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The temperature dependence of magnetic susceptibility and sublattice magnetizations were calculated for a
Heisenberg Hamiltonian of an S ) 1 and S ) 1/2 antiferromagnetic alternating spin chain by means of the
many-body Green’s function theory to show the possible occurrence of a ferrimagnetic phase transition for
genuinely organic molecule-based magnets. The S ) 1 site in the chain is composed of two S ) 1/2 spins
coupled by a finite ferromagnetic interaction. From the calculated results, it is found that the sublattice
magnetization at low-spin S ) 1/2 sites changes its sign from negative to positive with increasing temperature,
giving rise to the spin alignments along the chain changing from antiferromagnetic to ferromagnetic ones,
which indicates that there is a magnetic phase transition occurring. Because of the weak intermolecular
antiferromagnetic interactions, the curves of the magnetic susceptibility multiplied by temperature (�T) against
temperature show a round peak at low temperatures, which is well consistent with recent experimental
observations, and the ferrimagnetic phase transition could only be detected at an ultralow-temperature region
and under very weak external magnetic fields in practical organic materials. From the analysis of the sublattice
magnetizations, it is uncovered that the appearance of the low-temperature peak in the curves of the �T
originates from the ferromagnetic spin alignments for all the spins along the chain, and the intermolecular
antiferromagnetic interactions play a pivotal role in ferrimagnetic spin alignments of the magnetic systems.
It is also found that the higher spatial symmetry of the intermolecular antiferromagnetic interactions have
contributions to stabilize the ferrimagnetic ordering state in the molecule-based magnetic materials.

Introduction

The magnetism of organic molecule-based materials has
received great interest both experimentally and theoretically in
recent years.1 Discovery of various organic magnets has given
us profound understanding and the development in the fields
of materials science and quantum spin mechanics. After the
discovery of the first purely organic ferromagnet p-NPNN,2 more
than thirty ferromagnets have been well-documented in genu-
inely organic molecule-based materials. The genuinely organic
molecule-based ferrimagnetism has also been attracting much
attention, because the organic ferrimagnetism is considered as
one of the facile approaches to realize organic magnets. The
physical picture of the organic ferrimagnetics has been first
proposed theoretically by Buchachenko in 1979.3 Because of
different magnetic moments in the neighboring organic open-
shell molecules, the antiferromagnetic interactions between them
would bring about antiparallel spin alignments to result in a
possible ordered state with net magnetization in the organic
assemblages. Shiomi et al. have also presented theoretial
consideration in quantum terms on the ferrimagnetic spin
alignment in organic molecule-based systems,4–6 which gives
us more evidence-based approaches to the organic ferrimag-
netism. However, the magnetic phase transition to an obvious

ferrimagnetic ordered state has not been well documented
experimentally so far in genuinely organic molecular materials.
This presents a remarkable contrast to the investigations on the
genuinely organic molecular ferromagnets based on purely
ferromagnetic intermolecular interactions1,2 and transition metal
based ferrimagnets.7 Therefore, to search and to synthesize an
organic ferrimagnet is still considered as one of challenging
targets in material science.

For experimental crystals, a breakthrough work for this target
was made by Izuoka and co-workers in 1994,8 who synthesized
a molecular complex of a ground-state triplet S ) 1 biradical
and S ) 1/2 monoradical; the mono- and biradical molecules
they used are shown as the molecule 1 and molecule 2 in parts
a and b of Figure 1, respectively. The complex has exhibited a
minimum and an upturnlike behavior in �T below 6 K. This is
the first observation of ferrimagnetic behavior in genuinely
organic materials. Although the complex has exhibited no long-
range ferrimagnetic ordering, it played a pilot role in uncovering
a new category of organic magnetics. It is worth noting that
Hosokoshi et al.9 adopted a structure similar to that of Izuoka
et al. and have claimed to succeed in making for the first time
a genuinely organic molecule-based ferrimagnet by using a
single-component strategy. They utilized a triradical including
a π biradical with a triplet (S ) 1) ground-state and a π rad-
ical with S ) 1/2 connected by σ bonds, the S ) 1 unit is coupled
with intramolecular ferromagnetic interactions, and connected
with the neighboring S ) 1/2 unit by intermolecular antiferro-
magnetic interactions. The triradical molecule is shown as the
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molecule 3 in Figure 1c. This material undergoes a three-
dimensional phase transition as the temperature is cooled down
to 0.28 K. By use of a similar single-component strategy, Shiomi
et al. achieved another purely organic molecule-based ferri-
magnet.10 From their experiments, the curve of the magnetic
susceptibility multiplied by temperature �T against temperature
displays as a round peak at about 10 K, and as the temperature
is cooled down to 0.28 K, the curve for the product �T shows
a minimum and upturnlike behavior, which indicates that a
ferrimagnetic spin alignment is achieved in the magnetic
systems.

