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Gapless behavior in a two-leg spin ladder with bond randomness
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We successfully synthesized [Cu,(AcO)4(p — Py —V — p — F),] - 4CHCl3, a verdazyl-based complex with
a paddlewheel structure comprising two Cu atoms, which induces strong antiferromagnetic (AF) exchange
interactions between Cu spins, generating a nonmagnetic singlet state at low temperatures. Two primary
exchange interactions between radical spins generate a spin-1/2 AF two-leg ladder. In addition, two possible
positional configurations of the F atom in the complex create four different overlap patterns of molecular orbitals,
introducing bond randomness in the spin ladder. The observed experimental behaviors, such as the Curie tail in
the magnetic susceptibility and the gapless gradual increase in the magnetization curve, are attributed to a broad
distribution of excitation energies and a few orphan spins in the random-singlet (RS) state that are stabilized
by bond randomness. The low-temperature specific heat exhibits a temperature dependence with o< 1/[InT|?,
demonstrating the formation of the RS state in unfrustrated systems. We also consider the effect of restricted
patterns of exchange interactions and one-dimensional nature of the system on the RS state.
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I. INTRODUCTION

Spin ladders, which comprise coupled spin chains, are
crucial for investigating low-dimensional quantum systems,
bridging one-dimensional (1D) chains and two-dimensional
lattices. These systems provide insights into phenomena
driven by the interplay between dimensionality and quantum
fluctuations, with potential relevance to high-temperature su-
perconductivity [1,2]. The spin-1/2 antiferromagnetic (AF)
two-leg ladder, in particular, serves as a fundamental model,
revealing the complex physics of ladder systems. In these
systems, spins along the rungs form singlet pairs, leading to
a gapped ground state. When a magnetic field is applied, the
spin gap gradually closes and the system transitions into a
Tomonaga-Luttinger liquid (TLL) phase—a gapless quantum
critical state. Numerous spin ladder compounds have been
experimentally identified and extensively studied, consistently
confirming the predicted quantum behaviors, including the
closing of the spin gap and emergence of the TLL phase [3-6].

Randomness plays a crucial role in determining the phys-
ical properties of condensed matter systems. Even a small
amount of disorder can notably alter the quantum behavior,
leading to the emergence of novel quantum phases and crit-
ical phenomena. This disorder can have profound effects on
various material properties, including transport phenomena,
magnetic ordering, and quantum phase transitions. The effect
of randomness is particularly prominent in low-dimensional
quantum spin systems, which are highly susceptible to quan-
tum fluctuations and disorder. These systems give rise to the
gapless quantum state known as the random singlet (RS)
state. In the last century, extensive theoretical studies have
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investigated the ground state of the 1D spin-1/2 chain with
randomness, identifying it as the unfrustrated RS state [7-10].
For the frustrated case, recent numerical studies on vari-
ous spin-1/2 systems have shown that the introduction of
randomness universally induces the RS state, referred to as
the frustrated RS state [11-15]. Moreover, a quantum phase
transition between the unfrustrated and frustrated RS states
has been identified, demonstrating that these two RS states
exhibit qualitatively different low-temperature behavior [16].
For spin ladders, numerous studies have explored site ran-
domness and its influence on quantum phases and critical
phenomena [17-19]. However, bond randomness, where dis-
order affects the interaction strength between spins, remains
less studied. While theoretical predictions suggest that bond
randomness in spin-1/2 AF two-leg ladders can significantly
alter quantum phases and quasiparticle excitations [20-22],
experimental realizations of bond randomness are scarce and
its effects have not been thoroughly investigated.

We developed a unique class of materials, verdazyl-based
quantum organic materials (V-QOM), which offer excep-
tional flexibility in molecular design and precise control
over spin interactions. Previous studies with V-QOM have
demonstrated the realization of unconventional spin lattices
that are yet to be generated in traditional inorganic ma-
terials [23-27]. By leveraging the properties of V-QOM,
we successfully introduced randomness in exchange interac-
tions by generating regioisomers that randomly align within
the crystals. This led to the realization of a RS state in a
spin-1/2 honeycomb lattice, marking a significant advance-
ment in the understanding of quantum phenomena induced
by bond randomness [28]. These developments represent a
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robust basis for exploring mechanisms underlying quantum
criticality.

