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Electron spin dynamics was studied down to 80 mK in the triangular-lattice quantum spin-liquid candidate
YbZnGaO, using muon spin relaxation, finding no evidence for freezing or ordering of the Yb spins. The muon
spin relaxation rate can be represented by the sum of two contributions, one dependent on longitudinal magnetic
field and the other independent of field. The field-dependent term follows the form expected for two-dimensional
diffusion of mobile spin excitations. The spin-diffusion rate obtained for these excitations in the high temperature
paramagnetic regime is comparable with the exchange coupling frequency J/h, reducing significantly in the low
temperature quantum regime. This slowdown is assigned to the effect of quantum entanglement. The exchange
coupling J is estimated to be 2.0(2) K from the crossover between the two regimes. The field-independent term
is only weakly dependent on temperature, and at 15 K its absolute value is consistent with dipolar coupling
of the muon to the three Yb moments closest to the muon site, where the spin dynamics of these moments is
determined by exchange fluctuations. The temperature-dependent properties in the quantum regime are compared
against the three possible U(1) spin-liquid models that have been obtained for the strongly spin-orbit coupled
triangular lattice by Y.-D. Li, Y.-M. Lu, and G. Chen [Phys. Rev. B 96, 054445 (2017)]. The comparison with
theory takes published specific heat and thermal conductivity data into account, along with the spin-diffusion
rate obtained from the muons. It is found that the nodal spin-liquid model U1A11 containing both linear and
quadratic nodes provides better agreement with experiment than either the UTAQOO spinon Fermi surface (FS)

model or the UTAO1 model that contains only linear nodes.

DOI: 10.1103/PhysRevB.106.L.060401

A quantum spin liquid (QSL) is a ground state for an an-
tiferromagnetic system that is characterized by a high degree
of quantum entanglement and fractionalized excitations [1,2].
Originally proposed for spin-1/2 Heisenberg systems on a
triangular lattice [3], QSL states are found in triangular lattice
models with interactions beyond nearest neighbor, and these
can also include models with strong spin-orbit interactions.

YbMgGaO, (YMGO) and YbZnGaO, (YZGO) are a pair
of triangular-lattice antiferromagnets that are members of a
family that have attracted considerable attention in the past as
they show both geometrical and site-disorder frustration [4].
They contain spatially well-isolated quasi-2D layers of Yb**
(4f"3) ions, which experience strong spin-orbit coupling.
YMGO was proposed as the first candidate for a QSL with
strong spin-orbit coupling and an odd number of electrons per
unit cell. The spin is described by a Kramers doublet ground
state, and a large crystal electric field gap of A ~ 420 K sepa-
rates it from excited doublets. Only the ground state Kramers
doublet is active at temperatures below A, giving an effective
spin-1/2 local moment [5,6].

Magnetic properties of YMGO have been characterized
using various techniques [5,6]. The magnetic heat capacity
shows C,, ~ T°7 behavior and the magnetic susceptibility
remains constant in the zero temperature limit, indicating
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an absence of magnetic order down to 60 mK [5,6], while
the antiferromagnetic coupling is confirmed by the negative
Weiss temperature (B = —4.11 K). Recent uSR measure-
ments also confirm that the system remains disordered down
to 50 mK [7], now extended down to 22 mK [8].

Reported inelastic neutron-scattering experiments for
YMGO [9,10] reveal a broad diffusive magnetic excitation
continuum covering a wide region of the Brillouin zone with
a weak diffuse peak at the M-symmetry points. In one study,
a U(1) QSL with a spinon FS was suggested to represent the
data [9]. Another study suggested that the XXZ exchange in-
teraction on both nearest-neighbor and next-nearest-neighbor
accounts for the spin-wave dispersion reported in magnetic
fields and the diffuse peak at the M-points [10].

Fifty-fifty site mixing between the nonmagnetic Mg>* and
Ga’t cations is an important feature of YMGO (and YZGO),
and recent theoretical calculations have suggested that the
ground state of YMGO is in fact a magnetically ordered stripe
state [11] which is particularly fragile towards orientational
disorder. It was thus proposed that the inhomogeneous charge
environment from the Mg/Ga site mixing results in mimicry
of a spin-liquid state in the form of short-range stripe or stripe
superposition domains. However, previous puSR studies of
YMGO [7,8,12] as well as the present study of YZGO find
no evidence for such a mimic state.

