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Quantum 
simulation to 
new physical 
phenomena

What’s hybrid quantum circuits?   

“Macroscopic” system:
Superconducting qubits
• Design flexibility 
• Scalability 
• Tunability 
• Large coupling: fast 
• Irreproducibility 
• Short coherence time

“Microscopic” system:
Atoms, ions, spins
• Long coherence times 
• Microwave to optical fields 
• Reproducibility 
• Nature given 
• Small couplings: slow 
• Limited scalability

Idea: Take only 
the best of 
both worlds



Elements: Superconducting qubits   

J. Q. You & F. Nori, Phys. Today (2005), Nature (2011)



Elements: Atomic and spin qubits

I. Buluta et al., Rep. Prog. Phys. (2011); Z. -L. Xiang et al., Rev. Mod. Phys. (2013)



Hybrid quantum circuits: Indirect   

theory: A.S. Sørensen et al., PRL (2004); L. Tian et al., PRL (2004); P. Rabl et al., PRL (2006)... 
exp: Y. Kubo et al., PRL (2011); D. Schuster et al., PRL (2010), R. Amsüss et al., PRL (2011)… 

H = ~!ca
†a+ ~!c

2
�z
a + ~!s

2
�z
s + ~gca(a†��

a + a�+
a ) + ~gcs(a†��

s + a�+
s )



Hybrid quantum circuits: Direct

theory: D. Marcos et al. Phys. Rev. Lett. (2010); J. Twamley & S.D. Barrett, Phys. Rev. B (2012) 
exp: X. Zhu et al. Nature (2011) 
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Outline  

• Quantum information processing with hybrid quantum circuits 

• Spin squeezing in hybrid quantum circuits 

• Summary



NV - center 

NV center

NV center (S=1 ground state): 

Hanson, R. and D. D. Awschalom, Nature (2008)



Hybrid superconducting circuits with NV Centers I

X. -Y. Lü, Z. -L. Xiang et al., Phys. Rev. A (2013)
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Fidelity in different interaction cases

Resonant interaction case Dispersive interaction case

|h T | (t)i|2
Fidelity is



Fidelity with different distances
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The fidelities of quantum storage versus (a,c) time t and (b,d) the distance. The black dashed and red 
solid curves in (a,c) correspond to the single flux-qubit–NVE system and the proposed system in this 
paper. 



Hybrid superconducting circuits with NV centers II

Z. -L. Xiang et al., Phys. Rev. B (2013)
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Fidelity of quantum state transfer

The fidelity of quantum state transfer vs the 
dimensionless time γ t . The red and black 
curves correspond to the coupling strength 
in the ultrastrong-coupling regime and the 
strong-coupling regime, respectively. 

|h T | (t)i|2Fidelity is

While the coupling strength is increasing, the 
fidelity is decreasing. After the large detuning 
condition is broken, the fidelity rapidly 
reduces to a low level, because high order 
terms in approximations cannot be neglected.



Can this hybrid circuit do anything else? 

Quantum state transfer

Squeezing!

Quantum storage 
 and memory



Spin squeezing in hybrid quantum circuits     
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Mean-spin-direction (MSD) of the ensemble    
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The master equation with the photon 
decay
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Spin squeezing  
Coherent spin states
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Spin squeezing with changing MSD   

In the rotating frame of the MSD, we can obtain the effective Hamiltonian

where

Here,         is time-dependent. By using the following master equation, we 
can numerically calculate the dynamics of this hybrid quantum system.                    

✓(t)

He↵ ⇡ � g2

N�

(sin

2 ✓J 02
x

+ cos

2 ✓J 02
z

)

= � g2

4�

⇥
sin

2 ✓(b+ b†)2 + cos

2 ✓(N � 2b†b)2/N
⇤

⇢̇ = � i[He↵ , ⇢] + �
�
2B†⇢B �BB†⇢� ⇢BB†� ,

B = cos

2 ✓

2

b� sin

2 ✓

2

b†.

(the photon-induced decay),� =
g2

�2




Spin squeezing: ideal case    
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Spin squeezing parameter:

M. Kitagawa & M. Ueda, Phys. Rev. A (1993)



Spin squeezing: inhomogeneous broadening    

In experiment, 

Inhomogeneous broadening

! t < T2 !
optimize over detuning.

g,  !

� !

fixed, 

tunable.

Y. Kubo et al., PRL (2010); R. Amsüss et al., PRL (2011); S. Putz et al., Nature Phys. (2014)

These parameters can be 
achieved by using current 
experimental techniques.

g = 25MHz,  = 0.25MHz,

N ⇡ 1012, � = 100MHz,

T2 = 1µs, ⇠2 ⇡ 0.0347
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Spin squeezing In processing…

Spin squeezing of an inhomogeneous spin ensemble?
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Summary     

‣ Hybrid quantum circuits are to combine different 
systems and build new hybrid quantum structures 
for exploring new applications of quantum systems. 

‣ Hybrid quantum circuits with NV centers and 
superconducting circuits can well perform in 
quantum storage and processing. 

‣ The hybrid quantum circuits can also be used to 
explore the spin squeezing.

Thank you !


