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We have investigated crystal structure and magnetic properties of three S = 1 V3* Ising-like anisotropic kagome
lattice antiferromagnets, Cs,KV3F,, Cs;NaV3F),, and Rb,NaV;F,, using single crystals. Each compound
crystallizes in a monoclinic system and has a slightly distorted kagome lattice. Although the magnetic properties
are similar, the details depend on the magnitude of magnetic anisotropy. The magnetization and magnetic
susceptibility are highly anisotropic owing to anisotropic g factors and Ising-like single ion anisotropy originating
from partially unquenched orbital moments of V3*, and the easy axis of Ising-like anisotropy is perpendicular
to the kagome plane. In contrast to disordered ground states in the isostructural Ti** (S = 1/2) compounds,
the V3* (S = 1) compounds exhibit antiferromagnetic ordering with distorted 120° structure or other nearly
coplanar magnetic structure whose basal spin plane includes the easy axis, which is mainly due to large magnetic
anisotropy and decrease of quantum fluctuation. Moreover, when magnetic fields are applied perpendicular to
the kagome plane, magnetization curves of them show distinct 1/3 and 2/3 magnetization plateaus, which are
stabilized by Ising-like single ion anisotropy. In particular, the 2/3 magnetization plateaus are notable magnetic
phenomena in kagome lattice antiferromagnets and are due to the combination of spin frustration, Ising-like

single ion anisotropy, and the small monoclinic distortion of kagome lattices.

DOI: 10.1103/PhysRevB.95.134436

I. INTRODUCTION

Geometrically frustrated antiferromagnets have been of
great interest over the past few decades [1]. Among them,
kagome lattice antiferromagnets (KLAFs) are known as one
of the most fascinating frustrated spin systems and have
been intensively studied from the viewpoint of combination
of strong quantum fluctuation and spin frustration [2-25].
KLAFs have been expected to show various exotic ground
states such as a spin liquid state, which strongly depend on
the consisting magnetic ions, quantum fluctuation, magnetic
anisotropy, the Dzaloshinsky-Moriya (DM) interaction, and so
on. For example, Heisenberg S = 1/2 KLAFs have proposed
to show a gapped [3-8] or gapless [9-11] spin liquid ground
state, whereas a hexagonal [12,13] or trigonal [14,15] valence
bond solid state has been proposed as the ground state in the
case of S = 1. When Ising-like magnetic anisotropy is present
in Heisenberg KLAFs, the system was predicted to show
a magnetic phase transition at finite temperature [16]. The
Dzaloshinsky-Moriya (DM) interaction is known to stabilize
the “q = 0” 120° structure [17], as is observed in jarosite
KFe3(OH)6(SO4), [18] and KCr3(OH)6(SO4), [19].

Other interesting magnetic phenomena expected in KLAFs
are magnetic field induced phase transitions including a
1/3 magnetization plateau. The most intensively studied
examples of the 1/3 magnetization-plateau state are triangular
lattice antiferromagnets (TLAFs). In TLAFs with Ising-like
anisotropy, a 1/3 magnetization-plateau state was predicted
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to be stabilized when magnetic fields were applied parallel
to the easy axis [26]. Moreover, even in the ideal Heisenberg
TLAFs with small quantum spin number, a 1/3 magnetization
plateau was predicted irrespective of the direction of magnetic
fields owing to quantum fluctuation [27]. Indeed, distinct
1/3 magnetization plateaus are experimentally observed under
either in-plane or out-plane magnetic fields in some TLAFs,
such as large spin system S = 7/2 GdPd,Al; [28]and S = 5/2
RbFe(MoOQy), [29], and quantum spin system Jeg = 1/2
Ba3CoSb,09 [30]. In particular, in BazCoSb,0y with weak
easy plane magnetic anisotropy, the magnetization curve under
in-plane magnetic fields is in good agreement with theoretical
calculations, and quantum fluctuation is considered to be one
of the most important driving forces to stabilize the 1/3
magnetization plateau [30].

Similar to TLAFs, KLAFs with Ising-like anisotropy
are considered to show a 1/3 magnetization plateau when
magnetic fields are applied parallel to the easy axis. Moreover,
recently, a 1/3 magnetization plateau has been proposed to
appear under high magnetic fields even in the ideal Heisenberg
S = 1/2-2 KLAFs [20-22]. However, experimentally, there
are only a few observations of a 1/3 magnetization plateau
irrespective of magnitude of magnetic anisotropy, such as
a weak 1/3 magnetization-plateau-like anomaly observed
in S =3/2 KCr3(OH)s(SO4), [19] for in-plane magnetic
fields and S = 1/2 Cs, BTizF; (B = K, Na) [23] irrespective
of the direction of magnetic fields. In contrast, it was
reported that m-N-methylpyridinium nitronylnitroxide
(m-MPYNN) - BF4, which is regarded as S =1 KLAFs at
low temperatures [24], shows not a 1/3 magnetization plateau
but a 1/2 magnetization-plateau-like step under high magnetic
fields [25]. In (m-MPYNN) - BF,, formation of magnetic
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superstructure was suggested [25]. Hence, in order to reveal
the magnetic properties of KLAFs under high magnetic fields,
it is needed to experimentally examine magnetic field induced
unconventional phenomena including a 1/3 magnetization
plateau.

As well as Co*" compounds, V3* compounds tend to be
magnetically anisotropic owing to orbital contribution. Hence
it is likely that V3* KLAFs exhibit intriguing magnetic phe-
nomena under high magnetic fields. We have reported crystal
structure and magnetic properties of S = 1/2 Ti*" kagome
fluorides CSzKTi3F12, CSzNaTi3F12, and szNaTi3F12 [23]
Subsequently, we have discovered three S = 1 V3% kagome
fluorides CSzKV3F12, CSzNaV3F12, and RngaV3F12. By
studying these compounds, we can elucidate the effect of
magnetic anisotropy on the magnetism of KL AFs. In addition,
KLAFs A, BM3F, (M = Ti*t,V3*) provide a good stage
to systematically study the effect of combination of spin
frustration and quantum fluctuation in the case of § =1/2
and S = 1, which is very rare in the real kagome system.

