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Classical Spin Liquid or Extended Critical Range in 2-YMnO;3?
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Neutron spectroscopy on the classical triangular-lattice frustrated antiferromagnet 4-YMnOj; reveals
diffuse, gapless magnetic excitations present both far below and above the ordering temperature. The
correlation length of the excitations increases as the temperature approaches zero, bearing a strong
resemblance to critical scattering. We model the dynamics in the ordered and correlated disordered phase as
critical spin correlations in a two-dimensional magnetic state. We propose that our findings may provide a
general framework to understand features often attributed to classical spin liquids.
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Frustrated magnetism, in which competing exchange
interactions suppress magnetic order, is ubiquitous within
condensed matter physics. One of the most heavily discussed
topics is quantum spin liquids (QSLs), which are defined as
fluidlike states, where the spins are highly correlated and
continue to fluctuate down to temperatures of absolute zero
[1-4], although experimental verification is still contentious.
Many frustrated compounds show features reminiscent of
QSLs but order magnetically at finite temperatures, which
excludes them as QSL candidates. Above this ordering these
compounds are referred to as classical spin liquids [4,5], as
cooperative paramagnets [2], or merely as having spin-
liquid-like phases [6], although no clear definition of these
terms is readily available.

The classical triangular-lattice Heisenberg antiferromag-
net with nearest-neighbor exchange interactions (TLHA) is
one of the simplest geometrical motifs to exhibit frustration,
although the TLHA has been shown to have an ordered
ground state at 7 = 0 in both the quantum and classical spin
case [7,8]. In this Letter, we study the hexagonal rare-earth
manganite YMnQO;, which has stacked triangular-lattice
planes and is a close approximation to a TLHA with classical
spins. h-YMnOj is also widely studied due to its type-I
multiferroic nature. In 4#-YMnOsj, the localized S = 2 spin
on the Mn** ions form a two-dimensional triangular
lattice [see Fig. 1(a)], separated by interlayer Y and O ions.

h-YMnO; has a Curie-Weiss temperature of Ocyw =
—-545 K [6] and a magnetic phase transition to a
three-dimensionally ordered antiferromagnetic state at 7 =
71 K [9,10]. Its magnetic interactions are dominantly an
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antiferromagnetic Heisenberg nearest-neighbor exchange,
J = 2.4 meV, with a weaker easy-plane anisotropy within
the hexagonal plane with D/J ~0.13 and even weaker
interlayer interactions, J./J~0.06 [I1], thus making
h-YMnO; highly two-dimensional and TLHA-like. The
magnetic ordering below 7, within the triangular planes
is the 120° spin structure shown in Fig. 1(a).

Diffuse scattering in 2-YMnOj; above T observed via
neutron spectroscopy was previously reported by some
groups on both powders and single crystals [9,13—17] and
was ascribed to a spin-liquid state. However, no systematic
studies such as temperature and energy dependencies of the
signal were performed, and a coherent understanding and
modeling of these features is still absent. Here, we show
that the spin-liquid-like features in the TLHA of hexagonal
YMnOj; can be modeled as arising from critical scattering
in a vastly extended temperature regime due to its geo-
metrical frustration. This may provide a general framework
for the understanding of frustration in TLHA and similar
systems.

Neutron spectroscopy directly probes the magnetic
dynamic structure factor S(Q, w) as a function of scattering
wave vector Q and energy transfer 2w [18]. Our experi-
ments were performed on a 3.4 g single crystal of 2-YMnO;
aligned in the (hk0) plane. To obtain an overview of the
excitations, we used the cold-neutron spectrometer
CAMEA (PSI) [19-21] that utilizes multiplexing analyzers
and a large detector array to obtain quasicontinuous
coverage in three-dimensional (, k, Aiw) space. The data
[Figs. 1(c)-1(f)] are taken at T =60 K (< Ty) and at
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FIG. 1.

(a) The spin structure of 2-YMnOjs in the two-dimensional triangular lattice with Mn spins in the 120° structure. (b) Sketch of

the reciprocal lattice. I is a magnetic Bragg peak, I is a structural Bragg peak, and M’ is the center of the Brillouin edge between
neighboring magnetic Bragg reflections. Green lines indicate the direction of the Q cut used in (e) and (f). (c)—(f) Color maps of inelastic
neutron data on 4-YMnOj; measured above and below Ty on a common, logarithmic intensity scale, created with the software MJOLNIR
[12]. (c) and (d) show constant-energy cuts at iw = 1 = 0.2 meV for 7 = 100 Kand T = 60 K, respectively, compared with numerical
simulations of the scattering as critical fluctuations. The model is described in the text and plotted on its own logarithmic intensity scale.
(e),(f) (Q,hw) cuts of the same experimental data along the green line in (b) with binning 0.1 meV and 0.05 A.

