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Simulation of XXZ Spin Models Using Sideband Transitions in Trapped Bosonic Gases

Anjun Chu ,1’2’* Johannes Will ,3 Jan Arlt ,4 Carsten Klempt®,

3 1.2

> and Ana Maria Rey

YILA, NIST and Department of Physics, University of Colorado, Boulder, Colorado 80309, USA
2Center for Theory of Quantum Matter, University of Colorado, Boulder, Colorado 80309, USA
*Institut fiir Quantenoptik, Leibniz Universitdt Hannover, Welfengarten 1, D-30167 Hannover, Germany
*Center Jor Complex Quantum Systems, Department of Physics and Astronomy, Aarhus University,
Ny Munkegade 120, DK-8000 Aarhus C, Denmark
>Institut fiir Satellitengeoddsie und Inertialsensorik, Deutsches Zentrum fiir Luft-und Raumfahrt e.V.,
Welfengarten 1, D-30167 Hannover, Germany

® (Received 6 April 2020; revised 16 September 2020; accepted 27 October 2020; published 7 December 2020)

We theoretically propose and experimentally demonstrate the use of motional sidebands in a trapped
ensemble of 3’Rb atoms to engineer tunable long-range XXZ spin models. We benchmark our simulator by
probing a ferromagnetic to paramagnetic dynamical phase transition in the Lipkin-Meshkov-Glick model, a
collective XXZ model plus additional transverse and longitudinal fields, via Rabi spectroscopy. We
experimentally reconstruct the boundary between the dynamical phases, which is in good agreement with
mean-field theoretical predictions. Our work introduces new possibilities in quantum simulation of
anisotropic spin-spin interactions and quantum metrology enhanced by many-body entanglement.
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Quantum simulation of iconic models of quantum
magnetism in highly controllable atomic systems is emerg-
ing as a promising way to gain new insights into funda-
mental many-body phenomena in condensed matter
physics [1], and as a pathway to shed light onto exciting
new phenomena in nonequilibrium many-body spin arrays
[2-7]. In recent years, rapid progress in the simulation of
quantum spin models has been made by taking advantage of
the diversity of interactions in ultracold quantum systems,
including contact interactions in the motional ground state
of ultracold atomic gases [6,8], dipolar interactions in polar
molecules [9], magnetic atoms [10—-12] and Rydberg atoms
[13], as well as long-range interactions in trapped ions [14]
and cavity QED systems [7,15—-18] mediated by phonon and
photon respectively.

One promising avenue in this direction is the fact that
nondegenerate thermal gases interacting via purely contact
interactions, can emulate spin models by mapping the single-
particle energy eigenstates onto a lattice in mode space
[5,19-21]. This mapping has been shown to be a powerful
way to emulate long-range interacting spin models featuring
large many-body energy gaps that have enabled significant
enhancement of coherence time [22-24]. Nevertheless, the
tunability of the spin model parameters has so far been
mainly accomplished by the use of Feshbach resonances,
and the atom loss associated with the latter imposes a trade-
off between tunability and coherence time [5,25].

In this Letter, we theoretically propose and experimen-
tally demonstrate the use of motional sidebands in a
thermal trapped gas of 3’Rb atoms to engineer long-range
XXZ spin models with tunable spin couplings.
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We benchmark our simulator by probing a dynamical
phase transition (DPT) between ferromagnetic and para-
magnetic phases in the collective XXZ model plus addi-
tional transverse and longitudinal fields (also known as the
Lipkin-Meshkov-Glick (LMG) model [2,7,26,27]) via Rabi
spectroscopy. We experimentally reconstruct the boundary
of the dynamical phases by varying atom density and
longitudinal field strength and show good agreement with
mean-field theoretical predictions. At the end we also
discuss the further applications of our scheme in entangle-
ment-enhanced metrology [28-30], as well as generaliza-
tions to a wide range of quantum systems.