In this paper, we report crystal structure and magnetic prop-
erties of § = 1 KLAFs A, BV3F|, with Ising-like anisotropy.
KLAFs A,;BViF), have slightly distorted kagome lattices.
The magnetization and magnetic susceptibility are highly
anisotropic. KLAFs A,BV;3F;, form antiferromagnetic or-
dering with distorted 120° structure or other nearly coplanar
magnetic structure at low temperatures whose basal spin plane
is perpendicular to the kagome plane. The high field magneti-
zation curves show distinct 1 /3 and 2 /3 magnetization plateaus
when magnetic fields are applied perpendicular to the kagome
plane. Moreover, jumps of the magnetization with hysteresis
are observed for Rb,NaV3F; under in-plane magnetic fields.
We discuss the magnetic properties of A, BV3F; and the
origins of the magnetic field induced phase transitions.

II. EXPERIMENT

Single crystals of A;BV3F;, were grown using flux
methods in Ni crucibles under Ar atmosphere. Dried alkali
metal fluorides AF and BF and purified VF; were used as
the starting materials. Mixtures of alkali metal chlorides were
used as fluxes.

X-ray diffraction data of obtained crystals were collected at
120 K using BL8A beamline with a wavelength of 0.68901 A
(CSZKV3F]2) or 0.68938 A (CSzNan;F]z and RngaV3F12)
at the Photon Factory, KEK (Japan). In the measurements, we
used crystals with a typical size of 80 x 40 x 20 um?3. For
Cs;KV;3F; and Cs;NaV;Fy,, preformed domains exist, and
thus we analyzed the data by considering the contributions
of consisting domains. The structural parameters were refined
using a full-matrix least-squares method with the SHELXT.-97
software [31].

All the physical properties of A, BV3Fj, reported in
this paper were measured using crystals. dc magnetization
measurements were performed in a temperature range of
2-350 K using a superconducting quantum interference device
magnetometer (Quantum Design MPMS-XL system) in the
Research Center for Low Temperature and Materials Sciences,
Kyoto University. Magnetization curves up to approximately
60 T were measured using an induction method with a
multilayer pulsed magnet at the International MegaGauss
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TABLE 1. Structural parameters of A,BV;F;, at 120 K, along
with the respective space groups, lattice parameters a, b, ¢, and
B, number of the formula unit in the unit cell Z, range for data
integration 0, the number of the reflection which satisfies the condition
“Fy > 40(Fp)” N, and the residual indices R, wR. For Cs,NaV;F,
and Rb,NaV;F,, the structural parameters were refined including
anisotropic displacement parameters. The numbers in parentheses
are standard deviations in the last significant figures.

CSzKV3F12 CSzNﬁV;F]Q Rb2N3V3F12
Space group P2,/c P2,/m P2,/m
a (A) 12.925(2) 12.789(3) 12.578(6)
b (A) 7.467(4) 7.433(3) 7.414(3)
cA) 15.028(9) 7.385(3) 7.1922(12)
B (deg) 124.83(3) 125.67(2) 126.256(12)
V4 4 2 2
0 3.09-59.44 3.27-59.50 2.75-59.47
N 8757 6612 3352
R 0.0464 0.0221 0.0150
wR 0.1290 0.0591 0.0382

Science Laboratory of the Institute for Solid State Physics at
the University of Tokyo. In these magnetization measurements,
magnetic field H was applied along several directions. For
Rb,NaViF),, domain-free single crystals are obtained, and
thus we performed the measurements for H 1 ab, H || a, and
H || b. For Cs;KV3F), and Cs,NaV;3F),, crystals consist of
domains by sharing the ab plane, and thus we performed
the measurements for H L ab and H | ab. Heat capacity
measurements were performed with a relaxation method using
a Quantum Design PPMS-14LHS.

III. RESULTS

A. Crystal structures

In our systematic studies of fluorides, we discovered
three S =1 kagome fluorides A,BV;3F;; (Rb;NaV;Fy,,
Cs;NaViFp,, and Cs;KV3Fjp) in addition to previously
reported S = 1/2 three Ti*" fluorides A,BTisFj> [23]. We
succeeded in growing their hexagonal-shaped single crystals
with a typical size of 2.0 x 2.0 x 0.8 mm?. For Cs;NaV;F;,
and Cs,KV3Fj,, the crystals consist of some domains by
sharing the kagome planes, as revealed by x-ray diffraction and
polarizing microscope measurements. The crystals are purple
(CSzKV3F12) or brown (CSQNaV3F12 and szNaV3F12),
indicating that they are insulators. The structural parameters
are listed in Table I. The atomic coordinates and the isotropic
displacements of Cs;KV3F,, Cs;NaV3F),, and Rb,NaV;F),
are collected in Tables II, III, and IV, respectively. While
CspNaV3F; and Rb,NaV;3F, crystallize in a monoclinic
system of P2;/m as well as A, BTizF, [23], Cs;KV3F,
possesses lower symmetry of P2;/c with doubling of the
unit cell along the ¢ axis, as shown in Figs. 1(a) and 1(d).
Note that P2;/c can be clearly distinguished from P2;/m
by the extinction rule of [ # 2n 4 1 for h0l. The atomic
arrangement of Cs;NaV3F, and Rb,NaV;F); is qualitatively
the same as that of Cs;KV3F),, resulting in the quite similar
overall appearances among three compounds of A, BV;3F;.
The crystal structure of A,BViFj; can be understood
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TABLE II. Atomic coordinates and isotropic displacement pa-
rameters in Cs,KV;3Fj;. The numbers in parentheses are standard
deviations in the last significant figures.
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TABLEIV. Atomic coordinates and equivalent isotropic displace-
ment parameters in Rb,NaV;F,. The numbers in parentheses are
standard deviations in the last significant figures.

