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Abstract

The magnetic structure of K,Co3(Mo0O,);(OH), is studied in detail. The material has a half-
sawtooth one-dimensional (1-D) structure containing two unique Co?" ions, one in the chain
backbone and one on the apex of the sawtooth creating a series of isosceles triangles along the b-
axis. These triangles can be a source of magnetic frustration. The ability to grow large single
crystals enables detailed magnetic measurements with the crystals oriented in a magnetic field
along the respective axes. It has a Curie-Weiss temperature fcy of 5.3(2) K with an effective
magnetic moment of 4.8(3) up/Co. The material is highly anisotropic with a sharp
antiferromagnetic ordering transition at 7 K with a metamagnetic transition at 2 kOe. Neutron
diffraction was used to determine the magnetic structure and revealed a magnetic structure with
canted spins along the backbone of the chain while spins along the sawtooth caps maintained a
colinear orientation, arranging antiferromagnetically relative to the backbone spins. The parallel
chains arrange antiferromagnetically relative to each other along the c-axis and ferromagnetically

along the a- axis.
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1. Introduction

The study of novel quantum materials is one of the most exciting aspects of modern materials
science, and relies on correlating the atomic structure and the magnetic lattice to determine the
fundamental physical properties.!> The synergy between materials chemistry and condensed
matter physics continues to stimulate the discovery of new materials with complex magnetic
properties. Magnetic materials with a geometrically frustrated triangular lattice have garnered
significant interest among these two scientific communities since they hold great potential to find
quantum spin liquid (QSL) candidates. These could be the key to future quantum based
applications such as quantum communication and computation.*> Two-dimensional (2-D)
materials with geometrical constraints, such as triangular, honeycomb, and Kagome lattices, are
the most studied candidates for quantum spin liquid behavior.®® Several other systems including
numerous complex triangular 2-D and one-dimensional (1-D) chains have been investigated.
Among these exotic materials, 2-D magnetic lattices including stripe Kagome and triangular stripe
layers, and 1-D triangular spin chains such as sawtooth chains, half sawtooth chains, and triangular
spin tubes are of particular interest because of their intriguing magnetic properties.!3-18
Competition between first, second, and third nearest neighbor magnetic exchange interactions
often leads to rich magnetic phase diagrams of these materials. Moreover, these materials provide
a platform to study the effect of the change of lattice dimensionality with different arrangements
of the basic triangular magnetic building unit.!%-20

Among these materials, sawtooth and half sawtooth chains represent special classes of triangular
1-D compounds.!*!7 The sawtooth magnetic lattice is comprised of corner-sharing triangles
pointing alternately in opposite directions in a sawtooth fashion along a 1-D chain, while in half-

sawtooth chains these triangles sit on only one side of the 1-D chain.'* Experimental realization of
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sawtooth and half-sawtooth lattice structures is scarce, but we recently made excellent progress in
synthesizing these materials using a high-pressure high-temperature hydrothermal method.!4-17
Using this method, large single crystals can be grown that are suited not only to collect detailed
anisotropic magnetic measurements, but also to perform single crystal neutron diffraction, thereby
allowing a detailed understanding of the fundamental magnetic properties of these materials.?!-23
A further advantage of hydrothermally grown single crystals is that their structural defects are
minimized by the lower temperatures and solution-based synthesis method, which is extremely
important in understanding the fundamental physical properties of these compounds.?*? In this
context, the use of tetrahedral oxyanion ([AsO4]-, [M0O4]*, [VO4]*") chemistry is an excellent
route to achieve novel 1-D materials.!41622 These non-magnetic oxyanion building blocks can
isolate the transition metal magnetic chains, minimizing the interchain interactions. They have
become a fertile ground to investigate novel quantum phenomena in low dimensional magnetic
materials because of these properties. We are investigating the magnetic properties of arsenate
([AsO4)*), molybdate ([MoQO4]*), and selenite [(SeO3)*] based transition metal sawtooth
compounds, which display a considerable range of unusual magnetic properties.'4'® Moreover,
these oxyanion-based structures also retain a wide range of structural flexibility by adopting

