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Abstract We present a theory of superconductivity based
on the theoretical prediction that a macroscopic persistent
current is generated by spin-vortices. It explains the origin of
the phase variable 6 that is canonical conjugate to the super-
fluid density as a Berry phase arising from the spin-vortex
formation. This superconductivity does not require Cooper-
pairs as charge carriers, thus, is not directly related to the
standard theory based on the BCS one; however, it exhibits
the flux quantization in the unit @9 = hc/2l|e|, where h is
Planck’s constant, ¢ the speed of light, and e the electron
charge; and the AC Josephson frequency, fj = 2le|V/h,
where V is the voltage of the battery connected to the
superconductor—insulator—superconductor junction. In due
course, it is found that the standard derivation of the AC
Josephson frequency misses a term arising from the flow
of particles through the leads connected to the junction. If
this contribution is included, the observed fj indicates that
the phase 0 is a variable conjugate to the number density of
charge e carriers instead of the currently accepted charge
2e carriers. We propose an experiment that discriminates
whether it is e or 2e. If the above claim is verified, it means
that the BCS theory cannot predict whether a particular com-
pound is a superconductor or not since it does not explain the
origin of 6. A connection between the present mechanism
and the BCS mechanism is discussed; the fact that the BCS
theory gives an excellent estimate of 7 is attributed to the
fact that it predicts the temperature at which spin-vortices
become long-lived due to the energy gap formation; since
the stabilization by the electron-pair formation is compatible
with the present mechanism, asymmetries observed in the

H. Koizumi (X))

Institute of Materials Science, University of Tsukuba, Tsukuba,
Ibaraki 305-8573, Japan

e-mail: koizumi @ims.tsukuba.ac.jp

even and odd number of electron systems are preserved. The
most notable difference is that the persistent current gener-
ation is formulated in a strictly particle-number-conserving
manner. Thus, it does not violate the superselection rule for
the total charge.
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1 Introduction

In 1911, the superconducting state of electrons was discov-
ered in pure mercury [1]; electric charge was transferred be-
tween two end points of a sample without a voltage drop.

This superfluid phenomenon of charged particles has
been explained as a consequence of an energy gap formation
by the electron-pair (Cooper-pair) condensation [2]. Since
the superfluidity of *He is strongly connected to Bose—
Einstein condensation (BEC) [3, 4], superconductivity is of-
ten regarded as the consequence of the BEC of Cooper-pairs,
where Cooper-pairs are regarded as bosons.

The supercurrent is believed to be proportional to the gra-
dient of a phase variable “0” that is canonical conjugate to
the density of the particles p [5]; actually, this phase 6 is the
key ingredient that causes many phenomena associated with
superconductivity.

Although 6 is crucially important, its origin is not settled,
yet; there are more than one theories for its origin. The most
popular one is the one by P.W. Anderson [6]. He reached his
conclusion through the prediction and observation of a DC
current flow through a weak-linked superconductors without
a voltage difference, and an AC current flow with the non-
zero voltage difference by B.D. Josephson [7, 8]. He argues
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that the gauge symmetry is broken in the BEC system in the
sense that the mean value of the particle field operator v has
a macroscopic value;

(e, 0)) = p'/2 (e, e 0. M

In this treatment, 6 arises as a consequence of the gauge
symmetry breaking.

The currently accepted theory of superconductivity is the
one based on the BCS theory which provides a way to cal-
culate Tt, and explains many properties associated with an
energy gap formation due to the Cooper-pair condensation.
In this theory, the superconducting wave function is given
as a linear combination of different particle-number states,
thus, the field operator has non-zero mean values in accor-
dance with (1).

The supercurrent is a flow of Cooper-pairs in the BCS
theory; thus, ¥ is the field operator for Cooper-pairs. The
carrier charge g of the supercurrent should be g = 2e since
the charge on a Cooper-pair is 2e, where e is the electron
charge. The observed flux quantization unit [9]

he

0
where £ is Planck’s constant and ¢ the speed of light; and
the AC Josephson frequency [10],

_ 2lelv
==

fi 3)
where V is the voltage of the battery connected to the
Josephson (or superconductor—insulator—superconductor
(SIS)) junction are believed to be the manifestation of
q =2e.

Although the above gauge symmetry breaking origin of
0 is very popular, it is not universally accepted; there is a
serious claim by A.J. Leggett that observed phenomena are
equally explainable without the gauge symmetry breaking
if the BEC occurs [11]. In this view, the gauge symmetry
breaking is just a calculational tool, and care must be taken
for any properties that are calculated with violating the con-
servation of the particle number. It is also worth noting that
Anderson’s view violates the superselection rule for the total
charge [12—14].

Actually, there is a loose end of the fundamental level
in the standard theory of superconductivity; even the exis-
tence of the phase variable 6 is granted, there is no convinc-
ing explanation for the thermodynamic stability (or quasi-
stability) of the current proportional to VO [14]; i.e., VO =0
should be satisfied in the ground state, thus, any current car-
rying state with VO # 0 should be relaxed to the current-
less state. However, the standard theory does not provide a
convincing explanation for the long-lived V8 # 0; this also
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means that we really do not know the true connection be-
tween the BEC and superfluidity. Practically, persistent cur-
rent related phenomena are calculated using the Ginzburg—
Landau phenomenological equation [5] assuming that the
stability of VO is something granted.

Meanwhile, a quite different theory for the persistent cur-
rent generation has been put forward [15-17]. In this theory
the phase 6 arises as a Berry phase due to the spin-vortex
formation; loop currents are predicted to be induced as a
Berry phase effect if spin-vortices are present. The stability
of VO # 0 is explained as the stability of the spin-vortices.
This theory also yields the flux quantization in the unit @
as in the standard superconductivity theory.

In the above persistent current, a multi-valued function x
appears; it is related to 6 as 6 = — x /2, and satisfies

Vix =0; 4)

and the current is given roughly proportional to Vyx [15].
Actually, such a function was speculated to exist in su-
perconductors by F. London, and called, the “superpoten-
tial” [18]. It is worth noting that the existence of an electric
current proportional to Vx invalidates the usual decompo-
sition of electric current into the transverse and longitudinal
components [19]. SinceV x is a harmonic vector, it satisfies
both the transverse condition V - Vx = 0 and the longitudi-
nal condition V x Vx =0, thus, Vx will give rise to extra
transverse and longitudinal contributions.

