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Magnon condensation in dimerized antiferromagnets with spin-orbit coupling
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Bose-Einstein condensation (BEC) of triplet excitations triggered by a magnetic field, sometimes called
magnon BEC, in dimerized antiferromagnets gives rise to a long-range antiferromagnetic order in the plane
perpendicular to the applied magnetic field. To explore the effects of spin-orbit coupling on magnon condensa-
tion, we study a spin model on a distorted honeycomb lattice with dimerized Heisenberg exchange (J terms) and
uniform off-diagonal exchange (I’ terms) interactions. Via variational Monte Carlo calculations and spin-wave
theory, we find that an out-of-plane magnetic field can induce different types of long-range magnetic orders,
no matter if the ground state is a nonmagnetic dimerized state or an ordered Néel state. Furthermore, the
critical properties of field-driven phase transitions in the presence of spin-orbit couplings, as illustrated from
the spin-wave spectrum and interpreted by the effective field theory, can be different from the conventional
magnon BEC. Our study is helpful to understand the rich phases of spin-orbit coupled antiferromagnets induced

by magnetic fields.

DOI: 10.1103/PhysRevB.105.094401

I. INTRODUCTION

Quantum magnetism, which involves interacting spins and
orbitals in magnetic materials, is a good platform for in-
vestigating many-body physics. The quantum dimer magnet
(QDM), a nonmagnetic ground state constituted by distinct
singlet dimers, is one of the simplest examples of quantum
magnets having no classical correspondence. An example of
QDMs is the antiferromagnetic (AFM) Heisenberg model on
the distorted honeycomb lattice, where the thicker bonds [e.g.,
the vertical bonds, see Fig. 1(a) for illustration] form discon-
nected dimers. Since the interactions on the thinner bonds are
relatively weaker, the ground state can be approximately con-
sidered as a direct product of singlets formed by the dimers.
The excitation on each singlet dimer forms a triplet, which is
bosonic and sometimes called a “magnon”.

It was proposed that the magnons in QDMs can undergo
BEC [1] just like usual Bose gas [2]. An external magnetic
field can adjust the “chemical potential” of magnons, con-
sequently, a magnon-BEC phase appears in the intermediate
field region, which is sandwiched by the dimerized phase
at the low-field side and the polarized phase (PP) at the
high-field side. The magnon BEC was experimentally veri-
fied later [3—12]. As is known that the BEC of usual bosons
spontaneously breaks the particle number conserving global
U(1) symmetry, similarly the BEC of magnons spontaneously
breaks the SO(2) spin rotational symmetry [13,14]. Here the
SO(2) group comprises continuous spin rotation along the
direction of the magnetic field. The spontaneous breaking
of SO(2) symmetry indicates the appearance of long-range
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antiferromagnetic order in the plane perpendicular to the field
direction, and the orientation of magnetic momentums is de-
termined by the “global phase” of the magnon condensate.

Generally, in the real magnetic materials, the continuous
SO(2) symmetry explicitly breaks down into its discrete sub-
groups if the system contains anisotropic interactions, such as
dipole-dipole interactions or spin-orbit coupling (SOC) [15].
If the energy scale of the factors that cause the anisotropy
is very weak compared to the ordering temperature, the low
energy physics is approximately described by SO(2) conserv-
ing theory [16—18]. Therefore it is expected that the physical
picture of magnon BEC still works under an external mag-
netic field. If the anisotropy of magnetic properties is strong
enough, the physical consequences of the applied magnetic
field will be modified. For instance, in an external magnetic
field, the dimer compound Yb,Si,O7 [19] contains two inter-
mediate phases between the dimerized state and PP, which
is beyond the usual magnon BEC mechanism. A previous
theoretical work attributes the existence of two nontrivial
intermediate phases to the anisotropy in the exchange inter-
actions and the staggered Landé g factor [20].

On the one hand, in the layered honeycomb “Kitaev mate-
rial” «-RuCl; where SOC plays an important role [21-23], the
dominant interactions are not AFM Heisenberg interactions
but Kitaev interactions and other off-diagonal interactions. At
ambient pressure, the @-RuCl; undergoes a first-order phase
transition to a nonmagnetic dimerized phase [24-27]. Another
example is the previously mentioned dimerized honeycomb-
lattice material Yb,Si,O; which may also have SOC-caused
anisotropies since the Yb** cation is very heavy. This raises
an interesting question: will the strong SOC affect the magnon
condensation? In the present work, we will address this ques-
tion by studying the physical consequence of strong SOC to
dimerized antiferromagnets. It will be illustrated that although
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FIG. 1. (a) The x, y, and z bonds in J-I"" model are shown and the
thickness of bonds shows the strength of Heisenberg (/) interactions.
The elliptic shadings stand for singlets formed by dimerized spins.
The crystallographic a (in-plane), b (in-plane), and ¢ (out-of-plane)
directions are indicated, whose directions are given by [110], [112],
and [111], respectively. (b) The corresponding Brillouin zone (BZ)
of a honeycomb lattice spanned by unit vectors a; and d,.

the continuous symmetry is no longer a good approximation,
the magnetic-field-induced long-range AFM orders are quite
general in dimerized antiferromagnets with SOC. The mag-
netic order in the intermediate field region can be either Néel
order, or stripe order, or zigzag order, depending on the details
of interactions. Even when the ground state is Néel ordered
state at zero field (owing to strong SOC), the in-plane stripe
order or the zigzag order can still emerge in the intermediate
field region.

We will begin with an antiferromagntic spin model on
the distorted honeycomb lattice with finite SOC. It includes

Heisenberg J terms and off-diagonal I'" terms, namely,

H=Y " J,S;-S;+T'(S¢ST+S/ 83 +S/s7 +5S7)

(i,j)ey
—8UB Z B-S;,
;

where (i, j) denotes nearest-neighbor sites, o, 8, y = x, y, 2
stand the spin indices, and y = x, y, z is also used to label the
three types of bonds [see Fig. 1(a) for illustration]. We adopt
the setting with gug = landJ. =J,J, =J, = (1 —8)/,8 €
[0, I). For simplicity, the magnetic field is oriented along
¢ direction. With variational Monte Carlo (VMC) calcula-
tions using Gutzwiller projected states as trial wave functions,
we found that field-induced magnetic orders, including Néel
order, zigzag order, and stripe order, can appear in the interme-
diate magnetic fields (see Figs. 2 and 3 for phase diagrams).
This suggests that the SOC-caused frustration is crucial to
understand the nature of the field-induced quantum critical
points (QCP) and magnetic orders in the intermediate field re-
gion (see Refs. [28-30] for another example of model study).

The rest part of the paper is organized as follows. In
Sec. II, we introduce the symmetry group of the extended
Heisenberg model (the J-I'" model) on the honeycomb lat-
tice. In Sec. III, we present the technical details of the VMC
method, especially for the ground state and excited states.
Readers who are not interested in the details of the method can
skip Sec. Il and go to Sec. IV directly, where the VMC results
are presented. Section V is devoted to the spin-wave theory
and effective field theory aiming to understand the origin of
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FIG. 2. Schematic phase diagram of the J-T'" model on the distorted honeycomb lattice in a magnetic field along ¢ direction. (a) The
low-field quantum phase diagram contains two phases, the QDM phase (lower) and the AFM, phase (upper), separated by a continuous
transition (illustrated by the solid line). In the AFM, phase, the magnetic momentum is parallel to the c-direction. (b) With increasing of
field strength, different canted deformation of magnetic orders (including AFM,, stripe, and zigzag) appear at the intermediate field region,
accordingly the QDM (AFM, ) phase splits into three different pieces labeled with I, IL, III (IV, V, VI). (c) A polarized phase (PP) with magnetic
momentums along ¢ direction in the high-field phase diagram. Representative ground-state spin configurations in the corresponding phase of

phase diagrams are shown below.
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FIG. 3. Phase diagrams of the J-I"" model in the magnetic field
along c-direction with I: § =09, I'"/J =0, II: § =0.85, I'"/J =
02, 1:6=09,1"/J=02,IV:6=04,1T"/J=04,V: §=0.7,
I'"/J =0.4,and VI: § = 0.9, I'"/J = 0.4. I-1II show phase diagrams
with increasing fields, corresponding to the three stellate points in
regions I-III of Fig. 2(b), respectively, while IV-VI are phase dia-
grams for the three circles in regions IV-VI of Fig. 2(b), respectively.
The red solid (blue hollow) points represent first-order (continuous)
phase transitions.

the intermediate magnetically ordered phases and the nature
of QCP. Finally, the paper is concluded in Sec. VI.

