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We have investigated the structural and magnetic properties of S = 3/2 Cr>* Heisenberg-like kagome lattice
antiferromagnets Cs,KCr;F;; and Cs,NaCr;F,; using single crystals. Each compound has a slightly distorted
kagome lattice, although the space groups differ for the two compounds. The magnetic data suggest that each
compound exhibits the formation of antiferromagnetic ordering with in-plane-spin canting approximately below
6 K. The in-plane coplanar structures are clearly different from disordered ground states of the isostructural Ti**
compounds and out-of-plane coplanar structures of the V3* compounds, which is mainly caused by the differences
in the strength of quantum fluctuation and the strength of magnetic anisotropy for these three spin systems. In
contrast, as well as the Ti** and V** compounds, the magnetization curves show 1/3-magnetization-plateaulike

anomalies.
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I. INTRODUCTION

Geometrically frustrated antiferromagnets often cause un-
conventional magnetic phenomena originating in the sup-
pression of Néel ordering [1,2]. In particular, kagome lattice
antiferromagnets (KLAFs) have attracted much attention from
the viewpoint of the interplay between quantum fluctuation and
spin frustration, which may induce exotic disordered ground
states [3—16] and magnetic-field-induced phases [17-19].
Interestingly, the ground states are considered to depend
strongly on quantum spin numbers S. For example, one expects
a gapped [3-8] or gapless [9-12] spin liquid ground state in
S = 1/2 KLAFs, and a hexagonal [13,14] or trigonal [15,16]
valence bond solid state was predicted in § = 1 KLAFs. In the
classical limit, the macroscopic degeneracy of 120° coplanar
structures is expected due to chiral degrees of freedom (clock-
wise or counterclockwise spin arrangement) in each triangle.
In contrast, under high magnetic fields, a 1/3-magnetization
plateau has been proposed to appear at least in the range of
S =1/2-2[17-19].

To understand the effects of quantum fluctuation on the
magnetic properties of KLAFs, experimentally comparative
studies of several compounds are essential in addition to
theoretical studies. However, such experimental studies are dif-
ficult, since all compounds have some discrepancies from the
ideal system, such as the lattice distortion of a kagome lattice,
next-nearest-neighbor interactions, interlayer interactions, the
disorder of constituent ions, and the Dzyaloshinsky-Moriya
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(DM) interaction. These discrepancies depend mainly on the
crystal structure and strongly affect the magnetic properties
of KLAFs [20-24]. For example, next-nearest-neighbor inter-
actions and the DM interaction stabilize the /3 x +/3 [20]
type 120° structure and g = 0 [21,22] type 120° structures,
respectively. Experimentally, although some KLLAFs [25-42],
such as § = 1/2 herbertsmithite ZnCu3;(OH)¢Cl, [25-29],
vesignieite BaCu3V,0g(OH); [30-32], and S = 3/2 jarosite
KCr3(OH)g(SOy) [33,34], have been studied intensively, their
different crystal structures make it hard to compare their
magnetic properties in terms of quantum fluctuation. Thus, it is
necessary to explore KLAFs that have similar crystal structures
and a variety of S.

Previously, we reported the crystal structures and mag-
netic properties of three S =1/2 Ti*" kagome fluorides
Cs,KTiszFia, CspNaTiszFi,, and Rbo,NaTisFy, [43] and three
S=1 CSQKV3F12, CSzNaV3F12, and szNaV3F12 [44] Sub-
sequently, we have discovered two Cr** kagome fluorides
Cs;KCr3F); and Cs;NaCrsF ;. The presence of these two § =
3/2 crt compounds with isostructural KLAFs A, BM3F;
(A = Cs,Rb; B =K,Na; M3t =Ti*",V3*) enables us to
study the effects of the interplay between spin frustration and
quantum fluctuation in the case of S = 1/2-3/2, which is very
novel in real kagome systems.

In this paper, we report the crystal structures and mag-
netic properties of two S = 3/2 Heisenberg-like KLAFs
Cs; BCr3Fp; (B = K,Na). Each compound has a slightly
distorted kagome lattice, while the crystal structure at room
temperature differs between two compounds. In addition,
Cs,KCr3Fj; exhibits a structural transition at approximately
270 K. An antiferromagnetic phase transition is observed
in both compounds at approximately 6 K, whereas only
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Cs;KCr3Fj, shows spontaneous magnetization below the
transition temperature. These high-field magnetization curves
show 1/3-magnetization-plateaulike behavior at 17-22 T ir-
respective of the direction of a magnetic field. We discuss the
magnetic properties, taking into account those of other kagome
systems and S = 1/2 A, BTizFj; and § = 1 A, BV;3Fy,.

