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We report on a single-channel rubidium radio-frequency atomic magnetometer operating in unshielded envi-
ronments and near room temperature with a measured sensitivity of 130 fT/

p
Hz. We demonstrate consistent,

narrow-bandwidth operation across the kHz – MHz band, corresponding to three orders of magnitude of mag-
netic field amplitude. A compensation coil system controlled by a feedback loop actively and automatically
stabilizes the magnetic field around the sensor. We measure a reduction of the 50Hz noise contribution by an
order of magnitude. The small e↵ective sensor volume, 57mm3, increases the spatial resolution of the mea-
surements. Low temperature operation, without any magnetic shielding, coupled with the broad tunability,
and low beam power, dramatically extends the range of potential field applications for our device.

I. INTRODUCTION

The ultra-sensitive detection of magnetic fields is a re-
quirement for an increasing number of applications and
technologies. Atomic magnetometers (AMs)1, featuring
the optical pumping and interrogation of an alkali vapor,
compete with superconducting quantum interference de-
vices (SQUIDs)2,3 for record sensitivities, without the re-
quirement of cryogenic temperatures. This represents an
advantage in terms of functionality and flexibility. Fur-
ther advantages are: low power consumption and running
costs, and the potential for miniaturization – leading to
hand-held devices4–7.

Radio-frequency atomic magnetometers (RF-AMs)8,9

are tunable over a wide range of operation frequencies
and have applications in magnetic resonance imaging
(MRI)10–12, nuclear quadrupole resonance (NQR)13,14,
nuclear magnetic resonance (NMR)15–17, electromagnetic
induction imaging (EII)18–20, along with medical appli-
cations such as magnetocardiography (MCG)21,22.

Several parameters can be used to compare the suit-
ability of competing RF-AMs implementations to prac-
tical applications. These include sensitivity, tunability
of operation frequency, operation bandwidth, and modu-
larity. The sensitivity crucially depends on the magnetic
field noise. Therefore, a significant di↵erence in perfor-
mance is associated with AMs in shielded and unscreened
environments.

The majority of previous RF-AMs designs feature
multiple layers of mu-metal shielding enclosing the
sensor8,9,13,23,24. This results in an increased sensitivity,
with the atomic vapor protected against magnetic field
noise. However, the cost and footprint of the sensor are
dramatically increased and such an approach is infeasi-
ble for many field applications (e.g. NQR detection of
explosives14,25, or when the required detection distance
is greater than a few centimeters26). As a result, the
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practicality of shielded AMs is limited. This motivates
the development of high-performance unshielded AMs.

The high-sensitivity operation demonstrated inside
magnetic shields cannot be directly extended to un-
shielded environments27. Previous unshielded devices
have only demonstrated sensitivities on (or below) the
order of 100 fT/

p
Hz with a multi-sensor gradiometer ap-

proach and high-temperature operation14–16,21,28,29. A
gradiometric arrangement is inherently limited to the de-
tection of rapidly decaying magnetic fields, requiring at
least one sensor being in close proximity to the source.
This constrains the maximum detection distance to a few
cm.

Here, we report on an innovative implementation of a
RF-AM for operation in unshielded environments. Our
approach couples a single-sensor RF-AM and an active
feedback loop stabilizing the ambient magnetic field. We
show that the dominant noise contribution – the power
line noise – is reduced by an order of magnitude and, as a
result, we maintain consistent stable operation and mea-
surement over many days30. We achieve sub-picotesla
sensitivity near room-temperature, with a maximum sen-
sitivity of 130 fT/

p
Hz.

In contrast to gradiometric approaches, our implemen-
tation also allows long range magnetic field measure-
ments. Retaining the ability to detect distant sources
has multiple applications in surveillance, geophysics, and
telecommunications31.

We also demonstrate the wide tunability of the mag-
netometer operation frequency, with sub-picotesla sensi-
tivity extending from the kHz to MHz bands. Finally,
we note that our device can be easily commuted between
85Rb (for higher signal-to-noise ratio, SNR) and 87Rb
(for larger dynamic range).

