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SUM„2…ÃUC„1… gauge symmetry in high-Tc superconductivity
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The square lattice structure of CuO2 layers and the strongly correlated property of electrons indicate that the
high-Tc superconductivity in cuprates can be described by an intrinsic SOM(5) coherent pairing theory in
which a SUM(2)3UC(1) gauge symmetry is embedded. Besides the usual charge order, this SUM(2)
3UC(1) gauge symmetry is also related to three new magnetic-charge orders—the local AF magnet, the local
spin current, and thed-wave charge order. These magnetic-charge orders are completely determined by the
SOM(5) coherent pairing state. The magnetic and charge fluctuations that characterize the low-energy excita-
tions in cuprates are then described by this gauge symmetry. Thus, the coexistence of antiferromagnetism and
superconductivity can be realized naturally in a unified framework.
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I. INTRODUCTION

The study of low-energy quantum fluctuations in strong
correlated systems is one of the most difficult problems
theoretical physics. In copper oxides, the low-energy prop
ties of electrons are indeed the central issue in the stud
the high-Tc superconducting mechanism. Up to date, th
exist no proper skills and tools to deal with low-energy qua
tum fluctuations of strongly correlated electrons. Howev
solving a strongly correlated problem crucially depends
how to extract the relevant degrees of freedom that cha
terize low-energy excitations observed in experiments.
termining the low-energy degrees of freedom mainly rel
on intrinsic symmetry breakings of the system. In this pap
I show that the low-lying magnetic properties observed o
a large doping range (0.05<d<0.25) in cuprates1–4 may
be controlled by a SUM(2)3UC(1) gauge symmetry, her
the subscriptsM and C representing magnet and charg
respectively.

In accordance with experimental observations, highTc
superconductivity~SC! arises as a consequence of hole~or
electron! dopings from the parent copper-oxide compoun
which are antiferromagnetic~AF! Mott insulators.5 In the AF
phase, which is very close to half-filling (d<0.03), the low-
lying excitations are mainly the spin-density-wave~SDW!
fluctuation with respect to the SUS(2) spin rotational
symmetry.6 In the optimal dopings (0.15<d<0.3), the
d-wave SC~dSC! order7 implies that the low-lying excita-
tions should be dominated by phase fluctuations associ
with the UC(1) charge symmetry, based on Anderson’s re
nant valence bond~RVB! theory.8 In this picture, the AF and
dSC phases are considered to be well separated. Betwee
AF and dSC phases, there is a pseudogap phase which
be described by an intrinsic SUC(2) gauge symmetry.9,10

However, the optimally doped YBa2Cu3O61d in SC phase
displays a sharp magnetic resonance centered at (p,p) in
reciprocal space1 which obviously cannot be explained b
the breaking SUC(2) charge gauge symmetry. Zhan
proposed11 that the magneticp resonance may imply the
existence of a breaking SO~5! @denoted specifically hereafte
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as SOZ(5)# superspin symmetry between the AF and dS
phases.12 Furthermore, in the underdoping region, especia
around d;1/8, neutron-scattering experiments
La22xSrxCuO4 show clear evidence of incommensura
magnetic excitations disposed symmetrically about (p,p).2

The discovery of incommensurate peaks brings another
portant issue, i.e., the possible existence of a stripe pha14

Very recently, many experiments confirmed that commen
rate and incommensurate magnetic excitations exist in b
the LSCO and YBCO copper oxides in the underdoping
well as the optimal doping regions,3 and a weak magnetic
ordering can coexist with the dSC phase in a certain dop
range.4 Such universal properties naturally lead one to a
whether there exists an intrinsic symmetry to underlyi
these low-lying magnetic and charge degrees of freed
over a large range of doped cuprates.

