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Realization of a triangular spin necklace in a verdazyl-based Ni complex
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We successfully synthesized a verdazyl-based complex, (m-Py-V);[Ni(NO;),], in which Ni** ions and
verdazyl radicals form a one-dimensional, triangular spin necklace consisting of spin-1/2 and spin-1 units.
Molecular orbital calculations reveal strong antiferromagnetic (AF) interactions between inversion-related rad-
ical pairs that form spin-1/2 singlet dimers. The remaining verdazyl and Ni** spins form frustrated triangular
units, creating a distinctive spin network. Magnetic susceptibility and specific heat measurements identify a phase
transition to an AF order. The application of magnetic fields suppresses the phase transition signal, suggesting
field-induced decoupling of the spin-1 moments. Electron-spin resonance measurements are used to evaluate
the easy-axis anisotropy of spin-1, which may promote the AF order. This work provides a rare example of
a geometrically frustrated quantum spin chain realized via molecular design, thereby offering a platform for
exploring frustration-driven quantum phases in low-dimensional materials.
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I. INTRODUCTION

Low-dimensional quantum spin systems continue to serve
as fertile platforms for uncovering exotic quantum phases
driven by enhanced quantum fluctuations and strong cor-
relations. Among these, one-dimensional (1D) spin chains
have played a central role in the exploration of uncon-
ventional ground states and collective excitations, providing
deep insights into the nature of quantum critical behavior
and symmetry-protected topological phases [1,2]. When ge-
ometric frustration is introduced into such 1D systems, the
interplay between the lattice topology and exchange interac-
tions gives rise to even richer physics, including spontaneous
dimerization and magnetization plateaus. Among the various
1D frustrated spin chains, zigzag chains and diamond chains
have been extensively investigated both theoretically and ex-
perimentally as paradigmatic systems [3—11]. These models
capture the frustration-induced essential physics and exhibit
diverse phenomena. In contrast, many other theoretically pro-
posed 1D frustrated spin chains remain largely unexplored in
experiments due to the absence of suitable model materials
[12-21]. This gap between theory and experiment has posed a
major obstacle to advancing our understanding of frustration-
induced quantum phenomena in 1D systems. Consequently,
the development of new quantum spin models through delib-
erate structural design has been a key strategy.

In addition to theoretical advancements, recent progress
in molecular and crystal design has enabled the con-
struction of spin systems with precisely controlled in-
teraction geometries and dimensionalities. In particular,
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organic-radical-based materials provide a highly tunable plat-
form for engineering quantum spin models, where magnetic
interactions can be tailored through the rational design of
molecular structures and crystal packing. Using this approach,
we have successfully realized various geometrically frustrated
spin systems. These have included two-dimensional frus-
trated square lattices [22-26], zigzag—square networks [27],
and even three-dimensional quantum pentagonal lattices [28],
each embodying distinct frustration mechanisms and quantum
behaviors. These achievements demonstrate the potential of
molecular-based materials as programmable hosts for exotic
spin models, thus bridging the gap between theoretical con-
structs and real quantum materials.

Through molecular-based material design, we recently suc-
ceeded in realizing a spin-1/2 Kondo necklace model [29],
which can be viewed as a simplified version of the Kondo lat-
tice, focusing solely on the spin degree of freedom [30]. In this
system, Kondo-type exchange interactions between the spin
chain and decorated spins stabilize the quantum singlet state.
When a magnetic field is applied, the system exhibits a char-
acteristic decoupling behavior in which the decorated spins
become polarized and disentangle from the chain, resulting in
a field-induced phase transition. Furthermore, numerical stud-
ies have suggested that incorporating anisotropy, frustration,
or higher dimensionality into such models could lead to even
more exotic quantum phases [31-33].

Motivated by this perspective, we extended the Kondo
necklace framework by introducing geometric frustration into
the spin network. The triangular spin necklace introduced
in this study features a localized spin-1/2 coupled to two
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additional spins—a spin-1 and another spin-1/2—forming a
triangular unit. The resulting triangular geometry introduces
local frustration into the chain. This design realizes a class
of quantum spin systems that combines spin imbalance, frus-
tration, and asymmetric interactions within a controllable
molecular framework.

