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Candidate for a fully frustrated square lattice in a verdazyl-based salt
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We present an experimental realization of an § = 1/2 fully frustrated square lattice (FFSL) composed of a
verdazyl-based salt (p-MePy-V)(TCNQ) - (CH3),CO. Ab initio molecular orbital calculations indicate that there
are four types of competing ferro- and antiferromagnetic nearest-neighbor interactions present in the system,
which combine to form an § = 1/2 FFSL. Below room temperature, the magnetic susceptibility of the material
can be considered to arise from the S = 1/2 FFSL formed by the p-MePy-V and indicates that the system
forms a quantum valence-bond solid state whose excitation energy is gapped. Furthermore, we also observe
semiconducting behavior arising from the one-dimensional chain structure of the TCNQ molecules.
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One of the current key focus areas in condensed matter
physics is the search for quantum phenomena associated with
quantum entanglement. Frustrated magnets, in which neigh-
boring spins interact through competing exchange interactions
that cannot be satisfied simultaneously, prevent the formation
of conventional magnetic order and can form an entangled
spin state. For example, the S = 1/2 antiferromagnetic (AF)
triangular and kagome lattices have attracted much interest in
recent decades because there are strong arguments to suggest
that these systems favor the formation of a quantum spin
liquid. While theoretical research on the triangular lattice
has established that its ground state is an AF ordered state
[1,2], the ground state of the kagome lattice is expected to
realize a disordered quantum state due to its enhanced quantum
fluctuations arising from the smaller coordination number
(i.e., 4) [3-5]. A square lattice with nearest-neighbor interac-
tions can also be made to exhibit frustration by introducing a
competing ferromagnetic interaction. Such a system is called a
fully frustrated square lattice (FFSL) and the XY model of the
FFSL has been thoroughly studied in association with the sepa-
rated phase transitions of spin and chirality [6-8]. The § = 1/2
FFSL is also expected to exhibit strong quantum fluctuations
owing to the lattice having the same coordination number as
that of the kagome lattice. Furthermore, since spins are con-
nected by a ferromagnetic interaction, this may stabilize a mul-
timagnon bound state, yielding a hidden spin multipole order.

In order to design such a frustrated S = 1/2 quantum spin
system, we have focused on the verdazyl radical, which can
exhibit a delocalized m-electron spin density in nonplanar
molecular structures. The flexibility of the molecular orbitals
in the verdazyl radical enables one to tune the intermolecular
magnetic interactions by molecular design. In fact, recently,
we demonstrated that the verdazyl radical can form a variety
of unconventional S = 1/2 Heisenberg spin systems, such as
the ferromagnetic-leg ladder, quantum pentagon, and random
honeycomb, which have not been realized in conventional
inorganic materials [9—12]. Furthermore, in contrast to conven-
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tional organic radical systems, the verdazyl radical facilitates
the design and formation of ferromagnetic interactions.

In this Rapid Communication, we report our findings
on a realization of an S = 1/2 Heisenberg FFSL model
compound (p-MePy-V)(TCNQ) - (CH3),CO[ p-MePy-V=3-
(4-methylpyridyl)-1,5-diphenylverdazyl; TCNQ=7,7,8,8-
tetracyanoquinodimethane]. We successfully synthesized
single crystals of this verdazyl-based salt and our ab initio
molecular orbital (MO) calculations indicated the formation
of an § = 1/2 FFSL with four types of competing nearest-
neighbor interactions causing the frustration. Moreover, the
magnetization susceptibility below room temperature can be
considered to arise from the S = 1/2 FFSL formed by the
p-MePy-V and indicates the formation of a quantum valence-
bond solid state with a gapped excitation energy. Furthermore,
we observed that the verdazyl-based salt exhibited
semiconducting behavior arising from the one-dimensional
(1D) chain structure of its constituent TCNQ molecules.

