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“The single reason for our inability to treat the problems of
superconductivity consists in the absence of a sufficient
imagination.”

— Richard P. Feynman
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Preface

Studies of superconductivity theory are among the most fruitful and promis-
ing trends in the theoretical physics of condensed matter, since supercon-
ductivity remains one of the most interesting research areas in physics.

The goal of this book is to give a representation of certain modern
aspects of superconductivity. We discuss important aspects of the theory of
superconductivity, such as the nature of high-T, superconductivity, two-gap
superconductivity, room-temperature superconductivity, mesoscopic super-
conductivity, the pairing state and the mechanism of cuprate high-T, super-
conductivity.

In Chap. 1, we consider the field-theoretical method of superconductivity
and discuss the basic idea of superconductivity and the elaboration of the
Ginzburg-Landau and Bardeen—Cooper—Schrieffer theories in the frame of
many-particle quantum field theory.

In Chap. 2, we consider the structures of high-T, superconductors, phase
diagrams and the problem of pseudogaps, and analyze the mechanisms of
superconductivity. We present general arguments regarding the pairing sym-
metry in cuprate superconductors and investigate their thermodynamical
properties within the spin-fluctuation mechanism of superconductivity, by
using the method of functional integrals.

Chapter 3 concentrates on two-band and multiband superconductiv-
ity. We consider the physical properties of the superconductor MgBs and
use our two-band model to explain the two coupled superconductor gaps
of MgB,. To study the effect of the increasing 7. in MgBsy, we use the
renormalization-group approach and phase diagrams. In the field of super-
conductivity we meet the problem-maximum, which consists in the creation
of room-temperature superconductors. We consider this problem in our book
and make some recommendations on the search for these superconductors.

vii
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Chapter 4 deals with the problem of mesoscopic superconductivity. We
consider the two-band superconductivity in ultrasmall grains, by extending
the Richardson exact solution to two-band systems, and develop the theory
of interactions between nanoscale ferromagnetic particles and superconduc-
tors. The properties of nanosize two-gap superconductors and the Kondo
effect in superconducting ultrasmall grains are investigated as well.

We also consider the ideas of quantum computing and quantum informa-
tion in mesoscopic circuits. The theory of the Josephson effect is presented,
and its applications to quantum computing are analyzed.

This book deals with a wide scope of theoretical and experimental top-
ics in superconductivity, and has been written for advanced students and
researchers in that field.

S. Kruchinin, H. Nagao and S. Aono
Kiev, Kanazawa, July 2009
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CHAPTER 1

Theory of Superconductivity

1.1 Introduction

In the preface to the book Superconductivity, edited by Parks,' one of the
editors says: “During the preparation of this treatise one of the authors com-
mented that it would be the last nail in the coffin [of superconductivity].”
Some specialists in superconductivity told us that we would hardly be able
to find articles useful for our future investigations, except for Anderson’s
comments at the end of that book. Further, we learned that Anderson was
pessimistic about further advance of superconductivity; for example, high-
temperature or room-temperature superconductivity was most unlikely.
However, against his expectation, the discovery of high-temperature super-
conductivity, due to Bednorz and Miiller,? is astonishing. The traditional
Bardeen—Cooper—Schrieffer (BCS) theory® has failed to explain the mecha-
nism of such superconductivity. Anderson® proposed a new idea called the
resonating valence bond (RVB) theory or the t —J model (the term ¢ implies
the transfer integral, and J the electron correlation). We have never known
his theory to be successful.

A comment by Feynman, found in his book Statistical Mechanics,* says
that it will take almost 50 years for the problem of superconductivity to be
reduced to that of explaining the gap. Following the BCS theory, we will
explain the gap, and the theory is essentially correct, but we believe that
it needs to be made obviously correct. As it stands now, there are a few
seemingly loose ends to tie up.

The theory of superconductivity seems to be founded on the London pos-
tulate.” Associated with the gauge transformation, the conserved current is

j=—5(¢"V0 — 6V4") — clo]?A. (L)
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The current due to the first term is called the paramagnetic current; and that
due to the second, the diamagnetic current. In the superconducting state,
the first term on the right-hand side changes very slightly, and sometimes
the wave function is quite rigid, that only the diamagnetic current survives.
In this respect, the superconductor is the perfect diamagnetic substance.
The current is dominated by

j=—kA, (1.2)

where k is a properly chosen positive constant. The Meissner effect is easily
derived from Ampére’s equation:

VxB=j. (1.3)
Taking rotation gives
V’B = k’B (1.4)
or
B, = Bye™*%. (1.5)

It is important to note that |¢|? in Eq. (1.1) is very large, i.e. it is the classic
scale quantity, so that the magnetic field in Eq. (1.5) damps very rapidly.
This is the Meissner effect. On the book cover, we see the very spectacular
experiment demonstrating the Meissner effect — a permanent magnet hov-
ers above a superconducting plate. We know of similar phenomena — the
screening of the Coulomb interaction, or quark confinement.

The boson model of Cooper pairs is considerably successful. Equa-
tion (1.3) yields VZA = k?A, which is

MA, = —k*A, (1.6)

in the covariant form, suggesting that a photon is massive, which is a fun-
damental aspect of superconductivity.®

An essentially similar treatment has been presented by Ginzburg and
Landau (GL).? The superconducting state is the macroscopic state; in other
words, a thermodynamic phase. They characterized this phase by introduc-
ing the order parameter, W. This looks like the Schrédinger function ¥, and
then the primitive quantum theorists got confused, saying that behind the
Iron Curtain the quantum theory was different in features from that of the
Western countries.
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The theory is handled as the phase transition. The Lagrangian for the
2 2
h

+ —, (1.7)

superconducting state is postulated as
e*A
—ihV
2m* ( * c ) 87

where * indicates the quantities in question referred to the superconductor
(x2). Note that there are |¥|? and |W|* terms in the potential parts. These
drive the system to spontaneous symmetry breaking and lead to a phase
transition for the suitable choice of constants a and b. This is now called
the Higgs mechanism.® Certainly, the GL treatment is a few years ahead of
the Nambu—Goldstone suggestion.

The GL theory is known as the macroscopic quantum mechanism, and
in this sense, the big W is sometimes amusingly called the cat’s W.

A very instructive presentation of the macroscopic quantum theory is
found in The Feynman Lectures on Physics. Vol. 111, Chap. 21. Various
topics there, such as the Josephson junction, are quite readable.

1
Fy = Fy+ a|¥|* + §b|‘lj|4 +

The microscopic theory was prepared by Bardeen, Cooper and
Schrieffer.? However, as a preliminary discussion, we present the Bogoliubov
treatment. The superconductivity is a kind of many-electron problems. The
most general Hamiltonian should be

H = / Ay ()b (@) + 5 / d de (@) (@)o(e, o)t (@ ().
(1.8)

Since the algebra of electrons is the spinor, the terms other than the
above identically vanish. In other words, the three- or four-body interac-
tions are useless. First, we specify the spin indices, and next the plane-wave
representation for the spatial parts. Equation (1.8) is simply written as

H = ¢;(a)f + ag) + vg,—pajpa’ pa_pay. (1.9)

The simplification or the mean-field approximation for the two-body part is
twofold — say,

Ak,—kakaaku<atk6atk6> w10,
A%,—kaﬁaaiﬁakua_km + c.c. :

The latter looks curious, since such an expectation value, (arqa—gp), vanishes
identically. Against this common sense, Bogoliubov put the Hamiltonian

H = ¢;(af +ax) + Apaza’ ), + Afa_gag. (1.11)



4 Modern Aspects of Superconductivity: Theory of Superconductivity

We understand that Bogoliubov presumed the Cooper pair, and provided
the effective Hamiltonian for pairs. His theory may be a shorthand treatment
of the BCS theory. This Hamiltonian is diagonalized by the so-called
Bogoliubov transformation which defines the quasiparticle responsible for
the superconductivity as

Vi1 up  —Ug Ckt
n = n , (1.12)
Y k| Vg Uk € k|

up —vi = 1. (1.13)

with

The spirit of the Bogoliubov transformation is to mix operators cj; and
cfk Ik which are different in spin. The quasiparticle yields the new ground
state, so that the particle pair or the hole pair arises near the chemical
potential. The stabilization energy thus obtained is called the gap energy
A3 10

We now follow the BCS microscopic treatment. The Green function has
been effectively used by employing the Nambu spinor. This makes the uni-
fied treatment of normal and superconducting states possible. However,
the temperature Green function (Matsubara function) is used from the
beginning.

1.2 Spinors

We start with the general many-electron Hamiltonian not restricted to the
BCS Hamiltonian. The BCS state responsible for the superconducting state
is easily recognized from the formal description. The simplest method of the
quantum chemistry should be the Hiickel theory. This consists of the single
energy matrix,

Brs = /dx h(z)prs(x), (1.14)

where h(z) is the single-particle quantum-mechanical Hamiltonian, and the
electron density p,s(x) is given by the product of the single-particle (atomic)
orbitals ¥, and xs. Note that this is the spinless theory.

We then extend the treatment into the spin space:

"Bl
rs rs
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Any 2 x 2 matrix is expanded in the Pauli spin matrices together with the
unit matrix:

10 10 0 1 0 —i
0 _ 3 _ 1 _ 2 _
S O B I A (I S )

(1.16)
However, we employ other combinations:
1 10
o 2(0 +0°) (0 0),
1 0 0
L 200 3y _
T 2(0 " (0 1>’ (1.17)
0+—1(1+i02)— 01 |
S 2 ~\1 o)
R O R N AU
o —%(0 —i0%) = (1 O)'
In Eq. (1.24), we then have
Brs = Bﬂsc“,
(1.18)
by = Tr(c"Brs),
in detail:
Bl =Bll Bl =Pl o
Bl =Bl B =Bl
As to the Pauli matrices, the ordinary commutators are
[0?,07] = 2i€;;,0
[03,07] = 20
0%, 07] = —2% , (1.20)
[6t,07] =03
[O_T7O_l] =0 )
o, 0%] =0
[ol,07] = —o—
ol,0t] = —o* [ (1.21)
[ol,07] =0—
o, 07]=0°
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and the anticommutators are

[Gi,Gj]+ = 2@8”
. 1.22
[G+7 0_]+ =1 ( )

We then express the matrix in Eq. (1.15) as
Brs = Bﬁscuv

(1.23)

bs = Tr(a"Brs),

in detail:

ol=8ll Bl =i,

Bl =Bl B =Bl
Here, if the quantum-mechanical Hamiltonian has the single-particle char-
acter without the external field causing a rotation in the spin space, the
off-diagonal elements are meaningless. The Hiickel theory involves the spin

diagonal terms.
However, if we take the electron—electron interaction into account, even in

(1.24)

the mean-field approximation, the off-diagonal elements become meaningful
and responsible for the superconductivity. This is what we investigate here.

1.2.1 Spinor

The algebra representing electrons is the spinor. The Dirac relativistic (spe-
cial relativity) function describes this property well. However, the relativity
seems not so important for the present problem. We now concentrate on the
spinor character of the electron. The field operator has two components in

o) = (410

oa) =" (@’ = (07 (@) w@)(y )
= (o] (2) —b(2)). (1.25)

This is called the Nambu representation.'’ The negative sign in front of ¢ !
is seen in the Dirac conjugate ¢ — o.
The field operators satisfy, of course, the anticommutators

[da(2), 0 ()4 = Bupd(z — ), (1.26)

the spin space:
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where (a,f) = (1, /) and = (r,t). Then, for the spinors (1.25), the matrix
commutator holds:

_ (5(”3 N 2! ” 0 x,)) (1.27)

1.2.2 Noether theorem and Nambu—Goldstone theorem

We seek for the meaning of the Nambu spinor.'? Consider a global trans-
formation of fields with the constant A:

ba(z) = dolz)e™,
o (z) — dalz)e ™. (1.28)

It is recognized that the Hamiltonian and the equation of motion are invari-
ant under this transformation. We can see that this transformation is a
rotation around the o3 axis with A,

() — N (), (1.29)
since

o = cos(a®A) + isin(c®A)

L@ (@) (1_ @AP (AP
I T TR (T
A% Af 5 A3 AP

0 . 3 . eiA 0
=0 cosA +i0°sin A = ( 0 e‘iA>'

Here, we discuss briefly the Noether theorem and the Nambu—Goldstone
theorem. The latter makes a profound investigation possible. If the
Lagrangian of the system in question is invariant under some transformation
which is just the present case, we have the continuity relation. Notice that
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the density and the current are, in terms of the Nambu spinor,

i =T ()0’ d(x),

. ho . (1.30)
§ = i (6 (2) V() + Vo (2)0(x).
Then the continuity relation is
Ojo(x) +V-j=0. (1.31)
If the system is static, the density must be conserved:
% = 0. (1.32)
Put

G = /d:vjo(:v), (1.33)

and if it is found that

G, W' ()] = (=), (1.34)
and the expectation value of W(x) over the ground state does not vanish,
(0]wl0) # 0, (1.35)

i.e. if the ground state satisfying the relation (1.33) does not vanish, we can
expect the appearance of a boson W(x), whose mass is zero. This boson is
called a Goldstone boson, and the symmetry breaking takes place in the
system. This is what the Goldstone theorem insists on. The details are in
the standard book on the field theory.®

Now we apply this theorem to the superconductivity. The invariant
charge is

Q= /dgxd)j(x)d)a(x) = /d3x¢+(az)03¢(m). (1.36)

In terms of the Nambu spinor, here 63 is crucial. In the commutator (1.33),

we seek for the spin operators which do not commute with ¢® and find, say,
oF. We then have the Goldstone commutator as

/ a2 (9 (2)0%b(a’), 6 (2)E () emr

:/d3x(i2)<oy¢+(x)oi¢(x’)yo>8(r—r’). (1.37)
In detail,
T(x)oTo(x) = (oF (z x 01 $1(2)
o (@)at o) = (67 0) ) () 0)<¢f(@>
= ¢ ()] (2), (1.38)

O (2)0”d(x) = d1()d) ().
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Notice that here the same symbol ¢ is used for the ordinary field with spin
and the Nambu spinor. The above are nothing but the Cooper pairs, and
we now find the Goldstone bosons W* and W. In literature, it is noted that

016+ (2)5% () [0) = i% £0, (1.39)

where A and g are the gap and the coupling parameter, respectively. We
expect the estimate
A ~A_=A

to be reasonable.

The Cooper pairs are now the Goldstone bosons. A comment about
the Goldstone boson or the massless elementary excitation with & = 0 is
required. Using Eq. (1.33), we write the Goldstone commutator (1.34) as

/ Ay[{01jo()In)nld ()]0)
— (018’ @) Lo )0 egmyo # O, (1.40)

where |n) is the intermediate state, and zy = yo implies that this is the

equal time commutator.
Since

Jo(y) = e o (0)e’, (1.41)

it is seen that
/ dy[(01Jo(0)|n) (n|4 (z)[0) P

— (014’ ()|} (n]Jo(0)|0)e ™ PV ] oy, (pIn) = Pnln))
= 3(pn)[(0]Jo(0)[n) (n|¢' (0)[0) 0¥
— (0[&/ () [n) (n]Jo (0)|0)e ™ P"0¥] 1,y
= 3(pn)[(0]Jo(0)[n) (n|¢' (0)]0)e" Mo
— (0] (0)|n) (| Jo (0)[0)e ™ Hmo] g # 0. (1.42)

In order to obtain the first equality, spatial integration is carried out. Then,
considering p* = (p, M), we retain the fourth component. In the last equa-
tion, when M, # 0, cancellations will arise for the summation over n. We
thus obtain, only for M,, = 0, the finite result

(010 (0)[72)(n[4'(0)|0) — (0]4"(0)[n){n|o(0)]0)
= Tm (0]jo(0)|n)(n|¢’(x)|0), (1.43)
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which is met with the requirement (1.34). The excitation with M,, = 0 needs
no excitation energy, suggesting the Goldstone boson.

We further note that the mass-zero excitation is the imaginary quantity.
This suggests the current to be the phase current, as is seen in the Josephson
effect.

Before closing this preliminary discussion, we want to make a few
remarks. At the beginning, we mentioned London’s postulate that the super-
conducting state is characterized by a statement that the wave function is
rigid, so that the current is entirely the diamagnetic current due to only the
vector potential A. “Rigid” is not really rigid, but it is understood that the
spatial derivative is vanishing, or the current flows along the entirely flat
path, which is described in a textbook as the path going around the top of
a Mexican hat. Boldly speaking, the electron in the superconducting state
is massless. Also, we have pointed out that the vector potential A, which
leads to the Meissner effect, satisfies the covariant relation (1.6),

oA, = —k, (1.44)

so that a photon is massive in the superconductor.
In the following chapters, we develop a substantial microscopic explana-
tion of the above assertions.

1.3 Propagator

In the previous section, we have found that, as is seen in Eq. (1.41), the
superconducting state strongly concerns the gap function or the anomalous
Green function. We want to deal with the solid-state substances. However,
the infinite crystals described by the single band have already been fully
investigated in literature, and the recent investigations were carried out on
objects with multiband structure.'® 14 The infinite system with many bands
is constructed from the unit cell, which is really a chemical molecule. The
atoms in this molecule give the band index of the real crystal. In this respect,
we first investigate the Green function of a unit cell. The Green function is
now shown in the site representation.

Corresponding to the spinors (1.24), we define the spinor in the site
representation as

ar
a, = ( j), a, = (af; —a). (1.45)

aw
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Due to this definition, it is unnecessary to insert ¢® in the matrix G, as is
seen in Schrieffer’s book.? The commutator is

[arTa a+T]+ [asia arT]+ 87“5 0
[aw,ﬁs]_i_ = s = = drs1oxo. (146)
[a:_l7 a;_T]+ [asl7 a:l]-F 0 81”8 .

The matrix propagator is defined by

G (1) = —((ar(11),a5(12)))

o <<<am(fl)’ ai(12))) —<<arT(tl)»as¢(t2)>>>
(e (1), 0y (r2))) = (@]} (11), a5 (r2)))

= —(0(11 — ©2)ar(11)as(12) +0(12 — T1)as(t2)ar (1)), (1.47)

where t is the imaginary time, so that the propagator is the temperature
Green function or the Matsubara function. In what follows, we put

T="1 — 1o, (1.48)

and the system depends on t; — 9. If we want to obtain the gap function,
we consider

Tr(0% Gra(1)) = ((af, (1), 0y (12))), (1.49)

and the standard procedure will be followed.

1.3.1 Hamiltonian
Various Hamiltonians can be written by using the charge density matrix,
x x
ors(T) = Prist(e) - prias(@)) Pls: (1.50)
Prist (@) prpsi(2)

where the basis orbitals are put to be real, so that we do not need the
conjugation procedure for field operators.

The Hiickel Hamiltonian or the single-particle Hamiltonian has the struc-
ture

H® = h*.a,c"a,, (1.51)
where h includes the chemical potential and can be explicitly written as

hy. — /prsh(x) _ /dwh(x) (prTsT(‘T) prTsl(m)> I()'Mh;fs- (1'52)

PrlsT (:L') prisi(x)
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Hereafter, we use the summation convention that repeated indices imply
that the summation is carried out to facilitate manipulations. Other two-
particle Hamiltonians are given in a similar way. Noting that

Upsrtu = / dx da’ ol (z)o(z — 2')py, ('), (1.53)
we havel”
: 1
I‘Id1r = §(ércaas)vgg;tu(étobau) (a7 b :T’ l)’
ex L _ a aa a,0%
H® = —i(aro as)v (ar0%ay) (a=T,1),

rs;ut

(1.54)
1
Fsuper — 5{(2—1710_‘5‘35)1);’;;”(5_750'_311)

+ (a,0"a,)v, .1, (a0t ay,)}.

For the direct interaction, the quantum-mechanical Hamiltonian is

ydic _ /dx da' Y5 (1) X1 (r) (2)v( — 2/)x (@)% (2).

For the field-theoretical Hamiltonian, the wave functions are replaced by
the creation—annihilation operators a;fT, art, and so on. These are written
in the spinor notation; for example,

1 s
a:}asT = (a;} am) <0> (1 0) (Z:{)

1 0
=al (0 0) a, = a, ola,.

Note that H* is obtained by reversing indices (u < t) in vyg:s.

1.4 Noninteracting

“Noninteracting” implies that the Hamiltonian is bilinear with respect to
operators so that diagonalization is always possible. It should be instruc-
tive to begin with the single-particle case, since even if we manipulate the
complicated two-particle case, the procedures are almost the same when the
mean-field approximation is employed.

The energy for the Hamiltonian (1.52) is

E° = Tr(pH®) = h,s(a,a,), (1.55)
where p is the statistical operator,
p= P2, (1.56)
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with the normalization factor Q. We now define the temperature Green
function, in which t is the imaginary time, t = it,5 16
Grs(t) = =Trp[(6(t1)ar (t1)af (12) — 6(—1)a (2)a,(t1)]
= {(ar(11)a] (12))), (1.57)
where
T=1] — To, (1.58)

and it is assumed that the system is dependent only on the relative time t.
Then we can write E° in terms of the temperature Green function:

E® = Tr[h,sGer(t = 07)]. (1.59)
Note that h,s and G, are matrices.

The equation of motion (1.57) for the noninteracting Hamiltonian (1.51)
can be read as

9 ((as(t1)ar(t2)))

=3(t1 — 2)([as(t1), ar(t2)]4) + ([as(t1), Avar by (11)]-, ar(12))
= 8<Tl - T2)Bsr + < ss’hr’s’(Tl)ar’<Tl)7 ér(12)>
=3(t1 — 12)8sr + {hew F{{aw (T1),a,(12))). (1.60)
It can be solved using the Fourier transformation!®
((as(t1)ar(t2)) Ze“””‘ ({aga,; o)), (1.61)
with
o, = w (1.62)

where the odd number indicates that particles are fermions. Then Eq. (1.50)
becomes

(10n s — hg ) (@ ar; 0n)) = S (1.63)

In this step, the matrix structure of the above should be carefully investi-
gated. Let us assume that the single-particle Hamiltonian is spin-diagonal:

Rl 0
hy = - (1.64)

It is preferable to introduce the flame diagonalizing each element:

hl, = ((sli)(ilhli)li)(ir)) T = (s]D) e (ilr)'. (1.65)
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Then we have

_ _ 1 1
((asar)) = gz sla)tilr)T

n twn—€;1 0
0 ({sli)Galr)*
10n—€;|
({s[a) ¢alr)! 0
_1 LWy, — €7
| T el
iwn—eil
) (<<s|z>n<ei><z'|r>>T o0 > w66,
0 ({slayn(e:)(ilr))*
where
n(eir) = —— (1.67)

1 + eeiT/kBT :
Another sophisticated way starts from the decomposed Hamiltonian
HY = a,6"h*,a,. (1.68)
The commutator is evaluated as
[as,ﬁ,ﬂ/(fuhﬁ,s,as/] = SST/GOO‘Mhr,S,aS/ = O‘ths,as/. (1.69)
The equation of motion
(w85 — A ) Ay, ar; ) = 0 8. (1.70)
In the matrix notation,
(iwp — " 1) ({2 a; w,)) = o
or
o0

((a,8;0p)) = ——— (1.71)

iw, — oWht’

In the representation where h is diagonal,
(rlhls) = (rli)(ilhl)(ils) = ei(r|i)(ils), (1.72)
the relation (1.71) becomes
(1) (i]) (iwp + o*€;')

82 on)) = G = o) o + o)
_ (i)il) (o +0*e})

(iwn)? = (&)

(1.73)
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Now
iw, +ot'e o ote;
= o T n

(fon)® = (&) (iwn)” = () (ion)? = ()

1 o1 Lo 1 1
- 2\, — € do, € 2 \iw, — €' dw, + €

(2 K3

1 1 1 .

=3 (iwn T + - €y> (summing w,,)
1 m n ot mn mn

= () + (=) + - (n(e) —n(=)). (1.74)

We evaluate
oY foled
G, = Tuol { ()il - (el + n(=) + G () = (e
= [(rli){ils)] n(e)). (1.75)

We then have
560 =y S iyt

(o EZT

This relation holds for both T and T, and we recover the result (1.66).
Along the way, we give the energy expression for Eq. (1.51):

E® = Tr(h,sGsr)

gy 00\ ((slidn(e)ilr) 0
‘%<o w)( 0 sl ) T

It may be needless to present another illustration:
Y = Tr(hryGiar) = Tr(" bl )(6° G, ), (1.78)
The result is meaningful if 6*o¥ = ¢°, which leads to, in the present case,
Mt =c"=0l, or o*=0"=0ch

Such manipulations will be used in the later investigation.

1.5 Interacting

In this chapter, the electron—electron interactions are taken into account,
and we will discuss how they lead to the superconducting state. The
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Hamiltonians given in Eq. (1.54) are
1 ~
HIr — §(aroaas)vﬁg;tu(atcbau) (a,b=1,1),
1

HeX - 2 (aTc aS)Urs ut(atcaau) (a’ = T’ l)’

1. _
s — 5{(aro+aS)qu;;tu(at° ay) + (a,0~ aS)Urstu(at°+aU)}~

These are written in the mean-field approximation. The estimate beyond
this approximation is not the case of the present consideration. We have

H® = h%a,0%, (a =T1,1),
HY = (7,0° as)vré’ wlaola,) = (a,0%,)DEAT (a0 =1,]),
H®™ = —(a,0"as)vyg, ut<at°bau> = (apo"as) D™ (a=1,1), (1.79)
H™ = (a,0"a,)v (807 a,) + (8,07 a,)v, 1, (a0t ay,)
= (a,0"a,) D™ 4 a,0~a,) D",
where

adir __  ab = b
Drs = Ursitu <at0 au>?

Do = vré’ RETCLE W I (1.80)
D =yt 1810 ay),

where (---) implies the ground-state average, which was actually obtained
with wave functions in the previous step during the self-consistent field
(SCF) calculations.

These Hamiltonians are classified into two kinds called modes — the
normal many-electron problem and that for the superconductivity:
H = ™™ + H3YP (1.81)
where

Jnorm _ (aTO_aas)(ha 8 4 Dg;dir 4 D?;ex)’
Hs" = 3,.0%a,D,;""P.

The main difference between the two is that in the former we have the
single-particle Hamiltonian, and in the latter we do not. Various D,¢ are
complicated, but they are merely the c-numbers in this treatment. The
propagator in question in Eq. (1.57) is presented here again:

Grs(t) = —Trp[(0(v)ar(t1)a] (t2) — 6(—T)a] (t2)ar(t1)]
= ((ar(11)af (12)))-

(1.82)
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The equation of motion can be read as
Ix ((as(t1)ar(12)))
=811 — w)([as(v1), - (2)]+) + ([as(t1), @y ay Hyyo (11)] -, a0 (12))

(a;norm, sup)

=3(11 — 12)dsr + Doo®{(ay(11),ar(12)))- (1.83)
Making the Fourier transformation with respect to t = 19 — 1o gives
(iwy, — Do) Gy = By (1.84)
or, in the matrix form,
1 o Da a
Glon) = - - ot PO (1.85)

iw, — D% (iw,)? — (D*)2’
Note that D® consists of the single-electron part and the two-electron inter-
action term which involves another mate p¢, combined with the propagator
(ajoay,):

D%x) = h'(x) + / dz'v(z — ') pl, (2')o" (agay). (1.86)

However, the mean-field approximation makes this as if it were the single-
electron interaction. A few comments will be given about the matrix char-
acter of G. This is a big matrix with site indices, and each element is a 2 x 2
matrix in the spin space. The index a characterizes the mode of the mean-
field potential. All the modes are independent of each other and are individ-
ually diagonalized. We now introduce a flame, in which these are diagonal:

(i| D)) = ng. (1.87)
Look at the right-hand side of Eq. (1.85) and remember the Einstein con-
vention that repeated indices imply summation:
(D =)+ M)+ M)+ ()% = "™ + (*P)%, (1.88)
where the second line is in a simple notation. Then we have
1) (ioop + (] D[i")0®) (%

G(wy,) = — - i
( n) {Z(Dn _ (n?orm + n?up)}{zwn + (n?orm 4 n?up)}
1 1 1
_|sa\ = -a
. >2 (iwn - (n?"rm + nf-“p) * 1wy, + (n?o“n + n?up) ) o
i) st

Q(ngorm + niup)

X ( L — L ><a| (1.89)
7. .
i(x)n _ (n?orm nS‘uP) i(x)n (n?orm niup)

7
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Taking the (r, s) matrix elements and the mode ¢ which is achieved by the
operation,

TroG,s = G°rs, (1.90)
we select the terms on the right-hand side with the mode ¢ satisfying
Tro%* = 1. (1.91)

Otherwise, the Tr operation leads to the vanishing result.
Carrying out the summation over w,, we get

Gf‘s(o_) =3 ZGrs wn

1 1
= ¢ 7 — +
B Z | 2 ( _ norm + n ) z'oon + (nnorm + nsup)>

D&
a|s Z C|z normj_ nSUP)
i

( 1 : )l
. - - 1|8
zwn_<n?orm+n1§UP) zwn+(n?orm+n1§UP)

a1 .
= (refi®) S (n(ni®™ + 3™ + n(=ni™ =) (is%)

D,
2(nnorm+n§UP)
7

X (™ ) = (o ) (i)

+ (i)

1 . Dy, n; .
- _Brs - €|a® Su tanh s ) 1.92
where
1
n(ny) = 14 o JRBT (1.93)
and

n(m) +n(-m) =1,

n(n) — n(—n) = —tanh(QkT;T).

In the estimation of matrix elements, the chemical potential which has been

disregarded up to now is taken into account. Namely, the Hamiltonian has
an additive term —pa,a,, which causes

a

ng =Ny —w <0, while —ni — —(n§ —p) > 0.
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The mean-field potentials are carefully treated. In modes with T and |,
we have the nonvanishing single-particle parts, hls?)rs and hql«s?)m, which
are usually negative. However, for superconducting modes, h;ts:0, and
the chemical potential is lost for the same reason. The latter may be
closely related to the fact that the number of particles is not con-
served in a superconductor. These circumstances are crucial for the super-
conducting mode.

1.5.1 Unrestricted Hartree—Fock (HF)

Let us review the SCF procedure. We now discuss the ordinary many-
electron system. As an example, the propagator with the up spin,
Eq. (1.89), is
1 Da ne
N e al
GL(07) = 1) = 100 g e tanh () ),

i

(1.94)

where (r'|s?) is the overlap integral between the sites 7 and s and approxi-
mately vanishes, and

Dy = h;—i—v-m L Glu.

ity tu 5ty
(a:T,]) (1.95)
Note that
n; o a
tanh <2k‘BT> < 0, since 0} < 0. (1.96)
Look at the potential of the mode T:
D (z) = hl(z) + /d:v’v(x — )b, (2')o%(asat). (1.97)

In this case, there is h' (), whose matrix element should be negative, so
that even if the matrix elements of the second terms are positive, the (r, s)
matrix element of D'(z) is probably negative. This is usually the case in
atoms, molecules and solids. In evaluating D'(z), the propagators (wave
functions) of all other modes are required. In this respect, Eq. (1.94) is
the self-consistent relation between propagators. Usually, the self-consistent
relation between wave functions is given in a such a way that, at the begin-
ning, the total energy is given by the potentials given in terms of tentatively
approximated wave functions, and the new approximate wave functions in
the next step are obtained by optimizing the total energy. This procedure
is lacking in the present consideration.
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1.5.2 Gap equation for superconductivity

In the case of superconductivity, since 6 (07) is traceless, the first term of
Eq. (1.92) vanishes, and also h™ = 0. Now Eq. (1.92) can be read as

v (agay) ) p
. ot 1tu u )+ h T]l
{<r 1) g (7157 franh ()

= — ¢ (rflit) Vit G (it]sT) 3 tanh i . (1.98)
2(mjor™ 4 ;™) 2kpT

both
rs?
referring to the superconductivity, and is called the gap equation. A few
points should be presented. While selecting the superconducting mode, we

used
Tr(cTo™) = Tr<8 (1)) (? 8) = ﬁ(é 8) =1, (1.99)

Tr(cTv6%) = v, . (1.100)

1ty

G5(07)

This complicated equation gives the relation between G, and G,

so that

The relation (1.98) yields

Vit .
_{<r+|i+)2< — ) <z+|s+>} > 0. (1.101)

nl orm _|__ nl

As has been mentioned previously, we have no chemical potential in the
superconducting state, so that 1" ; is positive, the same as v;r 1, 1. Therefore,
it is required that (r™]i*)(i"|s™) be negative so that Eq. (1 101) can hold.
This is really possible, as will be mentioned below. Thus, we are not at all
concerned with the electron—phonon coupling. Let us perform the successive
approximations as

occ

(i) o (i 1s7) tan h(n J2kpT) = S )ug (F1sT) (T — 0)
K2

= @rs¥yiy,  (<0). (1.102)

Here, v is the electron—electron interaction between two electron den-

;tu
sities and is certainly positive (repulsive). However, the bond order is not
necessarily so, but ¢qi4 < 0 in the following example. The last relation was

usually assumed at the beginning of the superconductivity theory.
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We thus obtain the condition for the superconducting state to appear; it
is purely electronic and is apart from the electron—phonon coupling mecha-
nism. Actually, for the chain molecule of four carbon atoms, called butadi-
ene, the matrix ¢ s(r,s) =1 —4 is

1.000 0.894 0.000 —0.447

B 1.000 0.447  0.000
{ars} = 1.000  0.894
1.000

(1.103)

We can clearly see that
viTaq1a < 0. (1.104)

1.6 Illustrative Example, Critical Temperature

The gap equation (1.98) is, in appearance, considerably different from the
usual one. We rewrite this equation in a form similar to the usual one. To
this end, we adopt, as an example, a polyacene high polymer. Benzene,
naphthalene, anthracene, etc. are a series of polyacene, shown in Fig 1.1.
Here, the unit cell which is the butadiene molecule is in the dotted rectangle
numbered by n. The interactions ¢; and 9 are given for the corresponding
bonds.

1.6.1 Bond alternation

At the beginning, we discuss the bond alternation or the Peierls instability of
these molecules. The infinite chain of acetylene, the so-called polyacetylene,
has the bond alternation, i.e., the long and short bonds do not lose their
memories in the limit where an infinite chain has been formed. This is
popular with chemists,!? but physicists call it Peierls distortion.2’ The bond
alternation causes the gap between the conduction and valence bands. It has

polyacene

unit cell

Fig. 1.1 Polyacene.
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been said that this discontinuity prevents the superconducting phase from

arising. However, this is an old-fashioned assertion and now seems sceptical.

In the Hiickel theory, the interaction matrix elements are put as t; for
the shorter bond and ¢y for the longer bond:

H® = —t1(aj, a1, + afyaon) — ta(af, 1aon + ad,ant1),  (1.105)

where we consider the neighboring unit cells numbered n and n + 1, and

each cell has two kinds of bonds. The transfer integrals are parametrized as

8
th=t—9, to=t+? (8>O’E<<1)’ (1.106)

and then the Hamiltonian is easily diagonalized as
ex = £[t2(1 + cos k) + 8%(1 — cos k)]*/2, (1.107)
where + and — correspond to the conduction and valence bands, respec-
tively. We are interested in the features at the zone boundary, k& = m:
€ =28, € =-28. (1.108)
Here, the superscripts ¢ and v indicate the conduction and valence bands,
respectively. When 8§ # 0, certainly we have the gap, and if 8 = 0, the two
bands continuously join into a single band called the half-filled band.
Next, we turn to the polyacene, whose unit cell is the butadiene molecule.
In this case, we obtain four bands:

s 1 3
€ = 5lts + (B + 4l = ¢},
| (1.109)
€ = 5l-ts + (55 + 40")"?) = —<j,
where
e =t + toet®. (1.110)

The usual pairing property in alternant hydrocarbons is also seen in this
case. Employing the parametrization (1.106) gives, at k = =,

1 5’
€ =5lta+(t5+ 168%)1/2) ~ 4ty (t—) : (1.111)
1
When § = 0 (without bond alternation), we have
1
= glts — [+ 821+ cosk))V?). (1.112)

Consider single-particle states. If § = 0 and k& = 1 we have, from Eq. (1.110),
t = 0, so that the amplitudes at sites 2 and 5 vanish. Therefore, when § = 0,
we get at k=T

1
[Wy) = 5(‘112 - aik)|0),

) (1.113)
k) = §(a1+k +ag,)[0).
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It is seen that [{) is antisymmetric about the Cy, symmetry axis, and |[{})
is symmetric. Thus, v and ¢ bands are not continuous at k = .

1.6.2 Deformation energy

For these systems, let us study whether the bond alternation is energetically
favorable or not. We assume that the energy gain due to the bond alternation
mainly contributes to the highest valence band energy, €.

The case of polyacetylene. The energy gain AFE is

21 dk
AE:/ & @ e o)), (1.114)
0 27

where the second term refers to the case without bond alternation
(3 =0). In Eq. (1.107), we shift the integration origin from 0 to m, then
approximate
2
cosk =cos(m+p)~—1+ %

For small p, we obtain

AE:_/Q“%{W_@}
0

27

_ %(2)2111(%) (<0). (1.115)

For polyacene, similar treatment of €}, of Eq. (1.109) leads to

1 5\ 2 SHAEE
=3 1—{1+16<¥> + 4p? 1—<¥> ” . (1.116)

and then the deformation energy becomes

S\2/m 2 5\2
AE=t(2) (2 - ZIndn )~ —083t(-). (1.117)
t 4 b t

The bond alternation looks favorable for both cases. However, when the
effect of the o bond is taken into account, this almost cancels out the sta-
bilization energy of the m system in the case of polyacene. On the other
hand, this is not the case for polyacetylene due to the singular term in the
relation (1.117).

Therefore, in what follows, by concentrating on polyacene, we are free

from the bond alternation.
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1.6.3 Polyacene, gap equation, critical temperature

The unit cell of polyacene is a butadiene molecule composed of four 2pm car-
bon atoms. The Hamiltonian in the tight-binding approximation is given as

H = t(af{lang + a;anng + a;f4a;f3 + H.c.)
+t(af g a2 +aly 4oty + He), (1.118)

where the second line connects the unit cells n and n + 1.2
The band structure of levels and the linear combination of atomic orbitals
(LCAO) coefficients U are

(k) = {1+ s(k)},
(k) =~ 5{1 = ()},
. (1.119)
(k) = {1 - s(k)},
alk) = —5 {1+ s(k)),

with
s(k) = V94 8cos k, (1.120)

Ny N3 No Ny
—Nuyea/ty, —Nseg/ty, —Noea/ty, —Niey/ty

U= . . _ A IS 1.121
N4€4/tk —Ngég/tk NQEQ/tk —N1€1/tk ( )
—Ny N3 —N Ny
where, for example,
712 1 ik/2
2()tx|? +€2) ¢ 2tcos(k/2)

At this stage, we have completed, in principle, the usual many-electron
problem. The mean-field approximation makes the interaction problem a
one-particle problem even though the SCF treatment is required at each
step. In other words, from the viewpoint of the Hiickel theory, the spin-
diagonal parts provide the answer. On the other hand, the spin-off diagonal
part, which means less in the case without electron—electron interactions, is
responsible for the superconductivity.