II. SYMMETRY GROUP OF THE SPIN MODEL

Generally, SOC in quantum magnets locks the spin rota-
tion operations with the corresponding lattice rotations and
hence reduce the continuous spin rotation symmetries to dis-
crete ones. A class of spin-orbit coupled antiferromagnets
on the honeycomb lattice has the discrete symmetry group
D3, [31-35] and contains anisotropic spin-spin interactions
in addition to the isotropic Heisenberg exchanges (J terms).
The anisotropic exchange interactions include, the diagonal
Kitaev exchange interactions S S}/ (K terms) [36-38] and the
off-diagonal exchange interactions such as S;"Sf + Sf Sj‘ in-
teractions (I" terms) [39—41] or S;"S}’ + S}'S;’-’ + SiﬁS}’ + S}'Sf
interactions (I’ terms) [42-45], here o, B, ¥y = x, y, z and
we have only listed the interactions on the y bond.

On the other hand, some honeycomb-lattice materials are
dimerized where the threefold rotational symmetry is absent.
Supposing that the z bonds are shorter than the other bonds,
then it is expected that the strength of interactions is stronger
on the z bonds (see Fig. 1). In the present work, we will focus
on the simple model (1) on dimerized honeycomb lattice con-
taining J and I’ interactions only. Here we adopt the I term
but do not consider other terms because the I' interactions
can give rise to a richer magnetic structure. For simplicity,
we assume that the strength of I'” interactions is equal on
all the bonds, while the strength of the Heisenberg terms is
anisotropic. Thus we introduce a parameter § to denote the

relative difference of J between the z bonds and the x,y
bonds. We apply the magnetic field along the ¢ direction with
B =B.(1,1,1)/4/3.

If § = 0, B = 0, the system has D3y x ZI symmetry [46],
where ZI stands for the time reversal symmetry. If § # 0, B =
0, the system has {E, P, C5, M} x Z] magnetic point-group
symmetry [47], with P the spatial inversion, C, the twofold
rotation along the z bond, and M = C,P the mirror reflection
symmetry. For general values of § and B (e.g., § # 0, B # 0),
the symmetry of the model reduces to the following magnetic
point group 2'/m’ = {E, P,C,T, MT}, with T the time re-
versal.

In the following, we will study the phase diagram and
the nature of the phases for the spin model (1) using VMC
approach.

III. THE VMC APPROACH

A. For the ground states

The VMC approach is based on spinon representation,
where the spin operators are written in quadratic forms
of fermionic spinons S} = %C;a’”C,-, where CiT = (clTT, CL ),
m=x, y, z, and o™ are Pauli matrices. The particle num-
ber constraint, N; = cj'Tc,-T + cj'lci 4 = 1, should be imposed
at every site such that the size of the Hilbert space of the
fermions is the same as that of the original spin. It is con-
venient to introduce the matrix operator v; = (C;, C;) with
C = (CL, —cj'T )" such that the spin operators can also be writ-
ten as S/ = Tr(lﬁ"mei). Since the spin operator is invariant
under a local SU(2) transformation vr; — 1;W;, the fermionic
spinon representation has an SU(2) gauge symmetry [48].

The spin interactions are rewritten in terms of interacting
fermionic operators and are further decoupled into a noninter-
acting mean-field Hamiltonian. Then we perform Gutzwiller
projection to the mean-field ground state |W,¢(R)) to en-
force the particle number constraint. The projected states
[W(R)) = Pg|Wne(R)) provide a series of trial wave func-
tions depending on the choice of the mean-field Hamiltonian
Hy¢(R), where Pg denotes a Gutzwiller projection and R
are treated as variational parameters. The energy of the trial
state E(R) = (V(R)|H|W(R))/(V(R)|W(R)) is computed us-
ing Monte Carlo sampling, and the optimal parameters R are
determined by minimizing the energy E(R). In the follow-
ing, we will focus on the construction of the trial mean-field
Hamiltonian.

The Heisenberg interactions can be decoupled into a non-
interacting fermionic Hamiltonian,

Hl = Y (t'C/Cj+ A"C[C;+H.c)

m
(i,j)ey

+ ) Te( - YTy, 2

where ¢ denotes singlet hopping and AY represents singlet
pairing. A%>* are three Lagrangian multipliers to ensure the
SU(2) gauge invariance (where the A* component corresponds
to the particle number constraint).

To decouple I'’ interactions in the model (1), we adopt the
“Kitaev-type” mean-field Hamiltonian appeared in literature
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FIG. 4. Energy curves (the upper figures) and magnetization of ground states (the lower figures) with increasing magnetic field for [(a) and
®]18§=09,T"/J =0,[(c)and (d)] § = 0.85, '"/J = 0.2, and [(e) and (f)] § = 0.9, T'"/J = 0.2, which are points in regions I, I, and III with
star [see Fig. 2(b)], respectively. The insets of (a), (c), and (e) show the spin configurations of AFM, stripe, and zigzag orders, respectively.

The vertical dashed lines indicate the values of the critical fields.
[46,47,49,50], namely,

Hye= > ipc Ty + 9 o™y + Oyl o'y,

(i.j)ey
+ TzwiTGZWJ) + iprr(tawlTaV wj 477 wlj‘aawj
- Tﬂwayl/fj + Tyl/fiTUﬁl/fj) + H.c. 3)

where p, and p. are both real numbers. Note that t**?
are generators of the SU(2) gauge group [46]. Meanwhile, the
mean-field Hamiltonian HL: preserves all symmetries of the
original system through projective symmetry group [51]. The
Zeeman coupling is simply written as

HE — _ZTr<B-1pj%1p,~). )

Finally, to describe the field-induced magnetic order in the
J-T"" model, we introduce a background field M; to induce the
symmetry-breaking magnetic order. The ordering pattern M;
is assumed to contain a single momentum Q with [41]

M; = M(sin¢[é, cos(Q - r;) + &, sin(Q - r;)] + cos ¢ &;),

where Q is the ordering momentum, &, , . are the local spin
axes, and ¢ is the canting angle. The ordering momentum Q is
adopted either from the classical ground state or the classical
metastable states (the Q from the classical ground state is
not always the one with the lowest energy after quantum
corrections are considered). For a given Q, the local axes
&y .y, are fixed as they are in the classical state, while M and
¢ are treated as variational parameters. Hence, the complete
trial mean-field Hamiltonian (with nearest-neighbor coupling

terms only) for the J-I'" model in an external magnetic field
reads

HS = H + HY + HP — % > M; - CloCi +He). (5)
The complete set of variational parameters include (¥, AY,
Pbs Pes &y M, @) whose optimal values are determined by min-
imizing the energy of the Gutzwiller projected wave function.

In the variational process, we first choose a classical
metastable configuration with Q, then optimize the energy
of the projected state. By comparing the optimal energies of
different trial Os, we obtain the approximate ground state. In
addition to determining the phase diagram (see Figs. 2-4),
the VMC method can further provide information on the low-
energy excitations.

B. For the spinon-excited states

Now we try to construct the low-energy excitations via
Gutzwiller projected spinons excited states

1K; (k= @y (@n) = Pafi_y ol W), 6)

where fi_,» and f,, are eigen particles of the mean-field
Hamiltonian, with m, n the band indices and k, ¢ the lattice
momentum according to the translation operators.

