
            

PAPER • OPEN ACCESS

Chiral topological orders in an optical Raman
lattice
To cite this article: Xiong-Jun Liu et al 2016 New J. Phys. 18 035004

 

View the article online for updates and enhancements.

Related content
Light-induced gauge fields for ultracold
atoms
N Goldman, G Juzelinas, P Öhberg et al.

-

Physics of higher orbital bands in optical
lattices: a review
Xiaopeng Li and W Vincent Liu

-

Interaction-driven topological and nematic
phases on the Lieb lattice
Wei-Feng Tsai, Chen Fang, Hong Yao et
al.

-

Recent citations
Focus on topological physics: from
condensed matter to cold atoms and
optics
Hui Zhai et al

-

This content was downloaded from IP address 131.84.11.215 on 02/10/2017 at 18:25

https://doi.org/10.1088/1367-2630/18/3/035004
http://iopscience.iop.org/article/10.1088/0034-4885/77/12/126401
http://iopscience.iop.org/article/10.1088/0034-4885/77/12/126401
http://iopscience.iop.org/article/10.1088/0034-4885/79/11/116401
http://iopscience.iop.org/article/10.1088/0034-4885/79/11/116401
http://iopscience.iop.org/article/10.1088/1367-2630/17/5/055016
http://iopscience.iop.org/article/10.1088/1367-2630/17/5/055016
http://iopscience.iop.org/1367-2630/18/8/080201
http://iopscience.iop.org/1367-2630/18/8/080201
http://iopscience.iop.org/1367-2630/18/8/080201


New J. Phys. 18 (2016) 035004 doi:10.1088/1367-2630/18/3/035004

PAPER

Chiral topological orders in an optical Raman lattice

Xiong-Jun Liu1,2,6, Zheng-Xin Liu3,4, KTLaw4,WVincent Liu5 andTKNg4

1 International Center forQuantumMaterials and School of Physics, PekingUniversity, Beijing 100871, People’s Republic of China
2 Synergetic InnovationCenter forQuantumEffects andApplications, HunanNormalUniversity, Changsha 410081, People’s Republic of

China
3 Institute for Advanced Study, TsinghuaUniversity, Beijing 100084, P. R. People’s Republic of China
4 Department of Physics, HongKongUniversity of Science andTechnology, ClearWater Bay,HongKong, People’s Republic of China
5 Department of Physics andAstronomy,University of Pittsburgh, Pittsburgh, Pennsylvania 15260,USA
6 Author towhomany correspondence should be addressed.

E-mail: xiongjunliu@pku.edu.cn

Keywords: optical lattice, gaugefields, Chern insulator, topological order, chiral spin liquid

Abstract
Wefind an optical Raman lattice without spin-orbit coupling showing chiral topological orders for
cold atoms. Two incident plane-wave lasers are applied to simultaneously generate a double-well
square lattice and periodic Raman couplings, the latter of which drive the nearest-neighbor hopping
and create a staggered flux pattern across the lattice. Such aminimal setup can yield the quantum
anomalousHall effect with a large gap-bandwidth ratio in the single particle regime, while in the
interacting regime it achieves the J1-J2-K spinmodel, with the nearest-neighboring (J1) and next-
nearest-neightboring (J2) exchange coupling coefficients, and the three three-spin interacting
parameter (K) is controllable.We show that the J1-J2-K spinmodelmay support a chiral spin liquid
phase. It is interesting that the quantum anomalousHall state can be detected by onlymeasuring the
Bloch states in the two symmetricmomentumpoints of the first Brillouin zone. Further, we also show
that heating in the present optical Raman lattice can be essentially reduced comparedwith the
conventional laser-assisted tunneling schemes. This suggests that the predicted topological states be
reachable with the current experimental capability.

1. Introduction

Generation of synthetic gaugefields for cold atoms opens a new direction in the study of exotic topological states
beyond natural conditions. Two different scientific paths have been followed in the experiment to create
synthetic gaugefields via opticalmeans. One is to adopt Raman couplings between different internal hyperfine
levels (atomic spins) [1–6], which has recently been used in experiments to generate synthetic spin-orbit (SO)
coupling for cold atoms [7–10]. Another is to adopt laser-assisted hopping between neighboring lattice sites
without spin flip, which can generateU(1)fluxes by imprinting the phases of Raman lasers into the hopping
matrix elements [11–15]. Comparedwith the technique using spin-flip Raman couplings, the latter strategy can
be achievedwith far-detuned lasers, and therefore can avoid the spontaneous decay of excited states.

Realization of a gapped insulating topological state typically necessitates an optical lattice and synthetic
gaugefields which satisfy proper conditions [12–28]. In the conventional techniques, the optical lattice and
gaugefields are generated through different atom-laser couplings. In such cases the topological regimes are
achievedwith carefulmanipulations of parameters, whichmight be challenging for the experimental
observation. Recently, it was proposed that creations of the optical lattice and SO couplings can be integrated
through the same standingwave lasers, and this new technique can have explicit advantages in realizing
topological phases withminimal setups andwithout complicatedmanipulations [21, 29]. Nevertheless,
generating SO couplings requires near-resonant light which heats up the systemby spontaneous emission
[7–10]. A possible resolution of this difficulty is to consider lanthanide atomswhich can have less heating due
to largefine structure splitting and narrownatural linewidth in the excited levels [30].
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In this paper, we introduce themodel of optical Raman lattice without SO coupling to observe chiral
topological phases for cold atoms. The setup includes a double-well square lattice and periodic Raman couplings
generated simultaneously through two incident plane-wave beams.We show that this scheme can naturally
realize chiral topological phases without fine tunings, andmay have advantages in the experimental observation
including theminimized heating and full controllability in parameters.