Up to the previous chapter, the problem had been investigated in the
site representation. That is to say, the system is considered to be composed
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of N sites. However, the real substance is formed from unit cells, so that the
system is a repetition of the unit cell. The usual band theory of polyacene
has thus been completed at this stage.

We turn to the onset of superconductivity. In this case, the single-particle
approach is almost meaningless, but the pair state — say, the wave function
of a Cooper pair — should be investigated. For this purpose, the Green
function of a Cooper pair is most preferable. The gap equation (1.98) is
nothing but the SCF equation for a Cooper pair.

The electronic structure of the single butadiene molecule referring to
k = 0 is suggestive. Let the total number of sites of high polymer polyacene
be N. The number of sites in the unit cell is four. Then N = 4n, with
the number of unit cells n. The numbers 1-4 are the band indices; then
we have the chemical potential between the 2n level and 3n level. The
Cooper pair should be the hole pair of the 2n level indicated by mode (—)
or the particle pair of the 3n level. The discussion is confined to these levels
in solid-state physics, even if the interaction with other bands is taken into
account.

The 2n and 2n + 1 levels are called highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). These
features and behaviors are not so far or qualitatively the same as those
for k= 0.

The electronic structure of a single butadiene molecule is suggestive. The
levels and the bond orders are (the unit = ¢)

€1 —1.618
€2(—0.618
€3] 0.618 (1.123)
eq| 1.618.

Here, €; and € are occupied (valence) levels, while €3 and €4 are unoccupied
(conduction) ones. Let the probability amplitude, with which the electron
on level i is found at the site r, be (r|i), then the bond order ¢, is defined
as (at the zero temperature)

occ

ars = S (rlidils), (1.124)

K2
where the summation includes the spin state. In the determination of
the attractive electron—electron interaction, the bond order is of crucial
importance.



26  Modern Aspects of Superconductivity: Theory of Superconductivity

The bond orders are

Site‘
1 1.000 0.894 0.000 —0.447
2 | 0.894 1.000 0.447 0.000 (1.125)

3 | 0.000 0.447 1.000 0.894
4 1-0.447 0.000 0.894 1.000.

We indicate the negative value of g14. In solid-state physics, the discussion
is concentrated on the highest valence band or the lowest conduction band.
In the quantum-chemical language, the partial bond orders referring only
to level 2, ¢/I, which seem not so far from those with k, are listed as

Site‘
1 0.362 0.224 —0.224 —0.362
2 | 0.224 0.138 —0.138 —0.224 (1.126)

3 [—0.224 —0.138 0.138 0.224
4 |-0.362 —0.224 0.224 0.362.

We indicate the negative value of ¢f.

If we want to look at the band structure, such as ¢I, it is multiplied by
the third column of Eq. (1.121).

Based on these results, we may perform successive approximations or
simplifications:

(1) The denominator of Eq. (1.98) is the sum of the ordinary Hartree—Fock
energy and that of the superconducting state, and the latter is
;" =~ G (1.127)
The total energy is obtained by summing

ni =N 4P (1.128)

with respect to the chemical potential.

(2) Each level with n; has really a band structure and is then written as
Ni:k, by stressing the band structure by k with the band index 7. Then
1 is put to be the highest occupied level, and the integration over k is
carried out. The bond orders thus obtained are approximated by the
partial bond orders ¢/I.

(3) The electron—electron interaction, which is effectively negative due to
the chemical structure of species, can be simply written for g < 0:

9= QrsVrsipu- (1.129)
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(4) The energy interval establishing the superconductivity in the BCS the-
ory is related to the electron—phonon interaction, hwp (Debye fre-
quency). In the present theory, it is replaced by the band width nearly
equal to |g|.

(5) Assuming that

Gl (07) = Gy, (07) (1.130)

in Eq. (1.98), we have
1=gN ———tanh( 2—— 1.131
gNN(0) et ( SEAT ) (1.131)

where &€ = n""™. The critical temperature T is determined by the
condition that n®'P vanishes at this temperature. The integration in
Eq. (1.131) is carried out as usual. Approximating

9l dg : 7 dz 9]
/0 Etanh<2kBT):/0 7tanhz, Z:2kBT

o0
= [In z tanh 2]Z —/ dzIn z sech®z,  (1.132)
0

where the upper limit in the second integration is replaced by oo, which
makes it integrable!®

> 9 4eY
/ dzlnz sech”z = —In R v is the Euler constant.
0
A simple rearrangement of the result gives
kpTo = —yg|e—1/N 09 ~ 1.13|gle/N O3, (1.133)

The result is entirely the same as the current one. However, since it is
probable that
gl
kpT
the critical temperature is, at most, enhanced by this value, even though it
is considerably reduced by the factor e~ /N9,

~ 100, (1.134)

1.6.4 Conclusion

As has been presented, superconductivity is not a too-complicated phe-
nomenon. If we employ the spinor representation, superconductivity is
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described in parallel with the normal electronic processes. If we find, in
the copper oxide complex, the four-site unit as a butadiene molecule, it
might be the origin of the superconductivity of this material. We think that
it is not so difficult a problem for quantum chemists.

1.7 Linear Response Magnetic Resonance
in Normal and Superconducting Species;
Spin—lattice Relaxation Time

1.7.1 Introduction

The theory of linear response is one of the main topics in solid-state physics,
and its application to superconductivity is also a fundamental problem.
Perhaps the most important problem is the Meissner effect. However, we
are now interested in the magnetic resonance, whose main theme should
concern the relaxation time. Let us discuss the spin-lattice relaxation time
T7 in the nuclear magnetic resonance. An elegant theory has been provided
by Kubo and Tomita,?? and revised by us with the temperature Green
function.?3

The spin—lattice relaxation time 77 increases remarkably in a supercon-
ductor just below the critical temperature. This is explained by the BCS
pairing theory and is said to be its brilliant triumph.? 2425 The external
perturbation acting on the electron is written as

H/ = Bka’klglcz_gcklo-/7 (1.135)

where czc, Crg, €tc. are the creation and annihilation operators of an electron
in the normal phase, and By, 1o is the matrix element of the perturbation
operator between the ordinary one-electron states in the normal phase. The
problem is as follows: If we rewrite it in terms of operators of a quasiparticle
in the superconducting phase, what will arise?

The time reversal to the above, B_j/_o _j_o, has the same absolute
value, but the phase is the same or the reverse.

It is possible to classify as follows:

14. The spin flip-flop does not arise:
Bka,k’c(cz_gck’a + Ctk/_cc—k—c)‘
24. The spin flip-flop does arise:

+ +
Bka,k’—a (Cka Ck'—o = C_klcc—k—c) .
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As seen above, the theory implicitly assumes that the system is a perfect
crystal and is described by the single wave vector k. The positive and nega-
tive signs of k£ indicate waves propagating from the vertex or off the vertex.
Before entering into the discussion about the relaxation time of the magnetic
resonance, we briefly review the Bogoliubov theory.? 1015 The Bogoliubov
transformation defines a quasiparticle responsible for the superconductiv-

ity as
(TT ) _ (Uky —vk> (CfT ) (1.136)
Y_k| Vg Uk )
with
uz — v,% =1

The spirit of the Bogoliubov transformation is to mix the operators c;t and
ct kLo which are different in spin (as to the wave number, this mixing is not so
serious) and not mixed in the normal situation. The quasiparticle yields the
new ground state near the chemical potential. The stabilization energy thus
obtained is called the gap energy, Ax. What we have done in Sec. 1.3 is a sub-
stantial understanding of this reason. However, if we want to make the +k
distinction meaningful, it is natural to adopt the four-component spinor —
say, the extended Nambu spinor (perhaps spurious).?6 For ordinary states,

Ck1
C;: = (C;:T C—k| C—k1 C:l)a Cr = _T_ . ; (1137)
(G
Ci 1
and, for the superconducting state,
YE1
Y+k
vZ’=:<v§TV-k1V—kTle>, vi=| " (1.138)
Y g
Yi|
These are connected with each other by the Bogoliubov transformation as
Vi = Ukcr, v = Uy, (1.139)

where

u 0 U v
U= ] withu=( © ") (1.140)
0 u; —vg  Ug

Careful manipulation is instructive.
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Case 14:
(¢l cro+ et ko) = cf Blep = YU Ub v, (1.141)

3 = ("3 _03>. (1.142)

This is the 4 x 4 matrix manipulation; however, it is enough to note the
upper half of the result.

The upper half of Eq. (1.139) is

1 0 Ck/1
et e )( )
T 0 -1 Ci—k/l
4 u v\ (1 0\ /v — Vi1
a (YkT y_kl) (—’U U‘) (0 _1> (U, ' VJ_FM

un — v —uv —ou Vi
- o, y_kl)< ) ( ) (1.143)

—ou —w' v — wd Vi

where u and v are the abbreviations of u; and vy, respectively, while v/ and
v" are those of uy and vy.

Case 1_:
Z(C]—;Ck’a — cfk,_gc_k_c) = czlck/ = y;UklU'ﬁyk/. (1.144)

[

The upper half of the above is

/ / / /
+ uu +vv —uv +vu YE1

_ . 1.145

(ykT v kl) (—Uu’ +uw’ v+ uu’) (yfk,l ( )

As is shown clearly, the original term is transformed in the quasiparticle
representation into a combination of the scattering term with the diagonal
element in the u; matrix and the creation or annihilation of a pair with the
off-diagonal element of u. These matrix elements are called the coherent

factors.
Let us turn to the case where the spin flip-flop is allowed.

where

Case 24:
c;;ck/_(, + ka,gc_k_(, = CZ_EJC]C/ = y;:UkEJUJCyk/ (1.146)
with

(1.147)
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This relation connects the left half of y: and the lower half of yy/, by giving

/ / I oy Y
Eq. (1.147) = (y:T y—kl> ( uu + vv uv Uu) (V kT>. (1.148)

—vu' +uwv’ —vv —ud y:’l
Case 2_:
C;:Uckl_g - Ctk,cc_k_a = chck/ = y,jUkJUJCyk/, (1.149)
with
1
1
=1 _ (1.150)
1

This relation also connects the left half of y;: and the lower half of v/, and
we have

uy — v’ wv' +vu\ [ Y—k'1
Eq. (1.150) = (Y:T Y-hl) (—vu’ —uw’ —ovv + uu’)( vio ) (1.151)
k|

Note that, at present, the scattering terms are off-diagonal, and the cre-
ation and annihilation terms are diagonal.
By the use of the relations? 10:15

1 € 1 €
2+ Sk 2 _ = Sk
T3 (1 i Ek) T3 (1 Ek) (1.152)
El =6 + A}

(A is the gap energy), the coherent factors are expressed substantially as

1 €L€EL/ Akﬁk/
1y "Fu)r =21 ;
0 (ud F ov) 2( Y EEn T BBy )
X A (1.153)
2. (w' Fou)? =137 ==K,
£ (wFou) 2( T EEy

In case 1,, we have the ultrasonic attenuation, while the electromagnetic
interaction is in case 2, and the magnetic resonances are in case 2_.

1.7.2 T; in NMR

A detailed analysis of the spin—lattice relaxation time 73 in the nuclear
magnetic resonance will be presented in the next section. Here, the results
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are given briefly.

1 AkAk’
Ty ~ Bwl?=(1+ =225 1—np)8(E, — By — o), 1.154
1 %; kk|2(+EkEk/>nk( ny)3(Ey, — By — o), (1.154)
where o is the applied radio frequency. By converting the summation
(explicitly shown) to the integration, and further by using the relation of
state densities,

N(E)dE = N(e)de, then

E
N(E) _de _ ) (g2 _p2)2 (E>4) (1.155)

N(e) dE (F <),

we rewrite Eq. (1.152) for o < A as

n~ B [ iy 2
180 [T 5 (14 )
" E(E + 0)kgT(—0n/0E)dE
(B2 — A2)12[(E + w)? — A2]1/2’
where the coupling constant and the state density are replaced by their suit-
able averages. This integral is divergent. Therefore, T7 of a superconductor
is strongly enhanced just below the critical temperature. This phenomenon
was observed and explained by Slichter et al.?*2> This was said to be one of
the brilliant victories of the BCS theory. However, it has been found, in the
recent experiments on the high-temperature superconductors or the copper-
oxide superconductors, that the 77 enhancement is lost. This phenomenon is
considered deeply connected with the mechanism of the high-temperature
superconductivity of these species, and it attracted the interest of many
investigators.27’29 However, as far as we know, the theory of magnetic reso-

(1.156)

nance of a superconductor has been done almost entirely under the scheme
mentioned in this introduction. Then it will be preferable to develop the
theory of magnetic resonance in accordance with the sophisticated recent
theory of superconductivity.

1.7.3 Theory with Green’s function

Our idea is as follows: the algebra of electrons is related to their field oper-
ators. In the same way, we assume the field for nuclei. For example, the
creation operator for a nucleus a} s Yields the nuclear motion with K and
M, which are spatial and spin quantum numbers, respectively. The energy
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spectrum of the propagator G ar(t) = ({(axa(t)ak ) gives the line shape
of the magnetic resonance.

The nuclear propagator Ggs(t) sees the electron sea, followed by the
electron excitation in the spin space. This gives the additional line width
of the nuclear magnetic resonance. The phenomenon looks like the vacuum
polarization in quantum electrodynamics. The self-energy part that has thus
arisen in the nuclear energy is the source of the line shape of the nuclear
magnetic resonance.??

The spin—lattice relaxation time of the nuclear spin I? is given by the
imaginary part of the magnetic susceptibility ¥ .., which is equal to (x4+— +
X —+)/2 in the spatially homogeneous system. Here, + correspond to (I* +
ilY)/2, respectively. The ensemble average of a change, (I (t)), is given by
the linear response theory as

t

SUIT(t)) =i / dt' Tr{pa[H™ ('), I ()]}, (1.157)

—00
where pg is the grand canonical statistical operator. However, the chemical
potential is not given explicitly, unless otherwise stated. The rotating mag-
netic field causing the magnetic transition is, assuming a single mode for
simplicity,
H™(t) = Hr(IT(t)e"™t + I~ (t)e™™h). (1.158)
As has been said, the spin-lattice relaxation arises from the interaction
between the nuclear spin and the electron spin. In other words, the electron
spins play the role of a lattice system.
H' = hygBpF(R,7)I-S, (1.159)

where F(R,r) is a function of spatial coordinates of the nucleus, R, and
that of the electron, r. The term vy is the gyromagnetic ratio of the nucleus,
and g and PBp are the ¢ factor and the Bohr magneton of the electron,
respectively.

Now the second quantization of the above is carried out. First of all, the
orthonormalized wave function describing the nuclear behavior, |&x (R)M),
is introduced as

(Hy + Hm)gEx (R)M) = (ex + M)[Ex (R), M)
= exmlsx (R, ) M), (1.160)
with

€xkMm =€k + M,
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where Hy is the spatial part and H; is the Zeeman part. Then we have
I* — (Ex (R)M|I*[g g/ (R)M")afe p arcrnn
= <M|IOL|M,>OJ}MGK/M/8KK/. (1161)
A similar equation is given for electrons,

(Hs + Hyn)oi(r)|m) = (e +m) |61 (), m) = €nlbi(r),m),  (1.162)

where
€pm = € + M,
so that
H' — hygBp(M[IP|M")(m|S*|m") (& (R)bx () |F (R, 7)[Ek (R) dpr (7))

X (0 pg s ) (G Chime ). (1.163)

If the nuclear motion is assumed to be that of a harmonic oscillator, a} M

and ag s are the creation and annihilation operators of vibrational excita-

tions. When the nuclei carry noninteger spins, these are considered to obey
the Fermi statistics or satisfy the anticommutation relation

@ pps k] = kK Sara- (1.164)

However, as will be seen in the following, this selection of the statistics is

not fatal for the theory. Needless to say, the operators for electrons satisfy

the anticommutation relations.
The change of I in Eq. (1.157) can be written, in the interaction rep-

resentation, as (we retain the I~ term in Eq. (1.158))
t

S(IT(t)) =iyHg / dt'e=""

x Tr{pg(M — 1|I"|M)(M|IT|M —1)

x lage a1 ()ar (), aje pr(tar pr—1(4)]-}

t
- —yHR/ dt’e—“”t’DK,M_LM(t’ —t)
—o0

1 . 00 .
— —EyHRe_“”t / dse™"®? Z Dg p—1.m(5)
o KM

1 .
= —§YHR6_zthK,M—1,M(w)- (1.165)
From this result, the magnetic susceptibility of the present system is

Yoo (@) = —gD[gM_LM((,\)). (1.166)
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In the course of derivation, the matrix elements of spin operators are put to
be equal to 1, and then the Tr operation is carried out. Here, Dg ar—1,3(s)
is a retarded Green function,

D vi—1,m(s) = —i0(s)Tr{pclaters 1 (8)arn(s), aferjarnr—1]-}, (1.167)

and Dg npr—1,m(w) is its Fourier transform. Now our problem is to estimate
this retarded function.

The retarded Green function is easily obtained by analytical continua-
tion from the Matsubara function (or the temperature Green function with
imaginary time t) which is causal in T,

D yv—1,m(t) = —Tr {OGTT [a}M_l(t)aK,M(T)a}MaK,M—l} } , (1.168)

for which the Feynman diagram analysis is available.®

1.7.4 Noninteracting

Here, we deal with the case without the spin—lattice interaction. It might
be trivial; however, it seems instructive for the later investigation. By the
use of the simplified notation, (---) = Tr(pg - - - ), the Green function in this
case is written as

D?{,M—I,M(t) = <TT[a;—(M—l(t)aK,M(t)a;_{MaKM—ID

= Grenr(VGxar—1(—1), (1.169)
where
Gien (1) = —(Ttlaxnr (Dage ). (1.170)
and the corresponding Fourier transform of Eq. (1.169) is
DKM 1 (wn) = BZgKM Un gKM 1(Un — op), (1.171)
where
1
0
= —. 1.172
G ar(vn) O — €k ( )
Therefore,
1 1 1
DY ar—1.0(0n) = = . . -
-1, (@) B %: PV — 10y — €KXM—1  1Vp — €EKM
1 Z( B 1 ) 1
—l0p —€KM—-1  WWp — €xkM ) 1On + €EKM—1 — €KM
1
= [n(exm—1) — nlexkm)| ———, (1.173)

10y — €K
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where

€KI = €KM — €KM-1,

and it is noted that w, is even, and that it does not matter in
obtaining the particle number. The retarded Green function is obtained
simply by replacing iw,, with o+ 1in (7 is a positive infinitesimal). Thus, we
obtain

1

MI+@»:=6_“”HROW€K—)‘”“€K+»57:?E717ﬁ’

(1.174)

where the radio frequency stimulating the resonance is rewritten by w®. The

magnetic susceptibility x+_ thus becomes
1
—(w) =v(n(ex—) —n(e _
Ko (0) = Y(n(er—) = nlers) e ——

y=e “'Hp, (1.175)
whose imaginary part is
xi_ (o) = —my(n(ex—) — n(ex))d(w — €xr). (1.176)

This gives the sharp 8 function-type energy spectrum. We have no line width
or the relaxation time, and states are stationary.

1.7.5 Interacting; normal

In the interacting system, G° in Eq. (1.169) has to be replaced by G, includ-
ing the interaction, which in the present case is the spin—spin interaction
between nuclei and electrons, as has been given in Eq. (1.157),

Drnm—1,m(wn) = é > G (Vn)Grar—1(vn — @), (1.177)

where, for instance,

Grm(vn) = [(g?{M(Un))_l - EKM(“))]_lv (1.178)

o being the interaction energy.

Our procedure is as follows. The two Green functions with the self-energy
part are evaluated. Combining them gives the retarded Green function D
for estimating the magnetic susceptibility.

The most important (divergent) self-energy part of this self-energy is due
to the ring diagram shown in Fig. 1.2. The problem is to examine how the
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Fig. 1.2 Self-energy part G(un).

energy of the nucleus propagator (unequal-dashed line) is changed by the
ring diagram of the electron (full line). That is to say,

g(Un)_l = g(Un)O + Z(w),
2((’3) = _|K’2S(pn)8(pn + 03)7

where S is the electron propagator, and the minus sign is due to the fermion
loop. The self-energy part includes the coupling terms, where

[K|* = (MIIF|M — 1){m — 1|S7|m)[”
< [ (R)Or () | F (R, )| oger () x s (R)) (1.180)

and the minus sign is due to a Fermion loop. The ring diagram is calculated

(1.179)

as follows:
Skm(pn)Skm—l(pn + w)
-%; 1
an — €xm Z'pn + W — €pmt1
Z ( : ) :
Pn — €km ipn + O —€mr1/) O — €gmi1 T €xm
1

= (n(e —n(e . 1.181

(k) = nletnen)) g (1.181)

The lattice (electron) gets  from a nucleus to lift the electron spin from m
to m+1, and at the other vertex, the inverse process occurs. This looks like
the radiation process in the photochemistry. We thus have the self-energy
part of Gr.pr—1,m,

1

Sroar-1,0(0n) = | K (n(em) — (€km+1)) == = (1.182)

where
€ks = €km+1 — €km-
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Another propagator G ar, has the self-energy part Xg.ar,ar—1(vp). This
is built by replacing p,, + ® with p, —  in Eq. (1.181).

1
Zicata-1(0n) = K2 n(etm) — n(eim1))
1
= K2 m) — m— )
K n(etm) = m{etm-1) 5
1
~ K (k1) — 7€) —— (1.183)
W — €s

We now turn to the evaluation of the propagator Dg.pr—1 a(17):

Dr.vi—1,m(0p)

= %ZQKM(Un)gKM—l(Un — wp)

=Y (v, —exm — Zrm—) (v, — iy — €xm—1 — Sromm—1)

1 1 1
B ™~ {ivn — Wy — €KM—1 — DKM—1  1Vp — €KM — KM }

1
X § =
{Z(wn —€KM—1— XKM—1+€xkM + XkM }

= (N(exm) — N(eKM_1)){Z.wn Ep— ElKM P } (1.184)

Here,
€KI = €KM — €KM—1,
and the self-energy parts are disregarded in obtaining the particle density.
We can see that the additional terms in the denominator modify the line
shape.
If we put iw,, — ® + in, we can obtain the retarded Green function,
whose imaginary part gives the line shape:

W)~
o+ —€xr+ Xrm — BEkM-1

— {p( 1 )—iTEB(u)—EK[—FEKM—EKM—I)}

®— —XKM-1€KT
i(Im) ,
= ————— (at the resonance point). (1.185)
(Re)” + (Im)
The line shape is now changed from the § function type to the Lorentz type,
as expected.
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1.8 Interacting; Superconductor
1.8.1 The extended Nambu spinor

Now, we investigate how the line shape obtained above is further modified
in a superconductor. The electron propagators in the previous section are
replaced by those in a superconductor. They have already been studied in
Sec. 1.3 and are presented here in a new fashion adequate for the following
investigation. As has been done by BCS, let us consider the attractive two-
body potential g, which is assumed constant for simplicity, and further keep
in mind the Cooper pair. The Hamiltonian

1
H, = {ekuczacku + §gcgacfkﬁc_kﬁcku}, (1.186)
where €4 is the orbital energy, includes the Zeeman energy in the present

case.
Now we use the extended Nambu representation of Eq. (1.137),

c
cp = ;kﬁ , o = (cz'a C_kp C—ka c&) (1.187)

with the equal-time commutator:

ek, Cf )+ = Loy (1.188)
In these terms, the Hamiltonian is rewritten as
1
Hy = e ey + §g(c2'2+ck)(c2', X cw), (1.189)

where €, is the diagonal matrix of €,:
€ka

& = kb . (1.190)

Let us define

P (“0_ _2+), (1.191)
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with

1
o = ~(c' +i0?) o = (¢! —ic?). (1.192)

As for the electron—electron interaction, only those for the Cooper pairs are
selected; namely, T selects a Cooper pair in the particle state, and ¥~ in
the hole state.

1.8.2 Green’s function

Here, the discussions done in Sec. 1.4 are repeated briefly. The above
Hamiltonian is invariant under the scale transformation. Then we have a
current conservation, especially the charge conservation in the static state
(Noether’s theorem). If we have any quantity which does not commute
with this invariant charge, we can expect a phase transition (the Goldstone
theorem).

The charge proportional to

(b ony) = () 2iex) (1.193)
k>0
is invariant under the rotation about the X3 axis in the space spanned by
¥3, ©* and X~. Observing that
(23, 2%] = +25* (1.194)
suggests the phase transitions along the £* directions.
If we define
c=c" 23,

as has been done in Sec. 1.43, the discussions parallel to those there will be
possible in the following. However, this is not employed in this case.

The phase transition cannot be achieved by the perturbational approach,
but the effective Hamiltonian giving the phase transition should be included
at the beginning. For example, the modified Hamiltonian

H° = ¢} (,X° + pXT + 127 )cy,

N ) (1.195)
H™ = gZ{ F3ter) (G ew) — ¢l (b= + 127 )er),
kk’
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where p and n are the so-called gap energies which are assumed to be
independent of k for simplicity. Note that the Hamiltonian H? is already
symmetry-broken. Here, we adopt a conventional method. In what follows,
H™ is neglected, i.e. we start from the Green function due to the effec-
tive Hamiltonian and then take the interaction (1.158) into account. At this
stage, we may expect the result that will be obtained in such a manner that
the normal and superconducting states contribute additively.

The temperature Green function with the imaginary time t is defined as

G (1) = —(Te[e(v)cth)), (1.196)
where (---) = Tr{pg - - - }. The equation of motion of GY,, is
0:Gil (1) = —:[0(1) ek (1)c(0)) — B(—T)(ci (0)ek (1))
= 3(t)([ex (1), € (0)]+) + (Tefer (), HO] -, ¢ (0))
= 8w + (X3 + pZT + T 7)GY (1.197)

In the course of the above derivation, the commutator in Eq. (6.65) was
used.
We make the Fourier transformation,

1 —iw
ng/('c) = E Z (& "tng/((})n), (1198)

where p = kpT and kp is the Boltzmann constant. Then the equation of
motion becomes

(iwn + €2 + p=T + NEZ7)Go (0n) = Sppr. (1.199)
Namely,
1
GO / —
i (On) iy — €23 — pZt — X~
iwn + €23 + pET + X
— S , 1.200
e E -
where
E} =& + . (1.201)

1.8.3 Spin dynamics

The propagator in Eq. (1.200) is the 4 x 4 matrix. If we ignore p and n,
this is reduced to the normal propagator. We have already tried this
simple case.
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Now we assume the terms responsible for the superconductivity as a
perturbation. Namely (S is the electron propagator),
iU + €23 + pET + 2
(iv,)? — E}
iV, + €23 pEt 4 nET
_ .n+k 2+p. +1 2+““ (1202)
(ivn)? + € (ivy)? + €

It is helpful to separate this relation into components and to manipulate

S(vn) =

each one individually. Noticing that
o4+ 0® =0l +ol,

we have, for example by operating o followed by Tr,

iV + 23 4 p=t 2T 1 p+m
ST(Un) = (iv,)? — E? - 1V, — € TG 7
n k n— € (1un)? 4 €
1 1 1
=- +p+n(. — )+ (1.203)
TV — €1 2¢1 \tVy — €1 Uy F €4t

In order to get the self-energy part of the nuclear propagator, we have
to evaluate

1
Srrm(0) = K22 ZS Un)S (U + ). (1.204)

The first-order term has already been evaluated in Eq. (1.181). Then we
have to carry out the complicated manipulation due to the second term of
the last line in Eq. (1.203). However, the combinations other than those
satisfying the resonance condition w ~ €5 [see Eq. (1.182)] should give a
small effect which is to be neglected.

We then consider that the procedures of the previous section need not
be repeated, and we are allowed to multiply the results there by the factor
(p+m)/2€k; as the perturbing correction or the superconducting effect.

1.8.4 Conclusion

If we review the present investigations from the viewpoints of the line shape
problem in the magnetic resonance, three cases are clearly distinguished.
In the noninteracting case, the line shape is written in terms of the delta
function. In the interacting case of the normal phase, it is presented by
the Lorentz-like function, and in the superconducting phase it is further
multiplied by a coherent factor; whereas the statistical factors referring to
the nuclear states never change throughout.
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For a superconductor, the present theory has almost nothing to give
more than the current one has done. However, the theory is not merely to
reproduce the experimental result, but to predict the mechanism hidden in
observations, in such a way that the manipulations reveal step by step the
working mechanism inside the matter. We might be satisfied with a slightly
deeper understanding of the superconductivity.

Among various opinions we give, as an example, Scalpino’s.?? He pointed
out three possibilities regarding the loss of the T} enhancement in the copper
oxide superconductor:

(1) The d-wave single-particle density of states has logarithmic singularities,
rather than the square-root singularity for the s wave gap.

(2) The coherent factor for the quasiparticle scattering vanishes for k ~
(m,m) for a dy2_,2 gap.

(3) The inelastic scattering acts to suppress the peak just as for an s wave.

Scalpino had the opinion that the theory of superconductivity is already
so well furnished that other fundamental ideas beyond the original BCS one
are almost needless, except for some smart equipment. As the phenomena
observed in the copper oxide superconductor are rather qualitative and fairly
clear-cut, the explanation for them must be simple. It is expected that a
quantum-chemical speculation could make this possible.

Let us address scalpino’s opinion. The divergent character of Eq. (1.154)
seems a merely mathematical problem. The difference between Eq. (1.185)
and that (which will be obtained) for the superconducting case is the coher-
ent factor, (1.203). In the case of a BCS superconductor, it holds that
E,. > p so that the enhancement of the spin—lattice relaxation time T} is
observed due to this factor, which leads to the superconductivity. However,
in the case of a high-temperature superconductor, p,n ~ Ej, as has been
seen in the previous chapter, we cannot observe the sharp onset of super-
conductivity. Then we miss the coherent effect.

There is presumably a simpler reason why the 77 enhancement is not
observed. In copper oxide, electrons responsible for superconductivity are
probably the d electrons; then we have the vanishing interaction term if
it is the Fermi contact term between a nucleus and an electron — say,
F(R,r) ~3(R—r) in Eq. (1.159).

1.9 Ginzburg-Landau Theory from the BCS Hamiltonian

The macroscopic quantum theory of superconductivity has been given by
Ginzburg and Landau.? This looks rather phenomenological; however, since
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a microscopic justification has been provided by Gorkov and others,!6:30

it has a substantial foundation. We also reviewed the GL theory, in the
introduction of Sec. 1.4, from the viewpoint of Landau’s general theory of
phase transitions. It is crucial that the Lagrangian of the system is written
as the fourth-order function of the order parameter W, which is the electron
field. If the coefficients of the second- and fourth-order terms are suitably
chosen, the new ground state shapes a champagne bottle, or a Mexican hat
is built. If electrons moves on this flat route around the top, the derivative
of the orbital vanishes or the kinetic energy vanishes, which implies that
the wave function is rigid. We may say that the electron mass is effectively
zero. We thus have the current only due to the vector potential, i.e. the
diamagnetic current. This causes the Meissner effect.

The GL theory is quite useful for applications, since the microscopic the-
ory by itself is too complicated for manipulating large-scale problems. If we
can solve the GL equation for a real problem under an appropriate bound-
ary condition, various information on this system can be obtained.'® The
macroscopic wave function or GL order parameter W is related to the gap
function and is understood as the field of Cooper pairs. The parameters in
the GL equation are also written in the microscopic terms or by the exper-
imental values. In Ref. 28, the GL function W is derived directly from the
BCS Hamiltonian, not via the gap function or the anomalous Green function
related to the gap function. The electron—electron interaction composed of
the four fermion operators is changed by the Hubbard—Stratonovitch trans-
formation to an auxiliary complex boson field ¢, in which electrons behave
as if they were free. Using the path-integral method, we can carry out the
integration up to the quadratic terms of the electron operators. If we care-
fully analyze the resulting effective Lagrangian for the boson field, we will
find that this boson field, which is described by a complex function, suggests
a phase transition; the condensation arises in particles described by the real
part of the boson field, while particles in the imaginary (or phase) part turn
out to be massless Goldstone bosons. It is then clear that the boson field
is to be the GL order parameter. In the course of analysis, the concept of
supersymmetry is effectively used.

1.9.1 BCS theory

We assume the classical field of an electron is described by the Grassmann
algebra or the anticommuting c-number; namely, the creation and annihi-
lation operators a; and aj, are treated as anticommuting c-numbers. The
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BCS Hamiltonian is written as

H = Hy + Hiy,

Hy =) €kololiio, (1.205)
ko

Hip = Z —Gk—k,— ki (g1 @y ) (@ yarrt)y  Gr—kp—kr > 0,
k!

and

~gutmine = [ dradra i (e (r2)oe1 ) (2 (1),

(1.206)
where v(ry,ry) is the effective coupling giving an attractive character for the
electron—electron interaction. Here, the summation convention that repeated
indices imply summation is used. This is helpful in facilitating the manipu-
lation. We would consider that the BCS Hamiltonian is an attractive inter-
action between Cooper pairs rather than an attractive interaction between
electrons, (Figs. 1.3 and 1.4). In the following, it is assumed that €, is

independent of spin and gy_ s'—# is independent not only of spin but also,
finally, of k and k’.

Fig. 1.3 In the BCS model, superconductivity arises due to the attractive electron—
electron interaction which appears owing to the scattering by phonons.

N

A

» K

Ky

Fig. 1.4 Excitation of the ground state of a Cooper pair demonstrates the presence of
the energy gap A, which is (very approximately) isotropic in the momentum space.
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Let us investigate the partition function
Z = Tre B(Ho+Hin) (1.207)

This is expressed by the use of the path-integral method.?32 The spirit of
the Feynman path-integral is sometimes written as follows: the (imaginary)
time interval 0 — B is sliced into numerous pieces, each being labeled by t,,.
Since each slice is made arbitrarily small, the quantum effect arising from the
commutation relation can be neglected, so that the operators are regarded as
c-numbers in each slice. Instead, this c-number function can take any value
even in the small time slice. Connecting these precise values from 0 — , we
can draw all of the paths in this interval. If we count the effects from all of
these paths, the quantum-mechanical result of the subject can be obtained.
However, this statement seems rather misleading.

Feynman’s path-integral is the third method of quantization.?® We begin
with the classical treatment, and then if we apply the path-integral proce-
dure to it, the quantum effect is certainly taken into account. This cor-
responds to the conceptual development from the geometric optics to the
physical optics. The Bose system (in the quantum-mechanical sense) is writ-
ten by an ordinary c-number, but the Fermi system should be described by
a Grassmann number. Thus, we do not worry about the commutation rela-
tions of field operators and obtain

Z =Tre Bl
Y B
= A}gnoo/ H da*(tp) da(ty,)exp Z[e(a*(tp)a(tp) — H(tp)], €= N
p=1 P
p
= /Da*(‘t)Da(t) exp/0 dt{az,(t)(—0; — €ko)ako(T)
+ Gr—k,— ki 0 (D)l gy (Da—p (Dawr (1)}, (1.208)
where
Da*(1)Da(r) = [ [ daiy(ty) dage(tp). (1.209)
p=1

1.9.2 Hubbard—-Stratonovitch transformation

Difficulty lies in the quartic term of the electron—electron interaction. Let
us define

B:; = azTa*_kl, Ba/ = Qg | QK7 (1.210)
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S0 as to write, in each time slice,
gk_k,_k/k/azTa*_kia_k/lakq = g(m/B;Bu/. (1.211)

This is simplified by using the identity called the Hubbard—Stratonovitch
transformation.>* We introduce a complex boson field ¢, since (By)* # By:

b= / ) do* dpe ™" = / ) do* dpe= ™" =iV 9/nB")(0+iy/g/7B)

N / " gt de ™ OHVIRB 086" BB
—0oQ
namely

/ Tt dpe—T"bHiVIR(B 0-Bo") _ (9B"B (1.212)

)
—00

where we have the definition
do* dp = d(Re ¢) d(Im ¢).* (1.213)

We cannot apply this identity for the quantum-mechanical partition func-
tion because of the noncommutativity of the operators involved, but now
we have no trouble since, in the present path-integral treatment, operators
turn out to be c-numbers. Then Eq. (1.208) becomes

7= / Da* (x)Da(t) do* (x) do(x)

B
X exp /0 dt{—ay (VAR (V)are () — 705 (1)bw (1)

+ iR Gk @ (T)aZ g (D)o (T) = iy/TGo,—kk 0 | (T)arr1 (T) b (T)
(1.214)

with
A_l('t) = —0¢ — €5

o

The essential feature of this expression is that the operator appearing
in the exponent in Eq. (1.214) is quadratic only in aj and af, so that the
evaluation with respect to the fermion variables is similar to the evaluation
for the noninteracting system, in which particles are moving in an effective
boson field ¢r. Equation (1.214) shows that, inside the exponent, Z is a
weighted average of the second and third terms over the field ¢g.

2Actually, do dpf = %dd)* d¢. The constants are adsorbed in the normalization factor.
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1.9.3 Fourier transform

The Fourier transformation with respect to T is performed as

ap(1) =Y e ap(wn),  Pu(t) =Y € o (Vn),

2 1 2
0, = M7 U, = nm (1.215)
B p
Note that w,, refers to a fermion, and v,, to a boson.
Using the above and the relation

B
/ drel©n=em)T = gy, . (1.216)
0
we have

Z = / Da* (wn)Da(wn)Dé* (1) Db(vy)

X exp Z {=Bajo (0n) Dko (i00n) ™ ko (wn) — B (V) dor (V1)

®WnVUn

+ i\/ ngk—k,a’aZT(wn + Un)atkl (w)d)a’ (Un)
— 1y /ng%_k/k/akli(wn)a_kq(wn + Un)d):(l)n)}, (1.217)
where Agq(iwy,) is Green’s function, given as
1
Apo(iwn) = ————— (1.218)

0y — €ho

We can observe the following in Eq. (1.217): the third line tells us that,
at the vertex indicated by the coupling gi— o, the boson field ¢4 sinks,
and then the particle pair aZTa’i ki arises. The last line displays the reverse
phenomenon. Note the energy conservations at vertices.

1.9.4 Nambu spinor

At this stage, we would rather use a spinor notation due to Nambu!! that
is very useful for investigating the superconductivity:

9%
ak:<* ), a}';:(a}';T a_g),

—k * *
a_p = ( l), a’; = (aly akp) (1.219)

*
ak_T
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It is instructive to manipulate the complicated last line in (1.217) in the
present language: it has a structure such that

o * * 1 a
bor agpaly) — by apriapy = bor(ag  a—g) (0> 0 1)( o )

*
a/_kl

%0 % 0 a—k/|
ot wen(f)a 0 (%)

= by ajo’ ap + ¢k a* 0 a .
The positive sign in the second term is due to the Grassmann character of
art and a_y|. Also,

4} €paps = a*ore,ay, (1.220)

since €, = €_p.
In the above, the Pauli matrices and related ones are rewritten as

0 1 0 —i 10

1 _ 2 _ 3 _

(o) =00 e )
1

0 1 1 0 0
L1 2y % B N
o —2(0 —|—ZG)—<O 0), o —2(0 w)—(l O). (1.221)

Equation (1.217) is now written as

2= [ [ DaDaDe Dy exp 3 (~proi ()t (v)

+ Bay (o) (iw, — ekc3)ak(u)n)
+ ZB\/ nga,k’—k’d)a(Un)aZ/(wn + Un)0+ak’(wn)
+ B/ -k Py (Un)a" (wn)o @k (w, +v,)}. (1.222)

We can integrate with respect to fermion variables: note that3!