In this study we synthesized (m-Py-V);[Ni(NO3),] (m-Py-
V = 3-(3-pyridinyl)-1,5-diphenylverdazyl), a verdazyl-based
complex. Molecular orbital calculations revealed strong an-
tiferromagnetic (AF) interactions between inversion-related
verdazyl radicals, leading to singlet dimer formation and
leaving residual spins to form a frustrated triangular spin
necklace with Ni>* ions. Magnetic susceptibility and spe-
cific heat measurements identified a phase transition to an
AF order. The application of a magnetic field suppressed the
phase transition signal, suggesting field-induced decoupling
of the spin-1 moments. The magnetization curve confirmed
the full polarization of the spins forming the triangular spin
necklace above approximately 4 T. Electron-spin resonance
(ESR) measurements were performed to evaluate the easy-
axis anisotropy associated with spin-1. This anisotropy is
considered to stabilize the ordered state of spin-1, thereby
stabilizing the AF order throughout the system via exchange
couplings with spin-1/2.

II. EXPERIMENTAL

We synthesized m-Py-V via the conventional procedure for
producing the verdazyl radical [34]. A solution of Ni(NO3), -
6H,0O (58 mg, 0.2 mmol) in 2 ml ethanol was slowly added
to a solution of m-Py-V (189 mg, 0.6 mmol) in 6 ml of
CH,Cl, and stirred for 30 min. A dark-green crystalline solid
of (m-Py-V)3;[Ni(NO3),] was separated by filtration. Single
crystals were obtained via recrystallization from CH,Cl, at
10°C.

The x-ray intensity data were collected using a Rigaku
XtaLAB Synergy-S instrument. Anisotropic and isotropic
thermal parameters were employed for nonhydrogen and
hydrogen atoms, respectively, during the structure refine-
ment. The hydrogen atoms were positioned at their calculated
ideal positions. Magnetization measurements were conducted
using a commercial SQUID magnetometer (MPMS, Quan-
tum Design). The experimental results were corrected by
considering the diamagnetic contributions calculated using
Pascal’s method. High-field magnetization in pulsed magnetic
fields was measured using a nondestructive pulse mag-
net. Specific heat measurements were performed using a
commercial calorimeter (PPMS, Quantum Design) employ-
ing a thermal relaxation method. The ESR measurements
were performed utilizing a vector network analyzer (ABmm)
and a superconducting magnet (Oxford Instruments). All
the experiments utilized small, randomly oriented single
crystals.

Molecular orbital (MO) calculations were performed using
the UB3LYP method. The basis sets are 6-31G (inter-
molecule) and 6-31G(d, p) (intramolecule). All calculations
were performed using the gaussian09 software package. The
convergence criterion was set at 10~ hartrees. We employed a
conventional evaluation scheme to estimate the intermolecular
exchange interactions in the molecular pairs [35].

TABLE 1. Crystallographic data of (m-Py-V);[Ni(NOj3),].

Formula C57H48N17Ni05
Crystal system Monoclinic
Space group P1
Temperature (K) 100
a(A) 13.9237(3)
b(A) 14.9493(4)
c(A) 15.0912(3)

o (degrees) 93.2197(19)
B (degrees) 115.052(2)

y (degrees) 106.281(2)

v (A% 2675.79(11)
Z 2

Deytc (2ecm™) 1.397
Total reflections 6682
Reflection used 5781
Parameters refined 730
R[I > 20(])] 0.0351
R, [ > 20()] 0.0909
Goodness of fit 1.028
CCDC 2457181

III. RESULTS AND DISCUSSION
A. Crystal structure and spin model

The crystallographic parameters of (m-Py-V);[Ni(NOs3),]
are listed in Table I. Figure 1(a) shows its molecular struc-
ture, where the verdazyl radical, m-Py-V, and Ni** have spin
values of 1/2 and 1, respectively. The Ni** ion is coordinated
with N atoms from three m-Py-V ligands and O atoms from
two nitrate ligands, resulting in an octahedral coordination
environment. Among the two nitrate ligands, one acts as a
monodentate ligand coordinating through a single O atom,
whereas the other functions as a bidentate ligand coordinating
through two O atoms. Table II lists the bond lengths and
angles relevant to the Ni atom. Regarding the spin density dis-
tribution in the radicals, MO calculations showed that ~61%
of the total spin density was localized on the central ring
consisting of four N atoms, whereas each phenyl ring di-
rectly attached to the central N atom contributed ~16% of the
spin density. The dominant exchange interactions were iden-
tified through the MO calculations. We evaluated a strong AF

TABLE II. Bond lengths (A) and angles (degrees) related to the
Ni atom in (m-Py-V);[Ni(NOs3),].

