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We present an experimental study demonstrating the manipulation of atom number distribu-
tions of spinor gases after nonequilibrium quantum quenches across superfluid to Mott insulator
phase transitions in cubic optical lattices. Our data indicate that atom distributions in individual
Mott lobes can be tuned by properly designing quantum quench sequences, which suggests methods
of maximizing the fraction of atoms in Mott lobes of even occupation numbers and has applica-
tions in attaining different quantum magnetic phases including massively entangled states. Spatial
distributions of gases in three-dimensional lattices are derived from the observed number distribu-
tions, which reveal complex spatial dynamics during the quantum quenches. Qualitative agreements
are also found between our experimental data and numerical simulations based on time-dependent
Gutzwiller approximations in two-dimensional systems.

Spinor Bose-Einstein condensates (BECs) in optical
lattices, possessing a spin degree of freedom and tunable
interactions, have been utilized to form programmable
quantum simulators which are capable of studying a vast
array of topics at the forefront of physics research that
are too computationally complex to study using clas-
sical computers [1-11]. One feature of lattice-confined
spinor gases of particular interest is that atoms in
Mott-insulator (MI) lobes of different occupation num-
bers can have distinct properties, e.g., antiferromagnetic
spinor gases can only form spin singlets in even Mott
lobes [3, 10-14]. Many-body spin singlet states, consist-
ing of massively entangled spin components, have been
suggested as exemplary platforms for studying quantum
memory and quantum metrology [7]. The number and
spatial distributions of ultra-cold atoms in lattices have
thus been a topic of great interest [8, 15-25]. Various ex-
perimental approaches have been realized to determine
these distributions after atoms are loaded into deep lat-
tices [8, 15, 18, 22-25]. Techniques to directly image
individual lattice sites, such as quantum gas microscopy,
allow for simultaneous detections of number and spatial
distributions, but have thus far been highly challenging
to implement in three-dimensional (3D) systems due to
technical limitations, such as short depth of focus and
background contributions from nearby layers [23-25]. In-
direct methods of determining number and spatial dis-
tributions are thus needed to avoid these technical chal-
lenges. A good indirect method is to identify signatures
of discrete energy levels from a Fourier analysis of spin-
mixing dynamics, resulting from the competition of the
quadratic Zeeman energy ¢q and the spin-dependent inter-
action Us in spinor gases [1, 8]. This approach has thus
far been realized only for detecting number distributions
after adiabatic ramps by our previous work [8].

In this paper, we extend this method to probe
atom number distributions after nonadiabatic quantum
quenches, and more importantly we demonstrate the uti-

lization of this method to reveal spatial distributions of
atoms in 3D lattices with standard imaging systems. The
derived spatial distributions of 3D lattice-confined gases
indicate that atoms go through complex spatial dynam-
ics while redistributing within a harmonic trap during
the quantum quenches. Our data also confirm that atom
distributions can be manipulated by properly designing
quantum quench sequences, which may have important
applications in attaining different many-body quantum
phases. These observations suggest methods of maxi-
mizing the fraction of atoms in even Mott lobes which,
among other things, may enable future works to opti-
mize the production of massively entangled states in cold
atoms. Another notable aspect of our experiment is the
toolbox it provides for probing spinor atoms at the on-site
level, which can be utilized to deduce the coefficients of
on-site wavefunctions and calculate number fluctuations,
spin-singlet order parameter, and various other entangle-
ment observables in homogeneous systems [1, 7].

We apply the Bose-Hubbard (BH) model and the
Gutzwiller approximation to understand the static and
dynamic properties of lattice-trapped spin-1 bosons [26].
In the Gutzwiller approximation, the many-body wave
function of the full lattice can be written as a product
of single site states, which for a homogeneous system of
F=1 atoms is |¢) = >°, . Cningn_y|n1,n0,n-1)
in the Fock state basis |ni,n9,m_1) [4]. Here ny,, is
the number of spin-mp atoms. Fock state coefficients
P(ni,n0,n-1) = |Cpyngm_,|* define Fock state num-
ber distributions. The Fock state coefficient for the
spin-0 component, which can be found by Fourier anal-
ysis of the spin-mixing dynamics, is denoted as x, =
D |Chynon_y|? [1, 8]. Fock state coefficients for
other spin components can be derived via the same
method.

