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Field-induced successive phase transitions in the J;-J, buckled
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The magnetic properties of Cs3Fe,Cly single crystals were investigated by magnetic and thermal measure-
ments. The crystal structure of Cs3;Fe,Cly consists of a bilayer triangular lattice of Fe* ions. The analysis of
magnetic susceptibility clarified that the intra- and interdimer interactions are comparable with each other, and
Cs3Fe,Cly is regarded as a spin-5/2 J;-J, buckled honeycomb antiferromagnet with the ferromagnetic interlayer
interaction J3. The susceptibility for the magnetic field H||c axis exhibits a sudden drop at the Néel temperature
Tn = 5.4K, indicating a first-order magnetic phase transition. One of the characteristic features is the linear
temperature dependence below 7y. Furthermore, Cs;Fe,Cly undergoes successive magnetic phase transitions in
high magnetic fields along the ¢ axis. We obtained a rich H-T phase diagram in which the M;/2 magnetization-
plateau phase is included. These unique magnetic behaviors probably originate from the competition of magnetic
interactions and the easy-axis anisotropy in the antiferromagnetic J;-J, buckled honeycomb network.
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I. INTRODUCTION

Various nontrivial magnetic phenomena in systems with
competing interactions, such as the triangular lattice, kagome,
and Ji-J» honeycomb networks, have been of significant
interest for several decades, where J; and J, are the first
and the second nearest neighbor interactions, respectively. In
particular, the magnetism of quantum triangular lattice anti-
ferromagnets (TLAFMs) has been intensively studied since
the resonating valence bond state was predicted [1]. Although
recent theoretical studies have reached the consensus that the
ground state of quantum TLAFMs is a 120° spin-structure
state with reduced moments instead of a spin liquid (SL)
state [2-5], an additional competing interaction, such as a
ring exchange interaction, may induce the SL state in quan-
tum TLAFMs [6,7]. In fact, the observation of an SL state
based on this mechanism was reported in the organic TLAFM
compound k-(ET),Cu,;(CN)3 [8,9]. On the other hand, in
classical systems, various magnetic phenomena are expected
to emerge, such as the Berezinskii-Kosterlitz-Thouless transi-
tion [10,11] and a chiral transition at finite temperature in XY
systems [12].

Bilayer triangular lattice (BLTL) antiferromagnets also in-
corporate competing interactions in their crystal structures.
In these structures, the BLTL layers are stacked along the
¢ axis with (1/3, 1/3) translation in the ab plane, where
the three interactions Ji, J,, and J3 determine the magnetic
network of the system, as shown in Fig. 1(a). When J3 is
much larger than the others, the magnetic network becomes a
dimer-based system. In the opposite case, it is thought to be a
Ji1-J> buckled honeycomb system coupled by J3. In this case,
the inter-BLTL layer interactions J; become dominant (first
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nearest neighbor) in the conventional honeycomb network,
as shown in Fig. 1(b). Furthermore, the intratriangular lattice
layer interactions J, can be regarded as the second nearest
neighbor interactions of the honeycomb network, in which
the J, competes with J; when being antiferromagnetic. In this
case, the magnetism of the system can be regarded as J;-J
honeycomb antiferromagnet which is known as the frustrated
spin system.

Actually, theoretical studies predict that the J;-J, Heisen-
berg classical honeycomb antiferromagnet (HAFM) shows a
disordered magnetic ground state when J,/J; > 1/6 [13,14],
and experimental studies of BisMn401,(NO3) with J,/J; be-
tween 0.1 and 0.15 revealed an unusual ground state coming
from the frustration by J; and J, [15-18].

Several compounds are known to be candidates for BLTL
antiferromagnets. For example, BazMn;Osg (spin-1) is a dimer
system with dominant antiferromagnetic (AF) J;, which
shows a nonmagnetic spin singlet state [19-21]. In con-
trast, a buckled honeycomb magnetic network is realized in
Ba;NiTeOg (spin-1) with comparable AF J; and J, [22].
Ba;NiTeOg shows a collinear stripe magnetic order with a
propagation vector kpy,e of (0,1/2,1) [23,24].