In this study, we synthesized [Cuy(AcO)s(p — Py —V —
p—F)]-4CHCl; (AcO = CH3COO~!, p—Py—V — p-
F = 3-(4-pyridinyl)-1-(4-fluorophenyl)-5-phenylverdazyl), a
verdazyl-based complex. The four bridging acetates and
two p — Py — V — p-F ligands formed a paddlewheel struc-
ture, where the strong AF exchange interactions between
Cu spins created a spin-1/2 AF dimer, generating a non-
magnetic singlet state at low temperatures. We identified
two primary exchange interactions between the radical spins
that generated the spin-1/2 AF two-leg ladder. Two possible
positional configurations for the F atom in the complex in-
troduced bond randomness in the spin ladder, stabilizing the
RS state. Magnetic properties revealed AF gapless behavior
with low paramagnetic contributions in the RS state. The
low-temperature specific heat exhibited the 1/[InT | behavior
predicted for the unfrustrated RS state. We also examined the
effect of restricted patterns of exchange interactions and 1D
nature of the systems on the RS state.

II. EXPERIMENTAL

We synthesized p-Py-V-p-F via the conventional proce-
dure for producing the verdazyl radical [29]. A solution of
Cu(AcO); - H;O (79.9 mg, 0.40 mmol) in 7 ml ethanol was
slowly added to a solution of p-Py-V-p-F (132.9 mg, 0.40
mmol) in 8 ml of CH,Cl, and stirred for 30 min. A dark-green
crystalline solid of [Cuy(AcO)4(p — Py —V — p — F),] was
separated by filtration. Single crystals were obtained via re-
crystallization from CHCl; at 10 °C.

The x-ray intensity data were collected using a Rigaku
XtaLAB Synergy-S instrument. The crystal structures was
determined using a direct method using SIR2004 and refined
using the SHELXL97 crystal structure refinement program.
Anisotropic and isotropic thermal parameters were employed
for nonhydrogen and hydrogen atoms, respectively, during the
structure refinement. The hydrogen atoms were positioned
at their calculated ideal positions. Magnetization measure-
ments were conducted using a commercial superconducting
quantum interference device 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 magnet at
AHMEF, Osaka University. Specific heat measurements were
performed using a commercial calorimeter (PPMS, Quantum
Design) employing a thermal relaxation method. All the ex-
periments 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 GAUSSIANO9 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 [30].

The quantum Monte Carlo code is based on the directed
loop algorithm in the stochastic series expansion represen-
tation [31]. The calculations were performed for N = 256

TABLE I. Crystallographic data of [Cuy(AcO)s(p — Py —V —
p — F),] - 4CHCl;.

Formula C50H44CU2C112F2N|003
Crystal system Monoclinic
Space group P2, /n
Temperature (K) 100
aA) 19.0001(5)
b(A) 9.5444(2)
cA) 19.0221(4)
B (degrees) 114.183(3)
vV (A3 3146.84(12)
Z 2

Deye (g cm™3) 1.587
Total reflections 3621
Reflection used 3064
Parameters refined 391
R[I > 20()] 0.0561
R, [I > 20()] 0.1511
Goodness of fit 1.041
CCDC 2405110

under the periodic boundary condition, where N denotes the
system size. All calculations were carried out using the ALPS
application [32,33].

III. RESULTS

A. Crystal structure and spin model of the complex

The crystallographic parameters of [Cuy(AcO)4(p — Py —
V — p —F),;] - 4CHCIl; are provided in Table 1. Figure 1(a)
shows the molecular structure, wherein the verdazyl radical,
p-Py-V, and Cu?* have a spin value of 1/2. Table II lists the
bond lengths and angles of the Cu atoms. The four bridging
acetates and two p — Py — V — p-F ligands form a distorted
square pyramidal geometry around the Cu atoms—typical of
Cu*t carboxylate dimers—which is known as the paddle-
wheel structure. An inversion center located at the Cu, core,
and the Cu—Cu distance (2.61 A) is comparable with those
of the other paddlewheel structures [34,35]. A Cu-Cu bond
is not formed due to the lack of properly oriented orbitals
for overlap, resulting in a five-coordinated square pyramid.
Two possible positional configurations are observed for the
F atom [Fig. 1(a)], with rations of 0.786(9) and 0.214(9) for

TABLE II. Bond lengths (A) and angles (°) related to the Cu
atoms in [Cuy(AcO)4(p — Py —V — p — F),] - 4CHCl;.

