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What’s hybrid quantum circuits?

“Macroscopic” system: “Microscopic” system:

Superconducting qubits Atoms, ions, spins

e Design flexibility * Long coherence times

e Scalability  Microwave to optical fields

* Tunabillity * Reproducibility

 Large Couph.n.g: fast dequEakenonly * Nature given

* [rreproducibility stheu st ol e Small couplings: slow

e Short coherence time rzatphesidsl * Limited scalability
phenomena

; A

Atoms or spins :

« Superconduct-
C ing resonator

- Coplanar
veguide resonator




Elements: Superconducting qubits

a Voltage-driven box (charge qubit) b Flux-driven loop (flux qubit) € Current-driven junction (phase qubit)
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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

(a) ,/ Trapped atom
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Vio (b)
H = hw.ata - h“; o7 1 h"‘; 0% + hgealato] +aoh) + hges(afo] + ao))

theory: A.S. Sarensen 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. Amsdiss et al., PRL (2011)...



Hybrid quantum circuits: Direct

W W _ _
H = h—-05, + h—07 + hg(o oy, + 0, 07,)
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)




* Quantum information processing with hybrid quantum circuits
/ \

e Spin squeezing in hybrid quantum circuits

o Summary



NV - center

NV center (S=1 ground state):

HNV — hDSz ,U'BgsBstat Sz ,uBgsBosc S:c
—r —
hop hg(a+a')

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



Hybrid superconducting circuits with NV Centers |
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Fidelity in different interaction cases
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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 |l
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Z. -L. Xiang et al., Phys. Rev. B (2013)



Fidelity of quantum state transfer
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Can this hybrid circuit do anything else?

Quantum state transfer

Quantum storage
and memory

Squeezing!




Spin squeezing in hybrid quantum circuits

+1)

H=uwdala+w ], + —2(Jpa+alJ)
f v N
| — e
_ collective o collective
e = 2 Zl Ok spin operators g=—49 O\/N coupling

When A > g, such a system can involve nonlinear property (AJ2).




Mean-spin-direction (MSD) of the ensemble

Define

_ _ W)
The master equation with the photon
decay

p = —i[H, p| + k(2apa’ —a'ap — pa'a)

With the mean value approximation, we
can obtain the dynamical equations of

MSD.
o . g N
G (k —iA) Z\/N25’
Bzzz‘%ﬁm,
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Spin squeezing

Coherent spin states Spin squeezed states

Jz|to) = N/2Jbo) = J|tbo)
(J))o = (J.)o = min(AJ7) < J/2

(Jy)o = (JZ)o = J)/2 (ALY (AT) = 7 /4
Because of |J| > 1, we can make the Holstein-Primakoft transformation:

N
J, =VNb, J =+VN, J’:5—bTb,

<



Spin squeezing with changing MSD

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

e
NA
2

S f—A sin? 6(b+ b")? + cos® O(N — 2b7b)? /N

(sin® 0J'% 4 cos? 0.J.7)

Heff ~

Here, 0(t) is time-dependent. By using the following master equation, we
can numerically calculate the dynamics of this hybrid quantum system.

p= —i[Heg,p| +T (2B'pB — BB'p — pBBT),

2

where I'= L 4 (the photon-induced decay),

AQ

v, v,
B = cos? =b — sin® =b'.
2 2



Spin squeezing: ideal case

Spin squeezing parameter:

NAJ2
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M. Kitagawa & M. Ueda, Phys. Rev. A (1993)



Spin squeezing: iInhomogeneous broadening

Inhomogeneous broadening

—St<Iy —

, The minimal value of spin squeezing parameter

. . 10
optimize over detuning.
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Y. Kubo et al., PRL (2010); R. Amsdss et al., PRL (2011); S. Putz et al., Nature Phys. (2014)



Spin squeezing of an inhomogeneous spin ensemble?

@geneous freq@ @nogeneous c@
strength

Spin squeezing - In processing..




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

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

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

Thank you !