II. EXPERIMENT

Single crystals of Cs, BCr3Fj; (B = K,Na) were grown
using flux methods in Ni crucibles under an Ar atmosphere.
Dried alkali-metal fluorides CsF and BF and purified CrF;
were used as the starting materials. Mixtures of alkali-metal
chlorides were used as fluxes.

X-ray diffraction data of obtained crystals were collected
using the BL8A beamline with a wavelength of 0.6890
A (CsyNaCrsFy; for structural analyses and Cs, BCr3Fj;
for the temperature dependence of lattice constants) at the
Photon Factory, KEK, Japan, and using the BLO2B1 beam-
line [45] with a wavelength of 0.4965 A (Cs,KCr3F >
for structural analyses) at SPring-8, Japan. We used crys-
tals with a typical size of 70 x 50 x 20 um?. The sam-
ples were cooled by a nitrogen-gas-flow-type refrigerator. In
Cs; BCr3Fyy, there exist preformed domains: non-merohedral
twinning for Cs,KCr3F); in the high-temperature (HT) phase
and Cs;NaCr;F); or merohedral twinning for Cs,KCrsF;
in the low-temperature (LT) phase. The data reduction by
the detwinning of non-merohedral domains was performed
using software developed in-house [46], whereas that by the
detwinning of merohedral domains was performed using the
SHELXL-97 software [47]. The structural parameters including
anisotropic displacement parameters were refined using a full-
matrix least-squares method with the SHELXL-97 software [47].
The detailed conditions for structural analyses are listed in
Table I.

dc magnetization measurements were performed in a tem-
perature range of 2-300 K using a superconducting quantum

TABLE 1. Experimental details and crystallographic data of
Cs, BCr3F);. The numbers in parentheses are the standard deviations
in the last significant figures.

CSzNaCI‘3F12 CSQKCI‘3F12

125 K 320K 120K
Wavelength A) 0.6890 0.4965 0.4965
Space group P2,/m C2/n P3,21
a (A) 12.566(3) 12.704(4) 7.3260(16)
b (A) 7.2837(10) 7.338(3) 7.3260(16)
c(A) 7.401(2) 15.234(8) 18.719(7)
B (deg) 125.019(10) 124.33(3)
VA 2 4 3
d (A) 0.4-6.1 0.5-6.3 0.4-6.4
Completeness (%) 89.2 934 97.1
Niotal, obs 25476 26388 54252
Nuniq,obs 6018 3628 6556
Nunig[Fo > 40 (F,)] 4693 2950 5698
R\[F, > 40(F,)] 0.0222 0.0303 0.0294
wRy(F?) 0.0397 0.0759 0.0644

TABLE II. The atomic coordinates and equivalent isotropic dis-
placement parameters of Cs,NaCr;Fj, at 125 K. The numbers in
parentheses are the standard deviations in the last significant figures.

Atom X y z Ueq (Az)
Csl 0.617905(6) 3/4 0.627706(11) 0.01061(2)
Cs2 0.136514(6) 1/4 0.617103(10)  0.00955(2)
Nal  0.74569(4) 1/4 0.52648(6)  0.00638(6)
Crl 0 0 0 0.00336(2)
Cr2 1/2 0 0 0.00321(2)
Cr3  0.769980(13) 1/4 0.056103(19)  0.00319(2)
F1 0.01432(5) 1/4 0.93527(9) 0.00792(8)
F2 0.58025(4) 0.45554(6) 0.29937(6) 0.00902(7)
F3  0.10944(4)  0.93635(6) 0.90438(7)  0.00782(6)
F4 0.14605(4) 0.02441(6) 0.28996(6) 0.00845(6)
F5 0.55836(5) 3/4 0.07139(9) 0.00733(8)
F6  034064(4)  055528(6) 0.96875(7)  0.00813(6)
F7 0.14809(6) 3/4 0.63833(9) 0.00946(11)
F8 0.31873(5) 3/4 0.24835(9) 0.00937(9)

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 Science Laboratory of the Institute for Solid State
Physics at the University of Tokyo.

