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We discuss the problem of characterizing “quantum disordered” ground states, obtained upon loss
of antiferromagnetic order on general lattices in two spatial dimensions, with arbitrary electronic
band structure. A key result is the response in electron bilinears to the skyrmion density in the local
antiferromagnetic order, induced by geometric phases. We also discuss the connection to topological
terms obtained under situations where the electronic spectrum has a Dirac form.

PACS numbers:

I. INTRODUCTION

Geometric phases have played a central role in many fields of physics, and especially in the quantum Hall effect at
high magnetic fields'. However, in subsequent research it has also become clear that geometric phases are crucial for
a complete understanding of the quantum phase transitions of correlated electron systems in zero applied magnetic
field. Traditionally, classical phase transitions are described in terms of an ‘order parameter’, with one phase being
ordered, and the other ‘disordered’. Upon extending this idea to quantum phase transitions, we have the possibility
of a ‘quantum-disordered’ phase?. However, in almost all of the interesting examples, the latter phase is not disor-
dered: geometric phases induce a ‘competing’ order. A separate possibility is that the quantum-disordered phase has
fractionalization and topological order: we will not explore this latter possibility in the present paper.

(We note here that the word ‘phase’ has two separate meanings above, and in the remainder of the paper. When
used by itself, ‘phase’ refers to a particular state of a thermodynamic system. However, in the combination ‘geometric
phase’, it refers to the angular co-ordinate of a complex number representing the wavefunction. We trust the context
will clarify the meaning for the reader.)

In two dimensional systems, the earliest example of a competing order induced by geometric phases was in the
spin S = 1/2 square lattice Heisenberg antiferromagnet. The model with nearest-neighbor interactions has long-range
Néel order. We can try to destroy this order by adding further neighbor frustrating interactions, leading to a possible
quantum-disordered phase?. Such a phase should be characterized by the proliferation of defects in the Néel order:
for collinear Néel order in a model with SU(2) spin symmetry, the order parameter lies on S? (the surface of a sphere),
and the homotopy group m2(S?) = Z, implies that the existence of point defects known as hedgehogs. Haldane?
pointed out that geometric phases of the lattice spins endowed each hedgehog with a net geometric phase, and argued
that this implied a 4-fold degeneracy of the quantum-disordered ground state. Read and Sachdev*® demonstrated
that the hedgehog geometric phase actually implied a competing order, associated with a broken lattice symmetry
due to valence bond solid (VBS) order. The VBS order can take 4 orientations related by lattice symmetries, thus
realizing the 4-fold degeneracy. They also presented two additional derivations of the hedgehog geometric phase: from
the Schwinger boson representation of the spins®, and via a duality transform of the quantum dimer model®. Sachdev
and Jalabert” introduced a lattice gauge theory for the competing Néel and VBS orders, in which the geometric phase
appeared as a coupling between the skyrmion density associated with the Néel order (defined in Section II) and a
lattice field linked to the VBS order.

We note in passing that we will not be interested here on the separate question of the nature of the phase transition
between the two competing order phases. A second order transition appears in the ‘deconfined criticality’ theory®?,



and this proposal has been the focus of a number of numerical studies'®17.

A different perspective on the Néel-VBS transition appeared in the work of Tanaka and Hu'® who used a continuum
theory of Dirac fermions. The previous works had all represented the spins in terms of bosonic degrees of freedom
which carried geometric phases. Tanaka and Hu instead used a fermionic representation of the spins, and then
chose a low-energy limit which allowed representation of the theory in terms of continuum Dirac fermions in 2+1
spacetime dimensions. The Dirac representation appeared from a band structure of the lattice fermions in which
there was m flux per plaquette: this could be interpreted as the dispersion of fermionic spinons in a a particular
algebraic spin liquid (ASL) important for intermediate length-scale physics, or as a mean-field dispersion of electrons
in a particular extended Hubbard model?®. Armed with the Dirac fermions, Tanaka and Hu used field-theoretic
developments by Abanov and Wiegmann'® to show that the effective action for the Néel and VBS order parameters
allowed representation of the geometric phase as a Wess-Zumino-Witten (WZW) term for a 5-component order
parameter. The co-efficient of this WZW term was quantized to a value reduced consistently to the hedgehog Berry
phases in the appropriate limit. In a different context, Grover and Senthil?? recently showed that a WZW term
was also present between a quantum spin Hall order parameter and s-wave superconducting order on the honeycomb
lattice; their computation also used the Dirac spectrum of the electrons on the honeycomb lattice.

The appearance of the WZW term with quantized co-efficient in the above computation appears surprising from
the perspective of the earlier bosonic formulations®®. In these earlier works, the quantization was directly related
to the quantization of the spin on each lattice site, which relied crucially on the projection to one electron (in
general, to 25 electrons in a fully antisymmetric orbital state, for spin S) on every site. In contrast, in the above
fermionic formulations'®2%22, the local constraints are ignored in the computation of the WZW term, apart from a
global constraint on the average fermion density. We will argue in this paper that the WZW term with a quantized
co-efficient is an artifact of the low energy Dirac fermionic spectrum.

This aim of our paper is extend the use of the fermionic representation of the underlying degrees of freedom to
cases without a low energy Dirac limit. We will develop a general approach to computing geometric phases, which,
in principle, works for arbitrary electronic band structures, whether insulating, metallic or superconducting. Like
the recent work!®2%22  we will not impose a local constraint on the electron number, which is permissible for the
metallic or superconducting cases or even in insulators with small on-site repulsive energy. Our computation begins
by applying local antiferromagnetic order, and computing the band structure in the presence of this order. Then, we
allow the orientation of the local order to become spacetime-dependent, so that eventually there is no true long-range
antiferromagnetic order. However, the local ordering is still assumed to be present, with its associated band structure,
and we fill these electronic states up to the Fermi level. For most of our explicit results we will assume that the Fermi
level lies in a band-gap i.e. the local Néel order is strong enough to gap out the Fermi surface. We will then compute
response of these filled electronic states to spatial variations in the antiferromagnetic order. We will also allow spatial
variations in competing orders, deduce their coupling to antiferromagnetism. We will find geometric phases between
the order parameters, but will show that a WZW representation does not exist in general.

Another approach to the general problem of geometric phases was described recently by Yao and Lee?3. Their
method required extension?* of the 2 dimensional electronic band structure to 6 dimensions, and the computation
of topological invariants in 6 dimensions and of the mapping between 2 and 6 dimensions. Non-zero values of these
invariants were then argued to be sufficient conditions for a WZW term in the effective action for the competing
orders. This last conclusion appears to be at variance with our results.

We begin in Section II by considering spatial variations in the antiferromagnetic order on the square lattice. We
compute the response to this spatially varying background, in the spirit of the computation of Chern numbers of
integer quantum Hall states by Thouless et al.?®. This leads to the key result in Eq. (2.22).

Section III extends the computation to allow for simultaneous variation of both Néel and VBS orders. Here we
will also make a connection to the dimensional reduction method?®2* noted above. Section IV contains applications
of our results to insulators on the honeycomb lattice, while Section V considers transitions in the background of the
nodal quasiparticles of a d-wave superconductor.

II. FLUCTUATING NEEL ORDER

Our approach begins with with an arbitrary band structure for lattice fermions ¢, with the spin index o =T, |; so
the band structure of the electronic quasiparticles is

Hy ==Y t(r; —rj)ch(ri)ca(r;) (2.1)
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where r; labels the lattice sites, and t(r) are the tight-binding hopping matrix elements. For definiteness, let us
consider the Néel state on the square lattice, as described by the Slater mean-field theory of antiferromagnetic order.
We allow the Néel order to have a slow spatial variation in its orientation, which we specify by the unit vector
n%(r) (a = z,y, z). In this modulated Néel state, the electronic quasiparticle Hamiltonian is modified from the band
structure in Eq. (2.1) to

H==> t(r; —rj)ch(ri)ca(r;) +m Z min® (v;)el (v)olges(r:) (2.2)

.3

where ¢® are the spin Pauli matrices, 1; = +1 on the two sublattices of the Néel order, and m is a mean-field
magnitude of the band splitting due to the Néel order. The main result of the following Section IT A will be obtained
by working directly with Eq. (2.2) for a slow variation of n®(r) about a fully polarized Néel state.