AsM,Xy (AT = alkali metal, M3+ = transition metal, X~ =
halogen) series compounds are also candidates for BLTLs.
The crystal structure and exchange-interaction paths of Ji, J,
and J3 are shown in Figs. 2(a)-2(c). There are several com-
pounds, such as spin-1/2 Cs3Ti,Clg [25,26], spin-1 Cs3V,Cly
and Rb3V;Brg [27], and spin-3/2 Cs3Cr,Clyg and Cs3CryBrg
[28,29]. Ti and Cr compounds can be regarded as dimer
systems because of the strong J3, and they show a nonmag-
netic ground state with a finite excitation gap. In particular,
Cs3Cr,Cly exhibits M;/3 and 2 M;/3 magnetization plateaus

©2021 American Physical Society
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FIG. 1. (a) Schematic illustration of the bilayer triangular lattice.
Red and green spheres represent magnetic ions. The interactions J,
J», and J5 are the interactions of the interbilayer triangular lattice
plane, within the triangular lattice, and the intertriangular lattice
within the bilayers, respectively. (b) Projection of the buckled hon-
eycomb network onto the ab plane.

in a magnetic field because of the partially magnetized dimer
(corresponding to the triplet excitation) [30].

Here, we focus on Cs3Fe,Clg regarded as a classical spin-
5/2 BLTL magnet. Previously, the temperature dependence
of the magnetic susceptibility of a polycrystal sample was
studied, and the formation of a nonmagnetic ground state
with a small excitation gap was reported [31]. Micro-single-
crystal synthesis by dehydration of concentrated hydrochloric
acid aqueous solutions of cesium chloride and iron chloride
was reported [32,33]. However, physical properties of single-
crystal samples have not been reported so far. Recently, we
succeeded in synthesizing single crystals of Cs;Fe,Cly by
applying the solvothermal method which enables us to grow
large single crystals. In this paper, we report the synthesis,
crystal structure, and magnetic properties of Cs3Fe,Cly, and
we discuss various magnetic states realized in Cs3Fe,Cly by
comparing those with J;-J, buckled honeycomb antiferromag-
nets (BHAFMs).

II. EXPERIMENTS

Single crystals of Cs3Fe,Clg were prepared by solvother-
mal synthesis. Stoichiometric mixtures of cesium chloride
and iron chloride were placed in a Teflon-lined stainless steel
autoclave with concentrated aqueous hydrochloric acid. The

(b)

FIG. 2. (a) Perspective view of the crystal structure of A3M,Xy.
(b) Triangular lattice plane made from the Fe,Cly dimer along the
¢ direction. Cs ions are not shown for ease of viewing. (c) Three
dominant interactions Ji, J,, and J3 corresponding to those of the
bilayer triangular lattice shown in Fig. 1. The intradimer Fe-Fe
distance d3, angle of intradimer Fe-Cl-Fe 6;, and interdimer CI-Cl
distances d; and d, are illustrated. (d) Photo of a single crystal of
CS3F62C19.

autoclave was heated up to the temperature of 220 °C and
held at 220 °C for 24 h, then slowly cooled down to room
temperature which is approximately 25 °C. Orange hexago-
nal plate crystals were obtained. The largest dimension is
approximately 0.2 mm thick, with a diagonal length of ap-
proximately 1.0 mm, as shown in Fig. 2(d). As mentioned in
Refs. [32,33], Cs3Fe,Cly is slightly sensitive to air, and thus
the crystal was dealt with in the argon-filled glove box to avoid
air exposure. For the crystal structure analysis, a single hexag-
onal plate shaped crystal with dimensions of 0.094 x 0.050 x
0.032 mm? was selected. Data collection was carried out using
Mo K radiation (A = 0.71073 A) on a Rigaku AFC11 Saturn
charge-coupled device (CCD) diffractometer with a VariMax
confocal x-ray optics system. The sample temperature (113 K)
was controlled by a flash-cooling stream system using Nj
gas. Cell refinement and data reduction were carried out using
the D*TREK program package in the CRYSTALCLEAR software
suite [34]. The structure was solved using SHELXT [35] and
refined by full-matrix least squares on F? using SHELXL-2014
[35] in the WINGX program package [36]. Magnetic measure-
ments of single-crystal Cs;Fe,Clg were performed using a
SQUID magnetometer (Quantum Design MPMS) up to 7 T.
High-field magnetization measurements were carried out on
aligned single crystals by the induction method in a pulsed
high magnetic field of up to 25 T at the Center for Advanced
High Magnetic Field Science at Osaka University. The abso-
lute value of the high-field magnetization was calibrated with
the magnetization measured with the SQUID magnetome-
ter. Heat capacity measurements were performed on a single
crystal by the relaxation method (Quantum Design PPMS) in
magnetic fields of up to 13.5 T.
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TABLE I. Refined structural parameters of Cs;Fe,Cly.

