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Nematic spin liquid phase in a frustrated spin-1 system on the square lattice
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Frustration in quantum spin systems promote a variety of novel quantum phases. An important example is
the frustrated spin-1 model on the square lattice with the nearest-neighbor bilinear (J/;) and biquadratic (K;)
interactions. We provide strong evidence for a nematic spin liquid phase in a range of K;/J; near the SU(3)-
symmetric point (J; = K;), based on the linear flavor-wave theory and extensive density matrix renormalization
group calculation. This phase displays no spin dipolar or quadrupolar order, preserves translational symmetry
but spontaneously breaks Cy lattice rotational symmetry, and possesses fluctuations peaked at the wave vector
(7,27 /3). The spin excitation gap drops rapidly with system size and appears to be gapless, and the nematic
order is attributed to the dominant (7, 27 /3) fluctuations. Our results provide a novel mechanism for electronic
nematic order and, more generally, open up a new avenue to explore frustration-induced exotic ground states.
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I. INTRODUCTION

The spin-1/2 Heisenberg models represent a prototype for
quantum magnetism. Such models can realize exotic phases of
matter if frustration becomes dominant. One of the intriguing
phases is the elusive quantum spin liquid (QSL) [1,2]. Stim-
ulated by experimental findings of spin-liquid-like antiferro-
magnets, frustrated spin-1/2 Heisenberg models have been
studied extensively and QSLs have been found in realistic
models (see Ref. [2] and references therein).

Spin-1 systems are also of extensive interest in the search
of novel quantum phases [3—12]. Different phases in spin-
1 systems have been considered to understand the exotic
magnetism and nematic order of the iron-chalcogenide su-
perconductor [13—16]. The QSLs with high symmetries have
also been proposed in the cold atom systems with multiple
flavors of fermions and a large Hubbard interaction [17-19].
In particular, the non-Abelian chiral spin liquid states, which
can realize topological quantum computation [20], have been
sought for a long time in different spin-1 models [21-23]. In
experiment, spin-liquid-like behaviors have been reported in
several spin-1 compounds, including triangular (NiGa,S4 [24]
and Ba3;NiSb, 0y [25,26]) and honeycomb (6HB-Ba3;NiSb,0q
[27]) antiferromagnets. Theoretical and experimental discov-
eries motivate the search of QSL in spin-1 systems. However,
since quantum fluctuations are reduced for larger spin and it
seems hard for geometric frustration alone to destroy mag-
netic order, new ingredients are highly desired.

For spin-1 (or higher) systems, biquadratic interactions are
also allowed in addition to the bilinear ones. The competition
between the two types of interactions represents an added
form of frustration, which is particularly strong when the two
interactions are comparable. If they have the same magnitude,
the system has an enlarged SU(3) symmetry [28,29]. This
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symmetry gives rise to a large classical degeneracy of different
magnetic dipolar and quadrupolar orders, which may lead
to novel phases when quantum fluctuations are incorporated
[30]. One of the outstanding questions is whether proximity
to an SU(3) symmetry promotes any spin liquid phase. We
remark that, to date, evidence for spin liquid states in spin-1
models has been scarce [15] and the model studies incorporat-
ing the SU(3) symmetry have only found conventional orders
[10,29,31-35].

In this paper, we study the quantum phases near the SU(3)
point (J; = K;) of the spin-1 bilinear-biquadratic model on
the square lattice, which has the Hamiltonian

H=Y"18;-S;+KiS:S))’. (1)

(i.J)

Here, S; is the spin-1 operator at site i, and J;, K; are
the nearest-neighbor bilinear and biquadratic interactions. We
use linear flavor-wave theory (LFWT) to show that, over a
range of parameters including the SU(3) point, a (7, 27 /3)
nematic and antiferroquadrupolar (AFQ23) order is energet-
ically competitive, albeit ultimately unstable. Then we carry
out density matrix renormalization group (DMRG) studies on
cylinder geometry with circumference up to 9. Surprisingly,
we identify the system near the SU(3) point as a spin liquid
phase without any spin dipolar, quadrupolar, or valence-bond
crystal (VBC) order. Equally important, this phase is found
to possess a lattice nematic order with spontaneously broken
C, rotational symmetry. We study the low-lying excitations of
this nematic liquid phase in different aspects, which suggest
possible gapless nature of the spin triplet excitation spectrum
and lead to a qualitative understanding for the dominating
(m,2m/3) fluctuations and, by extension, the origin of the
nematic order.

It should be noted that the square-lattice model defined by
Eq. (1) contains a delicate interplay between the three-flavor
spin degrees of freedom and the bipartite nature of the lattice
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[29]. Previous semiclassical studies using a site-factorized
wave function [28,29] found the SU(3) point as the boundary
between the Néel AFM phase (AFM2) and a “semiordered
phase” with infinitely degenerate ground states. For the SU(3)
model, the inclusion of quantum fluctuations at the level of
LFWT reported a ground state with three-sublattice mag-
netic order (AFM3) at momentum q = (27 /3, 27 /3) [29,31];
such an order has also been suggested by numerical calcula-
tions [29,31,32]. Nonetheless, both the LFWT [31] and the
Schwinger boson mean-field [32] calculations had difficulties
in obtaining a finite value of the AFM3 order parameter, which
suggests that strong fluctuations may result in a novel phase
beyond the grasp of mean-field or flavor-wave theories.

This paper is organized as follow. In Sec. II, we extend the
LFWT to study more possible magnetic dipolar and quadrupo-
lar orders. We emphasize a possible nematic order from the
fluctuations of the AFQ23 order. In Sec. III, we show our
extensive DMRG results, which characterize the intermediate
phase near the SU(3) point as a nematic spin liquid. The large-
size data strongly support the absent magnetic dipolar and
quadrupolar order, but the existence of a spontaneous lattice
rotational symmetry breaking. In Sec. IV, we further discuss
the nature of the intermediate phase. Our results exclude the
existence of a Haldane-like phase but suggest a gapless spin
liquid state with emergent Fermi points. In Sec. V, we show
the DMRG phase diagram of the SU(3) model with additional
third-neighbor biquadratic interaction K3, which reveals a
region of the AFM3 phase, which has been suggested as the
ground state of the SU(3) model. Our results are summarized
in Sec. VL.

II. FLAVOR WAVE THEORY CALCULATION

First of all, we use LFWT to study the vicinity of the
SU(3) point and consider different competing orders with
finite stiffness. The similar calculations have been done for the
AFM3 and the AFQ3 order [32]. Inspired by DMRG results,
we explore more possible states here.

