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PHYSICS

Observation of symmetry-protected topological band

with ultracold fermions

Bo Song,'* Long Zhang,>>* Chengdong He,'* Ting Fung Jeffrey Poon,*? Elnur Hajiyev,’

Shanchao Zhang," Xiong-Jun Liu,>**" Gyu-Boong Jo'*

Symmetry plays a fundamental role in understanding complex quantum matter, particularly in classifying topological
quantum phases, which have attracted great interests in the recent decade. An outstanding example is the time-
reversal invariant topological insulator, a symmetry-protected topological (SPT) phase in the symplectic class of the
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Altland-Zirnbauer classification. We report the observation for ultracold atoms of a noninteracting SPT band in a
one-dimensional optical lattice and study quench dynamics between topologically distinct regimes. The observed
SPT band can be protected by a magnetic group and a nonlocal chiral symmetry, with the band topology being
measured via Bloch states at symmetric momenta. The topology also resides in far-from-equilibrium spin dynamics,
which are predicted and observed in experiment to exhibit qualitatively distinct behaviors in quenching to trivial and
nontrivial regimes, revealing two fundamental types of spin-relaxation dynamics related to bulk topology. This work
opens the way to expanding the scope of SPT physics with ultracold atoms and studying nonequilibrium quantum

dynamics in these exotic systems.

INTRODUCTION

The discovery of the quantum Hall effect in a two-dimensional (2D)
electron gas (1, 2) brought about a new fundamental concept, topological
quantum phase, whose characterization is beyond Landau symmetry-
breaking theory, to condensed-matter physics (3). Recent extensive
studies have generated two broad categories of topological matter, the
topologically ordered phases (4-6) and symmetry-protected topological
(SPT) phases (7-10), which exhibit long- and short-range quantum
entanglement, respectively. Unlike topological orders, which are robust
against any local perturbations, an SPT phase with a bulk gap has gapless
or degenerate boundary modes that are only robust against local pertur-
bations, respecting the given symmetries. The earliest examples of SPT
phases include the 1D Su-Schrieffer-Heeger (SSH) model for fermions
(11) and the spin-1 antiferromagnetic chain for bosons (12). The search
for new SPT phases has been greatly revived in the recent decade due to
the groundbreaking discovery of time-reversal invariant topological in-
sulators in 2D and 3D materials, which exhibit symmetry-protected
helical edge or surface modes at the boundary and are characterized by
a Z, invariant (13, 14). Topological insulators also inspired generaliza-
tions to SPT phases arising from spatial symmetries, in unconventional
superconductors and superfluids (15).

Despite the broad classes of SPT phases predicted in theory, only a
small portion of these phases have been observed in the experiments. In
comparison with solid-state materials, ultracold atoms are extremely
clean systems, which can provide controllable platforms in exploring
new SPT phases, with many theoretical schemes having been proposed
(16-18). To date, some of the novel topological features of the SSH
model have been probed in experiments with ultracold bosons (19-21),
whereas the realization of the SPT phase, which can only exist for fermions
in the noninteracting limit, has not been reported. Here, we propose and
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realize, for the first time, a 1D optical Raman lattice of fermions, which
hosts a new SPT phase that is beyond particle-hole or chiral symmetry
protection, as usually required in Altland-Zirnbauer (AZ) classification
of 1D states (15, 22). We measure the topology via Bloch states at sym-
metric momenta (23), and the quench dynamics and unveil two funda-
mental types of spin-relaxation mechanisms related to band topology in
this SPT system.

RESULTS AND DISCUSSION

SPT phases

We start with the Hamiltonian for spin-1/2 ultracold fermions trapped
in a 1D optical Raman lattice potential (Fig. 1A), whose realization in
experiment will be presented later

2 Vlatt x) + Vlatt x )
H— f_;;l 1 ()2 ! () ®i
5 Vlatl x) _ Vlatt(x
+ 5+¥ 6. + M(x)o, (1)

where p? /2m is the kinetic energy for motion in the x direction, 1 is a
two-by-two unit matrix, o, are Pauli matrices in spin space, V%‘“f (x) =
V; | cos®(kox) denote the 1D optical lattice potentials for spin | 1, | )
states, with V| being the lattice depths and ko = /a (a is the lattice con-
stant), the Raman lattice potential M(x) = M, cos(kqx) with amplitude
M,, and & is the two-photon detuning of Raman coupling.

