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Figure 1 Single-domain spinor BEC (SDSBEC) magnetometer schematic and principle of operation, from  [1].  a) 
illustrates the experimental methods: a cold 87Rb sample of ~70,000 atoms is loaded into a crossed optical dipole 
trap (yellow/orange beams) and evaporative cooling is used to produce a single-domain condensate. An off-
resonance probe beam (red, Faraday probe beam) is passed through the condensate and experiences polarization 
rotation by an angle 𝜙, proportional to the SDSBEC magnetization along direction y, is detected with polarization 
optics and low-noise differential photodetection.  b) shows the atomic density, in the x-z plane. e) shows the 
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Fig. 1. Single-domain spinor Bose-Einstein condensate (SDSBEC) magnetic field sensor. (a) Experimental schematic: crossed, far-off-resonance beams (orange) are used to
produce and hold a spinor condensate in a spherical optical dipole trap. A near-resonance probe beam (red) is used to make non-destructive Faraday rotation measurements of
the on-axis (y) component of the collective spin F. A reference detector (RD) measures the number of input photons, quarter- (QWP) and half-wave (HWP) plates are used to
set the polarization before a lens (L) focuses the probe onto the atomic cloud. The transmitted light is analyzed for polarization rotation using a second HWP, polarization
beamsplitter (PBS) and differential photodetector (DPD). (b) Computed column density nc of the prepared SBEC in the x–z plane (dark square in schematic). (c) Evolution
of the collective spin statistical distribution during the sensing protocol (not to scale): the atoms are spin polarized parallel to the field direction, with the collective spin F
statistically distributed as shown by red dots, limited by spin projection noise and atom number uncertainty. Spins are then tipped by a radio-frequency pulse to be orthogonal to
the field (B), shown by green dots. During a free-precession time T the collective spin precesses by an angle ◊ = “BT , while also diminishing in magnitude and experiencing
shearing of the statistical distribution (green-blue progression). (d) Readout: during the final few precession cycles the spin component Fy is detected by Faraday rotation.
Measurements of optical polarization rotation angle „ versus time t (points) are fit with a free-induction waveform (line) to infer spin-rotation angle ◊ at readout time T . (e)
Spatial distribution of the polarization defect column density nc ≠ F c

‹ at T = 1 s, where F c
‹ is the transverse polarization column density, obtained from 3+1D Gross-Pitaevskii

equation simulations for the experimental trap conditions and q/h = 0.5 Hz (left) and q/h = 0 Hz (right). Scale as in (b). The very small observed spin defect implies a small
upper bound to spin noise from ferromagnetism-driven spin segregation, and justifies the use of the single-mode approximation to compute quantum noise dynamics.

that freezes-out relaxation pathways due to collisions, dipolar51

interactions, and also spin di�usion (24) and domain formation52

(25, 26), which occur in unconfined condensates. With a53
87Rb SDSBEC, we find ER = 0.075(16) ~, far beyond what54

