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The kagome lattice of spin-1/2 copper atoms in herbertsmithite

is conjectured to sustain a quantum spin liquid state with spinon
quasiparticles. Ideally, the kagome crystal planes are each separated by a
plane of spinless zinc atoms. However, inreal crystals, some spin-1/2 copper
atoms substitute randomly onto these inter-kagome zinc sites. Here we
reconceptualize such ‘impurity’ atoms as quantum witness spins whose
dynamicsis designed to probe the spin liquid state. We then introduce spin
noise spectroscopy to measure the frequency and temperature dependence
of witness spin dynamics, demonstrating that their phenomenology is
consistent with extensive interactions between witness spins mediated by
propagation of spinons through a quantum spin liquid. Ultimately, asharp
transition occurs at around 260 mK, below which the properties of both spin
noise and magnetic susceptibility suggest that the witness spins form a spin
glass phase. Among the theoretical models considered, we demonstrate
that our observations are only consistent with spinon-mediated interactions
between witness spins by either a Z, or U(1) quantum spin liquid, with the
former model more closely matching the data. Our work demonstrates that
quantum mechanical witness spins may now conceivably be used as a widely
applicable probe of quantum spin liquid physics.

In quantum materials research, impurity atoms are usually viewed
as pernicious. Yet this can sometimes be misguided. For exam-
ple, zinc (Zn) impurity atoms substituted at the copper (Cu) site in
cuprate high-temperature superconductors provide a prolific source
of fundamental understanding'. Here we deploy impurity atoms as
aresource for the direct atomic-scale study of a putative quantum
spinliquid (QSL). Inthe theory of such materials, strongly interacting
spins do not undergo spontaneous magnetic ordering, but enter a

ground state with massive long-range quantum entanglement whose
fractionalized charge-neutral quasiparticles are dubbed spinons*™.
Herbertsmithite, a kagome-lattice magnetic insulator with chemical
structure ZnCu,(OH),Cl,, is a leading candidate to sustain such a QSL
state’*°5, Moreover, a theoretical analysis of the kagome Heisen-
berg spin-1/2 Hamiltonian®'° finds that such a QSL exhibits either a
spectrum of delocalized spinons above a finite energy gap A or of a
gapless nature, governed by Z, or U(1) gauge symmetry, respectively.
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Fig. 1| Witness spins in ZnCu,(OH)Cl,. a, Crystal structure of ZnCu,(OH)Cl,
viewed along the c axis showing the kagome plane of Cu*" s = 1/2ions
hypothesized to sustain a QSL, and indicating sites of Cu*" s = 1/2ions
substituted onto non-magnetic Zn** s = Osites. b, Interplanar perspective of
ZnCu,(OH)4Cl, again indicating sites of Cu*" s = 1/2 ions acting as witness spins
substituted on 33% of Zn**sites. The coupling of each witness spin to three Cu®
spinsinthe adjacent kagome planeis indicated by pyramidal links. ¢, Schematic
ofthe design of the SQUID spin noise spectrometer that measures the time
evolution of flux @ (¢) generated by the ZnCu,(OH)4Cl,samplein the
superconductive pickup coil connected persistently to the SQUID input coil.
ADC, analogue-to-digital converter.

In herbertsmithite, because some spin-1/2 Cu atoms substitute ran-
domly onto the inter-kagome Zn sites”®", our objective is to reconcep-
tualize these impurity atoms as ‘witness spins’ to provide an exceptional
probe of the conjectured QSL state.

The herbertsmithite crystal structure (lattice parameters
a =b = 6.84 Aand c = 14.09 A) revealsthe kagome plane of Cu** s = 1/2
atomsthat are hypothesized tosustainaQSL (Fig.1a). The contribution
of these spins alone to the kagome-specific magnetic susceptibility,
Xk(w, T), exhibitsastrong downturnat 7 < 30 K, hypothetically due to
spin-singlet formation'>". At higher temperatures, the d.c. susceptibil-
ity x(7) indicates an antiferromagnetic (AF) interaction scale
Jk ~ 17 meV between kagome spins, with a congruent Curie-Weiss
temperature (6cy ~ —300K) yet no magnetic ordering has been
reporteddownto 7 < 50 mK(refs. 14,15). Asthe leading QSL candidate,
thismaterial hasbeen anintense focus of study, especially on whether
the putative spinon spectrum is gapped or gapless. Some nuclear
magnetic resonance studies report a spin liquid ground state with a
finite energy gap'; the low-energy inelastic neutron scattering spectra
arereported consistent with asmall energy gap in the kagome planes”;
and pressure tuning of the material reveals an enhancement of the
magnetic ordering temperature consistent with agapped QSL state'®.
Onthe other hand, there also are nuclear magnetic resonance studies
reporting that the kagome plane susceptibility at the lowest tempera-
tures reaches a non-zero value, indicating the absence of an energy
gap®; both specific heatand susceptibility studies report evidence that
herbertsmithite is a QSL without a spin gap'’; Ramanscattering experi-
ments provide further indications of agapless QSL state’’; as do optical

conductivity experiments? and specific heat measurements®. More
recent nuclear magnetic resonance studies affirm strongly that the
spin excitations in the kagome plane of herbertsmithite are gapless®.

There is, however, a second major reservoir of spins outside the
kagome planes of herbertsmithite because the substitution of Cu*
s = 1/2ions occurs on approximately 33% of the Zn** s = Osites* (see
the ‘Herbertsmithite samples’ section). Fromthisinterplanar perspec-
tive (Fig. 1b), each kagome crystal plane separates two planes of Zn?
atoms (red) into which these Cu*" atoms (blue) substitute. Due to
microscopically unexplained AF interactions between these Cu?*/
Zn*"-substituted spins™, the residual susceptibility as T — 0 evolves
approximately as ™! (T) « (T — O¢y) with an extremely low Curie-
Weisstemperature 6.y ~ —1.1K.Equivalently, in T—0neutron scatter-
ing studies, the higher-energy structure factor X(q, w) exhibitsabroad
continuum'?*? possibly associated with spinons but, for zw<1 meV,
¥(q, w)is fairly distinct and has been interpreted as due to AF interac-
tions between Cu?'/Zn*'-substituted spins, driven by interactions
thought to be transmitted through the kagome plane'””. Amajor chal-
lenge to determine whether the kagome plane spin excitation spectrum
is gapped'® or gapless® has beento accurately quantify and physically
understand the spin dynamics phenomenology of these
Cu?'/Zn*"-substituted spins.

Althoughsuch substitutionalimpurity spins are widely viewed as
an impediment to analysis of the T — 0 phenomenology of herbert-
smithite”® (Supplementary Discussion), here we exploit them as
an innovative resource. Viewed as quantum mechanical witness
spins, they may conceivably be used for exploration of the QSL state
itself?>*8, throughitsinfluence on their spin dynamics. To explore this
concept, we introduce spin noise spectroscopy? * to QSL studies,
using a custom-built spin noise spectrometer (Fig. 1c) measuring the
time evolution of flux &(¢) generated by ZnCu,;(OH)Cl, crystals. The
apparatus uses a pair of opposite-chirality superconducting solenoids
(Fig. 1c) in a continuous superconductive circuit including the input
inductance to a d.c. superconducting quantum interference device
(SQUID). The output voltage of the SQUID is V}, (¢) = &p (¢) /n, where
@p(t)is the flux delivered to the SQUID and n = 0.10 &,/V; the meas-
ured flux &p(¢) relates to the flux threading the sample &(t) as
@p(t) = B&(t), where for this apparatus, § = 0.0084. Our spin noise
spectrometer achieves magnetic field sensitivity po6M < 107 T//Hz,
onacryogen-free ultralow-vibration dilution refrigerator in the range
of 1I0mK < T < 5,000 mK The time sequence of the magnetic flux &(¢)
generated by the sample magnetization M(t) = 96(t)/u, within the
pickup coil, where 9 = 1.1 x 107 T/®,, can be measured with micro-
second precision. Inagiven experiment, typical measurables include
M, T), Sy(w, T), 0@(7) and x(7T) (refs. 29-33). Our preparation and
evaluation procedure for the ZnCu,;(OH)Cl, sample (Extended
DataFig.1) are described in the ‘Herbertsmithite samples’ section.