overall 1-D, 2-D and three-dimensional (3-D) crystal structures.?*2

Oxyanion-based sawtooth lattices Rb,Fe;,O(AsOy),, CsCoy(M00,),(OH) and NaCo,(SeO;),(OH)
exhibit complex and highly anisotropic magnetic properties.!#1® On the other hand, the sawtooth
structure euchroite-cuprate Cu,(AsO4)(OH) does not show any long-range magnetic ordering

down to milli-K temperatures, suggesting a magnetic frustration due to the competing interactions

in the frustrated S = 1/2 magnetic lattice.’® So far, Rb,Mn;3(Mo00O,);(OH), and
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K>Mn3O(OH)(VO4)(V,07) are the only candidates available as the half-sawtooth lattice.!”2’
Rb,Mn3(Mo0O,);(OH), exhibits a complex magnetic phase diagram with two consecutive magnetic
transitions, including a transition from a paramagnetic to an incommensurate phase below 4.5 K
and a commensurate antiferromagnetic (AFM) transition below 3.5 K, which have been previously
confirmed by single crystal neutron diffraction.!” KoMn;O(OH)(VO,)(V,07) is a unique half-
sawtooth chain structure made from edged-sharing Mn?"Og and Mn3'Og octahedra which
undergoes an antiferromagnetic transition at 7y = 14.4 K. The unique magnetic properties of these
compounds showcase the potential for exploiting novel magnetic materials that will pave the way

for greater fundamental understanding of 1-D triangular spin chain systems.

In this work, we report on the magnetic properties of the half-sawtooth K,Co3;(Mo00Q,4);(OH), single
crystals synthesized by a high temperature hydrothermal method. K,Co3(M0QO,);(OH), crystals
exhibit a pronounced anisotropic magnetic susceptibility and isothermal magnetization along the
Co—O—Co half-sawtooth chain direction (b-axis). The compound undergoes long range ordering
at 7 K and isothermal magnetization data confirms the presence of a field induced transition at
relatively low applied magnetic field (H < 2 kOe, H//b-axis). The magnetic structure was
investigated using single crystal neutron diffraction. Magnetic structure refinement reveals
ferromagnetic (FM) configuration along the Co—O—Co chain, and antiparallel arrangement

between the chains, resulting in an overall antiferromagnetic (AFM) ordering.

2. Experimental Section
Single crystals of K,Co3(M0QO,);(OH), were grown using the high-temperature high-pressure

hydrothermal method. A detailed hydrothermal synthesis and single crystals structure
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characterization is given in Ref 28. The typical size of the single crystals is 0.5 x 1 x 2.5 mm?.
Single crystal X-ray diffraction also used to confirm the orientation of the single crystals, with the
long axis of the crystals being the b-axis of the unit cell. The structural parameters determined
from single crystal X-ray diffraction at room temperature are given in the supporting information.

Table 1 displays the select bond distances and bond angles of K,Co3;(Mo00O,4);(OH)s.

Magnetic properties were determined using one single crystal with a mass of 6.8 mg.
Magnetometry measurements were performed using a vibrating sample magnetometer attached to
the Quantum Design Dynacool PPMS. Both temperature and field dependent magnetization data
were collected with the applied magnetic field along the crystallographic directions, a-, b- and c-
axis, respectively. The b-axis is the Co—O—Co chain direction as displayed in Figure 2 inset.
Temperature dependent magnetic measurements were collected from 350 to 2.5 K with the applied
magnetic field ranging from 100 Oe to 50 kOe. Isothermal magnetization data were collected up

to 50 kOe from 2.5 to 100 K.

Single-crystal neutron diffraction experiments were carried out using CORELLI spectrometer at
the Spallation Neutron Source (SNS) using a 20 mg single crystal. CORELLI is a quasi-Laue time-
of-flight instrument with an incident neutron wavelength band between 0.7 A and 2.9 A. It has a
large 2-D detector array, with a —30° to +150° in-plane coverage and +28° out-of-plane coverage.?*-
30 The sample was mounted horizontally on the (0k7) plane and the vertical rotation axis is along
the a-axis. Experiments were conducted by rotating the sample for =360 ° with a 3° step at base
temperatures of 100, 15 and 1.5 K. Bragg peaks collected at 1.5 K were used for the refinement