Themanuscript is organized in the followingway. In section 2we present themodel realization, and discuss
the properties of themodel; in section 3we give the tight-bindingmodel, which shows the quantumanomalous
Hall (QAH) effect; in section 4we show that theQAH states can be detected bymeasuring only Bloch states at
two symmetricmomenta of the first Brillouin zone (FBZ). The heating effect is discussed in section 5, and the
chiral spin liquid phase is studied in section 6. Finally, we present the conclusions in section 7.

2.Model

In this sectionwe present the details of themodel realization. The system includes a double-well square optical
lattice generated by an incident plane-wave light with both in-plane and out-of plane polarized components,
and the two-photonRaman potentials which induce hopping between nearest-neighboring sites and create a
staggered flux pattern across the double well lattice. The lattice andRaman potential profiles exhibit the relative
antisymmetry in the spatial inversions.

Wefirst introduce the generation of a 2Ddouble well square lattice depicted infigures 1(a) and (b), with an
onsite energy differenceΔ betweenA andB sites. Based on the experiments byNIST group [31], this lattice
configuration can be realized via an incident plane-wave laser beamwhich has both nonzero in-plane and out-
of-plane linearly polarized components, andwith the assistance of threemirrors [see figure 1(a)]. The total
electric field of the incident laser beam can be described as

x E y z E zE cos sin e e , 1k x t k x t
0

i
0

i21 1a a= + +w w- -( ) ( ˆ ˆ) ˜ ˆ ( )( ) ( )

where the polarization angleα determines themagnitudes of in-plane and out-of-plane polarization
components withwave-vector k1, and the out-of-plane polarized field has another componentwith its wave
vector ( k2 1) being twice of that of the former ones. Note that all the components of the incident beam can be
generated from a single laser source through an optical frequency doubler, withwhich one can control the ratio
of thefield strengths E E0 0∣ ˜ ∣ in the experiment [32].With the reflection bymirrors the ŷ-polarization

Figure 1. (a)The laser beam incident from x direction has nonzero polarization components along y and z axes, with the ẑ polarization
field having two components of wave-vectors k1 and k2 1.With the reflections of the threemirrorsMj ( j 1, 2, 3= ), a double-well
lattice is generated and can be controlled by the 1/4-wave plate and electro-opticmodulator (EOM); (b) the created double-well lattice
has an energy off set betweenA andB sublattices; (c) an additional linearly-polarized running laser beam,with polarization
components in x and y directions, is applied along z direction. This beam, together with the laser components used to create square
lattice, can induce spatially periodic Raman couplings (V V,Rx Ry) betweenA andB sites, as illustrated in (d). The Raman transitions
also generate a staggered flux pattern simultaneously for the nearest-neighbor hopping.
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component of the incident laser beam changes to be x̂-polarization componentwhen the laser beampropagates
along y direction, while the ẑ-polarization components do not change for the entire optical paths. The in-
plane polarized components (x̂ and ŷ polarization components) generate the standingwave as

E k x y k y xE 2 cos cos cos e . 2xy
t

0 1 1
ia= + w-[ ( ) ˆ ( ) ˆ] ( )

Herewe have neglected all irrelevant constant phase factors which have no effect on our results (see appendix for
details). On the other hand, the out-of-plane light components can interfere and generate the standingwave as

E z E k x y k x y z
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Furthermore, we consider here the blue-detuned optical dipole transitions. The total lattice potential reads

V x y V k x k y
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The amplitudes are taken that V0D < , and the above potential describes a double-well square lattice illustrated
infigure 1 (b), with the staggered onsite energy offsetΔ betweenA andB sites well controlled by the polarization
angleα.WhenΔ is large comparedwith the bare hopping couplings between neighboring s-orbitals of theA and
B sites, the effective tunneling between them is suppressed, while the diagonalAA/BB hoppings (denoted by
tA B¢ ) are allowed along dashed lines infigure 1(b). The second term in equation (4) reduces the difference in
height of the barriers along theAB-bond and the diagonal (AA/BB) directions. Thus it can enhance tA B¢ relative
to the hopping coupling betweenA andB sites, providing vast tunability in parameters.

The tunneling between neighboringA andB sites (denoted by t i j
) can be restored by two-photonRaman

couplings. A key ingredient of the present scheme is that the in-plane blue-detuned laser beamwhich generates
the square lattice also takes part in the generation of Raman couplings. For this we apply an additional plane-
wave laser beamwith frequency w dw- (dw » D), propagating along the perpendicular zdirection and having
linear polarization components along x and y axes (figure 1(c)). This beam is described by

z E x yE e e e , 5xy
ik z

1
i ix y z= +f f˜ ( ) ( ˆ ˆ) ( )

where x yf is the initial phase of the x/y-axis polarization component.With the assistance of both Exy and Exy˜ ,
two independent Raman couplings are induced by the x̂- and ŷ-polarization components, respectively
(figure 1(d)). In particular, the x̂ y( ˆ )-components of the lights Exy and Exy˜ generate the Raman potential
VRx (VRy)which takes the form

V V k x ycos e c.c., 6Rx Ry R
t

1
i i y x= +dw f+[ ( )] ( )( ) ( )

where the amplitudeV E E cosR 0 1 aµ .We shall see below that afinitemagnitude of x yf f- , controllable in
experiment, gives rise to a nonzero staggered flux pattern for the square lattice, as illustrated infigure 1(c).