A. General formalism of the flavor wave theory

Depending on the nature of the orders that we consider
(either a magnetic or quadrupolar order), we choose either
the time-reversal invariant basis of the SU(3) fundamental
representation or the usual spin S° basis, respectively, which
can be related by

by =y =L ) =—i0), @)
where we abbreviate |S°=+1)=|x1) (|S*=0)=|0))
and |1) = | — 1). The |x), |y), and |z) are the time-reversal

invariant basis and are more convenient for performing the fla-
vor wave theory calculations for the quadrupolar orders, while
the other basis in S* are more suitable for the magnetic orders.
For the flavor wave theory, we associate 3 Schwinger-bosons
at each site 7, by, to the states of Eq. (2), where bL |lvac) = |a)
with |vac) being the vacuum state of the Schwinger bosons
and ¢ =x, y, z or 0, 1, 1 depending on the nature of the
orders that we consider. The bosons satisfy a local constraint
>, bi,bie = 1. Therefore the model Hamiltonian Eq. (1) can

T (2)
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FIG. 1. Illustration of (a) the AFQ3 order and (b) the AFQ23 or-
der. In both figures, the different sublattices are denoted by different
colors. The dashed box includes the sites in an unit cell.

be rewritten as

H= )" [Jubl,bjuablybis + Ky — J)bl, bl bjsbig].
i,6n,0,

Following the usual procedure of the spin-wave theory calcu-
lation, we introduce different local rotations for each sublat-
tice in different orders. For AFQ orders, we introduce

Qi cos 0; sind; 0\ /(b
ay | = | —sin6; cost; O]|by], 3)
a;, 0 0 1/ \b;

which preserve the local constraint with b;, — a;,. We as-
sume that at each site only one flavor of bosons a; con-
denses, and we replace a:.; and a;; by (M — ajya,-y — a;aiz)%,
with M =1 in the present case. A 1/M expansion up to
the quadratic order of the bosons a, and a, followed by an
appropriate Holstein-Primakoff transformation allows us to
extract the ground state energy. For magnetic orders, we make
local rotations at each site i to align each spin at different sites
along |1), and replace ajl and a;; by (M — ajo — aji)%, and
follow the same procedure above to perform a 1 /M expansion
up to the quadratic oder of the bosons ap and aj.

B. Results of the flavor-wave theory calculation

Within the flavor-wave calculation up to the quadrupolar
orders, we consider the (27 /3,27 /3) AFQ (AFQ3) order,
which is a three-sublattice order as shown in Fig. 1(a), where
the red, green, and blue bars represent the sites occupied by
only by, by, b, bosons. We also consider the AFQ23 order,
whose unit cell contains the 2 x 3 sublattice structure as
shown in Fig. 1(b). This state has been ignored in previous
study [32]. The consideration of the AFQ23 order is motivated
by the DMRG results, which find the dominant structure
factor at (2 /3, ), instead of (27 /3,27 /3), on the finite-
size system near the SU(3) model. We remind that this AFQ23
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FIG. 2. Phase diagrams of the spin-1 bilinear-biquadratic model
Eq. (1) obtained based on the energetics within linear flavor-wave
theory. (a) The upper panel is the phase diagram with J; > 0, K; >
0. Bottom panel gives the reduction of the order parameter ap-
proaching the phase boundary. We remark that the reduction of
the AFQ3 moment always diverges indicating that the linear flavor
wave calculations in that regime may not be reliable. (b) The phase
diagram based on the flavor-wave theory calculation for different
couplings. The FM refers to the ferromagnetic phase, AFQ3 refers
to the AFQ phase ordered at ¢ = (27 /3, 27 /3), FQ refers to the
ferroquadrupolar phase with the ordering at ¢ = (0, 0), and AFM2
corresponds to the Néel AFM order. The dashed line is the SU(3)
line, which is precisely the boundary between AFQ3 and AFM2 and
that between FQ and FM.

order eventually is suppressed at the thermodynamic limit. For
the magnetic order, we consider the ferromagnetic order (FM)
and the Néel AFM order (AFM?2).

We leave the details of the calculations to Appendix A and
discuss the obtained results here. For J;, K; > 0, the phase di-
agram based on the energetics is illustrated in the upper panel
in Fig. 2(a). The result based on the energetics is qualitatively
consistent with the previous exact diagonalization result with
a small system size (up to 20 sites) [29,31]. Furthermore,
we calculate the order parameters for the different orders,
i.e. on-site magnetization (S) for the AFM2 order and the
z-boson density (ala;) =M —)_,_. (alay) for the AFQ3
order, which dictate the reduction of the ordered moments due
to the quantum fluctuations. As illustrated in the bottom panel

in Fig. 2(a), for the AFM2 we find that the order parameter
is gradually reduced toward the SU(3) point. For K;/J; > 1,
we find that for both AFQ3 and AFQ23 orders the reduction
of the order moment is always divergent due to the presence
of gapless lines in the boson dispersions. The divergence of
the reduction of the order moment was also found previously
at the SU(3) point within the flavor-wave theory calculations
[32], and here we illustrate that the divergence for AFQ3 not
only occurs at the SU(3) point but in the whole regime for
K, /Jy > 1. For a general case of J; and K, taking both signs,
we obtain the phase diagram in Fig. 2(b). We remark that
the phase diagrams in Fig. 2 solely based on the energetics
within the flavor-wave theory are qualitatively consistent with
the previous results [29].

C. Nematic order: indications from flavor wave theory

We note that, in addition to the previously studied AFM3
and AFQ3 orders [29,31], the AFM23 and AFQ23 orders at
q = (w,27/3)/(27 /3, ) can also be locally stabilized in our
calculation. In particular, for K;/J; > 1, the AFQ23 order is
degenerate at the mean-field level with the AFQ3 order; it has
higher energy than the latter only as a result of zero-point
fluctuations. The AFQ23 order is of particular interest because
it is accompanied by a nematic order. As we have mentioned
that the corrections to the quadrupolar order parameters by
quantum fluctuations are divergent in the whole parameter
regime including the SU(3) point. Nonetheless, the quantum
correction to the nematic order is finite. What emerges is that
the static orderings of both AFQ23 and AFQ3 are destroyed
by quantum fluctuations but, if the fluctuating order of the
AFQ23 type remains important, a static nematic order can still
be stabilized, as we will demonstrate using DMRG.

III. LARGE-SCALE DMRG SIMULATION
A. DMRG phase diagram

We establish quantum phases based on DMRG [36,37]
calculations on cylindrical geometry by keeping up to 4000
SU(2) states with truncation error below 1 x 10~ (see more
details in Table I of Appendix B). We mainly study the rect-
angular cylinder (RC) with the periodic boundary conditions
in the y direction and the open boundaries in the x direction,
which are denoted as RCL,-L, with L, up to 9 and L, up to
36 (Ly and L, are the number of sites in the two directions).
We have also calculated the RC12-36 cylinder for the SU(3)
model by keeping up to 8000 SU(2) states. The results are
consistent with those on the RC6 and RC9 cylinders. In our
calculation, we set J; = 1 as the energy scale. Since DMRG
calculation may be strongly affected by finite-size effects, we
have also studied other geometries and boundary conditions
(see results and discussion in Appendix B).