Atom Wyckoff position Occ. x y z Ueg(A?)
Csl 2b 1.0 0.0000 0.0000 0.2500 0.01067(6)
Cs2 4f 1.0 0.3333 0.6667 0.41723(2) 0.01166(6)
Fe 4f 1.0 0.6667 0.3333 0.34608(3) 0.00952(9)
cl1 6h 1.0 0.51618(6) 0.03235(12) 0.2500 0.01002(11)
CI2 12k 1.0 0.35031(9) 0.17516(4) 0.41052(3) 0.01156(9)

III. RESULTS

A. Crystal structure refinement

Single-crystal x-ray diffraction experiments on Cs3zFe,Cly
revealed that this compound crystallizes in a hexagonal sys-
tem with the space group P63/mmc [a = 7.1898(3) A and
¢ = 17.6703(7) A], and the final R1 value was 3.47%. The
crystal structures of Cs3;Fe,Clg are illustrated in Figs. 2(a)—
2(c), which are identical to those of the A3;M,Xy series of
compounds. The structural parameters and details of the struc-
tural analysis are summarized in Table I and in Table S1 in the
Supplemental Material [37], respectively. The selected bond
distances d; (J; bond), d» (J> bond), d3 (J3 bond), d(CI-Cl),
(the CI-CI distance between the TL planes), and d(Cl-Cl),
(the CI-Cl distance within the TL planes), as well as the
M-CI-M angle 8, within the dimer, are summarized in Table II.
Cs3Fe,Clg has the longest d; length, and the shortest d;, d,,
d(Cl-Cl);, and d(CI-Cl), in the Cs3M,Cly family of com-
pounds, which affects the magnetic properties of CszFe,Clg.

B. Magnetic susceptibility

Figures 3(a) and 3(b) show the temperature dependence of
the magnetic susceptibilities (x = M/H) for H||c axis (x.)
and H||ab plane (x,) at H = 1T between 1.8 and 300 K,
respectively. x. and x,, above 50 K can be fitted by the
Curie-Weiss law. The Curie constant C = 4.52 and the Weiss
temperature 6y = —13.3 K for the H||c axis, and C = 4.57
and Oy = —16.0 K for the H||ab plane were extracted from the
fittings. The g values g, = 2.03 and g, = 2.04 were evaluated
from the Curie constants by assuming spin-5/2, and they are
consistent with the results of X-band electron spin resonance
(ESR) measurements, as presented in Figs. S1 and S2 in the
Suplemental Material [37]. The negative 8y indicates that the

net magnetic interaction is antiferromagnetic. We estimated
the magnetic interactions Ji, J,, and J3 by high-temperature
series expansion (HTSE) fitting [38] based on the following
effective Hamiltonian:

H:—Jl ZS,"SJ‘—Jz ZS,‘-SJ'—]:; ZS,SJ

(6. (i)} (ij)3

The x. and x, were well reproduced with the pa-
rameter values of magnetic interactions Ji/kg = —1.35K
(AF), J,/kg = —0.56 K (AF), and J3/kg =2.95K (F), as
shown in Figs. 3(a) and 3(b). Here, the g values determined
by the Curie-Weiss analyses were used in the HTSE fit-
tings. The J;, J, and J3 values are comparable with each
other, suggesting that Cs3Fe,Clg is a model of the Ji-J,
BHAFM with ferromagnetic J3. Within the mean field theory,
the calculated Weiss temperature 6y = Xz;J;S(S + 1)/3kg =
2.92(3J, /kg 4+ 6J5/kg + J3/kg) = —13.1K, (where z; is the
coordination number of exchange interaction J;, which is
consistent with the experimental value. From the structural
analysis, the Fe-Cl-Fe exchange bond angle of 84.35(3)°
within the dimer is close to 90 °. Thus, the exchange interac-
tion is thought to be ferromagnetic or weak antiferromagnetic
[39]. In addition, the CI-Cl distances were shorter than those
of other Cs3M,Cly compounds, as shown in Table II. This
situation causes three comparable interactions between Ji, J;,
and J5 in Cs3Fe,Clo.

The temperature dependence of x. and x,, below 8 K at
H = 1Tis presented in Fig. 4. . drops steeply at Ty = 5.4 K,
indicating the onset of an AF long-range order. The very sharp
drops of x. suggest that the phase transition is first order. In
addition, a linear temperature (linear 7) dependence of the x.
below Ty was observed. In contrast, x,, shows a subtle drop
at Ty and temperature-independent behavior below Ty. These

TABLE II. The three M-M distances d3, d,, and d,; the angles of M-X-M within the dimer (0, ); the interdimer CI-Cl distances within the
plane [d(CI-Cl),]; and the interdimer CI-Cl distances between the planes [d(CI-Cl),] in A3M,Xy compounds from Refs. [25,27,28]. The data

for Cs3Fe,Cly were determined in this work.