Cul-N1 2.16 N1-Cul-O1 95.6
Cul-O1 1.96 01-Cul-03 169.3
Cul-02 1.98 03-Cul-N1 95.0
Cul-03 1.97 01-Cul-02 89.6
Cul-04 1.96 02-Cul-03 89.0
Cul-Cu2 2.61 03-Cul-04 90.4
04-Cul-01 89.1
N1-Cul-02 94.5
02-Cul-04 169.3
04-Cul-N1 96.2
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FIG. 1. (a) Molecular structure of [Cu,(AcO)4(p — Py —V — p — F),], which causes intramolecular exchange interactions Jy;; between
the Cu spins and Jy, between the radical and Cu spins. The hydrogen atoms have been omitted for clarity. (b) The 2D crystal structure and
(c) corresponding spin-1/2 2D lattice with two different spin sites, Sy and Sc,. The broken lines indicate the effective spin ladder. (d) Crystal

structure in the ac plane. The thick lines represent the 2D spin planes.

F1 and F2, respectively, as determined by x-ray single crystal
analysis. These two configurations introduced randomness in
the MO overlap. Regarding the spin density distribution in the
radicals, MO calculations showed that ~61 % of the total spin
density was localized on the central ring consisting of four
N atoms, while each fluorophenyl ring directly attached to
the central N atom contributed ~16 % of the spin density.
Dominant exchange interactions were identified through MO
calculations. Regarding intramolecular interactions, the AF
exchange interactions between the Cu spins in the paddle-
wheel structure and those between the radical spin and Cu spin
were evaluated to be Jy /kg = 572 K and Jzp /kg = 4.9 K,
respectively, defined within the Heisenberg spin Hamiltonian,
given by H =J,» _; ;_SiS;. Given that MO calculations
tend to overestimate the mtramolecular interactions with tran-
sition metals, the actual values are expected to be smaller
[36,37]. Regarding intermolecular interactions, two primary
exchange interactions, Jr and Ji, generated a spin-1/2 two-
leg ladder along the b axis, as depicted in Fig. 1(b). Thus,
the interactions Jyi, Jm2, Jr, and Jp from a spin-1/2 two-
dimensional (2D) lattice with two distinct spin sites, Sy and
Scu [Fig. 1(c)]. Due to the presence of nonmagnetic CHCI;
molecules between the 2D structures, exchange interactions
between the spin lattices are expected to be weak enough to
be neglected in this study [Fig. 1(d)].

We also evaluated the values of Jr and Ji, which cor-
respond to the rung and leg interactions in the spin ladder,
respectively. The molecular pairs associated with Jg and J.,
are related by inversion symmetry and translational symmetry
along the b axis, respectively, as depicted in Figs. 2(a) and
2(b). Since the actual radicals have either F1 or F2, each
overlap of the MOs associated with Jg and Ji, has four radical
pairing patterns with different F positions, i.e., F1-F1, F1-F2,
F2-F1, and F2-F2. The possibilities of these pairing patterns
and corresponding evaluations of Jr and Ji, are summarized in
Table III. Notably, Jr strongly depends on the F position, and
the pairs F1-F2 and F2-F1 are equivalent due to the inversion
center between the radicals. In contrast, J exhibits weak
dependence on the F position, although the uniform bond is
distorted by randomness in the MO overlap.