The above-mentioned new development suggests that a
theory of superconductivity may be constructed in a quite
different manner; i.e., the required phase 6 in superconduc-
tivity arises without referring to the BEC or the gauge sym-
metry breaking.

At this point, it is worth noting that the standard theory
of superconductivity is not powerful in predicting whether
a particular compound is a superconductor or not. This is
usually excused by the difficulty in obtaining normal state
properties from which T is calculated. However, it has been
argued that the normal state properties that are important in
predicting 7¢ is not statistically correlated with whether a
particular compound is a superconductor or not [20]. It is
also observed in Laj g75Bag.125CuQO4 that although an en-
ergy gap that appears to be due to the Cooper-pair condensa-
tion exists, it fails to be superconducting [21]. The above two
facts may indicate that the origin of & may be different from
the Cooper-pair condensation, although the temperature for
it corresponds to T¢. It is also noteworthy that evidence for
stable loop currents is observed in the cuprate by the po-
lar Kerr-effect measurement [22, 23] and the recent neutron
scattering experiments [24]; especially, the latter have ob-
served magnetic excitations peaked at q = 0, suggesting the
existence of a current of a harmonic vector.

In the present work, we propose the Berry phase origin
for 6. The most significant difference is that 6 is a phase
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variable canonical conjugate to the number density of charge
e (not 2e) carriers. It is also noteworthy that the present
origin does not violate the superselection rule for the total
charge. We expect that the rigidity of 6 [25] sets in due to
the energy gap formation by the Cooper-pair condensation
at T¢, thus, the fact that the BCS theory gives an excellent
estimate of 7 is explained. Since the stabilization by the
electron-pair formation is compatible with the present mech-
anism, asymmetries observed in the even and odd number of
electron systems are preserved.

Let us describe the organization of the present work. In
Sect. 2, we first discuss the occurrence of the Josephson ef-
fect in a rather general manner. We put forward a new def-
inition of the superfluid system. Our definition is “the sys-
tem equipped with 6 that is canonical conjugate to p, and
provides a long-lived current proportional to V8. We will
demonstrate that the above definition and gauge invariance
requirements gives rise to the Josephson effect.

In the process of re-deriving the AC Josephson frequency,
it is found that the conventional derivation misses a contribu-
tion from the flow-in and -out of particles through the leads
connected to the Josephson junction. If this contribution is
included, the observed AC Josephson frequency indicates
that the charge on the tunneling particle is e, not 2e, or the
phase 6 is conjugate to the number density of charge e car-
riers. This finding upsets the standard theory; thus, it should
be verified experimentally. For this purpose, we propose an
experiment that discriminates whether the tunneling charge
across the Josephson junction is in the unit of e or 2e. Note
here that the above statement does not exclude the appar-
ently pairwise tunneling; if experiments are performed in the
condition where the paring stability is significant compared
to other energies such as the thermal energy kg7 (kg is the
Boltzmann constant) or the Coulomb energy, asymmetry in
even and odd particle-number states will be observed.

In Sect. 3, we derive the phase 6 from a model contains
stable spin-vortices. Actually, 6 is given as a Berry phase in-
duced by the spin-vortices. This Berry phase arises from the
twisting of two basis functions, thus, mathematically equiv-
alent to the one first found by Longuet-Higgins et al. in the
context of the dynamical Jahn-Teller effect [34, 35]; the two
basis functions here are, however, the two spin states of an
electron, while they are those of a doubly degenerate E sym-
metry state in the Jahn—Teller case. When an energy gap for
electronic excitations is formed, the stability in V6 is real-
ized.

In Sect. 4, we argue that stable spin-vortices are formed in
the effectively half-filled Mott insulator (EHFMI) state, and
a stable V@ is achieved [15, 26]. Here, the half-filled insulat-
ing state is approximated by a Slater determinant, thus, the
EHFMI state may be also called “the effectively half-filled
Slater state (EHFSS)” when we emphasize the current gen-
eration aspect. In the EHFSS, the lower band is filled with

extended single-particle states [27]; usually, a filled band
means an insulator, however, thanks to the fictitious mag-
netic field generated by spin-vortices, the EHFSS can be a
current carrying state.

In Sect. 5, the oscillation of the maximum zero-voltage
current with varying an external magnetic field in a circuit
with two identical SIS junctions (the SQUID structure) is
examined. We show that the present theory explains ob-
served oscillation patterns [28]. We also demonstrate that the
“0-SQUID (or edge-junction)” and “m-SQUID (or corner-
junction)” patterns [29] that are usually attributed to the d-
wave symmetry of the order parameter, are shown to arise
from evenness or oddness of the winding number of the
Berry phase.

Lastly in Sect. 6, we will conclude this work by dis-
cussing a possible relation between the present theory and
the BCS theory. The relevance of the present theory to the
cuprate superconductivity is also discussed, where it is sug-
gested that the BCS gap formation mechanism is necessary
for superconductivity in the surface region where the small
polaron formation required for the EHFMI state (or EHFSS)
is not fulfilled.

2 A Definition of Superconductivity

P.W. Anderson has taken that a system with the order param-
eter ¥ defined by

¥ =Y, n)=p"*x, e 0D, )

as the definition of the superfluid system [6], where p is the
particle density and 0 is a phase variable.

The variables 6 and p are canonical conjugate; thus, the
following basic equations of motion are obtained;

. 186H
PZﬁg, (6)
. 15H
b=, )

where H is an energy functional that depends on p and 6.

In deriving the above equations, Anderson has used the
fact that the BCS state vector is a linear combination of state
vectors for different numbers of Cooper-pairs, and assumed
the phases among them are meaningful, i.e., the superselec-
tion rule for the charge [12] is violated. Since the charge on
a Cooper-pair is 2e, the phase 6 is conjugate to the number
density for 2e charge carriers.