T =100 K (> Ty). Constant-energy maps with Ao =
1.0 £ 0.2 meV are shown in Figs. 1(c) and 1(d), super-
imposed on a theoretical simulation described later.
Figures 1(e) and 1(f) show (Q, Aw) cuts of the same data
across two magnetic Bragg reflections. The cut direction is
sketched in Fig. 1(b). In the constant-energy map for 100 K
in Fig. 1(c), we observe a diffuse signal. Broad peaks of
higher intensity reside at I”, consistent with the location of
magnetic Bragg peaks below T). These peaks are con-
nected with sheets of diffuse scattering crossing the M’
points to form a hexagonal pattern. The signal is strongest
for small Q, as expected due to the magnetic form factor
[18]. Figure 1(d) shows that the scattering for 7 = 60 K
(< Ty) is very similar to that at 100 K, although less
intense, and the peaks are narrower, indicating longer-
ranged correlations. In the data, Currat-Axe spurions
[18,22] can be seen as two narrow, bright peaks, close to
the Bragg peaks in Figs. 1(c) and 1(d), and as sharp, linearly
dispersing streaks in Figs. 1(e) and 1(f).

In the (Q, ) cut at 100 K [Fig. 1(e)], the " excitation
is seen as broad rods with approximately constant intensity
and width for increasing energy. The rods are gapless
within energy resolution, AE ~ 0.2 meV. The M’ excita-
tion is seen as increased intensity between the two I points
and also appears featureless with energy-independent

intensity. Below T [Fig. 1(f)], a spin wave is seen as a
steep parabolic shape that has its bottom at the I” point, at
hw =~ 1.7 meV = A. The spin-wave gap A is due to the
single-ion anisotropy of A-YMnOj; [10,27,28]. However,
the intensity below A is not associated with any spin
wave, and we recognize this important feature as the same
diffuse signal as above Ty, although it is narrowed
below T.

Based on this, we carried out detailed studies of the
temperature and energy dependencies of the excitations
using combined data from triple-axis spectrometers (TAS).
We utilized the thermal TAS Eiger (PSI) [29] and IN3 (ILL)
with AE ~1 meV. The cold TAS SPINS (NIST) with
better resolution, AE ~ 0.2 meV, was used to access the
excitation below the spin-wave gap in the ordered phase.
The intensities have been cross-normalized between instru-
ments; see [22].

We investigated the temperature dependence of the
peak intensities and widths by constant-energy scans
through I with Aw = 1 meV at SPINS and through M’
with iw = 5 meV at Eiger and IN3. The scan directions are
shown in the inset in Fig. 2(b). Each dataset is fitted with a
Lorentzian, and the integrated intensity and real-space
correlation lengths & are shown in Figs. 2(a) and 3(b)
for both I'" and M’.
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FIG. 2. Temperature dependence of (a) the integrated intensity
and (b) the correlation length for I" and M’ from neutron
spectroscopy. Scan directions are shown schematically in (b).
Full blue lines are power-law fits to I data.

The integrated intensity at I" [Fig. 2(a)] increases
quickly when approaching 7'y. The resemblance to a
divergence at Ty is illustrated by a power law fitted to
the I data. The T” excitation is well defined at both the
highest (301 K~ 4.2Ty) and lowest (4 K= 0.06Ty)
temperatures accessed and is more intense than the M’
excitation. The integrated intensity at M’ is at background
level below 25 K and quickly increases in intensity upon
heating through T'y. Above Ty, the intensity decreases very
slowly, reaching background level at 450 K, close to
|Ocw| = 545 K. The correlation length for the I excitation
above Ty is E~4 A [see Fig. 2(b)], similar to the
interatomic distance between neighboring Mn atoms,
3.53 A. When cooling below Ty, the correlation length
increases smoothly to 45 A, which is approximately the
resolution limit. Curiously, no divergence in £ is found at
Ty, and instead £ increases with decreasing temperature.
The correlation length of the M’ excitations [Fig. 2(b)] is
approximately constant at 4 A for the entire temperature
range, matching the high-temperature correlation length
of I

