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We present an organic compound exhibiting a spin-Peierls (SP) transition to an effective spin-1 antiferro-
magnetic uniform chain, that is, the Haldane chain. The clear disappearance of magnetization, accompanied
by a structural phase transition, is well explained by the deformation to an effective spin-1 Haldane chain.
The flexibility of the molecular orbitals in the organic radical compound allows the transformation of the
exchange interactions into the Haldane state with different topologies. The SP transition in the present compound
demonstrates a mechanism different from that of the conventional systems, paving another path for research in
quantum phenomena originating from spin-lattice couplings.

DOI: 10.1103/PhysRevB.107.L161111

One-dimensional (1D) spin chains, in which localized
spins are linearly arranged through exchange interactions,
represent the simplest spin model with strong quantum
fluctuations. Various quantum many-body phenomena occur
according to the degrees of freedom in 1D spin chains. Spin-
lattice couplings in spin-1/2 chains give rise to a spin-Peierls
(SP) transition to a nonmagnetic quantum phase [1,2], which
is the magnetic analog of the Peierls instability of 1D metals
[3]. The antiferromagnetic (AF) spin-1/2 uniform chain ac-
quires a spin gap through lattice deformation, resulting in an
AF alternating chain, revealing that the increase in magnetic
energy exceeds the loss of elastic energy due to lattice dis-
tortion. The SP transition, which corresponds to the boundary
between the gapless uniform and gapped alternated states, is
a second-order phase transition and has been observed in a
variety of 1D materials [4-9]. Organic materials have particu-
larly many examples because of the lattice softness inherent in
molecular-based systems. In addition, they are mostly unsta-
ble upon pressurization, yielding pressure-induced phase tran-
sitions to superconducting states via SP ground states [10—13].

The Haldane state is a well-known example of quantum
many-body phenomena in 1D spin models, in which the
ground-state topology changes depending on the spin size
[14]. The Heisenberg AF chain with integer spins demon-
strates an energy gap between the nonmagnetic ground state
(Haldane state) and the first excited state, whereas that with
half-integer spins demonstrates no energy gap. The topology
of the Haldane state can be described by a valence-bond pic-
ture [15], in which each integer spin is considered a collection
of § = 1/2 and forms a singlet state between S = 1/2 spins
at the different sites. In recent research on quantum comput-
ers, the application of the edge state of symmetry-protected
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topological phases in cases with odd-integer spins has been
proposed and has attracted attention [16—18]. The valence-
bond picture of the Haldane state can be mapped onto the
strong ferromagnetic (F) coupling limit of an F-AF alternating
chain with half-integer spin values [19-23]. The ground-state
properties of the spin-1/2 F-AF chains have been investigated
for various exchange constant ratios, Jg/Jar [24,25]. No dis-
continuous change in the ground state associated with a phase
transition was observed between the Haldane (|Jg| > Jar)
and AF dimer (|Jg| < JaF) states, indicating that the ground
state of the spin-1/2 F-AF chain is equivalent to the spin-1
Haldane state.

Our material design using verdazyl radicals with di-
verse molecular structures realizes unconventional spin-1/2
systems, such as the ferromagnetic-leg ladder, quantum pen-
tagon, and random honeycomb, which have not been realized
in conventional inorganic materials [26-28]. The flexibility of
the molecular orbital (MO) in the verdazyl radicals enabled us
to design spin arrangements composed of intermolecular ex-
change interactions through molecular design [29]. Moreover,
the alternating spin density distribution in 7-conjugated ver-
dazyl systems can readily induce F intermolecular exchange
interactions depending on the overlapping molecular orbitals
[30-32].

In this Letter, we present a model compound that ex-
hibits an unconventional SP transition. We synthesized single
crystals of the verdazyl-based salt (p-MePy-V-p-CN)PFg -
CH;CN [p-MePy-V-p-CN=3-(4-methylpyridyl)-1-phenyl-5-
(4-cyanophenyl)-verdazyl]. Our molecular orbital (MO) cal-
culations and the analysis of the magnetic behavior indicated
the SP transition from a spin-1/2 uniform AF chain to a
spin-1/2 F-AF alternating chain forming the Haldane state.
Furthermore, we demonstrated that the flexibility of the
molecular orbitals in this compound allows the transformation
of the exchange interactions into the Haldane state.

