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Effective S = 2 antiferromagnetic spin chain in the salt (o-MePy-V)FeCl,
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We present a model compound for the S = 2 antiferromagnetic (AF) spin chain composed of the salt (o-MePy-
V)FeCly. Ab initio molecular-orbital calculations indicate the formation of a partially stacked two-dimensional

(2D) spin model comprising five types of exchange interactions between S = 1/2 and S = 5/2 spins, which locate
on verdazyl radical and Fe ion, respectively. The magnetic properties of the synthesized crystals indicate that the
dominant interaction between the S = 1/2 and § = 5/2 spins stabilizes an § = 2 spin in the low-temperature
region, and an effective S = 2 AF chain is formed for T « 10 K and H < 4 T. We explain the magnetization
curve and electron-spin-resonance modes quantitatively based on the § = 2 AF chain. At higher fields above
quantitatively 4 T, the magnetization curve assumes two-thirds of the full saturation value for fields between 4
and 20 T, and approaches saturation at ~40 T. The spin model in the high-field region can be considered as a
quasi-2D S = 1/2 honeycomb lattice under an effective internal field caused by the fully polarized S = 5/2 spin.
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I. INTRODUCTION

The diversity of possible molecular arrangements in organic
materials is expected to facilitate the design of a wide range of
magnetic materials with interesting properties. In fact, since the
discovery of the first organic ferromagnet [1], a large number
of organic radical materials have been synthesized over the past
two decades through the use of representative nitroxide-type
radicals [2]. In order to realize the next stage of material
design, we have focused our attention on the verdazyl radical,
which can exhibit a delocalized m-electron spin density even
in nonplanar molecular structures. Moreover, the flexibility of
the molecular orbitals in the verdazyl radical enables the tuning
of intermolecular magnetic interactions through molecular
design. Recently, we demonstrated that the verdazyl radical
can form a variety of unconventional spin systems, including
the ferromagnetic-leg ladder, quantum pentagon, and random
honeycomb, which have not been realized in conventional
inorganic materials [3—7]. Furthermore, we succeeded in com-
bining our verdazyl radicals with 3d transition metals [8,9], and
demonstrated that the strong coupling between the metal and
verdazyl radical spins results in the formation of a hybrid spin
in low-temperature regions, producing an unprecedented type
of § > 1/2 spin system [9]. Such metal-radical hybrid spins
are essential to the formation of the effective S =2 model
presented in this work.

The study of half-integer and integer spin chains has also
brought about an important topic of research in recent decades.
Haldane’s unexpected prediction related to a gap between the
ground and excited states of integer Heisenberg spin systems
in 1983 [10] stimulated many experimental and theoretical
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studies focused on the qualitative differences between anti-
ferromagnetic (AF) half-integer and integer Heisenberg spin
chains. While subsequent studies of integer S = 1 spin systems
have established the presence of the predicted Haldane gap
[11-14], there are remarkably few examples of S > 1 1D spin
systems. It was also shown in the S = 1 case that the ground
state below the Haldane gap can be effectively described as
a valence-bond solid [15,16], in which each integer spin is
considered as two half-integer spins forming a singlet state
between different sites. However, there are only a few examples
of the next group of integer spin systems with § = 2 [17-23],
and their intrinsic behavior has yet to be fully clarified. In
particular, the Haldane state for actual S > 1 spin systems has
not been realized, but ordered magnetic states were observed
instead due to the large magnetic moments and interchain
interactions in the known examples of S =2 spin systems.
The effective S = 2 AF chain discussed in the present work
also exhibits an ordered state arising from the same origins.
In this work, we report our results from a model
compound characterized by an effective S =2 AF spin
chain. We successfully synthesized single crystals of the
verdazyl-based salt (o-MePy-V)FeCly [0-MePy-V = 3-(2-
methylpyridyl)-1,5-diphenylverdazyl]. Ab initio molecular or-
bital (MO) calculations indicated the formation of a partially
stacked two-dimensional (2D) spin model composed of five
different types of interactions between S = 1/2 and § = 5/2
spins, which locate on verdazyl radical and Fe ion, respectively.
Magnetic susceptibility, specific heat, magnetization, and
electron-spin-resonance (ESR) measurements were conducted
in order to study the properties of the synthesized crystals.
The resulting magnetic properties indicated that the dominant
interaction betweenthe S = 1/2and § = 5/2 spins stabilizes a
hybrid Sy = 2 spin at low temperatures, forming an effective
S =2 AF chain for T « 10 K and H < 4 T. In particular,
the magnetization curve and ESR resonance modes are well
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described by the S = 2 AF spin chain. At higher fields above
quantitatively 4 T, the magnetization is two-thirds of the full
saturation for the fields between 4 and 20 T, and approaches
saturation at approximately 40 T.

