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Anomalous noise spectra in a spin-exchange-relaxation-free alkali-metal vapor
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We perform spin-noise spectroscopy on an unpolarized ¥Rb vapor in the spin-exchange-relaxation-free
(SERF) regime. We observe noise spectral distributions that deviate strongly from Lorentzian models that
accurately describe lower-density regimes. For example, at magnetic fields of ~1 uT and 3"Rb densities of
>1 x 10'* atoms/cm® we observe an asymmetric spin-noise distribution in which the resonance line is depleted
by about half its power, with the diverted power becoming a broad spectral component that could be mistaken
for optical shot noise. The results are in good agreement with recent models accounting for correlations between
the ground hyperfine states. We discuss implications for quantum sensing and absolute noise calibration in
spin squeezing and entanglement detection. The results suggest similarly anomalous spectra for other noise
spectroscopies, when noise mechanisms are not aligned with system dynamics.
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Noise spectra, obtained by continuous observation of a
system of interest without active excitation, provide informa-
tion about the dynamics of nearly undisturbed systems close
to natural thermal equilibrium [1,2]. In recent years, noise
spectroscopies have been developed for electronic [3], op-
tomechanical [4], biological [5], and especially spin systems
[6,7], where the technique is known as spin-noise spec-
troscopy [2,8—19]. The interpretation of noise spectra benefits
from weak thermal excitation, which ensures a linear re-
sponse regime and allows calculation of equilibrium variances
from thermodynamic principles. Under ideal detection, noise
spectra obey an “area conservation rule” (shape-independent
net noise power) and a “no-go theorem” (vanishing cross-
correlations) [9]. These allow absolute calibration of the
participating spin number [20] and the identification of
Lorentzian spectral features with collective or single-particle
modes, and other feature shapes with inhomogeneous broad-
ening or more complex dynamics [9,21]. Optically detected
noise spectra also provide absolute calibration of the photon
shot noise (PSN) [22,23].

Here we report anomalous spin-noise spectra that do not
fit the above description. Our spin system is a high-density
alkali-metal vapor that can be tuned from the spin-exchange
(SE)-relaxation regime into the spin-exchange-relaxation-free
(SERF) regime [24]. In the SERF regime, SE collisions and
hyperfine interactions dominate the spin dynamics, leading
to line narrowing of the magnetic resonances and a corre-
sponding boost to the sensitivity [25-28]. The SERF effect
is employed in biomagnetism detection [29], inertial sensors
[30], and tests of fundamental physics [31]. Experiments show
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that SERF media support and preserve nonclassical spin cor-
relations, i.e., entanglement and spin squeezing [32]. Theory
suggests that SE collisions can preserve other nonclassical
states over long timescales [33].

Using the quantum structure of alkali-metal spin states,
spin dynamics [34-36], and the regression theorem [37], re-
cent theory predicts spin-noise spectra in the SERF regime
[38]. In agreement with this theory, we observe the following
anomalous behaviors: non-Lorentzian noise spectral features
in a linear homogeneous system, flat noise backgrounds not
due to PSN, and an apparent (but not real) violation of the area
conservation law. We identify the underlying cause of these
line-reshaping phenomena in a misalignment of the dynamical
modes and the SE noise modes that drive them.

The experimental setup is shown in Fig. 1(a). Isotopi-
cally enriched 8Rb and 0.12 amagat of N, buffer gas
are held in a cylindrical cell of 12.7-mm diameter and
30-mm internal length, with antireflection-coated windows
of 5-mm thickness. The cell is placed at the center of a
cylindrical, four-layer, mu-metal magnetic shield. Solenoid
and shim coils are used to produce a homogeneous dc
magnetic field B = (B, 0,0) along the X direction. A ce-
ramic oven, intermittent Joule heating, and a thermocouple
are used to control the cell temperature. An external cav-
ity diode laser produces a linearly polarized 795-nm beam
detuned 46 GHz to the blue of the D; line of ¥Rb,
monitored with a wavelength meter. The laser output,
propagating along Z, is spatially filtered with a single-
mode fiber to produce a Gaussian beam with the effective
area Aerr = L[ [ I(x,y,2)dxdyl*/ [ I*(x,y,z)dxdydz ~ 1.5
mm?2, where I(x, y, z) is the intensity of the Gaussian beam,
measured with a beam profiler, and L is the length of the cell
[40]. The effective number of atoms probed by the laser beam
is Ny = nAeL, where n is the alkali-metal number density.