©2023 American Physical Society
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FIG. 1. (a) Molecular structure of (p-MePy-V-p-CN)PFg. (b) Singly occupied molecular orbital of p-MePy-V-p-CN. The purple (green)
color indicates isosurfaces of the wave function with positive (negative) sign. (c) 1D structure forming the spin-1/2 AF uniform chain and
(d) interchain structure viewed along the chain direction for T > Tgp. (€) 1D structure forming the spin-1/2 F-AF alternating chain and (f)
interchain structure viewed along the chain direction for 7 < Tsp. Hydrogen atoms, PFg anions, and CH3;CN molecules are omitted for clarity.
The dashed lines indicate N-N short contacts in the molecular pairs associated with Jag;, Jar2, and Jg. The purple spheres represent spin-1/2 in
each molecule and are mainly located in the central ring with four N atoms. The dashed circle encloses p-MePy-V-p-CN radicals comprising

each spin chain structure.

We synthesized p-MePy-V-p-CN using a conventional
procedure [33] and prepared an iodide salt of the radical
cation (p-MePy-V-p-CN)I using a reported procedure
for salts with similar chemical structures [34]. The crys-
tal structures were determined on the basis of intensity
data collected using a Rigaku AFC-8R Mercury CCD RA-
Micro7 diffractometer and XtalLAB Synergy-S. The magnetic
susceptibility was measured using a commercial supercon-
ducting quantum interference device (SQUID) magnetometer
(MPMS-XL, Quantum Design). The experimental result was
corrected for the diamagnetic contributions calculated by
Pascal’s method. The specific heat was measured using a
commercial calorimeter (PPMS, Quantum Design) by us-
ing a thermal relaxation method. Considering the isotropic
nature of organic radical systems, all experiments were per-
formed using small randomly oriented single crystals. Ab
initio MO calculations were performed using the unrestricted
Becke three-parameter Lee-Yang-Parr (UB3LYP) functional
method with the basis set 6-31G and 6-31G(d, p) in the
GAUSSIAN 09 program package. For the estimation of the
intermolecular magnetic interaction, we applied our eval-
uation scheme that has been studied previously [35]. The
quantum Monte Carlo (QMC) code is based on the di-
rected loop algorithm in the stochastic series expansion
representation [36]. The calculations for the spin-1/2 uni-
form and alternating Heisenberg chains were performed for
N = 256 under the periodic boundary condition using the
ALPS application [37,38]. The numerical diagonalization
based on the Lanczos algorithm is performed to obtain the
energy eigenvalue and the wave function of the ground state
as well as the first excited state of the spin Hamiltonian un-
der the periodic boundary condition up to N = 28. For the

calculation of the string order parameter Oy, considering the
periodic boundary condition we calculated Oy, (N/2) with the
distance of N/2 for the N-spin system, and extrapolated them
toN — oo.

