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Spin-noise spectroscopy of a noise-squeezed atomic state
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Spin-noise spectroscopy is emerging as a powerful technique for studying the dynamics of various spin
systems also beyond their thermal equilibrium and linear response. In this context, we demonstrate a nonstan-
dard mode of the spin-noise analysis applied to an out-of-equilibrium nonlinear atomic system realized by a
Bell-Bloom atomic magnetometer. Driven by an external pump and undergoing a parametric excitation, this
system is known to produce noise squeezing. Our measurements not only reveal a strong asymmetry in the
noise distribution of the atomic signal quadratures at the magnetic resonance, but also provide insight into the
mechanism behind its generation and evolution. In particular, a structure in the spectrum is identified which
allows to investigate the main dependencies and the characteristic timescales of the noise process. The results
obtained are compatible with parametrically induced noise squeezing. Notably, the noise spectrum provides
information on the spin dynamics even in regimes where the macroscopic atomic coherence is lost, effectively
enhancing the sensitivity of the measurements. Our Letter promotes spin-noise spectroscopy as a versatile
technique for the study of noise squeezing in a wide range of spin-based magnetic sensors.
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Introduction. In standard spin-noise spectroscopy (SNS),
spontaneous fluctuations of the atomic spins in thermody-
namic equilibrium can provide information on the system
properties, such as resonance frequencies and rates of the
decoherence processes [1-8]. The extraction of informa-
tion from the noise in the system is usually based on the
fluctuation-dissipation theorem, which relates the sponta-
neous spin-fluctuation spectrum to the linear response of the
atomic system to perturbations [9]. Thus, standard noise stud-
ies are specifically performed in unperturbed systems with
noise level readout performed via Faraday-rotation type mea-
surements, enabling nondemolition observation of the spin
dynamics [10]. In recent years, first attempts to explore SNS
beyond the regimes of thermodynamic equilibrium [11-13]
and linear response have appeared [14—16]. This is of in-
terest as, for example, standard spin-noise spectra cannot
typically disclose information on the system’s response to
resonant driving fields (out-of-equilibrium dynamics) or re-
veal the (linear and nonlinear) couplings between the spin
coherences associated with the system’s relevant energy
levels [14].

In the present Letter, we employ SNS in a nonstandard
mode to experimentally investigate a nonlinear system driven
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out of equilibrium. We show that the technique can identify
the main dependencies and timescales of the noise process,
which provides useful information on the system dynamics.
More specifically, we test this nonconventional SNS on an
atomic spin ensemble exposed to a Bell-Bloom type exci-
tation [17,18]. This system undergoes pumping, via optical
excitation, and spin-exchange collisions, and, thus, an en-
semble polarization is created which precesses around an
external magnetic field. In this system, we have previously
demonstrated [19] that signal amplification at the Larmor
frequency w; and noise squeezing are generated at parametric
excitation resonances, i.e., for modulation frequencies of the
pump beam amplitude which are submultiples of 2w, . In the
model we discussed in Ref. [19], the parametric term enters
the individual atoms’ spin evolution via a sufficiently strong
pump, and its macroscopic effect relies on the synchronized
atomic response [20]. With the support of the model we could
identify three different regimes of the pump power: a weak
pump (standard Bell-Bloom), an intermediate pump (paramet-
ric excitation), and a strong pump limit (where few effects,
such as a net population transfer between the ground states,
excess power broadening, and nonlinear effects due to the
pump could impact on the parametric effect). Also, we recall
that in the case of modulation frequency of the driving pump
wy # wr/n, the system dynamics can be characterized by two
timescales: a transient where the system oscillates at w;, and
which decays due to spin-exchange collisions, and a steady
state oscillating at the modulation frequency wys. According
to the model developed, the parametric excitation in proximity
of its threshold only appears in the transient dynamics, and it
is, thus, a purely out-of-equilibrium effect. On the other hand,
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FIG. 1. Variance of the in-phase [(AFy)?, red diamonds] and out-of-phase [(AFy )?, black dots] amplitudes of the magneto-optical rotation
signal oscillating at w as a function of the Larmor frequency and recorded for different pump beam powers of (a) 1.4 uW, (b) 21.5 uW, and
(c) 94 uW. (d) Dependence of the ratio of the two noise components (AFy)?/(AFx)? on the Larmor frequency recorded with pump beam
powers of 1.4 uW (red triangles), 21.5 uW (blue squares), and 94 uW (black dots). Gray/light blue solid lines in (d) are Lorentzian fits to
the tails. The insets: (e) full width at half maximum (FWHM) of the broad feature and (f) FWHM of the narrow near-resonance feature as a
function of pump power. The signal is acquired with lock-in reference fixed to w = 370 Hz & w; and time constant of r = 100 ms (e) and
7 = 3 ms (f), the latter corresponding to the best time resolution of our lock-in amplifier. The optical excitation modulation frequency is equal
to 2w. All the measurements have been performed with probe beam power of 146 uW. At this power, the probe beam does not have any

