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We study a T = 0 quantum phase transition between a quantum paramagnetic state and a magnetically ordered
state for a spin S = 1 XXZ Heisenberg antiferromagnet on a two-dimensional triangular lattice. The transition
is induced by an easy-plane single-ion anisotropy D. At the mean-field level, the system undergoes a direct
transition at a critical D = D, between a paramagnetic state at D > D, and an ordered state with broken U(1)
symmetry at D < D.. We show that beyond mean field the phase diagram is very different and includes an
intermediate, partially ordered chiral liquid phase. Specifically, we find that inside the paramagnetic phase the
Ising (J;) component of the Heisenberg exchange binds magnons into a two-particle bound state with zero
total momentum and spin. This bound state condenses at D > D,, before single-particle excitations become
unstable, and gives rise to a chiral liquid phase, which spontaneously breaks spatial inversion symmetry, but
leaves the spin-rotational U(1) and time-reversal symmetries intact. This chiral liquid phase is characterized by
a finite vector chirality without long-range dipolar magnetic order. In our analytical treatment, the chiral phase
appears for arbitrarily small J, because the magnon-magnon attraction becomes singular near the single-magnon
condensation transition. This phase exists in a finite range of D and transforms into the magnetically ordered
state at some D < D.. We corroborate our analytic treatment with numerical density matrix renormalization

group calculations.
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I. INTRODUCTION

Broken symmetries are ubiquitous in nature. Many broken-
symmetry states have conventional long-range orders, such
as dipolar magnetism or charge/orbital order, but some have
more complex composite orders with order parameters built
out of nonlinear combinations of the original spin degrees of
freedom. An example of such order is a spin nematic, whose
order parameter is a bilinear combination of spin operators
[1-3]. Bilinear order parameters often emerge in frustrated spin
systems, such as J;-J,-J3 Heisenberg model on a square lattice
[4-6], and describe spontaneous breaking of a discrete lattice
rotational symmetry while spin-rotational SU(2) symmetry
remains unbroken.

One of the first studies of composite orders was performed
by Villain [7], who considered helical (spiral) spin order in
Heisenberg and XY spin models in an external magnetic field
h = hZ. He noticed that a helical order breaks both continuous
and discrete symmetries. The continuous symmetry breaking
corresponds to the development of a conventional dipolar
magnetic order in the direction perpendicular to the field,
i.e., to a finite expectation value (S,”) of the spin operator
at every site of the lattice. The discrete symmetry breaking
distinguishes between clockwise and anticlockwise rotations
of spins from site n to site m along the bond (n,m). Such an
order is chiral in nature and the corresponding order parameter,
vector chirality, is the z component of the vector product of
spins on a given bond «,;m = Z - Sy X S

The fact that both continuous and discrete symmetries are
broken in the ordered phase ({S,) # 0 and (k) # 0) opens
up a possibility of a sequence of phase transitions between this
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phase and the paramagnetic one, where (S,,) = 0 and (x;,,)=0.
In the context of classical helimagnetism, Villain argued [7,8]
that (S,) and (k,,) do not need to acquire finite values
simultaneously and that the paramagnetic and the magnetically
ordered phases may be separated by the novel chiral liquid
(CL) phase, in which the chiral order parameter is finite, i.e.
(knm) # 0, butlong-range magnetic order is absent ({S,,) = 0).
A similar set of ideas has been recently applied to itinerant
electron systems featuring various nematic orders [9,10].

For thermodynamic phase transitions in U(1)-symmetric
systems, the CL is expected to exist in a finite-temperature
window Tiae < T < Ton, where Ty, is the onset temperature
of long-range chiral order and Ti,,, is the onset temperature of
long-range magnetic order (Berezinskii-Kosterlitz-Thouless
quasi-long-range order in two dimensions). Numerous numer-
ical studies of two-dimensional classical helimagnets [11-15]
have found that Ty, and Ty, are indeed different, but the
relative difference is very small, at best only a few percent.

Here, we consider a quantum phase transition at T =0
in systems with U(1) spin symmetry, driven by quantum
fluctuations [16]. Our goal is to understand whether a CL state
can emerge as the ground state of the quantum spin system,
separating a quantum paramagnet from a magnetically ordered
phase. We argue below that the minimal model that describes
this physics is a spin-1 triangular lattice XXZ antiferromagnet
with nearest-neighbor exchange J and single-ion anisotropy
D. We find that CL phase exists in a rather wide range of D,
whose width can be as large as J/2.

Our key result is presented in Fig. 1. It shows that a
featureless paramagnetic state, realized at D > J, is separated
from the magnetically ordered XY state at D <« J by the
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FIG. 1. A schematic plot of the three phases {XY, CL, PM} as a
function of the tuning parameter g, where g ~ D/J for the quantum
spin-1 model considered in this paper. For similar sequence of
transitions in classical models g ~ 7. The symmetries of each phase
are noted on the bottom right of each hexagon.

intermediate CL phase, which is stable in the finite window
D.< D < D"

In more specific terms, we analyzed the effects of magnon-
magnon interaction in the paramagnetic phase. There are two
gapped magnon modes in this phase. Their dispersion has
minima at £ @, where Q = (4rr/3,0). Within self-consistent
mean-field theory, magnon excitations soften at these momenta
at D, ~2.68J, and at smaller D the system has an XY
long-range spiral magnetic order, which breaks continuous
U(1) symmetry (long-range magnetic order) and discrete Z,
(chiral symmetry, spatial inversion, or parity). We found
that the interaction between magnons with opposite spins
is attractive. This attraction leads to the formation of a pair
condensate of two magnons with zero total spin and zero
total momentum, while individual magnon momenta are near
4+ Q. The attraction comes from the Ising, J,, part of the
exchange interaction, and involves both “normal” interaction
terms with two creation and two annihilation magnon operators
and “anomalous” interaction terms which do not conserve
magnon numbers. The pairs condense at D = Df > D., when
single-magnon excitations are still gapped. The condensation
gives rise to a finite staggered vector chirality « # 0 for
each elementary triangle of spins (up- and down-pointing
triangles have opposite chirality). This CL state spontaneously
breaks spatial inversion (parity) symmetry but preserves the
time-reversal and translational symmetries because each unit
cell includes one up-pointing and one down-pointing triangle.

The width of the chiral phase depends on the value of
J;. In our perturbative treatment, we found that there is no
threshold of J,, i.e., CL state develops for arbitrary small
J. because the pairing interaction is singular at D = D,.
This singularity appears at second order in J, due to strong
quantum renormalization of the interaction between magnons.
Known from the previous renormalization group analysis, this
spontaneous breaking of continuous U(1) and discrete Z,
symmetries would become weakly first order, leading to a
small but finite critical J, [17,18].

The paper is organized as follows. In Sec. II we introduce
the model (Sec. IT A) and consider a toy problem of a single
two-spin bound state (Sec. IIB). In Sec. III we introduce
Schwinger bosons and solve for the two-magnon bound state in
a many-body system in the presence of quantum fluctuations.
We first present self-consistent analysis of single-magnon
excitations and find the critical D, (Sec. Il A). Then, we derive

PHYSICAL REVIEW B 96, 184409 (2017)

the interaction between low-energy magnons (Sec. III B), and
show (Sec. IIIC) that it is attractive in the channel, where
the condensation of a two-magnon bound state leads to vector
chirality. We solve for the two-magnon bound state first at
small J, (Sec. IIID), to order Jzz, and then for a generic
J; (Sec. ITE). In Sec. IV we present DMRG calculations,
which support our analytical results. In Sec. V we summarize
our findings and outline their connections with other physical
systems of current interest. In Appendix A we discuss two
other phases in the vicinity of the CL phase: an Ising spin-
density wave state and a supersolid (SS) state. In Appendix B
we present the analysis of the bound-state development using
an alternative procedure to relate spin operators to bosons.

Relation to earlier works. The separation between the
breaking of a continuous and a discrete symmetry, either in
classical (thermodynamic) or in quantum phase transitions,
has been discussed for various physical problems. Several
Heisenberg spin models on a square lattice, e.g., J;-J, model
[4,5] and J;-J3 model [6], display 7" = O order which breaks
not only the SU(2) spin-rotational symmetry, but also a discrete
lattice rotational symmetry. Thus, the ground state of the J;-J,
model at large J, is a stripe order with ferromagnetic spin
arrangement either along X or along Y spatial direction. The
order parameter associated with the difference between X
and Y directions (an Ising nematic order) is quadratic in the
spin operators [4]. In two dimensions (2D), spin-rotational
symmetry cannot be broken at any finite temperature 7 # 0,
so that (S) = 0, but the discrete Cy lattice rotational symmetry
breaks spontaneously down to C, below a certain Ising
transition temperature Tigne. This leads to a finite-temperature
liquid nematic phase with broken Z, symmetry. This has been
identified in numerical studies [6,19].

In three dimensions (3D), long-range magnetic order
(S) # 0 is present below Néel temperature 7 < Ty, but still
there exists a temperature interval Ty < T < Tysne Where only
anematic order is present. For itinerant fermion systems, these
ideas formed the basis [10] for the magnetic scenario of the
nematic order, observed in Fe-based superconductors.