For some purposes, we will find it advantageous to use an alternative gauge-theoretic formulation, which has some
technical advantages for a global perspective on the phase diagram. For this, we follow Ref. 26, and transform to a
rotating reference frame in the varying Néel background so that the Néel order points in the constant direction (0,0,1)
in the new reference frame. We do this by introducing complex bosonic spinors z;,, with |2;1]? + |2;|? = 1 so that

() =22 () 29

where 1,, p = £, are the “electrons” in the rotating reference frame. We will assume that the z, have a slow
dependence upon spacetime, allowing in expansion in gradients of the z,. A fixed orientation of the Néel order is
realized in the rotating reference frame by choosing the z, so that

n = 2505578 (2.4)

However, we will not assume any slow variations in the fermions ¢, and 1,, allowing them to carry arbitrary momenta
and band structures.

Parameterizations like (2.3) were motivated earlier by the Schwinger boson formulation of the underlying antifer-
romagnet. In such theories, the geometric phases of the spins at half-filling were associated entirely with those of
the Schwinger bosons®. In our computations of geometric phases in the present paper, we will find it convenient to
work in an approach in which the lattice geometric phases are attached entirely to fermionic degrees of freedom. For
this, we will use an exact rotor model formulation of a general lattice Hamiltonian for which Eq. (2.3) also holds.
The details of this rotor formulation are presented in Appendix A, and this should be regarded as an alternative to
earlier Schwinger boson formulations. In the rotor theory, the ¥4 are canonical fermions with a density equal to the
full electron density; thus in the the insulator, the total ¢ density is 1, and it is this unit density which leads to the
geometric phases. The bosonic variables z, have a rotor kinetic energy with only a second-order time-derivative in
the action i.e. they are not canonical bosons, and do not directly carry any geometric phases. In the Schwinger boson
formulation, the bosons are canonical, and this complicates the computation of geometric phases in the general case.

Inserting Eq. (2.3) into Eq. (2.2), we obtain the theory for the 1+ fermions, which we write in the form?°

H == t(ri — ;) (ri)eP iy (r)) +m Z i Db (v (rs) + .. (2.5)
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First, note that the transformation to the rotating reference frame has removed the slowly varying r dependence from
the second term proportional to m. Instead the effect of the transformation into the rotating reference is now entirely
in the hopping term. As discussed in earlier work2®, these modifications can be expressed in general in terms of a
SU(2) gauge potential, corresponding to the SU(2) gauge redundancy introduced by the parameterization in Eq. (2.3).
In the fluctuating Néel state we consider here, the SU(2) gauge invariance is ‘Higgsed’ down to U(1): this corresponds
to the invariance of Eq. (2.4) only under a U(1) gauge transformation of the z,. So we write only the U(1) gauge
potential term in Eq. (2.5), represented by A;;. The ellipses in Eq. (2.5) refer to additional fermion hopping terms
connected to the remaining SU(2) gauge fields: these were written out explicitly in Refs. 26,27, and also appear in
the present paper as the last two terms in Eq. (A21).

As we are using a continuum formulation for the order parameter n®(r) and the z,, we should also work with a
continuum U(1) gauge potential A(r). This is related to A;; by an integral on straight line between r; and r;

1
Aij = /0 du A (I'i + ’LL(I'j — I'l)) . (I‘j — I‘i) (26)



The flux in the continuum gauge field A can be related to the ‘skyrmion density’ in the antiferromagnetic order
parameter:

1
Op Ay — Oy A, = ieabcnaarnbayné (2.7)

With periodic boundary conditions, the spatial integral of the skyrmion density on the right-hand-side is a topological
invariant, and is quantized to an integer multiple of 27; the integer is the skyrmion number. Thus inducing a 27 flux
in A corresponds to changing the skyrmion number of the field n%(r) by unity, which is the same as introducing a
hedgehog defect in the Néel order.

A. Response to spin textures

This section will carry out the formally simple exercise of computing the linear response of the Hamiltonian Eq. (2.2)
to a slowly varying spacetime dependence in the order parameter n%(r). A similar computation can also be carried out
using the alternative gauge-theoretic form in Eq. (2.5) to a slowly varying gauge potential A;;: the latter computation
is presented in Appendix B.

We begin with the Hamiltonian in Eq. (2.2), and assume n%(r) is a slowly varying unit vector. In any local region,
without loss of generality, we can choose co-ordinates so that n%(r) is close to the North pole (0,0,1). In this co-
ordinate system, as in Ref. 27, we parameterize the variations in the Néel order in terms of the complex field ¢
via

w = (255,28 VITTE). (2.9

We assume |p| < 1 and slowly varying. Inserting Eq. (2.8) into Eq. (2.2) we obtain the Hamiltonian H = Hy + H;
with

Hy = Z (6ch(k)c(k) + mef (k + Q)o*c(k)), (2.9)
Kk

where Q = (7, 7) and

€k = — Z t(s) cos(k - s), (2.10)

s

with ¢(—s) = t(s). Throughout this section, the summation over momenta extends over the entire square lattice
Brillouin zone. Also, we will drop the « spin indices of the ¢, all Pauli matrices in this present section will be
assumed to act on the a space, and the « indices will be traced over. The coupling to the spatial variations in the
Néel order parameterized by ¢ are given to the needed order in ¢ by

H =m)Y [<p*(1<1)(;f(1<2 + Q)ote(ks + ki) + (ki) (ko + Q)oc(ks — kl)}

kl,kg
m
—5 D @t (ki)e(ks + ka)el (ks + Q)oe(ks — ki) (2.11)
ki,ka,ks

We are now interesting in computing the response of the observable properties of H to a slow variation in the Néel
order n*(r). A key choice we have to make here is that of a suitable observable. We are interested in the nature of the
phase where Néel order is ‘disordered’ and so it is natural that the observable should be spin rotation invariant. Also,
because we will use the observable to characterize a ‘competing order’, it should preferably vanish in the spatially
uniform Néel state, and be induced only when there are spatial variations in the Néel order. Finally, for convenience,
the observable should be a fermion bilinear. With these constraints, it turns out that a unique choice is forced upon
us: it is the observable

O(k,r) = / <cT(k +Q+q/2)ck — q/2)> etar (2.12)

Here the integral over q is over small momenta, characteristic of those carried by the bosonic fields; thus the variation



of O(k,r) with r is slow. In the simplest case, the right-hand-side has support only at q = 0, so that O(k,r) takes
the r-independent value

O(k) = (c'(k + Q)e(k)) . (2.13)

On the other hand, k is an arbitrary momentum in the Brillouin zone, and we will find very useful information in
the k dependence of O(k). It is easy to check from Hy that O(k) = 0 in the uniform Néel state, as we required; only
(c'(k + Q)o*c(k)) # 0 in the uniform Néel state. We present an alternative derivation of the choice of the observable
O in Appendix B: there we consider an arbitrary fermion bilinear, and show that it is @ which is uniquely induced
to leading order in the applied gauge flux.

We now proceed to a computation of O(k,r) in powers of ¢ using the Hamiltonian Hy 4+ H;. We will need to work
to second order in ¢, and also to second order in spatial gradients of ¢; as stated earlier, all fermion momenta are
allowed to be arbitrary at all stages.

First, let us collect the propagators of Hy. The single fermion Green’s function of Hy is written in terms of its
‘normal’ and ‘anomalous’ parts as

(c(k); c' () = dupG(k) + dirqpo”F(k)
Ui Vi

T —iw+ Fie —iw + Eoi
1 1
Uk Uk ( ) ; (2.14)

=
=
Il

—iw+ By —iw + Foy

where k takes all values in the square lattice Brillouin zone. The eigenenergies in Eq. (2.14) are

2
By = m% N \/ (@-;HQ) 2, (2.15)
and the parameters are
ux = cos(fx/2) , vk =sin(fx/2) (2.16)
with
m
tanfy = ——— |, 0< O < 2.17
a2 (217
Note that these relations imply
Uk+Q =Vk 5 Vk+Q = Uk , Firxyq =Lk , Eoxrq = Eox. (2.18)

The contributions to (cf(k + Q + q/2)c(k — q/2)) to second order in ¢ are shown in Fig. 1. The last diagram
vanishes identically, while the first two evaluate to

(Tk+Q)e(k+ar —a2)) = Y J(k,a1,a2)¢" (a2)(a1) (2.19)

q1,92

where

J(k,q1,q2) = WQZ Fk)G(k+Q—a2)Gk+ a1 —q2)
- Gk+Q)F(k—q2)G(k+aq1 —q2) + G(k+ Q)G(k — q2)F(k + q1 — q2)

— Fk)F(k—aq)F(k+a1—qz)| — (q1 < —q2) (2.20)

We now expand this to second order in q; and qo. This leads to very lengthy expressions, which we simplified using



FIG. 1: Diagrammatic perturbation theory for O using the couplings in H; in Eq. (2.11). The wavy lines are ¢ sources, the
filled circle is the O source, while the full lines are ¢ propagators.