with total of 20900 Bragg reflections. The temperature dependence of the (3,1,0) magnetic
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diffraction peak was measured between 1.5 and 15 K to extract a magnetic ordering parameter.
The MANTID package was used for data reduction.?! The neutron diffraction data were analyzed
by using the Jana2020 and FullProf Suite Package and the magnetic space group was determined

using the MAXMAGN program in Bilbao Crystallographic Server.32-33

Table 1. Selected bond lengths and bond angles of K,Co3;(Mo00,);(OH), obtained from the single
crystal Xray diffraction. The refined single crystal Xray diffraction data: orthorhombic, Pnma (No.
62), a=17.9394(4) A, b=6.0836(2) A, c = 12.3969(4) A, V'=1352.95 A3,

Co(1)Og Co(2)04
Co(1)-0(1) 2.002(3) A Co(2)-0(1) 2.009(2) A
Co(1)-O(4) x 2 2.149(2) A Co(2)-0(2) 1.963(2) A
Co(1)-0(6) x 2 2211(2) A Co(2)-0(3) 2.156(2) A
Co(1)-0(9) 1.957(3) A Co(2)-0(5) 2.1212) A
Co(2)-0(6) 2318(2) A
Co(2)-0(8) 2.121(2) A
Co(1)-0(1)-Co(2) | 107.05° Co(2)-0(1)-Co(2) | 99.45°
Co(1)-0(6)-Co(2) | 90.83° Co(2)-0(2)-Co(2) | 100.44°
Co(2)-0(8)-Co(2) [92.61(2)° Co(2)-0(3)-Co(2) | 88.78°

Ji via O(1), O(8)
Co(2)-Co(2) = 3.067(2) A
J, via O(2), 0(3)
Co(2)-Co(2) =3.017(2) A
J; via O(1), O(6)
Co(1)-Co(2) = 3.226(2) A

3. Results

3.1. Crystal structure of K;Co3(MoO,);(OH),

K;,Co03(M00,);(OH); crystallizes in orthorhombic crystal system space group Prnma (No. 62) with
unit cell parameters of a = 17.9394(4) A, b= 6.0836(2) A, ¢ = 12.3969(4) A, and a resulting unit
cell volume of V' = 1352.95 A3, and with Z = 4. K,Co3(M00,)3(OH), and Rb,Mn;3(M00O4);(OH),
are iso-structures. A detailed discussion about the structure of K,Co3(M0QO,);(OH); is given in Ref

28, therefore the description given below focuses on the structure in the context of the magnetic
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properties. A picture of a hydrothermally grown, columnar-shaped single crystal is given in Figure
la. The projected view of the K,Co3;(M0QO,);(OH), structure along the b-axis shows the
connectivity between Co—O—Co half-sawtooth chains and the molybdate groups (Figure 1b). The
system is comprised of two unique crystallographic Co-sites: Co(1) located in 84 with Wyckoff
position of (0.40172(1), 0.25, 0.25767(6)) and Co(2) at 4c site (0.55509(5), 0.50205(4),
0.31399(6)). The edge-sharing, distorted CoOg-octahedra form Co—O-Co triangular chain
structures along the b-axis (Figure 1c). These chains are interconnected via [MoQO4]* groups to
form a three-dimensional structure. The Co(1) atoms sit at the apex of the triangle while the Co(2)
atoms form the base of the triangle (Figure 1¢). The Co—O bond distances of Co(1)Og4 octahedra
range from 1.957(3) A to 2.211(2) A and those of Co(2)Og octahedra range from 1.963(2) to
2.318(2) A, respectively, highlighting the distorted nature of the CoOg octahedron. In the
Co—O—Co chains one Co(1)O¢ shares edges with two Co(2)O4 octahedra via O(1) and O(6)
forming the [Co30;] triangular units. The Co(1)-O(1)—Co(2) and Co(1)-O(6)—Co(2) bond angles
are 107.05° and 90.83°, respectively. Within the [Co3;0;] triangular units, O(3) shares the center
between the Co(1)Og and two Co(2)Og¢ octahedron units. Moreover, each [Co3;0;] triangular unit
interconnects with two more [Co30;] triangular units in each side via a Co(2)Og unit by sharing
edges with O(3) and O(2) to form the half-sawtooth chain along the b-axis. The Co(2)-O(2)—Co(2)
and Co(2)—0(3)—Co(2) bond angles are 100.44° and 88.78", respectively. There are three different
nearest neighbor interactions within the Co—O—Co chains: J; (Co(2)-Co(2) = 3.067(2) A); J,
(Co(2)-Co(2) = 3.017(2) A); J5 (Co(1)-Co(2) = 3.226(2) A). Since Mo®" is nonmagnetic, the
[M00O4]* groups minimize direct exchange between the Co—O—Co chains of triangles. However,
the distance between the Co—O—Co chains is approximately =~6.5 A allowing for additional

