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Frustrated spin-1/2 dimer compound K,Co,(Se0;); with easy-axis anisotropy
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Magnetic susceptibility, magnetization, and specific-heat measurements under both in-plane and out-of-plane
field on K,Co,(Se0Os3); single crystals are reported. The Co dimers in this compound, which are made from
face-sharing effective spin-1/2 CoOg octahedra, sit on the corners of a geometrically frustrating triangular planar
lattice. No long-range magnetic ordering is found down to 0.35 K, which, together with the large negative
Curie-Weiss temperature obtained from fitting the temperature-dependent magnetic susceptibility, indicates that
the system is magnetically frustrated. Analysis of the field and orientation dependence of the magnetic and
thermodynamic properties suggests the presence of an easy-axis anisotropy. The magnetic fluctuations present
due to geometric frustration are more resistant to an in-plane field than a perpendicular-to-plane field.
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I. INTRODUCTION

Spin-dimer systems are currently the subjects of intense
theoretical and experimental investigation due to the fact
that their magnetic interactions can provide access to novel
low-temperature states [1,2]. Dimer systems feature intrin-
sically strong antiferromagnetic (AFM) intradimer spin-spin
interactions, such that at zero applied field the ground state
is expected to be a singlet (S = 0)—the building block for
an overall nonmagnetic ground state that, in the absence of
further coupling, does not show long-range magnetic order-
ing down to zero temperature [3,4]. The singlet ground state
formed by static valence bonds in dimer systems is a valence-
bond solid, and has been confirmed in several materials [5-7].
In contrast, in recent years, particular attention has been paid
to singlets made from dynamic valence bonds, or the res-
onating valence-bond state, believed by many to underlie the
physics of high-temperature superconductivity and quantum
spin liquids [8]. Such quantum states are preferred in systems
with low spin and magnetic frustration. Strong geometric
frustration sustains quantum fluctuations and typically gives
rise to degeneracy that favors a spin liquid magnetic ground
state [4,9]. It is thus of interest to study materials based on
a geometrically frustrated triangular planar lattice decorated
by perpendicular-to-plane singlet-bearing spin dimers. Such
frustrated spin-dimer systems have been realized, for exam-
ple, in compounds with the general formula A3;M,0g, where
A is Ba or Sr, and M is a 5+ 3d transition metal like Cr or
Mn [10-12]. Singlet ground states in those frustrated dimer
systems have been confirmed experimentally [11,13,14], evi-
denced by a lack of long-range magnetic ordering, by a sharp
decrease in susceptibility, and by magnetization plateaus
in M(H).
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In most real triangular lattice materials, nevertheless, the
spin liquid state and geometric frustration can be bypassed
through the formation of a 120 ° noncollinear spin structure,
for XY and Heisenberg antiferromagnets, resulting in a long-
range ordered phase [15]. In contrast, Ising antiferromagnets
on a triangular lattice are of interest for their relative sim-
plicity, and the fact that they can realize a spin liquid phase
through geometric frustration [16]. Ising spins can be present
in real materials when the spins have a strong easy-axis
anisotropy; magnetic anisotropy indicates that the spins have
a preferred axial orientation in the absence of an applied
field. Typically, if the spins are aligned along a well-defined
axis, either parallel or antiparallel, then the system is usually
classified as an easy-axis system,; if the spins are confined in a
plane, then the system is categorized as easy plane. Therefore,
triangular antiferromagnets such as the Yb-112 compound
[17], which displays easy-plane anisotropy, appear to fall into
the category of Heisenberg magnets, while, when easy-axis
anisotropy is observed in systems, the spins are likely to be
Ising like.

The result of a mild hydrothermal reaction [18], the
existence and crystal structure of K,Co,(SeOs3); were first re-
ported in 1994. Inspection of the reported crystal structure and
atomic makeup of this compound reveals that it is a magnetic
system based on dimers of § = 1/2, 3d” Co*" ions arranged
on a triangular planar lattice, serving as an extension to
the current frustrated spin-dimer systems. The single crystals
obtained hydrothermally, however, are too small to be suit-
able for magnetic characterization. Here we report a crystal
growth method for K,Co,(SeOs3); that yields crystals suitable
for investigation by means of orientation-dependent magnetic
susceptibility, magnetization, and specific-heat studies. We
find that K,Co,(Se03), is a strongly frustrated magnet that
displays easy-axis anisotropy. Moreover, we observe several
magnetic characteristics that are common in spin-dimer sys-
tems, such as a broad transition in susceptibility with no indi-
cation of three-dimensional long-range ordering down to 0.35
K, and a magnetization plateau in the intermediate field re-
gion. Finally, we find that the dimer spins are less affected by
an in-plane magnetic field than a perpendicular-to-plane field.
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II. METHODS

