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In this paper, we study the rotated ferromagnetic Heisenberg model (RFHM) in two different transverse fields,
h, and h,, which can be intuitively visualized as studying spin-orbit coupling (SOC) effects in two-dimensional
(2D) Ising or anisotropic XY model in a transverse field. At a special SOC class, it was found in our previous
work [Phys. Rev. A 92, 043609 (2015)] that the RFHM at a zero field owns an exact spin-orbit coupled ground
state called the Y-x state. It supports not only the commensurate magnons (called C-Cy and C-C,,), but also the
incommensurate magnons (called C-IC). These magnons are nonrelativistic, not embedded in the exact ground
state, so need to be thermally excited or generated by various external probes. Their dramatic response under a
longitudinal £, field was recently worked out by Sun et al. [arXiv:1502.05338]. Here we find they respond very
differently under the two transverse fields. Any 4, (4.) introduces quantum fluctuations to the ground state and
changes the collinear Y-x state to a canted coplanar Y X-x (Y Z-x) state. The C-Cy, C-C,, and C-IC magnons
become relativistic and sneak into the quantum ground state. We determine the competing boundaries among
the C-Cy, C-C,, and C-IC magnons, especially the detailed dispersions of the C-IC magnons inside the canted
phases, which can be mapped out by the transverse spin structure factors. As &, (h.) increases further, the C-Cy
magnons always win the competition and emerge as the seeds to drive a transition from the Y X-x (or Y Z-x) to
the ferromagnetic along the X (orZ) direction called the X-FM (or Z-FM) phase. We show that the transition is
in the 3D Ising universality class and it becomes the 3D XY transition at the two Abelian points. We evaluate
these magnons’ contributions to magnetization and specific heat at low temperatures which can be measured by
various established experimental techniques. The nature of the finite-temperature transitions are also studied.
Some analogies with quantum fluctuations generated multiple vortices and multiple landscapes in quantum spin
glass are mentioned. The implications to cold-atom systems and some 4d and 5d materials with strong SOC are

briefly discussed.
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I. INTRODUCTION

A fundamental problem in any branch of physics regards the
nature of the ground state. In strongly correlated electron sys-
tems, competing orders comprise a general concept to describe
various quantum phases and transitions in various materials
[1-6]. In this work, we focus on competing excitations in a
given quantum phase which could lead to a natural explanation
of some competing orders. It is known that a given quantum
phase can still support different kinds of excitations with their
own characteristics. These different classes of excitations are
generated by quantum fluctuations inherent in the quantum
ground state, so are intrinsic objects embedded in the ground
state itself. Under various external probes; these excitations
compete to emerge to drive the instability of the system into
various other quantum phases through different universality
classes of quantum phase transitions. So classifying different
classes of excitations of a given phase and investigating their
behaviors under various external probes could lead to deep
understandings not only on the nature of the ground state
itself, but also its broad connections to various other quantum
phases.

A quantum phase is characterized by its symmetry breaking
and excitation spectrum [1-6]. For quantum spin or bosonic
systems, gapless excitations indicate long-range correlations
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encoded in the quantum phase. External probes could open a
positive gap to the excitation or induce a “negative” gap, which
indicates a quantum phase transition to another phase, while
gapped excitations indicate short-ranged fluctuations encoded
in the phase. The external probes such as magnetic fields, pres-
sures, electric fields, etc., may drive these gapped excitations
near a QCP, close their gaps, and lead to their condensations
into a new phase through a quantum phase transition. For
fermionic systems [7-13], the quantum phase supports both
fermionic excitation and collective bosonic excitations. The
two sectors may compete to lead to various other quantum
phases under various external probes. Due to the absence of
any symmetry breaking, a topological phase (such as quantum
Hall state, spin liquids, etc.) [4,6,7] is characterized by its
topological orders and associated fractionalized excitations.
The gap closings of these fractionalized excitations could
lead to another topological phase through a topological phase
transition. In this work, we only focus on quantum phases
without topological orders and with only different kinds of
bosonic excitations.

In a previous work [14], the authors studied interacting
spinor bosons at integer fillings hopping in a square optical
lattice subject to any linear combinations of Rashba and
Dresselhaus spin-orbit coupling (SOC). In the strong-coupling
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limit, it leads to the rotated ferromagnetic Heisenberg model
(RFHM) [Eq. (1)] at a zero Zeeman field [15-17], which is
a new class of quantum spin models to describe quantum
magnetisms in cold-atom systems or some materials with
strong SOC. The RFHM [14] with any spin S at a generic
SOC parameters (o, 8) in a square lattice in a Zeeman field H
is described by

H=—J) [SiR()S; 1 + SiRy(28)Si+,]
—H-)'S, (1)

where J > 0 is the ferromagnetic interaction and the sum is
over a unit cell  in a square lattice and the R, (2a), R,(2p) are
the two SO(3) rotation matrices around X, y spin axis by the
angle 2«;, 28, which are put on the two bonds %, y, respectively.
As shown in [14], at H = 0, the Hamiltonian Eq. (1) has
the time-reversal (7)) symmetry, translational symmetry and
three spin-orbital coupled Z, symmetries P, P,,P.: (1)
P, symmetry, S* — S*, ky - —k,, ¥ — =S¥, §* - —§%
(2) Py symmetry, §¥ — §7, ky — —k,, ¥ - —§*,§* —
—=8% (3) P, symmetry, k., — —k., §* — —=S§* k, —>
—ky, 8 — =87, §¢ — §%, which is also equivalent to a joint
7 rotation of the spin and orbital around Z axis. Along the
line (0 = 7 /2,8), it also has the spin-orbital coupled U(1)soc
symmetry [H, Y ;(—1)*S’]=0. Under the local rotation
S = R ()R, (iym)S; followed by the 7, which is called
mirror transformation M in[18], 8 — /2 — B. Atthe middle
point, B = /4, the Hamiltonian is invariant under such a
mirror transformation.

At the two Abelian points g =0,7/2 and H =0 in
Eq. (1), the Hamiltonian has the SU(2) symmetry in
the rotated basis SU(2) with S; = R.(i,m)S; or SU(2)
with S; = R, (i,m)R,(i,m)S;, respectively. Transferring back
to the original basis, the SU(2) symmetry is gener-
ated by >, S¥, Y. (—D=S), Y.(—1)*SF at B =0 and by
S(=DPSE Y (DRSS (=D ST at B = /2, respec-
tively. Both contain Y ,(—1)*S;. At any &, studied in [18],
only Y ,(—1)*S’ remains as a conserved quantity at both
B =0 and B = /2. In fact, as mentioned above [14], the
spin-orbital coupled U(1)soc symmetry [H, Y ";(—1)*S)] =0
extends along the whole line (@ = 7/2,8) at any h,.

At any h, # 0, only >, S¥ and Y ;(—1)» S’ remains as
a conserved quantity at § =0 and 8 = 7/2, respectively.
Atany h, #0, only Y ,(—1)*S7 and }_,(—1)* S} remain
as conserved quantities at § = 0 and B = /2, respectively.
So the U(1) symmetry at the two Abelian points 8 = 0,77/2
at a nonzero h,,h, is very much different than the U(1)go
symmetry along the line (@ =7 /2,8) at h, =0 or h, =0
case. This distinction is important in the following two
sections, Secs. I and II.

When expanding [14] the two R matrices in Eq. (1), it leads
to a Heisenberg [1,2] 4 ferromagnetic Kitaev [19] (or quantum
compass in a square lattice) + Dzyaloshinskii-Moriya (DM)
interaction [20,21]. For a specific SOC class, we identify a
spin-orbital entangled commensurate ground state: the Y-x
state shown at the horizontal axis in Figs. 1 and 5. It
supports three kinds of magnons: commensurate magnons
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FIG. 1. Phase diagram of the RFHM in a transverse field A,.
Boundaries between C-Cy, C-C,, and C-IC are indicated by white
dashed lines. At &, = 0, the boundary between C-Cy and C-IC is
B1 and that between C-C, and C-IC is B,, as shown in Ref. [14].
They are nonrelativistic. At h, =0, the ground state is the Y-x
state which is exact without any quantum fluctuations. So it contains
no information of C-Cy, C-C,, and C-IC. Any h, > 0 introduces
quantum fluctuations and transfers them into the ¥ X-x canted state.
The C-Cy, C-C,, and C-IC sneak into the Y X-x ground state and
become relativistic. At the critical field #.(8), the Y X-x canted state
undergoes a quantum phase transition to the X-FM state. It is in the
3D Ising university class and always driven by the condensation of
C-Cy magnons. The C-IC and C-C,; magnons always lose to the C-Cy
magnons before hitting the phase boundary. However, at the Abelian
point 8 = /2, C-Cy and C-C, magnons condense simultaneously
and lead to a 3D XY class transition to the X-FM. The fine landscape
of the C-IC regime is given in Fig. 2 and also discussed in detail
in Appendix B. As shown in [13,14], the dispersions of C-C,, C-C,,
and C-IC magnons can be mapped out by the transverse spin structure
factors.

such as C-Cy and C-C, and also a new gapped elementary
excitation, incommensurate magnon (C-IC), with its two gap
minima continuously tuned by the SOC strength. They are
gapped bosonic excitations taking nonrelativistic dispersion
with anisotropic effective mass m,, m,. However, the Y-x
ground state is an exact quantum ground state with no quantum
fluctuations. So the C-Cy, C-C,, C-IC magnons in the RFHM
are extrinsic, not embedded in the ground state due to the
absence of quantum fluctuations. They need to be excited by
thermal fluctuations or dragged out by various external probes
which introduce quantum fluctuations into the ground state.
Their parameters such as the minimum positions (O,:I:k(y)),
gap A, and masses m,, m, can only be measured by various
characteristics of the transverse structure factor at a finite 7°: It
is a Gaussian shape, peaked at (0,:|:k2) with an exponentially

suppressed amplitude e=*/7, with a temperature-dependent
width o, = «/m,(B)T. The existence of the C-IC above a
commensurate phase is the most striking feature of the RFHM.
An important question to ask is how to drag out these magnons
by various external probes, closing their gaps, and drive
into new quantum phases through the condensation of these
magnons.
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In a recent work [18], the authors showed that applying a
uniform longitudinal Zeeman field £, could do the job very
well: The C-Cy, C-C,, C-IC magnons compete to emerge
under its effects to drive quantum phase transitions. It turns
out that the C-IC always win the competition. Indeed, any
infinitesimal small Zeeman field 4, immediately drags out
the C-IC magnon and drives the condensation of the C-IC
at h = h.;, which vanishes as 8 — 0,7/2; therefore, the
Y-x state to noncoplanar incommensurate Skyrmion crystal
(IC-SkX) phases through new universality class of quantum
phase transitions. The IC-SkX phase is strikingly similar
to the incommensurate, counter-rotating (in A/B sublattice),
noncoplanar magnetic orders detected on iridates [22-24]
Cl,ﬂ,}/-LizII'O:;.