/dz* dze®*"4%) = det A for a fermion,

/dz* dze® %) = (det A)™" for a boson. (1.223)

Using the upper one, we can immediately obtain

2= [ Do Doy {—BWZ(U)%(U) + det|| Y Bion — exo”)

+ B/ TGk —k (Ga(Vn )™ + ¢§/(vn)o‘)H } (1.224)
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where we have made use of a symmetry property, gy x'—x' = go’ k—k, and
|-+ stands for a matrix. This can be also rewritten as
= / D* D exp PV (@), (1.225)

with the effective action for the boson field

W(6 —nZ«buvmavn— Zﬂlogs

X {(iwn — €,0°) +iz Vak(a(vn)ot + ¢;(un)c—)}, (1.226)

Un

where the relation log - det = Tr - log and the simplified notation

Ug k = TG k'—k' = TGo! k—k (1.227)
have been used.
By employing the steepest descent method, we can obtain a particu-
lar ¢, by optimizing W (¢), which will be denoted as ¢. For example, by
differentiating W (¢) with respect to ¢;5(vy,), we have

8W(¢) B _1 ) Uy O
L D D e E N o W F T ey
—0. (1.228)

We thus obtain
Z \ U& kuak (l)u (1 229)

l(,l)n

where
E%(U) = Ez + (uu,kua’,k)d_);(vn)d_)a’(Un)‘ (1.230)

Note that the field strength ¢7(v,)dy (V) has the dimension of energy.
In obtaining Eq. (1.229), we first rationalize the denominator, and then
the Tr operation on o¢’s is carried out. The numerator that remains is the
coefficient of Tr 676~ = 1. A similar equation is obtained for ¢*. Equation
(1.229) corresponds to the gap equation.

Now we employ an approximation in the rest of this study where, as was
mentioned at the beginning, uq; = u (a positive constant). Thus, to the
first approximation, ¢ is nearly constant:

b 1 1

VTE Y -t (1.231)
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Doing the frequency sum, we get

%Z ! = +n(x), (1.232)

oy —x
where n(z) is the Fermi or Bose function according to whether w,, is odd or
even, respectively, and we obtain (for fermions)
n_ n(Eg) —n(—Eg) _ tanh(BEy/2)
u 25, - 2B,
From the above relation combined with Eq. (1.229), we can estimate o,
which corresponds to the gap energy.

(1.233)

1.9.5 Critical temperature

It is straightforward to obtain the critical temperature, T, for the supercon-
ductivity from Eq. (1.233).1% Here, it is repeated for completeness. In the
limit T" — T, the gap, or ¢, in the present case, disappears. The summation
over k is approximately replaced by the integration
27 “D e €
where N (0) is the state density at the Fermi surface, and the cutoff param-
eter wp is, in the case of the BCS theory, the Debye frequency of phonons
associated with the attractive interaction between electrons.
The integration in Eq. (1.241) proceeds as follows:

“D de € Beon/2 g, €Be
/0 _tan pT. /0 _ tanh 2 (z 5 )

Bew /2 SC(DD/2
= log z tanh z]g""'" — / dzlog = sech?z
0

~ log Pewp —/ dzlog = sech?z (tanh BC(;D = 1)
0

2
c 4eY
— log PO 4 1og T (1.235)
2 b1
Combined with (1.233), this yields
BcwD 27 4eY
1 = — log — 1.2
08— WN@) B (1.236)

where y = 0.5772 is Euler’s constant. This relation will be used in the next
section. Simple rearrangements yield

T. ~ 1.130pe 2/NOu, (1.237)
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1.9.6 Temperature dependence of ¢

For the later investigation, we derive a temperature dependence of ¢, near
the critical temperature.'® Coming back to (1.231) and restoring the hidden
summation with respect to k, we can rewrite this as

1
. 1.238
uN 0) B Z/ zwn — (€2 + u|dy|?) ( )
Considering that |¢y|?> < 1 near the critical temperature, we expand the
above as
1 P 1 uldal®
= - d
p Z/o { (w2 & " ((w,)? — @)

+M+...}. (1.239)

((iwn)? — €2)?

For the convergent integrals which are the second and third terms, the
integration limit is extended to infinity, and then we obtain (putting € =
wtan 6)

2n [P de Be
uN(0) _/0 o tanh +“ 4af” Z_

13xw 9 1
gl D S (1:240)

The integration of the first term on the right-hand side, which is similar
o (1.235), has B instead of B.. Then, using (1.236), we have, in the lowest
approximation,

1z 9 1
= 2l Zw—% o (1.241)

Using

20: @ i 7 = 2:; “¢(p) (1.242)

n (1.241), we have the temperature dependence of ¢y,

Vuldo|? = nkpT /%,/1 — % g(3) = 1.202, (1.243)

which is the same as that of the energy gap.®
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1.9.7 Dynamics of the boson field; symmetry breaking
The boson field ¢y (v,,), which satisfies (1.227), is written as ¢y, so that
d)a(Un) = (I)a + (d)oc - (I)a) = (I)a + (Doc(Un)- (1244)

Now ®,(v,) becomes a physical or fluctuation component in solid-state
physics. Our aim is to find the effective Lagrangian or Hamiltonian for it.

In order to find the terms proportional to ®,(v,) in (1.244), we first
observe that

Do (V)T + G5 (V)T = do(Vy) - T= 057 (L)1, a=1,2
= by (Vn) - T+ Py(vy) - T. (1.245)

Expanding W (¢) in (1.226) in &, (v, ) and noticing that, upon the Tr oper-
ation, the odd terms with respect to t will vanish. We have

W(6"0) = 7 3 biba — 5 3 Trlog Blion, — € = v/l - )

even

——ZZ —Tr [A(0p)ivu(Pg(vn) - 1], (1.246)

u)nvn n

where

10y, + €T+ iv/u(dy - T)
(iwy)? — E} ’

Note that now the propagator includes the mean-field effect. What we are

interested in is the second line of Eq. (1.246).
The term with n = 2 is precisely written as

Z Tr s (o) (@47 (0) @) A ralon + o) (@5 (va)7))

WnVUn

= U Oy (vn)[*Pu(vn), (1.248)

Ap(wn) = (1.247)

where careful manipulations about 1’s are required. Except for the explicit
ones combined with ®’s, we have t’s inside A’s. Let us call the terms with
a =a =1and a = d = 2 the direct interactions, and the terms with
a=1, d =2and a =2, a’ =1 the cross interactions. We then have

=2 iwn 1wy 4+ 10y) — €€y + ud* - ¢
Palon) = 5 D (G VT = B2 (Gaom + o, — B (1:249)

k—i—ot]
where the first two terms in the numerator arise from the direct interaction
and the third from the cross interaction. Here, use has been made of the
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fact that Tr 13t 131~ = —1. Employing (1.231), we can carry out a lengthy
but not difficult calculation of P,(v,). Note that an even frequency v,, has

nothing to do with obtaining the Fermi functions. The result is

Ey 1o — Eg
Py(v,) = —n Ek 1—n Ek

01( n) ( )( ( +0t))( ) (Ek+0( IR Ek)

" |:Ek+ocEk — €pyact +u(d* - )
EytaEk

Here, we again note that, in the square brackets, the first two terms are

: (1.250)

obtained from the direct interaction and the third term from the cross inter-
action.

It might be convenient, for the later investigation, to do the frequency
sum for Py (vy,):

Z Ejta — Ek
"~ (ivn)? = (Eyo — Ep)?

1
B Z |:ZUn Ek+u — Ek) iUn + (Ek+u - Ek)

— %[—nB(Ek—i-a — Ey) + np(—Eiqo + Ei)),
—B B(Ekta — E)
= TCOth[f:L

where np is the Bose function, and use of Eq. (1.232) has been made for
the even frequency v,. Then Eq. (1.250) becomes

Eyiy— E
> Py(vn) = n(Ey)(1 - n(Ew))gcoth[W]

Un

) [E(HYEQ — €aiy€o + u(¢” - ¢)} . (1.251)

EyyEy
We then obtain the effective action for ¢ up to the second order in @, as

follows:
Wa(9", 9) —“Z¢ (Un)ba(Vn) - ZTr

mnvn

x log{—B(iw, — Ektg - \/E(bu(vn) 1)}

— n(Eu)(l — n(Ea+v)) Z (iU)Q ?k{gk:uE_k Ek)2

y |:Ek+ocEk — €prach + u(¢* - 4_))}
EktaElk '

(1.252)
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1.9.8 Instability

In order to discuss the dynamics of ®4(v,), we must obtain an expression
for the action of ®4(v,,) similar to that for ay(w,) given in the exponent of
Eq. (1.208). Since we are interested in the energy region much lower than
that for the electronic excitation (Ey4y, — Ey), the denominator of Py(vy,)
in Eq. (1.250) is expanded as

1 ~1 (ivn)?

_ 1 n, 4.
(0P — (Brra— B (Brva— Bl | (Brya—En)?

(1.253)
Substituting this into Py(v,) in Eq. (1.250) and taking up the terms of the

order of (iv)? in the above, we have

(Ek+ot - EY)2
EjtoEk

The second term is a small and complicated, but positive quantity. We thus

obtain the effective Lagrangian for ® up to the second order of ®*®:
Lp ~ & (iv,)*® +nd* D +---, n>0. (1.255)

(ivn)” + u(¢*9) TR (1.254)

In the above, iv, is replaced by d/0t in the future. At this stage, the details
of n are immaterial except that this is positive.

To put forward the problem, we need the term proportional to ®*®*dd.
This is obtainable from the term with n = 4 in Eq. (1.246). Without any
detailed calculation, we may presume a positive quantity for this, noted
by AZ. Then the total Lagrangian of the boson field becomes

Lp ~ O*(i1v,)*® + 0" D — AP O DD, (1.256)
This looks like the Lagrangian that Ginzburg and Landau have used for

investigating the superconductivity. We thus expect a kind of phase transi-
tion. Let us optimize, with respect to ®*, the potential part of Eq. (1.256):

V=100 + A2D* D DD, (1.257)
0
a; = P+ 2A%P DD = (—m + 2A20*D)Dd =0.  (1.258)
If ® = 0, nothing happens; while, in the case of ® # 0, it is possible that
1 2

We now put
® = (p+a)e”. (1.260)
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Namely, only the radial part is affected. This choice is allowed in the spirit
of the unitary gauge. If we insert this into (1.257), it follows that

V=A%(p+a)? —a%? — A%t = A2[@* D —a?]? — A2a*.  (1.261)

Observing the final result, we realize that the potential becomes mini-
mum at |®| = a; namely, at this position apart from the origin, |®| = 0,
which corresponds to the HF state. The mass of the field @ is given by
the coefficient of ®*®, which is 4A2a? for a particle of the p field, while
the term involving 6 is completely lost. That is to say, the particle in the
0 field is massless, and it is called the Goldstone boson. This is due to the
occurrence of the infinite degeneracies along the direction perpendicular to
the p coordinate.

1.9.9 Supersymmetry

The total Lagrangian of the system is
Liot = Lo + LB + Ling, (1.262)
where
L. = al(iv, —t)a,

Lp=—-®*d — A2[d*D — a?]?, (1.263)

Lint = —ivu(®a*tta+ &*a*t a).
In the above, the second line is obtained from Egs. (1.256) and (1.261),
and then the third line from Eq. (1.245) supplied by necessary terms, and a
compact notation is used, and the immaterial constant terms are omitted.
The £ in the above is, strictly speaking, the Lagrangian density, and the
action which we are interested in is the space—time integral of the Lagrangian
density, so that the partial integration with respect to t (after the replace-

ment iv, — 0;) gives the first term with the minus sign. If we define the
momentum conjugate to @,

= 85‘?0‘5 H* _ aﬁ.tot
0o 0d*

the total Hamiltonian for the boson field is obtained as

= —d*, = -, (1.264)

Hior = [T*® + [TO* — L
= IT*I1 + ivu(a*dtta+ a*®*t"a) + A?[0*d — a?]>.  (1.265)
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The momenta, IT* and IT conjugate to ®* and @ respectively, have the
properties
0 0
I, f(®*, D)| - O]
M, 7@, )] = (@7, @),
(1.266)

since we are now dealing with the classical operators in the framework of
the path-integral formalism.

Let us turn to a supersymmetric treatment.?> 37 The fermionic composite
charge operators are defined as

Q* = IM*a* —i/u(d*® — a?)a*t,
Q = Ma + iyu(®*® — a’)tta.
First of all, we have to manipulate the commutator
[Q*, Q4 = [[T*a* — iy/u(®*® — a®)a*t™, [Ma + ivu(d*® — a?)tral,.
(1.268)

(%, @), [IT7, f(P%, @) =

(1.267)

Straightforward calculations give
[[T*a*, Ia]; = [[T"a",a]+IT — a[Il, IT*a*]
= [1*[a*,a] 1 — a[ll, [T*] ;a
= IT"I1.

Here, for the Grassmann numbers, use has been made of the relation

[a% a]; = Ol 02,0 0
Oa Jda Oa Oa Oa
Further,
[IT*a*,iy/u(®*® — a®)tTal,
= [[T*a*,ivu(®*® — a%)|_tta — iy/u(®*® — a%)[tta, [T*a*] ;.
= [IT*,ivu(®*® — a?)]_a*tta — iy/u(®*® — a%)t I1*[a,a*] ;.
=iy/uda*tTa
and
[ivu(®*® — a*)a*t, Ma,
= [Ma,ivu(®*® —a*)|_a*t™ —ivu(®*® — a*)[a*t ", Mal,
= [, ivu(®*® — a?)]_aa*t™ —iy/u(d*® — a®)t I[a*,al,
=iyud*aa*t”
= —iyud*a*t a.
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The final term must be symmetrized:

1
[a*tT, 17 al, — 5{[a*t+,t_a]+ +[a*t,ttaly } (1.269)

= 10,0, 0,0 +[(4,0), 07, 0)1 )

(b 0
_ 5( O [a*,a]+) (1.270)
. %1‘ (1.271)

In the second line, b and b*, which are used in literature, are defined.
We thus obtain the fundamental relation in the supersymmetric quantum
mechanics,

H=[Q,Q+, (1.272)
if we endow, to the constant A2 in (1.264), a specified value,
A% = 2u, (1.273)

which is reasonable.?” However, as mentioned before, this had to be obtained
analytically from the term with n = 4 in Eq. (1.252). If it is assumed that
the present system is the case of supersymmetry, we can avoid this tedious
calculation.
The nilpotency of the charge operators,

Q*=0, (Q")*=0, (1.274)
is clearly preserved from a? = 0 and (a*)? = 0. We have thus completed a
supersymmetric analysis.

1.9.10 Towards the Ginzburg—Landau equation

Now we can think about the GL equation. Since it concerns only the static
part of the condensed boson field, we keep the first and third terms of
Eq. (1.265). The first term is the kinetic part, while the last term is the
potential part:

Hor, = T — nd*d 4 A% (D D)2, (1.275)
with )
—y oy (Bkta — Ey)
= U —_—
n=u(¢"P) Froar

As usual, the coefficients of ®*® and (®*®)? in the GL equation are a
and b, respectively. It is crucial that a is negative, which is given by —n
in the present consideration. The temperature dependence of n is found
through u(¢*¢), as in Eq. (1.265). This is exactly the same as that obtained
by Gorkov.30
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1.9.11 Dsiscussion

Some people seemed to be puzzled by the curious look of the GL equa-
tion when it was published: the superconductivity being a macroscopic,
thermodynamically stable phase — why is it predicted by a Schrédinger-
like wave function, to which the microscopic phenomena are subjected?
Several years later, the microscopic theory was established by BCS, and
soon Abrikosov had successfully correlated these two treatments. He made
clear that the GL function is deeply concerned with the gap function char-
acteristic of the superconductivity and is a wave function describing the
condensed Cooper pairs.

The superconducting state is certainly a stable thermodynamical state,
and a phase transition from the normal state to the superconducting state is
interpreted as a long-distance correlation between the Cooper pairs. Yang3®
developed a unified treatment of the phase transition in terms of the density
matrix. According to his treatment, the onset of the superconductivity is
understood in such a way that the off-diagonal long-range order (ODLRO)
of the second-order density matrix has a nonvanishing value. This concept
is clearly related to London’s rigid function, the quasiboson condensation
being widely seen as a powerful model of superconductivity and the vari-
ational wave function tried by BCS.? Recently, Dunne et al.3 applied the
concept of ODLRO to argue the high-temperature superconductivity in cop-
per oxide, where the attractive interaction between electrons is assumed to
have originated from Friedel oscillations in the screened potential.

However, the previous presentation of Abrikosov looks to be a detour;
a complicated and tedious procedure in which the condensed pair is char-
acterized by an anomalous temperature Green function which is difficult to
manipulate for beginners. Therefore, the direct way to reach the GL theory
from the BCS Hamiltonian should be preferable. What we have done in the
present investigation is the following: the auxiliary boson field driven by
the Hubbard—Stratonovitch transformation to eliminate the quartic term of
electron operators is just the GL function.

In conclusion, from the treatments used so far, the conditions which are
necessary for the occurrence of superconductivity are:

(1) The wave function which means the ground-state average of operators
of a Cooper pair must be complex or two-dimensional. If one of these
two degrees of freedom gets a new stable structure, the other degree of
freedom, whose direction is perpendicular to the former, offers the infi-
nite degeneracy. In the Nambu theory, the first refers to the ¢! direction,
and the second to o2 in the fictitious spin space.
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(2) The electron—electron interaction should be attractive, otherwise the
negative coefficient of ®*® in Eq. (1.275) cannot be obtained. In the
present consideration, we have observed that this condition is estab-
lished in the effective electron—electron interaction of the system involv-
ing the multiband structure.

However, we will discuss a little more the normal state under the usual
condition. In the normal species, the coupling constant between electrons
is intrinsically positive. However, if we are interested in the exchange inter-
action, i.e. the so-called Fock term with negative coupling, this is met by
condition 2. This is a short range interaction, while the direct coupling is
so strong as to overwhelm the exchange interaction.

Let us turn to the behavior of the quartic electron operators. It is unex-
pected that these are grouped into the pair operators of particle-particle
and hole-hole, which do not conserve the particle number. Thus, it is nat-
ural to group them into a couple of particle-hole pairs. This choice makes
the auxiliary boson function real.

The Hamiltonian which satisfies the above two conditions, looking like
the BCS Hamiltonian, is the one with the dipole-dipole interaction. The
simplest case is that of the intermolecular interaction due to the induced
dipole—dipole interaction with a coupling constant —d:

H; = —da;brbsas, (1.276)

where, for example, a; and b} are the creation operators for a particle and a
hole, respectively. If the electron—electron interaction is screened sufficiently,
this may be another possibility for the superconductivity of a molecular
complex.
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CHAPTER 2

Physics of High-T. Superconductors

2.1 Introduction

In 1986, K. A. Miiller and J. G. Bednorz discovered the phenomenon of
superconductivity in Cu-oxide compounds of lanthanum and barium at
the temperature 7, = 35K,? and they were awarded the Nobel Prize
in 1987. This discovery gave an additional push to the intensification of
the scientific activity in the field of superconductivity. Over the last 23
years, the superconducting transition temperature has been increased to
140 K. Moreover, one may expect the discovery of new superconductors with
higher critical temperatures. Recently, the high critical temperatures of new,
Mg-containing superconductors (MgBry) (T, = 39K) and superconducting
oxypnictides LnO(;_,)F,FeAs (T, = 50 K) were registered.

The main purpose of solid-state physics is the development and fabri-
cation of substances which possess superconductivity at room temperature.
At present, there is an intensive search for such high-temperature supercon-
ductors (HTSCs). Especially promising is the method of producing super-
conducting materials with the help of laser spraying of layers.

After the discovery of HTSCs, the following problems became urgent:

(1) Conceptual-theoretic: the problem of clarifying mechanisms of high-
temperature superconductivity.

(2) Engineering and technical: the problem of practical applications of
HTSCs.

(3) Research: the problem of the search for materials with higher 7.

The great interest in the phenomenon of superconductivity is caused by the
basic possibility of using it in the future for electric power transfer with-
out losses and for the construction of quantum high-power generators. This

61
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phenomenon could be applied to superconductive electronics and computer
techniques (superconducting elements of memory). At present, a new trend
in technology, namely the construction of quantum computers on the basis
of HTSCs with d pairing, can be seen.

HTSCs have unique physical properties in both the normal state and
the superconducting one. To comprehend the physics of these complex com-
pounds is one of the main tasks of the theory of superconductivity, whose
solution will allow one to explain the mechanism ensuring high-temperature
superconductivity.

The disappearance of resistance on the cooling of superconductors down
to a certain critical temperature is one of the most characteristic effects
in superconductors. But, in order to understand the reason for the occur-
rence of superconductivity, it is necessary to study the other effects which
accompany this phenomenon.

Consider briefly the main properties of HT'SCs:

(1) New HTSCs have a great anisotropy across the axis ¢ and possess a
multilayer structure. The main block defining the metallic and super-
conductive properties is the plane with CuQOs, which form the square
lattices of Cu ions.

(2) HTSCs are superconductors of the second kind (I/x < 1, where [ is the
coherence length and » the penetration depth of a magnetic field).

(3) They have high critical temperatures 7.

(4) They have antiferromagnetic ordering of spins of Cu in the CuO; planes
and powerful spin fluctuations with a wide spectrum of excitations.

At present, there exists no theoretical approach which would explain the
totality of the thermodynamical, magnetic and superconductive properties
of HTSCs from a single viewpoint.

The electron—phonon mechanism of pairing, being the principal one in
standard superconductors, makes a considerable contribution to the estab-
lishment of the superconducting state in HT'SCs. But, in order to obtain a
proper description, it is necessary to consider the other mechanisms inherent
in HTSCs.

Among such mechanisms is the spin-fluctuation one proposed by D. Pines
(USA). The reason for the pairing of electrons can be the scattering of
electrons on spin fluctuations. This model of pairing is one of the most real
models of high-temperature superconductivity.

The thermodynamics of superconductors at low temperatures is
determined by the excitation of two quasiparticles. In the traditional
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superconductors with pairing of the BCS type, the energy gap is isotropic
(s pairing), and the temperature dependence of the heat capacity has an

—A/ksT where A is the superconductor’s gap. In

exponential form ~ exp
superconductors with anisotropic pairing, the temperature dependence of
the heat capacity has a power character, namely T". The appearance of
such temperature dependences is related to the fact that the superconduc-
tor’s gap is zero on the Fermi surface. The development of the thermody-
namics of this model is the actual problem of HT'SCs.

In the following section, we consider the history of the development of
studies on the phenomenon of superconductivity. The structure of HT'SCs
and their physical properties are analyzed. We make a survey of the mech-
anisms of superconductivity and discuss the problem on the symmetry of
the order parameter.

We draw the conclusion that, on the whole, the most probable is the “syn-
ergetic” mechanism of pairing which includes, as components, the electron—
phonon and spin-fluctuation interactions in cuprate planes.

Only if the interaction of all the degrees of freedom (lattice, electronic
and spin ones) is taken into account can a number of contradictory prop-
erties observed in the superconducting and normal phases be explained.
Moreover, one needs to consider the complicated structure of HTSCs. It
will be emphasized that new experiments should be executed in order to
explain the available experimental data.

In this section, we also consider the thermodynamics of the spin-
fluctuation mechanism of pairing, present the method of functional inte-
gration for the calculation of thermodynamical properties on the basis of
the Pines spin-fluctuation Hamiltonian, and deduce the Schwinger—Dyson
equations for Green functions and equations for the thermodynamic poten-
tial. Based on the Schwinger—Dyson equation, we obtain equations for the
superconductor gap, which are used in numerical calculations of the thermo-
dynamics of HT'SCs. We present analytic formulas for the thermodynamic
potential and its jump. The numerical calculations of the temperature
dependence of the electron heat capacity indicate that the temperature
dependence of the heat capacity is proportional to the square of the tem-
perature. We emphasize that such temperature dependence is related to the
d pairing. It is shown that the measurement of the temperature dependence
of the heat capacity can be a supplementary test for the establishment of
a type of the symmetry of pairing in HT'SCs. The jump of the heat capac-
ity of cuprate superconductors near the critical temperature is evaluated
as well.
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2.2 History of the Development of Superconductivity

The phenomenon of superconductivity was discovered by the physicist H.
Kamerlingh-Onnes at the Leiden Laboratory (the Netherlands) in 1911, in
the same year when Rutherford discovered the atom. Kamerlingh-Onnes reg-
istered the disappearance of resistance of Hg at the temperature T' = 4.5 K.
This state was called superconducting. Being cooled down to a temperature
less than the above-mentioned critical temperature, many conductors can
be transferred in the superconducting state, in which electrical resistance
is absent. The disappearance of resistance is the most dramatic effect in
superconductors. But, in order to comprehend the reason for the origin of
superconductivity, we need to study the other effects accompanying this
phenomenon. The dissipationless current states in superconductors were a
puzzle for a long period.

The phenomenon of superconductivity is an excellent example of the
manifestation of quantum effects on the macroscopic scale. At present, it
occupies the place of the most enigmatic phenomenon in condensed-state
physics, namely the physics of metals.

The main purpose of solid-state physics is the creation of superconductors
which have the superconductive property at room temperature. At present,
researchers are continuing the wide-scale search for such HT'SCs by testing
a variety of substances.

A number of phenomenological models were proposed to clarify the phe-
nomenon of superconductivity, namely the models advanced by London and
Ginzburg-Landau.? 4% The essence of these theories which have played an
important role in the development of ideas of superconductivity was pre-
sented in Chap. 1.

The success of the GL theory was related to the circumstance that it is
placed in the mainstream of the general theory of phase transitions.

Among the first microscopic theories devoted to the consideration of
the electron-phonon interaction, the work by H. Frohlich?! is of the great-
est importance. The following stage in the development of superconduc-
tivity started from the universal theory of BCS published in 1957,'%4 which
strongly promoted the subsequent study of superconductivity.*?> The authors
of this theory were awarded by the Nobel Prize.

The BCS theory gave the possibility of elucidating a lot of experiments
on the superconductivity of metals and alloys. However, during the develop-
ment of the theory, some grounded assumptions and approximations were
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accepted. Therefore, the BCS theory was needed in substantiation with the
help of stricter arguments. This was made by academician N. N. Bogoliubov
in Ref. 42. He developed a microscopic theory of the phenomena of super-
conductivity and superfluidity. By using the Frohlich effective Hamiltonian,
Bogoliubov calculated the spectrum of excitations of a superconductor
within the method of canonical transformations proposed by him in 1947.

In 1962, B. D. Josephson advanced the theory of tunnel effects in super-
conductors (the Josephson effect), which was marked by the Nobel Prize in
1973.43 This discovery strongly intensified the experimental studies of super-
conductivity and was applied to electronics and computer technologies.

In 1986, K. A. Miiller and J. G. Bednorz discovered HTSCs,? which ini-
tiated the huge “boom” manifested in numerous publications. The principal
thought of Miiller was the following: by selecting the suitable chemical com-
position, one can enhance the electron—phonon interaction and thus increase
the critical temperature T,.. Miiller and Bednorz found a new class of HT'SCs,
the so-called cuprate superconductors.

HTSCs have been studied for 23 years by making significant efforts, but
the pattern is still not completely clear. This is related to the complicated
structure of cuprates, difficulties in the production of perfect single crystals,
and difficult control over the degree of doping. The comprehension of HT'SCs
will be attained if our knowledge about them approaches a critical level
sufficient for the understanding of a great amount of experimental data from
a single viewpoint. In Fig. 2.1, we present a plot of the critical temperatures

of superconductivity over years.% 4

2.3 Structural Properties of High-Temperature
Superconductors

The properties of new HTSCs differ essentially from those of traditional
superconductors, which are described by the BCS theory. Let us briefly
consider the main properties of HT'SCs. As is known, the atomic structure
defines the character of chemical bonds in solids and a number of relevant
physical properties. Even small changes of the structure frequently lead to
significant changes of their electron properties — for example, at the metal—
dielectric phase transitions. Therefore, the study of a crystal structure with
long-range atomic order and its dependence on the temperature, pressure
and composition is of great importance for HT'SCs. Such investigations are
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Fig. 2.1 The evolution of critical temperatures since the discovery of superconductivity.

significant for the comprehension of mechanisms of high-temperature super-
conductivity.

At present, we have several families of HT'SCs: thermodynamically sta-
ble copper oxides containing lanthanum, yttrium, bismuth, thallium and
mercury.??

We note that the structure of all copper-oxide superconductors has a
block character. The main block defining the metallic and superconduc-
tive properties of a compound is the plane with CuOy which forms the
square lattice of copper ions coupled with one another through oxygen ions.
Depending on the composition, the elementary cell of a high-temperature
compound can have one, two or more cuprate layers. In this case, the critical
temperature of the superconducting transition increases with the number of
cuprate layers. In Fig. 2.2, we present an elementary cell of the orthorhombic
structure of yttrium ceramics YBasCugO7_5, 8 ~ 0.1 — 0.3. The maximum
T, =~ 90 K. The size of the cell is characterized by the following parameters:
a=381Ab=389A, ¢c=11.7A.

Thus, HTSCs are characterized both by large volumes of elementary cells
and by a clearly manifested anisotropy of layers.
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Fig. 2.2 Elementary cell of yttrium ceramics YBasCuOr: l-yttrium; 2-barium; 3-
oxygen; 4—copper.

Of significant interest is the discovery of the compounds BiyCaSroCusOg
(Bi/2-1-2-2) and TlyCaBayCu0g (T1/2-1-2-2) with the temperature of the
superconducting transition 7, > 100 K. These compounds can have differ-
ent numbers of cuprate layers and are described by the general formula
A5Ca,;, Y2Cuy,Ogp4, where A = Bi(T1) and Y = Sr(Ba). Their temperature
T. depends on the number of cuprate layers and takes values of 10, 85 and
110 K for the compounds with Bi, and 85, 105 and 125 K for the compounds
with T1 for n = 1,2, 3, respectively. For the compounds with T1 with the
single layer T1-O and the general formula T1Ca,,_1BasCu,,Og,4+3(T1/1...),
the number of cuprate layers reaches n = 5.

We present the structures of the family of Tl-based superconductors in
Figs. 2.3 and 2.4. In Table 2.1, we show the dependences of T, and the
interplane distance (A) on the number of layers in the unit cell N. The
explanation for the dependence of the critical temperature on the number
of cuprate layers is an urgent problem.46:47 All HTSCs have a complicated
multiband structure,”® shown in Fig. 2.5.
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Fig. 2.4 Schematic distribution of ions in the wunit cell of superconductors
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Table 2.1 Tl-based systems Tl;BasCan—1CunOany3.

N 1 2 3 4 5 6

a (A) — 3.8500  3.8493  3.8153 3.8469 —
T. (K) 13-15 7891 116-120 122 106 102
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Fig. 2.5 Structure of energy bands near the Fermi energy for (a) high-temperature super-
conductor Bi2SraCaCu20g and (b) low-temperature superconductor BizSraCaCuOs.

We note the importance of the structure of zones near the Fermi level.
For example, the structures of the bands of two superconductors (high-
temperature BisSroCaCuyOg and low-temperature BiaSroCaCuQg) are sig-
nificantly different at point K. The energy interval from the band bottom
to the Fermi surface is equal to 0.7eV at point K for the high-temperature
superconductor and 0.1eV for the low-temperature one. The explanation
for the influence of the multiband structure on 7, is given in Chap. 3.

It is worth noting that all copper-oxide superconductors have a block
character in their structure. The main block defining the metallic and super-
conductive properties of a compound is the plane with CuOy which con-
tains the square lattice of copper ions coupled with one another through
oxygen ions. Depending on the composition, the elementary cell of a high-
temperature compound can have one, two, three or more cuprate layers.
Moreover, the critical temperature of the superconducting transition has a
nonmonotonous dependence on the number of cuprate layers.%6

2.3.1 Phase diagram of cuprate superconductors

All electron properties of HTSCs depend strongly on the doping. HT'SCs
without doping are dielectrics and antiferromagnetics. As the concentration
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Fig. 2.6 Phase diagram of cuprate superconductors in the temperature-doping variables.
Tn — the Néel temperature; T. — the critical temperature of the superconducting tran-
sition; T* — the characteristic temperature of a pseudogap; T° — the upper crossover
temperature.

x increases, these materials become metals. Superconductivity arises at large
x, behind the limits of the magnetically ordered phase. The experiments
showed that the charge carriers have the hole character for all classes of
HTSCs.

It has become clear recently that the high-temperature superconductivity
is related to peculiarities of the behavior of these compounds in the normal
phase. As seen from the phase diagram (Fig. 2.6), the superconducting states
arise near the antiferromagnetic phase. In yttrium-containing systems, the
antiferromagnetic and superconducting regions adjoin one another.

The experiments on the inelastic magnetic scattering of neutrons indi-
cate the existence of strong magnetic fluctuations in the doped region, even
beyond the limits of the antiferromagnetic phase. This points out the impor-
tant role of antiferromagnetic fluctuations in the compounds with high-
temperature superconductivity.

In HTSCs, the gap is present in the absence of the phase coherence,
i.e. in nonsuperconducting specimens. This gap is called a pseudogap. A
pseudogap is shown in Fig. 2.6. It appears at temperatures less than some
characteristic temperature 7™ which depends on the doping. Its nature has
still not been completely explained. The study of a pseudogap in the electron
spectrum of HTSCs was carried out in many works.*8
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Metals become superconductors if their free electrons are bound in
Cooper’s pairs. Moreover, the pairs are formed in such a way that their
wave functions have the same phase. The phase coherence is responsible for
the change of the resistance on the cooling below the critical temperature 7.
The presence of coupled pairs in a superconductor causes the appearance
of a gap in the spectrum of excitations. In standard superconductors, the
phase coherence of pairs appears simultaneously with the appearance of
pairs. From one viewpoint, a pseudogap is related to the appearance of
coupled pairs, which is not related to the phase coherence.

Another viewpoint consists the following. The pseudogap arises in
HTSCs in connection with the formation of magnetic states which com-
pete with superconducting states. The efforts of experimenters aimed at the
resolution of this dilemma are complicated by a strong anisotropy of the
superconductor gap. Some physicists believe that the most probable situ-
ation is related to the creation of the superconducting state with paired
electrons at a certain doping which coexists with antiferromagnetism. It is
possible that this is just the “new state of matter” which has been widely
discussed in the last few years in connection with HTSCs.

2.3.1.1 Antiferromagnetism of HTSC's

An interesting peculiarity of copper-oxide compounds which has a universal
character is the presence of the antiferromagnetic ordering of spins of Cu
in the CuOy planes. The sufficiently strong indirect exchange interaction
of spins of Cu induces the 3D long-range antiferromagnetic order with the
relatively high Néel temperatures Ty = 300-500 K.*® Though the long-
range order disappears in the metallic (and superconducting) phase, strong
fluctuations with a wide spectrum of excitations are conserved. This allows
one to advance a number of hypotheses on the possibility of electron pairing
in copper-oxide compounds through the magnetic degrees of freedom.

Therefore, the study of the antiferromagnetic properties of HTSCs is of
importance for the verification of the hypotheses on the magnetic mechanism
of superconductivity. The interaction of spins of Cu in a plane has a 2D
character, and their small values, S = 1/2, lead to significant quantum
fluctuations.

The first indications of the existence of antiferromagnetism in the copper-
oxide compounds were obtained on the basis of macroscopic measurements
of susceptibility. The detailed investigation of both the magnetic structure
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and spin correlations in the metallic phase became possible only with the
help of the neutron scattering.

2.4 Mechanisms of Pairing of HTSCs

To explain high-temperature superconductivity, a lot of models and mecha-
nisms of this unique phenomenon have been proposed. The key question is
the nature of the mechanism of pairing of carriers. There are many different
models of superconductivity available, among which we mention the follow-
ing: the magnon model, exciton model, model of resonant valence bonds,
bipolaronic model, bisoliton model, anharmonic model, model of local pairs
and plasmon model. We give a classification of the mechanisms of pairing
of HTSCs, which is shown in Fig. 2.7, according to Ref. 50.

This classification demonstrates the diverse physical patterns of HT'SCs.
Apart from the ordinary BCS mechanism based on the electron—phonon
interaction, there exist many other mechanisms, as was mentioned above.
All these models use the concept of pairing with a subsequent formation
of a Bose condensate at temperatures T, irrespective of the nature of the
resulting attraction.

2.4.1 Specific mechanisms of pairing in superconductivity

Consider the models most popular at present. Along with the ordinary BCS
mechanism based on the electron—phonon interaction, we turn to the mag-
netic, exciton, plasmon and bipolaronic mechanisms of pairing. All these
models apply the concept of pairing with the subsequent formation of a
Bose condensate (at certain temperatures T.) regardless of the reasons for
the attraction.

The BCS theory presents the formula for the critical temperature T, in
the case of the weak electron—phonon interaction:

T. = 1.14®exp<%), (2.1)
0

where ® = hQp/kp, hQp is the Debye energy, Ny is the density of states
of the Fermi level and V is the attractive pairing potential acting between
electrons.

The maximum value of the critical temperature given by the BCS the-
ory is 40 K. Thus, there arises the question about the other mechanisms of
pairing. The interaction of electrons is repulsive, i.e. one needs to seek a
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Fig. 2.7 Classification of the mechanisms of pairing of HT'SCs.

“transfer system” in metals which is distinct from the phonon system. The
general scheme for the interaction of electrons via a transfer system X can
be presented as
e1+ X — e% + X7,
e2 + X* — el + X,
where e; corresponds to an electron with momentum p;, X is the ground
state and X™* is the excited state of the transfer system.
As a result of this reaction, the system returns to the initial state, and
the electrons make an exchange by momenta.

(2.2)
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It can be shown that such an interaction leads to the attraction, and the
critical temperature is given by the formula

-1
Te ~ AEexp(T),

where AF is the difference in energies of the states X and X*, and N depends
on the interaction of electrons with the system X.%!