Ni-N1 2.09 O1-Ni-02 115.7
Ni-N2 2.07 02-Ni-03 59.9
Ni-N3 2.08 0O3-Ni-N2 95.9
Ni-O1 2.05 N2-Ni-O1 88.4
Ni-O2 2.21 O1-Ni-N1 86.6
Ni-O3 2.10 N1-Ni-O2 89.3
0O2-Ni-N3 86.8
N3-Ni-O1 89.9
N1-Ni-O2 89.3
02-Ni-N3 86.8
N3-Ni-N2 93.6
N2-Ni-NI1 92.3
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FIG. 1. (a) Molecular structure of (m-Py-V);[Ni(NOj3),]. The hydrogen atoms have been omitted for clarity. (b) Molecular pair associated
with the exchange interaction Jp. (c) Crystal structure forming a triangular spin necklace along the ¢ axis. The blue and green nodes represent
the spin-1/2 on the radical and the spin-1 on the Ni ion, Sy and Sy;, respectively. The thick lines represent the exchange interactions.
(d) Corresponding triangular spin necklace. (e) Crystal structure in the ab plane. The broken line encloses the molecules comprising each

triangular spin necklace along the ¢ axis.

interaction between the radicals labeled V1, which is related
by the inversion symmetry and has an N-N short contact,
as shown in Fig. 1(b). Its value was evaluated as Jy/kg =
572 K, which is defined in the Heisenberg spin Hamiltonian
given by H =, _; j=Si"S;. Because this strong AF inter-
action is expected to form a nonmagnetic singlet state at low
temperatures, an effective spin model is developed from the
exchange interactions related to the radicals labeled V2 and
V3in Fig. 1(a). We found three types of dominant interactions
Ji/kg = 49K, J,/kg = —4.8K, and J3/kg = 2.0 K between
radical spins, as shown in Fig. 1(c). Two types of ferro-
magnetic (F) interactions between Ni and radical spins were
evaluated: Jni1 /kg = —11.6 K and Jnip /kg = —11.2 K. Given
that MO calculations tend to overestimate the intramolecular
interactions involving transition metals, the actual values are
typically approximately half of the calculated values [36,37].
This situation results in an energy scale comparable to that of
J1—J3 interactions. Consequently, assuming all the expected
interactions, a triangular spin necklace comprising Sy = 1/2
and Sy; = 1 is formed along the ¢ axis, as shown in Figs. 1(c)
and 1(d). The 1D alternating chain is formed by J; and J,, and
an additional spin-1/2 and spin-1 are decorated via J3 and Jyi»,
respectively. Furthermore, J3, Jyi1, and Jyj; form a triangular
unit with frustration caused by one AF and two F interactions.
The V1 radical pairs that form a nonmagnetic singlet via Jy
exist between the 1D structures, as shown in Fig. 1(e). Hence,
the exchange interactions caused by the overlapping of the
MOs between the spin necklaces are expected to be weak.

B. Magnetic susceptibility

Figure 2(a) shows the temperature dependence of the mag-
netic susceptibility (x) and x7T of the complex at 0.1 T.
The xT exhibits a steep decrease with decreasing temper-
ature down to ~70K, indicating the formation of a singlet
dimer of spin-1/2 coupled by the strong AF Jy, as shown
in the inset of Fig. 2(a). The effective interactions through
the dimer state for T < Jy/kp are expected to be negligible
[38-40]. Accordingly, the exchange interactions that form
the triangular spin necklace are expected to be effective in

sufficiently-low-temperature regions. Then, the increase in
x T down to ~4 K demonstrates the dominant contributions of
F interactions, i.e., J», Jxi1, and Jyi2. The subsequent decrease
in xT below ~4 K reflects the effects of weaker AF interac-
tions, i.e., J; and J3, which give rise to the peak in x7. The
entire x down to the lowest experimental temperature exhibits
paramagneticlike behavior, reflecting the small energy scale
of the interactions and the competition between AF and F
interactions.

