mrgy m

In the superconductor the Fermi level is in the middle T Available energy states
of the band gap. When the sandwich is formed the Fermi ¥
levels are aligned as shown in Fig. 8.22. Suppose 2 voltage A 3
is applied across the barrier so as to raise the Fermi level on

the right side of the junction. Until the Fermi level E £, ON

n o~ - - s S B, i F

the right side raised up to the level £| electrons cannot go '
from right to the left since there are no available energy il
levels on the left side; since in that portion we have the band

. gap. Once fﬁe-Fénni level E, rises above the level of E; 4

the electro:is can tunnel through the barrier from the right to ,
\

L

" theleft since there are energy states available for the electrons
on the left-hand side. So the current increases. Obviously ,
there will be no current until the voltage becomes equal to -5 V

the band gap (& - £&)- Experimental measurements confirm
the theoretical prediction. | TS h .

/n)@CJSEPHSON’S TUNNELLING

/ '} it .

In Giaever tunnelling current is carried through the insulating barrier as single electrons, and quasi
particle excitations are left on the two sides of the junction. In 1962, B.D. Josephson predicted that a
supercuryent cOnsisting of correlated pairs of electrons Y . N~ | 2
can be made to flow across an insulating gap between _ |
1wo superconductors provided the gap is small enough. bt -

" The nature of Josephson’s effects can be - :

understood like this. A current is made to flow in a bar ! z $
of cupermnductor. A voltmeter is connected across the N ;
ends of the bar as shown in Fig. 8.24 (a). @ )

The voltmeter indicares a drop in voltage as zero
across the superconductor according 1 our expectadon.
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preces and the twodploces are seps
Wil Row and rhe voltmeter will indicate a vo

S OhDUCTIVITY e

wated by say 1

¢ as shown in

hage cqual to the open circuit

suddenly shows TerO v
\u\ Ihis js Known gg
indicates g v

vuirce. 11 the distance between the picces 18 reduced 0 ‘l nm, the mlum:.u:r
Cltage showing thereby that a current flows across the gap 1n supcrcom}ucu:l_.g;
Yta the d.c. Josephson’s effect. Another effect which is ohﬁcwcq !f. that the w;: ch r?fo:n
© 8ap, i“‘-'} _‘8& but at the same time a very bigh frequency elecuromagnetic radiation emana
“Hieatng the presence of a very high frequency alternating current in the gap. y
that lll:::’_a‘it:*;mmmn ‘is known as a.c. Josephson's cffect. All these cxpcrimenu'xl obscrvauo?s show
~ Hieory is gaining more grounds. The accomplishments of Josephson’s effects are:
() A d.c. current flows across the junction in the absence of any magnetic or electric field.
() Whena d.c. voluage is applied across the junction, it causes r.f. current oscillations across the
J;:lnction, This effect has been utilised for the precise determination of the value of h/e.
' , an r.f. voltage applied with d.c. voltage can then cause a flow of d.c. current across
the junction. :

(ii#) Whan a d.c. magnetic field applied through a superconducting circuit containing two Junctions,
- it causes the maximum supercurrent to show interference effects as a function of magnetic
field intensity. This effect can be utilised in sensitive magnetometers.

X1, THEORY OF D.C. JOSEPHSON'S EFFECT

——— -2
A s -

Let ¥, be the probability ampli_tudeﬁof electron pairs on one side of a jimction and ¥, be the amplitude
on the other side. For simplicity, let us suppose that both superconductors be idenfical. Let us also
suppose that they are both at zéro potential. The time dependent Schrodinger equation is

¥ i e oot
_ih (—(:;)= TY¥ [Refer equation (6.39)} Fe
and applied to the amplitudes ¥, and ¥, gives s

' 23 3\3:1]
- > - PR : .s’q =
. ””(a:-_ (Ligrier e .
and o [ggf)#-ﬁfﬁ*i i, DT ey, e (859)

where 37 represents the effect of the electron-pair cc)u}iliug-or transfer interaction across the insulator.
In fact. T'is a measure of the leakage of ¥, into the region 2 and of ', intc the region 1 (see Fig. 8.22).
If the insulator between the iwo superconductors is very thick, there is no pair tunnelling and 7 is zero.

Let ¥, = n)? exp () and ¥, = n;” exp (8, , then

" o0 '
____3;1’, = (%—) ny V% exp (i8,) (%}* in* exp (591)["5}"‘) =-iTY,
' A T
| v , . K.
i.ﬁ'-, 'érl = (%)n; LL exp UBI) (a'ai:l')"‘ 'Il]ln exp (191 a;)

=~ iTn}? exp (i0,) (8.60)