III. RESULTS

A. Crystal structure

In our systematic studies of fluorides, we discovered two
S = 3/2 kagome fluorides Cs;NaCr3F;, and Cs;KCr3Fj; in
addition to the previously reported three S = 1/2 Ti** fluo-
rides A, BTi3F;, [43] and three S = 1 A, BV3F |, [44]. We suc-
ceeded in growing hexagonal-shaped crystals of Cs; BCr3F;
with a typical size of 1.8 x 1.8 x 0.7 mm?. The crystals
are yellowish green, indicating that they are insulators. In
Cs, BCr3F )y, the crystals consist of some domains, as revealed
by x-ray diffraction and polarizing microscope measurements.
The domains are thought to be formed when a HT trigonal
structure becomes a monoclinic structure during the cooling
process of the crystal growth. The b axis of each domain is
parallel to one of the Cr-Cr chains in the kagome plane. Table I
shows structural parameters of Cs, BCr3Fi,. For Cs,KCr3F5,
the parameters at both 320 and 120 K are listed, since the crystal
structure at 120 K (in the LT phase) is different from that at
room temperature (in the HT phase). The atomic coordinates
and equivalent isotropic displacements of Cs,NaCrsF;, at
125 K, Cs;KCr3F; at 320 K, and Cs;KCrsFj, at 120 K
are collected in Tables II, III, and IV, respectively. While
Cs;NaCr;3Fj; crystallizes in a monoclinic system of P2;/m,
Cs;KCr3Fy; in the HT phase crystallizes in a monoclinic
system of C2/n with an a x b x 2c¢ unit cell compared with
that of Cs;NaCr;F, [Figs. 1(a) and 1(b)]. In addition, as
shown in Fig. 2, Cs,KCr3F;, shows a structural transition at
Ts ~ 270 K, and the crystal structure changes to a trigonal
system of P3,21 [Fig. 1(c)]. At Ts, Cs;KCr3F), exhibits
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TABLE III. The atomic coordinates and equivalent isotropic
displacement parameters of Cs,KCr;Fj, at 320 K. The numbers in
parentheses are standard deviations in the last significant figures.

Atom X y z Ueq (1&2)
Csl 0.63236(15) 0.72219(2) 0.320433(11)  0.02849(5)
K1 3/4 0.23060(7) 1/4 0.01869(9)
Crl 0 0 0 0.00849(6)
Cr2 1/2 0 0 0.00875(6)
Cr3 3/4 1/4 0 0.00939(6)
FI 0.03109(14) 024973(14) 0.48301(13)  0.0248(3)
F2 0.61730(11) 0.51857(19) 0.14538(9) 0.0300(3)
F3 0.13486(11)  0.93779(15) 0.98357(11) 0.0239(2)
F4  008134(12) 0.02942)  0.64563(9)  0.0283(3)
F5 0.14646(13) 0.7051(2) 0.85452(10) 0.0253(3)
F6 0.33772(10)  0.93532(15) 0.97414(10) 0.0197(2)

sudden decreases of lattice parameters ¢’ and 8 and the relative
sliding distance between the kagome planes §/a, where ¢/, 8, 8,
and a are shown in the inset of Fig. 2. An effect of the structural
change on the magnetic property is discussed later.

Although Cs;KCr3Fj; and Cs;NaCrs;F, have different
space groups, all the crystal structures of Cs, BCrizFj, can
be understood as an ordered structure of the cubic modified
pyrochlore A’ B} X, which includes Rb(Nig sCr 5),Fg [48]. In
Cs; BCr3F, Cr kagome layers and B triangular layers are
alternately stacked in the pyrochlore of the B’ site. Thus, the
magnetic Cr** kagome layers are well separated by layers
of the nonmagnetic large alkali-metal ions of Cs™ and B™.
The interlayer superexchange couplings Cr-F-Cs(B)-F-Cr are
much weaker than the in-plane couplings Cr-F-Cr, which
produce a quasi-2D kagome lattice.

As shown in Fig. 1, the small distortion of each kagome
lattice produces several Cr** sites and several types of in-plane
exchange interactions J; (i = 1,2, ...), the number of which
depends on the space group. For Cs;NaCr;F,, both Crl and
Cr2 form one-dimensional chains along the b axis, and the
chains of Cr1 and Cr2 are bridged by Cr3. The most remarkable
difference between the crystal structures of Cs;NaCr3F;, and
Cs,KCr3Fy, is the difference between the undulations of
kagome lattices. The amplitude of the undulation is roughly

TABLE 1V. The atomic coordinates and equivalent isotropic
displacement parameters of Cs,KCr;Fj, at 120 K. The numbers in
parentheses are the standard deviations in the last significant figures.