interchain magnetic interactions. In spite of the fact that K,Co3;(Mo0O,4);(OH), and
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Rb,Mn;(Mo0O,);(OH), are structurally identical, the different spin values (S = 3/2 and § = 5/2 on
Mn vs. Co, respectively) and as well as subtle structural differences result in very different
magnetic properties. A notable difference between the structures is the distance between the
transition metal centers of the half-sawtooth chains. In Rb,Mn3;(Mo00QO,);(OH),, the Mn—Mn
distances are larger than the Co—Co distances in K,Co3(M00,);(OH),, partially due to the presence
of the larger Rb" ions. Also, the Shannon crystal radii is larger for high-spin Mn?* than Co?", at
0.970 A and 0.885 A, respectively.3® These two factors result in a larger unit cell and longer bond
distances in Rb,Mn3(Mo0QO,)3(OH),. For example, the average Co—O and Mn—O distances are
2.113(2) and 2.196(2) A for K,Co3(Mo0Q,);(OH), and Rb,Mn3(MoQ,);(OH),, respectively. A
similar behavior is observed with regard to the interchain distances (=6.5 and 6.8 A) for K- and
Rb-based half-sawtooth compounds. Thus K,Co3;(M00O,);(OH), has a more compact structure
which could increase the strength of the magnetic interactions and enhance the magnetic

anisotropy.
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Figure 1. (a) Hydrothermally grown single crystals of K,Co3;(M00O,);(OH),. (b) Partial polyhedral
view of K;Co3(M00O,);(OH), projected along the b-axis, showing packing of Co—O—Co half-
sawtooth chains in the structure. The K* ions reside inside the cavities made by CoOg octahedron
and MoO, tetrahedron. (c) Partial structure of Co—O—Co half-sawtooth chains made from edge-
sharing CoOg octahedra along the b-axis. The unequal J;, J, and J; exchange interactions are
shown using the solid pink line. The Co(2)-Co(2), J;, Co(2)—Co(2), J2, Co(1)-Co(2), J5, distances
are 3.067(2), 3.017(2) and 3.226(2) A, respectively.

3.2 Magnetic Properties of K;Co3(MoO,);(OH),

The magnetic properties of K,Co3(M00O,);(OH), were examined using the magnetic susceptibility
and the isothermal magnetization with the magnetic field oriented along the three crystallographic
axes. Figure 2 displays the temperature dependent magnetic susceptibility from 2 - 100 K,
measured while cooling in a 500 Oe magnetic field. Magnetic susceptibility in all three directions

exhibits a sharp rise below 20 K and a peak at around 7y = 7 K, which is in agreement with the