We observed an SP transition to an effective Haldane state
at Tsp =70 K in (p-MePy-V-p-CN)PFg - CH3CN, whose
molecular structure is shown in Fig. 1(a). The crystallographic
parameters at room temperature are as follows: orthorhom-
bic, space group Pna2;, a = 7.3758(3) A, b=15.4561(8)
A, c=21.2673(11) A,V =2424.5(2) A3 [39]. For T < Tsp,
the space group changed to monoclinic P2; owing to the
structural phase transition associated with the SP transition.
The crystallographic parameters at 25 K are as follows: mon-
oclinic, space group P2;, a = 7.2203(8) A, b=120.834(2)
A, ¢ = 15.4026(14) A, B = 91.776(11)°, V = 2315.9(4) A3
[39]. Each verdazyl radical p-MePy-V-p-CN has a spin-1/2,
and approximately 62% of the total spin density is present
on the central verdazyl ring (including four N atoms). The
phenyl and cyanophenyl rings account for approximately
15%—-18% of the relatively large total spin density, whereas
the methylpyridine ring accounts for less than 5% of the total
spin density, yielding the shape of a singly occupied molec-
ular orbital (SOMO), as shown in Fig. 1(b). For T > Tgp,
the m-m stacking of radicals with glide reflection symmetry
forms a 1D uniform structure along the a axis, as shown
in Figs. 1(c) and 1(d). When T < Tgp, the glide reflection
symmetry disappears, and two crystallographically indepen-
dent molecules form a 1D alternating structure, as shown in
Figs. 1(e) and 1(f). Here, the N-N short contacts in the central
verdazyl indicate lattice shrinkage at low temperatures. Be-
cause the nonmagnetic PF¢ and CH3CN are located between
the 1D chains, the one-dimensionality of the present system
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FIG. 2. (a) Temperature dependence of magnetic susceptibility (x = M/H) of (p-MePy-V-p-CN)PF; - CH;CN at 1.0 T, where 3.4%
paramagnetic impurities due to the lattice defects are subtracted assuming the Curie contribution. The arrow indicates SP transition temperature
Tsp. The solid lines with open triangles and squares represent the results calculated by the QMC method. (b) Temperature dependence of x near
Tsp at 1.0 and 3.0 T. T -up and T -down represent measurements with heating and cooling processes, respectively. (c) Temperature dependence
of the specific heat C, of (p-MePy-V-p-CN)PF; - CH3CN at 0 T. (d) Valence bond picture of the effective Haldane state in the spin-1/2 F-AF
alternating chain. The ovals represent the valence bond singlet pairs of the two S = 1/2 spins. (e) System size N dependence of string order
parameter Oy, and (f) ground state energy E for the spin-1/2 AF uniform chain and the spin-1/2 F-AF alternating chain. Here, E is normalized
by Jar; for both cases. The solid lines indicate fitting curves with N~'/% for Oy, and N~ for E. The arrows indicate the values evaluated by

extrapolation to N — oo.

is enhanced. MO calculations were performed to evaluate
the exchange interactions between the spins of the molecules
forming the 1D chains. The evaluation presented the following
values: JAFl/kB =93 K for T > Tsp, JAFZ/kB =174 K, and
Jr/kg = —56 K for T < Tgp; these are defined in the Heisen-
berg spin Hamiltonian given by H =J, > i@y Si - Sj> where
> i,y denotes the sum of the neighboring spin pairs. The
MO calculations indicate that a spin-1/2 AF uniform chain
changes to a spin-1/2 F-AF alternating chain at Tgp, as shown
in Figs. 1(c) and 1(e).

Figure 2(a) shows the temperature dependence of the mag-
netic susceptibility (x = M/H) at 1.0 T. We observed a broad
peak at approximately 74 K, indicating AF correlations in the
1D spin chain. When the temperature was further decreased,
x abruptly decreased at Tsp = 70 K, suggesting the forma-
tion of a nonmagnetic singlet state with an excitation gap
below Tsp. We calculated the magnetic susceptibilities of the
spin-1/2 Heisenberg AF uniform and F-AF alternating chains
using the QMC method, where the ratio Jg/Jap = —0.32,
evaluated from the MO calculation, was assumed. The ex-
periment and calculation were in good agreement for both
temperature regions using the parameters Jag; /kg = 119 K,
Jam/ks = 177 K, and Jrg/kg = —57 K, as shown in Fig. 2(a).
The obtained parameters for the spin-1/2 F-AF alternating
chain indicate that the ground state has an energy gap of
150 K. It is confirmed that the evaluation of exchange interac-
tions from MO calculations is reliable in the present case, as in
other verdazyl compounds. At Tsp, temperature hysteresis was
not observed in yx, as shown in Fig. 2(b), which is consistent
with the characteristics of the second-order SP transition. In
contrast, there was no anomalous behavior associated with
the second-order phase transition at Tgp in specific heat C,,
as shown in Fig. 2(c). Several organic compounds exhibiting
an SP transition did not exhibit phase transition signals at

the corresponding specific heat values because their crystal
structures were not significantly distorted by the SP transi-
tions [40-42]. The structural change in the present compound
was also relatively small, as shown in Figs. 1(c)- 1(f). The
phase boundary of a conventional SP system is predicted to
have a magnetic field dependence [43]. If we assume the
predicted relation, the temperature shift for the present system
is expected to be approximately 0.2 K even at 10 T, which
is difficult to examine under experimental conditions. The
observed x at 3 T confirms that the magnetic field dependence
of the Tsp is not significant in the present compound, as shown
in Fig. 2(b).

