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Supplementary	Discussion	

	

A. Hypothetical	alternatives	to	spinon-mediated	witness	spin	interactions	
1.	Nearest	neighbor	(NN)	local	exchange	

Antiferromagnetic	(AF)	NN	witness	spin	interactions	could	occur	via	some	sequence	

of	 exchange	 pathways17.	 The	 shortest	 path	would	 be	 Cu-O-O-Cu	 (super-super	 exchange)	

connecting	 two	 witness	 planes.	 However,	 this	 NN	 case	 is	 un-frustrated	 for	 either	

ferromagnetic	(FM)	or	AF	interactions,	and	so	cannot	account	for	the	observed	spin	glass	

transition	 at	𝑇∗ .	 Models	 of	 random	 NN	 exchange	 with	 a	 Gaussian	 distribution	 of	 values	

centered	on	the	net	AF	interaction	strength	(1	K)	seen	in	neutron	scattering,	give	rise	to	long-

range	AF	order;	we	confirmed	this	by	simulation.	Finally,	any	NN	model	would	also	leave	

~9%	of	isolated	witness	spins	in	our	samples,	inconsistent	with	the	observed	DC	magnetic	

susceptibility	as	𝑇 → 0.	

	

2.	Next-nearest	neighbor	(NNN)	local	exchange	

In	principle,	 some	as-yet	unknown	AF	 (frustrating)	NNN	exchange	pathway	might	

exist.	However,	there	is	no	evidence	of	NNN	correlations	in	neutron	scattering17.	Even	if	NNN	

interactions	exist	and	are	captured	by	an	AF	NN+NNN	model,	NN	interactions	would	give	FM	

order	on	triangular	witness	spin	planes	that	are	then	AF	coupled	from	plane	to	plane,	and	

NNNs	would	then	frustrate	the	in-plane	FM	order.	The	resulting	order	would	likely	be	the	

standard	120-degree	order	on	a	witness	spin	plane	which	is	AF	coupled	from	plane	to	plane.	

To	explore	this	concept	we	modeled	a	range	of	AF	NNN	interaction	strengths	from	0	to	the	

NN	strength	in	our	MC	simulations.	We	found	that	all	simulations	led	to	sizable	AFM	order	

parameters	𝜙"# > 0.4	(cf.	𝜙"# < 0.02	in	Fig.	5d	for	the	Z2	predicted	QSL	model)	suggesting	

significant	 long-range	 order,	which	 is	 not	 detected	 in	 specific	 heat	 or	 neutron	 scattering	

measurements.	 Finally,	 any	NN+NNN	model	would	 also	 leave	~2.4%	 of	 isolated	witness	

spins,	again	inconsistent	with	the	observed	DC	magnetic	susceptibility	as	𝑇 → 0.	

 

	 	



 
P
A
G

 

 2  

3.	Direct	dipolar	witness	spin	interactions	

While	 long-range	 dipolar	 witness	 spin	 interactions	 could	 be	 frustrating,	 the	

associated	energy	scale	 is	 too	small.	With	a	NN	witness-witness	distance	of	6.1	Å,	 the	NN	

dipole-dipole	interaction	energy	between	two	𝑠	 = 	1/2	spins	is	

𝐽$$
𝑘%

=
1
𝑘%

𝜇&
4𝜋

(2𝜇%)'

66.1	Å8
( = 11	mK, (46)	

which	 is	 incompatible	 with	 the	 observed	 𝑇∗ = 260	mK .	 Since	 NN	 interactions	 are	

unfrustrated,	any	predicted	𝑇∗	would	rely	on	further	neighbor	couplings	and	so	would	be	

reduced	even	further	below	this	estimated	temperature.	

	

4.	Dimer	correlations	mediating	the	witness	spin	interaction	

One	can	hypothesize	effects	of	Zn	substituted	into	the	Cu	Kagome	plane11,19,23,48,55.	Ref.	

