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Fig.3 The Quantum Fisher Information as a function of time is presented. (a) shows the results for particle numberN = 10; (b)
shows the results for particle numberN = 20; (c) displays the Wigner distributions of the spin states corresponding to the
maximum QFI forN= 10, from left to right, the columns represent y =0 (pure state) , and the decoherence scenarios
with rates y = 10,20; (d) displays the Wigner distributions of the spin states corresponding to the maximum QFI forN =
20, from left to right, the columns represent y = 0 (pure state), and the decoherence scenarios with rates y = 10,20
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Fig.4 The variation curves of the maximum quantum Fisher information with different variables. (a) Decoherence rate; (b)
Number of particles
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Spin squeezing characteristic time and quantum metrological precision
in the two—axis twisting model

YANG Yaya, Li Hang, JIN Guangri
(School of Science, Zhejiang Sci— Tech University, Hangzhou 310018, China)

Abstract: The two—axis twisting model is used to describe the nonlinear interaction ofNspin particles and
serves as an important means for generating atomic spin—squeezed states. As one of the core research
subjects in the field of quantum precision measurement, multi—particle spin—squeezed states offer the
potential to enhance measurement accuracy. The physical mechanisms for generating spin squeezing
primarily involve nonlinear atom—-atom interactions and atom-light interactions. KITAGAWA M and
UEDA M proposed two nonlinear interaction models: the one-axis twisting model and the two-axis
twisting model. The latter is specifically employed to define vacuum-squeezed states in multi—atom
systems and can, in principle, be realized on existing one—axis twisting experimental platforms through
multi—pulse techniques. Examples of such platforms include ultracold alkali metal atomic systems and
nitrogen—vacancy centers in diamond. Recently, multi-pulse techniques have further been utilized to
implement the so—called three—axis twisting model, as well as generalized versions of the two—axis twisting
model. This work systematically investigates the dynamical behavior of the two-axis twisting model and the
evolution of its associated quantum Fisher information under noisy environments by combining analytical
analysis with numerical simulations. The study begins by examining the symmetry between the
Hamiltonian and the parity operator of the model. This symmetry determines the mean spin direction of the
system, allowing us to unambiguously identify the directions of spin squeezing and anti-squeezing.
Systematically analyze the characteristics of the three squeezing parameters and focuson the characteristic
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times at which they reach their minimum values. For few—particle systems, we derive an explicit analytical
form of the quantum state at the optimal squeezing time, which directly reveals the underlying quantum
state structure and its squeezing characteristics. In systems with finite particle numbers, both numerical
simulations and approximate analytical studies consistently indicate that the optimal spin-squeezed state
emerges at a specific time following a characteristic scaling lawln (N )/Nwith respect to the particle
number. Guided by this scaling law, we adopt an operator truncation approximation to obtain an explicit
analytical expression linking the optimal squeezing time to the particle number. This result provides a
crucial theoretical guideline for optimizing experimental parameters. Furthermore, we systematically
analyze the impact of collective dephasing noise on the quantum Fisher information, aiming to assess the
robustness of the metrological advantage offered by the prepared spin—squeezed states under realistic noisy
conditions. For the two—axis twisting system, the mean spin of the collective ensemble is strictly aligned
along thezaxis of the Bloch sphere, while the squeezing and anti—squeezing directions are oriented along the
zaxis andyaxis, respectively. Each of the three squeezing parameters attains its minimum at a specific time,
and the dominant factor influencing all three criteria is whether the spin state is Gaussian. The optimal
squeezing time is given analytically by the coefficiente ., = xZn = 0.527 In (N )/N.Under the influence of
noise, the squeezing parameter defined via the quantum Fisher information satisfies the relationég =
N/F o= a( N )/N. In summary, this study systematically investigates the dynamical characteristics of the

two—axis twisting model and the application of quantum Fisher information in quantum metrology. The
results indicate that the optimal squeezing time for two—axis twisting spin squeezing follows a scaling law of
In(N)/N, and explicit analytical expressions for three squeezing coefficients are derived. Furthermore, by
using the generated spin—squeezed state as a probe for interferometry, we show that under collective
decoherence, the optimal squeezing coefficient defined via quantum Fisher information can reach&g =
N/F =~ a(N)/N, where the coefficient a(N )exhibits a weak dependence on the particleN. The

corresponding phase measurement precision surpasses the standard quantum limit and approaches a
Heisenberg-like scaling, demonstrating that the two-axis twisting model not only facilitates quantum
metrology under ideal conditions but also retains practical utility in the presence of realistic noise.

Key words: Two—axis twisting model; Parity symmetry; Optimal squeezing; Truncation approximation;
Quantum Fisher information; Heisenberg-like scaling
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