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Nontrivial topology in lattices is characterized by invariants—such as the Zak phase for one-
dimensional (1D) lattices—derived from wave functions covering the Brillouin zone. We realized
the 1D bipartite Rice-Mele (RM) lattice using ultracold 3Rb and focus on lattice configurations
possessing various combinations of chiral, time-reversal and particle-hole symmetries. We quenched
between configurations and used a form of quantum state tomography, enabled by diabatically tuning
lattice parameters, to directly follow the time evolution of the Zak phase as well as a chiral winding
number. The Zak phase evolves continuously; however, when chiral symmetry transiently appears in
the out-of-equilibrium system, the chiral winding number becomes well defined and can take on any
integer value. When quenching between two configurations obeying the same three symmetries the
Zak phase is time independent; we confirm the dynamically induced symmetry breaking predicted
in [M. McGinley and N. R.Cooper, PRL 121 090401 (2018)] that chiral symmetry is periodically
restored at which times the winding number changes by £2, yielding values that are not present in

the native RM Hamiltonian.

Topological invariants robustly classify gapped quan-
tum systems in equilibrium. In addition to dimension-
ality, the presence or absence of symmetries determines
the topological invariants that characterize them [1-3].
Thus, these invariants remain constant provided that no
gaps close and reopen and no symmetries are added or
removed. One might expect the topology of dynamical
quantum systems to be similarly robust; this expecta-
tion is untrue. We experimentally study the changing
topology of ultracold atoms in a one-dimensional (1D)
bipartite lattice in terms of the Zak phase [4] and chi-
ral winding number. As predicted by Ref. [5], we find
that these quantities can evolve in time depending on
how symmetries change between the initial state and the
evolution Hamiltonian.

Despite their relative simplicity, 1D bipartite lattices
have nontrivial topology [6] characterized by the Zak
phase

bz =i / dg (4(0)] 0y [¥(a)). (1)

a Berry’s phase [7] resulting from the distribution of
crystal momentum states |1(q)) throughout the Brillouin
zone (BZ). We implemented a general approach for ob-
taining the Zak phase by measuring the wave function
through a form of quantum state tomography [8] and
directly evaluating Eq. (1). The Zak phase has been
previously measured using a special purpose interfero-
metric technique with cold atom [9] and in photonic sys-
tems [10, 11] and resonant circuits [12].

We employed a bipartite optical lattice [13, 14] to re-

alize the Rice-Mele (RM) Hamiltonian [15]
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where j labels the unit cell; T and | identify sub-lattice
sites that we associated with a pseudospin degree of free-
dom; and J and J’ are the inter- and intra-cell tunneling
strengths respectively. For the special case of A = 0
the RM Hamiltonian reduces to the highly symmetric
Su—Schrieffer—Heeger (SSH) Hamiltonian [16]. The SSH
Hamiltonian obeys a chiral sublattice symmetry (CS)
SHS? = —H with § = 6., a particle-hole symmetry
(PHS) CH*CT = —H with C = 4., as well as time-
reversal symmetry (TRS) TH*Tt = H with T = I. [17].
As shown in Fig. 1(a), we label lattices with A = 0 and
J > J' as configuration I (topologically non-trivial with
¢z = m), and those with A = 0 and J’ > J as configu-
ration IT (topologically trivial with ¢z = 0).

In the RM model (with only TRS), the Zak phase is
real valued and defined mod 27; for the SSH model (with
all three symmetries) the constraint on the Zak phase
changes to ¢z /m = v, defining an integer valued winding
number v. Here, CS constrains the eigenstates of Eq. (2)
to reside in the equatorial plane of the Bloch sphere, and
the topological invariant v counts the number of times
the state encircles the equator as ¢ traverses the BZ [6,
18, 19].

We experimentally and numerically study initial states
characterized by two different symmetries and evolve
them according to the SSH Hamiltonian in both the triv-
ial and topological configurations. When PHS and CS
are absent in the initial state, ¢y evolves in time, ex-
cept when J = 0 [20]. When no symmetries change ¢
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FIG. 1. (a) Adiabatic potentials colored according to the lo-
cal magnetization for configurations I and II with the j = 0
unit cell marked in gray, computed for (24 = 13.2Egr,Q_ =
5.5ER, Qi = 3.5ER). (b) Pseudospin evolution in the “y” and
“z” readout lattices. The left panels plot (F)(t) evolvmg ac-
cording to the lattice pictured in its inset (experiment: sym-
bols, theory: solid curve); times up to the rotation time for
the readout lattice are shown with solid symbols/curves, while
evolution after is shown with open symbols/dotted curves.
The right panels show the computed evolution on the Bloch
sphere for these trajectories along with the axis of rotation in
blue.

is time independent; however, in agreement with Ref. 5,
the time-evolving state periodically recovers CS at times
where the winding number v becomes well defined: dy-
namically induced symmetry breaking. Remarkably we
observe v alternating either between —1 and +1 or be-
tween 0 and —2 even though the SSH model only allows
winding numbers 0 and +1.