From equations (4)–(6)we can see that the zeros ofVRx Ry, are located at the lattice-site centers, which implies
that the Raman potentials are parity odd relative to each lattice-site center (figure 1(c)).With this key property
the present blue-detuned optical Raman lattice can naturally realize topological states and exhibit essential
advantages inminimize heating effects for experimental studies. The symmetry properties of s-orbitals and
VRx Ry, lead to two important consequences. First, the Raman potentialVRx (VRy) only induces the nearest-
neighbor hopping along x (y)direction. The hopping along x/y axis is associatedwith a phase y xf ( y xf- ) if the
hopping is toward (away from)B sites. In experiment, one can set that 2x y 0f f f- = , which is equivalent to put
that x y 0f f f= - = . Then the hopping along the directions depicted by arrows infigure 1(c) acquires a phase

0f , resulting in a staggered flux patternwith theflux 4 0fF = . Secondly, the hopping fromone site to its
leftward (upward)neighboring site has an additionalminus sign relative to the hopping to its rightward
(downward)neighboring site. It is important that all these interesting properties are obtained automatically by
using the two incident beamswithout complicated fine tunings.

3.QuantumanomalousHall effect with large gap-bandwidth ratio

Nowwe give the tight-bindingHamiltonian. Based on the previous analysis we can obtain the s-band tight-
bindingHamiltonian in the following form
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where n c ci j j, , ,=m m m
  † , with c

j,m
† and c j,m

 the creation and annihilation operator, and the Zeeman term

m 2z dw= D -( ) . The notations i j,á ñ
 

and i j,áá ññ
 

represent the summations over the nearest- and next-
nearest-neighboring sites. The hopping phase 0f determines the real (proportional to cos 0f ) and imaginary
(proportional to sin 0f ) parts of the nearest hopping coefficients, with the staggered factor 1i jn = (−1) for
hopping along (opposite to) themarked direction infigure 1(c). From the periodic profiles of the Raman
potentials, the nearest-neighbor hopping coefficients satisfy t t t t1 , 1i i

i
i i
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with rs
j
,ym


( )( ) ( A B,m = ) the s-orbital wave function at the j


-th site.We note that the staggered sign factor 1 ix-( )

is due to the periodicity of Raman potentials and staggered position distribution ofA andB sites, and can be
absorbed by redefining the annihilation operator ofB sites to be c ceB j

x a
B j,

i
,

j= p , with a the lattice constant. In

terms of the newbasis, the diagonal hopping coefficient for theB sites reverses sign t tB B¢  - ¢ . The tight-binding
model can nowbe obtained directly and in k space the BlochHamiltonian reads

t k a k a tk 2 cos sin sin 2x y x0 0 0 f s= - + -( ) ( ) k a k asin sin sinx y y0f s-( )
m t t k a k a2 cos cosz A B x y zs+ - ¢ + ¢[ ( ) ] , with the Zeeman term m 2z dw= D -( ) and x y z, ,s the Paulimatrices.

It is interesting that without Zeeman and diagonal hopping terms, i.e. if m t 0z A B,= ¢ = , the aboveHamiltonian
would describemassless Dirac fermionswith two independent Dirac points at 0, 01L = ( ) and 0,2 pL = ( ).
The bulk is gappedwhen m t t2z A B¹ ¢ + ¢( ) and n 20f p¹ with n being integer. TheQAHphases [17, 33, 34]
are obtained for m t t2z A B< ¢ + ¢∣ ∣ ( ), with thefirst Chern number C sgn1 0f= ( ) (0 20f p< <∣ ∣ ), and trivial
regime results for m t t2z A B> ¢ + ¢∣ ∣ ( ). Figure 2 provides the numerical estimate withV E V E4, 1R R0 0= =˜ ,

E0.6 RD = , and the recoil energy E 2 8R p» ´ kHz using k2 5321l p= = nm for 87Rb atoms, which gives
that t 2 27A B, p¢ ´ Hz. By setting 40f p= and m 0z = , the bulk gap E t t4 2 0.21A Bgap p= ¢ + ¢ » ´( ) kHz
when t t tA B0 > ¢ + ¢ forV E0.71R R> (figure 2(a)). Figures 2 (b)–(d) show a large ratio (∼4.9) between the band
gap and bandwidth Ewidth in the range from t t t0.7 A B0 = ¢ + ¢( ) atV E0.51R R to t t tA B0 = ¢ + ¢ atV E0.7R R . It
is noteworthy that a large gap-bandwidth ratio can enable the study of correlated topological states like the
fractionalQAH effect [35] in the interacting regime.