Because the SOC breaks the spin rotation symmetry, the
two transverse fields h,, h, may play quite different roles
in dragging out the C-IC magnons and therefore drive into
completely different phases and phase transitions than the
longitudinal field &, studied in [18]. These are the goals to
be studied in this paper. Following [14,18], in this work,
we also focus along the solvable line (o« = 7 /2,8) of the
RFHM in a transverse field [Egs. (2) and (30)]. Results away
from o« = /2 will be briefly mentioned in the Conclusion
section and be presented in a separate publication. The two
models can be considered as incorporating possible dramatic
effects of SOC on a well-studied two-dimensional (2D) Ising,
anisotropic (or isotropic) quantum XY model in a transverse
field [S]. They are also complimentary to the previous study of
frustrated Ising model in a transverse field [25,26]. Note that
the h, field in [18] keeps the U(1)soc symmetry Y ,(—1)*S’
of the Hamiltonian at the zero field, but A,, A, breaks it.
This fact alone may lead to dramatic different competition
among the magnons when they are subject to the longitudinal
hy or the two transverse fields A, and h;. Indeed, in the
longitudinal field Ay, under the mirror transformation [18],
(B,hy) = (/2 — B,hy). So B = 7 /4 still enjoys the mirror
symmetry. However, because h, and &, explicitly break the
U(1) symmetry, the mirror transformation does not work
anymore in the h, and &, cases. However, in the &, case,
we are still able to find a generalized mirror transformation
to characterize systematically the competitions among the
magnons on the two sides of 8 = w /4. Unfortunately, there
is even no such a generalized mirror transformation in the &,
case, so the competitions are more intricate in the /4, field than
in A, field. The main results achieved in the 4, and /, case are
summarized in the beginning of Secs. II and III. Their relations
to some previous works are given in Sec. IV.

Very recently, there was a remarkable experimental real-
ization of 2D Rashba or Dresselhaus SOC or any of their
linear combinations in Fermi gas or spinor Bose-Einstein
condensate [27,28] in a square lattice. Various Zeeman
fields are naturally generated by the Raman lasers. The two
models Egs. (2) and (30) can be realized in these cold-atom
experiments. The results achieved in this work can be detected
by various techniques such as specific heat [29,30], in situ mea-
surement [31], and light or atom Bragg spectroscopy [32,33].
They may also shed some light on the study of magnetic order-
ings in some strongly correlated SOC materials [7,18,22-24],
such as «,B,y-LixIrOs3, with h,, h, playing the roles of
different crystal fields or external applied magnetic fields.
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II. TRANSVERSE FIELD £,

In this section, we study the RFHM at (« = /2, 8) [Eq. (1)]
in the &, field:

H=—J Y ISiR.(0)Sisx + SiRy2P)Sisy] — Hy ) ST

©))

Any H, will break all the symmetries of the Hamiltonian at
H, = 0, except the P, symmetry. It also keeps the combined
TP, and TP, symmetries.

The main results to be achieved in this section are
summarized as follows: In the A, field, any infinitesimal
h, will change the Y-x state into a canted Y X-x state
(Fig. 1). In sharp contrast to the Y-x state, which is an exact
ground state free of quantum fluctuations, the Y X-x state
suffers quantum fluctuations. So at 7 = 0, these magnons
are quantum fluctuations generated, sneak into the Y X-x
state and become important components embedded inside the
quantum ground state. They stand for quantum fluctuations
with intrinsic wavelength and frequency and so can be detected
by spin structure factor even at T = 0. We also evaluate their
contributions to magnetization, specific heat, and uniform and
staggered longitudinal susceptibilities at a finite temperature.
Using the generalized mirror transformation, we map out the
competing boundaries of the commensurate magnons C-Cy
and C-C, and the incommensurate magnons C-IC inside the
Y X-x canted phase shown in Figs. 1 and 2. As &, increases,
the C-Cp magnons emerge from the competitions and drives

1.1994
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1.1988F Q//<\
3
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FIG. 2. The evolution of the C-IC magnons and the boundaries
of the three kinds of magnons in Fig. 1 magnified (x10*) around
(Bo = 0.3304587, ho, = 1.19899) and (B8* = 0.330482x, h} =
1.19921). There is a generalized mirror symmetry around k? =
4+ /2. The minimum at (O,:i:k(y)) and its mirror image at [0,£(r —
kS)] symmetrically located on the two sides of kf, =+ /2 must end
in the regime By < B < B*, where they become degenerate minima.
The three segments of the contour line kX = -7 /2 are explained in the
text and also Appendix B. As shown in [13,14], the C-IC dispersion
can be mapped out by the transverse spin structure factors.
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the quantum phase transition at a critical field h.,(8) from
the Y X-x phase to the ferromagnetic X-FM phase in Fig. 1.
By performing symmetry analysis, identifying a suitable order
parameter and contrasting with the spin-wave expansion, we
find it is in the 3D Ising universality class. Due to the enlarged
U(1) symmetry mentioned in the Sec. I, the transition at
the Abelian 8 = m/2 point is driven by the simultaneous
condensations of the C-Cy and C-C,; magnons and is in the
universality class of the 3D XY model. We also work out the
finite-temperature phase diagram in Fig. 4.

A. X-FM state and excitations in a high field

To map out the phases of Eq. (2), it is instructive to start
from the high field limit H, >> J. In this limit, the system is
in X-FM phase with all the spins fully (classically) polarized
to S, direction (Fig. 1). Obviously, the X-FM keeps all the
symmetries of the Hamiltonian.

Under the global spin rotation (S}, S;,S7) — (57,57,—S5),
the Hamiltonian Eq. (2) becomes

H=—J) [SiR(7)Sisx +SiRy(2B)Sisy] — Hy Y S7.

3)

Introducing the Holstein-Primakoff (HP) bosons [14,18],
St =428 —ataa, S~ = atv2S —afa, 5 =S —ata, the
Hamiltonian Eq. (3) can be written in a systematic 1/S
expansion in terms of the HP bosons. Up to the linear
spin-wave (LSW) order at 1/S, we get

My = Eo+2J8 Y {[h: +cosk, + cos? B2 — cos k,)la}a
k
+ sin® B cos ky(ara_y +aja’ )2},
“
where the classical ground-state energy Eo=
—2JNS?cos’ 8 — H.NS and we have introduced the

dimensionless field h, = H,/(2JS). Now the Hamiltonian
can be diagonalized by a Bogoliubov transformation,

Hy=Ej+47S Y wwela, )
k

where the ground-state energy at the order of 1/S is E| =
Ey—2JS ), o and the energy spectrum is

Wy = \/[hx + cos ky + cos? B(2 — cosk,)]? — sin* B cos? ky,
(6)

where, for0 < 8 < m/2, one can identify that there is a unique
minimum located at k° = (k, ,ky) = (r,0) with the energy gap

Ay = wppo = /hy(hy — 1 4 cos2p). (7

The gap vanishing condition leads to the critical field
strength A,

hex(B) = 1 —cos2p = 2sin’ B, (8)

which is shown in Fig. 1. The gap vanishing at k° = (k, k) =
(r,0) indicate a quantum phase transition into a spin-orbital
correlated state with orbital order (;r,0). It was known that at
h, = 0, the ground state Y-x state also has the (7,0) orbital
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order. That indicates that there is only one phase transition and
the state below 4., could be just the Y X-x state with a canted
angle. As to be shown in the next section, we show that it is
indeed the Y X-x state with the orbital order (s7,0). So near the
Quantum Phase transition (QPT), Ay ~ (hy — hey) /2.

From Eq. (6), we find the excitation spectrum around the
minimum k° = (;7,0) takes the relativistic form

qu\/Ag—i—v%qf—l-vgqg, k=£k"+gq, 9)
where
vZ = (2h, — 1 +cos2B)/2,
(10)
vy = [hy + cos2B(h, — 1+ cos2B)]/2.
2 2

Ath = h.,, A, = 0, the critical velocities are v> . = vy =
sin? B. Aslong as 8 > 0, we obtain a nonzero critical velocity,
which indicates arelativistic critical behavior with the dynamic
exponent z = 1.

Before starting the next section, we discuss a little bit further
the enlarged symmetry and its consequences at the two Abelian

points B = 0,7 /2 in Fig. 1.

x,c

The U(1) symmetry at the two Abelian points f = 0,x/2 ata
nonzero field h,

At the two Abelian points § = 0,7/2 and h, = 0, the
system has a SU(2) symmetry in the rotated basis SU(2),
with §; = R, (i,7)S; or SU(2) with S; = R, (i,7)R,(i,7)S;,
respectively. So Eq. (2) can be mapped to a FM Heisenberg
model in —h, Y, §F and —h, >, (—=1)>SF [see Eq. (11)],
respectively. So at § =0, any h, will pick up the X-FM
phase as the exact ground state. At 8 = m/2, taking the result
from [18], any &, will lead to a spin-flop transition, resulting in
a U(1) symmetry-breaking canted phase with one Goldstone
mode ¢. Then there is another transition to the X-FM at a
finite A, = 2. These results at the two Abelian points fit into
the general result Eq. (8) and shown in Fig. 1.