The Hamiltonian (Eq. 1) supports novel topological phases protected
by symmetries. With the lattice potential V%f“f (x), the spin-conserved
hopping (t;,) is induced, whereas the Raman potential M (x) accounts
for the hopping (t,,) that flips the atomic spin (Fig. 1A). The Bloch
Hamiltonian for the lowest s-band physics can be obtained by H (m) =
—2ty €084ac; + 2t Sing,ac, + m.c + 21; cosqxa 1(see the Supple-
mentary Materials), where we take 1 = (m,m,m.) for a generic study,
qx as the Bloch quasi-momentum, and the hopping coefficients t,; =
(t; = t))/2. The Hamiltonian H with m, = 0 exhibits a chiral symmetry
defined by 6, Ho, = —H if the lattice is spin-independent V%““ = Vf‘”,
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Fig. 1. SPT phases and band topology. (A) Sketch of the 1D Raman lattice model. A spin-dependent lattice potential induces spin-conserved hopping, whereas the Raman
potential contributes to spin-flip hopping. (B) Bulk and boundary energy spectra obtained by full-band diagonalization with a Zeeman perturbation field of strength 0.1, and
along the z (o, orange circles), y (o, blue triangles), and x (c,, green squares) direction, respectively. The in-gap states are boundary modes. The parameters are taken as V| = 5,
and My = 1.0E, [the same for (C) and (D)]. (C) Band structure (the second row) and spin textures of both the lowest band (the third row) and the second band (the first row)
for & = —0.2E, (left), § = 0.7E, (middle), and & = 1.5E, (right), respectively. (D) The spin polarizations at I" and M points of the lowest band determine the topological trivial (n = 0) and

nontrivial (n = 1) regimes.

which gives ¢, = |, and belongs to the AIII class according to the AZ
classification (16, 22). The topology of this AIII class phase is quantified
by an integer winding number (Z) in the single-particle regime, pictorially
characterized by the circles that the spin of Bloch states winds over the
first Brillouin zone (FBZ), and determines the number of midgap end
states due to bulk-boundary correspondence. Furthermore, in the inter-
acting regime, it was shown that the topology of the 1D AIII class to-
pological insulator is reduced from Z to Z4 (16), which is closely related
to the Fidkowski-Kitaev Zg classification of 1D interacting Majorana
chains of the BDI (chiral orthogonal) class (24).

The striking result is that a new topological phase can be achieved
beyond the chiral symmetry protection when the lattice depths V%atf and
t;,, are spin-dependent, in which the regime with no chiral symmetry pre-
serves and the bulk energy spectrum is asymmetric. From the numerical
results in Fig. 1B, one finds that the midgap and degenerate end states
are obtained for m = myé,and m = m_é_, respectively, whereas only a
nonzero m, term splits out the degeneracy. The existence of midgap or
degenerate end states manifests new SPT phases, as shown below. We
first consider the case withm = 0. One can verify that H(m = 0) satisfies
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a magnetic group symmetry defined as the product of time-reversal
and mirror symmetries (see the Supplementary Materials), giving M, =
0.K ® R, with M,H(q)M, ' = H(—gy), where K is the complex
conjugate, and R, denotes the spatial reflection along the x axis. Besides,
the Hamiltonian also satisfies a nonlocal chiral symmetry defined as
S = 6,®T, (ko) ®R,, where T, (k) is a ky-momentum translation, yielding
SH(q,)S™' = —H(qy). The midgap end states at left-hand (|y)) and
right-hand (Jwg)) boundaries are protected by the both symmetries under
a novel mechanism. First, by definition, both M, and S transform one of
|wi/r) to the other. Moreover, their commutation and anticommutation
relations with 7 imply that the magnetic group symmetry (nonlocal
chiral symmetry) connects the two end states with identical (opposite)
energy, which forces the two end states |y r) to be of zero energy (that
is, midgap states in the presence of both symmetries), which is the case
for m along the y axis. The m, term keeps the M, symmetry, hence
protects the end-state degeneracy, with the degenerate end modes
existing as long as the gap is not closed and is in the topological regime
for |m,| < 2t (see the Supplementary Materials), whereas the m, term
breaks the M, symmetry and splits out the degeneracy, leading to the
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examination of the adiabatic control, we show that the SPT band can be
converted into the trivial one and restored back to the topological one,
as shown in Fig. 4E. The spin texture and its invariant measured at each
time (0, 6, and 12 ms) are consistent with the equilibrium case.

