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YbZn,GaOs is a promising candidate for realizing a quantum spin liquid (QSL) state, particularly owing
to its lack of significant site disorder. Pulsed-field magnetometry at 0.5 K shows magnetization saturating
near 15 T, with a corrected saturation moment of 2.1(1)ug after subtracting the van Vleck contribution. Our
zero-field pSR measurements down to milliKelvin temperatures provide evidence for a dynamic ground
state and the absence of magnetic order. To probe fluctuations in the local magnetic field at the muon site,
we performed longitudinal field pSR experiments. These results provide evidence for spin dynamics with a
field dependence that is consistent with a U1AO1 Dirac quantum spin liquid as a plausible description of the

ground state.
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Frustrated magnetic materials with competing inter-
actions have proven to be a fertile arena for the discovery
of novel emergent phenomena [1,2]. In these systems,
frustration disrupts the development of a conventional long-
range ordered ground state and can result in the formation
of a quantum spin liquid (QSL), a state which is charac-
terized by a high degree of quantum entanglement and
topological order [3] and which often hosts novel, frac-
tionalized emergent excitations [4—7]. There are many
different theoretical models describing different types of
QSL, such as gapless Z, fermions on the Kitaev honey-
comb lattice [8,9], gapped Z, topological states on the
kagome lattice [10,11], and gapless Dirac fermions with
emergent U(1) gauge fields [12—-14]. Many exotic cases of
geometrically frustrated quantum magnets are found in
two-dimensional systems, with particular interest in mate-
rials that host triangular lattices [15—17], thus motivating
the design and synthesis of new materials with perfect
triangular lattices [18]. Rare-earth-containing compounds
can be attractive QSL candidate materials [19]. In these
systems the subtle interplay between frustration due to the
geometry of the lattice, the spin-orbit coupling, and the
crystal field anisotropy of the rare earth ion, can lead to a

“Contact author: hank.wu@physics.ox.ac.uk
Contact author: stephen.blundell @physics.ox.ac.uk

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

0031-9007/25/135(4)/046704(8)

046704-1

variety of rich emergent phenomena [20,21]. Yb3* (4f13) is
an important rare earth ion in this context, as its ground-
state Kramers doublet, which results from crystal-field
splitting of the eightfold degeneracy of its J = % moment
behaves as an effective spin—% state. Interest has therefore

focused on YbMgGaO, [22,23] which contains Yb>* ions
arranged in a perfect triangular lattice. However, chemical
disorder due to mixed Mg and Ga occupancies complicates
the interpretation of data from this compound since dis-
order can mimic the continuumlike inelastic neutron
scattering (INS) signal that would otherwise be interpreted
as resulting from spinon excitations of a QSL state [24,25];
a similar issue affects the sister compound YbZnGaO, [26].
For this reason, there is a very strong motivation to study
the newly discovered related material YbZn,GaOs, which
(like YbMgGaO, and YbZnGaOy,) hosts an ideal triangular
lattice of effective spin-% moments but crucially (and unlike
YbMgGaO, and YbZnGaO,) has no inherent chemical
disorder [27].

The crystal structure of YbZn,GaOs is shown in
Fig. 1(a), with the well separated triangular layers illus-
trated in Fig. 1(b). Magnetic susceptibility (y) data [27]
show no evidence of magnetic ordering down to 0.3 K,
while INS data [27] reveal a broad continuum of scattering
which remains gapless between the M and K points, but is
gapped near the I” point; these properties are consistent with
the presence of a U(1) Dirac QSL state [28]. This is a
particular type of gapless QSL that hosts fermionic exci-
tations that couple to a U(1) gauge field (as in conventional
electromagnetism) and contains Dirac cones in the spinon
excitation spectrum. We prepared single crystal samples of
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FIG. 1. (a) Crystal structure of YbZn,GaOs viewed along the
[110] axis; Yb-O planes are well separated by nonmagnetic Zn-O,
Ga-0O, and Zn-O layers along the crystallographic ¢ axis. The
muon sites A, B, and C are marked, each bonded to a distinct
oxygen atom (red spheres) in the structure. (b) The Yb®" ions
(green spheres) form a triangular lattice with nearest neighbor
exchange coupling J. (c¢) Pulsed-field magnetization for fields
parallel (green) and perpendicular (violet) to the crystallographic
¢ axis, with the dashed lines due to van Vleck and crystal-field
effects.

