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A spin-1/2 triangular-lattice antiferromagnet is a prototypical frustrated quantum magnet, which exhibits
remarkable quantum many-body effects that arise from the synergy between geometric spin frustration and
quantum fluctuations. It can host quantum frustrated magnetic topological phenomena such as quantum spin
liquid (QSL) states, highlighted by the presence of fractionalized quasiparticles within a continuum of magnetic
excitations. In this work, we use neutron scattering to study CoZnMo3;0Os, which has a triangular lattice of
Jeir = 1/2 Co** ions with octahedral coordination. We found a wave-vector-dependent excitation continuum
at low energy that disappears with increasing temperature. Although these excitations are reminiscent of a
spin excitation continuum in a QSL state, their presence in CoZnMo;0g originates from magnetic intersite
disorder-induced dynamic spin states with peculiar excitations. Our results, therefore, provide direct experimen-
tal evidence for the presence of a disorder-induced spin excitation continuum.

DOLI: 10.1103/PhysRevB.108.024431

I. INTRODUCTION

A quantum spin liquid (QSL) is a state of matter in
which the spins of unpaired electrons in a solid are quan-
tum entangled, but they do not show magnetic order in the
zero-temperature limit [1-4]. Because such a state may be
important to the microscopic origin of high-7, superconduc-
tivity [5] and useful for quantum computation in certain cases
[6], experimental realization of QSLs is a long-sought goal in
modern condensed-matter physics. In this context, spin-1/2
antiferromagnets, especially two-dimensional (2D) triangu-
lar lattice systems, have attracted a great deal of interest
due to their intriguing magnetic properties. Several Yb-based
and Co-based triangular antiferromagnets have been proposed
as candidates for a QSL state, such as YbMgGaO, [7,8],
NaYbSe; [9], and Na,BaCo(POy), [10,11]. Although inelas-
tic neutron scattering (INS) experiments on the 2D triangular
lattice materials YbMgGaO, and NaYbSe, have found evi-
dence for the hallmark of a QSL, a continuum of magnetic
excitations near the Brillouin zone boundary in the low-
temperature limit, one major issue in these candidates is the
presence of disorder on either nonmagnetic or magnetic sites,
like the mixing of Mg and Ga sites in YbMgGaO, [12], and
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~4% vacancy of the Na site occupied by Yb in NaYbSe, [9],
respectively. While Na,BaCo(POy), actually orders antiferro-
magnetically below 1 K and thus cannot be an ideal QSL [11],
the disorder in other 2D triangular lattice QSL candidates
complicates the interpretation of the data [13,14]. Therefore, it
is important to understand how disorder/randomness in a QSL
candidate affects its true magnetic ground state. Particularly,
in YbMgGaO,, the frequency dependence of ac magnetic
susceptibility was observed, indicating a spin-glass ground
state instead of a QSL [12]. In addition, the broad excitation
continua observed by INS are believed to arise from the spin-
glass ground state, instead of a QSL [12]. Despite the intensive
study, it remains unresolved as to whether YbMgGaO, is a
QSL or has a random-singlet ground state. A recent study [15]
suggests that a QSL state with itinerant excitations and quan-
tum spin fluctuations survives the disorder in YbMgGaO,.
The ultimate question is whether the QSL survives the dis-
order or the disorder leads to a “spin-liquid-like” state, such
as the proposed random-singlet state [13,14]. Similar discus-
sions have also emerged around the organic triangular lattice
QSL candidates [16,17], 1T-TaS, [18], and Kitaev materi-
als [19-22]. Since the disorder is unavoidable in most QSL
materials, this question represents a major challenge for QSL
candidates.

Recently, there has been a great deal of interest in the
family of M;Mo3;0g (M = Fe, Mn, Co, Ni, and Zn), mainly
due to their multiferroic properties [23—27]. Multiferroic ma-
terials, which can possess more than one primary ferroic
order in a single phase, have driven significant research trends

©2023 American Physical Society
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[28,29]. The whole series of compounds all have the same
space group P63mc, which belongs to a polar point group
[30]. They also contain magnetic ions (Fe, Mn, Co, and Ni),
and are therefore polar magnets. Below magnetic ordering
temperatures, they should possess breaking of time-reversal
symmetry and space inversion symmetry simultaneously, thus
exhibiting nontrivial ME effects. Indeed, various experiments
have been performed on this series of compounds, and novel
properties have been found, including the large magnetoelec-
tric coupling in Fe,Mo3Og [23,31] and Mn,;Mo3;0g [24], the
ferromagnetism induced by doping [32], the optical diode
effect in (Fe,Zn);Mo30Og [25], and other optical properties
[33-36]. The magnetoelectric properties are also studied in
Co,;Mo30s [26] and Ni;Mo3Og [37]. Magnetoelectric cou-
pling has been observed in the single-crystalline Co,Mo03Og
but was very weak in the polycrystalline samples [26], and
it is quite different from other compounds in the M;Mo;0g
family such as Fe,Mo;0g [23].

