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Realization of Qi-Wu-Zhang model in spin-orbit-coupled ultracold fermions

Ming-Cheng Liang,">* Yu-Dong Wei,">" Long Zhang

12351 Xu-Jie Wang ®,"2 Han Zhang,'-> Wen-Wei Wang,'2

Wei Qi,"? Xiong-Jun Liu®,">%5% and Xibo Zhang ® 2438
!International Center for Quantum Materials, School of Physics, Peking University, Beijing 100871, China
2Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
3 International Quantum Academy, Shenzhen 518048, China
4Beijing Academy of Quantum Information Sciences, Beijing 100193, China
3Hefei National Laboratory, Hefei 230088, China

® (Received 6 September 2021; revised 3 July 2022; accepted 17 November 2022; published 17 January 2023)

Based on the optical Raman lattice technique, we experimentally realize the Qi-Wu-Zhang model for the
quantum anomalous Hall phase in ultracold fermions with two-dimensional (2D) spin-orbit (SO) coupling.
We develop an experimental protocol of pump-probe quench measurement to probe, with minimal heating,

the resonant spin flipping on a particular quasimomentum subspace called band-inversion surfaces. With this
protocol we demonstrate Dirac-type 2D SO coupling in a fermionic system, and detect nontrivial band topology
by observing the change of band-inversion surfaces as the two-photon detuning varies. The nontrivial band
topology is also observed by slowly loading the atoms into optical Raman lattices and measuring the spin
textures. Our results show solid evidence for the realization of the minimal SO-coupled quantum anomalous Hall
model, which can provide a feasible platform to investigate novel topological physics including the correlation

effects with SO-coupled ultracold fermions.
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The quantum anomalous Hall (QAH) effect denotes the
quantum Hall effect without the Landau levels due to an
external magnetic field [1,2]. Over three decades ago, Haldane
proposed the first fundamental model for the QAH effect
based on spinless fermions with staggered flux in a honey-
comb lattice [3]. However, the QAH phase has been realized
and widely studied only in the recent years [4—6] in solid-state
experiments based on the considerable progress of topological
insulators [7-9], which has been strongly promoted by the
other fundamental QAH model proposed by Qi, Wu, and
Zhang based on spin-1/2 fermions in a square lattice and
two-dimensional (2D) spin-orbit (SO) coupling [10,11].

The Qi-Wu-Zhang model [10] has broad impact on con-
densed matter research and quantum simulation. First, it is the
basic building block of the Bernevig-Hughes-Zhang model
[12] underlying the quantum spin Hall effect [7,8,12,13].
Second, it initiated a series of theoretical works [14—17] that
inspired the successful experimental realization of the QAH
effect based on magnetically doping a topological insulator
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[4—6]. Third, unlike the Haldane model where the s-wave
interaction cannot be directly added, the Qi-Wu-Zhang model
allows for incorporating the s-wave interaction and thus pro-
vides a promising route toward the realization of topological
superconductors [7,8,18-20] and topological superfluids [21].

Ultracold atoms provide a highly versatile platform capa-
ble of strictly implementing these fundamental QAH models
[22]. To realize the Qi-Wu-Zhang model, a novel scheme
based on the optical Raman lattice technique was proposed
to achieve Dirac-type 2D SO couplings in ultracold fermions
[21]. Follow-up studies on 2D SO couplings have been car-
ried out for Bose-Einstein condensates [23-26]. However, the
Qi-Wu-Zhang model has yet to be realized in any fermionic
system. Such an implementation is related to the nonin-
teracting limit of a four-Fermi-Wilson model [27,28] and
will provide a promising platform for further studies of in-
triguing correlated physics in interacting regimes, including
non-Abelian dynamical gauge fields [27,28] and topological
superfluidity [21].

Due to their insensitivity to external fields [29], alkaline-
earth atoms (AEAs) have additional advantages for realizing
highly stable SO-coupled systems and the Qi-Wu-Zhang
model. AEAs enable a unique technique, the optical ac Stark
shift [30], to achieve stable and spin-dependent ground-state
energy shifts [31]. Based on narrow-linewidth transitions,
one-dimensional (1D) SO couplings [32-34] have been im-
plemented, where heating due to spontaneous emission is
significantly suppressed.