At B = 0,h, = 0, transferring back to the original basis,
the Hamiltonian Eq. (2) has the SU(2) symmetry generated
by Y, 85, (=S, Y .(—1)xS7. At any hy > 0, only
>, SF remains as a conserved quantity. Obviously, the X-FM
state keeps all symmetries of the Hamiltonian. Having the
conserved quantity ¢'?2(=D"S which carries the momentum
(0,7), act on the the excitation (or eigenstate) at the minimum
(,0) in Eq. (9) changes nothing. So at 8 = 0,h, > 0, the
system has only one minima located at (;r,0), as shown in the
left axis in the Fig. 1.

Similarly, at 8 = /2, h, =0, transferring back to the
original basis, the Hamiltonian Eq. (2) has the SU(2) symmetry
generated by Y . (—D¥SF, Y .(=DHS], Y .(—1)ThSE At
any hy, > 0,only > .(— 1)k S* which carries momentum (0,7)
remains as a conserved quantity. Having the conserved quan-
tity ¢/ 2i(-D"S" which carries the momentum (0,7), act on
the excitation(or eigenstate) at the minimum (77,0) in Eq. (9),
will generate another minimum (7,7), so at 8 = w,h, > 0,
the system has two minima [18] located at (;r,0) and (7, 7), as
shown in the right axis in the Fig. 1.

As stressed in the Introduction, the U(1) symmetry ), S*
or Y .(—1)"»S* at the Abelian points 8 =0 or B =7/2 ata
nonzero transverse field &, is different than the spin-orbital
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coupled U(1) symmetry Y ,(—1)S; along the line (¢ =
7/2,B) at hy = 0 in the RFHM Eq. (1).

B. Y X-x canted state below &,
1. Classical Y X-x canted phase at h < h,,
When B =n/2, in the SUQ) basis § =

R, (i m)R,(i,m)S;, the Hamiltonian Eq. (2) takes the
form

H==13 88 —H Y ("8, (D

When 0 < H, < H,, the classical state takes the form
§1~ = S((—1)" cos®, sin 6 cos ¢, sin 0 sin ¢), (12)

where ¢ is nothing but the Goldstone mode due to the U(1)
symmetry breaking. Reverting back to the original basis, we
obtain

S; = S(cosh,(—1) sin@ cos ¢, (— 1) sinf sinp). (13)

Note that although we obtained Eqgs. (12) and (13) at 8 =
/2, the same ansatz hold for 0 < 8 < 7 /2 whose classical
ground energy is

E. = —2NJ52(1 + hy cos O — sin? B cos? 0
— cos? B sin® 0 sin® b). (14)

It is easy to see that any deviation from § = 7 /2 explicitly
breaks the U(1) symmetry at 8 = /2 listed in Sec. IT A, and
so picks up ¢ = 0, opens the gap to the Goldstone mode [34],
and leads to the Y X-x canted state,

S; = S(cos8,(—1)" sin6,0), (15)

which indeed has the (;7,0) order as indicated from the magnon
condensations from the X-FM studied in the Sec. IT A.

Substituting ¢ = 0in Eq. (14) leads to the classical ground-
state energy

E. = —2NJS*(1 4 h, cos§ — sin® B cos? ), (16)
whose minimization leads to the canted angle
hy
2sin2 B
which always has a solution as long as h, < h,.

Only when h = h,,0 = 0 does it become the X-FM phase.
The fact that we achieved the same critical field 4., from the
X-FM state Eq. (8) above it and the Y X-x state Eq. (17) below
it indicates that there is only one phase transition with the
critical field 7 = h., shown in Fig. 1. Note that from above
h > h.,, we achieved it by the LSW at the order of 1/S,
while from below & > h., we achieved it just by the classical
ground-state energy minimization at S = oo.

In sharp contrast, in the h, case [18], there are two

critical fields h.; < h,; there is an intermediate IC-SkX phase
between the two critical fields.

cosf =

<1, when h, < h,,, 17)

2. Spin-wave analysis in the Y X-x canted state

Again performing the global spin rotation (S;,S;,S7) —
(87,7, —S7), then applying the spin rotation R, (6) for the A

L
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sublattice and R, (—0) for the B sublattice lead to

H=—J) [SiRT)Sisx + SiRe(OIRy2P)R(—0)S; 4]
icA
—J Z[Si R(7)Sitx + Si Re(=0)R,(2B) R (0)Si+y]
ieB
— H, Y [sinfS] + cos 6]
icA
— HxZ[—sineSiy—i-cos@Sf]. (18)

ieB

Introducing the HP bosons St =+/25 —afaa, S~ =
a'v/28 —ata, and S¢ = S — ata for sublattice A and S+ =
V28 — bbb, S~ = b'+/28 — bib, S* = S — b'b for sublat-
tice B, the Hamiltonian Eq. (18) can be written in a systematic
1/ expansion in terms of the HP bosons. Up to the LSW order
at 1/, we get

Ha = E.+2JS Y (A + Boajax + (A — Bblby
k

+ Ck(azbk + b}:ak) + Dy(axa—y + byb_ +H.c))],
(19)

where E, is the classical ground-state energy Eq. (16) and

Ay =2 — (cos® B — sin® B sin® 6) cos ky,

By =sin28sin6 sink,,
(20)
C; = cosk,,

Dy = sin® B cos’ 6 cos ky.

The Hamiltonian Eq. (19) can be diagonalized by a
Bogoliubov transformation

Ho=E.+4JS Z(w;a,iak + o BB, 2D
k

where E. = E. —2JS Y, (w; + w;) is the ground-state en-
ergy up to the order of 1/S and the energy spectra are

of = \/Ag + Bf + C; — D} iz\/A,f(B,f + C}) — B{D;,
22)

from which one can determine the minimum positions.

We found there are three regimes inside the Y X-x canted
state: C-Cy regime, C-IC regime, and C-C, regime which, at
h, = 0, reduce to the three regimes identified in [14]. Among
the three regimes, only the C-Cj regime sits just below the
transition line A, so the transition from the Y X-x state to
the X-FM is driven by the condensations of the C-C, magnons
only. Then we find that just below the phase boundary, the C-Cy
magnons take also the relativistic form around ko = (0,0),

o = N+t gl k=g+k.  (23)
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where

h2
AOZ\/(I—COSZ,B)< —Coszﬂ_zsm%ﬂ)
2 _gsintp (Ta 2
v, =2sin” B <2sin,3> 7

2 _ L2 he \?
v, = |:2sm B <2sin,8> ]

X [cos 28 —sin’2B +

+ ( I )4
2sin B

At h = h,, the critical velocities are v v§ = sin? B,
which are the same as those achieved from X FM from above
the A, in Eq. (10). Near Ay, A ~ (hey — h)!/2. Now we can
check the consistence of the orbital orders on both sides of
h.. The Y X-x state has the orbital order (ir,0); the C-Cy
has the orbital order (0,0) = (7,0) in the reduced Brillouin
zone (RBZ). So its condensation on the top of ¥ X-x could
lead to the two orbital orders, either (;r,0) + (0,0) = (,0) or
(7,0) 4 (,0) = (0,0), in the extended Brillouin zone (EBZ).
The (0,0) order is nothing but that of the X-FM in Fig. 1.

The competition between C-Cy and C-C,, gives the bound-
ary between C-Cy and C-C,, where they become degenerate
(see Appendix B),

hor = 2sin B/ —cos2B < hey, (25)
where 8* ~ 0.3304827 < 8 < 7/2.
The competition between C-Cy and C-IC is given by the

3;ng|1<=(0,0) = 0. That between C-C, and C-IC is

h? h? cos* B
4sin2 B sin?

. 2
sin? 28(1 — 45?54/3)
2 —cos2p —

condition:

given by the condition: dk2 |k =0.7) = 0. We find that the

three boundaries (dashed hnes) in Fig. 1 meet at the same
point (8* = 0.330482x, h} = 1.19921). The fine structure
near this point is shown in Fig. 2.

C. Evolution of the C-IC magnons inside the C-IC regime in
Fig. 1: Generalized mirror symmetry about the contour
k(y) =*x/2

In the longitudinal field 4,, which keeps the spin-orbital
coupled U(1) symmetry [18], there is a mirror transformation
relating (8,h,) to (/2 — B,hy). So B = 7 /4 enjoys the mirror
symmetry. However, because &, and h, explicitly breaks the
U(1) symmetry, so the mirror transformation does not work
anymore in s, and h, case. Even so, it would be important to
first understand the minimum contour at k¥ = /2. In the h,
case, it seems there is a “generalized” mirror transformation
relating the minimum at (O,:I:kg) to its associated mirror
image at [0,£(7 — kg),)] as shown in Fig. 2, while the k;), =
4 /2 is the self-dual line which starts at (8 = 7w /4,h, = 0).
Unfortunately, in contrast to the &, case, it is difficult to find
the exact form of such a generalized mirror transformation in
terms of (B,h,). Its form in terms of the contour k?, would be
enough to analyze the structure of the C-IC regime in Fig. 2 at
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least to the order of 1/S. However, as to be shown in the next

section, there is no generalized mirror symmetry in the 4, case.
As shown in the Appendix B, the minimum contour k‘v) =

+7/2 can be determined by the equation )

h/2(B) = 2sin By/— cos 2B, (26)

where 0.257 < 8 < By =~ 0.3304587.

If comparing Eq. (26) with the C-Cy/C-C, boundary
Eq. (25), we find out they have the same form but different
domains. In fact, one can extend Eq. (26) to the whole
domain 0.257 < 8 < 0.507, where we have two special §:
Bo ~ 0.3304587 and B, =~ 0.330482x.For0.257 < B < Bo,
Eq. (26) describes the minimum contour k(y) = /2 shown
in Fig. 8, for B, < B < 0.507; it describes the C-Cy/C-C,
boundary. What happens when 8y < 8 < B, is shown in Fig. 9
and summarized below.

As shown in the Fig. 2, the constant contour line at
k< = /2 can be divided into three segments. (1) /4 <
ﬂ < Bo ~ 0.3304587, ko +m/2 is indeed a minimum as
shown in Fig. 8. (2) By < B < B* ~ 0.330482x, ko = )
becomes a local maximum, k;) = 0,7 are also local maximum.
There are four degenerate minima (0, %)) and [0,%( — k)]
symmetrically located on the two sides of ko +m/2, as
shown in Fig. 9. At By, the second derivatives of the spectrum
at kO 4 /2 vanish. (3) * < B < /2, C-Cy, and C-C,
become two degenerate minima, with k;) 4 /2 being still
the maximum as shown in Fig. 2. At 8*, the second derivatives
of the spectrum at kg = 0,7 vanish.