Spin relaxation dynamics after quench

Having known the spin textures in equilibrium and their topological
invarijants, we now turn our attention to the far-from-equilibrium spin
dynamics after the quench between the trivial and the topological re-
gime. Using the dynamic control of the Hamiltonian, we particularly
consider a bidirectional quench between the topological regime [5 =
0.8(3)E,] and the polarized spin-| 1 ) trivial regime [8 = —2.1(3)E,] with
the trap frequency , = 21 x 241(20) Hz and monitor the spin dynamics
under the postquench Hamiltonian. Figure 5 shows experimental mea-
surements of spin polarization at symmetric points after bidirec-
tional quench, which reflects the topological nature of the postquench
Hamiltonian. If the system is quenched to the topological regime with
spin-orbit fields (Fig. 5A), then the g,-dependent effective magnetic
(spin-orbit) field leads to spin wave-like collective dynamics with spin
relaxation to the final state. This is in sharp contrast to the case that the
system is quenched to the trivial band where the spin is averagely polar-
ized to the z direction and the dominant spin dynamics show mo-
notonous relaxation (Fig. 5B). It shows that the collective oscillation
exhibits a frequency larger than the trapping frequency. This is because
the trapping-induced intraband transition can experience an energy
detuning between Bloch states at different momenta, which enhances
the collective oscillation frequency (see the Supplementary Materials).
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Fig. 5. Far-from-equilibrium spin dynamics after quench to SPT and trivial
bands. (A and B) Measured spin dynamics after a quench from trivial to topological
(A) or from topological to trivial (B). The parameters are V; = 1.1(1)E,, V| = 4.2(4)E, and
Mo = 1.88(10)E,. The two-photon detuning is set to be § = —2.1(3)E, and 0.8(3)E, for the
trivial and topological regime, respectively. The shaded region serves as a visual guide.
(Cand D) Numerical calculations of the quench dynamics. Parameters all take the same
values as in (A) and (B), except & = —1.5E, (8 = 0.8E,) for the trivial (topological) regime.
The temperature is set at T= 150 nK. The decay coefficient is taken as y = 0 for (C)
and y = 0.08 for (D).

Song et al., Sci. Adv. 2018;4:eaa04748 23 February 2018

The observed topology-dependent spin dynamics show a quite very
good agreement with numerical calculations taking into account the
trap geometry, the finite temperature effect, and the dissipation process
(Fig. 5, C and D). We emphasize that in the simulation of Fig. 5C, a
vanishing decay coefficient has been chosen, while the simulation
matches well with the experimental observations. This indicates that
the spin dynamics in the quench to the topological regime are dominated
by the trapping-induced intraband scatterings. We note that, although in
general, the quench spin dynamics studied here may not be able to dis-
tinguish the phase close to the critical point of phase transition, the ob-
served spin relaxation dynamics reflect the topological property of the
band away from critical point after quench.

CONCLUSION

The novel SPT band we uncovered here highlights the great capabilities
to realize and explore new topological physics with ultracold atoms. In
particular, the study may open the way to observing all SPT phases of
1D in the AZ classification (9), including the chiral topological state
of AIII class, which can be readily achieved by considering a spin-
independent, rather than spin-dependent, optical lattice in Eq. 1 (16),
the BDI and D classes of superfluids by adding attractive interactions
(35), and also the exotic phases protected by nonsymmorphic sym-
metries (36, 37). Compared with the solid-state materials, whose com-
plicated environment generally causes difficulty in engineering the
symmetries, the full steerability of ultracold atoms can enable a precise
study of broad classes of SPT phases, of which probing the reduction
of topological classification of SPT phases from single particle to inter-
acting regimes is a most fascinating topic has been extensively dis-
cussed in theory (9, 24, 38, 39). This important issue is very difficult
to investigate in solid-state experiments because of the great challenges
of realization but it is promising for ultracold atoms based on the cur-
rent study with properly engineered interactions (16, 40).