Immediately on commencing our herbertsmithite experiments,
we discovered that for T < 400 mK, all ZnCu,(OH),Cl, samples begin
to spontaneously generate robust spin noise. As shown in Fig. 2a, the
spinnoiseat T = 260 mKfluctuates with the maximum field amplitudes
B(t) = uoM(t) in the range of 107 T, orders of magnitude above the
background. Figure 2b shows exemplary time sequences of the meas-
ured magnetic flux &2(¢, T) for selected temperatures, demonstrating
strong magnetization fluctuations that have Gaussian distributions
(Extended Data Fig. 2a). From such data, we determine the power
spectral densities (PSDs) of flux noise S;(w, T) (Fig. 2b (inset) and
Fig. 2c) for 0.6 rad Hz < w < 600 rad Hz, with equivalent magnetic
field noise on the right axis. Even at this elementary stage, herbertsmi-
thite haecceity appears striking, because fluctuations in the spin-1/2
magnetization of amillimetre-scale sample are spontaneously generat-
ingmagneticfields near 10721, Finally, Fig. 2d presents a colour-coded
contour plotof measured S ;(w, T)revealingaclear transitionin witness
spindynamicsat T* ~ 260 mK (horizontal arrow). Since kagome spins
have virtually no direct contribution to magnetic phenomena'* at
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Fig. 2| Spin noise spectroscopy of ZnCu,(OH),Cl,. a, Typical time sequence
ofthe measured magnetic flux #(¢) generated by ZnCu,(OH)Cl, at

260 mK (light yellow dots), where frequency components out of bandwidth
0.3rad Hz < w <600 rad Hz arefiltered out. For visual clarity, the plotted data
points are downsampled to 5 msintervals. The boxcar average of the signal for
every 50 msis overlaid (dark yellow), which s highly distinct from the identically
averaged signal of the empty coil (grey). b, Typical examples of the squared flux
®2(t, T) at eight selected temperatures. Again, the signal bandwidthiis

0.3rad Hz < w <600 rad Hzand points are downsampled to 0.5 ms intervals.
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Inset: PSD S4 (w, T) at four selected temperatures after subtracting
background contributions. The error bars are the standard error of segment
averaging (see the ‘Measurements’ section). ¢, PSD S (w, T) of the measured
ZnCu,(OH)Cl, witness spin flux noise, which spans a frequency range of at least
0.6 rad Hz < w <600 rad Hz. The spectra exhibit scale-invariant forms, w=¢.
The equivalent PSD Sy, (w, T) of magnetization noise at the sample is presented
inunits of Teslaon the right axis. d, Contour plot of measured S (@, T)

fromc, revealing a clear transition in witness spin dynamics at 7" =~ 260 mK
(horizontal arrow).

subkelvin temperatures, and since the d.c. susceptibility x(7) of our
samplesis quantitatively consistent with the magnetization expected
when approximately 33% of Zn sites are occupied by Cu, the observed
spindynamics can only be explained by witness spin contributions.

Fitting S;(w, T), the spinnoise spectraare found tobe scale invari-
ant. The measured witness spin noise power index a from fitting
Ss(, T) = A(Dw=D (Fig. 3a) undergoes a clear transition to a ~ 1at
T* (vertical line). Simultaneously, the measured witness spin noise
variance oé(T), as determined by integrating S (w, T) in the range of
0.6 rad Hz < w <600 rad Hz (Fig. 3b) also plainly indicates a transition
in the total noise power (vertical line). Thus, the herbertsmithite wit-
ness spin dynamics undergo a sharp transition at 7.

The witness spin magnetic susceptibility x(7), measured in
ultralow magnetic fields of B < 4 uT,reveals the well-known'*** Curie-
Weiss behaviour of y(T)attemperatures of T=1K, quantitatively yield-
ing that the witness spin density is 32.5% = 0.5% per plane of Zn*'sites
in our samples (see the ‘Herbertsmithite samples’ section). However,
we find that this diverging x(7) is first diverted from precise
(X! « (T = Bcw) and theninterrupted by asharp transition toarapidly
diminishing x(T) below T* (Fig. 3¢). Although no such transition has
been observed previously using higher magnitude fields', we observe
itin all samples (Extended Data Fig. 3). The combination of this cusp
and noise transition suggests witness spin glass formation. Accord-
ingly, we extract the Edwards-Anderson (EA) spin glass order param-
eter fromthese y(7)data (see the ‘Measurements’ section). Although
zero above T, it increases rapidly below (Fig. 3d). To confirm witness
spinglass formation, we monitor the evolution of the flux #(¢)ina2-pT
applied field under sudden thermal quenches from a thermalized

condition at 7; = 400 mK to a lower temperature T, (Fig. 3d, inset).
Here &(t)and, thus, the sample magnetization M(¢)enter a —In(¢)relaxa-
tion regime, requiring days to equilibrate, but this effect begins only
when T, < T*.Together, these data provide direct confirmation of the
appearance of a witness spin glass state at 7 in ZnCu,;(OH),Cl,.

This begs the question of whether and how such witness spin
interactions could be induced by a QSL. To address this, we consider
aconventional Hamiltonian for mutual witness spin interactions as

H=3Jysis) o
ij

where s; is the spin-1/2 witness at lattice position i, the sum is over all
pairs of such spins in the material and J; represents the exchange
energy scale between witness spins separated by r;.. Here we consider
asimple model of spinon-mediated interactions through akagome Z,
QSL*™, motivated in part by several earlier studies**"*. J;; may be
estimated by modelling each witness spin as separately coupled to the
three closest kagome spins in each of its two neighbouring planes
(Fig.1b, pyramidallinks). In terms of the spin-spin susceptibility of the
QSLlinking the kagome spinsites/and min the same plane, the witness
spininteractions are

2
j’j:VZZ Z(lm’ (2)

le;me.;

where y is the strength of the witness spin to kagome coupling, .";
denotes the three kagome sites nearest to witness spini (Fig. 1b, pyram-
idallinks), and j,, is the static spin susceptibility between kagome sites
land m mediated by the QSL. To estimate {j,,, we evaluate the spinon
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Fig. 3| Spin noise spectroscopy analysis of witness spin dynamics in
ZnCu;(OH)Cl,. a, Measured witness spin flux noise power index a from

Ss(, T) x 0= asafunction of temperature (from Fig. 2c), obtained by fitting
the PSD Sy (w, T) = A(Dw~*DMinthe frequency range of 0.6 rad Hz < w <

600 rad Hz. A clear transitionto a ~ lis detected at T* ~ 260 mK (dashed line).
b, Measured witness spin flux noise variance aé asafunction of temperature
(from Fig. 2c), obtained by integrating S4 (w, T)intherangeof 0.6 rad Hz< w <
600 rad Hz. Right axis: the equivalent magnetization noise variance UL(D.
These dataindicate a transition in noise power at T+ ~ 260 mK (dashed line).