Atom x y p Uey (A%
Csl  0.632819(17) 0.959684(16) 0.953139(5)  0.00981(2)
K1 0.307206)  0.3072(6) 0 0.00727(5)
Crl  0.65433(4)  0.49995(4)  0.832492(15) 0.00368(3)
2 0.15521(5) 0 5/6 0.00369(4)
FI  0.86341(17) 0.41886(15) 0.84869(6)  0.00869(14)
F2  0.65188(17) 04478(2)  0.73475(6)  0.00886(17)
F3  086361(17) 0.79194(17) 0.81595(6)  0.00847(15)
F4  0.1287(2)  0.94563(16) 0.93097(5)  0.01037(16)
F5  0.44666(16) 0.20827(17) 0.84951(6)  0.00844(15)
F6  0.65439(19) 0.5518(2)  0.92947(6)  0.00968(17)

’ " ’ : -
Amono LB:L
C b

Cmono mono

FIG. 1. The crystal structures of (a) Cs,NaCr;F;; (monoclinic,
P2,/m), (b) Cs;KCr;F; in the high-temperature (HT) phase (mono-
clinic, C2/n), and (c) Cs,KCr3F,; in the low-temperature (LT) phase
(trigonal, P3,21). The yellow lines in (c) indicate the corresponding
monoclinic cell. The exchange network in the kagome layer for (d)
Cs,NaCrsFy, (e) Cs;KCr3Fy, in the HT phase, and (f) Cs,KCr3F,
in the LT phase.

evaluated by a value c(z5", — z$% ) sin B, where z$t and z&%

are the maximum and minimum of the atomic coordinates z
among the Cr sites of each kagome layer, respectively. While
the small undulation for Cs,NaCr;Fy, (0.34 A) is present, the
undulation for Cs;KCr3Fy; is absent (HT phase) or negligibly
small (0.01 A: LT phase). As a result, Crl and Cr2 chains
are inequivalent for Cs;NaCr;Fj, due to the absence of the
inversion symmetry of Cr3, whereas all chains along the b axis
are equivalent for Cs, KCr3F, in the HT phase. In A, BM3F,
(M =Ti,V,Cr), the undulation becomes small with increasing
ionic radii of the constituent alkali metals r4+ and rp+, and
with decreasing ry;3+ [43,44]. With decreasing r4+ and rp+,
the space around the alkali-metal ions becomes large, and all
BT ions slightly shift above or below the midpoint between
kagome planes (see z of Na for Cs;NaCr;F;). In concert with
the undulation of B*, some M>* ions slightly shift above and
other ones shift below the kagome plane, which produces an
undulation of the kagome lattice. That is why the undulation
for Cs,KCr3F;, with large K™ is absent in the HT phase and
very small in the LT phase.

Although the undulation is negligible in Cs,KCr3Fj,, the
HT phase has two Cr’* sites in each chain along the b
axis, which is different from the structure of Cs;NaCr3F,.
Moreover, the crystal structure changes to a trigonal system at
Ts. Below Ts, Cs,KCr3Fy, has two Cr sites and three J;, as
shown in Figs. 1(c) and 1(f). In A, BM3F, (M = Ti,V,Cr),
while all Cs,NaM3F;; and Rb,NaM;F), crystallize in the
monoclinic system of P2;/m, Cs;KV3F; has the space group
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FIG. 2. The temperature dependence of lattice parameters ¢’ and
B, the distance between the nearest-neighbor kagome planes d,, and
the relative sliding distance between the nearest-neighbor kagome
planes §/a, where di, = ¢’sin 8 and § = —c’cos B as shown in a
schematic chart in the inset.