2.4.2 Magnetic mechanism of pairing

The magnetic mechanism of pairing of HT'SCs was examined by many
researchers. These studies used the assumption that the pairing is realized
due to the exchange by spin excitations — magnons, i.e. the transfer sys-
tem is the system of spins in a magnetic metal. Magnon is a quasiparticle
which is the quantum synonym of a spin wave of excitation in a magneti-
cally ordered system. Great attention was attracted to the pioneering work
by A. 1. Akhiezer and I. Ya. Pomeranchuk.’? %3 They considered the inter-
action between conduction electrons caused by both the exchange by acous-
tic phonons and an additional interaction related to the exchange by spin
waves (magnons). It was shown that superconductivity and ferromagnetism
can coexist in the same spatial regions. At sufficiently low concentrations of
the ferromagnetic component, an increase in its concentration leads to an
increase of T, in the case of the triplet pairing. Within the phonon mecha-
nism, the pairing occurs in a singlet state; then an increase in the concentra-
tion of the ferromagnetic component induces a decrease of T.. It is known
that ferromagnetism competes with superconductivity. The different situa-
tion is characteristic of antiferromagnetism. HT'SCs are antiferromagnetic
dielectrics. As was mentioned above, they reveal strong magnetic fluctua-
tions in the region of doping, which can be responsible for the pairing. In
this chapter, we will consider the spin-fluctuation model of pairing.

After the discovery of HTSCs, a lot of relevant works dealt with the
problem of the evolution of a system of Cu ions under the transition from
the dielectric antiferromagnetic state to the metallic one.

It is also worth noting the model of resonance valence bonds (RVBs),
which was advanced by Nobel Prize winner P. Anderson in 1987,° who
made an attempt to explain the Cooper pairing in HTSCs by the par-
ticipation of magnetic excitations. The Anderson model is based on the
concept of magnetic ordering. The RVB mechanism ensures the joining
of carriers in pairs with compensated spin — the so-called spinons. On
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the doping of HTSC compounds, there arise holes which can form the
complexes with spinons — holons. Superconductivity is explained by the
pairing of holons, i.e. by the creation of spinless bosons with a double
charge. That is to say, the pairing of carriers in the RVB model is realized
due to the exchange by magnons. At low temperatures, the paired holons
form a superconducting condensate. The RVB model has played a positive
role, by attracting the attention of researchers to the study of antiferromag-
netism in HTSCs, though spinons and holons have not been experimentally
identified.

2.4.3 Exciton mechanism of pairing

According to the general principle concerning the “transfer system” in super-
conductors, the electron—phonon interaction should not be obligatorily real-
ized. Some other interaction ensuring the pairing of electrons can be suitable.
In principle, the mechanism of superconductivity can be switched on by
bound electrons which interact with conduction electrons. The first exciton
model, in which the pairing is realized due to electron excitations, was pro-
posed by W. A. Little®® for organic superconductors, and by V. L. Ginzburg
and D. A. Kirzhnitz%° for layered systems. In the construction of this model,
it was necessary to assume the existence of two groups of electrons: one of
them is related to the conduction band, where the superconducting pairing
occurs due to the exchange by excitons which are excitations in the second
group of almost-localized electrons. In view of the many-band character of
the electron spectrum, layered structure and other peculiarities of the elec-
tron subsystem in HTSCs, such a distribution of electron states is quite
possible. This underlies the development of a lot of exciton models. The
search for superconductivity in organic materials was stimulated to a signif-
icant degree by the idea of Little about the possibility of high-temperature
superconductivity due to the excitonic mechanism of the Cooper pairing of
electrons in long conducting polymeric chains containing lateral molecular
branches—polarizers. Since the mass M of such excitonic excitations is small,
one would expect to observe a high value of the temperature, T, ~ M~1/2.
But this model was not practically realized, since high-energy intramolecular
excitonic excitations cannot ensure the binding of electrons in pairs.

At present, a number of quasi-one-dimensional organic superconductors
with metallic conductance have been synthesized. They pass to the super-
conducting state at T'=10K. Crystals of similar organic superconductors



76 Modern Aspects of Superconductivity: Theory of Superconductivity

consist of, as a rule, planar molecules packed in zigzag-like stacks which
form chains. The good overlapping of electron wave functions of neighbor-
ing molecules in a stack ensures the metallic conductance along a chain. The
overlapping of electron wave functions of neighboring chains is small, which
leads to the quasi-one-dimensional character of the electron spectrum and
to a strong anisotropy of electronic properties of a crystal. Up to now, no
experimental proofs of the manifestation of the excitonic mechanism is such
systems are available.

As an example of a laminar system, we mention a quasi-two-dimensional
structure of the “sandwich” type (dielectric-metal-dielectric). In such a
structure, the Cooper pairing of electrons in a metal film occurs due to the
attraction caused by their interaction with excitons in the dielectric plates.

2.4.4 Anharmonic model and superconductivity

It is known that the appearance of superconductivity is often preceded by
structural transformations in a crystal. These are usually explained within
the anharmonic model. In the opinion of some researchers,*® such structural
transformations arising before the start of superconductivity decrease signif-
icantly the frequencies of phonons and subsequently increase the parameter
of electron—phonon interaction. The softening of the phonon spectrum is
caused by the great amplitudes of displacements of ions in the two-well
potential which models the structural transformations. In some works,*”
the effect of a structural transformation on superconductivity in the limit-
ing case of a weak pairing interaction and the isotropic gap was studied. The
properties of high-temperature superconductivity were also studied within
the model, where the superconductivity is enhanced due to the singularity
of the density of electron states which appears at structural or antiferromag-
netic phase transitions. The weak point of the models relating the supercon-
ductivity to structural phase transitions is due to a significant temperature
interval between the known structural transitions and the temperature T..
The works, where nonphonon pairing mechanisms are introduced, include
the studies?® which use the Hubbard Hamiltonian in systems, where only the
interaction of the repulsive type is present. It is considered that the effect
of pairing is caused by the kinematic interaction at a noncomplete occu-
pation of Hubbard subbands. Unfortunately, no clear comprehension of the
nature of the arising attraction has been attained in this case. It is possible
that the bound state of quasiparticles is virtual, i.e. it decays. The search
for new mechanisms of superconductivity caused by a strong correlation of
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electrons in cuprate superconductors with quasi-two-dimensional electron
structure has been reduced to a search for new, nonstandard ground states.
We mention the polaron mechanism of pairing, which is related to the Jahn—
Teller effect, well known in the quantum chemistry of complex compounds.
The essence of the Jahn—Teller effect is that a nonlinear system in the pres-
ence of the electron degeneration deforms spontaneously its structure so
that this degeneration disappears or decreases. The Jahn—Teller effect leads
to rearrangement of the atomic orbitals of copper under conditions of the
octahedral oxygen surroundings. A displacement of oxygen ions inside of an
elementary cell which is caused by the appearance of a quasiparticle induces
the displacement of equilibrium positions in the neighboring cells. In such a
way, there arises the strong electron—phonon interaction of a quasiparticle
with a local deformation.

2.4.5 Van Hove singularities

A van Hove singularity (vHs) in the density of states (DOS) N(E) was
proposed as a T.-enhancement mechanism for intermetallic superconduc-
tors two decades ago. All cuprate superconductors possess two-dimensional
elements of their structures. In the construction of the microscopic theory
of high-temperature superconductivity, it is important to clarify the specific
features of the dispersion E(k) and the behavior of the DOS N(E). For a
two-dimensional problem (n = 2;2D), the DOS is independent of the energy,
N(FE) = const, and the band is dispersionless. The photoemission experi-
ments indicate the existence of an almost-flat band near the Fermi surface
for cuprate superconductors. The presence of a flat band and an isoenergetic
surface in the form of an elongated saddle leads to the existence of vHs’s in
the DOS near the Fermi surface. In this model, in the calculations of T, by
the BCS formula, N(FE) is replaced by N(Er). The formula for Tt looks like

~1
T, = 1.140 exp (T) : (2.3)

where A = VN (E).

If the function N(FE) has the corresponding singularity at £ = Ep, it
will be related to the vHs. In the two-dimensional case, the presence of
a logarithmic singularity of the DOS on the Brillouin zone boundary is
possible:

D

— LFr

, (2.4)
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where D is the characteristic energy cutoff. Then T, has the form

T, ~ Dexp(\_/—;). (2.5)

We note that, in connection with the quasi-two-dimensionality of lattices of
HTSCs, the hypothesis of anyonic superconductivity is of certain interest
(Fig. 2.7). Anyons are quasiparticles with intermediate statistics (between
the Bose and Fermi statistics) which can exist just in two-dimensional struc-
tures. The term “anyon” was introduced by F. Wilczek in the framework of
the concept of supersymmetry.

2.4.6 Plasmon mechanism of pairing

Many works have been devoted to attempts at explaining high-temperature
superconductivity on the basis of the idea of the pairing as a result of the
exchange by quanta of longitudinal plasma waves — plasmons.
Longitudinal plasma waves are formed in solids in the region of frequen-
cies, at which the dielectric permeability of the medium becomes zero. The
characteristic frequency of plasma waves in 3D crystals is defined by the

formula

N Ame? N
Wp = ——, (2.6)

where N is the concentration of electrons, and e and m are their charge
and mass, respectively. At the electron density N ~ 1-3 x 10%2 cm ™3, the
plasma frequency o, ~ 10'-10'%. We might assume that the exchange by
plasmons, rather than by phonons, would induce an increase of the pre-

exponential factor in the formula deduced in the BCS theory,

1
TC:®exp()\_M*), (2.7)

by 2-3 orders, if ® = h®,/kp. However, such an increase does not cause a

significant growth of 7T, because the plasmons at the frequency ®,, which
is close to the frequency of electrons, Er/h, cannot cause the superconduct-
ing pairing and their role is important only for the dielectric properties of
crystals.4

2.4.7 Bipolaronic mechanism of superconductivity

One of the attempts to explain the phenomenon of high-temperature super-
conductivity is called the bipolaronic theory. Bipolarons are Bose particles
like the ordinary Cooper pairs.
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In the theory of bipolarons, the superconductivity is caused by the super-
fluidity of the Bose condensate of bipolarons.

The ideas of polarons and bipolarons were used by A. S. Aleksandrov
and J. Ranninger® to clarify high-temperature superconductivity.

The idea of a polaron is based on the assumption about the autolocal-
ization of an electron in the ion crystal due to its interaction with longi-
tudinal optical vibrations under the local polarization, which is caused by
the electron itself. The electron is confined to the local-polarization-induced
potential well and conserves it by its own field. The idea of autolocalization
of electrons in ion crystals was intensively developed by S. I. Pekar.?¢

The efficiency of the interaction of an electron with mass m and charge
e with long-wave longitudinal optical vibrations with frequency € in the
medium is characterized by the dimensionless parameter

(& m
9= %\ a2 (28)

introduced by H. Frohlich. Here, € is the dielectric permeability of the inertial
polarization. The interaction is assumed to be small if g < 1. Due to a high
frequency, 2, the deformation field is a faster subsystem. Therefore, it has
time to follow the movement of an electron. This field accompanies the
movement of the electron in the form of a weak cloud of phonons. The
energy of interaction of the field and the electron is proportional to the first
degree of g.

In the BCS theory, the pairing of conduction electrons is realized due to

)

the interaction with acoustic phonons and is characterized by the dimen-
sionless constant of interaction

» = VN(Er), (2.9)

where N(EF) is the density of energy states of electrons on the Fermi sur-
face, and the quantity V is inversely proportional to the coefficient of elas-
ticity of a crystal.
In the bipolaronic model, we have the parameter
o 2hQz —V,
N
where \ is defined by the relation (2.9), z is the number of nearest neighbors

(2.10)

and D is the width of the conduction band of free quasiparticles.
A bipolaron, like a Cooper pair, has charge 2e, and its effective mass is
determined by the formula
A

i~ m— exp(Z?). (2.11)
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The effective mass m can be very high and can exceed the mass of a free
quasiparticle in the conduction band by several orders.

To calculate the superconducting transition temperature T, which cor-
responds to the Bose condensation, the authors applied the formula for the
ideal Bose gas:

3.31h2N2/3
——

kgT,. = (2.12)

At m = 100 and N = 10! cm~3, this formula yields T, ~ 28 K.
Analogously to the bipolaronic model, the bisoliton mechanism of high-

temperature superconductivity was proposed in Ref. 45 and 46.

2.5 Symmetry of Pairing in Cuprate Superconductors

Of great importance for HT'SCs is the pairing symmetry or the symmetry
of the order parameter. This question was considered at many conferences
and seminars all over the world. Several NATO seminars and conferences
on this trend were held in Ukraine in the town of Yalta, organized by one
of the authors of this book.?"60

The development of the microscopic theory of superconductivity was
followed by interest in the question about the nontrivial superconductivity
corresponding to the Cooper pairing with nonzero orbital moment.

The system, in which the nontrivial pairing was first discovered, is He?.
To explain this phenomenon, it was necessary to introduce a supplementary
mechanism of pairing due to spin fluctuations.

2.5.1 The superconductor’s order parameter

Most physical properties depend on the properties of the symmetry of a
superconductor’s order parameter, which is defined by the formula

Agp (k) = <aaka6—ka>- (2.13)

The problem of pairing symmetry is a problem of the pairing of charged
fermions into states with the final orbital moment.

As usual, both the standard pairing called the s pairing and the non-
standard d pairing are considered. They differ by the orbital moment of
the pair: in the first and second cases, the moments are L = 0 and L = 2,
respectively.
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We also note that the continuous symmetry group in crystals is broken,
and it is necessary to speak not about the orbital moment, but about the
irreducible representations, by which the order parameter is classified. We
will consider this question in the following subsection.

Usually, the standard pairing and the nonstandard pairing are distin-
guished. For the nonstandard pairing, the symmetry of the order parameter
is lower than that of a crystal.

For a two-dimensional tetragonal crystal (square lattices), the possible
symmetries of the superconductor’s order parameter were enumerated by
M. Sigrist and T. M. RiceS! on the basis of the theory of group representa-
tions. The basis functions of relevant irreducible representations define the
possible dependence of the order parameter on the wave vector.

It is worth noting that the anisotropic pairing with the orbital moment
L =2, ie. d,2_,2, has the following functional form in the k space:

A(k) = Ag[cos(kxa) — cos(kya)], (2.14)

where A, is the maximum value of the gap, and a is the lattice constant.
The gap is strongly anisotropic along the direction (110) in the k space. In
this case, the order parameter sign is changed in the directions along k,
and k.

Apart from the d symmetry, it is worth considering also the s symmetry,
for which we can choose two collections of basis functions:

A(k) = Ao, (2.15)

The anisotropic s pairing is considered as well. This form of pairing is
analyzed in works by P. W. Anderson® and coworkers who have studied the
mechanism of pairing on the basis of the tunneling of electrons between lay-
ers. In these states, the order parameter sign is invariable, and its amplitude
is varied along the direction (110):

[anisotropic s]A(k) = A,[cos(kza) — cos(kya)]* + A1, (2.16)

where A; corresponds to the minimum along the direction (110).

It follows from the symmetry-based reasoning that the mixed states
with various symmetries can be realized. We mention the states which
are mostly in use. The “extended” s-coupled states were considered in
works by D. J. Scalapino.5? A possible functional form of these states is as
follows:

[extended s wave] A(k) = A,{(1 + y?)[cos(kya) — cos(kya)]® — y*}. (2.17)
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They have eight parts with alternating signs, and eight nodes which are split
by +ym/2 along the direction (110). G. Kotliar and coworkers used mixed
s + id states53:

[s +id] A(k) = Aole + i(1 — ¢)[cos(kza) — cos(kya)]]. (2.18)

R. B. Laughlin®? analyzed the mixed states d,2 442 T tdyy on the basis of
the anyonic mechanism of pairing:

[d +id) A(k) = Ao[(1 — €)[cos(kza) — cos(kya)]
+ig[2sin(kga) sin(kya)]], (2.19)

where ¢ is the share of s or d,, states mixed with the dy24,2 states, and €A,
is the minimum value of the energy gap. These mixed states are of interest
because they are not invariant with respect to the inversion in the time.
The value and phase of the superconductor’s order parameter, as functions
of the direction in cuprate planes CuQOsg, are given in Fig. 2.8 for various
kinds of pairing symmetry.

2.5.2 Classtfication of the superconductor’s order parameter
by the representations of symmetry groups

It should be noted that there is no classification of states by the orbital
moment for crystals. The general theory of nonstandard pairing has been
developed on the basis of the analysis of point symmetry groups.

J. Annett was one of the first to classify superconducting states by the
irreducible representations of groups for HTSCs.%* As for superconductors
with heavy fermions, the group analysis was carried out in Ref. 65.

Of importance is the question whether the symmetry of the order param-
eter in HTSCs is lower than the symmetry of the crystal lattice.

The order parameter can be represented as a linear combination:

Ap =Y _nr, fr,(k), (2.20)

where nr, is the irreducible representation of groups, by which the order
parameter is transformed, fr,(k) is the basis function of the irreducible
representation; A, corresponds to the anisotropic s symmetry; and By,
corresponds to the d pairing.

An analogous decomposition of the superconducting order parameter was
performed for a superconductor with heavy fermions:

UPts.
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Fig. 2.8 Types of pairing symmetries which are considered for HTSCs.

The symmetric states of the system can be presented by the indication of all
possible subgroups of the full group, relative to which the order parameter is
invariant.%¢ The full symmetry group of a crystal includes a point symmetry
group G, operations of inversion of the time R, and the group of calibration
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transformations U(1). That is to say, we have the following partition into
subgroups:

G x RxU(1). (2.21)

The La- and Y-based superconductors which have the tetragonal symmetry
of crystal lattices, i.e. G = Dyj, = Dy x I,°® are most-studied. In the Y-based
compounds, one observes small orthorhombic distortions of a crystal lattice.
Group Dy, includes the operations of rotations C,,, around the z axis by
angles of tn/2, and rotations U, by angles of m:
l’COS(E) —|—ycos<ﬂ>, (2.22)
2 2
where n = 0, 1, 2, 3 have five reducible representations: four one-dimensional
(A1g,Agg,Big,Bay) and one two-dimensional (E).

2.6 Experimental Studies of the Symmetry
of the Superconducting Order Parameter

At present, the results of three groups of experiments, in which the symme-
try of the order parameter is revealed, are available.

The first group joins different low-temperature characteristics of super-
conductors, such as the Knight shift, the rate of relaxation in NMR, the
temperature dependence of the heat capacity, and the penetration depth.

If the superconductor’s order parameter has zeros on different areas of
the Fermi surface (as in the case of the d,2_,» symmetry), the mentioned
quantities will have the power temperature dependence, rather than the
exponential one.

The second group of experiments is based on the direct measurement of
the phase of the order parameter with the help of interference phenomena
on Josephson junctions in a magnetic field.

The third group deals with the direct measurements of a value of the gap
by means of spectroscopic experiments. Here, the most interesting results
are presented by photoemission spectroscopy with angle resolution, as well
as Raman and neutron spectroscopies.

2.6.1 Measurements of the Josephson tunnel current

The most definite information about a symmetry of the superconducting
order parameter can be obtained from the studies of the phase of the order
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parameter, in which the critical current in Josephson junctions positioned in
a magnetic field is measured. The critical current for a rectangular Josephson
junction oscillates with the field by the Fraunhofer diffraction law:
sin(nd/Pg)

s qD/CDO ’

where & is the magnetic flux through the junction, ®¢ is the quantum

I.(®) = JhA (2.23)

flux, Jy is the density of the critical current in the zero field, and A is the
junction area. A diffraction pattern is shown in Fig. 2.9(a). Let us consider
the superconductor YBCO, which possesses the tetragonal symmetry. Let
its axis be oriented normally to the plane of the figure, and its edges to
be perpendicular to the axes A and B of the base plane. In the tunnel
junction with corner geometry, another superconductor is applied to both
edges which are perpendicular to A and B and, are joined with each other
[Figs. 2.9(b) and 2.9(c)].

This experiment can be compared to that involving a two-junction
SQUID, in which there occurs a superposition of tunnel currents produced
by electrons with wave vectors k, and k,, so that the resulting diffraction
pattern depends on the symmetry of the order parameter of a superconduc-
tor under study. For the s symmetry, the order parameter on both edges of
the corner junction is the same, and the resulting diffraction pattern will be
similar to the case of the standard junction. But, in the case of d symmetry,
the order parameter on the corner junction edges has different signs, and
this changes the diffraction pattern.

The total current is illustrated in Fig. 2.10(c). In the zero field, the
critical current turns out to be zero due to the mutual compensation of its
two components.

In the symmetric contact, the dependence on the field is determined by
the formula%”
sin?(nd/2d)

nd /20y

corresponding to the pattern in Fig. 2.10(c).
Thus, by the difference of a diffraction pattern from both the standard

I.(®) = JoA (2.24)

one and that corresponding to the corner Josephson junction, we can predict
the symmetry of the order parameter. In Ref. 67, a similar experiment was
carried out on the tunnel junction YBCO—-Au—-Pb. The results presented in
Fig. 2.10 testify to the d symmetry of the order parameter in superconduct-
ing YBCO.
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Fig. 2.9 Critical current in a Josephson junction vs the applied magnetic field: (a) stan-
dard tunnel contact, (b) corner tunnel junction for a superconductor with the s symmetry

of the order parameter, (c) corner tunnel junction for a superconductor with the d sym-
metry of the order parameter.

All the above-mentioned experiments with Josephson junctions were per-
formed with a single crystal YBagCugOg.

2.6.2 Measurements of the quantization of a flow
by the technique of the three-crystal unit

Another type of experiment on the determination of a symmetry of the
order parameter is based on the measurement of a flow quantum in a
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Fig. 2.10 Critical current as a function of the magnetic field in a Josephson junction
YBCO-Au-Pb in two geometries: (a) standard and (b) corner.®”

superconducting ring fabricated from three superconducting single crystals
of yttrium with different orientations.

The idea of such an experiment is based on the theoretical result obtained
by M. Sigrist and T. M. Rice%!: for superconductors with the d symmetry,
the tunnel current between two superconducting crystals separated by a thin
boundary depends on the orientation of the order parameter with respect
to the interface. The current between the superconductors with numbers 775
is given by the formula

19 = (A" cos 26; cos 26;) sin Ad;;. (2.25)

Here, AY is the constant which characterizes the junction of ij; 6; and
0; are the angles of the crystallographic axes with the boundary plane;
and ®;; is the difference of phases of the order parameters on both sides
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Fig. 2.11 Scheme of the experiment on the measurement of a half-integer number of
quanta of the flow captured by a superconducting ring with three Josephson junctions
with the d symmetry of the order parameter.3*

of the boundary. It was shown that a spontaneous magnetization, which
corresponds to the flow equal to a half of &, appears in a superconducting
ring with a single Josephson junction with the phase difference m. If the
ring has an odd number of 1 junctions, the result is the same. The direct
measurement of a half-quantum of the flow through such a ring would testify
to the d symmetry of the order parameter. The direct measurement of a half-
quantum of the flow was realized in Ref. 68. A scheme of the experiment is
shown in Fig. 2.11.

2.7 Thermodynamics of the d Pairing
in Cuprate Superconductors

2.7.1 Introduction

The basic question of the theory of superconductivity concerns the mech-
anism ensuring the pairing of electrons. In the BCS theory, it is the
electron—phonon interaction. Some recent theoretical models postulate the
mechanism of antiferromagnetic spin fluctuations,® " so that the electron
scattering on them can be the reason for the pairing of electrons. Spin fluctu-
ations play an important role in superconductors with heavy fermions.” 3

The authors of Refs. 64 and 65 performed calculations of a value of the
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superconductor gap, the critical temperature, the temperature dependence
of the resistance, and many other quantities, but the thermodynamics was
not considered. For this reason, it is of interest to calculate the thermo-
dynamics of antiferromagnetic spin fluctuations, namely the temperature
dependence of the heat capacity, its jump near T,., and the parameter
R = AC/yT, equal to 1.42 by the BCS theory.

The purpose of this section is the calculation of the thermodynamics of
antiferromagnetic spin fluctuations, namely the electron heat capacity and
the jump of the heat capacity.

The thermodynamics of superconductors at low temperatures is deter-
mined by the excitation of two quasiparticles. In the traditional supercon-
ductors with pairing of the BCS type, the energy gap is isotropic (s pairing),
and the temperature dependence of the heat capacity has the exponential
form ~ exp 2/%8T where A is the superconductor’s gap. In the supercon-
ductors with anisotropic pairing, the temperature dependence of the heat
capacity has a power character, namely T". The appearance of such tem-
perature dependences is related to the fact that the superconductor’s gap
has zeros on the Fermi surface.

As was noted above, the anisotropic pairing with the orbital moment
L =2, ie. with the d,2_,» symmetry, has the following functional form in
the k space:

A(k) = Aocos(kxa) — cos(kya)], (2.26)

where A, is the maximum value of the gap and a is the lattice constant.
The gap is strongly anisotropic in the direction (110) in the k space, and

the sign of the order parameter is changed along the directions k, and k.
The main results of this section have been published in Refs. 78-81.

2.7.2 Antiferromagnetic spin fluctuations in HTSCs

For the first time, the idea of the possibility of electron pairing through spin
fluctuations was advanced by A. I. Akhiezer and I. Ya. Pomeranchuk.®!
They showed that the indirect interaction of electrons through spin waves
in a ferromagnetic metal has the character of attraction in the triplet state
and hence, can lead to triplet pairing. Consider some experiments and facts
on antiferromagnetic spin fluctuations.

The basis for the hypothesis on the spin-fluctuation mechanism of pair-
ing consists in the fact that the stoichiometric compounds LasCuQO4 and
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YBayCuszOg are antiferromagnetic dielectrics. The doping of superconduc-
tors leads to the appearance of the metallic state and superconductivity.
The closeness of HT'SCs to the antiferromagnetic transition with the wave
vector @ = (1t/a, 7/a) defines the important role of spin fluctuations, inter-
action with which forms the quasiparticle spectrum of electrons and can
simultaneously result in the Cooper pairing.

HTSCs are referred to the class of strongly correlated systems which
are theoretically studied in the frame of the Hubbard model. This model
describes the hops of electrons in the lattice with the matrix element ¢ for the
nearest neighbors with regard to the Coulomb repulsion U, when the elec-
trons are positioned at the same site. The model is set by the Hamiltonian

H = —tz CiTGCJ'U +U Z N3N, (2.27)

0,0 i,

where CZTG(CJ'G) is the operator of creation (annihilation) of an electron at
the site ¢ with spin o, and n;; = CZTUC]'G is the number of electrons at
the site. In the given region of the parameters ¢, U and n (the electron
concentration), the appearance of magnetically ordered phases is possible.
Near the boundary of the existence of such a phase from the side of the
paramagnetic region, strong fluctuations of the magnetic order parameter,
i.e. paramagnons, must be manifested.

In the two-dimensional system of CuO layers in cuprate superconductors,
the electron spectrum is presented by the formula

e(t) = —2t cos kya + cos kya), (2.28)

and the chemical potential p is determined by the given electron concentra-
tion n. On the half-filling (n = 1), this spectrum has the nesting at the wave
vector ¢ = (, which induces a sharp peak in the spin susceptibility near this
point. This means an instability of the system relative to the formation of
the antiferromagnetic state with the wave vector () and the intensification
of spin fluctuations near the point of the magnetic phase transition.

Near the half-filling, when the system is really antiferromagnetically
unstable, the numerical calculations indicate that the superconducting order
parameter has d symmetry, i.e. the gap depends on the wave vector by the
relation (2.26).

The gap (2.26) is an alternating function of the wave vector (Fig. 2.12)
and has zero values on the diagonals.

Figure 2.12 shows that the wave function of a Cooper pair is equal to
zero just on the diagonals of the square. Therefore, the repulsive interaction
on these diagonals does not act on the pair, and a Cooper pair with the
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YA a

Fig. 2.12 Distribution of signs of the gap function in the limits of the Brillouin first band.

d symmetry survives even at large values of U. The superconductors with
the d pairing should have a number of particular properties which can be
observed in experiments. Many of these peculiarities are related to the zeros
of the order parameter. The quasiparticle spectrum at low temperatures
must give the power contribution to the thermodynamic properties, such
as the heat capacity, parameters of NMR, and the penetration depth of
a magnetic field, rather than the exponential one as in ordinary isotropic
superconductors.

The observation of such power contributions will indicate the presence of
a nontrivial order parameter with zeros on the Fermi surface. The totality of
experimental data for various HTSCs indicates the certain realization of the
anisotropic order parameter in them and, with a high probability, with the d
symmetry. The last circumstances present the important argument in favor
of the spin-fluctuation mechanisms of HT'SCs. One of them was intensively

69,71 who used a phenomenological

developed by Pines and his coworkers,
form of the magnetic susceptibility with the parameters determined from
the experiments on cuprates.

Let us consider this model in more detail. We introduce a Hamiltonian
which involves antiferromagnetic spin fluctuations, as was done in works by

Pinesf?70.
H = Hy + Hiy, (2.29)

where Hg is the Hamiltonian of free electrons. The interaction is described
by the Hamiltonian

Hiy, = é%mq)s(qw—q), (230
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where Q is the cell volume and ¢(q) the interaction constant;

1
s(g) =5 > W, 0w Wi (2.31)
a7ﬁ7k

_l’_
k+q,a
is the operator of creation of an electron with the momentum k + ¢ and

where s(q) is the operator of spin density, o4 is the Pauli matrix, W

the spin projection a, Wg is the operator of creation of a hole with the
momentum & and the spin projection B, and S(—q) is the operator of spin
fluctuations, whose properties are set by the correlator x (g, »)%7;

%ij(n, m) the spin susceptibility which is modeled by

_ xQ
wg @) =7 20— Q7 —iojou (2.32)

qz >0, gy >0,

where x¢ is the static spin susceptibility with the wave vector @ =
(n/a,m/a), & is the temperature-dependent antiferromagnetic correlation
length, and wgp is the characteristic frequency of spin fluctuations of the
paramagnon energy. All parameters are taken from experiments, including
the data from NMR studies.%? In this case, the interaction constant is a free
parameter of the theory. It can be determined by calculating some quan-
tity with the help of the Hamiltonian and by comparing the result with
experiments.
We now define the quantities ¥ and wgr as

2
XQ = Xo (%) B/, (2.33)
r
S e PP .

where ¥ is the experimentally measured long-wave limit of the spin sus-
ceptibility, B = w2, and T is the energy constant. The NMR data for the
compounds yield &(7¢.) = 2.3a, wgr = 8meV, I' = 0.4meV.

It is foreseen that the phenomenological Hamiltonian will give a self-
consistent description of the spin dynamics of the system in the sense that
the spin susceptibility calculated with its help (through the characteristics
of a quasiparticle spectrum, which themselves depend on the susceptibility)
will agree with values determined by the formula (2.32).



Physics of High-T. Superconductors 93

2.7.3 Continual model of antiferromagnetic spin fluctuations

The authors of Refs. 7881 proposed a continual model for the spin-
fluctuation mechanism of pairing which allows one to efficiently solve the
problem of thermodynamics for this mechanism.

Let us consider this model in more detail. We calculate the thermody-
namics which is set by the Pines spin-fluctuation Hamiltonian. We write the
Hamiltonian in the lattice representation

H = Hy+ Hi, (2.35)

H_—th;a JWo(n+p) + ZS n)y;' (n, m)S;(m)

F9D V() vemSicn), (2.36)
Hy = —tZwa n)ya(n + p) ZS n)x;; (0, m)S;(m), (2.37)
Hu =93 0i(n) (%)aB Yp(n)S;(n), (2.38)

where the sum is taken over all the sites of the infinite lattice (the lattice
constant is equal to a), p is the unit vector joining the neighboring sites, S;
is the spin operator, N = > (n)yy(n) is the operator of the number of
particles, ¢ is the half-width of the conduction band% ™ and Xij(n, m) is
the spin correlation function.

It is necessary to calculate the grand partition function:

exp{—B2(n,B,9)} = Trexp{—B(H — nN)}, (2.39)
1
B = k_Tv

where p is the chemical potential, g is the coupling constant and (., B, q)
is the thermodynamic potential.

It is convenient to use the formalism of continual integration for a sys-
tem of Fermi particles. The method of functional integration, i.e. the inte-
gration in the space of functions, was proposed by N. Wiener in 1925, but
the physicists paid no attention to this method. Continual integrals were
introduced into physics by R. Feynman? in the 1940s and were used for the
reformulation of quantum mechanics. Continual integration is one of the
most powerful methods of contemporary theoretical physics, allowing one
to simplify, accelerate and clarify the process of analytic calculations. The
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application of this method to a system with an infinite number of degrees
of freedom enables one to develop, in such a way, the diagram theory of
perturbations.

The grand partition function can be written in the form of a continual
integral®3:

exp —pR2 = N/HdSi(n)dxl;;r(n, T)dyy(n, 1) exp{— /0B d‘tL(‘[)}, (2.40)
with

2 = S0 ) () W) = ¢ 3 (9 4,

n7p

+92 W mD(3)  en oS )

+ % Z Si(n, t)xi_jl(n, m, 1)S;(m, 1), (2.41)

n,m

where L(7) is the Lagrangian of the system, and N is the normalizing factor:

N1 /HdSi(n) Ay (n,7) dba(n, 7) exp{—/: dtL(t g =g = 0)}.

(2.42)

We will use the matrix formalism to construct the theory of perturbations
for the Green functions. It is convenient to introduce a four-component

bispinor (Majorana):
; )
W= , 2.43
(—021!1* (2:43)

AU
V= (%)7

where o1 are the Pauli spin matrices. The Majorana spinor is a Weyl spinor
written in the four-component form.
Now, we can write L in the form

1 9 . .
L= ;) ¥(n, 1) Kroa - r°r5u> 8 —t(t—8)I'rs (2.44)
X Y(n+p,1) + % znj ¥(n, 1[5 W(n, 1)S (0, 1)

+ % Z Si(n, t)xi_jl(n, m, 1)5;(m, 1), (2.45)

n,m
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with

o= (?. é) (2.46)

10
=0 1)

where I'? are the Dirac gamma matrices, ¥ = WHT?, 5= dn,n+p, and I' are
given in the chiral representation.

There exists a connection between W and W : W = CWT, where C is the
matrix of charge conjugation, C' = I'’T'2, CT = —C. In terms of W, the
partition function takes the form

6_69 =N / H n dSz (n7 t) dlIJ(nv ‘[)6_ f(? (o) : (247)

We now use the method of bilocal operators® to calculate the grand
partition function. In this way, we obtain the Schwinger—Dyson equation
and the equation of free energy. The details of calculations can be found in
Refs. 78-81.

In order to calculate Q, we introduce a source of the bilocal operator®*:

B
e P = N / dS dVe — / dt[L(t) (2.48)
0

1 B T / /
+t3 ,;n/o ¥(n,t)J(m,n,t,tv)¥(m,t )]
The full Green fermion function is determined by the formula
G () = P2 / 48 AW W(n, V) B(m, V) expl--- 1 (2.49)

= (0|T¥(n, t)¥(m,1)|0).

Let us write the Schwinger—Dyson equation for the Green function G, by
using the method of the bilocal operator®!:
8F
el
F(G) =BQ(J = 0). (2.51)

0, (2.50)
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First, we consider the case of a free system. By integrating over the fermion
fields in the functional integral, we obtain

1 1
Fy =BQ(J) = =T Ln(Gy' — T + J) + 5 Trin Gy, (2.52)

-1

o .
Go = FOa —t(1-§rers| . (2.53)

For the interacting system, the free energy takes the form
F = Fy+ Fin. (2.54)

We represent Fit as a series in g: Fiyy = anl(gz)Fn. In the lowest order

in g, we get the relation
2

Fy = ~ LTI G TG — 26T G Yy, (2:55)

where the Green function for fermions and spins is as follows:

(U(z,1)¥(y, 7)) = Gz, 1y, 7),

(Si(z, 1) S;(y, V) = xaj(z, 11y, T). (2.56)
Taking the condition 8F /3G = 0 into account, we obtain the Schwinger—
Dyson equation:

Gl =Gyl —Tsp + %{F’TTFJGXU — TGy}, (2.57)

where 'y and ' are Dirac matrices (Fig. 2.13).

Here, the straight line corresponds to the Green function for fermions G,
and the wavy line to the Green function for spins x; j (= 8;;% ). The equation
for free energy

= —%Tr{FZG TrTY G — 2GT'GT Yy, (2.58)
—— = e+ @—; +
g} G;y!

Fig. 2.13 Graphical form of Eq. (2.57).

OO =+ &

Fig. 2.14 Graphical form of the right-hand side of Eq. (2.58).
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where G and y;; are, respectively, the Green fermion and spin functions,
corresponds to the contribution of two vacuum diagrams (Fig. 2.14).

2.7.4 FEquation for the superconducting gap

From Eq. (2.57), it is easy to deduce the equation for a gap, which can be
found in Ref. 70. By executing the Fourier transformation

(

n/a W, = 2”%1)" for fermions,

G ko ionTt—tk X
G(z,1)= Y o (Qn)QG(k,wn)e o

W wp = =5 for bosons,

we rewrite Eq. (2.57) in the momentum space as

— 2 > n/a d2
-10, 5 — 1 s 9 p
G (kio,) = Gy (k,iwy,) + 18 m;@ /_n/a 2n)?
X [['T5TrT'T5G (P, iwy,) — 2T T5G(p, i0y,) ['Ts)
x x(k = p,io, —iony), (2.59)

where we set ¥;; = 35X,

e 0 {iwon — (s(k) — )}
Gy (kyiwn) = ({iwn +e(k) — I 0 )
= Miw, — MT;(e(k) — p), (2.60)
e(k) = —2t[cos kya + cos kyal. (2.61)

In accordance with the standard relation of the diagram technique, we
denote the free energy by X(k,iw,). Then we have

Gk, im,) = Gyt (k,iw,) — 2(k, io,), (2.62)
and Eq. (2.57) is the equation for X. We write the solution for X in the form
Y =T°A+TTsB + A +IOT5T7A,, (2.63)

where A, B, A and A; are functions of k and iw,,.
By determining the matrix which is inverse to (2.62), we get
M(w, —A) —TT5(e(k) —pn + B) + A +T°T5
(on— AP — (k) —n + B — AZ_A7

Gk, iw,) = (2.64)
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Substituting (2.64) and (2.63) in (2.63), we obtain the system of equations
for the functions A, B, A and A;:

Ak, o) = Z/ dp zwn—A(p,zwm)

D(iwp, p)
X x(k —p, i, — iwm) (2.65)
d2p e(p) — W+ B(p,iwy,)
Bk, iw,) = / ’
P Z D)
X x(k — p,iw, — ionm,), (2.66)
d’p A(p,iom)
A n) =
ke, oo Z/ 27)2 D(iwm, )
X x(k = p,io, —iwn), (2.67)
°p Ai(p,iomn)
Ai n -
ke, oo Z/ (27)2 D(iwm, P)
X x(k = p,io, —iwn), (2.68)
where
D(iwp,p) = (0p — A)? — (e(k) — p + B)2. (2.69)

Equations (2.67) and (2.68) correspond, respectively, to the singlet
and triplet pairings. Moreover, the singlet channel is characterized by the
repulsion, and the triplet one by the attraction. Therefore, it is necessary to
take the trivial solution, A = 0, of Eq. (2.67). In the following calculations,
we will neglect the contributions from the functions A and B, which leads
only to the renormalization of the wave function and the chemical poten-
tial, and we will study only Eq. (2.67). By neglecting A? in the deno-
minator, we get the linearized equations for Ay which determine the critical
temperature 7.