¢, Measured witness spin susceptibility x(7) (Slunits; the inset shows 1/x)in
micro-Tesla magnetic fields revealing a Curie-Weiss-like x(T)athigher
temperatures (orange line), yielding an estimated witness spin density of 33% of
Znsites. However, this diverging x(7)is interrupted by asharp transitiontoa
rapidly diminishing x(7) below T* ~ 260 mK (dashed line). d, Measured EA spin
glass order parameter for witness spins from ¢, indicating a transition to a witness
spinglassbelow T ~ 260 mK (dashed line). Inset: time evolution of the average
flux againsta 2-uT applied field after the temperature is suddenly dropped froma
thermalized condition at 400 mK. The sample flux &(¢) shows a —In(¢) relaxation
(dashed line) on periods of a day only below T ~ 250 mK, providing direct
evidence of the appearance of a witness spin glass. The error bars are invisible as
they are smaller than the symbol pointsin all panels.

band structure using a Schwinger fermion mean field decoupling of
the kagome Heisenberg antiferromagnet*®. Although not as precise as
density matrix renormalization group or exact diagonalization, the
model allows us to reach large system sizes necessary for long-range
interactions. For our QSL Hamiltonian Hqg, , the parameters are the
nearest-neighbour spinon hopping rate ¢/, the second-neighbour
rate t,/h, the gap parameter, and two Lagrange multipliers which
enforce the physical Hilbert space constraint of half-filling. We deter-
mine all parameters self-consistently for the kagome plane of herbert-
smithite, yieldingagap of 2A ~ 0.44¢; ~ 30 K consistent with previous
theoretical studies®**’ (see the ‘Spinon-mediated interactions via Z,
QSL section) and the experimental kagome-lattice susceptibility xx(7)
collapsingfor T < 30 K(ref.16). Linear response theory for the gapped
parabolic spinon band structure of QSL yields an intra-kagome spin
susceptibility of

Er

in =3[ SIGnBCuBE, ®

where

Gim(E) = (U| (E + in — Hos,) ™ 1m) @)

is the real-space spinon Green’s function connecting sites / and m at
energy E, whereas rp is an infinitesimal positive regularization. We
evaluate {,, using exact diagonalization on clusters of up to 20 x 40
kagome unit cells. We find good agreement with approximate analytic
results obtained for the similar case of electron-mediated interactions
in gapped graphene*** (where the parabolic electron bands are due
to spin-orbit interactions) in the long-distance limit:

Jy (n) i;ﬁ), (&)

r2

where ris the separation of witness spinsiandj, and for the Z, QSL we
would expect

o =x/5d(2t—lA), ©)

where dis the nearest-neighbour kagome Cu spacing. Crucially, when
spinon mediated, we find that all witness spin interactions are purely
AF. Thisis consistent with the AF nearest-neighbour interaction associ-
ated with the spin structure factor from inelastic neutron scattering
studies”, simultaneously generating further neighbour interactions
that frustrate the witness spininteractions. Overall, this reveals how the
gapped spinonspectrum ofaZ, QSLin herbertsmithite could robustly
mediate interactions between quantum witness spins.

One free parameter y controls the intensity of spinon mediation
of witness spin dynamics. We constrained y by the accepted Curie-
Weiss temperature O¢y, = —1.1K(see the ‘Spinon-mediatedinteractions
via Z, QSL’ section), yielding |y| = 60K ~ Jx/3. We note that both fer-
romagnetic and AF coupling y = +60 K are consistent with our model
described by|y|2. Further, the order of magnitude of |y|seems plausible
because the witness spins and the kagome spins are both Cu® s = 1/2
ions with similar Cu-Cu separations (although their bond angles with
the oxygen atoms do differ, and hence, |y| could have been much
smaller)*. However, this brings into sharp focus a key mystery in her-
bertsmithite studies: virtually, all low-temperature spin dynamical
phenomena'**>"722"3* occur approximately two orders of magnitude
lower in temperature than /. Most obviously, why is 6¢yy so strongly
suppressed below the natural Cu?* s = 1/2interaction scale J? Spinon
mediation provides a simple and quantitative explanation:
nearest-neighbour witness spininteractions communicate viaspinons
propagating through the QSL at the third order. The estimated
intra-kagome spinsusceptibility in the dimensionless form, {; ~ 6,
thenreveals from equation (2) that the spinon-mediated witness spin
interaction energy scaleis

V2w (60K) 01
—— ~ ——_—" ~12K 7
4t 4 76K @)

because for the herbertsmithite Z, QSL theory, equation (3) yields
{;, ® 0.1forthenearestneighboursand t; = 0.4/x ~ 76 K(ref.28). This
agrees strikingly with the experimental value |y | ~ 1.1K. Thus, the
energyscaleofawidevarietyof T — Ospindynamical characteristics"">"”
2572734 of herbertsmithite emerges naturally and quantitatively from
the spinon mediation of witness spin dynamics.

To understand the global consequences requires the large-scale
simulations of spinon-mediated witness spin dynamics. Accordingly,
we simplified equation (1) by approximating the quantum spins with
classicalIsing variables, enabling us to conduct Monte Carlo (Metropo-
lis-Hastings) simulations. The validity of this approximation for use
in herbertsmithite witness spin dynamics simulations is discussed in
detail in the ‘Witness spin Monte Carlo simulations’ section. Each wit-
ness spin interacts with all others that share a kagome plane. We use
our numerically calculated J;(r), equation (2), with 45 x 45 x 4 possible
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¢, Predicted PSD Sy, (w, T) of witness spin magnetization noise as a function of
frequency and temperature due to spinon-mediated interactions. d, Contour
plotof predicted Sy, (w, T) from c revealing a clear transition in dynamics at

T* ~ 150 mK (horizontal arrow).

witness spin sites (randomly occupied to ~33% per Zn* plane) and
periodic boundary conditions (see the ‘Witness spin Monte Carlo
simulations’section). We present the interaction energy J;(r)between
a single witness spin at the centre and one at any other witness spin
site, along with the analytic approximation (Fig. 4a). An important
consequence stemming from J;(r) is that although the known
nearest-neighbour AF witness spininteractions would lead to AF order
(above the percolation threshold), the extensive spinon-mediated
interactions frustrate this ordering. This generates a plethora of physi-
cal effects. Most elementary is the time sequence of predicted mag-
netization fluctuations M(¢t, T) « 3,;5;(t, T), where i represents all
witness spinsitesin the simulated crystal. The fluctuations in witness
spin M(t, T)are predicted tointensify and slow as falling kz T approaches
Jij(r = d)s;s j (Fig. 4b). The fluctuations have Gaussian distributions
(Extended Data Fig. 4a). The predicted PSD of this witness spin mag-
netization noise Sy, (w, T) (measured in units of radians/MCS where
MCSisthe Monte Carlo time step) isshowninFig. 4b (inset) and Fig. 4c,
whereasFig.4d showsthe contour plot of Sy,(w, T)predictions revealing
atransition in witness spindynamicsat T* ~ 150 mK(horizontal arrow).
Further, the witness spin noise power index a(T) derived from fitting
Su(w, T) x w~*NtothedatainFig.4c,d transitionstoaconstant a ~ 1
at T (Fig. 5a) (see the ‘Witness spin Monte Carlo simulations’ section).
The witness spin noise variance 0,2‘4(7‘) from Fig. 4c,d exhibits a transi-
tion in noise power at T* below which it collapses (Fig. 5b). Moreover,
although the d.c. magnetic susceptibility of the witness spins