In this Letter, we report an experimental realization of the
Qi-Wu-Zhang model in a fermionic system. We implement
this model using strontium (%’Sr) Fermi gases with 2D SO
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FIG. 1. Optical Raman lattice scheme for realizing the Qi-
Wu-Zhang model and 2D SO couplings for ultracold fermions.
(a) Experimental setup. The magnetic field B along the Z direction
defines the quantization axis of atoms. Two incident lasers are re-
flected to construct 2D optical lattices and Raman coupling lattices.
The strengths of optical lattices are different for the two spin states
(red for |1) and blue for ||)). Two sets of Raman couplings (£2;
and €2;) are formed with their maximum values residing in between
atomic positions (grid points). (b) Energy level diagram and the
Raman coupling scheme. The relative phase §¢ between 2; and €2,
is controlled by a composite wave plate A, shown in (a).

couplings induced by optical Raman lattices. A controlled
crossover between 2D and quasi-1D SO couplings and the
band topology are observed with a protocol of pump-probe
quench measurement developed here, which employs a Ra-
man pulse to drive momentum-dependent spin-flipping. The
identification of band topology is further supported by mea-
suring the spin texture in quasimomentum space after slowly
loading the fermions into optical Raman lattices. Our work
lays an experimental foundation for further studies of topo-
logical physics with ultracold fermions.

Experimental setup. We realize the Qi-Wu-Zhang model by
implementing an optical Raman lattice scheme [24,25] in 87Sr
Fermi gases. As shown in Fig. 1(a), two Raman beams, which
are both linearly polarized at a wavelength of 1y &~ 689.4 nm,
propagate along the X and —Y horizontal directions, intersect
at the atoms, and are each phase-shifted and retro-reflected to
form 2D optical lattices for a pair of spin ground states: |1
y= 1Sy |F = %,mp = %) and |}) = |%, %). Two pairs of or-
thogonal polarization components, (E,,, E,,) and (E,,, E,,),
form two independent lattices of Raman couplings (£2; and
€2,) between the |1) and || ) states. This 2D optical Raman lat-
tice configuration corresponds to a minimum model of QAH
Hamiltonian:

. )
H=_—+4V, 0y +Qxy + o, ey

2m 2
where m is the atomic mass, o, , . are Pauli matrices, and §y
is a two-photon Raman detuning. Here, the lattice potential

matrix is given by

_ VlauT(xv y) 0
‘/lan(x7 Y) - < 0 ‘/la"i(x, y) k]

V1106 ) = Voxq,y cos? kox + Voyq. | cos? ko, ()

and the Raman coupling matrix

0 Q)+ e%Q
QR(x,w:(QT Leegs 0 2) 3)

shall generate the SO couplings, where Voxq | (Vory,))
denotes the optical lattice depth along the X (Y) direc-
tion for the |1) or ||) state, 2(x,y) = Qo1 sin kox cos kyy,
Qs (x, y) = Qqp cos kox sinkyy, d¢ is the relative phase be-
tween two sets of Raman couplings, and the lattice spacing
and wave vector amplitude are given by a = A¢/2 and ky =
21 /A, respectively. These Raman beams are detuned rela-
tive to the 'So(F = 3) — 3Py (F’ = &) transition by —1 GHz
[Fig. 1(b)]. We further define an effective Zeeman splitting as
m; = 80/2 + (¢, — €,)/2, where €, is the on-site energy of
the 1) (]{)) Wannier function at §y = 0. In the tight-binding
regime when only the nearest-neighbor hopping is relevant,
Eq. (1) corresponds to the original Qi-Wu-Zhang Hamil-
tonian [10,23], A(qQ) =Y. h'(q)o; + Up(qQ)I, where q

is the Bloch wave vector, i*”¥ = 21, sin(qyya), h* = m, —
2fp[cos(gya) + cos(gya)l, Up(q) is an overall energy shift, and
I is the identity matrix. Here, ., and 7y = (fo + to;)/2 rep-
resent the spin-flip and mean value of spin-conserved (o4, )
hopping coefficients, respectively.

To isolate the |1) and || ) states from the rest of the ten nu-
clear spin ground states and to control their energy difference,
we apply an additional “shift beam” to induce optical ac Stark
shifts for 37Sr atoms [35]. As shown in Fig. 1(b), the shift
beam is blue-detuned by 690 MHz from the F = 5 — F’' =

% transition, which separates out an effective spin-1/2 mani-
fold with an energy difference of about 100 kHz between |1)
and |} ). Based on fractional laser intensity noise controlled to
the 10~ level, the stability of ac Stark shift is on the 10-Hz
level, which is comparable to the ultrahigh stability in the
Zeeman shift of an alkali metal atom under a 10-G magnetic
field with 1-ppm control [36].