Meanwhile, there has been increasing interest in the study
of the magnetic properties of d’ Co®* in octahedral crystal-
field environments due to the possibility of realizing strongly
anisotropic and bond-dependent interactions [38—41]. Such
ions have nominal electronic configuration (t54)°(e,)?, cor-
responding to § = 3/2 and an angular momentum L = 1.
Due to spin-orbit coupling (SOC), the ground state becomes
a Jer = 1/2 pseudospin doublet [40,41]. The specific spin-
orbital composition of the moments allows for anisotropic
magnetic interactions. Although for 3d transition-metal ions
such as Co?t, SOC is much weaker compared with, e.g., 5d°
iridates or 4d° ruthenates, honeycomb 3d” cobaltates have
received a lot of attention lately. For example, BaCo,(AsOy);
[42-46], Na3Co,SbOg, and Na,Co,TeOg [47] with an edge-
sharing honeycomb lattice of Co>" ions have been proposed
as Kitaev QSLs [6,48]. However, recent theoretical [49-51]
and experimental [43,45,46] works have shown conflicting
conclusions on the details of the magnetic interactions, with
some proposing that magnetic couplings with uniform XXZ
anisotropy provide a more accurate description of these com-
pounds compared to bond-dependent Kitaev interactions. This
calls for the examination of more Co** systems, with a par-
ticular focus on a range of bonding geometries apart from the
studied edge-sharing compounds.

In this work, we investigate a new compound with nom-
inal composition CoZnMo3Os. In the M>;Mo30Og family of
compounds, there are two different coordination environments
for the transition metal M in the pseudohoneycomb M-O
layer: the octahedral (O;) and tetrahedral (7} ) sites [Figs. 1(a)
and 1(b)]. For Co,Mo30g, the T; sites have configuration
(eg)*(t2¢)°, and thus no unquenched angular momentum to
zeroth order, leading to pure S = 3/2 spins. Previous studies
in this series of compounds show that the doped nonmag-
netic ions (Zn*>* or Mg?*) into M,Mo30g prefer to occupy
the tetrahedral sites, for example, in FeZnMo3;Og [52,53],
NiMgMo;0g [27], and Co,_,ZnMo3Og (x < 0.55) [54].
This is because octahedral site preference energy, defined as
the difference between crystal-field stabilization energies of
a nonoctahedral complex and the octahedral complex, is zero
for Zn** (d') or Mg** (d°). In the ideal case, CoZnMo3zOg
should form a perfect triangular lattice with Co>* ions on the
octahedral sites with a J. = 1/2 Kramers doublet ground
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FIG. 1. (a), (b) Crystal structure of Co,Mo3;0g/C0oZnMo30Os.
The green (blue) ions are the tetrahedral (octahedral) Co** and
are labeled as Col/Zn (Co2). The magenta Mo*" ions form
nonmagnetic trimers. (c),(d) 3D and 2D reciprocal space of
Co0,Mo0305/CoZnMo;0g, where the high-symmetry positions are
marked. (e) Temperature dependence of magnetic susceptibility
under 0.1 T magnetic field along the c-axis. Inset: temperature de-
pendence of the inverse susceptibility and the Curie-Weiss fit in the
high-temperature range. (f) ac magnetic susceptibility from 0.05 to
4 K, with a 1 Oe ac field along the c-axis with a frequency from
100 to 6000 Hz. (g) Temperature dependence of specific heat of
CoZnMo;Og under various magnetic fields along the c-axis. The data
for the nonmagnetic Zn,Mo;Og in zero field are also plotted, and
used as a phonon contribution. (h) Left: magnetic contribution to the
specific heat Cp,g/T . Right: magnetic entropy Sy, under zero field
and 2 T field.

state. However, our single-crystal neutron diffraction study
reveals a significant (~18%) tetrahedral and octahedral in-
tersite mixing of Co ions, resulting in an intriguing broad
magnetic response below 1 K reminiscent of the spin exci-
tation continuum expected for a triangular lattice QSL. We
extracted the magnetic exchange parameters from fitting the
spin excitation spectra and comparing them with the calcula-
tion using an ab initio approach from a Heisenberg-Kitaev-I"
(HKT) model plus additional XXZ anisotropy. Our results
indicate that the broad dispersive spin excitations seen by INS
are a manifestation of the spin disorder, arising from local spin
excitations of different magnetic exchange couplings from the
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tetrahedral and octahedral sites rather than a continuum of
fractionalized excitations of a QSL.

II. EXPERIMENTS

Polycrystalline Co,Mo30g, Zn,Mo30g, and CoZnMo3Og
were prepared using a solid-state method. Stoichiometric
Co304 (99.9% Alfa Aesar), ZnO (99.9% Alfa Aesar), Mo
(99.9% Alfa Aesar), and MoO3 (99.9% Alfa Aesar) powders
were mixed, pelleted, and sintered at 1050 °C in an evacuated
quartz tube. Single crystals were synthesized using the chem-
ical vapor transport method [55]. Typical crystals obtained
were 1| mm x 1 mm x 0.5 mm, with well-defined hexago-
nal edges. Laue patterns of single crystal and x-ray powder
diffraction patterns of ground powders from crystals show
a pure phase with space group P6s3mc and lattice constants
a=b=5767 A and c = 9.914 A for Co,M030s, and a =
b=5.783 A and ¢ = 9.902 A for CoZnMo30s. The crystal
structures consist of pseudohoneycomb layers of Co** /Zn*,
separated by Mo** layers [Fig. 1(a)]. The Mo** kagome-like
layer is trimerized. The Mo trimers are in the singlet state and
do not contribute to magnetism [56].

