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We reveal that local interactions in graphene allow novel spin liquids between the semimetal and
antiferromagnetic Mott insulating phases, identified with algebraic spin liquid and Z, spin liquid, respectively.
We argue that the algebraic spin liquid can be regarded as the two-dimensional realization of one-dimensional
spin dynamics, where antiferromagnetic correlations show exactly the same power-law dependence as valence
bond correlations. The nature of the Z, spin liquid turns out to be d + id’ singlet pairing, but time-reversal
symmetry is preserved, taking d + id’ in one valley and d — id’ in the other valley. We propose the quantized
thermal valley Hall effect as an essential feature of this gapped spin liquid state. Quantum phase transitions
among the semimetal, algebraic spin liquid, and Z, spin liquid are shown to be continuous while the transition
from the Z, spin liquid to the antiferromagnetic Mott insulator turns out to be first order. We emphasize that both
algebraic spin liquid and d &+ id’ Z, spin liquid can be verified by the quantum Monte Carlo simulation, showing
the enhanced symmetry in the algebraic spin liquid and the quantized thermal valley Hall effect in the Z, spin

liquid.
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I. INTRODUCTION

Interplay between the topological band structure and inter-
action drives one direction of research in modern condensed-
matter physics,'”> where emergence of Dirac fermions is at
the heart of the interplay. The original example is the system
of one-dimensional interacting electrons, where interactions
become enhanced at low energies, combined with one dimen-
sionality, and electron fractionalization results, giving rise to a
new state of matter, dubbed the Tomonaga-Luttinger liquid.*
An interesting aspect is that such fractionalized excitations
as spinons and holons are identified with topological excita-
tions, carrying fermion quantum numbers associated with the
topological structure of the Dirac theory.*

A recent study based on the quantum Monte Carlo
simulation® has argued that essentially the same phenomenon
as electron fractionalization in the Tomonaga-Luttinger liquid
may happen in two dimensions when local interactions are
introduced in the graphene structure. This study claimed
existence of a paramagnetic Mott insulator with a spin gap
between the semimetal and antiferromagnetic Mott insulating
phases. Immediately, the nature of the spin gapped Mott state
has been suggested to be an s-wave spin-singlet pairing order
between next-nearest-neighbor spins,5® thus identified with a
Z, spin liquid. We point out other scenarios™'? for the nature
of the spin liquid state.

In the present study we revisit this problem, the nature of
possible spin liquids in the Hubbard model on the graphene
structure. An important point of our study is to solve the
Hubbard model directly beyond recent studies,>® where an
additional energy scale was introduced to describe the spin-
singlet pairing order. The SU(2) slave-rotor representation,
invented by one of the authors,'! is at the heart of the method-
ology, where exchange correlations via virtual processes are
naturally caught to allow spin singlet pairing. One may regard
the SU(2) slave-rotor theory of the Hubbard model as an analog
of the SU(2) slave-boson theory'? for the ¢-J model.
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We find two kinds of spin liquids, identified with an
algebraic spin liquid and a Z, spin liquid, respectively, between
the semimetal and antiferromagnetic phases. We argue that
the algebraic spin liquid'*'* can be regarded as the two-
dimensional realization of one-dimensional spin dynamics,
where antiferromagnetic correlations show exactly the same
power-law dependence as valence bond correlations.!'>!®
Increasing interactions, pairing correlations between nearest-
neighbor sites become enhanced. As a result, the algebraic spin
liquid is shown to turn into a gapped spin liquid state, where
the spin gap results from d + id’ singlet pairing, believed to
originate from the interplay between the topological structure
and interaction. Actually, this pairing symmetry solution has
been argued to be stable, based on an effective model in
the weak-coupling approach.!”'® However, we argue that
time-reversal symmetry is preserved, taking the d + id’ singlet
pairing to one valley and the d — id’ pairing to another. This
assignment turns out to be essential in order to have a fully
gapped spectrum because the d + id’ singlet pairing order
parameter in one valley vanishes in the other valley, allowing
the gapless Dirac spectrum. We propose the quantized thermal
valley Hall effect'®?" for the fingerprint of this gapped Z, spin
liquid. We discuss the nature of quantum phase transitions
beyond the mean-field analysis.

We would like to emphasize that appearance of both
algebraic spin liquid and d +id’ Z, spin liquid can be
verified by the quantum Monte Carlo simulation in principle.
The fingerprint of the algebraic spin liquid is an enhanced
symmetry, giving rise to the same power-law dependence
between antiferromagnetic and valence bond correlations.
The hallmark of the d +id’ Z, spin liquid is the quantized
thermal valley Hall effect, as mentioned above. We hope that
the present study motivates quantum Monte Carlo simulation
researchers to calculate such correlation functions.

The present paper is organized as follows. In Sec. II
we present the SU(2) slave-rotor theory of the Hubbard
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model. General mean-field equations are also obtained. The
mean-field analysis of possible phase transitions is presented
in Sec. III. In Sec. IV a summary and discussion are presented.

II. SU(2) SLAVE-ROTOR THEORY OF THE
HUBBARD MODEL

A. Formulation

We start from the Hubbard model on the honeycomb lattice,

H=—tY clcjo+He+UY niniy, (1)

(ij)o i
where ¢, (cj(,) is the annihilation (creation) operator for an
electron at site i with spin o. ¢ is the hopping integral, and

U is the on-site Coulomb interaction, where n;, = cja Cio
represents the density of electrons with spin o.
Introducing the Nambu-spinor representation

CiT
W[ = ( T ),
iy
and performing the Hubbard-Stratonovich transformation for

the pairing, density (singlet), and magnetic (triplet) interaction
channels, we obtain an effective Lagrangian,

L= i@ —poyp; =1y vloy; +He.
i (ij)
—i Y [eFWiown + ol Woyw) + e ov)]

l

3
e L@+ (@) + 0

1
+ 30 Zm2 - lZm,»(wa,o. 2)

Here, CDiR " and @; are associated with pairing-fluctuation
and density-excitation potentials, introduced to decouple the
charge channel. m; is an effective magnetic field, which
decouples the spin channel. «. and «, are introduced for
decoupling between singlet and triplet interactions in the
respect that we do not know how they become renormalized
at low energies. One may regard these two decoupling
coefficients as phenomenological parameters to overcome the
mean-field approximation. Several examples for decoupling
are shown in Appendix A. We emphasize that both the
semimetal to algebraic spin liquid and the algebraic spin liquid
to Z, spin liquid phase transitions are shown not to depend on
such phenomenological parameters, where both critical points
are determined with the combination between U/f and «,.
Only the Z, spin liquid to antiferromagnetic transition turns
out to depend on such parameters. We should be careful in
determining this phase transition, comparing various cases
(Appendix A) with each other.