expected Néel temperature, followed by a rapid decrease with lowering temperature. There is a
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significant anisotropy between the crystallographic orientations especially at the transition
temperature. Here, the magnitude of the magnetic susceptibility is thirty times larger when the
magnetic field is along the Co—O—Co chain direction (b-axis, easy axis) compared to the other two
directions. Figure 2 inset shows the Curie-Weiss fit for the data along the b-axis from 150 - 350 K
yielding Ocw of 5.3(2) K and an effective magnetic moment of 4.8(3) ug/Co. The positive Ocw
suggests an overall ferromagnetic interaction along the Co—O—Co chain direction even though the
magnetic susceptibility behavior indicates AFM-like behavior at the phase transition. Magnetic
susceptibility along the a- and c-axis is not strictly linear due to the very weak signal because of
the highly anisotropic nature of the system. Curie-Weiss fits of the susceptibility measured along
the a- and c-axis produces similar effective magnetic moments, 4.5(2) and 4.6(3) ug/Co,
respectively (Supporting Information). However, the 6w values are significantly different, -49.2(3)
and -85.0(2) K along the a- and c-axis, respectively. A similar situation has been observed in other
anisotropic 1-D systems such as SrM(VO,4)(OH), M = Co and Ni, BaCo,V,035, CoGeO; and
CoV,04.193740 For example, in the SrCo(VO4)(OH) system Curie-Weiss fits along the a- (easy
axis), b- and c-axis revealed Ocyw values of 8, -47 and -181 K, respectively.?? The higher effective
magnetic moment of Co?* versus the ideal spin only values (S = 3/2, p.¢r = 3.8 up) is likely due to
the unquenched orbital moment in Co?* in a distorted octahedral environment. Similar situations
are very common for Co-based 1-D and 2-D triangular compounds.*-#* Figure 3a depicts the field
dependent magnetic data at 2.5 K along different crystallographic directions, which shows a large
magnetic anisotropy between the three axes. When the magnetic field along the Co—O—Co chain
direction (b-axis) the magnetization indicates a sudden jump at, H. = 2.0 kOe, indicating a field
induced magnetic transition. Comparatively, field induced transitions were observed at much

higher fields along the a- and c-axis, at 20 and 17.5 kOe, respectively. This suggests that the Co
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spins produce a ferromagnetic state as they rotate toward the b-axis. In other words, the two
magnetic sublattices of the antiferromagnetic chain (Co(1) and Co(2)) are capable of rotating the
magnetic spins along the b-axis in a much more favorable manner than along the a- and c-axes.
Further research on the exchange parameters will provide additional insight into this behavior.
Figure 3b displays the isothermal magnetization data along the Co—O—Co direction at various
temperatures 7= 2.5, 5, 10, 15, 20 and 100 K. At 2.5 K the magnetization reaches a saturation of
1.6 ug/Co. Above the Ty the step behavior of the magnetization curves vanishes and it adopts a
concave shape with a gradual saturation toward 1.6 pg/Co.* This could be due to the competing
AFM and ferromagnetic (FM) interactions of K,Co3(M0QO,);(OH),, where at lower temperatures
it behaves like an AFM, while sufficiently larger field stabilizes the FM phase even above Ty.
Similar behavior has been observed in pyroxene type 1-D structures such as NaMnGe,O¢ and
NaCrSi,04.4-4¢ To further elucidate the field induced transition along the Co—O-Co chain
direction, the field dependent magnetic susceptibility was measured from 0.1 to 50 kOe applied
magnetic fields below 20 K (Figure 3c¢). In this case magnetic susceptibilities measured for H > 1
kOe exhibit FM behavior by reaching a maximum at 2.5 K with the magnetic transition pushed
further towards the lower temperatures, suggesting a gradual development of a new field-induced
ferri- or ferromagnetic state.'* This further supports the isothermal magnetization data observed
when the magnetic field is along the chain direction. The overall magnetic properties suggest that
the field induced transition could be a spin-flip type magnetic transition along the half-sawtooth
chain direction, which at higher field reaches a fully saturated state. We observed a similar

behavior in our previous study of the sawtooth system, CsCo,(M0Q,4),(OH).!
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Figure 2. Magnetic susceptibilities, y = M/H, of K,Co3(M00Q4)3(OH), as a function of temperature
under an applied field of 500 Oe along the three crystallographic axes. Inset: K;Co3;(M0O4);(OH),
crystal highlighting the crystallographic b-axis (Co—O—Co chain axis) as the longest axis of the
crystals. Temperature dependence of the inverse magnetic susceptibility ' in the temperature
range 150 K— 350 K. The solid line represents the Curie—Weiss fitting to the data from 150 to 350
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Figure 3. (a) Isothermal magnetization data at 2.5 K along the three crystallographic axes. (b) The
isothermal magnetization data along the b-axis within the temperature range of 2.5 - 100 K. (¢)
Field dependent magnetic susceptibility of K,Co3;(M00O,);(OH), measured in different magnetic
fields along the b-axis (H = 100 Oe — 50 kOe) below 20 K.