The above two-spinon excitations form a continuum and do
not correctly describe the low-energy excitations of the sys-
tem. The failure of the state (6) in describing the low-energy
excitations is owing to the strong gauge interactions between
the spinons which are not correctly addressed. To partially
solve this problem, we diagonalize the original Hamiltonian in
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FIG. 5. Energy spectrum at I" point (k = 0) as a function of magnetic field strength, where the interaction parameters are fixed as § = 0.9,
I'"/J = 0 for [(a) and (b)] and § = 0.8, T"/J = 0.1 for (c). (a) VMC is used in the QDM phase. At B, = 0, the system has a spin-singlet ground
state, gapped triplet excitations (with S¢ = 0, £1) owing to the continuous SU(2) spin rotational symmetry and higher-energy continuum
spectra. All these states are unaffected by the field below |B./J| < 0.89 but the energy changes linearly with B, until the gap closes. (b) Exact
diagonalization in §¢ = L/2 — 1 space is used in the polarized limit. As B./J > 1.2, the ground state is fully polarized with §¢ = L/2, while
the excited states with S = L/2 — 1 form a continuum with a gap above the ground state. These states are unaffected by the field but the
energy changes linearly with B, until the gap closes at B./J = 1.2. (c) VMC is used in the QDM phase with finite SOC. The lowest energy
excitation states at B, = 0 are not degenerate because of explicit breaking of SU(2) symmetry. However, the field dependence of the energy
lines marked with black, blue, red are very similar to the case in (a) where the SO(2) rotation symmetry is preserved.

the subspace spanned by the two-spinon excitation continuum
[52-55]. specifically, we calculate the matrix elements of the
matrix 57 (k) with

Hopmn.qmn (k) = (k3 (k = P, (Pl H K5 (k = @ (@),

where k is the total momentum of the state with a pair of
spinons excitation. The dimensionality (2N x C) of this ma-
trix 2 (k) is equal to twice the total number of sites N times
the size of the unit cell C in the corresponding mean-field
Hamiltonian.

Since the states in the two-spinon continuum are not or-
thogonal, we need to calculate the metric matrix g formed by
the overlap of the states,

& pmn,qm'n’ (k) = (k, (k - p)nu (p)n|k; (k - q)m’s (Q)n’>-
Hence, the eigenproblem of 7#°(k) should be calculated by

g ) A (KU =U - diag(ey, . ..., €2cn),

where the eigenvalues €, ..., €,cy are the “renormalized”
energy of the excitations.

The renormalized eigenfunction |k),, is given by

Ky = Y F (gmm)lk; (k = @), ()n),

qeBZ

where % (gmn) is the eigenvector of the matrix 7.

It will be shown that in the magnetically ordered phase
the two-spinon excitations are strongly renormalized and the
bound state formed by the spinons pair behaves like a magnon
(see Figs. 5 and 6).

IV. THE VMC RESULTS
A. The phase diagram

Our VMC calculations are performed on a tori of 6 x 6
unit cells, i.e., of 72 lattice sites. The main results are shown
in Fig. 2. The (I, §)-parameter space is divided into sev-
eral different regions. Firstly, when B = 0, the phase diagram

contains two phases that are separated by the solid line. The
lower one is a QDM, while the upper one is a Néel ordered
state locating perpendicular to the honeycomb plane (namely,
AFM,). The phase transition between both gapped phases
is of second order with a dynamical critical exponent z = 1
(see Appendix A 2 for details) which is characterized by the
spontaneous breaking of spatial inversion symmetry.

When B # 0, according to patterns of magnetic orders at
intermediate magnetic fields, each phase is divided into three
different regions [see Fig. 2(b) for details].

In region I, the I'’ interaction is relatively small, the SOC
is not strong enough to change the physics of magnon BEC.
Namely, there is an intermediate canted AFM order with
Néel pattern in the plane perpendicular to the field (namely,
AFM,;) between the low-field QDM and the high-field PP
[see Fig. 4(a) for illustration], just as the case with IV =
0. The magnon excitations are gapless in the intermediate
AFM,, phase although I'" # 0, on account of a continuous
U(1) degenerate manifold of ground states in the correspond-
ing classical model [56]. Quantum fluctuations lifts the U(1)
degeneracy and leads to the pseudo-Goldstone mode, which is
known as order-by-disorder effect [57]. It can also be seen that
either the canted stripe order or canted zigzag order with the
long-range magnetic order in the plane perpendicular to the
field (namely, stripe or zigzag) is competing in energy with
the Néel state. With the increasing of field strength, the phase
transitions into the AFM,;, phase and out of AFM,;, phase are
both of second order, which is the same as the case with I/ =
0. Here we clarify the fact that the magnetization of the ground
state has a small jump at the low-field transition point, which
seems to indicate a weakly first-order transition. We speculate
that this is an artifact owing to the VMC method, where the
magnetic order is induced by a static background field. We
could resolve the problem through “renormalization” in VMC
framework that allows the ground state to include more spin-
wave fluctuations, which will smoothen the magnetization
curve. Meanwhile, the nature of the phase transitions will be
analyzed in the next section using the renormalized spinons
excitations.
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FIG. 6. (a) VMC excitation spectrum and (b) dynamic structure factor for the AFM,;, phase (in a system with 72 sites) with parameters
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path of the excitation spectrum.

With the increasing of I and 8, the region II shows up.
The difference is that in the intermediate phase, the stripe
ordered state is slightly lower in energy than the Néel state
and the zigzag state [see Fig. 4(c) for illustration]. In the
stripe ordered phase, the spin components in the honeycomb
plane are pointing along [211] direction [see Fig. 4(d)], al-
though the canting direction is slightly away from c-direction.
Among the symmetry elements 2'/m’ = {E, P, C, T, MT} of
the Hamiltonian, the C,7 and M7 symmetries are broken by
the stripe order. The magnon excitations of the stripe phase
are gapped, which is different from the case in AFM,, state.
Our numerical simulations strongly suggest that the transition
between the intermediate stripe state and the dimerized (or
polarized) phase is continuous, which is in agreement with its
spontaneous symmetry breaking.

With further increasing of §, the system enters region III,
where the intermediate phase exhibits zigzag type magnetic
order [see Fig. 4(e) for illustration]. The in-plane zigzag order
is orienting along the [110] direction [see Fig. 4(f)], which
breaks the C,7 symmetry but preserves the M7 symmetry.
The magnon excitations of the zigzag phase are also gapped.
The phase transition between the intermediate zigzag state and
the dimerized (or polarized) phase is also continuous owning
to spontaneous symmetry breaking, which is the same as the
case in region II.

In the left up region, owing to the relatively large I', the
zero-field ground state is no longer QDM with singlet dimers
but is replaced by an AFM, state. Among the symmetry
elements 2'/m’' = {E, P, C,T, MT} of the Hamiltonian, the
MT and P symmetries are broken by the AFM,. order at low
fields. According to the response to the magnetic field, this
region is further divided into three parts. In the first part, with
the increase of magnetic field, there is an intermediate AFM
ordered state (with Néel pattern in the honeycomb plane,
called AFM,;) under a proper magnetic field as in region-I
[see Figs. 2(b), 3(I), and 3(IV)]. In the second part, there is
an intermediate stripe phase under a proper magnetic field
as in region II [see Figs. 2(b), 3(II), and 3(V)]. In the last
part, there is also an intermediate phase that exhibits zigzag

order as in region III [see Fig. 2(b), 3(III), and 3(VI)]. The
magnon excitations are also gapped in the intermediate stripe
and zigzag phases. In all the above cases, the phase transition
from the intermediate phase to the dimerized or polarized
phase is continuous, while the transition from the intermediate
phase to the low-field AFM, phase is of first order (for details
see Appendix A).

From the phase diagram, we can see that the dimerized
ground state is not a necessary starting point for the existence
of the field-induced intermediate magnetically ordered phase.
Therefore the physics of this system would be further enriched
by proper SOC.

B. Excitations and dynamical properties

In this section, we will focus on the low-energy excitations
from the VMC approach. We first illustrate the closure of
magnon excitation gap, which causes the condensation of
magnons, and then show the dynamic structure factor of the
intermediate phase.

1. Low-field and high-field limit

As a typical example, we mainly focus on the interaction
parameter region of the dimerized phase. In the dimer-
ized phase, the spinons are confined in the singlet (S =
0), three energy-degenerate triplets (S = 1), and high-energy
continues.