significant effect on the observed noise spectra.

effects associated with a high pump power might become
manifest in the steady-state regime [21].

Here we show that an analysis of the spin noise can confirm
these predictions by assisting in the identification of the mech-
anism which leads to the formation of noise squeezing. As
such, on one side our Letter extends the scope of SNS beyond
its current boundaries, which has long been appealing from
both a theoretical and an experimental point of view [22,23].
On the other side, it promotes SNS as a powerful technique
for studying spin squeezing. Noise squeezing has attracted
much interest in recent years as a strategy to effectively im-
prove sensors’ performances beyond those set by classical
and standard quantum limits. It has been achieved in sev-
eral out-of-equilibrium nonlinear systems where, so far, spin
fluctuations have mainly been characterized for the quantifi-
cation of the amount of squeezing achieved (for a review see
Ref. [24]).

Experimental system. We detect the amplitude fluctuations
in the collective spin of an atomic Cs vapor precessing around
a static magnetic field at the Larmor frequency w; . Measure-
ments are performed on a room-temperature vapor housed
in a paraffin coated glass cell with an atomic density of
0.33 x 10'' cm™3. The cell is surrounded by five layers of
2-mm-thick p metal shields to reduce static magnetic back-
ground. A small static magnetic field is created by a Hemholtz
pair of coils (along the z axis, see Ref. [19] for further ex-
perimental details). The optical pumping is performed by a
circularly polarized laser beam frequency locked to the cesium
62S12 F =3 — 62P;, F' = 2 transition (propagating along
the x axis). We modulate the amplitude of the pump laser

power with a pulse duty cycle of 7%. The signal produced
by the F = 4 ground-state atomic coherences is read out by a
probe beam propagating in a direction orthogonal to the pump
beam, whose frequency is blue-detuned by roughly 1 GHz
with respect to the 628, ,F =4 — 62P;;, F' =5 transition
frequency. The probe light transmitted through the cell (along
the y axis) is analyzed by a polarimeter and processed by a
lock-in amplifier.

In the following we focus our analysis on the case with
modulation frequency of the pump close to 2wy . This partic-
ular parametric resonance has been chosen due to the absence
of any direct driving contribution to the coherent signal at wy,
i.e., wy # wp/n. Also, the sensitivity of the lock-in amplifier
in this case can be set to high level, which enables noise stud-
ies with high dynamical range across a wide range of pump
beam powers. The signal created in the experiment is acquired
for up to 30 s, lock in referenced to w = wy/2 = 370 Hz
and recorded in its in-phase/out-of-phase (X/Y) components.
This means that the detected signal takes the form S(¢) =
Fx(t) cos(wt) + Fy (t) sin(wt) in the reference set by the lock-
in amplifier, where S(¢) is proportional to the collective spin
component along the probe beam direction. The pump beam
amplitude modulation frequency is fixed whereas the strength
of the static magnetic field, and, thus, w, is scanned across the
resonance w = 370 Hz. An acquisition board records several
hundred of samples of the lock-in outputs and, subsequently,
the variances of the X and Y lock-in signal components are
calculated at a time T from the starting of the optical pumping.
We note that, when performing the SNS measurements well
into the steady-state regime (which is also instrumental for
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ideal lock-in resolution), the coherent signal of the collective
atomic spin is mainly lost [21] as if the atomic system was
effectively unpolarized.