Later, A.J. Leggett has obtained the same equations by
considering wave functions for the Bose—Einstein conden-
sate [11, 14]. In his treatment, the Cooper-pair is treated as a
boson; thus, 6 is the phase variable conjugate to the number
density for 2e charge carriers as in the Anderson’s treatment.
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Fig. 1 A Josephson junction contacted with a battery of a voltage V.
An electric field appears inside the insulator (denoted as “I” in the fig-
ure) since the junction is a capacitor in the zeroth order approximation.
The voltage across the insulator is denoted as W. The tunneling of a
charged particle over the insulator (solid-line arrow) is accompanied
by the flow of charged particles (dotted-line arrows) in and out of the
junction

However, the conservation of the number of particles is pre-
served.

In the following, we go in the other direction; we take
“the existence of the phase variable 0 that is canonical con-
jugate to p, and that gives rise to a long-lived current de-
pends on V6 as the definition of the superfluid system. We
will derive the AC Josephson frequency starting from (6)
and (7), and gauge invariance.

Since 6 is a phase variable, the energy functional should
depend on 6 through V6. Then, (6) describes merely the
equation of continuity,

p+V-j=0, ®)

where the current density j is given by

. 1 6H 9
I=35ve )
For the supercurrent dynamics, (7) is the most important
one.

Let us consider an superconductor—insulator—supercon-
ductor (SIS) junction or a Josephson junction. The two su-
perconductors are denoted as Sy, and Sg; they are contacted
with a battery of a voltage V as is seen in Fig. 1. Note that
the situation depicted in Fig. 1 is a very simplified one; in re-
ality other elements of circuits exist; what is important here
is that an energy difference of |g|V exists between the par-
ticle that enters and another one that exits (g is the charge
on the particle), and an electric field appears in the insulator
to maintain the chemical potential difference between two
superconductors.

For a while, we consider the case in which the voltage of
the battery is zero, and ignore the electromagnetic interac-
tion.

Equations (6) and (7) indicate that p and V6 are opti-
mized in stationary states. We assume that the VO is opti-
mized in each superconductor; note, however, that this dose
not mean that current does not exist in each of them; a cir-
cular current may exist in each given by (9).
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Since 0 itself is arbitrary, the optimized 6 in Sy and Sg
are written as

6(r)+ 0 (10)
and
6(r) + g, (11)

respectively, where 6, and 6 do not depend on the position.

Let us assume that the weak link is so weak that the op-
timized VO in S; and Sy are not affected by it; however,
6r — 01 is. In this case, we can treat Og and 0; as time-
dependent variables that represent the time-dependence of 6
in Sg and Sz, respectively. Then, conjugate variables for O
and 67 become the number of particles in Sg and Sy, Ng
and Np, respectively.

From (6) and (7), the equations for Ny and 6 are ob-
tained as

_1oH (12)
K= haog’
bp =11 (13)
K= "hang
and those for Ny and 9, as

10H

=——, 14
L= 50, (14
Gr = 1 0H (15)
L= ThaN

The quantum mechanical version of them is given by

I -~ ~

Np= HERA (16)

- %[ﬁ, 0a], (17)
where A is either R or L; bil s N A, and éA are operator-
correspondences for H, N4, and 84, respectively.

Since N R, and éR (and also N ., and éL) are canonical
conjugate operators, the commutation relation of them is
given by

[Na.0p]=—ibas. (18)

where A and B are either L or R.
By introducing the following operators:

Ca=e"AN )/ (19)
and
Cl=N)/?ei%, (20)
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the commutation relation in (18) becomes
[CA,C ]—3AB7 21

this shows that C r and C’; (é 1 and éZ) are the annihilation
and creation operators for particles in Sg (S). Note that
the commutation relations are those for bosons, although the
particles may be fermions; this is allowable since we con-
sider the case Ny, Ng > 1.

Now, construct the operator for the transfer of particles
between Sk and S ; the current between them is calculated
with it. We use

I%j:t]é;é[‘—i‘fjéz@R (22)

where ¢ is a hopping matrix element between Sy and Sg.

Let us employ a semiclassical approximation in which
GR, GL, NR, NL are replaced by their mean values 6O, 0r,
Ng, and Np, respectively. Then, the semiclassical version
of Ky is given by

K; = Ejcos(9r — 1), (23)
where
Ej=2t;(NgNp)'/2. (24)

Using (12) and (23), the electric current from Sy, to Sg is
calculated as

E
J= qT’ sin (O — 01) . (25)

The derivative of the phase difference O — 0y, is calcu-
lated using (13) and (15);
Gr—bp =1 108 26)
RTPL= "haNg  hoN.
If the chemical potential difference between Sg and Sy,
is zero, the phase difference is obtained as

Or — 0L =C, 27)

where C is a constant. This shows that even if the chemi-
cal potential difference (or voltage drop) is zero, a non-zero
current

J:%EJ sin C (28)

can flow. The phase difference is long-lived by assumption;
therefore, the above J describes a supercurrent.

If the particles are charged, they interact with the elec-
tromagnetic field. Then, the Hamiltonian H contains the
Coulomb term

q / dr ¢p, (29)

where ¢ is the charge on the particle and ¢ is the electrostatic
potential.

Then, the basic equations of motion given in (6) and (7)
are modified as

. 18H

P=hse ¢

h=—9, 100 (1)
h h 8p

where the gauge invariant energy functional H is defined as

H=H—¢q / drop. (32)

Equation (31) indicates that the sum

6+2y (33)
h

is gauge invariant since §H /8p is gauge invariant. This

means that the spatial counterpart of it,

vo— Ly, (34)
he
is also gauge invariant.

Therefore, the energy functional H should be a func-
tional of the gauge invariant combination VO — %A, instead
of V6. From this fact, we can obtain the familiar expression
for the electric current density formula,

. q8H 5151 35)
N=hsve = “sa

By taking into account the gauge invariance, (23) and

(25) should be modified as

K;=Ejcosg, (36)
and
J= %E, sin g, 37

respectively, where

R q
¢=0R—9L—/ —A .dr (38)
L hC

In the following we consider the case where the magnetic
field is absent; then, we may take A = 0, and (38) becomes

¢=0r—0L. 39)

The system is a closed-circuit with including the leads
and the battery. When calculating the time-derivative of ¢,
we need to take into account the tunneling through the in-
sulator part of the junction, and the flow-in and -out of the
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particles through the leads. In order to clarify the inclusion
of the two types of particle transfer processes, we express
the Hamiltonian as

H = Hyr + Hipr + H; (40)

where Hpr is the term for the particle transfer through the
insulator, and HpgR is that through the leads; H; expresses
the remaining term.