68	suggests	that	two	spins	on	each	triangle	containing	a	Zn-substituted	site	may	form	an	un-

frustrated	singlet	(dimer).	However,	for	such	a	hypothesis	ref.	69	calculates	the	Knight	shift	

around	Zn-substitution	and	finds	it	to	decay	as	1/𝑟;	such	a	slow	decay	is	inconsistent	with	

the	experimental	structure	factor.	Further,	ref.	48	suggests	that	these	disturbances	lead	to	a	

Curie-like	1/𝑇	susceptibility,	incompatible	with	the	the	observed	DC	magnetic	susceptibility	

as	𝑇 → 0.	

	 There	is	also	a	theoretical	suggestion	that	a	free-spin	contribution	might	arise	in	the	

kagome	layers	due	to	Zn-substitution70.	However,	such	a	contribution	is	inconsistent	with	

both	the	experimental	structure	factor	which	indicates	that	the	witness	spins	are	embedded	

in	the	Zn	layers17,	and	with	the	observed	DC	magnetic	susceptibility	as	𝑇 → 0.	

	

5.	Random	singlets	and	random	spin	clusters	

Power-law	 scaling	 in	 herbertsmithite	 has	 been	 identified	 in	 specific	 heat52,71	 and	 the	

dynamic	spin	susceptibility25,	which	led	to	the	hypothesis	of	a	random	singlet	state	arising	

from	randomly	distributed	AF	interactions.	Ref.	72	studies	random	singlets	and	predicts,	as	

a	function	of	decreasing	temperature,	a	magnetic	susceptibility	that	increases	as	1/𝑇,	then	

plateaus,	 then	 increases	 as	1/𝑇) 	with	𝑎 < 1.	A	 recent	 study	on	an	organic	QSL	 candidate	
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similarly	 found	 a	 low-𝑇 	upturn	 related	 to	 random	 singlets73.	 However,	 herbertsmithite	

shows	no	susceptibility	divergence	in	the	observed	DC	magnetic	susceptibility	as	𝑇 → 0.	

Ref.	72	also	discusses	qualitatively	that	coexisting	random	FM	&	AF	interactions	could	

lead	to	a	partial	formation	of	FM	spin	clusters	of	random	size.	However,	there	is	no	evidence	

of	FM	correlations	in	the	neutron	scattering	structure	factor.	Also,	the	derived	witness	spin	

interactions	mediated	by	Z2	or	U(1)	quantum	spin	 liquids	(see	below)	are	purely	AF,	and	

therefore	are	incompatible	with	a	FM	cluster	formation	scenario.	

	

6.	Spin-wave	mediating	the	witness	spin	interaction	

Spin-wave-like	excitations	could	be	seen	in	an	insulating	spin	glass,	 for	example	in	

EuxSr1-xS	74,	and	the	method	detailed	in	ref.	40	for	spin-wave	mediated	nuclear	spin	coupling	

in	herbertsmithite	could	potentially	also	apply	to	witness	spin	coupling.	To	account	for	this	

picture,	we	modelled	spin-wave-mediated	witness	spin	interactions	using	the	Kondo-Yamaji	

Green’s	function	decoupling	of	ref.	40.	The	interaction	oscillates	in	sign	and	decays	as	1/𝑟',	

however,	it	decays	as	1/𝑟	along	high-symmetry	directions.	Such	a	slow	decay	is	inconsistent	

with	the	experimental	structure	factor,	as	shown	in	Extended	Data	Figs.	7b,c.		

Furthermore,	spin	waves	or	magnons	have	never	been	identified	in	herbertsmithite,	

even	by	inelastic	neutron	scattering	at	50	mK17,26,27,	thus	excluding	a	spin-wave	mediation	

scenario.	

	
B. General	Impurity	Spin	Effects	
1.	Role	of	impurities	in	herbertsmithite	and	possible	interaction	with	quantum	spin	liquids	

The	 quasi-free	 “impurity”	 spin	 contribution	 has	 been	 known	 to	 exist	 in	

herbertsmithite	since	the	pioneering	studies12,13,14,19,55,	and	there	has	been	discussions	on	

how	it	could	affect	the	physics	of	herbertsmithite.	