For Coy;Mo30s, prior neutron diffraction experiments [26]
on polycrystalline samples revealed a layered collinear an-
tiferromagnetic magnetic structure below Ty ~ 40 K, with
moments oriented along the c-axis. The large ordering temper-
ature indicates strong antiferromagnetic couplings between
nearest-neighbor O), and 7; sites. The refined moments for the
two Co sites were quite close, 3.44(1)up for the tetrahedral
Co**, and 3.35(1)up for the octahedral Co”* site. These are
compatible with the ideal values of 3.87up for the § = 3/2
moments at the 7; sites (with a g-value of 2), and 3.75up
for Jo = 1/2 moments at the Oy, sites (with ideal isotropic
g = 4.33; see Ref. [57]).

For CoZnMosQg, the Zn>* ions prefer to occupy the
tetrahedral sites. In the ideal case, the remaining Co ions
would form a triangular sublattice of O, sites, as shown in
Fig. 1(b). To probe the composition of our samples, we per-
formed single-crystal diffraction at BL-12 TOPAZ [58], the
neutron time-of-flight Laue diffractometer at the spallation
neutron source (SNS) at the Oak Ridge National Laboratory
(ORNL). Details of the refined atomic positions are shown
later in Table II. Importantly, we find that the samples are
better described by a composition Coj 13Zngg;Mo3QOg, with
roughly 18% of T; sites occupied by Co, and from 0% to
8% of O, sites occupied by Zn. As a result of the sam-
ples being Co-rich, a fraction of magnetic 7; sites must be
considered in the magnetic response, as discussed in detail
below. Notice that from Ref. [59], although compositions
of CVT crystals between different batches may vary, the
compositions within each batch stay the same. We used the
crystals from the same batch to perform all the experiments
including INS.

In principle, this disorder may lead to a spin-glass ground
state. To test for potential spin-glass behavior, we measured
the ac magnetic susceptibility down to 50 mK [Fig. 1(f)]. It
shows a broad peak from 0.1 to 1 K. There is no shift of the
peak positions with increasing frequency, indicating no sign
of glassy behavior within the timescale studied in the current

work, and no sharp features indicating magnetic order. At
higher temperatures, the susceptibility displays Curie-Weiss
behavior, as shown in Fig. 1(e). The slope of the inverse
susceptibility [inset of Fig. 1(e)] changes below 50 K, and
0w = —1.5 K for moderate (1 <7 < 10 K) temperatures,
indicating weak antiferromagnetic correlations.

We also measured the temperature dependence of the
heat capacity under several magnetic fields along the c-axis
[Fig. 1(g)]. At zero field, the heat capacity shows a broad
bump around 1 K, and the bump shifts to higher temperature
with increasing magnetic fields similar to other QSL can-
didates [60]. After subtracting the nonmagnetic contribution
to the specific heat, Zn,Mo3;Og, we extrapolated the data
from the lowest temperature ~50 mK to absolute zero via a
method described in Appendix D, and we integrated Cyag/T
versus T to calculate the magnetic entropy Sy,g, as shown in
Fig. 1(h). At zero field, Cpag/T shows a fast increase as the
temperature decreases below 1 K. This is most probably due
to an impurity-induced Schottky anomaly, which additionally
enlarges the entropy that Sp,, reaches RIn2 below 1 K. At
higher temperature, the broad hump of Cp,./T related to
geometric frustration of Co moments adds to the entropy,
resulting in Sy, ~ 8 J/mol K at 4 K. At uoH =2 T, the
Schottky anomaly is suppressed and a transfer of specific heat
weight to high temperature is observed. Regarding the crystal-
field levels, at the O, sites the lowest excitations are the local
J12 = J32 excitations, which are expected to appear in the
range of 30 meV. Indeed, the first few crystal electric field lev-
els were observed via INS on single crystalline CoZnMo3Osg
using E; = 40 meV at the SEQUOIA spectrometer at SNS,
ORNL. The powder average E versus Q plot shows several
energy levels around 30 meV (see the Appendix B), consistent
with other octahedral Co** compounds with Joir = 1/2 states,
like CoTiO3 [61,62], NazCo,SbOg, and Na,Co,TeOg [47].

To probe the magnetic ground state and excitations of
CoZnMo30Og, we performed neutron scattering experiments
on 50 small co-aligned single crystals (about 2 g) in the
[H, K, 0] plane. Scattering experiments were carried out at
the multiaxis crystal spectrometer (MACS) [63] at the NIST
Center for Neutron Research (NCNR), National Institute of
Science and Technology (NIST). Instrumental energy reso-
lutions at the elastic line are AE =~ 0.14 meV for a final
neutron energy of £, = 3.7 meV. The measured wave vector
(Q) dependence of the magnetic scattering function S(Q, E)
at various energy transfers (E) from 0 to 2 meV is shown
in Fig. 2. Magnetic peaks are observed at the M points at
the elastic line, which we discuss below as a characteris-
tic of short-range stripy order. They are still visible at £ =
0.125 meV due to finite energy resolution. The most striking
feature of the response is a continuum of excitations from
E =0.5 meV centered around the M-points, and evolving
to larger wave vectors with increasing energy transfer. The
continuum is most clear at E = 0.75 and 1 meV, centered
around the I' points. Above E = 1.5 meV, the continuum
scattering weakens and broadens.

