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We examine the Chern Kondo insulator proposed in a square optical lattice with staggered flux induced by
s-p orbital hybridization by revisiting its realization and taking into account the magnetic effects for the Kondo
phases. The Ruderman-Kittel-Kasuya- Yoshida interaction is analyzed at the weak s-p hybridization regime, with
the anisotropic magnetic effects being discussed. Furthermore, the paramagnetic and magnetic phases coexisting
with Kondo couplings are systematically investigated through the slave-boson theory, for which the rich effects
on the Chern Kondo phase are obtained, including the antiferromagnetic, collinear antiferromagnetic Kondo
insulator, and Kondo metal phases. The magnetic orders are shown to enhance the effective Kondo hybridization
compared with the case without taking into account magnetic effects, and exhibit different influences on the bulk
topology. In particular, the antiferromagnetic ordering always enhances the topological phase by increasing the
bulk gap of the Chern Kondo phases. The results show the rich topological and magnetic effects obtained in
the present Chern Kondo lattice model. We also investigate how to identify the topology and strong correlation
effects through measuring the Hall conductance and double occupancy, which are achievable in ultracold atom

experiments.
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I. INTRODUCTION

The compound SmBg, a typical strongly correlated in-
sulator, has recently been predicted to be a time-reversal-
invariant topological Kondo insulator (TKI) [1-3], in which
the protected conducting surface states account for the sat-
urated resistivity observed in experiment at low-temperature
limit [4]. The topological surface states of the proposed TKIs
have been observed by experiments [5—14]. On the other
hand, there are still interesting topics that remain to be further
explored, e.g., the existence of a neutral Fermi surface in
the bulk of the TKI SmByg [15] motivated by the observation
of bulk quantum oscillations [16,17], linear specific heat,
anomalous thermal, and optical conductivity [18-21]. While
from the effective band description the topology of the TKIs
is essentially the same as that of an uncorrelated TI [22],
the new effects arising from the electronic correlations in
TKIs have been predicted in theory [15,22-29]. Nevertheless,
to directly observe the strong correlation effects is typically
challenging for condensed matter experiments. Recently, a
strongly correlated quantum anomalous Hall (QAH) phase,
called Chern Kondo (CK) insulator, was proposed based in
the optical lattice [30]. It was shown that both the novel
topological physics and the strong correlation effects can be
directly measured by taking the advantages of cold atom
platforms which are fully controllable and have been broadly
applied to explore the exotic topological quantum phases and
correlation physics (see, e.g., Refs. [31-49]). In this work,
we shall study the magnetic effects on the CK phase, with
different physics being predicted.
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The original idea of CK insulator [30] is summarized as
follows. Consider a checkerboard superlattice with s orbitals
on A sites and py orbitals on B sites. Due to anisotropy of
the superlattice, the nearest-neighbor hopping between px
orbitals is along the X direction and forms an itinerant py
band, while the nearest-neighbor hopping between s orbitals
is along the ¥ direction, forming a nearly flat band and
lying below px band. Through optical-assisted Feshbach res-
onance [50-56] the repulsive onsite interaction for s orbitals is
tuned to be strong, while the onsite interaction for px orbitals
is negligible. Without s- px hybridization, the s orbitals on A
sites form a Mott insulator at half-filling. By laser-assisted
tunneling [57-60], the s-px hybridization is induced and a
periodic Anderson model with laser-induced staggered flux
is realized. When the hybridization is tuned to exceed a
critical value, the Kondo phase emerges with a finite s-px hy-
bridization gap being formed. The gapped quasiparticle band
results in a nontrivial correlated Chern insulator with QAH
effect [30]. The difference between the noninteracting Chern
insulator and CK insulator can be detected by measuring the
band topology and double occupancy experimentally.

Nevertheless, there are important issues of the CK insu-
lating phase which were not well addressed in the previous
work [30]. First of all, we examine in detail the realization
of the Chern insulating phase, and found that the previous
scheme is not applicable to generate a staggered flux pattern
for the checkerboard lattice, which is essential to realize the
Chern insulating phase. Second, in the original work, only
the paramagnetic state was considered, while it was shown
that in Kondo lattice problems the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction between the localized electrons
competes with the Kondo effect, resulting in magnetic phases
in weak coupling regime [61], and in periodic Anderson
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lattice problems the magnetic instability also occurs in the
Kondo phases [62-65]. It is then important to investigate
the possible existence of magnetic phases in the CK model,
and the effect of magnetism on the CK phase and the phase
transition. In this work, we fully address these issues and
uncover nontrivial topological Kondo physics which were not
predicted previously. In particular, we improve the previous
realization and propose a feasible scheme to generate the s-px
orbital hybridization with a staggered flux which can induce
QAH phase in the noninteracting regime. Moreover, we study
systematically the magnetic effects on the strongly correlated
QAH phase based on RKKY interaction and the slave-boson
mean-field theory. We map out the magnetic and QAH phase
diagrams, and show that the magnetic orders depend on the
s-px hybridization strength and the flux ¢y generated by the
laser-assisted tunneling. The different magnetic orders can
have different influences on QAH phases. Interestingly, a
significant enhancement of the correlated QAH effect by the
magnetic ordering is predicted.

The structure of this paper is organized as follows. In
Sec. II, we examine the realization of the CK model in
detail, and propose a feasible scheme for the realization
based on the previous one [30]. In Sec. III, we derive the
effective Kondo lattice Hamiltonian and RKKY interaction,
with which we investigate the magnetic effects controlled by
s-px hybridization. Section IV presents a systematic study of
the ground-state magnetism and QAH phase diagram through
the slave-boson theory. Especially, in this section we also
study the influences of topology and strong correlation on
the CK phase, which can be identified by measuring Hall
conductance and double occupancy in cold atom experiments.
The conclusions are given in the last Sec. V.

II. IMPROVED SCHEME FOR REALIZATION

In the realization of CK insulator [30], the laser-assisted
tunneling is applied to generate the complex s-px hybridiza-
tion which is associated with a staggered magnetic flux.
Nevertheless, in Sec. I A we point out that the original
laser-assisted tunneling failed to create the required flux,
and a modified configuration is necessary. In Sec. II B we
improve the original method and propose a feasible scheme
for the realization, as shown in Fig. 5 following the method
in Ref. [66]. Different from the previous proposal which
applies a beam running in the x-y plane to induce Raman
transition [30], in our scheme the Raman beam propagates
along the Z direction and has a phase difference between X
and j polarization components. We show that the staggered
flux of a minimal plaquette can be tuned freely from O to 27,
as required for realizing the CK insulator.

A. Synthetic flux: Previous model

In the previous proposal [30], the s-px orbital hybridiza-
tion is induced by an effective Raman potential Vi =
Vin cos(8wt + kgry), where Sw and kg are the frequency and
wave vector of the Raman potential, respectively. The s-px
orbital hybridization is induced when the frequency difference
dw compensates the energy difference between s and py
orbitals, and can be calculated through the rotating-wave
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FIG. 1. (a) Laser-induced s-py hoppings in previous setup [30]
for one plaquette of the double-well optical lattice. (b) Laser-induced
s-px hybridization in our scheme for four nearest plaquettes of the
double-well optical lattice.

approximation. To examine the hopping and flux generated
by the Vi, we calculate the hopping integrals of a loop round
a minimal square [see Fig. 1(a)] and find that the hopping
integrals take the following form (details of the calculation
can be found in the Appendix):

D= [ e = e,

J2 - /dzr wrerl,erlI/f;-&-l,me_ikRy = _e_ikR(m+%)Il;k’
J3 = /er 1ﬁrf—',—l,rrH—lI/f;,nhtleikky = _eikR(m+l)I:’
b= /dzr wnp,mw;,erle_ikRy = e_ikR(m+%)Ib’

where ¥}, (¥,.n) denotes real maximally localized Wannier
function for s (px) orbital localized at the site (m, n)a’, with
a' =a/~/2 and a being the lattice constant of sublattice.
For simplicity we set the lattice constant a = 1. The orbitals
Yp0(x,y) and ‘ﬁ({ o(x,y) are parity even and parity odd,
respectively. The quantities 7, and I, are complex. From the
above result it is apparent that the product of four hopping
integrals is real, implying zero synthetic magnetic flux over
a loop of a plaquette, even though the flux over a triangular
m,m)—> m+1,m)—- n+1,m+1) - (n,m) might be
nonzero. Thus, time-reversal symmetry is broken, while we

can show that this does not lead to QAH effect. If we apply
| T

a gauge transformation c; ., — cs,n,me""Rm, in our basis the
hopping integrals become

i

Ji=1y,  Jy=—e0p,

Jy = —I*, Jy=eitkep, (1)

a

From the above results one can easily find that the tight-
binding Hamiltonian in k space lacks the 7, term, and cannot
lead to QAH effect.

B. Improved scheme

Note that the optical lattice potentials for the checkerboard
lattice [see Fig. 2(a)] are formed by the following standing
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FIG. 2. (a) Sketch of generating double-well checkerboard su-
perlattice by a laser beam proposed in Ref. [30]. (b) The checker-
board sublattice and Raman potential for the improved scheme.
(c), (d) The Raman coupling that induces s-pyx orbital hybridiza-
tion (c) and creates staggered flux pattern displayed in (d), with
the lattice potential parameters taken as (Vy, Vi, Vo) = (8, 8,5)Er
and ¢y = 2¢.

wave fields [30]:

E,, =2E[cos(kox)P + cos(koy)X],

EZ =E2[eikox + eikoy +ae—ikox+in +aeiko}'+in]2’ (2)

which  induces the optical lattice potential as
Viaw=—Volcos? (kox )+ cos* (koy)] — Vi sin’[(ko/2)(x — y)]—
Vy sin®[(ko/2)(x 4 y)], with the parameter « used to tuning
the relative magnitudes of the lattice depths Vj 1 2.

