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What	  is	  a	  macroscopic	  spin	  singlet	  ?	  
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Doesn’t	  the	  uncertainty	  principle	  forbid	  this	  ?	  
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How	  do	  you	  know	  that	  you	  have	  made	  a	  MSS	  ?	  	  

spin	  squeezing	  
parameter	  

condi9on	  for	  
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number	  of	  atoms	  in	  
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G.	  Toth,	  M.	  W.	  Mitchell,	  NJP	  12	  053007	  (2010)	  
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Mo9va9on:	  Gradient	  magnetometry	  with	  singlets	  
Macro	  singlet	  

Uniform	  field	  :	  singlet	  -‐>	  singlet	  

Gradient	  field	  :	  singlet	  -‐>	  triplet	  

|F|2	  =	  0	  

|F|2	  >	  0	  

|F|2	  =	  0	  

I.	  Urizar-‐Lanz,	  et	  al,	  Phys.	  Rev.	  A	  88,	  013626	  (2013)	  
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quantum	  spin	  correla9ons	  

Singlet	  as	  ground	  state	  of	  many	  spin	  model	  system	  



Measurement-‐induced	  entanglement	  genera9on	  

Spin	  squeezing	  by	  interac9ons	  
Oberthaler,	  Treutlein,	  Vule9c,	  
Chapman,	  Klempt	  	  

Spin	  squeezing	  by	  measurement	  
Kuzmich,	  Mabuchi,	  Polzik,	  Vule9c,	  
Takahashi,	  Thompson,	  Mitchell	  



Measurement-‐induced	  entanglement	  genera9on	  

Spin	  singlets	  by	  interac9ons	  
Greiner,	  Esslinger	  

Spin	  singlets	  by	  measurement	  
This	  work.	  



How	  can	  you	  make	  a	  MSS	  ?	  
Quantum	  simulator	  approach	  :	  	  

Engineer	  an9-‐ferromagnet	  
Cool	  to	  ground	  state	  
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Measurement-‐based	  approach	  :	  
Quantum	  non-‐demoli9on	  
measurements	  
Controlled	  rota9ons	  



QND	  measurement	  
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Stroboscopic	  probing	  

Behbood,	  APL	  102,	  173504	  (2013)	  
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Stroboscopic	  probing	  

arXiv:1403.1964	  (2014)	  
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Experimental	  system	  

~106 87Rb atoms at 25µK 
f=1 ground-state 	  

1 µs long pulses 
linearly polarized 
“mode matched” to atoms 
0.7 GHz from D2 line	  

1 effective OD > 50 
2 Sensitivity 512 spins, < SQL 
3 QND measurement 
4  spin squeezing 
 
1 Kubasik, et al. PRA 79, 043815 (2009) 
2 Koschorreck, et al. PRL 104, 093602 (2010)  
3 Koschorreck, et al. PRL 105, 093602(2010) 
4 Sewell, et al. PRL 109, 253605 (2012) 	  
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Sample	  prepara9on	  
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Experimental	  sequence	  
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Vector	  non-‐demoli9on	  measurements	  

first	  vector	  measurement	  

arXiv:1403.1964 	  
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Vector	  non-‐demoli9on	  measurements	  

first	  vector	  measurement	   second	  vector	  measurement	  
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Vector	  non-‐demoli9on	  measurements	  

arXiv:1403.1964 	  
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Quan9fying	  squeezing	  by	  condi9onal	  variance	  

	  	  	  	  	  	  	  	  	  	  	  	  (1st	  measurement)	  

	  	  	  	  	  	  	  	  	  	  	  	  	  (2nd	  measurement)	  

condi9onal	  variance	  

standard	  quantum	  limit	  

arXiv:1403.1964 	  
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Vector	  non-‐destruc9ve	  spin	  
measurements	  

	  
Macroscopic	  spin	  singlets	  

50	  %	  singlet	  frac9on	  
	  

Conclusions	  +	  Outlook	  

arXiv:1403.1964	  (2014)	  

Next	  steps	  :	  Gradiometry	  
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Stroboscopic	  probing	  

Behbood, PRL 111, 
103601 (2013)	  
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	  spin	  states	  

Extract	  vector	  field	  components	  	  
and	  spin	  coherent	  9me	  
Dephasing	  due	  to	  gradient	  fields	  

Behbood,	  APL	  102,	  173504	  (2013)	  
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We demonstrate a fast three-axis optical magnetometer using cold, optically-trapped 87Rb gas as a sensor.
By near-resonant Faraday rotation we record the free-induction decay following optical pumping to obtain
the three field components and one gradient component. A single measurement achieves shot-noise limited
sub-nT sensitivity in 1 ms, with transverse spatial resolution of ⇠20 µm. We make a detailed analysis of the
shot-noise-limited sensitivity.

