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Supplementary Information

Supplementary Note 1. Realization of the kicked top

The kicked top (KT) has been realized experimentally by Chaudhury et al. [1] using the

atomic spin of a 133Cs atom in the f = 3 hyperfine ground state. Linear precession of the

spin was implemented through magnetic pulses, and the torsion through an off-resonant

laser field that exploited a spin-dependent rank-2 (ac Stark) light shift.

An implementation of the KT using microwave superradiance was proposed by Haake

[2]: The top is represented by the collective pseudo-spin of N two-level atoms coupled with

the same coupling constant to a single mode of an electromagnetic field in a cavity, with

a controlled detuning between mode and atomic frequencies. Large detuning compared to

the Rabi frequency Ω = g
√
N with coupling strength g allows one to adiabatically eliminate

the cavity mode and leads to an effective interaction of the type J2
z [3] (replacing our J2

y ),

while superradiant damping as described by the master equation (13) in the main text for

the reduced density operator of the atoms can still prevail [2]. Finally, a linear rotation

about the x-axis can be achieved through resonant microwave pulses, replacing the linear

precession about the z-axis of the KT. The parameter α is now proportional to the Rabi

frequency of the microwave pulse.

Supplementary Note 2. Spin-exchange-relaxation-free Cs-vapor magnetometer

Adapting standard notation in atomic physics, atomic spin operators will be denoted

in the following by F = (Fx, Fy, Fz) with spin size f , Fz|fm〉 = m|fm〉, and total elec-

tronic angular momentum J = L + S with quantum number j, composed of orbital angular

momentum L and electron spin S. We model a room-temperature spin-exchange-relaxation-

free (SERF) Cs-vapor magnetometer similar to the experiments with Rb-vapor of Balabas et

al. [4]. The Cs spin sensitive to the magnetic field B is composed of a nuclear spin K = 7/2

and one valence electron with an electronic spin s = 1/2 which splits the ground state 62S1/2

into two energy levels with total spin f1 = 3 and f2 = 4. This results in an effective Hilbert

space of dimension 2(2K + 1) = 16 for our model of a kicked SERF magnetometer.

The dominant damping mechanisms are related to collisions of cesium atoms with each
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other and with the walls of the vapor cell.

In the SERF regime the spin-exchange rate is much greater than the rate of Larmor

precession, typically realized by very small magnetic fields, a high alkali-atom density (1013

atoms per cm3), high buffer-gas pressure, and heating of the vapor cell. Then, spin-exchange

relaxation is so strong, that the population of hyperfine ground levels (fi = 3, 4) is well

described by a spin-temperature distribution. Here, we model a SERF magnetmeter with a

lower alkali-atom density of 2× 1010 atoms per cm3 without buffer gas at room temperature

T = 294.13 K. Modern alkene-based vapor-cell coatings support up to 106 collisions before

atoms become depolarized [4]. For a spherical vapor-cell with a 1.5 cm radius it follows that

collisions with walls limit the lifetime of spin polarization to Twall ' 92 s. Since the effect

of collisions among Cs atoms leads to stronger depolarization we neglect collisions with the

walls in our model.

While the typical treatment proceeds by eliminating the nuclear-spin component we are

interested in a dynamics that exploits the larger Hilbert space of the Cs spin. Therefore

the evolution of the spin density matrix ρ is described by a master equation that includes

damping originating from collisions of Cs atoms [5] and an interaction with an off-resonant

light field in the low-saturation limit [6] modeling the kicks:

dρ

dt
= Rse [ϕ(1 + 4 〈S〉 · S)− ρ] +Rsd [ϕ− ρ] + ahf

[K · S, ρ]

i~
+
Heff

A ρ− ρHeff†
A

i~

+ γnat

1∑
q=−1

(∑
f,f1

W ff1
q ρf1f1

(
W ff1
q

)†
+
∑
f1 6=f2

W f2f2
q ρf2f1

(
W f1f1
q

)†)
(1)

The first two summands describe spin-exchange relaxation and spin-destruction relaxation,

respectively, where Rse denotes the spin-exchange rate and Rsd the spin-destruction rate, and

ϕ = ρ/4 + S · ρS is called the purely nuclear part of the density matrix, where the electron-

spin operator S only acts on the electron-spin component with expectation value 〈S〉 =

tr[Sρ]. The third summand is the hyperfine coupling of nuclear spin K and electronic spin

S with hyperfine structure constant ahf, and the fourth summand drives the dynamic with

an effective non-hermitian Hamiltonian on both ground-state hyperfine manifolds Heff
A =