In the present improved scheme, to generate staggered
synthetic magnetic flux, we add an additional incident beam
with electric field

Exy — Emeikzz—i(w—&u)t (eiqﬁx)fe 4 €i¢"')’>), (3)

which propagates along the z direction and is polarized in the
x-y planes. The Raman potential [see Fig. 2(b)] is generated
by Exy together with the optical lattice beam E,,. For the
two-dimensional (2D) system, one can set that the 2D plane is
located at z = 0. The Raman potential takes the form

Vg & E\Epne® (coskoye'® + coskoxe'® +H.c.). (4)

In the rotating-wave approximation, the effective A-B on-
site energy difference becomes A; = AE — §w, where AE
is the bare energy difference between px and s orbitals, as
shown in Fig. 2(c). We now compute the hopping integrals
generated by Vg. To illustrate the feature of the hopping
integral, we consider four small plaquettes [Fig. 1(b)], and

calculate the hopping integrals by

J(n’m)ﬁ(n,m_,_l) = [aef”ﬁv + tbefﬂﬁx’
J(n,m+1)~>(n71,m+1) = —tae’¢* — [bel¢>" (5)
J(”*l,erl)%(nfl,m) = —tae_’¢-" — tbe_”ﬁ*"

Jor—tmy— (nm) = la€'%* + e

Here, the coefficients 7, and #, are real quantities, and are
calculated by

la = /dzr W o, )Y 0 (x, ) cos(koy),

th = — /er VP o VG o(x, y)cos(kox).  (6)

To obtain the phases of hopping integrals in Eq. (5), we
define

t =t,e"% + e,
th =t,e7 " + e, (7

as shown in Fig. 1(b). The product of the four hopping
integrals in Eq. (5) equals to

L L 2
(t1t2)2 — (tjel@( igy +t§el¢y iy +2tatb) . (8)

It can be easily seen that when ¢, # ¢, and ¢, # 1, the above
product is complex, leading to a nonzero staggered flux across
a plaquette as illustrated in Figs. 2(d) and 1(b).

The magnitudes of 7, and #, can be computed using the
maximally localized Wannier functions v, and . On the
other hand, in this work we shall consider the tight-binding
regime, in which case, as a good approximation, the coef-
ficients 7, ; can be numerically calculated in the following
approximate way. We take a rectangle piece of lattice potential
containing a single s-px double well and solve the orbital
wave functions, which replace the Wannier functions in com-
puting ¢, ,. With the parameter condition that (Vy, Vi, V) =
(8, 8,5)Eg [30], where Ex = h2k§/(2m) is the recoil energy,
we find 7, & —21,. Now, the phase ¢ of a plaquette in Eq. (8)
can be simplified to

3 sin (¢x - ¢y)
5 cos(¢y — py) +4°

so the total flux ¢ of a plaquette can be tuned from —m to &
through tuning the phase difference ¢, — ¢,.

From the relative configuration of lattice and Raman
coupling potentials [Fig. 1(b)], we can verify easily that
Jn—1,my—m.m) = —Jn,m)—(n+1,m). For simplicity, we perform
the gauge transformation

¢o = 2¢ = 2 arctan 9)

st —(=1)"st

m,n,o m,n,o’
Phne =€ Dl o (10)

where ¢, is the phase of hopping integral #; determined
through Eq. (7). With above gauge transformation the hopping
integrals for s orbitals reverses sign ¢z, — —t,, and the phase
of s-px hopping integral #; along % direction is transferred
to the hopping integral #, along ¥ direction so that ¢, —
t;p and %1, — t,,e'?. Finally, the tight-binding Hamiltonian

125141-3



SEN NIU AND XIONG-JUN LIU

PHYSICAL REVIEW B 98, 125141 (2018)

H = Hy + H;, reads as

_ Y 1 R T X f .
Ho = Z [1) 5181400 — DsSigSic + 1) Pxio Pxitio]

io

+ Y F@)s), pxjodiee + He, (11)
(ij)o

Hin = Uy Zﬁsiﬁ*ﬁsiia (12)

where s;a/ p; ;o are creation operators for s/px orbitals at the
jthsite,o =%, |, F(r) =1, forr = £% and F(r) = t;,e ¢
for r = £ after gauge transformation (10). The interaction
part is tuned by Feshbach resonance [30] and we only study
the strong repulsive U, limit. For convenience, we rotate
the £-9 coordinate frame by 90° to X-¥ coordinate frame
where X = £ + 9, Y =—%+ ¥ when we Fourier transform
the tight-binding Hamiltonian. We will use this coordinate
frame in the remaining parts. In the k space, the s and py
orbitals have dispersion relation €;x = 2tsy cosky and €, =
ZI;( cos ky, respectively. The single-particle part of the tight-

binding Hamiltonian is written as Ho = 3", Ci. Ho(K)Cyo

with C]L, = (s;ia, p}ka) and the Bloch Hamiltonian takes the
form

Ho(k) = do(K)to + d (K)7, + dy ()T, + d.(K)r,,  (13)

where  d, (k) = 2t,,(cos ¢ cos kxgky + cos kx;ky ), dy(k) =

21, sin ¢ cos kXerkY . dojo(K)==£ 1) coskx+1) cosky—A,/2,
and the Pauli matrix 7,,. act on orbital space. The

single-particle Hamiltonian H, leads to a QAH phase
when |Ag] < 2(t; +1,) and 0 < ¢ < 7 [30].

III. RKKY MAGNETIC INTERACTION

The RKKY interaction in Kondo lattice systems usually
refers to the indirect coupling between local moments induced
by the hybridization between local f electrons and itinerant
d electrons in solid-state physics. The competition between
RKKY interaction (characterized by the Néel temperature
|Jx p|?) and Kondo effect [characterized by the Kondo tem-
perature Tx ~ exp(—1/|Jx p|)] is described by the Doniach
diagram [61] which states that the RKKY interaction dom-
inates in the weak |Jg| limit and the Kondo effect dom-
inates in the large |Jk| limit. To investigate the possible
magnetic phases in our CK model, we derive the effective
RKKY interaction in this section through two steps. We first
derive the effective Kondo lattice Hamiltonian from our CK
model in Sec. III A, and then derive the effective RKKY in-
teraction in Sec. III B based on the Kondo lattice Hamiltonian
obtained in Sec. III A. We also analyze the static magnetic
susceptibility of the RKKY interaction in Sec. III B. The
static susceptibility is affected by the Fermi surface nesting
effect and the ¢-dependent hybridization. We will show that
the Fermi surface nesting effect of the py band always favors
staggered magnetic order in the X direction, while the hy-
bridization may favor different magnetic orders for different
phase ¢ of the s-px hybridization.

A. Effective Kondo lattice Hamiltonian

The Kondo lattice Hamiltonian is the effective Hamiltonian
derived from the periodic Anderson model by eliminating va-
lence fluctuations and performing second-order perturbation
in the Kondo regime where the hybridization is weak and the
local orbital onsite energy lies far below the Fermi level of
itinerant band. This step can be done either by Schrieffer-
Wolff transformation [67] or by projection operator [68]. In
this paper, we take the latter method to handle our CK model,
which is also convenient for deriving the RKKY interaction.

We perform the perturbation in the /' = 0 and U; = +00
limit. The Hamiltonian H = H; 4+ H’ is separated into two
parts: H| preserves occupancy number of s orbital atoms, and
the hybridization term H’ mixes the subspaces with different
number of s-orbital atoms:

H = Z [_ASS;[aSid + t[i(p}(iapXiif(a] + Z Usiigigfigiy,
i

io

, Vke—ik-R, ;
H' =) ————s,pxis +He. (14)
k,i

VN

where Vi = 2t,,[exp (i¢) cos # + cos @] is the hy-
bridization function in k space, N denotes the number of
unit cells, and R; denotes the s-orbital position in the X-v
coordinate frame. The H' term is treated as a perturbation if
the hybridization strength is weak. Experimentally, the mag-
nitude of #;, can be tuned independently of the optical lattice
by the strength of the Raman laser. To obtain the effective
Hamiltonian, we define projection operator P and Q = 1 —
P, where P projects onto the subspace in which each s orbital
is singly occupied. From the Schrodinger equation, we obtain
the following equations:

(P+ QH(P + Q)Y = EY,
PH(P+ Q)Y = EPY, 15)
QH(P + Q) = EQVY.

We eliminate Q to obtain effective Hamiltonian in subspace
P:

1

H,(E) = PHP — PHQ———QHP, 16

»(E) 0 50— 2 (16)
where H,(E) is the effective Hamiltonian that satisfies

H,(E)[PYy] = E[PY]. (17)

The approximation we then consider is to substitute the
unknown eigenenergy E by the energy of the unperturbed
states Ey. The product of operators PHQ and QHP only keeps
second-order virtual processes that the states in subspace P
transfer to subspace Q and then return back to subspace P.
After some algebra (see the Appendix for details) we obtain
the effective Kondo lattice Hamiltonian:

HKL = Zepkp;[(kngko + Z 2Jk,kf,l's,' * SKK’ » (]8)

ko i,k K

where we have defined the s-orbital spin operators

S; =siTG,T(,r(,s,-(,/2, px-orbital  spin  operators Sk =

kaa/IM Pxko/2, and the anistropic k-dependent Kondo
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coupling  Jicies = 3 -5

information of the hybridization between s and pyx orbitals.

