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Introduction

A new layered kagome strip structure
Na,Co3(AsO4)>(OH),: static and dynamic magnetic
properties

“ Stuart Calder, (22
€d Joseph W. Kolis®

Duminda S. Liurukara,*® Emily D. Williams,® Tianran Chen,
V. Ovidiu Garlea,® C. Charlotte Buchanan,” Dustin A. Gilbert,
and D. A. Tennant®

One-dimensional kagome strip chains share much of the same frustrated structural motif as two-
dimensional kagome antiferromagnets, making them valuable for deepening our understanding of
kagome lattice magnetism. In this paper, we report the hydrothermal synthesis and detailed structural
and property characterization of NayCosz(AsOy4),(OH),, a striped kagome system. The crystal structure
reveals that Na,Coz(AsO4),(OH),
crystallizes in monoclinic crystal system C2/m. The structure features a one-dimensional kagome strip

was characterized using single crystal X-ray diffraction which

lattice built from Co?* ions and undergoes an antiferromagnetic transition at Ty = 14 K. The magnetic
ground state at zero field was characterized using neutron powder diffraction. Below the magnetic
transition, Na,Co3z(AsO4),(OH), orders into an antiferromagnetic structure with a k-vector (0.5, 0.5, 0.5).
In the proposed model, the Col moment is predominantly confined to the ac-plane while the Co2
moment is primarily aligned along the b-axis. Two flat bands were observed in the inelastic neutron
spectra below the magnetic transition, 5 and 10 meV. Inelastic neutron spectra were modeled with a
Heisenberg Hamiltonian including three nearest-neighbor exchange interactions (J;, J,, Js) and strong
single-ion anisotropy to stabilize the observed magnetic structure. Our study highlights the complexity
of Co?*-based kagome strip magnetic lattice compound Na,Cos(AsO4)-(OH), which provides an
excellent platform to broaden our understanding of the frustrated kagome magnetic lattice space.

degenerate ground states. This can lead to broad continuous
magnetic excitations which can be observed in inelastic neu-

One recent area of research for solid-state chemists has been
the study of frustrated magnetic materials, as they can host
exotic magnetic ground states that are key to future potential
quantum applications such as quantum computing and infor-
mation processing."™ For example materials chemists can
design geometrically frustrated solids with trigonal symmetry
that can lead to exotic magnetic ground states such as quantum
spin liquids (QSL). In QSL materials, no long-range magnetic
ordering appears at low temperatures due to the strong quan-
tum fluctuations of magnetic moments caused by highly
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tron experiments. This behavior is believed to be associated
with fractionalized quasiparticles known as spinons.”” It is
very difficult to unambiguously observe QLSs but several two-
dimensional (2D) and three-dimensional (3D) magnetic materi-
als have been proposed as candidates.>' The 2D materials
containing trigonal symmetry, such as kagome, triangular and
honeycomb magnetic materials, have been investigated exten-
sively as candidates for QSLs because they can display extensive
magnetic frustration,’>'® since nearest-neighbor antiferromag-
netic interactions cannot be simultaneously satisfied.'*'> On
the other hand, honeycomb magnetic materials, though not
geometrically frustrated, can also potentially exhibit a QSL state
due to bond-dependent interactions as described in the Kitaev
model."®"

In general, a small spin value (S =
facilitate the quantum fluctuations in these materials.

1/2) is essential to
5,6,8

Examples are Cu-based S = 1/2 triangular materials such as
CsCuX, (X = Cl and Br)'®'® and x-(BEDT-TTF),Cu,(CN)3, as well
as Yb®* (Kramers doublets with an effective spin S = 1/2)
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based triangular magnetic materials such as YbMgGaO, and
AYbQ, (A =Na, K, Cs; Q = 0, S, Se).>*>" A confluence of features
has driven a significant research effort into the study of spin-1/2
kagome lattice antiferromagnetic materials such as Herberts-
mithite ZnCus(OH)eCl,,>> a-vesignieite BaCu,;V,05(OH),>* and
[NH,],[C;H14N][V,O6F1g]s.>* The corner-sharing triangles in
kagome materials create strong magnetic frustration, making
the spin-1/2 kagome system one of the most promising candi-
dates for realizing a QSL state. Intriguingly, these exotic mag-
netic phases have also been proposed in another class of
kagome-type magnetic materials, namely, kagome strips.””"*°
The kagome strip magnetic lattice is analogous to the kagome
lattice where both magnetic lattices consist of 1D kagome strip
chains as building blocks. Moreover, these materials can often
exhibit unusual behavior in the presence of external magnetic
fields. One characteristic behavior for example, is for an S = 1/2
2D kagome lattice to exhibit multiple magnetization plateaus at
fractional values of the saturated magnetic moment when
plotted against external field.>**” Theory predicts that these
magnetic plateaus may be classical or quantum in nature.>”*°
Despite their promising behavior, however, only a handful
of kagome strip compounds have been synthesized and studied
in detail and the bulk of these contain only § = 1/2 Cu®" ions.
Recently, Tang et al. synthesized two S = 1/2 kagome strip
structures, A,Cus(TeO3)(SO4)3(OH), (A = Na, K) using a low-
temperature hydrothermal method.?! These two compounds
possess a highly distorted kagome strip magnetic lattice with
three different Cu®" crystallographic sites. Both of these com-
pounds exhibit antiferromagnetic behavior with Weiss tem-
peratures of # = —6.1 K and —-13.9 K for Na and K,
respectively. Following this first report, theoretical investiga-
tions of S = 1/2 kagome strip lattices have generated significant
interest in modeling the magnetic phase diagram of these
systems.>" A recent paper from Morita et al. presents a detailed
density-matrix renormalization-group (DMRG) investigation of
the magnetic phase diagram of A,Cu;(TeO3)(SO,)3(OH), in the
presence of an applied magnetic field.”® Their discovery con-
firms the presence of wide variety of magnetizations plateaus.
Despite these studies, experimental verification of anisotropic
magnetic properties has not yet been possible due to the
inaccessibility of suitably large single crystals. Another inter-
esting S = 1/2 kagome strip material was reported by Kakarla
et al., a-Cus0,(Se03),Cl, made using chemical vapor transport
method.*” This material contains a highly distorted kagome
strip lattice that orders antiferromagnetically at Ty = 35 K and
exhibits a broad maximum in magnetic susceptibility, indicat-
ing short-range ordering due to the low dimensionality. The
magnetic structure of o-Cus0,(SeO;),Cl, was characterized
using neutron powder diffraction, but no further investigation
was performed using inelastic neutron scattering to investigate
the shortrange ordering observed in the magnetic
susceptibility.®* Another interesting kagome strip material is
Ca,Mn;0g.** This material was only synthesized in powder
form and exhibited an antiferromagnetic transition observed
at Ty = 58 K. Neutron powder diffraction was employed to
characterize the magnetic structure of Ca,Mn3;Og which is
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notably different from o-Cus0,(SeO3),Cl,. The neutron diffrac-
tion results indicate that the Mn moments in Ca,Mn;Og
arrange perpendicular to the kagome strip plane as two-up-
two-down, i.e. 11| | spin arrangement. These intriguing mag-
netic properties have prompted us to explore novel 2D kagome
strip magnetic lattices and investigate the underlying physics
proposed by recent theoretical studies.

Another interesting but comparatively less explored class of
kagome strip structures belongs to compounds with the general
formula A;M;(EO,),(X), (A = alkali metal; M = Mn**, Co**, Ni**;
E =V, P, As; X = OH, F). Over the past several years, three
isostructural members of this family have been reported by us
and others, namely Na,Ni;(PO,),(OH),, K,Mn;(VO,),(OH),, and
Na,Co;(VO,),(OH),.**” All these compounds crystallize in the
monoclinic crystal system with space group C2/m and host a two-
dimensional kagome strip magnetic lattice. Na,Niz(PO,4),(OH),
exhibits an antiferromagnetic transition at Ty = 38.4 K, accom-
panied by a characteristic low-dimensional hump in the mag-
netic susceptibility. Notably, both K,Mn;(VO,),(OH), and
Na,Ni;(PO,),(OH),** were initially synthesized as small crystals
using mild hydrothermal conditions (200 °C). To date, how-
ever, detailed magnetic and neutron-scattering studies of this
family remain lacking, providing ample opportunities for mate-
rials chemists to uncover novel and potentially exotic magnetic
states associated with kagome strip structures.

