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We successfully synthesize a verdazyl-based complex, (p-Py-V-p-F),[Co(hfac),]. Molecular-orbital calcu-
lations of this complex indicate that spin ladders composed of radical spins are coupled to Co spins via
intramolecular interactions, forming a ladder-based two-dimensional (2D) spin model. The complex exhibits
paramagnetic behavior associated with Co spins and the 3/5 magnetization plateau; numerical analysis demon-
strates that this originates from a rung-singlet-like ground state with fully polarized Co spins. The peculiar
behavior of the linear magnetization curve after the magnetization plateau is attributed to the nature of the 2D
quantum spin system, which demonstrates a quantum phase transition from the gapped quantum state to the
2D magnetic state. Furthermore, we examine the magnetic anisotropy originating from Co?" in the distorted
octahedral environment of the complex. The anisotropic g values are determined by electron-spin resonance
(ESR) powder pattern analysis. Considering the spin-orbit coupling and crystal-field distortion of the Co** ion,
we explain the anisotropic g values of the fictitious spin-1/2 on the Co*" ion. We also evaluate the anisotropy of
the effective exchange interaction between the radical spin and the fictitious spin on the Co®* ion, thus revealing

the existence of an Ising-like exchange interaction.

DOI: 10.1103/PhysRevB.107.174422

I. INTRODUCTION

Spin ladders, as intermediate quantum magnetic systems
between one- and two-dimensional spin networks, have at-
tracted considerable attention as a platform for studies relating
to field-induced quantum phase transitions (QPTs) and high-
temperature superconductors [1,2]. In particular, spin-1/2
antiferromagnetic (AFM) two-leg spin ladders have been ex-
tensively studied both theoretically and experimentally. This
system forms a rung-singlet state with an energy gap in the ex-
citation spectrum; the subsequent field-induced gapless phase
corresponds to a Tomonaga-Luttinger liquid (TLL), which is a
quantum critical state with fractional spinon excitations. The
ground state of spin ladders varies qualitatively depending on
the number of legs; consequently, the spin-1/2 even-leg ladder
has a finite energy gap above the ground state, whereas the
spin-1/2 odd-leg ladder has no energy gap [3]. As the number
of the legs increases, the spin systems becomes equivalent
to a two-dimensional (2D) square lattice. Although there is
no long-range order for one-dimensional (1D) spin ladders,
the square lattice has a Néel order [4]. Spin ladder systems
are therefore expected to provide significant insight on the
universal dimensional crossover of spin systems associated
with the strength of quantum fluctuation.

For spin-1/2 AFM two-leg spin ladders, a QPT between
a rung-singlet phase and an ordered phase is expected to
occur at a critical value of the interladder coupling J’, which
depends on the ratio of the leg and rung couplings and the
geometry of J'. In the case of a uniform ladder with an
intraladder coupling J, the interladder couplings forming a
2D square and a three-dimensional (3D) lattice are expected
to show a QPT at J'/J =~ 0.31 and 0.11, respectively [5,6].
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Furthermore, the effects of frustrated interladder couplings
are also extensively studied recently in relation to the reported
spin ladder compounds with frustration [7—-10].

The verdazyl radical, which is a stable radical with
spin-1/2, can be adapted as a ligand for the synthesis of
transition-metal complexes [11-15]. In a previous study, we
demonstrated that the modulation of the molecular structure
of verdazyl radicals enables the design of spin models, realiz-
ing unconventional spin-1/2 Heisenberg systems [16-22]. By
transforming the verdazyl radicals into ligand structures, we
combined the modulated verdazyl radicals with 3d transition
metals, leading to the introduction of metal-radical couplings
and metal ion magnetic anisotropy into the spin model design
[23-29]. Among these, nondirect coordination to the radical
center can induce metal-radical exchange couplings on the
order of several K, which are suitable for experimental exam-
ination of the magnetic-field dependence of the ground state
[30,31]. The combination of verdazyl radicals and Co?* ions
is expected to produce a variety of Co-containing compounds
that pioneer quantum phenomena associated with anisotropic
spin systems.