is possible, even in principle, with established technologies55

(10, 27). Our results demonstrate the possibility of ER π ~56

sensors, and motivate the study of other exotic sensor types.57

To understand how the SDSBEC evades the ~ limit, it is58

instructive to first show why other spin-precession sensors,59

which include NVD and alkali vapors, obey such a limit. The60

principle of operation of a spin-precession sensor is represented61

in Figure 1c: An ensemble of N atoms is first initialized with62

its net spin F along the magnetic field B to be measured.63

The spin is then tipped by a radio-frequency pulse, making F64

orthogonal to B. The spins are allowed to precess for a time65

T before the resulting precession angle ◊ = “BT is detected,66

where “ is the gyromagnetic ratio of the atomic species and67

B = |B| is the magnitude of the field. The resulting energy68

resolution per bandwidth is69

ER = V È”◊2ÍF

2µ0“2T
+ V È”◊2ÍRO

2µ0“2T
, [2]70

where È”◊2ÍF and È”◊2ÍRO are the angular variance due to71

intrinsic uncertainty of F and readout noise, respectively.72

Readout noise can in principle be arbitrarily reduced using73

projective measurement, so we focus on the intrinsic spin noise.74

This scales as È”◊2ÍF Ã N≠1 and is minimized at the optimal75

readout time T ¥ T2/2, where T2 is the transverse relaxation76

time. The quantum noise contribution to Equation 2 thus77

scales as 1/(nT2), where n = N/V is the number density78

of spins. In ordinary spin systems, the relaxation rate 1/T279

will grow proportionally to n due to two-body decoherence80

processes, e.g. spin-destruction collisions in vapors (8) or 81

magnetic dipole-dipole coupling in NVD (9, 10). This density- 82

coherence trade-o� ensures that ER has a finite lower bound 83

(see Methods, subsection A). 84

To circumvent this limit, we implement a spin-precession 85

sensor with a SDSBEC. This ultra-cold sensor di�ers from the 86

above in three important ways. First, because it is so cold, 87

inelastic two-body interactions, including both short-range 88

hyperfine-changing collisions and long-range dipole-dipole in- 89

teractions, are energetically forbidden for a sensor operat- 90

ing in the ground hyperfine state (28). Second, because of 91

quantum degeneracy, the elastic two-body interactions (spin- 92

independent and spin-dependent contact interactions) produce 93

a coherent dynamics that does not raise the entropy of the 94

many-body spin state (29). Third, in the single-domain regime, 95

these coherent dynamics cannot reduce the net polarization 96

through domain formation, as happens in extended SBECs 97

(30). As we will show, 1/T2 then contains no contribution Ã n, 98

and we escape the density-coherence trade-o�. 99

To understand the SDSBEC sensitivity†, we compute 100

È”◊2ÍF , including quantum statistical e�ects due to collisional 101

interactions, which can importantly modify the spin distri- 102

bution from its mean-field behavior (33). We employ the 103

†A direct measurement of the sensor’s equivalent magnetic noise could in principle be made by
placing the magnetometer in a shielded environment with magnetic noise below that of the sen-
sor. To our knowledge, shielding at the required level, ≥ 50 fT/

Ô
Hz at sub-Hz frequen-

cies, has never been implemented in a cold-atom experiment, and appears intrinsically challeng-
ing. As described below, the single-shot, optimized SDSBEC is sensitive to frequencies below
f = 1/T ¥ 0.29 Hz, while multi-shot measurements would be still slower. At these low fre-
quencies, magnetic shielding is limited by the innermost shield’s thermal magnetization noise, with
power spectral density Ã 1/f and typical values È”B2ÍT = f≠1120 fT2 (31). For this
reason, we base our sensitivity estimates on a combination of measured readout noise and calcu-
lations of the quantum noise dynamics in the SBEC using measured parameters. Due to the very
clean nature of the BEC system, such calculations have proven reliable in other contexts (32).

2 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Palacios Alvarez et al.



 
 

 
deviation from perfect polarization, which is at the level of one spin, and thus in the worst case comparable to 
the spin projection noise. d)  shows the measured rotation angle versus time, which reveals the precession 
dynamics of the spinor condensate. c) shows the spin distribution evolution during a magnetometry sequence, in 
which the spins are first prepared along the magnetic field, tipped by a radio-frequency (RF) pulse into the x-y 
plane, experience: Larmor precession by and angle 𝜃, relaxation due to loss of atoms, and shearing of the noise 
distribution due to competition of ferromagnetic and quadratic Zeeman effects. The resulting sensitivity is about 
two orders of magnitude beyond the sensitivity of any comparably-sized magnetic sensor  [2].  

A spinor Bose-Einstein condensate is ultracold bosonic matter, in this case 87Rb, cooled to 
quantum degeneracy and held in a state-independent trap (in practice, this means an optical 
trap, in which laser fields create a potential for the atoms that is the same for any of the 
atoms’ low-lying internal states). We operate a spinor Bose-Einstein condensate in the single-
domain regime, meaning that all of the atoms in the trap have the same state. In this regime, 
the atoms act as a single atom, and moreover have in practice no significant decoherence 
mechanisms – we see spin precession that lasts for ~8 seconds, which is the lifetime of atoms 
in the trap. This small (about 10 microns) BEC recently set a record for the highest size-
normalized magnetic sensitivity of any sensor yet made  [1]. We are are currently studying 
whether it can also be the most accurate thermometer, measuring temperatures into the 
picokelvin regime  [3].  We even have some ideas to use this to detect the short-range forces 
that would be produced by dark matter  [4]. 
 
[1] S. P. Alvarez et al., PNAS 119, (2022). 
[2] M. W. Mitchell and S. Palacios Alvarez, Rev. Mod. Phys. 92, 021001 (2020). 
[3] E. Aybar et al., Quantum 6, 808 (2022). 
[4] P. Gomez et al., Phys. Rev. Lett. 124, 170401 (2020). 
 
Objectives: 
 
As in any laboratory, there are many things to be done.  We have ideas for projects ranging 
from A) stabilization of an optical resonator around the atoms, to enable quantum non-
demolition measurement of the atomic spins, to B) design of a 2D magneto-optical trap to 
enable faster loading of the trap and better vacuum conditions, to C) calculation of quantum 
noise dynamics in the BEC as it searches for new forces. Please come to talk with us so we 
can see if your skills and interests match our project needs.   
 
Additional information (if needed): 
* Required skills:  Experimental experience is desirable but not absolutely required. Hard 
working, good knowledge of optics and laser physics, knowledge of atomic physics.  
* Miscellaneous:  Project will be done at ICFO.  