Based on the square lattice structure of CuO2 layers and
the strongly correlated property of electrons, I investig
various intrinsic dynamical symmetries in cuprates. I fi
that the low-energy physics of high-Tc cuprates may be de
scribed by an intrinsic SOM(5) coherent pairing theory in
which a SUM(2)3UC(1) gauge symmetry is embedded. Th
SOM(5) coherent pairing state consists of the singlets-wave
and thed-wave pairs plus tripletp pairs so that it can de
scribe the coexistence of antiferromagnetism and super
ductivity. The magnetic and charge fluctuations that char
terize the low-energy excitations in cuprates are th
controlled by the SUM(2)3UC(1) gauge symmetry which is
related to three new magnetic-charge orders—the local
magnet, the local spin current, and thed-wave charge
order—plus the usual charge order.

This paper is organized as follows. In Sec. II, I presen
general theory of many-electron square lattice systems, b
on the coherent-state theory of the dynamical group SO~8!.13

Then in Sec. III, I discuss the dominated low-lying degre
of freedom in cuprates. Also, I analyze various possi
gauge symmetries and show that the best candidate for h
Tc superconductivity is the magnetic-charge mixed SUM(2)
3UC(1) gauge symmetry embedded in the SOM(5) coher-
ent pairing states. In Sec. IV, a conclusion is given and p
spectives are discussed.
©2002 The American Physical Society13-1
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II. COHERENT-STATE MANY-BODY THEORY
AND THE ASSOCIATED GAUGE SYMMETRY

The existence of an intrinsic symmetry in condensed m
ter systems depends not only on basic interacting prope
of electrons, but also on crystal structures of the correspo
ing materials. In general, in terms of the 8-dim basis
charge, spin, and crystal wave vector~in the reduced first
Brillouin zone!, the noninteracting electrons in lattice spa
have a maximum U~8! symmetry.15 For the high-Tc super-
conductors, the conductivity is mainly in the CuO2 layers. In
such a two-dimensional square lattice plane, the symm
betweenk and 2k reduces the general U~8! group to a
smaller subgroup SO~8!. The RVB UC(1) and SUC(2)
charge gauge symmetries8–10 as well as the SOZ(5) super-
spin symmetry11 are all subgroups of SO~8!. However, nei-
ther the RVB UC(1) and SUC(2) gauge symmetries nor th
SOZ(5) superspin symmetry can encompass the low-ene
physics of cuprates.

To be more explicit, I introduce a Nambu basisCk
†

5(ak
† ,a2k), where ak

†5(ck↑
† ,ck↓

† ,ck1Q↑
† ,ck1Q↑

† ) and a2k
5(c2k↑,c2k↓,c2k1Q↑,c2k1Q↓). The SO~8! is then a trans-
formation group with respect to the Nambu basisCk . It is
generated by the following 28 composite operators:

Ck
†OSO(8)Ck5S ak

†blak ak
†Di

†a2k
†

a2kDiak 2a2kbl
ta2k

† D , ~1!

wherek is restricted in the reduced first Brillouin zone,bl

and its transpositionbl
t are 434 Hermitian matrices, andDi

and its Hermitian conjugateDi
† are 434 antisymmetric ma-

trices. The 28 generators in Eq.~1! consists of 12 pair opera
tors and 16 particle-hole operators. The 12 pair opera
include the isotropics-wave16 ~or the dxy-wave17! pair de-
noted by Ds , the extendeds-wave or dx22y2-wave pair
Dd ,8,9 the quasispinh pair Dh ,18 and the three tripletp
pairs Dp ,12 plus their Hermitian conjugates. These pair o
erators can be represented byD ik5a2kDiak and D ik

†

5(D ik)
†5ak

†Di
†a2k

† , with i 5s,d,p,p, and Di

5 1
2 (gzgx,ig5gy,2 ig0gy,gxgzg); here, the g matrix is

given in the standard Dirac representation in field theory

g05S I 2 0

0 2I 2
D , g5S 0 s

2s 0 D , ~2!