of P2;/c with two V3+ sites in each chain. Thus, only the
system Cs, KM3F;, with a negligibly small undulation shows
the clear M3 dependence of crystal structures. The result
would be understood as follows. In the case of a relatively
large undulation (when lattice instability is dominant), the
space group tends to be fixed to P2;/m. In contrast, when the
undulation is very small, various crystal structures can exist
due to the interplay between the small lattice instability and
degrees of freedom of M3, although the detail is unclear.
Upon decreasing the undulation, differences among the
ZCr-F-Cr values and among the Cr-Cr distances in the
nearest-neighbor Cr ions, which induce differences among
several J;, become small. The ZCr-F-Cr values are within
the range of 141.0°-144.5° for Cs;NaCrsFy,, 143.5°-145.4°
for Cs;KCr3Fy; in the HT phase, and 142.9°-144.3° for
Cs,KCr3Fy, in the LT phase. The difference between the
largest and smallest Cr-Cr distances is 0.6% for Cs,NaCr3F,,
0.1% for Cs;KCr3Fj, in the HT phase, and 0.2% for the LT
phase. The small differences among the ZCr-F-Cr values and
among the Cr-Cr distances suggest that all J; at least have

4 [ Cs,NaCr;F), 200
%\ ~
E3r [Cs,KCriF 1150 &
& 4 N i [0}
O 0 5 10 15 20 =
a 7t Cs,NaCr;F, 4100 =

.5 Detr = 3.87 S
| Oow =-34K | =
N Cs,KCriF R
Per = 3.89 oy =-43K
0 : : 0
0 100 200 300
T (K)

FIG. 3. The temperature dependence of the magnetic suscep-
tibility x = M/H and their inverses x~' of Cs,BCr;F;, under
noH = 1Tfor H L ab. The inset shows enlarged x-T curves around
anomalies. All the measurements were performed under field-cooling
conditions.

the same sign in Csy BCr3F,. In particular, the distortion
of the kagome lattice of Cs;KCrsFy, is as small as that of
BaCu3V,03(OH), with a nearly undistorted kagome lattice
(Cu-Cu: 0.07-0.2%) [31]. Thus, Cs;KCr3Fy, is expected
to have nearly isotropic J;, while Cs,NaCr;F, has rather
anisotropic J;.

B. Magnetic properties at low magnetic fields

Figure 3 shows the temperature T dependence of the
magnetic susceptibility x = M/H and its inverse x ~' under
uoH = 1T for H L ab, where M is the magnetization, H
is a magnetic field, and ab corresponds to the kagome plane.
At high temperatures, both x-T curves show the Curie-Weiss-
like behavior, and thus x ~'-T curves are almost linear. For
Cs;KCr3Fy,, no anomaly is observed at T, ~ 270 K in x-T,
which suggests a small change of J; at T,. The effective
Bohr magneton number p.i and the Weiss temperature 6cw,
which are shown in Fig. 3, are obtained from the Curie-
Weiss fittings x = C/(T — 6cw) between 100 and 300 K.
The obtained p.s values are in good agreement with the
theoretical value 3.87 for S = 3/2 and g = 2. Negative Ocw
values indicate dominant antiferromagnetic interactions in
Cs; BCr3F,, which suggests that all nearest-neighbor J; are
antiferromagnetic.

With decreasing T, x-T shows a kink at Ty =5.5 K
for Cs;KCr3F; and at 6.1 K for Cs;NaCr3;Fi, (see the
inset of Fig. 3), which indicates the formation of magnetic
ordering. Frustration indices |fcw|/ Ty are obtained to be 7.8
for Cs,KCr3F); and 5.5 for Cs;NaCr3Fj,. The large [Ocw]|/ Tn
values suggest strong spin frustration effects in Cs, BCr3F,.

To examine the magnetic states below Ty in detail, we
measured M/H-T curves under several H for H 1 ab and
H || ab, which are shown in Fig. 4. For H 1 ab,the M/H-T
curves of both compounds are nearly independent of ©oH, and
each M /H-T shows apeak near Ty. In contrast, for H || ab, the
M /H-T curves below Ty depend strongly on o H . In addition,
M /H-T under 0.1 T for Cs;KCr3F); is clearly different from
that for Cs;NaCrsFy,. For Cs;KCr3F 5, M/H under 0.1 T
increases rapidly near Ty and approaches a constant value with
decreasing T (see the inset of Fig. 4). With decreasing o H,
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FIG. 4. The temperature dependence of M /H under several H
for H 1 ab and H || ab. The inset shows M/H-T of Cs;KCr3F,
under 0.1 T for H || ab. All the measurements were performed under
field-cooling conditions.

each M/ H increases at the same 7', which corresponds to weak
ferromagnetic behavior. For Cs;NaCr3F,, M/ H-T under 0.1
T shows a sharp peak near Ty, although the M/H-T curves
under higher poH are similar to those of Cs,KCr3Fy5.