Using (40), (26) is written as

b=0r— b1
1 (0H] JdH, JdH, JoH,
_ 2 LIR LIR + LBR LBR ; 41)
A\ ONL ONR INL ONg

this clearly indicates that ¢ is a sum of two contributions.
Before examining each contribution we would like to
point out that the chemical potential difference between two
superconductors must be the same irrespective of the path it
is calculated. Therefore, the following relation is satisfied:

OHur OHLR _ dHir  9HLBR

(42)
ONL, ONg INL, ONR

Let us examine the first contribution in (41). Since the
junction is a capacitor in the zeroth approximation, an elec-
tric field E = —V exists in the insulator. With this electric
field E, it is calculated as

1 (0H R OHLR
A\ ONL INg

) = %(@L — ¢¥R)

k q
=/ gE-dr=—Tw, (43)
. h

where ¢;, and ¢g denotes electrostatic potential of S; and
SR, respectively; the integration path connects Sy and Sg
via the insulator; W is the voltage across the junction. This
contribution is interpreted that it arises form the energy gain
of a particle with charge ¢ when it is accelerated in the elec-
tric field E during the particle transfer process from Syto Sg
(it is indicated by the solid-line arrow in Fig. 1). Note that
the tunneling through the insulator is a potential barrier tun-
neling, thus, the energy gain is only by the acceleration in
the electric field.

The second contribution in (41) arises from the work
done by the battery; it gives rise to the chemical potential
difference between S; and Sy, which is given by —¢qV;
thus, we have

l(aHLBR _ 0Hipr

A\ ONp ONR

_! =-1y 44
)—ﬁ(ML—MR)——ﬁ ) (44)

where 7 and pg denotes gauge invariant chemical poten-
tials of Sy and Sg, respectively. The second process is indi-
cated in Fig. 1 by the dotted-line arrows. Note that the bat-
tery can be replaced by some other devices; the important
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Fig. 2 Energy diagram for the charged particle tunneling through the
SIS junction in Fig. 1. It is assumed that ¢ < 0. 7 = dH /3Ny and
wr = dH /3N are gauge invariant chemical potentials in S; and Sg,
respectively. An electric field is generated in the insulator to maintain
the chemical potential difference ©; — g = |gq|V. A charge transfer
process from the left lead to the right lead is depicted; a charged particle
with the energy wu; enters S; and moves to the weak link made by
an insulator /. It tunnels through the insulator; thereby, it gains the
energy |q|V from the acceleration by the electric field in /. By the
deexcitation of the energy 2|q|V, it reaches the level with energy wr
in Sg. Then, it moves toward the right lead, and finally exits from the
junction. Application of a radiation field with fiw = 2|g |V will help the
deexcitation process

point here is that there is the energy difference of py and
g between the particle enters, and that exits.

In the quasi-stationary situation given in (42), Kirch-
hoff’s voltage law is satisfied;

wW=V. (45)
Over all, the time-derivative of ¢ is calculated as

. q 2qV
¢ = h(V+W)— n (46)

To make the above arguments clearer, let us examine the
energetics of the charged particle tunneling. In Fig. 2, the en-
ergy diagram for the Josephson junction is depicted. When
the tunneling from S;, to S through the insulator occurs,
the tunneling particle is accelerated by the electric field in-
side the insulator, and gains the energy |¢|V. Another en-
ergy gain occurs when a particle enters and another exits
from the junction, which is given by p; — ug = |q|V. The
total energy gain is, thus, 2|g|V, which has to be discarded
somehow. Applying an electromagnetic field helps this pro-
cess and doing so will yield the so-called, ‘Shapiro-step’ in
the I-V plot [10].

From (46), the frequency of the AC current is obtained as

_2qlv
P
The experimentally observed frequency is 2|e|V/h [10];

therefore, the charge on the particle whose number density
is canonical conjugate to 6 is given by

fi (47)

qg=e. (48)
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Fig. 3 Set up for the experiment that discriminates whether the charge
on the tunneling particle through the Josephson junction is in the unit
e or 2e. A normal metal quantum dot N is connected to the Josephson
junction SIS. The charging state of N is controlled by the gate capaci-
tance C, that is connected to the voltage U

This result is surprising since the AC Josephson effect is be-
lieved to be due to the Cooper-pair tunneling in the standard
theory, thus, the phase 0 is a phase variable that is canonical
conjugate to the number density of the Cooper-pairs; in this
case g should be 2e. If we examine existing derivations so
far, it is noticed that the Josephson junction is considered in
an open-circuit condition; and the second contribution given
in (44) is absent. We believe that the closed-circuit treatment
adopted here is relevant to the real experimental situation
since the current is measured in one of the leads, not in the
junction. It is sensible to include the charge flow between the
leads and the junction, thus, the second contribution given in
(44) should be included.

The above result upsets the standard theory. Note, how-
ever, that it does not mean that pairwise tunnelings do not
occur; actually, if the pairing stability is significant, pair-
wise transfer of particles will be energetically favored. What
the present result indicates is that 6 is a conjugate variable
to the number density of the charge e particles; thus, the
present understanding on the persistent current generation
that attributes it to the Cooper-pair flow is not correct. Note
also that this statement does not contradict the stabilization
by the electron-pair formation and observed asymmetries in
the even and odd number of electron systems in some exper-
iments.

For the experimental verification of the present result, we
propose an experiment that will discriminate whether the
unit of the charge on the tunneling particle is either e or 2e.
It utilizes a circuit composed of an SIS junction, a normal
metal quantum dot, and a gate capacitance connected to the
voltage U that controls the charging state of the quantum dot
(Fig. 3). The quantum dot and the control-gate are so made
that the difference of e or 2e-charge change by varying the
applied voltage U is detectable. It is also necessary that the
two superconductors are not in the size where the asymme-
try in even and odd number states is significant. A similar
device is constructed and operated for the case where the
quantum dot is a superconductor; there, the charging in the
unit of 2e is observed due to the stability by the Cooper-pair
formation [32, 33].

If the charge on the tunneling particle is in the unit g and
the Cooper-paring stability is absent, the charge change unit
will be g even if g = e. By measuring this unit, it will be
possible to discriminate whether ¢ is e or 2e.