In one-dimensional (1D) systems, continuous symmetries
are preserved even at 7 = 0 because of the singular nature of
quantum fluctuations [16]. There have been several studies of
composite vector chiral (VC) orders at 7 = 0. A spin chiral
order with orbiting spin currents was found in § = % two-
leg zigzag Heisenberg spin ladder with XXZ-type exchange
interaction [20]. For an isotropic Heisenberg spin chain with
competing interactions, it was shown [21] that an external
magnetic field acts in the same way as an exchange anisotropy
and stabilizes long-ranged chiral order [22,23]. A chiral order
has been also found in a two-leg fully frustrated Bose-Hubbard
ladder [24] and was argued to generate staggered orbital
currents circling around elementary plaquettes [25,26]. Chiral
phases have also been observed in § = 1 zigzag ladder [27,28].
Magnetically ordered states coexisting with chiral orders have
also been studied at 7 = 0 in triangular [29,30] and kagome
[31] geometries.

As described above, a VC order ky, 7# 0 spontaneously
breaks parity (a symmetry with respect to spatial inversion),
but preserves time-reversal symmetry. This makes VC order,
which is the topic of our study, very different from scalar
chiral order xpmi = S, - SmxS; (where sites n, m, and [
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form, e.g., a triangular plaquette). Such an order breaks
both parity and time-reversal symmetries [32]. A ground
state with a scalar chiral order without usual long-ranged
magnetic order was proposed at the beginning of high-7, era
by Kalmeyer and Laughlin [33,34], who used a quantum-Hall-
type incompressible bosonic wave function to describe it. In
close analogy with the quantum Hall effect, this chiral spin
state has gapped excitations in the bulk but gapless excitations
at the edge of a sample. After almost 20 years, this proposal
has received a confirmation in a series of recent analytical and
numerical studies of § = % antiferromagnets [35-42].

Chiral (noncentrosymmetric) itinerant helimagnets have
been found to exhibit a first-order thermodynamic phase
transition into a chiral liquid phase that preempts the onset
of magnetic ordering [43]. While this phase does not break
the chiral symmetry spontaneously, it shows that the chiral
susceptibility can diverge while the magnetic susceptibility is
still finite.

Our finding of the two-dimensional CL phase with finite
vector chirality and no dipolar magnetic order is a realization
of the composite VC order in the ground state of a two-
dimensional quantum spin model.

II. ANISOTROPIC S =1 TRIANGULAR
ANTIFERROMAGNET

A. Spin-1 model

We consider S =1 model on a triangular lattice, with
anisotropic XXZ antiferromagnetic exchange between nearest
neighbors and an easy-plane single-ion anisotropy D(S%)?,
with D > 0. This is the minimal model to study a quan-
tum phase transition between a quantum paramagnet and
a magnetically ordered state with an additional discrete
symmetry breaking. Despite simplicity, the model describes
real materials [44,45].

The Hamiltonian of the model is

H= Z J,A’foHv +D Z (Sf)z’ M

ro,u r

where e; = a%, ex=a(—%/2 +/39/2), and es=a(—%/2—
ﬁj’/2) (see Fig. 1), a is the lattice constant, u = {x,y,z},
Jy=J,=J,and J; = ¢ J. We keep ¢ of order one through
most of the paper, but will consider the limits of small ¢ in
Sec. III C and large ¢ in Appendix A.

The model of Eq. (1) has two distinct phases at small and
at large D. At D = 0, it reduces to a U(1)-symmetric XXZ
Heisenberg model on a triangular lattice, which develops a
120° three-sublattice long-range magnetic order at 7 = 0.
Aside from breaking the continuous U(1) symmetry of global
spin rotations along the z axis, this noncollinear ordering
also breaks the discrete chiral symmetry. The sign of (k)
is positive for the ground state in which the angle between the
spins at sites » and m is 2 /3 and negative for the alternative
ground state in which the angle is —2m/3.

In contrast, the ground state for large enough D is a mag-
netically disordered state in which each spin is in the |S*=0)
configuration with (§) = 0, ($2) =0, (57) = (S7) = 1. This
productlike state preserves time-reversal and all lattice sym-
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metries of the model, and therefore represents a featureless
quantum paramagnet.

The goal of our work is to understand whether an inter-
mediate chiral liquid (CL) phase exists between a quantum
paramagnet and a magnetically ordered state at 7 = 0.

B. Toy problem of a two-spin bound state

To develop physical intuition, we first consider a toy
problem of the bound-state formation for two magnons excited
above the ground state at large D. The magnons carry opposite
spins S* = =1, so that the total spin of such a two-spin
“exciton” is zero. Its wave function is written as

1
|ex)=)  Yumln.m) where |n,m>=§Sn+S,;®j 10);.
n#m
(2)

Here, |0); denotes the |S§ = 0) state at site j. Projecting
‘Hl|ex) = E|ex) onto a single exciton subspace, we obtain an
effective Schrodinger equation for the pair wave function v, ,,,:

(E = 2DWum =7 Y [Ynrem+ Vnmg = C¥nmumigl,
8

3

where g = {e;,e;,e3,—e;,—ey,—e3} runs over Six nearest
neighbors.

Evidently, the last term of this equation describes an
attraction between the state with |S% = +1) at site n (a
particle) and the state with |S;, = —1) at a neighboring site
m =n — g (a hole). Fourier transforming into momentum
space, we obtain that the wave function of a “particle-hole” pair
with the center-of-mass (c.m.) momentum K and the relative
momentum q:

1 : .
Wk(g) = Y MRy, ()

obeys the following integral equation:

[E_zD‘J > (e"'g'<5"+">+e—"g‘<5"‘q))}‘I’K(q)
8

igq | _ig.
== Y IS e Uk(p)
g P
= 7Y e*1B,, )
g
In the last line we introduced B, via
1 g
By = N §e EPWk(p). (6)

The left-hand side of Eq. (5) can be expressed as [E —
wp, — wp, Wk (q), where wp, =D +J Zg ersE =pD4+2J

(cos[py] 4 2 cos[ ] cos[@]) is the single-particle disper-

sion. In these notations, a particle and a hole carry momenta
p,=K/2+¢q and p, = K/2 — q. The right-hand side rep-
resents the Ising interaction between a particle and a hole,
sharing the same bond of the lattice.

1
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By standard manipulations, this equation is reduced to the
matrix one

By =CJ) Mgy By, )
P
where the kernel is

1
Mgg = NZ

q

i1 —8)

, . (¥
4J Z§=1 cos [%] cos[q;1+2D — E

and g; = q - g;. Solving Eq. (7), we obtain the energy E of
an exciton with the c.m. momentum K.

We analyzed at what value of D the exciton energy E
vanishes for various c.m. momenta K for a given J, =¢J
and found the largest D for K = 0. For this K the minimum
of E(K =0) occurs at ¢ = +Q, and at the minimum
E™"(K = 0) = 2D — 6J. We parametrize relative momenta
as ¢ = = Q + p and expand the denominator of Eq. (8) in
small p. This leads to

Mgy ~2cos[Q - (8" — )10, ©

where, to a logarithmic accuracy,

V3 1

~ 8n?

In (311\2)

26},

dp = .
Jp2+p})+e 43

Iy

(10)

Here, A is the upper-momentum cutoff in the p integration and
€, = 2(D — 3J) — E is the binding energy of an exciton. With
these simplifications, Eq. (7) turns into Zg(o; cos[Q - (g’ —
8)] — 8g¢)Bg = 0, where o = 2¢J Iy and, we remind, g =
{e1,e2,e3,—e;,—e>,—e3} has six components, by the number
of nearest neighbors. This equation can be easily solved. The
condition that the determinant vanishes yields the quadratic
equation on a: 1 — 6a +27a?/4 =0. This equation has
two solutions: o) = % and ap = % The corresponding bind-
ing energies are €, = %JA2 exp[—2«/§noe,,/§] v=12).
Both are nonzero already at arbitrary small ¢ = J,/J. The
exciton energy E =2D — 6J — €, vanishes at a critical
D = D,, where

A2 _Zﬁnap
). (an

DU=3J(1+T€

We note that for both solutions «; and «; this happens when
the minimum of the particle-hole continuum is still at a finite
energy (D —3J > 0).

Comparing the two solutions, we find that if we keep
J, = ¢ J fixed and progressively reduce D towards 3J, the
first instability occurs for the solution with o = % One can

easily verify that the eigenfunction Bg) for this solution is odd
under spatial inversion g i —&) i.e., viewed as a function
of six elements of g, it behaves as

B =(1,1,1,-1,-1,—1)". (12)
This in turn implies that that \IJ;(]):O(q) is an odd function of q.

Solving the actual equation on Bfgl) by expanding E(K = 0)
about its minimum and transforming from B, to W (p) using

PHYSICAL REVIEW B 96, 184409 (2017)

8
y=1 ——
y=2
6L V=3 -----
w 4+

D/J

FIG. 2. Plot of Eq. (11) with three solutions «; = % a =
(both for K =0), and o3 = % (for K =2Q). The cutoff scale is

setat A = 2.

2
3

the inverse of Eq. (6), we obtain

—2i¢ J (sinlq.1—2sin [£] cos [2L])

4J(cos[qx]+2 cos [%] cos [@]) +6J +¢€p1 .

13)

WE(ILQ(Q) =

In real space, the corresponding ¥ = ¢(r =n —m) ~

n,m
sin[ @ - rle™"/%. The size of the exciton scales as £ ~ e};}/z.

For other c.m. momenta, a two-spin exciton also develops,
but its energy becomes negative at a smaller D < D;. Thus,
for K = 2Q = 2(4x/3,0), the minimum of the denominator in
(9) occurs at g = 0. For small g, the eigenvalue equation yields
a single root o3 = % > «. This leads to the pair condensation
at a smaller D than for the parity-breaking solution o =
(see Fig. 2).