Our sensor’s characteristics, coupled with the inher-
ently modular nature of the setup, make it suitable for
multiple applications, from portable healthcare devices
to security screening, non-destructive evaluation, and in-
dustrial monitoring.
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FIG. 1. (a) D1 and D2 line level diagram of 85Rb, arrows show the pump and probe excitation scheme. (b) Schematic of the
unshielded magnetometer setup (not to scale). Rb vapor is optically pumped on the D1 line with circularly polarized light. A
linearly polarized probe beam crosses perpendicularly and is read-out by a polarimeter. Active compensation system (based
on a PID feedback loop) maintains the desired DC magnetic field, reduces noise, and corrects field gradients – see main text.
RF coil provides a uniform calibration field, BRF. �/2: half-waveplate, �/4: quarter-waveplate, PBS: polarizing beam-splitter.

II. SETUP

The experimental setup is shown in Fig. 1. A 25mm
cubic vapor cell of natural isotopic rubidium and 20Torr
of N2 bu↵er gas is temperature controlled by a 1.5W
AC-current heater. This consists of thin copper wire
wrapped in an anti-inductive arrangement around the
cell. The heater’s current is modulated by a computer-
controlled H-bridge. This allows the heater frequency to
be adjusted to a value far detuned from the magnetome-
ter resonance when exploring the large dynamic range of
the device, and to momentarily automatically disable the
heater current during data acquisition for further noise
reduction.

The atomic vapor is spin polarized by a circularly
polarized pump laser beam locked to the |F = 2i !
|F 0 = 3i transition of the 85Rb D1 line.

The operation frequency is set by a DC magnetic field
collinear to the pump beam. This field is actively main-
tained by a compensation coil system. This consists of
a 1.2m square 3-axes coil cage, a fluxgate magnetometer
(Bartington MAG690) – situated near the cell, and PID
controllers (Stanford Research Systems SIM960). Along
the pump beam axis (ẑ), the bias field is provided by
either a 1.2m square Helmholtz coil or a 30 cm diame-
ter circular Helmholtz coil (for high-field operation, not
shown in Fig. 1(b)). The PID acts to minimize the dif-
ference between the bias field (Bz, measured by the flux-
gate) and the desired operation field. The current sup-
plied to the coils is regulated by MOSFET whose gate
voltage is driven by the PID output. In this way, ambient
magnetic field variations and oscillating magnetic noise
are actively compensated. As a result, the bias field is

locked at the desired set-point. The performance of this
system is evaluated in Section III B. Magnetic field ho-
mogeneity along ẑ is further increased by field gradient
compensation with a 1.2m square anti-Helmholtz coil.
The transverse ambient magnetic fields (along x̂ and ŷ)
are zeroed – by minimizing the Larmor frequency to the
expected value for a given Bz – and can be optionally
maintained at that value with two further feedback loops.
The magnetometer is calibrated with a known AC

magnetic field (BRF) provided by a pair of 18 cm diame-
ter Helmholtz coils in the y-direction. This field excites
spin coherences between nearest-neighbor ground state
Zeeman sub-levels producing a transverse atomic polar-
ization rotation.
The atomic precession is read out via the Faraday ro-

tation of the plane of polarization of a linearly polarized
probe beam. This beam is produced by a second laser,
blue-detuned by 1.1GHz from the |F = 3i ! |F 0 = 4i
transition of the 85Rb D2 line and crossing perpendic-
ular to the pump beam at the centre of the cell. The
overlapping region of the beams defines the sensor vol-
ume (pump beam waist 5mm, probe beam waist 4mm,
volume 57mm3). Retaining high sensitivity detection
whilst significantly reducing the e↵ective volume (com-
pared to previously reported unshielded magnetometers)
represents an important advantage in many applications.
In particular, this allows an increase in the spatial res-
olution of magnetic field measurements. A larger sen-
sor volume would allow a further increase in sensitivity.
However, a smaller volume is used to increase the spatial
resolution of magnetic field measurements in EII appli-
cations.
A polarimeter, consisting of a polarizing beam splitter
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and balanced photodiode, detects the probe beam rota-
tions. The output of the photodiode is interrogated by
a lock-in amplifier (LIA, Ametek DSP7280) and a spec-
trum analyzer (SA, Anritsu MS2718B). The internal os-
cillator of the LIA generates BRF, reducing the footprint
of the system.