In very recent years, Tanaka et al. proposed a strategy of
bioinspired molecular assemblage based on intermolecular
hydrogen bonding11 and achieved a thymine-substituted nitronyl
nitroxide biradical as a triplet (S ) 1) component for the
bioinspired ferrimagnetic system. This presents a new idea to
design and synthesize genuinely organic molecule-based ferri-
magnetics. On the basis of the above-mentioned strategies,
Shiomi et al. have devoted to design and synthesize a series of
genuinely organic molecule-based ferrimagnetics on experi-
ment.12 From their magnetic susceptibility measurements, it is
found that there is a common characteristic, that is, the curves
of the product �T against temperature show a round peak at
low temperatures. It is also found that, with decreasing tem-
perature, the �T value increases, indicating that the ferromagnetic
interactions are retained in the organic complex; with further
decreasing temperature, the �T value drops rapidly, which is
attributed to the intermolecular antiferromagnetic interactions
along the chain. However, it is regretted that the minimum and
upturnlike diverging behavior in the curves of the product �T
at low-temperature region, which indicate the possible occur-
rence of ferrimagnetism, were not observed in these organic
materials. Thus, to design and synthesize a genuinely organic
molecule-based ferrimagnet with a clear ferrimagnetic phase
transition is still a hard task on experiment so far. Under the
circumstances, in the present paper, we will explore the possible
occurrence of ferrimagnetic phase transition in these purely
organic materials and make a clear explanation to the above-
mentioned ferromagnetic behaviors in the curves of the product
�T on the experimental measurements from a theoretical point
of view.

Methods of Computation

In organic molecule-based magnets, spin density is distributed
over many atomic sites in an open shell molecule, and hence,
the intermolecular spin-spin interaction has a multicentered or
multicontact nature.5,6 Furthermore, in most cases, intramolecu-
lar interactions in stable organic S > 1/2 molecules are on the

same order of magnitude as the intermolecular interactions in
crystalline solid states, which indicates that high-spin value S
) 1 might not be a good quantum number for describing the
biradical embedded in the molecular assemblages. Considering
these, Shiomi et al. pointed out theoretically that the above-
mentioned molecule-based ferrimagnetics should be described
as a spin-1/2 Heisenberg diamondlike chain model as illustrated
in Figure 2.5,6,13 The Hamiltonian for this model in the presence
of an applied static magnetic field B can be written as follows

H)∑
i

N

{ J1Si,b · Si,c + J2Si,a · Si,c + J2
′ Si,a · Si,b +

1
2

J2
′ (Si-1,b · Si,a + Si,b · Si+1,a)+

1
2

J2(Si-1,c · Si,a +

Si,c · Si+1,a)+ gµBB(Si,a
z + Si,b

z + Si,c
z )} (1)

where Sj is the spin operator at the jth site, and S( ) Sx ( iSy.
N is the total number of unit cells in the diamondlike spin chain,
and the last term represents the Zeeman energy of the spins
with the common g-factor and Bohr magneton µB. Here we
consider only the case when the external field B is along the z
axis direction. It should be noted that, if the model compound
is composed of single-component organic triradical molecules,
the spin sites Si,a, Si,b, and Si,c denote the three radicals within
a single organic molecule; if the model is a biradical-mono-
radical alternating chain, the spin sites Si,b and Si,c denote two
radicals within a biradical molecule with an intramolecular

Figure 1. The prototype genuinely organic monoradical molecule 1, biradical molecule 2, and triradical molecule 3, which are used to constitute
genuinely organic molecule-based ferrimagnetics.

