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ORGANIC RADICAL SOLID AS TYPICAL ONE-DIMENSIONAL
HEISENBERG FERROMAGNET WITH QUANTUM SPIN

KAZUYOSHI TAKEDA, TOSHIYUKI HAMANO, TATSUYA KAWAE,
MASAKO HITAKA, SYUJI KAWASAKI*, MINORU TAKAHASHIB

AND KAZUO MUKAIA

Department of Applied Science, Faculty of Engineering,Kyushu Univeresity,
Fucuoka 812,Japan; ADepartment of Chemistry, Faculty of Science,

Ehime University, Matsuyama 790,Japan; Blnstitute for Solid State Physics,
University of Tokyo, Minato-ku Tokyo 106,Japan

Abstract Quantum statistics for the most isotropic spin ($=1/2) system
in one dimension has been studied with a newly synthesized ferromagnetic
organic radical crystal of 3-(4-chlorophenyl)-1,5-diphenyl oxoverdazyl. The
characteristic field dependence of the magnetic heat capacity of this crystal is
quantitatively explained by the theoretical values derived from the Bethe-
ansatz technique applied to the quantum transfer matrix, with a unique
intrachain exchange constant J/kg=5.5 K. By the simultaneous measure-
ment of magnetic susceptibility and heat capacity, the three-dimensional
ordering at T,=0.21 K, which is triggered by a weak interchain coupling
|2J’|/ks = 3 x 1072, is confirmed.

INTRODUCTION

Magnetism in low dimensional lattice systern has made great progress both the-
oretically and experimentally. The experiments have been carried out mostly with
inorganic and/or metallic compounds in which inevitable anisotropies sometimes
have masked the intrinsic feature expected theoretically. Qualitatively different

quantum effects are expected between antiferromagnetic and ferromagnetic cases.
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The Néel state is not an eigenstate of the Hamiltonian for the antiferromagnets. The
interesting problems arising from this inherent property, such as RVB(resonating
valence bond) state in the 1d S=1/2 system or VBS(valence bond solid) state in the
S=1 system, have been successfully examined with abundant real antiferromagnetic
compounds.

The 1d ferromagnetic state, on the contrary, is an exact eigenstate of the Hamil-
tonian of the 1d ferromagnets. The long-range ordered state is achieved at the
lowest temperature T —0 K, with the critical index y=2.0 in magnetic susceptibil-
ity x <« T~ jor & =1/2 in heat capacity C,, & T°.}? In addition to these critical
properties, the next two points should be remarked. The anisotropies, which are
treated as perturbation in 1d Heisenberg antiferromagnets, give significant effects in
1d ferromagnets. Even if a small Ising type anisotropy exists, it bring about domi-
nant contribution of the bound-magnons whose energy level lies below the continuous
energy band of spin waves.®* This gives qualitative change in the thermodymamical
quantities, especially in the applied fields. The other point is that we can rarely get
1d quantum ferromagnetic substances except a few compounds.

In this study, we focus on the quantitative analysis of the field dependence of
magnetic heat capacity of a genuine organic compound,and attempt to check the
validity of quantum statistics for the isotropic limit of Heisenberg interaction in one

dimension.

EXPERIMENTALS

In this experiment, we use a genuine organic radical crystal 3-(4-chlorophenyl)-1,5-
diphenyl-6-oxoverdazyl(p-CDpOV), which is one of the verdazyl radical derivatives
whose magnetic properties are investigated by our systematic experiments. The syn-
theses of these radical crystals are reported elsewhere.® Heat capacities were mea-
sured above 0.1 K in the external magnetic field of 0-30 kOe, using the usual type
of adiabatic calorimeter. The data were taken on about 0.5 g powdered sample. In
the temperature range of 0.1-2 K, the heat capacities were measured simultaneously
with the ac magnetic susceptibility by the use of a handmade Hartshorn bridge.
The ac susceptibility was also measured independently by the Lake Shore ac sus-
ceptometer in the region of 1.7-300 K.
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ESULTS AND DI ION