and g55 ig0gxgygz. The 16 particle-hole operators a
the spin S, the chargeQ, the SDW SQ , and the charge
density wave ~CDW! CQ plus their d-wave partners,
namely, thed-wave spin and charge operators denoted
A and Y, the spin currentJs , and the charge cur
rent Jc , respectively. These 16 operators can
written explicitly by Blk5ak

†blak2a2kbl
ta2k

† , where bl

5 1
2 (I 4 ,g0,g/2i ,g0g/2,g5,ig5g0,gg5/2,g5g0g/2) with l

5Q,Y,Js ,SQ ,CQ ,Jc ,A,S. Physically, the 28 generators o
SO~8! correspond to 28 order parameters that encompas
possible low-energy degrees of freedom of a square la
interacting Hamiltonian. However, because of the furth
constraint of some intrinsic symmetries, not all these 28
der parameters can independently coexist.
10451
t-
es
d-
f

ry

y

rs

-

y

e

all
e
r
r-

Explicitly, to determine the low-energy physics of
many-electron system, it is very useful to start with t
many-body coherent-state theory.19 Using the generalized
coherent-state theory,13,20 I can define a general quasipartic
picture in terms of the SO~8! Nambu basis as follows:

aku0&50 →
SO~8!

bkuVSO(8)&50. ~3!

The quasiparticle vacuum state~i.e., physical ground state!
uVSO(8)& is given by

uVSO(8)&5V~h!u0&, ~4!

whereV(h)PSO(8)/U(4), and it can beexpressed as

V~h!5)
k

8 exp$hs~k!Dsk
† 1hd~k!Ddk

† 1hp~k!Dpk
†

1hp~k!•Dpk
† 2H.c.%. ~5!

In Eq. ~5!, the pairing wave functionshs,d,p,p(k) are gener-
ally link-dependentcomplex parameters with an addition
constrainths,d,p,p(k)5hs,d,p,p(2k) due to the parity sym-
metry.

The stateuVSO(8)& is nothing but the SO~8!/U~4! coherent
pairing state which is the underlying pairing state I propos
recently to describe high-Tc superconductivity.22 As I have
discussed in Ref. 22,uVSO(8)& consists of all electron pairs
concerned in the study of superconductivity. These pa
can be classified according to the symmetric property of
pairing wave function under the transformation ofk to k
1Q as follows: hs(k)5hs(k1Q) represents the isotopi
s-wave and dxy-wave (;sinkxsinky) singlet pairs, etc.,
hd(k)52hd(k1Q) describes the extended singlet pa
„including the extendeds-wave@;g(k)5coskx1cosky#, the
d-wave @;d(k)5coskx2cosky# and the (s1 id)-wave
(;coskx1i cosky) pairs, etc.…, while hp(k)5hp(k1Q) cor-
responds to the pseudospin pairs, and finally,hp(k)
52hp(k1Q) describe the tripletp pairs.

Meanwhile, apart from a phase factor,uVSO(8)& is directly
obtained by acting SO~8! on the trivial vacuumu0&,20 while
the associated phase factor contains the freedom of Ug(4)
gauge transformations that describe quantum fluctuation
all the pairing wave functionshs,d,p,p(k). Explicitly, let
g(a) be a general SO~8! unitary transformation anda
5:$ai ,i 51, . . . ,28% are the corresponding transformatio
parameters. The group theory tells us23 that g(a) can be
uniquely decomposed asg(a)5V(h)h(b), whereh(b) is a
U~4! unitary transformation@generated by the 16 particle
hole operators in the SO~8! group# that keeps the trivial
vacuumu0& invariant up to a phase factor, andV(h) is an
element of the coset space SO~8!/U~4! defined explicitly by
Eq. ~5!. Then,

g~a!u0&5V~h!h~b!u0&5V~h!u0&eif. ~6!

Obviously, any further SO~8! unitary transformation can be
reduced to a U~4! transformation in the coset space SO~8!/
U~4! which is in one-to-one correspondence to the coher
pairing statesuVSO(8)& ~Ref. 13!:
3-2
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SUM(2)3UC(1) GAUGE SYMMETRY IN HIGH-Tc . . . PHYSICAL REVIEW B 65 104513
g~a8!V~h!u0&5V~h8!u0&eif8. ~7!