Nevertheless, the synthesis of novel magnetic materials with
well-controlled chemical composition and minimal structural
disorder remains a major challenge, particularly for pyrochlore
and kagome-based systems. This limitation has hindered the
unambiguous identification of QSL behavior in pyrochlore and
kagome materials, which are highly sensitive to subtle chemical
disorder and lattice imperfections. Common sources of pertur-
bation include metal-site mixing, such as A/B-site disorder in
pyrochlores or Zn/Cu site disorder in herbertsmithite, as well as
deviations from ideal stoichiometry arising from intrinsic
lattice defects in oxides.*®*° Because many of these materials
are synthesized as polycrystalline powders via high-temperature
solid-state or melt-based routes, achieving precise control over
site occupancy and defect concentrations is often difficult
using conventional preparative methods. To overcome these
challenges, we developed a high-temperature hydrothermal
synthesis strategy that enables improved control over cation
ordering and defect formation. In addition, this approach
frequently yields large, high-quality single crystals, providing
materials that are well suited for detailed structure-property
investigations, including single-crystal magnetic measure-
ments and neutron scattering.*""** Thus, we applied our high-
temperature hydrothermal synthesis approach to the targeted
growth of large single of novel kagome-strip frameworks. Using
this strategy, we have recently expanded the A,M;3(EO,4),(X),
materials family through the synthesis of several new composi-
tions. The chemical flexibility of this framework provides a
versatile platform for systematically exploring the effects of
metal-ion substitution, spin state, and bridging-group chemis-
try, thereby enabling fine control of magnetic exchange inter-
actions and structure-property relationships.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Here we present the synthesis and detailed structural char-
acterization of single crystals of Na,Co;(AsO,),(OH),, as well as
a comprehensive physical property characterization using both
bulk probes and neutron scattering techniques. The crystal
structure investigation displays a 2D Co”>* kagome strip magnetic
lattice with two crystallographically unique Co®" ions. Magnetic
properties were determined using ground single crystals and
display an antiferromagnetic transition at Ty = 14 K. We used
neutron powder diffraction to characterize the ordered zero-field
magnetic structure and demonstrate that the ground state is an
antiferromagnetic structure with a propagation vector k = (0.5,
0.5, 0.5) which doubles the magnetic unit cell in all three
crystallographic directions. Inelastic neutron scattering shows
that the spin wave spectrum possesses two magnetic excitations,
which can be explained by using three nearest neighbor inter-
actions and single ion anisotropy. Our findings suggest that
Na,Co;(As0,),(OH), is an attractive candidate to study the low
dimensional magnetism associated with the kagome strip mag-
netic lattices.

Experimental section
Single crystal growth of Na,Co;(AsO,),(OH),

Na,Co3(As0,),(OH), was synthesized via a high-temperature/
high-pressure hydrothermal technique using Tuttle-seal auto-
claves. In a typical reaction, a total mixture of 0.2 g of CoO and
As,05 were mixed using a 2:1 molar ratio with 0.4 mL of 5 M
NaOH mineralizer. The reactants and the mineralizer were
loaded to silver ampoules (2.5 inch long and 1 inch outer
diameter). The ampoules were welded shut and loaded into the
autoclave with water to provide counter pressure. Reactions were
run for 7 days at 500 °C and then cooled to room temperature.

Table 1 Crystallographic data of Na,Cosz(AsO,4)>(OH), determined by
single crystal X-ray diffraction

Empirical formula Na,Co3As,00H,
Formula weight (g mol ) 534.63
Crystal system Monoclinic

0.08 x 0.19 x 0.21
C2/m (no. 12), 2

Crystal dimensions (mm)
Space group, Z

View Article Online
Research Article
Table 2 Fractional atomic coordinates and isotropic displacement para-

meters (A%) of NayCos(AsO,),(OH), obtained from single crystal X-ray
diffraction

Atom  Wyckoff  x y z Ueq

Na 4i 0.2715(1) 0 —0.2958(3)  0.0280(4)
Col 2b 0.50000 1.00000 1.0000 0.0081(2)
Co2 4h 0.5000 0.7356(7) 0.5000 0.0080(2)
As 4i 0.3741(2)  0.5000 —0.0902(6)  0.0064(2)
o1 4i 0.5697(1)  1.0000 0.7131(4)  0.0089(4)
02 4i 0.4077(1)  0.5000 0.2539(4)  0.0104(4)
03 8j 0.4120(1)  0.2645(2) —0.2213(3)  0.0108(3
04 4i 0.2567(1)  0.5000 —0.1881(5)  0.0208(6)
H1 4i 0.6280(4)  1.0000 0.7450(9)  0.0290(12

Thin column shaped (~0.5-1 mm in length) single crystals were
recovered by washing with DI water and acetone. The chemicals
used in this study: CoO (Thermo Scientific, 95%), As,O5 (Thermo
Scientific, 99.9%), and NaOH (Acros Organics, 98%).

Characterization

The crystal structure of Na,Coz(AsO,),(OH), was determined by
using single crystal X-ray diffraction on a Bruker D8 Venture
diffractometer. Data were collected at room temperature utiliz-
ing Mo Ko radiation, A = 0.71073 A, integrated and corrected for
absorption SAINT, SADABS available in the APEX 3 software.**
Structure refinements were performed using the SHELXTL
software.*> All non-hydrogen atoms were refined anisotropi-
cally while hydrogen atoms were found from the difference
electron density map. The phase purity of the synthesized
samples was checked using powder diffraction. Elemental
analysis of single crystals was performed by energy dispersive
X-ray analysis (EDX) on a Hitachi SU6600 VP FE-SEM with a
20 kV accelerating voltage. The unit cell parameters and frac-
tional atomic coordinates with equivalent isotropic displacement
parameters are shown in Tables 1 and 2, respectively. The
selected bond distances and angles of Na,Co;(AsO,),(OH), are
displayed in Table 3.

Magnetic properties were determined using ground single
crystals with a mass of 20 mg. Magnetometry measurements
were performed using a vibrating sample magnetometer
attached to the Quantum Design Dynacool PPMS. Temperature

Temperature (K) 298

a(A) 14.5885(9)
b (A) 5.9376(3)
c(A) 5.0992(3)
B 103.63(2)
v (A% 429.26(4)
deare (g cm ™) 4.136

7 (A) 0.71073

u (mm™1) 13.525
Trnin 0.1620
Tonax 0.4150

0 range (°) 4.43-26.49
No. of reflns. 2113
Unique reflns. 428
Observed reflns. 1347

No. of parameters 53

No. of restraints 0

Final R [I > 20(I)] Ry, WR,
Final R (all data) R,, WR,
GOF

Largest diff. peak/hole, e A~

0.0125, 0.0319
0.0125, 0.0319
1.225
0.317/—0.324

Table 3 Selected bond distances (A) and angles (%) of

Na,Coz(AsO4)»(OH),

Co0104 C020¢

Co1-01 x 2 1.9702(1) C02-01 x 2 2.0407(1)

Co1-03 x 4 2.1668(1) Co02-03 x 2 2.1264(1)
C02-02 x 2 2.1310(1)

As10,

As1-04 1.6633(2) Co1-01-Co2 96.63(3)

As1-03 x 2 1.7001(1) Co1-03-Co2 88.34(3)

As1-02 1.7079(1) C02-01-Co2 100.65(3)
C02-02-Co2 82.01(2)

Co1-Co2 2.994(2)

C02-Co2 2.798(3)

C02-Co2 3.140(2)

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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dependent magnetic measurements were collected from 350 to
2 K with the applied magnetic field ranging from 100 Oe to 90 kOe.
Isothermal magnetization data were collected up to 90 kOe from
2 to 100 K.

Neutron powder diffraction (NPD) measurements were per-
formed using the HB2A Powder Diffractometer at High Flux
Isotope Reactor (HFIR) at Oak Ridge National Laboratory.*®
Diffraction patterns were collected using constant wavelengths
of 2.41 A from the Ge(113) monochromator reflection and 1.54 A
from the Ge(115) reflection. The neutron diffraction data were
analyzed by using the FullProf Suite Package.*” Symmetry-
allowed magnetic structures were considered using both repre-
sentational analysis with SARAh and magnetic space groups with
the Bilbao Crystallographic Server.*3"*°

Inelastic-neutron-scattering (INS) measurements were per-
formed using the HYSPEC spectrometer at Spallation Neutron
Source in Oak Ridge National laboratory. The data were col-
lected with the incident energies E; = 50 and 20 meV and the
Fermi chopper frequency of 360 Hz. These measurements were
performed using the same ground single crystal sample that
was used for the diffraction experiment. The INS data reduction
and visualization were done with the MANTID software package
and spin-wave calculations were performed using Sunny.jl.>!

Results and discussion
Crystal structure of Na,Co;(AsO,4),(OH),

Hydrothermally grown Na,Coz(AsO,),(OH), single crystals were
recovered as pink thin columns with an average size of 0.5-1 mm
in length, Fig. 1a. The compound crystallizes in the monoclinic
crystal system with a space group of C2/m (no. 12). The unit cell
parameters are a = 14.5885(9) A, b = 5.9376(3) A, ¢ = 5.0992(3) A,
B=103.63(2)° and V= 429.26(4) A%. There are two crystallographic
Co sites, one sodium (Na) site, one arsenic (As) site, and four
oxygen (O) sites. We did not observe any detectable disorder in
the structure by X-ray diffraction. All crystallographic parameters

Fig. 1 (a) Hydrothermally grown Na,Coz(AsO4),(OH), single crystals. (b)
Two-dimensional framework of Na,Coz(AsO4)2(OH), showing the layered
structure along the b-axis. (c) Displaying the layered structure along the c-
axis. The layers are made from CoOg octahedra and AsO4-terahedra. The
Na-ions packed in between the layers. Sodium (Na) atoms are represented
in grey, whereas Col and Co2 sites are depicted in cyan and blue,
respectively. Arsenic (As), oxygen (O), and hydrogen (H) atoms are illu-
strated in dark yellow, brown, and black, respectively.
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are given in Tables 1 and 2. The two Co sites are 2b (0.5, 1.0, 1.0)
and 4h (0.5, 0.7356, 0.5) Wyckoff sites, respectively and both
form highly distorted CoOg-pseudo-octahedra (oct). As shown in
polyhedral view in Fig. 1b, CoOs-oct form a Co-O-Co 2D layers
along the bc-plane while the AsO, tetrahedra connect with the
Co-0O-Co 2D layers by isolating them along the g-axis. Fig. 1c
displays the similar connectivity along the c-axis. Additionally,
Na' ions occupy the gaps between the Co-O-As layers (Fig. 1b
and c) and this provides complete isolation for the 2D Co-O-Co
magnetic layers which enhances the low-dimensionality of
Na,Co;(AsO,),(OH), structure.