In Section III C, we present a comparison between
the high-frequency operation using 85Rb and 87Rb. In
the latter case, the corresponding transitions are; pump
|F = 1i ! |F 0 = 2i transition of the D1 line, probe
|F = 2i ! |F 0 = 3i transition of the D2 line. As with
the 85Rb, the probe beam is blue-detuned by 1.1GHz
from the reference transition.

III. RESULTS AND DISCUSSION

A. Characterization and Optimization

A known RF calibration field (BRF) of amplitude 6 nT
is applied to characterize and optimize the performance
of the magnetometer. The operation frequency for the
optimization is chosen to be close to 100 kHz (bias field,
Bz = 2.13⇥ 10�5 T).

To optimize the magnetometer’s performance in the
parameter space, we record the in-phase signal ampli-
tude, bandwidth, and the out-of-phase gradient from the
LIA response. An example resonance response showing
polarization rotation as a function of RF frequency is pre-
sented in Fig. 2. The typical operation bandwidth (BW,
�) of the sensor is � = 200 – 350Hz. A BW of this scale
is suitable for multiple applications, such as NQR.
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FIG. 2. Typical in-phase (blue circles) and out-of-phase
(red squares) response of the magnetometer near 100 kHz
(Bz = 2.13⇥ 10�5 T). Inset: polarimeter output at the
resonant frequency fitted with sine wave of the same fre-
quency. Near-optimized conditions: pump power 400 µW,
probe power 70 µW, vapor cell temperature 45 �C.

The magnetometer performance is further evaluated by
examining the signal amplitude and SNR, along with the
contributing factors limiting the noise from the SA. Fig-
ure 3 shows the various noise components around 100 kHz
with the magnetometer operating at 45 �C. The tech-
nical noise (measured without the probe beam) arises
from electrical noise in the measurement scheme. It
is the dominant contribution at low probe beam pow-
ers (see Fig. 4(a)). The photon-shot noise is added to
this to give the o↵-resonant (or baseline) noise. This is
recorded with the bias field detuned from the RF reso-
nance. The photon-shot noise becomes dominant with
higher probe-beam power, scaling as the square root of
the power (again, see Fig. 4(a)). The remaining noise
terms arise from resonant noise sources. These include
spin-projection noise and light-shift noise8. The total
noise is recorded with the RF driving o↵ and the bias
field on (solid blue line in Fig. 3).
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FIG. 3. Magnetometer noise sources around 100 kHz recorded
by the SA at 45 �C with other parameters optimized. To-
tal noise (solid blue line) measured with the RF field o↵ and
pump beam on. Total noise level of 165 fT/

p
Hz marked by ar-

rows. Dominated by the detection of a 100 kHz signal and cor-
responding 50Hz side-bands. O↵ resonant noise (dot-dashed
red line) measured with the bias field o↵. Dominated by the
photon-shot noise. Technical noise floor (dashed black line)
measured without the probe beam.

The total noise level describes the magnetometer sensi-
tivity, �B1. We recorded a total noise floor of 165 fT/

p
Hz

at 45 �C – marked by the arrows in Fig. 3. This level is
calculated following the standard approach of calibrating
the SA’s vertical scale via the calibration field and the
SNR8. The sensitivity is therefore given by

�B1 =
BRF

SNR
. (1)

Improved values would be quoted if the baseline noise
was used (147 fT/

p
Hz, in this case), however this is

somewhat less relevant to practical applications. There-
fore, we chose the total noise as the limiting factor for
the AM sensitivity.
The total noise measurement reveals the detection of

environmental interference at 100 kHz and of amplitude
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FIG. 4. (a) Magnetometer signal (blue filled circles), total noise – measured with the RF field o↵ (red filled squares), and SNR
– the ratio between the previous results (black open squares) as a function of probe beam power. Measured by the SA. (b)
Magnetometer sensitivity (after Eq. 1, purple filled circles) and out-of-phase gradient (yellow open squares) as a function of
probe beam power. All results recorded at 45 �C with pump beam power 400µW.