3 Appearance of § from Spin-vortices

In this section, we will show that the phase variable 6
discussed in the previous section naturally arises from a
Berry phase induced by spin-vortices. Actually, its origin is
the sign-change caused by the twisting of two basis func-
tions (i.e., the up-spin and down-spin states of an electron)
along a loop; this kind of Berry phase was first found by
H.C. Longuet-Higgins [34, 35], thus, for definiteness, we
may call it the Longuet-Higgins phase.
Let us consider the Hamiltonian given by

A ig kA gy 4
H=-— Z fyjehe Jj CroCio
k,j,o

+Y apictycio + Hin (49)
J,0
where j denotes the jth site of a crystal lattice and o de-
notes the electron spin-coordinate. The first term in (49) is
the electron hopping Hamiltonian, and Hiy is the interaction
Hamiltonian.
The electromagnetic interaction is introduced by the
scalar potential ¢, and the vector potential A, where the
latter is included by the Peierls substitution,

. k
e — 1) exp(%f A~dr). (50)
J

When spin-vortices are present the following electron op-
erators a; and b; are convenient since the spin-vortices are
included as a prescribed condition as will be seen later. They
are related to the original electron annihilation operators ¢ 4

5

and ¢ as

a; Ei XT] ei 5 et ¢t
) ) e

bi) N2\ ¥ i cj

In the following, we consider the situation where stable
spin-vortices exist; actually, the phase &; is regarded es-
sentially as the spin direction in the x—y plane at the jth
site [26]. The important point in (51) is that it contains a
factor exp(i xj/2); the reason for its existence is explained
below.

Let us introduce the winding number of £ around the site
i defined as

e

o

wilE] = if Ve dr (52)
27‘[ C;

@ Springer



2004

J Supercond Nov Magn (2011) 24:1997-2011

where C; is a closed path with its center at the ith site. Non-
zero w; means that £ is a multi-valued function.

Now we consider the shift of £ along a loop that encircles
the ith site with assuming that w;[§] = +1. After the excur-
sion, the value of & will be shifted to & 4+ 2. Then, factors
exp(%i&;/2) in (51) change sign by this phase shift. This
is the Longuet-Higgins sign-change due to the twisting of
the basis functions. In order to make the transformation ma-
trix single-valued, a phase factor exp(i x j /2) must be added;
it is so chosen that it compensates for the sign-change of
exp(£i&;/2) [15-17].

The above compensating requirement is satisfied if the
sum of two winding numbers

w;[E]+ wi[x] (53)

is even, where w;[x] is the winding number for x defined
by
1
wilx]= T Vx -dr. (54)
T C;

Actually, an optimal y exists for prescribed winding num-
bers for x. We will discuss a way to optimize yx later.
For the gauge transformation

A—>A+ VS, (55)
electron operators are modified as
Cjg — exp —iif- Cios (56)
j held )€
which, according to (51), means that x transforms as
2q
Xj%Xj—%fj- (57)

Therefore, the two combinations

(+ 24 (58)
X 7 @
and
2q
Vx+—A (59)
hc

are gauge invariant.
Comparing (33)—(34) and (58)—(59), the following rela-
tion is suggested:

9=—§; (60)

as will be seen later, this identification turns out to be affir-
mative.

@ Springer

Using the new creation and annihilation operators, the
hopping term in the Hamiltonian equation (49) is now writ-
ten as

- i R A+ X, —&j
K= —kajelfj(f“'A—'_ ? )dr[cosw(aza/’ +b,b))
k,j

—isin

% 3 5 (al; +b,§a,-)] 1)

i F(LA+Yydr . s
The phase factor e’ J5 GeA+3dr 40 R indicates that

when £ exhibits non-zero winding numbers, V y gives rise

to a non-trivial fictitious magnetic field given by

Afic = EVX (62)
2q

according to the Peierls substitution.

It has been shown that Ag. induces loop currents around
spin-vortices; and the current density j is generated by a col-
lection of such loop currents [15-17].

Let us derive equations of motion for x by employing
the time-dependent variational principle using the following
Lagrangian [30]:

L=<gx|<ih%-ﬁ)|w>. (63)

The state vector |¥) is expressed as

W)= fule) (64)

where o = (nq41, ..., 14N, b1, - .., NpN,) denotes an occu-

pation pattern of electrons; N; is the number of sites, ny;

and np; are eigenvalues of the number operators a;aj and

bj.b ; at the jth site, respectively. The state vector |a) is then
constructed as

) =[] aj. [ ] bitvac). (65)

jese  kes®

where S and SZ‘ denote sets of sites where n,; and np;
are 1, respectively.

~Noting that according to (51), the time-dependences of
a; and blT. arise from the time-dependence of yx;; they are
calculated as

Lt X] T XJ i T
aj = —1 —2 aj = —1 —2 ajajaj, (66)
SV S P R S P
bj— lzbj— i bjb.,bj. (67)

Then, the Lagrangian is obtained as

. h ~
L=ih)  fifat Y 5Kipj =D fifplelHIB).  (68)
o J o, B
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where p; is the number of particles at the jth site given by
pj=(¥ldia;+bib;|¥). (69)

From the above Lagrangian, the Hamiltonian is obtained
as

H=Y_fifslalH|B). (70)
o.p

Equations of motion for f, are obtained as

ihfy =) (a|H|B) f3; (71)
B

this indicates that the time-dependence of f, describes elec-
tronic excitations. In the following, we assume that low en-
ergy electronic excitations are eliminated by the effect of
Hine. Then, dynamical variables in the low energy physics
are p and x, only.

Let us consider the ground state energy H, for a given
V&, Vyx, A, and ¢. The Hohenberg—Kohn theorem tells that
it is a functional of the density p [31], thus, we may express
it as

_ 2q
Hg=Hg|:,o,Vx—l—§A,V§i|—i—Zq(pjpj. (72)
J
V x and V£ have to be also optimized with constrains of the
winding numbers of x and &. We will take H, as a func-
tional of x and p for a given electromagnetic field.

Using H,, the effective Lagrangian for the low energy
dynamics is obtained as

h _
Lefr = Z S XiPj— Hg = quﬂjpj,
J J

h. oo
:/d3r§)(p—Hg—q'/.d3r(p,0. (73)

The momentum conjugate to x is calculated as

SLesr  h
Py=— =20, (74)

8x 2
thus, p and — % X are conjugate variables in accordance with
the previous suggestion.