Ezperimental System.—QOur experiments began with
harmonically trapped 8%7Rb Bose-Einstein conden-
sates [BECs, with trap frequencies (fs,fy,f:) =
(25,150,100) Hz| in the |f =1,mp = —1) hyperfine
state, that experienced two “Raman” fields (generated by
lasers with wavelength Ag &~ 790 nm and Rabi frequen-
cies 4 and Q_) and one radiofrequency (rf) magnetic
field (with Rabi frequency €2,¢ and phase ¢, with respect
to the Raman fields), coupling the |f =1,my =0,=£1)
hyperfine states. The single photon recoil wave-vector
kr = 27/Ar and energy Er = h®k% /2m specify the nat-
ural momentum and energy scales of this system. This
combination of Raman and rf fields approximates the RM
Hamiltonian [21] derived from the adiabatic potentials
in Fig. 1(a), with unit cell sized Ag/2. In practice ¢,¢
controlled the energy splitting A and selected the SSH

configuration [21].

We loaded the BEC into the lattice in a three step
process. First, the rf and Raman fields ramped on in
2.5 ms, transferring the BEC to the lowest band of an
initialization lattice. Second, we dephased the BEC to
fill the BZ [21, 22] and lastly we switched to the final
SSH configuration.

We measured the pseudospin resolved momentum dis-
tribution by combining momentum focusing time-of-
flight (TOF) imaging [23] with a form of quantum state
tomography. The 1 and | sites are highly polarized, with
(E,) &~ =1, corresponding to atomic states |mg = +1)
as indicated by the coloration in Fig. 1(a). Our de-
fault readout sequence began by removing the coupling
fields and applying an rf pulse to map eigenstates of
F, to the standard F, measurement basis [21]. Dur-
ing the following TOF a magnetic field gradient sepa-
rated the hyperfine states by the Stern—Gerlach effect,
yielding the momentum distribution of the |t,]) pseu-
dospin states. Summing the populations separated by
2kgr yielded the pseudospin resolved crystal momentum
distribution, from which we obtained (5,(q)).

We found (6, (q)) and (G,(¢)) by evolving our system
under one of two readout lattices depicted in Fig. 1(b)
prior to this measurement sequence. The “y” readout
lattice shown in (b) is described by a RM model with
J = A = 0; unitary evolution under this lattice imple-
ments pseudospin rotations about 6. Evolving for a m/2
time transforms |y+) to 1)) (right). The “z” readout
lattice in (b) uses A ~ J’, and similarly transforms |z )
to [14) [21]. Combining these three complementary mea-
surements allowed us to reconstruct the pseudospin Bloch
vector (6(q)) = {(62(q)),(6y(q)),(0=(q))}. This read-
out scheme complements existing forms of Bloch state
tomography in and out of equilibrium [24-27].

Quantum state tomography reconstructs the density
operator from a set of expectations values, here o(¢q). In
general our measurement has imperfect contrast, reduc-
ing the purity of the reconstructed density operator. To
compare with the predicted pure states, we compute the
pure state that most closely matches our experimental
result by taking the principal eigenvector of the density
operator, in the spirit of Ref. 28 (equivalent to normaliz-
ing (&(q)) [29)).

We validated our pseudospin measurement method by
obtaining (6 (q)) for ground band eigenstates in both con-
figurations. The momentum-space Hamiltonian H (9) =
—h(q) - & is expressed in terms of a polarizing field

h(q):[J’ Jcos(kz> Jsin(g>,4 (3)

defining the axis along which the eigenstates are aligned.
In limiting cases of configurations I and II, these axes are
[cos(mq/kRr),sin(mq/kRr), 0] and [1,0, 0] respectively.
Figure 2 shows our observation of (6(q)) for configu-
rations I (left) and II (right); (a) renders these data as
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FIG. 2. Ground band pseudospin decomposition in SSH con-
figurations I and II. (a) pseudospin state for ¢ values sampling
the whole BZ plotted in the Bloch sphere. The raw measure-
ments (open symbols) are impure (i.e., magnitude < 1); the
solid symbols mark the nearest pure states on the surface
of the Bloch sphere. For the eigenstates of configuration I
the vectors trace the equator of the Bloch sphere, while for
configuration II they are aligned along e,. (b) pure-state ex-
pectations values of 6,6, 6. shown as a function of ¢ in light
blue, dark green, and light green, plotted along with theory
(dashed curves).

points on the Bloch sphere, and (b) plots the compo-
nents of (6(q)). Hollow symbols inside the Bloch sphere
display our raw measurements, showing reduction pu-
rity from the combination of imperfect measurement and
state preparation, while reconstructed states correspond
to solid symbols [28]. For configuration I, the eigenstates
encircle the equator of the Bloch sphere as g ranges —kg
to +kgr, giving a Zak phase ¢y = m. By contrast in con-
figuration II the eigenstates are ¢ independent, giving
¢z = 0.