We calculated the magnetic susceptibility of the spin-
1/2 AF dimer and fitted it to the experimental x7 data
above ~70K. The calculated value was shifted up by
2.13 emu K/mol, which corresponds to the expected Curie
constant for Sy and Sy; forming the triangular spin necklace,
assuming g factors of 2.0 for Sy and approximately 2.2 for Sn;.
The experimental behavior was then explained using Jy/kg =
456(1) K, which is consistent with the energy scale evaluated
from the MO calculations, as shown in the inset of Fig. 2(a).
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FIG. 2. Temperature dependence of (a) the magnetic suscepti-
bility (x = M/H) and (b) xT of (m-Py-V);[Ni(NOs),] at 0.1 T.
The solid line represents the result calculated for a spin-1/2 AF
dimer via Jy. (b) Temperature dependence of the specific heat C, of
(m-Py-V)3[Ni(NO3),]. The inset shows C,/T at zero field with the
expanded temperature regime.

114418-3



ITSUKI SHIMAMURA et al.

PHYSICAL REVIEW MATERIALS 9, 114418 (2025)

C. Specific heat

The temperature dependence of the specific heat C, is
shown in Fig. 2(b). The magnetic contributions are expected to
be dominant in the low-temperature regions considered here.
At zero field, we found an anomalous change at 7y = 0.65 K,
which remains almost field independent up to approximately
0.7 T. This anomaly is attributed to a phase transition into
an AF ordered state induced by weak but finite interchain
couplings. In low-dimensional spin systems, the development
of short-range correlations significantly reduces the entropy
change at the transition so that the anomaly in the specific
heat does not necessarily appear as a sharp A-type peak. Ac-
tually, the broad anomaly observed at around 1.0-2.0 K is
considered to originate from short-range correlations within
the 1D chain. Although interchain interactions are expected
to be weak based on the molecular packing, the observed
Ty value is relatively high compared to the energy scale of
the dominant intrachain couplings. This finding implies that
magnetic anisotropy also contributes to stabilization of the
AF order. The presence of anisotropy is further supported
by ESR measurements, which will be discussed later. The
peak at zero field decreases with increasing magnetic field
and almost disappears. This behavior is different from that
of the conventional AF order, in which 7Ty typically shifts
to lower temperatures under applied magnetic fields. Instead,
the observed suppression resembles the decoupling behavior
reported in the Kondo necklace model, where large-moment
spins coupled via Kondo couplings decouple from the chain
in the presence of a magnetic field [29]. In the present case,
the field-induced disappearance of the peak is considered to
arise from the decoupling of Sy; in the triangular unit. As
shown in the inset of Fig. 2(b), the temperature dependence of
C,/T indicates that additional lower-temperature data would
be required to fully evaluate the entropy change associated
with the phase transition via integration of C,,/T .

D. Magnetization curve

Figure 3 shows the magnetization curve at 1.4 K mea-
sured in pulsed magnetic fields, with its inset showing the
low-field region measured in static magnetic fields at 1.8 K.
The magnetization gradually increases up to ~4.27 ug /f.u.,
which persists up to at least 51 T. Because the AF dimer
coupled by Jy has a large spin gap beyond 300 T, the mag-
netic behavior in the present field region is attributed to the
triangular spin necklace. The observed result is reminiscent of
paramagneticlike behavior, which is due to the small energy
scale of the exchange interactions and is consistent with the
temperature dependence of magnetic susceptibility. The value
of 4.27 ug/f.u. corresponds to the full polarization of both
V2 and V3 spins Sy (=1/2), with an isotropic g value of 2.00
and Syn; (=1) with a g value of 2.27 in the magnetic unit cell,
ie., 2 x (2.00 x 1/2) +2.27 x 1 = 4.27. In anisotropic spin
systems, unfixed powder samples tend to align along the direc-
tion of an external magnetic field [29,41]. Such field-induced
alignment allows measurements to reflect the response along
the easy axis. Considering that the observed field-polarized
value of the magnetization indicates the contribution from
Sni with the g value for the easy axis, as evaluated from the
ESR analysis, field-induced alignment was also expected in
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FIG. 3. Magnetization curves of (m-Py-V);[Ni(NOj),] at 1.4 K
under applied pulsed magnetic fields. The inset shows the low-field
region measured in static magnetic fields at 1.8 K. The broken
and solid lines represent the Brillouin function for spin-2 and
spin-(1/2, 1), respectively.

the present experiment. If the dominant F interactions, Jyij
and Jnjp, stabilized a fully correlated state, an effective spin-2
moment would be expected at low temperatures. However,
the observed magnetization behavior is more accurately repro-
duced by the Brillouin function, assuming independent spin-1
and spin-1/2 moments rather than a single spin-2 moment, as
shown in the inset of Fig. 3. This result supports the scenario
in which the spin-1 (Sy;) decouples from the spin-1/2 system
under magnetic fields, consistent with the interpretation based
on the specific heat measurements.

