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Field-induced quantum phase in a frustrated zigzag-square lattice
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This study presents the experimental realization of a spin-1/2 zigzag-square lattice in a verdazyl-based
complex, namely (m-Py-V-2, 6-F,)[Cu(hfac),]. Molecular orbital calculations suggest the presence of five types
of frustrated exchange couplings. Our observations reveal an incremental increase in the magnetization curve
beyond a critical field, signifying a phase transition from the antiferromagnetic ordered state to a quantum state
characterized by a 1/2 plateau. This intriguing behavior arises from the effective stabilization of a zigzag chain
by the external fields. These results provide evidence for field-induced dimensional reduction in a zigzag-square

lattice attributed to the effects of frustration.
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Frustration has been a pivotal concept in comprehending
quantum phenomena in condensed-matter physics, partic-
ularly in the 21st century. In systems with frustration,
neighboring spins engage in competing exchange interactions
that cannot be simultaneously satisfied, leading to extraordi-
nary quantum phenomena. An exemplary case is the quantum
spin liquid state proposed for a two-dimensional (2D) trian-
gular lattice with spin-1/2 particles [1], which has sparked
extensive and ongoing research [2,3]. Moreover, the attention
on quantum spin liquids induced by frustration has been rekin-
dled by the remarkable quantum state anticipated in the Kitaev
model of a 2D honeycomb lattice [4-7]. Another captivating
manifestation of the quantum effects in frustrated 2D lattices
is dimensional reduction. The exchange couplings within the
2D lattices are partially decoupled to diminish competition
and minimize the ground-state energy, thereby stabilizing
one-dimensional (1D) states. Several frustrated triangular and
square lattices have been reported to exhibit 1D quantum
behavior stemming from this dimensional reduction [8—13].

A zigzag chain represents an intriguing 1D spin lattice with
the interplay of low dimensionality and frustration. Among
various types of zigzag chains, the spin-1/2 zigzag chain
with competing ferromagnetic (F) nearest-neighbor and an-
tiferromagnetic (AF) next-nearest-neighbor interactions has
attracted significant attention in the pursuit of realizing a
spin-nematic phase characterized by a specific type of director
[14-23]. Additionally, numerical simulations have demon-
strated that a spin-1/2 zigzag chain composed solely of AF
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interactions exhibits a diverse range of novel quantum phases
under the influence of magnetic fields [24-27]. In the specific
context of the spin-lattice investigated in this study, we assume
an alternation of F-AF interactions in the nearest-neighbor
coupling. This F-AF alternating chain exhibits a ground state
with distinct topological properties, equivalent to a gapped
Haldane state described by a valence bond picture [28]. On
the other hand, the nearest-neighbor uniform chains, whether
F or AF, result in a gapless ground state. Theoretical studies on
spin-1/2 zigzag chains composed of F-AF alternating chains
with F next-nearest-neighbor interactions have revealed a
rich quantum phase diagram characterized by the entangle-
ment spectra, which depend on the strength of the frustration
[29-31].

In this Letter, we successfully synthesized single crystals
of the verdazyl-based complex (m-Py-V-2, 6-F;)[Cu(hfac);]
[m-Py-V-2, 6-F, = 3-(3-pyridinyl)-1-(2,6-difluorophenyl)-5-
phenylverdazyl, hfac = hexafluoroacetylacetonate]. Through
molecular orbital (MO) calculations, five types of frustrated
exchange couplings are predicted. Notably, we observe a
gradual increase in the magnetization curve beyond a critical
field, which serves as evidence for a phase transition from
an AF ordered state to a quantum state characterized by a
1/2 plateau. By applying magnetic fields, the spins on the Cu
atoms gradually orient themselves towards the field direction,
thus stabilizing an effective zigzag chain composed of radical
spins. Moreover, the interplay between frustration and quan-
tum fluctuations within this effective zigzag chain disrupts
the conventional ordered state, demonstrating the emer-
gence of a field-induced quantum phase in a zigzag-square
lattice.
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FIG. 1. (a) Molecular structure of (m-Py-V-2,6-F,)[Cu(hfac),]. Hydrogen atoms are omitted for clarity. Crystal structure of
(m-Py-V-2, 6-F,)[Cu(hfac),] forming (b) the zigzag chain along the b axis and (c) the square unit. The blue and brown nodes represent
the spin-1/2 of the radicals and Cu atoms, respectively. The thick lines represent the exchange interactions. (d) Spin-1/2 zigzag-square lattice

composed of Jyi, Jva, Jv3, Jeur, and Jeys.