1.4 pT. This signal, and the corresponding 300 fT 50Hz
side-bands, originate from a neighboring laboratory.

By examining the LIA and SA measurements through-
out the parameter space the optimum parameter values
can be set to satisfy the desired requirements of the sen-
sor’s operation – e.g. narrowest BW, highest sensitivity.
As an example, the e↵ect of the probe beam power is
shown in Fig. 4. Fig. 4(a) presents the results from the
SA analysis of the AM output. The magnetometer am-
plitude (blue circles) increases with probe beam power
to at maximum around 300µW – decreasing slightly be-
yond this. The decrease at higher powers is due to the
probe beam disrupting the population alignment created
by the pump beam (pump beam power 400 µW).

The total magnetometer noise (red squares in
Fig. 4(a)) is recorded with the bias field on and the RF
driving o↵, as shown in Fig. 3. The SNR is computed
directly from the above measurements. Figure 4(b) dis-
plays the magnetometer sensitivity (�B1, see Eq. 1) and
the out-of-phase gradient at the resonant frequency as
a function of the probe beam power. The behavior of
these results is inverted as the sensitivity is inherently
inversely related to the out-of-phase gradient. This fol-
lows from an alternative figure of merit for the sensitivity,
�B2 = ~

gµB

�

SNR
– where SNR

�
is e↵ectively equivalent to

the out-of-phase gradient33,34. We note that the same
70 µW probe beam power maximizes the gradient, sensi-
tivity, and SNR.

The optimized values at 100 kHz require a total optical
power of only 470 µW supplied to the sensor and 29.5W
supplied to the compensation coils.

Another significant parameter to explore is the atomic
vapor density. The AC current heater allowed con-
trol of the vapor cell temperature from 21 – 60 �C:
this coresponds to densities in the range 6.1⇥ 109 –
2.4⇥ 1011 cm�3. This range is significantly lower than
that explored in many previous works14,15,28. The ab-
sence of an oven reduces the size and complexity and
increases the ease-of-operation in practical applications.

In Fig. 5, we present the magnetometer sensitivity
and out-of-phase gradient as a function of tempera-
ture. Increasing the vapor density increases the sensi-
tivity but also increases the rate of spin-exchange colli-
sions (broadening the BW), and increases radiation trap-
ping of the probe beam (fixed at 70µW across the tem-
perature range). Both of these e↵ects reduce the sig-
nal. Nevertheless, in the experimental range, increas-
ing vapor density had a positive e↵ect on the sensitivity,
�B1 = 130 fT/

p
Hz at 60 �C. However, we note that

the rate of improvement slowed above 42 �C. This is
mirrored in out-of-phase gradient where the steepest re-
sponse (and also the narrowest BW) was recorded around
45 �C. Sub-picotesla sensitivity was achieved with only
gentle heating to 29 �C.
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FIG. 5. Magnetometer sensitivity (blue filled circles) and out-
of-phase gradient (red open squares) as a function of vapor
cell temperature. All results recorded at with pump beam
power 400 µW and with probe beam power 70 µW. A peak
sensitivity of 130 fT/

p
Hz was recorded at 60 �C.
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B. Active magnetic field stabilization

The consistent high-sensitivity operation of the magne-
tometer (obtained without averaging) in unshielded en-
vironments is made possible by the active compensation
of stray static and oscillating magnetic fields. Operating
without averaging speeds up practical applications.

The active field stabilization is based around a PID
feedback loop from a fluxgate sensor. The output of the
PID is used to control the current flowing in the bias field
coils by controlling the gate voltage of a MOSFET. For
low-field operation (⌫ < 200 kHz, Bz < 4.26⇥ 10�5 T),
the current in the bias field coils can be supplied directly
from the PID output. We did not record a di↵erence in
the sensor’s characteristics between the MOSFET driven
and PID only configurations. Furthermore, the results
presented throughout this work used a single feedback
loop maintaining Bz. The system can be easily extended
to included two more loops maintaining Bx = By = 0.
We found that this approach does not further improve
the sensitivity though it is inherently more suited to long
term data acquisition and field applications30.

