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Structural deformation of the S = 1 kagome-lattice compound KV;Ge,0y
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The dielectric and structural properties of the S = 1 kagome antiferromagnet KV;Ge,Oy are examined.
The low-temperature structure below 50 K is orthorhombic with a typical correlation length of 8 nm. While
the high-temperature hexagonal phase can be considered C-centered orthorhombic, the C-centered symmetry
is broken below 50 K. The low-temperature symmetry does not support the simplex solid state, which is the
theoretically expected ground state for the S = 1 kagome lattice. Above 60 K, incommensurate lattice modulation
is observed. The lock-in transition suggests that the origin of the orthorhombic deformation is the development

of a short-range magnetic ordering.
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Antiferromagnetic kagome lattices have long been studied
because of the frustrated nature of their magnetism.In S = 1/2
cases, where the quantum effect is maximal, the ground state
is an exotic quantum spin-liquid state, whose nature is still
under debate [1-4]. In the case of S = 1 frustrated magnets,
the situation can be very different. Spin liquids or spin nematic
states have been discussed for S = 1 triangular lattices [5-7].
As for theoretical studies of S =1 kagome lattices having
nearest-neighbor interactions, the simplex solid state, which
is schematically presented in Fig. 1(b), has been suggested
by various groups to be the ground state [8—11]. In this
state, the upward-pointing triangles and downward-pointing
triangles are not equivalent in order to form singlet units
by trimerization. The inversion symmetry is spontaneously
broken. Taking the biquadratic term Jpg » -, (S; - S )%, where
(ij) denotes nearest-neighbor pairs, into the Hamiltonian,
the ground state can be altered. While the ground state
remains unchanged for small positive Jp,, it turns into a
ferroquadrupolar phase [12] when J;, is negative [8,9]. The
effect of the next-nearest-neighbor interaction J” is reported in
Ref. [11]. In accordance with other theoretical works, a weak
J” yielded the simplex solid ground state. Both positive and
negative J” stabilize antiferromagnetic ordering, although the
magnetic structures are different from each other.

Experimentally, only a few S = 1 kagome antiferromag-
nets, such as NaVgOq; [13,14], m-MPYNN - BF, [15,16], and
KV3Ge,0g [17], have been reported. Although they appear to
be described by the same Hamiltonian, their low-temperature
structures and therefore their ground states are different. The
magnetic state of the S = 1 kagome lattice in NaV¢O; is a
singlet state [13] accompanied by an apparent lattice distortion
that produces V trimers, keeping the size of the unit cell
constant [14]. m-MPYNN - BF, isregardedasa § = 1 kagome
lattice below 20 K [15], and its magnetic ground state is
nonmagnetic [18]. Unfortunately, this compound is known
to have a structural deformation characterized by the wave
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vector (1/3, 1/3, 0) below 129 K[16], which is far above the
characteristic temperature of magnetism.

KV3Ge,Og appears to be an ideal S = 1 kagome lattice.
It has no clear magnetic phase transition down to 2 K, and
only a bump in magnetic susceptibility around 70 K has been
reported [17]. Because its Weiss temperature is —250 K, its
magnetism is strongly frustrated. The magnetic ground state
of KV3Ge, 09 does not seem to be either a singlet state or an
antiferromagnetic ordered state [17]. In this paper, we report on
the structural properties of the S = 1 kagome antiferromagnet
KV3Ge,0y. Dielectric measurements suggested no signature
of the breaking of inversion symmetry. X-ray diffraction
measurements showed broad superlattice reflections at low
temperatures, indicating that the symmetry changes from
hexagonal to orthorhombic below 50 K. The magnetic ground
state is discussed based on the low-temperature structure of
the compound.