YbZn,GaOs using the previously established method [27]
and characterized our sample using x-ray diffraction and
SQUID magnetometry. We also used pulsed-field magne-
tometry at 0.5 K to extend these data to fields of up to 45 T,
measuring the magnetization of the YbZn,GaOs sample
parallel and perpendicular to the crystallographic ¢ axis. In
both directions, the magnetization begins to saturate at
around 15 T above which field only the linear van Vleck
magnetization contributes. By subtracting this van Vleck
contribution, both sets of measurements extrapolate back to
a saturation moment of 2.1(1)ug, as shown in Fig. 1(c).

We used muon spin rotation (uSR) measurements to
extract the spin dynamics in YbZn,GaOs, since muons are
an extremely effective probe of slow spin fluctuations
[29,30]. Our measurements were performed using the
HiFi pSR instrument at the ISIS neutron and muon source
and used both zero-field (ZF) and longitudinal-field (LF)
configurations. The sample was a mosaic of crystals
aligned so that the crystallographic ¢ axis is parallel to
the muon beam and to the applied LF. Sample cooling was
performed using a helium dilution refrigerator providing
temperatures down to 48 mK. Data analysis was performed
using the WiMDA program [31].

The measured forward to backward asymmetry of the
muon decay positrons a(z) was fitted to a single relaxation
component plus a constant background, consistent with a
single dominant muon site, i.e., a(t) = ayP.(t) + agg,
where P,(f) = exp (—(41)#) is a stretched exponential
function and A is the muon spin relaxation rate. In the
low-temperature region, the measured ZF relaxation was
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FIG. 2. (a) Zero field relaxation at 268 K and 48 mK. The inset
shows that there is no significant change in the initial asymmetry
at low 7. (b) LF relaxation rate versus 7 in the low-T region. The
dashed line shows the energy of the exchange coupling estimated
from magnetic susceptibility measurements. The inset shows the
relaxation rate in 0.01 T extended to the high-7 region where
thermal excitation of crystal field levels takes place. The solid line
is a model fit used to estimate the crystal field excitation energy.

well described by a simple exponential (# = 1, signifying
spin dynamics with a single fluctuation rate) and no
oscillations were observed at the base temperature
48 mK, as shown in Fig. 2(a). This indicates an absence
of magnetic order and a dynamic ground state, which
would be consistent with QSL behavior.

To probe the nature of the spin fluctuations, we studied
the effect of an applied LF since such measurements can
reveal the spectral density of the spin fluctuations [30]. The
measured dependence of the relaxation rate A on field and
temperature is given in Fig. 2(b). We find strong field
dependence in A at low temperatures and much weaker
field dependence at 5 K and above. The low-field relaxation
has been followed to higher temperatures to explore
crystal field excitations with the relaxation rate being fitted
to an activation dependence A~! = vy + v exp(—=Ea/kgT),
where 1 is given a weak linear 7" dependence for the best
fit [Fig. 2(b), inset] and we obtain E, = 25(2) meV,
broadly consistent with the calculated crystal field energy
levels (see End Matter).

Detailed LF scans were made at eight temperatures and
the results are plotted in Fig. 3. The LF dependence is
described by the sum of four terms

A(Brg) = Aop(Brr) + Aop(Brr) + 4sG + ALcr (Brg). (1)

which represent two-dimensional (2D) diffusive spin fluc-
tuations, a zero-dimensional (0D) Redfield term, a constant
background constant term, and a level crossing resonance
(LCR). The three nonconstant terms are given by

A2
Aop (BLF) = 4 JZD(DZD’ Cf)e)’ (2)
D? 2/v

j’OD(BLF) = (3)

41+ (@, /v)™’
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FIG. 3.