Figure 2. (a), Schematic diagram of a spin-1/2 diamondlike spin model.
Open circles represent spin-1/2 sites, i stands for the superlattice number
and unit cell is composed of three subcells Si,a, Si,b, and Si,c where Si,a

indicates a monoradical molecule site, which is coupled with other sites
by intermolecular antiferromagnetic interactions J2 and J2′, and Si,b and
Si,c indicate two organic radicals of a biradical sites coupled by
intramolecular ferromagnetic exchange interaction J1. (b) and (c) Two
possible spin alignments, ferri- and ferromagnetic states, might occur
in the organic magnetic systems.
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ferromagnetic interaction, J1(<0), and the biradical is coupled
with the neighboring monoradical Si,a by intermolecular anti-
ferromagnetic interactions, J2 and J2′(>0).

In the practical organic molecule-based assemblages, since
there is no strong covalent or electrovalent bonding between
two neighboring organic molecules, the intermolecular antifer-
romagnetic interactions J2 and J2′ are usually much weaker than
the intramolecular ferromagnetic interaction J1; therefore we
will mainly focus on the case J2 (J2′) < |J1|. It should be pointed
out that some numerical studies have been reported mainly by
the exact diagonalization method and the quantum Monte Carlo
simulations. However, there exists a memory-size limitation for
computing in terms of the combination of canonical orthogo-
nalization and Householder diagonalization procedures.14 And
the quantum Monte Carlo simulations are difficult to carry out
for very weak intermolecular interactions, because the resultant
low Tmin values prevented numerical covergence in the magnetic
susceptibility � with a satisfactory accuracy.6 Considering these
situations, in the present paper, we will apply the many-body
Green’s function theory to calculate the magnetic properties of
the ferrimagnetic diamondlike spin chains.

The Green’s function theory has long been used to treat the
Heisenberg exchange model.15,16 The retarded Green’s functions
or double-time Green’s functions are, according to Bogolyubov
and Tyablikov,17 as follows

Gij(t- t ′ )) 〈〈 Ai;Bj〉〉 )-iθ(t- t ′ )〈AiBj -BjAi〉 (2)

where Ai ) Si,R
+ ,Bj ) Sj,R

- (R ) a, b, and c) and the subscripts i
and j label lattice sites. The Green’s function is Fourier time
transformed and then put into the equation of motion

ω〈〈 Ai;Bj〉〉 )
1

2π
〈 [Ai, Bj]〉 + 〈〈 [Ai, H];Bj〉〉 (3)

Higher-order Green’s functions are decoupled by the random
phase approximation such as 〈〈 Si′

zSi
+;Sj

-〉〉 ) 〈Si′
z 〉〈〈 Si

+;Sj
-〉〉 (i′+i).

By the commutator of Si,R
+ and the Hamiltonian, one can obtain

the linear equations

∑
λ)1

L

[ω(k)δµλ -Pµλ(k)]gλV(ω, k))
δµV

2π
〈 [Sµ

+, SV
-]〉 (4)

The order of parameter matrix P in above formula is three,18

which is due to the fact that every crystal cell contains three
sublattices, e.g., the sublattice a, b, and c. From the above
formula, the Green’s function gλV in the k-space can be obtained.
According to the well-known spectral theorem, the statistical
average of the product of the operators can be calculated as

〈BjAi〉 )
i

2πN∑
k

eik · (i-j)∫ dω
e�ω - 1

[g(ω+ i0+, k)-

g(ω- i0+, k)] (5)

Considering the spin value of S ) 1/2 in the ferrimagnetic
diamondlike chain, the statistical averages of the sublattice
magnetizations 〈SR

z 〉 (R ) a, b, c) can be evaluated by the
formula〈SR

z 〉 ) 1/2 - 〈SR
- SR

+〉 (R ) a, b, and c). Then the average
magnetization in every repeating cell Mtot and the magnetic
susceptibility � are defined as

〈Mtot〉 )
1
N∑

i

N

(〈Si,a
z 〉 + 〈Si,b

z 〉 + 〈Si,c
z 〉), �)

∂〈Mtot〉
∂B

(6)

These equations must be calculated self-consistently,19 and
then the magnetizations, the magnetic susceptibility, and other
magnetic properties can be achieved.