Mathematica. In the end, a simple final result was obtained:

Tk, a1,a2) = (a x ) | 2252 P} 5 m’ (2.21)
A =R Tk T k) & (Ciw + Bu)P(—iw + B ‘

Now we combine Egs. (2.19) and (2.21). The Fourier transform of (q1 X q2)¢*(q2)¢(d1) is 0,00, ¢* — 0ypdyp* and
to second order in ¢ this equals —2i(9,n"dynY — 0,n¥0yn”). In a spin rotationally invariant form, this expression is
proportional to the skyrmion density, and so we have one of our main results:

O(k,r) = —iF(k)eapen®(r)dpn’ (r)0yn(r) (2.22)

where

85k+Q 861( ng
k) = %k
f( ) < ok x ok ; (—iw + Elk)?’(—iw + Egk)3

_ o3 [Pk 9o (sen(Fuc) — sgn(Fa))
ok ok (Fre — Bon)®

(2.23)

In the last step, we have evaluated frequency summation at zero temperature. In the remaining analysis we will
assume we are dealing with a fully gapped insulator with E1x > 0 and Foix < 0 over the entire Brillouin zone. The
metallic case has singularities at the Fermi surfaces which are at E1jx = 0 or Fox = 0, but we will not explore its
consequences here; indeed in our expansion in powers of q; 2, we have implicitly assumed smooth behavior across
the Brillouin zone. Note that in both the insulator and the metal there is no singularity due to the denomination in
Eq. (2.23): via Eq. (2.15) we always have F1x — Eax > 2m.

A plot of F(k) for the insulating case is shown in Fig. 2.

The integral of F (k) is zero over the Brillouin zone. However, note that it has the same symmetry as the function
(cosky — cos ky) sin kg sin ky; so the integral of F(k)(cos k; — cosky) sin k, sin k,, is non-zero. This suggest we define



FIG. 2: A plot of the function F(k) in Eq. (B11) for ex = cos ky — cosky + 0.4 cos(ks + ky) + 0.4 cos(ky — ky) and m = 1.

the charge Q by

Q=—i Z ' (k)e(k + Q)(cos k, — cosk,) sin k, sin k. (2.24)
k

Note Of = Q.

Our main result in Eq. (2.22) implies that any quantum fluctuation which leads to a non-zero value of the skyrmion
density €,p:n?0,n’9,n¢ will induce a change in O. Generically, a change in O must imply a corresponding change
in @ because the two observables have identical signatures under all symmetries of the Hamiltonian. In paticular, a
hedgehog tunneling event is one in which the spatial integral of eabcnaaznbaync (the skyrmion number) changes by
4. Thus, before the hedgehog event (Q) = 0, while after the hedgehog tunneling event, we have (Q) # 0. We can
normalize Q so that (Q) = 1 for each hedgehog, and the normalization constant will depend upon Eq. (2.23) and the
details on the band structure. Then with such a normalization, we have the important correspondence

Q = skyrmion number. (2.25)

This is the key result of the present subsection. We emphasize that such a correspondence is possible because both
the skyrmion number and Q are invariant under spin rotations, have identical transformations under all square lattice
space group operations, and are both odd under time-reversal.

B. Connection to VBS order

The results in Eqgs. (2.22) and (2.25) suggest strong consequences in the ‘quantum disordered’ phase where Néel
order has been lost. Such a phase will have a proliferation of hedgehog tunnelling events, and so Eq. (2.25) implies
that there will be correspondingly large fluctuations in the charge Q. We can therefore expect that fluctuations in
variables conjugate to Q will be suppressed, and will therefore have long-range order: this is the competing order
induced by the geometric phase in Eq. (B10). Thus any quantum variable conjugate to Q is a bona-fide competing
order. There are many possibilities, but here, we verify that the traditional VBS order does satisfy the requirements.
A more specific field-theoretic discussion of the appearance of VBS order in the quantum-disordered Néel phase will
be given in Section IITA.



The VBS order is V' = V,, 4 iV}, defined by
Vo =iy cl(ke(k+Q,)sink,
k
V, = iy cl(Ke(k+Q,)sink, (2.26)
k

where Q, = (7,0) and Q, = (0, 7). Now we can compute the commutators
(cos(kz) — cos(3ky))
2

(cos(ky) — cos(3ky))
2

Q. Va] = =) cl(K)e(k+ Q) sink, ~ iV,
k

.V, = Y e (elk + Q)sink,

k

~ —iV, (2.27)

Here the ~ means that the two operators have the same symmetry under the square lattice space group. Thus we
have the key result

[Q, V]~ V. (2.28)

This means that V' is a raising order for Q. But, as we noted in Section IT A this is precisely the effect of the monopole
tunneling event: in other words, V' has the same quantum numbers as a monopole operator. Then, following the
reasoning in Refs. 5,9, we may conclude that V is a competing order which becomes long-range in the quantum-
disordered Néel phase.

An alternative route to determining an operator conjugate to Q is to determine a V so that —i(V19,V -V, VT) ~ Q.
It is easy to check that the definition in Eq. (2.26) does satisfy the needed requirements. We have the time derivative

% = Z sinky(ex — xrq,)c (K)e(k + Q.) + 2m Z sin k¢l (k)o*e(k + Q) (2.29)
k

k

and similarly for V,,. For simplicitly, we will drop the terms proportional to m, and work in the limit of small m. So
we have

v, v,
.<V Ve v,

—1 v g~ Ve g > = Z sin k, sin g, (ex — 5k+Q1)cT(q)c(q + Qy)c*(k)c(k +Q.)

k,q
—(z <y (2.30)

Now we can factorize the 4-Fermi term using (cf(k)c(k)) = n(k):

[ dV, v,
- (Vydt - th)

3 sink, sin kel (k)e(k + Q) [(ak+Qy —exr@)(1 — n(k +Q,))
k
— (ex — ekt q, )n(k + Q$>i| —(z —=y)
= Z sin k,, sin k¢l (k)e(k + Q) [€k+Qy — €k+Q,
k

+ 2 qn(k + Q) — ccrq,nk + Q)
~ (ekc+ 2a@) (n(k + Q) = nlk + Q)] (2.31)

The r.h.s. is indeed ~ Q.

III. FLUCTUATING NEEL AND VBS ORDERS

Given the connection between the skyrmion number of the Néel order and the VBS order derived in Section II,
it is natural to wonder whether the two order parameters can be treated at a more equal footing. In Section II
we investigated the fermion correlations in the background of a spatially varying Néel order, and so this suggests a



natural generalization in which we allow for a background spacetime dependence of both the Néel and VBS orders.
This section will present the needed generalization. The result here will be an alternative derivation of the arguments
of Section IIB: the skyrmion number of the Néel order and the angular variable, ¢, of VBS order V ~ €' are
quantum-mechanically conjugate variables.

We start from a Neel state with the order parameter m® = m(n®,n¥ n*) # 0. When the system approaches the
Neel-VBS transition, fluctuating VBS order becomes important and needs to be taken into account. The starting
point of our analysis is the electron Hamiltonian H with both m® and V:

H(V,,Vy,n®,n¥) = [Hy+mHY] + [V,HY +V,H) + m(n"H) +nYH))] (3.1)

where H, describes the electron band structure in the absence of Neel or VBS order as in Eq. (2.1); the fermion
bilinear operator (HY , HZY ) is dimerized electron hopping in = and y directions; (HY, H, év , HY) is staggered electron
spin density in x,y, z directions in spin space; (V,,V,) describes the fluctuating VBS order; (n®,n¥) describes the
Goldstone mode of the Néel order. We now integrate out the fermions and derive the effective action S for the slowly
varying bosonic fields A*(z,y,7) = (V,, Vy, n",nY).