4.Detectionwithminimalmeasurements

Detection of theQAH insulating phase can be carried out with several differentmeasurement strategies in the
edge [17, 19] and bulk [36–40]. In particular, it was proposed recently that the topology of aQAH insulator can
be determined bymeasuring Bloch eigenstates at only two or four highly symmetric points of the first Brillouin
zone [41]. It was shown that this approach is valid forQAH insulators which satisfy the inversion symmetry

Figure 2. (a)The band gap Egap versus Raman potential amplitudeVR (in units of the recoil energyER) and the hopping phase ;0f (b)
the ratio t t0 1 with t t t0.5 A B1 = ¢ + ¢( ) and (c) the ratio E Egap width (blue curve) as functions ofVR. The phase 40f p= ( 8p ) for solid
(dashed) curves; (d) the bulk spectrumwith V E0.65R R= and 40f p= . Other parameters are V E V E4, 1R R0 0= =˜ , and

E0.6 Rdw = D = . For 87Rb atoms using 532l = nmyields E 2 8R p» ´ kHz, and t 2 271 p ´ Hz. TheChern number C 11 = + .
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defined by P P R2D= Äˆ ˆ , where R2D
ˆ is a 2D spatial inversion operator transforming the Bravais lattice vector

R R - and P̂ is a parity operator acting on the (pseudo)spin space [41]. In the present lattice system the unit
cell is doubled relative to the original square lattice, and from theHamiltonian k( ) one can check that no
parity symmetry can be satisfied.Nevertheless, we showbelow that thisminimalmeasurementmethod can be
still applied to the present systemwith a highly nontrivial generalization.

In the physicalHamiltonian k( ) the Paulimatrices x y z, ,s operate on the sublattice space. To complete our

proof, we construct an artificialHamiltonianwhich is formally equivalent to k( ): dk kx x s=˜ ( ) ( ) ˜
d dk ky y z zs s+ +( ) ˜ ( ) ˜ . The only difference is that in the newHamiltonianwe assume that x y z, ,s̃ act on a spin

spacewhich is independent of the position space. In this way, we know that the newHamiltonian k̃( ) is
invariant under the following 2D inversion transformation on both the position and spin space

P R , 10z 2Ds= Ä˜ ˆ ( )

where the transformation R2D
ˆ sends k k k k, ,x y x y - -( ) ( ). Therefore, at the four symmetric points

0, 0 , 0, , , 0 , ,i p p p pL ={ } {( ) ( ) ( ) ( )} the Bloch states are also parity eigenstates with
P u ui i ixL Lñ = ñ


ˆ∣ ( ) ∣ ( )( ) , and 1ix = +( ) or−1. The topology of the artificial insulating system can be

determined by the following invariant [41]

m t t a a
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In the third line of the above equationwe have defined that

m t t1 sgn 4 . 12
i

i z A B

2
2 2 x L- = = - ¢ + ¢n -( ) ( ) [ ( ) ] ( )( )

Therefore the invariant for the constructed system 0n º˜ . This indicates that the Chern number for the
Hamiltonian k̃( ) should always be even C N21 =˜ [41]. This result is easy to understand. As pointed out
previously, for the original physical system the unit cell is doubled. Accordingly, the FBZ of the original square
lattice, denoted by FBZW is only half of the FBZ FBZW̃ for the constructed artificial system. The twomomenta
k k,x y( ) and k k,x yp p+ +( ) correspond to the same point in FBZW (note that k is not the sublattice
momentum, but themomentumof the original lattice systemwhich includes bothA andB sublattices).
Therefore, the Chern number for the BlochHamiltonian k̃( ) reads

C k k

k k

k k

k k

C

n n n

n n n

n n n

n n n

1

4
d d

1

4
d d

1

4
d d

1

2
d d

2 . 13

x y k k

x y k k

x y k k

x y k k

k

k

k

k

1

,

1

x y

x y

x y

x y

FBZ

FBZ

FBZ

FBZ

ò

ò

ò

ò

p

p

p

p

= ¶ ´ ¶

= ¶ ´ ¶

+ ¶ ´ ¶

= ¶ ´ ¶

=

p p

ÎW

ÎW

ÎW +

ÎW

˜ · ( )

· ( )

· ( )

· ( )

( )

˜

( )

From the number ñ one cannot tell the difference of a topological phase from a trivial phase. In the next step, we
shall show that the topology of the artificial system can also be determined by the invariant νwhich is defined in
equation (12)with the parity eigenvalues at 0, 01L = {( ) and 0,2 pL = ( ), half of the four parity-symmetric
points in FBZW̃ . Themagnitudes 0n = and+1 correspond to the topologically trivial and nontrivial states,
respectively. Then, togetherwith the above relation, we can further use this invariant to characterize the topology
of the original physical system.

The proof is straightforward and is valid for any two-band system satisfying the following two conditions.
First, the quantumanomalousHall phases are characterized by lowChern numbers. In particular, for the
artificial system it is C 0, 21 = ˜ { }and for the original physical system C 0, 11 = { }. Second, the system can be
adiabatically connected to the one obtained under a four-fold C4

ˆ rotational transformation on such system. In
otherwords, the topology is not changed under the C4

ˆ transformation in position and (pseudo)spin space

R, e
2

, 144 4
1

4
i
4 4

z ⎜ ⎟⎛
⎝

⎞
⎠   

p
~ = Ä

p s-˜ ˜ ˆ ( )˜

where R 24 pˆ ( ) is the 2p -rotation on the position space, transforming the Blochmomentum
k k k k, ,x y y x -( ) ( ). It is easy to see that the inversion symmetry in equation (10) is given by P 4

