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Nonclassical states like superposition and entanglement 

From Julian Göttsch 

E. Schrödinger, Die gegenwärtige Situation in der 

Quantenmechanik. Naturwissenschaften 23, 807–

812 (1935) 

 can be found, in an English translation, in Quantum 

Theory of Measurement, edited by J. A. Wheeler and 

W. H. Zurek (Princeton: Princeton University Press, 

1983), pp. 152–167 



Quantum superposition 

A.Tonomura, Am.J.Phys.57,117(1989) 

University of Vienna, Thomas 

Juffmann et al./Nature 

Nanotechnolog  

Phthalocyanine  is a 

large, aromatic, macrocyclic, o

rganic compound with the 

formula (C8H4N2)4H2 

2 mm 
flux qubit/Delft        

Mooij et al., Science 285, 1036, 1999 
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Interaction 
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 An initial state of the decoupled system:  
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        Entanglement: 
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A maximal entangled state:  
1

, 1 , 1
2

s      

Entanglement 

Entanglement is a term used in quntum theory  to describe the way that particles of 

energy/matter can become correlated to predictably interact with each other regardless of 

how far apart they are. E. Schrödinger, Naturwissenschaften 23, 807 (1935). 



 
Нow to prepare entangled states of photons in the 

microwave frequency domain?  
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We generate an entangled state between the motion of a 

macroscopic mechanical oscillator and a collective atomic spin 

oscillator, as witnessed by an Einstein–Podolsky– Rosen 

variance below the separability limit, 0.83 ± 0.02 < 1. The 

mechanical oscillator is a millimetre-size dielectric membrane 

and the spin oscillator is an ensemble of 109 atoms in a 

magnetic field.  

Entanglement between distant macroscopic mechanical and spin 

systems  

Rodrigo A. Thomas et al. Nature Physics | 

www.nature.com/naturephysics (2020) 



Experimental investigation of Schrödinger’s cat paradox  
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Chu et al., Quantum acoustics with superconducting qubits, 

Science 358, 199–202 (2017)  

Quantum acoustics 

Here, we experimentally demonstrate a high-frequency bulk acoustic wave resonator that is 

strongly coupled to a superconducting qubit using piezoelectric transduction with a cooperativity 

of 260. We measure qubit and mechanical coherence times on the order of 10 microseconds 

Qubit with piezoelectric 

transducer 

Our quantum electromechanical device, shown 

in Fig. 1A, consists of a frequency-tunable 

aluminum transmon coupled to phonons in its 

nonpiezoelectric sapphire substrate using a thin 

disk of c-axis–oriented aluminum nitride (AlN) 
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Lattice displacement and effective mass 

Phonons 

The concept of phonons was introduced in 1932 by Soviet physicist Igor Tamm. 

A Laguerre-Gaussian (LG) mode 
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10T mK

T=24 mK=500 MHz 

2100 100 nm

C=10 pF  

Transmon qubit 

2mm 

2ˆ4 ( ) cosc g JH E n n E   

Управление состояниями в сверхпроводниковых квантовых 

процессорах, Вожаков В А, Бастракова М В, Кленов Н В, Соловьев И И, 

Погосов В В, Бабухин Д В, Жуков А А, Сатанин А М УФН 192 457–476 

(2022)  
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Управление состояниями в сверхпроводниковых квантовых процессорах, Вожаков В А, Бастракова М В, Кленов Н В, Соловьев И И, 

Погосов В В, Бабухин Д В, Жуков А А, Сатанин А М УФН 192 457–476 (2022)  
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Consider only the dominant tensor components 

Then the interaction energy between the transmon and the phonon mode 

Coupling 
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Cavity Quantum Electrodynamics (CQED) 

 D. Walls, G. Milburn, Quantum Optics (Spinger-Verlag, Berlin, 1994) 

2g = vacuum Rabi freq. 

k = cavity decay rate 

g = “transverse” decay rate 

transition dipole vacuum field 

RMS

†

RMS( )

g dE

E E a a
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A Circuit Analog for Cavity QED 

2g = vacuum Rabi freq. 

k = cavity decay rate 

g = “transverse” decay rate 

5 mm 
DC + 

6 GHz in 

out 

transmission 

line “cavity” 

Blais, Huang, Wallraff, SMG & RS, PRA 2004 

Cross-section 

of mode: 

E B 

10 mm 

+ + - - 

Lumped element 

equivalent circuit 
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Fock states 
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H. Wang, M. Hofheinz et al, Measurement of the Decay of Fock States 

in a Superconducting Quantum Circuit, PRL 101 240401 (2008) 
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Coherent states 

†H a a
0 0 cos ( )oscH a a f t a a     

Coherent states are the most “classical” 

available in quantum physics, and we will call a 

Schrodinger cat state a quantum ¨ superposition 

of coherent states, well separated in phase 

space 
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Introductory Quantum Optics by C.Gerry & Knight 
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Wigner function 
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E. Wigner, Phys. Rev. 40 749 (1932)  
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L. G. Lutterbach, L. Davidovich, PRL 78 2547 (1997)  

Quantum Homodyne Tomography 
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Vacuum state 

1 
2 

C. Gerry and P. Knight. Introductory Quantum Optics. Campridge 

Univ. Press, 2005. 
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Schrödinger cat state 

C. Gerry and P. Knight. Introductory Quantum Optics. Campridge 

Univ. Press, 2005. 



Dissipation 
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Jaynes Cummings Hamiltonian 
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Jaynes Cummings Hamiltonian:  “dressed atom” 
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C. Gerry and P. Knight. Introductory Quantum Optics. Campridge 

Univ. Press, 2005. 



Jaynes-Cummings model: dispersive regime 
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Biled, et al, "Schrödinger cat states of a 16-microgram 

mechanical oscillator", Science 380, 274–278 (2023)  

The inset shows the superposition of two 

opposite-phase oscillations of atoms in the 

crystal lattice 



31 

Collapse and revival dynamics 

Experimental sequence for observing collapse 

and revivals dynamics and for preparing cat 

states 

Measured qubit population and state purity. The 

solid and dashed black lines are the simulation 

results of the qubit population and purity, 

respectively. Three time points of particular 

interest are highlighted (dashed lines): 

Measured (C) and simulated (D) Wigner 

functions function of the phonon state at the 

three time points. The black crosses indicate the 

positions of the two coherent states composing 

the fitted CSS state 
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Cat states prepared with different displacement pulse 

amplitudes A. 

The phase space distance between the coherent 

state components 
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Measured 1D cuts through the interference fringes 

of the D = 1.43 cat state for a range of wait times 

between state creation and measurement.  

Characteristic decay times 
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Results show the generation of cat states in a microgram-mass solid-state mechanical 

mode using the tools of cQAD.  

 

These tests would benefit from larger-sized cat states, resonators with higher masses, 

and longer phonon lifetimes.  

 

The maximum size of the cat state that we can prepare is currently limited by our 

device parameters, including both the qubit and phonon decoherence rates.  

 

The latter is especially important given that, in general, the decoherence rate of the cat 

state is proportional to the square of the cat state size D.  

 

Furthermore, additional improvements to the properties of qubit and phonon resonator 

would enable alternative cat state generation protocols that can in principle lead to 

states with a higher fidelity to, for example, a CSS state.  

Summary 