The schematic molecular structure of p-CDpOV, which we consider here, is inset in
Figure 1. The unpaired electron is expected nearly on each verdazyl radical.® Since
the momentum for molecular orbitals is generally quenched in organic radicals, only
electron spin of S=1/2 is relevant to the isotropic intermolecular interactions. Our
results of ac magnetic susceptibility measurements, which are shown in Figure 1,
can be accounted for the Curie-Weiss law above 13 K with a positive Curie-Weiss
temperature §=3.35 K; S=1/2 and the g-factor g=2.00 which is nearly equal to
9.=2.0023 for a free electron. Below 13 K, the susceptibility deviates from the
Curie-Weiss law and shows a characteristics of 1d ferromagnets as in the previous
work on another verdazyl derivatives p-CDTV, for which #=3.0 and the intrachain
exchange constant J/kg=6.0 K are obtained.”®
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FIGURE 1  Magnetic susceptibility and inverse magnetic susceptibility of
p-CDpOV.
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FIGURE 3  The temperature dependence of the magnetic entropy of
p-CDpOV in zero field. The solid line indicates In(25+1) for S=1/2.
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Figure 2 shows the overall results of the total heat capacity of p-CDpOV ‘in ex-
ternal fields. To extract the magnetic heat capacity, we must subtract the lattice
contribution C, indicated with the solid line in Figure 2, which is estimated under
the following assumptions. (1)The Debye functions to be determined is unique and
independent of the fields. (2)The total magnetic entropy is RIn(2S5+1) where S=1/2
as confirmed by the susceptibility measurements. (3)Above 10 K, the magnetic heat
capacity of C_ = b(H)T~? is valid as is usually reasonable in the paramagnetic re-
gion. In any case, the ambiguity of Cy, if any, does not invalidate for the present
discussion in the temperature range concerned. The temperature dependence of the
magnetic entropy of p-CDpOV is given in Figure 3.

The field dependence of C,, is shown in Figure 4. There are two noteworthy points

concerning the results at zero field. One is the indication of the three-dimensional
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Figure4 The field dependence of the magnetic heat capacity of p-CDpOV.
The solid lines are the theoretical results for the S=1/2 ferromagnetic Heisen-
berg chain with J/kg=5.5 K.
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ordering accompanied by a sharp peak at T,=0.21 K, and the other is the appearance
of a wide plateau centered around 1-4 K, with its maximum height of about C ~
0.134R ~ 1.11(J/mol/K), which is a feature of 1d quantum ferromagnets."*® (For
the 1d Heisenberg antiferromagnet, the corresponding value is Cy, ~ 0.35R).%° The
peak is easily affected by the small field as will be discussed later, and another
round hump appears, increases in height and shifts towards the high temperature
region as the field increases. Ordinary ferromagnets do not show such a marked
field dependence as in Figure 4, Some reasons for these results may be considered.
The first is the excitation of magnetic solitons, and the second is the contribution
of bound magnons due to the Ising type anisotropy.>* There has not been the
soliton theory for the isotropic quantum chain to describe the present results. The
anisotropy of p-CDpOV is too small to excite bound magnons. Therefore we try to
give a guantitative explanation of the field dependence of Cy, by considering quan-
tum statistics based on the Bethe-ansatz method developed by one of the present
authors (M.T.).!° For the Hamiltonian of the 1d ferromagnetic system

N N
H=-2J3 8 Sis - gupH Y. S? 1)
i=1

i=1

the free energy f(T,H) per spin is analytically given for a series of complex numbers
{pe,£=1,2,3- -} by

f(T,H)y= -T2 - 2 21 [2;;: ’_)(; /;)7'7]}4] (2)
o= 3’;1 (1 - %) + 5—’”—%—’“ tro 7 + 7+ 5 gln (L(p,ps)L(p = 75)],  (3)
L(z,y) = 8 ;:3_ i:z @)

The heat capacity derived from f(T, H) is shown with solid curves in Figure 4, in
which the best fit between the theory and the experiment is obtained for J/kp=5.5
K. The contribution from the field induced soliton is expected to be minute in the
system, although it is a problem left unsolved.

Here we give a qualitative understanding of this drastic field dependence of the

1d ferromagnet in comparison with the weak field dependence of the heat capacity
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of antiferromagnetic systems. When we consider the simplest chain with two spins,
a dimer, the degeneracy (go) of the ground state is triplet (go=3) and that of the
excited state is singlet, and vice versa for the antiferromagnetic case. For a longer
chain with more spins, go is always larger for the ferromagnetic case than for the
antiferromagnetic case.® The degenerate levels are split by the application of the ex-
ternal field. The more multi-split levels appear, the more dominant the contribution
of the heat capacity is at lower temperatures (kgT < J).
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FIGURE 5  Magnetic susceptibility and heat capacity simultaneously ob-
served in external fields.
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We consider the interchain interaction J’ which triggers the three-dimensional or-
dering at 7.=0.21 K. Figure 5 shows the results of the simultaneous observations
of susceptibility and heat capacity near T,. Based on the mean field theory, we can
estimate the effective interchain coupling J’ by a few independent procedures, for
example, by kpT.25%(|zJ’|J)"/?, where z is the number of neighbouring chains.
Using the value of T,=0.21 K and J/kg=5.5 K, we can estimate |2J'|/kp = 3 X 102
K, or |zJ'|/J = 5 x 1073, The interchain exchange field is estimated as H, =
2|2J'| < S > [gs=200 Oe. It is expected that the three-dimensional ordering
becomes obscure in the field H > H., as is seen in the results for the powdered

sample of p-CDpOV in Figure 4 and 5.
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