The SU(2) slave-rotor representation'! means to write down
an electron field as a composite field in terms of a charge-
neutral spinon field and a spinless holon field,

Vi = Z\F, 3)
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is a fermion operator in the Nambu representation, and Z; is

an SU(2) matrix,
]
Z[ _Zi
z=(*" ) @
Z[¢ ZiT

Here, z;, is a boson operator, satisfying the unimodular (rotor)
constraint, ijzm + Zjﬂii =1

The key point of the slave-rotor representation?! is to extract
out collective charge dynamics explicitly from correlated elec-
trons. Such charge fluctuations are identified with zero sound
modes in the case of short-range interactions and plasmon
modes in the case of long-range interactions. Actually, one
can check that the dispersion of the rotor variable (z;4) is
exactly the same as that of such collective charge excitations.

In the slave-rotor theory the Mott transition is described by
gapping of rotor excitations.?! Until now, the Mott transition
has not been achieved successfully, based on the diagrammatic
approach starting from the Fermi-liquid theory. In this respect
the slave-rotor theory can be regarded as an effective field
theory for the Mott transition.

Resorting to the SU(2) slave-rotor representation in Eq. (3),
we rewrite the effective Lagrangian Eq. (3) as follows:

L=Ly+Lr+ Ly, 5)

1
§ : T T § :
,C():t Tr[Xinij+Yinij]+m m,-z, (6)
(i) !

where

i

Lr =) Fl@:1-i0)F

— 1Y (F/XyF +He) =Y mi(F F). ()
{ij) i

3

> TRi-0—iZi0. Z) + inZio. Z)T

- AUk,

Lz

—1Y T(Zio*Zly} +Hel. ®)
(i)
It is not difficult to see equivalence between the SU(2) slave-
rotor effective Lagrangian and the decoupled Hubbard model
[Eq. (2)]. Integrating over field variables of X;; and Y;;, and
shifting ;-0 as

Qi-0+iZid.Z —inZio.Z),

where €; = (®F,®/,¢;) is the pseudospin potential field, we
recover Eq. (2) exactly with an introduction of an electron
field Zl.T F; — ;. This procedure is well described in the
previous study.'! Animportant feature in the SU(2) slave-rotor
description is the appearance of pairing correlations between
nearest-neighbor electrons, given by off-diagonal hopping in
Xj, which results from on-site pairing (virtual) fluctuations,
captured by the off-diagonal variable z;| of the SU(2) matrix
field Z;. We note that the diagonal rotor field z;4 corresponds
to the zero sound mode, giving rise to the Mott transition
via gapping of their fluctuations. The additional boson rotor
variable z;| allows us to catch superexchange correlations in
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the Mott transition. But the appearance of pairing correlations
does not necessarily lead to superconductivity, because their
global coherence, described by condensation of SU(2) matrix
holons, is not guaranteed. A similar situation happens in the
SU(2) slave-boson theory'? of the ¢-J model.

B. Mean-field ansatz

We perform the mean-field analysis, taking the following

ansatz:
ws Uy
Xij= ( ls>k>.o‘z7 (9)

(10)
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where § denotes the bond between the nearest-neighbor sites.
In the honeycomb lattice there are three nearest-neighbor
bonds. See Fig. 1. We choose ws = wys, vs = v{s, Ws = Wys,
and Vs = v¢s, where y;s and s are symmetric factors for the
hopping parameter w (w) and the pairing order parameter
v (V). The choice for y5 and ¢s depends on the symmetry
of the considered phase. For example, the s-wave pairing
symmetry is given by ¢s = (1,1,1), the d,>_ ,2-wave symmetry
by ¢ = (—%,—%,1), and the d,,-wave symmetry by ¢; =

—%,—%,0). For the magnetic order parameter m; we choose
an antiferromagnetic ansatz m; = (—1)'m.

Particle-hole symmetry at half filling resultsin u + i, = 0
while pairing potentials of ®X and &/ vanish in the mean-
field level. Then, we obtain a general expression for the free
energy,

F= —é > Inf(iw)* — Pw’ly K)* — [to|g (&) + m]*) — % > Inf(iw)* — Pw’ly K)* — [tv|g (k)| — m]*)

K,iw

(s

2
U(iv)2 + A) — 42 ?

where y (k) =

> s vsexp(irs - k) is the energy dispersion for spinons and holons, and ¢ (k) =

K,iw

~ ~ N
ly (&) — 4rzﬁa|;(k)|2} +A4N Y (wiblys|” + v315%) + ——m® — N2,

5 2k, U

(1)
> 5 s exp(irs - k) is associated

with the pairing potential. ) 4 is performed in the unit cell. A is a Lagrange multiplier field, introduced to keep the slave-rotor

constraint. N is the total number of sites.