2= . By a
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direct check one can verify that the constructed system in our consideration belongs to the class ofHamiltonians
satisfying the above conditions.Whatwe need to prove is that the transition between a trivial phase and a
topological phasemust be associatedwith the change from 0n = to 1n = + . Let the systembe initially a trivial
insulator. To have topological phase transition, the bulk gap should close and reopen at somemomentum
points. Around suchmomenta the bulk can be described bymassiveDiracHamiltonians, with theDiracmasses
changing signs during the transition.We denote one of theDiracmomentum as k kk ,D1 1 2= ( ). Then, from the
C4
ˆ symmetry we know that there are four-fold of suchDirac points kDj ( j 1, 2, 3, 4= ).Moreover, from the
relation between the artificial and original physical systems, we have that themomentum k ,Dj p p+ ( ) is also a
Dirac point.With these results inmind, we get that when a topological phase transition occurs, theDiracmasses
simultaneously reverse signs at followingmomenta (not necessarily independent)

k k k k k k

k k j

k k k
k k k

, , , , , ,

, , , , 1, , 4. 15
D D D

D Dj Dj

1 1 2 2 2 1 3 1 2

4 2 1 4 p p
= = - = - -
= - = + = ¼+

( ) ( ) ( )
( ) ( ) ( )

It is easy to know that theremust be even number (denoted as N2 ) ofDirac points in the above formulawhich
are independent. On the other hand, from the symmetry we know that all theseDirac points contribute the same
Chern number to thewhole bulk invariant. Before and after the phase transition theChern number changes by

C C N2 . 161,final 1,initial- = ( )

Wehave three different cases. First, if kD1 is an inversion symmetric point, e.g. k 0, 0D1 1L= = ( ), the
equation (15) includes only two independent points, kD1 and k ,D1 p p+ ( ). Second, for the case with
k 2, 2D1 p p= ( ), the equation (15) includes four independentDirac points, i.e. k 2, 2Dj p p=  { } {( )}.
Finally, for the remaining cases all the 8momenta in equation (15) are independent. This implies that for the
later two situations theChern number changes by 4 and 8, respectively, while in the first case theChern number
changes by 2. Therefore, for a systemwith lowChern number, only thefirst situation can happen, namely, the
bulk gapmust close and reopen at two inversion symmetricmomenta 1L and 3L (or 2L and 4L ). Note that the
Diracmasses at these points are equivalent to the parity eigenvalues, so the topological phase transitionmust be
associatedwith the sign change of corresponding parity eigenvalues, leading to the change of the invariant ν.
Furthermore, it is easy to verify that the trivial phasewith C1

˜ correspond to 0n = , and then the topological
phaseswith C 21 = ˜ are given by 1n = + . Together with the relation(13)we conclude that the invariant ν
classifies the topology of the original physical system. This completes our proof.

Since the parity operator is zs , the parity eigenvalues are the pseudospin eigenstates. Tomeasure the parity
eigenvalues one canmeasure the pseudospin polarization, i.e. the population difference of atoms betweenA and
B sublattices, which can bemeasuredwith in situ imaging. The pseudospin polarization is defined by
p N N N Ns A B A B= - +( ) ( ), where NA B represents the number of atoms in theA/B sublattice. It follows that

p1 sgn . 17
i

s
i

1

2

 L- =n

=

( ) [ ( )] ( )( )

The topological phase corresponds to 1n = - for m t t2z A B< ¢ + ¢∣ ∣ ( ), and the trivial phase corresponds to 0n =
for m t t2z A B> ¢ + ¢∣ ∣ ( ). The detection can be carried out with a pseudospin-resolved Bloch oscillation [41].With
an external force applied along the x direction, themomentumof an initial atomic cloud evolves along the
direction from 0, 01L = ( ) to 0,2 pL = ( ) (figure 3). For the topological phase, the pseudospin polarization
ps t( ) reverses sign from psgn 0 1s = -[ ( )] to psgn 1s t = +[ ( )] at half Bloch time T 2Bt = and returns to

psgn 1s t = -[ ( )] at TBt = (figure 3(a) and (b)). On the other hand, in the trivial regime m t t2z A B> ¢ + ¢∣ ∣ ( ), the
sign of the polarization keeps unchanged during the Bloch oscillation (figure 3(c) and (d)). Only qualitative
measurements at the two symmetricmomenta are needed for the experimental detection.

5.Heating

The experimental feasibility of observing topological states, especially the correlated topological states, crucially
depends on heating effects in the realization. Note that in the present scheme all applied lights are far-detuned.
Thus the heating due to spontaneous decay from excited atomic levels is negligible. On the other hand, due to the
energy difference between the Raman photons, the two-photonRaman processes have twomain consequences.
Thefirst one is that it induces hopping between neighboring sites by compensating the energy difference
betweenA andB sites, leading to the time-independent effective tight-bindingHamiltonian(7) and the
topological band as discussed in the previous sections. This process includes both the energy transfer from
Raman photons to atoms (hopping fromB toA sites) and energy transfer from atoms toRaman photons
(hopping fromA to B sites). Thus in average it does not have net energy transfer betweenRaman photons and the
atoms. Anothermain consequence is that if the two-photonRaman process drives an onsite transition rather
than the hopping, it can transfer the energy fromRaman photons to atoms. This process leads to the increase of
the totalmeanmechanical energy, i.e. the expectation value of the kinetic and potential energies [42], of an atom
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trapped in the lattice potential. Note that the laser-assisted tunneling schemewithout spin flip does not suffer
from large spontaneous decay from excited states. Thus themain heating is induced by onsite two-photon
Raman transitionswhich do not drive neighboring-site hopping but convert the energy difference between two
Raman photons tomechanical energy of the lattice system [13, 14]. Note that in the present optical Raman
lattice, due to the antisymmetry of the Raman potentials the onsite intraband scattering (s s« bands) is
forbidden, and only the interband scattering (s p« bands) can heat up the system. This distinguishes
essentially from the conventional schemeswhich apply plane-wave and red-detuned Raman beams and have
both inter- and intraband onsite transitions [11–15]. The life time of the trapped cold atoms can be estimated by
calculating the change rate of themean-mechanical energy of an atom. For comparison, we consider both the
present optical Raman lattice system (with the heating rate denoted as E td dOR ) and the conventional laser-
assisted schemes (denoted as E td dCO ). The rates of change of themean-mechanical energy are given by