For the correlation function ¥ (g, i®wy, ), we will use the dispersion relations

. do’ Im ,
% (¢, ioon) = __/ ¢
T o G0, — @

_ 1 UO %JF/OOO do’Im x(g, =] 4 79

T Wy, — o 1wy, + o
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C

\ 4

C.

Fig. 2.15 Integration contour C' = C1 + Cb.

In order to sum over m in (2.70), we consider the contour C' = C; + C5

(Fig. 2.15).
(2n+1)n

The following formula for w, = 5 is valid:
- F(w)d
S Fliog) = B[ Flwde  f [ Flo)do =,
et 2w cexppo+1 271 Jo exp —Pw + 1
or
S B 1 / B
n) = ———= th—d 2.72
Y Flion) = 55 | Flo)biZdo (272)

Taking into account that Im (¢, —») = —Im ¥ (¢, w), Eq. (2.70) can be
reduced to

. 1 [ 1 1
¥(q,iwy,) = —;/0 do'ITm ¥ (q, »') [ - = = /]. (2.73)

Wy — O LWy + O

With the help of the formula (2.72), we can rewrite (2.67) in the form

A(k,iwn)ZS (27[@ / /dwF p,® / do'Imy (k — p, o)
! ]thﬁw (2.74)

X = — =
Lwn—w—w’ i, — o+ o 27

where
A(k, 1Wp)
w? — (e(p) — )%

F(p,w) =
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After some calculations and transformations, we get the general formula
for the superconducting parameter’® 8!

2 rmja 32 thPE®—1)
Re(k,w):g—/ d'p { 2

8 —7/a (27[)2 2(8(13) - M)
x [Rex(k —p, o — (¢(p) — 1))
+Rey(k —p,w+ (e(p) — p))]

x ReA(p,v) — 2 /OO d—Ucth%Im x(k — p,v)
g T
y [ (0 —v)* = (e(p) —p)* — 8
(@ =0 — (o(p) — )2 — 522 + A(w — OB

x ReA(p,w —v)

(0 +v)? — (g(p) —p)? — 9
(0 + 0 — (2(p) — )2 — 522 + 4w — V)27

} 0275)

w® — (e(p) —p)* — 8
Re F 1d) = ReA . 2.76
If the superconducting gap depends weakly on the frequency, then
A(k,w) ~ A(k,0). In this case, we set @ = 0 in Eq. (2.75). Considering
the relation Rey (¢, w) = Rex(¢, —») and making the simple transforma-
tions, we obtain an equation similar to that in Ref. 70:

2 n/a 2 thﬁ(E(P)—M)

g p 2
Ak) =L P k — Y R —
w=5/ (QK)Q{Rem p£(p) ) Tt

X ReA(p, w + v)

+ 2/ d—UcthB—UIm x(k — p,v)
0 T 2

[(S(I)) - M)2 — 2 + 82]2 4 401282 (277)

(e(p) = w)? = v* 4+ } Alp).

It is important that our method of calculations yields a more general
equation for the superconducting gap than that obtained by D. Pines. Our

equation coincides with the Pines equations after some simplification, which
is the test for our calculations.
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2.7.5 Thermodynamic potential of antiferromagnetic
spin fluctuations

For the free energy, we have the equation

F(G) = BQ = —%Tr[lnGoG_l (G 4+ TG

- §—2TI'{F1GT7’F]GX¢]’ - 2GF1GF]XZ'J‘}, (278)

where G satisfies Eq. (2.57). We now multiply Eq. (2.58) by G and take the
trace, Tr. This allows us to obtain

%Tr{FzGTrFJGxij—2GFzGFJ Yij} = —Tr{(G5 ' +T°Tsn)G—1}.  (2.79)

Using (2.57), we can rewrite the relation (2.79) for the functional of free
energy calculated with the use of solutions to the Schwinger—Dyson equation
in the form

pQ = —%Tr {lnG 4= (G + IT5p)G — %} (2.80)

By implementing the Fourier transformation, we get

Q- Ly f: /n/a &k Tr[lnG (k, iw,) Gk, iwy,)
2B o/ -1/a (2T[) o o

+ (G (k,iw,) + TTsp)G (k, iwy,) — %} , (2.81)

where V' is the two-dimensional volume (the area of the cuprate plane) and
Tr stands for the trace of a matrix.
For the free energy functional Q(A), we have the formula

Z/ dzk [lnGo(k,iwn)_l(k,z’mn)
1

1
+ §(G;1(k, iwy) + r°rsp)G(k, iy, ) — 5} , (2.82)
where G5 1(k,iw,) = r%w, — r°rse(k), and G(k,iw,) is given by the for-
mula (2.57). We note that the functional Q(A, ) is normalized so that
Q(A =0, =0) =0.
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By calculating the trace of the r matrix, we obtain the expression

Q( i Z 0)21+(8—M)2+A2
T B — 2*7[ w2 + &2

A2
— . 2.
w%—i—(s—u)z—i-A?] (283)

By using the formula

> w2 + b? o B Bva? + x
Z In— 5 = dx th
. opta 0 2Va? +x 2
Vb2 hBb
- S th? 2“6 =22 (284)
2V + h7

we get the equation for the thermodynamic potential:

d’k 2 chd\ /(e —p)Z 492
Qa)=v [ ZE 1 2y E
w=vf <2n>2{ N

A’ PV~ 5)2 +A° } (2.85)

+
2¢/(e — )%+ A2
By making some transformations and calculating the traces of I matrices,
we arrive at the equation

Q(n) - / - / LN

eB“’—I-l[wz—(s(k—pL)] ’

By expanding the contour C and calculating the contribution to the

(2.86)

integral at poles w = £(g(k) — ), we get
Vv d2k A4 (k)
RAA) = / — 2
L8 _thzﬁ(g( 0 —w)
a s(k)l— MthS(k)2_ - (2.87)

where e(k) describes the spectrum of two-dimensional electrons; the free
energy F'is connected with the thermodynamic potential & by the relation
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F =pQ; Q(A) and ©(0) are the thermodynamic potentials at 7' < T, and
T > T, respectively, and V is the two-dimensional volume (the area of a
cuprate layer).

It is easy to verify that despite the presence of the factors [e(k) — p] in
the denominator of the formula (2.87), no singularity on the Fermi surface
¢(k) —  is present.

Equations (2.85) and (2.87) (at T' ~ T.) can be a basis for calculations of
various thermodynamic quantities, including a jump of the heat capacity.

A similar method of calculations was developed by S. Weinberg.8

2.7.6 Heat capacity of the d pairing

Equation (2.85) yields the following formula for the thermodynamic poten-
tial: Q(A)™

Q(A):V/dQ_k{ 2 chb(\/(e®) — W7 T AK?)

G| B ch®
A(k)2 \/(g(k) _ M)z T+ A(k)2
’ 2¢/(e(k) —n)? + A(k)2th 5 } (2.88)

Here, V is the two-dimensional volume (the area of a cuprate layer), A(k)
is the superconductor gap, k is the momentum of an electron, and (k) =
—2t[cos(kzya) + cos(kya)] gives the spectrum of two-dimensional electrons.
The heat capacity is calculated by the formula
9’Q

ek

The results of calculations of the heat capacity C are given in Ref. 45.
We have carried out computer-based calculations of the heat capacity of
the compound YBasCusgOgg3. The equation for the superconductor gap A
was obtained in Sec. 2.7.5. The task of solving the integral equation was
reduced to that of an algebraic equation which was solved by the method

C=-T (2.89)

of iterations.

The equation for the superconductor gap depends on the spin correla-
tion function. For it, the necessary data were taken from Refs. 69 and 70.
In calculations, we used the following values of parameters of the correlator:
wsr(Te) =~ 7.7meV, xs(Q) = 44eV, £/a =~ 2.5t = 2eV, p = 0.25 and
T. = 95 K. We chose a value of the constant g which satisfies the relation
2A /KT, = 3.4, similar to that in Refs. 66 and 67. The results of numerical



104  Modern Aspects of Superconductivity: Theory of Superconductivity

calculations are presented in Fig. 2.15, where we can see the temperature
dependence of the electron heat capacity: 1 — a curve which is an approxi-
mation of the results of computer-based calculations (crosses); 2 — a curve
which describes the exponential BCS dependence. These results are in good
agreement with experiments made by A. Kapitulnik and co-workers®® at low
temperatures.

The calculations indicated a square dependence of the heat capacity on
the temperature in the temperature range from zero to the superconducting
temperature. It was shown?>46:780 that the dependence has the form

C = AT?, (2.90)
where A = 0.126 J/K3 mol.

2.7.7 Heat capacity jump in superconductors

In what follows, we present the results of calculations of a jump of the heat
capacity near the critical temperature,

O’ AQ 1

o PE
and evaluate the parameter R = AC/yT,. Omitting the awkward and quite
complicated details, we will give the final results.

We obtained R = 1.6. This value of the parameter is larger than that in
the BCS theory, where R = 1.43. It is worth noting that the heat capacity
jump is very sensitive to the doping. Figure 2.16 shows the results of recent
calculations by one of the authors®® for R as a function of the doping. It

AC = —T (2.91)

is seen that this parameter depends strongly on the doping. By using these
results, it is possible to evaluate the condensation energy for HT'SCs which
is proportional to R?.82

The calculations imply that the heat capacity depends on the temper-
ature as T2. Analogous results were obtained for the physics of heavy
fermions.”! It was shown in this work that d symmetry leads to a linear
dependence of C'/T on the temperature, whereas s symmetry is related to
the exponential dependence of this quantity on the temperature. The linear
dependence of C'/T on the temperature was observed in the experimen-
tal works (Refs. 87-90) for YBaCuO superconductors. The experimental
results are presented in Fig. 2.17. As was mentioned above, the problem of
the determination of the symmetry of a gap in cuprate superconductors is
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Fig. 2.16 Temperature dependence of the electron heat capacity: 1 — a curve which
is an approximation of the results of computer-based calculations (crosses); 2 — a curve

which describes the exponential BCS dependence, with the points giving the experimental
data.8¢

R(T.) T,
4 T T T T T T T 100
35 - h
3 - - T, .
25 - n
2 L 50
1.5
1 -
0.5
0 1 1 1 1 1 I 1 0
0 01 02 03 04 05 06 0.7 08
X

Fig. 2.17 The parameter R(T¢), which characterizes the heat capacity jump as a function
of the doping for Y¢.sCag.2BasCuszO7_,. The solid curve presents the results of theoretical
calculations; the points mark the experimental data.®®
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urgent at the present time. Many experiments have confirmed the d sym-
metry of the pairing.m’ 68 In particular, we mention new e><;periments,68 in
which the researchers have studied the quantization of magnetic flows in a
ring which includes three Josephson junctions. These works supporting the
existence of d pairing in HTSCs were marked by the Barkley Prize. It was
also shown that the sign of the order parameter in YBasCuzO7_5 depends
on the direction. This dependence corresponds to the dg2_,» symmetry.
The temperature dependence of the electron heat capacity obtained in

our calculations?80

is related to the d pairing. These thermodynamic cal-
culations can be a supplementary test in the determination of the pairing
symmetry in HTSCs.

It should be noted that thermodynamic calculations clarifying the behav-
ior of HT'SCs have also been performed in Refs. 92-95 in the frame of the

other mechanisms of pairing.

2.8 Summary

High-temperature superconductivity is a dynamical field of solid-state
physics which has been intensively developed by theorists and experi-
menters. By summarizing the physical properties and the mechanisms of
superconductivity in new HTSCs , we wish to separate the main properties
and the theoretical problems arising in the studies of HTSCs.

In order to comprehend the nature of the superconducting state, it is nec-
essary to construct a consistent microscopic theory which would be able to
describe superconductive and normal properties of HTSCs. It is seen from
the above-presented survey that many mechanisms of pairing in HTSCs,
proposed as the explanations for this phenomenon, have been advanced. On
the whole, the most probable seems to be the “synergetic” mechanism of
pairing, whose constituents are the electron—phonon interaction, spin fluc-
tuation, and other types of interaction in cuprate planes.

We believe that the known challenging properties — which are contra-
dictory to a certain extent — of many chemical compounds in the super-
conducting and normal phases can be explained only by considering the
interaction of all the degrees of freedom, such as lattice-, electron- and spin-
related ones. In this case, it is also necessary to take into account the com-
plicated structure of HTSCs. Further development of the theory will require
not only the execution of bulky numerical calculations, but also the solu-
tion of a number of fundamental problems concerning the strong electron
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correlations. It seems to us that one of the key problems in the field of

superconductivity is the mechanism and the symmetry of pairing.

We have shown above that some thermodynamical problems of high-

temperature superconductivity, in particular the problem of antiferromag-
netic spin fluctuations, can be efficiently solved within the method of
continual integrals. We conclude with the following remarks:

(1)

The thermodynamic theory of antiferromagnetic spin fluctuations in
HTSCs has been constructed. The method of functional integration was
applied to the calculations of the superconductor gap and the thermo-
dynamic potential. The Schwinger—Dyson equation and the equation for
the free energy were deduced.

From the Schwinger—Dyson equation, the equations for the supercon-
ductor gap, which are used in the numerical calculations within the
thermodynamics of HTSCs, were constructed. The analytic formulas
for the thermodynamic potential and its jump were obtained.
Numerical calculations of the temperature dependence of the electron
heat capacity were carried out, and it was shown that the electron heat
capacity is proportional to the square of the temperature. It was empha-
sized that such a temperature dependence is related to the d pairing.
It was shown that the measurement of the temperature dependence of
the heat capacity can be a supplementary test in the determination of
the type of pairing symmetry in HT'SCs. The jump of the heat capacity
of cuprate superconductors near the critical temperature was evaluated
as well.
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CHAPTER 3

Multiband Superconductivity

3.1 Introduction

In this chapter, we present the theory of superconductivity with regard
to a complicated multiband structure of superconductors. Calculations of
the band structure of cuprate superconductors indicate that several energy
bands intersect one another on the Fermi surface in these compounds,’® and
the Fermi surface passes through high-symmetry points which correspond
to the Lifshitz electronic topological transition. In addition, the discovery of
two-gap superconductivity in two-band superconductors MgBy allows one
to consider the possibility of using a multiband theory of superconductivity.
In Sec. 3.2, we analyze the problems of multiband superconductivity and
superconductivity at room temperature. In Sec. 3.3, we study the physical
properties of superconductors MgBs and problems of two-gap supercon-
ductivity, as well as the phase diagram for superconductors MgBy on the
basis of the renormalization group approach. In the field of superconduc-
tivity, we meet the problem-maximum — the creation of room-temperature
superconductors. We consider this problem in our book and give some rec-
ommendations on the search for these superconductors. The results of this
chapter were obtained by the authors and published in Refs. 96-103.

The theory of superconductivity arising from the electron—phonon inter-
action mechanism by Bardeen, Cooper and Schrieffer (BCS)!%* has been
well established, and it is now the standard theory for superconductiv-
2,3,6,15,16,104 1y Chap. 2, we have considered non-BCS mechanisms via
spin fluctuations, charge fluctuations (plasmons) and electron excitations

ity.
(excitons), which have attracted great interest, for example in relation to the

possibility of high-T, superconductivity. These mechanisms have the com-
mon characteristic that the electron—electron (e—e) interaction is an origin

108
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of the superconductivity. After the discovery of the high-T,. copper oxides,?
Anderson® emphasized an important role of the e—e interaction. Over the
past decade, many non-BCS theories!®~11 have been proposed, but they
do not converge as a unified and well-accepted theory yet. On the other
hand, experimental studies on copper oxides have revealed the following
characteristics:

(1) These species are antiferromagnets before doping, in accordance with
the importance of the e—e interaction;

(2) The high-T, superconductivity appears in the intermediate region of the
metal-insulator transition and disappears in the metallic or overdoped
region.112-114
Accumulated experimental results on the species and related materials

suggest a guiding principle that the doping in magnetic systems, more gen-

erally charge-transfer (CT) insulators, may provide several exotic phases
which are

(a) Ferromagnetic metal or insulator,
(b) Spin glass,

(c) Paramagnetic metals,

(d) Antiferromagnetic metals,

(e)

(f

Ferrimagnetic metal or insulator,
Charge- or spin-mediated superconductor.

Relative stabilities of these phases should be dependent on several factors.
The theoretical description of such phases and phase transitions in a sys-
tematic fashion is quite hard. Recently, the importance of multiband effects

in high-T, superconductivity has been pointed out.3 16:104
98,101

In the framework
of the two-particle Green function techniques, it is shown that a class
of new so-called coupled states arises in the electron—phonon system. The
model numerical calculations have shown that the superconducting (SC)
gap depends on the number of bands crossing the Fermi level, and the tem-
perature dependence of the SC gap for high-T, superconductors is more
complicated than that predicted in the BCS approach. We have also inves-
tigated anomalous phases in a two-band model by using the Green function
techniques.'%1:103 The expressions for the transition temperature for sev-
eral phases have been derived, and the approach has been applied to the
superconductivity in molecular crystals by charge injection and field-induced
superconductivity.



110  Modern Aspects of Superconductivity: Theory of Superconductivity

In this chapter, we investigate the superconductivity by using the two-
band model and the two-particle Green function technique. In the framework
of the two-band model, the coupled states in the electron system and the
conditions under which the coupled states can appear are investigated. We
apply the model to the electron—phonon mechanism within the traditional
BSC method, the electron—electron interaction mechanism for high-T, super-
conductivity, and the cooperative mechanism in relation to the multiband
superconductivity.

3.2 Multiband Hamiltonian

In this section, we summarize the two-band model for superconductivity,
introduce a two-particle Green function and investigate the spectral prop-
erties of the model.

3.2.1 Hamuiltonian

We start from the Hamiltonian for two bands ¢ and j:
H = Hy + Hint, (3.1)
with

Hy =Y [lei — Waj,aio + g5 — W0, @ko) (3.2)
k,o

1
. 1110
Hint - Z E E aByBazpla ngBa1P3Ya1P45 + (Z - ])
3(p1+p2,p3+pa)apyd

+ F:xzﬁj\zﬁazplu Zp26a]’p3ya]’p48 —+ (z — j)
* F:"Jg\zaalpla jpzﬁazpsvajp@ + (Z - ])] (3‘3)

where I is the bare vertex part,

Fffgﬁ’g = (ip1a jp2B [ kp3y IP4d) 8as 3gy — (iP10t jP2B|IP4d kP3Y) Sary O3,
(3.4)
with

(ip1ajp2Blkp3ylps) = / dry dradiy, o (r1) 075, (r2)

X V(rhr2)¢kp3y(r2)¢lp48(r1)v (35)
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and alp(y (aipo) is the creation (annihilation) operator corresponding to the
excitation of electrons (or holes) in the ith band with spin o and momentum
P, W Is the chemical potential and ¢;,, is a single-particle wave function.
Here, we suppose that the vertex function in Eq. (3.3) consists of the effec-
tive interactions between the carriers caused by the linear vibronic coupling
in several bands and the screened Coulombic interband interaction of car-
riers. When we use the two-band Hamiltonian (3.1) and define the order
parameters for the singlet exciton, triplet exciton and singlet Cooper pair,
the mean field Hamiltonian is easily derived.?6-100:115,116 Here we focus on

four-electron scattering processes:

ii |ii) = (jj|74),

)

it]jg) = (il

( )
(i )
(2 lig) = (jilji),
( ).

ij|ji) = (jilij

g1 and go represent the intraband two-particle normal and umklapp scat-
terings respectively, g3 is the interband two-particle umklapp process and
g4 indicates the interband two-particle interaction on different bands (see
Fig. 3.1). Note that I'’s are given by

iy = T2 = g1 (asdpy — Buyds),

Tiins = Doy = 92(Basdpy — BaoBps),

F;]B?g Figjyg — 938(!8633/ 948(!\/8683 (310)

where an antisymmetrized vertex function I' is considered to be a constant
independent of the momenta.

=g,

£3 “B4

i J=f i J.>. ..>..’ — i

Fig. 3.1 Electron—electron interactions. Dependence of g on the direction in the momen-
tum space is ignored in this model, g,(k) ~ g,(z = 4,7). We assume that g, is constant.
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The spectrum is elucidated by the Green function method. Using Green
functions which characterize the CDW (charge-density-wave), SDW (spin-
density-wave) and SSC (singlet superconducting) phases, we obtain a
self-consistent equation, according to the traditional procedure.!3 96:115,116
Then, we can obtain expressions for the transition temperature for some
cases.

In the framework of the one-band model, the electronic phases are char-
acterized by

—g2 — 293 + g4 > 0, for CDW,
go + g4 > 0, for SDW,
—g1 > 0, for SSC.

In the framework of the two-band model, we have already derived
expressions of the transition temperature for CDW, SDW and SSC. In
the previous papers,? 96115, 116 we have investigated the dependence of T,
on the hole or electron concentration for the superconductivity of copper
oxides by using the two-band model and have obtained a phase diagram of
BigSroCag . Y, CuyOg (Bi-2212) by means of the above expressions for the
transition temperature. The dependence of T, on Ap can be reproduced in
agreement with the experiment.!396:115.116 Recently, we have also obtained
phase diagrams of copper oxides, anthracene, oligothiophene and Cgg crys-
tals by using the analytic solutions.!3 96: 115,116

3.2.2 Two-particle Green function

9698 (see also

In this subsection, we introduce a two-particle Green function
Appendix A) to investigate the physical properties of superconductivity in
the two-band model. In statistical mechanics, Green functions are a conve-
nient generalization of the notion of correlation functions. Like the latter,
the former are closely related to the calculations of observables and give the
well-known advantages in the construction and the solution of equations.

First, let us define one-particle Green functions:
Go(k,t' — t) = (—iT [avks(t)aly, (1)), (3.11)

where o and v represent labels for a spin and a band, respectively. The
equation for a Green function derived by using the two-band model (3.1) is
written as

i%<—iT [avko (t) e, (t)]) = 8(t — ) + <—iT [i(%%z(t)a:;kc (t’)D, (3.12)
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where
iaaukc(t)
ot
The equation for the Green function (3.12) is rewritten after inserting
Eq. (3.13) as

= [avka]. (313)

(T ko (1) (1)
=3t — ') + [ev — W(—iT [avio (t)ai, (1)])

1 5B
+ 5 Z Z g1 (BGBBBV - SUVBSB)GYUU:U (p37p47p27k;t7t,)
Bvd 8(k+p2,ps+pa)

1
+t3 XD 9ty —dndw)Gh (Pspa P2 kst t)
v Byd 3(k+p2,p3+p4)

1 Z Z Z 5
+ 5 (938088&/ - 9480y868)GgU§Z,U (p37 P4, P2, k7 t7 t/)7
v Byd 3(k+p2,p3+pa)

(3.14)
where
Spo .
G;ﬁuu (p37 P4, P2, k; t, t/) = <_ZT [avpgy(t)avp@(t)aijB(t - O)a'j)_ko' (t/)]>,
(3.15)
;i/ﬁjw (p3, P4, P2, k; £, 1) = <—iT [avngy(t)avzmg(t)ajmﬁ(t — O)ajka(t’)b,
(3.16)
Spo .
GLP? (P3P P2, kit 1) = (=T [aupyy () awp,s (a4 (t — 0)al, (t)]).
(3.17)

v’ indicates a band different from v. To calculate the density of electron
states, we have to focus on the case where t' — t—0. The two-particle Green
functions in Eq. (3.14) is rewritten as Ga(ps3, P4, P kst — ') (t' — t —0).

In this study, we investigate only the spectral properties of two-particle
Green functions for the superconductivity. Therefore, we focus on the fol-
lowing two-particle Green function:

GEEES\, (p3a P4, P2, k; t, t/) = <_ZT [aUpgy(t)aUp48(t)ajp2B (t/)a“jkc (t/)]> (318)

For simplicity, we consider only three cases: (i) g1 # 0 and others = 0;
(ii) g2 # 0 and others = 0; (iii) g1 # 0, g2 # 0 and others = 0.
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3.2.3 Traditional superconductivity

In general, in the framework of the BCS theory, the Hamiltonian is
described by a single-band model. In the effective electron—electron inter-
action (Eq. (3.1)), we consider that g; # 0 and others = 0 and focus only
on the single-band model. According to the approach!®! used for phonon
systems which is based on the method of Bogoliubov and Tyablikov,'4® we
can derive the equation for a two-particle electron Green function. The spec-
tral features of the electron system in the mentioned region of energy are
described by the Fourier transform of this function. For the simplest case of
a one-electron zone crossing the Fermi energy level, it can be given as

f(kv kl? (")) Zo,o’ (1)(0', 0/)

GYaBG —
1 —glqu((ﬂ,k,k,,q)7

2UUUU

(P3; P4, P2, kst — 1) (3.19)

where

_ v _ v
2 Ngtq ~ Mki—q

K("‘)akv k,7q) = (320)

oV oV :
2w €rtq ~ EK—q

ny indicates the filling number of electrons and ¢ is the effective Fourier
transform of the e—e interaction. If the e—e interaction constant renormal-

ized by the electron—phonon interaction becomes negative, coupled states

96-98

will appear in the electron system. In the previous papers, we have pre-

sented analysis of the spectral properties of the two-particle Green function.

96-98

According to the same procedure, we obtain the equation for coupled

states in the electron system:

A
1 —g1N(ey) {—ln 1-— ~ } =0, (3.21)
where
N(ep) = V2mums, mie(2 — Mg — nﬁ,_q) , (3.22)
E=Ef
N 1

exp[(eg — £ /1] + 1

a=2w—gr—Ay,—E), E=k/2m, ¢ = ¢*/2m and m} = m,/m. m}, means
the reduced effective mass of the electron in the crystal energy zone. m is
the mass of the free electron ey — the Fermi level. If g; < 0, we can find
solutions to Eq. (3.21) for superconductivity.
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3.2.4 Copper oxides

In copper oxides, the effective e—e interaction go is important for realizing
the high-T,. superconductivity.'3% 136 Therefore, we consider that g # 0 and
others = 0. The two-particle Green function (3.18) is rewritten as

f(kv kl? (")) Za,c’ (1)(0, 0/)

GYSBO’
1- g% Z(qu KQ(wv ka kl? q, q/)

2UUUU

(P3; Ps, P2, kst —t') = (3.24)

where

(2 - ng—‘rq—q’ B nt)c/’—q+q’)(2 - nﬁ-&—q B nt)c’—q)

(2“) - 8ﬁ/—i-q—q’ - Sﬁ/’—q+q’)(2w - Sﬁ—i-q - 8ﬁ’—q)
(3.25)

we study the sit-

uation near the extremum (minimum or maximum) of the electron zone.

Then we suppose that k = k' = k¢ + k”, and epo = € corresponds to the

extremum of the zone. We expand the energy in the momentum k + q in a

series up to terms of the second order and suppose that the energy extremum

is located near the Fermi-level energy. Then, the sum in the denominator of

KZ ((l)7 ka kla q, q/) =

According to a similar procedure in previous papers,’6:98

Eq. (3.24) is approximately reduced to the following expression:

(1 - sz)(l - %)‘ (3.26)

Therefore, we obtain the equation for coupled states in the electron system:

(1-2)(1-2) <0 @

From Eq. (3.27), we find the possibility of the existence of a solution for
the coupled states, if go # 0. Thus, the effective e—e interaction go with a
positive value contributes to the superconductivity.

> Koo,k K, q,q) ~ N(ef) N (e ) In
9,9’

1—g3N(e})N (e} ) In

3.2.5 Cooperative mechanism

Here, we consider that g; # 0, go # 0 and others = 0. In a similar way, the
two-particle Green function (3.18) is approximately derived as

GvSBc

2UUUU

(P3, P4, P2, kit — 1)
f(ka k/a 0)) Zc,o’ d)(G? G/)
[1—(91+92) X g K (o, kK, q)][l = (91 — g2) g K (0, k, K, q)]’
(3.28)
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where K(w, k,k’,q) is as given by Eq. (3.20). The summation in the denom-
inator of Eq. (3.28) is performed in a similar way, and the equation for
coupled states in the electron system is approximately derived as

A
1——H:O.
a

(3.29)

When g1 + g2 < 0 or g1 — g2 < 0, we can find solutions to this equation.

1— (g1 + g2)N(eg) In

- éH 1= (- @V

3.2.6 Room-temperature superconductors

In the previous subsections, we have approximately calculated two-particle
Green functions for three cases — traditional superconductivity, copper
oxides and the cooperative mechanism — in the framework of a two-band
model. From these Green functions, we have derived the equation for cou-
pled states for each case. In the case of a single-band model, which indi-
cates traditional superconductivity such as the BCS theory, it is necessary
that the effective e—e interaction be negative (g1 < 0) in order to realize
the superconductivity. The maximal transition temperature for the super-
conductivity predicted by the theory is about 40 K. On the other hand,
we can expect, in a two-band model for negative g1, that the transition
temperature becomes higher than that derived within a single-band model,
because of the tunneling of Cooper pairs between two bands. The tunneling
of Cooper pairs causes stabilization of the order parameter of the super-
conductivity.11%120:129 Tp the framework of a two-band model, we consider
that the Fermi energy level crosses with two bands. The results derived
from the two-particle Green function in the previous section suggest that
the superconductivity appears for g, < 0 or g, > 0. Note that g, con-
tributes to SDW. From the results derived from calculations involving g3
and gy (cooperative mechanism), we expect a higher 7, than that of copper
oxides.

On the basis of the results obtained in this section, we present a schematic
diagram for superconductivity, shown in Fig. 3.2. The mechanism of high-T
superconductivity of materials such as copper oxides might be around the
cooperative mechanism in the figure. In what follows, we calculate a two-
particle Green function in the two-band model and derive an equation for
coupled states. In the framework of the two-band model, the results predict
that superconductivity appears even if the e—e interaction is positive. We can
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Fig. 3.2 Schematic diagram for superconductivity. MB means multiband effects.

expect that the transition temperature is higher (300 K) than that for copper
oxides by the cooperative mechanism.

Let us discuss the problem of superconductors operating at room tem-
perature (RTSCs). It is obvious that the main task in the field of super-
conductivity is the fabrication of materials with superconducting properties
at room temperature. The study of HTSCs is only a stage on the way to
the main purpose, namely to the development of RTSCs. At the present
time, the highest known 7, = 135K (at the atmospheric pressure). Now
there occurs a wide-scale search for such superconductors. Since none of the
known physical laws allows one to exclude the possibility for RT'SCs to exist,
the future discovery of RTSCs seems to be without doubt. New materials
are created by means of physical and chemical modifications of the known
compounds, including the application of nanotechnological methods. The
creation of new materials with preassigned physical properties is one of the
actual problems of modern science. At present, various approaches are being
developed in order to avoid the labor-consuming sorting of different chem-
ical compounds and conditions of synthesis, i.e. to optimize the solution of
this problem. One of the most efficient and promising solution is the method
of structural design. In Ref. 121, the structural design was used in solving
the problems related to the search for new HTSCs on the basis of complex
copper oxides.

We now present the recommendations concerning the search for new
HTSCs with higher critical temperatures which were advanced by the Nobel
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Prize winner K. A. Miiller.'22 He divided the well-known HTSCs into three
classes:

(1) Layered cuprates,
(2) MgBs,
(3) Doped fullerenes of the type K3Cgp.

Miiller emphasizes that the discovery of cuprate superconductors was pro-
moted by the concept of Jahn—Teller polarons. Two singlet polarons form a
bipolaron. Bipolarons are able, in turn, to form metallic clusters (stripes).
Miiller indicated the following factors which should be taken into account
in the search for new HT'SCs:

(1) Superconductivity is favored by a layered (quasi-two-dimensional)
crystalline structure;

(2) Oxygen ions are proposed as anions;

(3) Fluorine, chlorine and nitrogen can be considered as well.

It is worth noting that the recent discovery of FeAs superconductors elimi-
nated the monopoly of cuprates in the physics of HT'SCs. It is possible that
new superconductors should be sought in the other rows and columns of
the periodic table. It is necessary to concentrate efforts on the purposeful
search for and the creation of new HTSCs.

3.3 Two-gap Superconductivity in MgB,
3.3.1 The physical properties of MgBs

Recently, the superconductivity of MgBsy with T, = 39 K, which is the high-
est temperature among two-component systems, was discovered.'?* The
great interest in the study of magnesium diboride is related to the fact
that MgBs has occupied the “intermediate” place between low- and high-
temperature superconductors by the value of T.. Therefore, modern litera-
ture calls MgBy a “medium-T7, superconductor” (MTSC). The low cost of
this superconductor also makes it economical for use. We recall that wires
made of cuprate superconductors include 70% of silver, which is expensive.
An important peculiarity of MgBs is its quasi-two-dimensional structure of
the AlBs type. Interestingly, AlBs is not superconducting. Note that MgBo
is another example of the crucial role played by the lattice structure regard-
ing superconductivity.'?? It is an “old” material which has been known since
the early 1950s, but only recently discovered to be superconducting. MgBs
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has a hexagonal structure''®; see Fig. 3.3.2% The results of calculations of the
temperature dependence of the specific heat of MgBs given in Fig. 3.5 follow
the corresponding experimental data. The band structure of MgBs has been
calculated in several works since the discovery of superconductivity.'?® The
electronic properties of MgBs are plotted in Fig. 3.4. The band structure of
MgBs is similar to that of graphite and is formed by the ¢ and 7 zones.

Mg

Fig. 3.3 The structure of MgB2 containing graphite-type B layers separated by hexagonal
close-packed layers of Mg.

Energy (eV)

-15

Fig. 3.4 Band structure of MgB,.
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Fig. 3.5 The MgB2 specific heat vs. temperature. The line indicates theory, and the
circles represent the experimental data.

The important problem for superconductivity in MgB, is the mecha-
nism of superconductivity. It can be the conventional electron—phonon (e—p)
mechanism or a more exotic mechanism. The presence of an isotope effect
is a strong indicator of the phonon mediation of superconductivity. The
large isotope effect ap = 0.26'3° shows that phonons associated with B
vibrations play a significant role in the MgBs superconductivity, whereas
the magnesium isotope effect is very small: ap; = 0.02.13° The total isotope
effect is ap + aps = 0.3, which supports the electron—-phonon mechanism of
superconductivity.

MgB, is a II-type superconductor.'?® The discovery of the supercon-
ductivity of MgBs has aroused great interest in multigap superconductiv-
ity.!?> MgB, has two superconducting gaps, 4meV and 7.5meV, due to
the m and o electron bands. The two-gap structure was established in a
number of experiments.!3Y The plot of the specific heat of MgBy vs. tem-
perature (Fig. 3.5) demonstrates good agreement between the theoretical
and experimental data. Both gaps have s symmetry and result from the
highly anisotropic layer structure of MgBs. Although multigap supercon-
ductivity was discussed theoretically?120:129 a5 early as 1958, it was only
observed experimentally'?% in the 1980s. MgBs is the first material in which
the effects of multigap superconductivity are so dominant, and its implica-
tions so thoroughly explored. Recent band calculations'?”12% of MgBy with
the McMillan formula for the transition temperature have supported the
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e—p interaction mechanism for the superconductivity. In this case, the pos-
sibility of two-band superconductivity has also been discussed in relation
to two-gap functions experimentally and theoretically. Very recently, two-
band or multiband superconductivity has been theoretically investigated
in relation to the superconductivity arising from Coulomb repulsive inter-
actions. The two-band model was introduced by Kondo.'?? We have also
investigated anomalous phases in the two-band model by using the Green
function techniques.?6-9%:101,103 Recently, we have pointed out the impor-
tance of multiband effects in high-T, superconductivity.?®®® The expres-
sions for the transition temperature for several phases have been derived,
and the approach has been applied to the superconductivity in molecular
crystals by charge injection and the field-induced superconductivity.'® In
previous papers,?0799101:103 e have investigated the superconductivity by
using the two-band model and the two-particle Green function techniques.
We have applied the model to the e—p mechanism for the traditional BCS
method, the e—e interaction mechanism for high-T, superconductivity,? and
the cooperative mechanism. In the framework of the two-particle Green

101 it has been shown that the temperature dependence

function techniques,
of the superconductivity gap for high-T, superconductors is more compli-
cated than that predicted in the BCS approach. In Ref. 99, phase diagrams
for the two-band model superconductivity have been investigated, by using
the renormalization group approach. Below, we will discuss the possibil-
ity of the cooperative mechanism of two-band superconductivity in relation
to high-T, superconductivity and study the effect of the increase of T, in
MgBs due to the enhanced interband pairing scattering. In this section,
we will investigate our two-band model for the explanation of the multi-
gap superconductivity of MgBs. We apply the model to the e-p mechanism
for the traditional BCS method, the e—e interaction mechanism for high-T
superconductivity, and the cooperative mechanism in relation to multiband
superconductivity.

3.3.1.1 Mg, ,AlB,

Critical temperature and other superconducting properties of two-band
superconductors depend on the doping level as well as the interband and
intraband scattering, which can be modified by chemical substitutions. The
influence of doping on the transition temperature in Mg;_,Al, By is illus-
trated in Fig. 3.6. It is seen that the doping destroys the superconductivity
in MgBs. This can be understood as a result of the competition of two
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Fig. 3.6 The influence of doping on 7. in Mgi_,Al.B2. The line indicates theory, and
the circles represent the experimental data.

effects: the first one is a coupling effect related to the changes of the car-
rier concentration, and the second one depends on the introduction of new
scattering centers leading to a modification of the interband and intraband
scattering.

3.3.2 Theoretical model

In this subsection, we will use the two-band model for superconductivity.
We start from the Hamiltonian for two bands ¢ and j:

H = Ho + Hin, (3.30)
with
Hy = Z [lei(k) — M]aj’kcaiko + [ej(k) — M]a;kgajkcr], (3.31)
k,o
1
Hu=7 2. 2 [Ciiselatlpptmeyams + (i < )

8(p1 +p27p5+p4) o 6 Y7
iijj f T . ) . .
+ Fuﬁyésazpla ipap dip3ydjpad + (i < Jj)

* th]ﬁ;;?iajpw ;rpzsaipsvajp@ + (i = 7)), (3.32)

where I' is the bare vertex part,

F;]B’;lg (ip10jP2BlAP3YIP48)dusdpy — (iP10jP2B|lP48kP3Y)8aydps, (3.33)
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with

(ip10jp2Blhp3Blpsc)

:/dr1 dra®ip, o (11)P5p,p(12)V (11, 72) Okpap (12) Pipsa(r1),  (3.34)

where a;pq+ (aipo) is the creation (annihilation) operator corresponding to
the excitation of electrons (or holes) in the ith band with spin o and momen-
tum p, W is the chemical potential and ¢ is a single-particle wave function.
Here, we suppose that the vertex function in Eq. (3.32) involves the effective
interactions between the carriers caused by the linear vibronic coupling in
several bands and the screened Coulombic interband interaction of carriers.