Single crystals of KV3Ge,O9 were grown by the hy-
drothermal method. The outer shape of the crystals was
that of a bulky hexagonal column, with a typical volume of
3 mm?. The space group of the crystals was P63/mmc, with
a- and c-lattice parameters of 5.862 and 13.709 A, respec-
tively [17]. Throughout this paper, the hexagonal unit cell
presented in Fig. 1(a) is generally used; a subscript O is added
when the orthorhombic notation is used. Because the simplex
solid state breaks the inversion symmetry, we examined the
dielectric properties of the single crystals. The real (¢’) and
imaginary (&”) parts of the dielectric constant along the a and
¢ axes were measured using an LCR meter (Agilent E4980A)
in a frequency (f) range of 0.1 to 200 kHz.

Figure 2(a) shows the temperature (7') dependences of
the relative dielectric constants at 1, 10, and 100 kHz
along the a (e); left) and ¢ (¢); right) axes. No clear
frequency-independent anomaly was observed, suggesting that
no inversion-symmetry-breaking phase transition occurs down
to the lowest temperature examined. ¢/, is three to four times
larger than &/, showing that the compound is dielectrically
active within the ¢ plane. The strong frequency dependences
of ¢/, observed in the temperature range 30 to 80 K means that
a noticeable dielectric relaxation occurs in this temperature
range. This relaxation behavior also appears in the temperature
dependence of ¢” along the a axis (&) as shown in Fig. 2(b).
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FIG. 1. (a) Hexagonal unit cell (¢ and b) and orthorhombic
unit cell (ap and by) of a kagome lattice. The cell volume of the
orthorhombic cell is twice that of the hexagonal cell; the orthorhombic
cell has a C-face-centered symmetry, while the hexagonal cell
is primitive. (b) Schematic of the simplex solid state, which is
compatible with the original hexagonal unit cell. (c, d) Lattice
distortion modes along the a, direction that are described by the
orthorhombic cell.
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FIG. 2. Temperature profiles of (a) the real and (b) the imaginary
parts of the dielectric constant of KV3;Ge,Oy collected at several
frequencies. The left and right vertical axes in (a) indicate the values
parallel to the a and c axes, respectively. (c) Temperature variation of
the relaxation time.
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The double-peak feature indicates that there are two modes
of relaxation. The dielectric relaxation time (7) was examined
to study this two-component relaxation. T was derived from
the frequency dependence of isothermal ¢/, by fitting with the
empirical Cole-Cole function as reported previously for several
relaxor and dispersive dielectrics [19,20]. The temperature
dependence of 7 is shown in Fig. 2(c). A two-component
relaxation behavior is also observed for 7. The gradient of
7, which indicates the excitation energy, drastically changes
around 60 K.

Because a broad peak feature in the magnetic susceptibility
around 60 K has been reported [17], it was expected that the
dielectric relaxation affects (or is induced by) the magnetism
through a magnetoelectric or -elastic coupling. However, the
effect of the magnetic field on the dielectric constant was
less than 0.05% under a magnetic field of 7 T. To investigate
the origin of the dielectric and magnetic anomalies observed
around 60 K, a structural study was performed.

Single-crystal x-ray diffraction measurements were per-
formed with a four-circle diffractometer attached to an
18-kW Mo rotating anode x-ray source. Incident x rays were
monochromatized with a bent graphite crystal. The signal was
detected with a CdTe solid-state detector. The typical exposure
time for superlattice reflections was 100 s per data point.
The sample temperature was controlled with a closed-cycle
refrigerator. Some of the measurements were carried out with
11-keV synchrotron x rays at BL-3A of the Photon Factory,
KEK, Japan.

