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This is an experimental work!



Outline
● Single-spin quantum probe

● Single impurities in an 

ultra-cold gas

● Spin-exchange collisions including model

● Mapping temperature onto spin distribution

● Sensitivity & extension to                                                    
quantum probing

● Summary



Thermometer

Standard method:

thermalization of 
motional degree 
of freedom

classical

bath

Spiegelhalder et al., PRL 103, 223203 (2009)
Lous et al.,  PRA 95 , 053627 (2017)
Olf et al., Nature phys. 11,720 (2015)



Standard method:

thermalization of 
motional degree 
of freedom

classical

bath

bath

Proposal:

zeeman quasi-spin 
state coupling

quantum
Correa et al., PRL 114, 220405 (2015)
Johnson et al., PRA 93, 053619 (2016)
Mehboudi et al., arXiv: 1811.03988 

Spiegelhalder et al., PRL 103, 223203 (2009)
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Olf et al., Nature phys. 11,720 (2015)
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Single-spin quantum probe



Single-spin quantum probe
Hohmann et al.,  PRA 93 , 043607  (2018)



Single-spin quantum probe
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Spin impurities in an 
ultracold gas 

Rb prep. 
m

F
 = 0, F = 1, 

N = 7 k
T = 200 – 1000 nK

Cs prep. 
m

F
 = +2, F = 3

Cs-Rb
Interaction

Rb 
push-out

imaging
fluorescence

Cs m
F
 resolution

Readout

time

Rb

Cs

Schmidt  et al.,  PRL 121, 130403 (2018)



Interaction - Collisions

Elastic collisions Spin-Exchange collisions

Cs-Rb collision 

spin dynamics

F=3

F=1

-3

3

1

-1

Ratio
10 : 1

thermalization of motional
degree of freedom



Interaction - Collisions

Elastic collisions Spin-Exchange collisions

Cs-Rb collision 

spin dynamics

Investigate Spin-Exchange collisions

F=3

F=1

-3

3

1
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Spin-Exchange collisions

• different energy splittings due to 
different Landé factors

exoergic spin exchange
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Spin-Exchange collisions

• energy released by Rb 
→ decrease internal state

exoergic spin exchange
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Spin-Exchange collisions

• Cs take a part of that energy 
→ increase internal state

exoergic spin exchange

Cs F = 3Rb F = 1
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Spin-Exchange collisions

• rest of energy is given to the system

• collision energetically allowed

exoergic spin exchange
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Spin-Exchange collisions

• rest of energy is given to the system

• collision energetically allowed

exoergic spin exchange
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Spin-Exchange collisions

• rest of energy is given to the system

• collision energetically allowed

exoergic spin exchange
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Spin-Exchange collisions

• rest of energy is given to the system

• collision energetically allowed

exoergic spin exchange
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endoergic spin exchange
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Mapping temperature onto 
spin distribution

endoergic spin exchange
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Rates:

Eberhard Tiemann, 
Universität Hannover
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Mapping temperature onto
spin distribution
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Mapping temperature onto
spin distribution



steady state (theoretically)

Mapping temperature onto spin distribution

Bouton et al.,  arXiv: 1906.00844 (2019)



steady state (theoretically) dynamic (exp. & theor.)

Mapping temperature onto spin distribution

Bouton et al.,  arXiv: 1906.00844 (2019)



Mapping temperature onto spin 
distribution

Determine temperature 
via spin dynamic

Compare Cs distributions for 
different simulated temperatures
with measured distribution
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Mapping T & B onto 
spin distribution

bath

Thermometry

Single atom coupled to the bath
allows thermometry via spin dynamic

Next step: Investigate 
the sensitivity 

Bouton et al.,  arXiv: 1906.00844 (2019)



bath Sensitivity
Bures distance

Sensitivity



bath Sensitivity
Bures distance

Sensitivity

Bouton et al.,  arXiv: 1906.00844 (2019)



Sensitivity

Sensitivity

boost in sensitivity

compared to steady state

thermometry 6.55

Bouton et al.,  arXiv: 1906.00844 (2019)



Magnetometry
bathbath
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Bouton et al.,  arXiv: 1906.00844 (2019)
Evrard et. al., PRL 122, 173601 (2019)
Correa et. al., PRL 114, 220405 (2015)
Wasilewski et. al., PRL 104, 133601 (2010)



Magnetometry
bath
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boost in sensitivity

magnetometry 17.5

Bouton et al.,  arXiv: 1906.00844 (2019)
Evrard et. al., PRL 122, 173601 (2019)
Correa et. al., PRL 114, 220405 (2015)
Wasilewski et. al., PRL 104, 133601 (2010)



Summary 

● motional coupling              

quasi-spin state coupling   
(exo-/ and endoergic collisions)

bath

+3

+2

Z
ee

m
an

n 
en

er
gy

ΔE/2

E
coll

P

Z
ee

m
an

n 
en

er
gy

E
coll

P

T1 <  T2

Z
ee

m
an

n 
en

er
gy

E
coll

P

T1 <  T2

+3

+2

ΔE/2

+3

+2

ΔE/2

● T & B can be mapped onto spin 
(zeeman) states via spin-exchange

● realizing single atom quantum 
thermometer/magnetometer  
in spin space

● boost of sensitivity by 
nonequilibrium dynamics
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