We consider an ensemble of thermal 3’Rb atoms con-
fined in a 3D harmonic trap and prepared in the magneti-
cally insensitive clock states ||) =|F = 1,my = 0) and
|1) = |F = 2, my = 0). The contact interaction in this two-
component bosonic gas can be written in the following
second quantized form [31,32],

Uzw’
Hu= Y 25 [ RUL R, Ry Ry (R). (1)
oo'=1.|

where U, = 4rxh’a,y/m is the interaction strength
between atoms of spin ¢ and o', parametrized by the
s-wave scattering lengths, a4 = 94.55a,, ay| = 98.09q,
a;, = 100.764, [33]. The bosonic field operator y,(R), is
expanded in the eigenmode basis of the 3D harmonic trap,
Ws(R) =", dnetn(R), where a,, annihilates a boson of
spin ¢ in eigenmode n = {n*,n", n?} of the harmonic
trap, with corresponding wave function ¢, (R).
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FIG. 1. Simulating XXZ spin models using sideband transitions

in a thermal bosonic gas confined in a 3D harmonic trap.
(a) Schematic of the effective 3D mode-space lattice for
blue Z sideband (only the projection along the Z direction is
shown for simplicity). The states |f};) = |1;n¥,n!,n? + 1) and
[U;) = [{;n¥, nY, n#), which are the ones coupled by the Raman
pulse with Rabi frequency Q;, can be regarded as the two spin
states pinned at the ith site of the effective 3D mode-space lattice.
Contact interactions in bosonic gases generate long-range XXZ
couplings J;;, y;; between lattice sites i and j in mode space (see
text). (b) Rabi spectrum in the resolved sideband limit for mean
atom density n = 2.0 x 10'> em™3. The black (blue, red) line
represents carrier (blue sideband, red sideband) transitions. Our
experiment focuses on the strongest sideband pointed out by the
arrow. It is worth mentioning that the suppression of red sideband
transitions is related to the anharmonic corrections in optical
dipole traps, also observed in Ref. [35].

We understand and analyze the many-body dynamics
through a mapping of the single-particle eigenstates of the
3D harmonic trap onto a 3D lattice in mode space, as
depicted in Fig. 1(a). Notice that a blue sideband transition
along the Z direction couples the following two states in the
harmonic trap, | 11,) = [1:¥.n!.n? + 1) and |1} = [ J:n.
n?, n?). So we can visualize the states |{};) and |{};) as two
spin states localized at site i in an effective 3D mode-space
lattice. The wave functions associated with |{};) and |{;)

states are denoted as ¢] (R) and ¢} (R), respectively.
Similar treatments can apply to blue sideband transitions
along other directions, carrier transitions as well as red
sideband transitions [34].

Since we are interested in the collisionless regime of a
trapped atomic ensemble, where the trapping potential is
much larger than the interaction strength, we assume that
each atom is fixed in the mode-space lattice [5,19-21], and
that the only relevant process between two colliding atoms
is to either remain in the same internal states or to exchange

them. Furthermore, we can restrict our discussions to
include either empty or singly-occupied lattice sites since
the 8’Rb gas temperature is above quantum degeneracy
[34]. These approximations map the contact interaction
term in the Hamiltonian [see Eq. (1)] to a spin-1/2 long-
range XXZ model in the mode-space lattice:

Hypy = ZJ,-,-S,- S+ Z},-,Sij + ZB,-S,%. (2)
ij ij i

Here, the spin operators can be written in terms of bosonic
operators on each lattice site, S; = 5 4 | aj'aaa/,a,-/,v/ 2,
where 6,; are Pauli matrices, and a;; annihilates
a boson of spin f on lattice site i. The XXZ
interaction parameters are given by J;; = ViiUy,
2y = ViU + ViU = VPO - ViU, and
B; = E#i(VﬁjﬂUTT - Vl%-hUu), and are set by the
overlap integral of the relevant 3D harmonic oscillator
wave functions: V;’f = fd3R[¢§’(R)]2[¢f(R)}2, and
ver=[d*Re[ (R)p} (R)p! (R)¢? (R). The tunability
of spin-spin couplings depends on these overlap integrals.
For carrier transitions we have ¢! (R) = ¢/ (R) =
(R|n¥, n¥, n?), and therefore Vf;-ﬂ = V§¥, making the
XXZ spin model equivalent to the isotropic Heisenberg
model (J;; > y;;). For the sideband transitions, the wave
functions are not the same for the two spin components (e.g.,
for the blue Z-sideband ¢! (R) = (R|n¥.n?,n?) and
T (R) = (R|nX.n? nZ + 1)), and therefore the overlap
integrals are no longer equal. This allows us to have larger
Ising couplings y;;.

In addition to the interaction term, there are
extra transverse and longitudinal fields generated by
the interrogating laser. For blue sideband transitions,
the single-particle Hamiltonian can be written as
Hy, =3 ,[Q;S] — (6 — hw)S;], where Q; is the mode-
dependent Rabi frequency, ¢ is the laser detuning from
the carrier transition, and ® is the relevant trapping
frequency. Both Hg, and Hj, [see Eq. (2)] contribute to
the dynamics in our XXZ simulator (Hxx; = Hg, + Hiy),
and the dynamics can be restricted to the fully symmetric
Dicke manifold to the leading order. In this limit our model
simplifies to the Lipkin-Meshkov-Glick (LMG) model [26],

Hiyvg = 1 S28° 4+ QS* — 55°. (3)

Here, 6 = 6 — hw — B is the effective longitudinal field, y,
€, and B are the thermal-averaged value of y;;, Q;, and B;
respectively, and ¢ =", §7""° are the collective spin
operators.

The LMG model features interesting spin dynamics,
including a ferromagnetic to paramagnetic dynamical phase
transition (DPT) [2,7,27]. In general terms, a DPT is
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FIG. 2. (a) Dynamical phase transition (DPT) in LMG model
with Ny/Q = 5, indicated by the sharp behavior in longtime
average excitation fraction N_T/ N. The critical point is marked by
the vertical gray line at §/Q = —2.02, separating the dynamical
paramagnetic phase (left) and the dynamical ferromagnetic phase
(right). (b) Mean-field dynamics of the LMG model with 3/ Q=
-3 (A), —2.2(B), —1.8 (C), 0 (D). The left panel shows the mean-
field trajectories on the Bloch sphere, and the right panel presents
the mean-field evolution of the excitation fraction for trajectory B
and C. The sharp change in dynamics between trajectory B and C
also signals the DPT.

characterized by the existence of a critical point separating
phases with distinct dynamical properties in many-body
systems. The analog of thermodynamic order parameters is
found in longtime average observables, which have a nonana-
lytic dependence on system parameters. To observe the DPTwe
initialize all the atoms in the || ) state, which is the ground state
of LMG model when  — —oo, and then perform a sudden
quench of the longitudinal field to its final value .

In this case, the DPT is signaled by a sharp change in
behavior of the longtime average excitation fraction,
N /N = limy_ o (1/T) [{ N+(z)/N, which serves as an
order parameter and distinguishes two dynamical phases
[see Fig. 2(a)]: A dynamical ferromagnetic phase
characterized by N_T/ N = 0, where the vanishing excitation
fraction persists even when the final longitudinal field & is
varied, and a dynamical paramagnetic phase, where N_T/ N
dynamically adjusts itself following the change of the final
longitudinal field 8.