Atom X y z U (10\2) Atom X y z Ugq (Az)
Csl 0.623623(11) 0.767937(15) 0.317388(9) 0.01195(3) Rbl 0.605635(10)  0.75 0.59046(2) 0.00963(3)
Cs2 0.137339(9)  0.219657(12) 0.821945(8) 0.01046(3) Rb2 0.140822(11)  0.25 0.60978(3) 0.01135(4)
K1l  0751492)  0.23146(2)  0.76072(2)  0.00689(4) Nal  0.74051(5) 0.25 0.53689(11)  0.00767(11)
\'2! 0 0 0 0.00345(5) \'2! 0 0 0 0.00424(5)
V2 0.5 0 0 0.00333(5) V2 0.5 0 0 0.00384(4)
V3 0.763708(12) 0.25016(3)  0.020860(10) 0.00450(3) V3 0.784781(16)  0.25 0.09882(4)  0.00422(5)
\Z! 0 0.5 0 0.00348(5) F1 0.99403(8) 0.25 0.91088(16)  0.00896(16)
V5 0.5 0.5 0 0.00368(5) F2 0.55549(5) 0.44362(6) 0.29924(12)  0.00940(12)
F1 0.00688(5)  0.25120(13)  0.95916(5)  0.00670(7) F3 0.09471(5) 0.93824(5)  0.86650(11)  0.00846(12)
F2 0.55188(6) 0.47691(13)  0.14422(5) 0.01062(8) F4 0.16141(5) 0.03875(6) 0.29051(11)  0.00928(12)
F3 0.15297(5) 0.94132(12)  0.00969(5) 0.00772(7) F5 0.56064(7) 0.75 0.10585(15) 0.00749(16)
F4  0.10412(6)  0.05292(10)  0.14942(6)  0.01014(8) F6 0.32385(5) 0.55385(6)  0.91007(12)  0.01025(12)
F5 0.55773(5) 0.74764(14)  0.02603(5) 0.00810(8) F7 0.12436(8) 0.75 0.58060(18) 0.01267(18)
F6 0.32490(5) 0.56958(10)  0.95079(5) 0.00754(7) F8 0.31655(7) 0.75 0.22132(17)  0.01035(17)
F7  0.12958(7)  0.70132(14)  0.33040(7)  0.01040(10)

F8 0.34379(8) 0.70950(12)  0.12830(8) 0.01161(11)

F9 0.57854(7) 0.46829(14)  0.64791(6) 0.01263(9) planes V-F-A(B)-F-V are very difficult to connect, which
Flo N Dol 04610 DT ridues st 2D agome e

FI2 0.34564(6) 0.93938(12)  0.98800(5) 0.00841(7) Owing to the small distortion of kagome lattices originating

as ordered structure of the cubic modified pyrochlore
RbNiCrFe-type structure [32]. Magnetic V** ions with 73,
electron configuration are octahedrally coordinated by F atoms
and form slightly distorted kagome lattices in the ab plane
[see Figs. 1(b) and 1(e)]. As shown in Figs. 1(a) and 1(d), the
V37 kagome layers are slightly undulated perpendicular to the
ab plane, and the amount of undulation is evaluated by
the value cz sin of V3 (0.25-0.57 A). Although slight
undulation is present, the kagome layers are well separated
by the layers of the nonmagnetic large alkali metal ions of A™
and B™. Then, the superexchange paths between the kagome

TABLE III. Atomic coordinates and equivalent isotropic dis-
placement parameters in Cs,;NaV;F;,. The numbers in parentheses
are standard deviations in the last significant figures.

Atom X y z Uqq (AZ)

Csl 0.61684(6) 0.75 0.622868(10)  0.01125(1)
Cs2 0.136454(6) 0.25 0.619063(8) 0.01008(1)
Nal  0743833) 025 0.52852(6)  0.00623(4)
V1 0 0 0 0.00432(2)
V2 0.5 0 0 0.00409(2)
V3 0773577(10) 025 0.066635(16)  0.00422(2)
F1 0.01072(6) 0.25 0.93003(9) 0.01056(8)
F2 0.57587(4) 0.44888(5) 0.30202(5) 0.00978(5)
F3  0.10416(4)  0.93481(4) 0.89085(6)  0.00865(4)
F4 0.15077(3) 0.02636(6) 0.28987(5) 0.01037(5)
F5 0.55957(5) 0.75 0.08458(9) 0.00815(6)
F6  033725@4)  055377(5) 0.95803(7)  0.01024(5)
F7 0.14540(6) 0.75 0.62296(8) 0.01239(9)
F8 0.31698(6) 0.75 0.24263(9) 0.01160(8)

from the monoclinic structure, KLLAFs A, BV3F;, have several
crystallographically different V3* sites, which depend on the
space group. As shown in Figs. 1(a) and 1(b), Cs;NaV3Fi,
and Rb,NaV;F,, have three V31 sites. Both V1 and V2 form

a d
VIF, \ \/Z" VSF(,

<8

FIG. 1. Crystal structure of Cs,NaV3F;; and Rb,NaV;F,
viewed (a) along the b axis, and (b) perpendicular to the ab plane.
The crystal structure of Cs,KV;3F), viewed (d) approximately along
the b axis and (e) perpendicular to the ab plane. Black lines show the
unit cell. Exchange network in the kagome layer (c) for A, BTizFs,
CS2N3V3F12, and szNﬁVgFlZ and (f) for CSzKV3F12.
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one-dimensional chains along the b axis and the chains of V1
and V2 are bridged by V3. Consequently, as shown in Fig. 1(c),
Cs;NaV;F; and Rby,NaV;F; have four types of the exchange
interactions between nearest neighbor V atoms: V1-V1, V2-
V2,V1-V3,and V2-V3, which are denoted as J;, J,, J3, and J4,
respectively. For Cs;KV3F;,, accompanied with doubling of
the unit cell along the ¢ axis, two V3* sites are present in each
V chain along the b axis, which is shown in Figs. 1(d) and 1(e).
Hence Cs,KV;3F, has five V37 sites in each kagome plane and
has six types of exchange interactions Jy, J», J3, J4, J5, and Jg,
as shown in Fig. 1(f). Here, each VF4 octahedron is flattened
along one F-V-F direction that is roughly perpendicular to the
ab plane in A, BV;F ;. Thus the superexchange interaction
paths through F atoms are considered to be nearly equivalent in
the in-plane exchange interactions J; (i = 1,2, ...). This fact
suggests that the superexchange interactions mainly depend
on /V-F-V, V-V distance, and so on. The average bond
angles of the superexchange interactions ZV-F-V are 143.0°
for Cs,KV;3F;,, 142.4° for Cs;NaViF,, and 141.0° for
Rb,NaV;Fj,. In each compound, the difference between the
largest and the smallest bond angle Z/V-F-V is less than 6°. The
difference between the largest and the smallest bond length
among nearest neighbor V atoms is 0.2% for Cs;KV;F,,
0.6% for Cs;NaVsF(,, and 0.7% for Rb,NaV;F;,. Please
note that the distortion of framework of kagome lattices in
Ay BV;3Fy; is relatively small compared with other distorted
kagome compounds from the crystal structural parameters.
For example, the distortion in Ay BV;F; is much smaller than
that in volborthite [33]. The difference of bond length V-V in
Cs,KV;3Fy; is as small as that in BaCu3V,0g(OH), (Cu-Cu:
0.07%-0.2%) [34]. Small differences of ZV-F-V and the bond
length V-V suggest that all exchange interactions between
nearest neighbor V ions have the same sign in A, BViF;.
The values cz sin 8 of V3 and the difference of bond length
V-V indicate that the distortion of kagome lattice becomes
small as the ionic radii of A and B increase, which is the same
as A, BTisFy, [23]. Small distortion can affect the exchange
interactions J; and the magnitude of single ion-magnetic
anisotropy.