E. Electron-spin resonance

We performed ESR measurements to examine the mag-
netic anisotropy of Sxi. Figure 4(a) shows the frequency
dependences of the resonance signals at 1.8 K. Because the
experiments were performed using powder samples fixed with
grease, the observed signals corresponded to the resonance
fields for the external field parallel to the principal axes. The
broad field range of the resonance signal necessitated the
use of high-frequency, high-field conditions without a cav-
ity. Under these conditions, the transmitted signal intensity
is inherently weak, resulting in a relatively low signal-to-
noise ratio. We evaluated intrinsic resonance signals from
Sni with g~ 2.2 and plotted the resonance fields in the
frequency-field diagram, as shown in Fig. 4(b). Assuming
the spin-1 monomer, we consider the on-site anisotropy as
H = D(S.)> — ugH8S, where g is the Bohr magneton and
g denotes the g tensor. The diagonal components of the prin-
cipal axes of the g tensor are g, gy, and g, and the other
components are zero. Figure 4(c) shows the energy levels
calculated using the evaluated parameters. The resonance
modes at a sufficiently low temperature of 1.8 K corre-
spond to the transitions indicated by the arrows in the energy
branches. As shown in Fig. 4(b), we obtained good agreement
between the experimental and calculated results for the reso-
nance modes using D/kg = —1.3K, g, =2.22 (H L 7), and
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FIG. 4. (a) Frequency dependence of ESR absorption spectra of
(m-Py-V);[Ni(NOs3),] at 1.8 K. The arrows indicate the resonance
fields. (b) Frequency-field plot of the resonance fields. Solid lines
indicate the calculated resonance modes of the spin-1 monomer
with on-site anisotropy. (c) Calculated energy branch of the spin-1
monomer for H//z and H L z. Arrows indicate spin-allowed tran-
sitions from the ground state, which correspond to the resonance
modes.

g, = 2.27 (H//z). The estimated g values are consistent with
the magnetization measurements, supporting the reliability of
the ESR analysis. Moreover, the easy-axis anisotropy of Sy;
is expected to stabilize the ordered state associated with S;,
leading to the AF order in the entire system through exchange
couplings Jni; and Jyi; at zero field. Importantly, in magnetic
fields the observed ESR signals are well explained by the
spin-1 monomer model. This agreement provides further ex-
perimental support for the field-induced decoupling scenario
of S; in the triangular spin necklace. If Jn;; and Jyi; formed a
strongly coupled trimer, the ground state would be an effective
spin-2, and ESR signals would appear at fields corresponding
to an averaged g value between 2.0 and 2.2. However, the
observed signals are well explained by a spin-1 monomer with
g ~ 2.2, which contradicts the trimer scenario.

IV. SUMMARY

In summary, we synthesized a verdazyl-based complex,
(m-Py-V)3[Ni(NO3),]. The Ni** ion coordinates with three

m-Py-V ligands and two nitrate ligands, resulting in an octa-
hedral coordination environment. MO calculations indicated
a strong AF interaction between the radical pair related by
inversion symmetry, leading to a nonmagnetic singlet state at
low temperatures. The residual radical and Ni spins formed a
triangular spin necklace composed of spin-1/2 and spin-1 with
frustration. In the low-temperature region, the magnetic sus-
ceptibility demonstrated that a dominant F contribution and
subsequent weaker AF contributions appeared with decreas-
ing temperature. The specific heat exhibited an anomalous
change at Ty = 0.65 K, indicating AF order stabilized by weak
but finite interchain couplings. The anomaly was suppressed
by an external field and eventually disappeared, suggesting
the field-induced decoupling of the spin-1 in the triangular
units. The magnetization curve revealed a gradual increase,
followed by asymptotic behavior to a constant value, indi-
cating full polarization of both spin-1/2 and spin-1 in the
triangular spin necklace. High-frequency ESR measurements
revealed an easy-axis anisotropy of spin-1. This anisotropy is
expected to stabilize the ordered state of spin-1, contributing
to the stabilization of the AF order throughout the system via
coupling with spin-1/2. This study demonstrates the feasibility
of a molecular-based design for constructing geometrically
frustrated 1D spin systems with well-controlled interactions.
The realization of a triangular spin necklace offers a platform
for investigating frustration-driven quantum phenomena in
low-dimensional materials.
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