Note that we are always working in a regime where the local Néel order, of magnitude m, is large, and the VBS order
is treated as a perturbation. A large Néel order of any orientation can gap out the Fermi surface, and this simplifies
our considerations. In contrast, a VBS order with |V, | = |V,| leaves a residual Fermi surface for any magnitude of
the VBS order. Thus there is no O(5) symmetry of rotations between these orders, and we work in the regime where
the local Néel order is larger. Note that this still allows the absence of long-range Néel order, and the presence of
long-range VBS order, as we will see in Section IITA.

Treating the second term in H as a perturbation, we find couplings between Neel and VBS order starts at fourth
order in a one-loop expansion:

3
Si= > dp; K130, - AM(p1)A” (p2) A (ps) A’ (—p1 — P2 — Pa), (3.2)
RPN i=1

[Note: we drop all numerical prefactors in this subsection.] Here u,v,A,é = 1,...4 labels the components of the
perturbation field A* and the vertex; p = (p°, p®, p¥) is the external momenta of A*. We now expand the function

K in powers of p and collect terms involving the product p?pgpg with a, 8,7 =0, z,y:

vA0 A0
KR, = KW - pipipd + .. (3.3)

This corresponds to a derivative expansion in real spacetime:

Si= > KMo / drdydr (A°9,A 95470, A™) (3.4)

afy
V5N, 0

The action (3.4) resembles the Chern-Simons theory in 641 dimensions. A difference is that the space-time indices
a, 3,7 and the internal indices u, v, 6, A do not mix with each other. Qi et al.2* recently proposed that S; can be simply
obtained from the Chern-Simons term by dimensional reduction to 241 dimensions. The procedure is to throw away
all components in the Chern-Simons term, which involve spatial derivatives in the internal dimension. We shall show
by calculating K Zgi;é explicitly that this dimensional reduction approach does not apply in the present situation.

Among the terms in S, we are particularly interested in a topological term

Stop = Y iKap / dzdydr 5} 35 . (3.5)
af

where ;2 is the skyrmion current in the Neel state:
G = eameabcnaaﬁnb&yn57 (3.6)
and jg is the VBS current:
iy = Va0V, — V, 05V, (3.7)

It follows from symmetry analysis that on the square and honeycomb lattice, The matrix K,z is diagonal. Because
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FIG. 3: VBS order on the square lattice.

of four- and six-fold rotational symmetry, K., = Kyy. Siop then becomes

Siop =1 [ dodydr (55 + K250 + K5, (33)
Comparing (3.8) and (3.4), we can express K in terms of the tensor components K ggi;é:
K [Kg;’;l;l + Permutations of (2,0), (3,z), and (4,y)]
— [Kg;lz;l + Permutations of (2,0), (4,x), and (3,y)]
— [Kéi;m + Permutations of (1,0), (3,x), and (4,y)]
+ [Ké;lz;2 + Permutations of (1,0), (4,x), and (3,y)] (3.9)

We now calculate K for the square lattice. The Hamiltonian Hj, is specified in Eq. (2.1), and we choose only nearest
neighbor hopping t. For the coupling to the order parameters, we choose

HY = Z cf(r)oe(r;) — Z cf(r;)oe(r;)

i€EA iEB
Hy = (=1)"[cl(rs)e(ri + ep) + c.c), f=a,y (3.10)
i€EA

where we have divided the square lattice into two sublattices A and B defined by (—1)%*% = 41. The Néel order
carries crystal momentum (7, 7). The VBS order in the - and y-directions carries crystal momentum (m,0) and
(0, ) respectively, with the corresponding dimerization pattern shown in Fig. 3. Note that the dimerization pattern
“rotates” around a site as the phase of V., + ¢V}, advances by 27. It is straightforward to check that the term Sip, in
Eq.(3.4) satisfies square lattice symmetry.

The lattice periodicity is doubled in both the z and y direction for m # 0 and V;, V,, # 0. We choose the 4 sites in
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FIG. 4: Plot of I over a quarter of the Brillouin zone for ¢t = 1, m = 0.25.

a plaquette as the new unit cell. The Bloch Hamiltonian H (k, k) is obtained by Fourier transform:

mio® i, 12 0
t* —m%a?® 0 t
— Yy z
H(ky, ky) = £ 0 —miet ¢,
0 tr ty meoc?®
ty = —tcosky +iV,sink,,
ty = —tcosk, + iV, sink,. (3.11)

Here kg, ky € [—7/2,7/2] is crystal momentum in the folded Brilluoin zone. We used Mathematica to evaluate K
and found

m3t? sin? k, sin® k, [t* (cos? k, — cos? k)2 — (k& + m?)?]
[t2(cos ky — cosky)? + k3 + m2|3[t2(cos kg + cos ky)? + k3 + m?]3’

K = / dhkodkydk, (3.12)

The integration over kg can be done analytically using Mathematica. The resulting integrand KC(k, ky) is a compli-
cated function of k, and k,. Instead of showing its explicit form, we plot K(k,, k,) over the Brillouin zone k,, k, € [0, 7]
in Fig. 4 Note that the integrand is peaked at the “hot spot” @ = (7/2,7/2). This is not surprising because both the
Néel and VBS orders have strong nesting at Q.

The other coefficient K’ in S; can be obtained similarly and is given by:

m>t? sin? k, sin® k, [t4(3 cos? k, + cos® k) (cos? k, + 3 cos? k) — 3(kZ +m?)?]
[t2(cos ky — cosky)? + k3 + m2]3[t2(cos kg + cos ky)? + k3 + m?]?

K = / dhodkydk,

Comparing K and K’, we found that in general K # K’. This means that different terms in the effective action (3.4)
have different coefficients, so that S cannot be obtained by dimensional reduction from a Chern-Simons term in 6+1
dimensions, which has a single coefficient.

A. Quantum disordered Néel phase

We can now use the results of this section to present an alternative version of the argument in Section II B, that
the quantum disordered Néel phase has VBS order. The argument here will be closer in spirit to the duality mapping
discussed in Ref. 5.

We will limit our discussion to a quantum-disordered Néel phase where the monopole density is very dilute. Thus,
we assume that over a significant intermediate length scale there is an effective description in terms of a theory in
which the total Skyrmion number is conserved. As discussed in Section II and Appendix B, we can represent the
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fluctuations in the local Skyrmion density by a low energy U(1) photon field A,: by Eq. (2.7), the gauge flux in this
field, €4505A.,, is a quarter the Skyrmion current j2 in Eq. (3.6). We can write an effective action of the photons as

1
Lot = 505 (CapndpAs)” + 4K cap s Ay (3.13)

Here the second term represents the topological term in Eq. (3.8). For simplicity, we have assumed K’ = K. Different
values of K and K’ will not affect our conclusion below. Also note that by the discussion at the end of Section II B,
Q is conjugate to jy .

Now let us perform the standard duality transformation of 241 dimensional electrodynamics®®28 on Leg. The first
step corresponds to decoupling the Maxwell term by a Hubbard-Stratonovich field, J,, to obtain

2 .
Leg = %Ji + ﬁJaeaﬁyagAv + 4inX€a,37(i)BA,y. (3.14)

Now, we integrate over A,, and this yields the constraint
Jo = 00 — 8TK jY. (3.15)

where ¢ is the scalar field which is dual to the photon. We have judiciously chosen factors of (27) above to ensure a
normalization so that e’ is the monopole operator. Finally, inserting Eq. (3.15) into (3.14) we obtain

e2

Eeff =
The effective Lagrangian for the photon phase in Eq. (3.16) allows to conclude that the long-range correlations of
Oa ¢ have the same form as those of j¥. In other words, we have the operator correspondence 9,6 ~ 7Y . In terms of
the complex VBS order parameter V =V, 4V}, we can therefore write for the monopole operator €' ~ V¥, where v
in general appears to be an irrational number. In the special cases where the value of K was quantized by projection
to an integer number of electrons per site®> %9 v was found to be an integer; this is a possible value of v here,
although our present methods don’t allow us to see why any particular integer would be preferred. The uncertainty
in the value of v here is analogous to the arbitrariness in the overall normalization of Q in Section IT A.
In any case, as long as v is not an even integer, the correspondence between the monopole operator ¢ and V¥
implies that V' has long-range correlations in the monopole-free region. At even longer scales, once the monpoles
condense, the phase of V is locked along one of the lattice directions®?.