approximately follows a Curie-Weiss trajectory at higher temperatures
near T ~ 1K (Fig. 5c), once the spinon-mediated interactions become
predominant, the Z, QSL model predicts asharp cuspin x(7)atatransi-
tion temperature near 150 mK (Fig. 5¢). Finally, analysis using all the
predicted witness spin configurations s;in terms of either an AF or EA
spinglass order parameter (Fig. 5d) reveals the finite EA (and zero AF)
order parameter, indicating witness spin freezing. By juxtaposing the
diverse predictions from equations (1)-(4) for spinon-mediated witness
spindynamics and the ground state (Fig. 5), with the discovered witness
spin dynamical phenomenology of herbertsmithite (Fig. 3), their con-
spicuous correspondence evidently validates the spinon-mediated
witness spin dynamics concept (see also Extended Data Fig. 5).
Thisrevelationresolves open mysteries ofthe T — Ophenomenol-
ogy of herbertsmithite. Although Cu?'/Zn? substitution has long been
adduced as the trigger for such effects®#1172022-273444-53 ‘0 gpecific
microscopic theory has previously been put forward. Indeed, the
opposite approach hasbeen more typical, with much effort expended
inminimizing their influence onresults. Here we explore the obverse
perspective: the identification of a specific microscopic mechanism
and its quantitative theory for witness spin interactions via the QSL.
Then, we find the susceptibility x~1(7) « (T — Ocw) with ¢y = —1.1K
is highly consistent with the spinon-mediated J;(r) of the witness spin
interactions (Fig. 5c). Similarly, we confirm (see the ‘Neutron scatter-
ing structure factor’ section and Extended Data Fig. 6) that the
low-energy neutron scattering structure factor X(q,® < 1meV) of
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Fig. 5| Spectroscopy analysis of simulated spinon-mediated witness spin
dynamics in ZnCu;(OH)4Cl,. a, Predicted witness spin magnetization noise
powerindex a for Sy(w, T) x w=%D as afunction of temperature (from Fig. 4c),
revealingatransitionto a ~ 1at T* (dashed line). The open circles are used for
temperatures above T*where power-law fitting is challenging. The error bars are
the standard error from fitting. b, Predicted witness spin magnetization noise
variance a,zw asafunction of temperature (from Fig. 4c), indicating a transition in
noise power at T* (dashed line). ¢, Predicted witness spin-only susceptibility x(7)
(Slunits; theinset shows 1/x) due to spinon-mediated interactions, revealing a
sharp transition at 7* (dashed line) from a Curie-Weiss behaviour determined at
higher temperatures (orange line). d, Predicted AF order parameter (green
crosses) and EA spin glass order parameter (black dots) from witness spin
simulations, indicating that 7* (dashed line) is the transition to a spinon-
mediated witness spin glass. The error bars are invisible as they are smaller than
the symbol pointsinb-d.

herbertsmithite'”* is not inconsistent with witness spin dynamics
controlled by the spinon-mediated J;(r) between pairs of
nearest-neighbour witness spins (Fig. 4a). With respect to 7O nuclear
magnetic resonance relaxation rates, 1/7;(7T), their sharp diminution
below T =~ 250 + 50 mK (ref. 47) is consistent with the suppression of
witness spin fluctuations below T*, as predicted within our spinon
mediation theory (Fig. 5b).

Ourempirical knowledge of herbertsmithite witness spininterac-
tions with its QSL has thus been augmented and clarified by the intro-
duction of spin noise spectroscopy” > to QSL studies. This reveals the
existence (Fig. 2a,b), slowing and intensification of scale-invariant
witness spin noise withPSD S(w, T) « w~%D(Fig. 2b,c,d). These fluctua-
tionsevolvetoreachaconstant a ~ 1at T ~ 260 mK (Fig.3a), at which
point the spin noise power OIZW(T) begins to diminish steeply (Fig. 3b).
Moreover, at this T, the susceptibility x(7) (measured at previously
unexplored micro-Tesla fields) experiences a sharp transition into a
witness spin glass phase (Fig. 3¢), exhibiting an EA spin glass order
parameter and ultraslow relaxation (Fig. 3d). All these phenomenaare
consistentwithinamodelhavinga 2A ~ 0.44¢; ~ 30 Kgapped spinon
spectrum of a Z, QSL in herbertsmithite (see the ‘Spinon-mediated
interactions via Z, QSL’ section), thereby explaining the T — O phe-
nomenology if the coupling constant between Cu?* witness spins and
kagomespinsis|y| ~ Jx/3. The form and range of the witness spininter-
action function J;(r) (Fig. 4a) and, more fundamentally, the quantita-
tive form and structure of the spin-spin susceptibility within the Z,
QSL, arethen determined theoretically.

We have considered a range of alternative models, including ran-
dom spinsinglets, Zn substitution into the kagome planes, witness spin
dipole-dipoleinteractions, spin-wave-mediated witness spininterac-
tions, ferromagnetic clusters and local magnetic exchange mecha-
nisms, and all of them can be ruled out based on the experimentally
determined phenomenologyas T — 0, as comprehensively explained
inthe ‘Considering alternatives to spinon-mediated witness spininter-
actions’section and Extended Data Fig. 7. Only spinon mediation shows
consistency with the full range of experimental data (Fig. 3), and that
ofaZ, QSL (Fig. 5) gave asomewhat better quantitative match than a
U(1) QSL (Extended Data Fig. 8). However, it remains challenging to
give adefinitive discrimination between Z,and U(1) spinon mediation
of witness spininteractions. Acomprehensive fully quantum mechani-
caltheory for theinfluences of witness spins on the kagome plane and
vice versa may be required. This could greatly improve the precision
of the theoretical model, for example, the spin noise spectral shape
above T*and the detailed spindynamicsas T — O(seethe ‘Witness spin
Monte Carlo simulations’ and ‘Neutron scattering structure factor’
sections). Suchastudy might also quantify the extent to which witness
spins could affect the quantum state in the kagome plane, further
enhancing the efficacy of the witness spin approach to probing QSLs.

Notwithstanding these theoretical challenges, further exceptional
opportunities for QSL studies also emerge. First, Cu*"/Zn*" substitu-
tional atoms no longer obscure the QSL physics of herbertsmithite,
but, instead, they would potentially allow the direct quantum detection
and interrogation of the spinon spectrum (Figs. 3 and 5). Second, the
herbertsmithite witness spinglassstateas T — Oappearstobeaunique
state of quantum matter, predicated on long-range quantum entangle-
ment through a QSL. Third, witness spins may now be used as a‘quan-
tum portal’ through which to access, manipulate and transit the QSL.
Finally, these witness spin noise techniques and interpretations are
eminently generalizable to wide-ranging QSL researchin other target
materials (for example, Zn barlowite), as well as to similarly elusive
states such as random-bond quantum dimer systems.
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Methods
Herbertsmithite samples
ZnCu,(OH)4Cl, single crystals were synthesized as described in ref. 54,
using arecrystallization method. Powders of ZnCl,, CuO and H,0 were
mixed ina quartz tube with a ratio of 2.015 g:0.235 g:4.5 ml. The tube
was sealed under vacuumand laid horizontallyinathree-zone gradient
furnace, with the temperature of hot and cold ends set at 180 °C and
160 °C, respectively. Millimetre-scale single crystals were obtained
after 3 months. Extended Data Fig. 1a shows the photographs of the
three ZnCu,;(OH)Cl, single crystals studied. The lattice structure was
confirmed by X-ray Laue diffraction, as exemplified by the clear Bragg
peaks of Sample 1 (Extended Data Fig. 1b). Measurements were per-
formed alongthe c axis for Samples1and 2 and the a axis for Sample 3.
The stoichiometry of Zn:Cu ratio is found to be 0.97:3.03 for the
samples reported here, by using inductively coupled plasma mass
spectrometry. The refinement of asingle-crystal X-ray diffraction meas-
urement indicates that 32.5% of the Zn?*' sites and 10.8% of the Cu?' sites
areinter-substituted*. Extended DataFig.1c shows the d.c. susceptibil-
ity (Sample 1’) in SI units measured by a SQUID magnetic property
measurement system (Quantum Design) and its Curie-Weiss fitting by