The free Co?T ion, with a d” electronic configuration, in
an octahedral crystal field has the lowest orbital triplet *7;. By
introducing spin-orbit coupling and crystal-field distortion,
the *7y ground state can be further split into six Kramers
doublets [32,33]. When the temperature is considerably lower
than the magnitude of the spin-orbit coupling constant, the
effective magnetic moment of Co®* can be described by a
fictitious spin-1/2 with anisotropic g values. Furthermore,
the effective exchange interactions between fictitious spins
are also known to be anisotropic [34-37]. The anisotropy of
these interactions strongly depends on the magnitude of the
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crystal-field distortion in the Co®* ion, leading to XY- or
Ising-like systems.

In this study, we successfully synthesized (p-Py-V-p-F),
[Co(hfac),] [p-Py-V-p-F = 3-(4-pyridinyl)-1-(4-fluorop-
henyl)-5-phenylverdazyl, hfac = 1,1,1,5,5,5-hexafluoro-2,4-
pentanedione], a Co-verdazyl complex. Molecular-orbital
(MO) calculations of this complex indicate that spin lad-
ders composed of radical spins are coupled to Co spins
via intramolecular interactions, forming a ladder-based 2D
spin model. The magnetization exhibits paramagnetic be-
havior associated with Co spins and the 3/5 magnetization
plateau, indicating the formation of a rung-singlet-like ground
state composed of radical spins coupled with fully polarized
Co spins. Through numerical analysis, we demonstrate that
the almost linear increase in magnetization curve above the
plateau phase reflects the two-dimensional nature of the spin
system, thereby indicating the existence of interactions be-
tween the spins on the verdazyl radicals and the Co** ion.
The anisotropic g values associated with the Co spin are
also determined from electron-spin resonance (ESR) powder
pattern analysis. Then, considering the spin-orbit coupling
and crystal-field distortion of the Co®* ion, we explain the
anisotropic g values of the fictitious spin-1/2 on the Co** ion.
The Ising-like exchange interaction between the radical spin
and the fictitious spin on the Co>" ions is also revealed from
the crystal-field analysis.

II. EXPERIMENTAL

We synthesized p-Py-V-p-F via the conventional proce-
dure for producing the verdazyl radical [38]. A solution
of Co(hfac), - 2H,0O (183.2 mg, 0.36 mmol) in 10 ml of
heptane was refluxed at 60°C. A solution of p-Py-V-p-F
(199.4 mg, 0.60 mmol) in 4 ml of CH,Cl, was slowly
added and stirred for 1 h. After the mixed solution was
cooled to room temperature, a dark-green crystalline solid
of (p-Py-V-p-F),;[Co(hfac),] was separated by filtration and
washed with heptane. Single crystals were obtained via re-
crystallization from a mixed solvent of CH,Cl, and ethanol
at 10°C. The x-ray intensity data were collected using a
Rigaku XtalLAB Synergy-S. The crystal structure was deter-
mined via a direct method using SIR2004 [39] and refined
using the SHELXL97 crystal structure refinement program
[40]. Structural refinement was carried out using anisotropic
and isotropic thermal parameters for the nonhydrogen and
hydrogen atoms, respectively. All hydrogen atoms were
placed at the calculated ideal positions. The magnetization
was measured using a commercial superconducting quan-
tum interference device (SQUID) magnetometer (MPMS-XL,
Quantum Design). The diamagnetic contribution calculated
using Pascal’s method was subtracted from the experimen-
tal data. The high-field magnetization at pulsed magnetic
fields was measured using a nondestructive pulse magnet
at the Institute for Solid State Physics, the University of
Tokyo. The ESR measurement was performed using a vector
network analyzer (ABmm), superconducting magnet (Ox-
ford Instruments), and laboratory-built cylindrical cavity at
Center for Advanced High Magnetic Field Science, Osaka
University. All experiments were performed using powder
samples. For the ESR measurements, powder samples were

TABLE I. Crystallographic data for (p-Py-V-p-F),[Co(hfac),].