E

t N
w k k

d

d

1
, , 18sp

k k

OR

,
ORå dw= ¢ = G

¢
( ) ( )

E

t N
w wk k k k

d

d

1
, , , 19ss sp

k k k k

CO

, ,
CO

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥å å dw= ¢ + ¢ = G

¢ ¢
( ) ( ) ( )

whereN is the number of lattice sites, andwss (wsp) represents the s-s (s-p) band scattering rate, obtained by the
product of the two-photonRabi-frequencies ssW ( spW ) and the transition probabilities. In the above formulae we
have denoted by ORG and COG the heating rates of the optical Raman lattice system and the conventional lattice
systems, respectively. Note that the s-s band onsite transition, e.g. from an initial statewithmomentum k to the
final state k¢ has the two-photon detuning E Ek k,s s sk k, ,dwD ¢ = + - ¢( ) , with E sk, the s-band spectrum.
Similarly, for s-p band onsite transition the corresponding two-photon detuning reads

E Ek k,p p sk k, , dwD ¢ = - -¢( ) , with E pk ,¢ the energy spectrum for the p-band states. Typically the bandwidths
of s and p bands aremuch less than the s-p band gapwhich is E V E2sp R0

1 2= ( ) .We then approximate that

k k,s dwD ¢ »( ) and Ek k,p sp dwD ¢ » -( ) , and

w
E E

4

2 2 4
, 20sp

sp

sp sp sp sp

3

2 2 2dw dw
»

W

- + W - + W

∣ ∣
( ∣ ∣ ∣ ∣ ∣ ∣) ∣ ∣

( )

w
4

2 2 4
. 21ss

ss

ss ss

3

2 2 2dw dw
»

W
+ W + W

∣ ∣
( ∣ ∣ ∣ ∣ ∣ ∣) ∣ ∣

( )

Here ssW and spW are the two-photonRabi-frequencies for the intraband and interband transitions, respectively.
For the parameter withV E5 R0 = , one can verify that 0.5sp ssW » W . Substituting this result into the equation of

E td dCO we solve numerically that theminimumheating rate for COG is obtained by setting E0.4 spdw » .

Figure 3.The time evolution of numbers of atoms populated inA sites (NA, in red curves) andB sites (NB, in black curves), and the
polarization ps t( ) (blue curves) in the Bloch oscillation, with N N NA B0 = + . (a) and (b) are topological regimeswith m 0z = and
m t t1.5z A B= - ¢ + ¢( ), respectively; (c) and (d) are trivial regimeswith m t t2.5z A B= - ¢ + ¢( ) and m t t3z A B= - ¢ + ¢( ), respectively. The
hopping phase is taken as 40f p= .
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Namely, for the conventional laser-assisted-hopping schemes, theminimumheating (denoted as CO
minG ) requires

that the frequency difference betweenRaman lasers be close to the half of the s-p band gap [13, 14].With these
results inmindwe obtain directly from the above two equations the following relation

E

1

16
. 22

sp
OR CO

minG
D
- D

G ( )

The life time can be estimated by V V,OR CO0 0t G G . In the present optical Raman latticewe can set that
EspD  , and thenwe have OR CO

minG G , which shows that the present optical Raman lattice hasmuch less
heating than that in the conventional schemes. In particular, with the parameter regime used infigure 2, one
finds that 0.03OR CO

minG G and forV E0.5R R= the life time of the optical Raman lattice 1.67t  s, which is
extremely long enough for realistic experiments.We note that othermore complicated possible heating
mechanisms, such as themultiband effects and atom-atom interaction, are not considered in the present study,
but deserves future efforts inmore systematic investigations.

6. Chiral spin liquid phase

Finally we turn to the realization of the J1-J2-Kmodel and show it has a large parameter region to support the
highly-sought-after chiral spin liquid (CSL)phase [43–45]. For this we consider a spin-1/2 two copy version of
theQAHmodel together with repulsive FermiHubbard interaction[figure 4 (a)], and have the total
Hamiltonian that H Hk k kk 0 int  = å +ˆ ( ) ( ) ˆ ( )†

with c c c ck k k k k, , ,a b a b
T =    

ˆ ( ) (ˆ ( ) ˆ ( ) ˆ ( ) ˆ ( )) and obtain

d Ik k , 23
x y z

0
, ,

 å s= Ä
a

a a
=

( ) ( ) ( )

H Un n , 24
i

i iint å=   ( )

whereU is the strength ofHubbard interaction. For simplicity we take that m 0z = . In the single-particle regime
each spin species forms aQAH insulatorwith the sameChern number, while in the large-U regime, the double
occupancy of each site will be fully suppressed, and the systembecomes aMott insulator.We can then derive an
effective spin-model by considering the perturbation expansionwith respect to t U t U,0 ¢m , with t t,0 ¢m being
small comparedwithU [46, 47]. For this we consider theHilbert spacewith single occupancy and treat the
hopping term 0 as perturbations. The effectiveHamiltonian is calculated by