X=Xo+ TC_CT Fittinginatemperaturerange of 150 K < 7 <320 Kyields

Xo = =5x% 1075 6cy = —280Kand Ceyie = 0.165K. Fittinginatemperature
rangeof2K < T <6 Kyields yo = 4.3+ 0.2) x10™%, 6y = —1.07 £ 0.03 K
and Ccyie = 0.0134 + 0.0002 K correspondingindependently toS=1/2
at 32.5% + 0.5% of the Zn sites. The Curie-Weiss fitting of the
low-temperature d.c. susceptibility is stable as long as the fitting range
is within 2K < T <10 K, although it becomes sharply fitting range
dependent below 1K at which the susceptibility starts diverting from
the Curie-Weiss behaviour (Fig. 3¢)™*. These sample characterization
results are comparable with past stoichiometry studies™'***, neutron
diffraction studies™"*** and d.c. susceptibility studies'***,

Asthe Cuoccupation probability of witness spin sitesin our single
crystals, we take 33%. This value is based on the coincidence of esti-
mates from the single-crystal X-ray diffraction measurement* and
d.c.susceptibility Curie-Weiss fitting (Extended Data Fig. 1c), both of
which are performed on our single crystal (Sample 1). We note that
the precise nature of site disorder in herbertsmithite has not yet been
fully determined™*>***, with reported Cu substitution percentage at
Znsites ranging from12% (ref. 17) to 36% (ref. 55), and of the Zn substitu-
tion percentage at Curanging from 0% (refs.11,57) to 10% (refs. 22,55).

Measurements
Magnetic flux #(¢) noise measurements were performed witha19-turn
single superconducting pickup coil connected toad.c. SQUID SQ1200
(Star Cryoelectronics), whichis designed to maximize the noise meas-
urement sensitivity. Susceptibility measurements were performed
with al0-turn-eachin-series counter-wound superconducting pickup
coil connected to a SQUID SP550 (Quantum Design) (Fig. 1¢), using a
solenoid whose magnetic field was calibrated by using an indium cyl-
inder in a superconducting state (y = —1). In both setups, three
0.2-mm-diameter silver wires were directly attached to the sample for
thermalization, and measurements were taken atleast 20 min after the
target temperature wasreached. Both setups were shielded by multiple
nested niobium and mu-metal cylinders.

Flux noise data at each temperature was recorded for 1,000 s at
20 kSas™. For susceptibility measurements at each temperature, the
sample magnetic response wasrecorded as the magnetic field yoH was
swept over OpT — —4 uT — 4T — —4 uT — OpuT in steps of ~ 0.05uT
(zero-field cooling). The slope of these (uoM)/(uoH) data, representing
the magnetic susceptibility, is extracted by a linear fitting with standard
error bars from the linear fit. The micro-Tesla d.c. susceptibility of
Sample 1 (Fig. 3¢) is obtained by subtracting an offset constant. This
offsetvalueis determined so that the measured micro-Tesla suscepti-
bility smoothly connects to the measurement result in the magnetic
property measurement system in the overlapping temperature range

of2K< T<3 K (Extended DataFig.1d). For the long-term spin evolution
under a2-uT field, asample was thermalized at 7, = 400 mK for1 hand
thetemperature wasrapidly dropped to alower temperature 7, inless
than 5 min. After 20 min of thermalization at 7, (that is, starting from
t =1,200 s), the spin evolution was recorded for 80,000 s (-1 day) at
1kSas™. InFig.3d (inset), the signal is averaged for every 100 s.

Flux noise dataare processed inasimilar method as thatinref. 32.
Thedistribution of #(¢)is Gaussian with the expected statistical fluctua-
tions (Extended Data Fig. 2a). The PSD with frequency resolution
Aw = (2mrad) x (0.1Hz) = 0.6 rad Hz is first calculated from 100 split
segments®, with its error bars determined by the standard error of
segment averaging. The empty-coil measurement result is subtracted
as a background contribution. This PSD is plotted in Fig. 2c,d and
Extended DataFig. 2b. To increase the signal-to-noise ratio, the PSD is
averaged over a 10Aw or 100Aw window at high frequencies. The
power-law index shown in Fig. 3a is obtained by fitting the
Aw=0.6 rad Hz PSD with S;. N xw D in the range of
0.6 rad Hz < w <600 rad Hz (Extended Data Fig.2b). The error bars are
the standard error from fitting. The variance 0% shown in Fig. 3b is
calculated by integrating the Aw = 0.6 rad Hz PSD in the range of
0.6 rad Hz < w <600 rad Hz (error bars are propagated from the PSD).
This is demonstrably equivalent to the variance directly calculated
from the time sequence of &(¢) (appropriately filtered to the corre-
sponding frequency range), and the variance peak temperature
remains close to 7* for all different frequency-integration ranges
(Extended Data Fig. 2c).

The EAspinglass order parameter g, showninFig.3d isextracted
from the micro-Tesla d.c. susceptibility by solving the formula®*’

Cd - gea(M)

_—A 8
T— 60— qealD) ®

XM =

The constants C and 6 are obtained by fitting in the temperature range
above T for which g (7) vanishes: 270 mK < 7 < 500 mK. The error
bars of gg(T) propagate from x(7) and the standard error of the fitted
parameters C and 6.

The spinnoise datashowninFigs. 2 and 3 were measuredin Sample
1. The equivalent measurements were performed for Sample 2 and
Sample 3. AsshowninExtended DataFig.3, the transitionat 7* ~ 260 mK
in the witness spin noise power index a fromthePSD S, (w, T) « @™,
the witness spin noise variance ¢ and the micro-Tesla susceptibility y;
andthe —In(¢)relaxation of the sample flux & (¢)below T*are reproduced
in multiple samples. The Sample 3 response was smaller compared
with the other two samples because the small crystal size made it dif-
ficult tofillthe fulllength of the pickup coil. Accordingly, the PSD fitting
range is limited to 0.6 rad Hz < w < 60 rad Hz and the susceptibility
measurement resultin Extended DataFig. 3cis scaled for comparison
with Samplel.