Formula C48H32COF14N1004
Crystal system Triclinic
Space group P1
Temperature (K) 100
a(A) 9.0350(6)
b (A) 11.3575(5)
c(A) 13.7237(8)
o (degrees) 69.561(5)
B (degrees) 89.941(5)
y (degrees) 67.236(5)
V(A% 1202.07(12)
Z 1

Dy (g cm™?) 1.572
Total reflections 2795
Reflection used 2737
Parameters refined 349

R[I > 20()] 0.0365
R, [I > 20(1)] 0.0919
Goodness of fit 1.042
CCDC 2249 371

mixed with grease to suppress the orientation in the exter-
nal field direction. Molecular-orbital (MO) calculations were
performed using the UB3LYP method as broken-symmetry
hybrid density-functional theory calculations with a basis set
of 6-31G. All calculations were performed using the GAUS-
SIANQ9 software package. The convergence criterion was set
at 107 hartrees. We employed a conventional evaluation
scheme to estimate the intermolecular exchange interactions
in the molecular pairs [41]. The quantum Monte Carlo (QMC)
code is based on the directed loop algorithm in the stochastic
series expansion representation [42]. The calculations was
performed for N = 256 under the periodic boundary condi-
tion, where N denotes the system size. It was confirmed that
there is no significant size-dependent effect. All calculations
were carried out using the ALPS application [43,44].

III. RESULTS
A. Crystal structure and spin model

The molecular structure of (p-Py-V-p-F),[Co(hfac),] is
shown in Fig. 1(a). The verdazyl radical p-Py-V-p-F and
Co>* ion have spin values of 1/2 and 3/2, respectively. The
crystallographic parameters are summarized in Table I. In the
complex, the Co*" ion is coordinated with two p-Py-V-p-
F ligands, yielding an octahedral coordination environment.
There is an inversion center at the position of the Co atom, and
thus, the two radicals in the molecule are crystallographically
equivalent. The bond lengths and angles related to the Co atom
are listed in Table II. The MO calculations for p-Py-V-p-F
indicate that approximately 64% of the total spin density is
present on the central ring with four N atoms. While the
phenyl and fluorophenyl rings each contribute approximately
17% and 12% of the spin density, respectively, the pyridine
ring accounts for less than 8%. Next, we performed MO cal-
culations to evaluate the intermolecular exchange interactions
between the radicals, considering the spin-density distribution
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FIG. 1. (a) Molecular structure of (p-Py-V-p-F),;[Co(hfac),]. The hydrogen atoms have been omitted for clarity. (b) Crystal structure
forming the spin ladder composed of neighboring overlapped verdazyl radicals. Each Co(hfac), in the molecule has been omitted for clarity.
The blue nodes and solid lines represent the Sy of each racial and the intermolecular exchange interactions Jy,, and Jie,, respectively. The
dashed lines indicate C—C and N-N short contacts. (c) Crystal structure forming the 2D spin model via intramolecular interactions between

spins on the radicals and Co®* ions.

and overlapping of the molecular orbitals. Consequently, we
found two predominant AFM interactions forming a spin-
1/2 two-leg spin ladder along the a axis, as shown in
Fig. 1(b). Their values are evaluated as Jiung/kp = 64 K and
Jieg/kg = 12 K, which are defined in the Heisenberg spin
Hamiltonian given by H =J,_; ,Si-S;, where }_, . de
notes the sum over neighboring spin pairs. The p-Py-V-p-F

pair associated with Jyy,g 18 related by inversion symmetry and
has a N-N short contact of 3.36 A, yielding a large overlap
of the MOs. In terms of Jig, the corresponding p-Py-V-p-F
pair is related by translational symmetry and has a C—C short
contact of 3.41 A. The radical-comprised spin ladder struc-
tures are connected to the Co®* ions, as shown in Fig. 1(c).
Although the intramolecular interactions between the radicals
and the Co?* ions are also expected from the molecular struc-
ture, reliable evaluations of the w — d couplings associated
with Co®* ions via MO calculations are difficult. From our
previous studies on similar complexes with other transition

TABLE II. Bond distances (A) and angles (°) related to the Co
atom for (p-Py-V-p-F),[Co(hfac),].

Co-N1 2.12 01-Co-02 89.3
Co-N2 2.12 02-Co-03 90.7
Co-0O1 2.05 03-Co-04 89.3
Co-02 2.08 04-Co-0O1 90.7
Co-03 2.05 N1-Co-0O4 92.3
Co-04 2.08 04-Co-N2 87.7
N2-Co-02 92.3
02-Co-N1 87.7
N1-Co-03 90.8
03-Co-N2 89.2
N2-Co-O1 90.8
01-Co-N1 89.2

metals, we expect that the intramolecular exchange interaction
Joo is of the order of several K [30,31]. Accordingly, the
spins for the verdazyl radicals, Sy, are connected to those of
Co”* ions, Sco, via Jco. This results in a ladder-based 2D spin
model, as shown in Fig. 2.