di (&) d> (A) ds (A)
Cs;TirClo 7.1642(18) 7.3226(5) 3.215(3)
Cs;V,Clo 7.162(3) 7.240(2) 3.1592(18)
Cs;Cr,Cly 7.14(3) 7.217(2) 3.15(4)
Cs;Fe,Clg 6.8426(9) 7.1898(4) 3.3955(1)

0, (deg) d(CI-C); (A) d(CI-Cl), (A)
Cs;Ti,Cly 79.11(6) 3.9993(17) 3.8604(18)
Cs;3V,Clo 80.1(3) 3.973(10) 3.834(9)
Cs;Cr,Cly 80.7(7) 4.035(7) 3.9167(11)
Cs;Fe,Clo 84.35(3) 3.8416(8) 3.7780(3)
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FIG. 3. Temperature dependence of magnetic susceptibilities of
Cs3Fe,Clg for H||c axis (a) and H ||ab plane (b). Open circles (gray)
and red broken lines represent the experimental results and the results
of the tenth-order high-temperature expansion [38], respectively.
Open squares (gray) and blue solid lines show the inverse suscep-
tibilities and their Curie-Weiss fittings above 50 K, respectively.

results indicate that the ground state of Cs3Fe,Cly is an AF
ordered state with easy-axis anisotropy along the ¢ axis.

The low-temperature x. in various magnetic fields be-
low 8 K are shown in Fig. 5. As indicated by triangles,
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FIG. 4. Temperature dependence of magnetic susceptibilities for
H||c axis and H ||ab plane measured at 1 T. Dotted line for the H||c
axis data is guide for the eyes for the linear 7" dependence of the
susceptibility.
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FIG. 5. Temperature dependence of magnetic susceptibilities in
various magnetic fields below 8 K for H||c axis. For all plots, circles
and triangles are the zero field cooling and field cooling data, re-
spectively. Black solid triangles indicate the transition temperatures
determined by the differentials of the magnetic susceptibilities (Fig.
S4 in the Supplemental Material [37]) and the heat capacities. Data
are shifted upward by 0.01 emu mol Fe™! as an offset.

many magnetic phase transitions occur in magnetic fields,
resulting in the production of a complicated magnetic field
vs temperature phase diagram (these data are expanded in
Fig. S3 [37]). The transition temperatures were determined
from their temperature differentials dx./dT, shown in Fig.
S4 [37], and the heat capacities will be displayed later in
Fig. 9. In the low-field y., the linear T behavior below Ty
remains up to 2 T. The continuous temperature dependence
of magnetic susceptibility may suggest that the directions
of spin can change smoothly by the temperature changes.
To our best knowledge, a few experimental observations of
linear T magnetic susceptibilities have been reported in the
spin-glass systems FepsMngsTiO3 [40] and GdBg [41], and
in the iron superconductors LaFeAsO; F, [42,43]. In both
systems, the predominant origin of the linear T behavior is
thought to be magnetic frustration, which gives rise to in-
numerable degeneracy of metastable magnetic states causing
the unique temperature dependences and the hysteretic mag-
netization process of CszFe,Clyg. The sharp drop gradually
broadens as the magnetic field increases. This occurs because
the transition splits into two, as confirmed by the heat capacity
data. This split is prominent above 2.5 T. In addition, another
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FIG. 6. Temperature dependence of magnetic susceptibilities at
various magnetic fields below 8 K for H||ab plane. For all plots,
circles and triangles are the zero field cooling and field cooling data,
respectively. Arrows indicate the transition temperatures. Data are
shifted upward by 0.005 emu mol Fe™! as an offset.
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anomaly appears at approximately 2 K at H =2.7T; the
temperature at the additional anomaly increases to 2.5 K at
3.2 T with hysteresis. Then, at 3.5 T, this lowest-temperature
transition vanishes. At 4 T, the susceptibility begins to grow
at the highest transition temperature of 5 K. Notably, the
transition at 5 T splits into two transitions again at 5.1 and
4.7 K; this is confirmed by the d x./dT (Fig. S4(d) [37]) and
heat capacity data. These two peaks merge into a single peak
at 6.5 T. The lowest transition at 6 T is accompanied by a hys-
teresis that becomes prominent at 6.5 T and probably moves
to the temperature below 1.8 K at 7 T. The domain formation
sometimes affects the physical properties at the first-order
phase transition. The susceptibilities were only measured with
warming after zero field cooling, followed by the field cooling
process; the data were not taken in warming and cooling
after the field-cooled process. Therefore, we cannot confirm
whether there is an important effect of domain formation on
the phase transitions in Cs3Fe,Cly at this stage.