The temperature dependences of the lattice parameters
are presented in Fig. 3. As shown, the thermal expansion is
anisotropic, and the anisotropy is enhanced below 70 K. The
width of the rocking curve of the 220 Bragg reflection as a
function of the temperature is shown in the inset in Fig. 3. The
peak width increased slightly below 100 K, which suggests that
the crystal family changes from hexagonal at low temperatures.
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FIG. 3. Temperature variation of the lattice parameters normal-
ized by those measured at 300 K. The ag-lattice parameter was
measured with synchrotron radiation, while the c-lattice parameter
was measured with a laboratory source. Inset: Temperature variation
of the 220 rocking curve width. The gray curve is a guide for the eye.
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FIG. 4. Scattered intensity distribution around 031 Bragg reflec-
tion measured at (a) 300 K, (b) 30 K, and (c) 120 K. Superlattice
reflections indexable by multidomain orthorhombic cells are clearly
shown at 30 K. At 120 K, the superlattice peaks shift and broaden.
The dashed arrow shows the modulation vector g,,. The right panel
in (c) shows two-dimensional Gaussian fitting results. Open circles
show the positions of the superlattice reflections at 30 K. Red and
blue arrows indicate the amount of peak splitting.

To clarify the low-temperature structure, we searched for
superlattice reflections at 30 K. Scattered x-ray intensity
distributions around the 031 Bragg reflection measured at
300 and 30 K are presented in Figs. 4(a) and 4(b). Clear
superlattice reflections characterized by the wave vector
(1/2, 0,0) (and symmetrically equivalent wave vectors) were
observed. The typical peak height was 10~* times as strong as
that of typical Bragg reflections. The superlattice peaks were
observed only at odd-/ positions, indicating that the stacking
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of the superstructure is antiphase. The peak widths of the
superlattice reflections were broad, and the in-plane correlation
length was found to be 8 nm. Possible low-temperature unit
cells are hexagonal 2a x 2b x ¢ and orthorhombic (a + b) x
(@a—b) x c=ap x by x c; corresponding reciprocal lattice
vectors for the latter as well as that for the high-temperature
hexagonal lattice are shown in Fig. 4(a). Because only the
orthorhombic cell accounts for the broadening of the rocking
curve presented in the inset in Fig. 3, the orthorhombic
structure is found to be the ground state of this compound.
In the orthorhombic notation, the high-temperature hexagonal
phase is C-centered orthorhombic. The appearance of the
superlattice reflections indicates that the C-centered symmetry
is broken.

There was no superlattice intensity on the (On1) line. For
example, the (0 3.5 1) position can be indexed as the (071)¢
reciprocal lattice point in the orthorhombic cell, which has
no intensity as shown in Fig. 4(b). This result means that the
atomic displacement is parallel to the a, direction, because
the superlattice intensity is proportional to |Q - u|?, where
0 and u denote the scattering vector and the displacement,
respectively [21].

The lack of C-centered symmetry induced by the lattice
distortion along the a, direction leads us to the structural
models presented in Figs. 1(c) and 1(d), which are both
centrosymmetric. The structure presented in Fig. 1(c) has the
same symmetry with resonating bow ties as that suggested
in Ref. [22]. The distortion mode [Fig. 1(c)] causes some
intensity at (hk1)o with h:even and k:odd but does not cause
any intensity at 4:0dd and k:even. The mode in Fig. 1(d) has
reversed superlattice reflection conditions. The experimental
results show no distinct reflection conditions in the / = 1 plane
except for the absence of 1y = 0 peaks, indicating that both
modes are involved in the real low-temperature structure.

The superlattice peaks shift their positions with increasing
temperature. Figures 4(b) and 4(c) show the maps obtained at
30 and 120 K. The superlattice peaks at 30 K are at commen-
surate positions, while those at 120 K are at incommensurate
positions. The temperature variations of the superlattice peak
intensity, position, and peak width obtained from the line
profiles along the (8,3 4 §,1) line are summarized in Fig. 5.
The peak intensity decreases monotonically with increasing
temperature. Although we could not see any superlattice
reflection above 280 K, a clear phase transition temperature
was barely observed in the temperature variation of the
integrated intensity. In contrast, a distinct lock-in transition
is clearly shown at 55 +5 K in Fig. 5(b). The peak width
observed for the incommensurate phase is broader than that for
the commensurate phase; the correlation length above 100 K
is 5 nm.

