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Motivation / Outline
Macroscopic Limits of Quantum Mechanics

— complex system control

— spontaneous collapse

Nano-Particle Interferometer 

– Stern-Gerlach splitting

– phonon (“internal”) decoherence

Henkel & Folman, AVS Quant. Sci. 4 (2022) 025602 
(Festschrift Nobel Prize Sir R. Penrose)  

and arxiv 2305.15230

a Probe of Quantum Gravity (?)

— gravity-related collapse (Penrose)

— gravity-based entanglement
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Spin entanglement witness for quantum gravity 
S. Bose, A. Mazumdar, G.W. Morley, H. Ulbricht, ... 
Phys. Rev. Lett. 119 (2017) 240401  

Gravitationally induced entanglement between two  
massive particles is sufficient evidence of quantum effects in gravity 
C. Marletto and V. Vedral 
Phys. Rev. Lett. 119 (2017) 240402 

Overview: C. Anastopoulos and Bei-Lok Hu (2018), 
AVS Quantum Sci. 4 (2022) 015602



M. Arndt group (U Vienna) 

https://interactive.quantumnano.at

Molecules at a double slit

nano-Particle Interferometer
how large is the Limit?

R. Penrose: “QM breaks down on macroscopic scales”



Matter-wave interference of a native polypeptide 
A. Shayeghi, P. Rieser, G. Richter, ... and M. Arndt (Vienna) 
Nature Commun. 11 (2020) 1447 
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Nano-Particle Interferometer
“May the Force be with the Spin ...”

nano-diamond with one NV centre

V = − μS ⋅ B

“Constructing nano-object quantum superpositions with a Stern-Gerlach interferometer” 
Marshman, Mazumdar, Folman, Bose, Phys. Rev. Research 4 (2022) 023087



Nano-Particle Interferometer
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Ψ1(z 2T1/2) |1⟩
+ Ψ2(z, 2T1/2) |2⟩

V = − μS ⋅ B
2.87 GHz 3A2 level

m = 0

m = ± 1

experiment with Rb atoms: 
towards testing “quantum gravity”  
– Margalit & al., Science Adv (2021)

Stern-Gerlach splitting & “full loop” (in phase space)

“May the Force be with the Spin ...”

nano-diamond with one NV centre



Nano-Particle Interferometer
spatial superposition  ... now let’s decohere it:


– take a picture (Heisenberg microscope)

– touch it (gas molecule scattering)

– ...


– remember how you got t/here (“phonons”)


|here⟩ + | there⟩

(c 1940) Charles Addams, Pinterest



Interference Contrast
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Typical “system + meter” scenario


position, spin & phonon state




phonon states  entangled  

with  and 

|upper, ↑ ⟩ ⊗ |+ 1
2 αq⟩ + | lower, ↓ ⟩ ⊗ |− 1

2 αq⟩

|± 1
2 αq⟩

|upper, ↑ ⟩ | lower, ↓ ⟩

force coupled to phonon mode q: 
coherent state displacement



Interference Contrast

close the interferometer loop:

phase shift, recombine & rotate spin





probability of  vs. 




Contrast ↔ overlap of phonon modes 

information content: orthogonal / distinguishible?

|final, → ⟩ ⊗ 1

2 { |+ 1
2 αq⟩ + eiθ |− 1

2 αq⟩} + other

| → ⟩ θ
1
2 ∥ {⋯} ∥2 = 1

2 + 1
2 +Re {eiθ⟨+ 1

2 αp |− 1
2 αp⟩}

position, spin & phonon state


|upper, ↑ ⟩ ⊗ |+ 1

2 αq⟩ + | lower, ↓ ⟩ ⊗ |− 1
2 αq⟩

force coupled to phonon mode q: 
coherent state displacement

↔ “collapse” (no superposition)



simple 1D Object: Linear Chain

H = ∑
i

p2
i

2m
+ ∑

⟨i,j⟩

k
2

(xi − xj)2 − μS ⋅ B(xs)

ωq = ( 4k
m )

1/2

sin
qa
2

≈ c |q |

q =
π
L

(0,1,2…) (open boundary conditions)

phonon spectrum

switch to phonon amplitudes {xi} ↦ {CoM, uq}

site s

spin S

Henkel & Folman (AVS Quantum Sci. 2022)



Solve equations of motion

uq(2T1/2) +
i

ωq

·uq(2T1/2) = ± cos[(s+ 1
2 )qa]