When we use the two-band Hamiltonian (3.1) and define the order
parameters for a singlet exciton, triplet exciton and singlet Cooper pair,
the mean field Hamiltonian is easily derived.?6-99:101:103 Here we focus on
three electron scattering processes contributing to the singlet superconduct-
ing phase in the Hamiltonian (3.1):

g = (iilit),  gj1 = (37149), 3.35

g2 = (iiljj) = (jjlii), 3.36

(3.35)
(3.36)
g3 = (ijlig) = (jilji), (3.37)
ga = (ijlji) = (jili), (3.38)

where g;1 and g;1 represent the ith and jth intraband two-particle nor-
mal scattering processes, respectively, and go indicates the intraband two-
particle umklapp scattering (see Fig. 3.7). For simplicity, we consider the
three cases in Refs. 99 and 100: (i) g1 # 0 and others = 0; (ii) g2 # 0; and
others = 0; (iii) g;; and gj1, and others = 0, using the two-particle Green
function techniques (see Fig. 3.7).

It was shown that, possibly, the two-gap superconductivity arises in
case (iii). The superconductivity arising from the e-p mechanism (g1 < 0
and g; < g2) such as for MgBs is in the two-gap region. On the other hand,
the superconductivity of copper oxides (g1 > ¢2) is outside the two-gap
region. These results predict that we may observe two-gap functions for
MgBs and only a single-gap function for copper oxides.
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Fig. 3.7 Electron—electron interactions. Solid and dashed lines indicate ® and o bands,
respectively; gi1, gj1, g2, g3 and g4 contribute to superconductivity.
3.3.3 Superconductivity in MgB,

Using case (iii) for g;1 and gj1, g2 # 0 and others = 0 to describe the
superconductivity in MgBs. We now have a reduced Hamiltonian:

H = Hy + Hiy, (3.39)
where

Ho =" [[ei — wlaf tixo + €5 — Waly ajxo], (3.40)
k,o

Hiy = Z glia;{kal_kai_kaik + Zz —j+ Z gga;rka;r_kaj_kajk. (3.41)

We now define the order parameters which are helpful in constructing the
mean-field Hamiltonian:

A=Y (alal ), (3.42)
p

Aj=> {alal_ ). (3.43)
p

The relation between two superconducting gaps of the system is as follows:

1 — a1 0:
Aj _ gi1 plfz Ai, (3'44)
9205 f;
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where
n—Ee 2 2\1/2
fi_/ dzz tanh(g T 4) 7
0 (8% + AF)1/2 2T
) o1/o (3.45)
mF dg (% + Aj) /
fj :/ 3 N1 Qtanh N

with the coupled gap equation
(1= giapifi)(1 = gjipi fi) = 5 fifj- (3.46)

We have tried to estimate the coupling constant of the pair electron scat-
tering process between the m and o bands of MgBo and have calculated
the parameters by using a rough numerical approximation. We focus on one
1 band and ¢ band of MgBs and consider electrons near Fermi surfaces.
We found that the parameter g; = —0.4eV, by using the transfer integral
between the m and o bands. We estimate the coupling parameter gs of the
pair electron scattering process by the expression

92 = Z Vkll’,?kw (3.47)
k1,k2
Viide = D ui (k1) (k1) vpsug ¢ (k2)us (K2), (3.48)

7,8,t,U

where the labels 1 and 2 are the w band and the ¢ band, respectively, u; ,(£)
is the LCAO coefficient for the ith band and £ is the moment.'' 116 The
indices k1 and k2 are summed over each Fermi surface. However, it is diffi-
cult to perform the sum exactly. In this case, we used a few points near the
Fermi surface. The coupling constant of the pair electron scattering between
the m band and the o band is go = 0.025eV. From numerical calculations
of Egs. (3.44)—(3.46), we can also obtain the temperature dependence of
the two-gap parameters (see Fig. 3.8). We have used the density of states
of the m and ¢ bands (p; = 0.2eV~!; pj = 0.14eV~!), chemical potential
w = —2.0, the top energy of the o band F; = —1.0 and the fitting param-
eters (gi1 = —0.4eV; gj1 = —0.6eV; g2 = 0.02eV). These calculations have
qualitative agreement with experiments.''®130:131 The expression for the
transition temperature of superconductivity derived in a simple approxima-
tion is:

T., =1.13(¢ — Ej) -exp<_—1), (3.49)
g+p
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Fig. 3.8 Temperature dependence of two superconducting gaps.

where
gy = %(B +/B2 - 44) (3.50)
and
A= grg1j — 93, (3.51)
B = gii + g1}, (3.52)
C=—p. (3.53)

From the expressions for 7,4, we can see the effect of increase of T, due to
the enhanced interband pairing scattering (gz).

Figure 3.9 shows a schematic diagram of the mechanism of pairing for
two gaps. The scenario is as follows. Electrons from the m and o bands
make up the subsystems. For go, we have two independent subsystems with
the different transition temperatures of superconductivity 7. and T.; and
two independent superconducting gaps. In our model, we have two coupled
superconducting gaps with the relation (3.44) and one transition tempera-
ture of superconductivity T,., which is in agreement with experiments. In
this model, we have two channels of superconductivity: conventional chan-
nel (intraband g¢;) and unconventional channel (interband g2). Two gaps
appear simultaneously in different bands which are like BCS gaps. The gap
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Fig. 3.9 Schematic diagram of the mechanism of pairing for two gaps.

in the m band is bigger than that for the ¢ band, because the density of
state is 0.25eV in the 7w band and 0.14eV in the ¢ band. The current of
Cooper pairs flows from the m band into the o band, because the density
of Cooper pairs in the ® band is much higher. The tunneling of Cooper
pairs also stabilizes the order parameter in the o band. In this way, we can
predict the physical properties of the multigap superconductivity if we have
the superconductors with a multiband structure, as shown in Fig. 3.9.

Thus, we have presented our two-band model with the intraband two-
particle scattering and interband pairing scattering processes to describe
two-gap superconductivity in MgBs. We defined the parameters of our model
and made numerical calculations of the temperature dependence of two
gaps in qualitative agreement with experiments. We have proposed a two-
channel scenario of superconductivity: the conventional channel (intraband
g1), which is connected with the BCS mechanism in different bands; and
the unconventional channel (interband g¢2), which describes the tunneling of
Cooper pairs between two bands. The tunneling of Cooper pairs also sta-
bilizes the order parameters of superconductivity and increases the critical
temperature of superconductivity.

3.4 Theoretical Studies of Multiband Effects in
Superconductivity by Using the Renormalization
Group Approach

We present the renormalization equations using the two-band model and
construct phase diagrams for the two-band superconductivity. In the frame-
work of the two-band model, the given results predict that superconductivity
appears, even if the e—e interaction is positive. We discuss the possibility
of a cooperative mechanism in the two-band superconductivity in relation
to high-T, superconductivity. The recent discovery of superconductivity in
MgB,'?4 has also attracted great interest to the elucidation of its mech-
anism from both the experimental and theoretical viewpoints. A crucial
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role of the e—p interaction has been pointed out for the superconductiv-
ity of MgBsy. Recent band calculations of the transition temperature for
MgB, 27128 with the McMillan formula'3? have supported the ep interac-
tion mechanism for the superconductivity. In this case, the possibility of the
two-band superconductivity in relation to two-gap functions has also been
considered experimentally and theoretically. Very recently, the two-band or
multiband superconductivity has been theoretically investigated in relation
to the superconductivity arising from Coulomb repulsive interactions.!?"
The two-band model was introduced by Kondo.'?? Recently, we have pointed
out the importance of multiband effects in high-T. superconductivity.?138
We have also investigated anomalous phases in the two-band model by using
the Green function techniques.'%%136 The expressions of the transition tem-
perature for several phases have been derived, and the approach has been
applied to the superconductivity in several crystals by charge injection and
the field-induced superconductivity.'3%139 In the previous section, we have
investigated superconductivity by using the two-band model and the two-
particle Green function techniques.?® 11 We have applied the model to the
e—p mechanism for the traditional BSC method, the e—e interaction mecha-
nism for high-7T, superconductivity and the cooperative mechanism. In the

103 it has been

framework of the two-particle Green function techniques,
shown that, in the e—p system, a class of new so-called coupled states arises.
In this section, we investigate two- or multiband effects in superconductivity
by using the two-band model within the renormalization group approach.
Renormalization equations for the two-band superconductivity are derived
from the response function and the vertex correction of the model. Phase
diagrams numerically obtained from the renormalization equations are pre-
sented. We also discuss the superconductivity arising from the e—e repulsive

interaction in relation to the two-band superconductivity.

3.4.1 Theoretical model

In this subsection, we summarize the two-band model for the superconduc-
tivity and introduce the renormalization group approach.'42 144
We consider a Hamiltonian for two bands ¢ and j, written as

H = Hy + Hiyt, (354)
with

Ho = [[eik) = wlaly_ane, +[e(k) = nlaly ag,], (3.55)
ko
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1 T . .
Hu=7 D, > [Fifisalp aalp paip,yaip,s + (i = )
3(P1+Po,P3+DPy) @Bv,0

gt o
+ Fiféisalp a%ip,pAiPsyaip,s + (i < 7)

T T . .
+ Tomsip @, pip,yaip,s + (i < )], (3.56)
where I' is the bare vertex part,

szg];lg = (ip10jP2B|kP3YIP43) Sus 8y — (iP10jP2BlID48kD3Y) Baydps,  (3.57)

with
(ip10jp2BlEpsBlp,e)
= /drldr2¢fp1a(r1)¢§p25(TQ)V(H,T2)¢kp35(r2)¢lp4a(7“1)a (3.58)

where ajpg (aips) is the creation (annihilation) operator corresponding to the
excitation of electrons (or holes) in the ith band with spin ¢ and momentum
p, W is the chemical potential and d)fapl is a single-particle wave function.
Here, we suppose that the vertex function in Eq. (3.56) involves the effec-
tive interactions between carriers caused by the linear vibronic coupling in
several bands and the screened Coulombic interband interaction of carriers.
We focus on three electron scattering processes contributing to the singlet
superconducting phase in the Hamiltonian (3.56), as shown in Fig. 3.10:

gi1 = (iilii), (3.59)
g1 = (3ilig), (3.60)
g2 = (ii|j5) = (jjlid), (3.61)

where g;1 and gj; represent the sth and jth intraband two-particle nor-
mal scattering processes, respectively, and g9 indicates the intraband two-
particle umklapp scattering. Note that the I'’s are given by

s = 91 (Basdpy — Sy Bps),

TIL = g1 (3uadpy — Suydps),

Todls = T = g2(8uadpy — Saydpa), (3.62)

where we assume that an antisymmetrized vertex function I' is a constant
independent of the momenta.
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Fig. 3.10 Electron—electron interactions. Dependence of g on the direction in the momen-
tum space is ignored in this model [g. (k) ~ ¢g. (xz = i,7)]. We assume that g, is constant.

The spectrum is elucidated by the Green function method. Using
Green functions which characterize the CDW, SDW and SSC phases,
we obtain a self-consistent equation according to the traditional proce-
dure. 115,136,138, 1457147 Then we can obtain expressions for the transition
temperature in some cases. Electronic phases of a one-dimensional system
have been investigated by using a similar approximation in the framework
of the one-band model.'*4 147 In the framework of the mean-field approxi-
mation within the two-band model, we have already derived expressions for
the transition temperature for CDW, SDW and SSC. In Refs. 136 and 138,
we have investigated the dependence of T, on the hole or electron concentra-
tion for the superconductivity of copper oxides by using the two-band model
and have obtained a phase diagram of BiySroCa;_,Y,CusOg (Bi-2212) by
means of the above expressions for the transition temperature.

3.4.2 Renormalization-group approach

The Dyson equation is invariant under a multiple renormalization of Green
function and coupling parameters g. From this invariance for a scaling pro-
cedure, we obtain differential equations for the coupling parameters and the
external vertex of a Cooper pair:

o0 . o0 . T
ya_ygl(y7u7g) - a_%.gl (E? §7g(t7 U,g)) |E=17 (363)
0 0 T
ya—yln Ay, u,g) = a—glnA (E, g,g(t,u,g)> le=1, (3.64)

where y and u are parameters with the dimension of energy, g is the set of
original couplings and A is the external vertex.
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3.4.3 Vertex correction and response function
for Cooper pairs

To solve Egs. (3.63) and (3.64), we estimate the right-hand side of Eq. (3.63)
by using the perturbation theory. We consider the lowest-order correction
to the vertex for a Cooper pair, as shown in Fig. 3.11. From these diagrams,

we obtain
= . _ 2 42 .
)6 D) o
gj1 gj1 —951 —92 Lj
<§Z2> _ <g2) n (-gz‘lgz —g2gj1) (Li>7 (3.66)
go 92 —gj192 —929i1 L;
with

Li = Mk, 0) = % > Giq,0)Gi(k — q,0 — o),
Qo'

T
L =Tk, o) = NZGj(q,w/)Gj(k—q,w—w'), (3.67)
Q.0

, L ,
82" 8
g|:1‘ K i1
A ST
J 2 j
>] Lo
82 g1
Lj y
8 82
. ,_ i : D ;

Fig. 3.11 Diagrams of the first-order vertex correction. (a) and (b) contribute to g1, (c)
and (d) are diagrams for g;1, and (e)—(h) for g.
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where G and T are the temperature Green function and temperature, respec-
tively. For the special case w = 0, k = 0, the functions L; and L; become

Li=— [tanh(ui/y> +tanh(ug/y)] Ing — 24, (3.68)

28 28
Lj=- [tanh(u;—éy> —l—tanh(%)] Ing — 24, (3.69)
where
A= /dm In z sech?x, (3.70)

') are dimensionless functions expressed by the chemical

u; (uj) and u (u}
potential, the cutoff energy, the top energy of the jth band, and the density
of state for the ith (jth) band.

Next, we consider a first-order response function for a singlet Cooper
pair, as shown in Fig. 3.12. Then the first-order vertex function A for the

1th and jth bands can be written as
vin) =)= )G
= + . 3.71
(Ai — A 0 -5 92)\Li—Lj (3.71)
3.4.4 Renormalization equation

For simplicity, we hereafter assume that g;; = gj1. From Egs. (3.63), (3.65)
and (3.66), we obtain the differential equations written as

0

- ~2 | =2
%91 _ _(91 +92)7 (3.72)
g G0 = —9%n & (3.73)
or g2 = —29192- )
(b) BV :
82
(C) i J (d) e >‘] ......... ]
22 RN /e
7 Jj ’j J

Fig. 3.12 Diagrams of the first-order response function. (a) and (b) contribute to Aj,
and (c) and (d) show diagrams for A;.
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In a similar way, using Eqgs. (3.64) and (3.71), we obtain the differential
equations written as

0 - .

5y mA+ = —G1 = G2 (3.74)
DA =g +34 (3.75)
o - = —917T G2, .

where Ay = A; +Ajand A_ = A; — Aj.

3.4.5 Phase diagrams

In the previous subsection, we have derived the basic equations (3.72)—(3.75)
to find the low-temperature phases. For the special case of go = 0, we obtain
an analytic solution:

gG=—-" 3.76
9N T+ 91_1 ( )
g2 =0, (3.77)

1
A=A = . 3.78
= (3.78)

From these solutions, we find that the superconducting phase appears only
when the intraband interaction g is negative. In the case of the traditional
superconductivity described by the BCS theory, it is necessary that the
effective e—e interaction be negative (g1 < 0) in order to realize the super-
conductivity. The present result agrees with that of the traditional theory for
superconductivity expressed by the one-band model. For the case of gs # 0,
the phase diagrams numerically obtained from the above renormalization
equations are shown in Fig. 3.13. Figure 3.13(a) shows the phase diagram
for the sum of contributions to the superconductivity from the ith and jth
bands. Thus, this phase implies that the signs of the superconducting state
for the ith and jth bands are the same. From this diagram, we find the
superconductivity only for —g; — go > 0, with negative go. On the other
hand, the phase diagram for the difference between the superconducting
states for the i¢th and jth bands is shown in Fig. 3.13(b). In this case, this
phase means that the sign of the superconductivity for the ith band is dif-
ferent from that of the jth band. We can see that the superconductivity
appears only for —g; + g2 > 0 with positive g2 from Fig. 3.13(b). Thus,
the present results suggest that the two-band superconductivity appears
when the intraband umklapp repulsive scattering gs is larger than the nor-
mal repulsive scattering g¢;. In the region of go > g¢g; with g2 < 0 and
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Fig. 3.13 Phase diagrams for superconductivity: (a) A; + Aj, (b) A; — Aj.

g2 < —g1 with go > 0 (two-gap region), we can expect that two-gap func-
tions are observed. In the former region, those superconducting gaps may
be expressed by |Ay| > |A_|, and the latter may be |[A4| < |A_]. On
the other hand, we expect only a single-gap function in the other region.
These results agree with the previous solutions?®? derived by using the
two-particle Green function techniques. The superconductivity arising from
the e-p mechanism (g1 < 0 and |g2| < |g1]) such as that in MgBs is in the
two-gap region. On the other hand, the superconductivity such as in copper
oxides (|g2| > |g1]) is outside the two-gap region. These results predict that
we may observe two-gap functions for MgBs and only a single-gap function
for copper oxides. In the two-band model for negative g; with transferring
or tunneling of Cooper pairs between two bands, we can expect that the
transition temperature becomes higher than that derived from the single-
band model. The tunneling of Cooper pairs causes stabilization of the order
parameter of superconductivity.!1% 120129 We can also expect higher T, of
the superconductivity than that for copper oxides in two regions (g1 < 0,
g2 <0 and g1 <0, go > 0) by the cooperative mechanism. Phase diagrams
for CDW, SDW, and singlet superconductivity derived from a more general
Hamiltonian will be presented elsewhere.

Thus, we have derived the renormalization equations and presented the
phase diagrams for the two-band superconductivity. In the framework of the
two-band model, the present results predict that superconductivity appears
even if the e—e interaction is positive. We can expect that the transition
temperature becomes higher than that of copper oxides by the cooperative
mechanism.
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CHAPTER 4

Mesoscopic Superconductivity

4.1 Introduction

Recent advances in nanoscience have demonstrated that fundamentally new
physical phenomena are found when systems are reduced in size to dimen-
sions which become comparable to the fundamental microscopic lengths of
the investigated material. Superconductivity is a macroscopic quantum phe-
nomenon, and it is therefore especially interesting to see how this quantum
state is influenced when the samples are reduced to nanometer sizes. Recent
developments in nanotechnologies and measurement techniques allow exper-
imental investigation of the magnetic and thermodynamic superconducting
properties of mesoscopic samples in this regime.

In this book, we develop some theoretical models for describing such
nanoscale superconducting systems and explore possible new experimental
phenomena which we can predict based upon these models. In bulk sam-
ples, the standard BCS theory gives a good description of the phenomenon
of superconductivity.!®* However, it was noticed by Anderson in 1959 that,
as the size of a superconductor becomes smaller, and the quantum energy
level spacing of the electrons in the sample approaches the superconduct-
ing gap, the BCS theory will fail.5 The exact solution to the reduced BCS
Hamiltonian for finite-size systems was developed by Richardson in the con-
text of nuclear physics a long time ago.'* This shows that, while the grand
canonical BCS wave function gives a very accurate solution to the BCS
Hamiltonian in the limit where the number of electrons is very large N > 1,
for small values of N one has to use exact analytical methods to obtain
reliable results. The recent experimental advances in fabricating and mea-
suring superconductivity in ultrasmall mesoscopic and nanoscale grains has
renewed theoretical interest in the Richardson solution.'? 153 In this book,

135
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we propose to develop theoretical models for nanoscale superconducting sys-
tems and to apply these models to a variety of systems of current experimen-
tal interest. The Richardson solution depends on the electron energy level
spacings near to the Fermi level, and so these different geometric shapes will
lead to different size dependences of the thermodynamic and electronic prop-
erties. Experiments have recently demonstrated superconductivity in one-
dimensional nanowires of lead'®* and carbon.!®® Our theoretical predictions
will include the even—odd parity effects in tunneling spectra, which have
already been observed on the nanometer scale in Al grains, (Fig. 4.1),'%°
but which could also be observed in nanotube superconductors. In Figs. 4.1
and 4.2, we can see the ensemble of small metallic grains which can be
in the normal or superconducting state. For such systems, the important
parameters are the l-granular size, the electron coherence length, and the
penetration depth.!?3 In grains, there appears the quantum size effect (dis-
cretization of the electron energy spectrum). In Fig. 4.2, we show the size
effect in grains. We note that the level spacing depends on many parameters,
such as the electron coherence length and the penetration depth. Carbon

nanotubes were first observed in 1991 by Iijima in Japan, (Fig. 4.3).

54

empty sites(0),
n,s - grains

Fig. 4.1 Ilustration of superconductor grains.

E, &,

Fig. 4.2 Size effect in superconductor grains.
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Fig. 4.3 Carbon nanotube revealing superconductivity.

In this chapter, we investigate properties of nanosize two-gap supercon-
ductivity by using a two-sublevel model in the framework of the mean-field
approximation. A model corresponding to nanosize two-gap superconduc-
tivity is presented, and the partition function of the nanosize system is
analytically derived by using the path-integral approach. A definition of the
critical level spacing of the two-gap superconductivity is also presented, and
we discuss the condensation energy and the parity gap of the two-gap super-
conductivity in relation to the size dependence of those properties with two
bulk gaps and the effective pair scattering process between two sublevels. We
present the theory of interactions between two nanoscale ferromagnetic par-
ticles embedded in a superconductor and spin orientation phase transitions
in such a system. We also consider the ideas of quantum computing and
quantum information in mesoscopic circuits. The theory of the Josephson
effect is presented, and its applications in quantum computing are analyzed.
The results of this chapter were obtained by the authors and published in
Refs. 123, 156-158.

4.2 Nanosize Two-Gap Superconductivity

Multiband superconductivity has been theoretically investigated in relation
to MgB, superconductivity in Chap. 3.

Recent experiments'6% 164 by Black et al. have also generated high inter-
est in the size dependence of the superconductivity. Properties of ultra-
small superconducting grains have been theoretically investigated by many
groups. 161,162,165-169 Ty gych ultrasmall grains, the old but fundamental the-
oretical question was noticed by Anderson.® The standard BCS theory gives
a good description of the phenomenon of superconductivity in large sam-
ples. However, as the size of a superconductor becomes small, the BCS
theory fails. In ultrasmall Al grains, the bulk gap has been discussed in
relation to physical properties in ultrasmall grains such as the parity gap,
condensation energy'6” and electron correlation,'6?
of the level spacing!®! of samples.

with the size dependence
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In nanosize grains of a superconductor, the quantum level spacing
approaches the superconducting gap. In the case of a two-gap supercon-
ductor, we can consider a model with two sublevels corresponding to two
independent bands. In this section, we present a model for nanosize two-
gap superconductivity and an expression for the partition function of the
System.

4.2.1 Hamiltonian for nanosize grains

We consider a pairing Hamiltonian with two sublevels corresponding to two
bands 1 and 2 written as

H = H0+Hint7 (41)
where

HO = Z[Slj - M]a;aa]’g + Z[Szk - M]b};cbkg, (4.2)

J,o k.o

Hi = —g1 Y alaljagiazn =g Y by buibit
JJ'el kk'eJ
+ g12 Z a;Ta;lbklka + g12 Z bchTbLlajlajT' (4.3)
jel,keJ jelkeJ

Here, a;r-c(aja) and b;r-o(bj,g) are the creation (annihilation) operator in sub-
levels 1 and 2 with spin o and energies €1; and €35, respectively, the operators
for each sublevel satisfy the anticommutation relations, and the operators
between sublevels are independent, w is the chemical potential, the second
term of Eq. (4.1) is the interaction Hamiltonian, ¢g; and g are the effective
interaction constant for sublevels 1 and 2, and g1o is an effective interac-
tion constant which corresponds to the pair scattering process between two
bands. The sums of j and k in Eq. (4.3) are over the set I of Nj; states
which correspond to the half-filled band 1 with fixed width 2w1p and the
set J of Noj states for band 2, respectively.

In this study, we assume that the Debye energies for two sublevels are the
same: wip = wop = wp. Within this assumption, Ni; and Ny are relatively
estimated by the density of state (DOS) for two bands as N17/Naj = p1/p2,
where p; and po are the DOS for two bands. The interaction constants
g1 and g can be written as dih; and dakg, respectively. di = 2wp/Nis
and do = 2wp/Nyy are the mean energy level spacings, and A; and hy are
the dimensionless parameters for two sublevels. We take the intersublevel
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interaction constant gjo = v/djdah12. We then obtain the relation p;/py =
Nir/Nay = dy/d;.

4.2.2 Path-integral approach

It is convenient to introduce a path-integral approach for the treatment of
fluctuations of the order parameters. This approach gives an exact expres-
sion for the grand partition function of a superconductor.
H—-uN

T] (4.4)

where T is the temperature and N is the number operator in the grain. The
idea of the path-integral approach is to replace the description of a system
under study in terms of electronic operators by an equivalent description in
terms of the superconducting order parameter.

By the path-integral approach, we obtain an expression for the grand
partition function for the Hamiltonian (4.1):

Z(w,T) = Tr exp {—

Z(w,T) = /DAlpA;DAszge—S[AhAzJ. (4.5)

Here, the action S[A1, Ag] is defined as

S[A1, Ag] = —Z[TrlnGl_jl — %} — Z[TrlnGQ_kl — E%k}
k

J
1/T 1 ) )
[l (A0 + gl 2ae)
0 9192 — 91
+912(A1(1) A2(T)" + A1(T)" A(1))]- (4.6)
A1 and Ay are bulk gaps for sublevels 1 and 2, respectively, £1; = €1; —
and £9,. = €91 — W, and the inverse Green functions

Gy () = {—d% —&1;0° — Ar(t)o" — Ai(t)c_] S(r—1), (4.7)

Gy (1,7) = [_dir — E9,0° — Ag(t)ot — A;(r)c_] S(t—1), (4.8)

+ = 6% +4i0¥, and 6®¥7 are the Pauli matrices. G1_1 and G ! satisfy
antiperiodic boundary conditions.

In the case of a stronger interaction, A; > d; and Ay > ds, we con-
sider the mean-field approximation for the order parameters in the path-
integral approach. Substituting the time-independent order parameters into

where o
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the action (4.6), we have
Q) = (k1 —€j) + > (kak — €2
J k

+ %[QQ AT+ g1 A5+ gi2(AT Ay + AL AS)],  (4.9)
9192 — 919
where €; = (E%j + A2 and ey, = (82, + A2)Y/2. In Eq. (4.9), the values
of A1 and Ay must be chosen in such a way as to minimize 2. From the
minimization of €, we obtain a coupled gap equation at zero temperature
for the two-gap system:

1 1
(Al) B ( N2 92 @) (Al) (4.10)
- 1 1 ) )
Az —g12 Zj %1, 922 g Seon Az
From the coupled gap equation (4.10), we formally obtain an expression for
the bulk gap for two-gap superconductivity at zero temperature:

~ 1
Ay = wsinh™! (—) (4.11)
N1
- (1
Ag = wsinh™ " [ — |, (4.12)
N2
where
1 N N
L _ A2 +0ci[n1,n22] 127 (4.13)
N1 A2 — My
1 A g, malx
1 _ Mt m 22] 12 (4.14)
N2 Ahg — >\12
with
sinh(%)
— (4.15)

ai[ﬂlﬂl?] ==+ .
sinh<i>
n2

For the two-band superconductivity, we can consider two cases for the phase
of the gaps: sgn(A;) = sgn(As) and sgn(A;) = —sgn(Ay). For the same
phase, a4 is used in Egs. (4.13) and (4.14), and we use a_ for the opposite
phase. Note that A; = —As in the limit of strong intersublevel coupling
12, i.e. the opposite phase. For A2 = 0, we find the same results for two
bulk gaps derived from the conventional BCS theory for two independent
sublevels.
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4.2.3 Condensation energy

In this subsection, we discuss properties such as condensation energy, critical
level spacing and the parity gap of nanosize two-gap superconductivity by
using the partition function derived in the previous subsection.

In nanosize superconductivity, the condensation energy can be defined
as EG,(\) = E$,(0) — ES,(N) — nhd, where ES, is the ground state
energy7 of the N-electron syslcem in the interaction foand, b is the number
of electrons on single occupied levels, and A and n are the dimensionless
coupling parameter and the number of pair-occupied levels, respectively. In
the case of a nanosize two-band system, the condensation energy can be
written as

C G G
EN17b1§N2,b2 O\l’ A2, )\12) = ENl,bl;Nz,bz (0’ 0, 0) B ENl,bl;Nz,bz ()\1’ A2, )\12)

—n1)\1d1 - ng)\gdg, (4.16)

where Eﬁl,b1§N2,b2 (M, N2, h12) is the ground state energy of the (N7 + Na)-
electron system. From Eqgs. (4.4) and (4.9), the condensation energy of the
two-sublevel system can be expressed by the condensation energy of inde-
pendent single-level systems:

)\2
Elc\;l,bl;Nz,bz(xl’)\Q’)‘lz) = EJC\;MH O\l) + Elc\;z,bzo\Q) B ﬁ
A? A2 2(A*Ag + ALAS
><< (I (A1As + Ay 2)>, (4.17)
dihi  daho Vdidahia

where E](\J,hb1 (n1) and Eﬁ2’b2 (N2) correspond to the condensation energy for
the single-band case. In the same phases of A; and As, the condensation
energy (4.17) decreases, i.e. there appears the instability by the coupling
constant Ni2. On the other hand, in the opposite phases, the condensation
energy becomes larger, because A7 Ay + A1 A5 < 0. We can expect that
the condensation energy for two-gap superconductivity results in a higher
stability than that of two independent systems, due to the intersublevel
coupling A2 and the opposite phases.

4.2.4 Chritical level spacing

To discuss the critical level spacing for a two-gap system, we start from the
coupled gap equation (4.10). For the case of the critical level spacing of the
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two-gap system, we have
1 1 1 1
I=0 ) — +h ) — (Mo —20)Y — Y ——
%:2|Elj| %:2|E2k| zJ-:2|21j| %:2|E2k|
(4.18)

where &; = g;/d; for sublevel i = 1,2. For the odd or even cases, Eq. (4.18)
can be approximately solved by using the digamma function: for the odd
case, the critical level spacing becomes

1 d
dj. = wpe’ exp [_i]’ e = d—j e (4.19)
and, for the even case,
1 do
dic = 4=(*)D€y eXp |:_§:| ) Sc = d_l ic' (420)
Here, we use
1 1
- = — )\14—)\2—@1‘—}—\/()\1—)\2—0@‘)2—}—4)\%2 , (4.21)
N 2z
with
T =hhy — Ny, (4.22)
d
a = log —. (4.23)
do
From these expressions, we find some relations:
le =4di., d5. =4d3, (4.24)
eY 1 1] -
(1)/26 ~ E exXp [E — I:| AI/Q‘ (425)

In the case of |1 — ha| > N2, Eq. (4.25) can be approximately rewritten
as

e¥ Ao — N + 20N10 | ~

2 N — Aq/9. 4.26
1/2¢ 9 eXp|: )\1)\2 _ )\%2 :| 1/2 ( )

On the other hand, in the limit of |[A; — Ao| < 12, we have

e¥ (1+a)hi2 | +

o R — ——— | Ay/o. 4.27
12 =y O {sz — My V2 420
For the case of N2 = 0, Eq. (4.25) can be rewritten as d7 5. =

exply]/2exp[l/N — 1/\g] A1/2~ Therefore, when the coupling constants \y
and \o take the same value, we have a relation similar to that for a single-
level system: df J2c R 0.89 A, /2. These results suggest that the critical level
spacing strongly depends upon hi2 and the difference between the effective
interaction constants for sublevels. The relation in Eq. (4.24) is the same
relation in the conventional nanosize BCS theory.
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4.2.5 Parity gap

In this subsection, we consider a parity gap in the case of two-gap super-
conductivity in ultrasmall grains. In the case of two sublevel spacings, the
chemical potential lies halfway between the highest occupied and the low-
est unoccupied levels of a smaller level spacing in the half-filled case, as
shown in Fig. 4.4(a). We assume that d; < dz and that the numbers of
occupied levels corresponding to each sublevel are ny and ng, respectively.
Then, the total number of electrons becomes N = 2n; + 2ny. When we
consider N = 2n; + 2ng + 1, the chemical potential lies on the level &1, 41,
as shown in Fig. 4.4(b). Figure 4.4(c) indicates the position of the chemical
potential in the case of N = 2ny 4+ 2ny + 2. The parity gap of nanosize
two-gap superconductivity is written as

1
1 G G G
Ap = E2n1+1+2n2,1 - §(E2n1+2n2,0 + EQ(nﬁ—l)—i—an,O)' (428)

From Eq. (4.9) and for the ground state energy Eﬁb = Quy +unN, we
obtain

d
Ay =1— (% - 1). (4.29)
@ b — — ©__ —
U —
n1+1: nZ-LI n]‘FlI ”2+1/'L n1+1+ s H
n1+ ——n, n—H— -, n’flli —+H—n,
n-1—4— n-1—4— 1 |
A Ayl A Ayl i iy
e o R
@ — © __ —
n+2 ny+2——

u
n+1—H— —t—nytl 1 n+l—H— —R ot
”1+ +n2 n]+ +”2

n- n-1—K—
111 Al i -1
By <

Fig. 4.4 Position of the chemical potential relative the electronic energy levels in a two-
gap superconducting grain. Solid and dotted lines mean two sublevels. (a) Half-filled
system with 2n; +2ns electrons; (b) (2n; 4+ 14 2n2)-electron system; (c) [2(n1 + 1) + 2ns]-
electron system; (d) [2(n1+1)+2n2+1]-electron system; (e) [2(n1+1)+2(n2+1)]-electron
system.
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From Figs. 4.4(c)—4.4(e), we can define another parity gap:
1
2 G G G
Ap = Eslni+1)42n041,1 ~ 5 (B3 +1)4+202,0 + Eolny 1) 12(ma11),0)-  (4:30)
From the latter definition of Eq. (4.30), we have

A2 p, - B2 <@ - 1). (4.31)

The present results suggest two kinds of the dependence of the parity gap on
the level spacing. The parity gap does not depend on the effective interac-
tion Nq2. The structure around the Fermi level plays an important role in the
contribution to the size dependence of the parity gap. We have investigated
the properties of nanosize two-gap superconductivity by using a two-sublevel
model in the framework of the mean-field approximation. From the discus-
sion of the condensation energy in nanosize two-gap superconductivity, the
phases of the gaps are very important for stabilizing the superconductivity.
In the same phases, the two-gap superconductivity is unstable by the cou-
pling constant Ai2. On the other hand, in the opposite phases, the super-
conductivity becomes stable. We can expect that, due to the condensation
energy, the two-gap superconductivity becomes more stable than that for
two independent systems due to the intersublevel coupling 12 and the oppo-
site phases.

We have also discussed the critical level spacing for two-gap supercon-
ductivity in ultrasmall grains. These results suggest that the critical level
spacing strongly depends on Aio and the difference between the effective
interaction constants for sublevels. Moreover, the relation between the crit-
ical level spacing and the bulk gaps is modified as compared with the result
obtained for ultrasmall superconducting Al grains.

For the parity gap in two-gap superconductivity, the present results sug-
gest two kinds of the dependence of the parity gap on the level spacing and
that the structure around the Fermi level plays an important role by con-
tributing to the size dependence on the parity gap. The parity gap does not
depend on the effective interaction \qa.

In the case of a cluster system, we have to apply a more accurate approach
beyond the mean-field approximation presented in this study by investigat-
ing the physical properties, and we also have to consider the contribution
of the surface of samples to the level structure around the Fermi level.
We will present these problems in the next section. On the basis of the
presented results, we might expect the possibility of a new multigap super-
conductivity arising in the nanosize region with a higher critical transition
temperature.
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In summary, a model corresponding to nanosize two-gap superconduc-
tivity has been presented, and an expression for the partition function of
the nanosize system has been analytically derived by using the path-integral
approach. A definition of the critical level spacing of the two-gap supercon-
ductivity has also been presented, and we discussed the condensation energy
and the parity gap of the two-gap superconductivity in relation to the size
dependence of those properties with two bulk gaps, as well as the effective
pair scattering process between two sublevels.

4.3 Exact Solution of Two-Band Superconductivity
in Ultrasmall Grains

Many groups have theoretically investigated the physical properties such
as critical level spacing, condensation energy and parity gap in ultrasmall
grains with the conventional superconductivity.!61:162:165-169 The ques-
tion concerning such nanosize superconducting grains has been discussed
by Anderson.® The standard BCS theory becomes false when the level
spacing approaches the superconducting gap. To investigate the proper-
ties in such nanosize systems, it is necessary to perform a more accurate
treatment. Braun and von Delft!6% 166173 haye reintroduced the exact
solution for the reduced BCS Hamiltonian developed by Richardson.!70-172
It is noteworthy that Richardson’s solution is applicable at distributions of
single-electron energy levels. V. N. Gladilin et al.'®” have investigated the
pairing characteristics such as the condensation energy, spectroscopic gap
and parity gap, by using Richardson’s exact solution for the reduced BCS
Hamiltonian.

The recent discovery of the superconductivity of MgB, 24 with T, = 39 K
has also attracted great interest, aimed at the elucidation of its mechanism
from both the experimental and theoretical viewpoints. Since this discovery,
the possibility of two-band superconductivity has also been discussed in
relation to the two-gap functions experimentally and theoretically.

In this section, we investigate the two-band superconductivity in ultra-
small grains. Richardson’s exact solution is extended to two-band sys-
tems, and a new coupled equation is derived according to the procedure
of Richardson’s works. The parity gap and the condensation energy of an
ultrasmall two-band superconducting grain are numerically given by solv-
ing the coupled equation. We discuss these properties of ultrasmall grains
in relation to the correlation, interband interaction and size dependence.
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4.3.1 Ezact solution for two-band superconductivity

In this subsection, we derive an exact solution of the two-band supercon-
ductivity for a reduced BCS Hamiltonian.

4.3.2 Hamiltonian

‘We consider a Hamiltonian for two bands 1 and 2 written as

H = Hy{ + Hy + Hjy, (432)
where

H = Z slja}Uajo - g1 Z G}Ta;laklak% (4.33)

jo Jk
H2 = Z 82jb}0bj0‘ — g2 Z b}Tb;r‘lbklka’ (4.34)

jo 7k
Hine = 12 Z a}ya}lbklbm + 912 Z b}Tb}iaklakT‘ (4.35)

ik ik

The first and second terms of Eq. (4.32) correspond to the reduced BCS
Hamiltonian for bands 1 and 2, respectively. The third term means a cou-
pling between them and corresponds to the pair scattering process between
these two bands (see Fig. 4.5). a}a (ajs) and b}c (bjs) are the creation
(annihilation) operator in bands 1 and 2 with spin o and the single-particle
levels e1; and ey, respectively. The sums of j and k are taken over a set of

20
D

&€ %
" gl2: (dldE)szll
A J
He

band 1 band 2

Fig. 4.5 Two-band system. The dotted line means the chemical potential; €,; is the
single-particle energy for band n and level j; —g1 and —go are the intraband pair inter-
action coupling constants and gi2 are the interband pair interaction coupling constant.
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V7 states for band 1 with fixed width 2Awip and a set of Ny states for band
2 with fixed width 2hwop, respectively.