B. Magnetic and thermodynamic properties

Figure 3(a) shows the temperature dependence of the mag-
netic susceptibility (x) of the complex at 0.1 T, showing
a broad peak at ~14 K. The upturn below ~4 K suggests
paramagnetic contribution. Assuming conventional paramag-
netic behavior Cpar, /T, Where Cpyr, is the Curie constant of
paramagnetic spins, the paramagnetic contribution is found to
be in the range of 3%—-5% of all spins. This relatively large
paramagnetic contribution could not be reduced by purifica-
tion processes that have been effective in other verdazyl-based
compounds. The temperature dependence of x 7', as shown
in Fig. 3(b), reveals a two-step decrease as the temperature
decreases. The initial decrease, down to ~100 K, is attributed
to the formation of a spin-1/2 singlet dimer of Sc, resulting
from the strong AF interaction Jyy;. Further decrease at low
temperatures reflects AF behavior originating from residual
radical spins forming the spin-1/2 ladder. We calculated the
magnetic susceptibility of the spin-1/2 AF dimer of S¢, and
fitted it to the experimental x7 data above ~100 K. The
calculated value was shifted up by 0.72 emu K/mol, cor-
responding to a Curie constant for spin-1/2 systems with
g = 2 and a radical purity of 96%, when accounting for the
contribution of Sy [Fig. 3(b)]. The experimental behavior was
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FIG. 2. Intermolecular radical pairs of [Cuy(AcO)4(p — Py —
V — p — F),] - 4CHCI; associated with exchange interactions (a) Jg
and (b) J.. Hydrogen atoms and Cu,(AcO), are omitted for clarity.
The dashed lines indicate N-C short contacts.
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TABLE III. Possible radical pair patterns with different F posi-
tions and the values of Jg and J; evaluated from MO calculations.

Pattern Possibility Jr/ks (K) Jo/ks (K)
F1-F1 0.618 8.0 1.6
F1-F2 0.168 5.8 1.6
F2-F1 0.168 5.8 2.0
F2-F2 0.046 3.8 2.0

then explained using Jy/kg = 446(3) K and g = 2.33(1),
consistent with previously reported values for the paddlewheel
structure [38—41].

Figure 3(c) shows the magnetization curve of the complex
under a pulsed magnetic field applied at 1.4 K. The magne-
tization increases gradually up to ~10 T, showing gapless
behavior, and then rises sharply toward ~30 T. The value of
~2.0 ug/f.u. suggests full polarization of Sy with an isotropic
g value of 2.0, corresponding to the saturation of the spin
ladder. A slight paramagnetic contribution observed below
5 T, resembling the Brillouin function and consistent with the
low-temperature upturn of x. In typical spin ladders forming
a gapped singlet state, the energy gap decreases under applied
magnetic field, leading to a quantum phase transition to the
TLL phase with a sharp increase in the magnetization [42—44].
However, the observed magnetization behavior deviates from
this quantum critical behavior.
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FIG. 3. Temperature dependence of (a) the magnetic susceptibil-
ity (x =M/H) and (b) xT of [Cur(AcO)s(p— Py =V — p—F)]-
4CHCI; at 0.1 T. The broken line represents the result calculated
for a spin-1/2 AF dimer of S¢, via Jy;. (¢) The magnetization
curve of [Cuy(AcO)y(p — Py —V — p — F),] - 4CHCl; at 1.4 K un-
der applied pulsed magnetic fields. The solid lines show calculated
magnetization curves at 1.4 K for the spin-1/2 ladder with the repre-
sentative values of Ji_/Jg.
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FIG. 4. (a) Temperature dependence of the specific heat C, of
[Cuy(AcO)y(p — Py — V — p — F),] - 4CHCI;. The values at 3 and
9 T have been shifted up by 12 and 26 J/mol K, respectively. The
solid line indicates the lattice contribution by assuming Debye’s 7
law. (b) Temperature dependence of the magnetic specific heat C
evaluated by subtracting the lattice contribution. The values at 3 and
9 T have been shifted up by 2 and 4 J/mol K, respectively. The
broken line indicates the 1/[InT /Tp|? behavior. The inset shows the
expansion of the low-temperature region at 0 T. (¢) Magnetic entropy
S obtained by integrating Cy, /T. Here, we shifted the values at 3 and
9 T upward by 1 and 3 J/mol K, respectively.