The witness spin dynamics and the associated transition that we
observeinall herbertsmithite samples had not been previously meas-
uredineithera.c.or d.c. susceptibility studies'***. One possible reason
could be a difference in measurement conditions. Pioneering d.c.
susceptibility measurements" were performed at magnetic fields near
B =0.05T. Although that field is small compared with the energy scale
of the observed transition temperature T* ~ 260 mK, it is empirically
known that fairly asmallfield can considerably suppress asharp peak
signature of spin glass transition, making it difficult to detect. For
example, ad.c. field of B =0.04 T is capable of suppressing the sharp
peak signature of a 21.5-K spin glass transition in Fe, ;MnsTiO;
(ref.60),0.05 T foral7-K transitionin CdCr, ;In, ;S, (ref. 61),0.06 T for
al5.5-Ktransitionin Gd, ;,Al, ; (ref. 62) and 0.04 T for a 0.2-K transition
in Gd,Ga;0,, (ref. 63). Another possible reasonis the difference between
powder samples and single crystals. The herbertsmithite susceptibility
studies'** were performed on powder samples before the establish-
ment of single-crystal growth®*. Differences between single crystaland
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such powder samples might possibly be caused by different chemical
compositions, enhanced surface effects and randomized direction of
appliedfield, which may have prevented the observation of aspinglass
transition therein. All of the d.c. susceptibility measurements reported
inthe present work were carried outat B < S5uTonsingle crystals, and
all of them yield a sharp transition at a virtually identical 7" ~ 260 mK,
supportingthe plausible conclusion that this phenomenonis intrinsic
to herbertsmithite single crystals in ambient magnetic fields
of |B| < 5uT.

Spinon-mediated interactions via Z, QSL

The Hamiltonian for mutual witness spininteractionsin equations (1)
and (2)*°®*is derived from the coupling between a witness spin s; and
akagome spin s\*%™ as

Hcoupling Vs - S}(agome 9
The intra-kagome spin susceptibility ,, is calculated using linear
response equations (3) and (4) from the spinon band structure of a
Z,[0, 1] BQSL.AZ,[0, ] BQSLis the only gapped QSL thatis compatible
with lattice symmetries at the mean field level, and isin the neighbour-
hood ofthe U(1)[0, mr]state whose energy is the lowest among different
U(1) QSLs?.

In units of the nearest-neighbour spinon hopping energy
t; = 0.4J ~ 76 K (ref. 28), the Z,[0, 1] B QSL Hamiltonian contains real
parameters for the second-neighbour hopping ¢,, gap A,, and two
Lagrange multipliers A;and A; which enforce the physical Hilbert space
constraint of half-filling. We solve for all four using the standard
self-consistent mean field approach. Reference 36 gives the following
mean field spinon Hamiltonian for the kagome planes:
s;(agome — l

> faowlp (10)

ap={1,1}

Host = {2/13 (Fifa +Fifa) + M (FLS, +for)}

{z (V) + VD) (Faf i +Fifn = faf = fuf}y)  an)

ij

+A2V(2)(ff1‘ _f;f’r finjl +ﬁlfﬁ)}’

where v< D is non-zero only for first-nearest neighbours (and is 1 or -1
asdefinedinref.36),and VSZ)IS non-zero only for second-nearest neigh-
bours. There are N sites in the system. It is convenient to rewrite the
diagonal terms using

{fi} =65 (12)
{f,-,fj}=0 13)
which gives
s, = Nha + [ (i~ +1f i)
+2(FLf3 +fufi — £S5 qul)}
(14)

{z (0 + V) faf 5 + £ f i —Fuf = Fuf)

y

+A2V(2) (f, szij +fo/T) }

Theinitial NA;actsasanoverall chemical potential and canbe dropped.
The following basis is then block diagonal:

fir

fiy

o =301 ) ) 05
QSL ij it Jil itJjy ) (—hy) (f;T ) ,
Sfi
where
ﬁﬁ,-j + t,,v. —6,, + sz(z’
hy = (16)
5,, + sz(” - —5,, — gV

(asumover a = 1, 2isimplicit). Hence, all the information is contained
inthe upper matrix:

U ffT
AgsL =3, (f,T fu ) ,j i - 17
4 fjl 8
The self-consistency conditions are
Ay ==2(fuf 1) =2{fuf i) (18)
b =2(fifn) =2(ifn)s (9)
0= (fufiny = Fufin) = Fif i) = Fifi)- (20)

The global half-filling constraint on the physical Hilbert space is
enforced by the Lagrange multipliers A, and 25:

A2 0= fufu) = (fufn)s @1
i
(f W)+ (Fifin)- (22)
This must now be diagonalized:
N PR Viu
Haogs1 = Z ( Ya Vi )Dij (23)
ij V2
with diagonal D, and
h = UDU", (24)
fiT le UH}/J1 + Uljzyjz
= Uy ( ) = N (25)
szl Vi2 Uj¥n+Uivn
and the Hermitian conjugate gives the other required terms:
s, T e, w1 5,1
(£ fu) = (U v+ Uy, U+ Uy, ). (26)
In this basis,
Wi Vish =V V) =0 @
{yza } 6y6aﬁ (28)
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(Viais) = 656apm0 (DF7), 29)

where npis the Fermi-Dirac distribution. However, note that the eigen-
values D;are ordered low to high, and the spectrumis symmetric about
zero. Hence, at T ~ 0 (since T*/Jx = 0.26 K/190K « 1), np, (D?%2,) = 0 and
np (DY,) = 1. Feeding these expressions into the self-consistency
conditions gives

AV =2 %} U U, (30)

Ly =2 %} U, €

A 0= UpU - UniUp, (32)
im

Ay1=gwﬁ4%¥. (33)

We set ¢; = 1, defining the energy scale. Working in g spaceat g = 0
(since the gap should be constant), we found a self-consistent
solution with

A, = 0.4583, (34)
t, = —0.2849, (35)
A = 04327, (36)
A3 =1.500. (37)

We used a tolerance of 107 in finding the constraints with the
Lagrange multipliers:

A= Y URUZ - 2 = -84 %107 (~ 0), (38)
im
A= SO + U2 =1.001(~ 1). 39)
i
The overall energy gap (identified from the density of states),
2A = 0.44t; = 33K, (40)

is essentially equal to the gap (0.43¢;) identified previously using
exact diagonalization®.

In the witness-witness spin interactions J; in equations (1)-(4),
the only free parameter is y. We constrain |y| = 60K ~ J/3by requiring
amatchtothe widely reported experimental value of the Curie-Weiss
temperature 6y 1K < T) = -11K.

One plausibly estimates*"*

_ hug

fo= 34" (41)

where the spinonband structure enters viathe gap 2A, and the spinon
Fermi velocity vg of the parent U(1)[0, mt] gapless QSL from which the
Z,[0, 1] g forms* with

V2t,d

Up=—5 (42)

where d is the nearest-neighbour kagome Cu spacing. Equations (41)
and (42) lead to equation (6).

Witness spin Monte Carlo simulations

In herbertsmithite, the witness spin sites (that is, Zn?* sites) form a
triangular lattice on the ab plane, staggered along the ¢ axis with a
period of 3. This witness spin lattice effectively connects as a simple
cubic lattice”. We simulate a witness spin lattice with the size of
X x X x Z = 45 x 45 x 4. The smallest cell containing one witness spin,
whichis 1 x 1 x 1under this notation, is a rhombic prism with the side
length a/+/3 = 3.95 Aand height ¢ = 14.09 A. The direction of its rhombic
base is rotated by 90° around the c axis, compared with the rhombic
base of the conventional unit cell of herbertsmithite. To satisfy periodic
boundary conditions, X has to be a multiple of three and Z has to be
anevennumber.