The Fourier transform of the PID output is presented
in Fig. 6. This shows the frequencies that the system is
working to compensate – up to the 3 dB bandwidth of the
fluxgate at 1 kHz. As expected, the signal is dominated
by the 50Hz correction from the power line noise and its
higher order harmonics.
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FIG. 6. FFT of the PID output used to actively stabilize the
bias field (Bz). The correction signal is dominated by 50Hz
noise and corresponding harmonics.

The 50Hz noise contribution is the dominant source
of noise for unshielded operation of atomic magnetome-
ters. In this work, the sensitivity is degraded by an
approximate factor 2 without the active compensation
system. Consistent sensor operation is also impossible,
with the resonance lineshape severely distorted and non-
repeatable (see Supplementary Material35). This is due
to the distortion of Bz at 50Hz. We call the amplitude
of this modulation B50Hz

z . Without active compensa-
tion, this value was independently measured by two sen-
sors and found to be 120 nT. For 85Rb this corresponds
to an oscillation of the resonant frequency of 1.1 kHz

(similar to those reported for other unshielded atomic
magnetometers14). When the compensation system is
active, we can extract the residual oscillations in the bias
field directly from the LIA. This is shown in Fig. 7. In
these conditions the oscillations are ±56Hz, this equates
to an amplitude B50Hz

z = 11.9 nT. The active compensa-
tion system reduces the dominant 50Hz noise component
by a factor ten.
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FIG. 7. Oscillations in resonant frequency of the magne-
tometer. Active magnetic field locking reduces the 50Hz
noise by an order of magnitude. With field stabilization,
the modulation is ±56Hz (blue line), this corresponds to
B50Hz

z = 11.9 nT. Without stabilization, B50Hz

z = 120 nT,
giving a modulation of 1.1 kHz – level indicated by the shaded
area.

During sensor operation, the e↵ect of the noise is fur-
ther reduced by time-gated data acquisition triggered di-
rectly from the power line. In this way, measurements are
always taken at the same point of the 50Hz oscillations
- minimizing the standard deviation of measured values.

C. Range of frequency tunability

In this section we explore the range of operation fre-
quency of the magnetometer. A broad tunability is a
crucial feature for many practical applications where a
range of detection frequencies are required: for example,
the detection of NQR signals and tuning the penetration
depth in EII.
To maintain relevance to these applications we fix all

parameters at the values optimized at 100 kHz (BRF =
6nT, pump power 400µW, probe power 70µW, temper-
ature 45 �C). We note that tuning BRF across a wide
frequency band requires the calibration of the RF coil
across the range, although this can be performed a pri-
ori.
We demonstrate consistent operation without averag-

ing across three orders of magnitude: from 3.5 kHz to
2MHz, currently limited by the LIA bandwidth. This
corresponds to a bias fields (Bz) from 0.74 µT to 285 µT.
This dynamic range is significantly greater than those
previously reported and confirms the suitability of our
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FIG. 8. Magnetometer sensitivity as a function of operation
frequency, demonstrating consistent operation across three or-
ders of magnitude. Line serves to guide the eye.

device to multiple applications.
The range of frequency tunability is presented in Fig. 8,

in the case of the 85Rb RF-AM. We find that the mag-
netometer operates with sub-picotesla sensitivity from
30 kHz to 1.1MHz at 45 �C. This range increases to
around 15 kHz to 1.4MHz at 60 �C. The maximum sensi-
tivity is found to be in the range 100 – 700 kHz. At lower
frequencies, an increase in the technical noise became the
limiting contribution. At higher frequencies the decrease
in sensitivity was due to an increasing BW.

The largest tunability is demonstrated with 87Rb,
which provides higher dynamic range, thanks to its larger
gyromagnetic factor (�87 ⇡ 1.49�85).