Previous studies found an AFM2 phase for K; < 0.75
and an AFM3 phase for 0.75 < K; < 1.0 [29,31,32]. Recent
iPEPS simulation also reported a small Haldane phase above
K, >~ 0.75, between the AFM2 and AFM3 phase [12]. We
show our phase diagram in Fig. 3(a). We find an AFM2
phase for K; < 0.75 and a disordered phase for 0.75 < K; S
1.4. We characterize the phases using spin and quadrupo-
lar order parameters m(q) = N%Z > i(Si- S;)e =T and
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FIG. 3. (a) Quantum phase diagram of spin-1
biquadratic Heisenberg model on the square lattice obtained from
our DMRG calculations. The disordered regime around the SU(3)
point is indicated in red shading. (b) and (c) are the spin (m?) and
quadrupolar (mé) order parameters at four dominant momenta as a
function of K;, which are obtained from the middle L, x 2L, sites
on the long cylinders with L, = 6, 9.

my(q) = ]% >(Qi - Q;)e'®iTr) (Q; is the quadrupolar op-
erator [38]), where the sites i, j are chosen over the middle
Ny = L, x 2L, sites in order to avoid edge effects [39]. In
Figs. 3(b) and 3(c), we show the peaks of both orders at
four dominant momenta as a function of K;. At K; >~ 0.75,
the AFM2 order mﬁ(n, 7)) drops sharply, suggesting a first-
order transition with vanished AFM2 order, which agrees
with previous result [29]. In Fig. 4, we demonstrate magnetic
and quadrupolar orders for larger K. For K; 2 1.4, the AFQ
order mé atq = (2 /3, 27 /3) starts to enhance and the AFM
order is still vanished, which suggests an emergent AFQ3
order and agrees with previous result [29]. In this work, we
will focus on the most intriguing regime for the intermediate
0.75 <K; < 1.4

In this intermediate phase, we find that the choice of
cylinder geometry is important in DMRG calculation: (1) On
the RC cylinder, circumference should be the multiple of 3,
i.e., Ly = 3n (n is an integer), to accommodate the dominant
structure factor at q = (7,27 /3) as shown in Figs. 3-5.
(2) We note that the shifted cylinders used in Ref. [32],
which connect the top site of the ith column to the bottom
site of the (i + 1)th column, favor the momentum 27 /3 but
frustrate the momentum 7. We compare the bulk energy of

0.3 T T 0.3

(a) m2 (b) m3
0.2+
“m RC9, (213, 2rv3)
~e-RC9, (, 2r/3)
0.1t

0.0 . . .
0.8 1.2 1.6 2.0 0 %.8 1.2 1.6 2.0

FIG. 4. Spin (mjg) and quadrupolar (mg) order parameters at
momenta (7,27 /3) and (27 /3,27 /3) as a function of K;(K; >
0.8), which are obtained from the middle L, x 2L, sites on the long
cylinders with L, = 9.

- (b)

om2(n,2r3)

4] O ma(,2rv3)
o m2(213,213)
mm3(2rv3,21/3)

i |
0.0 0.1 0.2 03
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FIG. 5. Spin and quadrupolar orders for the SU(3) model.
(a) Momentum dependence of spin (mé) and quadrupolar (mé)
orders on RC9, which are obtained from the middle 9 x 18 sites.
(b) Finite-size scaling of the ordering peaks at q = (i, 27 /3) and
(27 /3,27 /3) with L, = 3, 6, 9. The lines are guides to the eye.

the SU(3) model on the RC and shifted cylinders, showing
that the RC cylinders with L, = 3n have the lowest energy.
For example, the energy per site on the RC9 is around
—0.652, which is close but ~5% lower than that of the AFM3
state on the shifted RC8 cylinder (—0.625 from Ref. [32]).
Therefore, we focus on the unrestricted RC cylinders with
L, = 3, 6,9, which can harbor the momenta at both (i, 277 /3)
and (27 /3, 27 /3). We also compare our energy of the SU(3)
model with that in the iPEPS simulation. For the ground-state
energy of the SU(3) model, our DMRG result on the largest
size L, = 9 is —0.652, and the iPEPS energy by keeping the
most bond dimension D = 20 is —0.6504 [40], showing the
good performance of our DMRG results.

B. Identification of the disordered nematic phase

For 0.75 < K; < 1.4, we study the finite-size scaling of
order parameters on the RC3, RC6, and RC9 cylinders. We
find that both spin and quadrupolar orders decay fast and
properly extrapolate to vanish in the thermodynamic limit,
as shown in Fig. 5(b) for the SU(3) point (see Fig. 11 in
Appendix B for other K;). Thus we find no formation of either
a spin or quadrupolar order in the intermediate phase.

Next, we examine the lattice translation symmetry by
calculating the nearest-neighbor dipolar bond energy (S; - S;)
and quadrupolar bond energy (Q;-Q;). We find that the
bond energy differences along the x direction all decay quite
fast from the edge to the bulk, leading to the translationally
uniform bond energy in the bulk as shown in Figs. 6(a) and
6(b) on RC6 (the same for RC3 and RC9). The uniform
bond energy indicates the preserved translational symmetry,
precluding the possibility of a VBC order. Note that the
absence of the VBC order on the square lattice is different
from the kagome and honeycomb SU(3) models, in which
the ground states have been identified as breaking lattice
symmetries [33-35].

We now turn to analyze the nematic order. In Figs. 6(a)
and 6(b), one can see a strong anisotropy between horizontal
and vertical bond energies. We define the nematic order
parameters o and o as o] = A}—m Y i(Si - Sivs) — (Si - Sigs)]
[41] and 0p = 5= 37,[(Qi - Qivs) — (Qi - Qixs)] [13] (& and

9 denote the unit vectors along the two directions, N, is
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FIG. 6. Lattice rotational symmetry breaking in the disordered
phase. (a) and (b) are the nearest-neighbor (S; - S;) and (Q; - Q;) for
the SU(3) model in the bulk of RC6. (c) Nematic order parameters o
and oy as a function of K; on RC6 and RC9. (d) Finite-size scaling
of o and oy for the SU(3) model with L, = 3,6, 9.

the number of sites of the two columns in the middle of
cylinder). The results of o; and oy versus K; are illustrated
in Fig. 6(c). Upon the transition at K; 2~ 0.75, both oy and oy
grow dramatically. Since finite-size scaling of nematic order
has been shown as an efficient method to identify the lattice
C, symmetry breaking for different quantum phases in DMRG
calculation [42], we extrapolate our data as shown in Fig. 6(d),
which clearly obtain nonzero o} and oy in the thermodynamic
limit. Our results indicate that the C4 symmetry breaking
occurs spontaneously and is not the result of the cylindrical
lattice geometry.

In order to further characterize the nature of the disordered
phase, we calculate the spin gap Ay with AS=1,2 (S is
the total spin quantum number) as well as the spin-singlet
gap in the bulk of a long cylinder by sweeping the excited
states in the bulk [43]. The two spin gaps AS =1, 2 have
the same value at the SU(3) point, as anticipated from the
SU(3) symmetry (see Fig. 12 in Appendix B). Limited by
the system size on the RC3 and RC6, we do not perform
finite-size scaling for the gaps. However, we remark the fast
drop of the gaps from RC3 to RC6, with the singlet gap
reducing from 1.853 to 0.285 (more than 80%) and the triplet
gap from 2.028 to 0.774 (more than 60%), which suggests
either tiny or vanishing gaps in the thermodynamic limit.

