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Abstract
We carry out density matrix renormalization group (DMRG) calculations to
study π-topology and spin alignment of an organic π-conjugated spin system
in the Hubbard model. We discuss the spin correlation, the energy gap and
the lattice configuration in half-filled and doped systems. It is confirmed that
electronic doping can alter the spin state, and the spin alignment is influenced
by the parity of the total site number N . The electron–electron interaction is in
favour of the ferromagnetic stability of the system. For the hall-filled odd case
and the hole-doped even case, there exist strong ferromagnetic correlation and
large energy gap in π-conjugated spin systems.

1. Introduction

The development of pure organic materials with ferromagnetic properties has been of long
standing theoretical and experimental interest. To obtain high-spin organic materials, it is
necessary to control spin–spin interactions of organic radicals. For the development of organic
ferromagnets, organic radicals serve as spin containing units. The ferromagnetic coupling
unit is responsible for the parallel alignment of adjacent spins. A number of prototypical one-
dimensional polaronic ferromagnets were studied using oxidatively doped spin containing units
to give polyradical cations [1]. These experimental results showed spin values greater than one
half at very low spin concentrations, suggesting parallel alignment between adjacent radicals.
However, at high-spin concentrations, above 1%, typically the spin values observed were well
below one, which is most likely indicative of bipolaron formation and/or decomposition of the
material. Many of the problems associated with the early prototypical oxidatively doped radical
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Figure 1. The structure of the thianthrene derivatives carrying two nitronyl nitroxide groups.

cation systems were resolved by the introduction of a doped radical anion spin containing
unit [2]. Recently Izuoka and his co-workers [3] have succeeded in controlling intramolecular
spin alignment by charge doping in a newly designed organic molecule, thianthrene bis(nitronyl
nitroxide). They found that the mechanism of the spin alignment of the donor radicals in the
singly oxidized state is totally different from that in the neutral state.

In the theoretical aspects, some modelling and computational studies have been developed.
Most efforts have been made using the density functional theory (DFT) method to analyse the
magnetic mechanism of organic materials. Recently Huai et al [4] have studied the spin
alignment control in π-conjugated molecular magnets by charge doping by means of the exact
diagonalization technique up to a total number of sites of 12. Though these efforts were made,
the mechanism for controlling spin alignment by charge doping in the high-spin ground state
of organic magnets has not yet been well elucidated. The density matrix renormalization
group (DMRG) technique developed by White [5–7] has proved to be a very powerful tool
to obtain highly accurate ground state static properties for low-dimensional systems and for
systems much larger than those solvable by direct diagonalization. So we expect the DMRG
method to solve the magnetic interaction of some models for designing and preparing the high-
spin organic magnets. In this paper we will use this method with an open boundary condition
to study the intramolecular spin alignment of the stable radicals through π-conjugation for the
purely organic spin systems. We will also discuss the effects of doping on the total spin and
the ferromagnetic interaction. In section 2, a theoretical model and a brief description of the
computational process are given. In section 3 we calculate the spin correlation function, the
energy gap, the lattice configuration and the total spin of the system. Finally we will give a
brief summary of our results in section 4.

2. Theoretical model and computational method

According to the experimental results mentioned above, Izuoka et al [3] prepared thianthrene
derivatives carrying two nitronyl nitroxide groups as a prototypical donor diradical as in
figure 1. They found that two paramagnetically interacting unpaired electrons in the neutral
species can be converted to a high-spin molecule through a ferromagnetic coupling which
operates between the local spins on the side radical and a π-spin on the donor site generated
upon one-electron oxidation. In order to further clarify the mechanism, we adopt a simplified
theoretical model for the system with the π-electrons on the main chain and the two localized
radical spins being located on both ends. The localized unpaired electron on the side radical is
considered to have no freedom except its spin. Considering the electron–lattice coupling and
the electron–electron interaction, we show the Hamiltonian form as follows:

H = −
∑
i,σ

[t0 + α(ui − ui+1)](c
†
i,σ ci+1,σ + h.c.) + U0

∑
i

ni,αni+1,β
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+
K

2

∑
i

(ui − ui+1)
2 − J1(S f1 · SR1 + S fN · SR2) (1)

where t0 is the hopping integral of the π-electron along the main chain, α is the electron–
phonon coupling constant, and k is the elastic constant of the lattice. c†

i,σ (ci,σ ) denotes the
creation (annihilation) operator of a π-electron with spin σ on the main chain and ui is the
displacement of the i th site along the main chain. U0 describes the Hubbard on-site electron–
electron repulsion, and ni,σ = c†

i,σ ci,σ (σ = α, β), where α and β denote up spin and down
spin, respectively. J1 is the exchange energy between the residual spin and the π-electrons.

It is convenient to cast all quantities into dimensionless forms:

h = H/t0, u = U0/t0, J = J1/t0, λ = α2/t0k.

Then, the Hamiltonian is transformed to the following form:

h = −
∑
i,σ

[1 + y(i)](c†
i,σ ci+1,σ + h.c.) + u

∑
i

ni,αni+1,β +
1

2λ

∑
i

y(i)2

− J (S f1 · SR1 + S fN · SR2) (2)

where λ is the electron–phonon coupling parameter, and y(i) is treated classically and
optimized by means of the Hellmann–Feynman theorem as shown in the following form:

y(i) =
〈∑

i,σ

(c†
i,σ ci+1,σ + h.c.)

〉
.

The algorithm S f1 (S fN ) denotes the Pauli matrix:

Sz
f1

= 1
2 (n1,↑ − n1,↓), S+

f1
= c†

1,↑c1,↓, S−
f1

= c†
1,↓c1,↑.