Single crystals of K;Co,(SeO3); were synthesized via
solid-state reaction. Due to the volatility of carbonates and
the toxicity of selenium dioxide, dried K,CO3; (99%), CoO
(99%), and SeO; (99.9%) were mixed sealed in an evacuated
quartz glass tube with an optimal molar ratio of 1.3:2:3.2. The
ampoule was heated to 600 °C, held for 8 h, and then cooled
to room temperature in 8 h. The magenta color single crystals
were readily detached from the quartz tube wall by dissolving
the product in distilled water. The obtained single crystals are
stable in air and moisture.

The crystal structure of K;Co,(SeOs); at 100(1) K was
determined by single-crystal x-ray diffraction. The diffraction
data were collected on a single crystal with a Kappa Apex2
charge-coupled device diffractometer (Bruker) using graphite-
monochromated Mo-Ku radiation (A = 0.710 73 /0\). The raw
data were corrected for background, polarization, and Lorentz
factors and multiscan absorption corrections were applied.
Finally, the structure was analyzed by the Intrinsic Phasing
method provided by the SHELXT structure solution program
[19] and refined using the SHELXL least-squares refinement
package with the OLEX2 program [20]. The ADDSYM al-
gorithm in the program PLATON was used to double check
for possible higher symmetry [21]. The purity of the crushed
single crystals was examined by powder x-ray diffraction on
a Bruker D8 Advance Eco instrument with Cu Ko radiation
(» = 1.5406 A) at room temperature.

Both magnetization and specific-heat measurements were
performed using a Dynacool Quantum Design Physical Prop-
erty Measurement System. Anisotropic magnetization from
1.8 to 300 K was measured using the vibrating sample mag-
netometer function within the range of magnetic fields of
—9 to 9 T. Single crystals were mounted with GE var-
nish in two orientations, H||ab or H||c, on a silica sample
holder. The applied field for the temperature-dependent mag-
netic susceptibility x (7)) was H = 1 kOe, where y is defined
as M/H. Specific-heat data were collected down to 0.35
K under both in-plane and out-of-plane applied magnetic
fields.

III. RESULTS AND DISCUSSION

A. Crystal structure

The crystal structure of K;Co,(SeO3); measured at 100 K
is schematically shown in Figs. 1(a) and 1(b). The crystal
structure differs only in detail from what has previously been
reported for 300 K [18]. Quantitative crystal structure infor-
mation at 100 K is given in the Supplemental Material [22].
K>Co0,(Se03); crystallizes in the centrosymmetric hexago-
nal space group P63/mmc, No. 194, with unit cell a = b =
5.4715(7)A and ¢ = 17.510(3)10\. There are two layers per
unit cell, stacked along ¢, and thus there are two dimers in
each unit cell. The structural refinement shows that the K, Co,
and Sel atoms each fully occupy a single crystallographic
position. The O atoms also fully occupy well-defined posi-
tions (6 & and 12 k). However, the Se2 atoms, on the Wyckoff
position 4f, split into two sites with half-half occupancy,
resulting in minor structural disorder within the structure.
Tests to determine whether there is a superstructure present
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FIG. 1. (a) The crystal structure of K,Co,(SeO;); is constructed
from two layers of Co,0Og dimers, shown in blue polyhedra. The
half-colored Se(Il) sites display half-half occupancy, while the Se(I)
sites, which join the Co,Oq dimers in the plane, are fully occupied.
(b) Projection of the triangular lattice on the ab plane. The adjacent
Co dimers are connected via Se(I)O; tripods. (c) Schematic diagram
of the crystal structure of K,Co0,(SeOs); showing the hexagonal
network together with the Co*" spin dimers (pairs of blue spheres)
in the ab plane. The stacking of the triangular planes along the ¢
axis is an ABAB arrangement. The Co-Co distances within a dimer
dy (2.94 A), between the intraplane adjacent dimer d; (5.47 10\), d,
(6.21 A), and between two dimers in adjacent planes ds (6.61 A) and
d, (8.58 A) are shown in the plot.