For a homogeneous system, x,, reveals the on-site atom
number statistics which displays a Poissonian behavior in
a superfluid (SF) state and gets number squeezed in the
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FIG. 1. (a) Observed dynamics of spin-0 atoms at vramp = 14(1)Er/ms and uro = 0Egr. Markers represent the average of
approximately 15 repeated shots at the same conditions and error bars are one standard error. The solid line is a fit based on
our empirical model to guide the eye [8]. (b) Markers show FFTs over the first 40 ms of tho1a on the data shown in Panel (a).
Vertical lines mark the predicted energy signature f, for each n, while the solid line represents Gaussian fits to each observed
peak [26]. (c) Number distributions x, extracted from the FFT spectrum shown in Panel (b) (see text).

MI regime [21]. In our experimental systems, however,
atoms are externally confined in a harmonic trap. This
results in an inhomogeneous density profile with differ-
ent atom number statistics at individual lattice sites. In
the MI state, this leads to a wedding cake structure in
the density profile with constant integer density Mott
plateaus; therefore, each lattice site has different on-site
number statistics. In our experiments, we collect data
after releasing atoms from all trapping potentials, and
each observed number distribution is thus summed over
individual lattice sites 4, i.e., Xn = >; Xn,-

We start each experiment cycle with a sodium spinor
BEC at its SF ground state, the longitudinal polar state
with po = 1. Here py is the fractional population of spin-
0 components. We then load atoms into a cubic optical
lattice by adiabatically raising the lattice depth ur, to an
intermediate value ur and then nonadiabatically quench
uy, to a final lattice depth u%nal at the speed vramp to ini-
tiate spin-mixing dynamics [26]. Because uf"® is much
deeper than the SF-MI transition points, atoms are local-
ized into individual lattice sites by the end of the quench
sequence [3]. After the lattice quench, we hold the atoms
at qui“al for a holding time tyo1q before abruptly releas-
ing them and then detect different spin components via
a two-stage microwave imaging process [4, 7, 26].

While ¢/h < 100 Hz, spin dynamics similar to those
presented in Fig. 1(a) are observed, where ¢ is the
quadratic Zeeman energy and h is Planck’s constant.
Consisting of multiple Rabi-type oscillations of frequen-
cies f,, these dynamics offer an ideal platform to probe
the atom number distributions of spinor gases [1, 8]. Here
fn = E,/h and E,, is the energy gap between the first ex-
cited state and the ground state for a fixed n [1, 8]. When
q and qui“al are carefully chosen to be large enough that
the frequencies of spin-mixing oscillations at individual
n are well separated but ¢ is small enough that the sys-
tem displays spin oscillations after quantum quenches,
the resulting spin dynamics allow us to extract the num-
ber distributions of our system. In this paper, all data

are collected at ulind! = 35F% and ¢/h = 85 Hz which
offers a good balance between these conditions. Here
Ep is the recoil energy [4, 5, 8]. By conducting a fast
Fourier transformation (FFT), similar to the one shown
in Fig. 1(b), over the first 40ms of each observed spin dy-
namics, integrating over each peak in the resulting spec-
trum, and dividing by the theoretical spin oscillation am-
plitude at each n, we can precisely determine the spectral
contributions of each n [8]. The resulting normalized x,,
(see Fig. 1(c)), reflect the number distributions after the
n = 1 Mott lobe is excluded because no spin oscillations
occur when n = 1.

The observed atom number distributions at various
Uramp are displayed in Fig. 2(a). Because the realiza-
tions and manipulations of some important quantum
states (e.g., spin singlets) of ultracold atoms depend on
the increased presence of even Mott lobes [3, 10-14],
one parameter of particular significance that we wish to
probe is Xeven, the fraction of atoms in even Mott lobes.
Figure 2(b) shows the observed Xeven at various vramp.
The distributions found at the fastest tested speed of
Vramp = D4(1)ERr/ms have a relatively high yeven, and
there is a clear dip in Xeven @s the quench speed is low-
ered from 54(1)Egr/ms to 39(1)Egr/ms, which then in-
creases exponentially with vramp back to a relatively high
Xeven [26]. One notable result is that most observed Yeven
shown in Fig. 2(b) are significantly larger than the pre-
dicted xcven Of 0.55 for our system of npeax = 7. Here
Npeak 15 the peak occupation number per lattice site in
equilibrium MI states [4, 5, 8, 26]. We find no dis-
cernible FFT spectra can be obtained after quenches at
slow speeds of vyamp < 10ER/ms because the amplitude
of spin-mixing oscillations after the quenches appears to
rapidly diminish as vyamp decreases.