Scanned with ACE Scanner

CHAPTER 8



392 Soun StaTe Puysics

of . EJE!;
Similurly, d;:" = (%]”2 |2 exp {fez) (95113-)+ .l'hllz'*2 exp “92][;‘)—;]
(8.61)
= - I-Tn;‘lz exp (;‘9[)
Multiplying equation (8.60) by n'? exp (- i0,) and using &= (8~ 6,), one BELS
.!, .af_l ; aet ;
2o +in, ar—" =il (n‘uz)m exp [i(8,- 0))]
; 1 on . (96 62
i (E) ["’a}LJ* "‘a["a}'-] = —iT (n,n,)'? exp (i) (862)
Similarly multiplying equation (4.61) by n!? exp (~i6,) and simplifying, one gets
q Y n, p (-9,
1) (on, 20
(E) [3:")+ ""Z(Tf) =~ iT (11,2 exp (~i9) e
Equating real and imaginary parts of equations (8.62) and (8.63), we get
I o s
g ] %’%:2?‘(::,;&2)”2 sind
on JEPpp— s P
—ai ==2T(mn,)" sind R
e % =— T(ny /m)"* cosd
4 ' Ciahan, (8.65)
ke Dz Ty '
Taking n,~ n, for identical superconductors, we have from equation (8.65) .
08, 99, 0 ,
S 2. (0,-0)=0 (8.66)
| S et e :
From equation (8.64),
| om __ %’ﬁ. (8.67)
ot t

The current flow through the junction i.e., from 1 to 2 is proportional to (anzfi?r) or (—0n,/01).
Therefore, we can conclude that the supercurrent J of superconducting pairs across the junction dgpends
on the phase difference 5.

R T (3.68)
Le., !__f= Jo;su} _5.* Jg sin (Qz._ 8)

: nt that can be passed
: ' d represents the maximum zero voltage current { _
Here J,1s af;umonalpt;i: :{t olt::’e a d.c. current will flow across the junction with a value
oo - . 1; zero a S whre ) . - . ) C.
:: - 31;“::;' 7, depending on the value of the phase difference (8, 8,). This effect is known a5 de

Josephson’s effect.

Scanned with ACE Scanner



|

IF’J' \....,_, SDEI. i oo b Nt s RCTIVIY Y 393

, M a Vi ‘"Ryi“ ‘ h[" B S

B . ap N"‘tl LTR TRO ll

h ulalm AR ¢ lee clion l‘ﬂl! e W Josp phum B lonction. This is pnull'lll‘ hecause the jnchon 1S ab

i 1 I-i(‘]\' 9= (= 2¢) ”“C Sisi \“’r!"hl 1: nees i MMl e iy dillerence 'J‘" i pasaling ACross s the junchion,

: e o

_.}-" e 8l eV, The CQuaiton ol nmmm:‘iﬂﬂ: i:::;:;“"" 15 b o polentinl encrpy -~V and the pair on the other

: NED
% h a‘, = AT ‘PJ ﬂV\Pl
} | ) ar -
§ a | =ATW ey, (8.69) E
Let T <
b P exp (i0) and ¥, = "z cxp(:ﬂz) %

(&

£ Now oM, (.‘. -2 7“ y %8,

3 \2/m exe (@) +niexp (B} 5

i Equation (8.69) becomes

ap
ih exp (19 }[' = *(a‘;' )+(n ) %‘J
= NTnY? exp (i0,) — Va2 oo

Dividing throughout by i exp (i8,) n; V2, we get

1\ on 20,
(E) ‘a‘:"‘ S e V(k)“‘ = il (myn)'"™ exp (iB) (8.70)
) 20
ie.. ;‘- (%J-l- inl(*é;") = ieulV(h}*i - T |cos & + i sin §) (ntnz)l"2

Breaking this into real and imaginary parts, we obtain
on
= [——5-) =T (n,n,)"” sin §

2\ o

on, =9 12 gin §

or 3 2T (n,n,)'" sin (8.70u)
a0 vV

and "é}!' .. 4 T(nzinl)m cos & (87

i _ eV
This differs from equation (8.65) by the term ' Further, by extension of equation (3.61), we
abtam
| (dny ) | My,
% 5 [ Fy J+ m_‘( 3 ] ieVn,h iof (n.m,)
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where, O™ _ oo _-
s x 2V (rn )2 gin & (8.72) ..
and a0
‘é‘f‘ =~ (eVIh) = T (n,/n,)" cos & (8.73)

Thking fy= n, we obtain from equations (8.71) and (8.73),

a0, -0 ) _ 2eV '
Y at e e

lmegramg equation (8.74), w '
e see that with a d.c. voltage across the junction, the relative phase
of probability amplitudes vary as . ! .

8(5) = 5(0) - ge_v: (8.75)
The supercurrent is"hoﬁ'glvén'by
J J‘ sm [8(0)~-2;V" ] (8.76) 1

This shows that the current oscillates with a frequency -

~ ZeV '_."; e e e S .
: 0) : T o (8.77)

This is called the a.c. Josephson’s effect. It permits a determination of % from the relationship

between voltage and the frequency of the photon
emitted when an electrons pair crosses the barrier.
A d.c. voltage of 1uV produces a frequency of 483.6 3
ME g1

: oo CusiMayn nertanonie . r Josephson’s -
The relation (8 76) prowdcs the basis for one family :
of Josephson's junction device called SQUID s
(superconducting quantum interference device). The
SQUID (Fig. 8.25) is a double-junction quantum
interferometer formed from two Josephson
junctions mounted on a superconducting ring.
Magnetic ficld is applied normal to the plane of the Sepesconduciing
ring.

L]
<

In this device we may write the phase as
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