Figure 6 shows the temperature dependence of yx,, upon
heating up to 8 K in several magnetic fields. x,, shows one
small transition, whose temperature decreases slightly with
increasing field up to 7 T.
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FIG. 7. [(a)—(c)] Magnetization curves (left axis) for the H||c axis measured in magnetic fields of up to 7 T and field differentials dM/dH
(right axis) with increasing and decreasing field. Solid lines and broken lines represent dM/dH with increasing and decreasing field, respectively.
Data in [(a)—(c)] are shifted upward by 1.0 ug Fe™! as an offset. Transition fields Hj and Hj were determined by taking the middle point of the
hysteresis at each temperature. (d) Magnetization curves and dM/dH for the H||ab plane measured in magnetic fields of up to 7 T. Data in (d)
are also shifted upward by 1.0 g Fe™! as an offset.
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C. Magnetization

Magnetization curves (M) and their field derivatives
(dM/dH) in magnetic fields of up to 7 T at several tempera-
tures for H ||c axis (M) and H ||ab plane (M,;,) are displayed in
Figs. 7(a)-7(d) (dM/dH data for other temperatures are shown
in Figs. S5(a) and S5(b) [37]). The M, at T = 1.8 K shows a
downward convex field dependence in the low magnetic field
region and a tiny anomaly at H{ = 2.6 T, which is marked
by a blue solid circle in the panel. Moreover, three successive
transitions occur, at Hy = 3.2T,Hy =5.2T,and H = 6.6T.
Two metamagnetic transitions at H; and Hj are remarkable
and accompanied by clear hysteresis. These hystereses in-
dicate that the transitions are first order. The transitions at
Hf and Hf are indiscernible above 2.5 and 4 K, respectively
(enlarged dM/dH graphs around Hy are introduced in Fig.
S6 [37]). The Hy and Hj slightly decrease with increasing
temperature, and the widths of the hystereses at Hy and Hj
become narrower than those at 1.8 K. Both hystereses vanish
at 4 K. The transition at Hj splits into two, as seen in the
double-peak structure of dM/dH at 5 K, and an additional
broad peak appears at approximately 4.5 T indicated by the
middle arrow. The M, at 5.5 K shows a linear field dependence
up to 7 T. In contrast, only one anomaly at H{’b =1.2T was
observed for M, below Ty [Fig. 7(d)].

D. High-field magnetization

Figures 8(a) and 8(b) show the high-field M. and M,
up to 25 T at 1.4 K, respectively [the magnetization curves
at other temperatures are shown in Figs. S7(a)-S7(f)]. The
data include the field ascending (blue and green lines) and
descending (red and orange lines) processes. M, exhibits suc-
cessive anomalies at H;y and H;, which seem to be the same
as those observed in the steady field M,. The widths of the
hystereses at Hy and Hy are larger than those measured in the
steady field. This is caused by the sweep rate of the magnetic
field in the nonequilibrium phenomenon of the first-order
phase transition. Above the transition field at Hf, the M,/2
magnetization plateau (M is the saturation magnetization)
appears with a small finite slope up to H; = 11.3T. Then,
a small anomaly around H{ = 14.5T with small hysteresis
was observed below the saturation field. Finally, M, saturates
at HS = 17.4T. It is noted that dM./dH above H¢ gradually
decreases with increasing magnetic field up to H¢.

M,;, shows a small anomaly with a hysteresis around Hzab =
12.4T and saturates at Hs“b = 19.4 T, which is larger than
H{ =17.4T. dM,,/dH is nearly constant below H;b and
shows a convex downward curve between H§? and the sat-
uration field. This behavior is largely different from that of
dM./dH.

E. Heat capacity

The temperature dependence of the heat capacities (Cp)
measured in various magnetic fields of up to 13.5 T for the
H||c axis is shown in Figs. 9(a)-9(c). Arrows in Figs. 9(a)-
9(c) indicate the small peaks, which are enlarged in Fig. 9(d).
Because of the unavailability of a nonmagnetic compound
with the same crystal structure for the estimation of the lattice
heat capacity, we plotted the total heat capacity data. In zero
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FIG. 8. High-field magnetization curves (blue and red lines) and
field differentials dM/dH (green and orange lines) of Cs;Fe,Cly for
(a) the H||c axis and (b) the H||ab plane. Absolute values were
calibrated using the steady field data measured by MPMS. Blue
(green) and red (orange) lines are the data with increasing and de-
creasing field, respectively. Horizontal and vertical broken lines show
M;/2 and the transition fields, respectively. Hf =2.7T, Hy =3.7T,
H{ =TT, HS = 11.3T, H; = 14.5T, H = 17.4T, H{® = 124T,
and H* = 19.4 T are estimated by taking the middle of the hysteresis
at the transitions. The saturation magnetization value for the H||c
axis is 4.9 ugFe™!, and that for the H ||ab plane is 4.8 ug Fe™!.