B. Magnetic properties at low magnetic fields

Figure 2 shows temperature 7 dependence of magnetic
susceptibility x = M/H anditsinverse x ' under ugH = 1T
for H L ab and H | ab, where M is the magnetization, H is
a magnetic field, u¢ is the vacuum magnetic permeability, and
ab corresponds to the kagome plane. At high temperatures,
the x-T curves of three compounds are similar and show
Curie-Weiss like behaviors. Large magnetic anisotropy of x
is observed in all temperature regions. The x1%* values are
larger than the x!** values in 7 > 300 K and T < 15 K,
and vice versa. The large magnetic anisotropy is mainly due
to distortion of VFg octahedra and large spin-orbit interac-
tion originating from partially unquenched orbital magnetic
moments of V3*. The effect of magnetic anisotropy can
be mainly divided into three factors: anisotropic g factors,
large anisotropic van Vleck paramagnetic susceptibility, and
single ion-magnetic anisotropy. The van Vleck paramagnetic
susceptibility x! (i =L ab,a, b)is approximately proportional
to 2 — g'. Axial single ion-magnetic anisotropy energy is ex-
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FIG. 2. Temperature dependence of the magnetic susceptibility
X = M/H and their inverses x ' of A, BV3F), under uoH = 1T for
H 1 aband H || ab (H || b for Rb,NaV;F),). All the measurements
were performed under field cooling conditions.

pressedas DS? ,, and the coefficient D is roughly proportional
to {g+%* — (g% + g”)/2}. Please note that ,, g, and D show
small 7" dependence when T is as large as the coefficient of
spin-orbit interaction A = 105 cm™! [35] for V3*. Thus g,
Weiss temperature Ocw, and y, obtained from the Curie-Weiss
fitting are only advisory. However, the obtained parameters
give qualitatively important results in A, BV3F), including
Ising-like single ion-magnetic anisotropy, which are shown in
the next paragraph.

At high temperatures, the x~!-T curves for H | ab
are almost linear, while x~!-T curves for H L ab are
clearly upwardly convex. The modified Curie-Weiss fittings
x = C/(T — 6cw) + xo between 150 and 350 K give values of
g, 0cw, and xy. The results of the fittings are shown in Table V.
As mentioned above, these estimated parameters are only ad-
visory. Indeed, these parameters strongly depend on the fitting
range. However, these parameters always satisfy the relations
fcw < 0, g1 < g*? ~ 2, and X0 b« Xolab irrespective of
the fitting range. Negative 6cw values indicate dominant anti-
ferromagnetic interactions in A, BV3F},. The relations gl“h <
g% ~ 2and x” « 3, which correspond to & < x4,
are consistent with roughly linear x ~!-T curves for H || ab
and upwardly convex ones for H L ab. In addition, D < 0
is expected from the relation gt%® < g%®  which means
the presence of Ising-like single ion-magnetic anisotropy
along the L ab direction in A;BV3Fj;. In T < 15K,
the effect of Ising-like anisotropy becomes larger, and hence
spin moments tend to point parallel to the L ab direction,
which causes enhancement of x +* and suppression of x“® in
A>BV3F,. Thus the x 1% value is larger than the y“® value

134436-4



ISING-LIKE ANISOTROPY STABILIZED % AND ...

PHYSICAL REVIEW B 95, 134436 (2017)

TABLE V. Characteristic parameters p.s, g factors for S = 1, 6cw, and xo obtained from the modified Curie-Weiss fitting x = C/(T —
Ocw) + xo between 150 and 350 K are listed, where peg = +/8C = ﬁg. Although these parameters are only advisory, the relations Ocw < 0,
gt < g®b and x{ RS X are always satisfied irrespective of the fitting range.

H || ab H 1 ab
Deit g Ocw (K) Xo (emu/mol) Dett g Ocw (K) Xo (emu/mol)
Cs,KV;F), 2.59 1.83 ~16 4.0 x 10~ 234 1.66 ~50 1.1 x 10-3
Cs,NaV;Fy, 2.59 1.83 -7 4.8 x 1074 2.33 1.65 21 1.1 x 1073
Rb,NaV;F, 2.70 1.90 —19 1.8 x 107 2.26 1.59 —-29 1.2 x 1073

in T < 15 K. The Ising-like anisotropy plays a very important
role in the magnetic properties of A, BV3F;.

As shown in Fig. 2, each x value for H || ab tends to
approach a constant value with decreasing T below 15 K owing
to Ising-like anisotropy along the L ab direction and then starts
to increase rapidly at a certain temperature. The rapid increases
of x suggest the presence of magnetic phase transitions. Thus
we measured 7 dependence of heat capacity C of A, BV3F»,
the results of which are shown in Fig. 3. The C/T-T curves
of Cs;KV3F; and RbyNaViF;, show sharp A-typed peaks
and that of Cs,NaV;F;, shows a somewhat broad peak at
low temperatures. Peaks of C/T-T indicate magnetic phase
transitions. We define the transition temperature 7y as the
minimum point of d(%T)—T, and we get Ty of 2.5, 4.9,
and 8.0 K for Cs;KV3F;,, Cs,NaV3F,, and Rb,NaV;F,,
respectively. In addition, as shown in Fig. 4, C/T-T for
Cs;NaV;3F; shows a cusp at approximately 80 K, and C/T
decreases linearly between 40 and 80 K, which suggests a
change of the electric state in the 7" range. The strange behavior
is possibly related to the broad peak of C/ T-T for Cs;NaV3F,
around Ty.

