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We present a model compound with a spin-1/2 frustrated square lattice, in which three ferromagnetic (F)
interactions and one antiferromagnetic (AF) compet. Considering the effective spin-1 formed by the dominant
F dimer, this square lattice can be mapped to a spin-1 spatially anisotropic triangular lattice. The magnetization
curve exhibits gapped behavior indicative of a dominant one-dimensional (1D) AF correlation. In the field-
induced gapless phase, the specific heat and magnetic susceptibility show a phase transition to an ordered state
with 2D characteristics. These results indicate that the spin-1 Haldane state is extended to the 2D system. We
demonstrate that the gapped ground state observed in the present spin-1/2 frustrated square lattice originates
from the one-dimensionalization caused by frustration.
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Quantum phenomena associated with magnetic frustration,
in which neighboring spins interact by competing exchange
interactions that cannot be satisfied simultaneously, have
been a key focus of research in condensed matter physics.
Triangular lattice antiferromagnets are archetypal examples
of frustrated magnets. The quantum spin liquid picture on
the spin-1/2 triangular lattice proposed in 1973 has stimu-
lated extensive research on quantum ground states caused by
frustration [1]. Experimental efforts to establish this exotic
quantum phase in triangular-based systems are still actively
ongoing [2,3]. For square lattice, there is no geometrical frus-
tration; however, frustration can be caused by the coexistence
of ferromagnetic (F) and antiferromagnetic (AF) interactions.
Such a system has been theoretically studied in association
with Josephson-junction arrays [4–6], but there have been no
reports of ideal model compounds. Recently, our spin arrange-
ment design using organic radicals enabled the formation of
spin-1/2 frustrated square lattices. These compounds demon-
strate that strong quantum fluctuations and frustration effects
stabilize quantum states [7–9]. The spin model focused on in
this study is one example of such a spin-1/2 frustrated square
lattice, where three F interactions and one AF interaction form
a unit square, as shown in Fig. 1(a). Furthermore, because
the ferromagnetically coupled spins can form an effective
spin-1 state, this system can be mapped to a spin-1 spatially
anisotropic triangular lattice, as shown in Fig. 1(b).

Frustrated systems have a delicate energy balance, and
thus, additional factors can easily change their ground states.
One such factor is spatial anisotropy, which is equivalent to
lattice distortion. The spin-1/2 Heisenberg triangular lattice
case has been extensively studied. The spatial anisotropy be-
tween decoupled one-dimensional (1D) chain and isotropic

triangular lattice, where 1D chains are coupled through
frustrated zigzag paths, induces a dimensional reduction ow-
ing to the frustrated interchain couplings [10–15]. As a
result, a gapless disordered state analogous to a Tomonaga-
Luttinger liquid (TLL) in a 1D system becomes stable in
the spin-1/2 anisotropic triangular lattice, which is the so-
called one-dimensionalization. For the spin-1 case, which
corresponds to the mapped model in the present work, a
dimensional reduction associated with the spatial anisotropy
has also been suggested [16–19]. Crucially, unlike the gap-
less ground state in the spin-1/2 chain, a gapped Haldane
state is formed in the spin-1 chain [20]. Examining whether
the one-dimensionalization caused by frustration stabilizes
the gapped Haldane state is an important experimental
issue.

In this Letter, we present a model compound with a spin-
1/2 frustrated square lattice. We successfully synthesized
single crystals of the verdazyl-based complex [Zn(hfac)2]
(4-Br-o-Py-V). Molecular orbital (MO) calculations indicate
the formation of a square lattice composed of three F inter-
actions and one AF interaction causing frustration, which can
be mapped to the spin-1 spatially anisotropic triangular lattice.
The magnetization curve exhibits gapped behavior, indicative
of a dominant 1D AF correlation. In the field-induced gapless
phase, the specific heat and magnetic susceptibility show a
phase transition to an ordered state with 2D characteristics.
These results demonstrate the realization of the spin-1 Hal-
dane state in the spatially anisotropic triangular lattice owing
to the one-dimensionalization caused by frustration.