The interpretation of the magnetic properties and magnetic
structure require an understanding of the crystal structure, so it
is presented in some detail here. The Co-O-Co 2D layers are
formed by sharing edges between the Co10¢-oct and Co20¢-oct.
Fig. 2 shows the formation of 2D Co-O-Co layer via connectivity
between oxygen atoms. In Fig. 2, Col and Co2 are represented
by cyan and blue colors, respectively to highlight the connec-
tivity between Co10g-oct and Co20-oct. Within the 2D layer,
Co020¢-oct connects with another Co20¢-oct along the b-axis by
sharing edges via O1 and O2 atoms which creates a Co2-O-Co2
chains along the b-axis. The Co10s-oct provides the connectiv-
ity between Co2-O-Co2 chains along c-axis. For this, each
Co10¢-oct connects with two Co20, sharing edges via O1 and
03. It is interesting to point out that O1 connects two Co2 sites
and one Col site creating a Cos-triangular unit as shown in
Fig. 2. In this Cos-triangular unit, O1 serves as the center of the
Co; triangle as a pz-oxo atom. At the same time, O1 also
connects with H atoms to form the only hydroxide group in
the structure. These Cos-triangular units share edges and
corners with each other in an alternate fashion creating trian-
gular chains along the c-axis. Each triangular chains intercon-
nect with each other via Co2-Co2 corners to form the 2D
kagome strip lattice. This specific connection creates alternat-
ing triangles and honeycombs running along the g-axis which
is highlighted in Fig. 3a and b. Fig. 3b highlights the construc-
tion of the one-dimensional (1D) kagome strip chain. This 1D
kagome strip chain can be considered as a dimensional
reduction of the 2D kagome magnetic lattice which can be

Fig. 2 Shows the connectivity between ColOg-oct and Co20g-oct
within the Col-O-Co2 2D layer along bc-plane.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 3 (a) Two-dimensional Co—-Co kagome strip layer along the bc-plane.
Here, Col and Co2 are shown in two different colors for clarity (Col-cyan;
Co2-blue). (b) One-dimensional kagome strip chain showing different
exchange interactions within the chain. (c) Packing of 2D Co—-Co kagome
strip layers along the a-axis. The interlayer distance is around 7.3 A.

Co2

used to simplify the theoretical aspects of 2D kagome magnetic
lattice.

Table 3 summarizes the bond distances and angles of
Na,Co3(As0,),(OH),. The CoOg-oct units have a high degree
of distortion with Co1-O bond distances ranging from 1.902(1)
to 2.1668(1) A and Co2-O distances range from 2.0407(1) to
2.1310(1) A. The average Co-O bond distances of Co10, and
C0206 units are 2.1001(2) and 2.0992(1) A, respectively which
are comparable to the expected sum of the Shannon crystal
radii,*® (2.145 A) for a 6-coordinate high spin Co** and O*". As
shown in Fig. 3b, Co-Co distances are 2.798 (Col-Co1), 2.994
(Co1-Co2) and 3.140 A (Co2-Co2). The magnetic coupling values
for Co are defined as /4, J, and J; for these distances, respectively.
The nearest distance between the two Co—-Co kagome strip layers
is 7.3 Awhich is a/2 (Fig. 3¢). Since the kagome strip layers do not
connect directly via AsO, groups with one another, we can ignore
the interlayer magnetic exchange interactions. Furthermore, the
bond angles associated with J;, J, and J; exchange interactions
are Col-01-Co2; 96.63(3)°, Co1-03-Co2; 88.34(3)°, Col-02-
Co2; 100.65(3)°, and Co2-02-Co2; 82.01(2)° which add further
complexity to the magnetic properties of Na,Co3(AsO,),(OH),.

Magnetic properties of Na,Co3(AsO,),(OH),

The magnetic susceptibility data were collected on Na,Cos-
(AsO,4),(OH), powder sample at 1 kOe applied magnetic field
are shown in Fig. 4. The magnetic susceptibility has a peak at
14 K indicating long range antiferromagnetic behavior of
Na,Co;(AsO,),(OH), system. In spite of the low dimension of
the Co-O-Co magnetic lattice, the susceptibility does not exhibit
the broad hump one might expect. This may be attributed to the
use of a powder sample for magnetic measurement as opposed
to an oriented single crystal. The inverse magnetic susceptibility
in the paramagnetic region (150-350 K) was fitted (Fig. 4) using
the Curie-Weiss model (M/H = C(T — 0)), which produced an

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 4 Magnetic susceptibility (y) and inverse magnetic susceptibility (1/y)
as a function of temperature measured at 1 kOe applied magnetic field.
Curie—Weiss fit (150-350 K) is shown in green line.

effective magnetic moment of 5.3(1)ug per Co and a Weiss
temperature of —0.25(2) K. The effective magnetic moment
obtained from CW fit is much larger than the spin only value
for high-spin Co®" (3d’; S = 3/2, 3.87ug), due to the significant
orbital contribution from the unquenched orbital moment of
Co®" in octahedral environment.’*>> The low Weiss value is
somewhat surprising however, given that Co-O-Co lattice can be
considered as a highly frustrated magnetic lattice. This means
Na,Co03(AsO,),(OH), is less frustrated compared to the other
reported kagome strip materials. For example, A,Cus(TeOs)-
(SO4)5(OH), (A = Na, K), 2-Cus50,(5e0;),Cl, and Ca,Mn;0g show
a broad hump in their magnetic susceptibility data at higher
temperatures (before long-range magnetic ordering) even in the
powder samples suggesting magnetic frustration due to the low-
dimensionality of the magnetic lattice.*

Isothermal magnetization data was determined on the
ground single crystals sample up to 90 kOe applied magnetic
field and temperatures ranging from 2 to 100 K (Fig. 5). At 2 K,
the isothermal magnetic data exhibits a plateau, followed by a
sharp upturn at approximately 30 kOe. As the field approaches
90 kOe, magnetization slowly increases in tendency towards
saturation or another field-induced transition. The magnetiza-
tion value of the plateau state (approximately 0.25u5 per Co)
corresponds to ~ 1/9 of the total saturation value of Co* (S = 3/2,
3.8 per Co). This field induced transition at 30 kOe could be a
spin-flop like transition where Col and Co2 moments arrange
perpendicular to the applied magnetic field direction. With the
continuous increase of the magnetic field these spins can
gradually rotate towards the applied magnetic field becoming a
ferromagnetic phase.’®*°

The temperature evolution of magnetic susceptibility was
measured up to 90 kOe from 2 to 40 K, across the long-range
ordering transition (Fig. 5b). The temperature-dependent mag-
netic susceptibilities of Na,Co3(AsO,),(OH), in different
applied magnetic fields (Fig. 5b) also support the spin flop
transition that was observed in isothermal magnetization data
(Fig. 5a). The low temperature downturn becomes broader, and
the Ty gradually shifts to lower temperatures with the increase
of applied magnetic fields (Fig. 5b). At 50 kOe, the magnetic
susceptibility does not exhibit a round maximum. The
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Fig. 5
different applied magnetic fields (1-70 kOe).

development of a broader maximum and shift of Ty to lower
temperatures could be due to the spin flop transition as seen in
the isothermal magnetization data. Overall Na,Co3(AsO,4),(OH),
can be identified as a canted antiferromagnetic structure with a
spin flop type transition. This is possible since Na,Cos-
(AsO,4),(OH), possess two crystallographically different magnetic
sites (Co1 and Co2) in the Co-O-Co magnetic lattice.>”*°

Magnetic structure of Na,Co3(AsO,),(OH),

Motivated by its intriguing magnetic properties, we used neutron
powder diffraction to determine the magnetic structure of
Na,Co;(AsO,),(OH), and compare it with other kagome strip
structures. An initial NPD pattern was collected at 40 K using the
wavelength of 1.54 A which covers a broader Q-range, (Fig. 6a). At
1.5 K and 40 K, NPD was performed using the 2.41 A wavelength
to access lower Q-range for an improved magnetic structure
determination (Fig. 6b and c). Crystal and magnetic structure
refinements were carried out using FullProf Suite*” and the
refined crystal structure parameters are given in Table SI1. In
comparison to the room temperature X-ray diffraction data
(Table 1), the crystallographic parameters obtained by NPD
refinements at 40 K indicate little change in the lattice para-
meters. Due to the smaller thermal expansion at lower tempera-
tures, it is expected that the unit cell parameters will be smaller
at 1.5 and 40 K. The powder diffraction data at 1.5 K clearly
indicates the presence of magnetic Bragg peaks, compared to the