Following Ref. [30], we experimentally obtained ¢z
from discretely sampled ¢. In good agreement with the
theory, this gives 0.99(3)7 and —0.0005(1)7 for configu-
rations I and IT respectively [31].

Topology out of equilibrium.—Having measured the
Zak phase of eigenstates of the SSH model, we turn to
the dynamics of initial states characterized by different
symmetries evolving under the SSH Hamiltonian, which
respects all three symmetries (CS, PHS and TRS).

We first focus on the g¢-independent initial state
[¥(q)) = |{), the ground state of the A > (J,J) RM
Hamiltonian that only retains TRS. This initial state
was prepared by adiabatically loading into a maximally
imbalanced initialization lattice with A ~ 5FEr and
J =J =~ 0.1 Eg. We initialized evolution by abruptly
switching to a maximally dimerized lattice with A = 0
in either configuration I or II.

In both configurations chiral symmetry implies that
h(g) is in the e,-e, plane, and owing to the nearly flat
bands of the highly dimerized SSH Hamiltonian |h(q)]
is almost constant. As a result, (6,) exhibits nearly ¢-
independent full contrast oscillations for the |}) initial
state as shown in Fig. 3(a). The (6, ,,) components (black

arrows) evolve in a g-dependent way in configuration I
but are g-independent in configuration II.

In configuration I each ¢ state orbits about a different
axis in e,-e, plane, causing (6(q)) to first spread, then
encircle the Bloch sphere, before ascending to converge at
[t). The corresponding evolution of the Zak phase [teal
points in Fig. 3(c)] starts at 2 = (0 mod 27) and reaches
7 when (6(q)) reaches at the equator. When (6(q)) = e,
the Zak phase reaches its extremal value of 0. The state
continues to evolve, returning to the initial configuration
at T =~ 360 us.

In configuration II, h(q) = [J',0,0]; as a result (6(q))
orbits around e,, independent of ¢, starting from the
—e, pole and reaching the +e, pole via e, and return-
ing to —e,. The derivative in Eq. (1) implies ¢ = 0 at
all times, in agreement with our observations [magenta
points in Fig. 3(c)]. More generally, the SSH Hamiltonian
(with J,J" # 0) has ¢-dependent evolution making the
Zak phase time-dependent except when J = 0. In both
configurations the time-evolving state is always an eigen-
state of some RM Hamiltonian in the initial configura-
tion, but with time dependent A and complex tunneling.
For most of the evolution, the state is described by a RM
model violating all symmetries (non-topological symme-
try class A, see Ref. 3). Twice every oscillation (& (q))
aligns along e, at which times the state obeys TRS but
violates CS (non-topological symmetry class AI). Simi-
larly the (6(q)) lies on the equator twice per oscillation
and the system becomes an eigenstate of the SSH model
with complex tunneling phase ¢ = +7/2, thereby recov-
ering CS but violating TRS (topological symmetry class
ATIT). The recovered chiral symmetry makes the winding
number well defined, with ¥ = 1 in configuration I and
v = 0 in configuration II.

Because all experimental data has some contribution
along e, and therefore violates CS to some degree, we
projected the measurements onto the e;-e, plane, en-
forcing CS, before computing an integer valued winding
number Ve, [bottom panel of Fig. 3(c)]. The intensity
of each symbol marks the projection of the reconstructed
state onto the e;-e, plane, so that bold symbols mark
states with little violation of CS. The vertical gray bands
mark the regions within 10 % of T'/4+4nT'/2, when CS is
expected to be recovered. Ve, is defined at all times but
should only be compared to v when CS is recovered. We
see that within the gray bands the CS is maximally re-
stored (bold symbols) and we confirm vey, = v for these
times.