In this study, we assume that the Debye energies for two bands coin-
cide, i.e.

W1p = Wap = Wp. (4.36)

Within this assumption, Ny and Ny are relatively estimated by the DOS for
two bands as

M_m

No  po’
where p; and pg are the DOS for two bands, respectively. The interaction
constants g; and go can be written as

(4.37)

g1 =dih, g2 =dohy, (4.38)
where di and dy are the mean single-particle level spacings,
2hwp 2hwp
di = w—= dy = —— 4.39
1 N1 — 17 2 N2 — 1, ( )

and N and ko are the dimensionality interaction parameters for two bands.
We define the interband interaction constant as

g12 = vV d1d2 )\12. (4.40)

In summary, we obtain the relation
ﬁ ~ N1 -1 _ @
pe Nao—1 dy
The system we are considering consists of two half-filled bands, each of
which has equally spaced N,, single-particle levels and M, (= N,,/2) doubly

occupied pair levels (n = 1,2). We take the single-particle level spacing as
our energy unity. Thus, the single-particle spectrum is given by

(4.41)

Enj =dyj—op, j=12,...,N, (n:1?2) (442)

Richardson has obtained his solution within the single-band model for
an arbitrary set of single-particle levels. For simplicity, we assume that there
are no singly occupied single-particle levels. As can be seen from Eqgs. (4.33)—
(4.35), these levels are decoupled from the rest of the system. They are said
to be blocked and contribute to the total energy with their single-particle
energies. The above simplification implies that every single-particle level j
is either empty (i.e. |vac)) or occupied by a pair of electrons (i.e. a;r.Ta;r. |[vac)

and b}L'Tb;[‘ |[vac)). These are called the unblocked level.
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4.3.3 FEzxact solution

In order to extend Richardson’s solution to a two-band system, we define
two kinds of hard-core boson operators as

Cj = a’jla’jT? c;. = a}Ta;r.l, (443)
dj = bj by, db =00t (4.44)

which satisfy the commutation relations
c}z =0, [cj,cz] =3,k(1 - 2(:;(0]-), [c;cj,cz] = Bjkc;, (4.45)
2
d? =0, [dj,d}] =8;u(1 —2didy), [dld;,d]] =8;edl,  (4.46)

which reflects the Pauli principle for the fermions they were constructed
from.
The Hamiltonian (4.32) for the unblocked levels can then be written as

N1 N1 No N
=2 eycle; — g1 clen+2) endld; — g2 didy

N1 Ny N2 Ny

g2 Y Y chdi+ 912> dley. (4.47)
j k j k

We find the eigenstates |My; Ms) of this Hamiltonian with Mj + My pairs
in the form

Hy|My; Ma)y = E(M1;M2)|M1;M2>

M,
(Z B+ Z E2K> |My; Ma)u, (4.48)

J=1 K=1
where E(Mj; My) is the eigenvalue and

M,
|My; My =[] €5 H Dl |vac), (4.49)
J=1
with
; N1 CT- : No dT-
ct=y —2 __ pl=%y 2 | 4.50
J ZJ: 281j - E]_J J zj: 2827 EQJ ( )

Now, we define Cg and Dg as
N2

N
= icj Dj=>"d. (4.51)
J

J
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Then we can rewrite Eq. (4.47) as

]h;QE:% clej — m%QﬁQEZ%%d — 92Dl Dy
J

+ ngCgDo + 912D(T)Co-

The commutation relations for new operators are given as

b ot g tr pt 4}
cie;, C :7], dd,D 77
j¢3- €. 2e15 — Evyg djdj D) = 2895 — Eay
Mol N1 _dld;
Co,CH =Y — 22 [Dy,D}] = —2L
[ 0 J] zj:Qelj_ElJ [ 0 J] zj:QSQj—EQJ
t o ot i~ _L-de
H ,C E;C5 +Cy+ q1C — -
[Hu,C)] = Evy 9 ZQEIj—EL]
Nioop o cTc
T J
+gDlS — T
2 22813 Eyy’
t t . pt A L= dd;
Hy, DY = EyyD D D — I
[Hy, D] 2105+ 2ot 0%:282]'—E2J

N2 1— de
TE : JjJ

Using the above-presented commutation relations, we find that

My
Hy|My; Ma)y = (Z Eiy+ Z E2K> |My; Ma)u
J=1 K=1
t <L oL g1 21
+C 1-— —_— —F— | M1 (J); M2)u
My Ny g My 29
D 12 12 M (D) M
o0 22813 — FEyy Z Evy — Eyg IML(T); Mz

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)
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M N2 g Mo 2g
—I—CT _J2 _ 912 |My; My(K))yr
’ KZ::I Zy: 225 — baxc KZ;&:K Earr = Bax
Ma No g Mo 29
+D3Y (1= — 2 N By My(K),
0;::1 ; Sy For K%IK B | 1M ()
(4.57)
where
L-1 My Mo
|My(L); Ma)y = H o) H ct, H Dl |vac), (4.58)
J=1  J=L+1 K=l
My L-1 Mo
My My (D)o =[OV [T Pk J] Dk lvac). (4.59)
J=1 K=1  K'=L+1

Comparing Eq. (4.57) with Eq. (4.48), we obtain, for arbitrary J and K,

(Cg Dg) (1 + 91417 _912A2K> <|M1(J);M2)U> —0,  (460)

—g12d1; 14+ goAor | \|Mi; Ma(K))u
where
Np, 1 My 9
A, = — _— 4 —_. 4.61
nk Z 28nj — L L’Z;;L E..— E,L ( )

A nontrivial solution to Eq. (4.60) is derived from the determinantal
equation

Fyi = (14 g1417) (1 + goAsk) — g1 A1 A2k = 0. (4.62)

This constitutes a set of M7 + My coupled equations for M; + M, param-
eters By and Fox (J = 1,2,...,M1; K = 1,2,..., M), which may be
thought of as self-consistently determined pair energies. Equation (4.62)
is the exact eigenvalue equation for a two-band superconducting system
and can be regarded as a generalization of Richardson’s original eigenvalue
equation.
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4.3.4 Preprocessing for numerical calculations

To remove the divergences from the second term of A, in Eq. (4.61), we
make changes of the energy variables:

En2)\ = En)\ + inn)n
EnZ)\—l = En)\ - inn)n (463)
A=1,2,...,M,/2,

where we assume that the number of pairs is even. Since the complex
pair energies appear in complex conjugate pairs, the total energy will be
expressed as the real component.

A further transformation is necessary in order to remove the divergences
from the first term of A, ;. We define new variables x,, and y,) as

Enn = e+ Enon—1 + dpxna (. <0), (4.64)
Mo, = —(Aehyy — drxiy Jynn  (ym > 0), (4.65)

where
A€po) = €2 — En2)—1- (4.66)

Considering the sign of y,), we can express 1, as

Nnx = !nnx’e_w’“v

{O for Ae2,, —d%z%, <0,
nh —

2 2.2
5 for Aer,, —dixy, > 0.

(4.67)

nenik

Then we can rewrite Fjg, by using the new variables, and define the result
as Fyg. We extract the real and imaginary parts of Fyg as

1 *

Fp = 5 (Fup + Fop) =1+ g1Ria + g2Rap + (9192 — 9i2) Ria Rop
— (9192 — G32) T1adop coS(d1a + Pop)
—{g1 + (9192 — 912) Rop} T1a sin d1q

— {92 + (9192 — g12) Ria} I2p sin dag, (4.68)
_ 1 . .
Fg= Z(Faﬁ — Iy) = —(9192 — 9%) 1o Top sin(d1q + dop)
+ {91 + (9192 — 912) Rap 1 €08 d1g

+ {92 + (9192 — g12) R1a }H g cos dog, (4.69)
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where

2dn$nx<1 + ynX)

R, = —
" (1- ynx)zASQQX — (1 +ym)? d2x gzx

- Enlﬂ\ an)\ + nan + nnx)
+4 Z EQ

W 1N + nnu + nnx) 4nnun3ﬂ\

Nn

-3 26 — 5w (4.70)

JED—1,2 (28n)\ - En)\)Q + M5

I, = { 1 -y,
LA = ym)? Aeny, — (L4 ym)? diay,

My, 2
nnu + nn)\
— 4y, nm
" Z EQMX + nnu + nnx) - 4“%;”‘%)\

RN
N,
“ 1 Ag?,, — d2x?
+ Yna X }M . (4.71)
" nsé?;l,% (2enn — Ema )2 + 12, \/ Yn
with
Enux = Enu - En}\- (472)

Thus, for an arbitrary combination of a and B, we must solve the following
equations:

F(;g:O,
Fg=0 (a=1,2,...,M/2;p=1,2,...,M/2). (4.73)

4.3.5 Results and discussion

We now apply the exact solution for a two-band system to discuss the prop-
erties of the two-band superconductivity in ultrasmall grains. The single-
particle level patterns of the (2M7 +m) + 2M; electron system (m = 0,1, 2)
under consideration are represented in Figs. 4.6(a), 4.6(b) and 4.6(c), respec-
tively. The dotted lines represent the chemical potential, and d; and d»
(di < dg) are the mean level spacings. As seen in these figures, the addi-
tional electrons first occupy band 1 and then band 2.
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(a) 2M +2M, (b) @M +1)¥2M,  (¢) (2M +2)+2M,

electrons electrons electrons

Fig. 4.6 Single-particle levels near the Fermi level in the case of two-band superconduc-
tivity. The dotted lines represent the chemical potential. The left and right bands are
band 1 and band 2, respectively. di1 and dz are the mean level spacings. (a) 2M; + 2M>
electron system, where M,, is the number of pair levels; (b) (2M1 + 1) + 2M> electron
system; (c) (2M; + 2) + 2M> electron system.

Numerical calculations are carried out under the condition that N1: Ny =
3:2, hwop =50 and Ay = Ao = \.

4.3.6 Pair energy level
By minimizing the sum of squares of Egs. (4.69) and (4.70),

Mi/2 M2 /2

F=% Y (F” ) (4.74)

a=1 =1

for various interaction parameters, we obtain a behavior of pair energy levels
E,; of two bands, as shown in Fig. 4.7, in which the solid and broken lines
correspond to the pair energy levels of band 1 and band 2, respectively. The
parameters used in this calculation are Ny = 12, Ny =8, M| = 6, My = 4,
0<A<1.0and 0 < hjp <0.2.

As seen in the figures, band 2 condenses into degenerate levels, but band
1 does not. In general, we can expect that the single-particle levels in a band,
whose mean level spacing d is larger than that of the other band, degenerate
faster. The behavior of the condensing band is qualitatively the same as
that in the case of calculations for the single band.!%® The coexistence of
the normal band and the condensed one may be reflected in the opposite
phase of the gaps of these bands.®®
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Fig. 4.7 Typical behavior of pair energy levels of two bands for the ground state. The
parameters used in calculation are Ny = 12, No = 8, My = 6, Mz = 4, hop = 50,
0<% =n2 <1.5and 0 < A2 <0.3. The solid and broken lines correspond to the pair
energy levels of band 1 and band 2, respectively.

4.3.7 Condensation energy

The condensation energy of band n for the (2M; +m)+2M; electron system
can be defined as

EC(2M, +m, 2My) = En(2M; +m, 2Ms) + (Mn i %) O

— E%(2M, + m, 2M>), (4.75)

where E,,(2M; +m,2Ms) and E%(2M; +m, 2M,) are the ground-state ener-
gies and the sum of the single-particle energies, respectively.

We calculate the condensation energies and show them in Figs. 4.8(a)
and 4.8(b). The parameters used in this calculation are A = 0.5, and
M2 = 0.01 for (a) and X2 = 0.1 for (b). Values are normalized by the

bulk gap, A = wp sinh_1< . The solid and broken lines correspond

A
22 )2
to the condensation energy for 1ﬁauad 1 and band 2, respectively. The lines
plotted with squares, triangles and circles are for the 2M; + 2Ms electron
system, (2M7 + 1) 4+ 2M; electron system and (2M; + 2) + 2My electron
system, respectively.

As seen in the figures, we can understand that band 2 condenses, but
band 1 does not because of the sign of values. This difference of signs may
also be reflected in the opposite phases of the gaps of these bands. The
behavior of the results for the condensed band (band 2) is qualitatively the

same as in the case of the single-band calculations. The condensation energy
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Fig. 4.8 Condensation energy. The parameters used in calculation are Aiwp = 50 and

M1 = A2 = 0.5. Values are normalized by the bulk gap, A1 = wp sinh_l(ﬁ) or

As = wpsinh™! ﬁz—) The solid and broken lines correspond to the condensation
12

energy for band 1 and band 2, respectively. The lines plotted with squares, triangles
and circles are for the 2M; + 2M> electron system, (2M; + 1) + 2M> electron system
and (2M; + 2) + 2M> electron system, respectively. (a) The condensation energy for the
interband coupling parameter A12 = 0.01; (b) the condensation energy for hi2 = 0.1.

of band 2 for the (2M; +2)+2M; electron system is, however, different from
the others. We can also see that the condensation energy is affected by the

interband interaction hj2. This was mentioned in our previous work.?6
4.3.8 Parity gap
The parity gap of band n is defined as
AP = E,(2M; + 1,2M>)
1
—§{En(2M1, 2Ms) + E,(2M; + 2, 2M2)}, (4.76)

which was introduced by Matveev and Larkin and characterizes the differ-
ence of even—odd ground-state energies.'6?

We have also calculated the parity gaps shown in Fig. 4.9. The solid and
broken lines correspond to the parity gap for band 1 and band 2, respectively.
The lines plotted with triangles and squares are for the interband coupling
parameter A2 = 0.01 and h12 = 0.1, respectively. Other parameters used
in this calculation are the same as for the calculation of the condensation
energy. Values are normalized by the bulk gap.

For the condensed band, we obtain qualitatively the same result as in
the case of the single-band calculations, i.e. there is a minimal point and a
tendency towards 1 for d — 0. The mean level spacing giving the minimal
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Fig. 4.9 Parity gap. The parameters used in calculation are hwp = 50 and A1 = k2 = 0.5.
The solid and broken lines correspond to the parity gap for band 1 and band 2, respectively.
The lines plotted with triangles and squares are for the interband coupling parameter
A2 = 0.01 and 12 = 0.1, respectively. Values are normalized by the bulk gap.

point is, however, much less than that for the case of calculations for the sin-
gle band. The parity gap is almost independent of the interband interaction
2. This was also mentioned in our previous work. 6

We have extended Richardson’s exact solution to the two-band system,
and have derived a new coupled equation. To investigate the properties of
the two-band superconductivity, we have solved the equation numerically
and determined the behavior of pair energy levels, the condensation energy
and the parity gap.

The band whose mean level spacing is larger than that of the other band
degenerates and condenses faster. The behavior of the condensing band is
qualitatively the same as that in the case of calculations for the single band.
The coexistence of the normal band and the condensed one may be reflected
in the opposite phases of the gaps of these bands. This phase character
appears in all the results of numerical calculations. Therefore, the phase of
a gap is important for stabilizing the two-band superconductivity.

We have also calculated the condensation energy and the parity gap for
two-band superconductivity. The results suggest that the interband inter-
action h\io affects the condensation energy, but not the parity gap.

In summary, the expression of Richardson’s exact solution for two-band
superconductivity has been presented, by solving numerically a new cou-
pled equation. Then, the behaviors of pair energy levels, the condensation
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energy and the parity gap have been determined. The results for the con-
densed band are almost qualitatively the same as those for the single-band
calculation, and the coexistence of the normal band and the condensed one
may have originated from the opposite phases of the gaps of these bands.

4.4 Kondo Effect Coupled to Superconductivity

The Kondo effect has attracted great interest, while considering the proper-
ties of semiconductor quantum dots. It can be understood as the magnetic
exchange interaction between a localized impurity spin and free conduction
electrons.'™ To minimize the exchange energy, the conduction electrons tend
to screen the spin of the magnetic impurity, and the ensemble forms a spin
singlet. In a quantum dot, some exotic properties of the Kondo effect have
been observed.!”™: 176 Recently, Sasaki et al. have found a significant Kondo
effect in quantum dots with an even number of electrons.!”” The spacing of
discrete levels in such quantum dots is comparable with the strength of the
e—e Coulomb interaction. The Kondo effect in multilevel quantum dots has
been investigated theoretically by several groups.!'”® 180 They have shown
that the contribution from many levels enhances the Kondo effect in nor-
mal metals. There are some investigations into the Kondo effect in quantum
dots revealing ferromagnetism,'8! noncollinear magnetism,'®? superconduc-
tiVity183 184,185

Properties of ultrasmall superconducting grains have also been theoreti-
cally investigated by many groups.'60-162,164,165,167-169,186 Black et ql. have
revealed the presence of a parity-dependent spectroscopic gap in the tunnel-
ing spectra of nanosize Al grains.'6% 164 For such ultrasmall superconducting
grains, the bulk gap has been discussed in relation to physical properties
such as the parity gap,'%? condensation energy'%® and electron correlation!%
with the size dependence of the level spacing of samples.'5” In the previous
works, % we have also discussed physical properties such as condensation
energy, the parity gap, and electron correlation of two-gap superconduc-

and so on.

tivity in relation to the size dependence and the effective pair scattering
process. In addition, the possibility of new two-gap superconductivity has
been discussed by many groups.'497,119,129,133,135,137,140, 187, 188

In a standard s-wave superconductor, the electrons form pairs with
antialigned spins and are in a singlet state as well. When the supercon-
ductivity and the Kondo effect are present simultaneously, they are usu-
ally expected to be competing physical phenomena. The local magnetic
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moments from the impurities tend to align the spins of the electron pairs
in the superconductor, which often results in a strongly reduced transition
temperature. Buitelaar et al. have experimentally investigated the Kondo
effect in a carbon nanotube quantum dot coupled to superconducting Au/Al
leads.'® They found that the superconductivity of the leads does not destroy
the Kondo correlations in the quantum dot at the Kondo temperature. A
more subtle interplay has been proposed for exotic and not well-understood
materials such as heavy-fermion superconductors, in which the two effects
might actually coexist.!®?

In this paper, we investigate the Kondo effect and the superconductivity
in ultrasmall grains by using a model which consists of the sd and reduced
BCS Hamiltonians with the introduction of a pseudofermion. The mean-
field approximation for the model is introduced, and we calculate physical
properties of the critical level spacing and the condensation energy. These
physical properties are discussed in relation to the coexistence of the super-
conductivity and the Kondo regime. Finally, we derive the exact equation
for the Kondo regime in a nanosystem and discuss the condensation energy
from the viewpoint of the correlation energy.

4.4.1 Kondo regime coupled to superconductivity

In nanosize superconducting grains, the quantum level spacing approaches
the superconducting gap. It is necessary to treat the discretized energy lev-
els of a small-size system. For ultrasmall superconducting grains, we can
consider the pairing-force Hamiltonian to describe the electronic structure
of the system!'™ and can determine the critical level spacing in the case
where the superconducting gap function vanishes at a quantum level spac-
ing.167 In this section, we present a model for a system in the Kondo regime
coupled to the superconductivity and discuss the physical properties such
as critical level spacing and condensation energy by using the mean-field
approximation in relation to the gap function, spin singlet order as the
Kondo effect, coexistence and so on.

4.4.2 Model

We consider a model coupled to the superconductivity for quantum dots
to investigate the Kondo effect in normal metals, which can be expressed
by the effective low-energy Hamiltonian obtained by the Schrieffer—Wolff
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transformation!90:

H = Hy+ H, + Ho, (4.77)
where
Hy =" eraf am + Y Eqdlds, (4.78)
k,o o

H, = JZ [S+GL/1GM + S_a,t,Taki + S, (a,t,TakT — a,t,iakl)} , (4.79)

k,k'
H2 = —g Z aLTaLlak/lak/T. (480)

kK’

a;rm (ary) and di (dy) are the creation (annihilation) operator corresponding

to conduction electrons and the effective magnetic particle as an impurity,
respectively. In this study, we assume that the magnetic particle is a fermion
with S = 1/2, for simplicity. FE represents an extraction energy given by
E; | = —EyxE., including the Zeeman effect. The second term of Eq. (4.77)
is the interaction between conduction electrons and the spin in a quantum
dot. S is the spin operator as S, = d¥dl, S_ = dIdT and S, = (d$d¢ —
dId 1)/2. The third term corresponds to the interaction between conduction
electrons included in the pairing-force Hamiltonian.

Here, we introduce a pseudofermion for the magnetic particle opera-

tor!?! as
dh=f, dy=f,
dl=—f, dy=—fl. (4.81)
For this transformation, we have the condition
e +fn=1 (4.82)

and we have |o) = fi]O} The spin operator S can be presented as Sy = f;rfl,
S_ = fjfT and S, = (fTTfT - fffl)/Q. The Hamiltonian can be rewritten as

Hy = &kchocra+ > Eflfo (4.83)
k,o [
Ho=J Y fifochocre (4.84)

/ !
k.,k' 0,0
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Hy=—g) clcl cwicwr, (4.85)
k. k!
where cxe = Y, Uirais and & = Z” U,Ii[siéiij — J/2]Uj. For the sake of
simplicity, we focus only on F, = 0 without an external magnetic field:
E = E.

4.4.3 Mean-field approrimation

In this subsection, we introduce the mean-field approximation for the present
Hamiltonian (4.77). Eto et al. have presented the mean-field approximation
for the Kondo effect in quantum dots.'®?

In the mean-field approximation, we can introduce the spin singlet order
parameter

2 = = (o). (14.86)
k,o

This order parameter describes the spin couplings between the dot states
and conduction electrons. The superconducting gap function can be
expressed as

A= (cxicur)- (4.87)
B

Using these order parameters in Eqgs. (4.84) and (4.85), we obtain the mean-
field Hamiltonian

Hyr = Z ékc,tcckg + Z Eflfs+V2J Z[EfchG + E* o f]]

k,o o k,o

- QZ[A*CMCM + AC};TCLl]. (4.88)
k
The constraint (4.82) is taken into account by the second term with a
Lagrange multiplier A. In this study, we assume a constant DOS with
the energy region of the Debye energy, and the coupling constants can be
expressed as J = dJ and g = d\.

4.4.4 Critical level spacing in the Kondo effect

By minimizing the expectation value of Hyr in Eq. (4.88), the order param-
eters can be determined self-consistently. First, we show the Kondo effect
without the pairing-force part (¢ = 0) in the framework of the mean-field



Mesoscopic Superconductivity 161

approximation. Next, the Kondo effect in the presence of the superconduc-
tivity is discussed in relation to the critical level spacing and the conden-
sation energy. Finally, we derive the exact equation for the Kondo effect in
ultrasmall grains coupled to normal metals and discuss properties such as
the condensation energy in relation to Richardson’s exact equation for the
superconductivity.

For ultrasmall superconducting grains, the critical level spacing d2“S can
be expressed as d3“S = 4wpeY exp(—1/%) for an even number of electrons,
where wp means the Debye energy. This result suggests that the gap func-
tion of a nanosize system with the level spacing d vanishes when the coupling
parameter A is less than the value (In4wp/d+7y)~!. The bulk gap function
A. with %, can be expressed as A, = wpsh™ (1/%.).

Figure 4.10(a) shows the gap function of a nanosize system in the frame-
work of the standard BCS theory. We can find the region where the gap
function vanishes when the coupling becomes less than .. This means that
the level spacing is larger than the gap function in this region.

Here, we drive the critical level spacing for only the Kondo regime
(A = 0). The equation determining the singlet order parameter can be

Z/A

1 E 2

Fig. 4.10 Gap function and spin-singlet order. (a) The gap function. This vanishes in the
region of A values less than h.. (b) Spin singlet order parameter. In the case of J < Je,
the singlet order vanishes. The system consists of eight energy levels and eight electrons
with the level spacing d = 1.0 and wp = 1.0.
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expressed as

h
™

g = Z = E’“ —2) (4.89)

(e, — )2 1 =52’
P Ek :L' 2+ E

where &, = €, — W, T = [8k+E:t\/ (& — ) + 4u2:| /2 and | is the chemical
potential. For the case of the critical level spacing, the solution shows that
the spin singlet order parameter vanishes. From Eq. (4.89), we can find the
critical level spacing dX°"d° for the Kondo regime.

dyorde (4.90)

1
2\/§J]‘
When the coupling parameter J is smaller than J. = [2v/2(In(4wp/d) +
¥)]7%, the spin singlet order parameter vanishes.

Figure 4.10(b) presents the spin singlet order parameter given by
Eq. (4.86) in the case g = 0. In the region of J < J., the order param-
eter vanishes. This result suggests the critical level spacing in the Kondo
effect.

= 4dwpeY exp [—

4.4.5 Kondo effect coupled to superconductivity

Here, we consider a simple system which consists of eight energy levels
and eight electrons, and investigate the critical level spacing and the con-
densation energy of the coupled system between the superconductivity and
the Kondo regime in the framework of the mean-field approximation of
Eq. (4.88).

Figure 4.11(a) shows the spin singlet order parameter and the gap func-
tion for several cases. We can find the critical level spacings for the gap
function and for the spin singlet order parameter. When A < \. and J > Je,
we can find only the spin singlet order parameters. In the region of \/\.
from 1.4 to 1.7 with J/J, = 0.189, we can find the coexistence of the gap
function and the spin singlet order parameter. For \/\. larger than 1.7, only
the gap function still exists, and the spin singlet order parameter vanishes.
At J/J. = 0.284, we can find the coexistence in the region /A, = 1.7—2.3.
These results suggest that strong local magnetic moments from the impuri-
ties reduce the transition temperature for superconductivity. However, the
weak couplings A\ of the superconductivity do not destroy the spin singlet
order parameter at all. These results are in good agreement with the exper-
imental results.'® We can find that there is a coexistence region for the
superconductivity and the Kondo regime.
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Fig. 4.11 Physical properties in a coupled system. (a) Gap function and spin singlet order
parameter. (b) Condensation energy. J/J. = 0, 0.94741, 1.8948, 2.8422. Other parameters
are the same.

Figure 4.11(b) shows the condensation energy for several A and .J values.
We have found that the condensation energy of the coupled system between
the superconductivity and the Kondo regime becomes lower than that for the
pure superconductivity. In the coexistence region, the highest value of the
condensation energy appears in all cases.

4.4.6 FEzxact solution for the Kondo regime

The standard BCS theory gives a good description of the phenomenon of
superconductivity in large samples. However, when the size of a supercon-
ductor becomes small, the theory fails. To investigate the physical properties
such as the condensation energy, and the parity gap, it is necessary to per-
form a more accurate treatment. For the superconductivity in ultrasmall
grains, the exact solution to the reduced BCS Hamiltonian presented by
Richardson!™ has been applied to investigate the above-mentioned physical
properties. 168

By using the wave function describing all pair electron excitations, we
can derive the exact solution for the pairing-force (reduced) Hamiltonian:

23 2 L 491
D=5t X 55" (4.91)
=1, 14 v
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Fig. 4.12 Exact solution for the superconductivity. (a) Condensation energy of the exact
solution and that obtained in the mean-field approximation. (b) Pairing energy level with
energy level obtained in the mean-field approximation. Eight energy levels, eight electrons,
d=1.0, op =4.0.

where N and n are the number of orbitals and the number of the occupied
orbitals, respectively, and E; corresponds to the exact orbital. Figure 4.12
shows the condensation energy and the pairing energy level for the nanosize
superconductivity. Note that the physical properties obtained in the mean-
field approximation give a good description of the high DOS (d — o).
We have found the different behavior of the condensation energy from
that obtained in the mean-field approximation, as shown in Fig. 4.12(a).
Figure 4.12(b) presents the qualitative behavior of the pairing energy level in
the ground state. At N about 1.6, more than two energy levels in Fig. 4.12(b)
are completely paired. The pairing behavior has already been reported by
many groups.'3%172

Let us derive the exact equation for the Kondo regime in ultrasmall
grains. We can consider the Hamiltonian H = Hy + H; in Eq. (4.77). We
introduce a creation operator describing all excited states at the spin singlet
coupling between a conduction electron ?nd a pseudofermion:

Crofo
Bl = ; ﬁ (4.92)
,0

where F; represents the exact eigenenergies in the Kondo regime. The exact
eigenstate |W,,) for the Kondo regime can be written as |¥,,) = HﬁleMO>.
Other electrons, which are not related to the spin singlet order, contribute
Egingle = Zgzl €, to the eigenenergy. The ground-state energy Fgsg can be
written as Eqs = Y p_; [Ex + &)
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By operating the Hamiltonian to the exact eigenstate, we obtain the
condition

1+ Z = 0. (4.93)
This equation gives the exact solutlon for the Kondo regime. Note that the
creation operator (4.92) might be a true boson one compared with the case
of the reduced BCS model.

Figure 4.13 shows the condensation energy of the exact solution in the
Kondo regime with that obtained in the mean-field approximation. We can
find the different behavior of the condensation energy from that obtained
in the mean-field approximation. However, the behavior is similar to that
in the case of the superconductivity in nanosize systems.

We have investigated properties of the Kondo regime coupled to the
superconductivity in ultrasmall grains by using the mean-field approxima-
tion. In the framework of the mean-field approximation, we have found the
critical level spacing for the Kondo regime. The result suggests that the
Kondo effect vanishes when the level spacing becomes larger than the criti-
cal level spacing.

We have calculated physical properties of the critical level spacing and
the condensation energy of the coupled system by using the mean-field

0
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Fig. 4.13 Condensation energy for the Kondo regime: all parameters used in the system
are as follows: eight energy levels, eight electrons, d = 1.0 and wp = 4.0.
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approximation. From the results, we have found that strong local magnetic
moments from the impurities reduce the transition temperature for super-
conductivity. However, weak couplings N\ of the superconductivity do not
destroy the spin singlet order parameter at all. These results are in good
agreement with the experimental results.'® We have found that there is a
coexistence region for the superconductivity and the Kondo regime.

Finally, we have derived the exact equation for the Kondo regime in
a nanosystem, which was not an easy task, and have discussed the con-
densation energy from the viewpoint of energy levels. Further study of the
properties in the Kondo regime with the use of the exact equation will be
presented elsewhere.

In summary, we have investigated the Kondo effect and the supercon-
ductivity in ultrasmall grains by using a model which involves the sd and
reduced BCS Hamiltonians with the introduction of a pseudofermion. The
mean-field approximation for the model has been introduced, and we have
calculated physical properties of the critical level spacing and the conden-
sation energy. These physical properties have been discussed in relation to
the coexistence of the superconductivity and the Kondo regime. Finally, we
have derived the exact equation for the Kondo regime in a nanosystem and
discussed the condensation energy from the viewpoint of energy levels.

4.5 Interaction of Nanoscale Ferromagnetic Granules
in London Superconductors

Recent experiments have fabricated structured arrays of ferromagnetic
nanoparticles in proximity to a bulk superconductor. We consider the the-
ory of interactions between two nanoscale ferromagnetic particles embedded
in a superconductor. In the London limit approximation, we will show that
the interactions between ferromagnetic particles can lead to either parallel
or antiparallel spin alignment. The crossover between these is dependent
on the ratio of the interparticle spacing and the London penetration depth.
We show that a phase transition between spin orientations can occur under
variation of the temperature. Finally, we comment on the extension of these
results to arrays of nanoparticles in different geometries.

Magnetism and superconductivity are two competing collective ordered
states in metals. In the case of ferromagnetism, the exchange interactions
lead to parallel alignment of electronic spins, while e—p interactions in the
BCS superconductivity lead to spin singlet pairing of electrons. Clearly,
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these two types of order are in general mutually incompatible. In bulk
systems, the frustration between the electron singlet pairing and the spin
ordering is resolved by the FFLO (Fulde-Ferrell,!?® Larkin-Ovchinnikov'?4)
state. However, this has proven to be elusive experimentally, and few exam-
ples are known. In particular, the FFLO state appears to be highly sensitive
to disorder.

In recent years, however, there has been a great increase of interest in the
interactions between ferromagnetism and superconductivity in artificially
structured systems. Advances in nanotechnology and microfabrication have
made it possible to build hybrid structures containing both ferromagnetic
and superconducting components which interact magnetically or via the
proximity effect. 195,204 Superconductor—ferromagnet—superconductor pla-
nar structures have been found to show the m-junction Josephson behav-
ior 196-198 Ferromagnet—superconductor—ferromagnet spin valve structures
have also been fabricated,'”” with potential applications to spintronics. In
addition, more complex types of structures have been produced; for exam-
ple, Moschalkov et al. fabricated arrays of ferromagnetic nanoscale dots on
superconducting substrates.?0%201 A description of such structures based
upon the G-L theory was developed by Peeters.202

In this section, we consider the interaction between magnetic nanopar-
ticles embedded in a superconductor, as shown in Fig. 4.14. Theoretical
studies of such systems can be carried out exactly in two limiting cases,
depending on the relative magnitudes of the London penetration depth, X\,
and the coherence length, &. If we consider the nanoparticles to be essen-
tially pointlike on the scale of both these characteristic lengths, then they
correspond to effective pointlike magnetic moments of the form

M(r) = Z m;d(r —r;), (4.94)

Fig. 4.14 Schematic diagram of a nanocomposite superconductor containing ferromag-
netic granules.
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where the particle at r; has magnetic moment m;. Interactions between
these isolated moments arise directly from magnetic dipole—dipole forces
modified by the screening of the bulk supercurrents. A second source of the
interaction between the moments is the RKKY interaction modified by the
presence of the BCS energy gap A. It is clear that the range of the dipolar
forces is determined by the penetration depth A, while the usual oscillatory
power-law RKKY interaction is truncated exponentially on a length scale
of the order of &€,,. Therefore, the dipolar forces dominate for superconduc-
tors in the London limit rg < A, while the RKKY interactions are more
important in the Pippard case r¢ > [, where 7“0_1 =&-1 417! and [ is the
mean free path.'® Here, we consider the London limit and neglect RKKY
interactions. Magnetic impurities interacting via RKKY interactions were
considered by Larkin.?’3 In the London limit, we first derive general expres-
sions for the configuration of magnetic fields and the interaction energy of
an ensemble of ferromagnetic granules. Then we consider the case of two
interacting nanoparticles. It is found that, as a function of the temperature,
an orientational phase transition can take place. The conditions for such a
phase transition to occur are derived for a chain of ferromagnetic granules.
Finally, we comment on the application of these results to the determination
of the equilibrium configurations of more general lattices of ferromagnetic
particles.

4.5.1 Magnetic field of ferromagnetic inclusions
in a London superconductor

We determine the magnetic configurations in superconducting nanocompos-
ite systems by means of Maxwell’s equations. The total current, j, includes
both normal and superconducting parts:

j = js +jn~ (4'95)
The role of the normal currents in a superconductor is negligible, since
the superconductor exhibits weak magnetic characteristics in the normal

state. However, a normal current will be present within the ferromagnetic
inclusions. This normal-state current can be written in the traditional form

jn =V x M, (4.96)

where M is the magnetization of a material. The supercurrent obeys the

usual London equation

nge?

VXjS:—
m

B (4.97)
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in ST units,%* where B is the magnetic field, n is the superfluid density, and
m and e are the electron mass and charge, respectively.

Combining the relations (4.95)-(4.97) with the Maxwell equation
V x B = gj, the magnetic field can be found in the form

V x (V x B) + 2 72B = woV x (V x M), (4.98)

where \ is the London penetration depth of the field in the superconductor.
Since div B = 0, Eq. (4.98) can be rewritten as

—V?B +27?B = oV x (V x M). (4.99)

For the boundary conditions, we assume that the magnetic field in the
superconductor vanishes far from the region of the ferromagnetic inclu-
sions. According to these boundary conditions, the solution Eq. (4.99) can
be expressed as follows:

4T
where the Green function is given by

_exp(—[r —1'[/})
I

B(r) = “° /d%’ G(lr — )V x (V x M(r')), (4.100)

G(jr —1')

(4.101)

After the double integration by parts from manipulation (see App. B), this
expression can be rewritten in the general form

Br) = 4 [ @¥r'ew (_§> . {<3R<Ré§4<r’>> . M]S))

. ( R R2> _2R(R-M(Y))

14+ =+ — . (4.102
Tt 22 R3 } (4.102)

where R=r—r' and R=|r —1/|.

The expression (4.102) determines the magnetic field outside of the ferro-
magnetic inclusions. Since the magnetization of the system M(r) is defined
by (4.96), we find in (4.101) that M(r) = 0 outside of the volume of ferro-
magnetic granules.

4.5.2 Magnetic field of ferromagnetic quantum dots
in a superconducting nanocomposite material

Assuming that the sizes of the ferromagnetic inclusions are on the nanome-
ter length scale, they will appear essentially pointlike on the scale of the
penetration depth A. In this case, we can approximate the magnetization
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as a sum of point magnetic moments, as shown in Eq. (4.94). Using this
approximation in the general expression (4.102), we find the result (see

App. B) o R; SRi(R; -m;) my
ol ) (R

Ri R? 2Ri(Ri . mi)
X<1+T+F> _TR?}’ (4.103)

where R; =r —r; and R; = |r — 1;].