So all the two mirror related minima (0, :I:k?,) and [0,%+(r —
kg)] must end in the regime By < 8 < B* shown in Fig. 2,
where they become four degenerate minima.

D. The transition from the Y X-x canted state to the X-FM at
T = 0 and finite T

1. The zero-temperature transitions: Symmetry breaking and
order parameters

The transition from the Y X-x canted state to the X-FM
is characterized by the order parameter M, (T = 0) = (S”),
which is staggered along x axis. As said at the beginning
of Sec. II, the Hamiltonian Eq. (2) has P, symmetry:
§* — 8% ky —> —ky, 87 — =8, 5 — —S§% and the trans-
lational symmetry The X-FM respects both symmetries, so
M (T = 0) =0, but the Y X-x states break both, but keep its
combination P, x (x — x + 1) as shown in Appendix A, so
M,(T = 0) # 0. Due to the spin-orbital locking, destroying
the M (T = 0) = (S§”) order will also restore the translational
symmetry along x direction. As shown in Egs. (9) and (23),
there are relativistic gapped C-Cy magnons on both sides,
indicating the dynamic exponent z = 1. So we conclude
that the transition is in the 3D Ising universality class. The
renormalization group (RG) flow is controlled by a fixed point
on the phase boundary shown in Fig. 3.

At h, =0, the Y-x collinear state is the exact eigen-
state [14], so M, (T = 0) = S. The ground state itself contains
no information on the C-Cy, C-C,, and C-IC magnons. As
shown in Sec. I B, any &, # O transfers the Y-x state into the
Y X-x canted state and also introduces quantum fluctuations.
The canted angle of the classical Y X-x state is given in
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FIG. 3. The RG flow for RFHM in the transverse field /. There is
a fixed point on the phase boundary controlling the zero-temperature
transition from the Y X-x state to the X-FM state, which is in the 3D
Ising universality class. At the Abelian point § = 7/2, the transition
isin the 3D XY class. Any deviation from the two Abelian points are
relevant and drive the system into the 3D Ising fixed point. All the
crosses stand for RG fixed points. The whole Y X -x state is controlled
by the fixed point at (8 = 7/4,h = 0), which enjoys the enlarged
mirror symmetry [14,18]. Inside the Y X-x state, all the quantum
fluctuation generated C-Cy, C-C,, and C-IC are irrelevant under the
RG sense, but they are the competing to become the driving seed to
the X-FM. Figures 1 and 2 show that it is the C-Cy, which wins the
competition and becomes the driving seed.

Eq. (17). The ground state itself contains information on the
C-Cy, C-C,, and C-IC magnons. They all compete and move
to the phase transition boundary.

From the classical Y X-x state Eq. (15) with the canted
angle Eq. (17) and Eq. (19), we find that they reduce the order
parameter below its classical value,

1 P,j P
v 2 (o o )} n

where M. = §\/1 — (h/ h.y)? is the classical order parameter
and P = A[1 £ (B + C})/\/ AX(B} + C) — BRD}.

When approaching the phase boundary k., = 2sin’ 8,
the quantum fluctuations get stronger and stronger; finally,
the C-Cy wins the competition and the order parameter
should vanish as M,(T = 0) ~ (h., — h)"* with the 3D Ising
exponent Brgine ~ 0.31. Equation (27) leads to M (T = 0) ~
A ~ (hey — h)'/? with the mean-field exponent Byr = 1/2.
The quantum fluctuations at the LSW order do not change
the phase boundary /., and the mean-field exponent. At the
LSW order, near the critical line A.,, the C-Cy magnon gap
A on both sides own the critical scaling A ~ |h — hex V2,
which also gives the mean-field exponent vy r = 1/2. Note
that vy = 0.64 for the 3D Ising model. To achieve these exact
3D Ising exponents, one needs to incorporate the interactions
between the magnons. In practice, just from the symmetry
analysis, we conclude that the Ginsburg-Landau action to
describe the transition is in the 3D Ising universality class.
The T = 0 RG flow is shown in Fig. 3.

M(T =0) = Mc|:1 -
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At the Abelian g = /2 point, starting from h > h,,
as shown in [18], due to the enlarged U(1) symmetry, the
transition is driven by the simultaneous condensation of the
magnons at the two degenerate minima (s7,0) and (7,7), from
below h < h,,, it is also a simultaneous condensations of
C-Cy and C-C,; magnons, so the transition is in the 3D XY
universality class.

2. The low-temperature behaviors

Except at the Abelian point 8 = 0, & = 0, there is a gap
A_(p) in the excitation spectrum in the ¥ X-x canted phase,
so the order survives up to a finite critical temperature 7, ~
A_(B,h,) above which the system gets to the X-FM state.
Of course, at the phase boundary in Fig. 1, A_(8,h,) =0, so
T.. = 0. Note that the spin wave expansion works in the whole
phase diagram in Fig. 1 at T = 0, but its use at a finite 7T is
only limited to T < T, ; it fails when getting too close to T, .
Atlow temperatures T < T,, inside the C-IC regime in Fig. 1,
by expanding w, in Eq. (22) around the C-IC minima (0, j:k;?),
we find that the excitation spectrum takes the relativistic form

0 = /AL + 22+ vigt k= (0.2K) +q.  (28)

whose detailed behaviors along the k(y) = +m/2 are shown
in Figs. 8 and 9. They dominate the contributions to the
magnetization and the specific heat when 7' < A,

3

A
Cp(T) ~ ——ic__g=ie/ T,
2m v v, T
’ , (29)
M (T)~ M,(T =0) — T,
’ 2m v, vy

where M, (T = 0) is the zero-temperature staggered magneti-
zation given in Eq. (27).

Following the procedures in [14], one can also evaluate the
uniform and staggered susceptibilities along the y direction
and various dynamic spin correlation functions. Especially,
we expect that the C-IC magnons will lead to two split peaks
located at (O,j:k?,) in the transverse spin structure factors

S+‘(£). All these physical quantities can be measured by
specific heat [29,30], in situ measurement [31], and light or
atom Bragg spectroscopy [32,33], respectively.

3. The finite-temperature phase transitions

Because inside the Y X-x phase in Fig. 1, the RG flows
to the fixed point (8 = w /4, h = 0), so the finite-temperature
transition from the Y X-x canted phase to the X-FM is in
the same universality class as that at the zero-field case. Its
nature was briefly discussed in [14], wjlere we argued that,

due to the extra symmetry breaking of §; = R, ()R, (i,7)S;
at B = /4, its universality class (Fig. 3 in [14]) remains to
be determined. Here we argue that the universality class is
simply a 2D Ising one with the order parameter M, = (S”) # 0
in the low-temperature Y-x state and M, = 0 in the high-
temperature paramagnet (Fig. 3 in [14]). The extra symmetry
breaking at 8 = /4 should not affect its 2D Ising universality
class. Of course, at the Abelian 8 = /2 point, it is in the 2D
XY universality class. The finite-temperature transitions at the
Abelian point 8 = m/2, the mirror symmetric point 8 = /2,
and a given 0 < h, < 2 in Fig. 3 is shown in Fig. 4.
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B=n/2 B=n/4 h=1
T X-FM T T X-FM
KT X_FZI\:‘I Ising 2d Ising KT
Goldstone YX—x YX—x
0 3dXY h, © 3dIsing h, 0 3dIsing B=2

@) () ©

FIG. 4. Finite-temperature phase transitions. (a) At the Abelian
point 8 = 7 /2. The arrows stand for the RG flow. Due to the U(1)
symmetry breaking, there is a Goldstone mode and a 2D Kosterlitz-
Thouless (KT) transition at the low-T phase. (b) T, reaches maximum
at the mirror symmetric non-Abelian point (8 = /4, h, = 0) (see
Fig. 3in [14]). (c) Atafixed 0 < h, < 2. Shown is i, = 1.

III. TRANSVERSE FIELD £,

The RFHM in a transverse field along S, direction is
described by

H=—J [SiR(T)Sisx + SiRy2)Siy] — H, Y 5

(30)
40l
3.0[
h:
2.0
1.0
Y-x state
0 0.1 (3 0.2 03 B, 0.4 0.5

B/m

FIG. 5. Phase diagram for RFHM with transverse field h..
Boundaries between C-C,, C-C,, and C-IC are indicated by white
dashed lines. At i, = 0, the ground state is the Y-x state, which is
an exact without any quantum fluctuations. Any %, > 0 will transfer
it into the Y Z-x canted state, which suffers quantum fluctuations. At
the critical field 4..(8), the Y Z-x canted state undergoes a quantum
phase transition to the Z-FM state. It is in the 3D Ising university
class and always driven by the condensation of C-Cy, magnons. The
C-IC magnons always lose to C-C, magnons before hitting the phase
boundary. At the two Abelian points g = 0,7/2, it is in the 3D
XY class. At the Abelian point 8 = /2, C-Cy and C-C,, magnons
condense simultaneously and lead to a 3D XY class transition to the
X-FM. Due to the lack of generalized mirror symmetry as in the 4,
case, the C-IC regime has a more complicated landscape than that
in Fig. 1. The detailed competition in the C-IC regime is shown in
Figs. 6 and 12. The five dots are explained in Appendix C. As shown
in [13,14], the dispersions of C-Cy, C-C,, C-IC magnons can be
mapped out by the transverse spin structure factors.
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where & is applied along the z direction which is normal to
the Rashba («, 8) SOC in the XY plane.

By applying the U(l)s. symmetry operator U;(¢) =
¢ ZiD'S] [14] to Eq. (30) and setting ¢ = /2, one can
show that the —h; )", S7 can be mapped to the RFHM in a
staggered £, field along the x direction —h, ) ,(—1)*S¥. As
expected, the staggered h, could make dramatic difference
than the uniform case discussed in the last section. Similar to
the analysis below Eq. (2), one can see that the Hamiltonian
Eq. (30) has the translational symmetry and the P, symmetry.
It also keeps 7P, and 7P, symmetry.