IV. HONEYCOMB LATTICE

This section will apply the methods developed in Section IT and Appendix B to the honeycomb lattice. As is well
known, this lattice has an electronic dispersion with a Dirac form at low energies. We will adapt our methods to the
Dirac fermions, and find that many results can be computed rapidly in closed form. A short account of some of these
results has appeared earlier??.

The honeycomb lattice has 2 sublattices, and we label the fermions on two sublattices as c4 and cg. To begin, we
only include Néel order explicitly. Then the analog of Eq. (2.2) is

H= —tz ((:ITMCBJ' + cjgjcM) +m Z cLin“(ri)aacAi -m Z cTBina(ri)aacBi. (4.1)
(i) icA i€B

We restrict to the case with constant Néel order n®, transform to momentum space, and introduce Pauli matrices 7¢
in sublattice space, and obtain

H = / Ziﬂ_];cT(k) [—t (cos(k -e1) + cos(k - e3) + cos(k - eg))T””
+ t(sin(k -e1) +sin(k - e3) + sin(k - 83))7'y + mTzn“U“} c(k) (4.2)

where we have introduced the unit length vectors

el =(L0) , ex=(-1/2V3/2) . e5=(-1/2-V3/2). (4.3)
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FIG. 5: VBS order on the honeycomb lattice.

We also note that we take the origin of co-ordinates of the honeycomb lattice at the center of an empty hexagon, so
the A sublattice sites closest to the origin are at ey, es, and ez, while the B sublattice sites closet to the origin are at
—eq, —eo, and —eg.

The low energy electronic excitations reside in the vicinity of the wavevectors £Q1, where Q; = (47/9)(e2 — e3).
So we take the continuum limit in terms of the 8-component field C' defined by

Car=ca(Q1) , Cpr=c¢(Q1) , Caz=ca(—Q1) , Cp2=cp(—Qu). (4.4)

In terms of C, we obtain from Eq. (4.2)
d*k
= - T Y T Z Zpa
H /4%20 (k) (vT ky + 077 p*ky + mr*no )C(k), (4.5)

where v = 3t/2; below we set v = 1. We have also introduced Pauli matrices p® which act in the 1,2 valley space. This
is the final form of H: it makes the Dirac structure evident, and will also be the most convenient for our computations.

It is also convenient to list the effects of various symmetry operations on C. Under reflections, Z,, which sends
T —x

Zy,: Ca1—Cp1 , Cpi—Ca1 , Caa—Cp2 , Cpa— Ca (4.6)
Similarly
Ip,: Ca1r—Ca2 , Cp1—Cpy , Caz—Ca1 , Cpa—Cp;: (4.7)
Rotations by 60 degrees, R, lead to
R: Cp —w?’Cpy , Cpi—wCay , Cas—wCpy , Cpy— w?Ca (4.8)
Translation by the unit cell vector e; — e3, T}:
T,: Ca—w?Car , Cpr—w?Cp , Caz—wCa , Cps— wCpo (4.9)
Time reversal t — —t:
T: Cy —i09Ca , Cuo—i0¥Cay , Cpy —i0YCpe, Cpo — i0YChy (4.10)
Notice that time reversal transformation also involves a complex conjugation transformation.
From these transformations, we can construct the fermion bilinear associated with the kekule VBS pattern shown

in Fig 5. In terms of the continuum field C, the VBS order parameter is

V =CTr(p® +ip¥)C (4.11)
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We can verify this is the VBS order with the kekule pattern of Fig. 5 by its symmetry transformations

Z, : V-V

I, : V-V*

R:V-V*

T, : V — w2V

T:V-V. (4.12)

A. 6D method

In the present situation with a Dirac fermion spectrum, the dimensional reduction method??24 from 6D does apply,
and be used to compute the coupling between the fluctuating Néel and VBS orders. From Eqs. (4.5) and (4.11), we
can write down the explicit form of the Hamiltonian in the 8 x 8 space of Dirac fermions:

H(k, k1, ko, k3, kyg) =
Ty + T p%ky + 70 k1 + 7Yk + 770 ks + 77 0Yks + mT*0*n®. (4.13)

Here k = (k,, ky), and the ‘extra-dimensional’ momenta ki o 3 4 are related to the order parameters: k; = V,, ky =V,
ks =n®, and k4 = n¥. Now note that the matrices in all the terms in Eq. (4.13) anti-commute with each other. So this
has the natural interpretation as 6D Dirac Hamiltonian, where the last term proportional to m has the interpretation
of a Dirac fermion mass. We can now proceed as in Ref. 19, and derive the WZW term for the order parameters.

B. U(1) gauge theory

Next we turn to the analog of the analysis in Section IT A for the square lattice. However, rather than working with
the spatially varying Néel order as in Eq. (2.2), we will use the U(1) gauge field formulation of Eq. (2.5) which was
applied to the square lattice in Appendix B.

We begin with the ¢ fermion Hamiltonian in Eq. (2.5) and take its continuum limit as in Eq. (4.5). For this, we
make the analog of the transformation in Eq. (4.4) from the lattice ¢ fermions to continuum ¥ fermions. In this
manner, we obtain the continuum U(1) gauge theory

L=t (8T — 107 A, —iTY(0y — 107 Ay) — iT%p*(0y — 107 Ay) + mTZo*Z)\IJ (4.14)

Now we obtain the result which is the analog of Eq. (B10) by applying the Kubo formula to determine the response in
an arbitrary fermion bilinear WIT'W due to an arbitrary slowly varying A,. This involves evaluating a diagram with
one fermion loop, and the long wavelength result is

(UiTw) = 5{(3%147 — 0, A)Tx [T77] + (8, A, — 8, A, )Tr [Tp*7Y]

+ (0, Ay — 03 A,)Tr [rpﬂ}. (4.15)

Now we see that the choices I' = 7%, p*7¥, and p® lead to non-zero fermion bilinears induced by the A, gauge flux.
Note that this result was obtained with much greater ease in the continuum Dirac theory than for Eq. (B10).
Let us restate the result in Eq. (4.15) in different terms. We add to £ in Eq. (4.14) a source term j :

i z : z . T
£—>£—§(j(§/\I/Tp U4 YW pP w4 Y Wiy \1/) (4.16)
Then the implication of Eq. (4.16) is that if we integrate out the ¥ fermions, the effective action for j¥ and the gauge

field A, has a mutual Chern-Simons term:

1
=— A)?
Lof 12ﬁm(€aﬂvaﬁ v) +

i,
%jxeag,yaﬁ/lry (4.17)

The similarity to Eq. (3.14) should now be evident. We can now proceed with the duality of electrodynamics to obtain
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the analog of Eq. (3.16), which is

_ 3 b — V)
Eeff = Y (aa¢ ja) ’ (418)

where again e’? is the monopole operator. As argued below Eq. (3.16) any operator with the same quantum numbers
as €'? has long-range order in the ‘quantum-disordered’ phase.

Here we present a different route to identifying candidates for the competing order. First, we notice that the theory
in Eq. (4.16) actually enjoys a gauge invariance under which

v4

U — exp (ié&) T, GV 0.0 (4.19)

where 6 is a field with an arbitrary spacetime dependence. (Note that this gauge invariance is completely different
from that associated with the A, gauge field, under which ¥ — exp((i/2)c*6")¥.) Now we observe that this gauge
invariance extends also to Eq. (4.19), under which

e — efei?, (4.20)

We will use Eq. (4.20) as the key relation needed for any competing order associated with the monopole operator €*?.
Equivalently, we can use Eq. (4.19), and restate the requirement of Eq. (4.20) as the commutation relation

[Q, i?()] = ¢i¢(x) (4.21)
where

1
Q=3 /d%« Ulp* . (4.22)

This makes a very explicit connection to Section IIB and Eq. (2.28). Note that here the overall normalization of Q
is specified, and does not suffer from the arbitrariness we encountered in Sections IT A and TIT A.
Now we can easily check that the VBS order parameter in Eq. (4.11) obeys the commutation relation

[Qa V(X)] = V(X)’ (423)

and so we conclude that e*® ~ V', and that VBS order can appear in the quantum-disordered Néel phase.