,  which contains the

B. RKKY interaction and static spin susceptibility

The RKKY interaction is derived from the Kondo lattice
model in weak Kondo coupling J regime by second-order
perturbation at the cost of eliminating the itinerant electron
degree of freedom. Although the Kondo effect is omitted in
such perturbation treatment, the RKKY interaction is helpful
for searching possible magnetic orders. We now derive the
RKKY interaction based on the Kondo lattice model obtained
in the last subsection by applying the projection operator
method again. In the perturbation treatment, it is assumed that
the px band is treated as free band without coupling to the
s orbitals, while the s-px hybridization shall be considered
up to second order to derive RKKY interaction for s orbitals.
Thus, the px orbital has the Fermi level €, ;... The px orbital
states have fermion distribution n, ; = 1if €, < €, ,, and
npr =0if €, > €,,. We further define that the projection
operator P, projects states onto the subspace with a ground-
state Fermi sea formed by the px-orbital degree of freedom,
so in subspace Py no particle excitation above Fermi sea or
hole excitation below Fermi sea exists. By the second-order
perturbation (see details in the Appendix) similar to that in
the above subsection, we obtain the RKKY interaction

HRKKY=Z2J(X1'—Xj,Yi—Yj)Si'Sj, (19)
iJ
where the coupling coefficient takes the form
J(Xi =X, Y = Y))
. Z 4 cos[(k — k') - (R; —R;)]
k.k

N2

1 1 npk —Npk

2 2
X Vi " [ Vi | A A
€pk + A €pk/ + A €pk — €pKk’

(20)

The static spin susceptibility x (Q), which is the Fourier
transformation of the real-space coupling coefficient J(X; —
X;,Y; —Y;), can then be obtained directly:

1
€p.k + As €p.k+Q + A.\'

x(Q) =D 2[Vi*Vierql?
k

Npk — Npk+
« Pk ” Tpk+Q
€pk — €pk+Q

The x (Q) is just the dispersion relation of the RKKY interac-
tion Hamiltonian [69] if we view the quantum spin model (19)
as a classical spin model, and the vector Q which minimizes
x (Q) is the ground-state magnetic order of the corresponding
classical spin model.

From Eq. (21) one can find the susceptibility function
of Q is different from that in a standard Kondo lattice
model. On one hand, the hybridization function [Vi|? =
4tszp{cos ¢[cos(ky) + cos(ky)] + cos(kx)cos(ky) + 1} is k
and ¢ dependent, originating from the feature of the su-
perlattice that each py orbital resides in the center of four
nearest-neighbor s orbitals and can hop directly to one of
them with phase. On the other hand, the dispersion of the

2y

itinerant px band is highly anisotropic and relevant only in
one dimension, while the model is two dimensional due to
the two-dimensional hybridization. For simplicity we replace
the term 1/(€, x + Ay) with 1/(ep x, + Ay) since the particle
scattering mostly occurs near the Fermi level €, y,. We can
then find the RKKY interaction with ¢ is equivalent to that
with -¢ and the magnetic phase diagram from this approach
is symmetric about ¢ = /2.

To see clearly the magnetic effects from the susceptibility
equation (21), we separately look at the contributions from the
Fermi surface nesting term

npk — Npk+Q
D — 22)

. Srk T €pktQ ’
and from the hybridization term

> |Vk|2|Vk+Q|2 o —cos Qx cos Qy
K

—2cos ¢2(cos Ox +cosQy) —4. 23)

It can be seen that the Fermi surface nesting term (22) tends
to result in antiferromagnetic order (AF) with Qy = 2kr =7
in the X direction since the py orbitals only hop in the X
direction and the band formed by pyx orbitals is half-filled.
On the other hand, the effect of the hybridization term (23)
depends on the phase ¢. For ¢ = /2, Eq. (23) equals to
—cos Qx cos Qy — 4 and favors the magnetic order with Q =
(0,0) or (m, m); while for ¢ =0 or m, Eq. (23) equals to
—(cos Ox + 2)(cos Qy +2) and favors the magnetic order
with Q = (0, 0). The order Q = (0, 0) therefore competes
with the Fermi surface nesting effect in the X direction.
We numerically calculated Eq. (21) and plotted the one-
dimensional magnetic phase diagram in Fig. 3. The figure
shows that near ¢ = /2 the order is AF with Q = (7, 7)
while near ¢ = 0 or 7 the order is collinear antiferromagnetic
order (CAF) with Q = (i, 0), implying that the Fermi surface
nesting effect dominates in weak hybridization regime. We

—— CAF order
- - AF order
RKKY, t'=0
S |, |——)
y 0.32 0.68
SBMF, t'=0
S L o o e o e - L
y 0.355 0.68
SBMF, t'=0.1
S
SBMF, t'=-0.1 ol
__________________ L
0 0.656 1

FIG. 3. One-dimensional magnetic phase diagrams with
(t/f, typ, Ag) = (1,0.3,3) determined by phase ¢. The phase
diagram on the top is obtained from RKKY interaction by
perturbation theory with #¥ = 0, and three lower phase diagrams are
obtained with slave-boson mean-field theory (SBMF) with different
t¥. The red solid lines correspond to CAF order with Q = (x, 0)
and blue dashed lines correspond to AF order with Q = (7, 7).
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0 . 0
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a K high
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Q

X

FIG. 4. Magnetic susceptibility/slave-boson mean-field
energy as functions of magnetic order Q with (¢, t;‘ Jlpy Ag) =
(0,1,0.5,3) for ¢ =0 and 7 /2. The dark blue and yellow colors
represent the minimum and maximum of the susceptibility/energy,
respectively. (a), (b) Static susceptibility xq obtained from RKKY
interaction by perturbation theory for ¢ = 0 and 7 /2. In the limit
Qx = m the susceptibility diverges. (c), (d) Mean-field energy Eq
obtained with slave-boson mean-field theory for ¢ = 0 and /2. For
(a) and (c), the ground-state magnetic order is (ir, 0); for (b) and (d),
the ground-state magnetic order is (77, 7).
also plotted a special case of Eq. (21) with (¢, 1)\, 1;,, A;) =
(0.1, 1, 0.5, 3) as a function of Qx and Qy in Figs. 4(a) and
4(b). Note that at OQx = m in Eq. (22) and the susceptibility
diverges due to the one-dimensional character of px band
dispersion, although the magnetic order is two dimensional
due to the two-dimensional hybridization.

We further investigate the properties of RKKY interaction
in real space from Eq. (19). In the ¥ direction, coupling coeffi-
cients with |Y; — ¥;| > 1 always vanish due to the anisotropic
px band and the RKKY magnetic interaction is the fourth-
order virtual process with respect to f;,. While in the X
direction, as the value of Eq. (22) diverges at Qx = 7w due
to one-dimensional character of €, the coupling coefficients
decay slowly. As a result, the coupling coefficients are short
ranged in the ¥ direction and long ranged in the X direction.
We numerically calculated the coupling coefficients J(X; —
X;,Y; —Y;) with Eq. (19) for ¢ = m/2 and 0 as shown in

(a) (b)

7Y
027 —A& J(X0){ 0.2 4 —4& J(X,0)
VoA . -0 J(X.1) . 2 -0 J(X,1)
\ N A A h 2\ ° 6
LR - o oae o> 0 0 LA WL N )
;-t 0 v IIO-\ Zadal-caal 0 ’, \\V/I ‘ZI \:/ o7
I
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FIG. 5. The RKKY coupling coefficient J(X,Y)= J(X; —
X;, Y, —Y;) with (tsy,t;(, Ay)=(0,1,3) for (a) ¢ =m/2 and
(b) ¢ = 0 in the unit of |J (0, 0)|.

Fig. 5. The signs of J(X, 0) in the two cases are the same
and favor Oy = m order. However, the signs of J(X, 1) in
the two cases differ by —1, and it can be seen that Qy =
7 is supported when ¢ = /2 while Qy = 0 is supported
when ¢ = 0, which is consistent with Fig. 3. As the signs of
J(X,Y) oscillate, there is no geometric frustration in these
two special cases. From these results, we obtain that when ¢
is tuned from O to /2 or from 7 to /2, the magnetism has a
transition from CAF order to AF order, as shown in Fig. 3.

IV. MAGNETIC PHASES AND THEIR EFFECTS
ON QAH KONDO STATES

Note that the RKKY interaction, which shows the possible
magnetic orders, is obtained by perturbation theory and valid
in weak hybridization regime. Moreover, the derivation of the
effective RKKY interaction is at the cost of eliminating the
px orbital degree of freedom, which fails to study Kondo and
QAH effects since only the s orbital is left. To overcome these
drawbacks, in this section we apply the nonperturbative slave-
boson mean-field theory to study the ground-state phases and
magnetic effects on the QAH effect in our CK model. To take
into account the magnetic orders suggested by the RKKY
interaction, we apply the spin-rotation invariant slave-boson
mean-field theory [73] in Sec. IV A, which is convenient to
describe various magnetic orders. In Secs. IV B and IV C,
we show the magnetic and correlated QAH phase diagrams in
Fig. 6, and in Sec. IV D we discuss how to identify the influ-
ences of strong correlation and magnetism on the CK phase
by measuring Hall conductance and double occupancy in cold
atom experiments. Different from the previous work [30],
we show the rich magnetic phases coexisting with Kondo
hybridization and find that in the magnetic Kondo phases the
effective hybridization, and then the correlated QAH phase,
are enhanced compared with the paramagnetic Kondo phase
in relatively weak hybridization regime.

A. Slave-boson mean-field theory

In the present CK model (periodic Anderson model), due
to the strong repulsive Hubbard interaction in s orbitals, the
double occupancy of s orbitals is suppressed to zero. Such a
system can be studied with slave-boson theory [70] proposed
by Coleman. Kotliar and Ruckenstein (KR) further extended
the Coleman slave-boson representation to a more complex
form [71] that incorporates the result of the Gutzwiller ap-
proximation [72] on the mean-field level. In this paper, we
apply the spin-rotation invariant slave-boson mean-field the-
ory [73] which is a generalized form of the KR slave-boson
theory and is convenient to explore various magnetic orders.

