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OUTLINE

•  Hybrid spin-photon qubit encoding 

•  Elementary quantum gates 

•  Digital quantum simulation 



 Superconducting circuit QED 

Wallraff et al. Nature 431, 162 (2004) H int ≈ ge(â
+σ̂ − + h.c.)

Superconducting qubits (Cooper pair boxes, transmons, xmons, 
etc…) strongly coupled to superconducting microwave resonators 

à  Today: Wallraff (ETH), Martinis (Google & UCSB), Gross (TUM), 
Estève (CEA-Saclay), Houck (Princeton), DiCarlo (Delft), Delsing (Chalmers),.. 

Group R. Schoelkopf, Yale (US) 



Superconducting resonators 
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A coplanar resonator is represented by a series of lumped elements, 
whose effective length can be tuned by a micro-SQUID device  

A. Blais et al. PRA 69, 062320 (2004) 



Quality of superconducting resonators 

A. Megrant at al., Appl. Phys. Lett. 100, 113510 (2012) 

Group J. M. Martinis, UCSB (US) – now Google 

Internal Q-factor at 
single-photon power: 
Qi~1.7x106

Lifetime at f0~6 GHz: 
τi~100 microsec. range



Cavity modulation: speed 

up to 700 MHz modulation 
amplitude on 5 GHz frequency 
resonators, 
  
~5 ns switching time  
(limited by pulse generator) 

Group P. Delsing, Chalmers UT (Sweden) 

Appl. Phys. Lett. 92, 203501 (2008) Nature 479, 376 (2011) 



J. Low Temp. Phys. 
151, 1034 (2008) 

Group D. Esteve, CEA-Saclay (FR) 

Cavity modulation: amplitude 

More than 30% modulation 
amplitude using variable 
magnetic flux on a single SQUID



Multi-cavity systems 
Group A. A. Houck, Princeton (US) 

Phys. Rev. A 86, 023837 (2012) 

Tunneling rates 
between resonators:  
κ~ 1 – 30 MHz 

Disorder à better than 
~0.0002 r.m.s. deviation 
from center frequency 



Large-scale resonators array 

Nature Physics 8, 292 (2012) 

Group A. A. Houck, Princeton (US) 

More than 200 resonators 
coupled in a Kagome lattice



Spin-cavity coupling 

For a single ½ spin  à

too small!

e.g., Cr7Ni
à behaving as 
effective spin-½

gs = µBBvac/ħ ≈ 1-10 Hz



Coupling collective spin excitations (SE) 

√N enhancement of the single-spin magnetic dipole coupling + 
  longer coherence times than superconducting qubits 

|0> |0> |0> |0> |0> 

|0> |1> |0> |0> |0> 

Kubo et al., PRL 105, 140502 (2010) G=gs√N

N~1012H int ≈G(â
+Ŝ− + h.c.)



Similar experiments 

Schuster et al., PRL 105, 140501 (2010) 

Amsuss et al.,  
PRL 107, 060502 (2011) 

Probst et al.,  
PRL 110, 157001 (2013) 

N-substitutions 
in diamond 

Rare-earth ion 
impurities spins 



Hybrid quantum circuits 

Interfacing spin-ensembles 
and superconducting qubits 

Group D. Esteve, CEA-Saclay (FR) 

PRL 107, 220501 (2011) 

Information on qubit state is 
transferred to the SE and later 
read out
à    demonstration of
a quantum memory with SEs 

Xiang, Ashhab, You, Nori, Rev. Mod. Phys. 85, 623 (2013) 



Hybrid qubit encoding 

S. Carretta et al., Phys. Rev. Lett. 111, 110501 (2013) 

Hybrid spin-photon qubits allow to exploit long coherence 
times of spins and photons

Spin ensemble 

Tunable element 



Arbitrary single-qubit rotations 

S. Carretta et al., Phys. Rev. Lett. 111, 110501 (2013) 
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1.  Idle:	cavity	mode	is	far	detuned.	

2.  Rz(φ):	 off-resonance	 pulses	 (step-like	
varia<ons	of	the	cavity	frequency)	of	
amplitude	 δ	 for	 a	 <me	 τ=φ/δ  are	
sent	to	the	addressed	cavity.	

3.  Rx(φ):	 resonant	 pulses	 for	 a	 suitable	
<me	τ=φ/G with (G=√N g)

à e.g.



Elementary two-qubit gates 

S. Carretta et al., Phys. Rev. Lett. 111, 110501 (2013) 

Ø  Elementary unit of a fully 
scalable array: two logical 
cavities (hybrid qubits) with a 
nonlinear cavity in between

Qubit Qubit Transmon  
(3-level system) 

Ø  Controlled-phase gate is 
implemented by a sequence 
of cavity modes shift pulses



Hardware full hamiltonian 



Robustness w.r.t. decoherence 

A. Chiesa et al., Phys. Rev. A 89, 052308 (2014) 

-        final density matrix
-        target state

•  We aim at a full simulation of the system including the main 
loss channels à Lindblad master equation 

•  Robustness of the gates is tested by calculating the fidelity



Fidelity vs main decoherence channels 

A. Chiesa et al., Phys. Rev. A 89, 052308 (2014) 

- Fidelity calculated 
for the CZ gate (the 
most error prone)

- System initialized 
in state:

Main source of error  à  Photon losses 



Fidelity vs spin dephasing 

A. Chiesa et al., Phys. Rev. A 89, 052308 (2014) 

- Spin-ensemble have 
dephasing times T2>1 µs

Typical two-qubit gating times are of order T<50 ns  
à spin dephasing is negligible over this time



Summary I: QIP with hybrid qubits 

PRL 111, 110501 (2013) 
PRA 89, 052308 (2014) 