While	impurities	and	kagome	spins	tended	to	be	treated	as	a	separate	contribution	in	

experimental	analyses,	the	interplay	between	them	gradually	became	regarded	as	relevant.	

To	list	a	few	examples,	there	has	been	discussions	on	a	possible	coupling	of	impurity	spins	

to	spinons	to	form	a	Kondo	type	ground	state22,28,	a	possible	Jahn–Teller	driven	distortion	
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leading	 to	 a	 displacement	 of	 the	 six	 adjacent	 oxygens	 to	 induce	 an	 in-plane	 staggered	

magnetic	response23,	and	impurity-scattering	of	thermal	carriers53.	

Ref.	23	points	out	that	impurity	spins	could	offer	a	handle	to	probe	the	physics	of	the	

kagome	 layer.	Our	work	 concretely	 formulates	 and	 executes	 this	 concept	 that	 spin	noise	

dynamics	of	"impurity"	witness	spins	can	probe	the	kagome	layer	physics,	and	quantitatively	

demonstrates	 that	 this	 approach	 is	 successful	 in	 deducing	 spinon-mediated	 interaction	

mechanisms	via	the	kagome	quantum	spin	liquid.	

	

2.	Spin	glass	transitions	in	spin	liquid	candidates	

There	are	several	materials	classes	that	are	hypothesized	to	be	spin	liquids	yet	exhibit	

a	spin-glass	transition	at	low	temperatures.	Here	we	list	an	example	from	each	of	Cu,	Yb,	Ir,	

Cr,	Fe,	and	Gd-based	compound	families.	

•	 Cu3V2O7(OH)2·2H2O:	 Cu2+	 ions	 with	 𝑆 = 1/2 	form	 a	 distorted	 kagome	 lattice	 in	 a	

monoclinic	structure.	It	exhibits	a	spin	freezing	at	1.2	K	75,	or	at	60	mK	in	another	sample56,	

despite	Curie-Weiss	 temperature	of	𝜃*+ = −115	K.	The	 transition	 is	proposed	 to	 arise	

from	freezing	of	defect-induced	moments	within	the	kagome	plane56.	

•	 YbMgGaO4：	 Yb3+	 (spin-orbital	𝐽,-- = 1/2)	 form	 a	 triangular	 lattice,	with	 site-mixing	

disorder	 of	 non-magnetic	 Mg2+	 and	 Ga3+	 causing	 random	 local	 Yb3+-environment	

distortion76.	 It	exhibits	a	spin	 freezing	at	∼ 0.1	K	(𝜃*+	of	−10	K	order),	suggested	to	be	

driven	by	disorder	and	frustration77.	

•	 Na4Ir3O8:	 Ir4+	 (spin-orbital	 𝐽,-- = 1/2 )	 form	 a	 hyperkagome	 lattice,	 exhibiting	 a	

disordered	 magnetic	 freezing	 of	 all	 Ir4+	 sites	 at	 ∼ 7 	K	 78	 ( 𝜃*+ ∼ −650	K 	79).	 The	

inhomogeneous	 magnetic	 ground	 state	 is	 proposed	 to	 be	 driven	 either	 by	 disorder	

inherent	to	the	creation	of	the	hyperkagome	lattice	or	via	quantum	fluctuations80.	

•	SrCr9pGa12-9pO19:	Cr3+	 (𝑆 = 3/2)	 form	a	kagome-triangular-kagome	trilayer	 lattice81.	 It	

shows	 a	 spin-glass-like	 transition	 at	 ~3	 K	 ( 𝜃*+ ∼ −500 	K)	 in	 a	 wide	 range	 of	

stoichiometry	𝑝	 > 0.6 ,	 which	 occurs	 in	 bulk	 but	 not	 due	 to	 isolated	 impurities82.	 The	

transition	 has	 been	 given	 different	 interpretations,	 for	 example,	 freezing	 of	 magnetic	