To further elaborate on the ground state, we measured the
temperature dependence of the intensity at the M point, as
well as the wave-vector dependence of the intensity around M
points at the Spin Polarized Inelastic Neutron Spectrometer
(SPINS), NCNR using neutron final energies of Ey = 3.7
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FIG. 2. Neutron scattering intensity in the [k, k, 0] plane at
the elastic line (a), £E = 0.125 meV (b), E =0.2 meV (¢), E =
0.25 meV (d), E =0.5 meV (e), E =0.75 meV (f), E =1 meV
(g), E =1.5meV (h), and E =2 meV (i). The data were collected
at T = 0.1 K, scanned with 120° rotation, and folded to the whole
scattering plane. The sharp peaks at I" points up to £ = 0.25 meV are
from structure Bragg peaks. Color bars indicate scattering intensity
in arbitrary units (a.u.), and panels (c)—(i) use the same color bar.

and 5 meV (Fig. 3). The intensity of the peak at M points
drops quickly above 1 K, consistent with the susceptibility
measurements. Also, the two data sets using Ey = 3.7 and
5 meV with different energy resolutions are almost identical
[Fig. 3(a)]. If the system exhibits a spin-glass state, then the
apparent spin-glass transition temperatures would be different
depending on the instrumental energy resolution, arising from
the different timescale spin dynamics probed with different
energy resolution in neutron diffraction measurements as seen
in spin-glass order of Fe;;,Te;_,Se, [64]. From the Q-scan
of the magnetic peak around the (0.5, K, 0) at 0.3 K with
Er =3.7 meV [Fig. 3(b)], we obtain a full width at half-
maximum (FWHM) of 0.1254 A~! from the Gaussian fit.
This corresponds to a spin-spin correlation length of ~18 A,
indicating short-range ordering on the scale of several unit
cells.

In Figs. 3(c)-3(g), we show the temperature dependence
of the I'-point continuum. The transfer energy was fixed at
0.75 meV, and the temperatures were changed from 0.1 K to
3, 10, 30, and 100 K. The shape and position of the continuum
remain constant. However, the intensity (after considering the
Bosé factor) begins to drop only above 3 K, as summarized
in Fig. 3(h). Thus, the continuum persists to much higher
temperatures than the onset of stripe antiferromagnetic cor-
relations.

1200 %
1100

= Ef=5meV rescaled

—=—E=0.75meV

[-1\3 H, 2W3 H, 0]

1 T(K) 10 100

FIG. 3. The temperature dependence of the magnetic peaks at
the elastic line and the continuum from neutron scattering at £ =
0.75 meV. (a) Neutron counts at M point Q = (0.5, 0, 0) at the elastic
line using two different energies Ey = 3.7 and 5 meV. The counts
using E; =5 meV are rescaled to match the background at high
temperature. (b) Q-scan of the magnetic peak at Q = (0.5,0,0) at 0.3
and 10 K. Red solid curve line is the Gaussian fit for the scan at 0.3 K.
Error bars represent one standard deviation of statistical uncertainty.
(c)—(g) The wave-vector dependence of the neutron scattering in
the [A, k, 0] plane at E = 0.75 meV at (c) 0.1 K, (d) 3 K, (e)
10 K, (f) 30 K, and (g) 100 K. (h) Temperature dependence of the
imaginary part of the susceptibility at £ = 0.75 meV by integrating
the intensity of the continuum at different temperatures. Color bars
indicate scattering intensity in arbitrary units (a.u.).

III. THEORY

A. Magnetic interactions

In both Co,Mo30g and CoZnMosOg compounds, the
magnetic Co®* ions may occupy either tetrahedral (7)) or
octahedral (Oy,) sites. In the former case, the local site Hamil-
tonian includes single-ion anisotropy A.:

Hiy = Y Ac(S5)’, (1)

where S;; refers to the component of the spin of the nth 7; site
along the crystallographic c-axis. The interactions between O,
and Ty sites may be generally written as

Hi-0, = Zsi ~Jin S, ()

where s; refers to the spin at the ith O, site. Similarly, interac-
tions between Oy, may be written as

Hoh_oh ZZS,‘-J,‘J’SJ'. (3)
iJj

Due to the spin-orbital nature of the O, moments, and the
relatively low symmetry of each bond, the magnetic coupling
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J|| (y-bond)

J|| (x-bond)

FIG. 4. Summary of magnetic interactions. (a) Intraplane cou-
plings with cubic (x, y, z) coordinates indicated. (b) Stripy antifer-
romagnetic ordering pattern for ideal CoZnMo3Og. (c) Interplane
couplings J, (approximated as bond-independent).