This indicates that the subgroup U~4! in the dynamical group
SO~8! is a gauge group embedded in the coherent pai
state uVSO(8)&. Once the coherent pairing stateuVSO(8)& is
specified, the gauge freedom is fixed. The nonzero expe
tion values of the U~4! generators inuVSO(8)& correspond to
a spontaneous gauge symmetry breaking of the assoc
gauge degrees of freedom. Thus, this U~4! gauge symmetry
can describe indeed all the low-energy excitations indu
by the quantum fluctuations of the pairing wave functio
hs,d,p,p(k).

On the other hand, from Eqs.~4! and ~5!, one can easily
show that the quasiparticle operators (bk

† ,bk) are deter-
mined by the corresponding SO~8! Bogoliubov transforma-
tion with respect touVSO(8)&,

21

S bk

b2k
† D 5V~h!S ak

a2k
† DV21~h!5S W~k! 2Z~k!

Z†~k! Wt~k!
D S ak

a2k
† D .

~8!

It is also not difficult to find that the Bogoliubov transform
tion matrix is given by

Z~k!5h~k!
sinAh†~k!h~k!

Ah†~k!h~k!
,

W~k!5AI 42Z~k!Z†~k!, ~9!

with

h~k!5S 0 h1~k! h2~k! h3~k!

2h1~k! 0 h4~k! h5~k!

2h2~k! 2h4~k! 0 h6~k!

2h3~k! 2h5~k! 2h6~k! 0

D
~10!

and the elements inh(k) are related to the pairing wav
functionshs,d,p,p(k) of Eq. ~5! by h1,6(k)5hs(k)6hd(k),
h4,3(k)5hp

z (k)6hp(k), h2(k)5hp
2(k), and h5(k)5

2hp
1(k). Similarly, we can write the Bogoliubov transfo

mation matrixZ(k) as

Z~k!5S 0 z1~k! z2~k! z3~k!

2z1~k! 0 z4~k! z5~k!

2z2~k! 2z4~k! 0 z6~k!

2z3~k! 2z5~k! 2z6~k! 0

D , ~11!

wherez1,6(k)5zs(k)6zd(k), z4,3(k)5zp
z (k)6zp(k), z2(k)

5zp
2(k), andz5(k)52zp

1(k). This is another expression o
the pairing wave functions, and they are in one-to-one c
respondence tohs,d,p,p(k) of Eq. ~5! by Eq.~9!. Thus, either
the pairing wave functionshs,d,p,p(k) or zs,d,p,p(k) can
equivalently determine the low-energy properties of
many-electron square lattice systems. In practice, as one
see in the next section, it is more convenient to expr
physical observables in terms of the pairing wave functio
10451
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zs,d,p,p(k). Meantime, the above discussion shows that
coherent-state theory provides a gauge theory realizatio
many-body quantum systems.

III. DOMINATED LOW-LYING DEGREES OF FREEDOM
AND THE SUM„2…ÃUC„1… GAUGE SYMMETRY

Since high-Tc superconductors are obtained by doping t
parent copper oxides which are AF insulators, to demonst
how can this picture be realized byuVSO(8)& and what must
the necessary low-lying degrees of freedom be involved
should first check the AF order parameter and the hopp
dynamics contained inuVSO(8)&. Without loss generality, I
definezp(k)5zp(k)ak whereak is the normalized Ne´el spin
order, uaku51. Then the AF order is given by the matri
element ofSQ in uVSO(8)&:

MAF[
1

N
^VSO(8)u

1

2 (
k

cka
† sabck1QbuVSO(8)&

5
2

N (
k

8 @zd~k!zp* ~k!1zd* ~k!zp~k!#ak , ~12!

where N is the total number of lattice sites. Hoppings a
described byHt2t85(ks« t2t8(k)cks

† cks , where« t2t8(k)5
22t(coskx1cosky)24t8coskxcosky . For the leading hop-
ping Hamiltonian, its expectation value inuVSO(8)& is

^Ht&5^VSO(8)u(
ks

« t~k!cks
† cksuVSO(8)&54(

k
8 « t~k!