In order to examine the magnetic states below Ty in detail,
we measured M /H-T curves under several H for H L ab and
H || ab as shown in Fig. 5, which also indicates the presence of
magnetic ordering. In the three compounds, M /H-T depends
on H atlow temperatures for both H L ab and H || ab. Under
5 T, each M /H increases monotonically with decreasing 7.
With decreasing H, each M/H increases at the same 7.
In addition, under 0.1 T, each M/H under the zero field
cooling condition deviates from that under the field cooling
condition at low temperatures as shown in the insets of Fig. 5,
which is often observed in magnetically ordered systems. Each
deviation temperature is lower than Ty. Although no deviation

L0 res RV, .
= 08}
g
> 0.6
2 ol
=
6 02l Cs,NaV;F|, |
T
0.0 — :
5 10 15 20
T (K)

FIG. 3. Temperature dependence of the heat capacity divided by
temperature C/T of A, BV;F, below 20 K.

is observed in Cs;KV3F, (Ty = 2.5 K) for H L ab, we think
that the deviation would be observed below 2 K. Accompanied
with magnetic ordering, larger anisotropy of M /H appears
in the three compounds. Below Ty, each M/H value for
H 1 ab is obviously larger than that for H || ab under the
same H. Anisotropy of M/H becomes larger in the order
of CSgNan,F]z, CSzKV3F12, and szNﬁVg,F]z, which does
not correspond to the order of distortion of the framework of
kagome lattice. The origin of the difference is discussed in the
next section. In particular, for Rb,NaV3F;, with the largest
anisotropy of M /H, magnetic anisotropy in the ab plane is
also observed. For H || a, M / H increases monotonically with
decreasing T. For H || b, M /H-T shows a sharp peak at 7.5 K
(~Tx) under 0.1 and 1 T.

In addition to the M /H-T data, the M-H curves help us to
clarify the magnetic states below Ty. As shown in Fig. 6, in the
three compounds, each M value for H L ab is clearly larger
than that for H || ab up to 4 T below Ty, which is consistent
with the M /H-T data. Moreover, magnetic anisotropy of M
becomes larger in the order of Cs;NaV3F,, Cs;KV3F,, and
RbyNaV;Fy,. In particular, the M- H curves of Cs, KV3F; and
Rb,NaViF), for H L ab show spontaneous magnetization
My, ~ 0.1 and M, ~ 0.4up, respectively.

The M/H-T and M-H data can be compared with
theoretical studies of KLAFs with Ising anisotropy. Contrary
to the ideal Heisenberg KLLAFs and Ising KLLAFs, Heisenberg-
like KLLAFs with Ising anisotropy were predicted to show a
magnetic phase transition with My, along the easy axis at finite
temperature owing to the breaking of twofold symmetry [16].
Below the critical temperature, although long range ordering of
the sublattice was predicted to be absent, three spins on each
triangle were considered to form a distorted 120° structure
whose spin plane included the easy axis [16]. Thus, below
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FIG. 4. Temperature dependence of the heat capacity divided by
temperature C /T of A, BV;3F; below 100 K.

134436-5



MASATO GOTO et al.

) 0.6—
) 2 0.1T 04 %{H:&l}
g 11 \CsKVAE,, 02 T

0.1 0.0
% ’ A\ Fe 2 TK 3
g X 0.1T 882 FC oo
.04 = 6H = 0.1TH

é’/ 47N Lab oS~
S 2 lTZ& O3

3 ST | Hllab, —
=) 2 CSzNaY3F,2 FC 4yH=01T,
&
>
=
=
2
I
=
=
£ |RbNaViF),
Z FC
g 6
o 4 ) ]
E 1T, |la
S 2

. 1T [|h ,
T (K)

FIG. 5. Main panels: temperature dependence of M /H under 0.1,
1,and 5 T for H L ab, H || a, and H | b. Dashed lines indicate the
magnetic phase transition temperatures 7Ty determined by the heat
capacity measurement. All the measurements were performed under
field cooling conditions. The insets: M /H-T curves at 0.1 T under
both field and zero field cooling conditions are plotted.

the critical temperature at low magnetic fields, the M value
under easy axis fields is considered to be larger than that under
in-plane fields.

Although KLAFs A;BV3F|, with Ising-like anisotropy
show long-range magnetic ordering, the M-H data are very
similar to the above situation. Thus it is likely that the ground
states of A, BV3F, are a distorted 120° structure whose basal
spin plane is perpendicular to the kagome plane, since the easy
axis is perpendicular to the kagome plane. Otherwise, in quasi-
two-dimensional antiferromagnets A, BV3F,, the ground
states are considered to be nearly coplanar magnetic structures
whose basal spin plane is perpendicular to the kagome plane. In
particular, M, for Cs;KV3F»> and Rb,NaV3Fi, suggests that
spin canting along the easy axis occurs in the basal spin plane,
reflecting larger anisotropy of M. Moreover, different values of
J help long-range magnetic ordering in A, BV3F;,. In KLAFs
with two exchange interactions J and J', a ferrimagnetic state
or a large manifold of canted spin states can arise in a certain
range of J/J’, which depends on the quantum spin number
S [36,37]. Thus magnetic ordering with canted spin states
in A, BV3F; is stabilized by the combination of Ising-like
anisotropy and different values of J.

As mentioned before, Rb,NaV3F;, with the largest
anisotropy of M among A, BV3F;, shows ab-plane magnetic
anisotropy, which suggests the presence of in-plane single
ion-magnetic anisotropy E (Sﬁa — Sﬁb) and supports a nearly
coplanar magnetic structure. As shown in Fig. 6, M for
H || b jumps at approximately 0.8 T, while M-H for H || a
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FIG. 6. Magnetization curves up to4 T for H 1 ab, H | a, and
H || bat2or4.2 K. All the measurements were performed under field
cooling conditions. M-H curves at4.2 K are plotted for Rb,NaV;F,,
while those at 2 K are plotted for Cs;NaV;F;; and Cs; KV;Fy;.

shows M, ~ 0.03ug. Moreover, Fig. 7 shows the M-H
curves of Rb,NaV;Fj; at 4.2 K including both H increasing
and decreasing processes. For H || a, a hysteresis loop with
Mg, ~ 0.03up is observed between —0.8 and 0.8 T, and M-H
is linear above 0.8 T. For H || b, M jumps at approximately
1.1 T in the H-increasing process, whereas M jumps at
0.8 T in the H-decreasing process. Above 2 T, M-H for
H || b roughly coincides with that for H || a. The M-H
curves for H || a and H || b suggest that all V** spins in
the ground state are basically arranged perpendicular to the
a axis, which is consistent with the picture of nearly coplanar

0.20 e
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-
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FIG. 7. Magnetization curves of Rb,NaV;F}; between —1 and
5 Tat42 K for H||a and H || b. The measurement for H || a
(H || b) was performed from 5 T to —1 T (5 T to —5 T) and from
—1Tto5T(-5Tto5T).
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magnetic structure. From My, ~ 0.03ug for H || a, all spins
are considered to slightly cant to the a axis in the ground
state. The direction of the basal spin plane suggests £ > 0
in E(S}, — S},). Slight spin canting along the a axis is
possibly due to the DM interaction and/or magnetocrystalline
anisotropy. In addition, the jump of M for H || b around 1 T
is considered to correspond to a sort of spin flop (E ~ 1ugT).
Thus, above 2 T for H || b, the basal spin plane includes the
a axis and all V3* spins slightly cant to the b axis. The above
picture is consistent with the M /H-T data.