We prepared p-MePy-V using a conventional procedure
[13] and synthesized (p-MePy-V)(TCNQ) using a reported
procedure for the salts with the same chemical structure [14].
Recrystallization using ethanol in an (CH3),CO atmosphere
yielded the shiny brown crystal of (p-MePy-V)(TCNQ) -
(CH3),CO. The crystal structure was determined on the basis
of intensity data collected using a Rigaku AFC-7R Mercury
CCD at 293 K. The magnetizations were measured using
a commercial superconducting quntum interference device
(SQUID) magnetometer (MPMS-XL, Quantum Design) The
experimental result was corrected for the diamagnetic contribu-
tion calculated using the Pascal method. The specific heat was
measured with a commercial calorimeter [physical properties
measurement system (PPMS), Quantum Design] by using a
thermal relaxation method. All the above experiments were
performed using single crystals with typical dimensions of
0.8 x 0.4 x 0.2 mm?. The resistivity along the a axis was also
measured with the PPMS using the standard dc four-probe
method option from 272 to 300 K. Typical dimensions of
the sample were 0.74 x 0.63 x 0.2 mm?. Four gold wires
(0.025 mm diameter) bonded to the crystal with carbon paste
were used as the current and voltage terminals. Ab initio
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MO calculations were performed using the unrestricted Becke
three-parameter Lee-Yang-Parr (UB3LYP) functional method
as broken-symmetry (BS) hybrid density functional theory
calculations. All calculations were performed using the GAUS-
SIANQ9 software package and 6-31G basis sets. To estimate
the intermolecular exchange interaction of the molecular pairs
within 4.0 A, we employed a conventional evaluation scheme
[15]. We calculated the magnetic susceptibility of the § = 1/2
AF chain by using the quantum Monte Carlo method. The
calculation was performed for N = 256 under the periodic
boundary condition, where N denotes the system size, by using
the ALPS application [16—-18].

The crystallographic parameters at room temperature are
as follows [19]: triclinic, space group P1, a =7.851(3) 1&,
b=113024A, ¢=17.031(6)A,  a=94579(5),
B =99.399(4)°, y =103.487(4)°, V =1438.8(9) AS,
Z =2. The (CH3),CO molecules in the crystal have two
disordered CO patterns. Figure 1(a) shows the molecular
structure of (p-MePy-V)(TCNQ), where each molecule has
S = 1/2. As shown in Fig. 1(b), the crystals are seen to have a
shiny surface, reflecting their conductivity. The verdazyl ring
(which includes four N atoms), the upper two phenyl rings, and
the bottom 4-methylpyridyl ring are labeled by Ry, R», R3, and
R4, respectively. The dihedral angles of Rj-R;, R;-Rs, Rj-R4
are approximately 15°, 20°, and 3°, respectively. The results of
our MO calculations indicate that approximately 59% of the
total spin density is present on R, while R;, Rz, and R4 each
account for approximately 19%, 18%, and 4% of the total spin
density, respectively. Although the spin density is distributed
over the molecule, we have confirmed that each verdazyl
molecule can be considered to have a localized S = 1/2 in
crystals from our previous quantitative studies [20-23].

The crystals include two crystallographically independent
TCNQ molecules. These two molecules stack themselves in
an alternating sequence with their molecular planes aligned
in parallel by a translation. Each molecule has an inversion
center at the central part of the molecule, yielding a 1D chain
structure along the a axis, as shown in Fig. 1(c). Our MO

calculations reveal that the exchange interaction between the
spins of the TCNQ molecules is given by Jy/kg = 1796 K,
which is defined in the Heisenberg spin Hamiltonian given
by H = Ju3  jSi-Sj, where 3, ;) denotes the sum over
the neighboring spin pairs. This large result is not unusual
as general salts comprising the TCNQ radical are known
to exhibit strong intermolecular interactions. In terms of the
p-MePy-V molecule, the four types of overlap of the 7 orbitals,
which expand perpendicular to the labeled planes, are expected
in the ab plane, yielding a two-dimensional (2D) structure,
as shown in Fig. 1(d). All molecular pairs are related by an
inversion center, and the N-C and C-C short contacts for the
Ji, J2, J3, and J4 interactions are given by 3.72, 3.63,3.52, and
349 A, respectively, as shown in Fig. 1(d). The 2D structures
of the p-MePy-V molecules are distinctly separated by the
TCNQ chains and (CH3),CO molecules, as shown in Fig. 1(e).
Furthermore, our MO calculations show that the corresponding
exchange interactions are given by J,/kg = 133 K, J,/kg =
46 K, J3/kg = 30K, and J4/ kg = —24 K, respectively. As a
consequence, the four dominant interactions forman § = 1/2
FFSL in the ab plane, as shown in Fig. 2.

Figure 3 shows the temperature dependence of the magnetic
susceptibility (x = M/H) at 0.5 T. One can observe a broad
peak at approximately 100 K. If we calculate y for the
S =1/2 AF TCNQ chain assuming the MO evaluation of
Jo/ ks = 1796 K, a broad peak appears at 1100 K, as shown in
the inset of Fig. 3. Although this calculated x has a finite value
associated with the formation of a Tomonaga-Luttinger liquid
state in the low-temperature region, its order of magnitude is
approximately ten times smaller than that of the experimental
value. Therefore, below the room temperature, the observed
magnetization can be considered to arise from the S = 1/2
FFSL formed by the p-MePy-V molecules. Thus, the observed
broad peak is expected to be associated with the formation
of a quantum state originating from the internal interactions
of the FFSL. Moreover, below 100 K, x decreases drastically
with decreasing temperature, which indicates the existence
of a nonmagnetic ground state separated from the excited