In addition to the M /H-T data, the M-H curves help us
to clarify the magnetic states below Ty, which are shown
in Fig. 5. For H L ab, M of both compounds increases
almost linearly with increasing poH, which is consistent
with the M/H-T data. For H || ab, M-H of Cs;KCr3F;,
shows spontaneous magnetization with Mg, ~ 0.08ug/Cr,
which suggests the presence of canted spin moments in the
kagome plane. In contrast, for Cs;NaCrsF,, M-H for H || ab
shows no My, and in-plane magnetic anisotropy is observed.
For H || a (see the caption of Fig. 5), M jumps at 0.5 T
and then increases roughly linearly with increasing puoH,
whereas M for H || b jumps at 0.4 and 0.8 T successively,
then increases roughly linearly, and almost coincides with M
for H || a above 2 T. By extrapolating linearly from the high
o H range into 0 T, we obtain approximately 0.08 g /Cr for
H || a and 0.10ug/Cr for H || b, which are almost the same
as Mg, of Cs;KCr3F,. The spin-flip-like jumps of M for
H || a and H || b suggest that in-plane spin canting occurs
in each kagome layer of Cs;NaCr;F|, and that the canted
moments are canceled out among the layers in the ground
state. The successive jumps of M for H || b are considered
to be due to the presence of domains, although the detail is
unknown.

C. High-field magnetization

From the M/H-T and M-H data, Cs;NaCr;F; and
Cs;KCr3F, are revealed to form magnetic ordering be-
low approximately 6 K. In the isostructural KLAFs § =
1/2 A,;BTisFy; [43] and S =1 A,;BV;3Fy; [44], interest-

FC
0.4

CSchr3F12 T'=4.2K

0.3

0.2

M (u4/Cr)

0.1

0.0

0.3

0.2

M (u1/Cr)

0.1

0.0
0

2 3
HoH (T)

FIG. 5. The M-H curves up to 5 T at 4.2 K, where H | a and
H || b denote the direction of H for one of the crystal domains.
For Cs,KCr3F,, M-H for H || b is plotted as that for H | ab,
since negligible in-plane magnetic anisotropy is observed. All the
measurements were performed under field-cooling conditions.

ing magnetic-field-induced phases, including magnetization
plateaus, are observed at low temperatures. To examine the
effects of S under high magnetic fields, we measured M-H
curvesup to 60 T for H L ab and H || ab at 1.3 and 4.2 K for
Cs,KCr3F; and Cs;NaCrsFj,, which are shown in Fig. 6.
For Cs;KCr3F, dM/dH at 1.3 K for both H directions
decreases gradually with increasing poH from O T, shows a
broad minimum at approximately 19 T, and begins to increase
above 19 T. Correspondingly, as indicated by arrows, an
inflection point is observed in each M-H at approximately
1/3 of the full moment, which is considered to be a sign of
the 1/3-magnetization plateau. At 4.2 K, dM/d H for both H
directions shows a more distinct dip at approximately 1/3 of
the full moment, which suggests the stabilization of the 1/3-
magnetization plateau state due to thermal energy. A similar
behavior is also observed in Cs,NaCr3Fj, at approximately 18
T. Among S = 3/2 KLAFs, jarosite KCr3(OH)s(SO4), was
reported to exhibit a similar 1/3-magnetization-plateaulike
anomaly only under in-plane fields [33].

Above the inflection points, anisotropy is clearly observed
in M-H of both compounds at only 1.3 K. For Cs;KCrsF5,
while M-H at 1.3 Kfor H L ab shows no anomaly above 19T
and shows saturation at 50 T, that for H || ab increases rapidly
at 40 T. The anomaly is more distinct in dM /d H-H, which
is observed as a sharp peak at 40 T. A spin rearrangement
is considered to occur at 40 T probably due to the small
easy-plane anisotropy and chiral degrees of freedom in the
kagome lattice. A small peak of dM/d H-H is also observed
in Csp;NaCr3Fj, at 38 T and at 1.3 K only for H || ab, which
may correspond to the anomaly in Cs,KCr3F, at 40 T.
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FIG. 6. The magnetization curves M-H and the differential
magnetization curves dM/dH-H up to approximately 60 T in
Cs, BCr3Fppat 1.3and 4.2 K for H 1 ab and H || ab. The horizontal
lines indicate M = 1/3M,, where M, = 3up is the saturation
magnetization. Arrows indicate inflection points of the M-H curves.

