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Two-component Ginzburg-Landau model with one magnetic gauge potential can be used to describe the
physical properties of two-gap superconductor. When the order parameters in two-gap superconductor
have different phases, the gauge invariance will be destroyed. In order to preserve gauge invariance, two
kinds of gauge potentials must be introduced. For seeking the origins of two kinds of gauge potentials,
one suggests two kinds of order parameters are in the coherent state. Therefore, two different gauge

potentials and masses of the order parameters arise through deducing the super-current of the coherent
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state. As a result, two different gauge potentials lead to different magnetic fields at the zero points of
the order parameters. In other places, the gauge potentials have no contributions to the magnetic field.
Moreover, the topological properties of two different gauge potentials are discussed in detail.

© 2016 Published by Elsevier B.V.

Introduction

For the reason that the two-component superconductor exhibits
some novel properties, two-component superconductor [1-4] has
inspired great interests since high temperature superconductor
MgB;, was observed in the experiments [5-7]. For example, there
are composite vortices with fractional magnetic flux [8-10]; the
two-component superconductor is very different from the type I
and type II superconductor. In Refs. [11,12], the authors call it type
1.5 superconductor. The different electronic charges carried by the
condensates are studied by using of Ginzburg-Landau theory [13,
14]. In general, all these problems can be described by the multi-
band Ginzburg-Landau theory. In this model, two kinds of order
parameters are introduced to describe the two kinds of conden-
sates, which are coupled to same gauge potential. A problem im-
mediately is raised, which is pointed out in [15,16], the Ginzburg-
Landau theory can not preserve gauge invariance when the order
parameters have different phases. To overcome this difficulty, it is
necessary to build a U(1) x U(1) symmetry including two kinds of
gauge potentials [16]. These two kinds of gauge potentials couple
to two kinds of order parameters respectively. Therefore, a general
non-interacting multi-band system is introduced. But the impor-
tant and interest problem is what is the origins of two kinds of
gauge potentials. In this letter, we propose the reason leading to
two kinds of gauge potentials is the coherent effect between the
order parameters. From Ginzburg-Landau model with one gauge

E-mail address: shixg@bjfu.edu.cn.

http://dx.doi.org/10.1016/j.physleta.2016.08.028
0375-9601/© 2016 Published by Elsevier B.V.

potential and considering the coherent effect, we will deduce the
non-interacting multi-band model with two kinds of gauge poten-
tials.

This paper is arranged as follows: In section 1, the Ginzburg-
Landau theory is presented and reviewed. In this case, the order
parameters have two different kinds of phases are assumed, we
show the U(1) local gauge invariance can not be preserved un-
der U(1) local transformation. Especially, the super-current in this
model is presented in detail. In section 2, the order parameters are
suggested to be in the coherent state, the super-current of the co-
herent state is given by using reduced density matrix theory. Then,
two kinds of magnetic gauge fields are achieved naturally; we also
reveal that the masses of two kinds of order parameters are differ-
ent. The non-interacting multi-band model can be deduced from
the super-current. In section 3, the topological properties of the
gauge potential are studied by using -mapping topological cur-
rent theory in detail.

1. Ginzburg-Landau model with one gauge potential

In general, the phenomenological description of the two-gap su-
perconductor is given as

2
H= Z ziml (V + 2ieA) ¥ (V — 2ieA)

i=1

1
+V(1ﬂ)+m(Vxﬂ), (1)
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where potential V (¥) = o |;|*> + B |¥i|*. ; are the order param-
eters describing the condensates in the two-gap superconductor. It
is well known as two-component Ginzburg-Landau model. When
the order parameters have same phase there is one gauge poten-
tial A in the model. The gauge invariance is preserved under U(1)
gauge transformations. Normally, the U(1) gauge transformations
are given as

Ui (0) = Y] (x) =e 2Oy, (x)
AX)—>A X)=AKx) — VO (x). (2)

From (1) and by using J = the super-current can be archived

SA'

ie ie
J=— (Wi — Vi) + (V3 VY2 — ¥V y3)
1 my

402 <|w1|2 N |wz|2>A_ a)
mq mp

This super-current also can be rewritten as

J= ';_el [vi (V=2ieA) Y1 — Y1 (V+2ieA) y}]

+ ,7'1—‘; [ (V=2ieR) y — 2 (V+2ieA) 3] . 4)

Moreover, this form of the super-current shows that the two kinds
of order parameters are not in the coherent state. The only one
gauge potential will lead to serious problem that is the U(1) local
gauge invariance can not be preserved when two kinds of order
parameters have different phases. Let us consider the order pa-
rameters and the gauge potential transform as

Ui (%) — ] () = e 2 Wy (x) (5)
A(x) — A x)=AXx)—Vo (x). (6)

Put these relation into (1), the term in the kinetic destroys U (1)
local gauge invariance, it is
2ie (V6 (x) — Vo (x)). (7)

In order to preserve the gauge invariance in the U(1) local gauge
transformations (5), two kinds of gauge potentials must be intro-
duced in the Ginzburg-Landau model. In the following, one will
find how the two kinds of gauge potentials depend on the coher-
ent effect of the order parameters.

2. Coherent effect in the order parameters and its application in
two-component Ginzburg-Landau model

In order to find why there are two kinds of gauge potentials in
two-gap superconductor, we suggest the order parameters are in
the coherent state:

[¥) =Cqly1) + C2lv2), (8)

where |C1|% + |C3]2 = 1. Recall the reduced density matrix theory
in Ref. [17], these yields

Y =C1y1 + Caa. (9)

By considering (4), the super-current of the coherent state is

yzg(¢WV—2wm¢)—w(V+2wm¢f (10)

Then put (9) into (10), we have

ie ie
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ie
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The third term in the super-current (11) is denoted as }3

~ ie
3= E(QC;%VH
+ CiCoya Vrf

which is

— CiCy Vi
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Let us define

C1C3ynys = A +iAs,
CICoyiva = A1 —iAs. (14)

According to reduced density matrix theory [17,18], the parame-
ter A is used to represent the interference effect of the coherent
state. When A; = 0, the interference effect disappears. So, one
calls the parameter A; as coherent parameter. By using the re-
lations (14), one has

’j}:i—e[A] WV%*—%VW+A]1/f§"V1/f2*—W2VW§]
m W]Wl waZ
YV %Wﬁ‘) <¢E‘Vlﬁ2 szlﬁi‘ﬂ
A .
Tm 2[( vivn i ) T\ T g

(15)
For simply, one writes the densities of the order parameters are
pPi= 1#,* Vi

Then the super-current is

i=1,2. (16)

~ ie Aq ie Aq
— = (y3V V) + —— (Y3Viy — Yo Vs
is= mp(% Y1 — W1w0+mm(% V2 — 2V y5)
—aAﬂme+mey (17)

In this expression, one finds the terms VInp; (i =1,2) are vec-
tors fields. It is should be noted the magnetic gauge potential is
also vector field. Then the vectors VInp; can be added into the
magnetic gauge potential, the direct result is the magnetic gauge
potentials have different values. In general, because the vectors sat-
isfy Clairaut’s theorem:

V xVinp; =0,
V xVinp, =0, (18)

the different magnetic gauge potentials do not lead to different
magnetic fields. However, in some special points, such as the zero
points of the order parameters, the curls of the vectors do not
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