As a hint what £ < 0 means, consider a finite density of
bound pairs. Once the pairs condense, the new ground state at
D < Dj can be described at a mean-field level by the Jastrow
wave function [46]:

|Wep) ~ e Zed®SESe ), (14)

where the real function ¢(k) = —¢(—k) is odd under in-
version, and u is a real number. As a result, W breaks
spatial inversion but preserves time-reversal symmetry. One
can straightforwardly check that in this state the z component
of vector chirality «, is finite on every bond (rn,m) while
(Sn) = 0 for every site n. Therefore, (14) describes the CL
state. The sign of u selects the direction of the chiral order
on a given bond and encodes Z, character of the CL phase.
This state is also called a spin-current state [30] because bond
variables k,, form oriented closed loops on every elementary
triangle of the lattice.

III. SCHWINGER BOSON FORMULATION

A. SU(3) Schwinger boson representation

Having demonstrated the possibility of a VC order by
analyzing the energy of a single two-spin exciton on top of the
product ®;|S j = () state, we now turn to the technical task of
establishing its existence in the full many-body problem. For
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this, we need the formalism capable of treating both the large-
D paramagnetic state and the low-D magnetically ordered
state. Such a formulation is provided by the Schwinger boson
theory [47] associated with the fundamental representation of
SU(3) [48]. The bosons obey the constraint, which needs to be
fulfilled at every site r of the lattice,

D bbb =1, (15)
with m = {1,0,]} label eigenvectors of S:: Sfbim|0) =
s5,biml0) with s3 = 1, 55 = 0, and 5§ = —1. We will enforce
the constraint in Eq. (15) by introducing the Lagrange
multipliers p,:

H=H+Y urblibe +bl by +blobro — ). (16)
r

The spin operators S are bilinear forms of Schwinger
bosons

S: = blS*b, = bl bey — b} by, (17a)
S} = blStb, = V2(b,bro + blybyy),  (17b)
Sy =blS™b, = V2] | bro + blobry),  (17c)
where we defined
by = (byy bro br))'. (18)

With these expressions, we can write H as

H=> J.bl8"bbl,, S"brie, + DY (1 —blAb,),

rov,u r
(19)

where Ay g = 84,085,0. The last term in this expression
represents (Sf)2 which reduces to 1 — biob,o because of the
constraint (15). The product state at large D is recovered if
we introduce the condensate of b, boson, i.e., replace b, and
bio operators by bio = byo = s and set s = 1. By continuity, s
remains nonzero in the whole paramagnetic state.

After condensing bio in Eq. (17), spin operators SE become
proportional to (bi¢ + b, ) while S? retains its quadratic form
(17). The quadratic form of the spin-wave Hamiltonian (19)
can now be written easily as

/F(sw = Z szj(big + br&)(biJreV& + br+e.,(r)

r,w,o

+uY e+ N =D)Xs* =1, (20)

r.,o

where o = {1,]}, and N is the total number of sites.
The constraint is imposed on average, via the replacement
ur — . By Fourier transforming the bosonic operators
by = ﬁ >, brye’® T, we obtain Hj,, in momentum space:

How = Y (1 + 5 )by, b + N(u — D)(s* — 1)
k,o
S26k

+ 25 bl +He), @1)
k,o
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with € = 2Jyk, vk = D, cosk - e,. Hy, is diagonalized by
means of a Bogoliubov transformation:

bko = UkVko + VKV g+ 22)
with
ur = (U + wr)/ 2/ nog), (23a)
vk = (1 — o)/ 2/ nwy), (23b)
wp =/ %+ 2us?ey. (23¢)

The diagonal form of H,,, is

- - 1
o= 80 216" 11+ o (o + ) - 4]

ko
(24)

The dispersion relation wy has minima at the wave vectors
+ 0 = £(47/3,0), and the paramagnetic state remains stable
against spin-wave excitations as long as w?, > 0. The varia-
tional parameters s and p are obtained from the saddle-point
equations d EgM/ds = Oand 9 EgM /9 = 0, where ESM is the
ground-state energy density:

1
EM = 5 Yo+ (u—D)s*—1)—p.  (25)
k

The resulting self-consistent equations are

dk 2
2=2_ _w’ (262)
ez  wi
dk
D=u(1+ —6—"), (26b)
VBz wi
8r2

where Vgz = Wl is the size of the first Brillouin zone.

The single-magnon gap w g vanishes at the phase boundary
between the paramagnetic and the magnetically ordered
phases. Combining this condition with Eq. (26) we obtain
the critical value D, =~ 2.68J [see Fig. 3]. The downward
renormalization of D, from its naive single-particle value of
3J to D, ~ 2.68J is caused by the renormalization of the
large-D paramagnetic ground state by quantum fluctuations,
which are captured by our mean-field parameters s and pu.
Note that the value of D, obtained this way, is in much better
agreement with numerical results [49] than D, = 6J, obtained
using more traditional Holstein-Primakoff—type approach [50]
(see Appendix B).

B. Interaction between modes

To analyze two-magnon bound states in a many-body
system, we have to know the interaction between magnons.
It comes from the Ising part of the Heisenberg interaction:

MY =Y ey = 1)t = Nrge,)). 27

The signs of separate terms in (27) show that the interaction
is repulsive between magnons of the same spin and attrac-
tive between magnons with opposite spins. In momentum
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FIG. 3. (a) Dependence of saddle-point parameters s and
on D/J [as indicated in Eq. (26), there is no ¢ dependence].
D./J =~ 2.68 indicates the quantum critical point of single-magnon
condensation below which long-range magnetic order develops. (b)
Magnitude of the single-magnon gap wg near the critical point
D—-D.<J.

> Voo @bk gobh, o Pirobiio: (28)
kl,kz,q,a,a’

with V,51(q) = 00'¢ Jy,.

We will show below that an attractive interaction between
the 1 and | magnons induces a two-particle bound state with
S, = 0 in the full many-body system. The energy E of this
bound state vanishes at a critical value of D = D’ > D, above
the single-magnon condensation transition, like in the earlier
analysis of a single exciton. A vanishing gap of a two-magnon
bound state signals a divergence of the susceptibility of an
order parameter which is bilinear in spin operators. Based
on our previous discussion, the obvious candidate is vector
chirality. Condition D? > D. means that the chiral suscep-
tibility diverges while the ordinary magnetic susceptibility is
still finite. This implies the quantum paramagnetic state and the
magnetically ordered state are separated by the intermediate
CL state. Crucial for this consideration is the fact that the
single-magnon spectrum is twofold degenerate, with minima
at £ 0. This gives two choices for the sign of vector chirality
and in CL state the system chooses one particular sign,
spontaneously breaking Z, chiral symmetry.
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To see this, we expand H§4) in terms of the Bogoliubov
quasiparticle operators (22) as

1 .
“)
HI = N Z quza(kl’k2)yljl+q1\yk|2_ql'yk2iyk17\

ki,k2,q
1 i
5 2 Ve R kDY o Vg Voo Viro

kiky,q,0

1
+5 Y [V kY] o Viro Vio Vokriqs
kik>.q.0

+ VU1 k2) Y-k ~q1 Vtrrql Vio s Vit + Hee]. (29)

The interaction vertices between spin-up and -down particles
are given by

V2% (ky k) = 2[Viy(ky + k2)Bi, i, i, 4g.k0—g

+ Vi (@ Ak, ki +q Akskr—ql5 (30a)
] Virlky —ky 4+ q)
V2 ke k) = %Akz,kﬁrqul,qu
Vir(q)
+ A kg Ak kg (30b)
V;I(kl,kz) = Viplky — ko + @) Ay k44 By ko—g
+ Vi@ Ak, k1 +q Bro ki —q (30c)

_Vplki—ka+q)

V, 0k ky) = Bi, ky—q B ki +4

2
Vig(ky + k2)
+ Mf ki ky By +g.k—g>  (30d)
where

Wk, + Wk
A ky = Uk Uk, — Uk, Vk, = 2\/‘?&); (31a)

1 2

Wy, — Wk,
Bi, k, = Uk, Vk, — Vg Uk, = ~————. (31b)

o i 2\/ Wi, Wi,

And, we remind, Vs (q) = 00'¢ Jyy.

C. Order parameter and its equation of motion

It is useful to develop some intuition before addressing
the issue of bound-state condensation in the many-body
problem represented by the Hamiltonian (29). In the analysis in
Sec. I B we selected staggered vector chirality as the candidate
for the two-magnon order parameter. (Neighboring up- and
down-pointing triangles have opposite chirality.) This order
parameter is expressed as

3
k= %Zz D {Sr X Srae), (32)

rev j=1
where the sum is over down-pointing triangles of the lattice
and we go clockwise within a triangle. The brackets denote
average over the ground state. In momentum space the vector
chirality reads as

. 3
K:_NZZsin[q-ej](S;S:q>~ (33)

q j=1

184409-6



CHIRAL LIQUID PHASE OF SIMPLE QUANTUM MAGNETS

In terms of Bogoliubov eigenmodes, this becomes

252 >
_% Z Z sinlg - €;1(ug + v,)°

q j=1
<AVl g + Va)—gr + 7)) (34)

In the low-energy long-wavelength approximation we focus on
the lowest-energy magnons with ¢ = £ Q. In terms of these
magnons, vector chirality is expressed as

3\/_ 3us? 4
€= Nwg Vel Ve g THE) ()
This result shows that vector chirality is associated with the
appearance of the bound state in the antisymmetric S* =0
channel: « changes sign under Q@ — —Q and is formed
by 1 and | magnons. We then introduce, by analogy with
superconductivity, composite pair operators

dLk) = Yokt Yo+ky» (36a)
Pr(K) = Vo k1 Vo—k|- (36b)
where here and below we label Q = —Q. The long-

wavelength limit corresponds to small k. The vector chirality
is related to average values of these pair operators

3
K = f" ~ @5+ dr — 6% — du). (37)

The equations for ¢, (k) are presented graphically in
Fig. 4. The shaded vertices in this figure are fully dressed
irreducible interactions in the particle-particle channel
(internal magnons have opposite frequencies +e and
momenta @ — p and Q + p). We verified that the particle
number nonconserving dressed vertex Vq3' as well as the
dressed vertex V>, which is symmetric in the spin index
o, do not directly contribute to the renormalizations of ¢/
We also verified that magnon self-energy does not affect
the formation of two-magnon bound state in any qualitative
way and is therefore irrelevant for our purposes. Finally,
the set of equations for ¢ and ¢; can be rearranged as the
subset for ¢ — ¢, and the one for ¢ + ¢,. We find that the
pairing interaction is stronger for ¢ — ¢, in agreement with
vector-chiral nature (35) of the anticipated order, and focus
on it below (see [30] for similar manipulations).

