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We report a photon shot-noise-limited (SNL) optical magnetometer based on amplitude modulated optical
rotation using a room-temperature 85Rb vapor in a cell with anti-relaxation coating. The instrument achieves
a room-temperature sensitivity of 70 fT/

√
Hz at 7.6 µT. Experimental scaling of noise with optical power, in

agreement with theoretical predictions, confirms the SNL behaviour from 5 µT to 75 µT. The combination
of best-in-class sensitivity and SNL operation makes the system a promising candidate for application of
squeezed light to a state-of-the-art atomic sensor.

I. INTRODUCTION

Optical magnetometers1–3 are currently the most sen-
sitive devices for measuring low-frequency magnetic fields
and have many applications, from medical diagnos-
tics and biomagnetism4–6, to the detection of fields in
space7,8, to tests of fundamental physics9–11. Quantum-
enhanced sensitivity of optical magnetometers has been
recently demonstrated using squeezing12–14. Quantum
enhancement of a best-in-class magnetometer, i.e. of an
instrument with unsurpassed sensitivity for a given pa-
rameter range, is a natural next step after these proof-of-
principle demonstrations. This kind of enhancement was
recently shown in gravitational wave detection, when the
LIGO H1 detector was enhanced with squeezed light15.
In this work we demonstrate a shot-noise-limited mag-

netometer that simultaneously is well-adapted for sensi-
tivity enhancement with squeezed light, as in13,14, and
has detection noise of 70 fT/

√
Hz at a field of 7.6

µT. For the given field strength and room-temperature
atomic density of n = 1.27× 1010 atoms/cm3 16, this is
among the best reported magnetometer sensitivity in-
cluding those using amplitude17,18, frequency19,20 and
polarization21 modulation strategies. With two orders
of magnitudes higher atomic density, a heated-cell scalar
magnetometer (cell temperature 160◦ C) showed a noise

level below 10 fT/
√
Hz in the same field range22. Sub-

femtotesla spin-exchange-relaxation-free (SERF) magne-
tometers, e.g.23,24, are not comparable here because they
operate only at near-zero field.
Our magnetometer is based on the process of nonlin-

ear magneto-optical rotation (NMOR), also known as
nonlinear Faraday rotation1,25. In this process, reso-
nant or near-resonant light produces spin coherence by
optical pumping, and the spin coherence in turn pro-
duces Faraday rotation, either of the optical pumping

a)Corresponding author vito-giovanni.lucivero@icfo.es

beam itself26, or of a separate probe beam17, leading
to a detectable signal indicating the Larmor frequency
and thus the magnitude of the field. Modulation of the
pumping, either in frequency (FM NMOR)27, amplitude
(AMOR)26 or circular polarization21 produces a resonant
buildup of atomic polarization with minimal disturbance
to the spin coherence. The modulation strategy signifi-
cantly increases the magnetic dynamic range, i.e., the ra-
tio between the largest detectable signal, which in NMOR
can reach the geophysical field range19,28, and the lowest
detectable signal. NMOR can give high sensitivity, due
to the long ground-state coherence times, and hence nar-
row resonances, that arise when alkali vapours are con-
fined with a buffer gas29,30 or in anti-relaxation coated
cells31,32.

The sensitivity of optical magnetometers is ulti-
mately limited by two fundamental noise sources: the
atomic projection noise and the optical shot-noise1,2.
When atomic projection noise is limiting, quantum non-
demolition measurement12,33–35, atomic entanglement36

and spin squeezing37 can improve sensitivity for mea-
surements within the atomic coherence time12 and for
non-exponential relaxation processes38. Similarly, opti-
cal squeezing can improve sensitivity when photonic shot
noise is limiting13,14. Prior works on AMOR18 and FM
NMOR20 have shown experimental sensitivity about one
order of magnitude above (i.e. worse than) the pre-
dicted fundamental sensitivity. Other magnetometers
based on oscillating field-driven Zeeman resonance22, Mx

method39 or intensity-modulated (IM) pumping40, have
approached the photon shot-noise level, but still have a
significant technical noise component. In contrast, we
report an AMOR magnetometer in which all other noise
sources are significantly below shot noise from 5 µT to
75 µT, as needed for squeezed-light enhancement. We
make a detailed and redundant analysis of the quantum
versus classical noise contributions, including both theo-
retical calculation of the expected shot noise level and an
independent, fully experimental analysis based on scaling
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FIG. 1. Experimental Setup. SAS – saturated-absorption-
spectroscopy frequency reference, AOM – acousto-optical
modulator with the RF driver, λ/2 – half-wave plate, P –
polarizer, WP – Wollaston prism. The oscillator that drives
the AOM of the pump beam is amplitude modulated with a
sine-wave of frequency Ωm/2π by the waveform generator.