However, the noise spectrum already shows a clear res-
onant signal for relatively low pump powers with similar
values of the X and Y variances, see Fig. 1(a). Note that
with our setup, the spectrum is obtained by varying together
(wp — wy) and (wp — w) = (wp — wyr/2) as this allows us
to cancel the intrinsic sensitivity of the lock-in amplifier to
phase noise of the reference signal and to critically improve
the accuracy of the noise detection. The obtained spectra
allow us to easily single out the atomic contribution from the
total noise. Indeed, driving the Larmor frequency away from
the lock-in reference allows to access the background noise
[marked with a solid blue line in Figs. 1(a)-1(c)] mainly due
to photonic shot noise as we have verified by measuring its
linear dependence on the probe beam power.

Pump beam power dependence. In the pump beam power
range of 1-4 uW the variances of two signal components
X and Y do not significantly differ Fig. 1(a) as expected
in a standard Bell-Bloom magnetometer. For pump powers
above 4 uW, instead, we start observing an asymmetry in the
atomic noise distribution with the noise on the X (in-phase)
quadrature being significantly greater than the noise on the
Y (out-of-phase) quadrature. Figure 1(b), for example, shows
the spin-noise spectrum recorded for a pump beam power
of 21.5 uW where this asymmetry is clearly visible. Fur-
thermore, for higher pump beam powers (i.e., above 50 uW
with these lock-in amplifier settings), the spin-noise spectrum
shape of the Y component changes with the generation of a
dip in correspondence to the resonant frequency w;, = wy =
wp /2, see Fig. 1(c). We point out that the visibility of this dip
depends on the time constant and, hence, on the dynamical
response of the lock-in amplifier as we will further discuss
in the next paragraph. The observation of asymmetry in the
on-resonance noise distribution of conjugated spin variables is
a signature of noise squeezing [19]. In fact, we have compared
these spectra with those acquired for the same pump powers
close to a nonparametric frequency, such as w;, = wy,/4 (and
w = wy/4). In this case, the X and Y noise components are
always similar, and no asymmetry nor the formation of a dip is
observed. A quantitative comparison of the noise level for the
same pump power has shown squeezing of the Y component
with wp >~ wyr/2. We note, however, that the values of the
squeezed variances are always greater than those measured for
a truly unpolarized spin state (by a factor of >1.5). Similar
off-resonant quadrature spectra have been used for inferring
(quantum) noise squeezing in mechanical systems [25,26].

To isolate the source of the noise asymmetry from other
possible nonlinear effects in our noise spectra and help
discriminating the dependence on wy and w in Fig. 1(d)
we analyze the ratio between the Y and the X variances,
(AFy)?/(AFx)?* for different pump powers. With increas-
ing pump powers two main identifiable features emerge
in the spectra: a broad Lorentzian profile and a narrow
near-resonance feature, black points in Fig. 1(d). When the
acquisition time is long enough not to affect the spectral lines,
their linewidths provide information about the coherence time
of the noise process [1,7,8]. We, thus, analyze the FWHM
of these two features, and we find that the FWHM of the
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FIG. 2. (a) Parametric model for the in-phase [(AFx)?, red dotted
line] and out-of-phase [(AFy)?, black solid line] signal variances as
a function of the Larmor frequency and calculated for different am-
plitudes of the parametric term I' = 0, 0.2y, 0.3y with y as the spin
coherence relaxation rate due to spin-exchange collisions. (b) De-
pendence of the ratio of the two noise components (AFy )?/(AFy)?
on the Larmor frequency calculated for different values of I'. The
inset: FWHM of the narrow near-resonance feature as a function of
parametric gain. The error bars are obtained from Lorenztian fits of
the signals calculated for different M parameters [28].

