CHAPTER 1

The subject of superconductivi -Q)vered over half a centurv ago bv

Tty
Kamerlingh Onnes ( rconductivity is now very well

known. It is a field aspects. Thus it will be quite

valuable to review the basisphan aenology of superconductivity.
DC Electrical Resistancg®

The general behavior Of @ norms or and a superconductor is shown in

Fig. 1.1

.I
normal conductor
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1g 1.1 The general behavior of a normal conductor and a superconductor
(Lynn et al., 1988)

The superconducting state is associated with the precipitous drop of the
resistance 1o an immeasurably small value at a specific critical temperature T, . The most



familiar property of superconductor is the lack of any resistance to the flow of elecirical
current. Classically we call this perfeci: conductivity. However, the resistanceless state is
much more than just perfect conductivity, and in fact cannot be understood at all on the

“basis of classical physics , hence the

nTne superconductor.

' pue forever. However. the electrons

\\\,\\"r erence frame, and an accelerating
\‘u\ on effects vields a current which

\n . Ce " a superconductor, there is no

Now consider i closed loop of wire. For a perfect
conductor we inight at {
circulating in the loop.e
charge radiates energ;
decays with time, ag
observable decay of the w w imental half-life exceeding 103 vears

( File and Mills,1963) ).

London Theorv

Soon after T e ity, Onnes observed that the

electrical resistance re%ppears if a suﬁicmntly large current is passed through the

conductor, or ﬂ WKS Elél%% éwcﬁ] ﬂﬂls‘.}pphed t© the sample. The

phase chagram a typical elcmcn?.l superconductor is shown i 1g 1.2
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Fig. 1.2 Effe - w emental superconductor (Lynn et
al., 1988) N = normal

Note that the approaches zero in continuous

fashion as a function of s with the apparent sudden drop of

the electrical resistivity at n B _Fora simple superconductor there is a
direct relation between the % : and the critical field. Consider a
superconductor whieft is initiall —------.-—> ------------------- thcn apply a magnetic field to
, n‘rg urn generate a magnetic field of

system. Persistent ¢ ﬁ"h :

their own, which oppose the applied ﬁeld A simple analvs1s of this problem starts with
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where milis the effective mass of the electron, and -¢ is the elementary charge. If we
multiply both sides by -e ng, where g is the density of electrons, then we have

(1.1)

=  nge2E/m (1.2)
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where j = -engV is the induced current. Taking the curl of both sides gives

d[Vxj]-@emVxE = d[Vx]+@eZm)B] = 0  (L3)
dt dt

where we have used Farada

(1.4)

we can relate B and

¥'x (1.5)
we obtain finallv

d { 0 (1.6)

dt
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Consider an experiment where we first apply a field to the sample in the normal
state, and then cool it below T . The classical result dictates that the field will still be

time-independent, so that there would be no change in ﬁ, and the flux will be trapped in
the conductor. However, Meissner and Oschenfeld (Meissner and Oschenfeld,1933)

discovered in 1933 the magnetic field is completely expelled from the interior of the



superconductor, in contradiction with the classical expectation. The sample in the

superconducting state exhibits perfect diamagnetism, with the magnetic induction B=0.

\\w

The London brotfers’ (i 935) provided an explanation for
the Meissner effect by propg8ing that ~e-pw: the time derivative of the expression

in Eq. (1.6) be zero, but the bra ketitsell o anish. Hence we have

= 0 (1.7)

e AT B
AL ‘51 ﬁﬁfa@ﬁ P Qj ﬁﬁgﬁ é{dﬁ is the density of

clectrons fHence the field inside the supetco decays exponentially with distance,
with a characteristic length scale given by the London penetration depth 7\.L :
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Magnetic Levitation

One of the most fascinating demonstrations of superconductivity is the

levitation of a superconducting particle over a magnet { or vice versa ). Typically this is

The repulsi Pk enet is caused by the flux exclusion

from the interior of ‘ 4 w plicity that the particle is spherical

with radius R and that & , L -'_ nay néglect surface effects. We have (Lynn
et al.,1988)
(1.8)
| —d
where B(a) is the ihe"magnet, a locates the surface of

- i
the magnet, and h is™ e height of the sphere above -'-J magnet. We also assume that the

average valueﬂr ﬁ ﬂ%ﬂmmﬂ (‘3>>R)
q W‘Tm ﬁ‘ﬁm ﬂ W‘ﬁ lcle s 1o fact the

only material-dependent parameter is the density .This equatlon is valid only in the
regime that h>>R>> Ay .



Flux Quantization

The current density in anv conductor is defined by j=1nqv. where n is the

density of carriers, q is the charge, vV is their average velocity. In the presence of a

(1.9)

If we integratgfargtind a cltsec ide the superconductor where j = 0,

ath deep i
use the relation _( :\cf = .:{* agn \ ux, and apply the Bohr-Sommerfeld
quantization condition as L6 a.re;g;g_iﬁ' .' 507) did, then we find that magnetic flux is
quantized - _ /s 778

fj gauss-cm? (1.10)
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Ginzburgland Laudau (Ginzburg and Landau,1950) , which is a general thermodynamical
approach to the theory of phase transition.