LF-dependent relaxation rate measured at eight different temperatures. The observed relaxation rate is resolved into four

distinct spectral contributions distinguished by the shading [also see Eq. (1)]. The solid lines are the result of a combined global fitting to
the field dependence. The level-crossing resonance (LCR) is discussed in the End Matter.

Arcr(Brp) = fG(Byg, By, Byia), (4)
where Apg is the constant background relaxation rate, J,p, is
the spectral density associated with 2D diffusive spin
fluctuations [26], A and D are hyperfine and dipolar
coupling constants, @, =y.Bip, ®,=y,Bir, and
G(Byg, By, Byiq) is a Gaussian centred on B, with width
B,,iq to model the LCR. In fitting Egs. (2)—(4) to the eight
LF scans, D,p, v, and f were allowed to vary with T,
whereas all other parameters were assumed independent of
T and estimated globally. The globally determined param-
eters are listed in Table I. The T-dependent parameters Dp
and v are plotted in Fig. 4(a) and f is shown in Fig. 4(b)
(right-hand axis). Following the procedure used in
Ref. [26], we derived the T-dependent quantum entangle-
ment length &g [Fig. 4(b)], which demonstrates that the
spins become significantly entangled as D,p falls at low
temperature, and the quantum Fisher information parameter
Fq [Fig. 4(c)], which quantifies the development of
multipartite entanglement associated with many-body

TABLE 1. Global fit parameters defined in Eq. (1) and obtained
from the multitemperature global fitting of the LF relaxation rate
(Fig. 3).

A (MHz)
63(2)

D (MHz)
18.4(5)

Agc (MHz)
0.067(3)

m

(1)

B, (T)
2.7(1)

Byiq (1)
1.3(1)

correlations [32-34] and here reveals a substantial increase
on cooling well below T ~ J.

The present results can be compared to those obtained
previously for YbZnGaO, [26] in which a similar crossover
was observed between classical and quantum entangled
regions, centered around the slightly higher J value. Here,
the J value obtained from the extrapolated intersection of
the low-T" and high-7" dependences of D, [Fig. 4(a)] is
consistent with the more accurate value obtained from the
magnetic susceptibility (Table II). One significant enhance-
ment over the earlier study in Ref. [26] is the extended field
range of the HiFi instrument used here, which has allowed
us to measure a particularly sharp cutoff in part of the
non-2D contribution, where m = 7(1) was obtained from
the global fit, as well as revealing a high-field resonance
around 3 T for temperatures larger than J [see Figs. 3(h)].
The size of the entanglement parameters reached in the
quantum region for YbZn,GaOs are both larger than found
previously for YbZnGaO,, which may reflect the absence
of nonmagnetic site disorder in the present system.

Using density functional theory (DFT) (in particular, the
DFT + p method [35-37]), it is possible to identify the
muon site. Here, we have carried out DFT calculations
using the plane-wave basis-set electronic structure code
CASTEP [38] (for details, see End Matter) which reveal four
crystallographically distinct muon stopping sites. In each
case, the muon forms a bond with an oxygen atom, with a
ut —O bond length of ~1 A. However, the oxygen
involved is different in each case. For site A, as shown
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FIG. 4. Temperature-dependent fit parameters derived from a
global fit of the LF-dependent data, showing a crossover between
the quantum and classical regions. (a) 2D diffusion rate and
localized fluctuation rate. (b) Entanglement length estimated
from the diffusion rate (left-hand scale) and amplitude of the
high-field resonance (right-hand scale). (¢) Quantum Fisher
information parameter derived from the fitted 2D term. The
previous results for YbZnGaO, [26] are also shown for com-
parison.