Collecting the diagrams in Fig. 4, we obtain an integral
equation

F2209 _ 4F04 o*

—Z k.p kp’r _ g, (38)
2wg-p

Here, 0 = 2wg_i(¢pr(k) — ¢ (k)) and

F2 =T7,(0+p,0—p) — T35, «(Q+p,Q—p),
(39a)
¥ =T (0+p.0—p)-T3%_, 1(0+p.Q—p).

(39b)
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_ -k -k
0-k 0+p g 0-p g
or(k) = +
0+k 0-p §+k Q+p §+k
_ -k -k
0+p g 0-p g
+ +
g-vp é+k g+p é+k
O+k O+p g+k 0-p g+k
¢r(k) = +
0-k Q-p 0k Q+p 0k
_ 0+k 0+k
Q+p g+ 0-p g+
+ +
0-p 0k O+p 0k

FIG. 4. Equations for the vertices ¢,z (k). The shaded rectangles
denote the fully dressed irreducible interactions between low-energy
magnons. Solid (red) and hollow (blue) oriented lines represent spin
1 and | magnons, correspondingly.

where I'’s are the fully dressed irreducible vertices between
magnons with opposite frequencies. Each I" term originates
from the corresponding interaction term in the Hamiltonian,

e.g.,[;%,(Q+p, Q— p) originates from V;** (Q+p, @ — p).
The factor 1/2wg-p) comes from the 1ntegrat10n over the
frequency of internal magnon lines, e.g.,

de 1 1 .
2mr € —wg_p+id —€ —w_gyp +id N

. 40
Tog @O

The equation identical to (38) can be also obtained from the
equation of motion for the chiral combination 6; (see [30]).
The appearance of a nontrivial solution of Eq. (38) signals the
instability of many-body paramagnetic ground state towards
the condensation of two-magnon bound pairs.

Equation (38) highlights the role of the particle number
nonconserving terms I’ ;‘0 and I 24 [second line of (38)].
Without them, the equation for 6 is U(1) degenerate: a solution
6y is defined up to a complex phase, i.e., there is a degeneracy
in the order-parameter manifold. Such degeneracy is lifted
by the anomalous terms, which depend on 6. The solutions
with real and imaginary 6, now become different and the
system chooses one of them. One can easily verify that the
state with VC order parameter « # O develops if the solution
6, is real. The real solution preserves time-reversal symmetry,
as expected for the VC order. On the contrary, if the solution
of (38) is imaginary, it yields an order parameter that breaks
time-reversal symmetry rather than vector chirality.
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D. Solution for the bound state at small J,

We now analyze the structure of the interactions in (38)
in the perturbative limit of small J,. Because each interaction
term in the Hamiltonian has J, as the overall factor, a nonzero
solution for 6, emerges only if the overall smallness of the
interaction is compensated by the singularity of the momentum
integral in the kernel, much like it happens in BCS theory of
superconductivity. We argue below that the same happens in
our case, but the singularity emerges at order Jzz, once we
include the renormalizations of the interaction vertices. In this
respect, the pairing that we find is similar to Kohn-Luttinger
effect in the theory of superconductivity [51].

1. First orderin J,

To first order in J, the vertices I in Eq. (38) coincide
with the interaction terms V in the Hamiltonian. There is a
potential for singular behavior of the kernel as it contains
1/wg—p which becomes singular at p =0 and at D = D,
where single-magnon excitations condense. One can easily
check that at small p and small k, the prefactors for 6, and 9;
in (38) are negative. This implies that (i) the pairing interaction
is attractive, and (ii) the strongest attraction is for real 6. Using
the explicit forms of the bare interactions [Eq. (30)], we find
that at small k and p all four interactions V in Eq. (38) are of or-
der one in units of J, because Ag, k, and By, , in (31) are O(1):

9 (wo—p+wo_r)

Fﬁ”:-Afﬁﬁe—-LiiLL——gil. 1)
’ T 4T wopwo-k

In this situation, 6; depends on k in a nonsingular way, and

the condition that 6, is nonzero reduces to

J. 1
l=a= , (42)
N Xp: C()Q,p

where a = O(1) is a numerical coefficient. Since wg vanishes
at D = D., the kernel is singular. However, the singularity
is integrable because wg_, scales linearly in |p| at D = D,.
This implies that there is no instability towards CL state at
small J,, as long as we use bare interactions in Eq. (38).

The reason for the absence of the instability is related to
specific property of Ay, x, and By, x, which determine the
interaction terms V in the Hamiltonian. Namely, when k| and
k; are close to =0, Ak, , and By, r, are O(1). This is what
we used in the derivation of Eq. (42). On the other hand, if
only one wave vector, say ki, is near =0, i.e., @y, is small,
while the other one, k», is sufficiently far from £ Q so that
wk, = O(J), both Ag, k, and By, k, scale as /g, /wg, > 1.
This implies that the interactions Vq22”(k1 k) and V;O(kl,kz)
are ~O0(1) only when all incoming/outgoing momenta are
small, but become much larger when one momentum remains
near £+ @, while another one moves away from + Q.

This observation suggests that one can potentially get
a much stronger dressed interaction between low-energy
bosons, if one includes the renormalization of interaction
vertices V,"(ky.k,) by virtual processes involving bosons
with momenta far away from £ Q (see Fig. 5 for schematic
illustration). To verify this, we now compute the dressed
vertices I" to order Jzz.
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LW SW SW LW LW SW SW LW

LW SW SW LW LW SW SW LW

FIG. 5. Schematics of the processes which contribute to relevant
renormalization of the interactions quz" (left) and Vq04 (right) between
low-wavelength (LW) magnons by short-wavelength (SW) magnons
with momenta far away from £ @. Complete list of diagrams to
second order in J, is in Figs. 6 and 7. The renormalized interactions
I" scale as O(JZ2 /a)ZQ) and are much stronger than bare interactions
Vo~ .

2. Second order in J,

The irreducible interactions I' to order JZ2 come from three
sets of processes: the 2 — 2 process that conserves number of
bosons,and) — 4 (4 — 0)and 1 — 3 (3 — 1) processes that
create or annihilate additional bosons. The external momenta
in the vertices are fixed at p, k < Q, while the internal ones
are not assumed to be small, and are integrated over the first
Brillouin zone.

The relevant second-order diagrams for F,%Z_OP(Q + p,

Q — p) are shown in Fig. 6. The diagrams for F%ZQ‘)_k_p

(Q + p, Q — p) are the same except for different momentum

labels. Summing up contributions from all six diagrams, we
obtain

6

2 2]3
LA 9% 3)

F220 - __ >
8wo—pwo-k {7

k.p

where §; are numerical factors listed in Fig. 6.

(a) Q+p O+k (b) O+p O+k
Q-p 2-k Q-p 0-k
©  gup ok D gy -k
5.00 5.00
Q-p O+k o-p 0+k
@ 0+p 0+k ® Q+p 0+k
0.98 0.98
Q-p 0-k 0-p 0-k

FIG. 6. Nonzero second-order diagrams for the effective vertices
F,fi"p(Q + p, 0 — p). The diagrams for F%Z’fkfp(Q +p,0—p
are the same, except for different momentum labels. Solid (red) and
hollow (blue) oriented lines represent Green’s function of spin 1 and
| magnons, correspondingly. The value of B; in Eq. (43) is listed
separately for each diagram.
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(@) 2°P Q+k b)) 2-p 0+k
o+p ok o o
(c) 2-p 0+k @ ¢-p O+k
0-k O+p 0-k O+p
©  g-p O+k O op 0+k
5.00 5.00
0+p 0-k 0+p 0-k

FIG. 7. Nonzero second-order diagrams for the effective vertices
re (Q+p 0 — p). The diagrams for Fzg E p(Q—{—p,Q -p)
are the same, except for different momentum labels. Solid (red) and
hollow (blue) oriented lines represent Green’s function of spin 1 and
| magnons, correspondingly. The value of B; in Eq. (44) is listed
separately for each diagram.

Similarly, the second-order renormalization of the anoma-
lous vertices (see Fig. 7) yields'

25243 6
e > (44)

_4F% —
kp — SwQ pP0o—k

where f8; are numerical factors listed in Fig. 7.
We see that
F% = —4F),
25.86s%  2J3 ISNA

__ ~ 249" (45)
8 wopwo-k WQ—p®Q—k

where we used s> = 0.77 (at D = D,) for the condensate of
the b, boson s = (b,o) (see Fig. 3). We emphasize that (i) the
dressed interaction is negative, i.e., attractive, (ii) the interplay
between normal and anomalous vertices remains exactly the
same as for bare interaction, i.e., the largest attraction is for
the real order parameter 6, and (iii) the attractive interaction
now scales as 1/(wg_pwg—_k), i.e., the pairing vertex becomes
truly singular at small k and p.