IV. DISCUSSION ON THE NATURE
OF THE DISORDERED PHASE

According to the Lieb-Schultz-Mattis-Hastings theorem
[44,45], this spin-1 disordered phase can be either a gapped
quantum paramagnet with a unique ground state, a gapped
topological spin liquid, or a gapless spin liquid. We carefully
study these possibilities here.

A. Space anisotropic model

First of all, we study the space anisotropic model with
Kic/Jix = Kiy/J1y (Jix, Kix and Jyy, K;, are the couplings
along the x and y directions), as shown in the inset of Fig. 7(b).
We set Ji, = 1.0 as energy scale and for a given K, we vary
Jiy and Kjy. With equal interchain and intrachain couplings,
the system is the studied isotropic model. Without interchain
couplings, the system reduces to decoupled spin-1 chains
which is in the gapped Haldane phase for K\, /J;, < 1 [4].

We thus focus on the regime 0.75 < Ki,/Jix < 1, and
increase the interchain couplings Ji,, Kj,. Near the isotropic
model, there is no long-range magnetic order (red symbols in
Fig. 7), as is expected in the spin liquid phase. In the interme-
diate interchain couplings, we find that the spin correlations
clearly show an emergent AFM order with slowly decaying
correlations as shown by the blue symbols in Fig. 7. Therefore
we find that the disordered phase in the isotropic model is not
smoothly connected to the Haldane phase, strongly suggesting
that the disordered phase we found is not an adiabatic exten-
sion of the 1d limit of weakly coupled Haldane chains. We
note that a Haldane phase has been proposed in a very small
region above the transition at K;/J; >~ 0.75 in Ref. [12]. It
may be possible that a Haldane-like phase exists in a narrow
parameter regime between the Néel magnetic order phase and
the nematic spin liquid phase found here, although we have
not found evidence thereof in our DMRG results.

B. Possible a gapless spin liquid with emergent Fermi points

Furthermore, we take advantage of the established method-
ology in gapped spin-1/2 spin liquids, where one can test the
spinon topological sector by removing or adding a spin-1/2 on
each open edge of cylinder [43]. We follow this prescription
by adding or removing a spin-1 site on each open edge of the
RC3 and RC6 cylinders to detect possible spinon sector in the
disordered phase. However, we do not find near-degenerate
spinon sector (see Fig. 14 in Appendix B), which does not
support a gapped spin liquid.

The numerical results and the discussions above motivate
us to consider a gapless phase. If the gapless spin liquid
possesses a Fermi surface formed by the emergent or strongly
renormalized degrees of freedom [46], ms(q) and mgp(q)
should show singular peaks at q = ki, — kJ.,, where kpg/,
are the locations of the Right/Left patches of the Fermi
surface perpendicular to an observation direction 7. On the
Ly-leg ladder with periodic boundary conditions along the 9
direction, there are L, lines cutting through the momentum
space. As the fingerprints of the ladder descendant of the
2D Fermi surface, we expect to see the singular behavior at
¢ =kix — ki, where i = 1,2, ..., L, corresponding to the
ith line and k', s tepresent the Right/Left Fermi points of
the Fermi surface intersecting the line. However, the DMRG
results in Fig. 5 show that on a nineleg cylinder m3(q) and
sz(q) only possess rather broad (instead of singular) peaks,
indicating that there is no emergent Fermi surface.

For an alternate route to study the gapless nature, we
calculate the von Neumann entanglement entropy by dividing
the system to two subsystems and computing the eigenvalues
A; of the reduced density matrix, which leads to the entropy
§=—>",A1Inx;. We find that the entropy as a function of
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FIG. 7. Logarithmic-linear plots of spin-spin correlations as a function of the distance on the RC6 cylinder for coupling chains with
different intrachain and interchain bilinear-biquadratic interactions: J, = 1.0, (a) K, = 0.8 and J;,/J;, = K,,/K,x = 0.4, (b) K;, = 0.9 and

le/-]lx = Kly/le = 05, (C) le = 1.0 and le/-llx = Kly/le =04.

the subsystem size [, is invariant, which does not show any
logarithmic correction that is expected for a Fermi surface
(see Fig. 8). These results suggest that a spinon Fermi surface
is absent [47] and, instead, emergent Fermi points are more
likely. For such a state on finite size system, the Fermi points
of spinon may not be touched and the entropy would be
flat with growing subsystem length. Due to the limitation
of system size, this issue certainly requires further scrutiny
such as variational Monte Carlo calculation with Gutzwiller
projected parton constructions.

In the frame of gapless spin liquid, the nematic nature can
be understood based on the low-energy gapless fluctuations.
For low-energy description, the spin operator can be expressed
as S; ~ €S, + H.c., where the vector ¢ is the wave vector
associated with the gapless excitations. The bond energy oper-
ator can be expressed as Bs = S; - ;45 ~ €48,S_, + H.c.,
where § is the unit vector corresponding to (1,0) or (0,1). The
difference between the bond energies along X and y directions
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FIG. 8. von Neumann entanglement entropy versus the subsys-
tem length [, for the SU(3) model on the RC3-24 and RC6-24
cylinders.

is AB= B, — B, = (¢"% — €%)S, - S_, + H.c. For a vector
g with unequal magnitudes of x and y components, such as
q = (i, 2t /3) in this model, (AB) # 0 leads to a nonzero ne-
matic order. The bond-energy associated with the quadrupolar
moments shows a similar effect.

We stress that this mechanism for the nematic order op-
erates not only for static order such as the AFQ23, but also
for fluctuations of such order. Our DMRG calculations have
indeed found the (7, 27 /3) fluctuations at L,-leg ladder near
the SU(3) point, shown in Figs. 3-5. The precise origin of this
wave vector (m, 2 /3)/(2m /3, ) remains to be understood,
but it is already hinted at by the local stability of such an order
within the semiclassical analysis described earlier. In addition,
the tendency towards dominant fluctuations of such a wave
vector arises from a coupled-chain picture of the gapless spin
liquid: 27 /3 is twice of the parton “Fermi wave vector” for an
SU(3) chain, which is associated with the 1/3-filling in terms
of the partons, and 7 reflects the nearest-neighbor coupling
being the interchain coupling that is relevant in the RG sense
(see Appendix C).

