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We present studies on the low-energy magnetic excitations in the Lieb-Mattis (LM) ferrimagnetic phase. We
investigate the low-energy magnetic excitations in the mixed spin-(%, %) chain (4-Br-o-MePy-V)FeCl, based
on low-temperature specific heat and multifrequency electron spin resonance (ESR) measurements. A clear /T
term is observed in the specific heat, which indicates a contribution of the low-energy magnetic excitation with
a ferromagnetic quadratic dispersion expected in the LM ferrimagnetic state. Through the ESR mode analysis,
we examine the effects of magnetic anisotropy on the excited states in the LM plateau phase.

DOI: 10.1103/PhysRevB.102.060408

Variations of spin size in one-dimensional (1D) spin chains
cause a variety of quantum many-body phenomena through
strong quantum fluctuations, such as the Haldane state [1].
The topological ground state of the Haldane chain can be de-
scribed by a valence-bond picture [2], where each integer spin
is considered as a collection of § = % spins and forms a singlet
state between S = % spins on the different sites. Mixed spin
chains with antiferromagnetically coupled alternating S = %
and § >% spins have also attracted considerable attention as
quantum spin systems with topological properties [3—-13]. Ac-
cording to the Lieb-Mattis (LM) theorem, the ground state of
the mixed spin—(%, S) Heisenberg chain is a ferrimagnet with
a value of § — % [14]. Furthermore, the topological argument
by the Oshikawa-Yamanaka-Affleck criterion [15], which is
confirmed to provide a necessary condition for a magnetiza-
tion plateau [16-22], predicts the appearance of a quantized
magnetization plateau at (S — %) /(S + %). A unique feature of
the LM ferrimagnet is the presence of gapless ferromagnetic
and gapped antiferromagnetic (AF) spin-wave excitations. Be-
cause the gapless ferromagnetic excitation exhibits a quadratic
dispersion relation in the long-wavelength limit, the low-
temperature specific heat is expected to show a square root
temperature dependence. In real compounds, although there
are some contributions from other dispersions associated with
finite interchain couplings, a large square root contribution
is expected to appear in the low-temperature region of the
specific heat. Several mixed spin-(%, S) Heisenberg chains
had been experimentally investigated more than 20 years
ago. Several bimetallic coordination compounds [23-28] and
molecular materials composed of organic radicals and metals
[29,30] have been reported to form mixed spin chains. Some
of these compounds show a tendency towards a magnetization
plateau, but this behavior does not provide sufficient evidence
of the LM plateau in terms of the energy gap [23,25,28].
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Recently, we reported the observation of a LM plateau
in a mixed spin—(%, %) chain formed by the verdazyl-
based salt (4-Br-o-MePy-V)FeCly [4-Br-o-MePy-V=3-(5-Br-
1-methylpyridinium-2-yl)-1,5-diphenylverdazyl] [31]. Ver-
dazyl radicals are among the group of stable organic radicals
and have a delocalized spin—% expanded over a molecule
[32]. In this compound, the verdazyl radical 4-Br-o-MePy-V
and the FeCly anion have spin—% and 2, respectively, and
the exchange interactions between those spins form a mixed
spin-(%, %) chain with a slight bond alternation (0.7<J’/J <1),
as shown in Fig. 1. The observed magnetization curve ex-
hibits a clear % LM plateau between approximately 2 and
30 T and a subsequent quantum phase transition towards the
gapless Luttinger-liquid phase. We explained the observed
magnetic behavior quantitatively in terms of the mixed spin-
(3. 32) chain with J/kg &~ 9-11 K, which is defined in the
Heisenberg spin Hamiltonian given by H = J) s2i—1-S2 +
J'>".82i82i41, where s and S are the spin—% and —% operators,
respectively. Because the LM theorem is applied even in the
case of the alternating type, the ground state is expected to
become a ferrimagnetic state with S§, = 2. We can understand
this by the valence bond picture schematically illustrated in
Fig. 1, where the two spin-% particles on the different sites
form a nonmagnetic singlet dimer through J. In the low-field
region of (4-Br-o-MePy-V)FeCly, a phase transition to an AF
ordered state appears owing to the weak but finite interchain
couplings.

