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Realiza'on	of	a	Quantum	Spin	
Liquid	 in	 a	 bilayer	 Kagome	
la:ce	Ca10Cr7O28		



OUTLINE	

•  Spin	Liquids	:	Geometrical	Frustra=on,	No	LRO,	
Frac=onaliza=on,	Spinons,….	

•  Ca10Cr7O28,	a	new	complex	oxide	
•  Thermodynamic	 Measurements:	 Magne=sm,	
Heat	Capacity,	AC	chi	

•  Microscopic	Measurements:	µSR	
•  Magne=c	 Excita=ons:	 Inelas=c	 neutron	
scaPering		

•  The	Hamiltonian	
•  FRG:	SL	ground	state	



C.	Balz,	A.	T.	M.	N.	Islam,	Bella	Lake 	 	Crystal	Growth,	INS,	
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(Paul	Scherrer	Ins6tut,	Switzerland	)	

Elisa	M.	Wheeler	 	 	 	 	INS	
(ILL,	Grenoble,	France)	
J.	A.	Rodriguez-Rivera,	T.	Guidi,	G.	G.	Simeoni	 	INS	
(NIST,	ISIS,	TU	Muenchen)	

Rico	Schoenemann,	Thomas	Herrmannsdoerfer 	AC	Chi		
(Helmholtz-Zentrum	Dresden)	
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(Helmholtz	Zentrum	Berlin)	

J.	Reuther 	 	 	 	 	FRG	calcula=ons	
(Freie	Universita	̈t	Berlin,	Germany)	

Collaborators	



Broken	Symmetry	----->	Phases/par=cles		

Can	one	have	phases	with	no	broken	symmetry	or	no	order	parameter	??	



Topological	States:	Quantum	Hall	Effect	

This	precision	is	a	manifesta=on	of	
the	topological	nature	of	σxy	

Berry	flux	Fm	=∇×Am	
nm	=	Chern	#	



No	“obvious”	Order	Parameter	or	Broken	Symmetry		
RVB	state	on	a	triangular	labce	is	a	Z2	spin	liquid	



Anderson’s	Valence	Bond	States	

Valence	
Bond	Solid	

Resona=ng	
Valence	
Bond	:	Short	
Range	

Resona=ng	
Valence	
Bond	:	Long	
Range	

L.	Balents,	“Spin	liquids	in	frustrated	
magnets,”	Nature		(2010).	



Excita=ons	in	spin	liquids:	Frac=onal	
Par=cles	

Federico	Becca	(‘14)	



Excita=ons	in	spin	liquids:	Frac=onal	
Par=cles	

In	 2D	 a	 spinon	 is	 any	
unpaired	 spin	 which	 can	
move	 around	 the	 labce	
“delocalize”	with	 liPle	 or	
no	energy	cost	

Experimental	Signatures	
ρ	=	insula=ng	
C/T	=	metallic	
χ	=	metallic	
κ/T	=	metallic	



Recipe	for	Quantum	Fluctua=ons	

•  Small	Spin	:	S	=	½	

•  Low	Dimensionality	or	co-ordina=on	

•  Geometric	Frustra=on:	mostly	AF	on	
	triangular	mo=fs	

Most	 Spin	 Liquid	 Candidates	 are	 S	 =	 ½	 Quasi-Low	
Dimensional	Magnets	with	AF	exchange	



Some	Examples	

L.	Balents,	“Spin	liquids	in	frustrated	magnets,”	Nature		(2010).	



New	Quantum	Magnet	Ca10Cr7O28	



Crystal	Structure	of	Ca10Cr7O28		
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Magne'c	Suscep'bility	
+	Magne'za'on	

•  Local	Moment	 behavior	 down	
to	 1.8	 K	 with	 µeff	 =	 1.49µB	 =	
6/7	x	1.74(2)	μB		

•  θ	=	2.35	K.	No	LRO.	
•  No	 anisotropy	 between	 χ||	

and	χperp	
•  Devia=ons	 below	 ~	 5K	 of	 χ	

from	CW	fit	suggest	AF		
•  Magne=za=on	 saturates	 at	

12T	(=	17	K)	to	6/7	µB	=	6	Cr5+	
(S	 =	 ½)	 and	 1	 Cr6+	 (non-
magne=c)	
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No	LRO	:	Heat	Capacity	and	AC	chi	



How	`spin	ice'	freezes	
NATURE	413	,	(2001)		

Other	 Examples	
of	 Cole-Cole	 plot	
analysis	
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No	LRO	:	µSR	

•  No	oscilla=ons	 in	 P(t)	 in	 ZF	µSR	 down	
to	19	mK	=	no	sta=c	fields	

•  SG	would	also	have	no	oscilla=ons!!	
•  LF	µSR	confirms	absence	of	freezing	
•  Relaxa=on	 rates	 start	 to	 increase	

below	about	3K	and	become	constant	
below	0.3	–	0.5	K		

•  Persistent	slow	dynamics	below	0.3	K	



Inelas'c	Neutron	
Scagering		
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•  Diffuse	magne=c	excita=ons	
•  excita=ons	appear	gapless	
•  two	 dis=nct	 bands	 with	

energy	 ranges	 0.0-0.6	 meV	
and	0.7-1.5	meV		

•  No	 magne=c	 scaPering	
above	1.6	meV	~		18	K	

•  Ring-like	 features	 in	 lower	
band	(c	&	e)	

•  Block-like	 features	 in	 higher	
band	(f-	h)	

•  Fig.d:	 spectrum	 perp.	 to	 the	
kagome	 bilayers	 at	 0.25	
meV,	no	dispersion	along	the	
([0,0,l])	=	2D-magne=sm		

Broad,	diffuse	excita'ons	
consistent	with	spinons	



Inelas'c	Neutron	Scagering	at	H	=0	
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H = 11 T H = 11 T 

H = 11 T (calc) H = 11 T (calc) 

Spin	Waves:	INS	at	H	=	11T,	T	=	90	mK	



Spin	Waves:	INS	at	H	=	9T,	T	=	2K	

•  Sharp	spin-wave	dispersion	within	Kagome	bilayers	

•  Absence	of	dispersion	along	(0,0,L)	direc=on	(perpendicular	to	Kagome	
						bilayers)	indicates	2D	magne=c	interac=ons		
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Magne=c	Interac=ons	:	Novel	Frustra=on	
Mechanism	



Summary	
•  A	new	QSL	candidate	discovered	in	the	complex	oxide	
Ca10Cr7O28	with	a	bilayer	Kagome	labce	of			S	=	½	Cr5+	
moments	

•  No	LRO	or	freezing	down	to	19	mK	
•  Gapless,	 dispersionless,	 diffuse	 magne=c	 excita=ons:	
spinons	

•  Unusual	 combina=on	 of	 magne=c	 interac=ons	 with	
dominant	FM	interac=ons	leads	to	frustrata=on	

•  PFFRG	 for	 the	 extracted	 Hamiltonian	 confirms	
absence	of	LRO	

C.	Balz,	et	al.	arxiv:1606.06463,		
Nature	Physics	(2016)	
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