Minimizing the free energy, we obtain fully self-consistent equations for order parameters,

v Xs: nl* = _jlt\fu; é [(iw)2 — t2w2|J/(|l)(/)(|l;)f [tv]¢(K)| 4+ m]? * (iw)? — tzwzly(lli/)(ll;)lz [tv]¢ (k)| — m]z}’ (12
N N e = T e e v e
) Z = v o[- 2P +a] —|:f(:(;|jly(k)lz — 4R K] (o

’ Xs: al = % Xk: [— Zpv? +4] —Et(’:zljly(k)l2 — 4232 (k)2 (4

" _2;5/3 2 (i) - r2w2t|;|<i(>l|(2) - TRCIEe: 2;&/3 2 (i) - t2w2l|;|<i(>l|(2) |—_[Z)|<;(k>| —ap 19
_ 4 Z [ - 525 (v)* +2] an

. 2 ~
B & [ - pv? + 1] — 4232y (0P

— 4P ()

In this study our objective is to reveal the phase structure of the Hubbard model on the honeycomb lattice. It is convenient to
take the zero-temperature limit. Performing the Matsubara frequency summation, we obtain self-consistent mean-field equations

at zero temperature,

ly () w ly (k)[?
! Z il = 8N/2 Z D(k,m) = 8N/2 Xk: D(k,—m)’ (18)
~ 1 k)| + 2 k 1 K — ™ K
Y Il = Y [pieor+ Ficdol 5 [v12091 = #]ic001 o)

N/2 4 D(k,m)

8N /2 & D(k,—m)
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! Z il = \/@72;}/2 |2(:<k))|2 (Jx = l2rE<k> N/ l2tE(k)) ’ (20)
' 25: = \/@25/2 Xk: |i5(?'zf («/k — l2tE(k) VA +12tE(k)> : 2D
"= 2?/[/]2 Xk: vgﬁz;f - 2’;/(/]2 Xk: vlg((:?:f ’ 22)
1:\/@1\’1/22,(:(\&—1%15&) * ¢x+lztE(k))’ (23)

where

E®K) = Vi ly K)* + 22|t (k)% (24)

D(k,m) = /w2y (k)2 +

are holon and spinon energy spectra in the presence of pairing
and antiferromagnetism, respectively.

Considering symmetry, it is natural to take into account
spatially uniform hopping

[wIg®)| +m/1]? (25)

lyK)? =3+ 2 cos(ky) + 4 cos (%l@) cos <?kx>. (26)

On the other hand, the s-wave pairing potential is not allowed
due to repulsive interactions. Counting the lattice symmetry
of the honeycomb structure, the next candidate will be d,>_
or d,, for nearest-neighbor singlet pairing.'® We introduce a
general combination of d,>_2- and d,,-wave pairing for the
pairing term ¢ (k),

| cos(0),2—y2(K) + i sin(0)¢yy (K)[?,

lz(k))* = (27)

FIG. 1. Graphene. A distance between two next-nearest-neighbor
sites is chosen as the length unit. a; and a, are primitive translation
vectors. 81, 82, and 85 are three nearest-neighbor bonds.

where 6 is a combination factor, and ¢,>_,2 ({yy) is the dy2_ 2
(dxy)-wave symmetry function,

. . k
2y (ky ky) = e keI _ pithki/2V3) oo (Ey)

i k,
é‘xy(kx,ky) = iez(kﬂ«/?) sin <?}> .

For 6 = £7/3 this pairing symmetry becomes d + id’. We
also consider the d + d’-wave pairing symmetry,

12(K)? = [ cos(0)¢,2—y2(k) + sin(0)¢, (k)2

but this pairing order turns out to not be a solution of the
mean-field equations. If one tunes k. and x,; parameters, he can
make this pairing symmetry a solution. However, this solution
does not give the lowest free energy, compared with the d + id’
pairing solution, consistent with earlier studies.'”'8

One may criticize the ansatz for uniform hopping in this
paper because such an assumption excludes possible dimerized
phases a priori. Actually, the J; — J, Heisenberg model,

H:J]ZS,'-S]"FJzZSk‘SZa
(ij) (kD))

has shown several types of dimerized phases when the ratio
of J,/Jy is beyond a certain critical value,®?? approximately
given by J>/J; &~ 0.2-0.3. Here, the first term represents the
exchange interaction between nearest-neighbor spins, and the
second expresses that between next-nearest-neighbor ones.
This model can be derived from the Hubbard model, resorting
to the degenerate perturbation theory in the /U — 0 limit,?

where each parameter is given by®
3
t
S, =4t =
’ ( U )

neslii(y) )

up to the fourth-order process. Then, the J,/J; ratio can be
expressed in terms of U/t as follows:

Lo 1
Ji (U/t)2—4

It was argued that higher-order terms such as third-neighbor
and ring exchange terms may be ignored because third-
neighbor exchange terms are not frustrating, just renormalizing
the J; term effectively, while the ring exchange term is
expected to be small.® However, the role of the ring exchange
term has been also studied carefully.?*?3

(28)
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An antiferromagnetic phase has been reported in J,/J; <
(J2/ ) ar ~ 0.08.%%2 This corresponds to (U/t)sr ~ 4.3,
consistent with the result of the quantum Monte Carlo
simulation.’ Increasing frustration, the antiferromagnetic or-
der disappears, and a paramagnetic Mott insulating state
results, identified with a certain type of Z, spin liquids.
Such a spin-gapped state turns out to evolve into a dimerized
phase with either translational or rotational symmetry breaking
near J,/J; ~ 0.2-0.3.8%2 It was reported that the spin liquid
state turns into a dimerized phase with threefold degeneracy
around J,/J; ~ 0.3, where it breaks the C; symmetry but
preserves the translational symmetry.® On the other hand, the
plaquette order was claimed to appear near J,/J; & 0.2 before
the dimerized phase, breaking the translational symmetry
only.?> An important point is that if we translate the critical
J>/J;1 value in terms of U/t of the Hubbard model, J,/J; =
0.3 corresponds to U/t ~ 2.7 and J,/J; =~ 0.2, U/t = 3.0.
Comparing these critical values with the critical value for
the semimetal to spin liquid transition in the quantum Monte
Carlo simulation,’ the Mott critical value given by U/t & 3.5
turns out to be larger than those for dimerized phases. This
means that the semimetal phase will appear before reaching
such dimerized phases in the Hubbard model owing to charge
fluctuations, not introduced in the J; — J, Heisenberg model.
In other words, the J; — J, model seems to be an effective
low-energy model only in the limitof U /¢ — oo while physics
of such a model will be different from that of the Hubbard
model in the small U/t case.