The temperature dependence of specific heat C, is shown
in Fig. 4(a). There is no peak showing phase transition toward
magnetic long-range order. We assumed the lattice contri-
bution of C, to be aT?, corresponding to Debye’s T3 law
for the low-temperature region, which is confirmed to be
effective below ~10 K in verdazyl-based compounds [23,44].
We then evaluated the magnetic specific heat G, by sub-
tracting the lattice contribution of C,, as shown in Fig. 4(b).
The magnetic contributions contain inaccuracies in higher
temperature regions, leading to the negative values above
~12 K. We determined the value of « such that the magnetic
entropy Sy, which was obtained by integrating C,,/T , exhib-
ited asymptotic behavior near the broad peak temperature in
x below which the AF correlation was expected to emerge
appreciably. The obtained value o = 0.059, corresponding
to a Debye temperature of 32 K, was close to that of sim-
ilar verdazyl-based complex [45]. Furthermore, the entropy
change in the low-temperature region was close to the total
magnetic entropy associated with a spin ladder composed
of Sy (11.5; 2RIn2). The C,, exhibited a broad peak, which
was almost unchanged by the application of magnetic fields
with magnitudes of up to 9 T. This magnetic-field-insensitive
behavior demonstrated that the broad peak did not arise from
a Schottky-type behavior related to an energy gap; rather,
it resulted from the development of AF correlations in the
spin-1/2 ladder. Considering the energy scale observed in the
magnetization curve, the change in entropy induced by the ap-
plication of a magnetic field is expected to be significant above
~10 T, leading to a corresponding change in the specific
heat values.
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FIG. 5. (a) Two-leg spin ladder in [Cu,(AcO)4(p — Py —V —
p — F),] - 4CHCI;. The effective inter-ladder interaction J' occurs
through the triplet excited states of the Sc, dimer. (b) RS state in
the studied spin ladder. Entangled singlet dimers are indicated by
ovals that cover two lattice sites. The dimers can be formed in a
spatially random manner not only between neighboring sites but
also between distant sites through higher-order interactions. The red
arrow represents an unpaired orphan spin.

IV. DISCUSSION

We also examined the ground state of the spin model. The
Cu spins coupled by strong AF Jy;; interactions formed a non-
magnetic singlet dimer at low temperatures. Consequently, an
exchange interaction J’ through the triplet excited states of the
Jumi1 dimer was expected to occur between the radical spins, as
depicted in Fig. 5(a). Assuming T <« Jui/ks, a second-order
perturbation treatment of the exchange interaction between Sy
and Sc,—i.e., Jyp—yielded J' = Jl\z,[2 /2Jwm [46,47]. Consid-
ering Jy/ks = 446 K determined from the magnetization
analysis and Jypp/kg = 4.9 K determined from MO calcu-
lations, we estimated the value of J' to be <0.1 K, which
was negligible at our experimental temperatures. Hence, the
spin model in the low-temperature region can be regarded as
a spin-1/2 AF two-leg ladder composed of Sy.

Further, we discuss the effects of bond randomness in
the prepared spin ladder. Bond randomness is expected to
stabilize the RS state, wherein singlet dimers of varying
strengths are formed in a spatially random manner [7]. Be-
cause the exchange interactions are randomly distributed in
the RS state, the binding energies of the singlet dimers have
a broad distribution, showing gapless behavior. For magnetic
susceptibility, Curie-like diverging components appear in the
low-temperature region, reflecting paramagnetic contribution
from some unpaired orphan spins [11,13]. For the prepared
system, we observed the Curie tail in x, which suggests the
existence of orphan spins specific to the RS state. The evalu-
ated amount of the paramagnetic contribution is indeed larger
than those evaluated in other verdazyl-based compounds,
which originate only from the lattice defects [23,24]. Because
of the lattice symmetry of the spin ladder, a rung singlet alone,
i.e., JR > J, cannot generate the orphan spins. Therefore, the
actual values of Jr and Ji, apparently differ somewhat from
the MO evaluations presented in Table III, which suggests that

Jr < Jp partially exists. In this case, Ji allows the formation
of singlet dimers, which yields the orphan spins, as illustrated
in Fig. 5(b).