In Fig. 9, the source of the broadening is explored.
We compare the broadening at high Bz fields for the
85Rb and the 87Rb magnetometers. The magnetometer
HWHM (�/2) for each isotope is fitted with a function

f(⌫) = ↵85,87 + �85,87�
85,87(⌫), (2)

where �85,87(⌫) is the second-order Zeeman e↵ect as a
function of operation frequency (⌫). �85,87(⌫) is calcu-
lated from the Breit-Rabi formula35,36. The best fit pa-
rameters are: ↵85 = 145Hz, ↵87 = 160Hz, �85 = �87 =
1.6. The strong agreement with experimental data con-
firms that the broadening results from second-order ef-
fects and not from the introduction of magnetic field gra-
dients when operating in high fields. An example of the
distortion of AM lineshape due to the second-order Zee-
man e↵ect is shown in the Supplementary Material35 at
⌫ = 2MHz, where the 87Rb AM exhibits a sensitivity of
4.3 pT/

p
Hz.

IV. CONCLUSIONS

We have demonstrated a single-channel unshielded RF-
AM, operating with sub-picotesla sensitivity near room
temperature. Our approach is based on the active lock-
ing the magnetic field that the sensor operates in. We
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FIG. 9. Magnetometer HWHM (�/2) as a function of fre-
quency for both 85Rb (blue filled circles) and 87Rb (red open
squares). Theoretical fits (solid lines) are calculated from the
second-order Zeeman e↵ect as a function of frequency.

measured a resulting order of magnitude reduction in the
power-line noise. The single-sensor approach is applica-
ble to the detection of both local and remote magnetic
field sources. The small e↵ective volume of the sensor
increases the spatial resolution of the measurement and
leads to an improved imaging resolution in EII applica-
tions. We have shown that the operation frequency of
the sensor is tunable across three orders of magnitude.
The performance is degraded, in the MHz range, by the
second-order Zeeman e↵ect. Our current range is only
limited by the bandwidth of the LIA. Operating with-
out any passive magnetic shielding, the demonstrated
flexibility in operating conditions, and low optical power
greatly increase the applicability of our device to practi-
cal applications.

SUPPLEMENTARY MATERIAL

See supplementary material for information on opera-
tion without active field stabilization, and the derivation
of the second-order Zeeman e↵ect fit (�85,87(⌫)) and its
impact on the RF-AM response.

ACKNOWLEDGMENTS

The authors would like to thank Prof. Valerio Bian-
calana (University of Siena), Dr Witold Chalupczak
(NPL), Dr Yordanka Dancheva (University of Siena), and
Dr Rafal Gartman (NPL) for their stimulating discus-
sions.
The authors acknowledge support from the UK Quan-

tum Technology Hub in Sensing and Metrology, Engi-
neering and Physical Sciences Research Council (EP-
SRC) (EP/M013294/1). Cameron Deans acknowledges
support from the Engineering and Physical Sciences Re-
search Council (EPSRC) (EP/L015242/1).

http://aip.scitation.org/rsi/


7

1D. Budker and M. Romalis, Nature Physics 3, 227 (2007).
2R. Kleiner, D. Koelle, F. Ludwig, and J. Clarke, Proceedings of
the IEEE 92, 1534 (2004).

3R. Fagaly, Review of Scientific Instruments 77, 101101 (2006).
4P. D. Schwindt, S. Knappe, V. Shah, L. Hollberg, J. Kitching,
L.-A. Liew, and J. Moreland, Applied Physics Letters 85, 6409
(2004).

5M. Balabas, D. Budker, J. Kitching, P. Schwindt, and J. Stal-
naker, JOSA B 23, 1001 (2006).

6V. Shah, S. Knappe, P. D. Schwindt, and J. Kitching, Nature
Photonics 1, 649 (2007).

7W. C. Gri�th, S. Knappe, and J. Kitching, Optics Express 18,
27167 (2010).

8I. Savukov, S. Seltzer, M. Romalis, and K. Sauer, Physical Re-
view Letters 95, 063004 (2005).

9I. Savukov, T. Karaulanov, and M. Boshier, Applied Physics
Letters 104, 023504 (2014).

10S. Xu, V. V. Yashchuk, M. H. Donaldson, S. M. Rochester,
D. Budker, and A. Pines, Proceedings of the National Academy
of Sciences 103, 12668 (2006).