IV. DISCUSSION

Summarizing our experimental results, two S =3/2
Heisenberg-like KLAFs Cs; BCr3F; (B = K,Na) have dom-
inant in-plane antiferromagnetic interactions with Ocw ~
—40 K and exhibit magnetic ordering with in-plane spin
canting, while only Cs,KCr3F, shows My, for H || ab. In ad-
dition, both compounds show 1/3-magnetization-plateaulike
anomalies irrespective of the direction of H. We discuss the
detailed magnetic properties, taking into account those of other
kagome systems and isostructural A, BTizF, and A, BV;3F,.

Considering that most Heisenberg-like KLAFs with some
perturbations adopt 120° magnetic structures [31,33,35,38,39],
it is most likely that Cs,KCr3;F;,; and Cs,NaCr;F), also have

120° structures as the ground states. As mentioned before, 120°
structures have chiral degrees of freedom in each triangle on
the kagome lattice. The key to the ground states of Cs, BCr3F;
is that both compounds only show in-plane spin canting, which
is very rare in KLAFs such as CdCu3(OH)(NO3), - H,O [38],
whereas out-of-plane spin canting was often reported in
KLAFs [31,33,35,39]. In these compounds, the ¢ = 0 120°
structures are realized in the kagome planes mainly due
to the DM interaction D;; - S; x §; [31,33,35,38]. The g =
0 120° structures have two spin arrangements, a clockwise
spin arrangement in all the triangles and a counterclockwise
one, which depend on D;; and are related to the direction
of spin canting. Out-of-plane spin canting is stabilized for
the ¢ = 0 clockwise arrangement, while it is not for the
counterclockwise one [22]. In contrast, as discussed by Okuma
et al. [38], only the counterclockwise arrangement allows
in-plane-spin canting. Thus, KLAFs Cs, BCr3F|, with only
in-plane canting are implied to have the ¢ = 0 120° structure
with the counterclockwise arrangement. Moreover, relatively
larger in-plane spin canting (My,/S ~ 0.065/Cr) than that
of CdCu3(OH)(NOs); - HoO [38] (Mp/S ~ 0.016up/Cu)
suggests that the small distortion of the kagome lattices in
Cs; BCr3F,, which produces several J; in each Crit triangle,
also contributes to the in-plane spin canting [23,24].

As mentioned before, although in-plane spin canting oc-
curs in each kagome layer of Cs,; BCr3F),, only Cs,KCr3F,
shows My, which suggests that the sign of the interlayer
coupling differs between two compounds. Such a difference
was also reported in jarosite KFe;(OH)g(SO4), [39,40] and
KCr3(OH)s(SO4); [33]. In both compounds, the g = 0 120°
structure with the clockwise arrangement is realized as the
ground states, and out-of-plane spin canting occurs in each
layer mainly due to the DM interaction [33,39,40]. While
KCr3(OH)s(SO4), has Mg, due to a ferromagnetic interlayer
coupling [33], KFe3(OH)s(SO4), shows no Mg, due to an
antiferromagnetic one [39,40]. Similarly, for Cs,NaCr;Fy,,
in-plane-canted moments are considered to be canceled out
between the nearest-neighbor kagome planes due to a weak
antiferromagnetic interlayer coupling Jiper (~ 0.5usT <
kg|Ocw|). Although the interlayer-superexchange-interaction
paths Cr-F-Cs (B)-F-Cr are complicated, a rapid change of the
sliding of the kagome plane in Cs,KCr3F, at Ts would induce
subtle changes of the interlayer-superexchange paths, which
may cause a change in the sign of the interlayer coupling.

Until now, we have discussed the ground states of
Cs; BCr3F; considering those of other kagome systems. To
elucidate the effects of quantum fluctuation on the ground
states, it is important to compare the crystal structures and
the ground states of Cs, BCr3Fj, with those of KLAFs § =
1/2 A;BTi3F; and S =1 A;BV3Fj;. Here, we look at
the ground states of A,BTisF;; and A, BV3F,. Three S =
1/2 A, BTizF|, show no magnetic ordering, and the ground
states depend strongly on the distortion of the kagome lat-
tices [43]. In contrast, three S = 1 A, BV3F; exhibit magnetic
ordering with a 120° structure, whose spin plane is perpendic-
ular to the kagome plane [44]. Thus, the ground state clearly
differs among the three S = 1/2-3/2 spin systems A, BM3F ;.