Results and Discussion

1. Symmetric Ferrimagnetic Diamondlike Spin Chains.
First we consider the symmetric Hamiltonian case, where all
intermolecular antiferromagnetic interactions are uniform (J2 )
J2′). The temperature dependence of the magnetic susceptibility
multiplied by temperature is illustrated in Figure 3 at the external
magnetic field B ) 0.002JF/gµB. The magnetic coupling
parameters are set as J2 ) 0.05JF for J1 ) -5.0JF, and J2 )
0.02, 0.05, 0.10, 0.15, and 0.4JF for J1 ) -JF. In order to obtain
comparable numerical results, we take JF as the magnetic
exchange interaction unit (can be considered as 1). From the
figure, it can be seen that, for J2 , |J1| and J1 ) -JF, the �T
value increases as the temperature is lowered, which indicates
the existence of ferromagnetic exchange interactions within the
organic complex. With further decreasing temperature, the �T
value increases to a maximum and then drops rapidly, which
gives rise to the curves of the product �T against temperature
showing as a round peak at low temperatures. This phenomenon
is well consistent with the recent experimental observations on
some genuinely organic molecule-based ferrimagnetics.11,12,20

It is clear that the peak is very sensitive to the changing of the
intermolecular antiferromangnetic interactions J2 and J2′. With
increasing of J2 and J2′, the peak is suppressed and moves
toward higher temperature region. However, the intramolecular
ferromagnetic interaction only makes the curve of �T move up
with little influence on the peak (see the circle curve for J1 )
-5.0JF, J2 ) 0.05JF in Figure 3). It is interesting that, as the
temperature is cooled down to the ultra-low-temperature region
for kBT/JF < 0.1, the curves of the product �T against
temperature shows a minimum and upturnlike behavior (see the
curves labeled as J2 ) 0.05, 0.10, and 0.15JF in the inset of
Figure 3), which is indicative of the ferrimagnetic-like behavior
in low-dimensional lattices. The low-temperature limit of the
�T diverges, suggesting the possible occurrence of ferrimag-
netism in the magnetic systems. It should be pointed out that
the magnetic susceptibility measurement for a purely organic
molecule-based ferrimagnet by Shiomi et al.10 just testifies our
theoretical results. On their experiments, the round peak in the

Figure 3. Temperature dependence of the product �T of the magnetic
systems for the symmetric Hamiltonian case (J2 ) J2′). The magnetic
coupling parameters are set as J2 ) 0.05JF for J1 ) -5.0JF and J2 )
0.02, 0.05, 0.10, 0.15, and 0.4JF for J1 ) -JF from top to down. In the
inset is the low-temperature part of the plotted �T against temperature.
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curve of the �T is located at about 10 K, and when the
temperature is cooled down until to 0.28 K, the minimum in
the curve of the �T is detected. With further decreasing
temperature, the curve of the �T shows an upturnlike behavior,
which is consistent with our numerical results. From the inset
of Figure 3, it is also uncovered that, with increasing of the
intermolecular antiferromagnetic interactions J2 and J2′, the
minimum decreases and moves toward higher temperatures, and
the upturnlike diverging behavior becomes more and more clear.
So it is concluded that the intermolecular antiferromagnetic
interactions play an important role in the formation of these
ferrimagnetic ordered state in the purely organic molecule-based
materials.