tensors J may be strongly anisotropic and bond-dependent.
In general, there are two interrelated sources of exchange
anisotropy [51]: (i) the underlying couplings, which may take
the Heisenberg-Kitaev-I" form for undistorted octahedra and
specific bonding arrangements [40,41,49], and (ii) additional
uniaxial anisotropy imposed by the effects of trigonal dis-
tortion on the local ji,» moments [57,65]. To capture both
effects with minimal parameters, we propose a model in-
cluding JKT' couplings between O, sites in the cubic xyz
coordinate system modified by additional XXZ anisotropy
in the crystallographic ab*c coordinate system. The latter is
imposed by taking S¢* — 1S®* and §?* — 5S’*. The resulting
model can be mapped to J-K-I'-I'" couplings in the cubic
coordinates:

Ho,-0, = Zfsi -8+ K 57T + T (ssh +57s9)
(ij)
a o o B B
+ F/(s[s}’—{—sl?'sj + 5} s}'—}—s}’sj), 4
where («, 8, ) = (x, Y, z) for the Z-bonds, (y, z, x) for the X -

bonds, and (z, x, y) for the Y-bonds depicted in Fig. 4. These
couplings can be written as

J=34[BJ+K+2I) —2(K — Dy + (6J + K —4D)n?],
&)

K = I[2(K = D)n + (K + D], (6)

=
I

S[BJ+K +2I) —2(K —T)n — 3/ — 5T — K)n?],
@)

"= 3§[BJ+K+2I)+ (K —T)n — 3J + 2K + D)n’],

®)

TABLE I. Summary of interactions for Co,Mo3;0s and
CoZnMo30g in meV. We assume both compounds are described by
the same set of couplings. The refined model represents a modi-
fication to better agree with the reported spin-wave dispersion in
Ref. [66].

Model Jro Ac JH K” FH J. K| r, n

ab initio 33 —-02 053 —-0.03 0.05 03 0.1 —-0.2 0.5-0.8
refined 2.9 -0.5 053 -0.03 005 03 0.1 —-02 0.7

where J, K, I' parametrize the underlying model, and n de-
notes the degree of XXZ anisotropy (n = 0 refers to pure
collinear Ising couplings along the crystallographic c-axis,
and n = 1 refers to the pure JKI" model). Although the T;-O},
couplings are also bond-dependent, for simplicity we model
them with a pure XXZ Hamiltonian (i.e., Ko = I'ro = 0)
with the same value of 7, which is equivalent to

Hio, = Y Jro[siS; +n(siSy +s7'S7)]. ()
n,i

To estimate the couplings computationally, we first com-
puted fully relativistic hoppings between d-orbitals with
FPLO [67] at the GGA (PBE) level. For this purpose, we
employed the reported single-crystal structure of Co,Mo3Og
of Ref. [26]. The resulting hoppings were then employed in
exact diagonalization calculations for one or two Co sites,
with local Coulomb interactions modeled in the spherically
symmetric approximation [68] with Jy(t2,) = 0.7 eV and
U(tyg) = 3.25 eV, following Ref. [49]. Full details including
the full J tensors are given in the Appendix C.

For Co,Mo30s, the computed couplings are dominated
by the nearest-neighbor 7;-O), interactions, which we esti-
mate computationally to be Jrg ~ +3.3 meV, with n ~ 0.7,
indicating Ising anisotropy. For the single-ion anisotropy of
the tetrahedral sites, we compute A, ~ —0.2 meV. Together,
the fact that n < 1 and A, < O explains the observed c-axis
orientation of the ordered moments. In this compound, the
“second-neighbor” Oy-0j, couplings represent subleading in-
teractions, and they come in two varieties, as shown in Fig. 4.
The interplane interactions are found to be marginally bond-
dependent, with computed values Jj; = 0.53, K;; = —0.03,
and I'); = 0.05 meV (and n = 0.7). The interplane interac-
tions are also found to be bond-dependent with J; = 0.3,
K, =0.1,and I'| = —0.2 meV. These values serve as a suit-
able starting point for analysis of the experimental response.
To this end, we have considered the zero-field spin-wave dis-
persion for Co,Mo30g reported in Ref. [66], and we find that
the experimental data may be suitably reproduced with the
“refined” parameters in Table I, which are guided by the ab
initio results. In particular, we find that a slightly smaller Jro
and enhanced A, better reproduce the band along the [H, 0, 0]
direction. Henceforth, we assume that the same couplings are
suitable for CoZnMo30Og, and we employ the refined model in
all subsequent analyses.

For ideal CoZnMo30Og without the intersite disorder, the
fact that interplane and intraplane couplings are of a simi-
lar order of magnitude implies a 3D magnetic lattice with
the connectivity of a hexagonal closed packed lattice. The
classical ground state for the refined magnetic couplings is
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FIG. 5. Neutron scattering intensity computed by linear spin-wave theory for 4 x 4 x 1 supercells with varying 7} site occupancy. (a) Ideal
CoZnMo;Og with no T; occupancy. (b) With 6% of T sites occupied with Co, corresponding to Coy 0Zng.94M030s. (c) With 19% of T sites
occupied with Co, corresponding to Co; 19Zng g1 M03Og. (d) Pure Co,Mo3;Og with T sites fully occupied by Co.

a stripy phase within the plane, as depicted in Fig. 4(b). The
in-plane ordering wave vector is O = M, which is consistent
with the short-range correlations observed experimentally. At
the classical level, the presence of magnetic 7; impurities
frustrates the underlying stripy order, because the large anti-
ferromagnetic Jro tends to impose ferromagnetic correlations
between nearby O; moments.