11I. Savukov, V. Zotev, P. Volegov, M. Espy, A. Matlashov,
J. Gomez, and R. Kraus, Journal of Magnetic Resonance 199,
188 (2009).

12I. Savukov and T. Karaulanov, Applied Physics Letters 103,
043703 (2013).

13S.-K. Lee, K. Sauer, S. Seltzer, O. Alem, and M. Romalis, Ap-
plied Physics Letters 89, 214106 (2006).

14R. J. Cooper, D. W. Prescott, P. Matz, K. L. Sauer, N. Dural,
M. V. Romalis, E. L. Foley, T. W. Kornack, M. Monti, and
J. Okamitsu, Physical Review Applied 6, 064014 (2016).

15I. Savukov, S. Seltzer, and M. Romalis, Journal of Magnetic
Resonance 185, 214 (2007).

16G. Bevilacqua, V. Biancalana, Y. Dancheva, and L. Moi, Journal
of Magnetic Resonance 201, 222 (2009).

17G. Bevilacqua, V. Biancalana, Y. Dancheva, A. Vigilante, A. Do-
nati, and C. Rossi, The Journal of Physical Chemistry Letters
8, 6176 (2017).

18C. Deans, L. Marmugi, S. Hussain, and F. Renzoni, Applied
Physics Letters 108, 103503 (2016).

19C. Deans, L. Marmugi, and F. Renzoni, Optics Express 25,
17911 (2017).

20A. Wickenbrock, N. Leefer, J. W. Blanchard, and D. Budker,
Applied Physics Letters 108, 183507 (2016).

21J. Belfi, G. Bevilacqua, V. Biancalana, S. Cartaleva,
Y. Dancheva, and L. Moi, JOSA B 24, 2357 (2007).

22S. A. Knappe, O. Alem, T. H. Sander, R. R. Mhaskar, J. LeBlanc,
H. Eswaran, U. Steinho↵, Y. Okada, J. E. Kitching, and
L. Trahms, Physics in Medicine and Biology 60 (2015).

23M. Ledbetter, V. Acosta, S. Rochester, D. Budker, S. Pustelny,
and V. Yashchuk, Physical Review A 75, 023405 (2007).

24W. Chalupczak, R. Godun, S. Pustelny, and W. Gawlik, Applied
Physics Letters 100, 242401 (2012).

25A. N. Garroway, M. L. Buess, J. B. Miller, B. H. Suits, A. D.
Hibbs, G. A. Barrall, R. Matthews, and L. J. Burnett, IEEE
Transactions on Geoscience and Remote Sensing 39, 1108 (2001).

26C. Deans, L. Marmugi, and F. Renzoni, Applied Optics 57,
2346–2351 (2018).

27S. Groeger, G. Bison, P. E. Knowles, R. Wynands, and A. Weis,
Sensors and Actuators A: Physical 129, 1–5 (2006).

28D. A. Keder, D. W. Prescott, A. W. Conovalo↵, and K. L. Sauer,
AIP Advances 4, 127159 (2014).

29G. Bevilacqua, V. Biancalana, P. Chessa, and Y. Dancheva,
Applied Physics B 122, 1 (2016).

30C. Deans, L. D. Gri�n, L. Marmugi, and F. Renzoni, Phys. Rev.
Lett. 120, 033204 (2018).

31V. Gerginov, F. da Silva, and D. Howe, Review of Scientific
Instruments 88, 125005 (2017).

32A larger sensor volume would allow a further increase in sensi-
tivity. However, a smaller volume is used to increase the spatial
resolution of magnetic field measurements in EII applications.

33S. Pustelny, A. Wojciechowski, M. Gring, M. Kotyrba, J. Za-
chorowski, and W. Gawlik, Journal of Applied Physics 103,
063108 (2008).

34V. G. Lucivero, P. Anielski, W. Gawlik, and M. W. Mitchell,
Review of Scientific Instruments 85, 113108 (2014).