Other theoretical work has discussed the role of chemical
disorder as well as the spin-orbit coupling in driving YMGO

©2022 American Physical Society
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towards a nodal QSL state rather than a FS state [13]. Three
U(1) QSL states were found in a theoretical study of the
spin-orbit coupled triangular lattice model: one state with a
large FS and two symmetry-protected nodal states [14]. An-
other study put forward the argument that both YMGO and
YZGO have a spin-glass ground state [15] on the basis of AC
susceptibility and preliminary zero-field neutron-scattering
measurements performed on YZGO. However, 1SR finds no
evidence of glassy behavior down to as low as 22 mK in
YMGO [7,8,12]. Magnetization measurements for YMGO
taken down to 40 mK [16] also exclude the possibility that the
low-temperature state includes a significant fraction of frozen
spins. In the present study of YZGO we find no evidence for
spin freezing in measurements taken down to 80 mK.

We measure here the YZGO system using SR [17] in both
zero field (ZF) and longitudinal field (LF) configurations. ZF
is used to confirm the absence of any spin freezing or magnetic
ordering and LF is used to study the spin dynamics, making
use of the dependence of the muon spin relaxation rate on
the fluctuations of the local magnetic field at the muon site.
Our sample was characterized to be phase pure via single
crystal x-ray diffraction [18]. Weiss constants obtained from
the magnetic susceptibility for field oriented with respect to
the ¢ axis were 0 = —2.67 K and 6, = —2.62 K [18]. The
corresponding J value is 1.76 K, weaker than J ~ 2.8 K
obtained in the same way for YMGO [9,15]. The exchange
anisotropy is lower than for YMGO, just on the Ising side
of the Heisenberg limit. This contrasts with the XY side for
YMGO [18].

We find that a diffusive model of spin dynamics provides
a very good description of our SR data on YZGO. Diffusive
models for spin dynamics have previously been used in SR
and NMR investigations of quantum magnets, including spin
chains [19-22] and spin liquids [23]. Theoretical work has
focused mainly on 1D systems and the XXZ model, where
diffusive spin transport is expected for exchange anisotropy on
the Ising side of the Heisenberg point [24]. This corresponds
to the exchange anisotropy of YZGO. With XY anisotropy, the
transport has been suggested to switch over to ballistic char-
acter [25], and examples of ballistic spin dynamics have also
been identified in «SR studies of spin chain systems [26,27].

For the LF-uSR studies a powder sample (prepared as
reported previously [18]) was cooled in a dilution refriger-
ator giving temperatures down to 80 mK. After removing
the mixture, the same cryostat could be used to extend the
measurements up to 185 K, which allowed us to probe the
effect of thermally populating crystal-field excitations. The
EMU spectrometer at the ISIS Facility was used to collect
~4 x 107 muon decay events per data point [28]. The max-
imum available field was 450 mT. The forward to backward
asymmetry of the muon decay positrons a(t) was fitted to a
single relaxation component, consistent with a single muon
site [29], i.e.,

(J(f) :arelpz(t)+abga (1)
where P,(t) is a stretched exponential function

P.(t) = exp(—(A1)F) 2)
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FIG. 1. Examples of normalized background-subtracted LF SR
relaxation data for YZGO at (a) 0.1 K and (b) 15 K. Solid lines are
fits to Eq. (1). A common g value is used for each T (ranging from
0.79 to 0.86) [30]. (c) to (f) show X versus B with fits to Eq. (3)
shown as solid lines.

with A the muon spin relaxation rate [30]. Some example LF-
1SR relaxation data are shown in Fig. 1, comparing data for
temperature T well below J at 0.1 K [Fig. 1(a)] with data well
above J at 15 K [Fig. 1(b)]. Significant relaxation remains
present at 450 mT for both temperatures and a sizable increase
of relaxation rate is seen on reducing the field to 4 mT for the
low T case. The LF dependence of A is shown in more detail
in Figs. 1(c)-1(f) [31]. It can be represented by the sum of two
terms: a field-dependent term A,p representing diffusive spin
excitations within the 2D planes, and a field-independent term
Aop representing rapidly fluctuating localized spin excitations

A(BLE) = Aop(BLp) + Aop. 3)