FIG. 1. (a) Molecular structure of (p-MePy-V)(TCNQ). (b) Single crystals of (p-MePy-V)(TCNQ) - (CH3),CO. (c) 1D chain structure
composed of TCNQ radical anions. (d) 2D structure composed of p-MePy-V radical cations. (e) Crystal structure viewed parallel to the a axis.
Hydrogen atoms are omitted for clarity. The dashed lines indicate N-C and C-C short contacts.
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FIG. 2. S = 1/2 FFSL in the ab plane of (p-MePy-V)(TCNQ) -
(CH3),CO crystal formed by AF J,, J,, J3, and ferromagnetic J,.

states by an energy gap. We note that the upturn below ~20 K
is caused by slight paramagnetic impurities associated with
lattice defects. Assuming conventional paramagnetic behavior
Cimp/ T, where Cjy, is the Curie constant of the impurities,
we evaluated the paramagnetic impurities to be approximately
0.7% of all spins, which is close to those evaluated in other
verdazyl radical compounds [9,22,24], and subtracted it from
the raw data, as shown in Fig. 3. Since the AF J; interaction is
stronger than the other interactions, the ground state is expected
to be a valence-bond solid with J; dimers. We calculated x for
the AF dimer coupled through J; and obtained an impressive
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FIG. 3. Temperature dependence of magnetic susceptibility (x =
M/ H) of (p-MePy-V)(TCNQ) - (CH3),CO at 0.5 T. The open circles
denote raw data, and the solid ones are corrected for the paramagnetic
term due to the impurity. The solid line represents the calculated
results for the S = 1/2 AF dimer coupled through J;. The inset shows
calculated x in terms of the S = 1/2 1D AF chain with J, = 1796 K.
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FIG. 4. Temperature dependence of (a) specific heat C, and
(b) resistivity p along the a axis of (p-MePy-V)(TCNQ) - (CH3),CO.

agreement between the experiment and calculation including
the gapped behavior in the low-temperature region by using
Ji/kg = 163 K, where we assumed g = 2.0. The obtained
value of J; is close to that evaluated from the MO calculation;
thus, we confirm that the evaluation of the interactions from
the MO calculation is reliable in the present case as that in the
other verdazyl compounds. By taking the interdimer frustrated
interactions into consideration, other phases could be obtained
by tuning external parameters such as the magnetic field and
pressure.

The specific heat at zero field indicates consistent behavior
with the magnetic susceptibility, as shown in Fig. 4(a). In par-
ticular, there is no sharp peak associated with a phase transition
to an ordered state. Although a Schottky-like peak associated
with an excitation gap is masked by the lattice contributions,
an exponential decrease with decreasing temperature appears
in the low-temperature region, which is consistent with the
existence of an energy gap. The temperature dependence of
the resistivity along the a axis is shown in Fig. 4(b), and the
resistivity at room temperature is given by 2.8 x 10* Q cm. We
observed typical semiconducting behavior with an activation
energy of 0.20 eV. Considering the large overlap of 7 orbitals
of the TCNQ radical anions, this electric conductivity arises
from the 1D chain structure of the TCNQ molecules. In fact,
several other TCNQ-based salts are also known to exhibit
such semiconducting behavior and to have similar activation
energies [14,25,26].

In summary, we have succeeded in synthesizing single
crystals of the verdazyl-based salt (p-MePy-V)(TCNQ) -
(CH3),CO. Our ab initio MO calculations indicate that the
p-MePy-V molecules form an § = 1/2 FFSL, in which four
types of nearest-neighbor interactions cause frustration, while
the TCNQ molecules form an S = 1/2 AF chain. Below
room temperature, the magnetization susceptibility can be
considered to be dominated by the S = 1/2 FFSL and indicates
that the system forms a quantum valence-bond solid with an
excitation energy gap. The specific heat exhibits an exponential
decrease with decreasing temperature in the low-temperature
region, which is consistent with the existence of an energy
gap. Furthermore, we observe typical semiconducting behav-
ior originating from the 1D chain structure of the TCNQ
molecules. We note that by further consideration of the in-
terdimer frustrated interactions and correlations between the
FFSL and semiconducting 1D chain, unconventional charac-
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teristics and magnetic orderings could be observed by tuning
external parameters such as the magnetic field and pressure.
The present material provides a way to realize a variety of
S = 1/2 FFSL through our molecular design method and will
stimulate theoretical studies on FFSL.

We thank T. Kawakami and T. Okubo for valuable discus-
sions. This research was partly supported by a Grant for Basic
Science Research Projects from KAKENHI (No. 15H03695
and No. 17H04850) and the CASIO Science Promotion Foun-
dation.
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