V. DISCOVERING THE AFM3 PHASE

In previous numerical calculation of the SU(3) model [32],
the ground state has been found as an AFM3 magnetic order
state. In our study, we identify the ground state of the system
as a spin liquid state. However, on the TC cylinder (see
Appendix B) and the shifted RC cylinder that was used in
Ref. [32], the system indeed favors an AFM3 order. Although
the spin liquid state has the lower energy than the AFM3
state, the AFM3 order seems to have a competitive energy.
Therefore it is reasonable to expect that the AFM3 order
could be found near the spin liquid phase by tuning some
coupling parameters. We have numerically tested the SU(3)
model with different additional interactions, and we found
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FIG. 9. (a) Quantum phase diagram of the spin-1 bilinear-biquadratic Heisenberg model on the square lattice with changing K3 and K, = 0.
The regime of the nematic spin liquid around the SU(3) point is indicated in red shading. (b)—(e) are the spin (mg) and quadrupolar (mé)
structure factors for different K3 with K; = 0.0, which are obtained from the middle 6 x 12 sites on the long RC6 cylinder. The upper and

lower figures are for m§ and m), respectively.

the AFM3 order by considering the third-neighbor biquadratic
coupling K3 (K; = 0), as shown in the quantum phase diagram
Fig. 9. The structure factors of Figs. 9(b)-9(e) clearly show
at least three quantum ordered phases, including the AFQ4,
the AFM3, and AFQ3 phase. In a small parameter region
—0.3 < K3 < —0.2, one can see the structure factor peaks of
the AFM3 order in Fig. 9(c).

VI. SUMMARY

We have studied the ground state of the spin-1 bilinear-
biquadratic model on the square lattice using semiclassical
flavor-wave theory and extensive DMRG calculation. We find
a disordered phase for 0.75 < K;/J; < 1.4 by showing van-
ished spin and quadrupolar orders, as well as absent transla-
tional symmetry breaking. The bond energy texture indicates
a spontaneous breaking of C, lattice rotational symmetry.
Based on our results, we suggest this disordered phase as
a nematic spin liquid. The spin triplet gap drops rapidly
with system size, which strongly suggests gapless excitations.
We discuss the origin of the lattice nematic order and the
dominant (7, 27 /3) fluctuations in the framework of gap-
less spin liquid. By considering additional further-neighbor
couplings, we find that this spin liquid phase is stable in a
range with different changing couplings. We also find the
previously proposed AFM3 phase, which is at the neighbor
of the spin liquid phase, in presence of a small third-neighbor
biquadratic interaction K3 < 0. Our results lead to a hitherto
unexplored mechanism for quantum nematic spin liquid and,
more generally, open up a new route towards novel phases
of quantum spin systems. For further understanding on this
exotic nematic spin liquid phase, variational wavefunction

study and renormalization group simulation on larger system
size are highly demanded.
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APPENDIX A: FLAVOR WAVE THEORY CALCULATIONS

Here, we demonstrate the details of the flavor wave theory
calculation. We first give the dispersions associated with the
gapless Goldstone modes together with the nematic order
parameters in different orders. Two types of nematic order
parameters are considered in this work, defined as

1
o1= 1 D USi - Siwd = (S, Susl). (AD)

1
0=y Z[(Qi Qi) — (0,0l (AD)

where N, represents the number of sites, i is the site labelings,
and the quadrupolar bond energy can be re-expressed in terms
of the spin bond energy using the identity Q; - Q; = 2(S; -
S;?+Si-S; —28757/3.

(1) FM. After the standard procedure, we find that the
boson Hamiltonian is

1
;
H= . Zo : EkeBZ,a (bk,abk,a + E) +8NyJi,  (A3)

where BZ stands for the Brillouin zone, and N, is the total
number of sites, and the dispersions are

er,0 = 2J1[cos (k) + cos(k,) — 2], (A4)

ex.1 = 2Ki[cos (ky) + cos(ky)] +4(K; — 2J1). (A5)

The nematic orders in FM are obviously zero (o1 = ogp = 0)
since there is no rational symmetry breaking in FM.

(2) AFM2 (Néel AFM). The boson Hamiltonian after
performing Fourier transform is

1 16K
H=§ alal arg+=)+N|— —87),
k oigk’ (ak'aaky +2>+ ( 3 )
,ael,

where N, is the number of sites and the dispersions associated
with ag o and g 1 are

eo =40~ Bio &i= A~ Bl (A6
where we define
Apo =4 —K), (A7)
A1 =42J - K), (A8)
Bio = 2(J — K)(cos(k,) + cos(ky)), (A9)
By 1 = 2K(cos(k,) + cos(ky)). (A10)

Since there is no rotational symmetry breaking in AFM2, the
nematic orders are zero (o1 = o = 0).

(3) FQ. The boson Hamiltonian after performing Fourier
transform is

1
:
H = kX(‘:TEk’a (ak,aak,a + E) + 8N,K,
,ael,

(Al1)

where N; is again the number of sites and we find that the
dispersions associated with ay o and @ 1 are the same &0 =

&1 = e,I:Q, with
£, 0 = 2([cos (k) + cos(ky) — 2K; T
— [y — Ky)(cos (k) + cos(ky)I)?.  (A12)

Since FQ does not break rotational symmetry, the nematic
order are zero.

(4) AFQ3. The bosonic Hamiltonian at the SU(3) time-
reversal-invariant basis can be concise expressed as

H= keBzZa:_y,zgk’a (a;aak,a + %) (A13)
with
Ekamy: =\ At — Bras (Al14)
where we define
Aky = 2K + (K1 — J1)y/2(1 + cos(k, + ky)),
Biy = J13/2(1 + cos(ky + ky)),
Ax, = 2K; — (Ki — J1)y/2(1 + cos(k, + ky)),
By .= Jl\/2(1 + cos(ky + ky)). (A15)

We note that the summation in momentum k is over the whole
BZ for two bands. We can see that along the line with &, +
k, = 0, the z-bosons have gapless lines along &g ;|x, k=0 =
0. Due to this gapless line in the whole regime at K;/J; >
1, the quantum corrections to the ordered moment extracted
within the flavor-wave theory are divergent, which hints that
the flavor-wave analysis may break down in this regime in
this model. At the SU(3) point, the divergence of the quantum
correction to the order moment within the flavor-wave picture
was also reported previously [32]. The nematic orders vanish,
01 =09 = 0.

(5) AFQ23. In the AFQ23, a unit cell contains 2 x 3
sublattices as shown in Fig. 1(b). In our calculations, we
choose the 2 sublattices in the first column to be a primitive
cluster (sublattices A; and B;) and perform local rotations
on different sites in the unit cell to align with the states on
the first column. Since the AFQ23 has never been considered
previously, we provide more details of the calculations here.
Focusing on the sublattices in the primitive clusters denoted
as 1 for the original A; and 2 for the original B,, we assume
that at 1 only a,-bosons condense and at 2 only a,-bosons
condense, and perform local rotations for a, 4y, . (1 =1, 2)
to transform a, o () — by o(1t), and in the b-boson basis, only
b, condense at each site. Explicitly, the local rotations give

ar (1) by (1)
ary(1) = { bry(1); (A16)
ar (1) by (1)
arx(2) by (2)
ary(2) = 1 brx(2) . (A17)
ar,z(z) br,y(z)
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At Fourier space, we find that the Hamiltonian in terms of the
bosons is

H= Y (3Kilb (Dbiy(1) + b} (bi(2)]
keRBZ

+ Kilby (Dbe (1) + by, (2)be y(2)]
+ (K =IDle™ (b (Db -(1) + b}, (2)b -(2))+H.c.]
+ Nl () (DB, (1) + b} (2T, (2))+H.cl]
+ (K = JDI(1 4+ )b} (Db -(2) +Heel]
+ L1+ €™ )b,t’y(l)b’k_k,z(Z) +H.c.] +4K;}.
(A18)