The Xop term is consistent with dipolar coupling to spins that
are fluctuating at the fast rate vop > ¥, Brg, giving Agp X
vO’Dl [29]. The 2D term reflects the spectral density of spin

fluctuations at the probe frequency w o« By, i.e.,

C2
Ap(BrLp) = TJZD(CU), 4

where C is a coupling parameter that includes contact and
dipolar contributions [29,32]. Due to the presence of the con-
tact hyperfine coupling, we have w = y,Brr [29]. In Eq. (4),
Jop is the spectral density for a 2D random walk given by the
Fourier transform of S,p, the autocorrelation function for the
2D motion, given by [33]

Sop(t) = [exp(—2Dapt )p(2Dapt)1%, ®)

where D,p is the diffusion rate and I is a zero order modified
Bessel function of the first kind. S,p(¢) notably follows a !
power law at long .
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TABLE I. Coupling parameter C and exchange parameter J ob-
tained from fitting the complete LF data set.

TABLE II. Representation of D,p by 7”2 power laws. Regional
boundaries are 7}, = 1 K and T = 3.5 K.

C (MHz) J (K) J/h (ns™!) Dyp at Ty (ns™h) np

67(2) 2.0(2) 42(4) 3.6(1) 0.04(2) 01K<T<T)
0.62(4) (T <T <Ty)
1.4(2) (Ty <T < 15K)

A fit of the LF dependence of X at 14 different temperatures
between 0.1 K and 15 K was made with C as a global T-
independent parameter (Table I), fitting individual D,p and
Aop values for each T scan. Examples of these fits are shown
as the solid lines in Figs. 1(c)-1(f) [31].

For comparison, we also tried fitting to a simple fluctuation
model, whose spectral density for fluctuation rate v is given
by J,(@) = 2v/(v? + @?). This however gave a global fit that
was 2.5 times worse than the 2D diffusion model. The reason
for this is that the simple fluctuation model has a sharp cutoff
which does not properly describe the slow variation with
field in our data. This slow field variation implies a broad
distribution of relaxation times, which is an intrinsic property
of a random-walk diffusion process. We also compared the
2D diffusion model with previously reported LF-uSR data
for YMGO [7]. From this analysis we found that our 2D
spin-diffusion model provides a better fit to YMGO than any
of the previously considered models [34].

The fitted diffusion rate D,p shows contrasting behavior
for different T regions [Fig. 2(a)]. In the classical region (T >
J) Dyp increases with T and its absolute value is comparable
with J/h at the two highest measured T points. In contrast,
for the quantum regime (7' < J) D;p is strongly suppressed
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FIG. 2. (a) The 2D spin diffusion rate showing crossover be-
tween quantum and classical regimes around J = 2.0 (2) K. The 10 K
and 15 K points are consistent with the inverse time scale defined by
J/h (horizontal dotted line). (b) the quantum entanglement length &g
obtained from Eq. (8). (c) the Fq values derived by applying Eq. (9)
to the fitted Jop.

compared to J/h and the T dependence is very weak. In
between these two regions there is a crossover region where 7
is comparable to J. The data can be well represented by 77>
power laws in the three regions (Table II). An estimate for J
can be obtained from the intersection of the extrapolated low
and high T fits. This J (Table I) is fully consistent with the
value obtained from the susceptibility.

The field-independent component Agp (Fig. 3) reflects a
localized electronic relaxation mechanism. In the paramag-
netic region the expected exchange fluctuation rate with z = 6
neighbors is [35] vex = J/h/225(S + 1)/3 =7 x 1010 571
When including dipolar couplings D; between the muon and
its three nearest Yb ions [29] (muon sites were calculated
using the CASTEP Density Functional Theory code [36] with
the PBE functional [37]), we estimate vop from 2/Aop Y _; Dl.2
tobe 5 x 1019 s~ at 15K, ie., comparable to ve. A high-
field cutoff for Aop is predicted at vop/y,, = 56 T, consistent
with the absence of field dependence in Agp up to 0.45 T.
Above 10 K we find that A¢p is dominant at all fields, as seen
by comparison with Azg (Fig. 3). A rapid fall of Azr above
100 K indicates a sharp increase in fluctuation rate. We fit
to an activation curve of the form A} = vy + vi exp(Ea/T),
where vy is given a weak power law T dependence for the
best fit (Fig. 3, dashed line). This yields an activation en-
ergy Eo = 3.9(4)x10? K, which is comparable to the value
A = 423(1) K deduced for the lowest crystal field excitation
of YB*T in YMGO from specific heat [5].