J —o—1kOe
—+—10kOe
—o—20 kOe
—o—30 kOe
——40 kOe
—o— 50 kOe
—o—70 kOe

10 20 30 40
T(K)

(a) Isothermal magnetization data collected in different temperatures (2-100 K). (b) Magnetization measured at lower temperatures (2-40 K) in

40 K data, due to the long-range order at Ty = 14 K. Fig. 6b shows
the comparison between the 40 and 1.5 K NPD patterns. No
additional peaks or peak splitting appeared at higher Q below Ty
suggesting no structural phase transition. The magnetic peaks
were indexed using the “k-search” program included in the
FullProf Suite. The additional reflections can be indexed using
the propagation vector k = (0.5, 0.5, 0.5), which doubles the
original unit cell along all three crystallographic directions.
Based on the k = (0.5, 0.5, 0.5) and non-magnetic space group
C2/m, representational analysis was performed using the SARAh-
program.*®*® Additionally, the magnetic space group was deter-
mined using the MAXMAGN program at the Bilbao Crystallo-
graphic Server.>® According to the representational analysis, the
decomposition of the magnetic representations for Col can be
written as I'mag = O .1+ 30, and for Co2 can be written as
I'ag = 31 ' + 3I,". The basis vectors for the space group C2/m
with k = (0.5, 0.5, 0.5) are summarized in Table SI2. The best fit
was achieved using I', and I'; for Col and Co2, respectively. The
I'; irreducible representation allows Co1l to have moment along
all three crystallographic directions while arranging antiferro-
magnetically along the be-plane. The I'; irreducible representa-
tion allows Co2 to have moment along all three crystallographic
directions while the next nearest neighbors aligned antiferro-
magnetically along the b-axis. This model allows us to obtain a
better fit for the NPD at 1.5 K. The magnetic structure in this
configuration corresponds to the magnetic space group of Pl

)
@)= b =
T=40K o lobs ®) —wx| © ITI‘_'dSTK o lobs
Icale - Icale
lobs-Icalc lobs-Icalc
G Peak pos | — — Peak pos
3 3 2 ;
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> > 2|,
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K| S =
ikt At ‘_]_. % A 18 . i A
e/ Ao , v
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Fig. 6

1.4
(o)

16 18 20 1 3
0 (&)

(a) Rietveld plot of the neutron powder diffraction data collected at 40 K using 1.54 A. (b) Overlay of NPD patterns of 40 K and 1.5 K collected

using 2.41 A wavelength. (c) Rietveld plot of the neutron powder diffraction data collected at 1.5 K using 2.41 A wavelength.
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(#2.7), with a magnetic unit cell of 2a x 2b x 2c¢. Full details of
the magnetic space group are given in Table SI3. This magnetic
space group was the only maximal group that allowed both Co
ions to have non-zero moments. The moments for each Co ion
were not constrained by symmetry and were allowed to freely vary.
The refined magnetic moments are 7o, = 4.3(1)pg (M, = 2.51(2)uz;
mp = —0.27(ug; me = —3.01(1)pg) and mce, = 2.87(7)us
(ma = 0.51(1)up; myp = 2.83(7)up and m. = 0.16(1)up). Even though
both Co1l and Co2 have moments along all three crystallographic
axes, the Col magnetic moments mostly lie on the ac-plane while
the Co2 moments are mainly aligned along the b-axis. Fig. 7
shows the magnetic model from the best fit of the NPD pattern,
drawn using the expanded magnetic unit cell (2a, 2b, 2c). As
shown in Fig. 7a, the Col moments are mostly directed along the
[101] direction, with, the nearest neighbor spins coupled anti-
ferromagnetically along the b-axis. The Co2 moments lie mostly
along the b-axis with a very small out of plane (a-axis) canting. As
noted, the Co2 moment along the a- and c-axes are very small
and closer to zero within the reported errors. Nearest neighbor
Co2 sites in the triangle (J5) couple antiferromagnetically while
nearest neighbor Co2 sites within the honeycomb (J;) coupled
ferromagnetically. The field induced transition could be due to
the flipping the direction of the Col moment towards Co2 or vice
versa under the applied magnetic field. The anisotropic magnetic
properties will be essential to confirm this. Fig. 7b displays the
packing of 2D kagome strip magnetic lattices along the a-axis.
The moment of Col site is 4.3(1)ug which is higher than the
calculated moment of Co”" (S = 3/2; 3.4ug). In contrast, the
moment of Co2 is relatively smaller 2.87(7)up than the expected
moment of Co**. The difference between magnetic moments of
Col and Co2 is expected due to the triangular arrangement of
the magnetic lattice. A similar behavior was observed in our
previous studies with two crystallographic ions that are mag-
netic, CsCo,(M00,),(OH) and K,Co;3(M00,);(OH),. The relatively
higher magnetic moment of Col is indeed unexpected. We
emphasize that the neutron refinements were thoroughly exam-
ined to rule out artifacts or over-fitting, including checks on the

@) . D= t0—t=0= —0>—0-
b<+—0

<
G‘VW‘ V
ONIVLNIAN

Fig. 7 A view of the magnetic structure. (a) The 2D kagome strip mag-
netic lattice along the bc-plane. (b). The 2D kagome strip magnetic lattices
are coupled antiferromagnetically along the a-axis within the unit cell. The
magnetic structure is drawn using its magnetic unit cell which is different
from the nuclear cell due to the k-vector (0.5, 0.5, 0.5).
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magnetic structure model, scale factor, and background. In
addition, the full refinement parameters are provided in the SI.
Nevertheless, we cannot rule out that limitations in the magnetic
structure refinement or experimental factors inherent to neutron
powder diffraction may contribute to the discrepancy observed
between the Col and Co2 moment values.

The magnetic structure of Na,Coz(AsO,);(OH), is in contrast
with the previously reported Mn**-based kagome strip material,
Ca,Mn;0g where the moment exclusively lies along the a-axis
(out of plane).*® The magnetic structure of the kagome strip
compound, a-Cus0,(Se0;),Cl, has been reported as well, and
possesses a complicated magnetic structure due to the presence
of three different Cu sites in two different geometries.*

Inelastic neutron scattering and exchange parameters of
Na,Co3(AsO,),(OH),

Inelastic neutron scattering (INS) measurements were per-
formed on a powder sample of Na,Co;(AsO,),(OH), using
HYSPEC at 5 K to investigate magnetic excitations associated
with the long-range magnetic order of Co®>" moments in its two-
dimensional kagome-strip lattice. Data were collected using
incident energies of E; = 50 meV and 20 meV. The E; = 50 meV
spectra reveals two sharp excitations at 26 meV and 32 meV
(Fig. 8a), while the E; = 20 meV data shows two lower-energy
magnetic excitation bands centered around 5 meV and 10 meV
(Fig. 8b). Na,Cos(AsO,4),(OH), contains two crystallographically
distinct Co®* sites, which can naturally lead to multiple mag-
netic excitation modes. In an octahedral crystal field, Co®" (3d”)
ions have an effective spin S = 3/2 and orbital angular momen-
tum Leg = 1. Spin-orbit coupling (with strength 1) splits the
ground state into a Jee = 1/2 ground state and excited Jeg = 3/2
and 5/2 states, separated by energy gaps of 3/2 A and 5/2 1,
respectively. The observed higher-energy bands at 26 meV and
32 meV are consistent with spin-orbit excitations from the
Jeie = 1/2 ground state to Je = 3/2, arising from the two
inequivalent Co”* sites. Their magnetic origin is confirmed by
the decreasing intensity with increasing momentum transfer.
Similar crystal electric field (CEF) excitations have been reported
in other Co®" compounds such as NaCaCo,F, and CoTiO3.°>*"
At 2 K, two nearly flat magnetic excitation bands were
observed at 5 meV and 10 meV. To model these low-energy
modes, we performed linear spin wave calculations using the
Sunny.jl package, based on a minimal Heisenberg Hamiltonian
incorporating three nearest-neighbor exchange interactions: J;,
Jo, and J;. Here, J; and J; represent couplings within the bond-
alternating Co2-Co2 chains, while J, describes the interaction
between Co1l and Co2 sites, as shown in Fig. 3b. To reflect the
results of magnetic structure refinement, we included single-
ion anisotropy terms D; and D,, aligning Col spins along the
c-axis and Co2 spins along the b-axis. These strong anisotropies
enforce orthogonality between Col and Co2 spins. As a result,
the J, exchange term, which involves perpendicular spins,
contributes zero energy since S;-S, = 0. For computational
simplicity—without compromising physical accuracy—we set
Jo = 0. This simplification improved numerical stability and
preserved the directional constraints of the system, enabling
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Fig. 8
at 5 meV and 10 meV.