©2024 American Physical Society
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FIG. 1. Experimental setup and representative spectra. (a) Schematic representation of the experimental setup (see text). (b) Predicted
non-Lorentzian spin-noise contributions (i) S Fa Fa (v), (i) Sg», p:h(v), (ii1) Sga po(v), and § £ fa (v), computed using Eq. (6) and experimentally
relevant parameters: Ry, A 3.02 x 10° s7! and Ry &~ 0.03 x 10° s~!, corresponding to 3.4 x 10'* atoms/cm® and temperature T = 169 °C.
The magnetic field is B = 385 nT along the X direction. (c) Example of a non-Lorentzian spectrum at a magnetic field of B &~ 1292 nT fitted to
a Lorentzian plus dispersive curve (see Ref. [39] for details). (d) Spin-noise spectra acquired at a magnetic field of B = 385 nT and a number
density of n &~ 3.4 x 10'* atoms/cm?®. The mean PSN level is depicted by the green dashed line and has been subtracted from the spectrum.
Data are fitted by a Lorentzian model (black solid line) and Eq. (1) (red solid lines) with and without “1/f-noise”. The departure from the

Lorentzian spectrum is demonstrated.

Both the detuning of the light and the atomic 2.4-GHz full
width at half maximum (FWHM) pressure-broadened optical
linewidth are larger than the 0.8-GHz hyperfine splitting of the
excited state, so tensor polarizability effects are expected to
be negligible [41]. The transmitted light is detected by a bal-
anced polarimeter comprised of a half-waveplate, a Wollaston
prism, and an amplified differential photodetector (PD). The
PD signal is recorded by a 24-bit digitizer for later processing.
The experimentally obtained noise spectra are of the form
Sopt(”) = Spsn +Sl/f(v)+Sel(v)+Sat(v)’ (D
where the contribution from the photon shot noise (PSN)
is Spsn = 2G%q.rP ~ 0.91 x 1072 V2 Hz ™!, with ¢, ~ 1.6 x
107" C being the electron charge, r ~ 0.52 AW~! at 795 nm
the PD responsivity, G = 1 x 10° VA~! the transimpendance
gain of the PD, and P =~ 550 uW the laser power reaching
the polarimeter. Sy, = ¢*v ¢, B > 0, is the “1/f noise” with
strength 2, and S,;(v) is the electronic noise of the PD and the
acquisition system, which in practice is about 20 dB below
the PSN background. The last term in Eq. (1) is the atomic
spin-noise spectrum, presenting a resonance feature at the
spin-precession frequency. The spin-noise power of the ther-
mal state is a readily available noise reference and has been
used in noise calibration for spin squeezing [42] and entangle-
ment detection [32] experiments. We note that for frequencies
above 0.5 kHz, S;,7(v) is negligible; thus, in the analysis that
follows Sopi (V) is approximated as Sopi (V) 22 Sy (V) + Spen.

To model the atomic spectra we employ the Ornstein-
Uhlenbeck approach as derived in Ref. [38] and further
discussed in Ref. [39]. In this model, the spectra result from
the stochastic dynamics of the hyperfine collective spin vec-
tors F*(t),a e {a=1+1/2,b =1 — 1/2}, governed by

dX(@) = AX(t)dt + QdW (1), )
where X = [F¢, £, F¢, F? EP EP", Ais the drift matrix, Q
is the noise strength matrix, and dW is a length-six vector of
independent Wiener increments [39]. For such processes, with
real A and Q, the power spectral density matrix is [37]

_ 1 AT AT s a1
Sg,g(w)——E(A—i—lw]l) 00" (A" —iwl)™, 3)

where 1 is the 6 x 6 identity matrix. In equilibrium, QQ7
is directly related to A and to the steady-state, equal-time
covariance matrix Rg ¢(0) by

Q0" = ARg 3(0) + Rg g (0)AT, “4)

where
AU+ DR+ 1)
621 + 1)