C. Other competing orders

In addition to the VBS order parameter V', it is now easy to see that there are other order parameters which are
canonically conjugate to Q. For instance, the following three complex order parameters all satisfy Eq. 4.23:

Vi~ UT(p% 4 iph) T, Vo ~ T2 (p% 4 ip") W, Vg ~ TTrY (p® 4 ip¥) ). (4.24)

Under discrete symmetries, these order parameters transform as

I, Vi—=Vi , Va— Vo | V3— Vi, (4.25)
O V; (4.26)
R : Re[Vi] +iIm[V5] — w?(Re[V4] + ilm([Vz)), (4.27)

Re[Va] +iIm[V;] — —w?(Re[Va] + iIm[V}]), (4.28)

Vs — =Vy (4.29)
T, : V, — WV, (4.30)
T: V-V, V= Vy | V3g— -V (4.31)

According to these transformation laws, we can identify that V; is a charge density wave (CDW) with wave vector
2Q1, V3 is the A — B sublattice staggered CDW, and V3 is a charge current density wave.
However, notice that the matrices in V' in Eq. (4.11) anticommute with all the matrices in H in Eq. (4.5); therefore
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the VBS state has the lowest fermionic mean field energy, because the fermion ¥ will acquire a Dirac mass gap
m ~ y/m? +|V|2. Compared with the VBS order parameter V, the other three order parameters V,, have higher
mean field fermion energy, hence are less favorable in energy.

D. Superconductor order parameters

In addition to the VBS order parameter, the Néel order can also have strong competition with superconductor, as
long as the SC order parameters satisfy Eq. 4.21. In this section we will focus on spin singlet pairings. Using the
quantum number Q in Eq. 4.22 and criterion Eq. 4.21, it is straightforward to show that the following six groups of
SC order parameters are candidate competing orders of the Néel order:

Group 1: (Aq, Ag) ~ (Re[¥lic¥¥], Im[Vic¥p* 1)),

A~ ZCA,QlJrkinCA,Qlfk + CB,Q1+kinCB,Q1—k
k

+C4,-Q+k107Ca,—q,—k + CB,—Qu+ki07Cp,—q,—k + H.c.

Az~ Y iCaqu+ki0"Ca,q—k +iCp,Qu+4i0"Cp,q, -k
k

—iC4,-Qu+£i0°Ca,—Q,—k — 0B ~Q,+410"Cp —q, 1 + H.c.

Group 2: (A1, Ag) ~ (Im[U'ic¥¥], Re[Vlic¥p*T]),

A~ ZiCA7Q1+ki0yCA7Q1_k + iCB7Q1+kZ‘0yCByQ1_k
k

+Z'CA’_Q1+]€Z'O'yCA7_Q1_k + iCB,—Q1+kinCB,—Q1—k + H.c.

Az~ Y Caqurrio’Caqi—k + Cp,Qu+#i0Cp.q, -k
k

—Ca,-q,+k107Ca,—q,—k — CB,-Q,+ki0"Cp,—q,-1 + H.c.

Group 3: (A1, Ag) ~ (Re[U!r7ic¥ W], Im[U'T%icY p* U])

Al ~ ZCA7Q1+kiO'yOA7Q1_k — OB,Ql—HcinCB,Ql—k
k

T04,-Qi++107Ca,—Qi—k — CB,-Q,+410Cp,—q,—k + H.c.

Az~ Y i0aqu+ki0"Ca,q—k — iCp,Qu+4i0Cr,q, -k
k

—iC4,—Q,+k10Ca,—Q, -k +1CB,—qQ,+£10Cp,_q,—k + H.c.
Group 4 : (A1, Ag) ~ (Im[¥'r%ic¥ ], Re[¥'r%icYp*V))
Ay~ iCaqu+ki0YCaq, -k — iCB.q, 41107 Ch.q, &
k
+iCa,—qQ,+410YCa —qQ,—k — iCB,—qQ,+k10YCp,_q,-k + H.c.
Ay~ ZCA,QlJrkinCA,Qﬁk — CB,Q.+x10CB,Q, -k

k
—Ca-q+4i0Ca,—q, & + CB,-Q,+#10"Cp,—q, & + H.c.
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Group 5: (A1, Ag) ~ (Re[U!r%ig¥ W], Im[W r%i0Y p* U])

A1~ Y Caqurio?Coqu—k + Cp.q+ki0"Ca,q, -k
k

+C4,-Q,+k10Ch,—q,~k + Cp,—Q,+xi07Ca,—q,—k + H.c.

Dz~ ) iCaQu+410'Cp.qi—k +iCB,Qu+410Ca,qu—k
k

—Z'CA’,QlJrkZ'O'yCB’,QI,k - iCB),QlJrk’L'O'yCA},QI,k + H.c.

Group 6 : (A1, Ay) ~ (Im[¥'r%ic¥ W], Re[W't%icYp*V])

Ay~ ) iCaQu+ki0C.qi—k +iCB,Qu+410"Ca,q i
k

+Z'OA7_Q1+kiGyOB,_Q1_k + iOB,_Q1+kinCA,_Q1_k + H.c.

Az~ Y Caqu+rio’Cpq,—k + Cp.qu+ki0?Caq, -k
k

—Ca-q+4i0CB,—qQ,—k — OB, +ki0"Ca,—q, & + H.c. (4.32)

All of these SC order parameters carry nonzero lattice momentum 2Q;, and none of them gaps out the Dirac points.
Nevertheless, these SC orders are most likely to be adjacent to the Néel order on the phase diagram.

V. NAMBU QUASI-PARTICLES OF d—WAVE SUPERCONDUCTOR

In this section we will apply the above methods to analyze the d—wave superconductor and its descendants. As in
previous section we will examine the nature of the “quantum disordered” phase after loss of antiferromagnetic order.
However, we will not consider the case of commensurate antiferromagnetic ordering at wavevector Q = (r, 7), because
it requires computations we have not explored here. Rather, we will limit ourselves to the technically easier case of
nested spin density wave order, with a wavevector precisely equal to the separation between two of the nodal points
of the fermionic excitations of the d-wave superconductor. The non-nested case is of experimental importance, but
we will not consider it here.

The nodal quasi-particles of the d-wave superconductor are described by the following Dirac fermion Lagrangian:

Ly = w0, - i%(@x + 0,7 — i%(—@x +0,)7)y
+ who, - i%(—az +0,)7T7 — i%(@x +0,)T")Us. (5.1)

Uy = (f1,i0" 1), o = (f2,i0" f]). fr, for f3 and fy are quasiparticles at nodal points (Q,Q), (-Q,Q), (—Q, Q)
and (Q, —Q) respectively. Notice that @ is in general incommensurate, vy and va are different from each other.

We assume the system has the symmetry of the square lattice. Under square lattice discrete symmetry group, the
quasi-particle ¥y and W, transform as:

T,, z—z+1, ¥ — QU Uy — e Q0,,;

Ty, y—y+1l, U — QU Uy — Uy

7, x— —x, V1 = Uy, Uy — Uy,

L., y— -y, ¥ — oryTy\I/;7 Uy — UyTy\IJJ{;
Loy, x—y, y—ox Y —itT?U Uy — ayTx\IIE;
Totys r— -y, y— —x, ¥ — Jmi\IfI, Uy — i7°Wy;
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T, t— —t, Uy — iTy\I/J{, Uy — iTy\Il; (5.2)

Notice that transformations Z,_, and Z,4, are combined with a U(1) transformation on the superconductor order
parameter: Ae? — Aeiftim

Now let us consider the spin density wave states that gap out the nodal quasi-particles i.e. the SDW with wave
vector (2Q,2Q), and (2Q, —2Q), which can be written as iU{TY0¥5¥; and iW,TY0¥5F V¥, respectively. In contrast,
the SDW at (2Q,0) and (0,2Q) will not gap out the nodes, and they will be ignored hereafter. It is convenient to
introduce the Majorana fermion y, as ¥ = x4 + ixpB, and there are in total four different choices of SDW that can
gap out the nodal points:

B, = Re[iV'rY0¥30] ~ (XtitVo¥o"p?x, X' V0V p"x, XtitYoYa? pPy),

By = Re[iV'rY0¥Gu* U] ~ (XYiTVoYo" p P x, X'TVo¥aYpt iy, xliTYolo® pP i),

s = Im[iV'rY0¥30] ~ (XtitYaY0% p®x, X'TVcYcYp?x, XlitYo¥Yo? pox),

B, = Im[iV'rYo¥Gu 0] ~ (XirYoYo p" 1 x, X TVaVa¥p* iy, XtiTYolo® pt ity ). (5.3)

The Pauli matrices u* mix ¥; and ¥y, while the Pauli matrices p* mix x4 and xp. In the Majorana Fermion basis,
the SU(2) spin operators are represented by the total antisymmetric matrices

S = (c"pY, 0¥, c*p¥). (5.4)

We can check that all four vectors ®, (a =1---4) transform as vectors under S.
Mow we hope to consider the slowly varying SDW by introducing the SU(2) gauge field ), ALSZ, which will be
Higgsed to U(1) gauge field with a background nonzero expectation value of ®,:

Ly = xi((0; —iALS"Y) —ivp(0x —iAL%SY)T? —iva(By —iALSHT™)xs
+ x5 ((8; —iALSY —ivp(Oy — iAL ST —iva(Ox — iAN ST X2
+ o Ty, (5.5)

Now we have redefined the coordinate (z + y)/v2 — X, (=2 +y)/v/2 — Y. The order parameter ® has Higgsed
the SU(2) gauge field down to U(1) gauge field A!,. The matrix T} can be found in Eq. 5.3.