Where RBZ means the reduced Brillouin zone, which will be
suppressed below for clarity. For diagnosing the Hamiltonian,
we first simplify the Hamiltonian with new boson fields,
defined as

—ik, /2

e "

bz‘y(l) = 7(c,t(l) —ci(2)), (A19)
1
by (2) = E(c,i(l) +cf(2)), (A20)
. pitk—ky/2) : .

by (1) = T(dk(l) —dj(2)), (A21)

T e T
by ,(2) = 7 (d, (1) + d;(2)), (A22)

followed by a generalized Bogoliubov transformation
ck(1) = g1y + w2, pYe2 + Uk,lyjk’l + Vk2V-k.2s
A (1) = w3V + U aVe + Vi3V ) + VeaYok2s
ck(2) = sk 1Ve3 + Sk2Vis + tk,l)/jkj + tk,ZijA,

di(2) = sk 3Vi1 + SkaVer + 3V + tk,47/ik’2’
we can obtain the diagonalized bosonic Hamiltonian as

1
H= Y & <V,Iayk,a + §>,

k,a=1,2,3,4

(A23)

where RBZ refers to the reduced Brillouin zone and g 4
stands for the Goldstone bosons of band «. The dispersions
for the four bands are

] (A24)
] (A25)
1. (A2
] (A27)

where
2

Aipr = 2K (2J; — Ky)

k,
cos [ =2

k,
cos | =2

(2)‘

+2K,(J; = 3K)),

FO6K; (Ky — J1)

(A28)

2
Bk = K{ (K — 2J1)

ky
Ccos (E)
cos | =

2

+K7 (KT — 277 +2J,K)).

RK(7} - KY)

(A29)

We note that the dispersions in the AFQ23 are independent of
k, in this setup (If we choose the other completely degenerate
order with ¢ = (;r, 27t /3) the dispersions would be indepen-
dent of k), and there are a set of gapless lines for g 3 along
ky axis (k, = 0). Due to the gapless lines, we are not able
to extract the reduced order moment within the flavor-wave
theory since the quantum corrections to the ordered moment
are divergent in the whole regime at K, /J; > 1.

For the nematic orders, we find that o7 and oy are both
finite indicating that the C, lattice rotation symmetry is
broken. Explicitly, we find that the nematic orders can be
expressed in terms of the coefficients for the Bogoliubov
transformations, as oy = ), &1 and op = ) ; & o, with

&kl = Uk, 1Uk,3 + Vg 2Uk 4 — Vk,1Vk3 — Uk 2Uk 4

Fr, 15,3 + 28,4 — T 1tk,3 — T2tk

Ji
_E(Uk,luk,l + Vkalts — Vi — Ui%,z)
k
+f3(fk,lsk,l + tkaSk2 — 11 — leo) (A30)

and

&0 = Uk (g3 + V3 — V1)
+Ur 2 (U 4 + Vg4 — Vg 2)
Fie (k3 + 13 —te1)
+ir2 (k4 + s — t2)
+ etk 1K1 + te2Sk2 — kU — Ukouk2], (A31)

where f; = |e* + e~ |. From these explicit expressions for
the integrand, we find that the contributions from the gapless
lines are finite. This is confirmed by numerical evaluations
of these integrals: The results for o7 and o are illustrated in

o
-0.10} o
_o_15/
-0.20° e
-0.25'
-0.30, K
1.2 14 1.6 1.8 2.0 4,

FIG. 10. Nematic orders o; and oy in AFQ23 within the flavor-
wave theory calculations. We can see that the nematic orders are finite
indicating the broken C, lattice rotation.
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FIG. 11. Finite-size scaling of the spin m? (a) and quadrupo-
lar mé (b) order parameters for two momenta (m,2m/3) and
(27 /3,27 /3) at Ky =0.9 and 1.1. (¢) and (d) are the finite-size
scaling of o} and oy for K; = 0.9 and 1.1. The lines are guides to
the eye.

Fig. 10. Thus the nematic orders are always finite indicating
the broken C4 lattice rotation symmetry in the AFQ23 order.

APPENDIX B: DMRG RESULTS

We have shown the decay of magnetic and quadrupolar
order parameters at the SU(3) point via finite-size scaling in
Fig. 5(b) in the main text. Here, we complement these findings
by showing the finite-size scaling of the order parameters
for two different values of K; = 0.9 and 1.1, both inside the
disordered phase proposed in the present work. In Figs. 11(a)
and 11(b), we find the spin and quadrupolar orders also
scaling to zero, which are consistent with our results for
the SU(3) point in the main text. In Figs. 11(c) and 11(d),
we further show the scaling of the nematic order parameters
that are defined as o) = L D (Si - Sivs) — (Si - Sits)] and

Og = ﬁ ZIHQ, . QH—)?) — <Ql . QH_)'})] in the bulk Ofcylinder
(% and y denote the unit vectors along the two directions, N,,
is the number of sites of the two columns in the middle of
cylinder). Consistent with the findings at the SU(3) point in
Fig. 6(d) of the main text, we find that the nematic order
parameters extrapolate to finite values in the thermodynamic
limit, indicating a spontaneous lattice rotational symmetry
breaking in this disordered phase.

In Fig. 12, we show the spin gaps between the ground state
in the total spin S = O sector and the lowest-energy states in
the total spin S = 1 and S = 2 sectors, respectively; which are
denoted as A7 (S = 1) and A7 (S = 2). The gaps are obtained
on the RC6 cylinder by sweeping the ground state first and
then targeting the total spin S = 1 and S = 2 sectors to find

1.2 .

0.8}

At

0.4}

0'8.5 1.0 1.5

FIG. 12. The spin gaps A7 (S = 1, 2) as a function of K; on the
RC6 cylinder.

the lowest-energy state. In the Néel AFM phase for K < 0.75,
both spin gaps are quite small, consistent with the broken spin
rotational symmetry. Interestingly, at the transition K; ~ 0.75,
the spin gap A7 (S = 2) undergoes a sharp increase on the
RC6, while the spin-triplet gap A7 (S = 1) grows gradually.
For large K, the AFQ order is dominant, which agrees with
the smaller spin gap A7 (S = 2) we find for K; > 1. For the
SU(3) model, we find that the two spin gaps have the same
values on our studied systems (see also Table I). In Table I, we
list the ground-state bulk energy and spin gaps for the SU(3)
model on different geometries. The ground-state energy for
RC9 is obtained by extrapolating the energy versus DMRG
truncation error as shown in Fig. 13.