We  synthesized  (m-Py-V-2, 6-F,)[Cu(hfac),] by
initially preparing m-Py-V-2,6-F, using the conven-
tional procedure [32]. The subsequent synthesis of
(m-Py-V-2, 6-F,)[Cu(hfac),] was accomplished following a
previously reported procedure for verdazyl-based complexes
[33-36]. Dark-green crystals of (m-Py-V-2, 6-F,)[Cu(hfac),]
were obtained through recrystallization from a mixed solvent
of CH,Cl, and n-heptan. Single crystal x-ray diffraction was
performed using a Rigaku XtaLAB Synergy-S instrument. To
measure the magnetic susceptibility, we utilized a commercial
SQUID magnetometer (MPMS, Quantum Design) in
conjunction with a handmade 3He refrigerator, enabling
measurements down to 0.59 K [37,38]. The experimental
results were corrected by considering the diamagnetic
contributions calculated using Pascal’s method. For specific
heat measurements, a commercial calorimeter (PPMS,
Quantum Design) employing a thermal relaxation method
was employed. High-field magnetization measurements were
conducted using a nondestructive pulse magnet under pulsed
magnetic fields. All experiments were performed using small,
randomly oriented single crystals with some polycrystalline
samples.

The molecular structure of (m-Py-V-2, 6-F,)[Cu(hfac);]
is depicted in Fig. 1(a), where the Cu atom is coordi-
nated by a radical, resulting in a five-coordinate environment
[39]. The spin of m-Py-V-2,6-F, and Cu®* is 1/2. The
crystallographic parameters at 100 K are as follows: tri-
clinic, space group P1, a = 9.6769(4) A, b=9.94124) A,
c=16.7749(8) A, a = 103.868(4)°, B =91.103(4)°, y =
90.358(4)°, V = 1566.32(12) A®, Z =2, R = 0.0539, and
Ry, = 0.1469. MO calculations revealed three predominant
intermolecular interactions between the radicals, as shown in
Fig. 1(b) [40]. These interactions are quantified as Jy;/kg =
34 K, JV2/kB =—-17 K, and Jv3/kB =-12 K, which are
defined within the Heisenberg spin Hamiltonian, given by
H=J) i,jySi-Sj. The resulting spin lattice corresponds to a
spin-1/2 zigzag chain composed of a F-AF alternating chain,
with F next-nearest-neighbor interactions. Additionally, we
found that there is not only intramolecular coupling but also a

close contact between the radical and copper atom [39], form-
ing a square unit, as depicted in Fig. 1(c). The MO calculation
indicated that the intramolecular and intermolecular exchange
interactions, Jou; and Jeyp, are F and AF, respectively. Since
the MO estimates tend to overestimate the interactions be-
tween verdazyl radicals and transition metals [35,36], it is
difficult to evaluate their absolute values. Consequently, as-
suming all expected interactions, the zigzag chains formed
by Jvi, Jv2, and Jy3 are coupled via a square unit formed by
Jeur and Jeyp, resulting in a spin-1/2 zigzag-square lattice, as
illustrated in Fig. 1(d).

Figure 2(a) shows the temperature dependence of the
magnetic susceptibility (x = M/H) at 0.1 T. The xT value
exhibits a pronounced decrease as the temperature decreases,
indicating the development of AF correlations, as shown in
Fig. 2(b). In the 10-300 K temperature range, the x follows
the Curie-Weiss law, with an estimated Weiss temperature
of 6w = —1.79(3) K, indicating dominant AF interactions.
Additionally, a shoulderlike behavior is observed in x be-
low approximately 2 K. At this temperature, the temperature
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FIG. 2. Temperature dependence of (a) magnetic susceptibility
(x =M/H) and (b) xT of (m-Py-V-2,6-F,)[Cu(hfac),] at 0.1 T.
The inset shows the temperature derivative of x. The arrows indicate
the phase transition temperature 7y.
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FIG. 3. Specific heat of (m-Py-V-2, 6-F,)[Cu(hfac),] at various
magnetic fields. For clarity, the values for 1, 2, 3, 4, 6, and 8 T
have been shifted up by 2.0, 5.0, 8.5, 11.0, 14.0, and 17.0 J/mol K,
respectively. The arrows indicate the phase transition temperature 7y.

derivative of x exhibits a discontinuous change at Ty ~ 0.9 K,
as shown in the inset of Fig. 2(a), which can be attributed
to a phase transition to an AF ordered state. If we assume
a significant difference in the magnitude of exchange inter-
actions, an energy separation occurs due to the difference in
temperature region where the correlation becomes dominant,
yielding a multistep change in x7 [36,42,43]. Because the
observed xT exhibits a monotonic decrease with decreas-
ing temperature down to 7y in the present system, we can
expect that the magnitudes of the exchange interactions are
sufficiently comparable, preventing the energy separation and
resulting in an AF ordered state composed of both Sy and S¢y
spins. The specific heat at zero field exhibits a distinct peak
at Ty, indicating a phase transition to the AF ordered state, as
shown in Fig. 3. When magnetic fields are applied, the peak
signal disappears above 3 T.