Now the flux quantum number can be calculated using the same techniques developed in the previous sections. We
summarize our results in the following:

Group 1 : (®') #0, gauge flux carries Q ~ x'o¥u*px;

Group 2 : (®L) #0, gauge flux carries Q ~ x'o¥p%y,

Group 3 : (®) #0, gauge flux carries Q ~ x'o¥u*p*x,

Group 4 : (®) #0, gauge flux carries Q ~ x'o¥px. (5.6)

The quantum number Q carried by the flux is obviously SU(2) gauge invariant.

The flux condensate will again lead to orders that break certain lattice symmetry in Eq. 5.2. The condensate order
parameter V has to satisfy Eq. 2.28. Within all these order parameters that satisfy Eq. 2.28, we choose the order
parameters that have the lowest nodal quasi-particle mean field energy, i.e. the order parameters that anticommute
with T!. We list our results in the following equation, and for each group of SDW in Eq. 5.3 we introduce a five
component vector Eéa) with B, ~ (E%a),E%a),E?a)), Vo ~ E‘(la) + iE‘Z’a):

—1=1,2,3 =
Group 1 : 41) = ®q,

1
—X (77 = T X~ (- ),

=4 _
=) = ﬁx (

Ey = X' (77 = 7))t o? ptx ~ Tm[U (77 — 7)oV W
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Group 2 : 5231’2’3 = By,

Xt(Tz o Tw)py'umx ~ \IJT(TZ o Tw)uwl:[}’

X' (7% = )" at p*x ~ Re[W! (77 — 77)¥ " U;

Group 3 : E@3) =

w1
Els) = Ely = X' (77 = m)udx ~ W — ),

V2

— _ 1 z xT x z z x xr
=) = gy X (77 = 77) 0¥ p*x ~ Re[¥! (77 — 7°) oV W;

=(2) V2

Group 4 : Ew =

—4 —4 1 z xT x z xT
=5 =5 t z xT xT €T I \Iﬂ z x x 5 7
(4) (1) X ( )ILL Cyﬁ X ~ Ill[ ( )/“L y\:[j]‘ ( N )

V2

With the formalism developed in Ref.'?, we can also show that there is a O(5) WZW term for each group of O(5)
vector EEG). Both the WZW term and the gauge flux calculations imply that the SDW ‘%) and order parameters

Vy ~ E?a) + iE?a) are competing with each other, and after suppressing the SDW <I>éa), the system enters the order

with nonzero (V,) directly.
Now we want to identify the physical meanings of E‘(la) and E?b). Clearly, E?a) and E?b) are both density waves of

physical quantities, with wave vectors (2Q, 0) and (0, 2Q) respectively. Under lattice symmetry Eq. 5.2, E‘(la) and

E‘?a) transforms as:

T, : By = =By Ey —Ehyy B —Ey Sk — by
Lo B0y = B0y By By By~ Sl B — By
Loy ¢ By = Ely iy < Ely
Loty E?l) Sy ~?1) = 22)
T : Ey —Efa), i=4, 5. (5.8)

According to these transformations, we can make the following identifications:

By + 120 = E4) + iE(3) = VBS or CDW with wave vector (2Q, 0);

B0y +i5(a) = E(y) + iE(3) = VBS or CDW with wave vector (0, 2Q). (5.9)
These analysis suggests that the SDW at wave vectors (2@, 2Q) and (2Q, —2@Q) is competing with CDW /VBS order

parameters at (2Q,0) and (0,2Q), and the suppression of the SDW leads to the emerging of CDW/VBS order
parameters.

VI. CONCLUSIONS

This paper has addressed a problem of long-standing interest in the study of correlated electron systems in two
spatial dimensions. Many such systems have insulating, metallic, or superconducting ground states with long-range
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antiferromagnetic order. By tuning the electron concentration, pressure, or the values of exchange constants in model
systems, it is possible to drive a quantum phase transition to a phase where the antiferromagnetic order is lost. We
are interested in the nature of the “quantum-disordered” phase so obtained.

For certain insulating square or honeycomb lattice models, the essential features were understood some time ago>*:
the lattice spins endow point spacetime defects in the Néel order (‘hedgehogs’) with geometric (or Berry) phases,
which lead to valence bond solid (VBS) order in the quantum-disordered phase. Here we have presented a more
general version of this argument, in principle applicable to arbitrary insulating, metallic, or superconducting electronic
systems in two dimensions, with general band structures. The key step was to associate the geometric phases with
bands of one electron states in the background of local antiferromagnetic order. The antiferromagnetic order was
then allowed to have a spacetime variation in orientation (but not in magnitude) so that there was no long-range
antiferromagnetic order, thus accessing the quantum-disordered phase. We found that the skyrmion density in this
local antiferromagnetic order induced a response in an electronic bilinear conjugate to the competing order: this is
contained in our key result in Eq. (2.22).

Our main application of these results was to cases in which the electronic band structure was fully gapped in the
phase with antiferromagnetic order: we considered square lattice insulators in Section II, honeycomb lattice insulators
in Section IV, and d-wave superconductors with spin density wave order nesting the nodal points in Section V. We
obtained VBS order in many cases, but also found a number of other possible orderings.

However, in principle, the result Eq. (2.22) applies also in cases where the antiferromagnetic order does not fully
gap the electron bands e.g. when there are hole and/or electron pockets. Such a situation is clearly of importance for
the underdoped cuprate superconductors. The result in Eq. (2.22) contains a singular dependence on k at the Fermi
surfaces of such band structures, and this is likely of importance in the quantum-disordered phase. Alternatively,
expressions for the coupling K in Section III would acquire long-ranged corrections due to Fermi surface singularities.
We leave the elucidation of such effects to future work. However, if we ignore such effects, the arguments of Section IIT A
would apply also to this metallic case, with a variable exponent v relating the monopole operator to the VBS order.
The net result is that any ordering associated with an integer power of V' is possible. Interestingly the same conclusion
was reached in an earlier study®® of quantum disordered Néel states in a compressible background using a toy model
of bosons.
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Appendix A: Rotor theory of Hubbard model

This appendix will show how the decomposition in Eq. (2.3) can be used to write an exact path integral repre-
sentation of an arbitrary Hubbard-like model. The z, becomes co-ordinates of an O(4) rotor in this path integral,
and so do not directly contribute to the geometric phases of interest in this paper. This is to be contrasted from the
alternative Schwinger boson formulation, where the canonical nature of the Schwinger bosons ensures that they carry
the entire geometric phase at half-filling®.

We consider a Hubbard model on a general lattice

H=Hy+ H; (A1)
where Hj has the single site terms
Ho=7) |U (it~ e ni| — 2) - p(niy + niy) (A2)
; 2 2

and H; is the hopping term

Hi == tijcloCia (A3)

i<j

As in Eq. (2.3), we transform the electron to a rotating reference frame expressed in terms of the spinless fermions
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¢p and the complex unit spinor z,. Here, it is useful to write z, in real and imaginary parts:
21 =¢o +ip1 , 2z = ¢2 +id3. (A4)

The inner product of two complex spinors is

Zaza = ¢(1—pY)¢ (AD)

We will use o for Pauli matrices in the T, | space, and p® for Pauli matrices in the real/imaginary space. The global
spin rotation

z— (14+i0%") 2 (A6)
acts on ¢ via
¢ — (1+10%5%) ¢, (A7)
where S are the antisymmetric Hermitian matrices
S =—c%p¥ , SY=0Y |, S*=-—-0%pY. (A8)
Combining (A5) and (A6) we have
0%z = $(1 - p1)S° = — S0, (A9)
The SU(2) gauge rotation?® acts on 1) as
Y — (1+i0%" ) (A10)
where 0% are Pauli matrices in the 4 space. This gauge rotation acts on z as
¢e — (1 +i0°T5,) dm, (A1)
where the indices /,m = 1...4 and T* are the antisymmetric Hermitian matrices
% =0o¥p* |, TY=—-0Y%* , T%=p". (A12)
The physical states on a single site, which are eigenstates of Hy, are
clo) = (za6h - caszavl ) 10)

0) < [0)
cielloy « iyl o) (A13)

These 4 states have energies —pu — U/4, —pp— U/4, U/4, and U/4 — 2.