Here, we compare the ground state energies of the AF
uniform and F-AF alternating chains assuming the parame-
ters evaluated from the magnetization analysis. The ground
state of the spin-1/2 Heisenberg AF chain is a well-known
Tomonaga-Luttinger liquid (TLL), which is a quantum crit-
ical state with fermionic spin-1/2 spinon excitation. In the
case of the spin-1/2 Heisenberg F-AF alternating chain, the
ground state is essentially the same as the spin-1 Haldane
state [24,25]. Two spins coupled by an F interaction can be
regarded as an effective spin-1, and two spin-1/2 particles on
different spin-1 sites form a singlet dimer via an AF interac-
tion, as illustrated in Fig. 2(d). We consider the Heisenberg
spin Hamiltonian H,,; for a uniform chain and H,; for an
alternating chain given by

N
Hyi = Z(JAFISi - Siti)s
=1

N
Hy = Z(JFSZL‘—I - 82i + Jar282i - S2it1), ()
i1
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where S is the spin-1/2 operator, and N is the system size. The
string order parameter for this system is defined by

Our = —4(S5;exp [im (S5, + S50+ + Séjfz)] éjfl)’
2)

which indicates hidden topological order with a specific value
in the Haldane phase [44-47]. Oy was evaluated as 0.989
for the present F-AF alternating chain, whereas Oy, for the
AF uniform chain approached zero, as shown in Fig. 2(e).
The evaluated value of Oy, was consistent with the range of
0.38 < Oy < 1 for the effective spin-1 Haldane phase [24].
We calculated the ground state energies of the AF uniform
and F-AF alternating chains by numerically diagonalizing the
Hamiltonian. Figure 2(f) shows the system size dependence
of the calculated ground state energy E per spin site, which
was normalized by Jag;. It was confirmed that the effective
Haldane state for the F-AF alternating chain has a distinctly
lower energy than that of the TLL in the AF uniform chain.
If we start from Jrp = 0, the ground state energy of the al-
ternation chain with Jag, > |Jg| is primarily lowered by the
second-order perturbations of Jg; hence, the sign of Jr does
not have a significant effect on the value of E. If we assume
the AF-AF alternating chain with a positive ratio of Jg/Jap =
0.32, the ground state energy is evaluated as £ = —0.565 at
N = 20, which is extremely close to E = —0.564 of the F-AF
alternating chain. Moreover, the E for the AF dimer (Jp =
0) given by —(3/4)(Jar2/Jar1)/2 = —0.558 is also close to
that of the alternating chains, demonstrating that the most
critical factor that lowers the ground state energy (gain of
magnetic energy) in the SP transition is the absolute value
of J, AF2-