The incommensurate peak positions can be indexed by
the multidomain structure of the uniaxially incommensu-
rate orthorhombic lattice. Two-dimensional multi-Gaussian
fitting [23] of Fig. 4(c) gave the modulation vector ¢,, at 120 K
as 0.73a7,, or 0.36(a* + b*) in the hexagonal setting used in
Fig. 5(b). The intensity distribution in the wide region of the
reciprocal space was consistent with the atomic displacement
parallel to the a( direction, i.e., a longitudinal modulation.

Let us examine the magnetic ground state of this compound
based on our structural observations. The ground state of the
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FIG. 5. Temperature variation of the superlattice reflection on the
(83 + 6 1) line. (a) Integrated intensity, (b) peak position, and (c) peak
width are presented.

S = 1 kagome lattice with nearest-neighbor antiferromagnetic
interaction is reported to be the simplex solid state [8—11],
which is depicted in Fig. 1(b). However, the low-temperature
structure and the reported magnetism [17] cannot be explained
by the simplex solid state. This result leads us to take other
terms in the Hamiltonian into account. One possible origin
of the orthorhombic symmetry may be the ferroquadrupolar
state [12]. According to Ref. [9], this state is stabilized by
a slight amount (12% of the bilinear term) of the negative
biquadratic term. Although it is ambiguous that the ferro-
quadrupolar state can cause a noticeable amount of lattice
deformation, it is likely to have some amount of lattice defor-
mation through the spin-orbit coupling because octahedrally
coordinated V ions with two f,, electrons can have orbital
angular momentum. The low-temperature orthorhombic sym-
metry is consistent with the ferroquadrupolar state, while it is
unclear how the incommensurate structure is developed from
the ferroquadrupolar state. In terms of macroscopic magnetic
properties, the nematic state does not differ from that of
antiferromagnets [12], and therefore the confirmation of this
state is challenging. Another possibility is the development of
antiferromagnetic order. Because the exchange interaction is
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related to the crystal structure, atomic displacement can alter
the magnetic structure, or vice versa. If the lattice distortion
presented in Fig. 1(c) occurs, the periodicity of the exchange
interaction along the a¢ direction is doubled. In the case of
the distortion shown in Fig. 1(d), the triangles are no longer
regular ones but nonequilateral ones. These distortions lift the
frustration, and magnetic order can develop. Even in this case,
the correlation length of the magnetic ordering must be short,
because the experimentally observed correlation length of the
lattice distortion is short. The incommensurate structure above
60 K supports the development of the short-range magnetic
ordering. It is well known that first- and second-neighbor
exchange interactions stabilizing different magnetic structures
can cause an incommensurate magnetic ordering at certain
temperatures [24-26].

The dielectric properties show two distinct features: first,
the dielectric constant along the ¢ axis is much smaller than
the in-plane one, and second, the dielectric relaxation time
shows a sudden change at 60 K. The former feature implies
that the atomic displacement in this compound has a high in-
plane amplitude. Because the superlattice reflections originate
from the atomic displacement along the ao direction, this
displacement should be related to the dielectric property. The
latter feature is, therefore, caused by the lock-in transition.
The restoring force is suppressed at the transition temperature,
which causes the slow relaxation time.

To summarize, a low-temperature structural study of
KV3Ge,;09 has been performed for the first time. The S = 1
kagome lattice has a slight amount of orthorhombic lattice
deformation that breaks its C-centered symmetry. The corre-
lation length of the orthorhombic domain is ~8 nm. The atomic
displacement from the high-temperature hexagonal structure is
along the ap direction. There is a lock-in transition at 55 + 5K,
and the incommensurate wave vector above 100 K is 0.73a7,.
The superlattice reflection disappears above 280 K. The lock-in
transition exhibits some relation to the dielectric relaxation
time. The magnetic state of the V ions in the orthorhombic
phase is discussed and is likely to be a short-range magnetic
ordered phase.
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