It is apparent from Eq. (4.103) that if the temperature of a superconduc-
tor approaches T,, and the penetration depth A — oo, then the expression
(4.103) tends to the limit

o SR;(R; - m;) my
B(r) = Z(T - ﬁ) (4.104)
which describes the usual magnetic field of isolated dipoles in the normal-
state medium.
In the other limiting case, if the distance between granules is greater
than the depth penetration, we have

4.5.3 Interaction energy of quantum dots in a
superconducting nanocomposite material

To determine the collective states of the magnetic moments in supercon-
ducting nanocomposite materials in the London limit, we make use of the

expression for the free energy F of the system?%°:

1
F=o— /d3r{B2 +23(V x B)?}. (4.106)
Ho
Integrating by parts and using the Gauss theorem, we transform Eq. (4.106)
into .
F=_— BrB{B+2*V x (VxB)} = —mz/d%«B -V x (V x M).
Ho
(4.107)
Integrating by parts and using the Gauss theorem again, we transform
Eq. (4.107) into
F= —2nx2/d3rM -V x (V x B). (4.108)
Then, using the London equation (4.98) and omitting the magnetostatic
self-energy from consideration, we find the interaction energy of magnetic



Mesoscopic Superconductivity 171

moments. The obtained expression can be used to determine the collective
state of magnetization of an ensemble of granules:

=R CRij\ ) 3Ry -my)(Ry-my)  my - my
U_Snzi:zj:exp( n ) {( RS R
Rji | B\ 2(Ry - my)(Ry - mi)
- (1 ot x_2j> N ; (4.109)
ij

where Rij =TI; — Iy Rij = ’I’j - I‘i|, ) 75 ]

4.5.4 Spin-orientation phase transitions in a nanocomposite
material with arrays of ferromagnetic quantum dots

We begin by studying the magnetic configuration of an isolated pair of
magnetic moments. The interaction energy of such a pair can be written as

=y (T2 (R o) Rz mme)

47 N R‘;’Q R‘?Q
R  R2, 2(R12 - m1)(Rq2 - m2)
1+ —+ === - . 4.110
x(+ RV 2R3, (4.110)

Let us introduce a coordinate system with the origin at the first magnetic
moment m; and the polar axis along the line connecting magnetic moments.
In this coordinate system, the magnetic moments have the components m; =
m;(cos @; sin 0;, sin ¢; sin 6;, cos 6;), and their interaction energy (4.110) is
written in the form

Ko . exp(—Ri2/N)

U= —Mm1ma R3 : f(ez, (pi,ng/)\), (4.111)
12

47

where

f(0;,9i,2) = —=2(1 + x) cos By cos 3 + (1 +x + .732) sin 01 sin 65 cos @
(4.112)

and ¢ = @2 — ¢1.
Differentiating the function f(6;, ¢;, ) with respect to angular variables
and equating the results to zero, we find that there are four possible stable
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energy configurations:

0 =6y =0,
91 = 92 = T, (4.113)
0 <o <2m,
bl
o1=02=75, (4.114)
¢ =,
bl
0 =0y = =
TRy (4.115)
¢=0,
0, =0, 0p=m,
0< o 2 (4.116)

which are illustrated in Fig. 4.15.

Fig. 4.15 Four energy saddle points of a pair of ferromagnetic quantum dots, as defined
in Eq. (4.113). Of the four, 1 and 2 correspond to the ground state, depending on the
condition (4.118). States 3 and 4 are never stable.
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Further analysis shows that configurations (4.115) and (4.116) are saddle
points, not energy minima. Evaluating the second derivatives of (4.112), we
obtain the stability condition of the configuration (4.113):

—~) —=_-1<0. )
()\) . 1<0 (4.117)

This implies that the ferromagnetic ordering of the pair of magnetic
moments is possible if
R < 1(1 +5). (4.118)
A T2
It turns out that if the condition (4.118) is violated, then the alternative
configuration (4.114) is a stable energy minimum. We can conclude that if
the temperature changes, and the penetration depth parameter \(7") varies
in such a way that the condition (4.118) is not satisfied, then the ground-
state orientation will change from (4.113) to (4.114).

This result is readily generalized to ordered arrays of ferromagnetic gran-
ules, and so we conclude that orientational phase transitions are possible in
systems of quantum dots in a superconducting matrix. For example, it is
clear that the condition (4.118) can be applied to linear chains of quantum
dots. On the other hand, the results for square or cubic lattices remain to
be determined.

We have considered the interactions between nanoscale magnetic dots
embedded in a bulk superconducting material. Our approach is valid for
materials which are well described in the London limit ry < \, since RKKY
interactions are negligible. We have shown that, depending on the dimen-
sionless parameter R/, different stable ground states occur. So, as the tem-
perature varies, orientational phase transitions will take place for periodic
arrays of such quantum dots. Of course, our calculation does not include all
types of interactions which define the orientation of magnetic moments in
space. In particular, we neglect the energy of a magnetic anisotropy of gran-
ules which is determined by the shape of granules or the type of their crystal
lattice. However, when the shape of granules is close to the spherical one
and the lattice of a ferromagnet has the cubic symmetry, then Eq. (4.109)
will essentially be exact.

In the experimental systems studied by V. V. Moshchalkov,?! a square
of Pt/Co magnetic nanodots was deposited on the surface on the Pb super-
conductor, which is of type I(k = 0.48). The dots were about 0.26 pm in
diameter, and they were deposited on the grid with a spacing of 0.6 wm.
For Pb, the penetration depth is 39 nm at low temperatures. So, this array
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was in the limit R > N\ and the dot—dot interaction would be expected to
correspond to the antiferromagnetic alignment shown in the second state
in Fig. 4.15. With increase in the temperature, the transition to the ferro-
magnetic alignment would occur according to Eq. (4.118) at A = 0.36R, i.e.
219 nm.

According to the Casimir formula N(T) = X(0)(1 — t4)_1/2, with ¢ =
T /T, this would occur at T' = 7.14 K, compared with 7, = 7.2 K. Therefore,
the experimental conditions for the transition to be observed are certainly
feasible. Of course, for an exact comparison with theory in this case, our
theory should be generalized to deal with magnetic particles near the surface
rather than with those embedded in the bulk of a superconductor.

Of course, it would be interesting in the future to generalize our results
to superconductors in the Pippard limit, where the RKKY interactions
between quantum dots will dominate over dipolar forces.?%3

The expression (4.110) can be used to study, by means of numerical
methods, the magnet configurations and the orientational phase transitions
in an ensemble of nanogranules. It is possible to determine the conditions
of orientational transformations in the analytic form for the ordered struc-
tures (a chain of granules, plane and volume lattices). Inasmuch as the state
of the magnetic subsystem of a specimen at phase transitions is changed,
this phenomenon can be experimentally observed under the change in the
magnetic susceptibility in the region of low fields.

4.6 Spin-Orientation Phase Transitions
in a Two-Dimensional Lattice of Ferromagnetic
Granules in a London-Type Superconductor

In order to determine the collective state of magnetic moments in nanocom-
posite materials with the matrix made of a London-type superconductor,
we use the formula (4.103) for the energy of magnetic interaction.

First of all, we note that the realization of one or other magnetic con-
figuration is defined by both the competition of diamagnetic effects from
the side of the superconducting matrix and the magnetostatic interaction
in the system of ferromagnetic granules. At lower temperatures eliminat-
ing the thermal disordering of the system, the magnetostatic interaction
leads to a correlation of magnetic moments. As the main conditions for the
formation of magnetic configurations, we take the equivalence of all sites
and the zero value of the net magnetic moment of the lattice. The planar
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Fig. 4.16 Two-dimensional lattice of magnetic points. Magnetic moments (black) are
directed up or down (white); a is the lattice constant.

lattice of granules by itself sets a preferred direction in space. Therefore,
we will separate two configurations from the whole manifold of spatial
orientations of magnetic moments. The first configuration is presented in
Fig. 4.16. It is characterized by the orientation of the magnetization of
granules which is orthogonal to the base plane. The alternation of the
magnetization of neighboring granules decreases, to a certain extent, the
energy of magnetic interaction. In addition, such a distribution of magnetic
moments favors a decrease in the amplitude of a magnetic field in the super-
conducting matrix, which is also advantageous from the energy viewpoint.
Thus, the given configuration can be considered as a version of the mag-
netic order.

A configuration of the second type is shown in Fig. 4.17. It is charac-
terized by the distribution of magnetic moments in the base plane of the
lattice such that the magnetic moments are aligned as magnetic chains
with alternating directions of the magnetization. Here, like the config-
uration presented in Fig. 4.16, the main requirement, i.e. the equiva-
lence of the states of magnetic points, is satisfied. A similar distribution
also decreases the energy of magnetostatic interaction, and favors a
decrease in the amplitude of a magnetic field in a superconductor. At
the same time, the planar orientation of magnetic moments has the
basic distinction from the orthogonal one. For example, by means of
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Fig. 4.17 Two-dimensional lattice of magnetic points. Magnetic moments are aligned
in the plane in the form of chains; a is the lattice constant.

a continuous deformation of the magnetization in the base plane, the
configuration in Fig. 4.16 can be transferred into the structure shown in
Fig. 4.17.

Such a system is characterized by a coherent rotation of magnetic
moments by an angle +¢ relative to the principal direction of the lat-
tice. In this case, there occur both the modulation of the direction of
moments at sites of the lattice and some increase in the energy of mag-
netic chains, but these processes are accompanied by the formation of mag-
netic vortices in cells, which promotes a decrease in the energy of magnetic
interaction. The states of separate magnetic points in the lattice remain
equivalent at the zero total magnetization. Thus, the following questions
arise: How does the energy of the array of magnetic moments in the base
plane shown in Fig. 4.18 depend on the angle +¢, and to which value is
it equal in the equilibrium state? To answer these questions, we consider
the relation (4.110) for the interaction energy and reduce it to a single sum
by virtue of the fact that the states of magnetic points are equivalent. In
this case, in order to calculate the energy of the lattice, it is sufficient to
determine the energy of a single magnetic point, e.g. mg, located at the
origin of the coordinate system, and then multiply the result by the total
number of magnetic points N. The relation (4.110) becomes significantly
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Fig. 4.18 Part of the lattice with a modulated planar distribution of the magnetization; a
is the lattice constant. Circles represent magnetic points, and the arrows on them indicate
the directions of magnetic moments myk in the base plane (n and k are the spatial indices
of magnetic points). The angle ¢ defines the deviation of the moments of magnetic points
from the principal direction of the lattice. The states of all points in the given configuration
are equivalent. The net magnetic moment is zero. The separated circles schematically
denote magnetic vortices. The dotted lines are tangents to the directions of magnetic
moments at sites of the lattice.

simpler:
N
_ m N 0 d? a- 7\ (r;-mg)(r;-mo)
U—‘Hﬁ{?’(“%)*w ;exp(— ) 3
N o 02 < o7\ my Mmoo
+?{1—%+W};exp<— 5) o (4.119)

By writing the formula (4.119), we used the method of differentiation with
respect to the parameter a, which should be set equal to 1 after the calcu-
lations. The index 7 stands for the summation over all sites of the lattice,
8 — the penetration depth for 2D case. Performing the summation in the
relation (4.119), it is convenient to introduce the pair of indices (n, k) defin-
ing the position of a site in the lattice (Fig. 4.18) instead of the running
index of magnetic points ¢. It is easy to see that the system represented in
Fig. 4.18 possesses the translational invariance with a period of 2a so that

my, = My 9] k4+2p

Lp=41,42,.... (4.120)
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The lattice has only four types of magnetic points differ which from
one another by a spatial orientation of magnetic moments. Their vector
components depend on the angle ¢ in the following manner:

cos @
my, p = My, o) ki2p, My op =Moo =m|sing |,
0
CoS @
My 19, =My 9=m|—sing |,
0
—CoS @
myopr1 =My =m| sine |,
0
—Cos @
my i1 2p41 =My =m | —sine |,
0
Lp=+1,42 ...,
Lp=+1,42 ..., (4.121)

where m is the modulus of the magnetic moment of a site.

After the substitution of Eq. (4.121) in Eq. (4.119) and the summation
over sites of the unbounded lattice, we get the following interesting result.
It turned out that the interaction energy of the system of magnetic points
(see Fig. 4.18) does not depend on the angle ¢ and is determined by the
relation ,

U,

W” - Z—i% CF(a)3), (4.122)
where N is the number of sites of the lattice, m is the magnetic moment of
a granule and F'(a/8) is the energy characteristic of a magnetic state which
is a universal function of a single parameter and determines the dependence
of the energy on both the period and the field penetration depth in the case
where the magnetic moments are distributed in the base plane of the lattice.
It can be represented in the form of a sum:

F(a/?))zz—i( 1+3 W) ZZeXp 20ca/8)\/m)

o (12 + p2)3/2

o 0%\ 1
_<_1+%+W>'Z_Z 2
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exp(—a(a/3)y/(20 +1)2 + (2p + 1)?)
(2L +1)2 + (2p 4+ 1)2)3/2
0 7\ 1 &
y (21 +1)? — (2p)?) - exp(—a(a/d) \/(ZZ +1)2+ (2p)?)
(2 +1)2 + (2p)2)>/2 ‘
(4.123)

Thus, there occurs the degeneration of the state in the parameter ¢ in the
presence of a tough correlation of the mutual orientations of moments of
the ensemble of magnetic points. The energies of the configuration shown
in Fig. 4.17(1b) and the ensemble with a modulated distribution of the
magnetization (see Fig. 4.18) coincide. In turn, the determination of the
energy of magnetic interaction for the configuration possessing the orthogo-
nal orientation of magnetic moments (Fig. 4.16) requires a smaller number
of calculations, because the first sum in the formula (4.119) vanishes. The
result of calculations can be represented in the form

Ul pom?
N 4w ad
where ®(a/8) is the energy characteristic of the magnetic state which is a

L@ (a/3), (4.124)

universal function of the single parameter and determines the dependence

of the energy on both the period and the field penetration depth under the

distribution of magnetic moments normally to the base plane of the lattice.
This function can be represented in the form

o 0 82 1

Pafd)=—(1——+—=— | =

(8/3) 47 ( oa * 80(2) 2
o o 4~exp<—0c-(a/8)~\/2-l2+2-p2) o©
X922 -2 X

3/2
I=1 p=0 <2 242 -p2> I=—o0 p=—00

exp(—a- o/9) 2 (L4 1/2F 42 (0 127

(2 A+1/2%+2-(p+ 1/2)2)3/2

(4.125)

The calculation of the functions F(a/3) and ®(a/8) on the basis of the
relations (4.123) and (4.125) is not a difficult task and can be realized with
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any mathematical software. The results are presented in graphical form in
Fig. 4.19.

F(a/d) -1

ald

Fig. 4.19 Plots of the energy characteristics F'(a/3) and ®(a/8) of states of the lattice
with normal and planar orientations of magnetic moments, respectively. Values of F'(0)
and ®(0) correspond to the transition of the superconducting matrix to the normal state.

In Fig. 4.19, we represent the plots of the energy characteristics of two
different states of a magnetic lattice versus the ratio of the parameter of a
cell and the penetration depth of the magnetic field, a/8. The limit a/§ — 0
corresponds to the transition of the matrix to the normal state. It is obvious
that a lattice with planar orientation of magnetic moments (Figs. 4.17 and
4.18) possesses the lower energy in the normal state at a/d = 0. Therefore,
the state with the perpendicular direction of moments (Fig. 4.16) cannot
be realized at all in the absence of a superconductor. As the temperature
decreases and the penetration depth diminishes gradually, the parameter a/3
begins to grow. When this parameter attains the value ay/8 ~ 3.3, the con-
figuration with the orthogonal orientation of magnetic moments (Fig. 4.16)
becomes more advantageous in energy, and the orientation phase transition
occurs in the system. Upon at a decrease in the temperature, a similar sce-
nario of events completely corresponds to a reorientation of the magnetic
moments of an isolated pair of magnetic points, which was considered in the
previous work.?%®

In conclusion, we note that an analogous phase transition can be expected
to occur in a planar lattice with a rectangular cell. The only difference
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will consist in the elimination of the degeneration relative to the direc-
tions of magnetic moments in the base plane. Of course, the direct observa-
tion of a phase transition will be hampered, because the problem involves
the magnetic lattice surrounded by a superconductor. However, a similar
orientation transformation must happen in a lattice applied on the surface
of a massive superconductor, though values of the parameter ag/8 will be
different in this case.

4.7 Quantum Computer on Superconducting Qubits
4.7.1 Principle of quantum computers

Silicon microprocessors, being the main element of modern computers, have
reached the limit of development. The miniaturization, i.e. the aspiration
to place as many components as possible on a smaller and smaller area of
a chip, has approached the boundary of physical possibilities. Further, it
will be impossible to conserve the stability of the operation of computers.
Many researchers believe that silicon processors will begin to go into the
past in at most five years, and the production of chips will be based on
the other material — carbon nanotubes. It is worth noting that the com-
putational processes are accompanied by the release of heat. Feynman said:
“Any classical computation is a physical process running with the release
of heat.” As is known, the calculations lead to an increase in the entropy
and, hence, to the release of heat. The idea of the creation of quantum
computers arose several decades ago, when it was proposed to reject the
application of electric circuits in the processing of information and to pass
to the use of quantum mechanics. Classical computers are processing the
information only on the basis of ideas of one bit of information (it corre-
sponds to the transition from state 0 to state 1 or conversely). Quantum
computers can process the information by basing on ideas of a quantum bit
(qubit), which allows one to realize simultaneously four logical operations
0+0=00+1=114+0=1;1+1=2).

The qubit is an abridged notation for the quantum bit and represents
the unity of information coded in a quantum system which can be in the
states |0) and |1), and in any superposition of these states.

Let the state of a qubit be described by the state |f), which can be
represented as a superposition of the states |0) and |1):

|f) = al0) + b[1),
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where
2 2 _
a”+b° =1. (4.126)

Since the devices can register only classical quantities, the measurement of
a quantum bit will give the states |0) or |1) with probabilities determined
by the squares of the coefficients a and b.

The use of the principle of superposition allows one to increase the infor-
mational space exponentially with linear growth of the size of a physical
system, because the register including n qubits can be in a superposition of
at once 2" states. In addition, quantum mechanics admits the existence of
the so-called entangled states possessing no analogs in classical physics. An
ensemble of qubits is a collection of qubits in different but given states.

It is worth noting that, even on the level of mathematics, a quantum
computer operates in a basically different way than a classical computer.
Input data are coded in “quantum cells of memory.” In this case, the col-
lection of qubits becomes a single quantum system. This system undergoes
the sequence of elementary quantum operations. Quantum computations
are a realization of the most astonishing idea of applying the principles of
quantum mechanics to the world of computers. Ordinary computers, despite
their complexity, use classical laws of mechanics. In recent years, the the-
ory of classical computations has been developed on the basis of works
by A. Turing. With the appearance of quantum computations, new possi-
bilities have arisen, and the situation has been radically changed. Quantum
methods can be successfully used in the solution of mathematical prob-
lems, though the time consumed for the solution of mathematical problems
increases exponentially with the complexity of the problem.

For the theory of quantum calculations, the physical nature of qubits is
not of crucial importance; the basically important point is that the system
in the course of calculations obeys the laws of quantum mechanics.

4.7.2 Superconducting qubits

The realization of a quantum computer requires the availability of systems
with a doubly degenerate ground state. For this reason, great attention is
paid to systems with two-level wells which can be fabricated by facilities of
solid-state electronics. The modern technology allows one to produce circuits
containing millions of transistors and Josephson junctions.

By observing the operation of electrical circuits at temperatures close
to absolute zero, researchers found a new proof of the fact that the laws
of quantum mechanics are suitable not only for the microscopic objects
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(atoms and electrons) but also for large electronic schemes, which include
superconducting bits (qubits).

Many years ago, attempts to construct a Josephson computer on the
basis of the Josephson tunnel logic failed hopelessly. The principal rea-
son for the failure was the huge technological dispersion of parameters of
tunnel junctions, which did not allow one to produce large microcircuits.
A Josephson computer can be created only on the way, having nothing in
common with that based on semiconductors; namely, it can be just a quan-
tum computer.

The hope is related to two circumstances. First, the fabrication of super-
conducting qubits is quite possible in the framework of up-to-date tech-
nology. Second, the presence of a gap in the spectrum of excitations of
a superconductor allows one to expect the suppression of generation in a
system.

Let us consider the first steps on the way toward construction of a super-
conducting quantum computer. First, we consider, in brief, the Josephson
effect.

4.7.3 Josephson effect

The Josephson effect is certainly one of the most interesting phenomena in
superconductivity. It is the passing of a superconducting current through a
thin dielectric layer separating two superconductors (the so-called Josephson
junction).

It was predicted by an English physicist, B. Josephson, on the basis
of superconductivity theory (in 1962; Nobel awarded the Prize in 1973),
and discovered experimentally in 1963. Conduction electrons pass through
a dielectric (a film of copper oxide ~10 A in thickness) due to the tunneling
offect 209,210

In Fig. 4.20, we present a scheme of the Josephson tunneling between two
superconductors. The Josephson stationary effect considers the fact that the

Ve——0

Fig. 4.20 Scheme of the Josephson tunneling between two superconductors.
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superconducting current

Jo = Jpsin ¢, (4.127)
de 2eV
— = — 4.128

where ¢ is the phase difference on the interface of superconductors, V' the
applied voltage, and Jy the critical current through the junction.

The Josephson effect indicates the existence of the electron ordering in
superconductors, namely the phase coherence: in the ground state, all elec-
tron pairs have the same phase ¢ which characterizes their wave function
Uy = /n,1e. According to quantum mechanics, the presence of a phase
difference must cause a current through the junction. The discovery of such
a current in experiment proves the existence of macroscopic phenomena in
nature which are directly determined by the phase of a wave function:

U= /ne'’. (4.129)

4.7.3.1 Clurrent passing through two series-connected Josephson junctions

The Josephson current in the scheme drawn in Fig. 4.21 can be easily deter-
mined with the help of the elementary Feynman approach to a Josephson
junction as a two-level quantum-mechanical system.? By introducing an
intermediate object, some island, with the wave function ¥y into the two-
level system characterized by the wave functions Wy = /ng /26“‘)1 and
Wy = /ns2/2e2, we write the Schrodinger equation in the form

. d\pl 6V

h—L =W + KV 4.130
1 dt 2 1+ 05 ( )

v

ih% = KW, + KW, + EygW, (4.131)
A eV

h—2 = KUy — — Wy, 4.132
ih— 0— 5 Y2 (4.132)

The formula for a constant current running through two series-connected
Josephson junctions at the zero external potential difference takes the form

K2

0y/
J="nh 07251 =5 ng2sin(g2 — @1). (4.133)
L. Y ¥,
V/2 1 2 -V/2

Fig. 4.21 Current passing through two series-connected Josephson junctions.
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This relation can be rewritten as follows:
Je = Josin(e), (4.134)

where ¢ = @9 — @1 is the phase difference. The relation obtained is called
the Josephson formula (the Josephson stationary effect) and determines the
current of superconductive electron pairs due to the tunneling transition.

The Josephson coupling energy is an important parameter of the
Josephson junction. From (4.127), we have

E:/Jth: %/sincpdcp: —%cosq). (4.135)
e
0

The Josephson effect is still one of the phenomena that make superconduc-
tors such a fascinating area of study. Despite more than 40 years of intensive
studies and numerous applications, it remains an important field of research
in connection with the use of small superconducting grains.

4.7.3.2 SQUIDs

The Josephson effect allowed one to construct superconducting interferome-
ters, called SQUIDs (superconducting quantum interference devices), which
contain parallel weak connections between superconductors.?’6 In Fig. 4.22,
we present a scheme with Josephson junctions. The total current running
from 1 to 2 is equal to

I = Ipd[sin(Agq) + sin(Ag2)], (4.136)

('p‘FB LPZB

Fig. 4.22 Basic diagram of a quantum interferometer.
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where
AQ1 = @24 — P14,

A¢2 = @2 — 918
are the phase differences on the first and second Josephson junctions. There
occurs a distinctive interference of the superconducting currents running
through these connections.
Inside the superconductor, the current is zero: ; = 0. We will use the
following formula for the current j:

2
j~hVe— —A. (4.137)
c
We can write )
e
¢15 = P14 = 7~ A -dl, (4.138)
C lel}
2e
P25 = ¢24 = 3 A -dlL (4.139)
C Cs
Summing up these two equations, we get
©1B — 92B + 924 — 914 = —j{A dl—2n—. (4.140)
Thus, we have
A1 — Agy = 27:— (4.141)
o’

where @ is the total quantum flux.
The flux quantum is defined as

h
Y
2e
For a balance SQUID ring system, we can write

(4.142)

A + —CD
= T
P1 %o CDD )

)
Az =@p — T—. (4.143)

Dg
The total current in the SQUID is
I = Ipsin(Agq) + Ipsin(Ags)

I si + ® + Iy si ©
= Sin T— Sin — T—
0 ®o o, 0 ®o Dy

o
cos th)o
with Inax = 200 sin(¢@o).

In this case, the critical current turns out to be periodically dependent
on the flow of an external magnetic field, which allows one to use such a
unit for exact measurement of the magnetic field.

: (4.144)

O
= 2Isin(¢p) cos (TE—) = Inax
00
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4.7.3.3 Fluz qubit

Let us consider the first steps on the way towards creation of a super-
conducting computer. The simplest superconducting system demonstrating
the coherence is the SQUID, which is a superconducting ring including a
Josephson junction at one point. The energy of this system contains two
terms, the Josephson transition energy (cos ®) and the energy related to
the ring L:
® (@ — d,)>
H = —FEjcos (27530) + —r (4.145)

Here, @ is the difference of superconductive phases at the junction. The
superconductive phase in the ring is proportional to a magnetic flow applied
to the ring (quantization of the magnetic flow). If @, is equal exactly to a
half of the magnetic flow, the potential of a SQUID becomes doubly degen-
erate.

Two minima of the well correspond to the currents in the ring passing
in the clockwise and counterclockwise directions, respectively.?®

A superposition of these states in SQUIDs, was observed experimentally
in Refs. 208, 211. These experiments demonstrated clearly the possibility of
creating a superposition of states in a system with a macroscopic number of
particles. In the given case, the circular current including 10'3 electrons was
registered in a loop. The states participating in a superposition were macro-
scopically distinguishable, by differing from one another by the currents,
whose difference was several microamperes. Recently, an important notion
has been introduced in the course of studies of structures with Josephson
junctions. It is the notion of macroscopic quantum coherence. In such sys-
tems, the Josephson energy can have two almost-degenerate minima at val-
ues of the phase which are separated by a potential barrier (see Fig. 4.23).
It is possible that the phase passes from one minimum to another due to
the quantum-mechanical tunneling, and the eigenstates of the system are
superpositions of the states localized in the first and second minima.

E

N | ¥

Q1.6

<«

@, > @

Fig. 4.23 Scheme of the Josephson tunneling between two superconductors.



188  Modern Aspects of Superconductivity: Theory of Superconductivity

The operation of a superconducting computer requires low tempera-
tures, which are needed, in particular, to suppress heat-induced excitations
destroying the quantum-mechanical state of a system.

It is worth noting that the best condition for the observation of these
current states is defined by the size of the superconducting ring. If the
ring size is taken to be 1cm, there appear the effects of decoherence which
will destroy the current states. But if the ring is taken to be much smaller
(say, bpum), then it is possible to observe these states. These states were

discovered in experiments with Rabi oscillations.?!!

4.7.3.4 Charge qubit

The second type of superconducting bit can be realized in the “Cooper-
pair box” system, which is characterized by two charge states: without an
excess Cooper pair |0) and with a single Cooper pair |1). A Cooper-pair
box is a nanotransistor that has Coulomb blockage with controlling voltage
Vy, as shown in Fig. 4.24. It is represented by an aluminum superconduct-
ing film of the order of 1 mm in size, with a working temperature of about
several millikelvins, which is significantly lower than the superconducting
temperature T,. Its quantum state can be characterized by the number of
Cooper pairs. According to the BCS theory, the ground state of a super-
conductor is a superposition of states with different numbers of Cooper
pairs. The excited — i.e. unpaired — states in an ordinary superconductor
are separated from the ground state by the energy gap. Therefore, as the
number of electrons varies by 1, i.e. N — N &£ 1, the ground-state energy
must be changed by +8. The sign (plus or minus) depends on wherever the
initial number of electrons N is even or odd. The effects of parity of the
number of electrons which are considered in this chapter in connection with

A
a Cooper-pair box
>
E, Cg O]
w - - a4
O | . T
=
x ; é | @ i
< n
o = Kel] — — 0> |1>
Box
CHARGE n

Fig. 4.24 Cooper-pair box [x denotes a Josephson junction (JJ)]. Cy and V, are the
capacitor and the controlling voltage.
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mesoscopic superconductivity were successfully measured on nanotransistors
with Coulomb blockage.
The Hamiltonian of such a system can be written as

H = E.(n—n,)? + Ejcos ¢, (4.146)

where E. and Ej; are the charging and Josephson energies, and ¢ is the phase
change. In the charging mode where E. > F;, only two lower-charged states
are of importance. The controlling voltage V; induces a charge in the box:
Vy
%
where 2e is the charge of each Cooper pair and (| is the gate capacitance. At
ng = 1/2, such a system operates as a two-level atomic system, in which the
states |0) and |1) can be realized. The control is realized by a voltage Vj.
On the basis of such a qubit, a system of two qubits was realized,208:209
and the formation of entangled states was demonstrated. The effects of
parity of the number of electrons which are considered in this chapter in
connection with mesoscopic superconductivity were successfully measured
on nanotransistors with Coulomb blockage.

ng = Cy (4.147)

4.7.3.5 Phase qubit

There exists one more possibility of realizing SQUIDs with the use of HT'SCs
possessing lattice, d pairing (m-loop ones).?!0

The physics of d pairing was considered in Chap. 2. Quantum processors
on the base of these SQUIDs are being developed at the Canadian company
D-wave.

We note also that, in addition to superconducting qubits, quantum com-
puters use qubits possessing other physical properties. Scientists at Yale
University used a very fine aluminum plate in the fabrication of a quantum
chip. A single qubit consists of one billion aluminum atoms, which never-
theless behaves as a single unit that can be in two energy states, denoted as
0 and 1. Such quantum-mechanical states of a qubit cannot be long-term —
their lifetime is about one microsecond. But it is sufficient for a chip to
solve the so-called algorithm. We have considered the technologies of super-
conducting computers which represent a new type of quantum computers.
These computers are based on the other mechanism obeying the laws of
quantum mechanics. We recall that, till recently, the principle of devices
was invariable, and the archetype of such devices is mechanical clocks. In
such devices, all stages of their relative motion can be observed; therefore, it
is quite simple to understand their structure. On the contrary, the principle
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of operation of quantum computers involves the specific features of quantum
mechanics which are difficult to understand. Nevertheless, by possessing the
quantum resources, we can solve the very difficult complicated problems. In
particular, the most important potential field of application of quantum
computers is the problem of the exact calculation of properties of quantum
systems.
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Summary and Conclusions

In this book we have concentrated our attention on the most urgent prob-
lems of superconductivity, such as the nature of high-temperature supercon-
ductivity, mechanisms and symmetry of pairing, two-gap superconductivity
in magnesium diborades, mesoscopic superconductivity and the problems of
room-temperature superconductivity.

We considered some questions concerning the application of quantum
field theory to the problems of superconductivity. Quantum field theory pro-
vides the original and powerful means for the solution of certain problems of
superconductivity. In the field of superconductivity, we meet the problem-
maximum — it consists the creation of room-temperature superconductors.
We considered this problem in our book, gave some recommendations on the
search for these superconductors and analyzed the possibility of the fabri-
cation of artificial materials possessing the property of superconductivity at
room temperature.

We also touched on the questions of the application of superconducting
qubits to quantum computers. It was shown that the description of super-
conducting qubits is based on the laws of quantum mechanics.

It is worth noting that HTSCs have been investigated for more than
two decades with great efforts but the whole pattern of the phenomenon
is not yet available. We are sure that the comprehension of HT'SCs will be
attained when our knowledge of HTSCs reaches the critical level which will
be sufficient for understanding the huge amount of experimental data from
a single viewpoint. The study is in progress. In particular, we mention the

191
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recent discovery of Cu-less superconductors with a high critical temperature
which contain layers of FeAs.

The theoretical and experimental investigations into superconductivity
and its practical applications at present constitute this wide, uncommon
and interesting branch of science.
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APPENDIX A

Two-particle Green Function
for Multiband Superconductors

In this appendix, we will solve the problem of determining a two-particle
Green function for multiband superconductors. In Chap. 3 we considered
multiband superconductivity using a two-particle Green function.

We will calculate a two-particle Green function for multi-band supercon-
ductors. The Hamiltonian describing the systems of interacting electrons
and phonons of a crystal is written in the form

1
_ +vu1 V2 V1
H= Z Eka akU + N Z Vi aklalakgaz ka+q,02 k1 —q,01
k,a,v q,k1,01,V1,k2,02,02
s _+v s +s71.8
\/—— z : Kqg, oak q, ch + § : Qqsbq bq? (Al)
k U U7q7 q’s

where a;:’ are creation operators for the electron with the momentum k in

band v, aj  are annihilation operators for the electron with the momentum
k in band v, b;s and by are creation and annihilation operators for the
phonons with the momentum g, €} is the energy of the electron with the
impulse k, Qs is the energy of the phonons, Q7 = b;s +bg, s is the number
of phonon branches, V—q = V,, X7® = X§ are the Fourier components
of the Coulomb interactions of the electron and their coupling constant
with the lattice phonons, respectively. We can see that both constants are
independent of the spin index of an electron. Let us introduce new operators
for electron and phonon systems by the rules

af = e Ay e, by = eSBsqe, (A.2)

where S is the anti-Hermitian operator (ST = —5).
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In the following unitary transformation it will be more convenient to
rewrite the term H._}, in the form

Hep= Y xohaf’af_,Qp (X34 = dvar) (A.3)
k,q,s,0,1

where we have united two indices and so v = (v,0) and p = (p,0’) are the
complex indices which characterize the number of crystals in the electron
zone and the spin of the electron. The Hamiltonian describing the system
of interacting electrons and phonons of the crystal after transformation by
a unitary operator is written in the form?®-102

s|2
al

1 X
H= Z(SZ N Z ‘qu > AEvAkv”
kv $,q ’

1 % |2
+ 2N Z (VI} -2 ZS: ‘QZL{ ) AEUA;:’,u’Ak’—q,v’Ak—q,v

q7k7v7kl7vl

+ Z Qs,qB;qu,q + higher-order term. (A.4)
s?q

The unitary transformation gives rise to renormalization of the electron
energy (first term) and renormalization of the Fourier component of the
Coulomb electron—electron interaction. To calculate the density of electron
states we have to study the Green function for the case with the approx-
imation ' — t — 0. The two-particle Green function can be written as

follows:
t—ﬂ)

a ko, va; kv
2 k+Q7U;k2_Q7U2
_ <—z’TAk+q7v(t)Ak2_qﬂ,2 ()AL, (t O)A;v(t’)> (t' —t—0).
(A.5)

The equation for the Green function can be found from the equation of
motion:

Z'%<—Z'TAk,v(t)AZ:y(t,)> =8(t—t)+ <—iT(%Ak,U(t)> A?,U(t’)>,
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where
Do g ) = (T A (AT (#)) = (—iT Ay (AT (¢
=5 = [Ap,p - H] = (—iT Ay o () A} (') ) = ( —iT Ay o (1) A}, (')
. 1 ~
= SkAk,v + N Z V;]A;;’WAkz—&—q,vak—q,v
q,k2,’U2
- 1 ~
:Sk,vAk,v_N Z V;]Ak—l-q,vAkz—q,vaZ;’w? (A7)
q,k2,’U2
with
2
1 [l
v_ v A8
k= € N Quy’ (A.8)
Ss,q ’
- v ~ 1 ~
Ero =B+ <Vq:0 —ny ijvq> (A.9)
v2

Therefore, the equation for the Green function (A.6) is changed, after we
insert (A.7):

0 -
i <—ZTAk,U(t)Ak,v(t )>

=3t —1t)+ ék,v<—iTAk,v(t)AEU(t’)>

1 ~ .
~ % 20 VST A gD Ak g0 (DAT, o, (= 0 AL ().
q,k2,v2

(A.10)

Such a two-particle Green function satisfies an equation of the Bethe-
Salpeter type (we do not split this function into two one-particle Green
functions of the Gorkov type). The solution of this equation according to
the Bogoliubov—Tyablikov method gives rise to the following expression for
the Fourier component of the two-particle Green function:

Sk wi kg, 0i0) 320 o0 @ v30,07)
1= VK (k1,p; k2, 0; w)

, (A.11)

ko,0;k1,1
GZ(ku + g, ik —gq,0|”
with
1- nzl—l-q B n}c)z-i-q

1
ik v = L 7 A2
(K1, s k2, vy w) N zq: ® = Ek1+gn — Bhkatgv ( |
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where V' is the Fourier component of the Coulomb interactions of the elec-
tron, ¢(lL, v;0,0’) is some function depending on the frequency w, and the
momenta k; and ky of interacting electrons, f(ki,\; k2, v; ) is expressed in
terms of functions, nzl +q and €y, 44, are the number of filling and energy
of electrons respectively,

(P(Uﬂ L; 0, 0/) = d560076" — Buvsca’sca’y (A-13)

and o and o' are the spins of the first (o) and second (¢’) electrons.
The superconducting gaps are given by the zeros of the denominator of
(A.11).9%192 Tet us study the particular case where k1 = ko = ko + k and
exo,n = €u corresponds to the extremum of the zone. Then, expanding the
energy by momentum k 4 ¢ in series up to terms of the second order, we
can obtain

k+q)? k+q)?
(k+q) =W+Au+( q)
lel 2mu

where my, is the effective mass of electron in the w energy band of the

E€ktqpn = € + (LL =1,2,.. .), (A14)

crystal, Ap is a parameter which indicates the position of the exremum of
the pu band relative to the Fermi level, and €+, is the energy of electrons.
The sum in the denominator (A.11) is reduced to the following expression
(we consider only one zone):

1 1—nk+ — Nj—
Kk K, 0)=— 4 g
( ) NZ W —€kyqg — €k—gq

—2N(e)/A de
B ! 0 w—2(ef+ A1) —2FE —2¢

— 2N(ey) <_ In ) : (A.15)

where such assignments have been used: ¢ = ¢?/2m; E = k?/2m; a = o —
2(ef+A1)—2E; m] = my/m and m are the reduced effective mass of electron
in the crystal energy zone and the mass of free electrons, respectively.

N (ef) = V2 miy/mie (1 — nprg — np_y) }Sf, (A.16)

g = [exp (E’“ ;Ef) + 1] N (A.17)

The equation for the superconducting gap has the following form:

):0. (A.18)

A
1-=
a

A
) -

1—VN@ﬂ<4n -
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Fig. A.1 The effect of temperature on the K (k, ; k, v; w) function (E = k*/2m = 0) for
different structures of the energy zones: (a) A1 = =1, mi = 1; (b) A2 = 0.2, m3 = —2;
(c) A1 =—-1,mi =1, A2 =0.2, m5 = —2; curves 4, T' = 2K; curves 3, T' = 10K; curves
2, T =50K; curves 1, T = 100 K; arrows 5-7 correspond to different 1/V values (arrow
5, V. = —0.07; arrow 6, V = —0.06; arrow 7, V = —0.05). All energy values are taken as
arbitrary values, i.e. V = V/M, where M is a scale factor (M = 1€V, for convenience;
mj = T2, where m is the free electron mass).
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Fig. A.2 The temperature dependence of the superconducting gap. Dashed line —
theory; continuous line — BCS; a axis, b axis — experiment.

The results of some numerical calculations are given in Fig. A.1. We
will study theoretically the situation close to the BagSroCaCuyOg crys-
tal because it has a high T,.. The results of some numerical calculations
of the temperature dependence of superconductivity are given in Fig. A.2.
For illustration, the experimental dependences of the superconducting gap
obtained for the BasSroCaCuyOg crystal are presented in Fig. A.2 together
with theoretical curves of the BCS type and our calculation. The obtained
dependences are not similar to the standard BCS ones. It is clearly seen that
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our calculation predicting the maximum in the T dependence of the super-
conducting gap gives the curve which is closer to the experimental results.
In our approach we take into account that all electron bands (the numerical
calculations show that only bands located near the Fermi are important)
contribute to the superconductivity.
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