However, it should be pointed out that these critical
values cannot be guaranteed. Thus we cannot exclude the
possibility of dimerization near the Mott criticality of the
Hubbard model completely. In addition, introduction of the
next-nearest-neighbor hopping ¢’ will favor dimerization. In
this respect it will be the best interpretation that the spin liquid
physics may appear at finite temperatures at least, actually
observed from the quantum Monte Carlo simulation.

III. SADDLE-POINT ANALYSIS

A. From semimetal to algebraic spin liquid

The semimetal phase is described by condensation of
holons (z,) # 0 with v = ¥ = m = 0. Considering the sym-
metry factor y5 = (1,1,1), the condensation occurs when the
effective chemical potential given by the Lagrange multiplier
field A touches the maximum point of the holon dispersion,
ie., A, =2tw.max |y (k)| = 6tw.. These collective charge
excitations become gapped when A > X., and a Mott insulating
state appears, characterized by (z,) = Owithv =7 =m = 0.

Taking A = A, with v =7 =m =0, we can determine
the quantum critical point from the following mean-field
equations:

) /2 Z ly (), (29)

~ 2
We Y lysl” =
§

ch|Va|2 i CZN/ZZW( )

1 1
- , (30
X(«/3—y(k) ¢3+y<k>) G0
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kU 1 1 1
1= - . 31
6tw. N/2 Zk: (¢3 —y(&) - V3+ J/(k)) GV

Inserting W, from Eq. (29) into Eq. (31), one obtains the critical
value for the interaction strength,

kUe 3 w7 2k |y ()|
) 1 1 1 2
! 2Za|ya|2[;\;—/2 Zk(m+ m)]
= 0.312. (32)

It is interesting to notice that the resulting paramagnetic
Mott insulator has all kinds of lattice symmetries. In particular,
spin dynamics is described by gapless spinons. An effective-
field theory for spinon dynamics was proposed to be an SU(2)
gauge theory with Dirac fermions.'?

It is not at all straightforward to understand the dynamics
of such gapless spinons due to the complexity of the SU(2)
gauge theory. It has been shown that an interacting stable
fixed point arises in the large-N, limit,'3 where N r is the
number of fermion flavors. Such a conformal invariant fixed
point was also shown to appear in the U(1) gauge theory with
gapless Dirac fermions.?® An interesting property of the stable
fixed point is that the symmetry of the original microscopic
model, here the Hubbard model, is enhanced, associated with
special transformation properties of Dirac spinors.'*!> As a
result, spin-spin correlations at an antiferromagnetic wave
vector have exactly the same power-law dependence as valence
bond-valance bond correlations, which means that the scaling
dimension of the staggered spin operator is the same as that
of the valence bond operator.'® This situation is completely
unusual because scaling dimensions of these two operators
cannot be the same in the level of the microscopic model.

It is clear that one direct way to verify the algebraic spin
liquid state is to observe the symmetry enhancement at low
energies. If the staggered-spin correlation function turns out
to display the same power-law behavior as the valence-bond
correlation function, this will be an undisputable evidence for
the algebraic spin liquid phase between the semimetal phase
and gapped spin liquid state. In the recent quantum Monte
Carlo simulation data there seems to be uncertainty between
the semimetal phase and the gapped spin liquid state because
such a simulation should be performed at finite temperatures.
But, calculations for correlation functions need not be done at
zero temperature. It is sufficient to show equivalent correlation
behaviors in the quantum critical region at finite temperatures.

B. From algebraic spin liquid to Z, spin liquid

kU

Increasing more from the semimetal to algebraic

Mott insulating phase, characterized by v # 0 and v # 0
with the d +id’ pairing symmetry. Recall Egs. (27) and
(28) for pairing symmetries that we checked explicitly. The
algebraic spin liquid ({(z,) = v = ¥ = m = 0) to gapped spin
liquid (v # 0 and v # 0 with (z,) = m = 0) critical point is
found with an ansatz of v =7 =0 but v/v = # 0. The
mean-field equations to determine this critical point are given
in Appendix B. The system of equations is solved numerically,
explicitly shown in Appendix B.
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FIG. 2. (Color online) Spinon spectra +D(k) given by Eq. (25)
with w = 1, v = 0.1, and m = 0. Left figure: If we consider only the
d + id' pairing symmetry, spinon excitations are gapped only at the
K point, but they remain gapless at the other K’ point. Right figure: If
we consider d + id’ in one valley (K) and d — id’ in the other valley
(K’), spinon excitations become fully gapped. In this figure we assign
d + id' to the upper band and d — id’ to the lower band, respectively,
in order to realize the d £ id’ pairing symmetry.

We find that the free energy reaches the lowest value for
the d & id’ pairing symmetry. Actually, we checked self-
consistency for various values of the angle parameter 6 in Egs.
(27) and (28), and found 6 = +m /3 in Eq. (27), corresponding
to d & id’. In Fig. 2 we plot the spinon spectrum D(k) given
by Eq. (25) for the d &+ id’ pairing symmetry. It shows that if
only the d + id’ pairing order parameter is taken into account,
the energy spectrum opens a gap at one Brillouin-zone edge
(for instance, the K point), but it still keeps the Dirac cone
at the other inequivalent Brillouin-zone edge (the K’ point).
On the other hand, if we consider only the d — id’ pairing
symmetry, we see that the K point remains gapless while only
the K’ point becomes gapped. This demonstration motivates
us to assign the d + id’ pairing symmetry to one valley (K)
and the d — id’ to the other (K'), making the spinon spectrum
fully gapped. Of course, this fully gapped state is energetically
more favorable than the gapless state. In addition, this proposal
resolves the problem of time-reversal symmetry breaking at
the same time. The edge state from the d + id’ pairing in one
valley is canceled by that from the d — id’ pairing in the other
valley, preserving time-reversal symmetry. One may regard
this cancellation of such edge states as anomaly cancellation
due to fermion doubling in condensed-matter physics.