B. Magnetic properties

Figure 3(a) shows the temperature dependence of magnetic
susceptibility (x = M/H) at 0.1 T. Here, a paramagnetic in-
crease with decreasing temperature is observed. Assuming the
formation of the effective spin ladder, Sy spins are expected
to form the rung-singlet state with an energy gap. Then, the
degree of freedom of Sc¢, spins is considered to remain in
the low-temperature region, thus explaining the paramagnetic
behavior. The magnetization curves at the low temperatures

O—O0—0—0—0

J leg

] Jrung D

JCo

®—0—0O

O—0—0—0—0

FIG. 2. Ladder-based 2D spin model, illustrating how the spins
Sy and Sc, (corresponding to the verdazyl radicals and Co®* ions,
respectively) are coupled by the intramolecular interaction Jc,.
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FIG. 3. (a) Temperature dependence of magnetic susceptibil-
ity (x = M/H) of (p-Py-V-p-F),[Co(hfac),] at 0.1 T. The inset
shows the ESR absorption spectrum of (p-Py-V-p-F),[Co(hfac),] at
34.10 GHz and 1.4 K. The broken line represents the powder pattern
simulation. (b) Magnetization curves of (p-Py-V-p-F),[Co(hfac),]
at 1.8 and 4.2 K. The squares denote the raw data, and the circles
denote the data as corrected by the subtraction of the Van Vleck
paramagnetic term. The solid lines represent the spin-1/2 Brillouin
function with g = 6.0.

also exhibit paramagnetic behavior; this is reminiscent of the
Brillouin function, as shown in Fig. 3(b). Here, consider-
ing the spin-orbit coupling of Co*" in an octahedral crystal
field, the Sc, can be described as a fictitious spin-1/2 with
anisotropic g values in low-temperature regions. Additionally,
the ESR absorption spectrum at 34.10 GHz, as shown in the
inset of Fig. 3(a), exhibits broad resonance signals, reflecting
the anisotropic g values of the S¢, spins. As the powder
sample used in the ESR measurement is restrained from ori-
enting along the external field direction by mixing it with
grease, the observed signals correspond to the actual powder
pattern. The anisotropic g values were evaluated to be between
approximately 2.2 and 6.0, as described in the analysis and
discussion section. Note that the magnetization curves of the
powder samples show asymptotic values of approximately
3.0 ug/f.u., which is equivalent to the saturation value of
spin-1/2 with g = 6.0. Accordingly, it is considered that the
powder samples used in the magnetization measurements are
oriented in the external field direction owing to the large mag-
netic anisotropy, leading to the observation of magnetization
for the easy axis. The magnetization curves are indeed close to
the Brillouin function with g = 6.0 along the easy axis, where
the Van Vleck term, as evaluated from the high-field mag-
netization, is subtracted [Fig. 3(b)]. The deviation from the
Brillouin function is enhanced with decreasing temperature,
indicating the contribution of weak AFM interactions between
Sco spins through the triplet excited states of the Ji,g dimer
[17,30].

Figure 4 shows the magnetization curve at 1.4 K in pulsed
magnetic fields, where the powder samples are also con-
sidered to be oriented in the external field direction. The
magnetization assumes a 3/5 plateau for fields in the range
3-25 T, then increases toward saturation at approximately
55 T. The linear increase observed in the plateau phase arises
from the temperature-independent Van Vleck paramagnetism
of Co*™ in the octahedral environment. The evaluated Van

6 _‘_ T I T I T T T T 1
raw
St | mmm corrected "
= e calculation
w4 .
éa 14K
o
2 3l —
=
N
2
B2 il
p=
| _
0 I | I —

0 10 20 30 40 50 60
Magnetic Field (T)

FIG. 4. Magnetization curve of (p-Py-V-p-F);[Co(hfac),] at
1.4 K. The corrected data was obtained by subtracting the Van Vleck
term from the raw data. The broken line represents the results for
the spin ladder (@ = Jieg/Jrung = 0.17) as calculated using the QMC
method, where the value has been shifted up by 3.0 /f.u. consider-
ing the fully polarized Sc, spins. The inset shows the corresponding
field derivative of the magnetization curve (dM/dH).