We prepare and detect SO-coupled fermions as follows.
An almost spin-polarized ultracold ¥’Sr Fermi gas is pre-
pared by optical pumping and subsequent evaporative cooling
[35,37]. About 6 x 10* atoms are cooled to a temperature
below 200 nK; 85% of these atoms are polarized into the |1)
state. The shift beam intensity is ramped to its final value,
and the optical Raman lattices are then turned on suddenly
(for quench measurements) or slowly (for slow loading) to
generate SO couplings. In the end, we shut off all lasers
within 1 ps and perform spin-resolved time-of-flight (TOF)
measurements [26,34] to extract the atomic distributions n4 |
of the |1) and || ) states [35]. The spin texture is then given by
the spin polarization P(q) = % in the first Brillouin
zone.

Pump-probe quench measurement. We develop a protocol
of pump-probe quench measurement (PPQM) to probe SO
couplings and band topology. As shown in Fig. 2(a), we
initially prepare atoms in the |1) state without lattice, and

i=x,y.2

L012006-2



REALIZATION OF QI-WU-ZHANG MODEL IN ...

PHYSICAL REVIEW RESEARCH 5§, L012006 (2023)

(a) 6 1ms
849
\

L
o \/\/‘ | Shift beam
.
[ —

v ' Raman beam H

i

TOF starts

Imbalance parameter W

0.4!

-180 90 0 90 op(deg)

-0.6 > o
-180 -90 0 20

Sp (deg)

FIG. 2. Pump-probe quench measurement and the demonstration
of 2D SO couplings in ultracold fermions. (a) Diagram of the pump-
probe quench measurement. (b) TOF images of atoms in the || ) state
under various relative phase d¢ between two Raman couplings. The
cyan square marks the size of the first Brillouin zones. (¢) Crossover
between 2D and quasi-1D SO couplings, presented by the imbalance
parameter W as a function of d¢. Black circles are measurements
and the blue line is a fit. An optimum 2D SO coupling is achieved
at W = 0, where the diffracted atomic population in the first and
third quadrants (N;.,) equals that in the second and fourth quadrants
(N344). Upper inset: Illustration of N 5 3 4. Lower inset: Original data
of Ny4, and Ns4. Error bars represent 1o statistical uncertainties.

suddenly shine a pulse of optical Raman lattice onto these
atoms for a short period of time (denoted as the “pump”
part). We then shut off all traps and perform spin-resolved
TOF probe of atomic distributions (denoted as the “probe”
part), with the results being mapped to the quasimomentum
space of the optical Raman lattice. Due to the pulse, atoms
in the |1) state can be selectively pumped to []) at those
quasimomenta where the lowest spin-up and spin-down bands
are inverted and coupled resonantly by two-photon Raman
transitions, namely, at the band-inversion surface (BIS) which
is a 1D ring or open line structure for the present system in 2D
optical Raman lattices [38]. The BISs are an essential concept
to depict nontrivial band topology with lower-dimensional
information [38—46].

The PPQM technique is a new protocol that combines
two important experimental methods: the pump-probe mea-
surement, as widely applied in condensed matter experiments
[47—49] and ultrafast optics studies [50,51], and the quench
measurement, as applied in previous cold-atom and solid-state
experiments [26,44-46,52-59]. Compared with conventional
pump-probe measurements, the PPQM protocol pumps atoms
from ground state of initial Hamiltonian to the states of
a completely new Hamiltonian, rather than to the excited
states of the original Hamiltonian, revealing the band topol-
ogy of the new Hamiltonian. Compared with conventional
quench measurements, the PPQM protocol switches on the
postquench topological Hamiltonian during the application
of a very short pulse (Zguench = 200 us [35] in this work),

which pumps the atoms to the states of the new Hamiltonian,
rather than inducing oscillatory quench dynamics of a steady
Hamiltonian. Thus, the PPQM technique can maximally sup-
press detrimental effects like heating and has the advantage in
exploring intriguing topological quantum physics even with
only short lifetimes. For example, the PPQM method holds
the promise to promote studies of non-Hermitian topological
systems [60—64] in the quantum regime, where the characteri-
zation of such quantum systems (e.g., those based on ultracold
atoms) is often hampered by short lifetime and heating effect.