The renormalized excitation spectrum for I" point are
shown in Fig. 5(a). Here we can clearly see the singlet and
triplet states at low energies, and higher energy continues.
Because SOC disappears here, S¢ along the magnetic field
(i.e., ¢ direction) is a good quantum number, then we could
divide them into three classes according to S¢ = —1,0, 1.
When a magnetic field is added, Zeeman terms are added.
In orthogonal normalization excitation space, Zeeman terms
only appear in diagonals, which produce a splitting of energy
without a change of state. Energy splitting lines between sin-
glet and triplet states are plotted in Fig. 5(a), they close the
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FIG. 7. Condensation of magnons (the lowest band in LSWT) at the upper critical point. (a) § = 0.8, I'"/J = 0.1, the magnon gap closes
at the " point (k = 0) with a quadratic dispersion; (b) §=0.85, I''/J=0.2, the magnon gap closes at the M, point (k = b,/2 or k = b,/2) with
a linear dispersion; (¢) §=0.9, I’ /J=0.2, the magnon gap closes at point the M, point (k = b; /2 + b,/2) with a linear dispersion.

gap at B./J ~ (.89, which means a continuous transition, i.e.,
magnon BEC.

At the high-field limit, the polarized state is the ground
state, and §¢ = L/2 is also a conserved quantity. The space
of low-energy excited states is S = L/2 — 1 with dimen-
sion L, hence we could obtain exact Hamiltonian H in this
space, H; ; = (i|lH|j), where |i(j)) means the configuration
flip i(j)th from the polarized state. Then diagonalize H to
get the excitation spectrum with various fields, as shown in
Fig. 5(b). When the magnetic field drops to B./J = 1.2, the
gap closing also indicates a continuous phase transition from
the polarized phase to the AFM,;, phase. These results are
consistent with previous studies [13,14], which once again
demonstrate the reliability of our VMC method. If SOC ap-
pears (namely, nonzero I’ interactions), similar results will
indicate continuous phase transitions as shown in Fig. 5(c).

2. Dynamical structure factor in the intermediate phase

Now we study the low-energy physics of the intermediate
phase and will focus on the AFM,;, phase as an example.
We will calculate the excitation spectrum and the dynamic
structure factor (DSF) [58] with interaction parameters § =
0.6, I'"/J =0, and B./J = 1.

The excitation spectrum and DSF for the AFM,;, phase
are obtained from the renormalized spinons excitations as
discussed in Sec. III B. For simplicity, we consider the path
in momentum points as plotted in the inset of Fig. 6(b), which
includes two different K points and three different M points.
The magnons as bound states of spinons are clearly seen in
Fig. 6(a), which are well separated from the continuum. Es-
pecially, the lowest energy band (the orange solid line) agrees
well with the lowest magnon band calculated from the linear
spin-wave theory (LSWT) [see the insert of Fig. 6(a)]. The
small gap at the I" point in the magnon is owing to the system
size effect. However, the second excitation band [the orange
dashed line in Fig. 6(a)] is dispersive and deviates with the
dispersion of the upper magnon band (which is quite flat) in
LSWT.

Figure 6(b) shows the zz component of the DSF which can
be measured in neutron scattering experiments,

Sg. )= Y |(WE[Si o) [*8 (0 — EX + Ey).

where |Wy) is the variational ground state with energy Ej
and |W) is the nth renormalized two-spinon excited state
with momentum ¢ and energy E,;. We note that S; =
ﬁ > expliq - r]S? is the Fourier-transformed spin operator
for the component z, with L being the number of sites in the
system.

Comparing Figs. 6(a) and 6(b), it can be seen that the
lower magnon band contributes an enormous weight in the
DSF data. In contrast, the second band in the renormalized
excitations, which is dispersive, has a very small weight.
However, there is indeed an almost flat band in the DSF data at
around w/J ~ 1, whose dispersion is qualitatively consistent
with the upper magnon band in LSWT. Therefore it is better
not to identify the second excitation band (the dashed line)
in Fig. 6(a) as the upper magnon band, instead, the upper
magnon band locates somewhere inside the continuum. If
this is true, then it means that there is a nonzero density of
states between the lower and upper magnon bands, which is
quite unusual in quantum antiferromagnets. The weight of the
DSF signal for the magnon bands almost vanishes at some
momentum points, the reason might be that we only consid-
ered the zz-component. Finally, the higher-energy continuum
contributes small but nonzero weight to the DSF, showing that
quantum fluctuations at w > J (above the magnon bands) is
not negligible. The DSF for the intermediate stripe and zigzag
ordered phases will not be shown here.

V. MAGNON CONDENSATION AND CRITICAL
PROPERTIES

A. Higher-field critical points

In this section, we will adopt the Holstein-Primakoff (HP)
representation [59] of spins and calculate the magnon spec-
trum. As illustrated above, at the critical point where the
magnon gap closes, the magnons condense and the system
undergoes a continuous phase transition. If the magnon gap
closes at momentum Q of BZ, then after the phase transition
the system exhibits a long-range magnetic order whose static
structure factor supports a peak at momentum Q. To the end,
we will find that spin-wave theory is qualitatively consistent
with VMC calculations.

We will start with the polarized state in the high field limit,
where the excitations are gapped bosonic magnons. Actually,
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FIG. 8. Condensation of magnons (the lowest band in SU(4) LSWT) at the lower critical point. (a) § = 0.8, I'"/J = 0.05, the magnon
gap closes at the I' point with a quadratic dispersion; (b) §=0.9, I'"/J=0.1, the magnon gap closes at the M, point with a linear dispersion;
(¢) 8 =0.95and I'"/J = 0.1, the magnon gap closes at the M, point with a linear dispersion.

when in the B, — oo limit, the system approximately recov-
ers the SO(2) symmetry (and hence the magnon-BEC picture
approximately works). If the magnetic field is oriented along
¢ direction, we can choose the c¢ direction as the new z axes.
To this end, we perform a uniform orthogonal transformation
[R € SO(3)] without changing the excitation spectrum,

1 =1
sy (o= O\ /s
/ 1 1 =2 y
Si|=1% % %|[%] ™
S 4L L L JA\SE
! Vi V33 !

Thus the model (1) is transformed into a new one under the
above rotation matrix R,

/T ’
He Y SHS-Y RS ®
(i.j)ey i

where H/, = RH,R" and B' = BR".
To obtain the spin-wave spectrum, we will adopt the HP
representation in the new spin frame on the A sublattice,

1 1
Sl{x = E(aj\/l — aj‘al' =+ \/1 — Clj-aiai) ~ E(aj +ai)’

i

SY = z(aj\/l — afa,- — \/1 — aja,-a[) ~ %(aiT —a;),

1
S¢ =~ —ala, 9
i 5~ dia )

where the bosons satisfy the usual commutation relations
la;, a;] = ;j. We could construct HP representation on the B
sublattice by the same way [a; — b; in (9)]. Substituting the
above formulas into the rotated Hamiltonian (8) and keeping

the quadratic terms, we obtain the following Hamiltonian on

TABLE 1. The dynamic critical exponent of field-induced QCP
with or without I'’ interactions from spin-wave theory.

Parameter Intermediate phase Lower QCP Upper QCP

I'=0 AFM,, =2 z=2
AFM,,; z=2 z=2

"0 Stripe z=1 z=1
Zigzag z=1 z=1

the Fourier bases:

Hsw =y W' (kyH(k)W(k), (10)
k

where W'(k) = (a], b}, a_, b_y) with a] (b}) being the
magnon creation operator on sublattice A (B). It is very
important to note that, unlike the fermionic case, the
eigenenergies and eigenmodes in this case are obtained
by diagonalizing the non-Hermitian matrix X7 (k), where
¥ = diag(1, 1, —1, —1). Thus diagonalizing the above non-
Hermitian matrix, we get the magnon excitations spectrum
(see Appendix B for details).