for this material that would indicate full site-empty site Se2
ordering schemes (i.e. one site completely full and another site
completely empty, averaging out to half occupancy in the unit
cell and space group employed), were negative, and the crys-
tallographic E-value statistics (|[E> — 1|) obtained, 0.98, is
close to the theoretically expected value for a centrosymmetric
space group (0.97). Thus, the random distribution of Se2 on
two equivalent sites within the centrosymmetric space group
is confirmed. It can be assumed that over a short range (say,
over a few unit cells) the occupancy of one or the other of the
two possible Se2 sites is random. Due to the strong tripodlike
shape of the Se-O3 coordination polyhedron, required by the
Se lone pair, the disorder will be static rather than dynamic.
The magnetic part of the K,Co,(SeO3); crystal structure is
based on triangular planes of Co,Og dimers, formed by pairs
of face-sharing CoOg octahedra. The dimers are oriented per-
pendicular to the hexagonal basal plane. The two Co atoms in
the Co,0y dimers are quite close, with a separation of 2.96A.
This is indicative of strong magnetic interactions within the
dimer. Within the triangular plane [Fig. 1(b)], adjacent Co,Oy
dimers are connected to each other through the Se(I1)Os;
tripods, and therefore there is no disorder in their in-plane
coupling. Each Co dimer has six nearest-neighbor in-plane
dimers; the dimers are separated in plane by 5.49 A. K atoms
reside between the planes of magnetic dimers. The dimers
are stacked in an A-B-A-B stacking sequence along the ¢
axis. No disorder is present on the magnetic ion site. A
schematic view of the arrangement of the Co,0O9 dimers in
K;,Co0,(Se03); is shown in Fig. 1(c). Unlike the well-studied
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FIG. 2. (a) Anisotropic magnetic susceptibility of K,Co,(SeO3); measured on single crystal and polycrystalline samples at 0.1 T. The
calculated average magnetic susceptibility is plotted in red, overlapping with the measured susceptibility of polycrystalline powder. Inset
shows an expanded view of the broad transition at 4.5 K. (b) Inverse magnetic susceptibility 1/x (7 ) measured at 0.1 T. The red lines on
the inverse susceptibility represent the Curie-Weiss fitting between 200 and 300 K. (c) Total specific heat as a function of temperature for
K,Co0,(Se0O3); shown in logarithmic scale, measured under O and 5 T. The black curve illustrates the fit to the phonon contribution to the total
specific heat. (d) Temperature dependence of the magnetic specific heat divided by temperature, C,,/T . Inset shows the calculated magnetic
entropy as a function of temperature. The dashed line indicates the value of RIn2.

triangular-lattice dimer compound Bas;Mn,;Og in which the
interbilayer exchange couplings are significant due to short
Mn-Mn interlayer distance [12], the intraplane interactions
are dominating in K,Co,(SeQOs3)s because of a shorter distance
between the dimers within the plane (i.e., d; and d; are shorter
than d3 and d,), leading to a quasi-two-dimensional (quasi-
2D) triangular plane with substantial geometrical frustration.

B. Strongly frustrated magnetism

While the spin state of Co*>*(3d”) usually adopts a high
spin state (S = 3/2) in the high-temperature region, Co*"
is a Kramers doublet ion and the effective moment can be
described as spin-1/2 at low temperature due to the presence
of strong spin-obit coupling (SOC) and low-symmetric crystal
field [23-26]. Figures 2(a) and 2(b) show the temperature
dependence of the magnetic susceptibility of single-crystal
K»Co0,(Se03);3, measured for fields applied in the ab plane
and along the ¢ axis. The magnetic characterization of a

polycrystalline powder sample is also shown. As shown in
the inset of Fig. 2(a), for H||c, i.e., parallel to the dimers, no
sharp transition characteristic of a three-dimensional ordering
transition is seen in xj; a broad maximum near 5 K is appar-
ent, however, reflecting the presence of short-range magnetic
order below this temperature. Below 5 K x(T') decreases
rapidly, which is a characteristic feature in spin-dimer mate-
rials and indicates the opening of a spin gap [11,13,27,28].
A Curie-Weiss (CW) fit to the high-temperature (7" > 200 K)
susceptibility in the paramagnetic state yields a positive Curie-
Weiss temperature, ® = 17.1 K, and an effective moment of
Hefr,)| = 5.5ug/Co. When the applied field is within the plane,
i.e., perpendicular to the ¢ axis, the system shows neither long-
nor short-range ordering down to 1.8 K'in ) . A large negative
CW temperature of ® ; = —143.2 K and an effective moment
of pesr, 1 = 5.0 up/Co are derived from the fitting, indica-
tive of strong AFM interactions within the triangular lattice.
The magnetic susceptibility of the powder sample yields the
averaged behavior, giving rise to the CW fitting parameters
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of @, = —44.0 K and pefrp = 5.1 ug/Co. The red curve in
Fig. 2(a) shows the average magnetic susceptibility y of the
single crystal given by ¥ = 1/3x; +2/3x.. The calculated
value matches well with the measured susceptibility of the
powder. It is worth noticing that the effective moment for
each dimerized spin is comparable to that in isolated Co sys-
tems [29,30], ruling out the formation of the covalent bonds
that strongly suppress the magnetism in other transition-metal
dimer systems [31].