defects	 localized	 around	 spin	 vacancies82,	 or	 a	 spin	 jam	 state	 caused	 by	 quantum	

fluctuations	in	a	disorder-free	lattice83.	
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•	 (H3O)Fe3(SO4)2(OH)6:	 Fe3+	 (𝑆	 = 	5/2 )	 form	 a	 kagome	 lattice,	 showing	 a	 spin	 glass	

transition	at	17	K	(𝜃*+ ∼ −1200	K)84.	The	transition	is	proposed	to	be	due	to	a	coherent	

anisotropic	distortion	of	oxygen	octahedra	that	generates	in-plane	anisotropy,	not	from	

random	disorder85.		

•	Gd3Ga5O12:	Gd3+	(𝑆	 = 	7/2)	form	a	hyperkagome	lattice,	showing	a	spin	glass	transition	

at	 0.14	 K	 (𝜃*+ ∼ −2	K) 	63.	 The	 transition	 is	 proposed	 to	 be	 due	 to	 highly	 frustrated	

geometry	of	the	magnetic	lattice63,	or	a	mixture	of	a	spin-liquid	state	with	a	set	of	rigid	

magnetic	pieces	nucleated	around	impurity	centers86.	

Importantly,	for	all	these	QSL	candidates,	the	microscopic	spin	physics	is	quite	different	from	

that	of	herbertsmithite.	The	majority	of	these	compounds	have	spin	S	≥	3/2	or	spin-orbital	

𝐽,-- = 1/2	each	 of	which	 are	 quantum-mechanically	 distinct	 nature	 from	 pure	𝑆 = 1/2	in	

herbertsmithite.	Further,	it	is	the	spins	on	the	frustrated	lattice	hypothesized	to	become	a	

quantum	spin	liquid	that	exhibit	a	spin	glass	transition	in	all	these	materials	classes,	not	the	

“impurity”	or	witness	spins.		

Thus,	herbertsmithite	appears	quite	unique	in	that	no	spin	glass	transition	occurs	for	

the	 spins	 of	 the	 kagome	planes	 and,	 instead,	 kagome-mediated	witness	 spin	 interactions	

generate	a	 spin	glass	of	 the	 “impurity”	 spins.	This	 is	highly	distinct	 from	 the	phenomena	

reported	in	refs.	56,63,75-86,	and	provides	a	unique	new	perspective	on	the	𝑇 → 0	ground	

state	of	herbertsmithite	in	which	the	kagome	spins	remain	a	candidate	quantum	spin	liquid.	

	

3.	Spin	noise	in	classical	spin	glasses	

Magnetic	 noise	 has	 been	 used	 previously	 to	 study	 conventional	 spin	 glass	

compounds87	 and	 Josephson	 junction	 arrays88,89,	 each	 of	 which	 generates	 strong	

magnetization	signals.	1/𝑓.-type	power	spectral	density	is	commonly	observed	in	different	

classical	spin	glasses87,	while	the	quantitative	characteristics	vary	among	compounds.	For	

example,	in	Eu0.4Sr0.6S,	the	spin	noise	power	continues	to	grow	below	the	glass	transition90.	

Another	 example	 is	 CdIn0.3Cr1.7S4	 where	 the	 power	 exponent	 decreases	 above	 the	 glass	

transition	at	16.6	K,	but	then	starts	increasing	again	above	17.5	K	91,92.	These	observations	

differ	 from	 herbertsmithite’s	 noise,	 naturally	 because	 the	 microscopic	 physics	 in	 these	

systems	 is	 unrelated	 to	 that	 of	 the	 witness	 spin	 interactions	 in	 a	 quantum	 spin	 liquid.	

Moreover,	 the	 far	 more	 technically	 advanced	 systems	 developed	 recently,	 including	
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achievement	of	 sensitivity	optimization	reaching	 fT/√Hz	clean	noise	 floor	and	millikelvin	

spin-noise	measurements,	have	been	introduced	specifically	to	probe	spin	liquids29,30,32.	
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