in Fig. 1(a), the muon is bonded to an oxygen which is
bonded to Yb (O1); for site B, it is bonded to an oxygen
bonded to Zn and Ga (O3); and for site C, it is bonded to an
oxygen bonded to Ga only (02). We also find an additional
site, labeled D, where the muon sits in the center of a Yb
triangle, forming a bond Ol that lies along the ¢ axis.
However, this site is very high in energy, and is only found
twice among our relaxed structures, suggesting a small
basin of attraction, so unlikely to be realized in practice. We
found the effect of the muon on local crystal fields to be
unimportant (see End Matter), as expected for symmetry-
protected Kramers doublets.

TABLEII. Exchange coupling parameter J estimated from (i)
[22] (0 =—-4.17K, 0, = —-5.66 K) and from (i) the D,p
crossover [Fig. 4(a)]. The final column gives the estimated
exponent for the weak 7 dependence D,p o 7”0 observed in
the T < J regime.

J(ii) (K)
2.6(8)

JW /B (ns™h) np
54(17) 0.08(3)

JO (XK  JO/h (ns7h
3.44 72

We have estimated the relaxation rate, A, due to nuclear
field from the van Vleck second moment in the limit of
quadrupolar coupling [39]. The nuclear relaxation rate is
dominated by the contributions of Ga, which exists as two
stable I = 3/2 isotopes. Hence, muons at site C, sitting
only ~2 A away from the nearest Ga experience a much
larger nuclear relaxation than muons sitting at either site A
or site B. However, these nuclear fields are quenched upon
the application of a sufficiently large longitudinal field,
leaving the muons instead sensitive to the fields due to
fluctuating electronic moments.

The dipolar coupling parameters between the muon and
the closest Yb** ions have been evaluated for these sites,
with the results shown in Table III. Our pSR results can be
fully explained by assuming that only the lowest energy A
site is present. The 4,p term in Eq. (1) is then assigned to
interaction with Yb3, which is expected to have the largest
contact hyperfine coupling, taking place across a bridging
oxygen. The Agp term is assigned to interaction with Yb2,
which is expected to only have dipolar coupling. The
calculated dipolar parameter for Yb2 is consistent with the
fitted D value for the OD term. The pure dipolar coupling of
Yb2 also allows it to produce the high-field level crossing
resonance. The field-independent part of the Agg term may
be assigned to interaction with Ybla and Yb1b, which are
the closest ions to the muon. The combination of fast
fluctuations and strong coupling for these ions could lead to
the observed field-independent response in the experimen-
tally accessible field range.

In contrast to classically ordered states, a QSL does not
break symmetry. A QSL can be classified by its projective
symmetry group (PSG), formed by the transformations that
keep the mean-field description unchanged. These trans-
formations are composed of a combination of symmetry
operations (e.g., translations or rotations) and gauge trans-
formations [40]. For Yb3*-containing compounds, the
spin-orbital entanglement results in additional features of

TABLE III. Dipolar coupling parameters between the calcu-
lated muon sites and their closest Yb®" ions, with the Yb
moments taken to be 2.1(1)ug. The final column indicates
whether a significant contact hyperfine term is expected in
addition to the dipolar term.

Muon site Yb label  Yb distance (A) D (MHz) A term
A la,1b 2.446 36(2) v
2 3.102 17.7(8)
3 3.396 13.5(6) v
B 1 2.650 28(1)
2a,2b 3.741 10.1(5)
3a,3b 4.258 6.8(3)
4a,4b 4.648 5.3(3)
C 1 4.861 4.6(2)
2a,2b 5.120 3.9(2)

