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Quantum	optics	with	solid	state	systems

Yoshie et	al.	
Nature	
432,	200	(2004)

Wallraff	et	al.	
Nature	
431,	162	(2004)

Teufel	et	al.
Nature
471,	204	(2011)

Quantum	optics experiments in	
solid	state systems

• higher coupling strength
• experimental	access to new physics
• investigation of solid	state properties
• sensing applications
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Spins	&	Photons	in	a	Box
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Quantum	technology
• Storage	and	conversion	of	quantum	signals
• Sensing
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Spins	in	an	Ensemble

macro-spin
modelspin	ensemble	– Si:P &	YIG
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Spins	in	an	Ensemble
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Spins	&	Photons	(Tavis-Cummings)
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coupling mechanism:	magnetic dipole interaction
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Rabi	frequencies
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this	work:	Si:P=	1010,	YIG=1016 spins



Paramagnetic Spin	Ensemble:	
Phosphorus Donors in	Silicon

12

• atomistic system

• isotrope g-factor

• long coherence times for

isotopically engineered 28Si 

seconds             

180 min (39 min RT)

• zero field splitting 117 MHz
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A.	Tyryshkin et	al.,	Nat.	Mat.	11,	143	(2012),	 K.	Saeedi et	al.,	Science	342,	830	(2013),	
M.	Steger	et	al.	Science	336,	1280	(2012),	 G.	Feher et	al.,	Phys.	Rev.	100, 1784–1786	(1955).



Magnetic level scheme of	31P	in	silicon

Hyperfine	interaction
nuclear spin I=1/2

Zeeman
interaction
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Magnetic	Field	(normalized	to	A/gµB)

H =				g	µB B	S +				A	S	I
Spin- Hamiltonian:

/ | (~r = 0)|2
A =	4.2	mT =	484	neV



Setup



31P	in	Si:	the Strong	Coupling Regime

C.	W.	Zollitsch	et	al.,	APL	107,	142105	(2015)

4.2	mT

• P-donor low field
transition:
• 𝜅				 = 0.53	MHz
• 𝛾, 			= 0.38	MHz
• 𝑔/00 = 1.60	MHz

→ 𝐶 = 4566
7
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31P	in	Si:	the Strong	Coupling Regime

• P-donor low field
transition:
• 𝜅				 = 0.53	MHz
• 𝛾, 			= 0.38	MHz
• 𝑔/00 = 1.60	MHz

→ 𝐶 = 4566
7

89:
≈ 13

• P2 dimer	transition:
• 𝜅				 = 0.53	MHz
• 𝛾, 			= 2.82	MHz
• 𝑔/00 = 0.49	MHz

→	𝐶 = 4566
7

89:
≈ 0.16

Pb0/Pb1 P2

4.2	mT

C.	W.	Zollitsch	et	al.,	APL	107,	142105	(2015)



Collective	Coupling

Breit	Rabi	diagram
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Spin	Echos	in	the Strong	Coupling Regime

Weichselbaumer (in	preparation)



𝜏-dependent Decay Time

• Two	decay channels:
• T2 relaxation
• Loss	via	resonator
(depends on	𝜏, 𝜅, 𝛾)

• Matthiesen	Rule:
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Weichselbaumer (in	preparation)



Ingredients:	(pure)	yttrium	iron	garnet

chemical	formula:
Y3Fe2(FeO4)3	 or	Y3Fe5O12	
lattice	constant:	1.2376	nm

magnetic	properties:
ferrimagnet
40µB	per	unit cell

à 2.1	x	1022 µBcm-3

saturation magnetization 143	kA/m
FMR	linewidth:	

fundamental	mode :	1mT	≡	28	MHz
spin wave modes:	10µT	≡	280	kHz

≡	µsec	coherence times

electrical/optical properties:	
σ =	10-11 Ωcm-1	(at RT)
Bandgap 2.8	eV	

Gilleo and Geller,	PR	110,	73	(1958)
Coey,	Magnetism and Magnetic Materials

Cambridge	University	Press	(2010)
Van	Uitert,	JAP	27,	723	(1956)

wikipedia.de



Transmission	spectrum
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Relaxation	rate
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Tunable	Coupling	GdIG

K.	Ganzhorn,	Masterthesis,	TUM	2014
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Janiak,	Riedel	Moderne	Organische	Chemie (De	Gruyter,	2012)



Tunable	Coupling	GdIG
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Tunable	Coupling	GdIG
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Controlling	the	Collective	Coupling	in	
Spin-Photon	Hybrids
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YIG
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