The magnon gap decreases when lowering the field
strength. At a critical field, the magnon gap closes at a cer-
tain momentum point in the BZ (see Fig. 7) and the system
undergoes a continuous phase transition. The momentum at
which the magnon gap closes depends on the interaction pa-
rameters. If one further decreases the field strength, then the
magnon spectrum in spin-wave Hamiltonian (10) will have an
imaginary part, indicating that the polarized phase is unstable.
To avoid the instability in the excitation spectrum, the system
enters an ordered phase where the pattern of spins exhibit
a different configuration. In other words, the condensation
of magnons results in a long-range magnetic order and the
excitation spectrum changes accordingly.

If I'’ term is small, the magnons condense at the I point
(i.e., k = 0) and the system exhibits canted Néel order after
the phase transition. As shown in Fig. 7(a), the dynamic
critical exponent is z = 2 at the transition point (owning to
the quadratic dispersion), which is the same as the conven-
tional magnon BEC [14] with T" = 0. On the other hand,
if the magnons condense at the M; point (i.e., k = b;/2 or
k = by/2), then the system transits to the stripe phase and if
the magnons condense at the M, point (i.e., k = by /2 + by /2),
then the system exhibits zigzag order. In these cases, the
dynamical exponent is z = 1, as shown in Figs. 7(b) and 7(c)
where the magnon gap closes linearly. From the dynamic criti-
cal exponent, it is expected that the correlation length near the
critical point is given by & ~ |B, — Byiiticat| " With v = 1/z in
two spatial dimension if the continuous SO(2) symmetry is
present [60].

The above conclusions are consistent with conventional
Landau-Ginzberg theory. Effective actions can be constructed
to interpret the response to a magnetic field from general
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symmetry principle and spin-wave calculations [29,30,61]
(see Appendix D for details). For example, when SOC is very
weak, the effective action with the dynamic exponent z = 2
describing the continuous phase transition from the high-field
PP to the intermediate AFM,,;, phase is given by

5= / ded®r (Y0, + 02 |0 ¥

+ 2,100,917 — nly P+ Uy, (11

where (4 = Byitical — Be, U > 0, and ¢ is a complex order
parameter. The universality class for the quantum phase tran-
sition (QPT) is nothing but the z =2 3D XY universality
class. If SOC is strong enough, the effective action is switched
to another one with dynamic exponent z = 1 which describes
the continuous phase transition from the high-field PP to the
intermediate zigzag (or stripe) phase

S= / ded*r((0:9) + v (90, )

+ 02 (B, W) — uyp® + UY?), (12)

where ¥ is a real order parameter. And the universality class
for the QPT may be the z = 1 3D Ising universality class. It is
important to note that these various effective actions produce
all these quantum phases and corresponding excitation spec-
trum discovered by the microscopic calculations. Therefore
SOC is crucial to understand the nature of the field-induced
QCP beyond the conventional magnon BEC.

B. Lower-field critical points

Now we go to the low field limit. When SOC is weak, the
system enters the dimerized phase in a small magnetic field.
As illustrated in the previous section, the magnon bands split
into three branches (for details see Appendix A) and the gap
of the lowest branch (b, ) decreases linearly with the field
strength. Finally, the magnon gap closes and the system enters
an intermediate ordered phase when the field strength reaches
a critical value.

To obtain the critical exponent at the lower critical points,
we consider each z bond as an effective site, which contains
four internal degrees of freedom. By regarding the four bases
on each effective site as a “SU(4) spin”, by mapping the
four bases [11), [14), [{1), |[{{) on the dimer bond into four
species of boson operators

A
B' = (byy,byys by by ),

we can figure out the SU(4) spin wave [62], where the “classi-
cal” ground state is a singlet formed by the two spin-1/2 spins
on each effective site

IDimer) = [ | [%(b‘N — b'M)]Wac). (13)
By adopting the SU(4) HP approximation [63] and keeping
the quadratic terms only, we obtain the spin-wave Hamilto-
nian (see Appendix C for details of calculations), which can
be diagonalized using bosonic Bogoliubov transformation.
The dispersions of the b, branch in SU(4) spin-wave the-
ory are shown in Fig. 8, it can be found that the dynamic
critical exponent at the lower-field critical point is the same

i

as that in the higher-field critical point (see Fig. 7 for illustra-
tion). Namely, the dynamic critical exponent is z = 2 for the
transition from the dimerized phase to the AFM,,;, phase and
is z = 1 for the transitions from the dimerized phase to the
stripe phase or to the zigzag phase, which are summarized in
Table I. Meanwhile, based on symmetry analysis, the effec-
tive actions describing the continuous phase transition from
low-field dimerized phase to intermediate ordered phases are
similar to the ones from high-field PP to intermediate ordered
phases and will not be repeated here.

When I interaction is large enough, the gap of the by
branch will close, which means that the ground state will
become Néel order where the spins are oriented perpendicular
to the honeycomb plane (called AFM,) through a contin-
uous phase transition. In this case, with the increasing of
field strength, the system enters field-induced in-plane ordered
phases by a first-order phase transition (see Appendix A for
details).

VI. CONCLUSIONS AND DISCUSSIONS

We studied the J-T'" model on the distorted honeycomb
lattice in a magnetic field via variational Monte Carlo method.
We conclude that in a dimerized antiferromagnet the external
magnetic field will generally induce an intermediate phase
with long-range AFM orders no matter if the ground state at
zero field is a nonmagnetic state with dimerized singlets or an
AFM ordered state. The ordering pattern in the intermediate-
field phase can be interpreted from the high-field or low-filed
limit, where the magnon gap closes at a certain point in the
Brillouin zone with decreasing or increasing of the magnetic
field strength. Starting from the general symmetry principle,
we provide the effective field theory for these phase transi-
tions. While the phase transitions are continuous, the nature
of the field-induced quantum critical points can be different
from the conventional magnon BEC.

In obtaining the classical order, we have used the canted
single-Q approximation. We cannot rule out the possibility
that the classical magnetic order is a multi-Q state [64,65] in-
stead of a single-Q state. Therefore the spin-orbit coupled spin
model deserves to study with different numerical approaches.

Although the experiments on the 4d or 4 f dimerized mag-
netic materials such as «-RuCl; and Yb,Si,O; motivate us
to study the effect of SOC on magnon BEC, in the present
work we are not aiming to interpret the experimental data
for concrete materials but to address a general question: what
is the possible consequence of SOC on dimerized antiferro-
magnets. Notably, to interpret the experimental observations
in @-RuCls and Yb,Si,O7, one may need to consider more
interactions and carefully tune the parameters. We will leave
this for future study.
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APPENDIX A: PHASE TRANSITIONS TO AND
FROM AFM,

1. Relation between magnon condensation
and in-plane AFM order

The moment at which the magnon closes gap and con-
denses determines the pattern of the consequent magnetic
order. Suppose that the magnons condense at momentum &,
then Bogoliubov quasiparticle oy obtain nonzero expectation
values in the ground state. Noticing that the HP bosons a, a'
are nothing but spin operators S* and S~ (according to the
polarized state), so (ST + iS7) oc (o )e ™" have nonzero ex-
pectation values (notice that here ¥ and ¥ stand for “in-plane”
directions perpendicular to the c axes). Therefore the gap clos-
ing at I" or M or M, point (here we have folded all the k points
to the first BZ) amounts to AFM,;, stripe or zigzag order,
respectively. Note that the relation between the momentum of
the condensed boson and the pattern of the resulting in-plane
orders is discussed more accurately in Appendix D.

On the other hand, in the SU(4) spin-wave theory, if the
\/% (b4 + by4) boson condenses in the dimer state (eigenstate
of by, — b ), then the ground state exhibits nonzero expecta-
tion values of (b4 &= b 4) for each pair of spins on the strong
bonds (here 71, | are eigenstates of S° = § - ¢). This indicates
that the ground state exhibits nonzero AFM correlation for the
S¢ operators, namely, the system enters the AFM, phase.