In the spin-rotation invariant slave-boson theory [73], the
auxiliary bosonic and fermionic operators can be introduced.
For this we introduce the slave-boson operators &, d , Do, P =
(p1, D2, P3) that obey bosonic commutation relation. Here,
é, d correspond to hole and doubly occupied states. The scalar
(S =0) field py and vector (S = 1) field p = (p1, p2, P3)
correspond to the singly occupied state. Note that &, d, po
transform as scalars under spin rotation, while p transforms as
a vector. On the other hand, the S = % pseudofermion opera-
tors ¢;, obey fermionic commutation relation. The key idea
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(a) Gapless CAFKM
1

Gapless FKM

0.8 | Ch,=2, CAFKI

Gapless PKM line

0.6]

(b) Gapless CAFKM

Gapless FKM

Gapless PKM line
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FIG. 6. The magnetic and QAH phase diagrams based on slave-boson theory for (t:f ,A)=(1,3) for t¥ =0 in (a) and z¥ = 0.1 in
(b), respectively. The Ch,; refers to as the first Chern number. The phases shown here include antiferromagnetic Kondo insulator (AFKI),
collinear antiferromagnetic Kondo insulator (CAFKI), collinear antiferromagnetic Kondo metal (CAFKM), ferromagnetic Kondo metal
(FKM), paramagnetic Kondo insulator (PKI), and paramagnetic Kondo metal (PKM) phases. The dotted lines represent phase boundaries.

The Chern number for ¢ = 0 and 7 lines is always zero but is not displayed in the figure.

is that the singly occupied auxiliary bosonic and fermionic
modes shall form into spin-% s-orbtial fermion states under
proper constraints. The local s-orbital operators s, are then
represented by s, = ng 256'Co’, With the matrix z defined as
(see more details in the Appendix)

2=¢'LRp+ p'LRd (24)
where
L=[0—-d'd1-2p'p1 2,
R =[(1—2le)1 —23'p172. (25)

Here, Z, L, R are 2 x 2 matrices, matrix elements of the
. A A 1 3 A .
matrix p are defined as Poor = 3, PuTu.oor» and its

J

_ Yot o T .
H = Z |:Zt Zigo'RitVo"0Cio' CitPor —

io o'o”

time-reversal transformation reads as ﬁw/ = (T ﬁf"")wr =
o0’ pss. For each s orbital at site R;, a set of above auxiliary
operators are induced with index i labeling their sites. The
total Hilbert space has been extended now and the physical
subspace can be obtained through the following constraints:

ele, +dd; + Z Pl pin—1=0,
> el -
o

§ : T 5ot
To0'Cig'Cic — Pi0P;

oo’

Z ﬁiTHﬁiu - ZdAiTC/Zi = 05 (26)
"
— Pl pio+id xp)=0

In terms of the auxiliary operators and incorporating the
constraints in the form of Lagrange multiplier fields «;, Bio,
and B;, the CK Hamiltonian takes the form

ASCZUC,‘G + t;(pTXiapXiiXoi| Z F(r)zma io pX]U Jii+r +H.c.

+> [Uﬁ?&i +a (é*é, +dld; + Z Phubin — ) + Bio (Z CloCio = Y Pl Pin — 23}&)
i o "
+ﬂ1 : <Z Toa’ch/cia - ﬁiOi’, i’ Pio + l(P, X Pz )>:| (27)

oo’

We consider the mean-field approximation to the boson
fields in the above Hamiltonian with infinitely large s-orbital
onsite interaction U,. In this case, the scalar bosonic mean-
field order vanishes d; = 0, the scalar mean-field orders

(

ei, po; can be assumed spatially uniform so that ¢; =e
and py; = po, and also the Lagrange multiplier fields o; =
o, Boi = Po. We further consider that the vector mean-field
orders take the forms p; = p(cos (Q - R;), sin (Q - R;), 0) and
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B; = B(cos(Q-R;),sin(Q-R;),0), characterizing a spa-
tially rotation structure in the X-¥ plane. The magnetic
order wave vector Q can be commensurate or incommen-
surate. In particular, Q = (7, 7) denotes AF order, while
the order is incommensurate if any component of Q/m is
irrational. Based on the above assumptions, the mean-field

Hamiltonian (see details in the Appendix) in the basis X! =
(clT, CIT(+Q¢’ P;kw kaJrQi) takes the form

H = ZXieka + N[—,Bo(p(z) + p2)
k

+28pop+a(@+p°+pp— 1), (@8
with matrix ¢, defined as
€xth  €xthB Yk z-Vkiq
€Gt+B €h+B Ve
& = ZV; szk_ V]f €rk ' 0+Q (29)
Vo Ve O €pk+Q
Here, €% = 22 ex + 22€xtQ — Ay € = Ziewiq +

2 ek — Ay, € = 242 (€k4+Q + €5k) are s-orbital hopping
terms. The renormalization factor takes the form [74]

1 ep+

- E\/l—pi\/l—ez—p%

:I:L ep_
ﬁ\/l—p%\/l—ez—pi’

where p+ = (po £ p)/~/2 are proportional to the eigenvalues
of the p,, matrix.

The mean-field solutions (saddle-point approximation) are
obtained by minimizing the mean-field free energy (ground-
state energy at zero temperature), which reads as

F=—TY In[l +exp[—(Exy — 1)/ T]]
ko
+N[=Bo(P§ + P*) +2Bpop + a(e* + p* + p§ — 1)]-
(€1}

MES

(30)

Here, the €, with o = 1, 2, 3, 4 are four eigenvalues of the
4 x 4 matrix €x. The stationary condition yields the saddle-
point equations

OF 9F OF 9F 9F 3F _

el el 32
de Odpy Op Oda 9By 3B 32

The chemical potential p at half-filling is determined by the
particle-number condition

Z S (Exe — @) =2N, (33)
ko

where f is the Fermi-Dirac distribution function. Since we
only consider the ground state in this paper, the distribution
function is just a step function.

The physical quantities such as particle numbers and
magnetic moments can be represented by correlation func-
tions. Particle number and magnetic moment in s orbitals are

obtained by

Ngp = Z <Clt¢CkT)’

keBZ
i

nep =) (e, (34)
keBZ

m; = Z <ClthUU/Ck+QU,>'
keBZ,o0’

Similarly, the particle number and magnetic moment in py
orbitals take the form

Npt = Z (pJ)r(MPXkT),
keBZ

T
npy = E (pXNPXkL), (35)
keBZ

Z (pj(kgt(ra’pXk+Q0’>~
keBZ, 00’

The first Chern number Ch; for the bands below Fermi
level w is calculated by

m, =

Chy = [ YN B = )~ f(Br = ]
Bz a0’
1 Il ) (o o)

, 36
2 (Eko/ - Ekot)2 ( )

where 0x,y = dex/dkx,y are velocity operators along X / )4
directions and |ke) is the eigenvector of matrix €y correspond-
ing to the eigenenergy Fk,.

B. Magnetic phase diagrams

The mean-field saddle-point equations can be solved nu-
merically with an ansatz magnetic order Q = (Qx, Qy), and
the saddle-point solution yields the mean-field ground-state
energy Eq. The ground-state magnetic order should be ob-
tained by finding Q that minimizes the mean-field energy Eq.

As suggested by the features of the RKKY interaction
discussed in the last section, the s-py hybridization favors
the order Q = (0, 0) or (i, ) and the Fermi surface nesting
effect in px band favors the order Qx = m. As a result, we
consider only the paramagnetic, ferromagnetic [Q = (0, 0)],
AF [Q = (s, )], and CAF [Q = (7, 0)] orders in the slave-
boson mean-field calculation. In Figs. 4(c) and 4(d) we
plot Eq versus Q for the parameters (f,, 1), 1, f5p, Ay) =
(0.5,0,1,0.5,3) and ¢ = 0, 7/2, respectively. One can see
that the relation between Eq and Q in low-energy regions
shown in Figs. 4(c) and 4(d) qualitatively agrees with the
relation between the static magnetic susceptibility xq and
Q in Figs. 4(a) and 4(b), and the ground-state magnetic
orders obtained from both methods are the same. However,
in the strong coupling f,, regime, the magnetic orders from
perturbation theory may not be justified since the perturbation
theory is not valid in strong hybridization regime.

We plot the ground-state magnetic phase diagrams versus
the coupling #;, and phase ¢ in Fig. 6 with (t;(, Ay) =(1,3).
Note that the phase diagram from the present mean-field
calculation is symmetric about ¢ = m, so for convenience
we plot only the phase diagrams in the region 0 < ¢ < 7.
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FIG. 7. The quasiparticle band obtained with slave-boson the-
ory shows a transition from CAFKI phase to CAFKM phase at
critical value 77, =~ 0.67 for @, t,)f, A, ¢)=1(0.1,1,3,0.97). The

special k points are defined as I' = (0,0), A =(x7/2,0), B=
(/2,7), Y =(0, ).

Figure 6(a) shows the phase diagram with 7! = 0, where the
Hamiltonian can be transformed to the Kondo lattice Hamil-
tonian in weak hybridization regime as discussed previously.
In weak hybridization regime #,, < 0.6, the magnetic phase
diagram qualitatively agrees with the perturbation result in
Fig. 3. Namely, near ¢ = 7 /2 the phase is AF Kondo insulator
(AFKI), while near ¢ = 0 and 7 the phase is CAF Kondo
insulator (CAFKI). At large coupling regime, the slave-boson
theory shows that for ¢ ~ m, the phase evolves from CAFKI
phase to the CAF Kondo metal (CAFKM) phase as t, in-
creases (band structures are shown in Fig. 7), and then to
ferromagnetic Kondo metal (FKM) phase. We note that the
ferromagnetic order is not a ground-state order at half-filling
in standard periodic Anderson model (with simple isotropic
conduction band dispersion and k-independent hybridization)
and may be ground state only away from half-filling in slave-
boson mean-field calculation [63]. However, in the present
CK model the emergence of ferromagnetism at half-filling is
due to the anisotropic k-dependent hybridization function V.
In the region ¢ ~ 0, the increase of f;, does not affect the
phase diagram much and the magnetic order is always CAF
before magnetic moment decreases to zero. This asymmetry
of the magnetic phase diagram about ¢ = /2 is in contrast
to the symmetry of the magnetic phase diagram from RKKY
interaction in the last section, where the second-order per-
turbation eliminates the py orbitals’ degree of freedom. At
very strong hybridization, the magnetic Kondo phases evolve
into paramagnetic Kondo metal (PKM) phase, and further
into paramagnetic Kondo insulator (PKI) phase, consistent
with the Doniach diagram that the magnetic orders are fully
suppressed in the strong coupling regime [61].