3@zs~k!zd* ~k!1zs* ~k!zd~k!#. ~13!

Equation ~12! simply tells us that the AF state mixes th
extended singlet pairsDdk and the triplet pairsDpk , while
Eq. ~13! shows that the hopping requires the simultaneou
presence of the singlet pairs ofDsk and Ddk when all elec-
trons are paired in the low-energy state of Eq.~4!. As a
result, a realization of the AF to dSC phase transition via
stateuVSO(8)& involves at least the singlet pairs ofDdk and
Ddk plus the triplet pairsDpk .

In order to dynamically determine the necessary lo
lying degrees of freedom in the highTc , one must start with
the basic interactions of electrons in cuprates. It has b
commonly believed that the Hubbard model serves as a p
digm for strongly correlated electrons on a lattice:H
5Ht2t81U( ini↑ni↓ . In the space of SO~8!, the leading
contribution of theU term is

K HU

UNL 5
n2

4N2 1
1

4
C Q

2 1uDsu21uDpu22MAF
2 , ~14!

wheren is the total number of electrons,CQ the CDW order
parameter,

CQ[
1

N
^VSO(8)u(

ks
cks

† ck1QsuVSO(8)&

5
4

N (
k

8 @zs~k!zp* ~k!1zs* ~k!zp~k!#, ~15!
3-3
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and Ds and Dp are the order parameters of the isotrop
s-wave pairing~or the dxy-wave pair! and the quasispinh
pairing, respectively. Equation~14! shows that for a positive
U the Hubbard interaction suppresses the formation of
s-wave pairing and theh pairing as well as the CDW orde
but favors forming AF~Néel! order MAF in which all elec-
trons are paired as the singlet pairsDdk mixed with the triplet
pairs Dpk @see Eq.~12!#. In contrast, for a negativeU, the
Hubbard interaction favors forming thes-wave andh pairs
but suppresses the AF order. This manifests exactly
particle-hole symmetry with respect to the positive and ne
tive U at half-filling where the hopping Hamiltonian has n
contribution.

When cuprates are doped, the hopping Hamiltonian pl
an important role. Equation~13! has shown that a nonvan
ishing of the leading hopping in a pairing state requires
presence of the isotropics-wave ~or dxy-wave! singlet pairs
even though such pairs are suppressed by theU term. The
next leading hopping contribution ^Ht8&
54(k8@« t8(k)( i uzi(k)u2# ( i 5s,d,p,p) does not favor form-
ing any specific pairing. Hence, the low-energy pairing st
of the Hubbard model that gives the best kinetic ene
should be the stateuVSO(8)& consisting only of the single
pairsDsk andDdk plus the tripletp pairsDpk but noh pairs
Dpk , i.e., hp(k)50 in Eq. ~5!.

Zhang’s SOZ(5) superspin theory11 is built with the sin-
glet pairDd plus the triplet pairsDp only. The corresponding
coherent pairing state can be generally expressed as

uVSO(6)&5)
k

8 exp$hd~k!Ddk
† 1hp~k!•Dpk

† 2H.c.%u0&

55
)

k
8 exp$hp8 (k)•Dpk

† 2H.c.%uAF&

or

)
k

8 exp$hp9 (k)•Dpk
† 2H.c.%uBCS

d wave&

[uSOZ~5!&, ~16!

which gives a realization of the picture of how thep opera-
tor continuously rotates the AF state into ad-wave SC and
vice versa. However, Eq.~13! shows that the SOZ(5) theory
cannot directly describe the hopping dynamics becaus
the lack of the isotropics-wave ~or dxy-wave! type pairing.
This is why the doping has to be addressed through a ch
cal potential in Zhang’s SOZ(5) theory. The importance o
the singlet pairsDsk was also naively ignored in my previou
consideration.22

On the other hand, if the tripletp pairs are not included
the stateuVSO(8)& is deduced to a SOC(5)/SUC(2)3UC(1)
coherent pairing state:

uVSOC(5)&5)
k

8 exp$hs~k!Dsk
† 1hd~k!Ddk

†

1hp~k!Dpk
† 2H.c.%u0&. ~17!