In DMRG simulation for a topological gapped spin liquid,
the spinon sector usually can be found by removing or adding
a spinon on each open edge of cylinder. On a finite-size
system, the normal sector and the spinon sector have an energy
difference that decays exponentially with increasing system
width. This edge pinning technique has been successfully

TABLEI. The bulk energy per site e, the spin gaps Ar(S = 1, 2),
and the spin singlet gap Ag of the SU(3) model on the RC and TC
cylinders. Msy() and e are the kept SU(2) DMRG states and the
DMRG truncation error, respectively. The bulk energy on the RC9
is obtained by the quadratic fitting of the energy as a function of the
truncation error as shown in Fig. 13. We keep the SU(2) states up
to 4000 with the truncation error &€ ~ 1 x 107>, For the RC cylinder,
one can see that the RC3, RC6, and RC9 cylinders have the lower
energy and the smaller truncation error than the other cylinders.

e MSU(Z) I AT(S = 1) AT(S = 2) AS
RC3 —0.8652 2000 4 x 107'*  2.028 2.028 1.853
RC4 —0.6360 4000 4 x 10°°
RC5 —0.6459 4000 6 x 10°°
RC6 —0.6764 4000 2 x 1077 0.774 0.777  0.285
RC7 —0.6392 4000 6 x 1073
RC8 —0.6405 4000 4 x 1073
RC9 —0.6518(12)
TC3 —0.6825 2000 4 x 10713
TC4 —0.6612 4000 2 x 107°
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FIG. 13. The quadratic fitting of the bulk energy for the SU(3)
model on the RC9 cylinder as a function of DMRG truncation error.

We keep the SU(2) DMRG states up to 4000.

used for studying gapped spin liquids in spin-1/2 systems
[43]. For spin-1 gapped spin liquid, a spinon may carry spin-1
spin. Thus we have performed the pinning technique for the
nematic disordered phase by removing a spin-1 on each open
edge of cylinder on the L, = 3, 6 cylinders. We find that for
L, = 3, 6, the ground states with and without removing spin-1
sites have the same bulk energy (see Fig. 14), which seems not
to support a near-degenerate spinon sector.

On the RC cylinder with L, not a multiple of 3, we find the
ground state with a spontaneous lattice translational symmetry
breaking in the bulk of the cylinder. In Fig. 15, we show the
bulk bond energy (S; - S;) and (Q; - Q;) on the RC4 and RC5
cylinders. In all the cases, the bond energy is not uniform
and shows a period of 3 along the x direction, suggesting
the breaking of translational symmetry. We note that on these
geometries, the bulk energy is higher than those on the RC
cylinder with L, = 3n such as RC3, RC6, and RC9, which
may be owing to that the TC lattice frustrates the short-range
(m, 27 /3) order pattern.

On the 7 /4 tilted cylinder (TC), the lattice geometry
frustrates the momentum at (;r, 277 /3) but is compatible with

—0.6756
o Ly=6, without removing one site g
o Ly=6, removing one site
—0.6758}
>
>
2 0.6760}
LU
i~
=
m
—-0.6762}
—0.6764 L L
0 21076 41076 6106

FIG. 14. Quadratic fitting of the bulk energy with and without
removing a spin-1 on the RC6 cylinder as a function of DMRG
truncation error. The calculations are performed by keeping the
SU(2) DMRG states up to 4000.

RN

ﬂ; -0.6662 m!
O) )

662 A

FIG. 15. The S; - S; (a) and Q; - Q; (b) on the nearest-neighbor
bonds for the SU(3) point in the middle of RC4. The S; - S; (c) and
Q; - Q; (d) on the nearest-neighbor bonds for the SU(3) point in the
middle of RCS5.

(2m /3,21 /3). Accordingly, we find the three-sublattice order
on the TC cylinders, as shown in Fig. 16. DMRG calculations
on the TC cylinder are harder to converge than the calculations
on the RC cylinder. Here, we only show the convergent
results on TC3 and TC4. We would like to mention that as
shown in Table I, the truncation error of TC4 is much larger
than the one of RC6. Consequently, we conclude that the
DMRG calculations on the RC geometry are more accurate
than the TC geometry at the SU(3) point, as we therefore focus
on the RC geometry for the most part of this work.

APPENDIX C: SPINON-GAUGE THEORY FOR
WEAKLY-COUPLED SU(3) CHAINS

As far as the origin of the (7,27 /3)/(27 /3, m) orders at
L,-leg ladder near the SU(3) point in Figs. 2 and 3, which
vanish at thermodynamic limit, we can also rely on the picture
of the gapless spin liquid. Focusing on the SU(3) point, where
the gapless disordered phase is present, we can introduce an
eight-component operator Q*, with u = 1-8, consisting of
three components of spin (§“=%»*?) and five components of the
quadrupolar moment (Q"='~3). The operator can be concisely
expressed in terms of three-flavor partons, fy—,. which
couple to a U(1) gauge field to gauge out the total charge
mode, as Q" = f;(./\/l“)aﬁfﬁ, where M* are 3 x 3 matrices
constructed based on Gell-Mann matrices. For a single SU(3)
chain, we can expand the operator in terms of continuum
field Q" > 3 p_p; Qp + 2 _ipy, Qe where kp = 7/3.
Using Bosonization method [48-50], we find that the scaling
dimensions for each are A[Q}_p, 1= 1 and A[Q}, ;] =
2/3, which leads to the power-law behaviors in the real-space
correlation function, (D (x) - D(0)) ~ r~2 + r=*/3 cos(2kpx),
consistent with the previous results [51]. We can clearly see
that the wavevector 2 /3 indeed appears at a single SU(3)
chain limit. We then consider the multiple SU(3) chains
coupled by weak nearest-neighbor interchain interactions.
Based on weak-coupling analysis, we find that the interchain

165142-11



HU, GONG, LAL HU, SI, AND NEVIDOMSKYY

PHYSICAL REVIEW B 100, 165142 (2019)

2’:’.
.:.000.. o o e o)

FIG. 16. The real space spin [(a) and (c)] and quadrupolar
[(b) and (d)] correlation functions for the SU(3) model on the TC3
[(a) and (b)] and TC4 [(c) and (d)] cylinders. The green site is the
reference site; the blue and red colors denote positive and negative
correlations of the sites with the reference site, respectively. The area
of circle is proportional to the magnitude of the spin or quadrupolar
correlations.

interaction can be written as H' = " [ dxH’', where

H o= g1Q8 QL L+ 3y Qs O+ 8200 Q4 L1, (CD)

where repeated indices means summation and § = —¢q =
+2kr. Based on the scaling dimension analysis, we find that
only the coupling g; is relevant, which suggests that the
oscillating components .Q;,y at y leg and QZ vl si.tting at
(y + 1) leg tend to “antiallign” with each other leading to a
m period along y direction. The above weak-coupling analysis
for the SU(3) ladder system gives the tendency toward the
formation of (27 /3, )/(, 27 /3) order, which is frustrated
in the thermodynamic limit.