We created a Monte Carlo simulation of the witness spins using
the Metropolis-Hasting algorithm. We modelled the witness spins as
classicalIsing spins s; = £1/2. Although witness spinsin herbertsmithite
are not Ising like, they are not Heisenberg like, either. Electron spin
resonance demonstrates a strong Dzyaloshinskii-Moriya interaction
(D/J = 0.08), leading to spin anisotropy*. Moreover, thereis evidence
for additional easy-axis anisotropy beyond the Dzyaloshinskii-Moriya
interaction®. A key consequence of this magnetic anisotropy is that
using a pure Heisenberg representation to model witness spin dynam-
ics would be incorrect and that using an Ising representation is a rea-
sonable approximation choice. The use of Ising spins has a further
pragmatic justification in the context of spin glass. Adding a tiny
amount of anisotropy to a Heisenberg spinglass canlead toaspin glass
inthe Ising universality class, making the Ising-spin model effective in
reproducing experimental observations®. We initialized the system
withthesize 45 x 45 x 4 and periodic boundary conditions with 33% of
potential witness spin sites occupied (N = 2, 673spins). The configura-
tion of occupied sites is randomly assigned using a seeded random
number generator. We average all of our results over 128 different
configurations, keeping the same sets of seed across all runs. For each
seeded configuration, we also average our results over three
simulation runs.

Inall cases, the initial state of the system has each spininrandom
uncorrelated states, corresponding to infinite temperature. We then
run our simulation starting at 7 =400 mK—above the freezing transi-
tion temperature so as to avoid quenching the glass—and ending at
50 mKatintervals of 10 mK. Inaddition, we also conduct a separate run
going from 10 K to 1.6 K at intervals of 0.2 K to ensure that the Curie-
Weiss temperatureis ¢y = —1.1K,and from 1.5 K to 0.5 K atintervals of
0.1K for completeness.

At each temperature point, we first equilibrate the system by
updating the system over 1,000 sweeps, with each sweep consisting
of N = 2,673 update steps. We then sampled the spin-per-site noise

s = Allzjis,-(t), EA spin glass order parameter gg, = %2125,- (t)2 and AF
2
order parameter g,y = All(Ei(—l)k(ZSi(t))) (k = 0,1 for each sublattice

of the bipartite witness spin sites) over 100,000 sweeps. The bar rep-
resents an average over the Monte Carlo sweep time. From s(¢), the
magnetization noise M(t) and d.c. magnetic susceptibility y are
estimated using

M®=W%wﬁ®Jﬁ%, 43)
R _\2
, O-(s®)

X = PvHo(gug) N (44)

kT

where py,uo.g = 2, pg and kg are the number density per volume of
witness spinsin herbertsmithite (33% per Znsites), vacuum permeabil-
ity, electron g-factor, Bohr magneton and Boltzmann constant, respec-
tively. The factor /N/Ngxp, Where Neypis the number of witness spinsin
the volume of herbertsmithite Sample 1 (-3 mm?), is required to
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approximately estimate the order of the magnetization noise magni-
tude that generally scales as M(t) « 1/y/Ngxp (ref. 32). The error bars of
X, Parand gg, are the standard error of averaging.

The predicted witness spin magnetization noise M(¢) is then pro-
cessed in the same method as the experimental spin noise in
ZnCu,;(OH)Cl, (see the ‘Measurements’ section). The distribution is
Gaussian with small statistical fluctuations (Extended Data Fig. 4a).
The PSDinFig.4c,d and Extended DataFig.4b has afrequency resolu-
tion of A = (2rrad) x (107°/MCS) = 6 x 10~ rad/MCS and is averaged
over a 10Aw or 100Aw window at high frequencies; the error bars are
the standard error of averaging. The power index in Fig. 5ais obtained
by fitting in 6x107° rad/MCS <w< 1x10~° rad/MCS
(Extended Data Fig. 4b); the error bars are the standard error from
fitting. In Fig. 5a, open symbol points are used at temperatures above
T*atwhich the power-law fitting is challenging (R < 0.98). The variance
in Fig. 5b is calculated by integrating the PSD from 6 x 10~ rad/MCS
< w <6 x10">rad/MCS. The variance peak temperature remains at T
for different integration ranges (Extended Data Fig. 4c). When 1
MCS =100 ps, the simulated PSD and the measured experimental PSD
roughly correspond in the same frequency window (Extended
Data Fig. 5). They remain consistent with each other for any values in
the range of 1 MCS <100 ps, as long as the PSD continues to be scale
invariant down to lower frequency in both simulation and experiment.
Thechallengesinfitting PSD at temperatures above 7, which were not
seen in the experiment, may be resolved by simulating the PSD in a
lower Monte Carlo frequency range or by simulating the fully quantum
mechanical theory.

When we perform the equivalent simulations for different witness
spin concentrations from 15% to 60%, the transition temperature T*
changes from 200 mK to 100 mK, and the nearest-neighbour witness
spininteraction energy scale (equation (7)) changes from2.5Kt00.5K.
Even if these different witness spin concentrations are used in the
model, these quantitative changes do not alter the conclusion of
this work.

We finally note that whether the predicted transition is of true
spin glass type has not been examined in detail. Direct theoretical
investigations into this point, such as finite-size scaling of the spin
glass susceptibility, are left for future work.

Neutron scattering structure factor
Extended Data Fig. 6 shows the witness spin structure factor 2(q)
that is calculated from a spin configuration snapshot in our Monte
Carlo simulation at 2 K over 1,000 sweeps and averaging over
128 configurations:

2

>, (45)

where F(g) is the magnetic form factor of Cu®". It reasonably matches
the low-energy neutron scattering structure factor in ZnCu,;(OH)Cl,,
which shows diffuse scattering without a sharp peak'’*, although with
afairly low signal-to-noise ratio. Comparable features are the shape of
the mid-intensity contribution (green) that extends throughout the
in-plane and out-of-plane directions, the high-intensity contribution
(red) at the out-of-plane peak at (00%), and the high-intensity in-plane
circularshape contribution with correct |gjand approximately equally
distributed intensity. Further comparison of the precise shape of the
experimental neutron scattering intensity pattern in the (HKO) plane
requiresimprovement bothin the precision of the neutron scattering
experiment and in the model.

Z s5;elTi
7

(= IF@l <

Considering alternatives to spinon-mediated witness spin
interactions

Although we considered alarge number of alternative hypotheses, the
only cases capable of explaining the full range of experimental data

involved spinon-mediated couplings viaspinliquids. Inreviewing these
hypotheses, there are two strong constraints.

First, any theoretical model with sufficiently rapid variation with
distance of the witness spin to witness spin interaction decay (local
couplings) will resultin asizable population of isolated witness spins.
With Zn site occupation probability p, the percentage of isolated wit-
ness spins having no nearest neighbour is (1 — p)°; with p = 0.33, this
gives 9% (3% of Zn sites). These isolated witness spins must contribute
ad.c. magnetic susceptibility, which divergesas 1/T asT — 0.Asshown
inExtended DataFig.7a,if only 0.7% of Znssites are occupied by isolated
witness spins, this would be enough to show a d.c. susceptibility evolv-
ingas1/T as T — 0, whichis not observed in any of our experiments.

Second, witness spin to witness spin interactions evolving too
slowly with distance (1/r2 or slower) will lead to an unphysical diver-
gence in the sum over spins forming the structure factor. As well as
being unphysical, this situation isincompatible with the experimental
inelastic neutron scattering structure factor that shows broad features
in momentum space at 2 K, consistent with dominant AF
nearest-neighbour correlations”. An example of the structure factor
for a slowly decaying spin-wave mediated interaction is shown in
Extended Data Fig. 7b,c.

In the context of these constraints, we have considered and
ruled out a variety of alternatives to spinon-mediated witness
spin interactions including nearest-neighbour local exchange,
next-nearest-neighbour local exchange, direct dipolar witness spin
interactions, dimer correlations mediating the witness spininteraction,
random singlets and random spin clusters, and spin-wave mediating
the witness spin interaction (Supplementary Discussion).