Heff
A,f=3 +Heff

A,f=4, with

Heff
A,f = ~ΩLarFy +

∑
f ′

~Ω2C
(2)
j′f ′f

4(∆ff ′ + iγnat/2)
|εL · F|2 (2)

that includes Larmor precession with frequency ΩLar = gfµBB/~ (with the Landé g-factor gf
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and the Bohr magneton µB) of the atomic spin in the external magnetic field B = Bŷ, and

the rank-2 light-shift induced by a light pulse that is linearly polarized with unit polarization

vector εL of the light field and off-resonant with detuning ∆ff ′ from the D1-line transition

with f → f ′. Further, we have the characteristic Rabi frequency Ω = γnat

√
Ikick/(2Isat) of

the D1 line, the natural line width γnat, kick-laser intensity Ikick, saturation intensity Isat,

and the coefficient

C
(2)
j′f ′f = (−1)3f−f ′

√
30(2f ′ + 1)√

f(f + 1)(2f + 1)(2f − 1)(2f + 3)

f 1 f ′

1 f 2

∣∣∣oj′f ′1/2f

∣∣∣2 , (3)

where the curly braces denote the Wigner 6j symbol and

oj
′f ′

jf = (−1)f
′+1+j′+K

√
(2j′ + 1)(2f + 1)

f K j′

j 1 f

 , (4)

where total angular momentum of ground and excited levels of the D1 line are j = j′ =

1/2. Photon scattering is taken into account by the imaginary shift of ∆ff ′ in the effective

Hamiltonian and by the remaining parts of the master equation that correspond to optical

pumping which leads to cycles of excitation to the 6P1/2 manifold and spontaneous emission

to the ground-electronic manifold 6S1/2. When the laser is switched off the master equation

solely involves the first four summands where Heff
A reduces to the Larmor precession term.

The jump operators are given as

W fbfa
q =

4∑
f ′=3

Ω/2

∆faf ′ + iγnat/2

(
e∗q ·Dfbf ′

) (
εL ·D†faf ′

)
, (5)

with the spherical basis e1 = −(x̂ + iŷ)/
√

2, e0 = ẑ, e−1 = (x̂ − iŷ)/
√

2 in the Cartesian

basis x̂, ŷ, ẑ, and the raising operator D†ff ′ =
∑

q,m,m′ e∗qo
j′f ′

jf 〈f ′m′|fm; 1q〉 |f ′m′〉〈fm| with

Clebsch-Gordan coefficients 〈f ′m′|fm; 1q〉 and magnetic quantum numbers m, m′.

Excited state hyperfine levels are Doppler and pressure broadened, but we neglect pres-

sure broadening which is much smaller than Doppler broadening due to the very low vapor

pressure. Doppler broadening is taken into account by numerically averaging the righthand

side of the master equation (Supplementary Equation 1) over the Maxwell-Boltzmann dis-

tribution of velocities of an alkali atom. This translates into an average over detunings ∆ff ′ .

Since ∆ � Ω must hold within the description of this master equation, we limit averaging

over detunings to a 3σ interval.
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By numerically solving the non-linear trace-preserving master equation (Supplementary

Equation 1) with the Euler method (analog to Ref. [7] we take hyperfine coupling into

account by setting off-diagonal blocks of the density matrix in the coupled |fm〉-basis after

each Euler step to zero, because they oscillate very quickly with ahf), we simulate dynamics

similar to the dissipative kicked top described above with the difference that kicks are not

assumed to be arbitrarily short, i.e. kicks and precession coexist during a light pulse. Kicks

and corresponding dissipation are factored in by applying a superoperator to the state in

each Euler step during a kick.

Spin-exchange and spin-destruction rates are estimated to Rse ' 12 Hz and Rsd ' 0.12 Hz

from the known cross sections of Cs-Cs collisions, the mean relative thermal velocity of Cs

atoms and their density.

For the concrete example of Fig. 7 we calculate with 2× 1010 Cs atoms per 1 cm3 vapor

volume, and kick laser pulses linearly polarized in x-direction, εL = x̂, with intensity Ikick =

0.1 mW/cm2 and detuning halfway between the two components of the D1 line, and ∆34 '

−584 MHz. The period is τ = 1 ms where during the last 2µs of each period the laser

pulse is applied (effective kicking strength for the lower hyperfine level of the ground state

is k ' 6.5× 10−4). We choose a small magnetic field B = 40 fT in y-direction so that we are

well within the SERF regime, Rse � ΩLar.

With a circular polarized pump beam in z-direction resonant with the D1 line the initial

spin-state is polarized which in the presence of spin-relaxation leads to an effective thermal

state

ρ =
eβKzeβSz

ZKZS
, (6)

with the partition sum Zj =
∑j

m=−j e
βm and β = ln 1+q

1−q , with polarization q = 0.95. The

readout is accomplished typically with the help of an off-resonant probe beam by measuring

its polarization after it experienced a Faraday rotation when interacting with the atomic

spin ensemble.
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