The zero-field specific-heat C,(T') of a K;Co,(SeO3);
single crystal is displayed in Fig. 2(c). At zero field, no A
peak, associated with long-range magnetic ordering, can be
observed down to 0.35 K. There is finite specific heat below
2 K, which points to a possible spin liquid low-temperature
state. The lack of a magnetic ordering transition down to the
lowest measuring temperature, 0.35 K, yields the empirical
frustration parameter f = % > 126 for K,Co,(SeO3)3, sug-
gesting that it is a strongly frustrated magnetic system. A
broad maximum is observed near 5 K, however, consistent
with the temperature where a broad transition is found in
Xx(T). A similar feature observed in the spin-dimer com-
pound Sr3Cr,Og has been attributed to the presence of a spin
gap between a singlet ground state and excited triplet states
[13]. After applying an external field of 5 T, the specific heat
shows a broad peak around 5 K then approaches zero at lower
temperatures.

Since a nonmagnetic isostructural reference is not avail-
able, we use the equation Ciugice(T) = ,BT3 to roughly fit
the specific-heat data in the temperature region above 20 K,
shown in Fig. 2(c), and estimate the magnetic specific heat.
The conventional conduction electron contribution C,;(T) =
yT to the specific heat is negligible at low temperature in
a nonmagnetic compound with low carrier density. Thus the
C,(T) for a nonmagnetic analog will be dominated by a
phonon contribution Ciyice(7'), Which obeys the Debye-73
power law in this temperature range. Fitting of this formula
to the experimental data between 20 and 30 K yields a De-
bye temperature ®p = 146.5 K. The magnetic contribution
C,,(T) to the specific heat can then be obtained by subtracting
the estimated lattice contribution Cigice (T') from the observed
specific heat. The result is plotted as C,,,(T)/T vs Tin Fig. 2(d)
in zero field. Despite the anomaly near 5 K, an upturn is
present at low temperatures. Any potential nuclear contribu-
tion from Co or the other atoms present is insignificant in
this temperature range due to the small hyperfine field—and
thus the contribution of nuclear states to the total specific
heat is at least two orders of magnitude lower than what
is observed here [32]. Thus, the upturn at low temperatures
appears to be an intrinsic feature, arising from the magnetic
spins in this system. A similar upturning feature observed in
a Co-based triangular lattice compound has been considered
as an outcome of dynamic spin fluctuations [29,33]. After sub-
tracting Ciarice (7)) from the total specific heat and assuming an
extrapolation to 0 K below the lowest measured temperature
of 0.35 K, we calculated the total magnetic entropy S,,(T") by
integrating the magnetic contribution C,,,(7')/T from T = 0 to
30 K. As shown in Fig. 2(d), at T ~ 30 K, the total entropy for
both fields reaches almost RIn2 = 5.76 J/mol /K, as expected
for an effective spin-1/2 state or a two-state Ising system.
The significant increment in total entropy near 5 K reflects
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FIG. 3. (a) Magnetic field dependence of magnetization of
K,Co0,(Se03), single crystals with the field parallel to the crystal-
lographic ¢ axis and ab plane at base temperature. (b) Differential
of magnetization as a function of field. A magnetization plateau is
evident between 4 and 6 T.

short-range magnetic ordering, perhaps of the Co spins within
the dimers.

C. Easy-axis anisotropy

The magnetic anisotropy of single crystal of
K»Co0,(Se03); was determined by measuring the isothermal
magnetization M(H). Figure 3(a) shows the hysteresis loop
measured both in (H||ab) and perpendicular to the triangular
basal plane (H||c) at 2 K. No magnetic hysteresis can
be observed for either direction. At 2 K, a metamagnetic
transition is seen for (H||c), with a magnetization plateau
present in the applied field region near 4-6 T [Fig. 3(b)]. In
the plateau, a saturated moment of 1.2 ug,Co is observed.
With increasing applied field, the magnetization increases
but does not saturate up to 9 T. Magnetization plateaus
are quite common in frustrated magnets, corresponding to
different spontaneous broken symmetries [34]. Since here we
are not able to achieve lower temperature and obtain a full
saturation moment due to a lack of high-field magnetization
data, the origin of this magnetization plateau remains unclear
and requires further investigation. There are experimental
observations of successive magnetization plateaus in the
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FIG. 4. The temperature-dependent total specific heat of K,Co,(SeO3); measured at various applied magnetic fields, with H||c (a) and

H||ab (b).

quasi-2D dimer compound SrCu,(BO3), or the frustrated
spin-dimer system Ba3;Mn;Qsg, in which such magnetization
plateaus have been attributed to the successive formation
of different spin superlattices [35,36] or the field-induced
condensation of a triplet state [37,38].