To further investigate the appearance of the low-temperature
peak in the curves of the product �T against temperature, the
corresponding temperature dependence of the sublattice mag-
netizations 〈SR

z 〉 (R ) a, b, and c) are presented in Figure 4.
From the figure, it is clear that 〈Sa

z〉 < 0 and 〈Sb,c
z 〉 > 0 at very

low temperatures, indicating that the antiferromagnetic spin
alignments occur as shown in Figure 2b. With increasing
temperature, the sublattice magnetization 〈Sa

z〉 changes its sign
from negative to positive, which gives rise to a compensation
temperature Tcomp appearing in the curves of the sublattice
magnetization 〈Sa

z〉 against temperature. As a result, all the spins
along the chain display as ferromagnetic spin alignments as
shown in Figure 2c above the temperature Tcomp. These magnetic
phenomena can be explained as follows. In fact, a small external
magnetic field is applied to the magnetic systems, and the
external field will open up an energy gap. Thus there is a
competition between the intermolecular antiferromagnetic in-
teractions and the external magnetic fields. As the temperature
ascends, the thermal fluctuation destroys the antiferromagnetic
ordering and makes the influence of the external fields which
makes all the spins point to one direction become more and
more dominant. It is also found that, with further increasing
temperature, the curves of the 〈Sa

z〉 show a round peak and then
decrease, indicating that the thermal fluctuation strengthens the
sublattice magnetization 〈Sa

z〉. And with increasing intermolecular
antiferromagnetic interactions J2(J2′), the compensation tem-
perature Tcomp ascends; at the same time, the round peak is
suppressed and shifts toward higher temperature region. This

changing trendery is similar to that of the low-temperature peak
in the curves of the product �T. However, the strengthening of
the intramolecular ferromagnetic interaction J1 seems to have
little influence on 〈Sa

z〉 (see the curve for J1)-5.0JF, J2 ) 0.05JF

in Figure 4), which indicates that the low-temperature magnetic
properties are governed by the intermolecular antiferromagnetic
interactions. Nevertheless, these interesting behaviors on the 〈Sa

z〉
do not occur on the sublattice magnetizations 〈Sb

z 〉 and 〈Sc
z〉 .

Recalling Figure 3, we can find that the low-temperature peaks
in the curve of the �T are just located at the corresponding
ferromagnetic phase as shown in Figure 4. So it is concluded
that the ferromagnetic behaviors on the curves of the �T
originate from the ferromagnetic spin alignments for all the spins
along the chain, which clarifies the past explanation that the
ferromagnetic behaviors are only attributed to the intramolecular
ferromagnetic interactions.

The influence of the external magnetic fields on the magnetic
properties of the magnetic systems is also calculated; the
numerical results are illustrated in Figure 5. It is obvious that
stronger external fields make the low-temperature peak sup-
pressed and move toward higher temperature region. At high-
temperature region, the influence of the external fields can be
neglected, because the system is just in a paramagnetic phase.
In particular, we should turn our attention to the ultralow-
temperature region for kBT/JF < 0.03, where the influence of
the external fields on the magnetic properties is subtle as shown
in the inset of Figure 5. When the external field is qutie small
(B ) 0.0001JF/gµB as seen in the inset of Figure 5), the low-
temperature limit of the �T diverges, which is similar to the
discussions before; as the external field increases to a larger
value, the curve for the �T emerges a sharp peak at low
temperatures, indicating that the external field opens up an
energy gap, which makes the �T value go exponentially to zero
for the temperature less than the gap in the applied field. With
further increasing of the external field, the peak is suppressed
and shifts toward high-temperature region. However, as the
external field B increases up to about 0.004JF/gµB, the low-
temperature peak and the minimum at intermediate temperatures
both vanish. So it is concluded that, only under very low external
fields, the minimum and upturnlike behavior in the curves of
the �T against temperature could be detected in the genuinely
organic molecule-based ferrimagnetics with weak intermolecular
antiferromagnetic interactions.

Figure 4. Temperature dependence of the sublattice magnetizations
〈SR

z 〉 (R ) a, b, and c) of the magnetic systems for the symmetrical
Hamiltonian case. The magnetic coupling parameters are set as J2 )
0.02, 0.05, 0.10, and 0.15JF for J1 ) -JF and J2 ) 0.05JF for J1 )
-5.0JF (line with circles).

Figure 5. Temperature dependence of the product �T for the symmetric
Hamiltonian case in different external magnetic fields for B ) 0.001,
0.1 and 0.5JF/gµB. In the inset is the low-temperature part of the �T
against temperature, the external magnetic field B is set as 0.0001, 0.001,
0.002, 0.003, 0.004, and 0.01JF/gµB.