broad feature grows with increasing pump power, inset (e)
in Fig. 1. In the same range of parameters (for intermediate
pump powers 10-100 W), no such effect of the pump power
is detected in the Fourier analysis of the transient oscillation,
i.e., varying only w [27]. This indicates that the Lorentzian
profile mainly contains information about the noise depen-
dence on the excitation frequency around 2w, . Differently, the
FWHM of the near-resonance feature reveals a more subtle
dependence on the pump power, Fig. 1(f). In particular, it
shows a nonmonotonic behavior, and the FWHM decreases
for increasing values of the pump in the range of 10-100 uW.

According to the model in Ref. [19], in the system above,
power broadening due to the amplitude modulated pump
beam is responsible for a parametric contribution to the spin
coherence relaxation rate with amplitude I proportional to
the beam intensity. In Figs. 2(a) and 2(b), we show the
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FIG. 3. (a) Variances ratio measured on resonance, i.e., for w; =
w = wy/2 as a function of the pump power. The solid line is a
fit with the function in Eq. (1), and the dashed line is a fit of the
initial plateau. Indication of parametric-induced noise squeezing is
observed for pump power below w = 370 Hz, in agreement with
Ref. [19]. (b) Integrated noise signal as a function of the pump beam
power. The solid line is a fit with a linear function, and the dashed
line is a fit of the initial plateau.

results obtained with a simple analytical model for a paramet-
ric spin system with sinusoidal modulation of the relaxation
rate. Good qualitative agreement is found with the experimen-
tal data close to resonance in the steady-state regime. Even
though the simple model is not expected to properly describe
the tails of the spectra where the dependence on wy, plays a
major role, we note that the measured functional dependence
of the FWHM of the broad feature is compatible with the
linear scaling of the excitation window with the amplitude
of the parametric term expected for a detuned parametric
oscillator [29,30].

Using this model for interpreting the near-resonance fea-
ture, we are allowed to draw some conclusion about the
lifetime of the noise-squeezing process, which increases as a
function of the strength of the parametric term [Fig. 1(d) and
the inset of Fig. 2(b)]. This is clearly different from what is
expected from standard power broadening due to the pump. In
addition, we note that for higher pump powers, the linewidth
of the near-resonance feature starts increasing again, which
is not caught by the model and might signal the onset of
a different regime where the lifetime of the noise-squeezing
process is progressively reduced, leading to a saturation of
the observed noise asymmetry. Indeed, a more quantitative
analysis of the noise asymmetry on resonance, see Fig. 3(a),
shows a threshold behavior around 4 uW and a saturation at
about 60 uW, corresponding to a maximum squeezing factor
of 13 in variance. For the case of a parametric amplification
via modulation of the relaxation rate of the oscillator, we
expect (see also Ref. [31])
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with g = I' /y the parametric gain. A fit with Eq. (1) provides
good agreement with our data in the range of 4-50 uW.
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FIG. 4. Dependence of the signal variance on Larmor frequency
recorded with the lock-in time constants (a) 3, (b) 30, and (c) 300
ms (lock in referenced to w = 370 Hz). (d) Dependence of the ratio
of the two noise quadratures (AFy)?/(AFx)? on the lock-in time
constant with 7 = 3 ms (blue dots), 30 ms (black squares), and 300
ms (red triangles). The measurements were made with pump power
of 79 uW and probe power of 146-uW beam power.

Finally, even though in the timescale of these measurements,
the average signal (Fx(t)) = (Fy(¢)) =~ 0, we can deduce
information about the system susceptibility to develop co-
herences oscillating at w >~ w; from the integrated noise,
A= f (AF)*dw [1]. We observe that A grows linearly with
the pump power above roughly ~4 uW, see Fig. 3(b). This
indicates that the noise asymmetry does not grow unbounded
with the coherences generated by the pump.