Finally, the equations of motion that correspond to (30)
and (31) are obtained;

p=—200s as)
h 5y

and

. 29  28H,

- Zp=-—-5 76

X— 39 R op (76)

Let us consider the Josephson junction problem; for the
Josephson junction case, the Hamiltonian is decomposed as

I:IJosephson = IeLink + ﬁRestv (77

where the hopping term through the weak link KiLink is given
by

k
Kiink = — Z TijXp(i/ hiAdr
keSy,jeSk jne

+l.Xk+XL_Xj_XR>
2

x |:cos Sk ;g‘/ (afa; +bb;)

&k —§&;
2

—isin (aij + bZaj)i| +h.c.;
Tj; is the hopping parameter across the insulator, x; and
xR correspond to —26; and —26g in (10) and (11), respec-
tively, and represent parts of x that are indeterminate by the
optimization of Vy in each superconductor. Hgest simply
describes the rest of the Hamiltonian.

Using I%Link, the electric current through the weak link is
expressed as

(R A =KL~
/- Z kasm<XR Xj— XL — Xk

keSr,jeSR 2
kg
- —A-dr—akj>, 78)
j hC
where
2qTyj Axj
kj=+; (79)

Ay and oy, are the amplitude and phase of the following
expectation value:

& —§j
- (agaj +byb))

§k—§&;
2

Agje'™ = <cos

— isin (azbj + bZaj)>. (80)
We may use ay; and Ayg; that are calculated for the
Xxj — xk =0 and A = 0 case for other values for xg — xr
and A. Under this approximation, the electric current in (78)
becomes a functional of xg — yx for a given A. The time-
dependences of yg and y are obtained from (13) and (15)
substituting H, to H, and x to —26.If k, j-dependences are
neglected, the current in (78) reduces to that in (37).
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4 The Appearance of Stable V y States

Now we discuss I:Iim that will give rise to the required stabil-
ity in V x. We consider a two-dimensional conduction plane
and take the following interacting Hamiltonian,

Hon=UY alajbib;+ H’ (81)
J

and impose the following conditions that lead the system to
be in the effectively half-filled Mott insulator (EHFMI) state
[15, 26]: (1) the parameter U satisfies the strong correlation
condition, U > |tji|; (2) doped carriers in the half-filled
parent compound are assumed to become small polarons
with very small mobility (this is assumed to be achieved
by the carrier-lattice interaction contained in A ); (3) spin-
vortices are formed with doped carriers at their centers (the
interaction that stabilizes spin-vortices are assumed to be
contained in H').

In order to obtain the electronic states for the EHFMI
state, we neglect the small polaron hopping, and employ the
following reduced Hamiltonian;

I:IEHFMI =K +U Z a;ajbj.bj, (82)

J €acc. sites

where only accessible sites are included (or small polaron

occupied sites are excluded) in K and the Coulomb term.
In the following we consider situations where the mag-

netic field effect is negligible, thus, A = 0 can be used in K.
We employ the following mean field Hamiltonian to ob-

tain an approximate ground state:

Hewen =K +U Y ((ala;)blb; +(bibj)alay). (83)

J €acc. sites

In the effectively half-filled situation, the obtained ground
state is a Slater determinant of single-particle wave func-
tions for a filled lower band. In this respect we will call
this EHFMI state as the effectively half-filled Slater state
(EHFSS). The mean field calculation also yields single-
particle wave functions for an empty band which exists
above the lower band with an energy gap of about U. One
might think that the ground state is a band insulator. How-
ever, it is not; it can be a current carrying state if spin-
vortices exist thanks to the fictitious magnetic (Agc in (62))
induced by them.
In the EHFMI state, we have the following situation;

(a;aj + bjb,-) =1, (84)

where j denotes the accessible sites. Since the Slater deter-
minant for the filled band can be also described by a local-
ized basis, the on-site Coulomb energy is small; thus, we
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can obtain current carrying states with small Coulomb en-
ergy. The current is intact as long as the spin-vortices are in-
tact. Since the spin-vortices are expected to be stable, these
current carrying states will be also stable.

First, we consider the optimization of & appears in (51).
Actually, for a given £ and x, low energy spin-wave excita-
tions from the ground state are possible; thus, we will opti-
mize £ using a spin Hamiltonian.

Let us construct the spin Hamiltonian for the EHFMI. For
that purpose, we adopt the condition

alaj+bibj=1 (85)

as a substitute of (84) since this makes calculations much
easier.

Taking the on-site Coulomb interaction term as the zeroth
Hamiltonian and K as a perturbation, the spin Hamiltonian
is obtained as [26]

thksm2$] ék(SkS +.§',j§f

Hspm =

thkcos gk

— 25757 - —)
o~ ~ o~ 1
- Z3Z
(sk ST+57S; +25757 - 5), (86)

where spin operators, §j+ .§'j_ and S JZ are defined as

S+t

§t=bla;. (87)
= _ 1

§7 =dlb;. (88)
ez _ Lo i

Sj E(bjbj—ajaj). (89)

In the optimization, we simply use the zeroth order
ground state given by

0= [] qflvac). (90)

i €acc. sites

where |vac) is the vacuum state.
Then, we optimize V& by minimizing the following en-
ergy

(0] Hgpin|0) =

——thksn 1)

with prescribed winding numbers around small polaron oc-
cupied sites.

Next, we optimize V x. In order to obtain the optimized
Vx, we use the mean field Hamiltonian in (83). In this
case, the ground state is described by a Slater determinant,
thus,we treat the EHFMI state as the EHFSS.
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In the optimizing process, careful treatment of the multi-
valued phase factor

.ok
exp(%/ Vx~dr> 92)
J

is necessary. If we simply employ the basis {ajf|vac),
b;lvac)} jeace. sites» @ digital computer will treat the above
phase factor as single-valued functions; then, the Berry
phase effect disappears. In order to overcome this prob-
lem, we prepare the basis with required multi-valuedness in
the following manner. This is a tight-binding model variant
of the method employed to deal with the Longuet-Higgins
sign-change in molecular problems [36-38].