The main results to be achieved in this section is sum-
marized as follows: We show that any infinitesimal /&, will
change the Y-x state into a canted Y Z-x state shown in
Fig. 5. Unfortunately, the generalized mirror transformation
used in the h, case does not work in the &, case anymore.
This fact makes the landscapes of the C-IC magnons much
more complicated in the &, case than the &, case. Even so,
we are still able to map out the competing boundaries and
detailed structures of the C-Cp, C-C,, and C-IC magnons
inside the Y Z-x canted phase in Fig. 6. As h, increases,
the C-Cp magnons still win the competition and emerge as
the seeds to drive the transition from the Y Z-x state to
the Z-FM state at a critical field &..(8), which is shown
to be also in the universality class of 3D Ising model in
Fig. 5. Due to the enlarged U(1) symmetry mentioned at the

10} YZ—;oC/anted

7/
7/
r 7

0 018, 02 03 B ,04 05
B/m

FIG. 6. Due to the lack of generalized mirror symmetry as in the
h, casein Fig. 2, one needs three separate backbone lines i} and /5,513
to describe the competitions of the three kinds of magnons and their
boundaries. The thick solid line is the phase boundary /... The /)
(red line) is the constant contour at k‘y) = =+ /2. Along the solid line
parts of /i, (brown line) and &3 (blue line), C-Cy and C-C,, become
degenerate w(k, = 0,k, = 0) = w(k, = 0,k, = 7). The dashed parts
of h, and h3 are extraneous solutions. The /4 line is split into three
segments /4 < B < Byr; (0,k) = £ /2) is the minimum position.
Br < B < Bo; C-C, becomes the minimum position. When B, <
B < m/2, b’ rises above h, and moves into the C-C, regime. Details
are given in Appendix C.
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2d Isin KT
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0 p=r/2 0 3dIsing P=n/2
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FIG. 7. Finite-temperature phase transitions (a) at a fixed 0 <
h, <2and(b)atafixed2 < h, < 4.

Introduction, the transition at the two Abelian points 8 = 0
and 8 = /2 point is driven by the condensation of C-Cy
and the simultaneous condensations of the C-Cy and C-C,
magnons, respectively, and is in the universality class of the
3D XY model. In principle, all the thermodynamic quantities
such as the magnetization, specific heat, uniform and staggered
susceptibilities in the ¥ Z-x canted phase, the Z-FM, and their
quantum critical scalings can be calculated. We also work out
the finite-temperature phase diagram in Fig. 7.

|
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A. Z-FM state and excitations in the strong field

In a strong transverse field H, >> J, the system is in Z-FM
phase with spin classically fully polarized to the S, direction
with quantum fluctuations shown in Fig. 5. Introducing
the HP bosons ST = +/2S — afaa, S~ = afv/25 — a'a, and
S¢ = § — a'a, the Hamiltonian Eq. (30) can be written in a
systematic 1/S expansion in terms of the HP bosons. Up to
the LSW order at 1/S, we get

Mo = Eg+2J8 Y [(h. — 2sin® B — cos®  cos ky)ajay
k

+ (sin2 B cosk, — cos k) (ara_y + a,ﬁaT_k)/Z], 31

where the classical ground-state energy Eg = 2J N S?sin? 8 —
H,NS and the dimensionless field h, = H,/(2JS). Now
the Hamiltonian can be diagonalized by a Bogoliubov
transformation,

H> =E6 +4JS Z a)ka,iak, (32)
k

where Ej = Ey — 2J S ), wy is the ground-state energy at the
order of 1/S and the spin-wave dispersion takes the form

Wy = \/(hz — 2sin? B — cos? B cos ky)? — (sin? B cos ky — cos ky)?, (33)

where, for0 < § < m/2, one can identify that there is a unique
minimum located at ko = (ky,ky) = (7r,0) with the gap

Ay = wppo = /h.(h, — 3 + cos2pB) (34)

and the critical field strength is given by the gap vanishing
condition

he:(8) =3 —cos2pB =2+ 2sin’ B, (35)

which is shown in Fig. 5.
The excitation around the minimum (s7,0) takes the rela-
tivistic form

o= ST, K=ra o

where
vf = 1 + sin’ B,
(37
vi = (h — 1)cos> B + 2sin* B,
and the critical velocities are v; . =wv) =1+sin’B. In

contrast to the %, case, here the v, . and vy, do not vanish even
at 8 = 0. The gap vanishing at kY = (ky,ky) = (7,0) indicate
a quantum phase transition into a spin-orbital correlated state
with orbital order (;r,0). It was known that at i, = 0, the
ground state Y-x state also has the (;r,0) orbital order. That
indicates that there is only one phase transition and the state
below A, could be just the Y Z-x state with a canted angle.
As to be shown in the next section, we show that it is indeed
the Y Z-x state with the orbital order (;r,0). Near the QPT,
An ~ (hz - hcz)1/2~

Similar to Sec. II A, before starting the next section, we
discuss a little bit further the enlarged symmetry and its
consequences at the two Abelian points 8 = 0,7/2 in Fig. 5.

(

The U (1) symmetry at the two Abelian points 8 = 0,7 /2
at a finite h,

At the two Abelian points § = 0,7/2 and h, = 0, the sys-
tem has a SU(2) symmetry in the rotated basis SUQ2) withS; =
R.(i,m)S; or SUQ2) with §; = R, (iym)R,(i,m)S;, respec-
tively. So Eq. (30) can be mapped to a FM Heisenberg model
in —h, Y ;(—1)"SF [see Eq. (38)] and —h, > ,(—1)>Fi8*
[see Eq. (45)], respectively. So at 8 = 0,7/2, taking the
result from [18], any %, will lead to a spin-flop transition
resulting into a U(1) symmetry breaking canted phase with
one Goldstone mode ¢. Then there is another transition to the
Z-FM at a finite h. = 2,4 respectively. These results at the
two Abelian points fit into the general result Eq. (35) and are
shown in Fig. 5.

For (B =0,h, = 0), transferring back from the SU(2)
basis to the original basis, the Hamiltonian Eq. (30) has the
SU(2) symmetry which is generated by >, S¥, >, (—=1)S;,
and Y ,(—1)*S7. When h, > 0, only Y ,(—1)*S’ remains
as a conserved quantity. Obviously, the Z-FM state keeps
all symmetry from the Hamiltonian. Having the conserved
quantity ¢ 2:=D"S7 carrying momentum (i,0) act on the
excitation in Eq. (36) at the minimum (7r,0) will generate
another minimum at (0,0). So we conclude that at (8 = Oh, >
0), the system has two minima located at (0,0) and (,0), as
shown in Fig. 5.

For (B = /2, h, = 0), transferring back from the SU(2)
basis to the original basis, the Hamiltonian Eq. (30) has
the SU(2) symmetry which is generated by Y ,(—1)»SF,
Y. (=DxS), and Y. (—1)*T>S?. When h, >0, only
Y . (—D)**S7 remain as a conserved quantity. Having the
conserved quantity ¢'¢ Z:(~D"™S which carries momentum
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(r,m) act on the excitation in Eq. (36) at the minimum (77,0)
generates another minimum at (0,7). So we conclude that at
(B = m, h, > 0), the system has two minima located at (;r,0)
and (0,7), as shown in Fig. 5.

Similar to Sec. IT A, the U(1) symmetry Zi(—l)iXSf or
> (—1)x T S7 at the Abelian point B =0 or B =m/2 at a
nonzero transverse field 4, is different than the spin-orbital
coupled U(1)so symmetry > ,(—1)*S; along the line (o =
w/2,B) at h, = 0 in the RFHM Egq. (1).

B. The coplanar Y Z-x canted state below A,
1. Classical YZ-x canted phase at h < h,,

Here we first achieve the classical Y Z-x canted state from
the two Abelian points.

a. Approaching to the right from the Abelian point B = 0.
At B = 0, in the SU(2) basis S; = R, (i,7)S;, the Hamiltonian
Eq. (30) takes the form

H=—J) 88 —H Y (-5, (38)
{ij) i

When 0 < H, < H,. the classical state in the SU(2) basis is
S; = S(sinf cos ¢, sinO sing,(—1)* cosH).  (39)

Reverting back to original basis leads to the classical state
in original basis,

S; = S(sind cos qﬁ,(—l)i* sin 6 sin ¢, cos 6), 40)

where ¢ is nothing but the Goldstone mode due to the U(1)
symmetry breaking.

Although we obtained Eqgs. (39) and (40) at 8 =0, the
same ansatz hold for 0 < 8 < 7 /2, whose classical ground
energy is

E. = —2NJS?*[1 — (1 + sin® B)cos’ 6 + h,cos6
— sin® B sin’ 6 cos® ¢]. 1)
It is easy to see that any B8 > 0 explicitly breaks the U(1)
symmetry at 8 = 0, so picks up ¢ = /2, opens the gap [34]

J
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to the Goldstone mode ¢ and leads to the classical Y Z-x canted
state,

S; = S(0,(—1)" sin@, cos 0), (42)
with the corresponding classical ground-state energy
E.=—2NJS[1 — (1 +sin® B)cos?> 0 + h,cosf]. (43)
Minimization of Eq. (43) leads to the canted angle,

h;
> <1
2(1 + sinZ B)
which always has a solution as long as i, < k...

b. Approaching to the left from the Abelian point B =
7/2. In fact, one can reach the same results in Eqgs. (42)

and (43) from the right at 8 = /2. In the SU(2) basis S; =
R, (iym)R,(iym)S;, the Hamiltonian in Eq. (30) at B = /2
takes the form
H=-J
(ij)

When 0 < H, < H,,, the classical ground state is

cosf = when h, < h,, (44)

Si-8j = H Y (1) 45)

S; = S(siné cos ¢, sin 8 sin ¢, (— 1)+ cos ). (46)

Reverting back to the original basis leading to the classical
ground state in the original basis,

S; = S((—1)" sin@ cos ¢,(—1)* sinf sinp, cos ),  (47)
with the classical ground-state energy
E. = —2NJS?[1 — (1 +sin? B) cos> 0 + h. cos O
— cos® Bsin® 6 cos® ¢]. (48)
Obviously, any B < m/2 picks up ¢ = m/2. Then Eqgs. (47)
and (48) reduce to Egs. (42) and (43), respectively.