Here the SOC(5) group is different from the SOZ(5) group
in Zhang’s theory. The subgroup SUC(2)3UC(1) ~generated
by $CQ ,Jc ,Y,Q%) is a gauge symmetry embedded
uV that describes quantum fluctuations of thes- and
SOC(5)&
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d-wave pairs and theh pairs in terms of the CDWCQ , the
charge currentJc , the d-wave type chargeY, and the usual
chargeQ. Note that inuVSOC(5)&, the CDW orderCQ must be

accompanied by the charge current orderJc because of the
constraint of the SUC(2) gauge group. Meantime, the charg
current orderJc is physically manifested by the staggere
flux xs or the d-density-wave~DDW! order xd . Explicitly,
these charge-oriented order parameters given in the s
uVSOC(5)& are the same as that in the stateuVSO(8)&:

xs[
1

N
^VSO(8)u(

ks
g~k!cks

† ck1QsuVSO(8)&

5
4i

N (
k

8 g~k!@zp~k!zd* ~k!2zp* ~k!zd~k!#, ~18!

xd[
1

N
^VSO(8)u(

ks
d~k!cks

† ck1QsuVSO(8)&

5
4i

N (
k

8 d~k!@zd~k!zp* ~k!2zd* ~k!zp~k!#, ~19!

respectively, and the CDW order parameterCQ has been cal-
culated in Eq. ~15!. Hence, the coherent pairing sta
uVSOC(5)& covers the SUC(2) RVB gauge theory9,10 and the

recently proposed DDW order.24 The staggered fluxxs and
the DDW orderxd are just two different representations
the charge currentJc . Recently, the DDW state was pro
posed to be the observed weak magnetic order in the
state.4,24 However, the DDW and staggered flux phase m
coexist with the CDW@see Eq.~19!# if the s-wave and
d-wave singlet pairs coexist. But the CDW has not be
observed in the dSC state. AlsouVSOC(5)& has no active spin
degrees of freedom so that it cannot describe the obse
AF magnetic peaks in doped cuprates.3 Therefore, most
likely there is no DDW state in cuprates based on the pres
theory.

From the above analysis, one can see that the low-ly
degrees of freedom in cuprates are dominated by the sin
pairs ofDsk andDdk plus the triplet pairsDpk and the asso-
ciated particle-hole orders contained in the U~4! gauge sym-
metry. The low-energy ground state determined from
Hubbard model and the experiments is favorable to
hp(k)50 in Eq. ~5!. To highlight the low-lying degrees o
freedom, I can further rewrite Eq.~4! @with hp(k)50# as

uVSO(8)&hp505expH(
k

u~k!•SkJ uVSOM(5)&, ~20!

where uVSOM(5)& is a SOM(5)/SUM(2)3UC(1) coherent

pairing state with the Ne´el spin orderak being rotated to
along the easyz axis:

uVSOM(5)&5)
k

8 exp$hs~k!Dsk
† 1hd~k!Ddk

†

1hp
z ~k!Dpzk

†
2H.c.%u0&. ~21!
3-4
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This corresponds to picking up a specific group state fr
uVSO(8)& that spontaneously breaks the spin rotational sy
metry. The subgroup SUM(2)3UC(1) which is generated by
$SQ

z ,Js
z ,Y,Q% is the gauge symmetry embedded inuVSOM(5)&

that describes the quantum fluctuations of thes- andd-wave
pairs and thep pairs.