powder-averaged simulations that reproduce the experimental
INS spectra with high fidelity. Taking into account of several
parameters (J;, J3, Dy and D,) and significant anisotropic
information loss in powder average INS data, we use an
iterative optimization procedure to narrow down the best
model which is consistent with the observed INS data and the
magnetic structure of Na,Coz(AsO,),(OH),. To assess the
uniqueness of our solutions and ensure no viable parameter
regions were overlooked, we conducted a systematic search of
the full parameter space for (Jy, J3, D1, D,) within the range
[—12, 12] meV, with J, fixed at 0. After testing various config-
urations, we identified several parameter sets that provided
relatively good fits to INS data, particularly in reproducing the
two flat modes at 5 and 10 meV. These optimal configurations
cluster into five distinct phases, labeled #1 through #5, as
shown in Fig. 8a. Moreover, this comprehensive search revealed
that D, is restricted to only two discrete values: —5 meV for
phases #1 and #2, and —2.5 meV for phases #3-#5. The agreement
with the experimentally refined spin configurations m,, was
confirmed for all phases with mean(|mgmu — Mexp|?) < 0.1.
The goodness of fit to the INS data was evaluated using the

Z }Ssimul(Qv E) - Sexp(Q7 E)|2

5 [Sew(@. )

Fig. 9 shows the possible solutions sets in the ( /3, J3) and (D, J3)
parameter space, with points color-coded by phase number (grey,
red, green, blue, and orange for phases #1-#5, respectively).
Here, point size and transparency reflect the RSD values, where
larger, less transparent points indicate better fits. The best
parameter set within each phase is marked with an “x”, with
phase #1 achieving the global minimum of RSD = 0.358. The
corresponding simulated S(Q, E) spectrum for the globally
optimal phase #1 is shown in Fig. 9b, while Fig. 9c¢ presents
the S(Q, E) spectra for the best parameter sets from #2 to #5
which exhibit slightly higher RSD values.

The complete coordinates ( /i, J», J3, D1, D») and RSD values
for the optimal parameter sets in each phase are listed in

relative squared deviation (RSD),
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(a) INS data with E; = 50 meV, showing CEF excitations at 26 meV and 32 meV. (b) INS data with £; = 20 meV, showing magnetic excitations

Table 4. While phase #1 achieves the best RSD value, both
the quantitative RSD differences and the qualitative compar-
ison of the simulated S(Q, E) spectra (Fig. 9b and c) reveal
relatively small variations between phases, making it difficult to
definitively exclude alternative solutions based solely on the
current INS data. Further measurements—such as on single
crystals or complementary experimental techniques—would be
necessary to further constrain the parameter space and distin-
guish between these competing solutions to achieve a more
definitive determination of the magnetic exchange parameters.
Additionally, the lack of spin dynamic studies on Kagome strip
materials prevents us from comparing our results with those of
similar systems. The inelastic neutron scattering data of
CazMn,0g has been reported, however no detailed model is
provided. The INS data of Ca,Mn;Og data shows some diffuse
modes below and above the Ty, suggesting some spin fluctua-
tions because of the low dimensionality of the magnetic lattice.

Conclusions

We report the synthesis and comprehensive magnetic analysis
of Co*" (Ser = 1) kagome strip compound, Na,C03(AsO4),(OH),.
In recent years, theoretical studies on kogome strip magnetic
materials have predicted the presence of multiple magnetiza-
tion plateaus that are quantum in nature. The focus of our
research has been on the study of static order and spin
dynamics of this novel class of materials to better understand
the inherited quantum properties. Na,Cos(AsO,4),(OH), crys-
talizes in a monoclinic crystal system with a nearly perfect
kagome strip magnetic lattice with a larger interlayer separa-
tion ~7 A. Bulk magnetic properties reveal an antiferromag-
netic transition at Ty = 14 K that shows some field dependence.
At 1.5 K, neutron powder diffraction was used to characterize
the zero-field magnetic structure which can be described
using the k-vector (0.5, 0.5, 0.5). In the proposed magnetic
structure, the Col moments are mostly directed along the [101]

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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(a) Scatter plot of parameter sets in the (J;, J3) (left) and (D5, J3) (right) parameter space. Points are color-coded by phase number (#1-#5): grey,

red, green, blue, and orange. Point size and transparency reflect RSD, where larger size and lower transparency indicate better RSD values. For each
phase, the best point (lowest RSD) is marked with “x". For all phases, J; is fixed to 0, and D, takes discrete values: —5 meV for phases #1 and #2, and
—2.5 meV for phases #3—#5. (b) Simulated S(Q, E) spectrum for the best point in phase #1, which represents the global optimum (lowest RSD).
(c) Simulated S(Q, E) spectra for the best points in phases #2-#5, which have slightly higher RSD values.

direction, with, the nearest neighbor spins coupled antiferro-
magnetically along the b-axis. The Co2 moments lie mostly
along the b-axis with a very small out of plane (a-axis) canting.
Inelastic neutron scattering confirms the presence of crystal
field excitations which supports the presence of J.i = 1/2 state
due to the unquenched spin-orbital coupling. The spin wave
spectrum collected at E; = 20 meV comprises two flat bands
centered at 5 meV and 10 meV. A simplified Heisenberg
Hamiltonian model that includes three nearest neighbors
exchange interactions and single ion anisotropy is sufficient
to describe the magnetic excitations. We conclude that our
work illustrates the complexity of magnetism arising from
kagome strip magnetic lattices. To gain a deeper understanding
of this system, it will be necessary to conduct further magnetic
and neutron scattering studies using single crystals. The aim of
our study is to inspire the search for other Co®>" and Cu®" based
kagome strip magnetic structures.

Table 4 Best-fit parameter sets (J;, J», J3, Dy, D) and corresponding RSD
values for phases #1-#5. Note: The J, term contributes no energy
because the Col-Co2 spins are orthogonal (51-S, ~ 0); therefore, it is
fixed to zero (see the text for full details)

Phase RSD J; (meV) [, (meV) J;(meV) D;(meV) D, (meV)
#1 0.358 —0.23 0 —0.86 —=5.0 —3.26
#2 0.468 1.34 0 —0.18 -5.0 —-1.67
#3 0.456 1.53 0 1.23 —2.5 —4.20
#4 0.379 —-0.24 0 —-1.74 —2.5 —2.22
#5 0.375 —1.53 0 0.46 —2.5 —2.37

Best parameter sets for each phase: (Ji, Ja, J3, D1, D,) coordinates and
corresponding RSD values for phases #1-#5.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

Author contributions

D. S. Liurukara lead the writing and data analysis. E. D.
Williams performed sample synthesis and structure character-
ization. S. Calder performed neutron powder diffraction experi-
ment and data analysis. V. O. Garlea performed INS experiment
and data analysis. T. Chen performed INS data analysis. C. C.
Buchanan and D. A. Gilbert perform bulk magnetic property
measurements. J. W. Kolis and D. A. Tennant involved in
writing and all co-authors made comments on the paper.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article has been included as part of
the manuscript supplementary information (SI). Supplemen-
tary information is available. See DOI: https://doi.org/10.1039/
d5qmo00922g.

CCDC 2484978 contains the supplementary crystallographic
data for this paper.®

Acknowledgements

The research at the Oak Ridge National Laboratory (ORNL) is
supported by the U.S. Department of Energy (DOE), Office of
Science, Basic Energy Sciences (BES), Materials Sciences and
Engineering Division. This research used resources at the High

Mater. Chem. Front.


https://doi.org/10.1039/d5qm00922g
https://doi.org/10.1039/d5qm00922g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qm00922g

Open Access Article. Published on 21 January 2026. Downloaded on 2/25/2026 4:58:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

Flux Isotope Reactor and Spallation Neutron Source, DOE
Office of Science User Facilities operated by ORNL. The beam
time was allocated to HB-2A (POWDER) and HYSPEC (BL14B)
on proposal numbers IPTS-32168 and 33656.] The synthesis,
crystal growth and X-ray diffraction were supported by NSF
award DMR - 2219129. Magnetic measurements taken at the
University of Tennessee were supported by the DOE Early
Career Program, Award DE-SC0021344. This manuscript has
been coauthored by employees of ORNL, which is managed by
UT-Battelle, LLC, under Contract No. DE-AC05-000R22725 with
the U.S. Department of Energy (DOE). The U.S. government
retains and the publisher, by accepting the article for publica-
tion, acknowledges that the U.S. government retains a nonex-
clusive, paid-up, irrevo-cable, worldwide license to publish or
reproduce the published form of this manuscript, or allow
others to do so, for U.S. government purposes. DOE will provide
public access to these results of federally sponsored research in
accordance with the DOE Public Access Plan.®”

References

1 Y. Tokura, M. Kawasaki and N. Nagaosa, Emergent Functions
of Quantum Materials, Nat. Phys., 2017, 13, 1056-1068.

2 B. Keimer and J. Moore, The Physics of Quantum Materials,
Nat. Phys., 2017, 13, 1045-1055.

3 F. Giustino, J. H. Lee, F. Trier, M. Bibes, S. M. Winter,
R. Valenti, Y. Son, L. Taillefer, C. Heil, A. 1. Figueroa,
B. Placais, Q. S. Wu, O. V. Yazyev, E. P. A. M. Bakkers,
J. Nygard, P. Forn-Diaz, S. De Franceschi, J. W. Mclver,
L. E. F. F. Torres, T. Low, A. Kumar, R. Galceran,
S. O. Vvalenzuela, M. V. Costache, A. Manchon, A. Kim,
G. R. Schleder, A. Fazzio and S. Roche, The 2021 Quantum
Materials Roadmap, J. Phys. Mater., 2020, 3, 042006, DOI:
10.1088/2515-7639/abb74e.