B. Neutron scattering response

Given that the I"-point continuum response in the vicinity
of E =1 meV persists to temperatures well above the onset
of stripy correlations and the scale of Jj, it is reasonable to at-
tribute the effect (in part) to short-range correlations between
impurity 7, and nearest-neighbor O}, sites. To check the effect
of T; Co impurities on the bulk response, we first computed
the linear spin-wave spectrum for various impurity densities.
In each case, we employ a 4 x 4 x 1 supercell and average
the response over 100 different randomly selected placements
of the T; Co atoms. We also averaged over domains related by
threefold rotation. We did not consider Zn occupation of the
O, sites. We assume an isotropic gr, = 2 for the 7} sites, and
an anisotropic gp =6, g‘g’h = 3 for the Oy, sites (according
to the crystal field estimated via DFT) [57]. It should be
emphasized that this approach captures only the one-magnon
“transverse” excitations, which corresponds to AS, &~ +1,
given that the ordered moments are always oriented nearly
along the c-axis. Longitudinal AS, =~ 0 excitations are dis-
cussed further below. Results are shown in Fig. 5.

For ideal CoZnMo3Og [Fig. 5(a)], the spin waves appear
below ~1 meV, with a minimum in the dispersion appearing
near the M-points. This result can be anticipated from the
fact that the stripy phase is “Klein-dual” [69,70] to the ferro-
magnetic phase on the triangular lattice. With the increasing
number of impurities [Figs. 5(b) and 5(c)], these sharp modes
become increasingly broadened and washed out. The response
below 1 meV retains some features of the spin waves, showing

intensity shifting from M to I' with increasing energy. For
small concentrations of 7; impurities (6%), localized modes
already appear in the range of 3—-5 meV. Intensity is mainly
centered around the I"-points. For larger concentrations (19%)
consistent with the experimental composition analysis, the
T, impurities are sufficiently close to each other that the lo-
calized excitations start showing significant dispersion, with
intensity shifting from the I'-points near 3 meV to the zone
boundaries near 5 meV. This dispersion mimics the lowest
band in Co,Mo030g, shown in Fig. 5(d). Due to the different
spin projections for the O; and Ty sites, this lowest band in
Co,Mo30g is primarily the excitations of the 7; spins.

To capture strong fluctuations around the 7; impurities
beyond the linear spin-wave approximation (LSWT), we also
computed the dynamical spin structure factor via exact diag-
onalization of a small cluster of four sites shown in Fig. 6(d).
For this purpose, we weight the response according to the
local g-tensors to make the connection with the neutron
scattering experiments. The ground state of the cluster is
essentially a singlet state with the S = 3/2 moments at the
central Ty site oppositely aligned with the three j;,, moments
of the O, sites. The lowest excitation appears in the range of
1 meV, and corresponds to an excited S, = 0 triplet, which
thus appears in the “longitudinal” (S.S.) channel shown in
Fig. 6(a). In the semiclassical (or Ising) limit, this mode
would be driven to zero energy, but it remains at finite energy
provided the spins remain strongly fluctuating in the vicinity
of such impurities. The transverse cluster excitations shown
in Fig. 6(b) appear in the range of 3-5 meV, and closely
resemble the excitations found in LSWT, e.g., Fig. 5(c). As
shown in Fig. 6(d), the momentum dependence of the scatter-
ing intensity in the range of 1 meV is also consistent with the
broad continuum depicted in Figs. 2 and 3. For this reason, we
attribute such excitations to local impurity-induced scattering
intensity. At higher energies, the intensity migrates to the zone
edge, as shown in Fig. 6(e).
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FIG. 6. Dynamical spin structure factor for the isolated four-
site cluster in the vicinity of a 7, impurity obtained by exact
diagonalization. (a) Longitudinal (S.S.) component. (b) Transverse
(SuxSa#) + (Sp+Sp+) component. (c) Experimental neutron spectrum
plotted along the [H, 0, 0] direction. (d), (e) Total theoretical struc-
ture factor evaluated at E = 1 and 5 meV. (f) Four-site cluster. Color
scales are independent for each figure.

Turning back to the experiment, in Fig. 6(c), we show the
higher-energy experimental neutron scattering response for
CoZnMo30g. Data were collected at SEQUOIA, ORNL, us-
ing E; = 12 meV at 240 mK. Excitations are clearly observed
that are consistent with a significant amount of disorder; a
broad continuum with intensity near the I'-points at 3 meV
disperses to the zone boundary at higher energy. Thus, the
consideration of disorder provides a comprehensive explana-
tion of the observed inelastic continuum response.