We prepared 4-Br-o-Py-V through a conventional pro-
cedure for the verdazyl radical [21] and synthesized
[Zn(hfac)2](4-Br-o-Py-V) using a reported procedure for
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FIG. 1. (a) Spin-1/2 frustrated square lattice composed of F in-
teractions, JF1, JF2, and JF3, and AF interaction JAF in [Zn(hfac)2](4-
Br-o-Py-V). (b) Spin-1 spatially anisotropic triangular lattice in
terms of the effective spin-1 formed through JF1. Thick colored
lines along the JAF chain represent the Haldane state with a spin
gap. (c) Molecular structure of [Zn(hfac)2](4-Br-o-Py-V). (d) Crystal
structure forming the square lattice in the ac plane. Hydrogen atoms
and Zn(hfac)2 are omitted for clarity.

similar verdazyl-based complexes [22–24]. Recrystalliza-
tion using acetonitrile yielded a dark-green crystal of
[Zn(hfac)2](4-Br-o-Py-V). The crystal structure was deter-
mined from the intensity data obtained using a Bruker D8
VENTURE with a PHOTON II detector and a Rigaku AFC-
8R Mercury CCD RA-Micro7 diffractometer with a Japan
Thermal Engineering XR-HR10K at room temperature and
25 K. The magnetization was measured using a commercial
SQUID magnetometer (MPMS-XL, Quantum Design) above
1.8 K and a capacitive Faraday magnetometer in a dilution
refrigerator down to approximately 80 mK. The magnetic
susceptibility was corrected for the diamagnetic contribution
of −3.5 × 10−4 emu mol−1, which is determined to become
almost χ−1 ∝ T above approximately 50 K and close to
that calculated by Pascal’s method. The specific heat was
measured using a handmade apparatus by a standard adi-
abatic heat-pulse method using a 3He refrigerator down to
approximately 0.3 K. We subtracted nuclear Schottky con-
tributions caused by the Zeeman splitting of nuclear spins,
which were evaluated to be 2.43 × 10−4H2/T 2 [25]. Con-
sidering the isotropic nature of organic radical systems, all
experiments were performed using small, randomly oriented
single crystals.

Figure 1(c) shows the molecular structure of [Zn(hfac)2](4-
Br-o-Py-V), which has an S = 1/2 within a molecule.
Because the focus of this study was low-temperature magnetic
properties, we considered low-temperature crystallographic
data at 25 K. No indication of a structural phase transition
is observed down to 25 K [26]. The crystallographic pa-
rameters at 25 K are as follows: Monoclinic, space group
P21/c, a = 8.784(4) Å, b = 31.022(13) Å, c = 11.641(6) Å,
β = 94.525(8)◦, V = 3162(3) Å3, and Z = 4. We evaluated
the intermolecular exchange interactions through ab initio
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FIG. 2. (a) Temperature dependence of the magnetic suscepti-
bility (χ = M/H ) and χT of [Zn(hfac)2](4-Br-o-Py-V) at 0.5 T.
(b) Magnetization curve and its field derivative of [Zn(hfac)2](4-Br-
o-Py-V) at 85 mK. Thick arrows indicate the phase-transition fields.

MO calculations and found four types of predominant inter-
actions [26,27], as shown in Fig. 1(d). They were evaluated
as JF1/kB = −28.5 K, JF2/kB = −3.8 K, JF3/kB = −1.5 K,
and JAF/kB = 1.5 K, which are defined in the Heisenberg
spin Hamiltonian given by H = Jn

∑
<i, j>Si·S j , where

∑
<i, j>

denotes the sum over the neighboring spin pairs. These inter-
actions lead to the formation of a spin-1/2 square lattice in
the ac plane, as shown in Fig. 1(a). In our previous studies,
we confirmed that the MO calculations for verdazyl-based
compounds provide reliable values of exchange interactions
to qualitatively examine their intrinsic behavior [22–24,29–
33]. The nonmagnetic Zn(hfac)2 acts as a spacer between the
2D structures; hence, the 2D characteristics of the present spin
model are enhanced. Furthermore, two spins coupled by the
strongest FM interaction JF1 can be considered an effective
spin-1 in the low-temperature region, forming a spin-1 spa-
tially anisotropic triangular lattice, as shown in Fig. 1(b).