4 K. Head-Marsden, ]J. Flick, C. J. Ciccarino and P. Narang,
Quantum Information and Algorithms for Correlated Quan-
tum, Chem. Rev., 2021, 121, 3061-3120, DOIL 10.1021/
acs.chemrev.0c00620.

5 L. Balents, Spin Liquids in Frustrated Magnets, Nature,
2010, 464, 199-208, DOI: 10.1038/nature08917.

6 V. R. Shaginyan, V. A. Stephanovich, A. C. Msezane,
G. S. Japaridze, J. W. Clark, M. Y. Amusia and
E. V. Kirichenko, Theoretical and Experimental Develop-
ments in Quantum Spin Liquid in Geometrically Frustrated
Magnets: a Review, J. Mater. Sci., 2020, 55, 2257-2290, DOI:
10.1007/s10853-019-04128-w.

7 A. O. Scheie, E. A. Ghioldi, J. Xing, J. A. M. Paddison,
N. E. Sherman, M. Dupont, L. D. Sanjeewa, S. Lee,
A. ]J. Woods, D. Abernathy, D. M. Pajerowski, T. J. Williams,
S.-S. Zhang, L. O. Manuel, A. E. Trumper, C. D. Pemmaraju,
A. S. Sefat, D. S. Parker, T. P. Devereaux, R. Movshovich,
J. E. Moore, C. D. Batista and D. A. Tennant, Nat. Phys., 2023,
20, 74-81, DOI: 10.1038/s41567-023-02259-1.

8 C. Broholm, R. ]J. Cava, S. A. Kivelson, D. ]J. Nocera,
M. R. Norman and T. Senthil, Quantum Spin Liquids,
Science, 2020, 367, 668, DOI: 10.1126/science.aay0668.

Mater. Chem. Front.

View Article Online

Materials Chemistry Frontiers

9 A. Banerjee, P. Lampen-Kelley, J. Knolle, C. Balz, A. A. Aczel,
B. Winn, Y. Liu, D. Pajerowski, J. Yan, C. A. Bridges,
A. T. Saviciy B. C. Chakoumakos, M. D. Lumsden,
D. A. Tennant, M. Moessner, D. G. Mandrus and
S. E. Nagler, Excitations in the Field-induced Quantum Spin
Liquid State of a-RuCls, npj Quantum Mater., 2018, 3, 8, DOI:
10.1038/s41535-018-0079-2.

10 S. Chillal, Y. Igbal, H. Jeschke, J. A. Rodriguez-Rivera,
R. Bewley, P. Manuel, D. Khalyavin, P. Steffens,
R. Thomale, A. T. M. N. Islam, J. Reuther and B. Lake,
Evidence for a Three-dimensional Quantum Spin Liquid in
PbCuTe,0¢, Nat. Commun., 2020, 11, 2348, DOI: 10.1038/
$41467-020-15594-1.

11 B. Gao, T. Chen, D. W. Tam, C. Huang, K. Sasmal,
D. T. Adroja, F. Ye, H. Cao, G. Sala, M. B. Stone,
C. Baines, ]J. A. T. Verezhak, H. Hu, J. Chung, X. Xu,
S. Cheong, M. Nallaiyan, S. Spagna, M. B. Maple,
A. H. Nevidomskyy, E. Morosan, G. Chen and P. Dali,
Experimental Signatures of a Three-dimensional Quantum
Spin Liquid in Effective spin-1/2 Ce,Zr,O, Pyrochlore, Nat.
Phys., 2019, 15, 1052-1057, DOI: 10.1038/s41567-019-0577-6.

12 T.-H. Han, J. S. Helton, S. Chu, D. G. Nocera, J. A. Rodriguez-
Rivera, C. Broholm and Y. S. Lee, Fractionalized Excitations
in the Spin-liquid State of a kagome-lattice Antiferromag-
net, Nature, 2012, 492, 406-410.

13 D. Boldrin, B. Fak, E. Canevet, J. Ollivier, H. C. Walker,
P. Manuel, D. D. Khalyavin and A. S. Wills, Vesignieite: An S
= 1/2 Kagome Antiferromagnet with Dominant Third-
Neighbor Exchange, Phys. Rev. Lett., 2018, 121, 107203,
DOI: 10.1103/PhysRevLett.121.107203.

14 J. Xing, L. D. Sanjeewa, J. Kim, G. R. Stewart, M.-H. Du,
F. A. Reboredo, R. Custelcean and A. Sefat, Crystal Synthesis
and Frustrated Magnetism in Triangular Lattice CSRESe,
(RE = La-Lu): Quantum Spin Liquid Candidates CsCeSe,
and CsYbSe,, ACS Mater. Lett., 2020, 2, 71-75, DOI: 10.1021/
acsmaterialslett.9b00464.

15 H. D. Zhou, C. Xu, A. M. Hallas, H. ]J. Silverstein,
C. R. Wiebe, I. Umegaki, J. Q. Yan, T. P. Murphy,
J.-H. Park, Y. Qiu, J. R. D. Copley, J. S. Gardner and
Y. Takano, Successive Phase Transitions and Extended
Spin-Excitation Continuum in the S = 1 Triangular-Lattice

Antiferromagnet Ba;CoSb,Oy, Phys. Rev. Lett.,, 2012,
109, 267206, DOI: 10.1103/PhysRevLett.109.267206.
16 K. M. Taddei, V. O. Garlea, A. M. Samarakoon,

L. D. Sanjeewa, J. Xing, T. W. Heitmann, C. Cruz,
A. S. Sefat and D. Parker, Zig-Zag Magnetic Order and
Potential Kitaev Interactions in the Spin-1 Honeycomb
Lattice KNiAsO,, Phy. Rev. Res., 2023, 5, 013022, DOI:
10.1103/PhysRevResearch.5.013022.

17 G. Lin, J. Jeong, C. Kim, Y. Wang, Q. Huang, T. Masuda,
S. Asai, S. Itoh, G. Glinther, M. Russina, Z. Lu, J. Sheng,
L. Wang, J. Wang, G. Wang, Q. Ren, Q. Xi, W. Tong, L. Ling,
Z. Liu, L. Wu, J. Mei, Z. Qu, H. Zhou, X. Wang, J. Park,
Y. Wan and J. Ma, Field-induced Quantum Spin Disordered
State in spin-1/2 Honeycomb Magnet Na,Co,TeO¢, Nat.
Commun., 2021, 12, 5559, DOI: 10.1038/s41467-021-25567-7.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026


https://doi.org/10.1088/2515-7639/abb74e
https://doi.org/10.1021/acs.chemrev.0c00620
https://doi.org/10.1021/acs.chemrev.0c00620
https://doi.org/10.1038/nature08917
https://doi.org/10.1007/s10853-019-04128-w
https://doi.org/10.1038/s41567-023-02259-1
https://doi.org/10.1126/science.aay0668
https://doi.org/10.1038/s41535-018-0079-2
https://doi.org/10.1038/s41467-020-15594-1
https://doi.org/10.1038/s41467-020-15594-1
https://doi.org/10.1038/s41567-019-0577-6
https://doi.org/10.1103/PhysRevLett.121.107203
https://doi.org/10.1021/acsmaterialslett.9b00464
https://doi.org/10.1021/acsmaterialslett.9b00464
https://doi.org/10.1103/PhysRevLett.109.267206
https://doi.org/10.1103/PhysRevResearch.5.013022
https://doi.org/10.1038/s41467-021-25567-7
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qm00922g

Open Access Article. Published on 21 January 2026. Downloaded on 2/25/2026 4:58:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

18

19

20

21

22

23

24

25

26

27

28

29

30

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

T. Ono, H. Tanaka, H. A. Katori, F. Ishikawa, H. Mitamura and
T. Goto, Magnetization Plateau in the Frustrated Quantum
Spin system Cs,CuBry, Phys. Rev. B:Condens. Matter Mater.
Phys., 2003, 67, 104431, DOI: 10.1103/PhysRevB.67.104431.
R. Coldea, D. A. Tennant, A. M. Tsvelik and Z. Tylczynski,
Experimental Realization of a 2D Fractional Quantum Spin
Liquid, Phys. Rev. Lett., 2001, 86, 1335, DOI: 10.1103/
PhysRevLett.86.1335.

T. Isono, T. Terashima, K. Miyagawa, K. Kanoda and S. Uji,
Quantum Criticality in an Organic Spin-Liquid Insulator -
(BEDT-TTF),Cu,(CN)3, Nat. Commun., 2016, 7, 13494, DOL:
10.1038/ncomms13494.

J. Paddison, M. Daum, Z. Dun, G. Ehlers, Y. Liu, M. B. Stone,
H. Zhou and M. Mourigal, Continuous Excitations of the
Triangular-lattice Quantum Spin Liquid YbMgGaO,, Nat.
Phys., 2017, 13, 117-122, DOI: 10.1038/nphys3971.

