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Composite spin liquid in a correlated topological insulator:
Spin liquid without spin-charge separation
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In this paper, we present an alternative type of insulator, namely composite spin liquid, which can be regarded
as a short-range B-type topological spin-density wave as proposed by J. He er al. [Phys. Rev. B 84, 035127
(2011)]. Composite spin liquid is a topological ordered state beyond the classification of traditional spin liquid
states. The elementary excitations are the “composite electrons” with both spin and charge degrees of freedom,
together with topological spin texture. This topological state supports the chiral edge mode but no topological

degeneracy.
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I. INTRODUCTION

The Fermi liquid based view of electronic properties has
been very successful as a basis for understanding the physics
of conventional solids including metals and (band) insulators.
For band insulators, due to the energy gap, the charge degree of
freedom is frozen. For magnetic insulators with spontaneous
spin rotation symmetry breaking, the elementary excitations
are gapped quasiparticles (an electron or a hole) that carry
both spin and charge degrees of freedoms and the gapless spin
wave (the Goldstone mode). For this case, the global symmetry
is broken from SU(2) down to U(1). Thus the low-energy
effective model is an O(3) nonlinear o model (NLoM) that
describes long-wavelength spin fluctuations.

However, in some special insulators with spin-rotation
symmetry and translation symmetry, due to a big energy
gap of the electrons, the charge degree of freedom is totally
frozen, and there may be emergent gauge fields and deconfined
spinons (elementary excitations with only the spin degree of
freedom of an electron). These are referred to as quantum
spin liquids." Quantum spin liquid states have been pursued
in spin models for more than two decades.”™* In certain spin
models, the quantum spin liquids are accessed (in principle)
by appropriate frustrating interactions. In general, there are
three types of ansatz of spin liquid: SU(2), U(1), and Z,.>*
The three different states may have the same global symmetry.
This conflicts with Landau’s theory, in which two states with
the same symmetry belong to the same phase. Since one cannot
use symmetry and order parameter to describe quantum orders,
a new mathematical object—the projective symmetry group
(PSG)—was introduced®* to characterize the quantum order
of spin liquid states.

Recently, there have been attempts to find spin liquids in
the generalized Hubbard model of the intermediate coupling
region, e.g., the Hubbard model on a triangular lattice, the
Hubbard model on a honeycomb lattice, and the m-flux
Hubbard model on a square lattice.” In addition, the quantum
spin liquid state near the Mott transition (MI) of the Hubbard
model on a honeycomb lattice has been confirmed by different
approaches.®'* However, the nature of the spin liquid in
the generalized Hubbard model of the intermediate coupling
region is still a matter of debate.

We found that there may be another type of insulator with
spin-rotation symmetry and translation symmetry, of which
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the elementary excitation has both spin and charge degrees
of freedom. We call it composite spin liquid. Composite spin
liquid (SL) can be regarded as short-range B-type topological
spin-density wave (B-TSDW), which is beyond the classifi-
cation of traditional spin liquid states. In a composite SL,
there is no spin-charge separation: the elementary excitation
is a so-called “composite electron”—a spin one-half charge
+e object trapping a topological spin texture (skyrmion or
antiskyrmion). In addition, the composite SL is a topological
spin liquid state with chiral edge states. However, similar to
the case of the integer quantum Hall state, composite SL has
no topological degeneracy for the ground state.

The paper is organized as follows. First, we write down
the Hamiltonian of the topological Hubbard model. Secondly,
we derive the effective O(3) nonlinear o model with the
Chern-Simons-Hopf (CSH) term to learn its properties. Next,
chiral SL and composite SL are found to be the ground
state of the short-range A-type topological spin-density wave
and the short-range B-type topological spin-density wave,
respectively. Finally, the conclusions are given. In addition,
we compare composite SL with other exotic quantum states
including fractional quantum Hall states, spin liquids, and
topological insulators.

II. MODEL AND MEAN-FIELD RESULTS

The Hamiltonian of the topological Hubbard model on a
honeycomb lattice is given by'3!7

H=—1Y @ eo+He)—1 Y el )
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t and ¢’ are the nearest-neighbor and next-nearest-neighbor
hoppings, respectively. We introduce a complex phase ¢;;
(I¢ij] = ) to the next-nearest-neighbor hopping, of which
the positive phase is set to be clockwise. U is the on-site
Coulomb repulsion. u is the chemical potential and . = U/2
at half-filling. ¢ denotes an on-site staggered energy and is set
to be 0.15¢.
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FIG. 1. (Color online) The dispersion of electrons for ¢ =
0.0288¢t when U = 0. We can see clearly that at the high symmetry
points, the energy gap is zero and the dispersions look like Dirac
cones.

In the noninteracting limit (U = 0), the ground state is a
0O = 2 topological insulator with a quantum anomalous Hall
effect (QAH) for ¢/ > 0.0288¢ and a normal band insulator
(BI) for ' < 0.0288¢. At ¢’ = 0.0288¢, the electron energy
gap closes at high symmetry points in momentum space.
As a result, a third-order topological quantum phase tran-
sition occurs between a QAH and a BI. See the dispersion
of electrons for #' = 0.0288¢ in Fig. 1.

When we consider the on-site Coulomb interaction, the
ground state can be an AF SDW order. We have calculated the
mean-field value of staggered magnetization M that represents
AF SDW order of the topological Hubbard model from the
definition (6}06,-,0) = %[1 + (—=1)'o M] in Ref. 15. Based on
the mean-field results, the phase diagram has been obtained
in Fig. 7 of Ref. 15. From the phase diagram we get five
different quantum phases: two are nonmagnetic states with
M = 0: the BI and the QAH; three are magnetic states with
M + 0: the A-type topological AF SDW state (A-TSDW), the
B-type topological AF SDW state (B-TSDW), and the trivial
AF SDW state.