In this Rapid Communication, we report the results of the
low-temperature specific heat and ESR measurements on the
mixed spin-(%, %) chain (4-Br-o-MePy-V)FeCly. We observe
a clear /T term in the low-temperature region of the specific
heat, which indicates a contribution of the low-energy mag-
netic excitation with the ferromagnetic quadratic dispersion
expected in the LM ferrimagnetic state. Through an ESR
mode analysis, we evaluate interchain AF interactions causing
the ordered state of the Sy = 2 spins and on-site biaxial
anisotropy associated with the spin-flop transition. Further-
more, we examine the effects of the magnetic anisotropy
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FIG. 1. Mixed spin-(%, %) chain composed of s = % on the rad-
ical and § = % on the FeCly anion through J and J' (J>J'). The
enlarged illustration shows the valence bond picture of the Lieb-
Mattis ferrimagnetic state. The S = % spins are composed of five
s =1 spins, and the valence bond singlet pairs are formed by

2
1 .
two s = 3 spins.

on the low-energy excitation in the LM plateau phase and
evaluate the anisotropic parameters.

Small single crystals of (4-Br-o-MePy-V)FeCly was pre-
pared as described in our previous report [31]. The crys-
tallographic parameters are as follows: monoclinic, space
group P2,/c, a="1.676(7) A, b=19.425(15) A, c=
16.028(13) A, B = 94.962(16)°, V = 2381(3) A3, and Z =
4. The mixed spin chain composed of 4-Br-o-MePy-V with
spin-% and FeCly with spin-% are formed along the ¢ axis.
The specific heat was measured using a commercial calorime-
ter (PPMS, Quantum Design) by using a thermal relaxation
method down to approximately 0.4 K. The ESR measure-
ments were performed utilizaing a vector network analyzer
(ABmm), a superconducting magnet (Oxford Instruments) at
AHMEF in Osaka University. At frequencies between 10.8 and
34.1 GHz, we used laboratory-built cylindrical cavities. All
experiments were performed using small randomly oriented
single crystals.

As shown in Fig. 2(a), the specific heat C, at zero field
clearly exhibits a A-type sharp peak associated with the phase
transition to the AF order at Ty = 4.8 K. In magnetic fields,
the phase transition temperature decreases with increasing
fields and almost disappears above 2 T [31], which is consis-
tent with the formation of the plateau phase with a spin gap.
Figure 2(b) shows the field-temperature phase diagram asso-
ciated with the ordered state obtained in our previous exper-
imental study [31]. Although the lattice contributions are not
subtracted from C,, the magnetic contributions are expected
to be dominant in the present low-temperature regions, as
observed in other verdazyl-based compounds [33-37]. From
Fig. 2(a), we can clearly observe a /T behavior in the low-
temperature region of C,/T. Considering the contributions
of the low-energy excitations to the specific heat, this 73/
behavior of C, indicates the existence of both 1D gapless
quadratic ferromagnetic and linear AF magnon dispersions.
Therefore, the long-wavelength spin excitations are described
by the following dispersion relation: @ = v,k? + v k,, where
v, and v, are the spin wave dispersion coefficients for the
ferromagnetic and AF excitations, respectively. The gapless
quadratic ferromagnetic dispersion causing the ~/T contribu-
tion is exactly the low-lying magnon excitation expected in the
LM ferrimagnetic state. The additional T -linear contribution
from the AF magnon dispersion is considered to originate

@
3 —
v
S 2
g
= L
&
S
i 1 10
Temperature (K)
0t 1 1 L 1 | L H
0 1 2 3 4 5 6 7
Temperature (K)
(b) S T T T e
2 6t oC, oy AM|
S 4r o .
3 o
g2F AF order .
o
&= (0]== 1 1 1 H
0 0.5 1.0 1.5 2.0
Magnetic Field (T)

FIG. 2. (a) Low-temperature part of the specific heat of
(4-Br-o-MePy-V)FeCly at zero field. The solid line indicates the v/T
behavior. The inset shows the specific heat up to 30 K. (b) Magnetic
field vs temperature phase diagram showing the phase boundary
for the second-order phase transition between the AF order and
paramagnetic state. The spin-flop transition corresponds to a first-
order transition within the AF order. The circles, square, and triangle
indicate the phase boundaries determined from the specific heat C,,
magnetic susceptibility x, and magnetization curve M, respectively
[31].

from the dominant couplings between the mixed spin chains,
yielding the AF order. As discussed in the theoretical studies
[7,10], the LM ferrimagnetic state is expected to exhibit
double peaks in the specific heat. The peak temperatures are
expected to be approximately 3 and 15 K for the present
model. In the experimental result, the interchain contribution
below 7y and large lattice contributions above 10 K are
considered to mask the clear peak structure.