2. From the dimerized phase to AFM, order

When the magnetic field B, = 0, with the increasing of I’
interactions, the system undergoes a continuous phase transi-
tion from the dimerized phase to the AFM, phase where the
spin orientation is parallel to the ¢ direction (see Fig. 2). It’s
important to note that magnon excitations of AFM, (except
[ =0, § < 0.5 line) is gapped from linear spin-wave theory
as shown in Fig. 9. A natural question is how to understand the
physical mechanism of phase transition. Because the dimer-
ized state has no classical counterpart unlike AFM order, it
is difficult to address this question by conventional LSWT
from AFM, order to dimerized phase. Hence, we will address
this question by SU(4) spin-wave theory (see Appendix C)
from dimerized phase to AFM, order. In the dimerized phase,
three magnons bands split from each other due to the appear-
ance of magnetic fields. We call the middle magnon band by,
the lowest band b, and highest band b_, respectively [see
Fig. 10(a)]. Meanwhile, the gap of the by band is independent
on the ¢ direction field while the gap of the b, or b_ band
is dependent on the field. In other words, the gap of the by
band does not respond to magnetic fields, which means the
by band supports an antiferromagnetic pattern in the direction
of the magnetic field. Thus the mechanism behind the phase
transition from dimerized phase to AFM, phase is that the
gap of the by band [in SU(4) spin-wave theory] will close as
I’ interactions increase. This condensation is at I" point with
dynamic critical exponent z = 1 [see Fig. 10(b)].
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R SRRRSKKIRRHEALL
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FIG. 9. The spin-wave spectrum of AFM, order. (a) § = 0.5,
I'"/J =0.01, and B./J = 0. The AFM, order appears here and it
becomes a gapped state due to nonzero I'” interactions. (b) § = 0.5,
I'"/J =0, and B./J = 0. AFM order is gapless with a linear disper-
sion around I point (owning to continuous symmetry breaking).

3. From AFM., to the intermediate ordered phases

When turning on the magnetic field B,., the AFM, state will
undergo two successive phase transitions from VMC calcula-
tions. The first transition is of first order, and the second one
is of second order. The first-order phase transition is reflected
by the level crossing of the energy curve of the ground state,
as shown in Fig. 11. It is important to note that the energy
difference between the ground state and other ordered states
in the intermediate field region is very visible (at least 1072J
per site) although the difference between them looks small in
Fig. 11.

The occurrence of the first-order phase transition can also
be understood by comparing the nature of the two phases
from the SU(4) spin-wave theory (see Appendix C). To be spe-
cific, the in-plane AFM order (including the AFM,,, the stripe
and the zigzag phases) results from the condensation of the
by band (at I', My, or M, point, respectively), see Fig. 10(c)
for a typical example. Noticing that for any given parameters
IV and §, there is only one intermediate phase between the
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0.5_‘

(b) b,

FIG. 10. The SU(4) spin-wave spectrum. (a) § = 0.6, I''/J = 0.02, and B./J = 0.3. The dimerized ground state appears here and three
magnon bands (namely, b, by, and b_, respectively) split from each other due to nozero magnetic fields. (b) § = 0.6,I"'/J = 0.05, and B./J =
0.3. The gap of the by band closes, and the condensation of the by band indicates the continuous transition from the dimerized state to AFM,.
with a Néel pattern in the ¢ direction. (¢) § = 0.6, I'"/J = 0.02, and B./J = 0.49. The gap of the b, band closes, and the condensation of the
b band indicates a continuous transition from the dimerized state to AFM,;, with canted axis along the ¢ direction.

low-field region and the high-field polarized region. Therefore
the nature of the intermediate in-plane AFM ordered phases
in the whole phase diagram are essentially the same given that
the ordering pattern is the same. On the other hand, the AFM,
order can be attribute to the condensation of the by band [at the
I" point, see Fig. 10(b)]. Hence, the phase transition between
the AFM, phase and the in-plane AFM phases should be of
first order.

Depending on the ordering pattern of the intermediate
phases (namely, AFM,y, stripe or zigzag), the AFM, phase
splits into three regions labeled as IV, V, and VI, respectively.
It should be noted that the gapless line with " = 0,8 < 0.5 s
special, where the transition to the AFM,,;, phase is of second
order and the critical field strength is zero. Namely, on this line
an infinitesimally small magnetic field can drive the system to
the AFM,;, phase.

has uniform polarization along the c-direction. Our VMC cal-
culations show that before the magnon gap closing the system
has already entered the AFM,;, phase via a first order phase
transition. In other words, with increasing of the magnetic
field, the AFM, order vanishes with a jump and the AFM/,
phase never occurs in the phase diagram. The above discus-
sion also applies for the first-order transition from the AFM,
phase to the intermediate stripe phase or the zigzag phase.

APPENDIX B: SPIN-WAVE SPECTRUM AT HIGH FIELDS

To study the condensation of bosons from the polarized
phase, we adopt the linear spin-wave theory. Firstly, construct-
ing rotation matrix R such that the z direction of the local
coordinate system is parallel to the spin orientation:

1 —1
Finally, we note that it is difficult to obtain the first-order S 2 N 0 ¥
phas'e transiltlon purely from LSWT '(w1th .AFML. order as a sS=1s|=rs= \/Lg \/LE \—/_% s |, @B
starting point). From the magnon dispersion of the AFM, .
. . . . Z Z
state, one can still observe the gap closing whenllncreasmg S % % % S
the field. Consequently, it seems that the system will undergo
o . . . . 17 3 b M 3
a second-order phase transition into another intermediate or- hence the §* is along the original ¢ direction.
dered phase, e.g., an AFM/, phase. However, this AFM/, Secondly, we rewrite the original Hamiltonian as
phase has finite AFM order along the ¢ direction, so it differs T
~ : - H= Y S'H,5;-Y B-S, (B2)
greatly from the previously mentioned AFM,;, phase which i Tly9j
(i,jley i
0.2 0.2
0.4 5 —o-AFM ——AFM —=—AFM
: W —&— Stripe —o— Stripe 0.4 = —c—Stripe |
—e—Zigzag —e—Zigzag | —e—Zigzag
06} ¢ ——Dimer ——Dimer 06 ——Dimer |
~ AFM, - 06
E | E AFM,
-0.8 08
AFM,;, Zigzag
Ar =04 : AL §=07
I'/J =04 | I'/J =04
1.2 ‘ b -1.2 : ‘ b
0 1 2 3 0 1 2 3
(a) B./J (b) B./J

FIG. 11. Energy curves of the ground state with the increasing magnetic field (in the parameter region of AFM, at zero field).
(a8 =04,1"/J=04,(0)6 =0.7,T"/J =04, (c) and § = 0.9, I'"/J = 0.4 are points in regions IV, V, and VI with circle [see Fig. 2(b)],
respectively. The vertical dashed lines indicate the values of the critical fields.
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where
Jo J, TV 0
He=|T" L 0, H,=|I" J, T'Y,
r’ ¢ 0o 1
J, r’
H,=|0 J I
r rJ

Then we obtain the rotated Hamiltonian that is given by

H= Y SIR"RM,R"RS;— ) BR" RS
(i.j)ey i
= > S, —) B-S (B3)
{i. ey i

and B’ is in the same direction with S”*. For convenience of
latter discussion, we introduce the notation

mORE RS

H, = |yt n2 o RP (B4)
/31 32 /33
h}’ h}/ hV

In the rotational basis, we perform a HP expansion on the A
sublattice

/X
S i

1 N 1
E(aj\/l —ala; + \/1 — ala;a;) ~ E(a:f + a;),

S %(aj.'\/l — afa,- — \/1 — aja,-a[) ~ %(aj —a;),
1

SE = 3 ala;, (B5)

and the expansion on the B sublattice is similar. Keeping only
terms that contribute up to quadratic order in the Hamiltonian,
we will obtain the following spin-wave Hamiltonian in the
Fourier bases,

Hsw = Y Wi (H(k)W(k), (B6)
k

where W'(k) = (a], b}, a_y,b_y) with a' (b') being the
magnon creation operator on sublattice A (B). And H (k) is
4 x 4 matrix of the form [66]

1{ A Bk
Hk) = 5 s ar) (B7)

with A; and By being 2 dimensional matrices. The forms are
as follows:

B/
A = (
0 33
—hy

B, — Z l(h/ll 2 — 1) 0 et
k=25 Wy TN ks, o )
v

/11 722
hy +h, eik-éy

_ 7,733
h)/ 2

BT

11 22
fy Y o—iks,
2

where §, indicates the distance between the nearest-neighbor
sites on the y bond. Note that only entries h/y“, h;,lz, hfl,

h2, and K in (B4) are relevant to the linear spin-wave

Hamiltonian above. The eigenenergies in this case are ob-
tained by diagonalizing the matrix XH(k), where X =
diag(1, 1, —1, —1). The bosonic Bogoliubov transformation
matrice U satisfies the condition UTSU = UTUT = =. We
will describe the process to obtain the bosonic Bogoliubov
transformation [67] in the following.