Further generalization of the present study to higher dimensional
systems also offers the simulation of quantum phases beyond natural
conditions. For example, 2D tunable Dirac semimetals driven by spin-
orbit coupling can be readily achieved by applying the present scheme to
2D systems (41) and are of particular interests because a spin-orbit-
coupled 2D Dirac semimetal is still not available in solid-state materials
(42). By tuning attractive interactions, the novel topological Fulde-Ferrell
superfluid (43, 44) and Majorana zero modes protected by Chern-Simons
invariant (45) have been predicted in these 2D Dirac semimetals. Finally,
the nonequilibrium quench dynamics unveiled in this work show novel
spin relaxation dynamics related to bulk topology. Generalization of the
quench study to higher dimensional systems is expected to bring about
more nontrivial quantum spin dynamics (46), which may provide in-
sights into the understanding of nonequilibrium many-particle dynamics
in the exotic phases.

MATERIALS AND METHODS

Experimental procedure

A degenerate equal mixture of Ny | =5 x 10° '°Yb atoms at T/ Ty = 0.4
was prepared after forced-evaporative cooling in an ODT (28, 47),
where T is the Fermi temperature of the trapped fermions with a
trapping frequency of ® = (w.0,;)* = 21 x 126 Hz A quantized ax-
is was fixed by the bias magnetic field of 5 G applied along the Z direc-
tion. Before the two-photon Raman transition that couples | 1 Yand | | )
states was switched on, the intensity of the 6 -polarized light (called a
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lift beam) was linearly ramped up within 3 ms to lift the degeneracy of
the ground levels. Simultaneously, we compensated the antitrapping ef-
fect of the blue-detuned light by increasing the depth of the dipole trap.
A pair of Raman and lattice beams, with fixed two-photon detuning 3,
was then exponentially ramped to the final value with the time constant
of 1="7 ms, by which fermions were adiabatically loaded into the optical
Raman lattice. Finally, the two-photon detuning & (or equivalently )
was changed on demand, depending on the experiments. In the mea-
surement of the topological invariant, the fermions were directly loaded
into the Raman lattice with the fixed value of m,. In the measurement of
quench dynamics, two-photon detuning was suddenly switched from
the initial (§ = 0.8E,, corresponding to the topological phase) to the final
value (8 = —2.1E,, corresponding to the trivial phase) and vice versa (see
fig. S5).

To obtain a TOF image sensitive to the spin state, we applied 556-nm
blast pulses resonant to 1S, — 3Py(F' = 7/2) transition before the 6-ms
TOF expansion. Using a 399-nm light resonant to 1Sy — °Py(F =7/2)
transition with a blast pulse, three absorption images were obtained,
providing a TOF atomic distribution Z,,, after killing mz-state atoms
for 200 to 400 ps. Finally, an atomic distribution of mg = 5/2 and mg =
3/2 atoms was extracted from Z,,, 3/, — Z,,—5/23/2 and Z,,,—5/, —
T np=s/23/2> respectively. We integrated the whole atomic cloud along
the k, direction and obtained the atomic profile in the k, momentum
domain, as described in fig. S6.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/2/eaao4748/DC1

Supplementary Text

fig. S1. Total spin polarizations of the lowest two bands at I" and M points.

fig. S2. Energy spectra of 1D Raman lattice Hamiltonian H, given by Eq. 1 in the main text, with
open boundary condition, showing the existence of midgap end states.

fig. S3. Quench dynamics under various conditions.

fig. S4. Electronic hyperfine level of '73Yb atoms and Raman coupling.

fig. S5. Experimental sequences.

fig. S6. Spin-sensitive TOF images.
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