For the magnetization curve, the RS state is predicted to ex-
hibit a near-linear behavior, reflecting the wide distribution of
excitation energies [11]. However, our experimental result for
the magnetization curve reveal a gapless but nonlinear behav-
ior. We attribute this difference to the effect of randomness,
which is limited by the characteristics of the present system.
Bond randomness is limited to three Jr patterns and two Ji
patterns, and the single dimension of the lattice restricts the
spatial distribution. Consequently, although the excited state
is gapless, the density of states depends strongly on the proba-
bility of existence of each exchange interaction. The observed
large increase in the magnetization above ~10 T is considered
to be due to the Jr interaction (F1-F1), which has the highest
probability of existence.

To examine accurate energy scale of the present model,
which strongly reflects the values of Jg (F1-F1), we calculated
the magnetization curves by considering Ji. /Jg. Figure 3(b)
shows the calculated results for representative values of J /Jg,
demonstrating the difference from the experimental behavior.
The magnetization curve for each Ji /Jr was scaled to have
the same energy scale by adjusting the value of Jr. As a result,
identical intermediate fields toward saturation were obtained.
Consequently, the values of Jr /kg were determined as 24 K
(JL/JR = 02), 21 K (JL/JR = 04), and 18 K (JL/JR =
0.6). Although quantitative comparison with the experimental
results is unreliable due to the randomness effect, we can
roughly estimate the actual value of Jg (F1-F1) to be ~20 K,
indicating the underestimation of the MO evaluations. A rela-
tively large difference from the MO evaluation may be related
to the presence of the randomness in the molecular packing.

For the specific heat, numerical studies predict that a quali-
tative difference between unfrustrated and frustrated RS states
appears in the low-temperature region [16]. The unfrustrated
RS state, which corresponds to the present model, exhibits
a specific heat behavior proportional to 1/|InT /T|?, while
the frustrated RS state follows a T-linear behavior. Experi-
mentally, the magnetic specific heat shows a clear nonlinear
behavior and is well reproduced by the 1/(InT /Ty |? fit for T <
4 K, as shown in Fig. 4(b). Since the low-temperature specific
heat appears to be qualitatively equivalent even in magnetic
fields, this behavior is considered to be robust against an
applied magnetic field. The characteristic energy scale of the
RS state, Ty, is evaluated to be approximately 11 K, which
is in close agreement with the energy scale observed in the
magnetization data.

V. SUMMARY

In this research, we synthesized a verdazyl-based complex:
[Cus(AcO)y(p — Py —V — p—F),] -4CHCl3. The four
bridging acetates and two p-Py-V-p-F ligands formed a
distorted square pyramidal geometry around the Cu atoms,
creating a paddlewheel structure. Strong AF exchange
interactions between Cu spins generated a spin-1/2 AF dimer,
stabilizing the nonmagnetic singlet state below ~100 K. We
identified two primary exchange interactions between the
radical spins, Jr and Jp, which generated a spin- 1/2 AF
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two-leg ladder. Two possible positional configurations of
the F atom lead to four different MO overlap configurations
associated with Jgr and Jp, introducing bond randomness
in the spin ladder. The magnetic susceptibility indicated
a broad peak with a Curie tail in the low-temperature
region, indicating AF correlations and low paramagnetic
contribution. The magnetization curve exhibited a gapless
gradual increase up to ~10 T, followed by a rapid rise toward
spin-1/2 ladder saturation. The specific heat showed a broad,
magnetic-field-insensitive peak, indicating the development
of AF correlations, rather than a Schottky peak related to
an energy gap. Furthermore, in the low-temperature region,
the specific heat exhibited the 1/|InT|* behavior predicted
for the unfrustrated RS state. The observed experimental
behaviors of the system were attributed to a wide distribution
of excitation energies, with a few orphan spins in the RS state.
In addition, the restricted patterns of exchange interactions

and the one-dimensional nature of the system were considered
to induce some deviations from the expected theoretical RS
behavior. These findings provide insight into the effects of
bond randomness on the quantum behavior of spin ladders.
We propose a one-dimensional spin model of V-QOM with
bond randomness. This development is expected to inspire
further research into the quantum phenomena arising from
the interplay of quantum fluctuations and randomness.
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