Substituting Eq. (45) into (38) we obtain integral equation
on B, with @ = 3.23s% = 2.49:

at?J?
— Z ¢ 0, = b. (46)
» a)Q pa)Q k

Equation (46) shows that the combination C = wg_0 is
actually k independent. This allows one to transform it into

'One technical remark: a 1/2 symmetrization factor should be
included when calculating diagrams in Figs. 6(c) and 6(d) and
Figs. 7(e) and 7(f), due to symmetrization of the internal propagators.
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the self-consistent equation which reads as

1 1 1 1 1
S — —_x — .47
a§2J3 N Xp: w3Q—p N Xp: (wZQ + 9]2S4p2)3/2 @7)

The integral in the right-hand side is easily evaluated to
be 1/(18w J2s4a)Q). Importantly, it scales as 1/wg and
therefore diverges as D — D.. Using wg ~ 0.705(D — D)
(see Fig. 3), we obtain the critical value Df for the instability
towards CL state:

D? = D, +0.042a¢2J. (48)

We see that Dj > D, for arbitrary small { = J./J, hence,
there is no threshold on the strength of the interaction for the
emergence of CL phase.”

Before we move to the analysis at arbitrary J,, a comment
is in order. Within the saddle-point approximation of Eq. (26),
wg & (D — D.) [we used this relation above to obtain (48)].
This approximation becomes exact in the limit N — oo, where
N is the number of bosonic flavors [49]. In contrast, the more
traditional Holstein-Primakoff mean-field approach leads to
wg o (D — D.)"? (see Appendix). None of these exponents
is actually the exact one because the dimension of the effective
theory in our case, Dy, = d + 1 = 3, is lower than the upper
critical dimension Dy, = 4. Moreover, a perturbative (e-
expansion) renormalization group analysis shows that there is
no stable fixed point for the simultaneous breaking of the
continuous U(1) and the discrete Z, symmetries [17,18], i.e.,
at J, = 0 the transition at D, would be weakly first order. If we
take this into account, we find that the intermediate CL phase
still emerges, but for J, above some small but finite value. This
is because wg remains finite at a first-order transition, and a
finite J, is needed for the bound state to form.

E. Bethe-Salpeter equation

In the previous section, we obtained the instability of a
paramagnet towards a CL state at small J, by analyzing the
equations on the pair fields ¢, (k) and ¢g(k). In this section,
we use a complementary approach and extract the information
about two-particle bound states from the poles of the four-point
vertex function. This last approach can be rigorously justified
in the opposite limit when J, is large enough such that the
instability towards CL state occurs while the density of bosons
is still small. The bosonic density is (b,ta brs) = v,%, where, we
remind, vy is the Bogoliubov parameter, defined in Egs. (22)
and (23). Below we assume that vy is small at D = Df and
keep only the leading-order terms in vg. In our notations, vy is
small when the Lagrange multiplier u is large [see Eq. (23)].
Figure 3 shows that y is large in a wide range of D > D,.

The fully renormalized normal and anomalous four-point
vertex functions F;V (ki ,k,,w) and F;‘(kl ko, w), with incom-
ing frequency w, are obtained by solving the Bethe-Salpeter
(BS) equations. Within our approximation, these equations

ZNote that the scaling (48) is different from the one in Ref. [30], due
to the different asymptotic behavior of the interactions in that model;
in Ref. [30] the interaction scales as 1 /a)ZQ already at the bare level.
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ki1 ki+q1 kit kitq? ki1 ki+q¢ 1t  kit+qt kit ~ki—d 1t  kit+qt
. ' :
1 1 1
/ ! / !
LY (ki k.w) ﬁ q = 29 + q ﬁ P A q ﬁ R
: : :
1 1 1
> > 1 1
ko | ko—ql kol  ka—ql ko | ky—q' | ky—ql ko | “ky+q' | ka—ql
ki1 ~ki—qt ki? —ki—qt ki1 Ei+qd 1t  —ki—qt kit —ki — QT —ki—q?t
> < —— > > < > —<
: : :
/ 1 ! 1 o / Voo
TRy, K, ) ﬁ q = A + q ﬁ R q ﬁ 29
: : :
1 1 1
1 1
ko | ~kyt+ql kol —ko+ql ko | ky—q' | —kotql kol ~kyt+q' L  —kotql

FIG. 8. The diagrammatic representation of the Bethe-Salpeter equation.

reduce to the ones shown in Fig. 8. In analytic form?

Ty (ki ke, 0) — V2 (K ko)

/ dq' F;V,(kl,kz,a))VZZ” (ki +q' k> —q")

Vaz

dq’ 16T (k1 k2, 0)V,2  (ky + ¢ ko — q')
F;(klakZ’w) -

-
g

Note that this set does not contain the interaction V3!.
According to Egs. (30) and (31), V3! contains an additional
factor of v; and therefore is smaller than V?? interaction.
However, we still need to include V*° and V% terms in the
anomalous vertex, despite the fact that they contain v,%, because
these terms fix the phase of the two-magnon order parameter
[see discussion following (38)]. But even here, V3! vertices
do not contribute to the renormalization of the anomalous
vertex F;I“, again because they contain additional small factor

Ok, +q' + Vky—q' — ©

’

Ok, +q' + Oky—g' + @
(49a)
V k1 ko)
dq’ F;\rl(klakaQ)V;Eq'(kl +q'.ky—q")
Vz

Ok +q' + Oiy—q' — @

dq’ I‘;‘,(kl,kz,Q)sz" (k1 +q' k2 — q)
Viz

Wk, +q T Opy—g + @
(49b)

of vy compared to V?? vertices. The second-order diagrams
(c) and (d) in Fig. 7 are not included in the BS equation
too. These terms are not relatively small in v, however,
given that they just reinforce the negative amplitude of T'2,

30bserve that incoming/outgoing lines in Fig. 8 belong to particles
with opposite spin indices o. As a result, there is no need to
symmetrize BS equations. This explains the absence of usual factors
of 1 in front of the interaction terms in (29).

we do not expect these terms to give rise to any qualitative
changes.

There are two special c.m. momenta: K = 0 (k, = —k; =
Q) and K =2Q (ky = k| = Q). For each case, we fix the
incoming momenta k; and k,, and discretize the momentum ¢
in the first BZ of the triangular lattice. We then solve Eq. (49)
numerically.

Implementing this procedure, we obtained that bound state
appears at a finite frequency w already for arbitrarily small
¢. This is an expected result because in 2D the density
of states has a logarithmic singularity at the bottom of the
magnon band. The appearance of the bound state should not
be confused with the instability towards CL state. The latter
occurs when the frequency of the bound state reduces down to
Zero.

In a close similarity with the analysis of a single two-spin
exciton in Sec. II B, we find two bound-state solutions for
K =0, at frequencies 2; and €2, and one solution for
K =20, at frequency €23. The solutions have the following
symmetry properties of four-point vertices (see Fig. 9):

Tpha(0.0.9) =-Ty"(2.0.Q1). odd (50a)
FyA(0.0.9) =T)/4(0.0.2), even (50b)
rY40.0.9;) = ""(0.0.93). even. (50c)

The two-particle propagator near the pole w =,
(v = 1,2,3) has the form [52,53]

ki—ky k k
G<2><w,K=k1+k2, 5 2 12 2+q>

~ <O|Vk1+quk2—q¢|\P(V)><\y(1))|ylg1?yljzi|O)

w — Qv
| VR a0 () 6D
w — Qv ’

where \D;}’)(k) is the two-particle wave function with total
momentum K and relative momentum k.
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|
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Sed 1 Y (0.0.0) ~TQ.0.w)
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S
< e
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0 0.05 0.1 0.15 0.2

® TY©0.0Q) (© TY@09) O TYQ00)

~-T4Q.0.Q) ~T5(0,0.2) ~T4(0.0.Q3)
+00
x =
- C I . PSS
0 Vg 2 0 Vg 2
qx qx

FIG. 9. The four-point vertex function solved by discretizing
Eq. (49) on 60x60 uniform mesh. The parameters are fixed at J =
¢ =1, D =2.808. (a) Energy dependence of I'; in three dominant
scattering channels. The positions of the poles are denoted as €2, in
the figure. (b)-(d) Momentum dependence of I, at the poles 2, + €,
where € — +0.

Alternatively, we can obtain this two-particle propagator
from the self-energy corrections. Near the pole at v = 2,

ki —ky ki —k,

G(Z) K-
w > 3 +q

ki —k
%G32)<QV7K7 12 2)

ki —k
x Y (kK2 Q2,) - G <QK% + q)- (52)

Combining Egs. (51) and (52), we can connect the sym-
metry of four-point interaction vertices to the symmetry of
two-particle wave functions:

Fp(0.0.2) v (g

= = , 53
Fp_q(0.0.2) Wy (—q) o
v Q, sl
q (Q7 Qv ) _ K—ZQ(q) (53b)

r(0.0.2) W, ,(—q)

From these relations we can extract the symmetry of the
bound-state wave functions:

W o) = =il (—q), (54a)
(@) = Ve (—g), (54b)
o) = Wi, 5(—g). (54¢)

We found that out of three bound-state frequencies, the
smallest one is €2;. We see from (54a) that the corresponding
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[Ny
(d)
Leo 8.22VD-D
I fe =8 ¢ b ~430yD=-D;
0.1
0.01
1075 1074 1073 1072 1073 1074 1073 1072

D - D(; D - D(?