Temporal dependence. In Fig. 4 we show the noise spectra
recorded with three lock-in time constants (a) T = 3 ms, (b)
7 =30 ms, and (¢) T = 300 ms, leaving the other parameters
unvaried (i.e., pump, probe beam powers, and atomic density).
The use of relatively low time constants, such as 3 ms, reduces
the amount of time averaging performed by the lock-in ampli-
fier and provides similar values of the X-Y variances outside
the magnetic resonance, see Fig. 4(a). Synchronization of the
signal phase with the modulation frequency of the optical
excitation and lock-in reference takes place in the vicinity
of the resonance where the narrow structure appears in the
spin-noise spectra [Figs. 4(a) and 4(b)]. For a long lock-in
time constant we observe strong out-of-resonance averaging
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FIG. 5. (a) Dependence of the noise spectra on the total acqui-
sition time, recorded with lock-in time constant of 3 ms (lock in
referenced to w = 370 Hz) and pump power of 79 uW. Note that the
color scales are different for the two quadratures. (b) Spectra of the
two noise components’ ratio (AFy ) /(AFy )? for different acquisition
times, starting from the beginning of the pumping process: 1 ms
(gray stars), 5 ms (red squares), 10 ms (blue triangles), 15 ms (green
diamonds), and 100 ms (black upside-down triangle).

of the noise fluctuations in the spectrum, Fig. 4(c), whereas
the spectrum immediately around the resonance appears more
robust. An analysis of the ratio (AFy)?/(AFx)*> shows a
different time dependence of the two main components. In
particular, the Lorentzian profile emerges from longer time
averaging as a narrower band of the atomic noise is filtered
by the lock-in amplifier. Instead, the near-resonance feature
becomes progressively less visible as increasing the lock-in

time constant corresponds to binning the signal on a timescale
comparable (r = 30 ms) or larger ( = 300 ms) than the life-
time of the noise process.

To get further insight into the dynamics of the noise gener-
ation, we analyze the evolution of the noise spectra from the
starting of the pumping process Fig. 5(a). The measured noise
for the two quadratures mainly varies within the first ~100 ms
and then does not change up to our maximum observation time
T of several seconds. We note that in these measurements
the amplitude of the signal at w; decays on a compara-
ble timescale of 7, = (94 & 1) ms, which mainly depends
on the rate of the spin-exchange collisions. The ratio between
the two quadrature variances reveals an asymmetric noise
distribution already after a few milliseconds, Fig. 5(b). The
near-resonance feature grows for longer observation times,
whereas its FWHM decreases, up to roughly 7 = 100 ms.
This shows that the process generating the asymmetric noise
distribution, and, hence, the noise squeezing is limited by the
acquisition time 7 up to roughly 100 ms which is compati-
ble with the spectrally derived lifetime of 1/FWHM = (86 +
2) ms and the dependencies on the lock-in time constant,
discussed above. This shows that the noise process leading
to squeezing is limited to the system transient dynamics as
implied by the parametric model of Ref. [19]. As seen above,
the saturation of the squeezing is related to a reduction of the
lifetime of the noise process, which suggests that decoherence
processes, such as those due to excess power broadening (with
broadening of the directly pumped coherences 21/73), and
nonlinear effects of the pump might play a role.

Conclusions. The characterization of the noise spectrum
that we have carried out confirms that the observed noise
squeezing is due to the parametric excitation generated by
the modulation of the pump beam power and it is mainly
limited by the damping due to the finite lifetime of the atomic
coherences. Thermal atomic vapors create a platform for a
wide range of precise atomic sensors with performances often
limited by atomic projection noise [32]. Understanding of
the processes which contribute to the signal/noise generation
and their dynamics assists in improving these devices [33].
The analysis of the noise spectra of out-of-equilibrium atomic
ensembles allows not only to quantify the amount of noise
squeezing, but it also provides insight into the processes that
contribute to the generation of the noise distribution. We have
verified this on a parametrically driven system, which extends
the current application of SNS and promotes SNS as a desir-
able tool for the investigation of spin squeezing in nonlinear
out-of-equilibrium systems.
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