The critical value turns out to be k.U, /t = 0.315. Note that
U, > U,. This intermediate phase between the semimetal and
gapped spin liquid is the algebraic spin liquid with an enhanced
symmetry, as discussed in the previous subsection. We would
like to emphasize that this region of U, < U < U, is not wide
at zero temperature. But, the quantum critical region at finite
temperatures will not be so narrow, and it will not be so difficult
to verify the algebraic spin liquid, considering staggered-spin
correlations and valence bond correlations.

This pairing state can be verified by the quantized thermal
valley Hall effect.!®?* The spinon number is not conserved due
to particle-particle pairing, thus the charge Hall conductivity is
not useful. On the other hand, both spin and energy (thermal)
Hall coefficients are important probes. But, the spin Hall
conductivity vanishes due to the different assignment between
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two valleys. The thermal valley Hall effect should be observed
in this state, regarded as the fingerprint of our Z, spin liquid
phase. This may be verified”’ by either quantum Monte Carlo
simulation”® or exact diagonalization.?

It should be noted that our time-reversal symmetry pre-
serving Z, spin liquid state is beyond the classification
scheme based on the projective symmetry group because their
possible Z; spin liquids in the projective symmetry group are
constrained with complete time-reversal symmetric pairing.®’
In other words, d £ id’ singlet pairing orders are excluded
from the first although these pairing orders are not only found
but also argued to be stable in recent studies.'”!8

C. From Z, spin liquid to antiferromagnetic Mott insulator

Our last subject is to investigate the quantum phase
transition from the Z, spin liquid to the antiferromagnetic
Mott insulator. Here, we should take into account two order
parameters such as the d & id’ pairing and antiferromagnetic
ones. Generically, we expect four possibilities. The first
candidate is coexistence between such two orders, where the
two critical lines cross each other. As a result, we have two
critical points inside each phase. The second possibility is
the multicritical point, where the two critical points meet at
one point. The third situation will be the first-order transition
between them. The last corresponds to an intermediate state
without any ordering, where the two critical points do not meet.
First of all, we exclude the last possibility because this phase
is nothing but the algebraic spin liquid and there is no reason
for this reentrant behavior.

We start to examine the possibility of coexistence. The
antiferromagnetic critical point inside the Z; spin liquid phase
can be determined by m = 0 while v and v are finite, thus
determined self-consistently. The mean-field equations for this
quantum critical point are given in Appendix C 1. The strategy
of solving the system of equations is how to reduce the number
of self-consistent equations. Detailed calculations are provided
in Appendix C 1. As a result, we obtain two self-consistent
equations for two unknown variables. These equations can be
solved numerically. For the first (k. = 1, x; = 1) and third
(k. = 3/2, k; = 1/2) decomposition schemes in Appendix A,
we could show that there are no mean-field solutions at the
transition point. On the other hand, we find U,,/t = 0.360
in the case of the d + id’ pairing symmetry for the second
decomposition scheme (k. = 1, k;, = 1/2).

The other quantum critical point is the Z; spin liquid critical
point inside the antiferromagnetic phase. It can be found
when v = 7 = 0 but m is finite, determined self-consistently.
The mean-field equations for this quantum critical point are
given in Appendix C 2. Solving the mean-field equations self-
consistently, we could not find any solution. On the other hand,
if the direct phase transition from the antiferromagnetic Mott
insulator to the semimetal is concerned, we find the critical
point occurs at U, /t = 0.330 for the second decomposition
(ke =1,k = 1/2).

Our analysis for the quantum phase transition from the Z,
spin liquid to the antiferromagnetic Mott insulator shows that
the nature of this transition depends on our phenomenological
parameters of k. and k;. We could find the antiferromagnetic
quantum critical point inside the Z, spin liquid state for
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particular values of k. and k; while we could not obtain the Z,
spin liquid quantum critical point inside the antiferromagnetic
Mott insulating phase. We could not find the multicritical point
solution, either. As mentioned before, it is difficult to expect
the algebraic spin liquid solution between the Z, spin liquid
and antiferromagnetic phases. Actually, we could find only
one solution for the Z, spin liquid to algebraic spin liquid
transition, given by the previous subsection. The remaining
possibility is the first-order transition between the Z, spin
liquid and antiferromagnetic Mott insulator. We believe that
the first-order transition is the generic case for the phase
transition between these two phases. The formal procedure
will be to integrate over spinons and holons and to obtain an
effective Landau-Ginzburg-Wilson free-energy functional for
both d £ id’ spin singlet pairing and antiferromagnetic order
parameters. Based on the effective-field theory, we can perform
the renormalization-group analysis and find the nature of the
phase transition. This study is beyond the scope of the present
study.

One may ask about the possibility of the Landau-Ginzburg-
Wilson forbidden continuous transition between the Z, spin
liquid with the d + id’ pairing symmetry and the antiferro-
magnetic Mott insulator. Classification of Landau-Ginzburg-
Wilson forbidden continuous transitions in two spatial di-
mensions has been performed in Ref. 30. Investigating the
classification table carefully, we can find that this transition
does not belong to any cases. The main reason is that the singlet
pairing order parameter cannot be symmetrically equivalent
to the antiferromagnetic order parameter. The classification
scheme reveals that the Néel order parameter can form a
hypervector with a triplet pairing order parameter. In this
respect we are allowed to exclude the possibility of the Landau-
Ginzburg-Wilson forbidden continuous transition between the
Z, spin liquid and the antiferromagnetic Mott insulator.