PACS numbers: 42.50.Lc,03.67.Bg,42.50.Dv,07.55.Ge

I. INTRODUCTION

Control of magnetic fields is critical to many ap-
plications, for example high-sensitivity instruments1

and atomic physics experiments2. Hot-atom optical
magnetometers3 o↵er sub-fT sensitivity at the cm scale3

and sub-pT at the mm scale4. Cold atom magnetome-
ters have demonstrated 10 pT gradient sensitivity at the
10 µm scale5,6 and 100 pT gradient sensitivity at the
3 µm scale.7 A single-ion narrow-band (2 ⇥ 10�3 Hz)
magnetometer8 showed 10 pT sensitivities. Many of
these systems are designed for sensing of one field or
gradient component. In contrast, precise control of
fields requires simultaneous knowledge of all field compo-
nents and possibly gradients as well. Recent work with
hot-atom magnetometers has demonstrated three-axis
sensing and control with nT precision at cm scales,9,10

while a three-axis modulated cold-atom magnetometer
has shown nT sensitivity at 300 µm scales.11,12

Here we demonstrate sub-nT sensitivity at 50 µm
length-scale in a cold-atom magnetometer employing
near-resonant Faraday rotation probing13. The instru-
ment gives three-axis field information plus one gradient
component, obtained by free-induction decay (FID) af-
ter optical pumping. A full measurement requires 1 ms,
and can be repeated with zero dead-time, allowing high-
bandwidth recording and control of the vector field. No
external magnetic fields need be applied, so the technique
can be used for real-time monitoring during field-sensitive
processes. Our implementation is shot-noise limited and
we give explicit expressions for its shot-noise-limited sen-
sitivity.

II. METHOD

The experiment is shown schematically in Figure 1(a).
An ensemble of atoms is held in an elongated optical
trap, and subject to an unknown field B. The atoms are
first optically pumped along the z direction, so that the
collective atomic spin F achieves the value (0, 0, F

z

(0)),
and then allowed to precess around B. O↵-resonance
Faraday-rotation probing measures the rotation angle

✓ = GF
z

, where G is a coupling constant, known from in-
dependent measurements.13 We observe the FID signal14
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, and a Lorentzian distribution (full-
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axis.15 The process is then repeated with the spins ini-
tially polarized (0, F
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Fitting the composite signal from the two FID mea-
surements gives the three B components up to a global
sign and T

2

. The ambiguity can be lifted by applying
a known field, if necessary. Representative traces are
shown in Figure 1(c). Relative to other vector magne-
tometry techniques,9,10,12 this method is simple both in
procedure and in interpretation and requires no applied
B-fields, making it attractive for work with field-sensitive
systems.16,17

III. EXPERIMENT

Our experimental apparatus has been described in de-
tail elsewhere.13 Briefly, we work with ensemble of up to
2 ⇥ 105 laser cooled 87Rb atoms in the F = 1 hyperfine
ground state. The atoms are held in a single-beam optical
dipole trap with beam waist 56 µm, which sets the min-
imum distance at which the field can be measured. The
atom cloud itself has 20 µm lateral dimension, defining
the transverse resolution. The atoms are probed with
µs duration pulses of linearly polarized light at 10 µs in-
tervals, red detuned by 1.5 GHz from resonance with the
F = 1 ! F 0 = 0 transition of the D

2

line. Each pulse
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How	  well	  can	  this	  work	  ?	  	  

G.	  Toth,	  M.	  W.	  Mitchell,	  NJP	  12	  053007	  (2010)	  
Phys.	  Rev.	  A	  87,	  021601(R)	  (2013)	  

Genera9on	  of	  macroscopic	  singlet	  states	  in	  atomic	  
ensembles	  

classical	  	  
limit	  

total	  measurement	  strength	  (arb	  u)	  

classical	  	  
limit	  

OD	  50	  (ICFO)	  	  

OD	  100	  	  	  

OD	  ∞	  

OD	  75	  

Thermal	  spin	  
state	  



Vector	  non-‐demoli9on	  measurements	  

first	  vector	  measurement	   second	  vector	  measurement	  
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Mo9va9on:	  Gradient	  magnetometry	  with	  singlets	  
Macro	  singlet	  

Uniform	  field	  :	  singlet	  -‐>	  singlet	  

Gradient	  field	  :	  singlet	  -‐>	  triplet	  

|F|2	  =	  0	  

|F|2	  >	  0	  

|F|2	  =	  0	  

I.	  Urizar-‐Lanz,	  et	  al,	  Phys.	  Rev.	  A	  88,	  013626	  (2013)	  