Figure 6(b) shows the magnetic phase diagram with 1’ =
0.1. The main difference in this case from that with 77 =0
[as shown in Fig. 6(a)] lies in weak hybridization f,, regime.
With t¥ = 0.1, the AF order disappears when 7, < 0.4 but
again appears at very weak f;, and ¢ ~ m. A comparison

of magnetic orders with parameters (tg L tpy Ag) = (1,0.3,3)
for t¥ =0 and +0.1 is shown in Fig. 3. One can see that
only when ! = 0 the magnetic phase diagram from slave-
boson mean-field theory agrees well with magnetic orders
determined by RKKY interaction via perturbation in weak
hybridization regime. In the strong hybridization regime, the
effects of small 7} on magnetism can be neglected compared
to the large t,,. Then, magnetic phase diagrams with 77 = 0.1
and 0 are nearly the same.

The transition from PKM or topological PKI phase to
trivial PKI phase, characterized by the gapless PKM line in
[Figs. 6(a) and 6(b)], occurs when the renormalized s-orbital
onsite energy increases so that 8y — A, satisfies By — Ay >
231 +1)|. We note that the PKM has a vanishing indirect
gap, but still has direct gap which is defined as the minimal
energy difference of the upper and lower band states at fixed
momentum (Fig. 7). However, as the energy minimum of the
upper subbands equals to the energy maximum of the lower
subbands, the Chern number of the PKM phase still denotes
the topological invariant of the entire lower subbands.

For the paramagnetic Kondo phases obtained from slave-
boson mean-field theory, the s-orbital onsite energy —A; is
renormalized from far below 0 to above 0 (the px orbital
onsite energy is 0) and increases with the hybridization 7, [see
Fig. 8(a)], and similar results were also shown by Ref. [75].
In the weak bybridization limit, such property can be verified
by the analytic solution provided in Refs. [65,76], where
Bo — Ay o €* is given. In the strong t;, regime, such property
in our result can be understood in the following way. In the
paramagnetic phase, the mean fields z_ =0, § =0, p=0
and the number of order parameters can be reduced to two,
i.e., z4 and By, because e and py can be viewed as functions
of z; from Eqgs. (26) and (30):

T+

‘/2—zi’
po=+v1—e2. (37)

The Hamiltonian matrix can also be reduced to

2
sk + Vi
o« — <z+6 k+Bo  z+ k). (38)

e =

7+ Vk €pk

From the formulas in Eq. (26) one can see that ei2 +
> ﬁjﬂ pu=er+>, cjaci(, = 1 and the s-orbital occupa-
tion number equals to the pseudofermion occupation number
since d; = 0. As t,, increases, the renormalized hybridization

Z4+tsp and the holon number €2 increases [see Fig. 8(a)], so
the pseudofermion occupation number »_ cj'q cic decreases.
As a result, one can deduce f; should increase. Otherwise, if
the renormalized onsite energy By — A decreases or keeps
unchanged, with the increase of z.f,, the pseudofermion
occupation number Y cjaci(, in the fully filled lower band
will increase towards % for each spin component since the
hybridization in the Hamiltonian matrix (38) is off-diagonal
term and two eigenvectors of ¢, will approach [1, 117 /+/2 and
[1, —1]7 /+/2 in the large #,, limit.

The PKM to PKI transition that occurs at By — A; =

2(z31) + 1)) can be identified by looking at special k points.
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FIG. 8. Numerical results for the parameter condition

@, t;(, A, ¢)=(0.1,1,3,0.6m), computed with slave-boson
theory. (a) The renormalized s-orbital onsite energy By — Ag
and holon number e? for PKI phase. (b) The staggered s-orbital
magnetic moment sz, and holon number e’ for the AFKI phase.
(c) Quasiparticle gap and Chern number Ch; for the AFKI phase
(solid lines) and PKI phase (dashed lines). The Chern number for
both phases is different only in the weak #,, regime. In the PKI
phase, it shows ¢* =0 when In (t;p) < —1.23, and then both the
quasiparticle gap and Ch; vanish. (d) The scaling In (e?) versus
In (t,,) for PKI/AFKI phase (circles) and their fitted curves (solid
lines) in the weak f,, regime. For the PKI phase, the fitted curve
reads as e® oc 7;,” exp(—1.078/1; ) which ends for In (,,) < —1.23,
while for the AFKI phase, the fitted line reads as e? o tffg which is
nonzero for finite .

Near the transition point, the minimum energy of the upper
paramagnetic band E and maximum energy of the lower
paramagnetic band E~ lie within high-symmetry & points
(r,0) and (0, ). For the k point (7, 0), energies of upper
and lower bands are

Et(m,0)=2t) + By — A,,

E (7,0)= — 2tjf. (39)

For the k point (, 0), however, when 2(z21} + 1) < Bo—
Ay, the energies of upper and lower bands are

ET(0,m)=—2t7 + By — A,
E~(0,m) =21, (40)

while when By — Ay < 2(31) + 1)), the energies of upper
and lower bands are

ET(0,7) =21,
E~(0,m)= —2t7 + By — A,. (41)

One can see from the above energies that when ¢! = 0, the
paramagnetic phase will evolve from metal to insulator at the
transition point, while when ¢! > 0, the paramagnetic phase
is always insulator before and after the transition.

In the AFKI phase, the staggered magnetic moment
on s orbitals is plotted in Fig. 8(b). The m, approaches local
moment limit m, — 1 as ¢, — 0, and decreases with the z,,
increasing until a continuous transition to the paramagnetic
phase occurs. The magnetic moment m, on px orbitals is
always zero in the AFKI or CAFKI phase, for in our checker-
board superlattice each py orbital’s four nearest s orbitals are
in AF or CAF order. The effective Kondo interaction between
s and px orbitals is spin-spin interaction, so particles on px
orbitals experience frustrated effective magnetic field from s
orbitals and thus have no magnetic moment.

C. QAH phase diagram

The QAH phase diagrams with (1), A;) = (1,3), 7] =
0 and 0.1 are plotted in Figs. 6(a) and 6(b), respectively.
With such parameters, in the single-particle regime without
interaction, the QAH effect is trivial with Ch; = 0 since
|As| > 2|tf 41| [33]. However, in our CK model Us —
400 and with the slave-boson mean-field theory, the renor-
malization for s-orbital onsite energy which raises —A; to
Bo — A may cause band crossing between s and py orbitals
and thus possibly make the QAH phase nontrivial. In weak
hybridization regime, as shown in Fig. 6, both AFKI and
CAFKI phases are fully gapped and have quantized Chern
number Ch; = 2. When £, gradually increases, the CAFKI
phase near ¢ = 7 evolves to gapless CAFKM phase and FKM
phase with unquantized Chern number, while the CAFKI
phase near ¢ = m and AFKI phase around ¢ = /2 are
always gapped with Ch; = 2. For the PKM or PKI phases
in the large t;, regime and on the left side of the PKM line,
1Bo — Al < 2|z31) + 1] is satisfied and total Chern number
Ch; = 2 with each spin component having Chern number 1.
The PKM phase with 7/ = 0 is at the edge between gapless
phase and gapped phase as discussed in the last subsection, for
the maximum of the lower band equals to the minimum of the
higher band, so the PKM phase has quantized Ch; although
it is a metallic phase. On the right side of PKM line, the gap
opens again with |8y — A;| > 2|t 4 1)| and the QAH effect
is trivial. The phases on the special line where ¢ = 0 or 7 also
have trivial band topology because the hybridization function
Vk is real and the Berry curvature vanishes.

We now investigate the effects of magnetism on the QAH
effect. The quasiparticle gap of the QAH phase opens due to
the strongly renormalized s-px hybridization. In the Coleman
slave-boson representation, the hybridization ¢, is renormal-
ized in the form of et,, indicating that the nonzero effec-
tive hybridization is achieved with e?> > 0 local moment for
each s orbital. In the paramagnetic phase in KR slave-boson
representation, e is just a monotonically increasing function
of #,,’s renormalization factor z; as shown by Eq. (30), so
the above physical pictures also apply to the KR slave-boson
representation. Figure 8(a) shows numerical results of the
s-orbital holon number e? and renormalized onsite energy of
the PKI phase with (txY, t;(, As, ¢) = (0.1, 1, 3,0.67). Below
the critical hybridization In (7], ) ~ —1.23, the holon number
has a transition to e* = 0, representing the s and px or-
bitals are decoupled and gap closes [Fig. 8(c)], i.e., the CK
transition described in the previous work [30]. The analytic
result for paramagnetic slave-boson solutions for standard
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periodic Anderson model [65,77] shows exponential relation
e? J;l exp (1/Jgp) in the t;, — O limit, where the Kondo
coupling satisfies Jx tfp and a constant density of state for
itinerant band has been assumed in their derivation. Although
our CK model is anisotropic, the exponential relation e? o
Jx Yexp (1/Jxp) in the PKI phase can be fitted well when
tp > t;'p as shown in Fig. 8(d). The sudden decrease to zero
of e in our numeric solution of the mean-field equations when
typ <15, may come from the inaccuracy of the numerical

calculation, for e*> decreases towards 0 so fast in the weak
t;, limit. However, since ¢* decreases so fast, we can still
view the 77, as a quasicritical point, and below this 77, the
renormalized hybridization can be regarded as 0 and the Ch;
vanishes.