0 10 16 20

3.3 Magnetic Structure of K;Co3(MoQO,);(OH),
Single crystal neutron diffraction data were collected at temperatures above and below the
magnetic transition. Figures 4a and 4b compare the slice data (HK0) measured at temperatures of

15 and 1.5 K, respectively. In the paramagnetic state, at 15 K, strong nuclear Bragg peaks appear
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at H = 2n positions (Figure 4a). Comparing to the diffraction pattern below the magnetic transition,
at 1.5 K, no additional forbidden peaks violating the reflection condition of the paramagnetic state
or superlattice reflections are observed at the magnetic ordered state (Figure 4b). A systematic
search for magnetic peaks was performed by subtracting the 15 K data as background from the 1.5
K data. The intensity of the Bragg peaks with odd number of / and & positions shows considerable
enhancement at low temperature. This survey confirms the magnetic propagation vector k =(0,0,0),
and the magnetic unit cell remains the same as the structural one. The final refinements were
carried out using the combined crystal and magnetic intensities from 1.5 K data. The temperature
dependence of the integrated intensity of the (3,1,0) peak is shown in Figure 4c. The change of the
(3,1,0) peak intensity was fitted using the I(T) o< (1-7/Ty)?; the fitted profile identifies Ty = 7.3(3)
K, in good agreement with the magnetization measurements. The obtained £ value is 0.33(2),
which is very close to the critical exponent value for the 3-D Ising model (8 = 0.3265(3)).47 A
similar Ising critical exponent has recently been reported for the quasi-1-D antiferromagnet S =

3/2 SrCo,V,0g system.*®

Starting from the paramagnetic space group of Pnma and the propagation vector k = (0,0,0) we
used the magnetic space group search available in MAXMAGAN in the Bilbao Crystallographic
Server. There are eight possible magnetic space groups available for the Pnma space group with a
k = (0,0,0) propagation vector: Pnma (No. 62.441), Pn'm'a’ (No. 62.449), Pnm'a’ (No. 62.447),
Pn'ma (No. 62.443), Pn'ma’ (No. 62.448), Pnm'a (No. 62.444), Pn'm'a (No. 62.446) and Pnma'
(No0.62.445). Further refinements were performed based on these possible magnetic space groups.
Note that the magnetic susceptibility and isothermal magnetization data confirm that the magnetic

moment is predominantly along the h-axis and the system is AFM. Therefore, the magnetic space
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groups with FM ground state can be easily excluded. The remaining four magnetic space groups
have the Co(1) moment only along the b-axis and the Co(2) moment allowed in all three directions.
Those four magnetic space groups are Pnma (No. 62.441), Pn'ma (No. 62.443), Pn'm'a’ (No.
62.449) and Pnma'(No.62.445). Among those, the Pnma’(No.62.445) refinement agrees well with

the experimental data obtained at 1.5 K (Figure 4d).

Figure 5a displays the schematic view of magnetic moments of the Co—O—Co half-sawtooth chain
along b-axis. According to the model Pnma' (No.62.445), within the half-sawtooth chain the Co(1)
moment (green arrow) and Co(2) (cyan arrow) moment are paired in opposite direction. The Co(1)
moment is constrained along the b-axis while Co(2) has a moment along all three crystallographic
directions. The Co(2) moment is canted along the b-axis and forms an undulating pattern along the
half-sawtooth chain direction. This arrangement gives a net moment to the half-sawtooth chain
(FM chains along the b-axis). Figure 5b shows the coupling of FM half-sawtooth chains within the
unit cell along the ab-planes; the FM half-sawtooth chains are parallel to each other along the a-
axis, however the polarity of the FM chains alternates along the c-direction creating an overall

AFM structure.

The refined magnetic moments of Co(1) and Co(2) are 0.81(3) ug (m, =0, m, = 0.81(3) ug, m. =
0) ) and 3.81(2) ug (m, = -1.362(1) ug, my, = -3.304(2) ug, m. = 1.594(2) up), respectively. The
ordered moment of Co(1) is significantly lower compared to the moment of Co(2) and to the
expected moment for spin only Co?" (S = 3/2), pers = 3.8 up/Co. This could be due to the different
degrees of frustrations of the two Co-sites which are arranged in a triangular fashion in the half -