C. High field magnetization

From the x-T, C/T-T, and M-H data, it is confirmed
that each compound of A, BV3F|; shows an antiferromagnetic
transition at low temperatures. The magnetic structure below
Tn is suggested to be distorted 120° structure or other
nearly coplanar magnetic structure whose basal spin plane
is perpendicular to the kagome plane. In KLAFs A, BV;3F),
with Ising-like anisotropy, exotic magnetic phenomena such
as a 1/3 magnetization plateau are expected under high
magnetic fields. Figure 8 shows M-H curves of A;BV;3F);,
up to approximately 60 T at 1.3 and 4.2 K. The M-H
curves are highly anisotropic in three compounds even
under high magnetic fields. As shown in Figs. 8(b), 8(d),
and 8(f), the M-H curves for H 1 ab show 1/3 and 2/3
magnetization plateaus. In contrast for H || ab, as shown in
Figs. 8(a), 8(c), 8(e), and 8(g), no distinct plateau is observed
in three compounds, and instead jumps of M with hysteresis
are observed for Rb,NaV;F».

As mentioned above, for H 1L ab, the M-H curves of
A, BV3F; show 1/3 and 2/3 magnetization plateaus. The
M-H curves of the three compounds are similar. The magne-
tization M in the three compounds saturates at about 50 T, and
the saturation magnetization Mg, is estimated to be 1.47ug
for CSzKV3F12, 1.65,u]3 for CSzNaV3F]2, and 1.62/LB for
Rb,NaV;F;. The M, values are much smaller than 2ug
for S =1 and g =2, which is consistent with the x-T
data. As shown in Fig. 8(b), M for Cs;KV3F; at 1.3 K
increases upwardly convexly with increasing poH from 0 T,
and becomes almost constant between 9 and 16 T, which
corresponds to a 1/3 magnetization plateau. The arrangements
of V3% spins with increasing j1oH are expected as follows. In
the ground state of Cs;KV3F,, spin canting along the L ab
direction occurs in the basal spin plane. With increasing o H
for H L ab, the magnitude of spin canting becomes large. In
the 1/3 magnetization-plateau state, up up down spin structure
is considered to be realized in each V3 triangle, as is observed
in § =7/2 TLAFs GdPd,Al; [28]. With further increasing
noH from 16 T, M starts to increase gradually and increases
rapidly at 23 T, and then the slope of d M /d H becomes small
and almost constant between 30 and 35 T, which corresponds to
a 2/3 magnetization plateau. In the 2/3 magnetization-plateau
state, one-half of down spins in the 1/3 magnetization-plateau
state are considered to change to up spins, although the
detailed arrangement of V3% spins is unclear. These two
magnetization plateaus are also confirmed by two broad
minima of dM/d H-H, which approximately correspond to
M /Mg = 1/3 and 2/3 as indicated by gray lines in Fig. 8(b).
After the 2/3 magnetization plateau, M increases rapidly at
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FIG. 8. Magnetization curves M-H and the differential magneti-
zation curves dM /d H-H up to approximately 60 T in A,BV3F,
at 1.3 and 4.2 K for H L ab, H || a, and H | b are displayed.
The horizontal gray lines indicate M = 1/3My, M = 2/3Mj,, and
M = My, where M, = gup is the saturation magnetization. Since
M for H || ab seems not to saturate even at 60 T and errors of the
estimated g factors are large, g factors for H L ab are only displayed.
Triangular markers indicate anomalies of the dM /d H-H curves in
Cs;KV;3F); and Cs,NaV;Fy,. Figure (h) shows enlarged M-H and
dM/dH-H curves around the anomalies for H || a in Rb,NaV;F,.
The terms “inc.” and “dec.” indicate the data with increasing H and
decreasing H, respectively.

40 T and then saturates to Mgy ~ 1.47up at 50 T. Similarly,
as shown in Figs. 8(d) and 8(f), the dM/dH-H curves for
Cs,NaVsF, and Rb,NaV3F, show two broad minima at
M /Mg, = 1/3 and 2/3, which confirm the presence of 1/3 and
2/3 magnetization plateaus. The 1/3 and 2/3 magnetization
plateaus become more distinct in the order of Cs;NaV;3F,,
Cs,KV3Fp, and Rb,NaV;F,, which corresponds to the order
of the smallest anisotropy of M. These magnetization plateaus
are the most impressive observations in A, BV3Fj;. Even at
4.2 K, 1/3 and 2/3 magnetization plateaus are observed in
the three compounds. For Rb,NaV;Fj,, the M-H curve at
4.2 K is almost the same as that at 1.3 K, reflecting large Ty =
8.0 K. In contrast for Cs,KV3F;, and Cs,NaV;3F,, the two
magnetization plateaus are less distinct at 4.2 K. Moreover, the
plateaus for Cs,KV3F, are observed even above Ty = 2.5 K.

Unlike the M-H curves for H | ab, the M-H curves for
H || ab show no distinct plateau. As shown in Fig. 8, each
estimated g factor for H || ab is obviously larger than that
for H L ab, which is consistent with D < 0 (Ising-like single
ion anisotropy) based on the x-7 data. The M-H curves for
H || ab are qualitatively different in the three compounds. The
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details are described in the order of the smallest anisotropy.
As shown in Fig. 8(c), dM/dH for Cs;NaV3F; at 1.3 K
decreases monotonically with increasing poH from 0 to 60 T.
However, two d M /d H-constant regions are observed around
12 and 29 T, which roughly correspond to M/Mg = 1/3
and 2/3, respectively. These regions might be signs of 1/3
and 2/3 magnetization plateaus. In contrast for Cs;KV3F,,
dM/dH at 1.3 K slightly increases with increasing poH and
then becomes almost constant at M/ Mg, = 1/3 (20 T). With
further increasing woH, dM/dH starts to decrease at 35 T,
and M gradually approaches saturation.