We now present further details to make the above points
more explicit. In two dimensions (2D) the usual approach
is to decompose the three-component spin (S*=**%) and
five-component quadrupole (Q'='~) operators in terms of
three-flavor spinor, the fermionic partons. At SU(3) point,
we can concisely construct an eight-component operator 9 =
f(ngﬂfﬁ, with

Qu=I~s e —ie“ﬂyf;fy’ ©)
QV«=4”8 _ Qi=1~57 (C3)
fafe=1 “

where repeated indices mean summation, and we can iden-
tify Q' =0, @*=0%", 0* =0, 0*= 0%, and
0’ = 0% in the usual convention for the definition of the
quadrupolar operator, and the 8-component matrices M can
be related to Gell-Mann matrices A, —i~g as M L=, M? =
—As, M3 = dy, M* = — )3, MD = hg, MO = —A |, M7 = —)q,

and A% = —\4. The Gell-Mann matrices are
0 1 0 0 —i 0
ram=11 0 0O, =i 0 O},
0 0 O 0 0 O
1 0 O 0 0 1
Az = 0 -1 0], x%=(0 0 O],
0O 0 O 1 0 0
0 0 —i 0 1 0
)\,5 = 0 0 O N )"6 = O O l 5
i 0 O 0 1 0
0 0 O 1 1 0 O
=10 0 —i], %3=—|0 1 0 ]. (C5
0 i 0 Vilo o —2

In the mean-field approach, one assumes that the partons are
noninteracting and hopping freely on the lattice [46]. This
artificially enlarges the Hilbert space, since the noninteracting
parton hopping Hamiltonian allows for unoccupied and dou-
bly occupied sites, which are strictly forbidden in the present
quantum spin model. One route to project the enlarged Hilbert
space into a physical one is to perform Gutzwiller projection
to project the enlarged Hilbert space at the mean-field level
back into the physical Hilbert space for the quantum spin
model restricting the patrons to single occupancy. The alter-
nate approach for implementing the constraint of the single
occupancy is by introducing a gauge field, for which the
simplest case is the U(1) gauge field, minimally coupled to the
patrons in the hopping Hamiltonian. By doing this, the theory
becomes a strongly coupled lattice gauge field theory, which is
hard to be solved analytically. Fortunately, on the chain limit,
we can employ Bosonization to analyze the quasi-1D gauge
theory, which can capture universal low-energy properties of
the ground state in the spin Hamiltonian [46,47].

We now start by using Bosonization to analyze the gauge
theory. We assume a mean-field state in which the partons are
hopping on the chain with nearest-neighbor hopping strengths
denoted ¢;. The dispersion of each flavor of parton is

&(k) = =2t cos(k). (C6)

At the mean-field level, each flavor of parton is 1/3 filled,
which gives one set of Fermi crossings at wave vectors
+kr = £m /3. The parton operators are expanded in terms of
continuum fields,

ful) =Y ™ fpg,

P

(C7)

with @ = x, y, z denoting the flavor, and P = R/L = £ de-
noting the right and left mov-ing fermions. We now use
Bosonization re-expressing these low-energy parton operators
with Bosonic fields,

fra = naei(%JrPt%)’ (C8)
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with canonically conjugate boson fields:

(9o (x), 95 (x)] = [0a(x), O5(x")] = 0, (€9

(9o (x), Op(x)] = imdepO(x — x), (C10)

where ®(x) is the Heaviside step function, and 7, are the
Klein factors, the Majorana fermions {74, ng}, for assuring
the anti-commutation between partons with different flavors.
Under bosonization, the slowly varying fermionic densities
are simply £}, fra = 0:(P@a + 00/ (270).

In the present 1 + 1D continuum theory, we work under
the gauge constraint that eliminate spatial components of the
gauge field. In the imaginary-time formalism, the bosonized
Lagrangian density is

= Z [ (39)2+va(89)2}+£f1 (C11)

a—xyz

Here £, encodes the coupling to the slowly varying 1D
(scalar) potential field A(x),

1/8.A\" .
Ly=— + ipAA, (C12)
m\ w
where ps denotes the total gauge charge density:
1
=— 0xby . Cl13
A= Z (C13)

In the present SU(3) chain, it is useful to define fields as

1
6, = 7 > b (Cl14)
1
0, = E(ex —6,), (C15)
1
b = %(GX + 6, —20,), (Cl6)

and similar expressions for ¢,, @i, ¢, fields, which leads to
the Lagrangian density in the same form as before,

1

L= >

a=p,1,2

[Ui(azeaf + va(axea)z} + La. (C17)

Integration over the gauge potential generate a mass term,

Ly ~m(0, —00), (C18)
for the field 6, = )", 6,/2. Due to the presence of the mass
term for the total charge mode, 6, the 6, becomes gapped and
can be ignored essentially.

The spin and quadrupolar operators can also be re-
expressed in terms of the bosonic fields, and their corre-
sponding correlation functions can be determined based on
the bosonic Lagrangian above, Eqgs. (C17) and (C18). Let’s
take the spin operator as an illustration. We find that the
spin operator at the low-energy theory description consists
of a uniform and a oscillating parts with wave vectors

q = +2kp = £27/3,

SU0) = Se() + Y SE(x)e (C19)
q=+2kp
with
. 1 1
Sum(x) _(ax(pRa - ax(pLa) = _axgou (CZO)
2 T

Sg(x) = —ie*PYngn, e ) cos(pp — @,). (C21)

Based on the scaling dimension analysis, we find the scaling
dimensions for the uniform and oscillating parts to be

AlSeil =1, A[S]=2/3,

which leads to the conclusion that a spin correlation function
at such a SU(3) spin chain shows the power-law behavior as

(S(x) - 5(0)) ~ r 288wl 4 p72800) cos(2kpx) (C23)

(C22)

=r 2 4+ r 3 cos(2kpx), (C24)

which is consistent with the previous studies [51]. Similarly,
we can find that the quadrupolar operator has the similar
behaviors as

Q) ~ Q)+ Y Qe (C25)
q==2kp
and their scaling dimensions are
AlQiu] =1, A[Q]=2/3. (C26)

We can clearly see the 277 /3 wave vector.

Now in order to see the = wave vector found in the DMRG
calculations, we proceed to consider weak couplings be-
tween each SU(3) chains. Introducing a more compact eight-
component operator £ consisting both spin and quadrupolar
operators, we can then expand the eight-component in terms
of low-energy fields as

n= 1~8,\, 1% o igx
Q Qi+ Z Qe

q==2kp

(C27)

At weak-coupling regime, we find that the nearest-neighbor
couplings between y and (v + 1) legs chains can be written
down at the low-energy descriptionas H' =}, [ dxH' with

= 1Q8 QL L+ Ay QO+ 208 QL. (C28)

where the repeated indices mean summations. We define
Q“ = Zp QPV and g = —q. At tree-level renormalization
group (RG) analysis, we find the scaling dimensions for the
couplings as A[g;] = 2/3, where A, and g, remain marginal.
Therefore we can see if g; > 0, under RG the Q’; and Qq il
tend to “antialign” with each other leading to a staggered
pattern along y-direction with a period of .

We can then see based on the weak-coupling analysis of
multiple SU(3) chains weakly coupled by weak interchain
interactions, the wave vector (27 /3, w)/(m, 2 /3) can nat-
urally arise, which is consistent with the DMRG results.
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