FIG. 10. (a), (b) Phase diagram of the XXZ model with single-ion
anisotropy Eq. (1). The CL/PM phase boundary is obtained by solving
the BS equation (49) on a nonuniform mesh, where more points are
sampled near the singular part of the interactions until convergence.
The Ising/PM, Ising/SS, and SS/XY phase boundaries are discussed in
Appendix A. In (a) we used the solution of Eq. (49) with only normal
interactions present. In (b) we used the full solution of Eq. (49). (c),
(d) The chiral phase boundaries in log-log scale for panels (a) and
(b), respectively.

wave function is odd under spatial inversion, consistent with
the symmetry of the chiral order parameter «.

When ¢ increases at a constant D, or D decreases at a
constant ¢, the attractive interaction between bosons with
opposite flavors also increases, and the bound-state frequency
2| decreases and eventually reaches zero. The softening of the
2 mode signals the onset of the CL phase.

We show the location of the transition into the CL phase
in Fig. 10. The solid line between CL/PM in Fig. 10(a)
shows the location of the boundary of the CL phase, obtained
numerically by keeping in the BS equation (49) only the
normal interaction V2% (i.e., only particle number conserving
processes). Figure 10(b) shows the location of the CL phase
boundary obtained by solving the full Eq. (49), keeping
both V2% and V#°, V% interactions. In both cases, the phase
boundary is obtained by requiring that the pole frequency is
zero, 21 = 0.

Although the analysis in this section is justified when D?
is substantially larger than D, which requires ¢ of order one,
it is nevertheless useful to compare the results of this and the
previous sections. In the previous Sec. III D, we found that the
instability towards CL state at small ¢ is related to singular
behavior of the dressed pairing interaction, which scales as
c? /a)ZQ. A naive discretization of Eq. (49) using a uniform
mesh of 210x210 points in the first BZ does not capture
the singular part of the interaction. To obtain the boundary
of the CL phase at small ¢, we used a nonuniform mesh
which is much denser near the singular region of Eq. (49). The
phase diagrams shown in Fig. 10 were verified by sampling
~5000 points near ¢ = {0,2Q} on top of a 30x30 uniform
background.
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To further compare the results obtained to second order in
J, with the ones obtained by solving BS equation, we label by
« the overall numerical factor from the second-order diagrams.
The full second-order result, Eq. (45), gives o = 2.49. If
instead we pick only normal forward scattering process from
forward scattering normal vertices [diagram (a) in Fig. 6],
we obtain o ~ 0.33. If we added up all ladder contributions
[diagrams (a) and (b) in Figs. 6 and 7], we would obtain larger
a ~ 1.34. Observe that larger « leads, at fixed ¢, to larger
critical Df [see Eq. (48)]. This is consistent with the results
obtained by solving BS equation, Fig. 10. We recall that if
we use all second-order diagrams, we obtain an even larger
o = 2.49. This means that using only ladder diagrams in the
BS equation gives a conservative estimate of the critical Df for
the instability towards the CL state. In Figs. 10(c) and 10(d),
the critical scaling of the chiral phase boundary is found to be
¢b~(D? - Dc)l/z, again in agreement with the JZ2 analysis
in the previous section.

IV. DMRG CALCULATION OF THE SINGLE-
AND TWO-MAGNON GAPS

To provide further evidence that the two-magnon bound-
state gap A, closes before closing the single-magnon gap A
upon decreasing D, we perform density matrix renormaliza-
tion group (DMRG) calculations on 6 x 6 triangular lattice with
periodic boundary condition.* M = 6000 states were kept in
the calculation, leading to truncation error < 10~* for all the
data points presented here.

In DMRG, the two-magnon gap A, (single-magnon
gap Ay) corresponds to the energy of the first excited state in
the S, = 0 sector (ground state in the S, = 1 sector), measured
from the S, = 0 ground state. Since the transition into the CL
phase belongs to the d = 3 Ising university class, the critical
exponent v is given by visn, & 0.63. Similarly, the transition
into XY phase belongs to d = 3 XY university class, giving
vxy ~ 0.67:

Ap=EY = EQ = cy(D =Dy, (55a)
A= ES | — E g =c(D = D)™,  (55b)

where the superscripts (0) and (1) denote the ground and the
first excited state, respectively.

In Fig. 11, we calculate the evolution of the two gaps
as a function of D, for four different values of ¢ =
{0.5,1.0,1.5,2.0}. The data are then fitted to Eq. (55) with
two fitting parameters (while keeping v fixed to the known
value). In all cases, the two gaps clearly cross each other
before closing, indicating that the VC order emerges be-
fore single-particle excitations of the paramagnetic state
soften.

As discussed in previous sections, the first excitation in
the S, = 0 sector is odd under inversion, and its condensation

“We have also studied a 6x 18 lattice with cylindrical boundary
conditions, the gaps are then extracted by sweeping the center of the
cylinder. The results are qualitatively the same as the 6 x6 PBC ones
shown in the main text.
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FIG. 11. Two-magnon gap A, and single-magnon gap A, ob-
tained from DMRG on 6 x 6 triangular lattice with periodic boundary
condition, with J = 1. The solid (dashed) line represents fitting to
the gap A, (A;) by Eq. (55) with two parameters {cp, Dy} ({c;, Ds}).
Only data points before gap crossing are used in the fitting procedure.

signals the appearance of the VC order. This can be checked
numerically: by performing an exact diagonalization on 3x3
and 3x6 lattices, we can obtain the wave function of the
lowest-energy states. The first excited state in the S, = 0 sector
is always found to be odd under inversion.

V. CONCLUSIONS

In this work, we studied the sequence of quantum phase
transitions in the spin-1 triangular XXZ model, induced by
an easy-plane single-ion anisotropy D (see Fig. 1). Within
noninteracting magnon approximation, the system is in a
paramagnetic state at D > D, and in the XY-ordered phase at
D < D..We analyzed the effects of interactions and found that
they change the phase diagram in a qualitative way. Namely,
we found that the continuous U(1) symmetry and the discrete
chiral Z, symmetry, which are spontaneously broken in the
XY ordered phase, break at different values D, implying the
existence of an intermediate chiral liquid phase in-between
the XY and quantum paramagnetic phases. This liquid phase
has no magnetic ordering ({(S,) = 0) and is characterized
by a finite staggered vector chirality (k,, - Z) # 0, which
has opposite sign on the neighboring triangles. It therefore
spontaneously breaks spatial inversion symmetry. Note that the
time-reversal symmetry is preserved. Our analytical results are
supported by DMRG simulations on a 6 x6 triangular lattice.
Remarkably, we find the gapped chiral liquid phase to extend
up to large values of the exchange anisotropy (¢ > 2), for
which its window of stability reaches D? — D, ~ J /2. This
rather large range of stability opens the possibility of observing
this phase in real materials.

As we discussed in the Introduction, this is not the first time
an Ising-type phase with nematic order parameter bilinear in
microscopic spin degrees of freedom is observed. However,
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FIG. 12. Schematic plot of the inverse Dzyaloshinskii-Moriya
effect.

the previous and closely related observations [18,30], involved
semiclassical large-spin (S >> 1) expansion of Heisenberg
models with pronounced spatial anisotropy subject to external
magnetic field on triangular and kagome lattices, correspond-
ingly. Our consideration is specific to a more “quantum” spin
S = 1 and spatially isotropic triangular lattice model and does
not require an external magnetic field.

The experimental signatures of the VC order have been
discussed in [18,30]. They are related to the so-called “inverse
Dzyaloshinskii-Moriya (DM)” effect, which was proposed
as a mechanism for multiferroic behavior of spiral magnets
[54-56]. Namely, a local VC order parameter (S;xS;)
produces a net electric dipole proportional to e;;x(S;xS;)
[where e;; = (r; —r;)/|Ir; — r;|]. As shown in Fig. 12, the
polarization is induced by the displacement §r of a medium
ion (with charge g;) away from the bond center. This ion is
typically an anion (g; < 0), e.g., oxygen O?~ for the case
of transition-metal oxides, and it mediates the superexchange
interaction between spins S§; and §;. The induced DM
interaction, Dj; o< 8r xej;, lowers the magnetic energy by
Dj; - (§;xS;), whichislinearin 6r. Because the elastic energy
cost is quadratic in §r, the local electric polarization g;8r
becomes finite once (S; xS;) # 0. As itis clear from Fig. 12,
the ionic displacements induced by the staggered VC ordering
lead to a charge density wave order, which can be detected with
X rays.

It is worth stressing once again that geometric frustration
is essential to our construction: spontaneous breaking of
the inversion symmetry occurs via formation of the two-
magnon bound state formed by magnons at +Q which are
degenerate in energy. Similar considerations apply to lattice
models of strongly interacting bosons [46,57,58] with inverted
(frustrated) sign of particle’s hopping between sites. There is a
certain similarity between our results and loop current orders
proposed for strongly correlated fermion models [59-61].

From a statistical physics perspective, we can think of
this quantum phase transition as a classical phase transition
in dimension 2 + 1. It is known that the suppression of XY
ordering is induced by proliferation of vortex lines that span
the full system [62]. In the paramagnetic state, vortex and
antivortices have the same probability of being at a given
triangle. In the chiral liquid state, the vortices occupy one
sublattice of triangles (e.g., the triangles that are pointing up)
with higher probability, while antivortices occupy the other
sublattice (e.g., the triangles that are pointing down) with
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higher probability. In other words, the staggered chiral liquid
is a vortex density wave.