of measured noise with optical power. These agree and
indicate the potential to improve the sensitivity of this
system by up to 6 dB using polarization squeezing.
The paper is organized as follows: in Section II we

describe the experimental setup; in Section III we ex-
plain the modulation strategy by showing representative
AMOR signals and we define the magnetometer sensi-
tivity. In Section IV we describe the optimization of
the experimental parameters to maximize the sensitiv-
ity and we present its trend versus probe light power.
In Section V we study the noise properties of the de-
tection system and we experimentally demonstrate the
shot-noise-limited (SNL) performance of the optimized
magnetometer, by showing agreement with theoretical
predictions.

II. EXPERIMENTAL SETUP

The experimental scheme is shown in Fig. 1. A sam-
ple of isotopically-pure 85Rb is contained in a spherical
vapor cell of 10 cm diameter, with no buffer gas. The cell
is at room temperature (∼ 25◦C) corresponding to 85Rb
atomic density of n = 1.27× 1010 atoms/cm316. The in-
ner cell walls are coated with an antirelaxation (paraffin)
layer that prevents atoms from depolarizing upon colli-
sion with the walls and prolongs the ground-state Zeeman
coherence lifetime to ≃ 100 ms.
The cell is inside a “box solenoid,” a cubical box made

of printed-circuit-board material, with three mutually
perpendicular sets of printed wires, each in a solenoidal
pattern. Together with an accompanying ferrite box,
which extends the effective length of the solenoid based
on the method of images for magneto-statics, we can gen-
erate a uniform field along the three directions. In this

experiment we generate a constant magnetic field along
the z-axis, which is also the probe beam direction, while
the coils in the perpendicular directions are used to com-
pensate the residual transverse magnetic field. Resid-
ual magnetic field gradients are compensated by a set of
three mutually perpendicular anti-Helmoltz coils wound
around the box. This setup was kept inside three nested
layers of µ-metal shields, giving a whole magnetic shield-
ing of ∼ 106 efficiency.
The light source for both probing and pumping is an

extended-cavity diode laser whose frequency is stabilized
by saturated absorption spectroscopy at 20 MHz below
the F = 3 → F ′ = 2 transition of the 85Rb D1 line
(see Section IV). The laser beam is split into pump and
probe beams that pass through acousto-optic modulators
independently driven by two 80 MHz RF signals so that,
before reaching the atoms, the frequency is additionally
red-detuned 80 MHz away from the F = 3 → F ′ = 2
transition. Additionally, the intensity of the pump beam
is sinusoidally modulated with frequency Ωm/2π.41 Both
pump and probe have a beam diameter of 1mm at the
center of the vapor cell.
Both beams are vertically polarized (x-direction in Fig.

1) with high-quality crystal polarizers to ensure pure lin-
ear polarization and the light intensity that interacts with
the atoms can be adjusted with half-wave plates situated
in front of the polarizers. The pump beam passes through
the cell in the y direction, perpendicular to the z-axis bias
field. When the pumping modulation frequency coincides
with twice the Larmor precession frequency, a large pre-
cessing alignment accumulates in the x − y plane (see
Section III). The pump power is set to 60µW. The probe
beam propagates through the atomic vapor cell along the
z-axis, i.e. parallel to the field, and experiences Faraday
rotation (NMOR) of the polarization plane due to the
precessing alignment. The optimal probe power changes
from 80.5 µW to 620 µW, depending on the employed
detector’s gain (see section V).
Polarization rotation is detected with a balanced po-

larimeter consisting of a Wollaston prism set at an angle
of 45◦ with respect to the vertical and a fiber-coupled
variable gain balanced photo-detector (PDB) (Thorlabs
PDB150A DC). The differential output is analyzed with
a radio-frequency (RF) spectrum analyzer (SA) (RIGOL
DSA1030A) or demodulated at Ωm/2π with a lock-in am-
plifier (Stanford Research Systems model SR844). The
in-phase and quadrature output signals are then stored
on a computer for later analysis. As explained in section
IV, both SA and lock-in signals are used to determine
the magnetometer sensitivity. Throughout this work we
used SA resolution bandwidth RBW= 30 Hz and video
bandwidth VBW= 30 Hz.