046704-4



PHYSICAL REVIEW LETTERS 135, 046704 (2025)

symmetry operations acting on the triangular lattice,
resulting in rich structure of possible PSGs with very
different spinon band structures which give rise to exper-
imentally distinguishable spin-dynamical properties
[41,42]. Our results are consistent with the UTAO1 QSL
in the classification scheme of Ref. [42], the “U1” denoting
a U(1) spin liquid, and the “A” denoting zero (rather than )
flux per triangular plaquette. This model has a linear
(Dirac) dispersion, consistent with our measured small
spin-diffusion power law (and with the quadratic power law
for the heat capacity [27]). This is in contrast to the more
complicated UTA11 state, with both linear and quadratic
dispersion, that had to be invoked previously to understand
the properties of YbZnGaQO, [26]. That material has greater
disorder than the present compound, and while the role of
disorder in QSLs is currently the subject of intense
theoretical investigation [43—46], the growth of quantum
Fisher information on cooling has been identified as a
reasonably robust measure of multipartite entanglement
[47] and our measurements imply that it is of similar
magnitude in both compounds [see Fig. 3(c)]. Our results
thus show how detailed measurements of low-frequency
spin dynamics in a chemically ordered rare earth triangular
magnet can not only demonstrate spin-liquid behavior but
also substantially constrain the type of topological order
present in the ground state.
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End Matter

Pulsed-field magnetometry—A sample of YbZn,GaOs
was loaded into an ampule and affixed to the end of a
probe. The probe was placed in a *He cryostat where a
temperature of 0.45 K could be achieved. The sample
could be inserted into and extracted from a compensated
coil, in situ, enabling measurement of the sample’s
magnetization. Measurements were made using a a 50 T
pulsed magnet (~10 ms pulse width) at the Nicholas
Kurti magnetic field laboratory, Oxford University,
United Kingdom.

Magnetic characterization—The pulsed-field

magnetization data were calibrated using data from a
SQUID magnetometer (which were consistent with those

(@)

FIG. 5. Local geometry around the muon site for (a) site A,
(b) site B, and (c) site C. Nearby Yb** ions are labeled according
to the scheme in Table III.

obtained in [27]). ac susceptibility measurements using a
SQUID magnetometer find no frequency dependence in
the range studied (10-1000 Hz, 1.8 K). dc susceptibility
measurements (using a vibrating sample magnetometer)
result in no difference between zero-field-cooled and
field-cooled temperature dependences down to 1.8 K.

DFT + u calculations—Calculations were carried out
within the generalized-gradient approximation (GGA)
using the PBE functional [49] and the system was
treated as nonspin polarized. For our calculations, we

TABLE IV. Muon stopping sites in YbZn,GaOs obtained from
DFT using the structural relaxation method, where sites A to C
are visualized in Fig. 1(a). For each site, we show the energy E
relative to the lowest energy site, estimates for the relaxation A
due to nuclear magnetic fields, and the occurrence of each site
based on 30 relaxation calculations.

Number of
Site  Fractional coordinates E (e¢V) A (MHz) structures
A (0.536 0.072 0.068) 0.00 0.025 13
B (0.813 0.906 0.112) 0.24 0.033 9
C (0.260 0.747 0.206) 0.92 0.154 6
D (0.667 0.333 0.504) 1.31 0.038 2