We also examine the effects of varying the intermedi-
ate lattice depth uro in Fig. 2(c). In these experiments,
the lattice ramp speed vramp is kept at 28(1)Er/ms dur-
ing quenches from various urg to qui“al = 35FEgr. Our
data in Fig. 2(c) indicate that the observed Yeven only
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FIG. 2. (a) Observed number distributions xn at various vramp and uro = 0Egr. Shades of blue (red) represent even (odd)
occupation numbers n with the shades getting darker as n increases from 2 to 8 (from 3 to 9). The height of each shaded box
represents . for a given n, while the combined height of the blue (red) boxes corresponds to the total number distribution in
even (odd) Mott lobes. (b) Diamonds represent the experimentally found xeven for each quench sequence shown in Panel (a).
The solid line is a linear (an exponential) fit to the data when viamp is faster (slower) than 39(1) Er/ms. (c) Similar to Panel (a)
but varies uro while holding vramp at 28(1) Er/ms during the lattice ramp from uro to 35ER (see text).
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FIG. 3. (a-c) Spatial distributions of atoms corresponding to the measured x, shown in Fig. 2(a) at viamp = 54(1), 28(1), and
14(1) Er /ms, respectively (see text). The z axis and color scale correspond to the observed x, while the radial distance from
the center denotes the predicted radii of each Mott plateau and is normalized so that the outer radius of the n = 1 Mott lobe
is 1. (d) Markers represent the observed x2g3 from the distributions presented in Fig. 2(a). The solid line is an exponential fit.

weakly depends on uro at this vyamp. As uro approaches
SF-MI transition points, the maximum n extracted from
the experimental FFT spectra appears to decrease to the
predicted npeax for equilibrium MI states, which confirms
lattice ramps become more adiabatic at larger urg. In
addition, while all Mott lobes of n < npeak are observed
when uro > 0FER (see Fig. 2(c)), we find that certain
Mott lobes do not appear in the observed distributions
when uro = 0ER, e.g., n = 3 at Vyamp = 54(1)ERr/ms
(see Fig. 2(a)). This phenomenon may be explained
by the fact that atoms are adiabatically (nonadiabat-
ically) loaded into the 3D lattices when urg > O0FEg
(uro = 0FR). Our observations therefore suggest that
a well-designed nonadiabatic lattice ramp may be able
to eliminate Mott lobes of an undesired n.

Another important feature of the observed nonequi-
librium spin dynamics is they can be utilized to explore
spatial distributions of 3D lattice-trapped atoms. Atoms
in our inhomogeneous systems form wedding-cake struc-
tures in the MI phase with Mott lobes of higher n near
the center and Mott lobes of lower n near the boundaries.
As shown in Figs. 3(a)-3(c), by carefully combining the

predicted wedding-cake structure and our observed atom
number distributions, spatial distributions of atoms in
3D lattices may be revealed. One interesting observation
is that the extracted spatial distributions strongly de-
pend on the lattice quench speed, i.e., more atoms locate
at the trap boundaries as quenches become more adia-
batic (see Fig. 3). This dependence can be quantified by
examining xog3, the fraction of atoms found in the n = 2
and n = 3 Mott lobes, versus vramp as seen in Fig. 3(d).
The observed x2g3 appears to exponentially increase as
Uramp decreases (see the solid line in Fig. 3(d)) [26], which
indicates slower lattice quenches allow atoms initially lo-
cated in the trap center to have more time to flow to the
trap boundaries. These findings suggest that atoms go
through complex spatial dynamics while redistributing
within the harmonic trap during quantum quenches pro-
viding a mechanism by which Xeven can be manipulated.