Let us explain the quantum phase transitions for different
regions of #’. For ¢’ > 0.0288¢, the quantum phase transition
between a QAH state and AF SDW order is always second
order. Thus when we raise the interaction strength U, due
to the smooth increase of the staggered magnetization, the
QAH state will turn into the A-TSDW after crossing a
magnetic phase transition, then into the B-TSDW crossing a
topological quantum phase transition, and eventually into the
trivial AF SDW state crossing another topological quantum
phase transition. However, in the region of ¢’ < 0.0288¢, the
quantum phase transition between a BI and AF SDW order
is first order, which is denoted by the black line in Fig. 7 in
Ref. 15. Due to the jumping of the staggered magnetization,
the Bl state will turn into B-TSDW directly and eventually turn
into the trivial AF SDW state crossing a topological quantum
phase transition. In the limit " — 0, the BI state will change
into the trivial AF SDW state directly and there is no
topological state at all. For the case of ¢/ = 0.0288¢, it is a
semimetal for the weak-coupling limit (U/t < 2.5) without
electron gap. When we raise the interaction strength U, due
to the smooth increase of the staggered magnetization, the
semimetal state will turn into the B-TSDW after crossing a
second-order magnetic phase transition, and will eventually
turn into the trivial AF SDW state crossing a topological
quantum phase transition.
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III. EFFECTIVE NLoM FOR MAGNETIC STATES

For the topological Hubbard model on a honeycomb lattice,
there are three different magnetic states: A-TSDW, B-TSDW,
and trivial AF SDW. A question here is whether these three
SDWs with M # 0 are real long-range AF order. The nonzero
value of M obtained by the mean-field method only indicates
the existence of effective spin moments. It does not necessarily
imply that the ground state is a long-range AF order because
the direction of the spins is chosen to be fixed along the 7 axis
in the mean-field theory. Thus we will examine the stability of
magnetic order against quantum spin fluctuations of effective
spin moments based on a formulation by maintaining spin
rotation symmetry, o, — £ - 0. .

By replacing the electronic operators ¢/ and ¢; by Grass-
mann variables ¢ and c;, in the magnetic state we obtain the
effective Lagrangian with spin rotation symmetry as

Legr = Zc;kaal'ci(f —1 Z (C;kacfa +H.c)
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where Ay, = UM /2, Within Haldane’s mapping, the spins are
parametrized as €; = (—1)'n;,/1 — L? + L;."%2 Here n; is
the Néel vector, |n;| = 1, and L; is the transverse canting field,
which is chosen to be L; - n; = 0.

Then we integrate fermions and the transverse canting field
and obtain the effective NLoM as

11

Ln= —[—(arn)2 +e(v -n)z} 3)
2g | c

with a constraint n> = 1. The coupling constant g and spin

wave velocity ¢ are defined as

4 2 Ps
=—. (@)

Here p, is the spin stiffness and x* is the transverse
spin susceptibility. The detailed calculations are given in
Appendix A.

The properties of the effective NLoM are determined by
the dimensionless coupling constant « = gA. The cutoff is
defined as A = min(1,AE/c). Here AE is the energy gap of
electrons. In particular, there is a critical point o, = 47 (or
g = %”). See the illustration in Fig. 2. The quantum critical
point (QCP) separates the long-range spin order from the short-
range spin order (the quantum disordered state). The dotted
line shows the renormalized spin stiffness of the long-range
spin order and the energy scale of the spin gap of the quantum
disordered state, respectively (see the discussion below).

For the case of o < 47, we obtain solutions of the spin
condensed n( and the spin gap m; at zero temperature:

12
noz(l—ﬁ) C m, =0 (5)
g

At finite temperature, the solutions become ng = 0 and m; =

2kpT sinh™! [e_gi% sinh( 2;2\T )]. Because the energy scale of
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FIG. 2. The illustration of the relationship between AF order and
the quantum disordered state.

the spin gap my is always much smaller than the temperature,
ie.,, mg L kgT (or w,), quantum fluctuations become negli-
gible in a sufficiently long-wavelength and low-energy regime
(ms < |cq| < kpT). Thus in this region one may only consider
the purely static (semiclassical) fluctuations. The effective
Lagrangian of the NLoM then becomes

£="2"y ny, ©)
2
where p; et = c(é — i) is the renormalized spin stiffness. At

zero temperature, the mass gap vanishes, which means that
long-range AF order appears. To describe the long-range AF
order, we introduce a spin order parameter,

M M 1/2
Mo=2ng==(1-%) |, m =o. %)
2 2 g

The ground state of the long-range AF ordered phase has a
finite spin order parameter, and in this region there are two
transverse Goldstone modes (between them the interaction is
irrelevant).

For the case of @ > 4, the interaction between Goldstone
modes becomes relevant and at low energy the renormalized
coupling constant diverges. Consequently, the spin gap opens
and the long-range spin order disappears, which mean that the
ground state may be a quantum disordered state, and we obtain
the effective model of massive spin-1 excitations,

1
&=gmwﬂm@% (8)
with the solutions of ny and m; as
1 1
ng=0,mg =4mrc| ———). )
8& 8

Using the CP(1) representation, we have
2
Lo = §[|(aﬂ —ia)zl* +miz*], (10)

where z is a bosonic spinon, z = (7, )T, n; =z0z,
zz =1, and a, = —4(23,z — 9,2z). Here a,, is introduced
as an assistant gauge field. Specifically, the local gauge
transformation is z — e'""Vz. m_ denotes the mass gap for
spinons as m, = mg/2.

In addition, after integrating over fermions by using the
gradient expansion approach, we also obtain the Chern-

PHYSICAL REVIEW B 85, 205107 (2012)

0.15 Chiral spin liquid
0.10 1 QAH
= A-TSDW
Band

insulator B-TSDW

0.05
Trivial AF-SDW
Composite spin liquid
0.00 T T T T 1
2.4 2.6 2.8 3.0 3.2 3.4

U/t

FIG. 3. (Color online) The phase diagram. There are seven
phases: QAH, band insulator, A-TSDW, B-TSDW, chiral spin liquid,
composite spin liquid, and trivial AF-SDW. The regions of chiral spin
liquid and composite spin liquid are the quantum disordered regions
of o > 4m.

Simons-Hopf (CSH) term as'>?*

K
Lesu = —i Z 4—71;8““61,’181,%{, (11)
17

where K is a 2 x 2 matrix, a/=' = A, and a/=> = a,. A,
is the electric-magnetic field. The “charges” of A, and a,
are defined by ¢ and g, respectively. Thus for different SDW
orders with the same order parameter M, we have different

K matrices : for A-TSDW order, K = (g g); for B -TSDW

order, K = (} }); for trivial SDW order, IC = 0. See detailed
calculations in Appendix B.