The energy dependence of the diffuse excitations was
investigated at different temperatures by constant-Q scans
at I” and M’; see Fig. 3. The I'" intensity at 4 K [Fig. 3(a)]
shows two magnon modes at 2.2 meV and at 5.2 meV
[11,30]. With increasing temperatures, the magnons soften
[10], but, in addition, diffuse intensity appears. At 75 K,
just above Ty, quasielastic, critical fluctuations are seen
close to the three-dimensional phase transition. This
behavior subsides already for 90 K, above which the
diffuse excitation has roughly constant intensity up to
4 meV, where it eventually vanishes at 6 meV. For M’
at 2 K [see Fig. 3(b)], magnons are seen at 10 and
16 meV [11,30]. Increasing the temperature broadens and
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FIG. 3. Energy dependence of diffuse excitations at I (a) and at

M’ (b) from neutron spectroscopy.

weakens the magnons and increases the diffuse signal.
Upon crossing T, a sudden jump is observed in the
intensity, which becomes almost energy independent. This
behavior is unchanged up to 300 K.

The inelastic signal at I exhibits a divergence in
intensity at 7y and a spike in correlation length at low
temperatures with similarities to a divergence at T = 0. The
smooth energy dependence of the fluctuations above Ty
corresponds to fluctuations on all timescales below the
characteristic energy scale zJS, where z = 6 is the number
of nearest neighbors. These features are spin-liquid-like
due to the resemblance to the diffuse fractionalization
which is an experimental fingerprint of quantum spin
liquids [1,2]. However, the diverging intensities and corre-
lation lengths also resemble features of critical scattering:
Around a phase transition, there will be diffuse, quasielastic
scattering whose intensity and correlation length diverge at
the transition temperature [18,31]. For unfrustrated mag-
nets, this typically happens in a temperature range of
~5%-10% of Ty, where diffuse scattering sharpens to
form Bragg reflections. If the measured excitations
followed this trend, they should have a pronounced
intensity variation along the / direction.

To investigate this dimensionality of the diffuse excita-
tions, we investigated the M’ excitation for different [
values on a smaller sample aligned in the (hhl) scattering
plane on IN3; see [22]. Both integrated intensity and width
appear independent of [ at temperatures 70 and 100 K; see
Fig. 4. This indicates that the diffuse scattering is a two-
dimensional phenomenon within the triangular-lattice
plane and does not contribute to the formation of Bragg
reflections from three-dimensional order. Thus, the exci-
tations arise from in-plane correlations without contribution
from interlayer correlations, proving that the M’ signals do
not arise from simple critical scattering. However, they
could be caused by critical scattering from the suppressed
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FIG. 4. Integrated intensity (a) and width (b) of the M’

excitation measured for different / values. Scans across the
excitation at 70 and 100 K were fitted with a Lorentzian. Full
lines indicate the mean value of parameters.

two-dimensional order, which would appear at 7 = 0 in an
idealized TLHA system. In this scenario, the critical range
is vastly extended compared to the critical range around 7y
due to the strength of the interactions, while the order is
suppressed by geometric frustration.

Investigating this similarity, we model our data as critical
scattering from correlated clusters populated with spins in
the two-dimensional 120° ground state that fluctuate
coherently. In this simple model, the Q dependence of
the dynamical structure factor equals that of the static
structure factor:

N

S(Q) = (02D > (5,5 - 0,0,)(S5S)). (1)

=0 ap

where N is the number of spins, a and S are the x, y, z
vector components, f(Q) is the magnetic form factor for
Mn?*, 1, is their position in the lattice, S¢ refers to their
spin component, and the brackets (---) refers to a 4rx
rotational average.

The cluster structure is typically taken as the minimal
geometrical motif in the lattice [32], which here is the spin
trimer. However, since our correlation lengths extend
beyond the nearest neighbor, we instead simulate a larger
supercell. Under the assumption of critical scattering in the
two-dimensional planes, we incorporate the spin-spin
correlation by the critical form (S,S;) « exp(—|ry;|/&)
[31]. Using the temperature-dependent correlation lengths
determined for I", £(100 K) =8.6 A and &(60 K) =
20.5 A, we set up a supercell of 60 x 60 unit cells
consisting of 10800 spins to achieve the S(Q) spectra
shown alongside the data in Figs. 1(c) and 1(d). The
simulations qualitatively reproduce the experimental data.
In Fig. 1, both measured and simulated S(Q) are plotted on
a logarithmic color scale. However, the simulated scale
spans more decades than the experimental data, and the
peaks have a circularly symmetric shape rather than the
slightly triangular seen in the data. We attribute this to
the simplicity of our model, which is energy integrated and
does not take the Hamiltonian into account. Calculations
based on the microscopic Hamiltonian will reproduce the
triangular nature of the data, e.g., spin-wave theory [33]

and the calculations in Refs. [34,35]. Nevertheless, the
simulation matches the data well, with strong peaks at I,
which are connected by weaker sheets of intensity across
M'. A scan perpendicular to the sheets shows a peaked
profile; see [22]. This allows us to conclude that the I”
and M’ excitations arise from the same origin despite
the different temperature and energy dependencies.
Additionally, the large cluster with exponentially decaying
spin-spin correlations much better captures the experimen-
tal features than the simple trimer model [22].