IV. DISCUSSION AND SUMMARY

In this paper we investigated the phase structure of the
Hubbard model on the honeycomb lattice. Physics of one-
dimensional interacting electrons is our reference. As is well
known, even if we start from weak interactions, they become
enhanced at low energies, destabilizing the Fermi-liquid
state. In one dimension such quantum corrections can be
summed exactly, resorting to the Ward identity.3! The resulting
electron Green’s function shows two kinds of branch cuts,
corresponding to collective charge and spin excitations. In this
diagrammatic approach it is difficult to see the nature of such
fractionalized excitations. But, the bosonization approach is
helpful at low energies, revealing that spinons and holons are

SM ASL GSL

: . . > >
Uc Uv Upy U/t

AFM

FIG. 3. Schematic phase diagram. Abbreviations: SM is the
semimetal phase, ASL is the algebraic spin liquid, GSL is the
gapped spin liquid, and AFM is antiferromagnetism. The SM-ASL
and ASL-GSL quantum phase transitions belong to the second order
while the GSL-AFM quantum phase transition is the first order.
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identified with topological solitons such as domain walls.?
One can interpret this phenomenon in another respect that
topological solitons acquire fermion quantum numbers via
fermion zero modes, regarded as realization of quantum
anomaly.* We believe that the spin-charge separation in
one-dimensional interacting electrons results from not only
interaction effects but also hidden topological properties of
Dirac fermions. Then, the next natural question is whether we
can find this physics in higher dimensions.

The graphene structure is an ideal system for realization
of Dirac fermions. The first observation in this Dirac fermion
system is that the vanishing density of states needs a finite
value of the interaction strength U for an antiferromagnetic
order to be achieved. Then, the question is whether we can
find intermediate phases between the semimetal and antiferro-
magnetic Mott insulator, allowing fractionalized excitations as
one-dimensional interacting electrons. Indeed, we could find
two kinds of paramagnetic Mott insulating phases, which show
fractionalized excitations. See Fig. 3.

The algebraic spin liquid appears from the semimetal
state via the Higgs transition gapping of charge fluctuations.
Although it is not clear how the topological nature of
Dirac fermions is introduced to result in such a spin liquid
state, spinon excitations in the algebraic spin liquid can be
identified with topological excitations corresponding to meron
(half skyrmion) excitations.””> The underlying mechanism
is that the symmetry of the original microscopic model is
enhanced at low energies, allowing a topological term to
assign a fermion quantum number to such a topological
excitation. The algebraic spin liquid turns out to have an
O(5) symmetry in the physical case, where antiferromagentic
correlations exhibit the same power-law dependence for
distance as valence bond correlations.'*' It was pointed
out that the corresponding effective-field theory would be
given by an O(5) Wess-Zumino-Witten theory,'® identifying
spinons with such topological excitations. Comparing the
algebraic spin liquid with the Tomonaga-Luttinger liquid,
there is a one-to-one correspondence between them except
that charge excitations are critical in the Tomonaga-Luttinger
liquid. Actually, spin dynamics in one dimension is governed
by the O(4) Wess-Zumino-Witten theory,? describing critical
dynamics of spinons.

Because the stability of the algebraic spin liquid is not
guaranteed beyond the large-N, limit, we proposed how the
quantum Monte Carlo simulation can prove the existence of
such a phase. As discussed before, the symmetry enhancement
can be verified, calculating both antiferromagnetic and valence
bond correlations at finite temperatures. If such correlations
turn out to have the same scaling behavior, we have the
algebraic spin liquid phase just beside the semimetal state.

When interactions are increased more, pairing correlations
between nearest-neighbor sites become enhanced in the singlet
channel, destabilizing the algebraic spin liquid. As a result,
spinon excitations are gapped due to their pairing orders. An
interesting point is that the nature of this gapped spin liquid
state is given by the d + id’ singlet pairing order, which breaks
time-reversal symmetry. We would like to emphasize that
time-reversal symmetric combinations based on the d-wave
pairing symmetry turn out to give higher energies than the
d +id pairing order. We suspect that this time-reversal
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symmetry breaking may be related with the Berry phase effect
of the momentum space.** One way to verify this statement
is to check how the d + id’ pairing symmetry is changed,
increasing the chemical potential from the Dirac point, where
the Berry phase effect becomes weakened. Unfortunately, the
quantum Monte Carlo simulation claimed that there is no
time-reversal symmetry breaking in the gapped spin liquid
state. This inconsistency was resolved, taking d — id’ pairing
to another valley. As a result, the edge state from the d + id’
pairing is canceled by that from the d — id’ one. In addition
to this time-reversal symmetry, our proposal for the pairing
order parameter turns out to be essential in order to have a
fully gapped spectrum of spinon excitations, thus energetically
more favorable than the case of only the d + id’ pairing, where
spin excitations remain gapless. We suggested an experimental
signature, that is, the quantized thermal valley Hall effect as
the fingerprint of this gapped spin liquid.

Finally, we investigated the quantum phase transition from
the Z, spin liquid to the antiferromagnetic Mott insulator.
We concluded that the first-order transition will take place
generically. We argue that this first-order transition is involved
with two symmetrically unrelated order parameters, displaying
different discrete symmetry properties, here time-reversal
symmetry. We claim that the Landau-Ginzburg-Wilson forbid-
den continuous transition will not appear, based on the existing
classification scheme in the two-dimensional Dirac theory on
the honeycomb lattice.*”

We would like to point out that the SU(2) slave-rotor
theory seems to overestimate quantum fluctuations. If one
sets «. as the order of 1, the critical strength of the Mott
transition is the order of 10~! for the critical value, compared
with that from the quantum Monte Carlo simulation. This
overestimation originates from strong band renormalization
for spinons and holons, given by effective hopping integrals
X;j and Y;;. Qualitatively the same situation also happens in the
U(1) slave-rotor theory'® while the SU(2) slave-rotor theory
seems to overestimate quantum fluctuations more. We believe
that this aspect should be investigated more sincerely.