For different regions of t', we calculated the dimensionless
coupling constant g (o) and derived the quantum phase
transitions between long-range and short-range AF SDW
order. Thus we can plot a new phase diagram in Fig. 3 that
shows the quantum disordered regions of & > 4 (the regions
of chiral spin liquid and composite spin liquid).

For a given ¢’ bigger than 0.0288¢, there are two situations.
Figure 4 shows the dimensionless coupling constant for one
situation with the parameter t' = 0.1z. In Fig. 4 there is a
quantum disordered region with & > o, = 4w in A-TSDW
that corresponds to the chiral spin liquid (yellow region). The
other case is shown in Fig. 5, of which the dimensionless

20+

15 : Chiral spin liquid

104

31 Uit 32 33

FIG. 4. (Color online) The dimensionless coupling constant « =
gA for the case of the parameter as t' = 0.1¢. For the region with
o > 4, the ground state is chiral spin liquid (yellow region).
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FIG. 5. (Color online) The dimensionless coupling constant @ =
g for the case of the parameter as t' = 0.033¢. For the regions with
o > 47, the ground states are spin liquid states—chiral spin liquid
(yellow region) or composite spin liquid (green region).

coupling constant for the parameter ' = 0.033¢. There are
two quantum disordered regions with o > o, = 4m: one
corresponds to the chiral spin liquid (yellow region) in A-
TSDW, the other is composite spin liquid (green region) in
B-TSDW (see the discussion in the following sections). For
this case, we get the energy gap of spin order parameter M,
and spin excitations m, in Figs. 6 and 7. One can see that
in chiral spin liquid and composite spin liquid, My = 0 and
my # 0. For the case of ¢’ = 0.0288¢, we show the result of
the dimensionless coupling constant in Fig. 8, from which
one can see that there is a quantum disordered region with
o > o = 4 in B-TSDW that corresponds to the composite
spin liquid (green region). For this case, we also get the spin
order parameter M, and the energy gap of spin excitations m;
in Figs. 9 and 10. One can see that in composite spin liquid,
Moy =0 and m; # 0. For a given ¢’ smaller than 0.0288t¢,
there are also two situations. For 0.023 77t < t' < 0.0288¢,
from the result shown in Fig. 11 (' = 0.025¢), we found a
quantum disordered region witha > «, = 47 in B-TSDW that
corresponds to the composite spin liquid (green region). For

0.15 T T T T
Composite :
) . spin liquid !
{ Chiral spin liquid !
0.10 i
A-TSDW.
M,
0.05 B
! Trivial |
QAH B-TSDW: AF-SDW
0.00 : e —
2.4 2.5 2.6 2.7 2.8

U/t

FIG. 6. (Color online) The spin order parameter M, for the case
of the parameter as t' = 0.033¢. Yellow region denotes chiral spin
liquid and green region denotes composite spin liquid, of which

My =0.
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FIG. 7. (Color online) The spin gap m, for the case of the
parameter as t" = 0.033¢. Yellow region denotes chiral spin liquid
and green region denotes composite spin liquid, of which m; # 0.

0 < t' < 0.02377¢, we found that the dimensionless coupling
constant « is always smaller than o, = 4. That means there
is no quantum disordered region at all. We also plot Fig. 12 to
show this situation (¢’ = 0.02¢).%

In the following sections, we will use the effective model
with CSH terms to learn the properties of different SDW
orders: '

Leii = Ls + Lcsh,

where

1 2 2.2

L= i[(&,tn) + m.n’]
and
Ky
Lcsu = Z Esﬂvkaiava/{.
1,J
Thus an important issue is determining the nature of

these quantum disordered states with different CSH terms.
Our answer is as follows: for the case of A-TSDW with
K= (g g), the quantum disordered state is a chiral spin liquid

with topological degeneracy and anyonic excitations (see the

20+

Composite
15 spin liquid

a 104

2.4 2.6

Uit 2.8 3.0

FIG. 8. (Color online) The dimensionless coupling constant « =
g A for the case of the parameter as ¢’ = 0.0288¢. For the region with
o > 4, the ground state is composite spin liquid (green region).
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FIG. 9. (Color online) The spin order parameter M, for the case
of the parameter as #' = 0.0288¢. The green region denotes composite
spin liquid, of which M, = 0.

illustration in Fig. 13); for the case of B-TSDW with K =
(i i), the quantum disordered state is composite spin liquid

with chiral edge states, of which the elementary excitation is
spin one-half charge +e objects trapping a topological spin
texture (see the illustration in Fig. 15).

IV. CHIRAL SPIN LIQUID-QUANTUM DISORDERED
STATE OF A-TSDW

First, we study the quantum disordered state of A-TSDW
that is described by

1
Lo = E[@n)z +mn’]

1 1
JFEGWAM&AA + Eé‘”’\auavak
or

2
['eff = §[|(8u - iau)z|2 + miz2]

1 1
+ EG'MAHBVAA + ge““*auavak. (12)

0.09 +

Composite spin liquid ]

Trivial AF-SDW

24 2.6 U/t 2.8 3.0

FIG. 10. (Color online) The spin gap m, for the case of the
parameter as " = 0.0288¢. The green region denotes composite spin
liquid, of which m, # 0.
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Composite
spin liquid

2.6 U/t 2.8 3.0

FIG. 11. (Color online) The dimensionless coupling constante =
gA for the case of the parameter as ' = 0.025¢. For the region with
o > 47, the ground state is composite spin liquid (green region).