III. FARADAY ROTATION SIGNAL

The AMOR signal is generated by means of amplitude
modulated pumping and unmodulated CW probing in a
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FIG. 2. AMOR Signals versus Modulation Frequency.
In-Phase φP (blue) and quadrature φQ (red) output signals
of the lock-in amplifier for B = 10.8µT, Pprobe = 80µW and
Ppump = 60µW. The modulation/demodulation frequency
Ωm/2π is scanned around the resonance condition Ωm =
2ΩL(∆ = 0). Experimental data are fitted by dispersive (red)
and absorptive (blue) Lorentzian curves. From the fit we ob-
tain resonance frequency and FWHM width γ = Γ/2π.

right-angle geometry. Optical pumping with linearly po-
larized light generates spin alignment, i.e. ground state
coherences between Zeeman sub-levels with ∆mF = 2
42,43. The alignment describes a preferred axis, but not
a preferred direction along this axis. The signal due to
alignment oscillates at twice the Larmor frequency due
to this additional symmetry, i.e., at 2ΩL = 2gFµ0B/~
where gF is the Landé factor and µ0 is the Bohr magne-
ton. Amplitude modulated optical pumping at 2ΩL pro-
duces a resonant build-up of spin alignment, as demon-
strated in several earlier works17,28. The alignment
behaves as a damped driven oscillator, and in steady
state responds at frequency Ωm with an amplitude and
phase relative to the drive that depend on the detuning
Ωm − 2ΩL

44. The weak probe is sensitive to alignment
through linear dichroism, i.e., linearly polarized light par-
allel to the alignment experiences less absorption3. When
the alignment is neither parallel to nor perpendicular to
the probe polarization, this dichroism rotates the probe
polarization. This rotation signal also oscillates at 2ΩL,
and we demodulate it with the lock-in amplifier to ex-
tract the in-phase and quadrature components, shown
in Fig. 2 for a representative magnetic field intensity of
B = 10.8 µT.
The optical rotation angle is an oscillating function at

the modulation frequency Ωm with the amplitude depen-
dence well described by a single-Lorentzian in the small
field approximation

φ(t) = φ0Re

[

iΓ/2

∆ + iΓ/2
eiΩmt

]

+ δφ(t)

= φP cos (Ωmt) + φQ sin (Ωmt) + δφ(t) (1)

where φ0 is the maximum rotation angle, which de-
pends on the optical detuning, cell dimension, and pump

FIG. 3. AMOR Magnetometer Resonance Spectrum.
Spectrum of the rotation signal acquired on SA at the reso-
nance condition Ωm = 2ΩL with RBW= 30Hz, VBW= 30Hz
and a PDB nominal gain G= 106V/A. The red curve shows
the signal spectrum S(Ω) ≡ Ssig with a magnetic field of
B = 10.8µT and 40kHz span frequency around Ωm, while
the blue dashed line indicates the background noise level, i.e.
S(Ω) ≡ Sbg acquired with B = 0 and averaged over a 4kHz
range around Ωm.

power. The detuning between the modulation frequency
and 2ΩL is ∆ ≡ Ωm − 2ΩL while Γ is the FWHM line
width due to relaxation, pumping, and nonlinear Zeeman
shifts45. The symbols φP and φQ are the in-phase and
quadrature components, respectively, directly observable
by demodulation at Ωm. The photon shot noise contribu-
tion, δφ(t), is a white noise with a power spectral density
Sφ(ω) = 1/(2Φph)

3,18,20, where Φph is the flux of photons
arriving to the detector.