Finally, it is important to note that our conclusions are far
more general than the particular model that we have considered
here. Our results suggest that exotic quantum liquid states are
likely to emerge in the proximity of quantum phase transitions
between a T = 0 paramagnet and quantum magnet that breaks
both continuous and discrete symmetries. In other words,
like in the case of metallic systems where quantum critical
points guide the experimental search for unconventional
superconductors and non-Fermi-liquid behavior, the quantum
critical points of bosonic systems can play a similar role in the
experimental search for exotic quantum liquids.
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APPENDIX A: OTHER PHASES OF THE MODEL

Here, we discuss the additional phases that appear in our
model for large enough J;. As shown in Fig. 10, the PM and CL
phases are bounded from above by an Ising-type spin-density
wave (SDW) phase, which becomes the ground state for strong
enough ¢ J. This phase, which is described by the local SDW
order parameter (S?) o< €' 27 corresponds to a three-sublattice
ordering with (S?) being positive in one sublattice (A), negative
in another sublattice (B), and equal to zero (disordered) on the
third sublattice (C). This partially disordered AFM ordering is
obtained for the triangular lattice S = 1 Blume-Capel model
[63-67], which is obtained by setting the XY exchange to zero
in our Hamiltonian H defined in Eq. (1).

At mean-field level, there is an intermediate phase preempt-
ing the transition between the Ising and XY phases. This phase
is characterized by coexistence of Ising-type SDW and in-
plane magnetic ordering [which breaks U(1) symmetry] known
as spin supersolid (SS) state [68—74]. The SS phase is also
a three-sublattice ordering, whose longitudinal components
follow the same pattern as in the partially disordered Ising
phase, while the transverse components form a collinear
pattern

1 _ ol _ oL
SH =8 =—ast,

Si, =—Si, #0, S =0,

ra

(Ala)
(Alb)
where o < 1. The collinear ordering is more favorable than

the 120° structure because of the different magnitudes of
transverse spin components.
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The boundary between the partially disordered Ising phase
and the PM phase is determined by comparing their ground-
state energies. The ground-state energy of the PM phase is
given in Eq. (25). The ground-state energy of the partially
disordered Ising phase can be computed by using the same La-
grange multiplier method that we applied to the quantum PM.

The spin operators are again represented by SU(3)
Schwinger bosons in the fundamental representation [see
Egs. (15)—(19)]. The mean-field state of the Ising phase
corresponds to condensation of different flavors of bosons in
three sublattices:

bl =s1, bl =51, b= s50. (A2)

Due to time-reversal symmetry, we expect s; = s_y and y; =
1. The spin-wave Hamiltonian is

How =Y (Ui AWy + (3532 T + D + puy)

k
X (bL¢,kbAl,k + bgmkaT,k)]
N
63— 2+ @7 -
+ (251 = 1)D = 3s{¢J], (A3)
where
i P\
W= (baok berk bhyp bhy) s (A4
and the 4 x4 matrix Hy,, (k) is
1 sos1 Tk slzrk sos1 'k
= S()S]Fk Mno + D S()S]Ff‘ 0
Hoo (k) = . (A5
@) siTe  sosiTk 23 sos1T'x (AS)
S()Slrk 0 SOS1F1} Ko + D

with Ty = J }_ exp(—ik - e,). By diagonalizing the matrix
diag{1,1,—1,—1}Hy, (k) we obtain the ground-state energy

Isin 1 1
ES" = ¥ Zk:(m’k +w_x)+ 5[(s§ —2) 1o
+ (257 = 3)u1 + (257 — 1)D = 3s{¢J],  (A6)
where
W4 | = \/_5 /== \/E, (AT)
T = (D + wo)* + pu} — stITel?, (A8a)

ik = —43(D + po)* — 4s7(D + po)[2s5s7 (T + T3)
— [Tl [4sgi1 + 57D + po)]] + 73 (A8b)

The variational parameters {so,s1, 4o, 1} are obtained from
the saddle-point equations

Isin Isin Isin Isin,
8E0g= angz 8E0g=0 angZO
950 ' ds1 T o T ’
(A9)

For large ¢, the energy E. "¢ becomes lower than EFM,
corresponding to a first-order phase transition between the
quantum PM phase and the partially disordered Ising phase.
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The transition line, shown in Fig. 10, is determined by solving
the equation E(I)smg = EgM.

Now, we discuss the phase transition from the partially
disordered Ising phase to the SS phase. This transition is
characterized by spontaneous U(1) symmetry breaking due
to the emergence of the in-plane component. The continuous
transition is then determined from the softening of the
low-energy modes of the partially disordered Ising phase:
w_ 1+ = 0. The resulting phase boundary corresponds to the
solid line in Fig. 10.

The phase boundary between the XY and SS phases is
denoted with a dashed line in Fig. 10. We note that this
particular phase boundary is calculated only at the mean-field
level [3,75]. The mean-field treatment is carried out by
minimizing the energy with respect to the variational wave
function |¥) = ®,|d,), where

id* +d; —id* +d;
V2 V2

Up to a U(1) rotation, the variational mean-field state for the
XY phase is

dr) = M)+ N)r —id;|0),. (A10)

(Alla)

. i . a a
—, —sin—, cos — |, (Al1b)
2 2°2 2 2

—i/3 . a i . a
d, = sin —, — sin —,
( 2 2°272 2

which leads to

3J
EYY = === sin”a + Dsin? % (A12)
Minimization of EJY with respect to a gives
D 3J D?
EXY = — - — —, (A13)
2 2 247

Up to a U(1) rotation, the variational mean-field state for
the SS phase is

d,, = | cos g,isingcosb,isinc—lsinb , (Al4a)
2 2 2

B

d.. = <i sin%,O, cos %),

leading to

a . a .oa .
d, =|—cos—,isin—cosh, —isin—sinb |, (Aldb)
2 2 2

(Aldc)

2
E§S=J(sinasinb—sinc> —Jsinzc—nginzacoszb
+ 2 (2c082 & 4 2si2 L eos?b +si? S ). (ALS)
—(2cos” = sin” — cos sin” = ).
3 2 2 2

The minimum of E}® as a function of the three independent
variatonal parameters is obtained numerically. The phase
boundary between XY and SS phase results from the condition
ES(Y = Egs (see the dashed line in Fig. 10).
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APPENDIX B: A COMPLEMENTARY APPROACH
USING HARD-CORE BOSONS

In this appendix, we discuss a complementary approach to
the CL problem, which uses somewhat different transforma-
tion to hard-core bosons for § = 1, but at the end leads to the
same results as the approach used in the main text.

Namely, we represent spin operators at a given site via two
Bose operators a and b [76-79]

S. = —i(a'b — b'a), (Bla)
S, = —i(b'U — Ub), (B1b)
S, = —i(Ua —a'l), (Blc)

where U = (1 — ala — b'b)"?. The a and b bosons at every
lattice site obey the constrainta’a 4+ b'h = 0, 1. With this extra
condition, spin commutation relations are satisfied, and

§? =ala+b'b, (B2a)
$2=1-ala, (B2b)
S;=1-blb, (B2¢)

such that §% = 2, as it should be.
The Hamiltonian of Eq. (1) is expressed via a and b bosons
as

H = Hy + Ha, (B3)
where in momentum space

€k i
H, = Z [(D + ek)a,tak - 3(a,1aT_k + akak)]
k

1 €k 1t
+ Xk: [(D + €x)by by — 3(b,1b'_k + bkb—k)i| (B4)
and

J.
Hy = NZ Za;]bltzbk3ak4()/k1—k3 + Vio—ks)

ki
J bt o
—on (ag, ay,br,br, + by by ar,ax,)
X (Viy—ks + Vir—ks)- (BS)

Here, €, =2Jy, and y = ZV cosk - e,. There is no four-
boson term from the transverse J part of the spin-spin
interaction, once the constraint is satisfied.

Because the boson density afa + bfb can have two values
at a given site, there is no straightforward way to enforce
the constraint by introducing the Lagrange multiplier. One
can either extend the model to N > 1 bosonic flavors and
expand in 1/N, or just assume that the average density of
bosons is small and neglect the constraint. The last approach
is rigorously justified only at large D >> J, but we expect
that it gives meaningful results also at D > J, as long as
single-particle spin-wave excitations are gapped. Below we
just neglect the constraint and analyze the formation of the
two-particle bound state within the model of Eqs. (B4) and
(BS) with no additional constraint. We recall in this regard
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that within the Schwinger boson approach, which we adopted
in the main text, we replaced one bosonic field by by its
condensate value s and thereby also reduced the model to
that of two interacting bosonic fields. The site-independent
Lagrange multiplier x, which we introduced in the main text
to enforce the constraint, and the condensate s renormalize D
and J in the quadratic form, but do not affect its structure.
From this perspective, the Hamiltonian of Eqs. (B4) and (B5)
is qualitatively the same as the one in the main text, assuming
that one adjusts D and J.

Furthermore, one can show that the transformation from
operators by and b of the main text to operators a and b used
here is just a rotation in operator space:

gy th

V2 V2

Obviously then, the results obtained using a and b bosons must
be equivalent to those obtained using b4 and b bosons. We
will see, however, that technical details of the computation of
the bound-state instability differ between the approaches.