P. Khuntia, M. Velazquez, Q. Barthélemy, F. Bert,
E. Kermarrec, A. Legros, B. Bernu, L. Messio, A. Zorko and
P. Mendels, Gapless Ground State in the Archetypal Quan-
tum Kagome Antiferromagnet ZnCuz(OH)eCl,, Nat. Phys.,
2020, 16, 469-474, DOI: 10.1038/s41567-020-0792-1.

T. Han, J. Singleton and J. A. Schlueter, Barlowite: A Spin-1/2
Antiferromagnet with a Geometrically Perfect Kagome
Motif, Phys. Rev. Lett., 2014, 113, 227203, DOI: 10.1103/
PhysRevLett.113.227203.

L. Clark, J. C. Orain, F. Bert, M. A. De Vries, F. H. Aidoudi,
R. E. Morris, P. Lightfoot, J. S. Lord, M. T. F. Telling,
P. Bonville, J. P. Attfield, P. Mendels and A. Harrison,
Gapless Spin Liquid Ground State in the S =1/2 Vanadium
Oxyfluoride Kagome Antiferromagnet [NH,],[C,H;,N]-
[V,O4F13s], Phys. Rev. Lett., 2013, 110, 207208.

M. Hering, F. Ferrari, A. Razpopov, I. I. Mazin, R. Valenti,
H. O. Jeschke and J. Reuther, Phase Diagram of a Distorted
Kagome Antiferromagnet and Application to Y-kapellasite,
npj Comput. Mater., 2022, 8, 10, DOI: 10.1038/s41524-021-
00689-0.

T. Sakai and H. Nakano, Critical Magnetization Behavior of
the Triangular- and Kagome-lattice Quantum Antiferromag-
nets, Phys. Rev. B:Condens. Matter Mater. Phys., 2011,
83, 100405(R), DOI: 10.1103/PhysRevB.83.100405.

S. Acevedo, C. A. Lamas, M. Arlego, P. Pujol, S. Acevedo,
C. A. Lamas, M. Arlego and P. Pujol, Magnon Crystals and
Magnetic phases in a Kagome-stripe Antiferromagnet, Phys.

Rev. B, 2019, 100, 195145, DOIL 10.1103/PhysRevB.
100.195145.
K. Morita, S. Sota and T. Tohyama, Magnetic Phase Dia-

grams of the Spin-1/2 Heisenberg Model on a Kagome-strip
Chain: Emergence of a Haldane phase, Phys. Rev. B, 2021,
104, 224417, DOI: 10.1103/PhysRevB.104.224417.

L. Bartolomé, L. Errico, V. Fernandez, M. Matera,
A. V. G. Rebaza and C. A. Lamas, Theoretical Model for
the Magnetic Structure of the Tellurite Sulfates Na,Cus-
(TeO3)(SO,)3(OH), and K,Cus(TeO;)(SO4)s(OH),, Phys. Rev. B,
2022, 106, 195119, DOIL: 10.1103/PhysRevB.106.195119.

S. Ghosh, R. R. P. Singh and M. Kumar, Frustrated spin-1/2
Heisenberg Model on a Kagome-strip Chain: Dimerization

31

32

33

34

35

36

37

38

39

40

41

View Article Online

Research Article

and mapping to a spin-orbital Kugel-Khomskii model, arXiv, 2024,
preprint, arXiv:2409.12530, DOL 10.48550/arXiv.2409.12530.

Y. Tang, W. Guo, H. Xiang, S. Zhang, M. Yang, M. Cui,
N. Wang and Z. He, Synthesis, Structure, and Magnetic
Properties of A,Cu;(TeO3)(SO,4)3(OH), (A = Na, K): The First
Compounds with a 1D Kagomé Strip Lattice, Inorg. Chem.,
2016, 55, 644-648, DOI: 10.1021/acs.inorgchem.5b01889.
D. C. Kakarla, Z. H. Yang, H. C. Wu, T. W. Kuo, A. Tiwari,
W.-H. Li, C. H. Lee, Y.-Y. Wang, ]J.-Y. Lin, C. K. Chang,
B. H. Chen, C.-W. Wang, C. A. Lee, M. M. C. Choubg and
H. D. Yang, Single Crystal Growth and Structural, Magnetic,
and Magnetoelectric Properties in Spin-frustrated Bow-tie
Lattice of a-Cus0,(Se0;),Cl,, Mater. Adv., 2021, 2,
7939-7948, DOI: 10.1039/D1MA00526].

L. J. V. Stimpson, E. E. Rodriguiez, C. M. Brown,
G. B. G. Stenning, M. Jura and D. C. Arnold, Magnetic
Ordering in a Frustrated Bow-tie Lattice, Mater. Adv., 2020,
1, 1841-1848, DOI: 10.1039/C7TC05187E.

O. Yakubovich, G. Kiriukhina, O. Dimitrova, A. Volkov,
A. Golovanov, O. Volkova, E. Zvereva, S. Baidya, T. Saha-
Dasgupta and A. Vasiliev, Crystal Structure and Magnetic
Properties of a New Layered Sodium Nickel Hydroxide
Phosphate, Na,Niz(OH),(PO,),, Dalton Trans., 2013, 42,
14718-14725, DOI: 10.1039/C3DT51657A.

J.-H. Liao, D. Guyomard, Y. Piffard and M. Tournoux,
K;Mn3(OH),(VO,),, a New Two-Dimensional Potassium
Manganese(I) Hydroxyvanadate, Acta Crystallogr., 1996,
C52, 284-286, DOI: 10.1107/S0108270195010559.

L. D. Sanjeewa, M. A. McGuire, C. D. McMillen, D. Willett,
G. Chumanov and J. W. Kolis, Honeycomb-like S = 5/2 Spin-
Lattices in Manganese(II) Vanadates, Inorg. Chem., 2016, 55,
9240-9249, DOI: 10.1021/acs.inorgchem.6b01286.

T. M. S. Pellizzeri, G. Morrison, C. D. McMillen, H. C. zur
Loye and J. W. Kolis, Sodium Transition Metal Vanadates
from Hydrothermal Brines: Synthesis and Characterization
of NaMn,(VO,)s;, Na,Mn3(VO,);, Na,Co3(VO,),(OH),, Eur.
J. Inorg. Chem., 2020, 3408-3415, DOIL: 10.1002/ejic.202000518.
D. E. Freedman, T. H. Han, A. Prodi, P. Muller, Q. Huang,
Y. Chen, S. M. Webb, Y. S. Lee, T. M. McQueen and
D. G. Nocera, Site Specific X-ray Anomalous Dispersion of
the Geometrically Frustrated Kagome Magnet, Herberts-
mithite, ZnCuz(OH)e¢Cl,, J. Am. Chem. Soc., 2010, 132,
16185-16190, DOI: 10.1021/ja1070398.

G. Sala, D. D. Maharaj, M. B. Stone, H. A. Dabkowska and
B. D. Gaulin, Crystal Field Excitations from Yb*" Ions at
Defective Sites in Highly Stuffed Yb,Ti,O,, Phys. Rev. B,
2018, 97, 224409, DOI: 10.1103/PhysRevB.97.224409.

S. M. Koohpayeh, ]J.-J. Wen, B. A. Trump, C. L. Broholm and
T. M. McQueen, Synthesis, Floating Zone Crystal Growth
and Characterization of the Quantum Spin Ice Pr,Zr,0,
Pyrochlore, J. Cryst. Growth, 2014, 402, 291-298.

D. R. Yahne, B. Placke, R. Schéfer, O. Benton, R. Mossner,
M. Powell, J. W. Kolis, C. M. Pasco, A. F. May,
M. D. Frontzek, E. M. Smith, B. D. Gaulin, S. Calder and
K. A. Ross, Dipolar Spin Ice Regime Proximate to an all-in-
all-out Néel Ground State in the Dipolar-octupolar

Mater. Chem. Front.


https://doi.org/10.1103/PhysRevB.67.104431
https://doi.org/10.1103/PhysRevLett.86.1335
https://doi.org/10.1103/PhysRevLett.86.1335
https://doi.org/10.1038/ncomms13494
https://doi.org/10.1038/nphys3971
https://doi.org/10.1038/s41567-020-0792-1
https://doi.org/10.1103/PhysRevLett.113.227203
https://doi.org/10.1103/PhysRevLett.113.227203
https://doi.org/10.1038/s41524-021-00689-0
https://doi.org/10.1038/s41524-021-00689-0
https://doi.org/10.1103/PhysRevB.83.100405
https://doi.org/10.1103/PhysRevB.&QJ;100.195145
https://doi.org/10.1103/PhysRevB.&QJ;100.195145
https://doi.org/10.1103/PhysRevB.104.224417
https://doi.org/10.1103/PhysRevB.106.195119
https://doi.org/10.48550/arXiv.2409.12530
https://doi.org/10.1021/acs.inorgchem.5b01889
https://doi.org/10.1039/D1MA00526J
https://doi.org/10.1039/C7TC05187E
https://doi.org/10.1039/C3DT51657A
https://doi.org/10.1107/S0108270195010559
https://doi.org/10.1021/acs.inorgchem.6b01286
https://doi.org/10.1002/ejic.202000518
https://doi.org/10.1021/ja1070398
https://doi.org/10.1103/PhysRevB.97.224409
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qm00922g

Open Access Article. Published on 21 January 2026. Downloaded on 2/25/2026 4:58:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

42

43

44

45

46

47

48

49

50

51

52

Mater. Chem. Front.