We note that on resonance, i.e. with ∆ = 0, the signal
consists of a cosine wave at frequency Ωm with amplitude
φ0, plus a white-noise background due to δφ(t). In the
balanced condition, and with φ0 ≪ π, the polarimeter
signal is ∝ φ(t). When recorded on a spectrum analyzer
with resolution bandwidth RBW, the signal shows a peak
power spectral density Ssig = g2detφ

2
0/(2RBW), where

gdet is the gain relating rotation angle to RF amplitude
at the SA (the factor of one half represents a mean value
of 〈cos2〉 = 1/2). A typical RF spectrum of the AMOR
resonance recorded in our measurements is shown in Fig-
ure 3. The signal peak rises above a flat background

Sbg = g2detδφ
2
/2, where δφ

2
= Sφ is the spectral noise

density of the phase, so that δφ has units rad/
√
Hz (the

factor of two reflects the fact that only one quadrature
contributes to the noise of the demodulated signal, while
both are recorded by the SA). The signal-to-noise ratio

SNR is given by SNR2 ≡ RBWSsig/Sbg = φ2
0/δφ

2
, which

is independent of gdet and RBW and can be directly mea-
sured.

The magnetic sensitivity can be related to SNR by
noting that the slope of the quadrature component on
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resonance is

dφQ

dB
=

gFµ0

π~

φ0

γ
. (2)

where the width γ ≡ Γ/2π has unit of Hz. Considering
that on resonance Ωm = 2ΩL = 2gFµ0B/~, we find the
noise in magnetic units, i.e., the sensitivity

δB =

∣

∣

∣

∣

dφQ

dB

∣

∣

∣

∣

−1

δφ =
π~

gFµ0

γ

SNR
, (3)

with units T/
√
Hz.

As described in the next section, using this method to
measure the sensitivity we find δB as low as 70 fT/

√
Hz.

For comparison, the atomic projection noise contribution
to the overall measurement is:1,2:

δBat ≃
~π

gFµ0

√

γ

Nat∆τ
(4)

where Nat is the number of atoms involved in the mea-
surement. With our cell volume of 4πR3/3, R ≈ 5 cm,
atomic density n = 1.27 × 1010 atoms/cm3, measured
relaxation rate γ ≈ 10 Hz and ∆τ = 1s time of measure-
ment we find δBat ≃ 0.134 fT/

√
Hz. This value is two

orders of magnitude lower than the observed sensitivity,
justifying our earlier step of ignoring this contribution.
If all other noise sources have lower amplitude than the
shot noise, then the magnetometer can be expected to be
photon shot-noise-limited. In Section V we demonstrate
that, in the experimental conditions that optimize the
sensitivity, this is indeed the case.

IV. OPTIMIZATION OF THE MAGNETOMETER

SENSITIVITY

In this section we examine different setup parameters
in order to find the optimal conditions maximising the
magnetometric sensitivity.
In our configuration, with a pump and probe of the

same frequency, laser tuning affects the pumping effi-
ciency, the rotation signal corresponding to a given de-
gree of atomic alignment, and the probe absorption. In
addition, the pump power increases both the amplitude
and the width of the rotation signal. To optimize these
parameters, we first adjust the gradient fields to minimize
the broadening due to magnetic field inhomogeneities46,
and then optimize the laser frequency and pump power
to maximize the slope of the AMOR signal. The op-
timum conditions, which we use throughout this work,
occur at the detuning of 100 MHz to the red of the
F = 3 → F ′ = 2 transition and 60 µW of pump power.
To measure the magnetometric sensitivity for a given

probe power and field strength, we first set the detuning
and pump power to the optimal values discussed above.
We then set a constant current in the solenoidal coil along
the z-axis, and minimize the width of the AMOR reso-
nance with the help of the gradient coils. Demodulation

FIG. 4. Magnetometer SNR. Signal-to-Noise ratio versus
optical probe power. The modulation frequency was 71 kHz
(B = 7.6 µT). The green dashed line indicates the probe
power value of 80.5 µW that maximizes the sensitivity. This
condition does not correspond to the best SNR because of the
trade-off with the width trend (see Eq. 3).

FIG. 5. Magnetometer Sensitivity. Signal slope φ0/γ and
magnetometer sensitivity versus optical probe power. The
sensitivity is computed as in Eq. 3 using the width from the
demodulated signal, as in Fig. 2, and the measured SNR, as
in Fig. 3. The green dashed line indicates the probe power
that gives the best sensitivity of 70 fT/

√
Hz for a modulation

frequency of 71 kHz (B = 7.6 µT)

.

of the signal yields the in-phase and quadrature compo-
nents of the resonance versus Ωm, as depicted in Fig. 2.
By fitting a Lorentzian to these curves, the central res-
onance modulation frequency Ωm = 2ΩL (∆ = 0) and
width γ are obtained. Keeping then Ωm fixed and max-
imizing the in-phase component allows one to measure
the spectrum as in Fig. 3 and to extract Ssig(Ωm) =
φ2
0/RBW. A second spectrum is taken with the B-field
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set near zero. This moves the resonance peak far away
from Ωm, so that S(Ωm) now gives the background noise
δφ2