Figure 3 shows the magnetization curve in the low-field
region below Ty. The field-independent behavior above ap-
proximately 2 T corresponds to the LM plateau with %
magnetization, which continues up to approximately 30 T
and increases again toward the saturation at approximately
40 T [31]. The field derivative of the magnetization curve
(dM/dH) exhibits a distinct peak at approximately Hg =
0.48 T, as shown in the inset of Fig. 3. This indicates a spin-
flop transition caused by a small magnetic anisotropy, which
we will discuss in the following ESR analysis. The magnetic
moment of approximately 4ug/f.u. at the LM plateau phase
corresponds to the fully polarized S,y = 2 spins along the field
direction. This characteristic demonstrates that the low-field
phase is an AF order of the S;; = 2 spins. We evaluated the
phase transition field to the LM plateau phase, Hy,, from the
midpoint of the drastic change in dM/dH .
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FIG. 3. Low-field  magnetization curve of  (4-Br-o-

MePy-V)FeCly at 1.5 K [31]. The field-independent behavior
above approximately 2 T corresponds to the Lieb-Mattis plateau,
which is identical to the fully polarized S,,; = 2 spins along the field
direction. The inset shows the field derivative of the magnetization
curve (dM/dH). Hy and Hy, indicate the spin-flop transition and
transition to the fully polarized state, respectively.

We performed ESR measurements to evaluate the mag-
netic anisotropy in the present spin system. Because our
experiments were performed using small, randomly oriented
single crystals, the resonance fields for the principal axes
are observed as minimum and inflection points. Figure 4(a)
shows the temperature dependence of the absorption spectra
at 82.8 GHz. In the high-temperature regions, the observed
signals are considered as the paramagnetic resonance. With
decreasing temperature, the resonance spectra dramatically
broaden in the vicinity of 7n. This behavior indicates that
the appearance of the magnetic anisotropy is accompanied
by the phase transition. The magnetic anisotropy of the or-
ganic radical and high spin 3d° is known to be quite small
and almost isotropic at experimental temperatures. Thus, the
observed anisotropy is considered to originate mainly from
an anisotropic field arising from dipole-dipole interactions.
Figures 4(b) and 4(c) show the frequency dependencies of

the resonance fields at 1.8 K. As shown in Fig. 4(b), at low
frequencies, the resonance signals exhibit a broad character,
and the resonance fields show discontinuous frequency de-
pendence. As shown in Fig. 4(c), at high frequencies, the
resonance fields are almost proportional to the frequency.
Figure 5 shows frequency-field diagrams of all the resonance
fields. Because a zero-field gap of ~20 GHz corresponds to
the energy scale of H, those resonance fields suggest conven-
tional AF resonance modes in an anisotropic two-sublattice
model [38-42].

Taking the experimental conditions for 7 < Ty and H <
Hy,, we analyzed the experimental results in terms of a mean-
field approximation assuming S = 2 ferromagnetic chains
coupled by AF interaction Jie. We also considered on-site
biaxial anisotropy causing the spin-flop transition at Hg.
Because the S = 2 spins in each chain are arranged along
the same direction, the effective intrachain ferromagnetic
interactions do not affect the resonance conditions. Thus,
we consider only the interchain AF interaction, and the spin
Hamiltonian is expressed as