2. Spin-wave analysis in the Y Z-x canted state

Starting from the classical Y Z-x state Eq. (42) and using
similar procedures to obtain Eq. (22), we obtain the spin-wave
dispersion,

wf = \/A,% + Bl +CP—-C*— D+ 2\/(A,% — D})Bi + (AxC}, — C{ Dy)?, (49)

where the expressions of Ay, By, Dy are listed in Eq. (20) and

C, = sin® 0 cos k,,
(50
Cl = cos® 6 cosk,,

where one can see C; + C; = Cy = cos k, listed in Eq. (20).
Of course, the 6 in Eq. (44) in the H, field is different from
that in Eq. (17) in the H, field.

From Eq. (49), one can determine the minimum positions
inside the Y Z-x state. The general structure of Fig. 5 is similar
to the i, case (Fig. 1). However, due to the lack of generalized
mirror symmetry as in the &, case, the detailed landscape of
the C-IC regime in Fig. 5 is much more complicated than that
in the h, case. In this section, we only outline the general

(

structure. In the next section and Appendix C, we describe
details of the shape of the C-IC regime in Fig. 5.

In Fig. 5, we still found there are three regimes inside
the Y Z-x canted state: C-Cy regime, C-IC regime, and C-C,
regime which, at 4, = 0, reduce to the three regimes identified
in [14]. Among the three magnons, only C-C( wins the game
and drives the transition, so the transition from the Y Z-x
state to the Z-FM is driven by the condensations of the C-C
magnons only. The C-IC magnons still lose to the C-Cy in the
competition.

Now we can check the consistence of the orbital orders on
both sides of &.,. The Y Z-x state has the orbital order (ir,0);
the C-Cy has the orbital order (0,0) = (s7,0) in the RBZ. So
its condensation on the top of Y Z-x could lead to either of
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two orbital orders, (7r,0) + (0,0) = (7,0) or (7,0) + (7,0) =
(0,0), in the EBZ. The (0,0) order is nothing but that of the
Z-FM in Fig. 5.

C. Evolution of the C-IC magnons inside the C-IC regime
in Fig. 5

As shown in Appendix C, the line 4 in Fig. 6 is determined
by setting the first derivative of dispersion vanishing at (0,ky =
7 /2). The lines &, and A3 are determined by the condition that
C-Cy and C-C,; become degenerate. There is one crossing
point (8o, ho) between k% and &, in Fig. 6.

In the A, case discussed in Sec. II, both conditions are the
same, and so lead to just one single line with the three different
segments in Fig. 2 presented in Sec. I C. However, in the h,
case, there are two different conditions, which leads to three
different lines 4’ and h»,h3, which make the detailed shape of
the C-IC regime more complicated than that in A, case.

Along the 'y, the minimum at k;, = 7 /2 stays as the (local)
minima until Bg, ~ 0.337, where the second derivative of
the dispersion at (0,kj = 7/2) vanishes, then it becomes a
maximum after 8 > Bg,. [In fact, before getting to Bga ~
0.33m, there is another point (let us call it B, in Fig. 6)
where the (O,ké = /2) is just a local minimum, while the
C-C,; becomes the global minimum.] Then C-C, becomes the
minimum, while C-Cy becomes the maximum, then until C-C,,
and C-Cy becomes degenerate at 8y ~ 0.33729x in Fig. 6.
After 8 > By, it moves into the C-Cy regime, where C-C,
becomes the minimum. 4} rises above the /i line. So By ~
0.337297 is determined by setting , = h}, as showninFig. 6.

So, in practice, the A’ can be split into two segments 7 /4 <
B < B, where (O,kg = m/2) is the minimum position, and
Br < B < Bo, where C-C, becomes the minimum position.
(So Baa is really not that important anymore.) Then when
Bo < B < m/2, ) rises above h, and moves into the C-Co
regime. Then we have to use the A, line to delineate the C-Cy
and C-C,; boundaries.

So the C-IC boundary along (0,ky = 7/2) happens at
(Br,hz), where it turns into C-C,. In principle, one can
determine the whole C-IC boundary in the whole Y Z-x phase.
Indeed, we determine the C-IC boundary along the line /4,
and &3 in Fig. 11. Connecting all the special points along the
three lines /15,h3,h% in Figs. 6 and 11 in Appendix C and also
B1,B> at hy = 0 lead to Fig. 5 and also the evolution around
(Bo,ho) in Fig. 12. As shown in [13], the I-IC dispersion can
be mapped out by the transverse spin structure factors.

D. The transition from the Y Z-x canted state to the Z-FM at
T = 0 and finite T

1. The T = 0 transitions: Symmetry breaking and
order parameter

The transition from the Y Z-x canted state to the Z-
FM at T =0 is still characterized by the order parameter
M,(T =0) = (S). As said at the beginning of Sec. III, the
Hamiltonian Eq. (2) has has the translational symmetry and
the P, symmetry: k, — —k, S* — —=S*, k, - —k,, ¥ —
—87, §* — S§% The Z-FM respects both symmetries, so
My(T =0) =0, but the YZ-x states breaks both, but still
keeps the combination P, x (x — x + 1),so M (T = 0) # 0.
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Due to the spin-orbital locking, destroying the M (T = 0) =
(SY) order will also restore the translational symmetry along
the x direction. Similar to the &, case, there are relativistic
gapped C-Cy magnons on both sides indicating the dynamic
exponent z = 1. So we conclude that the transition is also in
the 3D Ising universality class. The LSW expansion only leads
to the mean-field exponent By r = 1/2, vyyr = 1/2.

At the two Abelian points 8 =0 (or § = 7/2), starting
from h > h.,, as shown in [18], due to the enlarged U(1)
symmetry, the transition is driven by the simultaneous con-
densations of the two degenerate minima at (0,0) and (7,0)
[or (0,7) and (r,0)] shown in Fig. 5 and is in the universality
class of 3D XY model. From below & < k., at § =0, it
is just the condensation of C-Cy magnons, at 8 = 7/2, it is
a simultaneous condensations of C-Cy and C-C, magnons,
so the transition is also in the 3D XY universality class. After
considering the above differences, the T = 0 RG flow diagram
is similar to Fig. 3.

2. The finite-temperature phase transitions

All the physical quantities at T < T, can be similarly
evaluated as in &, case.

Because inside the Y Z-x phase in Fig. 5 the RG flows
to the fixed point (8 = /4, h, = 0), the finite-temperature
transition at T,, from the Y Z-x canted phase to the Z-FM is
in the same universality class as that at zero-field case shown
in Fig. 3 in [14]. As argued in Sec. IID 3, it is in the 2D
Ising universality class. Of course, at the two Abelian points
B =0, /2, itis in the 2D XY universality class. The finite-
temperature transitions at the two Abelian points g = 0,7/2
are similar to Fig. 4(a), at the mirror symmetric point 8 = m /2
is similar to Fig. 4(b). So we only show them at a given 0 <
h, < 4in Fig. 7.

IV. COMPARISONS WITH EARLIER WORKS

The C-IC magnons in the zero-field RFHM along the line
(¢ = m/2,B) stand for short-ranged incommensurate orders.
However, they are extrinsic, not embedded in the ground
state due to the absence of quantum fluctuations in its exact
ground state Y-x state. They need to be excited by thermal
fluctuations or dragged out by various external probes which
introduce quantum fluctuations into the ground state. In order
to transfer the short-ranged incommensurate orders into long-
range ordered ones, one needs to drag out these C-IC first
and then drive them into condensations. However, as shown
in [18] and this work, these C-IC respond quite differently
to the hy and hy,h; fields. In the i, case which keeps the
spin-orbital coupled U(1)o symmetry of the RFHM at a zero
field, any small hy, < h.; will drag out the C-IC magnons,
but the Y-x state stays as the exact ground state, so the C-IC
magnons remain extrinsic, detached form the exact ground
state and need to be thermally excited. As h, — h_,, the C-IC
magnons’ gap collapses to the ground state and become the
driving seeds to lead to various IC-SkX phase through a line of
fixed points at i, = h_;. As stressed in [18] and Appendix A,
from below i < h.;, the IC-SkX is due to the condensations of
nonrelativistic C-IC at a single minim (O,k;)), so the transition
at h.; has the dynamic exponent z =2, and from above
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h > h., the IC-SkX is due to the simultaneous condensations
of nonrelativistic C-IC at two degenerate minima at (O,k()),)

and (rr,kg), so the transition at A, also has the dynamic
exponent z = 2. On the experimental side, the IC-SkX phase
matches rather naturally and precisely the incommensurate,
counter-rotating (in the A/B sublattice), noncoplanar magnetic
orders detected on iridates «, B8,y -LiyIrOs [7]. Both ki, and A,
explicitly break the spin-orbital coupled U(1) symmetry.

However, any small /2, and &, will transfer Y -x state into the
Y X-x or Y Z-x phase, respectively, which support only gapped
magnons. Unfortunately, as shown in Figs. 1 and 5, as &, and
h, increase, the relativistic C-IC with at least two minima at
(O,:I:k?,) always lose to C-Cy, so cannot emerge to drive any
phase transitions. There is only one transition to the X-FM or
Z-FM which is driven by the condensation of C-C and is in the
3D Ising universality class with the dynamic exponent z = 1.
So there is no chance to get any incommensurate phases.

In the (B,h,) phase diagram, the IC-SkX phase is sur-
rounded by four other phases: the two commensurate coplanar
canted phases at the left and right in the SOC parameters
and two collinear phases Y-x and Y-FM in the low and high
field, respectively. The two canted phases and the IC-SkX
phases break the U(1) symmetry spontaneously, so support
a gapless excitation. The two canted phases in the &, case
are dramatically different than the Y X-x and Y Z-x canted
phases in the A, and h, cases. The former breaks the U(1)
symmetry spontaneously, does not support any C-IC magnons,
but supports the gapless Goldstone mode at the (7,0). There
is no direct transition from the Y-x state to the canted state,
there is always an IC-SkX phase sandwiched between the two.
There is a direct transition from the canted phase to the Y-FM
phase through a roton condensation at (0,0) and to the IC-SkX
phase through a bosonic Lifshitz transition.