Here Ny is the number of atoms contributing to the spectrum
and f“ is the single-atom hyperfine spin value [38]. In this
way, it is possible to compute fluctuation spectra for the dis-
tinct hyperfine (o) components. As evident from Egs. (2), (4),
and (5), the fluctuating drive term QdW (1) originates in the
discreteness of the atomic spin. The equal-time covariance,

a9

R p8(0) = 8ijdap
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FIG. 2. Single-sided power spectral density (PSD) of the po-
larimeter signal (in volts, conversion to rotation angle 35 mrad/V)
for transverse magnetic fields ranging from 280 nT to 12 uT while
the vapor cell is maintained at approximately 169 °C. Each spectrum
shows the linear average [39] of 150 spectra, each computed on a
0.5-s acquisition with a sampling rate of 200 kSa s~'. A 20-Hz
(ten-bin) boxcar smoothing has also been applied [8]. Black solid
lines: Fit of Eq. (1) (excluding 1/f and electronic noise) to the
observed spectra (see text). Inset: The left axis shows spin-noise pre-
cession frequency w, normalized to wy = g,upB/[i(2] + 1)] versus
wo known by calibration of the coils at low density [39]. The right
axis shows the spin-noise linewidth (half width at half maximum)
versus wy. Data are obtained by fitting the spectra with a distorted
Lorentzian (see text). Error bars show +1 standard deviation in the
fit estimation parameters over 150 acquisitions. The blue (purple)
solid line shows Im[)1] (Re[A]) of the eigenvalues of the drift matrix
A, as given by Eq. (7) of Ref. [39]. The parameters are discussed in
the main text.

Eq. (5), describes a separable state, as befits the mean-field
description [38].

A Faraday rotation signal from such a medium has the
power spectral density [39]

Su(V) = Ar*G*P[ &S 10 (V) + &30 s (V)
— gagb(SF:a’ﬁZb(V) + Sﬁzb![ia(‘)))]a (6)

where A is a unitless scale factor and g, is a detuning-
dependent coupling proportional to the vector polarizability
for the hyperfine state «.

Cross-correlations between the two ground-state hyperfine
levels allow for the g,g, term in Eq. (6) to partially cancel
the gf, and gzb terms, thereby distorting the spectra and affect-
ing the distribution of spin-noise power. The non-Lorentzian
character of these spectra is illustrated in Figs. 1(b) and 1(c).
Representative spin-noise spectra, acquired as a function of
transverse bias field, are shown in Fig. 2.

We fit the observed spectra with Sopi (V) = Sa (V) + Spsns
with Sy (v) from Eq. (6) and photon shot noise Sps, = 0.91 x
10~!2 V2 Hz~! from an independent measurement. The mag-
netic field is inferred from the current in the B, coil, previously
calibrated by spin-noise spectroscopy at low density [39]. A
simultaneous fit to all spectra finds best-fit parameters Ry, =
3.02x 10°s7!, Ry = 0.03 x 10°s™!, R =400s"!,and A =
2.3. These are respectively the rates of spin-exchange, spin-
destruction, and spin-depolarizing processes as defined in

Refs. [39,43]. The fitted spectra are shown as black lines in
Fig. 2 and agree well except at the lowest field strengths.
Deviations from Eq. (6) at low field are expected due to
imperfect compensation of remanent fields, the Sy, ¢(v) contri-
bution, and diffusion. A complete model accounting for both
spin-exchange and atomic diffusion effects is still missing
from the literature; however, diffusion alone has been studied
in Refs. [15,19]. From the fitted value of the spin-exchange
rate, the 169 °C temperature of the vapor, and the 1.9 x 104
cm? SE cross section [44], we infer an alkali-metal number
density of 3.4 x 10'* atoms/cm?.

To visualize the “slowing-down” of the spin precession
and the linewidth reduction, in Fig. 2 (inset) we com-
pare the observed resonance frequency and linewidth from
distorted-Lorentzian fits to individual spectra [39] against the
predictions of Eq. (6) with the above fit parameters. As de-
scribed in Ref. [39], the predicted values can be computed
from the real and imaginary parts of the eigenvalues of the
drift matrix A. This extends the results of Ref. [26] to ac-
count for spin-destruction and spin-depolarizing processes,
for any alkali-metal species. We now study the spectral re-
distribution of spin-noise power across the transition from the
SE-dominated to the SERF regime. The total atomic noise
power in this state is given by

o0 1
/0 Su(V)dv = EArszPz[givar(F“) + gyvar(F")], (7)

where var(F%), «a € [a, b], are given by Eq. (5). Since our
acquisition is limited by a 100-kHz Nyquist frequency, the
experimentally obtained noise is only a portion of Eq. (7), as
discussed in Ref. [39]. We stress that the noise in Eq. (7) is in-
dependent of the magnetic-resonance parameters and depends
only on the number of probed atoms, the probe intensity and
detuning, and the optical linewidth.