SO coupling and band topology. We first demonstrate a
continuous crossover between 2D and quasi-1D SO couplings
based on PPQM. The relative phase §¢ between two Raman
couplings (that are proportional to E,,E” and E, E*) can
be tuned by a variable composite wave plate [35] [see App in
Fig. 1(a)] that plays the role of an electro-optic phase mod-
ulator controlling the phase shift between E,, and E,, [25].
Figure 2(b) shows a series of momentum distribution of atoms
transferred to || ), where the typical line segments along the
X + Y and X — ¥ directions are consistent with the BIS under
the corresponding experimental condition. Four groups of || )
atoms [marked by N; to N4 in the upper inset of Fig. 2(c)]
appear in accordance with the four directions, (%ko, ko),
of SO-coupling-induced momentum transfer. As ¢ changes,
Ni42 shows an out-of-phase variation with respect to Nzi4
[lower inset of Fig. 2(c)]. We further define the population
imbalance

_ (N1 +N2) — (N3 + Ny)
(N1 4+ N2) + (N3 + Ng)’

“

and observe that W obeys a sinusoidal dependence on
3¢ [Fig. 2(c)], as shown by a fit to the function W =
Whnax cos(8¢) [25,35]. Here, d¢ = 0° or —180° corresponds
to that only o, remains in the Raman coupling matrix, which
is similar to 1D SO couplings for fermions in free space
[34,65,66]. By contrast, the optimal 2D Dirac-type SO cou-
pling [24] is achieved at §¢ = £90°, where balanced || )
populations of N; ~ N4 are observed with W = 0. These
results reveal the crossover between 2D and quasi-1D SO
couplings in our fermionic system, where the optimal 2D SO
coupling is chosen as the experimental condition for subse-
quent measurements.

Next, we perform tomographic studies of the postquench
band topology based on PPQM at various two-photon detun-
ings. We choose VOXT = VOYT = 0.6E0, VOXi = V0y¢ = 0.3E0,

Qo1 = 0.53E, and Qg = 0.22E,, where Ey = 4 s the re-
coil energy. Figure 3(a) shows that under different m, values,
atoms are pumped to the ||) state at different quasimo-
menta in the first Brillouin zone (FBZ), and the maximum
density of these ||) atoms shows ringlike structures in the
2D distributions. As m, increases from negative to posi-
tive, the ring structure shrinks toward the center of FBZ
(I" point), which characterizes a topological transition [38].
Figure 3(b) shows numerical simulations that are very similar
to the measurements. We further perform azimuthal averaging
of each 2D distribution in Fig. 3(a) and then extract a “ring
radius” Ryipe that corresponds to the maximum density in the
1D profile, as showcased in Figs. 3(c) and 3(d). In Fig. 3(e),
the measured ring radii Ry, are presented together with a
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FIG. 3. Tomographic determination of postquench band topol-
ogy based on PPQM. (a), (b) Experimental observation of band-
inversion ring structures (a), represented by pumped || ) atoms in
the first Brillouin zone after quenches, which provides a key feature
of the postquench band topology and agrees well with numeri-
cal computation (b). The distinct patterns in which band-inversion
rings surround the I"(0, 0) or M (£ky, ko) point mark two different
topological regimes. (c), (d) Azimuthally averaged profiles of char-
acteristic 2D distributions in (a), under m_/Ey = —0.42 (c) and 0.41
(d), which are used to determine the ring radius Ryin,. (€) Measured
radii Rype as a function of m, are compared with the computed
momenta of the BIS (red solid line). Dashed lines mark Ry, = 0
and +/2ky, corresponding to two boundaries of the whole topological
regime and an extracted m, width of (1.93 4 0.12)E, based on the
measurements. Error bars represent 1o statistical uncertainties.

series of computed average radii of the BISs [35], showing
good agreement between the measured and computed val-
ues. In particular, our measurements cross with the upper
and lower boundaries of Ry, at two m; values separated by
(9.3 £ 0.6) kHz, corresponding to a width of (1.93 & 0.12)Ej.
This result agrees well with the numerically computed m,
width of 1.93E, for the topological regime based on exact
diagonalization of the Hamiltonian Eq. (1) [35] and Chern
number analysis [23,35,67], showing the remarkable feature
that the PPQM protocol reveals accurate information of the
band topology for the Qi-Wu-Zhang model.