magnetic field, a single sharp peak was observed at 5.4 K.
This suggests that the phase transition is first order, which
is consistent with the steep drop in the low-field magnetic
susceptibility at this temperature. The peak at 5.4 K gradually
shifts to the lower-temperature side with increasing magnetic
field, and splits into two sharp peaks at 2 T. The lower peak
temperature is prominently influenced by the magnetic field,
and it becomes A shaped at 3.2 T. The higher one shows
moderate field dependence and retains its peak shape. An
additional peak appears at approximately 2 K at 2.8 T, which
shifts to the higher-temperature side with increasing magnetic
field and is missing in the 4 T data. The peak at 4.8 K in
magnetic field at 4 T again splits into two steep peaks; the
peaks merge into a single peak at 6.5 T. In contrast, the A-
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FIG. 9. [(a)—(c)] Heat capacities measured in various magnetic fields for the H ||c axis. Data are normalized by the largest peak top value
C,(max) for each data series shown in the graphs (value in parentheses). (d) Enlarged figure around small peaks in 2.8, 3, 3.2, 6, and 6.5 T.
Data are shown with offset by 1.0 for [(a)—(c)], and by 3.0 JK~! mol™" for (d).

shape peak at 3.7 K in the magnetic field at 4 T moves to the
lower-temperature side and disappears in the 7 T data. Above
7 T, only one sharp peak is observed, which corresponds
to the first-order phase transition; the transition temperature
shifts to the low-temperature side with increasing magnetic
field. These results indicate that the phase transition from the
high-temperature paramagnetic phase to the magnetic phase
in an arbitrary magnetic field above 7 T up to 13.5 T is first
order.

F. Phase diagram

The results of magnetic susceptibility, magnetization, and
heat capacity measurements are summarized as the H-T mag-
netic phase diagrams for both the H||c axis and H||ab plane,
as depicted in Figs. 10(a) and 10(b). When the transition is
accompanied by hysteresis, the middle point of the hysteresis

is taken as the transition field, and the vertical bars represent
the widths of the hysteresis field ranges. There are nine and
three magnetic phases in the H-T phase diagram for the H||c
axis and H ||ab plane, respectively. The phase diagram for the
Hl|c axis is complicated. Almost all phase transitions have
sharp anomalies or hysteresis, indicating first-order phase
transitions. Only the transition from phase IV to phase V
has a A-type peak in the heat capacity; thus it should be the
second-order phase transition.

IV. DISCUSSION

Bulk magnetization and heat capacity measurements re-
vealed that Cs;Fe,Clg was identified as a frustrated J,-J>
buckled honeycomb antiferromagnet with ferromagnetic in-
terlayer coupling, and established a magnetic ordered ground
state (phase I) with the easy axis along the ¢ axis. Because
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FIG. 10. Magnetic field vs temperature phase diagram for
Cs3;Fe,Cly constructed by magnetic measurement, heat capacity
measurement, and high-field magnetization data for (a) H||c axis
and for (b) H||ab plane. Rhombic squares (blue), circles (orange),
triangles (red), and squares (green) are the transition temperatures
and fields determined from the temperature dependence of magnetic
susceptibilities (MT), magnetization curves (MH), high-field magne-
tizations (HF), and heat capacities (HC), respectively. Bars represent
the hysteresis field ranges of first-order phase transitions. Black lines
are guides for the eye of phase boundaries.

the ferromagnetic J3 cannot induce a magnetic frustration,
it is reasonable to consider that the complicated magnetism
observed in Cs3Fe,Cly is attributed to the magnetic frustra-
tion in a two-dimensional J;-J, buckled honeycomb network.
Therefore, we discuss the spin states of Cs3Fe,Cly by compar-
ing the obtained magnetic phase diagram with the theoretical
phase diagram of the Ising J;-J, HAFM, which can be a
clue for understanding the magnetic properties of the com-
pound. Figure 11(a) shows the h/J;-J>/J; phase diagram for
the spin-5/2 Ising Ji-J, HAFM at T = 0, which is calculated
based on Ref. [44]. The candidate magnetic structures for
the antiferromagnetic ordered state and M;/2 plateau states

@ 20— :
Saturated
state

M2
151 (d).(e)]

M/2 plateau

3 10 .
<
My/3
5
M=0
AF 11 (c)
0 | 1 | 1
00 02 04 06 08 10
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Mg/2 plateau |