046704-6


https://doi.org/10.1038/nphys3700
https://doi.org/10.1038/nphys3700
https://doi.org/10.1103/PhysRevB.103.224434
https://doi.org/10.1103/PhysRevLett.127.037201
https://doi.org/10.1103/PhysRevLett.127.037201
https://doi.org/10.1103/PhysRevB.87.121108
https://doi.org/10.1103/PhysRevB.87.115148
https://doi.org/10.1063/5.0149080
https://doi.org/10.1063/5.0149080
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1103/PhysRevB.20.850
https://doi.org/10.1103/PhysRevB.65.165113
https://doi.org/10.1103/PhysRevB.94.035107
https://doi.org/10.1103/PhysRevB.94.035107
https://doi.org/10.1103/PhysRevB.96.054445
https://doi.org/10.1103/PhysRevB.96.054445
https://doi.org/10.1103/PhysRevLett.119.157201
https://doi.org/10.1103/PhysRevX.8.031028
https://doi.org/10.1103/PhysRevX.8.031028
https://doi.org/10.1103/PhysRevLett.129.037204
https://doi.org/10.1103/PhysRevLett.129.037204
https://doi.org/10.1103/PhysRevResearch.5.023009
https://doi.org/10.1103/PhysRevResearch.5.023009
https://doi.org/10.1103/95fl-rxl3
https://doi.org/10.1103/95fl-rxl3
10.5286/ISIS.E.RB2410486
10.5286/ISIS.E.RB2410486
10.5286/ISIS.E.RB2410486
10.5286/ISIS.E.RB2410486
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/j.cpc.2022.108488
https://doi.org/10.1016/j.cpc.2022.108488
https://doi.org/10.1107/S160057672001554X
https://doi.org/10.1103/PhysRevLett.114.017602
https://doi.org/10.1103/PhysRevB.90.121102
https://doi.org/10.1103/PhysRevB.90.121102
https://doi.org/10.1103/PhysRevA.85.022321
https://doi.org/10.1103/PhysRevA.85.022321
https://doi.org/10.1103/PhysRevA.85.022322
https://doi.org/10.1002/qute.202400196
https://doi.org/10.1002/qute.202400196

PHYSICAL REVIEW LETTERS 135, 046704 (2025)

E (meV)
140 &
120 +
100 |
80 -
60 -
40 £
20 -
0
. Ybla Yblb Yb2 Yb3
without T
muon with implanted muon

FIG. 6. Calculated CF levels of Yb*" ions with and without an
implanted muon and its accompanying lattice distortion in
YbZn,GaOs. Energy levels are calculated for the four distinct
Yb3* ions nearest from the muon site A. Each line indicates a
doublet state.

use a plane-wave cutoff energy of 900 eV and 5 x5 x 2
Monkhorst-Pack grid [50] for Brillouin zone sampling,
resulting in total energies that converge to 2 meV per
atom and forces that converge to 5x 1072 eV A~
Muon site calculations were performed using the
MuFinder program [51]. Initial structures comprising a
muon and a 2 x2 x 1 supercell of YbZn,GaOs were
generated by requiring the muon to be at least 0.5 A
away from each of the muons in the previously
generated structures (including their symmetry equivalent
positions) and at least 1.0 A away from any of the
atoms in the cell. This resulted in 52 structures that
were subsequently allowed to relax until the calculated
forces on the atoms were all <5 x 102 eV A™! and the
total energy and atomic positions converged to within
2x 1075 eV per atom and 1x1073 A, respectively.
Some initial positions resulted in geometries that we
were unable to converge. These were discarded, leaving
us with 30 relaxed supercells. The four identified sites
are summarized in Table IV (see also Fig. 5).

Crystal field calculations—We also quantify the effect
of muon-induced distortions on the crystal field (CF)
levels of the nearby Yb’T ions. Using a point-charge
model generated using the PyCrystalField library [52],
we compare the CF levels in the unperturbed structure
with those of each of the Yb3* in the layer containing
the implanted muon. We also include the muon as an
additional point charge coordinating the Yb**. The
resulting energy levels are shown in Fig. 6. The
calculated gap between the ground state and first-excited
state without the muon is in good agreement with the
value determined from experiment [27]. With the
implanted muon, this gap remains in the range
3040 meV, which is broadly consistent with the
activation energy E, = 25(2) meV extracted from the fit
of A(T) given earlier. The CF levels for Ybla, Yblb,
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FIG.7. Origin of the 2.7 T level crossing resonance observed in
the data at higher 7. The singlet-triplet splitting of a pair of Yb**
ions is linearly reduced by magnetic field. Taking the reported
values of J = 3.16 K and g = 3.436, the singlet-triplet gap will
match the muon Larmor frequency at a field of 2.73 T, leading to
a level-crossing resonance between the muon and the pair of
Yb3* spins. The inset expands the level crossing region.