Recently, the role of the spin-orbit interaction in the
Hubbard model on the honeycomb lattice has been studied
both extensively and intensively, where one purpose is to
reveal the interplay between the topological band structure
given by the spin-orbit coupling and strong correlation effect.
Novel exotic phases have been suggested in this Kane-Mele-
Hubbard model, some of which are the quantum spin Hall
effect in a transition-metal oxide such as Na,IrO;,>* a spin
liquid state with a topological band structure,® and the
chiral spin liquid state with the anyon nature of excitations.3
These interesting proposals will be verified based on “exact”
numerical calculations.?’
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APPENDIX A: DECOUPLING SCHEME

We discuss several decoupling schemes. The first example

is
2Hy = — Z(w/ﬁoxwl) +— Z(w oy i)
() ()

l a

— % > ok i) + % > i
1o 1o
Formally, this magnetic decoupling does not correspond to the
conventional Hartree-Fock analysis for antiferromagnetism
because the interaction strength is twice larger than the
standard mean-field value.
The second possible decoupling is

U U .
< Z(wfox Vil + Zw; o i)

(AD)

2Hy =
UZ 3 ? UZ 5
+€i (crnia_1> +€i (Gni”_l)
+£§ (E el cw>2—<§ ocl Cm)z . (A2)
4 l ~ 10 ~ 1o

This decoupling recovers the standard mean-field theory
for antiferromagnetism, but the coefficient of the term
>0, nie — 1)? is 15—2U , not equal to the coefficient of the

term Zi(l//;[ax Vi)
The third possible decoupling is

2Hy = —Z<w,' o i) + — Z(WW/@)Z

N %ZKZ”) —<;chacia)2:|~ (A3)

The third decoupling scheme seems natural, but we introduce
phenomenological parameters . and «.

APPENDIX B: ALGEBRAIC SPIN LIQUID TO Z, SPIN
LIQUID CRITICAL POINT

The mean-field equations for the algebraic spin liquid to Z,
spin liquid critical point are given by

vam 4N/22|y< ), (B1)
I« P
_Z'Q' _4w N/2 4=yl (B2
1
w”zh"s' o, 2N/2

1

x ) |y&®)| ,
oo

T RN S
(B3)
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1 )P ! !
N B , B4
Z'Q' \/ 61, 2va/2 Z r® \ L v T v o
k.U, 1 1 !
Ny . , (BS)
\ 61w, N/2 Xk: \/xu — (k) \/’Xv +y(k)

where A, = ZtGUL is redefined.  The strategy for the critical interaction strength is to solve Eq. (B5) with w, from Eq. (B1).
The point is how to find A, from other equations. From Egs. (B3) and (B5) we obtain

1 1 1
W7 2k |y<k)|(¢x ykR «/X.,w(k))

w, = : . (B6)
Ls P L <Jx o \/Xv+y<k)>
Inserting Eq. (B6) into Eq. (B2), we get
1 1 1
i Dulr 0l - =)
_ 235 1417 w7 2y ()] Vi—r® LK B7)
o 2 1 Iz (k)| 1 1 1 ’
2P Rn Xk haor  wa 2k (ﬁﬁy(k) + Jx,,+y(k>)
From Egs. (B4) and (B5) we obtain
Lo l¢ (k)2 ( 1 _ 1 )
9 Z |§8|2 _ N/2 K v (k) \/’Xu*y(k) \/er+y(k) (B8)
v - .
e (s * )
o377 2k iy ® + ViAr®
Equations (B7) and (B8) with w, from Eq. (B1) give
1 £l ( 1 _ 1 )
[Za 1 . [Zs P VR Lk 3k Vi ® Nty (B9)

1emw)2 - :
N/2 Dk mr Iy (O] N/2 Dlv®] L N/2 Dk |)’(k)|(\/A — \/X,irﬂk))

This equation determines v. Once we find A, we can obtain the critical value from Eq. (B5) together with Eq. (B1), given by

Uy >k [y (K)]
K = 3p L - (B10)
2% P72 T (7 )]
251l 7 2 Joo® | forr®
APPENDIX C: TO ANALYZE THE QUANTUM PHASE TRANSITION FROM THE Z, SPIN LIQUID
TO THE ANTIFERROMAGNETIC MOTT INSULATOR
1. To find the antiferromagnetic quantum critical point inside the Z, spin liquid state
The mean-field equations for this quantum critical point are given by
~ 1 wn |y (K)[*
B ) lvsl® = (@
; 4N/2;\/w,,lly(k)|2+v2|§(k)|2
~ Un | (K[
U ) 16517 = : (€2)
Z 4N/2 Zk: V2 ly WP + 2P
KeUpn Wi |V (k)|2 1 1
mew =3 - : (C3)
2N/2 EXK) \/Ay —2tEK) /A, +2tE(KK)
Kb Un IC (k)|* 1 1
U Z 1617 = - , (C4)
2N/2 Ek) \/Ap —2tEK) /A, +2tE(K)
A Um 1
== (C5)

t N/2 Xk: A GRS

L /KCUmLZ< 1 N 1 ) (C6)
B 3 N2\ —2E®) Vanm ¥2EK) )’
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Introducing x,, = v,,/w,, and X,, = v, /W,,, we rewrite the above equations as

- 1 )2
m | |2 = s
Y ; T AN ; N RCE

N ) C(K)[2
U Y lgs1P = = ’
; s 4N /2 ; VIr®2 + x2 (k)2

€N

(C8)

1

w Z|y8|2= KeUm Z ly (K)[* 1 B
; V 6 2N/2 52 Iy QP + WP\ R, — iy E+ M T+ 0P + B RP

(€9)
1

/Kc " £ )2 I
Um |§5| —_
Z R Z VIy®P+TIe®F \ 7, — P TR0 T+ VI 0P+ 2 LRP

ICSUm 1
~ tw, N/2Z\/|y(k)|2+x e

)