To analyze the DPT we derive mean-field equations of
motion for the collective spin operators. They are given by

—s=bxs, b = (Q,0, Nys* —5), (4)

dt

where s*¢ = 2(§%<) /N are the normalized expectation
values of collective spin operators. As shown in [34],
Eq. (4) can be further reduced to (5%)?/2 + V(s%) = 0 by
eliminating s* and s”, and we can relate the DPT with an
abrupt change in the number of real roots of the effective
potential V(s%) in this form. The abrupt change in V/(s%)
gives rise to distinct properties in spin dynamics shown in
Fig. 2(b): The ferromagnetic phase features small oscilla-
tions near south pole (trajectory C), while the paramagnetic
phase exhibits large excursions that precess around the x axis
(trajectory B). The DPT can also be tuned by varying the
interaction strength as shown in Fig. 3(d). In the interaction
dominant regime (Ny/Q > 81/3/9), the DPT generates a
second order critical line [marked by the black solid line in
Fig. 3(d)] that distinguishes the two dynamical phases.
On the other hand, the transition evolves into a smooth
crossover region in the weakly interacting regime

[Ny/Q < 8v/3/9, below the black dashed line in Fig. 3(d)],
where instead the dynamics is dominated by single particle
Rabi flopping.

We experimentally realize the XXZ spin model in a
cloud of 3’Rb atoms, which is prepared at a temperature of
375(25) nK in a crossed-beam optical dipole trap with
trapping frequencies of 143, 21.5, and 171 Hz. This setting
ensures the validity of the key approximations in our spin
model, including the collisionless regime and a negligible
number of doubly occupied modes (below 1.4% for 10°
atoms) [34]. The atomic ensemble is initialized with a
variable mean density n from 0.46 to 4.8 x 10'> cm™3
(atom number N from 0.33 to 3.4 x 10°), and the atom
densities are calibrated by the collisional frequency shift of
the carrier transition (—0.48 Hz/10'?> cm™ [23]). To
ensure an unperturbed cloud temperature for different atom
densities, an adjustable spin rotation is performed, which
partially transfers atoms from the |1) to the || ) state and a
subsequent removal of the |1) atoms. The coherent
drive between two clock states with resolved motional
levels is realized by two copropagating Raman beams
focused into the atomic cloud with a 39 ym beam
waist. The beams are offset from the trap center in order
to drive the first-order motional sidebands [34]. The typical
Rabi spectrum of our system is depicted in Fig. 1(b).
Here, we focus on the strongest blue sideband at
®/2x = 171 Hz. Considering the mean Ising couplings
(Ny/h =~ 4.63 Hz/10'> cm™ x n) and the mean Rabi fre-
quency (Q/h=~0.56 Hz) for this sideband, our XXZ
simulator lies in the interaction dominant regime, where
the mentioned DPT is predicted to occur. Instead of direct
measurements of the longtime-averaged excitation fraction,
which is inevitably limited by technical challenges (e.g.,
collisional dephasing and atom loss), the order parameter
N /N is estimated by measuring the excitation fraction at a
probe time 7 = 0.5 s for fixed Rabi frequency. The entire
phase diagram is then obtained by scanning the two-photon
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FIG. 3. (a)-(c),(e),(f) Dynamical phase transition in the 171 Hz blue sideband with mean atom density

n = {0.46,0.98,2.0,3.2,4.8} x 10'2 ecm™3, indicated by the asymmetric line shape after evolution time 0.5 s. The shaded areas
indicate the critical points, where the uncertainty is set by finite frequency step of detuning as well as fluctuations in atom density and
Rabi frequency. The filled circles denote experimental data, the solid lines denote mean-field theoretical predictions by Hyy, and the
green dot-dashed line in (e) denotes the order parameter Ny /N predicted by Hy g (see text). We do not directly add the experimental
error bars to the line shape data in (a)—(c),(e),(f) for visual reasons, and the typical statistical uncertainty in each figure is
AN, /N = {0.038,0.020,0.013,0.010,0.011}, respectively. (d) Phase diagram for ferromagnetic to paramagnetic dynamical phase
transition. The black solid line denotes the sharp phase boundary of DPT, the black dashed line separates the smooth crossover regime
(below) with DPT regime (above), and the gray arrow illustrates the probing direction on phase diagram. The phase boundary is

reconstructed from the critical points in (a)—(c),(e),(f) using the same choice of color to label data points.

detuning 6 in 0.8 Hz steps and by varying interactions using
different atom densities.