Compared to the PKI phase, in the magnetic Kondo phase
the holon number ¢? does not decrease so fast and effective
hybridization is enhanced in the weak hybridization limit.
Among the magnetic Kondo phases, we found in our numer-
ical results there is not much difference in the holon number
e? between different types of magnetic orders. We plot holon
number e? of the AFKI phase in Fig. 8(b) as an example,
where e? is far more larger than that of the PKI phase in
weak hybridization limit, implying the effective hybridization
is enhanced compared to paramagnetic phase in such limit.
Similar results were also shown by Refs. [62,63] for standard
Anderson model. Another numerical study of standard one-
dimensional periodic Anderson model with density-matrix
renormalization group (DMRG) [65] found that the relation
between ¢ and tsp is power law Ine o Inty, at weak £, with
infinite large U, in the Kondo regime, in contrast to the PKI
phase obtained with slave-boson mean-field theory, where
e? x Jlgl exp (1/Jkp). It was also found that although the
ground state has zero total spin, the antiferromagnetic corre-
lation is strong. For the present CK model, we also plotted the
fitted power-law relation Ine o Inf,, for the AFKI phase in
Fig. 8(d), which qualitatively agrees with the DMRG result in
Ref. [65]. As the magnetic Kondo phase is energetically more
stable than the PKI phase in the weak hybridization regime,
the CK transition in the PKI phase described in the previous
work [30] will not occur in our CK model.

The present mean-field calculation also shows that differ-
ent magnetic orders have different influences on QAH effect.
The AF order always enhances the quasiparticle gap of the
QAH phase compared to the paramagnetic phase, and we plot
the comparison of gap between AFKI and PKI phase with
¢ = 0.6 in Fig. 8(c) as an example. In Fig. 8(c), similar
to that shown in Refs. [63,64], the gap of the AFKI phase
has a peak for #;, ~ 0.8 that results from the increase of
the self-consistent magnetic field S on s orbital (for detailed
discussion, see Appendix). Note that other magnetic orders
do not always enhance the gap. For CAF order, we obtain
a CAFKI phase in the weak hybridization regime where
the quasiparticle gap is enhanced, but as the hybridization
increases, we obtain a CAFKI phase near ¢ 2 0 and obtain
a CAFKM phase near ¢ ~ m as shown from Fig. 6 with
moderate f;,. For the CAFKM phase, the quasiparticle is
gapless and the Hall effect is not quantized any more. For
ferromagnetic order, we always obtain a gapless FKM phase
since the spin splitting is uniform in real space and thus the
Hall effect is always not quantized.

D. Experimental measurement of the topology
and strong correlation effects

The fully controllable cold atom experimental technolo-
gies including the Hall-effect measurement [78] and double-
occupancy measurement [79,80] can enable us to identify
the topology and influences of strong correlation on the CK
phase. We now predict and discuss the observables including
Hall conductance and double occupancy that can be affected
by the topology and correlation effect, respectively. With
the coexistence of magnetic order, these observables in the
magnetic CK phase will be qualitatively different from those
in the PKI phase.

The nontrivial band topology is determined by the exis-
tence of quasiparticle gap and band inversion. Having been
discussed in the last subsection, the quasiparticle gap is
affected by the existence of effective Kondo hybridization
and the magnetic orders, while the band inversion is affected
by the magnitude of the renormalized s-px onsite energy
difference, which is controlled by the strength of #;,. This
leads to a rich QAH phase diagram. To identify the topological
physics, one can either tune the magnitude of #,, with phase
¢ fixed, or tune phase ¢ with the magnitude of ¢, fixed. In
particular, one can tune the magnitude of #,, with parameters
Y, t;‘, Ay, ¢) = (0.1,1,3,0.6r) being fixed. In the nonin-
teracting regime, the s-orbital onsite energy lies far below the
px orbital, and the phase is trivial irrespective of magnitude of
t;p. However, in the presence of strong repulsive interaction,
the s-px onsite energy difference is strongly renormalized
to a small quantity, with the effective hybridization being
enhanced by the AF magnetic order in contrast to the para-
magnetic phase, leading to the nontrivial QAH effect with
Ch; =2 when f,, is not too strong, as shown in Fig. 8(c).
We note that for large enough #,, the onsite energy difference
can be further renormalized, finally yielding a large magnitude
again, and the phase can reenter the trivial regime, as shown
in Figs. 8(b) and 8(c). Further, one can also tune ¢ from 0
tor and keep (1), 1), t;,, A;) = (0.1, 1,0.77, 3) being fixed.
In this case, the ground-state phases can be CAFKI, AFKI,
CAFKI(M), or FKM phases with different ¢ (Figs. 6 and 9).
Among these magnetic orders, the AF order always leads to an
insulating phase with enhanced gap and QAH effect, the CAF

(@) (b)

1.8
= FKM gap —FKM
1.5 AFKI gap 3 AFKI
—— CAFKI(M) gap —— CAFKI(M)
1.2
g -2
o9 5 -\
0.6 1
0.3
0 0
0 0.5 1 0 0.5 1
ol ol

FIG. 9. Quasiparticle gaps, magnetic orders, and Chern number
Ch; with (tsy, t;‘, typ, Ay) = (0.1,1,0.77, 3) obtained with slave-
boson theory. (a) Quasiparticle gaps for three types of magnetic
orders versus ¢. (b) Ground-state magnetic order and first Chern
number Ch; as a function of ¢.
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FIG. 10. Double-occupancy probability for s orbitals (D,) and
for px orbitals (D,) with (1), 1), A;,¢) = (0.1, 1,3,0.67). (a)
Single-particle regime with U; = 0. (b) AFKI phase in the regime
with U; — +o00. (¢) PKI in the regime with U; — +-00. The results
in (b) and (c) are obtained with slave-boson theory. Note that D,
in (c) has a transition point labeled by a black circle. As seen in
Fig. 8(a), when ,, £ 1.45, the AFKI magnetic moment vanishes and

the system enters the PKI phase.

order may lead to insulating or metallic phase determined by
t;, and ¢, while the ferromagnetic order always results in
metallic phase without quantized Hall effect.

Concerning the strong correlation effects, we show the
double occupancy D, for px orbital and D for s orbital
with (¢, t;‘, Ay, ¢) = (0.1, 1,3,0.6r) in Fig. 10(b). We also
calculated the double occupancy for the single-particle regime
(Ug = 0) and PKI phase as a comparison in Figs. 10(a) and
10(c). Figure 10(a) differs from 10(b) and 10(c) for lack
of correlation effect, while 10(b) differs from 10(c) without
consideration of the magnetism. The D, for noninteraction
px orbital is calculated by Wick’s theorem D, = n,4n,, for
Figs. 10(a)-10(c). In the single-particle regime with U; = 0
corresponding to Fig. 10(a), the onsite energy for s orbital
lies below that of px orbital and thus the particle number and
double occupancy on s orbitals are larger than that on px or-
bitals. Figures 10(b) and 10(c) correspond to the AFKI phase
and PKI phase, respectively, in strong correlated regime with
repulsive Us — oo. Before the laser-assisted hybridization £,
is induced, the s orbitals form a half-filled Mott insulator and
the double occupancy Dy on s orbitals is suppressed to zero
with the s-orbital onsite energy being renormalized to above
px orbital due to strong U;. Thus, in Figs. 10(b) and 10(c)
D, is greatly enhanced compared to that in the single-particle
regime in Fig. 10(a). When hybridization #;, is induced and
effective hybridization exists, Dy keeps to be zero, while
particles on s orbitals begin to pump into px orbitals, with
the s-orbital onsite energy being further renormalized. The
difference between Figs. 10(b) and 10(c) occurs in the weak
hybridization #;, limit. For the AFKI case with magnetic
order, effective hybridization is enhanced and exists as long as
t;p # 0, while for the PKI phase the existence of effective hy-
bridization needs the hybridization to exceed its quasicritical
value ts‘;,, i.e., after the CK transition. Around the quasicritical
t;,, for the AFKI phase the D), increases smoothly while for

the PKI phase the D, starts to increase abruptly at f,, 2 I5ps

showing the difference between emergence of the magnetic
and paramagnetic CK phases.

V. CONCLUSIONS

In this work, we have examined the Chern Kondo insulator
by revisiting its realization and studied the magnetic effects
on the Chern Kondo phases. An improved scheme for the
realization of Chern Kondo insulator is proposed, solving the
challenges in the previous realization. The Ruderman-Kittel-
Kasuya-Yoshida magnetic interaction is analyzed at weak hy-
bridization limit, with the anisotropic magnetic effects being
discussed. We further systematically studied the paramagnetic
and magnetic phases coexisting with Kondo hybridization
based on slave-boson theory and mapped out the full mag-
netic and correlated QAH phase diagrams. The rich phases,
including the paramagnetic/magnetic Kondo insulating phases
and magnetic Kondo metallic phases, have been obtained
and investigated in detail. Interestingly, the effective Kondo
hybridization can be typically strengthened by taking into
account magnetic effects. In particular, we showed that the ex-
istence of antiferromagnetic order enhances the Kondo phase,
with the topological bulk gap being increased compared with
that in the paramagnetic regime. On the other hand, the Kondo
phases coexisting with collinear antiferromagnetic order have
metal-insulator transition determined by the strength and
phase of hybridization, which is absent in the paramagnetic
Kondo phase. Moreover, in the large hybridization regime,
the bulk phase may eventually enter the paramagnetic Kondo
insulating states, which manifests that the magnetic orders are
fully suppressed in the strongly Kondo regime. The Chern
Kondo phases can be detected by measuring the Chern num-
ber of bulk topology and the double occupancy, which are
achievable in cold atom experiments. The rich strongly cor-
related and topological physics may motivate further studies
of the Chern Kondo phases in theory and experiment.
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APPENDIX

1. The s-px hopping integrals from laser-assisted tunneling
in the previous realization

In this section we will evaluate the hopping integrals for
original laser-assisted tunneling in Fig. 1(a):

S = /er Iﬂ,f,m(x, Y)l//,f“m(x,y)eikR(y"”)eikRm,

2 K —ikp[y— 1
J2 - /d r I/frfﬂ,erl(‘x’ y)w};-kl,m(x’ y)e Hrly=n )]

— 1
X e lkR(WL+2)’
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2 ikrly— 1 ik 1
I = [T D s (5, )0 Db,