Firstly, the Cholesky decomposition has be applied on
‘H(k) to find the complex matrix /C that fulfills the equation
H (k) = KT K. Then we could solve the eigenvalue problem of
the Hermitian matrix ZXF, and A = VIKZKTV, where V
is an unitary matrix. Finally, The bosonic Bogoliubov trans-
formation matrix is given by

U=K"VEA)2, (B8)

which diagonalizes spin-wave Hamiltonian U H (kU =
A, ¥ =UP, where Bogoliubov quasiparticle basis & =
(ak, B aik, ﬂik)T. The form (B8) is much more useful to
construct various effective actions in Appendix D.

In the spin-wave spectrum, the momentum at a gapless
point is carried by a specific in-plane magnetic order. If § # 0,
C; symmetry is broken. The inequivalent M points mean
stripe orders and zigzag orders, respectively. Therefore we can
distinguish the condensate momentum of AFM, stripe, and
zigzag orders. As shown in Fig. 7, they condense at I', M,
and M,, respectively.

APPENDIX C: SU(4) SPIN-WAVE SPECTRUM
AT LOW FIELDS

In the low-field region, the ground state for small I'’ is a
singlet state composed of the direct product of singlet dimers.
Noticing that each dimer contains two spins S = 1/2, which
span a four-dimensional Hilbert space, so we regard each
dimer as an effective site placed with a SU(4) spin. In the
following, we construct the SU(4) spin-wave theory on the
square lattice formed by the effective sites.

Firstly, we introduce four species of boson operators

B' = (b;wbwbiwbh)
to represent the four bases |11),[14),[41),[{]) on the
dimer bond, respectively. Here we have omitted the site in-
dices. This is the generalized Schwinger representation of
spins and the mapping is exact if the particle number con-
straint B'B = 1 is satisfied on each bond.

The spin operators on the A sublattice are represented by

sm =BTC’7 ® 0'B

with ¥ the 2 x 2 identity matrix, and the spin operators on
the B sublattice are represented by
. o™
Sgl =B ‘O’ 0 ® TB .

It is more convenient to combine these boson operators into
the eigenmodes by ,,, with the total spin quantum number S (for
the two spins on the dimer bond) and its eigenvalue m of the
S$* component, namely,

B = (bg,o b-ll-,l

— (b
= (b

blo bl
fopt
by, by b
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o 1 0 0
. V2 0 V2 0 .
with U = 7% 0 é ol The advantage of adopting

o 0o 0 1

these new bases is that when the Heisenberg interactions on
the strong bonds are dominating, we can approximately regard
the ground state as the product of singlets on the strong bonds,

|Dimer) = l_[(bao)i|vac>, (C1)

here |vac) stands for the vacuum state and i labels the new site
index.
In the new bases, the spin operators are rewritten as

m_ pigi o 017 b
SA =B U 7 ® o UB
for the A sublattice and
m_ @it 0o O
SB =B'U'c ® TUB

for the B sublattice.

Then we can rewrite the spin-spin interactions in forms of
the boson operators B. For instance, on a strong bond (namely,
the z bond), the Heisenberg interaction $* - S is represented
as

3 1
st 88 = —Zbgqobo,o + > b bim-

Secondly, we will adopt the HP approximation [63] using
dimerized singlets (C1) as the ground state, namely,

3
1= b} bim~ 1.
m=1

Only keeping the quadratic term according to the boson oper-
ators, we obtain a quadratic Hamiltonian for the bosons.
Thirdly, performing Fourier transformation, b, = =

bgyobo,o =

% > bj’&m explik - r], we could obtain quadratic form
Hamiltonian in momentum space,

Hsw = Y W (yH(k)W(k), (2)
k

with Wi (k) = (b} | (k), b} (k). b} _(k), b1 1(—k), by o(—k),
by,_1(—k)), and H(k) is the 6 x 6 matrix.

Finally, we could obtain magnon dispersions in Fig. 8
by diagonalizing the non-Hermitian matrix XH(k), where
Y =diag(l, 1,1, —1,—1,—1). We also obtain the bosonic
Bogoliubov transformation based on the form (B8) in the
previous section.

APPENDIX D: EFFECTIVE FIELD THEORY OF
CONTINUOUS PHASE TRANSITIONS AT HIGHER
CRITICAL FIELDS

As we discuss in the main text, the symmetry of the ro-
tated spin Hamiltonian (B3) is generated by the following.
(1) Translation by one lattice site in a; or a, direction: T, :
Si = Sita, and Ty, : Si = Sita,. (2) Inversion symmetry: P :
S; — Sy, where i = (a;, ay, a) and i’ = (—ay, —a,, @). Note
that o denotes one sublattice and o with the other sublat-
tice. (3) Spin-orbital rotation symmetry: C;7 : S; — (—1) x

R.()Si, where i = (a1, ap) and i” = (az, ay). Also, R, ()
is the 180° rotation along a direction (or z bond) and T is time
reversal symmetry.

Some of these symmetries are broken in the canted in-
termediate phases such as AFMy,, stripe, and zigzag, but
preserved in the high-field polarized phase (PP) and the
low-field dimerized state. They are quite crucial to construct
the corresponding effective actions to be presented in the
following.

1. Phase transition from PP to AFM,; order

If the ax magnon condensation which leads to the QPT
from PP to the canted AFM,;, at Bgitcal, the corresponding
order parameter takes the form:

(o) = ¥dkr, (Bx) =0.

where I' = b; + b, (namely, I point in second BZ) and ¢ is
the complex order parameter.

By introducing the bosonic Bogoliubov transformation
(B8) in LSWT as

ax = u(K)ay + vk’ + ' (K)Bx + v (KB,

We establish the connection between the in-honeycomb-
plane transverse quantum spin and the one complex order
parameter:

(D1)

(D2)

(S o (a;) oc u(T)gre TR 4 v(I)yre TR, (D3)

Due to u(T') =0, v(T') # 0 in the form (B8) at the critical
point, the order parameter is complex.

Because PP breaks no symmetry of the Hamiltonian,
so one can study how the complex order parameter
Y transform under the symmetries of the Hamiltonian:
(Dtranslation symmetry: T, : ¥(aj, az) = ¥(aj, a2) and
Ty, : ¥(ar, a2) = Y¥(ar, az); (2) inversion symmetry: P :
Y(ay, ax) — ¥ (—a;, —az); and (3) spin-orbital rotation sym-
metry: CoT : ¥(ay, ap) = —iy*(az, ay).

The transformation of the order parameter ¥ under spin-
orbital rotation symmetry (C,7) is a little subtle due to
antiunitary time-reversal symmetry (7). Notably, the time
reversal symmetry operates before and after the operator O
in the quantum state W to satisfy the following relations:

(WU|TOT W) = (w|OF|w),

where |fﬁ> =T|W). For simplicity, we define A =
(W|ST|W¥), where ST = S 4 iS”. Thus we obtain

TA = (U|STIW) = (W[TSTT 1 W) = (TSTT Hw|w)
= —(STU|U) = —(V|ST|W) = —A.

Because C, is the 180° rotation along a direction (or [110]
direction), the transformation of S* (S7) is C2STC; ' = —iS~
CS7Cy I — jS*). Therefore we obtain the relation

CTA = (W|CSHCy W)
= ([T T e '] 1w)
=((CTsTT'C v |w)
= —i(V|ST|W) = —iA*.