We now proceed with the Hamiltonian of Eqs. (B4) and
(BS). The diagonalization of the quadratic form in (B4) is
done in the usual way. We introduce

(B6)

ax = ugdy — deikv bi = ugdy — deik (B7)
and choose
ux = (D + o)/ 2y D), (B8a)
v = (D — @)/ 2/ D), (B8b)
wr = /A2 — B2 = /D> 4+ 2D¢,, (B8c)
where
Ar =D +¢€,, Bp=—¢. (B9)

The spin-wave spectrum softens at k = + Q = +(4x/3,0) at
D, = 6J. In the main text, we found D, = 2.68J, which is in
better agreement with the numerics. We recall that the result
was obtained by including one-loop renormalizations of D and
J. Here, we neglect these renormalizations. D, = 6J would
be the critical value in the Schwinger boson analysis, presented
in the main text, if we set s = 1 and u = D there. Note that
(B9) predicts that at the minimum of the magnon dispersion
wg ~ +/D — D, while for Schwinger bosons the relation is
linear [see discussion below Eq. (48)].

One can easily verify that the two-particle order parameter,
which leads to a spin current state with a nonzero vector
chirality «,,,, has zero total momentum and is expressed in
terms of a and b bosons as

(bp(l_p> = ii)\p|fpa (bLaT—p> = _i&)|P\fp’

where f_, = — f}, is an odd function of momentum, normal-
izedto fg =1, f_o = —1. The vector chirality on m,n bond
1S Ky X Zp 431,. In terms of bosons d; and dj, [Eq. (B7)], the
VC order parameter is expressed as

(B10)

(dpd_p) = iDp fye (Blla)
(did',) = —i®y fp, (B11b)
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FIG. 13. Equations for the vertices ®,,. The triangular vertices
denote i @, for p near Q and —i P, for p near — Q, or —i P, for
p near Q and i®, for p near — @, depending on the direction of
arrows. Solid and double solid lines denote propagators of d and d
magnons, and the shaded rectangles denote fully dressed irreducible
interactions between low-energy magnons.

where @, = ®|,jw,/A,. Note that both w, and A, are even
functions of p.

We now search for the two-particle instability at D > D,,
i.e., preemptying to the spin-wave instability. Like in the main
text, we consider small J, = ¢J. The analysis of the two-
particle instability proceeds in the same way as in Sec. IIIC.
Namely, we write self-consistent equations on @) in terms of
the fully renormalized irreducible pairing interaction between
d and d bosons with opposite momenta near & Q.

The equation for the two-particle vertex is graphically
presented in Fig. 13. It is quite similar to Fig. 4 in the main
text, but now the shaded triangular vertices denote @, solid
single and double lines describe propagators of d and d bosons,
and the shaded four-point vertices represent fully dressed
irreducible interactions.

Like we said in the main text, the distinction between
our problem and superconductivity is in that boson-boson
interaction does not conserve the number of bosons; the
interaction Hamiltonian, reexpressed in terms of bosons dj and
dy, contains terms which create two bosons and annihilate two
bosons, and also terms which create or annihilate four bosons
(as well as the terms which create three bosons and annihilate
one, and vice versa). Accordingly, the right-hand side of the
equation for @ contains both normal and “anomalous” terms
(direction of the internal lines is the same or opposite to the
direction of external lines). At the same time, the internal
part of both terms contains propagators of one dy and one dj
boson with the same direction of arrows. This is because (i)
bosonic dispersions are necessarily positive, hence, there is
no nonzero contribution from “particle-hole” type terms, with
different direction of arrows, and (ii) there are no graphs with
two internal dy bosons or two di bosons. The latter restriction
is due to the fact that J, interaction contains two dj bosons
and two d; bosons, simply because the original interaction
(B5) had two a bosons and two b bosons, and ay, transforms
into dy, and by, transforms into dy. As aresult, if external bosons
are dy, and dy, as they should be for the chiral vertex (B11), one
of internal bosons must be d;, and another must be dy.
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Because the interaction vertices contain four coherence
factors uy or v, each of which is proportional to 1/,/wy, we
parametrize 2 — 2 and 0 — 4 interactions between bosons
with momenta (k,—k) and (p,— p) [the analogs of I" terms in
Eq. (38)] as

1 1
— —F®)(k, p),
Wg Wp

2 — 2 interaction: (B12a)

1 1
— —F%k, p).
Wg Wp

0 — 4 interaction: (B12b)

With these notations, the equation on @, takes the form
1 f
Dy =—— P
Ikl N ; ngwk

A technical remark: Compared to Eq. (38) in the main text,
we incorporated the overall combinatoric factor of 4 for the
anomalous term into F©¥.

We expect, by analogy with the analysis in the main text,
that F®?(k,p) and F®(k, p) are nonsingular functions of
momenta near k,p = £ Q. In this situation, integral equa-
tion (B13) can be reduced to the algebraic equation

@), (F®(k,p) — F™(k,p)). (B13)

A 1
l=-3 2,,: 20 (B14)
where
A= (F®Q,0) - F* Q.- 0)
—(F"@Q,0) - F™@Q,-0).  (BI5)

We follow the analysis in the main text and consider the
case when J, is small. In this limit, both F®» and F©¥
are obviously small in J,. The solution of (B14) nevertheless
seems possible because the kernel in the right-hand side of
(B14) contains l/a);. Near D = D,, spin-wave excitation
energy w, is small at p ~ +Q, and Zp 1 /(2a)f,) diverges
as D approaches D, from above. Then, the spin-current state
emerges at arbitrary weak J, if A has a finite negative value.

We now compute A. To first order in J,, F®?(k,p) and
F9(k, p) are just the interaction terms in the Hamiltonian,
reexpressed in terms of d and d bosons. Using the transforma-
tion (B7), we obtain after simple algebra

F®(k,p) = J.yi1p(AkAp — BiBp + wpwp).  (B16a)

F®Uk, p) = J.yi—p(AkAp — BeBp — wgwp).  (B16D)
Accordingly,

F(Q, Q) = 2J.y29wy, (B17a)

F®(Q,— Q) = 21wy, (B17b)

F®™@Q,0)=F*@Q.-0)=0.  (Bl7c)

Because yp = 3 and y29 = —%, the sign of A is negative,
i.e., the interaction in the spin-current channel is attractive.
At the same time, we see that the magnitude of A scales as
a)i) ~ (D — D,). This smallness compensates the divergence

of (1/N) Zp l/wi ~1/wg ~ (D —D,)""2. As a result,
Eq. (B14) reduces to 1 = (J,/J)(D/D. — 1)'/2, which obvi-
ously has no physical solution. The absence of the instability
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FIG. 14. Equations for the dressed four-point vertices made out
of d and d bosons, at the second order in J. (a)—(d) Normal vertices
F® _(e)—~(h) Anomalous vertices F®.

in the analysis to first order in J, agrees with the similar finding
in the main text.

We further compute irreducible interactions to second order
in J.. The corresponding contributions to F®?(k,p) and
F(k, p) are shown in Fig. 14. We set external momenta at
k = Q, p = £ Q, but put no restriction on internal momenta.
For practical purposes, we found it more convenient to evaluate
directly the differences §F*?=F®>(Q,0)—F??(Q,- Q)
and §F® = FO9Q, 0) — FO(Q,— Q) rather than each
term separately. In these notations, A = § F?? — §F©%,

The contributions to irreducible § F?? at second order in
J; come from three sets of processes: the one with two 2 — 2
interactions, the one with 0 — 4 and 4 — O interactions, and
the one with 1 — 3 and 3 — 1 interactions. Each of these
interaction terms is obtained from the original interaction
in terms of a and b bosons [Eq. (B5)] by applying the
transformation from a,b to d,d bosons [Eq. (B7)]. The
2—>2,4—0, and 0 — 4 terms contain even numbers of
u and v factors, 1 — 3 and 3 — 1 terms contain either three
u and one v factor, or vice versa. As an example, we present
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the explicit expression for one of 3 — 1 terms:

J, - -
Hs_, = N Z didydzds K130+ -+, (B13)
1,2.3.4
where 1 = ky, etc., momentum conservation is implied, and
K = y113[(u1v3 — viuz)(usitg — vav4)]

+ Viga[(@ivy — viup)(usus — v3v4)].  (B19)

The ellipsis in (B18) stands for other terms with 3 — 1
structure.

Evaluating irreducible § F*? and § F ¥ from each of these
processes and collecting combinatoric factors, we obtain

22 1 42 04 1 72
SF® = 1728, SF™ =1J2S, (B20)
where
1 Wk 2
S = N ; |:7(VQ+k — Y9—k)
 ovoy k+_%%&ﬁ%tgyﬂ B21)
Q+kro- Wo+k T+ WOk kI

Numerical evaluation yields S = 12.92J, which is consistent
with Eqgs. (43) and (44) in the main text: 285 =), 8 =
> B;. Using (B15) and (B20), we obtain A = —6.46]3].
Substituting this A into Eq. (B14), we obtain

1 1 1
— = — —. B22
3.23¢2J3 N Zp: a); ®22)
This is exactly the same equation as Eq. (47) in the main text,
the only difference is that in the current approach s> = 1.
[In Eq. (47), the numerical factor in the left-hand side is
« =2.49 = 3.235%] Using the fact that (1/N)Y_, 1/w, ~
(1/J*)(D/D. — 1)"'/2 the condition for the instability to-
wards the CL state (D = Df ) takes the form

De Lo (L e B23
D, O‘(J) - 29
Because Df > D., the instability towards the CL state
preempts the one towards the magnetically ordered XY
state. This again agrees with the finding in the main text.
The difference in scaling of D? — D, with Ising anisotropy
¢ in (48) and (B23), ¢? vs ¢*, is due to different scaling
forms of the minimal magnon energy wg in the Schwinger
boson approximation (main text) and the hard-core boson
approximation (this appendix).
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