—iknly— Iy ik 1
/d P (0 I i (1, e b=l mun ),

(AD)

Here, ¥} . (x, y) and ¥, . (x, y) are real maximally localized
Wannier functions for px (s) orbitals, (n, m) is the coor-
dinate of lattice site, and ¥ o(x, )/ o(x, y) are odd/even
functions, respectively. We also have ¥, ,,(x, y) = ¥o.0(x —
n,y — m), then the integrals can be simplified:

= [ g e

- /dzr Vo0 (X, MY o(x, y)ekrr,
I = /dzr np+1,m+1(x’y)w,im+1(X,y)eikR(y_(m“))
(A2)

= _/dz’" 1/f§,0(x, y)Wf,o(x’ y)e_ikRy-

In the above formulas, we have used the property of integral:

dr’*f(x,y) = +ood +Ood
,y) = x y f(x,y)
+00 +00
= [ ax[ dypexen

= f dr? f(—x, —y). (A3)

Decomposing the complex integral into real and imaginary
parts, we can obtain the relation between /; and I5:

L=+ / AP YL (e, YOV o(x, ¥) costkry)
+i f d*r gy (6, VIV o(x, y) sin(kgy) = L,
L= —/dzr Yo, VIV o(x, y) coslkry)
+i f Ay o, U o(x, y)sin(kry) = 1. (A4)

Similarly,

< Ty L
h= /dzr Uit (6 DIy (3, ) e =0l

1 1\ .
/d2r1p00<x y+ )1000()( y — 2) szy,

—i _ 1
/dzr YL, VW (x, y)e el =0nt )]

1 1 —ikgy
/d rwoo(x v+ )1//00<x y— 2) kY (AS)

I

Decomposing these two numbers into real and imaginary
parts, we can obtain the relation between I, and I4:

1 1
/dzr ‘/’oo(x y+ )1//00<x y—= 2) cos(kry)
1 1
/dz” Iﬁoo<x y+ )%o(x y - 2) sin(kgy)

g%
= Ibv

1 1
Iy = /dzr 1/f00<x y+ )1//00<)C y — 2>cos(kRy)
1 1\ .
fd ”//00<x y+ )%o(x y = 2) sin(kgy)

(A6)

L =—

= I,

2. Effective Kondo lattice Hamiltonian

The effective Kondo lattice Hamiltonian is derived through
perturbation theory when s-pyx hybridization is weak and the
s-orbital onsite energy lies far below the py orbital. Here, we
provide detailed derivation of the Kondo lattice Hamiltonian

T
Hgp, = E €pkPxko PXko T E Jix,iSi - Sk
ko PkK

(A7)

from the original Hamiltonian

H=H, +H,

H, = Z [—Ass;fgs,»a + t[)fp;(iapxi:t}?a] + Z Usiigirfisiy

io i

Vke ik-R;
H' = Z shy Pxio + Hee., (A8)
and the definition of the effective Hamiltonian
1
H,(E) = PHP — PHQ———QOHP, A9
H(E) 05052 (A9)

where the projection operator P project states onto subspace
with each s orbital singly occupied and Q =1 — P

We separate H' into H' = H, + H_, where H, =
Y N2 Vie R p,and Ho =Y, N2V
ek Ri p;,msia. The operator H, increases one particle on
s orbitals and H_ decreases one particle on s orbitals.
Consider the approximation that replaces the unknown E
with the unperturbed energy Ey. The formulas become

PH 0 =0,
PH'P =0, (A10)
QH'Q =0,
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and the effective Hamiltonian can be simplified to the form

1
H,(E)~ P(H, + H, + H )P — P(H, + H, + H )Q————Q(H, + H, + H_)P

QHQ — Ey

1 1
=PHP—-PH Q——QH. P—PH Q—— QH, P. All
1 *QQHIQ—EOQ QQHIQ—EOQ + (A11)

Substituting H;, Hy, and H_ into above formula yields the form

P e PREXe TR N €k + Ay — N Uy — €5k — A

i,o,0' i,o, 0

(A12)

Here, we have discarded the onsite energy —N A; for s orbitals, for it is a constant in the subspace P. The third term in
the above formula can be omitted since we only consider the infinitely large U, limit. Using the identity sjg, DPxko' p;kdsig =
s;[a,sm (8oo 81k — p];(k(, Pxie), the effective Hamiltonian reads as

Vi Viee SR i Do Pxicor ShSio
HyE)=Y ¢ + o ViV,
Z PPk Pk § N o+ Ay k; kT A, (A13)
l o, (7

The third term in the above formula is also a constant in the subspace P. Defining the spin density operators S; =
sja,tg/asi(, /2, Skk = p}(ka,ra/a Pxxo/2 where t is the vector formed by three Pauli matrices, we obtain the identities
i T _ ot
SipSi) Pxpy Pxir = S Spxs
st sit Pk Pxiy = 7, (A14)
s%smp;(MPkaT + SJ¢Si¢P;k¢Pk'¢ = %(P;Ml?xm + P;upxm) + 287550

The potential scattering term p; K Pxit + p;k | Pxy in the third line can be omitted if we only care about the phenomena about
magnetism. Finally, we obtain the effective Kondo lattice Hamiltonian:

Hy = Zepkp;(kap)(ko + ) 2wiSi - s (A15)
ko ik
w1 pi k=K )R,
Here, the anisotropic k-dependent Kondo coupling Ji ' ; = % % contains the information of the hybridization between
P

s and py orbitals.

3. RKKY interaction

To derive the RKKY interaction, we take the px orbital hopping terms as unperturbed Hamiltonian and take the Kondo
interaction as the perturbation. We separate the Kondo interaction into three terms, and the Kondo lattice Hamiltonian reads as

Hyy = ZepkpXk(rpXko + Z Tk, '(S PXkTPXk’L +5;° qupxm + 87 ZUPXk(,PXk’ ) (A16)
k k.k',i

Now, we define three components of the Kondo interaction H_ = Zk’k,’i Jk,kr,iSi_p;kTpka, H, = Zk_k,_i Jk,k',iSfp;prm,
and H; =), i JewiSi Y, crp;ka Dxko. We also define the projection operator Py that projects the original Hilbert space of
Kondo lattice onto the subspace with a ground-state Fermi sea formed by px orbital degree of freedom, i.e., 1,4, = 1 when
€pk < €pkyrandipr, = 0 when €, > €, .. The states in subspace Q¢ = 1 — Py have particle-type or hole-type excitations in
px orbital degree of freedom.

Following the steps in the derivation of the Kondo lattice Hamiltonian, the effective Hamiltonian H,, reads as

1 1 1
H,,= PyHx . Po+ P0H,Qo—++———QoH. Py + PPH,. Qo—+—— OQoH_Py+ PPH_Qo—+~+—- Qo H Py.
. K =T QoHkLQ — E Y 00HkLO — Eo QoHx1LQ — Ey "

(A17)
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The first term, PoHg Py = )

2¢€ pk, 1s a constant term and does not affect the magnetism. The second term takes the form

epk<5pkf:
PyH, QO;QOHZPO = Z Jiwi Jk/kjSiZSj(PngTpk/TpZ%ka + PLPk/¢P;3¢Pk¢)/(€p,k/ — €pk)
QoHxLQ — Eo Proe :
= ki S S8 np k(1 = np )1/ (€p i — €pi)
kk'ij
= 2Dwi ki S Sinp sk — npie) [ (€p i — €p k). (A18)
ijkk'
Similarly, the third term reads as
PoH{Qo———-QoH_Py = 2Jii i St ST np i — np i1/ (€p i — €p i)
+ OuHr O — Eo ”ka: J jhp p P p (A19)
and the fourth term reads as
PoH_Qo——————QoH Py = Y 2JwidinjS; STnpx —npul/(€pr — €pi).
OoHa O — Eq + Uka: jRi D P P P (A20)
Finally, we obtain the RKKY interaction
HRKKYzzz-](Xi—Xj,Yi_Yj)Si'Sj7 (A21)
ij
where coupling coefficient takes the form
4 cos[(k — k') - (R; —R;j)] 5 5 1 1 Npk —Hpw
JXi =X, Y, =Y) =) Jw ;= [Vi|"[Vie| : —. (A22)
! ! ; ! ! § N? €pk + As €pk’/ + A‘v €pk — €pK
[
4. Slave-boson mean-field Hamiltonian ¢io - The first type composite S = % states are
In this section, we first review the spin-rotation invariant
slave-boson formulas introduced in Ref. [73] and then provide % o ) = ﬁ(ﬁcf, |vac). (A24)

the derivation of mean-field Hamiltonian of the CK model fol-
lowing [62,74]. The spin-rotation invariant type slave-boson
theory [73] is convenient to describe various magnetic orders.
Furthermore, it will give better results when considering
fluctuations around mean-field solutions [73], although our
treatment is only restricted to mean-field level.

The purpose of the slave-boson mean-field theory is to con-
struct composite particle states and Hamiltonian operator that
are equivalent to the original states and Hamiltonian, and then
take the boson fields to be mean fields as an approximation. In
the spin-rotation invariant slave-boson theory [73], auxiliary
bosonic and fermionic operators are introduced On the one
hand, the slave-boson operators é, d, Do, P = (p1, P2, p3) that
obey bosonic commutation relation are introduced. Here, &, d
correspond to hole and doubly occupied states; scalar (S = 0)
field po and vector (S = 1) field p = (py, p2, p3) correspond
to the singly occupied state. &, d, po transform as a scalar
under spin rotation and p transforms as a vector. On the
other hand, the § = % pseudofermion operators c;, obey the
fermionic commutation relation.