Determination of band topology. In order to further reveal
the energy band topology, we measure the spin textures after
a Fermi gas is slowly loaded into the optical Raman lattices.
For this purpose, the Fermi gas is initially populated in the
[1) state and then slowly loaded into 2D optical Raman lat-
tices in 11 ms and further held for 1 ms. This ramp time
is an order of magnitude longer than the typical interband
relaxation timescales [35] such that our measured spin tex-
tures reveal the property of the lowest energy band. Here, the
two-photon detuning remains fixed during the loading pro-
cess; we choose Voxy = Voyy = 0.7Ep, Vox, = Vor, = 1.2E,
Q01 = 0.80E), and 2y, = 0.33E). As shown in Fig. 4(a), the
majority of atoms occupy the |1) state at m, = —0.6Ey, while
they occupy the |]) state at m, = 0.6E,. The spin texture
experiences a smooth change between these two cases as m,
increases. Figure 4(b) shows the corresponding simulations
for zero temperature, exhibiting behaviors similar to the mea-
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FIG. 4. Determination of band topology based on spin texture
measurements. (a) Measured spin textures after slowly loading the
atoms into optical Raman lattices. Red and blue colors denote |1)
and || ), respectively. (b) Numerical simulations for zero temperature.
(c) Spin polarizations at four highly symmetric momenta in the
FBZ: T'(0,0), X;(0, ko), X»(%ko, 0), and M (Fko, ko). (d) The
sign product © = I1%_ sgn[P(A;)] and extracted Chern number Ch;,
as a function of m;,. (e) Widths of the topological regime for m,:
PPQM (empty circles), slow loading (empty squares), theory under
experimental conditions (solid diamonds), and theory under vanish-
ing SO couplings (dashed line). Here (W, + W,)/2 is the average of
the bare ground bandwidths for |1) and || ). Error bars represent 1o
statistical uncertainties.

surements [35]. Based on the spin textures, we determine
the spin polarizations P(A;) at four highly symmetric points
A1’2,3’4 = F(O, 0), Xl (0, :tk()), Xz(zl:k(), 0), and M(:I:k(), :i:k())
in the FBZ [Fig. 4(c)], and further determine the Chern num-
ber according to the signs of P(A;) [23,35,67]. As shown
in Fig. 4(d), we extract a trivial-to-topological transition at
m;/Ey = (—0.46 £ 0.09), and another topological-to-trivial
phase boundary at m_/Ey = (0.60 £ 0.20). These experimen-
tally determined phase boundaries are to be compared with
numerically computed results of m,/Ey ~ +0.93; the mea-
sured topological regime has a width that is 57% of the
numerical result [Fig. 4(e)]. By comparison, PPQM deter-
mines a width of topological regime that is (100 & 6)% of
the numerical result. Therefore, both the loading measurement
and PPQM reveal the band topologies and are consistent with
each other. Furthermore, PPQM is superior in accurately de-
termining the phase boundaries.

Discussion and conclusion. We discuss the lifetime of
our system. Near m, = 0, we hold the SO-coupled fermions
for different periods of time, measure the decay of the total
atom number, and determine a 1/e lifetime [35] of 75 = 11
ms in typical experimental configurations for two-spin
2D-SO-coupled Fermi gases. Even with such limited lifetime,
we are able to clearly detect the relevant information on SO
couplings and band topology based on the PPQM scheme
developed in this work, whereas such important physical
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information cannot be detected using conventional quench
measurements [35].

At present, 1y is limited by technical impediments such
as residual moving lattice potentials and has not reached the
scattering-rate-limited value [35]. In future experiments, we
expect to enhance the lifetime to over 100 ms by imple-
menting a new optical Raman lattice scheme that eliminates
moving lattice potentials. With a longer lifetime, the realiza-
tion of the Qi-Wu-Zhang model in ultracold fermions shall
facilitate further studies of equilibrium and nonequilibrium
topological physics.

In summary, we have realized the Qi-Wu-Zhang model
with 2D-SO-coupled ultracold Fermi gases. We developed a
robust pump-probe quench measurement protocol to probe the
band topology with minimized heating effect. The band topol-
ogy with 2D SO coupling is observed by measuring the BISs
and spin textures. The realization of the Qi-Wu-Zhang model
with spinful ultracold fermions enables the tuning of on-site
interactions [68] and can provide a platform for further studies
of the interplay between quantum correlations and topological
physics [69,70]. Future developments of our system also hold
the promise to study correlated quantum dynamics [38,71—
73], simulate dynamical gauge fields [27,28,74—78], and ex-

plore topological superfluids [19,21,79,80] and topological
orders in the interacting regimes [81-83].
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