094401-13
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Thus, in general cases, the spin-orbital rotation symmetry is
CT :Y(ay, ay) — —iy*(az, ap).

Due to the above symmetry analysis and considering linear
spin-wave calculations, the following effective action with the
dynamic exponent z = 2 in the continuum limit is

S = /dwﬂr(w*atw + 07 |00, ¥

+ g [0, 1 — uly P + Uy ).

Our microscopic calculation shows that ;& = Bgiticat — B, and
U > 0.

The action at the fixed point is invariant under the scale
transformation

(D4)

V=re!, U=t

Y=y (DS)
Therefore the scaling dimension of the parameter U is zero
(namely, the marginal operator). If £ is the magnetic corre-
lation length that diverges at the QCP, the following scaling
relations hold
1 A 1

m X m, X E_Z
Due to A o |u|, we could obtain the value of correlation
length critical exponent v = 1/2. And the universality class
for the QPT is the same as the z =2 2D superfluid-Mott
insulator transition.

(D6)

At the mean-field level, we can substitute ¥ — ./pge'®
into the effective action
S=—pupy+Up;. (D7)

When @ = Beiticas — Be < 0, it is in the PP with () = 0.
When p > 0, it is in the canted AFM,;, phase with ({) =
pOei%-
When u < 0, () = 0 in the PP expanding the action up
to second order:

S = [dvdr(u o+ 0, 0P + 2o -y ).
(D8)
which lead to the gapped mode

wp = —u+ lek2 + 2 k2

ap a"vax”

DY)

In the canted AFM,;, phase, ;& > 0, we can write the fluc-
tuations in the polar coordinates ¥ = /pg + 8 pe'@0+3®) and
expand the action up to the second order in the fluctuations:

1
S = / drd2r<iapafa¢ + o Va (B 00)” + 02, (32,80)°]
0

+UBp)* + po[v7, (aa]&p)2 +v], (aa26¢)2]>. (D10)

Integrating out §p leads to

S= /drdzr

1
x <E(3r5¢)2 + po[ V2, (00,80) + 02, (aaz&b)z])-
(D11)

It leads to the exotic Goldstone mode due to the emergent U(1)
symmetry (in the classical degenerate ground state manifold
although I'’ # 0) breaking:

on = \JAU po (V2 K2, + 02 42). (D12)

2. Phase transition from PP to zigzag order

If the o magnon condensation which leads to the QPT
from PP to the canted zigzag at Bica, the corresponding
order parameter takes the form:

(o) = ¥k,

(Bx) =0, (D13)

where M, = %bl + %bg and 1/7 is the complex order
parameter.

One must use the Bogoliubov transformation to establish
the connection between the transverse quantum spin and the
one complex order parameter:

(S77) o {ar) oc u(WL)Pre™ ™ + (M) e ™ . (D14)
Due to u(M;) = v(M) in the form (B8) at the critical point,
we could redefine the order parameter (a;) o ¥e™2>Ri where
¥ =¥ + J* is real.

Because PP  breaks no  symmetry of the
Hamiltonian, so one can study how the real order parameter
Y transform under the symmetries of the Hamiltonian:
(Dtranslation symmetry: Ty, : ¥(a;, a2) = —¥(a;, a2) and
T, t ¥(ar, a2) > —y¥(aj,a2); (2) inversion symmetry:
P :¥(ay, ax) - ¥(—a;, —ay); and (3) spin-orbital rotation
symmetry: C;T : ¥ (ay, az) = —iv(az, ap).

Due to the above symmetry analysis and considering linear
spin-wave calculations, the following effective action with the
dynamic exponent z = 1 in the continuum limit is

S= /drdzr((STW)z + v, (3, ¥)’

+up, (0 ¥) — Y’ +UYY).  (DI15)
Our microscopic calculation shows that (4t = Beigical — B and
U > 0.

The action at the fixed point is invariant under the scale
transformation (D5). Due to A o< /]|, we could obtain the
value of correlation length critical exponent v = 1/2 through
the form (D6). And the universality class for the QPT may be
the z = 1 3D Ising universality class.

At the mean-field level, we can substitute ¢ — ,/po into
the effective action

S=—ppo+Up;. (D16)

When p = Beiticat — Be < 0, it is in the PP with () = 0.
When 1 > 0, itis in the canted zigzag phase with (/) = /0.

When o < 0, () = 0 in the PP expanding the action up
to second order:

S= / drdr((Bep Y + 02 B P+ V2 B — ),
(D17)
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which lead to the gapped mode

or = =i+ 022 LK, (D18)

In the canted zigzag phase, u > 0, we can write the fluctu-
ations ¥ = /pp + 6p and expand the action up to the second
order in the fluctuations:

S = % / d‘[dzr((arﬁp)2 + [Ugl(aalsp)Z + U; (8,128/0)2]
0 2

+4poU (8p)%), (D19)
which leads to one gapped Higgs mode
oc = \JApoU + 02 K2 + 2 K2, (D20)

3. Phase transition from PP to stripe order

As shown in Fig. 7(b), there are two inequivalent momen-
tum points at the higher critical field, namely M; and M3 =
Ra(m)M,. However, in the single-Q framework, we should
break the symmetry of two inequivalent momentum points
by some small perturbations. For example, the corresponding
order parameter takes the form (if M3 is gapped at the critical
point):

(o) = ¥dm,,  (Bx) =0,

where M| = %bl and v is the complex order parameter.

One must use the Bogoliubov transformation to establish
the connection between the transverse quantum spin and the
one complex order parameter:

(ST oc (@) ocuy)fre™ & v (M )ye™ ™

(D21)

(D22)

Due to u(M;) = v(M;) in the form (B8) at the critical point,
we could redefine the order parameter (a;) oc u(M,)yre™1Ri,
where ¥ = i + ¥* is real.

Because PP breaks no symmetry of the Hamilto-
nian, so one can study how the real order parameter
Y transform under the symmetries of the Hamiltonian:
(1) translation symmetry: T,, : ¥(aj, ap) = —v(a;, ap) and
Ty, : ¥(ar, a2) = Y¥(ar, ap); (2) inversion symmetry: P :
Y(ay, ax) = ¥ (—a;, —ay); and (3) spin-orbital rotation sym-
metry: CoT : Y(ay, ay) — —iy(az, ay).

Due to the above symmetry analysis and considering linear
spin-wave calculations, the following effective action with the

dynamic exponent z = 1 in the continuum limit is
S = / drd®r(@. ) + 02 (30 ¥)°
2

+05, (0 ¥) —wy? +UYY. (D23

Our microscopic calculation shows that &t = Beyitical — B, and

U > 0. The universality class for the QPT from PP to stripe

phase is the same as the QPT from PP to zigzag phase

above.

At the mean-field level, we can substitute ¥ — ,/po into

the effective action

S=—upo+Up;. (D24)

When u = Bgiticat — Be < 0, it is in PP with (y) = 0. When
w > 0, it is in the canted stripe phase with () = /0.

When p < 0, () =0 in PP expanding the action upto
second order:

S = / drd®r(@ 9 + 02, (30, 9) + 02 (0uv)’ — ny?),

(D25)
which lead to the gapped mode

a)kz\/—u—i—vzkz +v2 k2

aya; aax”

(D26)

In the canted stripe phase, u > 0, we can write the fluctu-
ations ¥ = /pg + 60 and expand the action up to the second
order in the fluctuations:

1
§=5— / drd*r((3:50) + [v2,(34,80)" + v, (3:0)°]

0o
+4poU (8p)%), (D27)
which leads to one gapped Higgs mode
wor = \JApoU + 02 K2 + 02 K2, (D28)

Due to the same symmetry of the high-field PP and the
low-field QDM, the effective field theory of the phase tran-
sition from QDM to intermediate ordered phases at lower
critical fields is same as the phase transition from the high-
field PP to intermediate ordered phases as we discussed above.
Furthermore, we could obtain corresponding effective actions
describing other continuous phase transitions in the global
phase diagram by the similar approach.
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