We now consider the origin of the significant reduction in
Dyp for the quantum regime. The diffusion rate Dy, is related
to the diffusion constant D, the mean particle velocity v, the

=== activation fit
J Ey=3.94) x10°K
[3
_': B —§'§'§’§§§-
= L 278
~< s
02 = - s .
L : III
§\
01 1 1 1 L
0.1 1 10 100

T (K)

FIG. 3. The ZF relaxation rate and localized relaxation rate Aop.
The solid line is a guide to the eye. The rise in Azr when T falls below
J mirrors the increase in A,p. At high 7 there is a sharp fall in Azp
above 100 K, reflecting a rapidly increasing electronic fluctuation
rate due to crystal field excitations. The fitted activation energy E, is
indicated.
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TABLE III. Characteristic parameters and expected thermal power laws for different types of spinon dispersion compared with experimen-
tal results for YZGO. Experimental values for n, and n¢ are from the data of Ma et al. [15]. The last three columns list the three possible U(1)
QSL states found by Li ez al. [14] for a triangular-lattice QSL with strong spin-orbit coupling. Asterisks in these columns indicate the presence
of that particular type of low energy spinon dispersion. Of these three states, only the U1A11 QSL provides the combination of linear and

quadratic nodal contributions that match well with experiment.

m q ny np 1y ne U1A00 U1A01 UlAll

Fermi Surface (bare) 0 0 0 1 1 *

with fluctuations (clean limit) 1/3 1/3 2/3

with fluctuations (disordered limit) —1/3 1 2/3
Nodal

Linear node 1 1 0 0 2 2 *

Quadratic node 0.5 0.5 1.5 1 *
Experiment 0.04(2) ~2 0.59(2)

momentum relaxation time t, and the mean free path [ = vt
via [38]

2

D= %v T = %vl = Dpl?, (6)
so that
v
Dyp = —. 7
2 = o @)

In the high T region the velocity is the product of the site sep-
aration a = 3.412 A and the transit rate for the pair exchange
dynamics 2J/h. Saturation of / at a gives the asymptotic value
Dyp = J/h, consistent with the higher T points [Fig. 2(a)].
If v is independent of T on cooling, e.g., as would be the
case for a spinon FS, then the reduction seen in D,p at low
T can be taken to reflect an increase in /. The low T value of
D,p indicates that [ becomes saturated to ~12a. This defect
scattering length scale is notably larger than that of the local
Ga/Zn site disorder.

An alternative view of the large / in the quantum region
would be that it represents a quantum entanglement length
&r [39], which decreases significantly on warming as T be-
comes comparable to J and the entanglement of the spins
is strongly reduced compared to the entanglement at low 7.
Figure 2(b) shows the corresponding 7' dependence of &g
(which is equivalent to /) derived as

& _J 1 "
a h D2D

The increase of &¢ in the quantum region can be compared
to the entanglement increase that could be obtained using a
measure such as the quantum Fisher information entangle-
ment witness Fq [40,41], given here by the weighted integral
of the spectral density

Fq=—

4/«00 2< hw
tanh
0

9
T 2kBT ( )

)J (w)dw,
which is shown in Fig. 2(c) for the J>p term. Although the &g
and F entanglement parameters both increase significantly
on going between the classical and quantum regions, they
evolve differently with 7. The &¢ value starts rising when T
falls below 10 K and then saturates below 1 K. In contrast, Fq
only starts to rise significantly when 7 is below J. This differ-
ence in 7" dependence may reflect a difference in sensitivity to

local and nonlocal entanglement, since it has been suggested
that F should be blind to nonlocal entanglement [40].

Turning next to the more detailed nature of the QSL state,
we note that the spinon specific heat for the FS model is pre-
dicted to have a thermal power law 7"¢ with nc = 1, which is
broadly consistent with experiment (Table III). The magnetic
thermal conductivity follows the product of the spinon specific
heat and the diffusion constant, i.e., ¥k o« C,,vl, which deter-
mines its power law n,. A significant problem with the FS
model is that it predicts n, = 1, which has not been observed
in either YZGO [15] or YMGO [42], where the observed
power law for the total thermal conductivity is approximately
quadratic and the effect of magnetic field on « [15] suggests
that both the spinon and the phonon contributions have a form
that is close to quadratic.