The model in the main text discusses the Z,[0, ] 8 QSL scenario,
whereas another candidate kagome QSL in herbertsmithite is the U(1)
[0, ] state with a Dirac nodal spinon Fermi surface. We calculated its
spinon band structure using the mean field decoupling of ref. 28 and
thenthe witness spininteraction using the same methods we used for
Z,:in this case, the calculation becomes that of an Ruderman-Kittel-
Kasuya-Yosida interaction between witness spins mediated by the
spinon Dirac nodal Fermi surface. We find that all witness couplings
are AF, decaying approximately as 1/r3. The predictions of the witness
spin noise, susceptibility and order parameters via these U(1) QSL
spinon-mediated witness spin interactions are shown in
Extended Data Fig. 8. Each panel can be compared with Figs. 4 and 5.
The U(1) model predicts a transition at 110 mK, which is smaller than
the value of 150 mK of the Z, QSL prediction. Thus, our Z, QSL model
ismore consistent with the experiment. However, the U(1) QSL model
also reproduces the qualitative features of the experiment in Figs. 2
and 3, and cannot be fully excluded using the existing data.

Data availability

The data presented in this paper are available via Zenodo at https://
doi.org/10.5281/zenodo.15114443 (ref. 67). Source data are provided
with this paper.

Code availability
The simulation codes used in this paper are available via Zenodo at
https://doi.org/10.5281/zenodo0.15114443 (ref. 67).
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Extended DataFig.1|Single crystals of ZnCu,(OH),Cl, and their
characterization. a. Photos of three ZnCu,;(OH),Cl, single crystals. Sample 1is
obtained by polishing down Sample 1'in b. Measurements were performed along
the caxis for Samples1and 2, and along the a axis for Sample 3, as indicated by the
arrows. b. Clear Bragg peaks of the X-ray Laue diffraction measured for Sample 1.
c.DCsusceptibility of Sample 1 in Slunits measured by a SQUID MPMS (Quantum

Design). The solid lines represent Curie-Weiss fittingsby x = xo + ché'”e .Fitting
~Ocw
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inatemperaturerange150K < T <320K (green)yields xo = —5 X 107,

Ocw = —280K, and C¢yrie = 0.165K and thatin atemperaturerange2K < 7 <6K
(orange, ininset) yields yo = 4.3 x 1074, Ocw = —1.07K,and C¢yrie = 0.0134 K.
d. The overlay of the micro-Tesla susceptibility in Fig. 3c (black) and sub-Tesla
susceptibility in ¢ (gray). The inset magnifies the overlapping temperature
range. Thefittinginthe range 2K < T <6 K (orange) captures the susceptibility
downtolK.
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Extended Data Fig. 2 | Analysis of ZnCu;(OH),Cl, spin noise spectroscopy. indicates the measured background contribution that is subtracted from the
a. Typical distribution histograms of the measured ZnCu,(OH)Cl, witness spin signal. Lines represent A (T) w2 fitting in the frequency range 0.6 rad*Hz
flux noise @ (¢, T) at eight selected temperatures (frequency components out of < w <600 rad+Hz. c. Comparison of measured witness spin flux noise variance
bandwidth 0.3 rad*Hz < w <600 rad-Hzarefiltered out). Each histogram follows 0% obtained by direct calculation from & (¢, T) (after filtering) and by integrating
aGaussian distribution (gray dashed line), with small statistical fluctuations S& (w, T)indifferent frequency ranges. Error bars are propagated from power
(inset). b. Measured witness spin flux noise power spectral density S4 (@, T). spectral density.

Error bars are the standard error of segment averaging. The black dotted line
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Extended Data Fig. 3| Comparison of spin noise and susceptibility noise variance. c. Measured witness spin susceptibility x (7) (Slunits)in
measurements in multiple ZnCu,;(OH),Cl, single crystals. a. Measured witness micro-Teslamagnetic fields, showing a sharp transition to a rapidly diminishing
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(dashed line) is observed in all samples. The dotted line indicates the background T* ~ 260 mK. The same behavior of Sample 1is shown in the Fig. 3d inset.
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spin magnetization noise M (¢, T) at eight selected temperatures (frequency
components out of bandwidth 3 x 10~°rad/MCS < w <6 x 10~*rad/MCS are
filtered out). Each histogram follows a Gaussian distribution (gray dashed line)
with small statistical fluctuations. b. Predicted witness spin magnetization noise
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power spectral density Sy, (w, T). Error bars are the standard error of Monte-
Carlo-run averaging. Lines represent A (T) w~%Dfitting in the frequency range
6x107° rad/MCS<w <1x 1073 rad/MCS. c. Comparison of simulated witness
spin magnetization noise variance oﬁ/, obtained by integrating Sy, (w, T)in
different frequency ranges.
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Extended Data Fig. 5| Witness spin noise power spectral density when1Monte Carlo step =100 ps. Simulated witness spin magnetization noise power spectral

density Sy, (w) at T* (blue), when1Monte Carlo step is set to 100 ps. It falls into the frequency window of measured ZnCu,(OH),Cl, witness spin noise at 7* (yellow): 0.6
rad*Hz < w <600 rad-Hz. Error bars are the standard error of segment averaging.
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Extended DataFig. 6 | Simulated witness spin structure factor. The witness spin structure factor X (g) thatis calculated from a spin-configuration snapshotin the
Monte Carlo simulation at 2 K for (HKO) space (a) and (HHL) space (b).
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Extended Data Fig. 7| Observations constraining alternative theoretical from a snapshot of witness spin configuration in the Monte Carlo simulationat 2

models. a. The estimated isolated-spin magnetic susceptibility x(7) of 2% of K for (HKO) space (b) and (HHL) space (c). The quantitative detail is dependent on
witness spins (0.7% of Zn sites) overlayed on the measured witness spin thein-plane distance cutoff due to the slow decay of the interaction, and here a
susceptibility of Fig. 3c (black dots). b,c. The witness spin structure factor X (q) 45x45 cutoffis used.

assuming spin-wave mediated interactions that decay as 1/r~1/r%. Itis calculated
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Extended Data Fig. 8| U(1) quantum spin liquid spinon-mediated witness spin
dynamics in ZnCu,;(OH)4Cl,. a. Predicted power spectral density of witness spin
magnetization noise Sy, (w, T) as a function of frequency and temperature due to
spinon-mediated interactions. b. Contour plot of Sy, (w, T) fromarevealinga
clear transition in dynamics at 7* ~ 110 mK (horizontal arrow). c. Predicted
witness spin magnetization noise power-index a for Sy, (@, ) « w=%Dasa
function of temperature from a, revealing a transition to a ~ 1at T* (dashed line).
The open circles are used for temperatures above T* where a power-law fitting is
challenging. Error bars are the standard error from fitting. d. Predicted witness
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spin magnetization noise variance oﬁ/, asafunction of temperature froma,
indicating a transition in noise power at T* (dashed line). e. Predicted
witness-spin-only susceptibility x (7) (Slunits, inset shows 1/x) due to
spinon-mediated interactions, revealing a sharp transition at 7* (dashed line)
from a Curie-Weiss behaviour determined at higher temperatures (orange line). f.
Predicted antiferromagnetic order parameter (green crosses) and
Edwards-Anderson spin-glass order parameter (black dots) from witness spin
simulations, indicating that T* (dashed line) is a spin-freezing transition.
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