Figure 2(a) shows the temperature dependence of the
magnetic susceptibility(χ = M/H) at 0.5 T. A broad peak
appears at approximately 3 K, which indicates an AF short-
range order. The temperature dependence of χT increases
with decreasing temperature until approximately 20 K, which
indicates the dominant contributions of the F exchange inter-
actions. We fitted χ using the Curie-Weiss law for T > 50,
and the Weiss temperature was estimated to be θW = 2.7(2) K.
Thus, the mean-field approximation with θW indicated (JF1 +
JF2 + JF3 + JAF)/kB ∼ −10.8 K. Comparing this value with
the MO evaluations shows that the F and AF interactions
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FIG. 3. Low-temperature region of (a) the magnetic suscepti-
bility (χ = M/H ) and (b) its temperature derivative dχ/dT of
[Zn(hfac)2](4-Br-o-Py-V) in various magnetic fields. Arrows indi-
cate the broad extremum of χ and phase-transition peak of dχ/dT .

evaluated from the MO calculations are overestimated and
underestimated, respectively. Figure 2(b) shows the magne-
tization curve at 85 mK. A saturation value of 0.98 μB/ f .u.

indicates that the purity of the radicals was approximately
98%. In the low-field region, the slope is particularly small,
which is reminiscent of gapped behavior. The field deriva-
tive of the magnetization curve (dM/dH) clearly exhibits a
discontinuous change at approximately 0.3 T, indicative of
the critical field where the spin gap closes. Furthermore, we
evaluated the phase-transition field to the fully polarized phase
from the midpoint of the drastic change in dM/dH .

Figures 3(a) and 3(b) show the low-temperature behavior
of χ and its temperature derivative dχ/dT , respectively. We
observed an extremum in each χ , which switched from min-
imum to maximum with increasing field. These results are
similar to those of the crossover temperature to a TLL regime
in 1D gapped spin systems [34–39]. At lower temperatures, a
sharp peak was observed for dχ/dT . These peaks indicate a
phase transition to a 3D AF order, and the transition tempera-
tures are consistent with the following specific heat results.

The temperature dependence of the specific heat C is
shown in Fig. 4(a). In the low-temperature region discussed
here, the magnetic contributions are expected to be dominant,
as observed in other verdazyl-based compounds [22,31–33].
There is no peak showing a phase transition at zero field, and
sharp peaks associated with the phase transition to the ordered
state appear for 1.0 T < H < 4.5 T. These phase-transition
temperatures were plotted in a field-temperature phase dia-
gram, as shown in Fig. 4(b). The obtained phase boundary
is consistent with the peak temperatures of dχ/dT and the
transition fields of dM/dH . Note that the domelike shape of
the phase boundary is typical of gapped quantum spin sys-
tems. In the ordered phase, C/T 2 approaches a constant value
at sufficiently low temperatures, showing C ∝ T 2, as shown
in Fig. 4(c). This T 2 dependence of the low-temperature
specific heat indicates gapless linear magnon dispersions in
the 2D AF system, confirming that the AF ordered state is
based on the expected square lattice. Figure 4(d) shows the
entropy obtained via the integration of C/T . Considering that
the entropy change associated with the phase transition is
close to 1/3 of the total magnetic entropy of 5.76 (Rln2), the
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FIG. 4. (a) Temperature dependence of the specific heat C/T of
[Zn(hfac)2](4-Br-o-Py-V). For clarity, the values for 0.5, 1.0, 1.5,
2.0, 3.0, 4.0, 4.5, and 6.0 T have been shifted up by 0.54, 1.3, 2.0, 2.7,
3.5, 4.9, 6.3, and 8.5 J/ mol K2, respectively. (b) Magnetic field vs
temperature phase diagram showing the domelike phase boundary of
the 3D AF order. Open squares obtained from the extremum tempera-
ture of χ are related to the crossover to the TLL. (c) Low-temperature
region of C/T 2 at 2.0 and 3.0 T. Solid lines are guides that show the
asymptotic behavior to a constant value. For clarity, the values for 3.0
has been shifted up by 2.5 J/ mol K3. (d) Entropy obtained through
integration of C/T at 0 and 3.0 T.

present spin system indeed has a 2D character with a sufficient
development of short-range order above TN.