In the SERF regime, the predicted spectra are non-
Lorentzian, with a significant portion of spin noise spread over
the high-frequency part of the spectrum. To demonstrate this,
we acquire spectra under a fixed transverse field of B = 918
nT, while the alkali-metal number density is varied across the
transition from slow SE (Rs. < wy) to rapid SE (Rs > wy)
(see Fig. 3, inset). We numerically integrate the observed
spectra to compute

Vor Vbw
/ Su()dv / / S, ®)
Viow Viow

which describes the fraction of the observed power below the
cutoff frequency v,.. We choose v, = 95 kHz as the upper
limit and v = 0.5 kHz as the lower limit of integration
in order to avoid distortions in the noise power due to the
digitizer’s antialiasing filter and the 1/f noise, respectively.
The cutoff frequency v, = 20 kHz is chosen to be a few
FWHM above resonance, so that, were the line Lorentzian,
nearly all the spin noise would be below the cutoff frequency.
It is seen in Fig. 3 that at low densities nearly all of the atomic
noise is below vy, whereas at higher densities, in the SERF
regime, nearly 50% of the noise shifts above vy, [45]. The
choice of vy, and the contributions of different hyperfine levels
are discussed in Ref. [39].

This line reshaping, if not accounted for, can produce sys-
tematic errors in calibration, in estimation of both the atom
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FIG. 3. Non-Lorentzian spectra and apparent (but not real) viola-
tion of the area conservation law. (a) Spin-noise spectra (single-sided
PSD) as a function of the ¥Rb number density for a fixed magnetic
field of B =918 nT. Each spectrum shows the linear average of
100 spectra. Long high-frequency tails are apparent. Inset: Resonant
noise power fraction as a function of number density as calculated
using Eq. (8). The cutoff frequency vy, at 20 kHz is indicated by the
red dashed line. Error bars show %1 standard deviation in the numer-
ical integration over 100 acquisitions. (b) For visualizing the power
redistribution, the spin-noise resonances of Fig. 3(a) are plotted with
the frequency axis shifted so that each is centered at 0. Curves are
plotted for a constant field B = 918 nT and varying number density.
The values for the number densities are reported in Ref. [39]. The
inset shows spin-noise resonances for the lower (5.1 x 10'? /cm?)
and higher (4.4 x 10'* /cm? ) atomic densities acquired.

number from the integrated spin noise and the photon shot
noise based on the flat, high-frequency tail of Sy (v). Although
we study the spin-unpolarized regime, similar effects can be
expected for weakly polarized ensembles [16]. Several mag-
netometry strategies obtain signals from spin precession at
w, and would thus benefit from the noise reduction iden-
tified here. This noise advantage exists in addition to the

well-known coherence-time advantage in the SERF regime
[24,27,28].

The observed line reshaping is not specific to the SERF
regime or even to spin systems. Equation (2), an inhomoge-
neous linear equation, describes many physical systems. The
eigenvectors v; and eigenvalues A; = iw; — I'; of A describe
modes, necessarily Lorentzian, of response to the drive Qd w.
If the noise is aligned to these modes, i.e., if QdW(t) =
> . qividWi(t), where dW;(t) are independent Wiener incre-
ments and ¢; are scalar weights, then each mode fluctuates
independently and the spectrum will be a sum of Lorentzian
features. If QdW is not so aligned, it produces intramode
correlations, as in Eq. (6), and consequent spectral line dis-
tortion [39]. In this way, noise spectroscopy probes both the
medium’s dynamical structure and its noise sources.

In conclusion, we have measured and characterized the
spin noise of a thermal ¥'Rb in the transition from the SE-
dominated to the SERF regimes. We observe anomalous
noise line shapes arising from strong coupling of the ground
hyperfine spins in the SERF regime. The line reshaping no-
tably reduces the power in the resonant peak and produces a
broadband component that imitates photon shot noise. The re-
sults validate recent theoretical models, improve the accuracy
of thermal-state-based noise calibration for spin squeezing
and entanglement generation, and suggest a hyperfine-
correlation-induced reduction in fundamental quantum noise
for optically pumped magnetometers operating in the SERF
regime.
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