RMS . In analogy with previous works18,47 the exper-
imental sensitivity, defined by equation 3, can be calcu-
lated in terms of the width (FWHM) and signal-to-noise
ratio. The magnetometric sensitivity of the instrument
was measured in the range from 5 µT to 75 µT. We em-
ploy two detector bandwidths, 300 kHz and 5 MHz, cor-
responding respectively to nominal transimpedance gains
of 106 V/A and 105 V/A.
Typical results, taken at a field of 7.6 µT (modulation

frequency of 71 kHz, detector gain setting 106 V/A) are
shown in Figs. 4 and 5. In Fig. 4 we present signal Ssig

and noise Sbg power spectral densities with the result-
ing signal-to-noise ratio (SNR) as a function of the probe
power. Signal grows with the probe power until satura-
tion occurs. In contrast, noise grows monotonically, so
that the SNR has an optimal value before the signal sat-
urates. Fig. 5 depicts the slope φ0/γ and the sensitivity
δB, calculated using equation 3, as a function of probe
power, also acquired with B = 7.6 µT. An optimum sen-
sitivity of 70 fT/

√
Hz is observed at a probe power of

80.5 µW48 and remains within 10% of this value between
50 µW and 100 µW49.

V. SHOT-NOISE-LIMITED PERFORMANCE

Here we report the results of two noise analyses: the
first characterises the probing and detection system,
without an atomic contribution. This was performed by
probing at the optimal laser detuning but with the pump
beam off. The second analysis characterizes the magne-
tometer under the experimental conditions that optimize
the sensitivity, as described in section IV.
In a linear detection system, the noise power N of the

electronic output will depend on the average light power
P as

N = AP 0 +BP 1 + CP 2, (5)

where A,B and C are constants. The three terms of
this polynomial are the “electronic noise” (stemming,
e.g. from the detector electronics), the shot noise,
and the “technical noise” contributions, respectively50,51.
The laser source can contribute to technical noise, e.g.
through power fluctuations if the detection is imbalanced
or if its optical elements are unstable. By determining
the noise scaling as the function of light intensity, we can
identify the dominating noise source. When BP 1 > AP 0

and BP 1 > CP 2, we say the system is shot-noise lim-
ited, in the sense that the shot noise is the largest noise
contribution. These two inequalities define the range of
powers B/C > P > A/B in which the system is SNL.
If B/C < A/B, the system is not SNL for any power.
This definition of SNL can be extended to include more
stringent conditions that might arise in applications. For
any given k ≥ 1, we can consider powers satisfying the
inequalities B/(kC) > P > (kA)/B, i.e. powers such

FIG. 6. Low-Frequency Detection Noise. Noise spectra
of the PDB differential output acquired with mean optical
power of P = 0, 10, 20, 50, 100, 200, 400, 700µW, from bottom
to top. G= 106 V/A and BW= 300 kHz.

FIG. 7. High-Frequency Detection Noise.
Noise spectra of the PDB differential out-
put acquired with mean optical power of P =
0, 10, 20, 50, 70, 125, 250, 500, 1000, 2000, 3000, 4500µW,
from bottom to top. G= 105 V/A and BW= 5 MHz.

that the shot-noise contribution is a factor k larger than
both the electronic noise and the technical noise contri-
butions. For instance, for k = 2, the photonic noise is 3
dB higher than the other two contributions of Eq. (5).

For a given field B, and thus the Larmor precession
or modulation frequency, the noise of interest is N =
S(Ωm), the noise spectral density at the demodulation
frequency Ωm. Using the SA we collect output noise
spectra for several probe intensities. The data shown in
Figs. 6 and 7 reveal the resulting scaling of the noise
level. The electronic noise floor in the two Figures differs
because of the different employed detector’s gain. In the
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FIG. 8. SNL Power Range. At 48.5 kHz detection fre-
quency the coefficients of shot-noise (linear scaling) and tech-
nical noise (quadratic scaling) are obtained by fitting data
(black points) with the polynomial function of Eq. 5 (dashed
line), whose intercept is the electronic noise level (constant),
measured at zero power. The red central area corresponds to
the experimental SNL power range. We obtain good agree-
ment with the theoretical shot-noise level (see text for cal-
culation) represented by a red line with thickness due to the
10% uncertainty on the PDB nominal gain G = 106 V/A.

next step we examine the scaling of the noise level.