Gauge fluctuations can modify the thermal power laws, and
this effect has been worked out for the case of the spinon
FS [43]. A reduction of n¢ to 2/3 was predicted, which is very
close to experiment. The corresponding correction for thermal
conductivity in the clean limit would reduce n, to 1/3. How-
ever, in the limit of a disorder-related mean free path, which
we take to apply here, n, remains at 1. Hence, the absence of
a low n, term in the measured thermal conductivity [15,42]
remains a serious challenge for a FS model in either limit.
The corresponding corrected np values in the clean and dirty
limits are given by n, — nc as 1/3 and —1/3, both deviating
significantly from experiment (Table III).

In addition to the FS state, nodal states of the linear (Dirac)
and quadratic band touching type are in general possible, and
these can produce different power laws compared to the FS
case (Table III). A dispersion of the excitations of the form
E o k™ may produce additional 7" dependence via the E de-
pendence of the density of states (DOS) and the velocity. For
a nodal 2D system the DOS follows E9 where ¢ =2/m — 1
and v follows E™~1/™_ For linear dispersion ¢ = 1 and v is
constant, whereas a quadratic band has ¢ = 0 and a v? that
is linear in 7 (n, = 0.5). In the absence of fluctuations we
expect nc = 1 4+ g and np = n,. Since the diffusion rate is
proportional to the diffusion constant in the quantum regime
where [ is saturated, we also expect the relation n, = n¢ + np
to apply in this low T regime.

Table III compares parameters between different types of
QSL models and experiment. Both the bare FS model and the
linear node model predict np = 0, which is consistent with
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our LF-uSR data. However, the additional DOS factor from
g = 1 in the linear node predicts that both n, and n¢c become
two, which is consistent with experiment for n,, but not for n¢.
On the other hand, a quadratic nodal state has nc = 1 (closer
to experiment), but np = 0.5 and n, = 1.5 (both further from
experiment).

As noted earlier, three possible U(1) QSL states were found
for the strongly spin-orbit coupled triangular-lattice QSL by
Li et al. [14]. The FS state has projective symmetry group
label UIAOO and the second state UIAO1 has linear nodes.
The third UIAI11 state uniquely contains both linear Dirac
cones at the M points and quadratic touching bands at the I’
point [14]. For this ULA11 state the discrepancies with exper-
iment can be resolved, since the high velocity linear regions
will dominate transport, giving np = 0 and n, = 2, whereas
the large DOS quadratic region will dominate specific heat,
giving nc = 1. This predicted n¢ value is still larger than that
observed, but it might plausibly be reduced from 1 to 2/3 by
fluctuations, as found for the FS case, which would then give
an even better match with experiment. Thus we conclude that
only the nodal UlA11 QSL can simultaneously be consistent
with the experimental values of np, n,, and nc.

One question to consider is whether such a nodal state is
compatible with the inelastic neutron scattering measured for
YMGO [9,10] and YGZO [15,18]. Due to the low energy
scale set by J, the neutron measurements do not probe low
enough energies here to clearly distinguish between U1A00
and U1A11 states. In this situation the thermal and transport
properties addressed in the present paper are particularly valu-

able for providing the crucial information on the low energy
excitations. In particular, we make note that the absence of
a thermal conductivity term with n, value of 1 or 1/3 in
a QSL can point towards the presence of a nodal region in
the spinon dispersion. A nodal magnetic contribution to the
thermal conductivity following 7% would always be hard to
separate reliably from the phonon contribution, which typ-
ically also follows T2 at low temperatures. Such a nodal
contribution might also resolve the recent controversy about
the thermal conductivity in another triangular lattice QSL,
EtMe;Sb[Pd(dmit), ], [44-48].

Lastly, we note that there are many possible Z, QSL states
in addition to the U(1) QSL states that might provide the
ground state, as pointed out previously [13]. However, unlike
the U(1) states, these Z, states have not yet been examined in
detail, so we leave open the possibility that the nodal QSL
ground state found here is actually a nodal Z, state [49],
as was recently suggested for the triangular-lattice system
1T-TaS; [23]. Such a state can be viewed as resulting from
a spinon pairing instability of an underlying FS state.
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