2T1/2

∫
0

dt
i a(t)
ωq

eiωq(2T1/2−t) + free oscillation

closed loop: both p(2T) = M∫dt a(t) = 0 and z(2T) = 0

Phonon Displacements ...
acceleration (CoM)

pulsed force (magnetic gradient)

a0(t)
a1(t)
a2(t)

uq

· u q



Phonon states  entangled with  and  

... may become orthogonal

|± 1
2 αq⟩ | ↑ ⟩ | ↓ ⟩

⟨− 1
2 αq | 1

2 αq⟩ → tr[ρq D(αq)]
= exp[ − |αq |2 (2n̄ + 1)]

αq ∼ ( meff

ℏωq
)

1/2
cos[(s+ 1

2 )qa]
2T1/2

∫
0

dt a(t) e−iωqt

... and Interference Contrast
position of spin

Re αq

Im
α q



include all phonon modes 


... key trick of this calculation: 

• thermal equilibrium state 

• total overlap

q, ωq

∏
q

⟨− 1
2 αq |+ 1

2 αq⟩

→ ∏
q

tr[D(− 1
2 αq) ρq(ωq/T) D( 1

2 αq)]

= exp[ −∑
q

|αq |2 (2n̄(ωq, T) + 1)]

ρ = ⨂
q

ρq(ωq/T)

potential “orthogonality catastrophe”

Sum over Phonons



exp[ −∑
q

|αq |2 (2n̄(ωq, T) + 1)]total contrast reduction

display classical limit

just one mode

|α |2 =
meffω

2ℏ
u2 +

meff

2ℏω
·u2 =

Eosc

ℏω

2n̄(ω, T) + 1 ≈
kT
ℏω

displacements  

converted into energy

u, ·u

|α |2 (2n̄(ω, T) + 1) ≈
meffkT

2ℏ2
u2 =

u2

λ2
dB

assuming  

thermal de Broglie wavelength

·u = 0

100 amu 1 nm 1 µm

300 K 4 pm 0.8 pm 0.03 fm

4 K 35 pm 7 pm 0.2 fm

Sum over Phonons

applies also for

CoM state



Contrast Scaling with Size
... should work!


Challenges:


– larger objects

– differential torque

(lower rotation

frequencies)

1D chain

function a1,2(t)

60 µs

100 m/s²


293 K
→ Japha & Folman

(Phys. Rev. Lett. 2023)

→ Rusconi & al.,

(Phys. Rev. Lett. 2022)

3D sphere



... towards larger Objects
Parameters so far: “small object”

size    path of soundL ≪ cΔt

• fundamental tone    dominatesω1 = 𝒪(πc/L)



Parameters so far: “small object”

size    path of soundL ≪ cΔt

• fundamental tone    dominatesω1 = 𝒪(πc/L)

3D object: sphere

“Lamb modes”

... towards larger Objects





Hydrogen Atom of Sound
displacement field ← scalar mode generators (Lamb 1882) 3D object: sphere


“Lamb modes”

arxiv 2305.15230



Parameters so far: “small object”

size    path of soundL ≪ cΔt

• fundamental tone    dominatesω1 = 𝒪(πc/L)

“Large object”

 


with fixed splitting 
L ≫ cΔt ∼ c2/100 amax ∼ 1 m

L/100 ∼ Δz ∼ amaxΔt2

• all modes relevant

... towards larger Objects



all phonon modes relevant 

• thermal equilibrium state 

• total contrast C = exp[ −∑
q

|αq |2 (2n̄(ωq) + 1)]
ρ = ⨂

q

ρq(ωq/T)

∑
q

|αq |2 … ≈
3ML3

2 ∫
d3q

(2π)3ℏωq
coth( 1

2 βωq) | ã(ωq; T1/2) |2

≈
3kBT ML3

ℏ2c3 ∫
dωq

2π
| ã(ωq; T1/2) |2

≈
3kBT ML3

ℏ2c3 ∫ dt |a(t) |2 ∼
Δz2

max

λ2
dB

L3

(cΔt)3
≫ 1

...  impossibleC ∼ 1

Large object  

fixed splitting 

L ≫ cΔt
L/100 ∼ Δzmax

phonon (int'l) temperature

... towards larger Objects



Conclusion
split & recombine composite object

– “quantum anchor”: single impurity spin

– “bath” = internal oscillations / phonons

– little information stored unless large number of modes

Henkel & Folman (AVS Quantum Sci. 2022)

(arxiv 2305.15230)

recent project: generalise to inhomogeneous force 

       acting on atom at 

→ similar scaling laws

→ stringent requirements on    for large objects

F(xi) = F0 + δFi xi

δF/F
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“collapse” 

= zero contrast in split-path interferometer 

= sufficient information stored in phonon state(s)



Conclusion
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Blackbody photons

Chang & Zoller group, PNAS 2010

Schlosshauer, Springer 2007

Romero-Isart, Phys Rev A 2011

(in harmonic trap)