For any given detection frequency Ωm (that will be the
modulation/demodulation frequency in the magnetome-
ter operation mode), we can then fit the polynomial of
Eq. (5), and find the range of powers and frequencies
over which the detection system is SNL.

In Figure 8 we show an example of this analysis for a
detection frequency of 48.5 kHz. We can see that scaling
of the noise amplitude is different for different intensity
ranges. The red area represents the SNL range. This is
the only power range in which quantum noise reduction
via probe squeezing could significantly enhance the mag-
netometer sensitivity. We find good agreement between
the observed shot noise level and the predicted value50

(in W/Hz): N(P̄ ,Ω) = G2(Ω)2īe/R, where e is the elec-
tron charge, R = 50 Ohm is the SA input impedance
and G(Ω) is detector gain at frequency Ω. Due to
impedance matching at the detector, the PDB150A tran-
simpedance gain is only half the nominal value when
used with the SA. The frequency dependence can be ne-
glected because our signal frequency of 48.5 kHz is far
below the detector’s 300 kHz nominal 3 dB bandwidth.
We thus take G(Ω) = (106 ± 105)/2 V/A, which repre-
sents the manufacturer’s specification. The photocurrent
is ī = P̄ e/(hνηdet) where P̄ is the averaged optical power
and ηdet = 0.88 is the detector quantum efficiency.

After performing the same analysis over all detection
frequencies, we report in Figs. 9 and 10 lower (A/B) and
upper (B/C) power limits of the SNL range (red area)
versus frequency for two detector settings (106 V/A with
300 kHz BW and 105 V/A with 5 MHz BW). Accord-
ing to our previous definition we also show the signficant

FIG. 9. SNL Power Range for low frequencies. Blue and
red curves show (kA)/B and B/(kC), the lower and upper
limits, respectively, of the SNL range with k = 1 (red region),
k = 2 (blue region) and k = 4 (cyan region). PDB gain
G = 106 V/A. A/B andB/C were found by fitting the spectra
of Fig. 6 as illustrated in Fig. 8. To reduce scatter, spectra
were first averaged in 10 kHz bins. See text for details.

FIG. 10. SNL Power Range for high frequencies. Blue
and red curves show (kA)/B and B/(kC), the lower and up-
per limits, respectively, of the SNL range with k = 1 (red
region), k = 2 (blue region) and k = 4 (cyan region). PDB
gain G = 105 V/A. A/B and B/C were found by fitting the
spectra of Fig. 7 as illustrated in Fig. 8. To reduce scat-
ter, spectra were first averaged in 34 kHz bins. See text for
details.

SNL regions with k = 2 (light blue area) and k = 4 (cyan
area) that correspond to power regions where the pho-
tonic shot-noise is respectively 3 dB and 6 dB above the
other noise contributions. Below 20 kHz the detection
system is limited by electronic noise i.e. not significantly
SNL within the investigated range of light power. It is
properly reproduced in Fig. 9, although the data coming
from the fit procedure suffer from considerable scatter-
ing. The dip in the red curves (B/kC) at 40 kHz is due
to technical noise excess at this frequency (see Fig. 6).
Being interested in the SNL range, we have constrained

our AMOR measurements, reported in section IV, to
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FIG. 11. SNL Magnetometer Performance. Background
noise level (acquired with B = 0 and averaged over a 4 kHz
range around the resonance frequency) versus optical probe
power at 71 kHz (black circles) and 700 kHz (black squares).
These are simultaneously AM frequencies of the optical pump-
ing (kept on in the noise measurement) and SA detection fre-
quencies. Electronic (constant), shot-noise (linear) and tech-
nical noise (quadratic) contributions are shown with solid and
dashed black lines at 71 kHz and 700 kHz respectively. For
700 kHz, the electronic noise level is below the shown scale at
5.6×10−14 mW/Hz. Red lines represent the theoretical shot-
noise levels, calculated with the PDB nominal gain values of
G = 106 ± 105 V/A and G = 105 ± 104 V/A respectively.
The probe powers that maximize the magnetometer sensitiv-
ity (vertical green lines) fall within a significant SNL power
range. See text for details.

modulation/detection frequencies higher than 50kHz and
thus to magnetic field intensities above 5 µT. Above mod-
ulation frequency of 200 kHz higher detector BW of 5
MHz needs to be used. Because of the lower gain (105

V/A), starting from frequency of 200 kHz the system be-
comes SNL above 200 µW as shown in Fig. 10.