sawtooth chain lattice. The lower moment could also be due to a possible spin-state transition from
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S =3/2 to S = 1/2 (spin crossover) at lower temperatures since Co?" could possess a Kramer's
doublet ground state (S.¢r = '2) in the presence of a crystal electric field and spin-orbital coupling
due to the distorted nature of the CoOg-octahedra; similar magnetic behavior is observed in
Rb,Fe;,0(AsOy),, CsCo0,(M004)>(OH) and NaCoy(SeOs),(OH) sawtooth structures.'*!7 For
example, the refined moments for the two Co sites in CsC0,(M004),(OH) are 1.5 and 3.7 g,
respectively. The exact nature for such behavior remains unclear and further theoretical and
experimental characterization including inelastic neutron scattering (INS) studies are essential to
uncover the underlying microscopic mechanism. Unfortunately no detailed INS studies of
sawtooth or half-sawtooth structures have been reported as yet. One may also notice that the
magnetic structure of K,Co3(Mo00O,4);(OH), is different from its sister compound,
Rb,Mn;(Mo0O,),(OH), where a complicated incommensurate-commensurate magnetic structure
was observed. Interestingly, we did not observe two magnetic transitions in either magnetic
susceptibility or neutron scattering experiments of K,Co3;(Mo00O4);(OH), down to 2 K. On the basis
of our findings, one can reason that the complexity of the magnetic properties among the saw tooth

and half-sawtooth spin chains is quite extensive.
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Figure 4. (a) Data for the (HKO) plane at 15 K. (b) Data for the (HKO) plane at 1.5 K. (c)
Temperature dependence of the (3,1,0) magnetic peak. (d) Single crystal of K,Co3(M00O,);(OH),

refinement of 1.5 K data showing the observed peak intensities versus the peak intensities of a
calculated model.
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Figure 5. (a) Stereographic view of spin structure of Co—O—Co half-sawtooth chain, the green
arrows represent the magnetic moments of Co(1) and cyan arrows represent the Co(2) . The nearest
neighbor Co distances are depicted as solid pink lines. (b) Overall magnetic structure at 1.5 K
showing the ferromagnetic chains along the ab-plane. These planes arrange opposite direction
creating a net AFM structure.

4. Conclusions

We continue our investigation of magnetically frustrated 1-D chains of the sawtooth and half-
sawtooth class of compounds. Our ability to grow large, high quality single crystals comprised of
1-D chains with sawtooth and half-sawtooth structures, enables detailed investigations into the
magnetic ordering within this unique configuration. In this work, we examined the magnetic
properties and magnetic structure of the half-sawtooth material K,Co3(M00O,);(OH),, which
contains S = 3/2 Co?" ions. The structure is highly anisotropic with the magnetic easy axis
coinciding with the long axis of the crystal, and the backbone of the sawtooth chain. The magnetic
transition observed at Ty = 7 K is antiferromagnetic but the Weiss intercept is slightly positive

(5.3(2) K) suggesting a ferromagnetic coupling in the structure. The effective magnetic moment is

4.8(3) ug which is well above the spin only value, but this is typical for Co?* ions as they commonly
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display spin orbit coupling. Isothermal magnetization exhibits a sharp field induced transition at 2

kOe, which can be resolved to a saturated state at a surprisingly low field of H = 2.5 kOe.

Neutron diffraction reveals an antiferromagnetic order as suggested by the magnetization data. The
Co(1) ions forming the caps of the sawtooth structure are ferromagnetically coupled to each other
along each chain, while the Co(2) ions in the backbone of the chain have canted vectors alternating
along the chain approximately ferromagnetically coupled to each other, but antiferromagnetically
related to the Co(2) ions within the chain. The half-sawtooth chains are antiferromagnetically
coupled within the unit cell. This complex magnetic structure is consistent with other 1-D chains
compounds. They can also show a very high sensitivity to external applied magnetic fields
exhibiting multiple field induced transitions and this behavior is often a function of the re-
orientation of the magnetic moment along the 1-D chain direction with the applied magnetic field.
Such intricate relationships also imply more involved coupling relationships among the ions within
and between the chains, and these values can be determined from subsequent inelastic neutron
scattering experiments. The availability of suitable large single crystals will enable inelastic
neutron scattering experiments in the future. As a result of the structural variation of the tetrahedral
bridging group, we are able to systematically examine a wide range of magnetic properties of

sawtooth and half-sawtooth chains.
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