At the low-energy limit, the kinetic term of gauge field a,,
is induced,

1
4¢2
The induced coupling constant of the three-dimensional gauge

fieldis ¢2 = 3wm?. After considering the CSH term, we obtain
the effective Lagrangian as

Lla,) = — (d,a,)%. (13)

1 1
Lefr = @(8,,_61,,)2 + wakauauax

1
+ EG‘MAM&UAA. (14)

For the compact U(1) gauge theory in 2 + 1 dimensions,
there are instantons (space-time “magnetic” monopoles) that
generate 27 gauge flux of a,,, which indicates that the a,, gauge
field is “compact.”26 Without the CSH term, the monopoles
form Coulomb gas in 2 4+ 1 dimensions. Due to the Debye
screening in the monopole plasma, the gauge field a,, obtains
a mass gap, and bosonic spinons z that couple the gauge field
a, are confined. It is pointed out in Ref. 27 that from the

20+

15+

o 104

0 : T T T T 1

2.4 2.6 2.8 3.0 3.2 34
U/t

FIG. 12. (Color online) The dimensionless coupling constante =
gA for the case of the parameter as ¢ = 0.02¢. We can see that the
dimensionless coupling constant « is always smaller than o, = 4.
That mean there does not exist a quantum disordered region at all.
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g, g

FIG. 13. The illustration of the relationship between A-TSDW
and chiral spin liquid.

Berry phase of a path integral of a spin coherent state on a
honeycomb lattice, the ground state with spinon confinement
is really a VBS state with spontaneous translation symmetry
breaking.

However, due to the Chern-Simon term, %e’“*aﬂ dyay, the
instantons are confined by linear potential and are irrelevant
to low-energy physics. Thus the ground state cannot be a
VBS state and spinons are deconfined. In particular, the
Chern-Simons term for a,, has a nontrivial statistics effect.
Because the low-energy physics is dominated only by spinon
z, due to %eﬂkuavak, the statistics angle of z is w/2. As a
result, spinon z becomes a semi-ionic particle with spin J = %.
Therefore, the quantum disordered state of A-TSDW that is
described by the effective Lagrangian in Eq. (12) is really a
topological ordered state, i.e., chiral spin liquid. From the CSH
term, one may derive topological degeneracy—two degenerate
ground states of chiral spin liquid on a torus.?® The result is
consistent with that in Ref. 17.

In addition, one can also derive the edge states from the
effective CSH theory. There are two right-moving “spin” edge
excitations described by the following one-dimensional (1D)
fermion theory:%’

Leage = Y Uk (0 — VRO Vs,

where o = 1,2. ¥, carries a unit of a,, charge. One can see
“spin” chiral edge states in Fig. 14 (the lines with arrows).
Correspondingly, one can obtain the quantized spin Hall

Chiral spin liquid

Y

N

FIG. 14. (Color online) The illustration of the edge state of chiral
spin liquid. There exists a “spin” chiral edge state (the lines with
arrows) and a “charge” chiral edge state (the lines with dots).
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conductivity,

lim ey (@0 (—o0) = 2. (15)
Oy = lIm —¢€;;(Jsi(W, sil—w, =0
X w—0 W J J h

Here J;; denotes spin current, Jy;; = —i (Za Yayin - aP,).

On the other hand, we discuss the properties of A,.
The gauge field A, is a classical field and has no dynamic
terms. Thus the Chern-Simons term for A,, only indicates the
quantized anomalous charge Hall effect. From it, we find two
right-moving branches of “charge” edge excitations, which are
described by the following 1D fermion theory:*

Leage = Y VL@ — 00 )Ve.a (16)

where o, 8 = 1,2. ¥, carries a unit of A, charge. One can
see a “charge” chiral edge state (the lines with dots) in Fig. 14.
Consequently, we get the quantized charge Hall conductivity
oy = ZTez .

Finally, we identify the quantum disordered state of A-
TSDW characterized by g > g, as a chiral spin liquid with the
quantum anomalous Hall effect (see the illustration in Fig. 13).
For this system, there is spin-charge separation. In Fig. 13, the
QCP at g = g, denotes the quantum phase transition dividing
long-range A-TSDW and short-range A-TSDW (chiral SL). In
addition, we should emphasize the existence of the chiral spin
liquid due to strongly fluctuated spin moments characterized
by the divergent behavior of the spin coupling constant near
the quantum phase transition (yellow region) in Figs. 4 and
5 as g — g.. Thus the existence of the chiral spin liquid is
independent of the cutoff A.

V. COMPOSITE SPIN LIQUID-QUANTUM DISORDERED
STATE OF B-TSDW

Next we study the quantum disordered state of B-TSDW
that is described by the low-energy effective Lagrangian

1
£eff = (ay,n)z + m§n2] + EG‘”’\AMS,,AX

: [
2g
1 VA 1 HUVA
—+ EG Aﬂava;\ —+ EG auava;\
or

2 , 1
Lot = §[|(aﬂ —ia )zl +miz*] + Ee“ *Aud,a;

1 1
+ Eewwavm + EG””’\aui)vak.

From Fig. 15, one can find that there is indeed a region of
short-range B-TSDW order that is characterized by g > g..

First, we study the statistics of spinon z. To learn the
statistics of spinon z, we can set A, to be zero because A, is a
classical field. Thus the CS term is reduced to ﬁe"”au 0,a;,.
We can see that the spinons are fermionic particles by binding
a 27 flux of a, that is just a skyrmion (or an antiskyrmion).
On the other hand, due to the mutual Chern-Simons term
ﬁe’”*A wovay, a 2w flux of a, will carry an electric charge.
Thus the z particle is really an “electron” or a “hole” binding
a skyrmion (or antiskyrmion). In the following, we will call
such a composite object a “composite electron (hole).”
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g, g
FIG. 15. The illustration of the relationship between B-TSDW
and composite spin liquid.

Due to the Chern-Simon term ﬁe’“’*aﬂ 0,a,, the instantons

are also confined by linear potential and are irrelevant to
low-energy physics. Thus the spinons are also deconfined.
Figure 16 shows the mass gap of the z particle for the
parameter " = 0.033¢, 2m, = 4nc( L _ —) One can see that
m, is always much smaller than the mass gap of electrons,
AE, as m; < AE. So the low-energy physics is dominated
by the z particle, the so-called composite electron (hole).