Following Hermele®!, let us write these states in a different manner, using the energy levels of a O(4) quantum
rotor. All of the following will work on a single site, and so we will drop the site index. We will equate the states of ¢
to that of a quantum particle moving on S3 with co-ordinate ¢. On this space, we introduce the angular momentum
operators

. 0 , 0
Sa = _Z(bes?mﬁ s T = _ZQS[T;mW. (A].4)

In the fermion sector we have the usual angular momentum
LY = pi5e by (A15)
Then all the states in Eq. (A13) satisfy

T+ L% =0. (A16)
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Now consider the following Hamiltonian for the rotor and the fermions
Ho = K18 + KoT%? + K3l + Kyl Ty iy + K (A17)

For appropriate ranges of the K; couplings, the low-lying states of this Hamiltonian which obey Eq. (A16) map onto
the states of the Hy. The zero rotor-angular momentum states must have 0 or 2 fermions, and these map onto the
lower two states in Eq. (A13), yielding

K; = U/4
2K3+ K4+ K;5 U/4 —2u (AIS)

There are 4 rotor states with angular momentum 1 and wavefunction ~ ¢;/|¢|. Because of the constraint in Eq. (A16),
these states must be paired with states with fermion number 1. There are 2 such states, leading to a total of 8 states.
However, the conditions in Eq. (A16) eliminate 6 of these states (there are 3 constraints for each fermion polarization),
and so only 2 states remain, as in the Hubbard model. The energy of these states yields

3K1+3K2+K3+K5:—/.L—U/4. (Alg)

The K; constants are over-determined, and in an exact treatment of the constraint in Eq. (A16), the precise choice
will not matter. Of course, in mean-field theory, different choices will lead to somewhat different results.
Now, following Hermele®!, we can write Eq. (A17) as a path integral over ¢,(7) and 1, () and obtain the Lagrangian

— ; __ s Aama 2 2 42
L = T [(0r60 — 1425, 0m)" + A263]
+ 0} (Dr 0y — 1ALGS,) by + Kathfuhy + Katph gl g wy (A20)

where A2 is the time-component of a SU(2) gauge field which imposes the constraint (A16), and A? imposes the unit
length constraint on z,. We can also insert the parameterization (2.3) into H; and obtain the Lagrangain

L1=— Ztij [(Z:azja) (1/12+1/Jj+ + 1/Jj_1bz,)

i<j
+ (20 %ia) (Z/JZ_%'— + ¢;+¢i+)
+ (eP23,255) (ijrwj— - ¢}+¢i—)

+ (e*F2i02jp) (%—TJﬁH - %T-I/)H)} (A21)

There is now a natural mean field theory of L+ £; which should yield all 4 phases of Ref. 26. The approximations
are:

e Ignore the gauge field A%.

e Factorize the 4-Fermi term, K4 into N “wzﬁ&gp,wp/ The field N® is to be determined self-consistently, and will be
site-dependent.

e Factorize £; into fermion and boson bilinears, as indicated by the parentheses.

e Phases A and C will also have a ¢ condensate. It should be sufficient to work with (¢) = 0 in phases B and D,
and determine their boundaries to phases A and C

e Phase D should have N = 0, and also (z},2j;) = 0 and (1&11#_) =0.
e The value of A? is determined as usual by solving the unit length constraint on z,.

Appendix B: Square lattice antiferromagnetic in an applied gauge flux

This appendix will carry out a computation similar to that of Section IT A using gauge-theoretical formulation in
Eq. (2.5). Rather than a slowly varying Néel order n%(r) as in Eq. (2.2), this appendix will have a slowly varying
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gauge potential A(r). The results here will be connected to those of Section IT A via Eq. (2.7). However, a precise
quantitative equivalence between Egs. (2.2) and (2.5) requires inclusion of the last two terms of Eq. (A21) in Eq. (2.5),
which we will not account for here. The importance of these omitted terms should be clear from Appendix A of Ref. 27.

Now we expand Eq. (2.5) to first order in A;;, and using Eq. (2.6) we can write H = Hy + H; where Hy has the
same form as Eq. (2.9) but with the ¢4 fermions

Hy = 3 (et (00 (k) +mot (k + Qo™ (k) . (B1)

k

while H; in Eq. (2.11) is replaced by

Hy = —i)tr =) Ay (o™, - wlo™v)
=2 [A(q) - %ﬁﬂ U1k + a/2)0"(k — a/2) + O(a?) (B2)

k,q

Note that H; does not include the omitted terms represented by the ellipses in Eq. (2.5), which appear as the last
two terms in Eq. (A21); this will be significant below.

Now we will use the Kubo formula to determine the response to the applied gauge field in H;. We will work to
linear response order A, and to linear order in q.

We have to carefully define an observable: it should be gauge invariant and spin-rotation invariant. For this reason
we look at the response in the following

M;j = ¢lelo Aisy, (B3)

We want to compute the change in (M;;) to linear order in A(q), and in the limit of small q. In momentum space

(M) = > e ®rt®r (4i(k); (p)) (B4)

k,p

+1

ZA(q) . (rj o ri) eiq.(rj+ri)/2‘| lz efik'(rifry)eiQ-rj <7/}T(k)02w(k + Q)>
q k

In the second term, we have assumed we are expanding to linear order in A, and so assumed momentum conservation
in the fermion bilinear expectation value.

We have to expand the first term to linear order in A, and so we expand the second term in Eq. (B4) using Wick’s
theorem.

(WK )(p); v (k+a/2)o*y(k — q/2))

=-2 Z lép,k+Q+Q/25k’,k—q/2G(k —q/2)F(k+q/2)
+ 0p kt+a/20k k+Q-q/2G(k + a/2)F(k — q/ 2)] : (B5)
Also from Eq. (2.14)
(W (K)o (k+Q)) = -2 F(k) (B6)
Putting everything together

§(M;;) =2 Z e—ik'(ri—1‘_7')eiq-(rj-i-ri)/?eiQ‘rjA(q) . l
k,q,w
OF (k)
ok

kG~ a/2)F(k+ a/2) + CERG 1+ Q +a/2F (k- a/2) +
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Explicit evaluation shows that the expression in the square brackets does indeed vanish at q = 0, as
gauge invariance. Now expand Eq. (B7) to first order in q and find

6<Mlj> — 22 efik-(rifr'j)eiq~(l‘j+ri)/26iQ~I‘j A(q) . I(k,q)
k,q

where

o % 85k+Q _ a€k+Q @ m/2
Ik, q) = [ 9k <q 9k ok \1 ok zw: (“iw + B1i)2(—iw + Eog)?
Combining (B8) and (B9), we have the result analogous to Eq. (2.22):
(¢ (el + Q) = —2iF (k) (9,4, — 0, 4,)

where

ot o 88k+Q @ m/4
]:(k) o ( ok x ok ) zw: (—iw + Elk)Q(—iw + Egk)2

m (Oexiq o Oex | (sgn(Lik) — sgn(Foxk))
2 \ ok 0k (B — En)®

is required by

(B8)

(B10)

(B11)

We have written Eq. (B10) in terms of the original electron operators c¢(k): we are working to linear order in A, and
so this order all variables can be mapped onto the original gauge-invariant operators. Comparing Eq. (B11) with
Eq. (2.23), and using Eq. (2.7), we should expect equality between F(k) and F (k). However, while both functions
have an identical symmetry structure, and similar singularities at possible Fermi surfaces (which is all we need), they

are not precisely equal. This can be traced to the absence of precise equality between Eqgs. (2.2) and (2

omission of the last two terms in Eq. (A21), which were also important in previous computations®”.
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