6208 J. Phys. Chem. A, Vol. 112, No. 27, 2008 Fu et al.



2. Unsymmetrical Ferrimagnetic Diamondlike Spin Chains.
For an organic molecule-based magnet, the intermolecular
interactions have a multicentered nature and a low spatial
symmetry. So it is essential to discuss the influence of the spatial
symmetry lowering of the intermolecular antiferromagnetic
interactions on the spin distribution of the spin chain. The
temperature dependence of the product �T for this case at the
external magnetic field B ) 0.002JF/gµB is illustrated in Figure
6. The parameters are set as J1 ) -JF, J2 ) 0.05JF, and J2′ )
�J2, where the parameter ratio R signifies the spatial symmetry
degree of the intermolecular antiferromagnetic exchange interac-
tions. From the figure, it can be seen that, as the spatial
symmetry of the intermolecular interactions is lowered, e.g.,
the parameter ratio � decreases, the low-temperature peak
in the curves of the product �T against temperature moves
toward the lower-temperature region and its maximum increases,
indicating the strengthening of its ferromagnetic behaviors
within the spin chain. It should be stressed that the minimum
and upturnlike behavior, which are characteristic of the occur-
rence of the ferrimagnetic ordered state of the magnetic systems,
are also achieved as shown in the inset of Figure 6 in the ultra-
low-temperature region for kBT/JF < 0.02. In the inset figure,
the appearance of the low-temperature peak is attributed to the
external magnetic field as discussed obove. It is found that, as
the spatial symmetry parameter ratio � is lowered, the minimum
of the curve for the �T decreases and moves toward lower
temperature region; as the parameter ratio � decreases to 0.2,
the minimum and the peak both vanish, indicating that the
ferrimagnetic ordered state could not be detected in this case.
So it is concluded that the higher spatial symmetry of the
intermolecular antiferromagnetic interactions has contributions
to form and to stabilize the ferrimagnetic ordered state in the
organic materials.

The corresponding sublattice magnetizations 〈SR
z 〉 against

temperature for the unsymmetrical Hamiltonian case are also
considered, and the numerical results are presented in Figure
7. From Figure 7, one can see that, with increasing of the spatial
symmetry parameter ratio �, the low-temperature round peak
in the curves of the 〈Sa

z〉 is suppressed and moves toward higher
temperature region, giving rise to the compensation temperature

Tcomp in the curve of 〈Sa
z〉 ascending. From the above analysis

for the sublattice magnetizations, we can obtain the T-� phase
diagram as shown in the inset of Figure 7. From the phase
diagram, we can find that the magnetic phase transition
temperature increases linearly with the increasing of the spatial
symmetry parameter ratio �. So it can be believed that higher
spatial symmetry of the intermolecular exchange interactions
and the lowering temperatures have contributions to the occur-
rence of ferrimagnetic spin alignments along the chain.

Conclusion

The ferrimagnetic ordering in the genuinely organic molecule-
based quantum diamondlike spin chains have theoretically been
studied by means of the many-body Green’s function theory
within the random phase approximation. Because of the very
weak intermolecular antiferromagnetic interactions, the curves
of the product �T against temperature show as a round peak at
low temperature region, which is consistent with the very recent
experimental observations. The minimum and low-temperature
upturnlike diverging behavior in the curves of the �T, which is
indicative of the occurrence of the ferrimagnetic phase transition
of the system, could only be detected at an ultra-low-temperature
region. From the synthesis of the sublattice magnetizations, the
appearance of the low-temperature peak in the curves of the
product �T originates from the ferromagnetic spin alignments
for all the spins along the chain. It is concluded that the
intermolecular antiferromagnetic interactions play an important
role in the formation of the ferrimagnetic ordered state in the
magnetic systems. It is also uncovered that the higher spatial
symmetry has contributions to the formation of the ferrimagnetic
spin alignments of the magnetic systems. Therefore, the
strengthening of the intermolecular antiferromagnetic interac-
tions and the higher spatial symmetry of the intermolecular
exchange interactions are necessary to accomplish the ferri-
magnetic spin alignments at higher temperature region in
practical genuinely organic molecule-based magnets.
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