and Yb3 are very similar, with each of these being
slightly lowered compared to the corresponding level in
the undistorted case. Yb2 is distinct in that the CF levels
are instead slightly raised. However, the effect of the
distortion field on the CF levels of this Kramers ion is
calculated to be rather small, in contrast to the case of
Pr-based pyrochlores [53] (Pr’* is a non-Kramers ion
and its energy levels are consequently vastly more
susceptible to the effects of a muon-induced distortion
of local ions). Hence, we do not expect the presence of
the muon to modify the local magnetic properties to
which the muon is sensitive.

Level-crossing resonance—The high-field feature at
2.7 T in Fig. 3 appears to be a new type of muon level

T T
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100 1000
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FIG. 8. Data at 50 mK compared with fitted field dependences

for an autocorrelation function representing 2D diffusion and for
an autocorrelation function taking the form e,
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crossing resonance. This interpretation is illustrated in
Fig. 7, where the calculated field dependence of the
singlet-triplet splitting of an interacting pair of Yb’*
ions matches the Larmor splitting of a diamagnetic
muon at a predicted field of 2.73 T, fully consistent with
the experimental value of 2.7(1) T. It is very interesting
to see that this resonance only appears in the high-T
paramagnetic state and becomes strongly suppressed in
the quantum entangled low-T state.

Comparison between autocorrelation functions—We
have made a comparison between fitting to the base
temperature data using the correlation function for 2D
diffusion and using the alternative form of correlation
function r¥e ™ [23,26,29] (Fig. 8). The reduced y?
value is 0.89 for the 2D fit, but is three times worse for
the product function fit at 2.63, where the fitted value of
x is 0.59(2). The autocorrelation function is expected to
take the general dynamical scaling form ¢ f(vt).
However, as we have seen, assuming f to be a simple
exponential provides a very poor fit. We note that the
2D diffusion autocorrelation function S, could be
recast in the dynamical scaling form. In this case we
expect x = 1, since S,p follows 1/ over a wide time
range between cutoffs at early and late times. The
function f is then essentially a constant with power law
cutoffs at early and late times.

PSG analysis—The model of [42] for a triangular
lattice [coordinates r = x(1,0) + y[-1.(v/3/2)]] gives
16 PSG solutions, but only 8 of them yield spinon

dispersions. We focus on the four UlA PSGs with zero
flux, since the four U1B PSGs have background flux in
every plaquette, which gives rise to an enhanced
periodicity [40,54] that is inconsistent with inelastic
neutron scattering data [27]. The two numbers following
UIlA refer to the gauge transformation associated with
the operation of either the twofold rotation C,: (x,y) —
(y,x) or the operation Sg: (x,y) = (x—y,x); this
transformation can be trivial (the identity) or nontrivial
(i6”), which is denoted by 0 or 1. Hence U1AO1 is only
nontrivial under the operation of Sg¢. Its associated
spinon dispersion is linear near where the spinon band
crosses the Fermi level at symmetry points K, I', and M.
UIA10 can be discounted since its gives vanishing
hoppings. The other three models can be distinguished
by their differing predicted spinon dispersions [42].

Quantum Fisher information—A state is entangled if its
density matrix is not separable. An entanglement witness is
a functional of the density matrix that can be used to
distinguish between an entangled state and a nonentangled
(separable) state. The quantum Fisher information Fg has
been shown to act as a witness of multipartite entanglement
[55-57], and can be expressed in terms of the imaginary
part of the dynamical susceptibility y"(w) as Fqo =
(4/x) [§° tanh (how/2kgT)y" (0. T)dw [32]. Using the
fluctuation-dissipation theorem, we can express this in
terms of the spectral density function measured by the
muon using Fo = (4/x) [§° tanh? (hw/2kgT)J yp (@)dw.
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