The holon and doublon states can be constructed directly:

0) = é'lvac), 1)) =

where |vac) is the vacuum for both boson and fermion states.
Concerning the singly occupied states, there are two ways to
construct a composite S = % state via combining the slave-
boson operators pg, pi, p2, p3 with pseudofermion operator

(A23)

cTci |vac),

Alternatively, we can define S = 1 eigenstates of vector p
bosons:

5l = gl —iph, =T iph
P11 = 2 )4 P2, P11 = 2 P Pr)s
plo=—ph (A25)

and with the Clebsch-Gordan coefficients, we obtain the
second-type composite § = % states

11 1 V2 .
NI NN
i c,|vac) + ¢ |vac),
77) =~ gatachine + T2l

1 1 1 V2
N N
, = ¢, |vac) _,cilvac).  (A26)
'2 2> \/§p1’0 v ﬁpl’ o

Moreover, the combination of the above two types also results
ina spin-% particle via defining

E pw,c' |vac),

(A27)
where ﬁjm, is the matrix elements of
i S st AT
apy+b b(p,—ip
ﬁtz[ p(; .pf (p‘ } (A28)
- b(py +ipy) apo bp
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From normalization condition, we obtain a® + 3b* = 1 and
we take @ = b = 1, then

3 3

1 1
At . - _ 2 : A
ool — E E:O P;thf/t,(r(r’y Poo’ = E ot Ty,o0' (A29)

To project out the unphysical states in the extended Hilbert
space, the following constraints are necessary:

ele; +dld; + mepm =0,
D Clotio = D Plubin =2
a n

Z T(’U/Cjo'/ci(’ - ﬁioi’j - i’jﬁio + l(f)lT X f)l) =0

oo’

10—
didi =0, (A30)

Alternatively, they can be written as

ele; +did; + Z Pl pin =

Cja’cif’ = zzﬁimaﬁia’fﬂ +800"dAierAi’ (A31)

a1
where the first constraint means that each physical state has
one boson, and the second constraint guarantees that correct
boson states are attached to the corresponding fermion states.
One can easily check that with the above constraints and

the formulas [py,-, p;,g] = % and p,s pj,6 |[vac) = 0, only the
J

_ Z Z Yot 5 ] N
H = |: L Zigo'Rix¥o"0Cig' CitPo" —

io o'c”

i I3

Here, the Usc?;c?[ operator equals to the Usfiirfis;, under the
constraints (A31).

To perform the saddle-point approximation, we assume
the magnetization is in the X-Y plane and takes the form
of M,‘ = Mﬁ,’, where ﬁ,‘ = (COS (ﬁ,’, sin ¢,‘, O), and ¢,‘ = Q . R,’
is site-dependent angle. To describe such magnetization in
the mean-field theory, we assume that the vector slave-boson
order parameter has the same spatial variation as M;, so
p; = pfi;, B; = Bfi;. On the other hand, the scalar fields
e;, poi, &, Poi are assumed to be uniform in real space and
d; = 0 since Uy is infinitely large. We also assume that all
the mean fields are real numbers. The matrix ﬁﬁi which

is defined as p,, = %ZZ:O PuTu0o has eigenvalues p, =
(po+ vp)/\/z and eigenvectors x = Lz[ve""’b", 117 with
v = *£1. The matrix z,, which is defined as

d;, (A36)

X
Ascjocia +1, p;{ia PXii)?a]

+ Z |:Us62j€?i + «; <éTéz + CszA, + Zﬁjﬂﬁm -

following four physical states are left:
1) = plyctlvac) + pj e} lvac),

1) = pliclivac) + pi el vac),

(A32)
10) = éf|vac),

1) = d'elc] vac),

where the former two states are singly occupied states, the
third is holon, and the last is doublon. The local s-orbital oper-
ators s, in our CK model are represented by s, = ZU, Z66'Co's
with the matrix z defined as

LRE é LRd, (A33)

|N>

where

R=[(1-2&)1 —25'p172.
(A34)

Here, 1 is a 2 x 2 identity matrix, and ém = (Téf‘l)wr =
00’ pss is time reversal of p,,. The operator LR in
Eq. (A33) equals to identity matrix and acts as a renormaliza-
tion factor in the mean-field approximation. For each s orbital
at site R;, a set of above auxiliary operators are induced with
index i labeling their sites. In terms of the auxiliary operators
and writing the constraints in the form of Lagrange multiplier
fields, the CK Hamiltonian reads as

L=[(1—-d'd)1—2p'p1 2,

Z F(r)zzaa m/pXJU Jiitr +H.c.
(ij)o

1) + ,BiO (Z Cjacig - Zﬁjﬂﬁiﬂ - ZdAljﬁ,iz)
o 1
B;- <Z To01Cly Cio — ﬁioiJ, iJj pio +i(P] x f)i)):|_
oo’

(A35)

[
with
Ly =10 —dld)L—2p!p 12,

R =[(1-efenl—2p/p 12,

2

(A37)

can be easily evaluated by writing the ﬁi matrix as

ool X /N2

5= [ o ZJ_W’]. (A38)
Z_e 4
Here, we have
2+ =ep L R_/N2+ep L_R,/V2,
Lo=[1-p . Ro=[1—¢—p} . (A39)

Now, we present the Fourier transformation terms in the
mean-field Hamiltonian. First, we consider the hopping terms
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;; ; between s orbitals. From the definition s, = > o Zoo'Cor, these terms are represented by the pseudofermion operators:

z :tszl lO’S]a = 2 : $,1,] 10'[71 lglcjazzjaza

ijo ijoojo,

Z Y T T
|:Z t.?,i,jziam Z]'(72(7:| Cia] Cj”z

ijojoy o

- Z 5., J[CELTC/T(Zi +22e ) + CLCN(Zi + 2 im0y

+ chc 122 + e el eprziz (7 4 €)). (A40)

The fermion operators in k space read as
o =2 e o= Ze e (A41)
k

After Fourier transformation, the 77 hopping terms take the form

Dot isiesie = D Ui+ Pi)eg e + @k + i)k kel
ijo k

+ 242 (ki@ + tk)ClT(¢Ck+Q¢ +z42-(tkrQ + tk)CLrQleT], (A42)

where the dispersion #; is defined as fx = €;x = ZtSY cos ky in our model. Further, we give the Fourier transformation of the
operators contained in the Lagrangian multiplier into k space:

Zﬂ T(ra’c Co = ZIB(COS ¢lv sin ¢17 0)(7’-)67 Ty, ‘CZ)GU’C Cio’
_Zﬂe ii ¢Cm+,36 CW

= Y (B ETOIORG oy 4 B RTOIIRE] o]
i,k k'

= Z[IBCL@CM + ﬂCIT(TCk-in]‘ (A43)
k
Finally, we give the Fourier transformation of the hybridization terms into the k space:

Z F(r)z,, S,-T(,I Px.it+ro +He. = Z F(I')[Z+C,T¢Px,i+m + Z+C,]'L¢pX.i+r,¢]

ir,o ir

+ Z F(I‘)[Z—efi@cjipriﬂn +z_€'? Cj¢PX,i+r¢] + H.c.
ir

= Z 4 F(r)ciTg- pX.H—r,(r + Z Z Z_F(r)ei(kiQ)(Ri7Ri+r)€7ilk,7(k7Q)]Ri+r C]T(¢pxk’T

ir,o Kk’ i,r
T Z Z 2 F(r)el ®FQ®R—Rii) o ~ilK ~(k+QIRisr le(T pxx, + H.c.
Kk’ ir

= Z |:Z+ VkC{TpXkT + 24 Vk+QC]T(+Q¢ Pxk+Q) +2- chlT(+Q¢pXkT +z- Vk+QC|1;TpXk+Q¢:|
k

+He. (Ad4)

With the above results we have replaced operators fw with c;fa and can write the mean-field Hamiltonian in the basis

_ t
= (CkT’ k+Qi° pXkT’ pXk+Ql) as

H =Y XleXi+ N[—po(p} + P*) + 2Bpop + a(e* + p* + pi — 1)]. (A45)
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— 1D model
— CK model

0.8

Gap

0.2

FIG. 11. The band gap versus spontaneous magnetization A
in the mean-field Hamiltonian of the simple 1D periodic An-
derson model and the CK insulator model, respectively. The
dashed lines denote the magnitude of the band gap with g =
0 in the corresponding models. For the 1D periodic Anderson
model, the parameters used are (z4v, €;) = (0.7,2cosk), and for
the CK model, the parameters are (1, 1, A, ¢, t,p, 24, 2—, Bo) =
(0.1, 1, 3,0.57, 0.53, 0.565, 0.358, 2.56).

with matrix €; defined as

G?k + 130 fgk + /3 I+ Ww z- Vk+Q
Gsck + ,3 efk + ,30 Z— Vk I+ Vk+Q
€ = . . . (A46)
Z+ Vk - Vk ep‘k 0
Vi V%o 0 Gkiq
where €5 = ziesk + Z2_€Sk+Q — Ay, gshk — Z%,.Esk+Q +

Zeg — Ay, € = 2+2—(€sx4Q + €5) are s-orbital hopping
terms.

5. Effects of the magnetic moment on the band gap

Here, we investigate how the topological band gap is
enhanced by the spontaneous magnetization 8. We calculate
the band gap versus the mean-field order § with all other
mean-field parameters being fixed, and find that when § varies
from O to a large value, the band gap is enhanced and will
reach its maximum at intermediate 8 value. To show the
generality of this property, we first consider a simple 1D
periodic Anderson model with antiferromagnetic mean-field
Hamiltonian

0 B zww 0
ﬁ 0 O 4V

g H!P = o 0« 0| (A47)
0 zyv 0 —e
which can be directly diagonalized as
|
B+ €f +2(zpv) £ \/,34 —2B%¢ + € + 4z 0P (B> + €F)
. (A48)

E, =+

2

We further show the same phenomenon in our CK model by calculating the band gap with Eq. (29) and antiferromagnetic order,
where we also vary the magnetization 8 but fix other mean-field parameters. The numerical results with specific parameters for

the two models are shown in Fig. 11.
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