Secondly, we study the properties of gauge fluctuations. Af-
ter integrating the massive z particle, the effective Lagrangian
for gauge field a, becomes

1
‘Ceff = (auav) + 4_€M Clua a,,

4e 2
1 VA 1 HVA
+ EG Auaua,\ + EG AM(‘)VA)\. (17)

Then the partition function of the effective model is written as

Z= /D[a]e—foﬁd“ef&

0.15
04, AE/t

Electron.s energy gap

0.12

0.09 +

0.06

Charge energy gap

0.03

Composite SL
0.00 T T T 1

2.55 2.60 2.65
U/t

FIG. 16. (Color online) The charge energy gap for the case of
t' = 0.033¢, ¢ = 0.15¢: the charge carrier is a composite electron.
In composite SL, the charge energy gap is that of spin gap, my;
in B-TSDW, the charge energy gap is that of a skyrmion and an
antiskyrmion, A.. The energy gap of fermion quasiparticles is very
big (see inset).
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Composite spin liquid

FIG. 17. The illustration of the edge state of composite spin
liquid. There exists a single chiral edge mode.

We introduce ay , = A, +ay,, a_, = A,
the partition function as

zZ= / DiaJe o 4ker,

— ay, and obtain

where

1 1
Lot = — Bpar )’ + 4—6’“’ ap dva, . (18)

4¢2

With the Chern-Simons term ﬁe“”’\auﬁavawﬂ the gauge
field a, 1 indicates quantized spin-charge synchronized edge
states and the quantized spin-charge synchronized Hall effect
pointed out in Ref. 1. The edge excitation is described by the
following one-dimensional fermion theory:2%-*

Leage = ¥ (0, — 900V, 19)
where v/ carries a unit of a. « “charge.” One can see a chiral
edge mode (the lines in Fig. 17). Consequently, we get the
spin-charge synchronized Hall conductivity as

1 - - e
;Qj(Ji(w’O)Jj(_waO» =5 (20)

6 = lim
w—0

where

= i< Y Yayi(l—n- a>wa/2>. @1)

Finally, we use the duality relationship between spinons
and skyrmions to learn the quantum phase transition at g =
g dividing long-range B-TSDW and short-range B-TSDW
(composite SL).

In B-TSDW, we <can define the skyrmion
(or antiskyrmion) with  winding number Q=
f d2 GOV)JIS 9'ng x 3Ans = +1, of which the solutions in
the contmuum limit are’!

A(x — xo) Ay — yo) A
ng = , .+ .
r—rgl2+A2" |[r—rol2+ 22" |r —rg?2 + A2
(22)
Here A is the radius of the skyrmion at ry = (xo,y0). In

long-range B-TSDW, due to the “spin-charge synchronized
charge-flux binding” effect, the O = %1 skyrmion carries a
unit electric charge ¢ = F1 and a unit “charge” ¢, = F1.
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A Ny wy electron :
1/ Ty S=1/2 charge e

composite object
binding a
skyrmion

FIG. 18. (Color online) The illustration of composite spin liquid,
of which the elementary excitations are the “composite electrons”
that are S = 1/2 charge e fermions with trapping a topological spin
texture.

With a unit “charge” g5, a O = %1 skyrmion gets half spin
and becomes a charged S = 1/2 fermion.

The mass of the skyrmion (or antiskyrmion) is associated
with

Ps eff

Mskyrmion = Mantiskyrmion = /er(V : ns)2 = 47[ps,effa
where g ef = (1 — ﬁ) ps- This result indicates the charge gap
is really the mass gap of a skyrmion-antiskyrmion pair,

A= M skyrmion + M antiskyrmion = 8 <1 - 5)103" (23)

that will close at the critical point g = g., A, — 0. From
Fig. 5, one can see that there are two QCPs (g = g.) between
B-TSDW and composite SL where the charged excitations
have no energy gap, while the usual electrons without a
trapping spin texture still have a big mass gap AE > A,
(see the inset of Fig. 16). In B-TSDW, the low-energy charge
dynamics is dominated by fermionic charged skyrmions rather
than the electrons. At these QCPs, the system is a semimetal
with gapless charge excitations. The dotted line in Fig. 15 is
the energy scale of the charge gap.

Finally, we find that there is a new type of spin liquid—
composite spin liquid. The low-energy excitations are “com-
posite electrons” thatare S = 1/2 charge e fermions trapping
a topological spin texture. See the illustration in Fig. 18. At
the QCPs between long-range B-TSDW and composite SL, the
system becomes a semimetal with gapless charge excitations
(even for gapped electrons).

VI. CONCLUSION AND DISCUSSION

We presented an alternative type of topological state
that we refer to as “composite spin liquid.” A composite
spin liquid state can be regarded as a short-range B-type
topological spin-density wave that is beyond the classification
of traditional spin liquid states. For traditional spin liquid
states there always exists spin-charge separation, while for
composite spin liquid there is no spin-charge separation.
Instead, the elementary excitations are “‘composite electrons”
with both spin and charge degrees of freedom, together
with topological spin texture. This topological state supports

PHYSICAL REVIEW B 85, 205107 (2012)

charge +e/3
anyon

FIG. 19. (Color online) The illustration of the fractional quantum
Hall state. Small blue balls with single arrows denote the anyonic
excitations with £e/3 charge.

a single chiral edge mode but no topological degeneracy.
In addition, the QCPs between long-range B-TSDW and
composite SL are also nontrivial, therefore the system becomes
a semimetal with gapless charge excitations (even for gapped
electrons).

In addition, we compare different exotic quantum orders
beyond Landau’s theory:

(i) Fractional quantum Hall (FQH) state. Due to the charge-
flux binding effect, the elementary excitations are anyonic
excitations with fractional electric charge and fractional
quantized Hall conductivity.**** Figure 19 shows anyonic
excitations with +e/3 charge (small blue balls with a single
arrow). The ground state on a torus has topological degeneracy.
For the open system, there are chiral edge states on its
boundary. Fractional quantized Hall states can be classified
into different Abelian states and non-Abelian states using
effective CS theories (or K -matrix theory?*3%3%),

(ii) Topological band insulator (TBI). The elementary
excitations are gapped electrons (or holes). For this topological
state, there exist gapless edge states. However, there is no
topological degeneracy for the ground state. Topological band
insulators can be classified into Z; type or Z type using the
“tenfold” random matrix.>’~3"

(ii1) Spin liquid (SL). Due to the big electron gap (Mott
gap), the excitations are deconfined spinons with only a spin
degree of freedom. In Fig. 20, the blue arrow denotes an
S = 1/2 chargeless spinon. Quantum spin liquid states can be

WA
\--f/\

d v\
/I \\ te

- o~ ~ sS;inlanhargeless

FIG. 20. (Color online) The illustration of quantum spin liquid.
The blue arrows denote an S = 1/2 chargeless spinon.
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TABLE I. The differences (the types of excitations, if there exists topological degeneracy for the ground states on
the torus, if there exist edge states, and the way to classify the topological states) between four exotic quantum orders
beyond Landau’s theory: the fractional quantum Hall state (FQH), a topological band insulator (TBI), spin liquid (SL),

and composite spin liquid (SL).