II. EXPERIMENTAL AND NUMERICAL METHOD

We synthesized o-MePy-V using a conventional procedure
[24] and prepared an iodide salt of the radical cation (o-MePy-
V)I using a reported procedure for salts with similar chemical
structures [25]. 1-butyl-3-methylimidazolium tetrachlorofer-
rate (132 mg, 0.39 mmol) was slowly added to a solution of
(0-MePy-V)I (127 mg, 0.28 mmol) in 50 ml of methanol and
stirred for 1 h. The dark-red solid (o-MePy-V)FeCl, was then
separated by filtration and washed with methanol. The dark-red
residue was recrystallized using acetonitrile.

The crystal structure was determined on the basis of
intensity data collected using a Rigaku AFC-8R Mercury
CCD RA-Micro7 diffractometer with Japan Thermal En-
gineering XR-HR10K. The magnetizations were measured
using a commercial superconducting quantum interference
device magnetometer (MPMS-XL, Quantum Design). High-
field magnetization measurement in pulsed magnetic fields of
up to approximately 53 T was conducted using a nondestructive
pulse magnet. The experimental results were corrected for the
diamagnetic contribution of —2.8 x 10~* emu mol ! calculated
by the Pascal method. The specific heat was measured with
a commercial calorimeter (PPMS, Quantum Design) using
a thermal relaxation method. The ESR measurements were
performed utilizing a vector network analyzer (ABmm) and
a superconducting magnet (Oxford Instruments). At approx-
imately 20.6, 27.5, and 34.1 GHz, we used laboratory-built
cylindrical high-sensitivity cavities. X-band (9.47 GHz) ESR
measurements were conducted using a Bruker EMX-Plus
spectrometer. All above the experiments were performed
using small, randomly oriented single crystals with typical
dimensions of 0.5x0.1x0.1 mm?.

Ab initio MO calculations were performed using the
UB3LYP method with the basis set 6-31G(d, p) in the Gaussian
09 program package. For the estimation of intermolecular
magnetic interaction, we applied our evaluation scheme that
have been studied previously [26].

Our Monte Carlo (MC) calculations were performed using
a standard Metropolis method with a 256-site system and
periodic boundary conditions. It was subsequently confirmed
that the system did not exhibit any size dependent effects. Each
MC run was performed after discarding the initial 20 000 MC
steps per spin (MCS), with a subsequent 180 000 MCS run to
ensure the system reached its equilibrium.

III. RESULTS AND DISCUSSION

A. Crystal structure and magnetic model

The crystallographic data for the synthesized (o-MePy-
V)FeCl, are summarized in Table I, and the molecular structure
is shown in Fig. 1(a). The verdazyl ring (which includes
four N atoms), the upper two phenyl rings, and the bottom
methylpyridyl ring are labeled R}, R, R3, and R4, respectively.
The dihedral angles of Ri-R;, Ri-R3, R;- R4 are approximately
25°,19°, and 20°, respectively. The results of the MO calcula-

TABLE I. Crystallographic data for (o-MePy-V)FeCly.

