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Probing spin dynamics from the Mott insulating to the superfluid regime in a dipolar lattice gas
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We analyze the spin dynamics of an out-of-equilibrium large spin dipolar atomic Bose gas in an optical lattice.
We observe a smooth crossover from a complex oscillatory behavior to an exponential behavior throughout the
Mott-to-superfluid transition. While both of these regimes are well described by our theoretical models, we provide
data in the intermediate regime where dipolar interactions, contact interactions, and superexchange mechanisms
compete. In this strongly correlated regime, spin dynamics and transport are coupled, which challenges theoretical
models for quantum magnetism.
DOI: 10.1103/PhysRevA.93.021603

Dipolar atoms and molecules loaded in optical lattices are
a promising platform to study quantum many-body physics
[1,2], and, in particular, quantum magnetism [3–8]. In dipolar
systems, direct spin-spin interactions are provided by the
dipole-dipole interaction (DDI) without relying on a superexchange mechanism [9]. Although magnetization changing
collisions associated with the anisotropic character of dipolar
interactions may introduce interesting exotic quantum phases
[10–13], these off-resonant processes are often negligible.
Then, dipolar interactions reduce to the following Hamiltonian,


d 2 z z S1+ S2− + S1− S2+
[1 − 3 cos2 (θ1,2 )], (1)
Vsc = 3 S1 S2 −
r
4
where d 2 = μ0 /4π (gμB )2 (μ0 being the magnetic permeability of vacuum, g the Landé factor, and μB the Bohr magneton),
r is the distance between atoms, θ1,2 the angle between the
magnetic field and the interatomic axis, and Si±,z are the spin
operators acting on atom i. This Hamiltonian, known as the
secular dipolar Hamiltonian in the context of nuclear magnetic
resonance [14], bears strong similarities to the XXZ model of
quantum magnetism [9].
Experimental investigations of such spin Hamiltonians have
recently started, with dipolar molecules [15], and magnetic
[16] and Rydberg [17] atoms, which have raised great interest
[8,10–13,18]. While these studies have focused on a localized
regime where the particles are pinned to a well-defined
position, in this Rapid Communication we investigate the
case where magnetic atoms are free to move in an optical
lattice. Thus spin dynamics and transport are coupled due to
an interplay between superexchange mechanisms and dipolar
spin exchange. Our experiment provides data in this regime
which challenges theoretical descriptions.
We study the spin-exchange dynamics of magnetic
chromium 52 Cr bosonic atoms loaded in a three-dimensional
(3D) optical lattice, across the Mott-to-superfluid transition
[19]. We observe, as a function of the lattice depth, a crossover
between two distinct behaviors. In the Mott phase, the spin
dynamics displays a complex oscillatory behavior, as already
studied in Ref. [16]. Although the physics is inherently many
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body due to strong correlations and the long-range nature of the
dipolar interactions, we provide a quantitative interpretation
of the oscillations due to intersite DDIs, using a simple model
based on perturbation theory. In the superfluid regime, the spin
dynamics shows an exponential behavior. Our data are then
in good agreement with our numerical simulations based on
the Gross-Pitaevskii equation. Dynamics then results from an
interplay between contact and dipolar interactions. The regime
at an intermediate lattice depth is particularly interesting
because superexchange mechanisms also contribute to the
spin dynamics. For example, an atom may tunnel into an
already occupied site and interact with another atom by
spin-dependent contact interactions; this can trigger spin
changing collisions [see Fig. 1(b)]. It is extremely challenging
to simulate the many-body quantum spin dynamics in this
intermediate regime where three exchange mechanisms
compete (associated with DDIs, contact interactions, and
superexchange). We experimentally find that the oscillations
observed in the Mott phase then survive with a reduced
amplitude, which constitutes the main result of this work.
Experimental observations. We perform our experiment
with a spin-3 52 Cr Bose-Einstein condensate, comprising 104
atoms loaded into an anisotropic optical lattice [16]. As the
lattice depth is spanned, we observe the superfluid-to-Mott
transition, at a typical lattice depth of 12Er (where Er is the
recoil energy). For our experimental parameters, the system
in the Mott phase consists of a core with two atoms per site,
surrounded by a shell with one atom per site.
To initiate the spin dynamics, atoms are transferred into
the first single-particle excited Zeeman state ms = −2 using
the tensor light shift of a 427.85-nm light pulse [16]. We then
measure, after a variable hold time t, the spin populations
by means of a Stern-Gerlach procedure. After a ramp of the
tensor light shift, typically 45 ± 5% of the atoms are measured
in the state ms = −2 at t = 0. The uncertainty includes a
systematic effect due to nonvanishing spin dynamics after
the atoms are released from the lattice. This ≈ 10% effect
is most pronounced at low lattice depths. A typical result of
spin dynamics is plotted in Fig. 1(c). Only the ms = −3, −2,
−1, and 0 spin components are significantly populated as the
system evolves. The populations display a rather complex
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FIG. 1. (a) Simple representation of the system close to the Mott-to-superfluid transition. Atoms interact both due to intersite (white ellipse)
and on-site (black ellipse) interactions. (b) Sketch illustrating the competition between exchange due to DDI (Vdd ) and tunneling (J ) assisted
spin exchange due to contact interactions (Vc ). (c) Measurement of the spin components as a function of time for 16Er . (d) Time evolution of
observable n−3 /n−2 for four different lattice depths (27Er , 16Er , 11.5Er , and 3Er , from top to bottom). Lines are guides for the eye resulting
from fits.