In the case of H||ab, the magnetization increases mono-
tonically with applied field without any features. The linear
field dependence of H ||ab is consistent with a continuous spin
reorientation when the applied field rotates the moment to be
aligned with the plane. Compared to the other field orienta-
tion, the magnetization changes less with field for H||ab, and
is far from saturation at 9 T. Although the magnetic anisotropy
of Co** contains a significant contribution from the SOC, the
metamagnetization together with the large magnetic moment
when the field is applied along the ¢ axis indicate that a
large easy-axis anisotropy is present in the layered compound
K2C02(5803)3.

We also investigated the specific heat under both in-plane
and out-of-plane field, which provides another view on the
anisotropic magnetization. As shown in Fig. 4(a), for exter-
nal field applied along the easy axis, i.e., the ¢ axis, the
specific-heat C,/T exhibits a broad maximum around 5 K
together with an upturn at lower temperatures, indicative
of the presence of large magnetic entropy. With increasing
field, the high-temperature hump gets enhanced in inten-
sity and shifts to slightly higher temperatures. In contrast,
the low-temperature upturn remains unaffected below 2 T,
and then evolves into a Schottky-type anomaly with its cen-
ter moving to higher temperatures until it merges with the
high-temperature hump. The origin of such a heat capacity
anomaly is complicated by its insensitivity to low magnetic
fields, calling for further investigation. In Fig. 4(b), the field
effect displays similar trend for H||ab despite that the low-
temperature upturn evolves into a conventional broad peak
until 3 T. Thus, it can be speculated that the high-temperature
hump is associated with an intrinsic bulk property that is
insensitive to the field direction in this field and temperature
range, presumably related to the short-range magnetic order-
ing. In contrast, the upturning feature below 2 K suggests

large magnetic entropy due to quantum fluctuations, which
are a consequence of the strong magnetic frustration within
the triangular plane. Thus, when the field is applied along
the easy axis and suppresses the intraplane antiferromagnetic
interactions between Co moments, such quantum fluctuations
due to geometric frustration get disrupted and the system
develops into a conventional short-range correlated state. Sim-
ilarly, since the spins are more resistant to the in-plane field,
the quantum fluctuations survive until larger field.

IV. CONCLUSIONS

In conclusion, we have investigated the magnetic and
thermodynamic properties of a Co dimer-based compound,
K,Co0,(Se03)s3, under a magnetic field applied both perpen-
dicular (H||c) and parallel (H ||ab) to the triangular plane. The
magnetic dimers are made of face-sharing Co octahedra and
sit on triangular plane. Strong intralayer antiferromagnetic
interactions between Co moments are derived from the large
negative Curie-Weiss temperature ®; = 143.2 K. Together
with the fact that no long-range magnetic ordering is detected
down to 0.35 K, we expect the strong magnetic frustration
within the triangular plane. Characteristic features of spin-
dimer systems are observed in x|, with a broad transition near
5 K and a sudden drop in susceptibility below that temper-
ature. The zero-field magnetic specific heat shows a broad
hump near 5 K, which we speculate is due to the short-range
magnetic correlations that are associated with the formation of
the singlet state in the dimers. At a temperature below 2 K, a
significant enhancement is observed in the magnetic specific
heat. We propose that the large magnetic entropy present at
low temperature is a result of strong quantum fluctuations due
to geometric frustration. Both magnetization and specific-heat
measurements show a field-orientation dependence that points
to an easy-axis anisotropy in K,Co,(SeO3);. For magnetic
field applied along the ¢ axis, a metamagnetic transition is
observed, with a magnetization plateau clearly present at 2 K.
The intermediate spin structure in this state is stable enough
to resist to the thermal effects present at 2 K.
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In addition, the field orientation has a direct impact on the
magnetic frustration. Since the Co spins are more resistant
to a perpendicular field, i.e., a field applied in the plane,
quantum fluctuations result from the geometric frustration are
less likely to be affected so that a spin liquid ground state
can be preserved up to higher field. We hope that further
experimental work on three-dimensional spin-dimer system
on triangular lattice will be of interest.
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