The decomposition in Eq.~20! separates the quantum
fluctuations of the spin rotational freedom from other lo
energy degrees of freedom. This is very similar to the
scription of a rotor’s intrinsic motion in terms of a rotatin
coordinates instead of the usual laboratory coordina
HenceuVSOM(5)& is called as an intrinsic pairing state of E

~20!. Now, the dynamics of the Ne´el spin orderak is de-
scribed byuk which characterizes a continuous manifold
degenerate ground states inuVSO(8)& with regard to the
SUS(2) spin rotational symmetry. Under the decompositi
~20!, the conventional SDW arising from spin fluctuations
determined by varying the orientation ofuk . It can be shown
that the SDW does not explicitly depend on dopings a
hoppings because both the hopping@see Eq.~13!# and the
doping

d512^VSO(8)u
1

N (
ks

cs
†~k!cs~k!uVSO(8)&

5124(
ik

uzs~k!u2 ~ i 5s,d,p,p! ~22!

are independent ofak @and u(k)#. I can thereby conclude
that the observed magnetic excitations that linearly dep
on dopings3 cannot originate from the spin fluctuation o
SDW.

In fact, it is not the Ne´el spin vectorak but the local
~short-range! staggered AF ordering@associated with the
generatorSQk

z in the SUM(2)3UC(1) gauge group#

MAF~k![^VSO(8)uSQk
z uVSO(8)&5zd~k!zp* ~k!1zd* ~k!zp~k!

~23!

that sensitively depends on dopings. Experimentally,
long-range AF orderMAF5(2/N)(k8MAF(k)ak @see Eq.
~12!# is directly observed in doped cuprates because i
smeared out by the quantum fluctuation of the Ne´el order
ak . But the local AF orderingMAF(k) itself still exists in
doped cuprates once the tripletp pairs mix with thed-wave
singlet pairs inuVSOM(5)&. In other words, the local AF or

dering MAF(k) of Eq. ~23! represents a local AF magne
Furthermore, accompanied with the local AF magnet, th
must also exist a local spin currentJs(k) by the SUM(2)
3UC(1) gauge symmetry@the matrix element of anothe
generatorJsk

z in SUM(2)3UC(1)#,

Js~k![^VSO(8)uJk
zuVSO(8)&5 i @zs~k!zp* ~k!2zs* ~k!zp~k!#,

~24!

which hides in the spin current order JW s

5(2/N)(k8Js(k)ak . Similar to the AF orderMAF , a long-

range spin current orderJW s cannot be observed in dope
cuprates because it is also smeared out by quantum fluc
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tions of the Ne´el orderak . But the local spin currentJs(k)
can be manifested in terms of ad-density-spin wave. Be-
cause of the magnetic properties of the local AF mag
MAF(k) and the local spin currentJs(k), I argue that the
observed AF magnetic excitations3 and the short-range o
fluctuating AF order4 in both the pseudogap phase and t
dSC phase should be the quantum fluctuation effects
MAF(k) and Js(k), rather than the CDW dynamics of th
Néel spin fieldak .

Besides, there are also other two possible orders in
SUM(2)3UC(1) gauge symmetry, ad-wave charge orderY
and the usual charge orderQ of SC states. Thed-wave
charge orderY is a new order parameter that has not be
discussed in the literature,

Yd5^VSO(8)u(
ks

d~k!cks
† cksuVSO(8)&

5
4

N (
k

8 d~k!@zs~k!zd* ~k!1zs* ~k!zd~k!#. ~25!