Vieck term yyy = 0.018(1) pg/(Co®* T) is close to the
typical values reported previously for Co-based compounds
[35,45,46]. The Van Vleck term was then subtracted, and a
saturation value of 4.97(4) ug/f.u. obtained, which is con-
sistent with the value expected from the molecular unit. The
observed plateau indicates the coexistence of the fully po-
larized Sc, spins and a rung-singlet-like gapped state of Sy
spins. Meanwhile, the field derivative of the magnetization
exhibits an almost linear increase above the plateau phase,
as shown in the inset of Fig. 4. This behavior differs from
the nonlinear quantum critical behavior of 1D gapped spin
systems, where the magnetic field causes a QPT to the TLL
phase accompanied by a singular square root behavior in the
magnetization curve [18,47—49].

IV. ANALYSES AND DISCUSSION
A. Magnetization curve

We examined the magnetization curve of the present
spin model. The MO calculations show that the two-leg
AFM spin ladder, which is composed of Jyne and Jjeg
(@ = Jieg/Jrung = 0.19), are weakly connected by Jc,. In the
case of Jo, = 0, the Sy-comprised spin ladder forms a rung-
singlet state with an energy gap, resulting in the paramagnetic
state of Sc, spins. Considering that the experimental results
indicate paramagnetic-like behavior of Sc, spins, as well as
the appearance of a magnetization plateau associated with
the energy gap, the present model is expected to have a
rung-singlet-like ground state with residual Sc, spins. In the
high-field region, as the fully polarized Sc, spins do not have
sufficient degrees of freedom to modify the ground state, the
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FIG. 5. Calculated magnetization curves for the spin-1/2 spin
ladder, and their field derivatives (dM/dH) at 1.4 K for various
values of o = Jieg /Jrung-

Sv-comprised spin ladder is expected to become effective.
Accordingly, we calculated the magnetization curve of spin-
1/2 spin ladder by using the QMC method. As is often the
case with conventional radical compounds, we assumed the
Heisenberg spin Hamiltonian and g = 2.0. Figure 5 shows
the magnetization curves at the experimental temperature for
representative values of o, where the magnetic moment of
the fully polarized Sc, spin is added. The value of J,e was
determined for each « to reproduce the intermediate field of
the increasing toward saturation, thus equalizing the energy
scale. Hence, the Jyung/kp values were found to be 54(1) K
(¢ =0.1), 52(1) K (@ =0.2), 48(1) K (¢ =0.3), 45(1) K
(¢ = 0.4), and 39(1) K (o = 0.6). The increase in « corre-
sponds to an enhancement of one-dimensionality toward the
uniform spin ladder, yielding the expansion of the gapless
TLL phase as the slopes are reduced. Considering the o
dependence, we obtained good agreement between the ex-
perimental data and the calculations by using o = 0.17 with
the parameters Juune /kg = 52(1) K and Jieg /kp = 8.8(2) K, as
shown in Fig. 4. This confirms that the evaluated values are
close to those obtained from the MO calculations. Notably, the
field derivative of the calculated magnetization curve exhibits
a sharp double-peak structure, which is in clear contrast to
the almost linear increase shown in the experimental result.
The double-peak structure of dM/dH appears for all « cases
and indicates a QPT the TLL phase, which is characteristic
of 1D gapped systems. The magnetic behavior in the gapless
phase strongly depends on the dimensionality of the basal
spin lattice, which is demonstrated by the difference between
the isolated system and 1D system in Fig. 5. Thus, the con-
tribution of weak interladder coupling Jc, is expected to be
more pronounced in the gapless phase. The observed linear
increase of the magnetization curve can be attributed to the
2D character due to the interladder couplings. The anisotropic
exchange interactions originating from the Sc, spins can also
cause qualitative difference from assumed Heisenberg system
with only Sy spin. Accordingly, the peculiar behavior of the
linear magnetization after the magnetization plateau is con-
sidered to reflect the nature of the current ladder-based model,
demonstrating the existence of J¢, between the spin ladders.