IV. DISCUSSION

In the absence of intersite disorder, CoZnMo3;0Og would
be a moderately frustrated XXZ antiferromagnet on the tri-
angular lattice, which ultimately orders in a stripe pattern
due to additional bond-dependent couplings and interlayer
interactions. The presence of a significant density of mag-
netic Co>™ impurities occupying tetrahedral sites competes
with this magnetic order. This effect is sufficiently strong to
suppress magnetic order, with the experimental correlation
length only reaching a few unit cells. Beyond the classical
level, the local clusters of S = 3/2 T sites and three neigh-
boring Jer = 1/2 sites form local four-site singlet ground
states, implying strong fluctuations of the local moments. This
is ensured because the coupling between T; and O sites
(Jro) greatly exceeds the other couplings, and thus always
dominates the local response. The fluctuations are evidently
sufficiently strong that a spin-glass state is avoided. Thus, the
different energy scales observed in specific heat and neutron

scattering can be fully understood: correlations between Ty
and Oy, spins are fully developed around 10 K, while stripy
antiferromagnetic correlations between remaining Oy, spins
onset only below 1 K.

The four-site singlets have specific signatures in the dy-
namical response: a “longitudinal” AS, = 0 excitation near
1 meV, with broad intensity peaked at the I'-points, and
“transverse” AS. = %1 excitations in the range 3-5 meV,
which may appear to disperse from I' to the Brillouin zone
edge (particularly for higher impurity concentrations). These
are indeed observed experimentally.

In recent years, the disorder effects in YbMgGaO, and
YbZnGaO,4 have been thoroughly studied. A hypothetical,
disorder-free version of YbMgGaO, should exhibit a robust
stripe magnetic order as well [13,14], same as the disorder-
free CoZnMo30Og. Examples of quenched disorder include
impurities randomly distributed in a crystal lattice or ran-
dom defects in the arrangement of atoms in a material. The
quenched, spatially fluctuating charge environment of the
magnetic Yb** ions due to random occupancy of Mg>* and
Ga*" sites is widely believed to be the cause, affecting the
low-energy effective spin Hamiltonian through the spin-orbit
coupling. Quenched disorder, such as impurities or defects,
introduces local variations in the magnetic interactions, lead-
ing to frustration and disorder in the overall spin arrangement,
and the formation of local ordered moments or spin-glass-like
behavior. This can inhibit the formation of long-range spin
correlations and destabilize the QSL state.

While in CoZnMo30g, we are studying a different phe-
nomenology, i.e., positional disorder. The positional disorder
can alter the exchange paths and strengths between neigh-
boring spins. The effect of positional disorder due to thermal
vibrations can have various consequences. It can broaden the
diffraction peaks in x-ray or neutron scattering experiments,
leading to a decrease in the sharpness of diffraction patterns
[see Fig. 3(b)]. This disruption can hinder the formation of the
QSL state, as the precise arrangement and interactions of spins
are crucial for the emergence of exotic magnetic behaviors.

In both cases, the disorder can have detrimental effects on
the stability and properties of QSL candidates. It can hinder
the formation of long-range spin correlations, introduce local
magnetic moments, suppress the emergence of gapless exci-
tations, or induce magnetic order. Therefore, when studying
QSLs one needs to carefully characterize and control the
disorder in materials to better understand and explore their
quantum behavior.

Taken together, CoZnMo3;0g serves as an example where
experimental signatures typically associated with quantum
spin liquids may manifest from disorder. For example, a wide
separation of thermodynamic energy scales arises here due to
different J-values, rather than frustration. The broad, disper-
sive inelastic response is due to essentially local excitations,
rather than a continuum of fractionalized excitations.
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APPENDIX A: CRYSTAL STRUCTURE

As discussed in the main text, the CoZnMo3;Og samples
were measured via single-crystal diffraction at SNS BL-12
TOPAZ, ORNL, the neutron Time of Flight Laue diffractome-
ter. A total of 4071 peaks (496 nonequivalent peaks) were
collected and used to refine the structure. Neutron absorp-
tion correction has been performed with transmission factor
Tmin = 0.888 and Ty,,x = 0.975. The model used is Sitel: Zn
doped with Co and Site2: Co doped with Zn. Details of the
refined atomic positions are shown in Table II.

APPENDIX B: CRYSTAL-FIELD EXCITATIONS

As detailed in Refs. [51,57], the lowest crystal-field ex-
citations are expected to appear in the energy range of £ =
Aco/2 ~ 30 meV, where Ac, ~ 60 meV is the atomic spin-
orbit coupling strength of Co>*. Due to a trigonal crystal-field
term A, < 0 (according to notation in Ref. [51]), the ex-
citations are expected to be split into two levels. In the

TABLE II. Neutron diffraction refinement.