In particular, for Rb,NaV3F),, the M-H curves for H || a
and H || b show unique behaviors. As shown in Fig. 8(e),
for H || b, M at 1.3 K increases roughly linearly from 0
T and then jumps at 20 T in the increasing process and at
14 T in the decreasing process, while M at 4.2 K jumps at
20 T without hysteresis. The positions of these jumps roughly
correspond to M /Mg, = 1/3, which suggests destabilization
of the 1/3 magnetization-plateau state. As shown in Fig. 8(g),
while the M-H curves for H || a at 1.3 and 4.2 K show no
anomaly at M / M, = 1/3, three anomalies with hysteresis are
observed near M /M, = 2/3, which are enlarged in Fig. 8(h).
The dM /dH-H curve at 1.3 K shows three peaks at 26, 28,
and 32 T in the increasing process. At 4.2 K, the peak position
of dM/dH-H at the highest H shifts to higher H side, while
those of the other two peaks shift to lower H side. The jumps
of M seem to destabilize the 2/3 magnetization-plateau state.
For Rb,NaV;F,, as shown in Fig. 7, the M-H curves for
H || aand H || b are almost the same above 2 T. Nevertheless,
surprisingly, in-plane magnetic anisotropy is again observed
under high magnetic fields, which suggests emergence of high
field phases for H || a and H || b independently. Thus KLAFs
A, BV;3F;, show various behaviors in the M-H curves for
H || ab owing to the difference of anisotropy. In addition,
these M-H curves for H || ab suggest that Ising-like single
ion anisotropy is one of the most important factors to stabilize
the magnetization-plateaus state in A, BV3F,.

IV. DISCUSSION

As mentioned before, we discovered three kagome fluorides
S=1 V3 A,BV3F), in addition to three S = 1/2 Ti**
A, BTisFp;. In order to reveal the effects of magnetic
anisotropy and quantum fluctuation on the magnetism of
KLAFs, it is important to compare crystal structure and
magnetic properties of S =1 A, BV3F}, with those of § =
1/2 A, BTisFy,. In the previous work, we investigated crystal
structure and magnetic properties of S = 1/2 Ti*" KLAFs
Cs,KTisFy,, CsoNaTiszFio, and Rb,NaTisFy, [23]. As well as
A BV;3F,, the distortion of framework of the kagome lattice
becomes large with decreasing the ionic radii of A and B.
In A, BTi3F,, the distortion corresponds to the magnitude of
anisotropy of M. Although all three compounds of A, BTisF,,
have nearly the same antiferromagnetic interactions of J ~
45 K and show no magnetic ordering, the magnetic behaviors
at low temperatures and the ground states strongly depend on
the distortion. As the distortion becomes large, anisotropy of M
increases. Consequently, the ground state varies from a gapped
disordered state (CspKTisFj,) to a gapless disordered state
(CsyNaTisF),), and finally to a two components state having
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1/3 nearly free spins (Rb,NaTizF;,). Moreover, Cs;KTizF;
and Cs;NaTisF;, show 1/3 magnetization plateaulike behav-
iors irrespective of the direction of H.

By comparing the magnetic properties of A, BV3F, and
A, BTizFy,, we find three definite differences: the magnetic
ground state, the relation between anisotropy of M and the dis-
tortion of framework of the kagome lattice, and the magnetiza-
tion plateaus. As mentioned above, three S = 1/2 A, BTisFy,
have disordered ground states, which strongly depend on
the distortion of kagome lattices. In contrast, three § =1
KLAFs A;BV3F); show magnetic ordering with distorted
120° structure or other nearly coplanar magnetic structure
whose basal spin plane is perpendicular to the kagome plane.
We think that possible origins of different ground states
between A, BTisF |, and A, BV3F, are a distortion of kagome
lattices, magnetic anisotropy, and decrease of quantum fluctu-
ation. Although the distortion helps stabilization of magnetic
ordering in A, BV3Fj,, the distortion of A, BV3Fj; is smaller
than that of A,BTi3zF;, with each combination of A and B.
Thus magnetic ordering in A, BV3Fj; is mainly due to large
Ising-like anisotropy and decrease of quantum fluctuation.

Contrary to S = 1/2 A,BTisF),, anisotropy of M does
not correspond to the distortion of framework of the kagome
lattice in A, BV3Fj,, which becomes large with decreasing
the ionic radii of A and B. Our experimental results reveal
that anisotropy of M at low temperatures becomes larger in
the order of Cs;NaV;F,, Cs;KV3F,, and Rb,NaV3Fy,. The
magnitude of Ising-like single ion anisotropy |D| and differ-
ence of J; are considered to cause the anisotropy of M. Larger
|D| enhances spin canting along the easy axis [16], since
the basal spin plane includes the L ab direction (easy axis).
In addition, larger difference of J; can be desirable to enhance
spin canting [36,37]. Thus the M value for H L ab, which
increases with increasing the magnitude of spin canting,
becomes large with increasing |D| and difference of J;. In
contrast, with increasing H for H || ab, all V3% spins incline
gradually toward the H direction, forming an “umbrellalike”
structure. Hence the M value for H || ab becomes small with
increasing |D|. Consequently, as |D| and the difference of
J; increase, anisotropy of M becomes large. Although the
distortion of framework of Cs;KV3F); is the smallest among
Ay BV;3Fy,, anisotropy of Cs;KV;3F); is larger than that of
Cs;NaV;3Fy,. The fact suggests that Cs;KV;3F;, have larger
|D| and difference of J;. Cs;KV3F), has lower symmetry of
the crystal structure than Cs;NaV;3F;, and Rb,NaV;Fj,, and
five V3* sites are present for Cs,KV3Fy, (three V37 sites for
Cs;NaV;3F; and RbyNaV;3Fpy). Asaresult, | D| and difference
of J; of Cs,KV;3F, are considered to be larger than those of
Cs,NaV;Fy,, which causes larger anisotropy of Cs;KV;F;
than Cs,NaV;Fj,.

Owing to |D| and the difference of J;, the magnetization
plateaus observed in A, BV3Fj; are anisotropic and stabilized,
which is remarkably different from the 1/3 magnetization
plateaulike behaviors in A, BTi3Fj;. The M-H curves of
A,BV3Fy, for H L ab show 1/3 and 2/3 magnetization
plateaus, which become more distinct in the order of
Cs,NaVisF,, Cs,KV;3F;,, and RboNaVsFj,. The result can
be easily understood by the suggestion that |D| and the
difference of J; become larger in this order. In addition,
the 2/3 magnetization-plateau state can appear by the small
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monoclinic distortion of kagome lattice. There are three spins
in the unit cell of the ideal kagome lattice. In contrast, six spins
are needed in the magnetic unit cell in order to realize the 2/3
magnetization plateau, and thus doubling of the unit cell is
required. In A, BV3F,, the crystal structure is monoclinic with
P2,/m or P2;/c, which gives six spins in the kagome plane
of the unit cell. Therefore, the 2/3 magnetization-plateau state
for H 1 abin A, BV;3F|; can be stabilized by the combination
of the small monoclinic distortion of kagome lattice, spin
frustration of kagome lattice, and Ising-like anisotropy.