We considered the ground state of the present spin-1/2
square lattice. The gapped behavior of the magnetization
curve and the domelike phase boundary demonstrate effec-
tive interactions forming a spin gap. Furthermore, the broad
extremum of the magnetic susceptibility, which is interpreted
as the crossover to the TLL region [34–36], appeared at tem-
peratures slightly above the phase boundary. Such a phase
diagram is characteristic of weakly coupled 1D gapped sys-
tems [37–40]. Assuming the effective spin-1 formed by the
strong F interaction JF1, we considered the magnetic state in
the mapped spin-1 triangular lattice. Because the observed 1D
AF behavior has its origin in the only AF interaction JAF,
the gapped ground state should be associated with the spin-1
Haldane state formed by JAF, as shown in Fig. 1(b). Theo-
retical studies on the spin-1 spatially anisotropic triangular
indicate that one-dimensionalization caused by frustration can
stabilize a Haldane state extended in a 2D system [16–19].
Although the present mapped triangular lattice differs in that
the interchain couplings are F, such an extended Haldane
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state is expected to be stabilized. As a toy model of a cou-
pled Haldane chain, suppose we connect two S = 1/2 dimers
through two Heisenberg interactions, forming a square. One
can easily show that the ground state of the model with the
F interdimer interactions is closer to the decoupled singlets
than the AF interactions with the same amplitude. Therefore,
the F interchain interactions have less effect on a decoupled
Haldane state than AF interchain interactions. This fact also
supports the stabilization of the extended Haldane state in the
present 2D system.

In the field-induced gapless phase, a spiral magnetic state
is expected to be realized, and the low-temperature specific
heat exhibits contributions associated with the magnon dis-
persion in a 2D AF system. Thus, the gradual increase in
the magnetization curve observed in the present system can
also be interpreted as a characteristic of the 2D AF sys-
tem. If we assume a decoupled spin-1 Haldane chain with
a spin gap of ∼0.3 T, the magnetization curve exhibits a
more drastic increase with a sharp double-peak structure of
dM/dH and saturates at ∼3.5 T, which is clearly different
from the observed behavior. These results indicate that the
actual interactions in the present system form the expected 2D
system. Hence, the observed 1D quantum ground state should
be stabilized by dimensional reduction caused by frustration.

In summary, we successfully synthesized single crystals of
the verdazyl-based complex [Zn(hfac)2](4-Br-o-Py-V). The
MO calculations indicated that three F interactions and one
AF interaction form a spin-1/2 frustrated square lattice. Con-
sidering the effective spin-1 formed by the most dominant F
interaction, this square lattice can be mapped to a spin-1 spa-
tially anisotropic triangular lattice. It should be noted that the

magnetization curve exhibited gapped behavior. In the field-
induced gapless phase, the magnetic susceptibility indicated
an extremum associated with the crossover to the TLL regime.
At the lower temperatures, the specific heat and magnetic
susceptibility indicated temperature dependencies associated
with a phase transition to an AF ordered state. The obtained
domelike phase boundary and the TLL phase slightly above
it are typical of 1D gapped spin systems. In addition to these
1D characteristics, the T 2 dependence in the low-temperature
specific heat and a gradual increase in the magnetization
curve show 2D characteristics in the ordered phase. These
results demonstrate the realization of the spin-1 Haldane state
extended to a 2D system. Accordingly, the gapped ground
state observed in the present spin-1/2 square lattice originates
from the one-dimensionalization caused by frustration. The
present material provides a 2D quantum system with a gapped
ground state stabilized by frustrated interactions and will stim-
ulate further studies on quantum phenomena associated with
square-based frustration.
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