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Outline	

➢ 	A	short	introduc_on	
➢ 	(Zn,Co,Ni)Cu3(OH)6Cl2:	two-dimensional	kagome	system	

➢ 	ZnCu3(OH)6SO4:	anisotropic	kagome	system	

➢ 	YbMgGaO4:	structurally	perfect	triangular	system	

➢ 	Summary	



Geometrical	frustra_on	

or	 ??	

Building	block	for	spin	
frustrated	systems	
kagome,	pyrochlore,	spinel…	

kagome	

pyrochlore	



P.	W.	Anderson,	1973	 Resona_ng	Valence	Bond	state	

Quantum	spin	liquid—RVB	state	

Buckley	Prize	winner	2017	

RVB	state	–	an	example	of	a	topological	phase	
U(1)	quantum	spin	liquid	
Z2	quantum	spin	liquid	
SU(2)	quantum	spin	liquid	



Where	to	find	the	mysterious	“liquid”	in	the	desert	of	condensed	maber?	

“Sheepskin	Scroll”	

•  S=1/2	

•  An_ferromagne_c	coupling	and	
frustra_on	geomtry	

•  Large	frustra_on	factor	f	(=ΘW/TN)	
•  No	long-range	magne_c	ordering	

•  No	spontaneous	symmetry	breaking	

•  Strong	charge	fluctua_on	and/or	
exo_c	interac_ons	

•  Frac_onal	excita_on:	spinon	

From	L.	Balents	



Zn/Ni/Co/Cd/Mg 

Herbertsmithite	

ZnCu3(OH)6Cl2	
An_site	disorder/
impuri_es	



J.	S.	Helton	et	al.,	Phys.	Rev.	Leb.	98,	107204	(2007)	

Herbertsmithite	

•  AF		coupling	J~200K	
•  No	magne_c	ordering	

down	to	50	mK	
•  Linear	magne_c	

specific	heat	

M.	Fu	et	al.,	Science	350,	655	(2015)	

Single	crystal	NMR	
	
•  Gapped	spin	liquid	

•  Gap	~	10	K	
T.	H.	Han	et	al.,	Nature	492,	406	(2012)	

Con_nuum	of	spin	excita_ons	



Interlayer/triangular	
posi_on:	
Co:	80(1)%	
Cu:	20(1)%	

Intralayer/kagome	
posi_on:		
Cu:	93.6(1.0)%	
Co:	6.4(1.0)%	

MCu3(OH)6Cl2	(M=Zn,	Co,	Ni)	

Significant	site	mixing	

Y.	Li	et	al.,	J.	Phys.:	Condens.	Maber	25,	026003	(2013)	
Y.	Li	et	al.,	Chem.	Phys.	Leb.	570,	37	(2013)	

Combined	structural	refinements	



ZnCu3(OH)6SO4	

Li	et	al.,	New	J.	of	Phys.	16	(2014)	093011	



Thermodynamics	of	ZnCu3(OH)6SO4	

Li	et	al.,	New	J.	of	Phys.	16	(2014)	093011	



Spin	dynamics	of	ZnCu3(OH)6SO4	

muSR	 NMR	

•  ZnCu3(OD)6SO4	

•  No	oscilla_on	down	to	21	mK	
•  Two	regions?	

Sign	of	two	regions	

M.	Gomilsek	et	al.,	Phys.	Rev.	B	93,	060405	(2016)	(Rapid	Commun.)	
M.	Gomilsek	et	al.,	Phys.	Rev.	B	94,	024438	(2016)	



3d	vs	4f	

4f13		L=3,	S=1/2,	J=7/2	

Cu2+	

Yb3+	

Kramers	doublets	



Powder	diffrac_on	

Li	et	al.,	Scien_fic	Reports	5,	16419	(2015)	

Yb3+:		4f13,	S=1/2	
m=173	

Lu3+:		4f14,	S=0	
m=175	



Structurally	perfect	YbMgGaO4	

Ø  Strict	R-3m	symmetry	
Ø  Two-dimensional	
Ø  Seff=1/2	
Ø  No	an_site/impurity	
Ø  No	DM	interac_on	
Ø  Perfect	reference	

sample	LuMgGaO4	

Ø  High-quality	crystals	
available	

Ø 	Small	J	

Li	et	al.,	Scien_fic	Reports	5,	16419	(2015)	
Li	et	al.,	Phys.	Rev.	Leb.	115,	167203	(2015)	



Single	Crystals	

Li	et	al.,	Phys.	Rev.	Leb.	115,	167203	(2015)	
Charge	Gap～	4	eV	



Magne_za_on	

ΘW~	-4	K	 Li	et	al.,	Scien_fic	Reports	5,	16419	(2015)	
Li	et	al.,	Phys.	Rev.	Leb.	115,	167203	(2015)	



Spin	Hamiltonian	

Under	R-3m	symmetry		

Anisotropic	
terms	

Strong	charge	fluctua_ons	 Ring	exchange	

Li	et	al.,	Phys.	Rev.	Leb.	115,	167203	(2015)	



Exchange	parameters	

Li	et	al.,	Phys.	Rev.	Leb.	115,	167203	(2015)	



Specific	Heat	

•  No	magne_c	ordering	down	to	50	mK	
•  Accurate	spin	entropy	
•  Zero-entropy	spin	ground	state	(residual	spin	entropy	below	50	mK	<	0.6%)	

～T2/3	

Li	et	al.,	Phys.	Rev.	Leb.	115,	167203	(2015)	

mYb=173	
mLu=175	



U(1)	quantum	spin	liquid	ground	state	

Rule	out	long-range	magne_c	
ordering	and	spin	freezing	

Li	et	al.,	Phys.	Rev.	Leb.	117,	097201	(2016)	



U(1)	quantum	spin	liquid	ground	state	

Zero	spin	entropy:	spin	ground	state	
Cv	~	T2/3	
Constant	Muon	spin	relaxa_on	rate	

U(1)	gapless	quantum	spin	liquid	

Li	et	al.,	Phys.	Rev.	Leb.	117,	097201	(2016)	



Spin	excita_ons	

Y.	Shen	et	al.,	Nature	540,	559-562	(2016)	

•  Diffusive	spin	excita_ons	
•  Spinon	Fermi	surface	
•  Gapless	U(1)	quantum	spin	liquid	



Summary	

◇  A	 new	 two-dimensional	 triangular	 compound	 YbMgGaO4	 with	
Seff=1/2	and	high-quality	single	crystals	available	

◇  Anisotropic	spin	Hamiltonian	

◇  Gapless	U(1)	quantum	spin	liquid	ground	state	
◇  Strong	 spin-orbit	 coupling	may	 play	 a	 key	 role	 in	 forming	QSL	

ground	 state	 and	our	work	may	 inspire	 a	 new	 route	 to	 search	
for	QSL	materials	