Having determined the SNL range of the detector, we
now proceed to characterize the magnetometer noise over
this range. We set conditions for an optimized B-field
measurement, as described in section IV, and switch off
the B-field but leave on all other components, includ-
ing the modulated pumping (in contrast to the measure-
ments described above). We then acquire the noise power
spectrum Sbg(Ωm) as a function of probe power. We
report two representative results that correspond to de-
tector setting with high gain and low gain respectively.
Although in our experiment we did not observe any sig-
nificant difference between the detector and the magne-
tometric noises, these two features may differ in other ex-
perimental conditions where environmental or technical
noise sources dominate over the fundamental shot-noise
contribution, as reported in previous works18,21.

In Fig. 11 we show the magnetometer noise power at
71 kHz (B = 7.6 µT) and 700 kHz (B = 75 µT) as a
function of probe power. Fitting both data with N(P )
of Eq. (5) and knowing the electronic noise coefficient A,

we find the coefficients B and C and we can define the
shot-noise-limited power range. The difference in power
range and reference level between the two representative
frequencies is due to the different employed BPD gain.
The trend of the noise power is linear, i.e. shot-noise-
limited, in the power range of 30 µW-500 µW and 100
µW−1 mW for 71 kHz and 700 kHz respectively. Within
this range the observed noise levels agree with theoretical
shot-noise levels, calculated in the same way as for Fig.
8, by taking into account the 10% uncertainty on the
detector nominal gain.
Most importantly, the probe power intervals in which

the magnetometer sensitivity is not worse than 10% of
the maximum (reached at 80.5 µW and 620 µW respec-
tively) are well inside a significant photon SNL region
with k = 4, in which the photonic shot-noise is more
than 6 dB above the electronic and technical noise levels.
Within this optimal power range, significant sensitivity
enhancement can be achieved by using optical polariza-
tion squeezing of the probe beam52. Indeed, the results
of Fig. 11 show that the fundamental light shot-noise
contribution dominates the magnetometer noise budget
i.e. technical noise and atomic projection noise (Eq. 4)
are negligible when the magnetometer sensitivity is op-
timized at room temperature. Similar SNL performance
was observed between 5µT and 75µT, over all the inves-
tigated magnetic dynamic range.

VI. CONCLUSIONS

We have demonstrated a sensitive pump-probe optical
magnetometer that is shot-noise limited over the field
range 5 µT to 75 µT. We optimized the system for
pump/probe detuning, pump and probe beam powers,

and found sensitivity of 70 fT/
√
Hz at a field of 7.6 µT.

The shot-noise-limited performance of the system has
been confirmed by the scaling of the magnetometer noise
as a function of probe input power and by agreement
with the theoretical shot-noise level. This is the first ex-
perimental demonstration of a photon shot-noise-limited
AMOR magnetometer. Moreover, it has the highest re-
ported sensitivity for a room-temperature optical magne-
tometer in a range around 10 µT. Based on these obser-
vations, the described magnetometer is a good candidate
for squeezed-light enhancement of sub-pT sensitivity over
a broad dynamic range.
It is worth noting that AMOR and other modulated

magnetometry strategies at these field strengths are well-
matched to atom-resonant sources of squeezed light, be-
cause the signal is recovered at a multiple of the Larmor
frequency, i.e. at a radio frequency. Although optical
squeezing can be generated at low frequencies53, in prac-
tice most squeezing experiments, and to date all atom-
resonant squeezed light sources54–58, have shown squeez-
ing at radio frequencies.
A number of improvements suggest themselves. The

lower limit of 5µT is set by the low-frequency electronic
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noise of the balanced detector. Electronics designed for
lower frequency ranges53 could make the system shot-
noise-limited also for weaker fields. Recently-developed
anti-relaxation coatings59 could extend the ground-state
coherence. Techniques to evade broadening due to the
nonlinear Zeeman effect could improve the sensitivity at
high fields60–62.
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13F. Wolfgramm, A. Cerè, F. A. Beduini, A. Pre-
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