Excitations Topological degeneracy Edge state Classification
FQH state Charged anyon Yes Yes K matrix
TBI Electron No Yes Tenfold way
SL Spinon - - PSG
Composite SL Composite electron No Yes ?

classified into SU(2) type, U(1) type, or Z, type using PSGs.>*
For topological spin liquid (for example, chiral spin liquid)
there exist gapless edge states and topological degeneracy,
while for gapless spin liquid (for example, algebraic spin
liquid) there are no well-defined gapless edge states and
topological degeneracy. For this reason, we use “—" to denote
the uncertainty in Table I.

(iv) Composite spin liquid. The elementary excitations are
the “composite electrons” with both spin and charge degrees of
freedom, together with topological spin texture (see Fig. 18).
For this topological states, there exist gapless edge states but
no topological degeneracy. As of yet, we do not know how to
characterize composite spin liquid states. For this reason, we
use “?” to denote the situation in Table I.

Finally, we address the relevant experimental realization.
This topological Hubbard model on a honeycomb lattice
may be simulated in an optical lattice of cold atoms. In
Ref. 32, it is proposed that the (spinless) Haldane model on a
honeycomb optical lattice can be realized in cold atoms. When
two-component fermions with repulsive interaction are put
into such an optical lattice, one can get an effective topological
Hubbard model. It is easy to change the potential barrier by
varying the laser intensities to tune the Hamiltonian param-
eters, including the hopping strength (¢ term), the staggered
potential (e term), and the particle interaction (U term).
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APPENDIX A: THEORY OF SPIN FLUCTUATIONS
TO OBTAIN THE O(3) NONLINEAR ¢ MODEL

The Hamiltonian of the topological Hubbard model on a
honeycomb lattice is given by

H=—t Z @ ¢jy +He)—1 Z eviel ¢,
(i.j)o (i.j)).o

PN At A
+U E Aipfiy — 1L E CiyCio
i i,0
N NI
+e& CisCic — € CisCio -

ieA,o i€eB,o

(AD)

t and ¢’ are the nearest-neighbor and the next-nearest-neighbor
hoppings, respectively. We introduce a complex phase ¢;;

(I$i;] = %) to the next-nearest-neighbor hopping, of which the
positive phase is set to be clockwise. U is the on-site Coulomb
repulsion. o are the spin indices representing spin-up (¢ = 1)
and spin-down (o = |) for electrons, and ¢ denotes an on-site
staggered energy and is set to be 0.15¢.

For free fermions (the on-site Coulomb repulsion U is zero),

the spectrum
Ex = \/I&|* + (& +&)%

&l = t\/ 3 4 2¢0s (v/3ky) + 4 cos (3k, /2) cos (v/3k, /2)

and

(A2)

where

g =21 Z sin(k - b;), (A3)
where b; denotes the next-nearest vectors. According to this
spectrum Ey, we can see that there are energy gaps Agj,
Ay near points k; = —27”(1,1/«/3) and k, = 2?”(1, 1/\/5)
as Ay = |2 — 64/3t| and A s, = 2¢ + 6+/31, respectively.
There are two phases separated by the phase boundary 2¢ =
6+/3t, namely the quantum anomalous Hall (QAH) state and
the normal band insulator (BI) state with trivial topological
properties.

Because the Hubbard model on bipartite lattices is unstable
against antiferromagnetic instability, at half-filling the ground
state may be an insulator with AF-SDW order with increasing
interacting strength. Such AF-SDW order is described by the
following mean-field order parameter: ((—1)"6;['0161-) =M.
Here M is the staggered magnetization. In the mean-field
theory, the Hamiltonian of the topological Hubbard model
is obtained as

Hyp = H — Z(—l)l‘AM@jazéi,

1

(A4)

where Ay = % Then in momentum space we get
H = Z C/thkck»
k

where cZ = (c,:M,c,t,Al,c,iBT,c,i’m) and

hk:<§k’+%0z+8 &k >

éw)* b — Yo, —¢

After diagonalization, we can obtain the quasiparticle spectra,

(A5)

Ei =%/ + Ay + 00 + &I (A6)
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and

Eiy = %/ — Au+ 0 + &P (A7)

By minimizing the ground state’s energy, the self-consistent
equation in the reduced BZ is reduced to

- NM 2E, 2Ey,

keBZ

where N; is the number of unit cells. The phase diagram
has been obtained in Ref. 15. There are a total of five
phases: the NI state, the QAH state, the A-TSDW state,
the B-TSDW state, and the trivial AF-SDW state. They are
separated by two types of phase transitions: (i) the magnetic
phase transition [denoted by (U/t)y] between a magnetic
order state with M # 0 and a nonmagnetic state with M = 0,
and (ii) the topological quantum phase transition [denoted
by (%)Cl or (%)cz] that is characterized by the condition of
zero fermion energy gaps, Ay = —6/31' +26 + UM =0
or As =63t +26 —UM = 0.