behavior as a function of time. In order to simplify the
discussion, we focus our attention on the observable given by
the ratio n−3 /n−2 of the ms = −3 and ms = −2 populations,
since they are the most populated components.
We have plotted in Fig. 1(d) the typical results corresponding to four different lattice depths (27Er , 16Er , 11.5Er ,
and 3Er ), showing quite different spin dynamics (see also
the extended data in Ref. [20]). In the Mott phase at short
times we observe (<0.5 ms, see the inset) a strongly damped
oscillation, and then at longer times a second oscillation. In
the superfluid phase the spin dynamics is better described
by an exponential. All these features are present in the data
from 3Er to 27Er . We use the following empirical function,
f (t) = f0 + A cos(ωt) exp[−(t/t0 )2 ] + B exp(−t/t1 ), to fit to
our experimental data for t > 0.5 ms. We plot in Fig. 2(a) the
amplitudes of the exponential B and of the slow oscillation A,
and in Fig. 2(b) the frequencies of the slow oscillations (ω). The
frequency  of the fast oscillation is deduced from a sinusoidal
fit to independent data taken specifically to study the short-time
t < 0.5 ms behavior. When reducing the lattice depth, we
observe that both oscillation frequencies ω and  decrease and
they become closer to each other. Oscillations do survive at
lattice depths slightly below the Mott-to-superfluid transition.
However, for very shallow lattice depths, the oscillations at low
frequency are barely visible and the spin dynamics is mostly
exponential.
For most of the data shown in Fig. 2 the magnetization
is constant [see the inset of Fig. 2(a)]. The stability of the
magnetization for large lattice depths indicates that dipolar
relaxation is suppressed, which arises because the energy
released in a dipolar relaxation event (the Larmor energy
≈30 kHz) does not match the band excitation (> 50 kHz) [21].
At small lattice depths, dipolar relaxation is not completely
suppressed (as the first excited band has an energy close
to the Larmor energy). However, this effect remains rather