Figure 4(a) shows the magnetization curve at 1.5 K above
TN, demonstrating paramagnetic behavior that becomes nearly
saturated at approximately 15 T. Based on the isotropic g
value of 2.0 for the organic radicals, the saturation value of
2.1pug/f.u. suggests that the average g value of S¢, is approxi-
mately 2.2. The temperature dependence of the magnetization
curve in the low-field region is shown in Fig. 4(b). Notably,
a gradual change is observed above H. ~3 T for T < Tx,
indicating the presence of a 1/2 plateau. The slight increase
in the plateau phase is considered to be dominated by the
thermal excitation effect. Furthermore, the field derivative of
the magnetization curve (dM/dH) exhibits an inflection point
at H., as shown in the inset of Fig. 4(b). Considering that the
phase transition signal in the specific heat disappears above
H., it can be inferred that a phase transition from the AF
ordered state to a quantum state accompanied by the 1/2
plateau occurs at H..

Our analysis focused on the ground state of the anticipated
spin-1/2 zigzag-square lattice. Experimental observations do
not indicate any energy separation associated with significant
lattice distortion (the differences in the exchange interac-
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FIG. 4. (a) Magnetization curve of (m-Py-V-2, 6-F,)[Cu(hfac),]
at 1.5 K. (b) Magnetization curve in the low-field region at various
temperatures. The inset shows the field derivative of the magneti-
zation curve at 0.6 K, where the arrow indicates the phase transition
field H.. (c) Valence bond picture of the field-induced quantum phase
assuming the Haldane state on the zigzag chain. The ovals and arrows
represent the valence bond singlet of Sy via Jy; and S¢, polarized in
the external field direction, respectively.

tions) that could lead to the formation of nonmagnetic singlet
dimers in the system. Therefore, the ground state at zero
field is expected to be an AF ordered state encompassing
all spin sites. Figure 1(d) highlights the notable difference
in coordination numbers between Sy (6) and Sc, (2). The
lower coordination number of Sc, enhances the effect of
polarization by the external magnetic fields. Consequently,
in the low-field region, Sc, gradually aligns with the field
direction as the field increases, eventually reaching an al-
most fully polarized state at H.. The magnetic moment of
1.1ug/f.u. at H, is consistent with the anticipated value for
fully polarized Sc, with g = 2.2 along the field direction.
As a result, the predominantly polarized Sc, lacks sufficient
degrees of freedom to alter the ground state, effectively lead-
ing to a field-induced dimensional reduction where the Sy
chain dominates. Furthermore, the frustration and quantum
fluctuations within the zigzag chain disrupt the conventional
ordered state, giving rise to a field-induced quantum phase
accompanied by the 1/2 plateau. Theoretical studies sug-
gest that the corresponding zigzag chain, composed of F-AF
alternating chain with F next-nearest-neighbor interactions,
exhibits varieties of gapped quantum phases depending on
the exchange parameters [29-31]. If we assume a singlet state
formed by Jy1, the plateau phase observed up to 5 T indicates
Jvi/ks > 6.7 K. Considering that the evaluated Weiss temper-
ature indicates dominant AF correlations, the actual value of
Jy1 is expected to be larger than the MO evaluation, which is
consistent with the above prediction. Furthermore, the internal
fields attributed to the coupling with the S¢, through Jcy;
and Jcy can modify the effective field on Sy, leading to the
modulation of the plateau region. Since J¢,; and Joyp have
opposite signs, the internal fields caused by their couplings
are considered to cancel each other. Although the precise
nature of the quantum state in our system remains uncertain
based on our current findings, we expect that the gapped
quantum state exhibiting the 1/2 plateau can be attributed
to exchange interactions forming the effective zigzag chain.
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Figure 4(c) presents a valence bond picture of the quantum
state, assuming the presence of a Haldane phase as one of the
anticipated quantum phases within the corresponding zigzag
chain. In this representation, two spins coupled by the F
interaction Jy, are considered as effective spin-1, while two
spin-1/2 particles on different spin-1 sites form a singlet
dimer through the AF interaction Jy.

To summarize, we successfully synthesized single crystals
of (m-Py-V-2, 6-F,)[Cu(hfac),], a verdazyl-based complex.
MO calculations suggested the presence of three types of
intermolecular exchange couplings between the radicals and
two types of exchange couplings between the radical and Cu
atom. The magnetic susceptibility and specific heat indicated
a phase transition to an AF ordered state. The magnetiza-
tion curve in the ordered phase exhibited a gradual increase
above the critical field, indicating a phase transition from the
AF ordered state to a quantum state characterized by a 1/2
plateau. By applying magnetic fields, the spins on the Cu

atoms gradually aligned with the field direction, causing the
effective zigzag chain composed of radical spins to become
prominent. This field-induced dimensional reduction destabi-
lized the conventional ordered state, leading to the emergence
of a field-induced quantum phase. We expect that the gapped
quantum state featuring the 1/2 plateau is attributed to the
effective zigzag chain based on the zigzag-square lattice. The
material studied here provides a platform for investigating a
frustrated spin-1/2 zigzag-square lattice with a field-induced
quantum phase, which will inspire further numerical studies
on its ground state. It opens up a new research avenue centered
on the zigzag-square topology in the field of condensed-matter
physics.
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