We first solve the fictitious problem, i.e., we consider a
system with spin-vortices but with y = 0; here, we utilize
particle operators

aj=eittiq;, (93)
bj=ei1tip;, (94)

instead of a; and b; as a basis.

In the calculation of the Hamiltonian matrix elements,
the phase difference & — &; in the Hamiltonian should be
chosen in the range

<& - <. (95)

After the diagonalization of the above-constructed Hamil-
tonian matrix, the following single-particle states are ob-
tained:

&) =Y (A%} + BYb)Ivac), (96)

J

where A% and B¢ are numerical values obtained from the di-
agonalization. In this way we obtain, 2N, linearly indepen-
dent |&), where N, is the number of electrons; we include
the nonlocal effect arising from the Berry phase in these ex-
tended states.

Next we prepare 2N, basis functions that satisfies the re-
quired boundary condition from {|c) }TN“’ as
jo) = > (A% + BYbT)vac). 97)

J

The Hamiltonian matrix that includes the Berry phase ef-
fect is constructed using {|cx)}%Ne as a basis. Note that, in
the calculation of the matrix elements, the phase difference

Xk — X, should be chosen in the range

T <Xk — Xj =T (93)

By numerically diagonalizing the Hamiltonian matrix

constructed with the basis {|a) }%N” , single-particle state vec-

tors

1) =Y Cfla) (99)
o

are obtained. The ground state is obtained as a Slater deter-
minant of the lowest N, energy functions from {|/ )}%N ¢. Fi-
nally, Vx is optimized by minimizing the energy calculated
with the above-obtained Slater determinant.

Strictly speaking, the optimization of £, that of x, and the
construction of the Slater-determinant ground state from the
mean field solution have to be self-consistently performed;
however, the sequential optimization described above is sim-
ple and will be adequate for many purposes.

By changing the winding numbers for x, states with dif-
ferent current flow patterns are obtained [15-17]. They are
not so much different in energy, thus, when an external mag-
netic field is applied, the ground state will be chosen from
them in a very flexible manner.

When an external magnetic field is applied, an approx-
imate ground state may be obtained by simply optimizing
Vx in the presence of A. The optimal state will be a state
with a minimal current carrying state; thus, the system will
try to exclude the magnetic field by minimizing the current
flow inside the bulk; such an exclusion of a magnetic field is
nothing but the Meissner effect [17].

The condition for the optimal x will be given by

k
v
/ <1A+ —X) - dr = const.
j hc 2

in deep inside a specimen, which will be obtained by zero-
current in the bulk from the hopping term in (61).

The above condition indicates that if the specimen is a
ring-shaped, the quantization of magnetic flux is realized;
by taking a closed path that encircles the hole of the ring,
the above condition yields

(100)

\%
7§ <iA+_X).dr=o, (101)
loop he 2
This is rewritten as

h
f Adr=—=2L¢ dy. (102)
loop 2q loop

Since x is a function of period 2, this will give the flux
quantization in the unit @y with g = e.

5 Macroscopic Quantum Interference

The oscillation of the maximum zero-voltage current with
varying an external magnetic field is observed in a circuit

@ Springer



2008

J Supercond Nov Magn (2011) 24:1997-2011

Fig. 4 Sketch of a SQUID
structure and plot of the
maximum current through the
SQUID structure, J¢,., vs the

. 4 max? i ll
magnetic flux through the ring,
®@ring. Pjunc is chosen to be
‘pjunc = 0~1(pring CH,

with two SIS junctions (the SQUID structure) shown in
Fig. 4. This oscillation is a macroscopic quantum interfer-
ence phenomenon brought about by the phase 6. In the stan-
dard theory, this phenomenon is explained using € that is
conjugate to the number density of 2e charge carriers. In
this section, however, we explain it using the 6 that is conju-
gate to the number density of e charge carriers discussed in
previous sections. The key ingredient is the winding number
of x.

Let us calculate the current through a SQUID structure in
Fig. 4. The SQUID structure is made of the two SIS junc-
tions that are assumed to be identical. The total current is a
sum of currents through the two junctions. If the magnetic
flux through each junction area is neglected, the total current
is calculated as

T ¢ring

J = Josing. + Jo sin<¢c — + wringn>, (103)

where @i is the flux through the ring region given by

¢ring = % A . dr,
Cring

and wring is the winding number of x along Ciing given by

1
Wring = P fé Vx -dr.
ring

The current in (103) exhibits an interference effect; the
phase difference for the interference is composed of two
contributions: one is the contribution from the Aharonov—
Bohm phase from the magnetic filed penetrating through the
ring given by

(104)

(105)

@.
—r 8. (106)
Dy

the other is the contribution from the winding number of x
given by

Wring 7T .

(107)
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In the standard 2e charge case, the former is given by
—27 Pring/ Po, and the latter is a multiple of 27z which can
be taken away because it is a period of the sine function.

The maximum current depends on whether wying is even
or odd. If wying is even, it is calculated as

J;\;f):(n ((pjunc P (pring)

. T[¢junc
even sin( 2%y ) ”d)ring
=J 0,0) cos s
max 7 Piunc 20,
2¢g

and if it is odd, it is given by

JOdd((pjunCa (pring)

max
. D
even sin( 2<zj>l:>nc ) . {7 Pring
= Jhax (0,0) sin ,
7 Pjunc 2
2®0

where the effect of the flux through each junction region
Djunc is included.
If we take into account the change of wyjng, the maximum

current J¢,, is the largest of J" and J2%4 defined by
Jivax =Max{ I3, T} (108)

In Fig. 4, a plot of Jg,,. as a function of @y, is depicted.
It exhibits a profile similar to the one observed in experi-
ments [28], showing peaks separated by @y.

The corresponding maximum current from the 2e charge

carrier theory is given by

e
Jm;x (@junc s ¢ring)
”(pjunc
Do

sin(—g.=) Dy
= Je (0,0)| — e ‘ cos( q;mg ) .
@ 0

A noticeable difference is that while J2¢_ is zero at
(pring _ l

1
@0 2 +n, (109)
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Fig. 5 aPlotof JS'" as a

max
function of @yjyg. It shows a
“0-SQUID (or edge-junction)”
pattern. b Plot of 9% as a
function of @iy it shows a
“m-SQUID (or
corner-junction)” pattern.
CDjunc = 0~5¢ring

even

Jmax (q)ring) b 1.0-
Jeven ()

odd
‘]max (q)ring )

Jrax(0)

This absence of

where n is an integer, it is not zero for Jg .
the zero current points may be used to discriminate the spin-
vortex superconductivity from the standard one. Actually,
the absence was observed in the experiment, but the reason
for it has been attributed to a background current from vari-
ous effects.