No magnetization plateau for H || ab in A, BV3F), also
can be understood by | D| and decrease of quantum fluctuation.
The 1/3 magnetization plateaulike behaviors in Cs;KTizF
and Cs;NaTisF, irrespective of the direction of H are
considered to be caused by quantum fluctuation [23]. The
quantum fluctuation of A, BV3F; is smaller than that of § =
1/2 A, BTisFy,. If the 1 /3 and 2/3 plateau states are present for
H || ab in A; BV3F,, spin arrangements are collinear which
are perpendicular to the easy axis, and thus Ising-like single
ion-anisotropy energy DSiab is the highest. That is why no
magnetization plateau is observed for H || ab in A, BV3F;.
In particular, jumps of M in the M-H curves of Rb,NaV;F,
at M/My = 1/3 for H || b and at M/ My =2/3 for H | a
are considered to be due to destabilization of the collinear
spin states. It should be noted that two types of anomalies
with hysteresis are independently observed for H || a and
H || b, and that three jumps of M are observed for H || a.
The situation cannot be explained by the simple Ising or XY
kagome model. As mentioned above, in-plane anisotropy of
M is observed. A spin-flop-like transition occurs at 1 T with
hysteresis for H || b. Thus the anomalies of M-H curves under
high magnetization fields are considered to be due to coupling
between in-plane magnetic anisotropy and destabilization of
collinear spin structure perpendicular to the easy axis of
Ising-like anisotropy.

Such anisotropic magnetization plateaus are observed in
some TLAFs. For example, in S = 7/2 GdPd,Al; with easy
axis anisotropy, a 1/3 magnetization plateau appears when H
is parallel to the easy axis, while no anomaly is observed under
in-plane magnetic fields [28]. The magnetization plateaus
in A,BV3Fi, are similar to that of GdPd,Al;, whereas
M-H curves for H || ab in A, BV;3F),, particularly those in
Rb,NaV;F),, show destabilization of collinear spin structure.
The destabilization is seemingly correlated with anomalies at
M /Mg = 1/3 in some TLAFs with easy plane anisotropy,
such as Ba3;CoSb,0Og¢ and CsCuCls, which have 120° struc-
ture in the triangular plane as the ground states. In these
compounds, 1/3 magnetization plateaus appear under in-plane
magnetic fields, whereas a cusp of M (BazCoSb,0y [30]) or
a jump of M (CsCuCl; [38]) is observed at M /M, = 1/3
under out-plane fields. Under out-plane fields, a magnetic
phase transition from “umbrellalike” structure to a 2:1 canted
coplanar phase without the up-up-down state is considered
to occur at M /Mg = 1/3 owing to competition between
quantum fluctuation and easy plane magnetic anisotropy
[30,38,39]. In spite of the difference between easy axis and
easy plane anisotropy and the difference between triangular
and kagome lattices, similar magnetic phase transitions would
occur in RbpNaV;F, at M/ Mg = 1/3 for H | b and at
M /Mgy =2/3 for H || a.
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‘We also mention the effect of the DM interaction Dpy(S; X
S;) in A, BV3F),. Contrary to triangular magnets, kagome
magnets have the DM interaction, since they have no in-
version center at the middle point of neighboring magnetic
ions. The large spin-orbit interaction in A, BV3Fi, induces
relatively large magnitude of the DM interaction. In KLAFs,
the DM interaction is known to stabilize the “g = 0” 120°
structure whose spin plane includes the kagome plane [17]. In
contrast, in A, BV3F),, the basal spin plane is perpendicular
to the kagome plane, suggesting that Ising-like anisotropy is
dominant compared with the DM interaction. However, the
DM interaction can also affect the magnetic state under high
magnetic fields. Since collinear spin arrangements along the
L ab direction are realized in the 1/3 and 2/3 magnetization-
plateau states, the DM interaction is considered to destabilize
the plateau states by producing spin canting. That is why the
slope of M-H in the plateau states is not zero but has finite
values even in Rb,NaV;Fj,.

As mentioned before, V3T KLAFs A,BV;F;, are catego-
rized as KLLAFs with Ising-like anisotropy, which is markedly
different from almost isotropic S = 1/2 KLAFs A, BTisF,.
There are few experimental studies of KLLAFs with Ising-like
anisotropy owing to absence of the suitable compounds.
Our experimental results reveal that KLAFs A, BV3F, with
Ising-like anisotropy exhibit various magnetic field induced
phases including 1/3 and 2/3 magnetization plateaus. Thus
KLAFs with Ising-like anisotropy give a good stage to search
for magnetic field induced unconventional phenomena.

V. CONCLUSION

We discovered three S = 1 kagome lattice antiferromagnets
CSzKV3F12 CS2NEIV3F12, and szNaV3F12 with Ising—like
anisotropy and succeeded in growing their single crystals. We
also clarified the crystal structure and magnetic properties us-
ing single crystals. The distortion of framework of the kagome
lattice becomes large with decreasing the ionic radii of A and
B. However, while Cs;NaV;F;, and Rb,NaV;F; crystallize
in a monoclinic system of P2;/m as well as A,;BTi3F,,
Cs,KV3F), possesses the lower symmetry of P2;/c with
doubling of the unit cell along the c axis. As aresult, anisotropy
of M becomes large in the order of Cs,NaV;F,, Cs,KV;3Fy,,
and Rb,NaV;3F,. Three compounds form magnetic order-
ing with distorted 120° structure or other nearly coplanar
magnetic structure whose basal spin plane is perpendicular
to the kagome plane at low temperatures, which is mainly
due to large Ising-like magnetic anisotropy and decrease of
quantum fluctuation. The M-H curves for H L ab show
distinct 1/3 and 2/3 magnetization plateaus. These plateaus
become more distinct in the order of the smallest anisotropy.
In particular, the 2/3 magnetization plateaus are notable
magnetic phenomena in kagome lattice antiferromagnets and
are due to the combination of intrinsic spin frustration of
kagome lattice, Ising-like single ion anisotropy, and the small
distortion of kagome lattices. Moreover, jumps of M at
M /Mgy, = 1/3 and 2/3 are observed for H || ab, which are
likely due to coupling between destabilization of the plateaus,
spin frustration, possible quantum fluctuation, and in-plane
magnetic anisotropy.
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