However, both %, and &, explicitly break the spin-orbital
coupled U(1) symmetry. Any small /2, and %, will transfer the
Y-x state into the Y X-x or Y Z-x canted phases, respectively,
which are essentially the same phase as the Y-x phase. So
naturally, they also support gapped C-Cy, C-C,, and C-IC
magnons. In fact, one can also group %, and A, as an in-plane
field and %, in Eq. (30) as the perpendicular field. In the
in-plane case, there is a mirror symmetry or a generalized
mirror symmetry, respectively, to characterize the competition
among the magnons, while in the perpendicular field there is
no such mirror symmetry. Of course, the finite-temperature
transitions in &, and h,,h; cases shown in Figs. 4 and 7 are
also quite different.

In a recent preprint [13], we studied the rotated antiferro-
magnetic Heisenberg model (RAFHM), which is the fermionic
analog of the RFHM [14]. We found that the C-Cy and C-IC
magnons in the RAFHM are also intrinsic ones generated
by quantum fluctuations, take relativistic dispersion, and are
already embedded in the ground state. Their parameters such
as the minimum positions (O,:I:kg), gap, and velocities v,,v,
can be precisely measured by the peak positions, width, and
Lorentzian shape of the transverse structure factor at 7 = 0,
respectively. In this sense, the relativistic C-Cy and C-IC
magnons in the Y-y state in the RAFHM at zero field resemble
those in the Y X-x and Y Z-x canted states studied in this paper.

In this work, we only focus along (¢ =m/2,8) in a
transverse field &, or h,. Obviously, it is important to study
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how these magnons respond when o # /2 (but at zero field),
which also explicitly breaks the spin-orbital coupled U(1)
symmetry at « = /2. This investigation is complementary to
(¢ = m/2,B) in a nonzero field &, or &, studied in this paper.
It has been achieved in a very recent preprint [35], where we
showed that turning on « # /2 leads to new competitions
very different from the two Zeeman field cases studied here,
which, in turn, leads to different phases and phase transitions.

V. DISCUSSIONS AND CONCLUSIONS

It is easy to see why the transition from Y X-x to X-FM in
Fig. 1 and Y Z-x to Z-FM in Fig. 5 have to go through C-C,
instead of C-C,. This is because Y X-x or Y Z-x have the
orbital order (7r,0) and the C-Cy has the orbital order (0,0) =
(r,0) in the RBZ. So its condensation on the top of ¥ X-x or
Y Z-x order could lead to two orbital orders, either (7,0) +
(0,0) = (,0) or (;r,0) + (7,0) = (0,0) in the EBZ. The (0,0)
order is nothing but that of the X-FM in Fig. 1 or Z-FM
in Fig. 5. However, the C-C, has the orbital order (0,7) =
(mr,m) in the RBZ. So its condensation on the top of ¥ X-x or
Y Z-x order could lead to two orbital orders, either (;r,0) +
0,7) = (r,7) or (7r,0) + (7r,7) = (0,7), in the EBZ; none of
the two contains the (0,0) order. So C-C,; alone cannot drive
the transition to X-FM or Z-FM.

We established our results at the LSW order. Following [13],
one can perform the 1/S corrections due to the magnon
interactions to the results at the LSW order. We expect that the
correction is very tiny even ats = 1/2, as found in [13], except
very close to the quantum phase transitions in Fig. 1 and 5.
So we expect that the competition boundaries among different
magnons in Figs. 2 and 6 suffer very little shift. As shown
in [13], the dispersions of the magnons, and therefore their
boundaries in Figs. 2 and 6, can be mapped out by structure
factors which can be detected by Bragg spectroscopy [32,33]
in the cold-atom experiments or magnetic inelastic x-ray
scattering in materials with strong SOC [22-24]. Of course,
different spin-orbital correlated magnetic orderings in Figs. 1
and 5 and the finite-temperature phase transitions between
them in Figs. 4 and 7 can be detected by similar experimental
techniques.

It is instructive to compare the C-IC magnons with
quantum fluctuations generated in multiple vortices in p/q
filling Boson Hubbard models [36-39], those in high-T,
superconductors [40,41], and exciton superfluids in Bilayer or
trilayer quantum Hall systems [8,9]. The vortices are gapped
topological excitations inside a superfluid; there are at least
q degenerate minima in their dispersions which transform to
each other under the projective representation of the magnetic
space group (MSG). So the gap closing (or condensations)
of the ¢ minima lead to various kinds of lattice symmetry-
breaking insulating states. So these quantum fluctuations
generated vortices are short-range translational symmetry-
breaking insulating orders embedded inside the translational
invariant superfluid states. Even inside the superfluid state,
they are the crucial ingredients of the superfluid ground state
and are generated by the intrinsic quantum fluctuations. Their
condensations tuned by interactions spark quantum phase
transitions into various neighboring insulating states, breaking
various translational symmetries of lattices. Of course, vortices
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FIG. 8. (Top) Phase diagram in the #h, case. The dashed
line indicates the contour k) = +7/2 inside the C-IC regime.
Colored dots stand for the five parameters [B,h(B)]—
(0.257,0), (0.277,0.531 115), (0.297,0.788 082), (0.317,1.003 63),
(0.337,1.194 86)—used for the figure falling in the range 7/2 <
B < Bo ~ 0.330458x. (Bottom) Spin-wave spectrum corresponding
to the four dots in the top figure. There are no other contours
crossing the k = /2 contour in this range. For example, the contour
kY = /2 + 107° will hit the extension of the contour k) = 7r/2 in
the range By < B < B. (see Fig. 9). As h, increases, the gap at
k% = £ /2 increases. Note that even at 8 = 0.337, h = 1.194 86
the spectrum is dispersive instead of being a flat line.

are bosons and satisfy boson statistics. Here these C-Cy, C-C,
and C-IC gapped magnons inside the Y X-x or Y Z-x state play
similar roles as the vortices inside a translational invariant
superfluid state. They are the crucial ingredients of the ¥ X-x
or YZ-x state and are generated by the intrinsic quantum
fluctuations. Their condensations tuned by various Zeeman
fields spark quantum phase transitions into various neighbor-
ing spin-orbital correlated commensurate or incommensurate
phases. The salient feature of the C-IC magnons is that they
may condense at any incommensurate wave vector leading to
incommensurate spin-orbital correlated magnetic phases. This
is indeed what happens in the 4, Zeeman field studied in [18].
However, in the h,,h, fields studied in this paper, they are
eliminated before their possible condensations.

The multiple local (metastable) or global minima structure
of the C-IC magnons shown in Figs. 8, 9, and 10 indicate
some short-ranged quantum fluctuations with multiple length
scales. The complex structure is intrinsic and embedded in
the quantum ground state, which may resemble the complex
multiple local minimum landscapes in quantum spin glass

PHYSICAL REVIEW B 94, 024409 (2016)

0.87492p _
w(k=0,k,) B=0.330458n

0.87490 $=0.330464m

=0.330470m

7X10°°
o
o
)
increasing

=0.330476m

3=0.330482n
Tol/m

-1.0 -0.5 0.5

FIG. 9. The spin-wave spectrum for several [8,h(8)] in the range
Bo < B < By in the top part of Fig. 8. The arrow are guides to the
minima locations. Due to the generalized mirror symmetry, there are
four degenerate minima which are symmetric with respect to k, =
+m /2, respectively. Due to the k, — —k, symmetry, the four minima
are also symmetric with respect to k, = 0. As increasing 8 from B
to B,, the minima positions continuously shift from 7z /2 to either O or
7. For the red curve (8 = 0.330464x), the four degenerate minima
are at k9 = £ /3,427/3. It also indicates that the fpour contours
will hit the extension of the contour k(y) =tm/2 at § = 0.3304647
shown in Fig. 2.

[42-45]. However, the former is SOC induced; the latter is
due to quenched disorders. So the SOC may induce some
similar complex phenomena as the disorders do.

One of the original goals of studying the SOC effects
in quantum spin systems is to look for possible spin-liquid
phases. It is generally assumed [46] that in the presence of
SOC, the spin rotation symmetry is completely broken, so
the Lieb-Schultz-Mattis-Oshikawa-Hastings (LSMOH) the-
orem [47-49] may not apply. However, Oshikawa’s argu-
ments [48] require only U(1) symmetry with the S* conser-
vation instead of the full SU(2) symmetry. The quantum spin
Hall effect in the Kane-Mele model [50] in a honeycomb
lattice is an Abelian SOC case with the S* conservation.
Of course, in the Kane-Mele model, the additional possible
Rashba or Dresselhaus SOC spoils the U(1) symmetry, but
the time-reversal symmetry 7 remains. The line (¢ = 7/2,8)
at zero field is the first non-Abelian SOC case which still
owns a spin-orbital coupled U(1) symmetry. At filling factor
n = 1, there is also only one spin s = 1/2 per unit cell in the
original basis. In the U(1) basis [14], it becomes an explicit
U(1) symmetry with the expense of breaking the translational
symmetry of the Hamiltonian to two sites per unit cell. So
when trying to apply the Oshikawa’s argument in the U(1)
basis, one run into two spin-1/2’s per unit cell, so it still
does not apply. Then the possible new mechanisms [46] only
assuming 7 may apply to search for possible spin-liquid states
in the presence of SOC in some lattices. The longitudinal [18]
Zeeman field £, still keeps the U(1) symmetry, but breaks the
7T symmetry. Here the two transverse fields break both the
U(1)soc symmetry and the time reversal explicitly, so it is not
surprising that we only find the symmetry-breaking ground
states shown in Figs. 1 and 5 instead of any spin-liquid ground
state in a square lattice. Note that in a previous study of a
frustrated Ising model in a transverse field [25,26], due to its
violation of both the LSMOH condition and the time-reversal
symmetry, no spin liquids were found either.
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In this work, we focus only on quantum phases with only
bosonic excitations and without topological orders. It can
be considered as incorporating possible dramatic effects of
SOC on a well-studied 2D Ising, anisotropic (or isotropic)
quantum XY model in a transverse field [5]. As said in the
Introduction, in fermionic systems [8—13], the quantum phase
supports both fermionic excitation and collective bosonic
excitations. The two sectors may compete to lead to various
other quantum phases under various external probes. In a
recent preprint [51], we studied the attractive Hubbard model
with Rashba or Dresselhaus spin-orbit coupling in a 2D square
lattice subject to a perpendicular i, field which is the weak-
coupling and negative-interaction cousin of Eq. (30). We find
it is the touching (or gap closing) of fermionic quasiparticle
excitations which signifies a topological transition from a
topological SF to a trivial one or to a band insulator. Obviously,
a fermionic quasiparticle cannot condense, but they could
change the topological winding numbers and therefore spark
topological transitions. It remains much more challenging to
study topological confinement and deconfinement transitions
driven by condensations of fractionized particles satisfying
Abelian or non-Abelian statistics [4,6]. Unfortunately, in
contrast to bosonic or fermionic excitations which are only
short-range entangled, one may not be able to treat these
fractionized particles as independent particles due to the long-
range entanglements meditated by Abelian or non-Abelian
Chern-Simon interactions [4,6,40,52,53].
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APPENDIX A: ENERGY SPECTRUM SYMMETRY
ANALYSIS OF THE Y X-x STATE IN THE £, CASE AND
THE Y Z-x STATE IN THE h, CASE