Formula C20H19C14F6N5

Crystal system monoclinic

Space group P2,/c

Temperature (K) RT 25(2)
Wavelength (A) 0.7107

a(A) 7.666(3) 7.421(6)
b (A) 18.965(7) 18.860(16)
¢ (A) 15.759(6) 15.702(14)
B (deg) 95.853(6) 95.972(14)
Vv (A3) 2279.2(15) 2186(3)
Z 4

Dege (g cm™3) 1.536 1.602
Total reflections 3519 3577
Reflection used 2073 2975
Parameters refined 272

R[I >20()] 0.0731 0.0650
R, [I > 20(1)] 0.1748 0.1489
Goodness of fit 1.061 1.054
CCDC 1585718 1585719

tions indicate that approximately 59% of the total spin density
is present on R;. Further, while R, and R; each account for
approximately 19% and 18% of the relatively large total spin
density, R4 accounts for less than 4% of the total spin density.
Therefore, the intermolecular interactions are caused by the
short contacts related to the R, R,, and Rj3 rings. Note that,
because this study focuses on the low-temperature magnetic
properties, the crystallographic data obtained at 25 K are used
hereafter.

The 0-MePy-V and FeCly molecules of the synthesized
crystal have Sy = 1/2 and Sg. = 5/2, respectively. The ab
initio MO calculations were performed in order to evaluate
the exchange interaction between the spins, and five types
of dominant interactions were found between the o-MePy-V
and FeCly molecules, as shown in Figs. 1(b)-1(f). They are
evaluated as Jy /kg = 6.4K, Jr/kg = 3.9K, J3/kg = 12.3K,
Ji/kg = —6.2 K, and J5/ kg = —4.4 K, which are defined in
the Heisenberg spin Hamiltonian givenby H = J, > @.7ySi°Sjs
where Z(iu” denotes the sum over the neighboring spin pairs.
The J; and J, describe the coupling between the 0o-MePy-V
and FeCly molecules, as shown in Figs. 1(b) and 1(c). The
molecular pairs associated with the J3, Ju4, and Js5 are between
0-MePy-V molecules, and are related through their inversion
center for the J3 and Js, and through a c-glide symmetry for
the J4, as shown in Figs. 1(d)-1(f), respectively. We note that
intermolecular interactions between organic radical and 3d
transition-metal anions tend to be underestimated, while the
calculated estimates of the coupling between verdazyl radicals
exhibits high reliability [27-29]. As shown in Fig. 1(g), the
molecular pairs associated with the Jy, J», J3, and J4 couple
two dimensionally in the bc plane, and are partially connected
by the ferromagnetic interaction Js, as shown in Fig. 1(h). A2D
spin model composed of the Ji, J», J3, and J4 with Sy = 1/2
and Spe = 5/2 in the bc plane is presented in Fig. 2(a). The
J3 and J4 form a honeycomb lattice of Sy = 1/2, and the Js
corresponds to the interaction between honeycomb lattices.
Following analysis of the magnetic susceptibility indicates
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FIG. 1. (a) Molecular structure of (0-MePy-V)FeCl,. Molecular pairs associated with exchange interactions (b) Jy, (¢) J», (d) J3, (e) J4, and
(f) Js. Hydrogen atoms are omitted for clarity. The broken lines indicate short contact related to the rings with high spin-density distributions.
Crystal structure in the (g) bc and (h) ab planes. The broken lines represent the honeycomb lattice composed of J3 and Jy.

that the Sy and a part of the Sg. spins form a nonmagnetic
state through the AF coupling Ji, yielding the Sy, = 2. Thus,
the dominant interaction between Sy, = 2 spins is expected to
have an exchange path composed of Sg. — Sy — Spe instead
of Sge — Sv — Sv — Sge. Because the interactions J3, J4, and

(@)
O Sv =172

O SFeZ 5/2

T<<10K, H<4T

9014

Shy= 2

FIG. 2. (a) 2D spin model composed of J; (i = 1-4) with Sy =
1/2 and Sg. =5/2. (b) 1D chain composed of exchange path of
SFe'SV'SFe (.]1-]2) and effective Shy = 2 AF chain.

Js correspond to the exchange path of Sy — Sy, they do not
contribute to the effective interactions in the low-temperature
region. Accordingly, in the low-temperature region, the J; and
J> between the o-MePy-V and FeCly molecules form a 1D
spin chain, as shown in Fig. 2(b), and are key to our following
understanding of the effective S = 2 chain.