I find that this order parameter can lower the superexcha
interaction energy of thet-J model.25

The above analysis shows that the stateuVSOM(5)& is
magnetic-charge codominated. It can simultaneously
scribe the coexistence of intrinsic AF orders and dSC or
with real hopping processes. The associated SUM(2)
3UC(1) gauge symmetry can dynamically determine t
quantum fluctuations of thes- andd-wave singlet pairs and
p triplet pairs in terms of the local AF magnetMAF(k), the
local spin currentJs(k), and thed-wave charge orderY plus
the usual charge orderQ. As a result, a SUM(2)3UC(1)
low-energy gauge theory can be established based on
SOM(5) coherent pairing state when a practice Hamilton
of strongly correlated electrons, such as thet-J model, is
considered, similar to the construction of the nonlinears
model for the Heisenberg antiferromagnets via the SO~3!
spin coherent state.26 The dynamics of the pairing amplitude
zs(k), zd(k), andzp(k) as a function of the dopingd and the
temperatureT can then be determined, and a quantitat
comparison to experiments can be carried out. Further w
on this subject is in progress.25

IV. CONCLUSIONS AND PERSPECTIVES

In conclusion, using coherent-state many-body theor
have shown that the low-energy degrees of freedom in
prates that compasses SDW, CDW, staggered flux or
DDW, and associated magnetic excitations and various p
ing ~including thes- andd-wave singlet andp triplet pairs!
orders can be determined by the SO~8!/U~4! coherent pairing
state uVSO(8)& @i.e., Eqs.~4! and ~5!# in terms of the four
pairing wave functionszs,d,p,p(k). The SO~8! coherent pair-
ing state contains three different SO~5! subgroup pairing
states

uVSO(8)&→H uVSOZ(5)&,

uVSOC(5)&,

uVSOM(5)&.
3-5
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The first two states, given by Eqs.~16! and ~17!, cover
Zhang’s SOZ(5) theory and SUC(2) RVB gauge theory, re-
spectively, and the last one, the intrinsic SOM(5) coherent
pairing state defined by Eq.~21! is a new discovery.

The above three SO~5! coherent pairing states are gene
ated by different pair operators, and they describe differ
physical properties of strongly correlated electrons. In do
cuprates, only the SOM(5) symmetry is capable of describ
ing the low-lying magnetic excitations incorporating with th
hopping dynamics. Specifically, all the three pairing sta
contains thed-wave superconducting order. However, th
carry different gauge degrees of freedom associated with
ferent quantum fluctuations:

SO~8!

U~4!
→5

SOZ~5!

SUS~2!3UC~1!
,

SOC~5!

SUC~2!3UC~1!
,

SOM~5!

SUM~2!3UC~1!
.

In Zhang’s SOZ(5) theory, the gauge symmetry is repr
sented by the spin rotational SUS(2) group plus the charge
UC(1) group. It separately describes the SDW quantum fl
tuation and the UC(1) charge fluctuation. However, thes
quantum fluctuations are not essential to the magnetic e
tations. Also the doping can only be added artificia
through a chemical potential in this theory. In SUC(2) RVB
ry

v
.

F.

h

m
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gauge theory, the SUC(2) gauge symmetry describes th
CDW and the staggered flux phase as well as the rece
proposed DDW order but it has no AF magnetic feature.

Only in the SOM(5) coherent pairing state, the SUM(2)
3UC(1) gauge symmetry can simultaneously and dyna
cally address quantum fluctuations of the AF amplitude, h
pings as well as thed-wave pairing. This SUM(2)3UC(1)
gauge symmetry is determined by three new orderings:
local AF magnetMAF(k), the local spin currentJs(k), and
the d-wave charge orderY. These orderings have not bee
realized in the previous study of high-Tc theories. Because o
the magnetic properties and charge properties of these t
new orders, most likely it is this SUM(2)3UC(1) gauge
symmetry that controls various magnetic excitations in
dCS state as well as in the pseudogap phase. Hence
intrinsic SOM(5) coherent pairing stateuVSOM(5)& with the

SUM(2)3UC(1) gauge symmetry is a good candidate to d
scribe the observed low-energy degrees of freedom in
prates. Certainly, experimentally examining the existence
the local AF magnetMAF(k), the local spin currentJs(k),
and thed-wave charge orderingYd is crucial to demonstrat-
ing the practical value of the present theory.
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