small, and is neglected in the theoretical analysis presented
below.
Theoretical interpretation at low lattice depths. To account
for the dynamics at the lowest lattice depths, the GrossPitaevskii equation can be safely used because the gas is in the
condensate phase. We performed a numerical simulation up to
a lattice depth of 7Er in order to describe the observed data.
The interaction term takes into account short-range contact
interactions and nonlocal DDIs [20]. Concerning DDIs, we
only include the spin-conserving terms (see above).
Simulations display a complex behavior (see Fig. 3 for
7Er ). The general trend of the experimental spin dynamics,
showing a slow drift with a ≈ 14 ms characteristic 1/e
time, is well reproduced by the simulation. By fitting both
curves (experimental and numerical) by an exponential, a good
agreement for the amplitude is found [see Fig. 2(a)].
In addition, a Fourier analysis of the numerical results (up to
15 ms) displays a lowest resolved frequency in good agreement
with the experimentally observed frequency  at a lattice depth
of 3Er and 7Er [see Fig. 2(b)]. Higher frequencies are not
resolved in our experiment due to time resolution. The strong
damping observed in the experiment is not reproduced by
the zero-temperature simulation. For very low lattice depths
(below 3Er ), simulations show that both contact and dipole
interactions contribute to the spin dynamics. In particular, if we
set the DDI to zero, we numerically observe a spin dynamics
frequency which is roughly twice faster. This illustrates the
interplay between dipolar and contact interactions in the
superfluid regime.
We also investigate numerically the spatial dependence
of the dynamics in Fig. 3(b), which shows a cut of the
density of the atoms in the ms = −2 Zeeman state in the
absence of an optical lattice, for three evolution times. Similar
results are obtained at small lattice depths. The dynamics
is inhomogeneous, due to a nontrivial interplay between
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FIG. 3. Results of numerical simulations using the GrossPitaevskii equation. (a) Spin dynamics for the deepest lattice depth
that could be simulated (7Er , solid line). The red triangles are
experimental data. (b) Spatial analysis of spin dynamics, showing a
cut of the density of the atoms in the ms = −2 state along a horizontal
plane z = 0 (with no lattice on).
FIG. 2. Spin dynamics amplitudes and frequencies as a function
of the lattice depth. (a) Amplitude of the exponential dynamics (blue
diamonds) and slow oscillation (red triangles). Green circles are
results of numerical simulations. Inset: Variation of the magnetization
over 20 ms. Solid lines are guides to the eye. (b) Frequency of fast
(black points) and slow (red triangles) oscillations. The top black solid
line corresponds to spin-exchange frequency associated with intrasite
contact interactions, while the black open circles correspond to a
numerical simulation of the Gross-Pitaevskii equation. The bottom
red curve is a guide to the eye. The blue dotted-dashed line shows
the prediction in the Mott regime (see text). The frequency of the
superexchange process is given by the green solid line. Error bars in
frequency and amplitude result from the statistical uncertainty in the
fits.

the contact and dipolar interactions. While spin-exchange
interactions due to contact interactions are larger in the center
of the cloud, due to a higher density, dipolar interactions are
stronger in the outlying areas [22]. The observed dynamics
is faster in the center, which illustrates the dominant role of
contact interactions at low lattice depths.
Theoretical interpretation at large lattice depths. We now
turn to our theoretical analysis at large lattice depths, where
the system is not superfluid and one should go beyond the
Gross-Pitaevskii mean-field description. We focus on the
frequencies of the two oscillations observed in the Mott phase.
We stress that for the largest lattice depth, the experiment is
performed in a regime where tunneling is practically absent,
and superexchange interactions are exponentially reduced, as
shown in Fig. 2(b).
As shown in Ref. [16], we interpret the upper frequency as a
result of the intrasite spin-exchange dynamics (| − 2, − 2 →
√1 (| − 3, − 1 + | − 1, − 3) arising from spin-dependent
2
contact interactions in doubly occupied sites. The observed

frequency is in good agreement with the theoretical frequency
2
4π
√ (a − a4 )n0 [see the black solid line in Fig. 2(b)]. Here,
2 2m 6
n0 is the peak density in a doubly occupied lattice site, m the
atom mass; a6 and a4 are the scattering lengths of the S = 6
and S = 4 molecular channels, respectively [23,24].
As for the lower frequency, we associate it to the nonlocal
DDI between doublons, which was also described in Ref.
[16]. Although a realistic simulation of our results based
on calculating the exact dynamics associated with the full
many-body Hamiltonian is out of reach of the present
computational techniques, we propose a perturbative model
which quantitatively accounts for the many-body interactions
between doublons due to intersite DDIs. We first assume that,
after the damping of the fast oscillations, the ensemble of
doublons is in a statistical mixture of |S = 6,ms = 4 and
|S = 4,ms = 4. We then describe the spin dynamics due to the
intersite DDI between doubly occupied sites by the following
model, inspired by Refs. [14,25]. We calculate the time
evolution of the population N−2 in the state ms = −2 using
perturbation theory in the Heisenberg picture. The many-body
Hamiltonian takes into account the interaction of one doubly
occupied lattice site i with all its neighbors j by a pairwise
DDI. Using a Taylor expansion,
expression of the
 the formal
n
population reads N−2 (t) = +∞
M
t
.
While
M1 and M3
n
n=0
vanish, the second moment M2 describing the spin dynamics
up to the second order of perturbation reads