H
U

, 25
n

n

neff
0

1


ås s

s s
á ¢ ñ =

á ¢ ñ
-

{ }∣ ∣{ } { }∣ ∣{ } ( )

where s ñ∣{ } and s¢ ñ∣{ } are two different spin configurationswith only single occupancy. Note that to reflect the
broken time-reversal symmetry in the spin-model, we should at least keep the terms up to third order of
t U t U,0 ¢m , which gives the three-spin interactions through triangular loops.We then reach the following
effectiveHamiltonian for the spin degree of freedom

H J J

K

S S S S

S S Ssin , 26

i j
i j

i j
i j

i j k
ijk i j k

eff
,

1
,

2

, , 

å å

å f

= +

+ ´
á ñ áá ññ

Î

· ·

( ) · ( ) ( )

where J t U J t U4 , 41 0
2

2 1
2= = with t t tA B1 = ¢ » ¢ , K t t U24 0

2
1

2= ¢ , and ijkf is the Aharonov-Bohmphase
acquired by hopping through a closed triangular loop. The spin operators are defined by
S c c c c 2i z i i i i, , , , ,= -   ( )† † , S c c c c 2i x i i i i, , , , ,= +   ( )† † , and S i c c c c 2i y i i i i, , , , ,= -   ( )† † . It is clear that the third

Figure 4. (a) Sketch of the spin-1/2 two copy version of theQAH system. The system is driven into the J1-J2-K spinmodel with large
repulsiveHubbard-U. (b)The phase diagram versus J J2 1 and K J1. A large region of chiral spin liquid phase is obtained due to the
three-spin interactions. The green point corresponds to J J K2 3.21 2= » .
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orderK-term emerges due to the time-reversal-symmetry breaking. The summation in the third termmeans
that each set of i j k, ,( ) consists of aminimum triangular. It can be verified that 2ijkf p= when 40f p= . In
this case all spins experience a uniformmagnetic field and the spin system respects the emergent translational
symmetrywhich, however, is not respected by the original free fermion system.We note that the next-order
coupling are four-spin interacting terms, with the four spins located in the four sites of a plaquette. Since the flux
across each plaquette isπ, the four-spin interacting terms do not break time-reversal symmetry, and are expected
to havemuchweaker effect on the chiral spin liquid phase. Themagnitudes of J1,2 are fully controllable by
tuning t0,1 throughV0̃ andRaman potentials.

We solve the spinonmean-field phase diagram, as shown infigure 4(b) (details can be found in the
appendix). It can be read that three different phases are clearly dominated by different interacting terms in Heff .
The antiferromagnetic (Neel) or stripe order is obtainedwhen the J1- or J2-term dominates. In the stripe phase
the staggered spin order exists only in the x or y direction. On the other hand, when the three-spin interactions
(K-terms) dominate, the CSL phase results [48–51]. In this regime, no symmetry-breaking order exists and the
spin degree of freedom is captured by the bosonic 1 2n = Laughlin state which has bulk semion excitations
and chiral gapless spinons in the edge [52].WhenK=0, the transition betweenNeel and stripe orders occurs at
J J 22 1= , where the systembecomesmost frustrated. Then increasingK above the point J J K2 3.21 2= » can
soon drive and stabilize theCSL phase. Note that the single-particle QAHE in the present systemwith t t20 1=
(corresponding to J J21 2= in the interacting regime) has a small bandwidth that is nearly 1/5 of the band gap.
This implies that one can reach theMott insulating regimewith aHubbardUwhich is not too largewith
respect to hopping coefficients. TakingV V E V E4 4 , 0.52R R R0 0= = =˜ andU E7.6 width= , we find
J J2 2 191 2 p» » ´ Hz and K J0.53 1» , which is in theCSL phase region.Wenote that the spinonmean-field
calculation only shows qualitative results of the predicted phases, while recent numerical simulation using
densitymatrix renormalization groupmethod also confirms theCSL phase in a similar spinmodel [53].More
advanced investigations of the current J1-J2-Kmodel are necessary andwill be presented in the next publication.

7. Conclusions

In conclusion, we have introduced themodel of optical Raman lattice without SO coupling to observe chiral
topological phases for cold atoms.We predict theQAHeffect with a large gap-bandwidth ratio in the single-
particle regime, and in the interacting regimewe realize the J1-J2-Kmodel which supports the chiral spin liquid
phase. TheQAH state can be detectedwith aminimalmeasurement strategy, say, by onlymeasuring the Bloch
states in the two symmetricmomentumpoints of the FBZ. Theminimized heating in our scheme and vast
tunability in parameters imply high feasibility for the observation of both the single-particle and strongly
correlated topological states. Generalization of the present optical Raman lattice scheme to other situations, e.g.
the high-orbital bands, 3D systems, andmore exotic lattice configurations, shall realize different classes of
topological states whichmight even have no prior analogue in solids. Especially, the correlation effects on such
topological phases should be particularly interesting. This work opens a broad avenue in both theory and
experiment for the studies of exotic topological states with cold atoms.
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Appendix

A-1.Optical raman lattice
As described infigure 1 of themain text, the electric field of the in-plane incident laser beam is

x E y z E zE cos sin e e . A1k x t k x t
0

i
0

i21 1a a= + +w w- -( ) ( ˆ ˆ) ˜ ˆ ( )( ) ( )

The initial relative phase between the light components of frequenciesω and 2w is irrelevant for the present
study and is neglected. The in-plane polarized components (x̂ and ŷ polarization components) generate the
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standingwaves

E k x y k y xE 2 cos cos cos e . A2xy
t

0 1 1
ia q f df q= - - + + + w q f df- + + -[ ( ) ˆ ( ) ˆ] ( )( )