Our experiments are performed in 3D inhomogeneous
lattice-confined spin-1 spinor gases. An exact many-body
simulation of such systems has not yet been reported in
the literature either for equilibrium states or nonequi-
librium dynamics [4]. This numerical problem is pro-
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FIG. 4. (a) Predicted number distributions x, derived from our numerical simulations for 2D lattice-confined sodium spinor

gases after ramp sequences with uro = 0.1ERr at various vramp

and for IS, the initial superfluid ground state. Shades of blue

(red) represent even (odd) n with the shades getting darker as n increases from 2 to 8 (3 to 9). The height of each shaded
box represents the predicted x» for a given n, while the combined height of the blue (red) boxes represents the total number
distributions in even (odd) Mott lobes. (b) Markers represent fractions of even Mott lobes extracted from simulated lattice
quenches similar to those shown in Panel (a) but at various vramp and two uro. (c¢) Similar to Panel (b) but markers represent
X2&3- Solid lines in Panels (b)(c) are fitting curves to guide the eye. (d-g) Similar to Figs. 3(a) - 3(c) but after the simulated

quenches at vramp = 700, 300, 100 and 35ER/ms respectively.

hibitively difficult due to high Hilbert space dimensions
of on-site spin-1 atoms and the inhomogeneous nature of
the systems, and hence feasible theoretical simulations
are limited to one and two dimensions (2D). Figure 4(a)
shows typical simulation results of number distributions
performed in systems similar to our experimental system
but in 2D after quench sequences at various speeds and
also for the initial SF ground state which corresponds
to an infinitely fast ramp. Each predicted distribution
shown in Fig. 4 is averaged over all lattice sites and
only includes the experimentally observable Mott lobes
of n > 2.

We find qualitative agreements between our 2D theo-
retical simulations and 3D experimental results, despite
quantitative disparities which are expected due to the
difference in dimensionality. For example, similar to our
experimental data shown in Fig. 2(a), the simulated atom
number distributions in Fig. 4(a) indicate a dependence
on the lattice quench speed vyamp. The predicted even
fractions after simulated quenches at various viamp (see
Fig. 4(b)) also display some similarities to our exper-
imental observations illustrated in Fig. 2(b), e.g., Xeven
exponentially increases from a value around the predicted
Xeven for the initial SF ground state as vamp is lowered,
and Yeven reaches its maximum at a nonadiabatic quench
speed. Our theoretical results indicate that yeven should
decrease to the value for equilibrium MI states as vramp
continues to decrease but because we are unable to ob-

serve spin oscillations at very small vramp, we have not
been able to observe this experimentally. Differences be-
tween the two theory curves in Fig. 4(b) also imply that it
is possible to optimize the even fraction Xeven by properly
designing quantum quench sequences, e.g., larger maxi-
mum achievable Yeven may be realized at smaller u .

Another experiment-theory similarity is the rapid in-
crease in x2g3 as Uramp is lowered (see Fig. 4(c) and
Fig. 3(d)). The differences between the two curves in
Fig. 4(c) further illustrate that this effect is more promi-
nent when the quench sequence is more nonadiabatic
(i.e., when uro approaches zero). Simulated spatial dis-
tributions (see Fig. 4(d) - 4(g)), corresponding to typi-
cal quenches shown in Fig. 4(a), also imply that atoms
flow from the center of the trap to the boundaries as
the quench speed is lowered, which qualitatively agrees
with our experimental data shown in Fig. 3. These re-
sults suggest spatial distributions reach an equilibrium
value when vyamp is sufficiently slow to ensure the atoms
initially located in the trap center have enough time to
move towards the trap boundaries and equilibrate. While
the nature of the redistribution for lattice trapped atoms
is highly dependent on the specific model, e.g., scalar
boson models would be different from the antiferromag-
netic spinors where some occupation numbers are sup-
pressed based on Us and ¢, the effect should be present
in most lattice models. Nonequilibrium spin-dynamics
could therefore potentially provide a convenient method



to explore the spatial distribution of 3D lattice-trapped
atoms with standard imaging techniques.

In conclusion, we have experimentally demonstrated
atom distributions of lattice-confined spinor gases can be
manipulated via quantum quenches. Our data have il-
lustrated methods of maximizing the presence of even
Mott lobes, which have applications in attaining various
quantum magnetic phases including massively entangled
states. This work has also suggested an indirect detec-
tion method to reveal spatial distributions of 3D lattice-
confined gases with standard imaging systems. This in-
direct method can be applied to other atomic species and
may be helpful to study intricate spatial dynamics as lat-
tice site resolved imaging in 3D systems is still difficult
to implement. Our observations have been qualitatively
described by numerical simulations using time-dependent
Gutzwiller approximations in two-dimensional systems.
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