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Facilitating spin squeezing generated by collective dynamics with single-particle decoherence
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FIG. 1. (a) Steady-state phase diagram of an ensemble of N
spin-1/2 particles subjected to a coherent drive with Rabi frequency
� = Nϒ/2, collective emission at rate �, collective spin-exchange
interactions χ , and single-particle relaxation at rate γs. This system
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FIG. 2. (a) Squeezing vs time for N = 2000, χ/� = 0, ϒ/ϒc =
0.9, and a range of γs/�. Solid lines indicate squeezing ξ 2(t ) and
dashed lines the corresponding time-dependent effective system size
N eff (t ) (matching colors). The horizontal black line corresponds to
the critical effective particle number Nc = 2�/ϒc for which the tran-
sition between superradiant and normal phases occurs. (b) Squeezing
ξ 2(t ) (solid) and effective system size N eff (t ) (dashed) computed
from two individual trajectories of the numerical method with
γs/� = 4. For each trajectory, N eff (t ) crosses the horizontal line for
Nc
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FIG. 3. (a) Minimum transient spin squeezing (see text for clar-
ification) as a function of normalized drive amplitude ϒ/ϒc and
relaxation rate γs/� with χ/� = 0. The strip below the main panel
shows a magnified view of the γs/� = 0 result for comparison. Note
the break in the vertical axis, which is required since attainable
simulation times cannot capture the squeezing behavior occurring
on timescales of 1/γs when this value is very large. (b) Minimum
transient spin squeezing as a function of the interaction strength χ/�

with fixed ϒ/ϒc = 0.9 and γs/� = 50. Inset: Squeezing vs time for
a selection of values of χ/� and the same ϒ, γs as the main panel.
For (a) and (b) we compute the dynamics using a truncated cumulant
expansion [47] and N = 104. Initial conditions in (a) are the coherent
spin state (CSS) in the −x̂ direction, and in (b) are taken to be the
CSS in the direction of the mean-field steady state (for each χ/�

and ϒ) when γs/� = 0 to account for the rotations that result from
different values of χ/�.

above and, on the other, the net reduction on the optimal
observed squeezing when an average over many trajectories
is taken. The latter is necessary to recover the master equation
results. Related to this last point, we note that these results
indicate that sources of technical noise, such as shot-to-shot
fluctuations in the atom number will need to be kept suffi-
ciently small (i.e., sub-Poissonian) as they can also lead to a
smearing out of the crossover into the superradiant phase and
reduce the achievable squeezing overall.

In Fig. 3(a) we investigate the minimum squeezing ob-
tained in the transient dynamics, after the initial collective
minimum, as a function of the normalized drive amplitude
ϒ and single-particle relaxation rate γs/�. The introduction
of finite γs/� �= 0 clearly improves the attainable squeezing
within the region of ϒ ′

c
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τ ions are used to sympathetically cool the normal modes
of vibration of the system of ions and generate an effective
phonon loss, analogous to κ in the cavity platform. Further, by
Doppler cooling the τ ions it is possible to introduce couplings
between the normal modes, resulting in a new dressed set of
damped normal modes. The σ ions then serve as the effective
spins that are squeezed through interactions mediated by the
damped phonon modes. The σ ion-phonon coupling can be
engineered using an optical dipole force generated via pairs of
Raman beams. The detuning of the Raman beams can be set
such that predominantly the center-of-mass (c.m.) mode is ex-
cited (i.e., the other mode remains off resonant), such that the
c.m. mode plays the role of the common cavity mode which
mediates both elastic [24] and inelastic collective spin inter-
actions between the ions. Additionally, resonant microwaves
can be used to coherently directly drive the spins [25]. As
analyzed in detail in Ref. [43], using 24Mg+ ions as the τ ions
and 25Mg+ as the σ ions, it should be possible to achieve an
effective � ∼ 2π × Hz in a system of the order of N = 124
σ ions. In this implementation the average single-particle de-
coherence generated by the Raman beams including effective

spontaneous emission, absorption, and dephasing is of the
order of γ̄s ∼ 2π × Hz. In this setup therefore it should be
possible to operate in the regime where N�/γ̄s ∼ 100 and
reach the conditions required for robust spin-squeezing gen-
eration.

In summary, we have identified an intriguing and experi-
mentally relevant situation where spin squeezing can coexist
with relatively large single-particle decoherence as long as
collective decoherence remains the dominant dissipative pro-
cess. We expect our results to have immediate applications
for quantum metrology, specifically in the generation of
squeezing on long-lived optical transitions for next-generation
optical atomic clocks, while also being relevant for quantum
simulation.
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