Ø Hybrid qubit encoding: Collective spin and cavity photons 
enter on equal footing in the logic encoding

Ø Arbitrary single-qubit rotations: performed just by 
applying pulse sequences to shift the photon resonances  

Ø  Two-qubit gates: implemented with high-fidelity using a 
superconducting artificial atom between two hybrid qubits

Ø Main source of error: In state-of-art implementations 
with SC resonators it would be photon finite lifetime



Quantum Simulation 

“…there is to be an exact simulation, that the 
computer will do exactly the same as nature”

R. Feynman, 1982



Quantum Simulation 

Georgescu, Ashhab, Nori, Rev. Mod. Phys. 86, 153-185 (2014) 

-  Digital:  
Quantum computation of 
time evolution through a 
circuit model 

-  Analog: 
Quantum system that 
emulates a target system 
 

Digital quantum simulators: after encoding   on the
computational basis, is directly
computed through a sequence of single and two-qubit gates

S. Lloyd, Science 273, 1073 (1996)



Digital quantum simulation 

Las Heras et al., Phys. Rev. Lett. 111, 200501 (2014) 
S. Lloyd, Science 273, 1073 (1996)

Most hamiltonians of physical interest can be mapped 
into a sum of L local terms:

•  Map the original hamiltonian into a local one 
THEN

•  Apply Trotter-Suzuki time evolution  

•  Program the evolution through single and two-qubit 
gates (circuit model) on the qubits hardware 

Lanyon et al., Science. 334, 57 (2011) 
Salathé et al., Phys. Rev. X  5, 021027 (2015) 
Barends et al., Nat. Comm. 6, 7654 (2015) 

experiments 



Salathé et al.,  
Phys. Rev. X  5, 021027 (2015) 

Barends et al., Nat. Comm. 6, 7654 (2015) 

Digital quantum simulation of spin 
models with circuit QED platforms 

Heisenberg and Ising models with 
two transmon qubits dispersively 
coupled to the same resonator mode

•  Wallraff/Solano collaboration: 

•  Martinis/Solano collab.: 
Simulation of the Hubbard 
model (4 interacting 
fermionic modes)



Our proposed simulator: 
an array of hybrid spin-photon qubits 

A. Chiesa et al., Sci. Rep. 5, 16036 (2015) 



Test I: spin models 
Elementary terms of spin hamiltonians

à Simulated with high fidelity through Trotter-Suzuki + 
sequence of single and two-qubit gates

(e.g. )

A. Chiesa et al., Sci. Rep. 5, 16036 (2015) 



Example: Transverse field Ising model 

A. Chiesa et al., Sci. Rep. 5, 16036 (2015) 

with



Test II: Hubbard model 

1. Jordan-Wigner transforms fermionic into spin operators 

2. In dimension D>1 the mapping results in many-spin terms 
involving hopping between distant qubits (sign problem)

3. By exploiting the mobility of photons entering the hybrid 
encoding, such hopping terms can be efficiently simulated

A. Chiesa et al., Sci. Rep. 5, 16036 (2015) 
R. Somma et al., PRA 65, 042323 (2002)



Test II: Hubbard model 

1. Jordan-Wigner transforms fermionic into spin operators 

2. In dimension D>1 the mapping results in many-spin terms 
involving hopping between distant qubits (sign problem)

3. By exploiting the mobility of photons entering the hybrid 
encoding, such hopping terms can be efficiently simulated

e.g. à circuit model for hopping term

A. Chiesa et al., Sci. Rep. 5, 16036 (2015) 
R. Somma et al., PRA 65, 042323 (2002)



Test II: Hubbard model 

( )313221 ccccccHhop
+++ ++−= λ

Full digital simulation of the 
hopping hamiltonian for N=3 
fermions



Implementation of 2D 
Fermi-Hubbard model 

•  Two-dimensional layout can be 
directly implemented with two sub-
lattices of logic and gate resonators 
(with A. A. Houck group)

A. Chiesa et al., Sci. Rep. 5, 16036 (2015) 

•  Straightforward extension to interacting fermions           
à see e.g.: R. A. Bari, PRB 7, 4318 (1973) 



◦  Only	the	k=0	mode	couples	to	
the	 cavity,	 the	 other	 dark	
modes	give	rise	to	leakage.	

◦  If	 the	 tails	 of	 the	 spins’	
frequencies	ditribu<on	falls	off	
sufficiently	 fast	 dark	 modes	
are	detuned.	

◦  Cavity	protec<on	in	dispersive	
regime.	

◦  Small	 detunings	 (δ)	 and	 large	
SE-cavity	couplings	(G).	

ω

k=0 
δ

2G

Δ

Δ>>Δ≈10
2

δ
G

Kurucz et al., PRA 83, 053852 (2011) 
Diniz et al., PRA 84, 063810 (2011)  

∑
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1 ......1
ψ

A. Chiesa et al., PRB 93, 094432 (2016) 

Inhomogeneous broadening of SE 
Real spin systems suffer from disordered environment and 
random local magnetic fields à effectively described by 
inhomogeneous line broadening



A. Chiesa et al., PRB 93, 094432 (2016) 

Test: XY model 
Digital simulation of the two-qubit hamiltonian (also relevant 
for implementing hopping in fermionic models)



Summary II: digital quantum simulators 
with hybrid spin-photon qubits 

Ø A universal and scalable digital quantum simulator is 
implemented with 2D arrays of hybrid spin-photon qubits 
to simulate a large class of condensed matter models

Ø Efficiency of the quantum simulation scheme has been 
tested against the main sources of decoherence 

Ø  Further issues: inhomogeneous broadening of spin 
ensembles is addressed by working in cavity protection