The zero-field RFHM studied in [14] has the translational
symmetry and the 7, P,, Py, and PP, symmetry. Along the line
(¢ =1 /2,B), it also has the spin-orbital coupled U(1) sym-
metry [H, Y ;(=1)*S] = 0. Under the local rotation S; =
Rx(n)Ry(iyrr)S‘[ and 8 — /2 — B. At the middle point 8 =
7 /4, the Hamiltonian is invariant under such a transformation.
The Y-x state breaks all these symmetries except the U(1)
symmetry and the P, symmetry: §* — S, k, — —k,, §* —
—S8*, §* — —S%. However, it still keeps Py X (x = x + 1)
and P, x (x — x + 1) symmetry, so the excitation spectrum
must have the k, — —k, symmetry also, as indeed respected
by the LSW spectrum shown in [14]. At f = 77/4, the Y-x
state also keeps the S = Rx(n)Ry(iyn)S’,- followed by the 7,
which is called the mirror symmetry M in [18].

The RFHM in the longitudinal %, field enjoys the trans-
lational symmetry and the P, symmetry, breaks P, Py,
of course, breaks P, x (x - x+ 1) and P, X (x - x + 1)
symmetry, but still keeps 7P, and 7P,. Along the line
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(¢ = /2, B), itkeeps the spin-orbital coupled U(1) symmetry.
At 8 = /4, it also keeps the M symmetry: The Y-x state
at h < h. keeps P, symmetry, but breaks the translational
symmetry by one lattice site (x — x + 1), so the excitation
spectrum may not have the k, — —k, symmetry anymore.
Indeed, the &, field just picks one of the two degenerate minima
j:k(y) and condenses it at & = k., as shown in Fig. 1 in [18].

As said at the beginning of Sec. II, the RFHM in the &, trans-
verse field Eq. (2) enjoys the P, symmetry—S$* — §*, k, —
—ky, §¥ — =8, §* — —S°—and the translational symme-
try. The Y X -x state breaks both the P, symmetry and the trans-
lational symmetry by one lattice site (x — x 4 1), but keeps
the combination of the two P, x (x — x + 1). So the excita-
tion spectrum must have the k, — —k, symmetry. This is in-
deed respected by the LSW spectrum shown in Figs. 2, 8, and 9.

Very similarly, as said at the beginning of Sec. III,
the RFHM in the h, transverse field Eq. (30) enjoys
the translational symmetry and the P, symmetry—k, —
—ke, 8 > =S, ky &> —ky, ¥ - =87, §* — S*—which
is also equivalent to a joint & rotation of both the spin and
the orbital around the Z axis. The Y Z-x state breaks both
the P, symmetry and the translational symmetry by one
lattice site (x — x + 1), but keeps the combination of the two
P, x (x = x + 1). So the excitation spectrum must have the
ky — —k, symmetry also. This is indeed respected by the
LSW spectrum shown in Figs. 10 and 11.

Both #, and h, break the U(1) symmetry. There is also
no mirror transformation anymore. This leads to dramatic
different responses of the magnons under 4, ,h, studied in
this paper than those in the 4, investigated in [18].

APPENDIX B: THE EVOLUTION OF C-ICIN &, CASE

As motivated in Sec. II C, we like to investigate possible
“generalized” mirror symmetry around k, = 7/2. So we apply

\
(U] (In ‘\ ( \

w(k=0,k, w(k,=0,k,)
1.6 1.
1, AT
- 1. - 3
: // 1\2
: B=0.30m 1.
- -1/2 0 /2 m-n -1/2 0
(a) (b)

FIG. 10. (Top) When B increases from 7 /4 to 7/2 along hj,
the contour extreme at kg = +m/2 goes through (I) concave, (II)

inflection point, and (III) convex (namely %h‘_(o o >0,=0,
< 0), with the inflection point sitting at B, ~ (0.3,28 +0.001)r.
(Bottom) The spin-wave dispersion along A’ for different B: (a)
0.307,0.317,0.327 fallingintherange 7 /4 < 8 < ﬂﬂal,kg ==+r/2
is at least a local minimum; (b) 0.337, 0.347, 0.357 falling in
the range By < B < 7/2. k? = +7/2 becomes at least a local
maximum.
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FIG. 11. (a) Along h,, the minimum location of the dispersion
is k = (0,0), then becomes k = (0,0 < k?, < 1), and then becomes
either k£ = (0,0) or k = (0,7), which are degenerate along #h,.
(b) Along h3, the minimum location of the dispersion is k = (0,0 <
k) < m) and then becomes k = (0,0).

a shift k = (0,7r/2) + g to the dispersion Egs. (22) and (20)
and get

A, =2+ (cos® B — sin® B sin® ) sin gy,
B, = sin285sin6 cos gy,

(B1)
Cy = cos gy,

-2 2 .
D, = —sin” B cos” 0 singy.

Itis easy to see that the only term which is not mirror symmetric
with respect to g, = 0is contained in A,. [ D, has no problem
because it is squared in Eq. (22).] Making the spectrum mirror
symmetric with respect to g, = 0 dictates

cos? B — sin® Bsin®> O = 0. (B2)

Plugging in the Eq. (17) leads to Egs. (25) and (26).

Equation (26) is obtained demanding that the energy spec-
trum is symmetric with respect to k;), = /2, so it guarantees
it must be an extreme (either minimum or maximum) at k;), =
/2 and also the degeneracy condition wi=(0,0) = @Wk=(0,x)-
This explains why Eq. (26) also contains the C-Cy/C-C,
boundary Eq. (25).

APPENDIX C: THE EVOLUTION OF C-IC IN k, CASE

Following the procedures in the %, case, we first determine
the boundary between C-Cy and C-C;; by setting w, (0,0) =
w, (0,7). Using Eq. (49), we find it has four positive roots
hy,hy,h3,hy and four negative roots. After comparing with
numerical results, we find only the two roots, &, and A3, are
physical:

hy = \/2(3 — cos2B)(1 — cos 2P),

N 3 $26) —2cos2p
= — CO —_—
3 1 + cos2p

Setting hy = h3 leads to 8 = B, = 0.2952967, as shown in
Fig. 6. When 0.257 < 8 < B4, h = h3, when B, < B < /2,
h = h,.

Next we determine the constant contour at kg = m/2; thus,
dw,
%, |

(ChH

we need solve 0 = which leads to a quartic

k=(0,7/2)"
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FIG. 12. Fine structure of C-Cy, C-IC, and C-C, boundaries
around (B, o). It is reached by connecting those special points along
the three lines 4, (solid and dashed brown), /3 (solid and dashed
blue), and /% (solid red) in Figs. 6 and 11. The thick solid black line
is the phase boundary #...

equation in A2,
csh® + c6h® + cah* + coh®> + co = 0, (C2)

where the coefficients cg,cg,c4,c2,co are functions of S. This
equation also has four positive roots h',h},h%,h, and four
negative roots; we find that only A% is a physical solution.
Its analytic expression is complicated, so we only show its
numerical solution in Fig. 6. Setting h, = h’3 leads to B =
Bo = 0.333 7297 ; the three lines h»,h3,h} and their crossings
are drawn in Fig. 6.

Since we set 0 = 22

dky "k=(0,7/2)
47 /2 changes, as shown in Fig. 10.

We can summarize the evolution along the /7 line in the
following.

Along A, when 0.257 < 8 < Bpa, (0,7/2) is a local
minimum; when Bg; < 8 < 7/2,(0,7/2)is alocal maximum.

Along hj, when 0.257 < B < B2, (0,0) is a local maxi-
mum; when B, < B8 < m/2, (0,0) is a local minimum.

Along h%, when 0.257 < 8 < B;1, (0,7) is a local maxi-
mum; when 8;; < B8 < m/2, (0,7) is a local minimum.

The relation between these B are 8,1 < Ba < Br2-

If0.257 < B < Bs1, (0,7r/2) is a global minimum.

If B;1 < B < PBgat, we need compare (0,77/2) with (0,7);

if B < B < Biy, (0,m/2) is a global minimum;
if B;r < B < Bfar (0,7) is a global minimum.

If Bar < B < Br2, (0,7) is a global minimum.

If B» < B < /2, we need compare (0,7) with (0,0);

if Bi» < B < Po, (0,7) is a global minimum;
if By < B < m/2,(0,0) is a global minimum.

As summarized in Sec. III C, if 0.257 < B < B;r, (0,7/2)
is a global minimum; if B, < B < By, (0,7) is a global
minimum; if By < B < 7/2, (0,0) is a global minimum. The
final result is shown in Fig. 6

The minimum structure along h, and h3 are shown in
Fig. 11(a) and 11(b), respectively.

Combining all the special points along the three lines
hy,h3,hy in Figs. 6 and 11 and also B,B, at h, = 0 leads
to Fig. 5 and the evolution around (By,h¢) in Fig. 12.

the dispersion around k, =
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