B. Magnetic susceptibility

Figure 3 shows the temperature dependence of the magnetic
susceptibility (x = M/H) at 0.1 and 1.0 T. We observe an
anomalous change in the temperature dependence at 5.2 K,
below which a significant difference between 0.1 and 1.0 T
appears. This behavior indicates that a phase transition to
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FIG. 3. Temperature dependence of magnetic susceptibility

(x = M/H) of (0-MePy-V)FeCly at 0.1 and 1.0 T. The inset shows
the temperature dependence of x 7. The solid line represents the
calculated result for the Sy-Sg. dimer coupled by J;.
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FIG. 4. Specific heat of (0-MePy-V)FeCly at 0, 2, 4, 7 T. The
arrows indicate the phase-transition temperatures. For clarity, the
values for 2, 4, and 7 T have been shifted up by 8.5, 16,21 J mol™' K,
respectively.

a three-dimensional (3D) long-range order (LRO) occurs at
Tx = 5.2 K. In the higher-temperature region, the value of x T
decreases with decreasing temperature and becomes approxi-
mately constant around 10 K, as shown in the inset of Fig. 3.
The approximately constant y T value is very close to the Curie
constant of 3.0 emu K/mol for an S = 2 noninteracting spin,
and suggests the formation of a hybrid spin Sy, = 2 through the
strong coupling between Sy = 1/2 and Sg. = 5/2 spins. We
then calculated x T for the Sy-Sge single dimer coupled by the
AF Ji, obtaining a good agreement between experiment and
calculation above ~10 K for J; /kg = 17.7 K, g = 2.0,and a
sample purity of 96%. As the calculated value of J; is about
2.8 times larger than that resulting from the MO evaluation,
the difference implies that the second interaction between
the 0-MePy-V and FeCly; molecules (i.e., J>) should also be
larger than the outputted value from the MO evaluation. The
value of x T' also decreases with decreasing temperature below
10 K, which indicates further contributions from interactions
between the hybrid spins. Since the Sy and a part of the Sge
spins form a nonmagnetic state through the AF coupling J; in
the hybrid spin, the dominant interaction between the Sy, = 2
spins is expected to have an exchange path of Sg, — Sy — Sge
instead of Sge — Sv — Sv — Sre. Such interactions correspond
to the coupling between the 0-MePy-V and FeCly molecules
and form a 1D chain, as shown in Fig. 2(b). In accordance with
these results, the hybrid spins composed of the Sy = 1/2 and
Sre = 5/2 spins can be viewed as connected by an effective
interaction Jaf (given by an exchange path related to J,) and
form an Sy = 2 AF chain in the low-temperature region below
10 K, as shown in Fig. 2(b).

C. Specific heat

The experimental results for the specific heat Cj, at zero-field
clearly exhibit a A-type sharp peak at T, which is associated
with the phase transition to the LRO, as shown in Fig. 4. In
the low-temperature region below ~4 K, the Cy, shows clear
T -linear behavior that is attributed to a linear dispersive mode
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FIG. 5. Magnetization curve of (0-MePy-V)FeCl, (a) below 5 T
at 1.8 Kand (b)upto 53 T at 1.4 K. The broken and solid lines represent
the calculated result for the S = 2 AF chain with J,r/kg = 0.52 K at
0 and 1.8 K, respectively. The arrow indicates sharp peak of dM /d H
associated with the spin-flop transition at Hgg. The horizontal lines
indicate full saturation M and 2/3 M, considering the sample purity
of 96%.

in 1D AF systems [30,31], as is the case with T2 behavior in
the 2D AF system [27]. This behavior indicates that the system
discussed in this work has a quasi-1D character, yielding
a sufficient development of the short-range order (SRO) in
the effective 1D chain above 7y. In magnetic fields, the
phase-transition temperature decreases with increasing fields
and almost disappears above 4 T, as shown in Fig. 4. The
disappearance of this phase transition is consistent with the
formation of a fully polarized state in the effective AF chain,
as shown in the following magnetization curve.