Numerical studies on the effect of interladder couplings in-
dicate that the coupled spin ladder with o = 0.17 requires
an effective interladder coupling stronger than approximately
0.8J1ung to stabilize a 2D AFM ordered state [5]. Therefore,
considering the energy scale of Jc, on the order of several
K, the occurrence of the rung-singlet-like state in the present
model is consistent with the phase diagram expected in the
two-dimensionally coupled spin ladders.

B. Examination of magnetic anisotropy

We simulated the ESR spectra by assuming paramagnetic
resonance with anisotropic g values. The ESR powder pattern
was obtained by numerically integrating the Lorentzian line-
shape, which is expressed as

2w b4 A
1 /0 /o I+ [(H — He)/(AH/DP 9d9d¢,(1)
where H, is the resonance field, AH is the linewidth (full
width at half maximum), and A is the signal intensity. The
angular dependencies of Hs, AH, and A can be expressed
using the diagonal components of the principal axes and are
given by

hv
Hres = s
MB\/gi sin” § cos” ¢ + g sin” 6 sin” ¢ + g2 cos” 6
2
AH = \/AHXZ sin” 6 cos” ¢ + AH? sin> 6 sin> ¢ + AH2 cos’ 6, (3)
1
A , (4)

\/A§ sin? 6 cos? ¢ + A2 sin’ 6 sin ¢ + A2 cos? 0

where h is the Planck constant, and v is the measurement
frequency. We explained the observed lineshape using g, =
2.18(3), gy =2.88(3), and g, = 6.00(3), as shown in the
inset of Fig. 3(a). In terms of AH and A, we evaluated
AH, =0.053(2) T, AH, =0.110(2) T, AH, = 0.063(2) T,
A=A, =1, and A, = 7.0(5). The anisotropic spin-phonon
coupling originating from the low-symmetry crystal structure
of the present compound is considered to cause the angular
dependencies in AH. As the transition probability is propor-
tional to the square of the g value in the direction of the
oscillating magnetic field, the differences in A are qualitatively
consistent with the angular dependencies of the g values.
Next, we examined the evaluated magnetic anisotropy of
Co*" in a distorted octahedral environment. The total orbital
and spin angular momenta of the high-spin Co’" ion are
L =3 and § = 3/2, respectively. The ground-state orbital
triplet *7} in a cubic crystalline electric field is described by
—(3/2)] with a fictitious orbital angular momentum [ = 1.
Furthermore, the orbital degeneracy of *77 is removed by
the axial and rhombic crystal fields, §, and §,,, leading to
triaxial magnetic anisotropy. The perturbative treatment of the
spin-orbit coupling and crystal fields gives the Hamiltonian as

H=3s—6(2-3) -8 -5).  ©

where A’ = kA, A is the spin-orbit coupling constant, and k
is the orbital reduction factor originating from the admixture
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between the 3d electron and p electrons in the ligands [32,33].
It is known that typical values of A and k for a hexa-
coordinated high-spin Co®* ion lie in the range —180 to —
130 cm~! and 0.6-0.9, respectively [50,51]. Here, we ob-
tained 12 x 12 matrix elements for the Hamiltonian for
|, S;). The energy states were obtained as a function of §,/A’
with the other parameters fixed by numerically solving the
secular equation. Because there is an energy gap of several
hundred kelvin between the ground Kramers doublet and the
first-excited state, the magnetic properties at low temperatures
can be described using the doublet state. By applying an
external magnetic field, the lowest Kramers doublet v splits
because of the Zeeman interaction defined by

Hz = pus(— 3k + 28)-H. (6)

Here, when considering the energy shift of the Kramers dou-
blet as the Zeeman splitting of an effective spin Seir = 1/2
(fictitious spin), the g values for the principal axes are given
by

g, = E2(Yu|(— 3kl 4 2S.)|ys), (7
g = (Yal[— 2k + 1)+ 25T +SD)]lvg), B
gy = Fel[— 3k~ = 1)+ 28" = SDH]Ivs), )

where [+ = I, £il, and St = S.%iS,. We explained the
anisotropic g values evaluated from the ESR analysis using
the parameters §,;/A" = —4.7, 8,,/A" = 0.89, and k = 0.61, as
shown in Fig. 6(a). The resulting crystal fields are close to
those of similar Co compounds with hfac ligands; the obtained
value of k is within the typical range for hexa-coordinated
high-spin Co** complexes [50,51].