Dynamically induced symmetry breaking.—We con-
clude by investigating cases where the initial state and
evolution Hamiltonian respect all three symmetries—
TRS, PHS and CS—by preparing eigenstates of the fully
dimerized SSH Hamiltonian and then evolving under the
opposite SSH configuration. As one might expect, the
Zak phase is predicted to be constant at all times; how-
ever, CS is lost during much of the evolution and when
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FIG. 3. Momentum resolved pseudospin evolution in
SSH configurations I and II. Model parameters were J =
0.395(2)Er, J' = 0.012(2)ERr for configuration I and J =
0.038(3)Er, J' = 0.379(2)ER for configuration II. (a) Recon-
structed Bloch vectors. Color represents (6.(g)) while black
arrows denote ((62(q)),{6y(q))). The data were filtered in
crystal momentum and time (with root mean square Gaus-
sian widths kr/8 and 10us). (b) Corresponding points on
Bloch sphere for evolution times of (0.05,0.25,0.45) T. (c)
Zak phase and winding number for configurations I (teal) and
IT (magenta). The transparency indicates the extent to which
the measured state breaks CS and the gray boxes surround
the times when CS is predicted to be recovered.

it is recovered v can take on values that are not present
in the SSH Hamiltonian, confirming a counterintuitive
prediction of Ref. [5].

As before, when the system evolves in configuration I,
the state for each ¢ value orbits a different axis in e,-e,
plane giving the distributions in Fig. 4(a)-left. In this
case the initial state, a configuration II eigenstate, has
(6(q)) aligned along e, for all q. Figure 4(b)-left shows
that the time evolution of (6(gq)) traces out a figure-8
shape consisting of symmetric loops in the upper and
the lower hemisphere of the Bloch sphere. Ideally, the
Zak phase is time independent since the two loops en-
close equal areas but are traced in opposite directions as
a function of ¢, giving equal but opposite contributions
to Eq. (1). The data in Fig. 4(c) is in qualitative agree-
ment with this prediction. Despite this, the topology
of the state changes when the state recovers CS every
T/2 = w/(2J) ~ 160 ps when v alternates between 0
and 2 [Fig. 4(c)], which is not possible for an SSH model
eigenstate.
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FIG. 4. Momentum resolved pseudospin evolution in SSH
configurations I and II, using initial states of the opposite
configuration. Model parameters were J = 0.408(3)Er, J' =
0.003(5)Eg for configuration I and J = 0.009(5)Er, J =
0.446(3)ER for configuration II. All panels are plotted as in
Fig. 3. (a) Individual expectation values (64) , (6y),(6z). (As
before the data were filtered with root mean square Gaussian
widths kr/8 and 10us.) (b) Bloch state rendering at ¢t =
0.40T'. (c) Zak phase and winding number for configurations
I (teal) and II (magenta).

Figure 4(a)-right shows evolution under configuration
II, again resulting from a g-independent rotation around
e,. In this case the initial state is a configuration I eigen-
state where (6 (q)) fully encircles the equator of the Bloch
sphere. As time evolves, (6(q)) describes a great circle
rotated by an angle 2J't about e, as shown in Fig. 4(b)-
right. Since the circle always encloses half the area of the
Bloch sphere, we expect ¢y = 7 for all time. As in the
previous case, the state periodically recovers CS when it
returns to the equator, at which times the winding num-
ber alternates between v = +1 and —1.

The top panel of Fig. 4(c) plots the time evolving Zak
phase in configurations I and II in teal and magenta re-
spectively. Both of these fluctuate near the expected
constant value; we attribute these fluctuations to imper-
fections in state preparation, the evolution Hamiltonian,
and our readout process. As in Fig. 3 the gray bands
mark the expected times when CS is restored, and in
agreement with our model, vex, oscillates between 0 and
2 for configuration II and between +1 and -1 for con-
figuration II. This is possible because the Zak phase is
defined modulo 27 allowing for v to change by multiples
of 2 at constant ¢z. We note that while ¢z can be heavily



affected by noise and imperfections as seen in Fig. 4(c),
Vexp is more robust, deviating from the prediction only
when the noise is comparable in strength to the projected
measurements.

Discussion and outlook.—We presented paradigmatic
examples of how the topology of a quantum system
can change during out-of-equilibrium evolution. From
a macroscopic perspective, the out-of-equilibrium evolu-
tion of the Zak phase is associated with a current between
unit cells and the resulting change in polarization [5]. In
configuration II there is no current between unit cells and
the Zak phase must be constant, while in configuration I
the probability amplitude oscillates between sites in adja-
cent unit cells and the Zak phase changes. The associated
physical displacement was directly observed in Ref. 14
while observing Floquet topological invariants [32].

At times when v = 2, the system approaches an
eigenstate of an extended SSH model where next-nearest
neighbor tunneling dominates [33]. This marks the abil-
ity of unitary evolution under relatively simple Hamilto-
nians to dynamically prepare eigenstates of experimen-
tally inaccessible models. A natural extension of this
work is dynamical symmetry breaking and recovery for
strongly correlated systems: when do similar concepts
apply to interacting systems and what otherwise inac-
cessible eigenstates can be realized?
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