D. Magnetization curve

As shown in Fig. 5(a), the magnetization curve increases
linearly with increasing field up to approximately 4 T. This
low-field gradual increase is completely different from the
concave shape of magnetization curves in general quantum
spin systems, in which quantum fluctuations are suppressed
by the application of magnetic fields, yielding a rapid increase
of magnetization [27-29]. The linear increase observed here
indicates that the magnetic properties in the low-temperature
and low-field regions can be described by classical systems
with large spins, which is consistent with the formation
of an effective Spy =2 AF chain. We then calculated the
magnetization curve based on the S = 2 AF chain using the
classical MC method. The spin Hamiltonian is expressed as

H = JAFZSZ"S]‘ — g,UBHZSi, (1
(ij) i
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where S is the spin operator, g is the g factor, g = 2.02 from
ESR, w p is the Bohr magneton, and H is the external magnetic
field. We obtained good agreement between the experimental
and calculated results using Jap/kg = 0.52 K, as shown in
Fig. 5(a). Moreover, the magnetization curve at 7 = 0 that
was determined using a mean-field approximation is shown
to reach saturation at approximately 3 T. Thus, the gradual
increase at 1.8 K can be attributed to the effect of temperature
fluctuations. Since the calculations presented here were based
on the finite 1D system, deviations near the saturation point
should originate from real 3D effects accompanying the phase
transition. In terms of the field derivative of the magnetization,
we observe a distinct peak at approximately Hsg >~ 0.65 T, as
shown in Fig. 5(a). This indicates a spin-flop transition that is
caused by a small magnetic anisotropy.

At higher fields, the magnetization assumes two-thirds of
the full saturation value for fields between 4 and 20 T, before
increasing again toward the saturation at approximately 40 T, as
shown in Fig. 5(b). This 2/3-plateaulike behavior corresponds
to the saturation of the effective Sy = 2 AF chain, in which the
Sre = 5/2 spins are fully polarized along the field direction.
Therefore, the effective spin model in the high-field region can
be considered as an Sy = 1/2 honeycomb lattice composed of
J3, J4 with interplane interaction Js. In such spin model, an
effective internal field, which increases the saturation field, is
arising from the fully polarized Sg. = 5/2 spins through AF J;
and J,. Indeed, the magnetization curve exhibits a nonlinear
increase associated with the quantum spin Sy = 1/2 and ahigh
saturation field compared to the expected energy scale of the
interactions forming the quasi-2D honeycomb lattice.

E. Electron-spin resonance

The frequency dependence of the ESR absorption spectra
in the ordered phase is presented in Figs. 6(a) and 6(b). As
shown in Fig. 6(a), the resonance signals at high frequencies
are almost proportional to the external field. Conversely, those
at low frequencies in Fig. 6(b) exhibit broad signals with a
number of resonance fields and obviously deviate from the
linear field behavior. All the resonance fields are plotted in the
frequency-field diagram, presented in Fig. 7. Since a zero-field
gap of ~20 GHz corresponds to the energy scale of Hgp, those
resonance fields suggest conventional AF resonance modes in
an anisotropic two-sublattice model [19,29,32-34]. Although
the magnetic anisotropy in organic radical systems is known to
be quite small, the anisotropic energy derived from the dipole-
dipole interactions accompanying the phase transition to the
LRO can induce more significant magnetic anisotropy [9,29].

Taking the experimental conditions of 7 « 10 K and
H < 4T, we then analyzed the experimental results in terms
of a mean-field approximation assuming an S = 2 AF chain
with on-site biaxial anisotropy. Thus, the spin Hamiltonian is
expressed as

H= JAFZSi'SZi—I + DZ(S?)Z
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FIG. 6. Frequency dependence of ESR absorption spectra of (o-
MePy-V)FeCl, at 1.8 K for (a) directly detected high frequencies and
(b) low frequencies measured by cylindrical high-sensitivity cavities.
The arrows indicate resonance signals.

where D and E are on-site anisotropies (D,E < 0), and S is
an S = 2 spin operator. As the spin structure is described by
a two-sublattice model, the free energy F is expressed in the
following form, using the mean-field approximation:

F = AMMy + K{(M7) + (M5)7)

+L{(M}) 4+ (13)" — (M) — (m3)°)

- (M, +M;)-H, 3
T T T To
100 1.8 K -
< 80 —
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I |
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FIG. 7. Frequency-field plot of the ESR resonance fields at 1.8 K.
The solid and broken lines are calculated AF resonance modes for the
principal axes with high and low transition probabilities, respectively.
The discontinuous changes of the lines correspond to the spin-flop
transition at H;.
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where A, K, and L are given by