H=nlne D SiS; + DY _(85)°
(i, i

+EY () - ()} —susdoSeH, (D

where (i, j) denotes the neighboring spin pairs between two
chains, n is the number of nearest-neighbor chains, D and E
are on-site anisotropies (D, E < 0),and Sisan § = 2 classical
spin. The spin structure is described by a two-sublattice
model, and we derive the resonance conditions by solving the
equation of motion for the sublattice moments [43,44]. The
spin configurations are also required to obtain the resonance
conditions. The spins are aligned along the easy axis (z axis)
under zero-field conditions. For H ||z, the discontinuous spin-
flop transition occurs at Hg. The value of Hy is expressed
as4./(—D + E)(D — E + nJiner)/gits, Which corresponds to
the lowest zero-field energy gap of resonance modes. Above
Hg, the two sublattices are tilted with respect to the field
direction with equivalent angles. For the other principal axes,
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FIG. 4. (a) Temperature dependence of ESR absorption spectra of (4-Br-o-MePy-V)FeCl, at 82.8 GHz. Frequency dependence of ESR
absorption spectra at 1.8 K for (b) low frequencies measured by cylindrical cavities and (c) directly detected high frequencies. The arrows

indicate resonance signals.
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FIG. 5. Frequency-field plot of the ESR fields at 1.8 K. The solid
lines indicate the calculated resonance modes for the principal axes.
The discontinuous changes in the lines correspond to the spin-flop
transition at Hy and transition to the fully polarized state of S,y = 2
at pr.

where the external fields are applied perpendicular to the easy
axis, the two sublattices are tilted from the easy axis with
equivalent angles along each field direction. Then, the angles
between the sublattice moment and the external field for both
directions can be determined by minimizing the free energy.
At Hy,, the sublattice moments are fully polarized along the
field direction. We determined the parameters considering the
values of Hr and Hy,. As shown in Fig. 5, we obtain a good fit
between the experimental and calculated results with the fol-
lowing parameters: nJiye/kg = 0.64 K, D/kg = —0.055 K,
and E/kg = —0.019 K. The calculated results demonstrate
typical AF resonance modes with biaxial anisotropy in a two-
sublattice model. The energy scale of the on-site anisotropy is
the same as those of other veradzyl-based salts with FeCly
anions [41,42]; thus, the small magnetic anisotropy in this
compound is also considered to originate from a magnetic
dipole-dipole interaction.

Here, we consider the resonance modes in the LM plateau
phase above Hy,. The ESR measurements provide information
on the long-wavelength limit of magnon excitations on the LM
ferrimagnetic state; thus, the resonance fields are expected to
reflect the magnetic anisotropy of the excitations at k = 0. In
the present alternate model with o<1, the ground state can
be described by using |Sio, S ). The first-order perturbation

treatment of J' and on-site anisotropy indicates that the ground
state can be regarded as [ | ; |2, +2) j Therefore, a single Siy =
2 spin with on-site biaxial anisotropy is an effective model to
evaluate the effects of the magnetic anisotropy on the magnon
dispersions. The spin Hamiltonian is expressed as

H= D(Sfot)z + E{(Sicot)2 - (Si)ot)z} - g/'LBStOI'H- (2)

Considering the low experimental temperature, only the tran-
sitions from the ground state are observed. In such case,
the ESR selection rule permits one resonance mode for each
field direction. We obtain a good agreement between the
experimental and calculated results with D/kg = —0.045 and
E/kg = —0.015 K, which are indeed very close to those
evaluated from the above analysis in the ordered phase. The
corresponding transitions between the S = 2 states can be
identified in our previous numerical study in Ref. [45].

In summary, we performed low-temperature specific
heat C, and ESR measurements on the mixed spin-(%, %)
chain (4-Br-o-MePy-V)FeCly. The specific heat in the low-
temperature region exhibited almost 732 dependence, which
indicates a /T and T-linear terms originating from the
1D gapless quadratic ferromagnetic and linear AF disper-
sions, respectively. The existence of the ferromagnetic disper-
sion causing the +/7 contribution demonstrates the gapless
magnon excitation expected in the LM ferrimagnetic state.
Through the ESR resonance mode analysis, we evaluated the
interchain AF interactions causing the ordered state of the
S = 2 total spins and on-site biaxial anisotropy associated
with the spin-flop transition. Furthermore, we examined the
effects of magnetic anisotropy on the low-energy magnon
excitations in the LM plateau phase. These results provide
definitive insights into the low-energy magnon excitations in
the mixed spin-(%, %) chains forming the LM ferrimagnetic
state and will stimulate further studies on the topological
properties of various mixed spin chains.
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