Finally, we evaluated the anisotropy of the exchange inter-
action between Sy on the radicals and Seg on the Co?t ions.
Considering the matrix elements of S written as

(WelS.ye) = £2, (U|Sel¥s) = %,

2
(VIS [Y) = FiT (10)
the true spin-3/2 on Co* is replaced by
S:=pSar:  Sx = q:Sis S = @ySeqy- (11)

Then, the effective exchange interaction between Sy and Ses
is expressed as

Hetr = Jerr (S9S5r + €Sy Sagr + €5V Sie) (12)

where €, = q;/p and €, = q,/p. Assuming the parameters
determined using the g values, we obtained €, and €, as a func-
tion of §,/1’, as shown in Fig. 6(b). These results suggest that
the present Co-verdazyl complex has an Ising-type anisotropy
with €, = 0.44 and €, = 0.54. This anisotropic interaction
may also affect the magnetization curve in the region below
and above the plateau phase.

V. SUMMARY

We successfully synthesized a verdazyl-based complex,
(p-Py-V-p-F);[Co(hfac),]. The Co atom is coordinated with
two p-Py-V-p-F ligands, yielding an octahedral coordination
environment. The MO calculations indicated two predominant

g value
Now A

1
T T 1 T
2+ :
(b) :
_ 5 XY-like
@w ]
o 1 — 1 ]
& .
' Ising-like
0k L I I I l l A
-8 -6 -4 -2 0 2 4 6 8

oz/ M

FIG. 6. (a) Anisotropic g values for the ground Kramers dou-
blet of the Co®" ion as a function of §,/A" with 8,,/A" = 0.89 and
k = 0.61. The inserted g values were obtained from the ESR analysis.
The vertical line shows 8,/A" = —4.7 for the present compound.
(b) Expected anisotropy of the effective exchange interaction be-
tween the spins on the radical and Co®" ion in the low-temperature
region. The horizontal line indicates an isotropic Heisenberg-type
with 1.0.

AFM interactions forming a spin-1/2 two-leg spin ladder.
Furthermore, the Sy-comprised spin ladders, which originated
from the overlapping ligands, connected to the Sc, of the Co**
ions via intramolecular interactions to form a ladder-based 2D
spin model. The magnetization in the low-field region exhib-
ited paramagnetic behavior associated with the S¢, spin. In
the high-field region, the S¢, spins were fully polarized and re-
sulted in a 3/5 magnetization plateau, indicating the formation
of a rung-singlet-like ground state. We calculated the magne-
tization curve of the spin-1/2 spin ladder by using the QMC
method and evaluated the exchange interactions forming the
effective spin ladder above the plateau phase. The calculated
magnetization curve indicated nonlinear behavior accompa-
nied by a double-peak structure in the field derivatives, which
is in clear contrast to the almost linear increase observed in
the experimental result. The peculiar behavior of the linear
magnetization curve after the magnetization plateau is con-
sidered to reflect the nature of the 2D quantum spin system,
demonstrating a quantum phase transition from the gapped
quantum state to the 2D magnetic state. We also examined
the magnetic anisotropy originating from Co®* in a distorted
octahedral environment and evaluated the anisotropic g values
via ESR powder pattern analysis. Furthermore, considering
the spin-orbit coupling and crystal-field distortion of the Co>*
ion, we explained the evaluated anisotropic g values of the

174422-6
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effective spin-1/2 on the Co®* ion. The presence of Ising-like
exchange interactions between the radical and the effective
spins are also expected from the observed crystal-field results.

These results demonstrate that the present ladder-based 2D
spin model combines the characteristics of 1D gapped and
2D gapless systems. Considering the variety of molecular
structures possible from the combination of verdazyl rad-
icals and Co*" ions, the synthesis method may be uti-
lized to access similar types of spin systems. This work

should therefore stimulate the study of quantum many-body
phenomena in anisotropic spin models between 1D and
2D systems.
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