Here θ is the phase acquired through the path frommirrorM3 to lattice center,f represents the phase acquired
by the laser beampropagating along the path from lattice center to themirrorM1, then toM2, andfinally to the
lattice center again (refer tofigure 1 of themain text), and df is the phase tuned through the electric-optic
modulator. For our purpose we set that df p= . On the other hand, the out-of-plane light components
generates the standingwave as
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where the additional 2p -phase shift in the later term is due to the 1/4-wave plate for the ẑ-component light
with frequencyω placed in the path frommirrorM3 to lattice center (figure 1 (a) of themain text). Note that
there is no interference between the two components with frequenciesω and 2w. It can be verified that the
magnitudes of the phases ( ,q f df- ) only lead to global shift of the lattice, and therefore are irrelevant to our
present study (they also do not affect the relative phase x yf f- relating to theRaman potentialsVRx andVRy).
We then set these phase factors as zero to facilitate the description.

Together with the periodic Raman potentials induced through both the in-plane laser and the one
propagating in z direction and having frequency w dw- , the total effectiveHamiltonian for the optical Raman
lattice is given by

H
p p

m
V x y V x t V y t

2
, , , , A4

x y
Rx Ry

2 2

sq=
+

+ + +( ) ˜ ( ) ˜ ( ) ( )

wherem is atommass, the double-well square lattice potentialV x y,sq ( ), the time-dependent Raman potentials
V x t,Rx ( ) andV y t,Ry ( ) take the forms

V x y V k x k y V k x y k x y
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x y
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V x t V t k x V y t V t k y, 2 cos cos , , 2 cos cos . A6Rx R y Ry R x1 1dw f dw f= - = -( ) ( ) ( ) ( ) ( ) ( ) ( )

The third term inV x y,sq ( ) leads to an onsite energy offset V1D = betweenA andB sites, withV1 being small
comparedwithV0. The second termwith amplitudeV0̃ reduces the difference in height of the barriers along the
AB-bond and the diagonal (AA/BB) directions. Thus it can enhance the diagonal tunneling relative to the
hopping coupling betweenA andB sites, providing vast tunability in parameters. The neighboring hoppings

betweenA andB sites are restoredwhen dw » D. Here we consider only the s-orbitals rs
j
,ym


( )( ) ( A B,m = ),

which are of even parity.

A-2. Spinonmeanfield approach
We solve the spinonmean-field phase diagram for the J1-J2-Kmodel with 2ijkf p= . Thismodel contains at
least three phases. First, when J1 dominates, the system is unfrustrated and it supports aNeel anti-ferromagnetic
order. Secondly, when J2 dominates, the system is also unfrustrated and can have a stripe anti-ferromagnetic
order, inwhich case the staggered spin order exists only in the x or y direction. Finally, whenK is large enough,
the systemprefers a chiral spin liquid state [43, 44].

The different phases can be studied using trial (meanfield)wave functionmethod.We introduce the anyonic

spinons f f f,i i i
T=  ( ) to represent the spin operators as S f f

2
i i i

s
= † under the particle number constraint

f f 1
i i =
† . In themeanfield theory forU(1) spin liquid, the spin interactions can be rewritten as the following,

S S
1

2
, A7i j ij jic c= -· ˆ ˆ ( )

S S S
i

ijk
1

2

1

6
cyclic h.c. , A8i j k ij jk kic c c´ = + -· {[ ˆ ˆ ˆ ( )] } ( )

where f fij ji i jc c= =ˆ ˆ † † is the spinon hopping operator. Herewe do not consider the spinon pairings since our
interest ismainly focused on theU(1) chiral spin liquid phases. In general the spinon hopping term is complex,
and the spin chirality term can give rise to a phase eifD, with Arg ji kj ikf c c c= á ñá ñá ñD ( ˆ ˆ ˆ ) theflux experience by
spinons after hopping through a close triangular loop. For chiral spin liquid state, in this workwe have
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numerically verified that the ground state corresponds to
2

f = p
D . Actually, with a Landau gauge choice for the

meanfield theory one can confirm that the 2p -flux state in each triangle has the lowest energy. Therefore, for
convenience we introduce the trialmeanfield parameters

,
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to decouple the spin interactions. Here 2c is assumed to be real and the hopping phase is carried by 1c for the
chiral spin liquid phase.With other gauge choice for themeanfield parameters we shall get the same phase
diagram. It is easiy to see thatwith the above trialmeanfield parameters the spinons experience a uniformU(1)
gaugefield, with themagnetic flux through each triangular being 2p and through each plaquette beingπ[44].

Furthermore, since the systemmay contains symmetry breaking orders at some parameter region, we also
need to introduce the followingmagnetization order parameters to describe theNeel order and stripe order,
respectively
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Nowwe can decouple the spin interactions by these (trial)meanfield parameters as
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Notice that both theNeel orderMn and the stripe orderMs are collinear, so they don’t appear in decoupling the
spin chirality interaction term S S Si j k´ · . In the chiral spin liquid phase M M 0n s= = , and from the above
expressions wefind that the spinons experience a uniformmagnetic fieldwhich leads to the quantumHall effect
for spin degree of freedom. Then the ground state of the chiral spin liquid phase is captured by the bosonic

1 2n = Laughlin state [52]which has chiral gapless anyonic spinon excitations in the edge [43, 44]. The phase
diagram can solved self-consistently based on the above decoupled formulas.
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