Here, we examine the conversion of the AF uniform chain
to the F-AF alternating chain, that is, the conversion of Jag
to Jg and Japp, in terms of molecular orbital coupling. Our
verdazyl radical can exhibit a delocalized m-electron spin
density even on nonplanar molecular structures, yielding flex-
ible MOs, which allows the modulation of intermolecular
exchange interactions. The MO of the p-MePy-V-p-CN rad-
ical was modulated by changing the dihedral angle at the
SP transition. The dihedral angles 6, 6,, and 65 in Fig. 3(a)
for the two crystallographically independent molecules in
the low-temperature phase exhibited changes from high-
temperature phase of (A6, Ab,, AB3) = (3.0°, —4.4°,0.9°)
and (1.6°,7.2°, —4.7°), respectively. Moreover, to evaluate
the changes in intermolecular distance associated with the
SP transition, we defined a coordinate system with the origin
as the average position of four nitrogen atoms, as shown in
Fig. 3(b). As the xy plane is defined to be parallel to the
central ring of the molecule, the changes in the z direction
and the xy plane almost correspond to the intermolecular
distance and the lateral shift of the facing molecular pairs
associated with the exchange interactions. Accordingly, we
evaluated the changes in the values mentioned above from
the position in the high-temperature phase: (Ax, Ay, Az) =
(0.03 A, —0.03 A, —0.14 A) for Jap and (Ax, Ay, Az) =
(0.07 A,0.26 A, —0.16 A) for Jg. For Jap, the lateral shift
was very slight, revealing that the main structural change
accompanying the SP transition was a contraction in the 1D
stacking direction. The evaluated Az was actually identical to
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FIG. 3. (a) Three degrees of freedom for dihedral angles in p-
MePy-V-p-CN. (b) Coordinate system with the origin as the average
position of four nitrogen atoms for molecular pairs associated with
the exchange interactions. The x axis is defined in the direction of
the methylpyridine ring, and the xy plane is defined to be parallel
to the central ring of the molecule. (c) Change of Jg in the xy plane
simulated by the MO calculation. The origin is defined at the position
of the actual molecular pair associated with Jg.

the change in the N-N short contact. Conversely, a relatively
large lateral shift for the molecular pair associated with Jg was
observed. Lateral shifts often reduce the energy gap between
the highest occupied MO (HOMO) and the lowest unoccupied
MO (LUMO) and produce mostly degenerate HOMO and
LUMO, which leads to intermolecular F exchange interac-
tions. We simulated the change in Jr with respect to the lateral
shift using the MO calculation, in which the origin is defined
at the actual position of the molecular pair associated with the
Jr, as shown in Fig. 3(c). The sign of Jr changed dramatically
depending on the lateral shift. In particular, the changes in
the y direction were remarkable. Considering that the largest
shift of 0.26 A is estimated in the y direction, the calculated
data demonstrate that the drastic change in the intermolecular
exchange interaction can be caused by the structural change
associated with the SP transition. The face-to-face approach
observed in the molecular pair associated with Jag, enhances
the overlapping of SOMOs, which generally increases the AF
exchange interactions. Given that the ground state energy of
the alternation chain strongly depends on the magnitude of
the AF interaction, as described in the numerical analysis,
the present system gains magnetic energy by increasing the
AF interaction, that is, the conversion of Jag; to Jar:. There-
fore, the lattice distortion that enhances the AF interaction
at the SP transition is considered to induce the lateral shift
of another molecular pair in the 1D stacking contributing
to a stable MO overlap, resulting in the conversion of Jap
to JF

The conventional SP transition to the AF-AF alternating
chain predicted Tsp = 0.8nJ/kg, where J is the exchange
interaction in the uniform chain, and 7n is the generalized
spin-lattice coupling parameter [48]. If this relationship is
applied to the present system, we obtain n ~ 0.74. The SP
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systems reported thus far, including inorganic compounds,
have smaller n values. The large value of 5 in the present
system suggests that the flexibility of MOs in our radical
systems yields effective strong spin-orbit coupling.

In summary, we successfully synthesized a model com-
pound that exhibited an unconventional SP transition. The
spin-1/2 uniform AF chain was converted to a spin-1/2 F-
AF alternating chain, forming the effective spin-1 Haldane
state at the SP transition. The present results demonstrate
the flexibility of MOs in organic radical systems that can
easily change the magnitude and sign of exchange inter-

actions, realizing the unconventional quantum phenomena
caused by spin-lattice couplings. In this Letter, we pro-
vide a research area focusing on quantum phenomena
generated by strong spin-lattice couplings in radical-based
magnets.

We thank S. Shimono and Y. Kubota for valuable dis-
cussions and Y. Hosokoshi for letting us use the laboratory
equipments. This research was partly supported by the Asahi
Glass Foundation and the joint-research program of the Insti-
tute for Molecular Science.
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