The recorded asymmetric line shapes for different atom
densities are shown in Figs. 3(a)-3(c), 3(e), 3(f), which is in
good agreement with the mean-field theoretical predictions
by Hyxxz [34]. In Fig. 3(e), we also compare the exper-
imental observation with the order parameter N_T/ N (green
dot-dashed line) predicted by Hy g [see Eq. (3)]. We find
that the recorded line shape captures the two dynamical
phases in the LMG model: if we increase the two-photon
detuning &, the slow increase of N4/N below resonance
indicates the paramagnetic phase, while the sharp change
back to N4/N =0 above resonance indicates the ferro-
magnetic phase. Compared to the critical behavior of N—T/ N
in the LMG model, the recorded line shapes are broadened
by the inhomogeneous couplings but retain the sharp
features associated with the DPT. The inhomogeneities
also lead to modifications of effective interaction strength
in experiment compared to the LMG model, which
can be accounted for by scaling y by a factor of 0.56.
By interpreting the experimentally observed resonant
frequencies (obtained from maximal population transfer)
as a signature of the critical point of the DPT,
we reconstruct the phase boundary between these two
dynamical phases [see Fig. 3(d)], which agrees with the
theoretical prediction.

To further verify the existence of a DPT with inhomo-
geneous couplings, we present numerical simulations of
mean-field evolution under H yy, with mean atom density
n = 3.2 x 102 cm™ in Fig. 4. As the detuning is scanned

0.4

0.4
0.3

o2} .

0.1F

— =055 --- 1;=0.8s

0.3

0.0t:

0.4 0.6 0.8 1.0

Evolution time ¢ (s)
FIG. 4. Numerical simulation of mean-field evolution under
Hyy, with mean atom density n = 3.2 x 102 cm™>. The lines
with a color gradient from red to blue show the dynamical
behavior from red to blue detuning with 0.5 Hz frequency steps.
A sharp change in the excited atom fraction can be observed as

the system approaches the critical point. The inset compares two
line shapes taken at different evolution times.
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from below to above the critical point (marked by a color
gradient from red to blue), the excitation fraction N4 (t)/N
features a sharp change in dynamical behavior at the critical
detuning, validating the existence of a DPT under our
experimental conditions. Compared to the LMG model, we
observe damping in the oscillation amplitude of excitation
fraction for the inhomogeneous case. To understand the
role of the damping, in the inset of Fig. 4 we compare the
line shapes at evolution times of 7, = 0.5 s (see also Fig. 3)
and 7, = 0.8 s. Although we see variations in the line
shapes computed at these two evolution times (the latter is
sharper than the former), both of them consistently display
clear signatures of the DPT up to a 1 Hz shift in resonant
frequency, which nevertheless lies within the experimental
error bars. This analysis justifies the use of Ny /N evaluated
at 1 = 0.5 s as a good proxy for the longtime-averaged
order parameter.

In summary, we have demonstrated the use of motional
sidebands in trapped bosonic gases as a tool to simulate
long-range XXZ spin models. A practical application of
the demonstrated sideband protocol is the dynamical
generation of spin squeezing, a well known feature of the
LMG model [30] which makes it useful for enhanced
sensing. Although further control of inhomogeneities
will be required to observe squeezing in the current
setup, we expect spin squeezing can be in reach in the
next generation of experiments [34]. Moreover, we
expect our protocol can be feasibly implemented in a
wide range of experiments, including atomic systems in
optical lattices. In these systems the SU(2) symmetry of
superexchange interactions could be broken into a XXZ
spin model via motional sideband spectroscopy, thanks
to the larger tunneling rates of excited bands.
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