Mg/2 plateau Il

FIG. 11. (a) Ground state (T = 0) phase diagram for the S = 5/2
Ising J,-J, honeycomb antiferromagnet in a magnetic field, calcu-
lated in accordance with Ref. [44]. Critical fields determined from
high-field magnetization curves at 1.4 K in Cs;Fe,Clg normalized by
the J, are plotted at the J,/J; = 0.41 vertical line. Bars on the square
marker represent the width of hysteresis of high-field magnetizations
(hystereses of H{, Hy, HS, H{, and H are smaller than the marker
size). (b,c) Candidates for the ground state spin structures of Ising
J1-J, HLAFM. In the present system, Cs;Fe,Cly, AF II is expected
to be the ground state with J,/J; = 0.41 (see text). [(d),(e)] Can-
didates for the M, /2 plateau of the J;-J, HLAFM model. Open and
closed circles represent up and down spins, respectively. Blue shaded
regions in [(b)—(e)] correspond to the magnetic unit cell.

are illustrated in Figs. 11(b)-11(e). In the theoretical phase
diagram, the M;/3 and M;/2 plateaus are stabilized in a wide
area, except for J,/J; = 0 and 0.5; the M;/3 plateau disap-
pears at J,/J; = 0.5, and both M /3 and M, /2 plateaus vanish
at Jo/J; = 0. The magnetization curve for the system with
J2/Jy # 0, 0.5 should exhibit a stepwise behavior from the
AF phase to the M;/3 plateau, via the M;/2 plateau, and the
saturated state, as observed in the Ising-like J,-/, BHAFM
Ba;CoTeOg [44].

From the magnetic susceptibility measurements, the ra-
tio of interactions of Cs3;Fe,Clg is expected to be J,/J; =
0.41. The critical fields of successive phase transitions in
Cs3Fe,Cly determined from the high-field magnetization at
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1.4 K are plotted along the J,/J; = 0.41 line in Fig. 11(a).
The phase boundaries of the M;/2 plateau, a region between
Hj and HS, are close to the calculated boundaries of the
Ising Ji-J, HAFM; however, there are clear discrepancies
between the theoretical and experimental phase boundaries.
In particular, a prominent difference is that there is no M/3
plateau in Cs3;Fe,Cly, but one interesting issue to be noted
is that the magnetization value at H = (Hy + H;)/2 =54T
is approximately one-third of M. An explanation of all
the observed magnetic phases is beyond this simple Ising
model calculation. These discrepancies probably originate
from the competition of magnetic interactions and the easy-
axis anisotropy, which give rise to long-range collinear spin
arrangements and noncollinear multiple-g states, as discussed
later.

Here, we focus on the spin arrangements of the ground
state and the M;/2 plateau phase compared with the theo-
retical calculations. First, we consider phase I as the ground
state phase of Cs3Fe,Clg, compared with the AF I and AF
IT in Figs. 11(b) and 11(c); the Néel-type AF I [Fig. 11(b)]
and the stripe AF II [Fig. 11(c)] are expected in the theo-
retical h/J\-J,/J; phase diagram [44]. The energies for one
magnetic ion with spin-5/2 in the AF I and AF II spin
structures are described as Ey = —75J,/8 4+ 75J,/4 and Eyy =
—25J,/8-25J, /4, respectively. The AF II structure is sta-
bilized as a zero-field ground state when E; > Ej, which
corresponds to the situation where J,/J; > 0.25. Thus, the
AF 1II structure is plausible for the ground state of Cs3Fe,Clg
because the experimental ratio J,/J; = 0.41 is larger than
0.25. Next, the observed M,/2 plateau phase is compared
with M;/2 plateaus I and II, as shown in Figs. 11(d) and
11(e). The plateau I and II structures are the expected models
of the M,/2 plateau, but the energies of both spin struc-
tures are degenerate for arbitrary J,/J;; the calculated energy
is E(Ms/2); = E(My/2); = 0 only when the exchange in-
teraction is taken into account. Therefore, we are not able
to distinguish the spin structures realized in phase VII of
Cs3Fe,Clyg; more analyses and experiments are required to
obtain further insight into the magnetic structure. As seen in
the phase diagram of Cs3;Fe,Cly, the boundary of the M/2
plateau phase protrudes to the higher-temperature side. This
suggests that the thermal fluctuation may contribute to the
stability of the M;/2 plateau. Possibly this phenomenon is
related to the thermal order by disorder effect which is pointed
out in the kagome antiferromagnet [45]. Because there has
been no theoretical study of the detailed thermal effect on the
magnetization, it is necessary to discuss the thermal effect on
Cs3Fe,Clg quantitatively.