_ KCUmLZ 1 + 1
V6rim NIZEE o = VY OP T REME T+ VW + 2L 0P

where A, = 2twmim is redefined. From Eqgs. (C7) and (C8) we get

5 ;Z [£ )2
* D s 18l N/2 k(0P (0

=X .
2 m-q ly®)?
"3 s sl W AL
N/2 =k Sy P42 [ WP

Similarly, Egs. (C9) and (C10) give
[£®)[*

1oy (
s lbl 2 NP R P \/xm—«/|y(k>|2+x RN ek

=X
" ly ()2

Za |V§|2

From Egs. (C9) and (C12) we obtain

ly®P 1

W Lk VOO \/xm—«/|y<k>|2+xm|c(k>|2 VR LR

1
, 1N 2 N RO <ﬁ,,l—\/\y(k)\2+)?z,|;<k)|2 N AT ST
wn Y Inl =5 :

1

1 ( 1 4
W Lk N S T T A TN WS T T A T AT

Taking both sides of Eq. (C9) to the square power with w,, from Eq. (C7), we obtain

ly )P

1 1
[N/2 2k \/Iy(k)|2+)?3,,|§(k)|2<\/3{m— Iy RP+R2 [ ()P \/Xm+

ATZLSIRE = EATS( ST

(C10)
(C11)

; (C12)

(C13)

(C14)

(C15)

) k.U
Wy, Z |)/5| - 6twm ; Z |y(k)|2
s N2 &Ky GoP+2 e
Inserting U,, /w,, from Eq. (C11) into this equation, we obtain

ly®P 1

r

I

(C16)

1 ( _
, ke [N/Z 2k «/Iy(k)lzﬁ%\dkﬂz \/X ORIy 0P P
wy Y |ysl = G

lyo

—_— 1 —_—
N/2 2 «/Iy(k)lz+x2 chor N2 2k Iy OP+2 12K

Equations (C15)—(C17) give us
ly (k)| 1

(C17)

3 N2 & T + o N e N Y
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—_— 1 —
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N2 KN P00 At/ lr 0P+ (0

125416-10

Xule @)

(C18)



SPIN LIQUIDS IN GRAPHENE PHYSICAL REVIEW B 83, 125416 (2011)

Inserting G two functions, X of x,,. When two lines of these functions
_ Z lys|? N/2 2k [y OPR+x21¢ K)P intersect, we obtain the solution of such equations. Once x,,
Xy = Z G L e (C19) and A are determined, the critical value of U,, is also found
S —_—
8 N/2 2k Iy )P+x2 £ () from Eq. (C11).

from Eq. (C13) into Egs. (C14) and (C18), we obtain two
Eelf-consistent equations for two unknown variables, x,, and
Am-. These equations can be solved numerically. We fix x,

2. To find the Z, spin liquid quantum critical point inside
the antiferromagnetic Mott insulator

first, and solve these two equations for A,,. Then, we obtain The mean-field equations at this critical point are given by
|
~ 1 ly (k)|
waZ|ys|2=4N/2Z - (C20)
5 Iy (O + ()

1 1 1z (k)|
— ) Il = > : (C21)
2, 2 4w,N/2 2

3 waN/2 5 Sy @ + (22

1
Ve —r® T 4y

Ui 1 £GP ! 1
N 2 p _ 7 Cc23
Z 121 \/;ZwaN/Z Z y(k) \/xa —7(K) \/Xa + v (k) -

kU, 1 1
1= ) = (C24)
v N2 o + (22)

[U, 1 1 1
= = + , (C25)
61t N/zg Jo—vm Lvw

where A, = 2/W, A, is redefined. We solve these equations basically in the same way as the previous case. First, we reduce the
system of six equations into two equations of two unknown variables, and solve the two equations numerically.
From Egs. (C22) and (C25) we get

waZw

"N /2 Z ly ()] : (C22)

R ka(k)'(\/x - )

0 Artr®

w, = (C26)
225|V8|2 LZ ( _ + Nl >
N/2 Kk \/Aa—y(lo Vratr®)
Equations (C23) and (C25) together with w, from Eq. (C20) give
Lo \;(k)\z( 1 _ 1 )
9 — 1 N2 &R Y0\ Ly Ear®
2w Y s 101P ( ! 1 )
WP 2k N + ratr®)
Lo \c(k)\z( 1 _ 1 )
_ 23wl N2y ® \ iy fr® €27
TGP Ly R 1y (A + =)
N2 =k Jly0P+HEE? N2 =K Rk Slatr®)
From Egs. (C21) and (C26) we obtain
Wi s - 7ow)
9 - 235 161 v LIy () Vi ® Sty ® (28
TP Ly ke 1y ( L, )
N2k PR N2 =R k) St ®)
Equations (C27) and (C28) lead to
1 1 ly (0
w5 Ze I 7 )itz
(Sl _ mr 2O — s ) ve B s )

272 e (k)| 1 S [ 9] G
[2s16P] N/2 2k y (k) (\/X,ry(k) NG +y(k))N/2 L Iy WP+ )
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From Eqgs. (C24) and (C25) we obtain

PHYSICAL REVIEW B 83, 125416 (2011)

- L 3 S S
6K Wq N/2 =kl (OP+(EE)?
_ Ya . (C30)
<" [ (s
W Lk Vier®) Tk
Inserting w, and w, from Egs. (C20) and (C26) into this equation, one obtains
1 ly )2 1 3 1
3 W Lk or Y N 2k Ry
1= L St (C31)

Ke b Y Iyl N e=riavs

Equations (C29) and (C31) are the last two equa-
tions determining A, and m,/tw,. We fix mg/tw,
first, and solve the two equations for X, numerically.

1 1 1 )
75 E = + —= )
+y<k>) Nj2 &k (\/xa—wk) Vratr®)

Then, we obtain two functions, Xa of m, /tw,. When two lines
of A, and m,/tw, intersect, we find the solution of these
equations.
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