We deal with the spin fluctuations by using the path-integral
formulation of electrons with spin rotation symmetry. The
interaction term can be handled by using the SU(2) invariant
Hubbard-Stratonovich decomposition in the arbitrary on-site
unit vector ;,

At A N2
fe. 1
(c,:) B Z[ﬂi'éjaéi]z'

Here o =(0y,0,,0;) are the Pauli matrices. By replacing the

A

"iTﬁil =

(A9)

electronic operators 6j and ¢; by Grassmann variables ¢} and
cj, the effective Lagrangian of the 2D generalized Hubbard
model at half-filling is obtained:

Legr = Zcfgarci,a —t Z (ci,cjs +H.c)
i,o0

; (i,)).0
—t Z ei¢ifc;kGC'jg — Ay Zczaﬂi “0Ci o
({i,j)),o i,o
+e Z ChCig — € Z i Cio (A10)
i€eA,o i€eB,o

To describe the spin fluctuations, we use Haldane’s map-

ping:
Q = (=D'n;/1 —L?+L;,

where n; = (nf,niy ,n7) is the Néel vector that corresponds
to the long-wavelength part of ; with a restriction n? = 1.
L; is the transverse canting field that corresponds to the
short-wavelength parts of €; with a restriction L; - n; = 0.
We then rotate ; to the Z axis for the spin indices of the
electrons at i site:

(Al1)

Vi = Ule;, (A12)
U -oU; =a., (A13)
UiTL,- coU; =1; -0, (A14)

where U; € SU(2)/U(1).
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One then can derive the following effective Lagrangian after
such spin transformation:

Eeff = Z W:U ar wi,a + Z w:aa()(i)wi,a

—t Y (Wl Yo+ He) =1 Y iy ey,

(i.j).o (@.jh.o
§ : x laj § : * laj;
+e wi,ae " w:’,a —¢& 1pi,ge " wi,a
icA,o ieB,o

— Ay Y Vi [(=Do[T=R 41 0],

i,o

(A15)

where the auxiliary gauge fields a;; = a;; 10, + a;j 20, and
ap(i) = ap,1(i)ox + ap»(i)oyare defined as

¢ = UlU;, ao(i) = U9, U;. (A16)

In terms of the mean-field result M = (—1)’ (Yfo i) as
well as the approximations,

2

I—Pal—X gma g
i — 2’ — ijs

we obtain the effective Hamiltonian as
Lot Y Ul o0Wio + Y Wislao@) — Al - 0l
— Ay Y (=Yg —t > Ul (L+iay)),
i,o (i.j)o
i 12
—y i (1 4+iai)Vis +AM -
X e riapn, +am
((i,j)).o i,0
te Y Ul +iaie—e Y Ui, (I +iaiVia.

i€eA,o i€EB,o

(A17)

By integrating out the fermion fields ¥;* and v;, the effective
action with the quadric terms of [ag(i) — Ao -[;] and a;;
becomes

1 1P
Sef = 5/0 dt Z |:—4g[a0(i) — Ayo - L]?

1

273
Fapd 1 2ou 13]. (A18)

U

To give p, and ¢ for calculation in detail, we choose U; to

be
* *
Ui = (ZlT ZiVL)’
—Zi,  Zit

where n; = z,062;,z; = (ziT,zu)T,Z,-z,: 1, and the spin fluc-
tuations around n; = Z; are

(A19)

n; =z + Re(¢)X + Im(¢)y, (A20)
_(1-14i*/8 3
7 = ( g > +0(¢?). (A21)
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Then the quantities UjU ; and UiTBT U; can be expanded in

powers of ¢; — ¢; and 9, ¢;,
Ulu; = e, (A22)
1
T 0 'ar¢i )
U'3,U; = 2 . A23
i (—%aqui 0 (A2

According to Eq. (A16), the gauge fields a;; and ay(i) are given
as
- ¢] )Uy s

1
ajj = _§(¢i (A24)

a(i) = L3910, (A25)

Supposing a;; and ay(i) to be a constant in space and denoting
3¢ = aand d,¢; = i By, we have

ajj = ——a (l )G (A26)

v

ao(i) = —3 Byoy. (A27)
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The energy of the Hamiltonian of Eq. (A18) becomes

E(By,a) = —3( B} + 5pa’. (A28)

Then one could get ¢ and p, from the following equations by
calculating the partial derivative of the energy:

1 ’Ey(B
———"(2 2 (A29)
N 9B; B,=0
1 3%Ey(a)
po= | (A30)
N oda* |,
Here Ey(B,) and E((a) are the energy of the lower Hubbard
band,
Eo(By) =Y (ES, +E,). (A31)
K
Eo@ =) (Ef +E")). (A32)
K
where Ei o ES x and EY . E”  are the energies of the

following Hamiltonian H* and H":

Ho=—t Y (U Vo +He) =1 D Pyl wio e Y Wiobio—e Y Ui Vio

¢

Eiﬁk =

where a = & + YY1

Using ¢ = —ia 5(;3(23 2)

—1 1
SZFS;

(i.j).0 (i, j).o iAo ieB,o
+ ) a0 Wie — Au Y (DY ,0 1, (A33)
P=t Y Y, =t Y Y e e Y Y e —E Y U i,
(i.j).o ()0 i€A,0 ieB,o
— Ay Y (=Y 0 Wi (A34)
Using the Fourier transformation for ¢, we have the spectrum of the lower band of H*:
1
——\/4|.§k|2 +2a? + B} +2d* £2,/a* + B}a®> — 2a2d* + Bid?> + 4B2|&|* + d* + 2ad B, (A35)
M candd = & — M+e3
|8,—0 and Eo(By) = Y (ES  + EZ ), we can obtain ¢ as
_ 2[41& >+ (a+d)*] 2[41& >+ (a+d)*]
- oy o iy (A36)
V2 Ja 20l + @ — @@ a2l +d 4 @ - R
Similarly, using the Fourier transformation for H”, we have the spectrum of the lower band of H”:
EY = =341V ? +2G* — 4B? + 4|p|* + 247 £ 24|y |*G? — BAG|Y/|* + 8ABY "¢ (A37)
—8AB@*Y + 8BY*¢G — 8¢*BY G — 2A°G? — 4(p*y — Y*p)*
—8AGB® — 4G?B% + G* — 4B*A2 + A* + 4A% |y P21z (A38)

where

1
A= 2t’Zcos (5

UM
>sm(k b)+8+—

G =2t Zcos(

UM
i) sin(k-bi)—l-e — T,

1 ) 1
B = =2it’ E sin (§a~bi> cos(k-b;), ¢=—t E e™*? cos <§a-5>, = —t E ikd g ( a- 6).
i B
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. 92
Using p;, = %%hzg and Eg(a) = ), (Ef , + E” ), we can get p; = py1 + ps2, Where

-1 o2 (ke ﬁky)_ 2 (3k) (3k> . (\/§kv
Ps1 = N, ;{ 9t cos( > >cos< > 36t [— 1+cos(\/—k )] sin? 5 9t'(P + Q)cos > sin