Pyrochlore Ce,Sn,0,, Phys. Rev. X, 2024, 14, 011005, DOI:
10.1103/PhysRevX.14.011005.

C. L. Sarkis, J. G. Rau, L. D. Sanjeewa, M. Powell, J. W. Kolis,
J. Marbey, S. Hill, J. A. Rodriguez-Rivera, H. A. Nair,
M. J. P. Gingras and K. A. Ross, Unravelling Competing
Microscopic Interactions at a Phase Boundary: a Single
Crystal Study of the Metastable Antiferromagnetic Pyro-
chlore Yb,Ge,O,, Phys. Rev. B, 2020, 102, 134418, DOI:
10.1103/PhysRevB.102.134418.

R. D. Shanno, Revised Effective Ionic Radii and Systematic
Studies of Interatomie Distances in Halides and Chaleogen-
ides, Acta Crystallogr., 1976, A32, 751-767, DOIL: 10.1107/
$0567739476001551.

Apex3, Bruker AXS Inc., Madison, WI, 2015.

G. M. Sheldrick, A Short History of SHELX, Acta Crystallogr.,
Sect. A:Found. Crystallogr., 2008, 64, 112-122, DOI: 10.1107/
$0108767307043930.

V. O. Garlea, B. C. Chakoumakos, S. A. Moore, G. B. Taylor,
T. Chae, R. G. Maples, R. A. Riedel, W. LynnG and D. L. Selby,
The High-resolution Powder Diffractometer at the High Flux
Isotope Reactor, Appl. Phys. A: Mater. Sci. Process., 2010, 99,
531-535, DOI: 10.1007/s00339-010-5603-6.

J. Rodriguez-Carvajal, Recent Advances in Magnetic Struc-
ture Determination by Neutron Powder Diffraction, Phys. B,
1993, 192, 55-69, DOI: 10.1016/0921-4526(93)90108-1.

A. S. Wills, A New, Protocol for the Determination of Magnetic
Structures Using Simulated Annealing and Representational
Analysis (SARAh), Phys. Rev. B: Condens. Matter Mater. Phys.,
2000, 680, 276-278, DOI: 10.1016/S0921-4526(99)01722-6.

J. M. Perez-Mato, S. V. Gallego, E. S. Tasci, L. Elcoro, G. de la
Flor and M. 1. Aroyo, Symmetry-Based Computational Tools
for Magnetic Crystallography, Annu. Rev. Mater. Res., 2015,
45, 217-248, DOIL: 10.1146/annurev-matsci-070214-021008.
M. L. Aroyo, J. M. Perez-Mato, C. Capillas, E. Kroumova,
S. Ivantchev, G. Madariaga, A. Kirov and H. Wondratschek,
Bilbao Crystallographic Server: I. Databases and Crystal-
lographic Computing Programs, Z. Kristallogr. — Cryst.
Mater., 2006, 221, 15-27, DOIL: 10.1524/zkri.2006.221.1.15.
D. Dahlbom, H. Zhang, C. Miles, S. Quinn, A. Niraula,
B. Thipe, M. Wilson, S. Matin, H. Mankad, S. Hahn,
D. Pajerowski, S. Johnston, Z. Wang, H. Lane, Y. W. Li,
X. Bai, M. Mourigal, C. D. Batista and K. Barros, Sunny.jl: A
Julia Package for Spin Dynamics, J. Open Source Softw., 2025,
10, 8138, DOI: 10.21105/j0ss.08138.

W. Low, Paramagnetic and Optical Spectra of Divalent
Cobalt in Cubic Crystalline Fields, Phys. Rev. B, 1958,
109, 256, DOI: 10.1103/PhysRev.109.256.

53

54

55

56

57

58

59

60

61

62
63

View Article Online

Materials Chemistry Frontiers

F. Lloret, M. Julve, J. Cano, R. Ruiz-Garcia and E. Pardo,
Magnetic Properties of Six-coordinated High-Spin Cobalt(II)
Complexes: Theoretical Background and its Application,
Inorg. Chim. Acta, 2008, 361, 3432-3445, DOI: 10.1016/
j-ica.2008.03.114.

B. Yuan, I. Khait, G. Shu, F. C. Chou, M. B. Stone,
J. P. Clancy, A. Paramekanti and Y. Kim, Dirac Magnons
in a Honeycomb Lattice Quantum XY Magnet CoTiOj, Phys.
Rev. X, 2020, 10, 011062, DOI: 10.1103/PhysRevX.10.011062.
C. B. Liy, C. C. Ma, T. Li, H. W. Wang, R. Chen, M. Y. Cui,
J. B. Cheng, J. B. He, S. J. Jin, Y. S. Luo and J. F. Wang,
Complex Magnetic Transitions and Possible Orbital Order-
ing in Multiferroic Co;TeO, Single Crystal, Phys. Rev. B,
2024, 109, 214408, DOI: 10.1103/PhysRevB.109.214408.

S. Zhang, S. Lee, E. Brosha, Q. Huang, H. Zhou, V. S. Zapf
and M. Lee, Out-of-plane Magnetic Phase Diagram of Kitaev
Quantum Spin Liquid Candidate Na2Co2TeO6, Phys. Rev. B,
2024, 110, 144431, DOI: 10.1103/PhysRevB.110.144431.

K. Balamurugan, S.-H. Lee, S.-S. Kim, J.-M. Ok, Y.-J. Jo,
J.-M. Song, S.-A. Kim, E. S. Choi, M. D. Le and ].-G. Park,
Successive Spin-flop Transitions of a Néel-type Antiferro-
magnet Li,MnO; Single Crystal with a Honeycomb Lattice,
Phys. Rev. B:Condens. Matter Mater. Phys., 2014, 90, 104412,
DOI: 10.1103/PhysRevB.90.104412.

L. D. Sanjeewa, V. O. Garlea, R. S. Fishman, M. Foroughian,
L.Yin, J. Xing, D. S. Parker, T. M. S. Pellizzeri, A. S. Sefat and
J. W. Kolis, Field Tunable Magnetic Transitions of CsCo,-
(M00,),(OH): A Triangular Chain Structure with a Fru-
strated Geometry, Mater. Chem. Front., 2023, 7, 1058-1071,
DOI: 10.1039/D2QM01272C.

L. D. Sanjeewa, V. O. Garlea, K. M. Taddei, L. Yin, J. Xing,
R. S. Fishman, D. S. Parker and S. A. Sefat, NaCo,-
(Se03),(OH): Competing Magnetic Ground States of a New
Sawtooth Structure with 3d” Co*" ions, Inorg. Chem. Front.,
2022, 9, 4329-4340, DOI: 10.1039/D2QI01072K.

K. A. Ross, J. M. Brown, R. J. Cava, W. Krizan, S. E. Nagler,
J. A. Rodriguez-Rivera and M. B. Stone, Single-ion Properties
of the Se¢ = 2 XY Antiferromagnetic Pyrochlores NaA'Co2F7
(A’ = Ca2+, Sr2+), Phys. Rev. B, 2017, 95, 144414, DOL:
10.1103/PhysRevB.95.144414.

B. Yuan, I. Khait, G.-J. Shu, F. C. Chou, M. B. Stone,
J. P. Clancy, A. Paramekanti and Y.-J. Kim, Dirac Magnons
in a Honeycomb Lattice Quantum XY Magnet CoTiOj, Phys.
Rev. X, 2020, 10, 011062, DOI: 10.1103/PhysRevX.10.011062.
https://www.energy.gov/doe-public-access-plan.

CCDC 2484978: Experimental Crystal Structure Determina-
tion, 2026, DOIL: 10.25505/fiz.icsd.cc2pdtlj.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026


https://doi.org/10.1103/PhysRevX.14.011005
https://doi.org/10.1103/PhysRevB.102.134418
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1007/s00339-010-5603-6
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1016/S0921-4526(99)01722-6
https://doi.org/10.1146/annurev-matsci-070214-021008
https://doi.org/10.1524/zkri.2006.221.1.15
https://doi.org/10.21105/joss.08138
https://doi.org/10.1103/PhysRev.109.256
https://doi.org/10.1016/j.ica.2008.03.114
https://doi.org/10.1016/j.ica.2008.03.114
https://doi.org/10.1103/PhysRevX.10.011062
https://doi.org/10.1103/PhysRevB.109.214408
https://doi.org/10.1103/PhysRevB.110.144431
https://doi.org/10.1103/PhysRevB.90.104412
https://doi.org/10.1039/D2QM01272C
https://doi.org/10.1039/D2QI01072K
https://doi.org/10.1103/PhysRevB.95.144414
https://doi.org/10.1103/PhysRevX.10.011062
https://www.energy.gov/doe-public-access-plan
https://doi.org/10.25505/fiz.icsd.cc2pdtlj
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qm00922g