We think that possible origins of the differences among the
ground states of A, BM3F), are the distortion of the kagome
lattice, magnetic anisotropy, the DM interaction, and quantum
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fluctuation. In terms of magnetic anisotropy, S = 1 A, BV3F,
have large Ising-like anisotropy, which mainly causes the 120°
structure perpendicular to the kagome plane. Then, what is
the main origin of the difference between the ground states
of A, BTi3F;; and Cs, BCr3F;,. As mentioned before, the DM
interaction [21] and the distortion [23,24] stabilize magnetic
ordering. However, the distortion of Cs, BCr3F), is smaller
than that of A,BTizF;, with each B, and in particular the
distortion of Cs,KCr3Fj; is very small. Regarding the DM
interaction, the magnitude is roughly proportional to that of
the spin-orbit interaction AL - S (A = 155 cm~! for Ti3 [49]
and = 92 cm~! for Cr** [49]). Considering that Cr** with t238
electronic configuration has no residual orbital moment, the
magnitude of the DM interaction of Cs, BCr3F; is considered
to be smaller than that of A, BTizF;,. Thus, the formation of
an in-plane-120° structure in Cs, BCr3Fj; is mainly due to a
decrease of the quantum fluctuation. Paradoxically, our study
experimentally suggests that the interplay between quantum
fluctuation of S = 1/2 and spin frustration destroys long-range
magnetic ordering even in KLAFs with some DM interaction
and the distortion.

Although the ground state differs among S = 1/2-3/2
A, BM3F,, there is a common feature in the magnetic prop-
erties under high magnetic fields. In addition to Cs, BCr3Fy,
S =1/2 A, BTisF), show 1/3-magnetization-plateaulike be-
havior irrespective of the direction of H [43], whereas S =
1 A, BV3F;, with Ising-like anisotropy exhibit distinct 1/3-
and 2/3-magnetization plateaus under out-of-plane fields [44].
Thus, although there is a difference in the strength of the mag-
netic anisotropy, the 1/3-magnetization-plateaulike behavior
is revealed to appear in S = 1/2-3/2 A, BM3F;, including
S = 3/2 Heisenberg-like KLAFs Cs; BCr3Fi,, which is con-
sistent with recent theoretical studies [19]. When we compare
the M-H curves of Cs, BCr3F, with those of A,BTiszF,,
the 1/3-magnetization-plateaulike behavior of Cs, BCr3F;
is less distinct than that of A,BTis;F;,, which is consid-
ered to be due to a decrease of the quantum fluctuation.
In addition, unlike in the case of S = 1/2 A,BTi3Fi,, the
1/3-magnetization-plateaulike behavior at 4.2 K is more dis-
tinctly observed than that at 1.3 K. This fact suggests that

in Cs; BCr3Fj,, thermal fluctuation is also important for the
appearance of the 1/3-magnetization plateau, as is observed in
S = 3/2 KCr3(OH)(SO4), [33] with the same S.

V. CONCLUSION

We discovered two S = 3/2 kagome lattice antiferromag-
nets Cs, KCr3F; and Cs,NaCr;F; and succeeded in growing
their single crystals. We also clarified the crystal structures
and magnetic properties. While Cs,NaCr3F), crystallizes in
a monoclinic system of P2;/m, Cs,KCr3Fj, crystallizes in
a monoclinic system of C2/n at room temperature and the
structure changes to a trigonal system of P3,21 at 270 K.
Both compounds form antiferromagnetic ordering with in-
plane spin canting in each kagome plane below 6 K, whereas
spontaneous magnetization is only observed in Cs;KCr;Fj;.
The difference is due to the difference between the signs of
the weak interlayer couplings, which may be related to the
structural transition of Cs,KCr3Fj,. The in-plane 120° struc-
tures in Csy BCr3F, are remarkably different from disordered
ground states in A, BTi3F, and out-of-plane 120° structures
in A; BV3F|,, which is mainly due to the differences in the
strength of quantum fluctuation and the strength of magnetic
anisotropy for the three systems. Although the ground state dif-
fers, the 1/3-magnetization-plateaulike behavior is a common
feature among S = 1/2-3/2 A, BM;F;.
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