M2 = −
Vdd (ri,j )2 /2 ,
(2)
j =i

where Vdd (ri,j ) is the dipolar spin-exchange matrix element
between sites i and j [20].
From M2 , we first extract an estimate of the spin oscillation
frequency ν: cos2 (π νt) ≈ 1 − M2 t 2 . However, as shown in

021603-3

RAPID COMMUNICATIONS

A. DE PAZ et al.

PHYSICAL REVIEW A 93, 021603(R) (2016)

Ref. [14], the higher-order terms are expected to lead to a
reduction of the spin dynamics amplitude and a decrease of
the quasiperiod typically by a factor of 2. We indeed recover
these features by taking into account the moment up to the
fourth order M4 (following the calculation in Ref. [14]). We
apply this perturbative approach up to fourth order to the case
of an assembly of doublons in a state |S = 6,ms = 4, for
which intersite spin-exchange interactions are strongest.
The result is displayed in Fig. 2(b), and shows good
agreement with the observed frequencies, which illustrates
the relevance of our model in the deep Mott regime. The
observed reduction of the frequency at lower lattice depths
may be a consequence of the reduction of the doubly occupied
site Mott plateau, leading to either stronger border effects or
more defects. The reduction of the frequency in the presence
of holes is also an expected feature [14]. The damping (also
observed in Ref. [14]) is not reproduced by our theoretical
model, which can only account for dynamics at short times. In
general, it should be stressed that the many-body system which
we study here is extremely challenging for nonperturbative
many-body simulations, due to the large spin and the immense
Hilbert space which has to be taken into account.
In this Rapid Communication we have explored the spin
dynamics of chromium atoms loaded in an optical lattice as
a function of the lattice depth. Superfluid and Mott regimes
lead to markedly different features. Experimentally, the
spin dynamics evolves smoothly when we vary the lattice
depth between these two extreme regimes. However, our
analysis shows that the impact of DDIs on spin dynamics is
drastically different in the two regimes: Whereas in the weakly
interacting regime, the dipolar interactions are described

by a mean field associated with a geometrical average,
in the strongly correlated regime, dipole-dipole couplings
from one site to the other sites are added quadratically. One
important consequence is that spin dynamics mediated by
dipolar interactions should be a border effect in the mean-field
regime, but a bulk effect in the strongly correlated gas [20].
Space-resolved measurements could therefore be a very
interesting way to discriminate both regimes.
Whereas the two extreme regimes of shallow and deep
lattice depths are qualitatively well described by our theoretical
models, the main unusual aspect of this work is the experimental study of the regime close to the Mott-to-superfluid
transition. In this case, exchange processes due to dipolar
interactions, spin exchange due to contact interactions, and
superexchange interactions may all contribute to the dynamics
on the same footing. Our experiment provides insights into the
coupled out-of-equilibrium magnetic and transport properties
of such a strongly correlated gas, which challenges theoretical
descriptions. Our work thus adds to the study of the magnetic
properties of an exotic quantum many-body system made of
large spin dipolar particles.
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P. Pedri, L. Vernac, O. Gorceix, and B. Laburthe-Tolra, Phys.
Rev. A 81, 042716 (2010).
[25] R. C. Brown, R. Wyllie, S. B. Koller, E. A.
Goldschmidt, M. Foss-Feig, and J. V. Porto, Science 348,
540 (2015).

021603-5