As shown in Fig. 5, if even wying and odd wying cases
are separately realized, the so-called “0-SQUID (or edge-
junction)” pattern and the “x-SQUID (or corner-junction)”
pattern are obtained, respectively [29]. The appearance of
these patterns are currently attributed to the d-wave symme-
try of the order parameter. However, we have shown that it
can be explained due to the separated appearance of the even
and odd wying cases using the present theory.

6 Concluding Remarks

We have presented a theory of superconductivity based on
the persistent current generation by a Berry phase due to the
spin-vortex formation. It attributes the phase 6 to the Berry
phase arising from the stable (or quasi-stable) spin-vortex
formation. We have found that the observed AC Josephson
frequency actually indicates that the charge on the tunneling
particle is in the unit e, not 2e if the junction is treated as a
part of a closed-circuit with including the contribution from
flow-in and -out of particles from the leads. Since the exper-
iment is done in such a closed-circuit situation, it is sensible
to include the flow-in and -out. For the verification of our
claim, we have proposed an experiment that discriminates
whether the carrier charge unit is e or 2e.

If our claim turns out to be correct, the Berry phase ori-
gin of the phase 6 is the only one left that explains the
observed flux quantization unit @y and the AC Josephson
frequency fj with ¢ = e. This also indicates that the BCS
theory is incomplete as to the origin of supercurrent, thus,
cannot predict whether a particular compound is supercon-
ductor or not. It is well-known that the BCS theory gives
an excellent estimate of T, and properties associated with
the energy gap formation at 7. Therefore, there must be a

strong relation between the Cooper-pair condensation and
the onset of the superconducting state. There are also plenty
of experiments that indicate asymmetries in the even and
odd number of electron systems, which can be attributed to
the electron-pairing stabilization.

The reason for the fact that the BCS theory gives an ex-
cellent estimate of 7, may be the following: As is argued in
Sect. 3, in order that the system is in the superconducting
state, low energy electronic excitations that destabilize VO
must be absent. The BCS theory provides the mechanism
in which this absence occurs by the energy gap formation.
Our theory assumes that the system is in the EHFMI state,
where localized polarons are formed as stabilizing centers of
spin-vortices. In general, the localization occurs more easily
in the bulk than in the surface region since the shielding of
charge and chemical bond formation are easier in the bulk
than in the surface region. Then, electronic excitations in
the surface region will be the last low energy excitations to
be eliminated for the stability of V6. If this elimination is
brought about by the energy gap formation by the Cooper-
pair condensation, the BCS theory will give an excellent es-
timate of T¢.

It is also worth noting that a statistical analysis reveals
that the occurrence of superconductivity is strongly corre-
lated to the fact that carriers are holes [20]. Since holes are
known to become small polarons more frequently than elec-
trons, the above-mentioned situation seems to fit the statisti-
cal analysis.

The above explanation is, however, not applicable for
superconductors in general since all of them are not cate-
gorized as strongly correlated systems. For materials with
weak correlations, some other mechanism is necessary for
the spin-vortex formation. One possible mechanism is that
the energy gap formation by the Cooper-pair condensation
induces a band reconstruction that creates a situation with
U > |t;] in the relevant band. It is also possible that impu-
rities or defects become stabilizing centers of spin-vortices,
and the Cooper-pairing-gap provides the final stabilization
for the induced loop currents. In this respect, it is worth
noting that recent optical spectroscopy in Pb observed the
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emergence of peaks in the superconducting state; they seem
to originate from phonon-assisted processes, and are not ex-
plainable within the standard BCS approach [39].

Let us consider superconductivity in cuprates. In the
cuprate superconductors, experiments that measure elec-
tronic states in the surface region such as ARPES and STS
see rather itinerant electrons; however, experiments probe
the bulk see localized-carrier effects. Neutron scattering ex-
periments observe spin-wave excitations that appear to arise
from local moments [40—42]. Actually, the observed spin-
wave excitations are well-explained by assuming that the
system is in the EHFMI state [26]. Furthermore, the EXAFS
detects bond-length fluctuations that are correlated with the
occurrence of superconductivity [43]; and this fluctuation is
explained by the small polaron formation [44]. Thus, the
above-mentioned situation, “the EHFMI state in the bulk,
and the BCS-type gap formation in the surface region”,
seems to be relevant to the cuprates.

We have a view that spin-vortex-induced loop currents
exist below the pseudogap temperature 7* and become su-
percurrent below the superconducting transition tempera-
ture T.. This view naturally explains the change of the sign
of the Hall coefficient from positive to negative as the tem-
perature is lowered [45]; the positive sign indicates that the
dominant charge carriers are doped-holes, and the negative
that they are electrons in the loop currents.

An experiment shows that the BCS-type gap forma-
tion does not necessary lead the system to a superconduct-
ing state. It is seen in Laj_,Ba,CuQOy4, superconductivity
is anomalously suppressed at x = 1/8 [21]. Although the
pairing-gap exists at this doping level as in the near-by dop-
ing levels, somehow the system fails to be superconducting.
Actually, this anomaly may be explained in the spin-vortex
superconductivity theory; if spin-vortices line up to form a
stripe order, the loop currents that flow along the both sides
of the stripe cancel to be zero since they are opposite in the
direction and same in the magnitude.

The present work suggests the reason why the stan-
dard theory of superconductivity does not have a predicting
power for the occurrence of superconductivity in a particular
compound; it may be due to the fact that its attribution of the
origin of the phase 6 is wrong. A new theory of supercon-
ductivity may emerge by identifying 6 as the Berry phase (or
the Longuet-Higgins phase) from spin-vortices. It contains
the BCS pairing mechanism as a part for the mechanism that
stabilize 6. It does not violate the superselection rule for the
total charge, and, thus, enable us to calculate persistent cur-
rent related phenomena in an atomistic way without recourse
to the Ginzburg—Landau phenomenological equation.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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