Atom Occ. X Y Z U

Col 0.233 0.3333 0.6667 0.95057 0.006
Co2 0.942 0.3333 0.6667 0.51355 0.006
Znl 0.767 0.3333 0.6667 0.95057 0.006
Zn2 0.058 0.3333 0.6667 0.51355 0.006
Mol 1.000 0.14571 0.85429 0.25156 0.004
01 1.000 0 0 0.39348 0.006
02 1.000 0.3333 0.6667 0.14764 0.006
03 1.000 0.48770 0.51230 0.36721 0.006
04 1.000 0.16712 0.83288 0.63576 0.007

T=240 mK E =40 meV

35 0.001
=]
= 3
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FIG. 7. Higher-energy excitation spectrum for CoZnMo;QOs. The
data are collected at T = 240 mK using the Fine-Resolution Fermi
Chopper Spectrometer, SEQUOIA, SNS with incident neutron en-
ergy of E = 40 meV with the incident neutrons along the ¢ axis. The
E vs Q plot was plotted using powder average. Color bars indicate
scattering intensity in arbitrary units (a.u.).

higher-energy excitation spectrum (Fig. 7), we observe several
nondispersive excitations in this energy range, which likely
points to more than one distinct O, environment within the
sample. This finding is compatible with a significant intersite
disorder, as the presence or absence of randomly placed Co>*
Ty sites is likely to perturb slightly the local structures, leading
to different environments for the O, Co** ions.

APPENDIX C: MAGNETIC COUPLINGS

For the intralayer O,-O,, interactions, the computed inter-
actions for the Z-bond are

0.341 0.141 0.112
0.118 0.341 0.090
0.090 0.112 0.315

Jz = (ChH

In the J, K, T", n approximation, the best fit corresponds to
JH = 053, KH = —0.03, F|| = 005, and n= 0.66. With
these parameters,

0.341 0.129 0.101
Jiz~[0.129 0341 o0.101 . (C2)
0.101 0.101 0.315

With this choice, we ignore Dzyaloshinskii-Moriya interac-
tions. For the interlayer O;-O), interactions, the two sites are
bisected by a common mirror plane. There are three types of
interlayer bonds, which can be labeled X, Y, and Z in analogy
with the intralayer couplings. For the interlayer “Z-bond,” the
mirror plane is formed by the cubic z-axis and (x 4 y)-axis. In
this case, the computed coupling tensor is

0.129  —0.004 0.067
Ji,=|-0004 0129 0.067]. (C3)
0.063  0.063  0.199
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In the J, K, n approximation, the best fit corresponds to J, =
0.32, K, =0.1, 'y = —0.17, and n = 0.52. With these,

0.129 —0.004 0.065
Jiz~|-0004 0.129 0.065 (C4)
0.065  0.065 0.199

For the O,-T; couplings, we find some bond-dependence.
Similar to the interlayer interactions, these bonds are bisected
by a mirror plane, and they can be labeled X, Y, and Z by the
same convention. For the Z-bond, we compute

279 —-0.15 0.34
—0.15 279 0.34
0.47 0.47 3.01

Jroz = (€5

As discussed in the main text, we approximate Ko = ['to =
0, and we introduce pure Ising anisotropy. With this approxi-
mation, the best-fit interaction tensor is (with J;o = 3.2, n =
0.83)

2.86 0.18 0.18
Jroz={0.18 286 0.18
0.18 0.18 2.86

(Co)

Finally, in order to further simplify the couplings, we took
n to be the same for every bond, and tuned Jro, 1, and A,
to be consistent with the observed spin-wave energies for
C02M0303.

APPENDIX D: HEAT CAPACITY EXTRAPOLATION

To properly estimate the magnetic entropy Smag from spe-
cific heat, one needs to integrate the magnetic contribution
to the specific heat Cp,e/T from absolute zero, which then
requires appropriate extrapolation of the data from the lowest
experimental temperature ~50 mK. For zero field, Cya/T
diverges as the temperature decreases. Such divergence could
be either attributed to (i) hyperfine interactions due to the
large nuclear moment of Co and isotopes of Zn, or (ii)
impurity-induced Schottky anomalies. We first rule out (i) as
the hyperfine interactions are enhanced as the magnetization
increases (by applying the magnetic field), causing the diver-
gence to occur at higher temperature [72]. In CoZnMo3Og, the
divergence of Gy, /T is completely suppressed as the field of
2 T is applied, as shown in Figs. 1(g) and 1(h).

Given the fact of the considerable amount of impurities in
CoZnMo30g, (ii) the induced Schottky anomaly could most
probably be the origin of the divergence that the latter is a
high-temperature tail of the former. We fitted the data using
a two-level Schottky term with an energy splitting between
two levels A. It turns out that with A = 0.06 K, the Schottky
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~
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FIG. 8. Magnetic contribution to the specific heat Cp,, /T under
zero field (a) and 2 T (b). An orange curve in (a) is a Schottky
contribution to the specific heat from impurities. Black circles in
(b) are extrapolated data from which Syt at the field of 2 T is
calculated and shown in Fig. 1(h).

term describes the data well, as shown in Fig. 8(a). When the
field of 2 T is applied, the two levels are fully depopulated
and hence the divergence of Cy,g/T is suppressed. By sup-
plementing the Schottky term to the experimental data, we
calculated the magnetic entropy Spag, as shown in Fig. 1(h).
Ciag/T data measured at 2 T decrease almost linearly with
temperature, and hence we extrapolated the data to absolute
zero by linear extrapolation, as shown in Fig. 8(b), and we
obtained Siyag 2. Though the estimated Syagzero and Smag,2 T
contain unavoidable error, the comparison between the two
reflects an unambiguous fact that Sy, reaches R In2 at a much
lower temperature in zero field than that in 2 T.
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