We envision the following physical picture for the short-
range dynamics in TLHAs: Spins on the lattice develop
local 120° in-plane correlations below Oy, giving rise to
diffuse scattering from the dynamic correlated disorder.
These magnetic clusters are subject to thermal noise and
fluctuate on all relevant timescales. With decreasing tem-
perature, the typical size of the spin clusters, &, increases,
resulting in increased scattering intensity. At T, the
coupling between the layers causes a three-dimensional
magnetic ordering, from which collective spin waves
emerge that coexist with the spin cluster excitations.
Thus, order coexists with correlated disorder below T.
Indeed, in the limit 7 — 0, the size of the clusters increases.
Meanwhile, the intensity of the fluctuations diminishes,
because the static magnetic ordering becomes more pro-
nounced, leaving less spectral weight for the diffuse
excitations. Since the fluctuations of the clusters happen
at all timescales, in contrast to the well-defined frequencies
of spin waves, we believe that these two dynamic pheno-
mena are decoupled and at most weakly interacting.

For h-YMnOs;, the vastly extended critical range has
profound consequences on the physical properties, as
evidenced by the anomalous thermal conductivity x in
the temperature range between 20 and 300 K [36]. This
could not explained by the usual phononic terms, whence
the anomalies are proposed to be caused by short-ranged
magnetic excitations coupled to the heat-carrying phonons
via exchange striction [36]. The anomalous temperature
range corresponds well to the temperature range where we
observe strong critical fluctuations. For this reason, we
speculate that it is indeed these short-ranged critical
fluctuations that dynamically couple to the phonons and
cause the thermal conductivity anomalies.

Anomalous values have also been reported for the
critical exponent £ in h-YMnO; [9,10] and other TLHA
materials, such as VCI, [37,38], that do not correspond to
any of the well-known universality classes. We speculate
that this is caused by the presence of the two-dimensional,
dynamic correlated disorder which moves the phase tran-
sition beyond the simple Landau regime.

Scattering patterns reminiscent of our experimental data
have been reported in theoretical studies of the purely two-
dimensional TLHA, which were based on exponential
tensor renormalization group theory for quantum spins
[34] and Monte Carlo simulations on classical spins [35].
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Both studies obtain diffuse scattering maps consistent with
ours. Notably, Chen et al. [34] observe a temperature
dependence of the scattering intensities analogous to our
experimental data, when ignoring the presence of a finite-
temperature magnetic phase transition. We take these
theoretical results as further evidence that the diffuse
scattering stems purely from the two-dimensional 120°
order. Some groups have put forth more exotic explanations
for the cause of the diffuse scattering, such as Z, spin
vortices [35,39] and chiral rotonlike excitations [34]. Chiral
rotons should be gapped [34] and should have clear
dispersions with rotons as local minima [40]. Our data
put an upper bound of 0.2 meV on any gap in the non-spin-
wave excitations and show the excitations to have a vertical
dispersion with no dips. Furthermore, a Z, spin vortex
cannot be accommodated with our observed short corre-
lation lengths. Based on this, we do not find any evidence
for these two origins in our data.

Our experiments on #-YMnO; provide evidence for two-
dimensional critical scattering as the origin of low-lying,
diffuse scattering observed in triangular-lattice antiferro-
magnets. The diffuse scattering comes from dynamic
correlated disorder of spins, coexisting with the ordered
state below T. Diffuse excitations similar to ours have
been observed in other geometrically frustrated magnets,
such as the classical spin systems CuCrO, [41] and
MgCr,0,4 [5], as well as in quantum spin systems her-
bertsmithite [42] and YbMgGaO, [43,44]. These spectra
also show diffuse, gapless excitations without any sharp
features [1] and have been referred to as (classical and
quantum) spin liquids. However, we show that in the
classical A-YMnOj; the excitations can be satisfactorily
modeled by critical spin fluctuations existing in a vastly
extended critical region due to the frustration. Thus, it
seems worth contemplating whether such features in other
compounds can also be modeled by critical fluctuations,
which may, in general, enable a more precise definition of
the term “classical spin liquid”.
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