_22]Ap _2 D _2 E @
N (gup)?’ N (gup)*’ N (gup)?’
and M| and M, are the sublattice moments expressed as
N
M; = —gugs;. (5)

2

Here, N is the number of hybrid spins, and S; is the spin on the
ith sublattice (i = 1,2). We derive the resonance conditions by
solving the equation of motion

OM; /3t = y[M; x H,], (6)

where y is the gyromagnetic ratio and H; is the mean field
applied on the ith sublattice moment given by

H:=—3F/oM.. ©)

To solve the equation of motion, we use a method for
the analysis of ABXs-type antiferromagnets [35]. Assuming
precession motion of the sublattice moments around those
equilibrium directions, we utilize the following expressions,
which represent the motion of the ith sublattice moment:

M; = (AM;x exp(iot), AM;gexp(iowt),IM;]),  (8)

where AM;¢,AM;y<<|M;|, and X, y, and Z are the principal
axes of the coordinate system on each sublattice moment. The
7 axis is defined as being parallel to the direction of each
sublattice moment, and the X and y axes are perpendicular
to the 7 axis.

The spins are aligned along the easy axis (z axis) under
zero-field conditions, and the discontinuous spin-flop phase
transition occurs at Hsg for H ||z. The value of Hgg is expressed
as

Hep — 4y/=D + EJ/D E+21AF7 ©)
8B

which corresponds to the lowest zero-field energy gap of
resonance modes. Above H, the two sublattices are tilted with
respect to the field direction with equivalent angles, while for
the other principal axes, where the external fields are applied
perpendicular to the easy axis, the two sublattices are tilted
from the easy axis with equivalent angles along each field
direction. The angles between the sublattice moment and the
external field for both directions can then be determined by
minimizing the free energy. Then, the w values are obtained
by solving Eq. (6) numerically. The calculated results obtained
here demonstrate typical AF resonance modes with biaxial
anisotropy in a two-sublattice model. Since our experiments
were performed using small, randomly oriented single crystals,

the resonance fields for all of the principal axes are expected to
have been detected in our experiments. As shown in Fig. 7, we
obtain a good fit between the experimental and calculated val-
ues with the following parameters: Jag/kg = 0.52K, D/ kg =
—0.079 K, and E/kg = —0.033 K. We note that for H ||z, the
calculated lowest-frequency mode becomes soft and exhibits
a discontinuous change at Hsg. For each field direction, the
calculated gapped mode exhibits a gradual decrease with in-
creasing field and becomes soft at each saturation field of about
3-3.5 T. These saturation fields coincide with the initial field
of the 2/3 magnetization step as expected from our picture.

IV. SUMMARY

We have succeeded in synthesizing single crystals of the
verdazyl-based charge-transfer salt (o-MePy-V)FeCly. Ab ini-
tio MO calculations indicated the formation of a partially
stacked 2D spin model composed of five types of exchange
interactions between Sy = 1/2 and Sg. = 5/2 spins. The
magnetic properties of the synthesized crystals indicate that
the dominant AF interactions between the Sy and Sg. spins
stabilize an Spy = 2 spin at low temperatures, and that an
effective § = 2 AF chain is formed for 7 <« 10 K and H <
4 T. The resulting magnetization curve was explained using a
classical MC method based on the S = 2 AF chain. The ESR
resonance modes were also well explained by a mean-field
analysis considering on-site biaxial anisotropy. Consequently,
we evaluated magnetic parameters of the effective S =2
AF chain as follows: Jag/kg = 0.52 K, D/kg = —0.079 K,
and E/kg = —0.033 K. At higher fields, the magnetization
exhibited two-thirds of the full saturation for fields between 4
and 20 T, before approaching saturation at approximately 40 T.
The effective spin model in the high-field region is considered
to be a three-dimensionally coupled Sy = 1/2 honeycomb
lattice with an effective internal field arising from the Sg. spins.
These results thus demonstrate the realization of an S =2
AF chain through the metal-radical hybrid spin in the newly
synthesized salt (0-MePy-V)FeCly.
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