2
3k,

+ [3{#[(}) — 0 + 612] + 18/2(P + 0)> — 18[t* + *(P + 0)*] cos Bk,)} — 4t*(P — Q) cos <3’2< )cos (

+ {2 [(P—Q)* + 1811 — 1812(P+Q)* + 18[t*(P 4+ Q)* — t*] cos (3k,)} cos (v/3k,) — 97'(P — Q)X (P + Q) cos (

x sin (‘/ik‘) +720%1 (P + Q) sin? (%) sin(\/gky)]/\/m}/Sﬁ\/Pz + O+ 252+ /(PP — 022

)

(A39)
and
o — %Xk:{—%%“ (%) cos <@) — 361[—1 + cos (v/3k,)] sin’ (37; ) 9r'(P + Q)cos( . ) («/—k )
2 2 2 ” 2 4. 2 2 2 3k —ﬁky
—[3{°[(P — Q)" + 617 + 18*(P + Q)" — 18[¢* + (P + Q)] cos (3k,)} — 4t°(P — Q) cos 5 )OS\

PP — Q) + 181%] — 18%(P + Q)” + 18[1*(P+0Q)” — 1*] cos (3ky)} cos (v3ky) — 9'(P — Q)*(P+Q) cos (3];)
o <€ky) FIAAP + Oysin’ <%) o (ﬁ’“)] [V QZV} [83Y P24 @2 42050~ VPP - PP,

(A40)

where P = &, — ——i—sandQ & + UM + e.
In addition, we study the continuum theory of the effective action. In the continuum limit, we denote n;, I;, ia;; ~ U, iT U, -1,

and ay(i) = U:ST U; by n(x,y), I(x,y), U3, U (or UTS}.U), and U3, U, respectively. From the relations between UT(’JNU and
o,n,

1

al=al +a:,= —Z(afn)z, T =0, (A41)
1

@, =y + a5 = 70, p=x.y, (A42)

apl = —%(n x d;m) -1, (A43)

the continuum formulation of the action becomes

1 [ 2A2
Sef = E/ dr/dzr[g(arn)z + ps(V-m)? —4iAyc(n x d:n) -1+ ( UM - 4A§V,g>12], (A44)
0

where the vector a is defined as ap = (a1, do.2, 0).
Finally, we integrate the transverse canting field 1 and obtain the effective NLoM as

1 (P 1
Ser = —/ dr/dzr[—(arn)z +c(V- n)2:| (A45)
2¢ Jo c
with a constraint n> = 1. The coupling constant g and spin wave velocity ¢ are defined as g = o L ¢? = "* ,and x* is the
transverse spin susceptibility,
xt =l —-201" (A46)

In addition, we need to determine another important parameter—the cutoff A. On the one hand, the effective NLo M is valid
within the energy scale of the electrons’ gap, AE. On the other hand, the lattice constant is a natural cutoff. Thus the cutoff is
defined as the following equation:

. AE
A = min (1,_>. (A47)
C
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APPENDIX B: INDUCED CSH TERMS

In this Appendix, we will derive the low-energy effective
theory of (T-)SDW states by considering quantum fluctuations
of effective spin moments based on a formulation by keeping
spin rotation symmetry, o, — n - ¢, where n is the SDW order

parameter, (éTaéi) = Mn.

On a honleycomb lattice, after dividing the lattice into
two sublattices, A and B, the dispersion can be obtained
from Eq. (2). In the continuum limit, the Dirac-like effective
Lagrangian describes the low-energy fermionic modes near
two points, k; = —F (1, ) and ky = F(1, %), as

Ef = Z[i&ayp.(ap. - iAp.)wa + malpal/fa

_SAM‘/_fao 'n¢a]a (Bl)

which describes low-energy charged fermionic modes a = 1
near ki,

Uy = W]TVO = Ur1a, Vs, Yoa. Yug)  (B2)
and a = 2 near k,,
U = IﬁzTJ/o = (U128, Y124, V28, Vi24)- (B3)
The masses of two-flavor fermions are
my = e — 33t (B4)
and
my =&+ 3/3t'. (B5)
Y, is defined as Yoy =00 Q@ 1, Y1 =00 ® Ty, Y2 =00 @ Tx
with oy = ((1] ?). Ty, Ty, T, are Pauli matrices. =1 fora =1
and § = —1 for a = 2. We have set the Fermi velocity to be
unit vgp = 1.

In the CP' representation, we may rewrite the effective
Lagrangian of fermions in Eq. (B1) as

Ly= Z Kﬁé(iyuau + YuAyu — yuosa, +mg — 3AM0'3)W;
(B6)
with
v, (r,T) = Ul(r,0)ya(r,7),

where U(r,7) is a local and time-dependent spin SU(2)
transformation defined by

Ultr,on - oU(r,7) = 03

PHYSICAL REVIEW B 85, 205107 (2012)

and q,, is introduced as an assistant gauge field as
ioza, = U'l(r,1)d,U(r,1).

Animportant property of the model in Eq. (B6) is the current
anomaly. The vacuum expectation value of the fermionic
current,

T =i(Wao V" Vao)s (B7)
can be defined by
T, =iy D +imeg) (D +ima o)1 (D +ima )"},
(BY)
where
D=y,0,—-iA,+ica,) (B9)

and the mass terms are m, , = m, — § Ay 0. The topological
current J/', is obtained to be

11T mus
Jho= 2= e iy A —od,a).  (BO)
7T 247 (M|
Then we derive the CSH terms as**+?
Lesu=—i ) (Ay—oay)l),. (B11)

a,oc

To make an explicit description of SDWs, we introduce
the C-matrix formulation that has been used to characterize
FQH fluids successfully.’* Now the CSH term is written
as

K
Lesy = —i Z 4—;8“”’\61;&61,{, (B12)
1J

where C is a 2 x 2 matrix, a,’fl = Ay, and a{fz =a,. The
“charges” of A, and a,, are defined by ¢ and ¢, respectively.
Thus for different SDW orders with the same order

parameter M, we have different IC matrices: formy, m, > Ay,

2 0
K= (O 2), (B13)
form, > Ay > my,
1 1
K= (1 1), (B14)
forml, myp < AM,
K=0. (B15)

These results are consistent with those of Ref. 15.
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