One of the features of the experimental phase diagram
is its complexity compared with the theoretical one; thus
an interesting state may exist in the complicated phase di-
agram of Cs3;Fe,Clg. Recently, Shimokawa and Kawamura
predicted that the multiple-g state could emerge in Heisenberg
Ji-J, HAFMs [46]. They calculated that the multiple-g state
was stabilized at the finite temperature (finite-7) and finite
magnetic field (finite-H) region for J,/J; = 0.18. Multiple-g
states are also expected to be realized in frustrated systems
such as Ji-J, (Ji-J3) TLAFMs in finite-7 and finite-H re-
gions [47]. Experimental investigations have suggested that
a possible multiple-g state can be realized in spin-3/2 J;-J,

HAFM Bi3Mn4012(NO3) [46] In CS3F62C19, Jz/]] is dif-
ferent from that in Ref. [46]; therefore the values cannot be
simply compared with each other, but we speculate that there
are multiple-g states in the phase diagram of Css;Fe,Clg at
finite temperature. In particular, it can be expected that phases
V and VI stabilized at finite 7 and finite H are candidates
for the multiple-g state. These phases will be of interest in
CssFe,Clg and should be investigated in future studies, such
as neutron diffraction experiments in magnetic fields.

Anisotropy plays a significant role in the magnetic proper-
ties of this frustrated compound. Here, we discuss the origin
of the magnetic anisotropy in Cs3Fe,Cly with the 3d° electron
configuration of the Fe’* ion. In general, it is expected that
the 3d° ion leads to an isotropic Heisenberg system because
the orbital angular momentum L is zero in a moderate ligand
field electron (Hund’s rule). However, there is a magnetic
anisotropy observed in some materials with the 3d> elec-
tron configuration. For example, the single-ion anisotropy
was discussed in the spin-5/2 TLAFM RbFe(MoOy), [48]
and the multiferroic material CuFeO, [49]. Particularly, the
emergence of Ising anisotropy according to the finite orbital
momentum of the Fe** ion coming from the charge transfer
was elucidated in CuFeO,. Otherwise, the dipolar interaction
gives rise to a magnetic anisotropy as observed in MnF, [50].
Here, we consider the single-ion anisotropy and the dipolar
interaction for Cs3Fe,Cly. First, the single-ion anisotropy can
modulate the Weiss temperatures for the H||c axis and H ||ab
plane, and the relationship between them is given as

D\Q2S-1(2S+3
i) — owlab) = () S,

where Oy (¢), Ow(ab), D, kg, and S are the Weiss temperature
for the Hl||c axis, H||ab plane, the coefficient of single-ion
anisotropy (which is included as —DS? in the Hamiltonian),
Boltzmann constant, and spin quantum number, respectively
[51]. This formula allows us to estimate the coefficient of
single-ion anisotropy as (D/kg) = 0.84 K, resulting in the
Ising anisotropy of Cs3Fe,Cly, though the precise origin has
not been clarified. Next, we consider the dipolar interaction
which induces a finite anisotropy in orbital quenched anti-
ferromagnets with an ordered magnetic structure. When the
ground state is the AF II state, the anisotropy becomes an
easy-axis type within the third nearest neighbor interactions
as shown in Figs. S10(a)-S10(d) in the Supplemental Material
[37]. The energy of the easy-axis structure is —0.42 K. The
anisotropy field (H,) was estimated by H, = (Hs“b —HS)/2 =
1.0 T(1.3K). The energy scale agrees well with the sum of the
single-ion anisotropy and the dipolar interaction. Therefore,
we conclude that the anisotropy of Cs3Fe,Clg comes from the
single-ion anisotropy and the dipolar interaction.

V. CONCLUSION

We succeeded in synthesizing single crystals of Cs3Fe,Clg
and investigated the crystal structure and magnetic properties
of these single crystals. Cs3;Fe,Cly has competing mag-
netic interactions Ji/kg = —1.35K, J,/kg = —0.56 K, and
J3/kg = 2.95 K. This compound exhibits a rich phase dia-
gram, including the M;/2 magnetization plateau for the H||c
axis. The competition between the first- and second-order
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phase transitions is also of significant interest in this system.
We conclude that the complicated H-T phase diagram was
realized by the competition of easy-axis anisotropy and an-
tiferromagnetic J; and J, with a buckled honeycomb network,
which is a unique system in the A3 M, Xy series of compounds.
To determine the magnetic structures in the remaining mag-
netic phases and obtain a qualitative understanding of the
magnetism of the J;-J, BHAFM, x-ray diffraction, DFT cal-
culation, neutron diffraction, and NMR experiments in high
magnetic fields are required.
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