35See Supplementary Material: .
36G. Breit and I. Rabi, Physical Review 38, 2082 (1931).

http://dx.doi.org/10.1103/PhysRevLett.120.033204
http://dx.doi.org/10.1103/PhysRevLett.120.033204


Supplementary Material for “Sub-picotesla widely-tunable atomic
magnetometer operating at room-temperature in unshielded environments”

Cameron Deans,1 Luca Marmugi,1, a) and Ferruccio Renzoni1

Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT,
United Kingdom

(Dated: 30 July 2018)

Supporting material for “Sub-picotesla widely-tunable atomic magnetometer operating at room-temperature in

unshielded environments” by C. Deans et al. .

I. OPERATION WITHOUT ACTIVE FIELD STABILIZATION

The sensitivity of our sensor is reduced by an approximate factor 2 without the active compensation system

stabilizing the magnetic field. In addition, consistent operation would be impossible without averaging. This is

because the of the distortion of the resonance lineshape, demonstrated in Figure 1.

FIG. 1. Typical in-phase (blue circles) and out-of-phase (red squares) responses of the magnetometer without magnetic field

compensation. (a) and (b) are consecutive traces, both recorded within a 30 s period. The response is non-repeatable and

severely distorted in comparison to the field-stabilized case (Figure 3, main text).

The results in Figure 1 also show how detrimental it would be to simply remove magnetic shielding from a standard

AM designed to operate in screened environment, if no countermeasures of the type described in the main text are

taken.

II. SECOND-ORDER ZEEMAN EFFECT AS A FUNCTION OF OPERATION FREQUENCY

The second-order Zeeman e↵ect splits the RF resonances corresponding to specific transitions between neighboring

ground state magnetic sub-levels. This becomes more important at higher bias fields (i.e. higher operation frequencies).

Transitions energies for each Zeeman state as a function of the applied magnetic field are described by the Breit-Rabi

equation
36
.

W (|F,mFi) = � �W

2(2I + 1)
+ gIµBmFB ± �W

2

r
1 +

4mF

2I + 1
x+ x2. (1)

In the above equation: x =
(gJ�gI)µB

�W B is the dimensionless field strength parameter, the choice of sign (±) is for

F± = I ± 1
2 , and �W/h is the F± hyperfine splitting (in Hz). The constants are: the Bohr magneton µB , the nuclear

g-factor gI , and the angular momentum Landé g-factor gJ .
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Equation 1 allows the calculation of the operation frequency of the RF-AM in a given magnetic field. The resulting

operation frequencies for
85
Rb and

87
Rb (in the regime explored in the main text) are plotted in Figure 2. As

expected, the transition frequencies are linear and in good agreement with the linear Zeeman e↵ect - in this regime

(Inset: dot-dashed red line). Nevertheless, the exact transition frequency for each pair of nearest-neighbor Zeeman

sub-levels is di↵erent due to second order e↵ects (magnified in Inset).
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FIG. 2. Calculated magnetometer operation frequency for
85
Rb (blue) and

87
Rb (red). Inset: Magnified transitions of

85
Rb

split due to second-order e↵ects (position of inset marked by arrows). Good agreement with linear approximation (dot-dashed

red line).

We extract the second-order contribution by subtracting neighboring lines in Figure 2 and converting the x-axis

from magnetic field to operation frequency. This gives the second-order Zeeman e↵ect as a function of operation

frequency. The resulting calculations are plotted in Figure 3. They are referred to as �
85,87

(⌫) and used as theoretical

fits in Figure 7 of the main text.
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FIG. 3. Second-order Zeeman splitting of magnetic sub-levels as a function of operation frequency for
85
Rb (blue) and

87
Rb

(red). These calculations are referred to as �
85,87

(⌫) in the main text.

The second-order broadening of the magnetometer resonance is further confirmed in Fig. 4, where the RF resonance

is presented for the magnetometer operating on
87
Rb near 2MHz (Bz = 285µT). Here, the individual RF transitions

between the magnetic sub-levels are clearly separated. Their separation matches that predicted from the calculation
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of �
87
(⌫) above (dashed lines in Fig. 4).
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FIG. 4. Second-order Zeeman splitting of magnetometer resonance -
87
Rb magnetometer operating around 2MHz (1991 kHz).

Marked peaks and splittings (red lines) are calculated from �
87
(⌫).
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