Energv Gap

One of the central features of a superconductor is that there exists an energy gap
in the excitation spectrum for electron, which was first discovered in specific heat
measurements. In a normal metal the specific heat at low temperatures is given by (Lynn

et al.,1988)

(1.11)

and the cubic term originates from
phonon excitation. Bel dc supe ductit ition. the electronic term was found

to be of the form exp(\/kp T ) whis haract tic of a system with a gap in the

excitation spectrum of energ; 2 A '0dp 18 directly related to the superconducting

order parameter, and hence e ::?'4" ‘expeCtthat A—>0as T —T,.

Electron-Phonon In -L :

Y

sas

Another verﬁ

::::1 Zfﬁﬂﬁmoﬁ'm AN the isotopic mass of the
QW']M?;ITQL! W'J’Jﬂtﬂﬂ d

mportant discovery ( Maxwel.im950 ; Reynolds et al. ,1950) was

(1.12)

where M is the ionic mass. The effect demonstrates that lattice vibration plays an

essential role in the formation of the superconducting state.



In order to obtain an interaction which has an attractive part, and at least a
chance of producing a bound state, the dynamics of the system must be taken into
account.Considering that the lattice deformation caused by the presence of an electron

takes a finite time to relax, and can therefore influence a second electron passing by at a

later time. ' ,///
7Z.,
ooper ( 56 ) emphasized is that we are not
dealing with a two-ele dectron system. The central result he
obtained is that the le to the formation of bound

nterac »\\\«‘\_ regardless of the strength of the

tential. Hence he s he weak electron-phonon interaction could in fact
po i o \ \ Y p

BCS Theorv
S - , ) . .
We consider ih icen. Cooper, and Schrieffer (BCS) in

1957 ( Bardeen, Cooper, and Schrieffer,1957 ). The BCS theory is a model Hamiltonian

‘o LY . ;
set up to explﬁ mtﬁ ngu&rﬁj’ﬂm theory incorporates the

assumption offla weak net atttaé:tive interaction force. An attractive force among
_ _ = s
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The eleétron-lattice interaction is the orgin of this attractive force. The simple model

( Golovashkin et al.,1981) which permits such behavior is given by the BCS "reduced"
Hamiltonian , Hy + H o4 ;Where
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+
Hyp = 2 &CyCio (1.13.1)

ko

H,eq = x c k*Cr (1.13.2)
, \2}“

where € is the energy™of the-cond ti@ Cko (Cys ) is the creation
(annihilation) operator foue€lcgifon /¢ is interaction matrix elements.C is spin index.
Interaction (1.13.2) cos /r ectron from one pair state

( kT.-k+) to a different og elements Vi are at this state

nind the Frohlich or Bardeen-Pines
imteraction which Vyy/ is negative.

unspecified. Bardeen, Coope
(Bardeen and Pines,1955) effe

The characteristic B Pgw amiltonian will lead to a ground state

which is some ".,‘ --------------- crposition of manyv=body" states with pairs of state
p— N

a& Coherence, operators such as

(kT,-k¥) 6ccupied or ..f:f r

T > The bracket <> denotes the

C_ki Cy+ can have non ro expectation vélucs “Cxw
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In terms of A, the model Hamiltonian becomes

B = & Gl ¥ ZAICLC e 4 (1.15)

ko k
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We define the Green's function as
+
G(koy = < -Tg Y (D) Ye(©) > (1.16)

where \p; ! Ck_; Cxi ) and Tr is the time ordering operator for the unagmarv

time T = it. we find the single partiele Greéen's function of a superconductor as

LN
. .‘ .Y
"y, L]

G (k.®p) (1.17)

where T;and Ty are wg

Although, the opigig of approximations such as the

electron-phonon interactioft is bristas yet 1t works very well for simple metals and
contains all the essential el€men  the erconducting state. Here we will simply

i tral resnlts of ik ory (L tal., 1988).
summarize some of the cen 2 #ﬁ%‘ ry ( Lynn et al., )

LU0 il ‘
InaBCS s ‘arw’ . gf;“ n the one-electron spectrum at

y. . ' s .
zero temperature. Withi increasing temperature the enefgy gap monotonically decreases,

::;pproachesqﬁﬁ ??l W%@"ﬂ (Elbq mon temperature the theory
SV RENGHV VPRl

(1.18)
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Here A(T) and A(0) are the energy gaps at temperature T and zero, respectively. Along
with the gap collapsing to zero, the critical magnetic field above which the

superconductivity is quenched follows

(1.19)

where a is acons n temperature. Like the energy gap,

the critical field appr

The electro eatcapacity at low temperature is

A\

A O) /T) (1.20)

where Y is the electroni fficient in normal state. Eq.(1.20) is

characteristic of a ' 'i"" S Wikeh-POSSEsses-all-eheigy-2ap in the excitation spectrum. On

o

the other hand at thﬂo 1Se ttﬁe is a jump in the value of the

TNy
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where C‘L is the specific heat in normal state, just above T, , and Cj is the specific heat
just below T .

The BCS theory also makes a prediction for the ordering temperature in terms
of the parameters of the theory. The transition temperature T, is given by
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kg T, o 113 B 0p exp( -1 /N(O)V ) (1.22)

where T Op is the Debye energy for phonon. Since the phonon frequency is inversely

proportional to the square root of the mass for a simple metal, this prediction is in

agreement with the isotope effec

(1.23)

This ratio is indepe e theory, and agrees quite well with

many of the simple elemengal sugert
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