Following the above Hamiltonian and the topological structure of the theoretical model,
we use an open boundary condition in the finite DMRG algorithm. For the Hubbard model
Hamiltonian, the dimension of the Hilbert space is of the order of more than 4L , where L
is the number of atoms of the system. Thus the exact diagonalization technique is limited
to deal with small systems. However the DMRG method adopts a truncation procedure to
solve larger systems. As is recognized, this method is one of the leading numerical means
to study low-dimensional strongly correlated systems. In our work, we start with four sites
of the main chain and two radicals distributed on both ends, and then systematically add two
sites in the middle of the system for every iterative step to build up the total system. When
the total number of site is even, the right block states are obtained by the reflection of the left
block symmetrically. But for the odd sites system, the left–right block reflection symmetry
commonly seen in DMRG calculations is broken. So we adopt the unsymmetrical enlargement
procedure to construct the superblock of the system. The left block and the right block are
separately increased in the same step.

For the estimation of the energy gap, the standard DMRG approach with one target state
is considered to be inaccurate from the point of view of physics. Therefore, we constructed
the reduced density with the help of a projection operator of the form [8]:

ρ = 1
2 (|�0〉〈�0| + |�1〉〈�1|)

where |�0〉 and |�1〉 denote the ground state and the excited state in the same spin subspace of
the lowest energy state, respectively. In this way it is expected that the excited state information
is recorded in the target state. For a correlation function, the evaluation depends on whether
the corresponding two sites belong to the same block or not. In our work we also circulate the
up spin electron number from 0 to the total electron number L in the case of half-filling and
hole-doping to search for the subspace where the ground state and the first excited state are
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Figure 2. The spin correlation function 〈SR1 · Si 〉 with the total site number N = 20 and electron–
phonon coupling λ = 0.3.

located. Finally, the spin correlation function, the energy gap of the system and other related
properties can be calculated by means of the ground state wavefunction after a few iterations
of the finite DMRG algorithm. In addition, to check the accuracy of our calculations, we
have carried out a DMRG calculation with 120 density matrix eigenvectors reserved after the
energy converges for this truncation. The estimated truncation error is typically of the order of
10−5–10−6 and the convergence precision of the energy is about 10−6–10−9. We have checked
the accuracy of our DMRG calculations by comparing with the results of numerical exact
diagonalization of 10 sites.

3. Results and discussions

Our studies are divided into two aspects:

(1) the spin alignment by the ferromagnetic coupling between the π-electron and the radical
in a purely organic π-conjugated spin system, and

(2) the mechanism of an electronically controllable spin system for a high-spin
hyperstructured molecule.

We have calculated the spin–spin correlation function, the energy gap and the dimerization
y(i), up to a maximum system size of 30 sites for λ values ranging from 0.1 to 0.5 by employing
the finite system DMRG algorithm. In the whole calculation the Hubbard electron–electron
interaction u is taken from 0.0 to 5.0 and J is set 1, which represents a relatively weak
ferromagnetic intramolecular interaction [3].

First we discuss the spin–spin correlation function of one localized spin and other spins
along the main chain and between two local spins. The results are shown in figures 2 and 3.
From the two figures, it can be seen that the parity of the site number between the two side
radicals and the hole-doping change to the spin alignment configurations. In the case of the
half-filling system with even sites, the ground state is a spin singlet (S = 0); when a hole is
added to the system, the doped ground state is a spin quartet (S = 3/2). It is also obvious
to see the antiferromagnetic spin alignment for the half-filling case is mediated by the chain.
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Figure 3. The spin correlation function 〈SR1 · Si 〉 with the total site number N = 15 and electron–
phonon coupling λ = 0.3.

This is due to the spin polarization mechanism with the ferromagnetic correlation between
the electron spins and the localized spin [4, 9]. For the ground state with odd sites, the
spin quartet (S = 3/2) becomes a spin singlet (S = 0) when adding a hole into the half-filling
system. Recent researchers also reported experimently the first observation of a purely organic
excited quartet (S = 3/2) state and a quintet (S = 2) state in π-conjugated spin systems [9].
It is suggested that the result is due to the spin alignment through π-conjugation between
dangling stable radicals and the excited triplet (S = 1) state of a phenyl- or diphenylanthracene
derivative. Another study [10] indicated that the ground state triplet signals can be derived from
the cation radicals of the donor radicals from ESR spectra of the singly oxidized donor radicals,
the main reason is the presence of the ferromagnetic coupling between the generated π-spin
and the localized unpaired electron on the radical unit. So the spin–spin correlation through
π-conjugation and the ferromagnetic coupling play an important role for spin alignment in an
organic spin system.

To further understand the spin alignment in π-conjugated spin systems, the charge density
distribution is given as shown in figure 4. We can see that the charge density is uniformly
distributed for the half-filling system with the total site number 20, and it is below 1 for the
hole-doped system, and above 1 for the electron-doped system. So we think that doping has a
collective effect on the system and alters the electron density mainly in the middle of the spin
chain.

In order to study the stability of the high-spin ground state by electronically doping, we
calculate the dimerization of the system along the main chain. The dimerization accompanied
by a Peierls transition is also a unique feature in a one-dimensional system. In figure 5 we
present the lattice configuration of the system with even sites. It can be seen that the half-filled
system has a perfect dimerization duo to the Peierls instability while the hole-doped system
exhibits weak lattice deformation especially around the middle of the lattice. It is believed that
the electron–lattice interactions have an impact on the spin stability of the ground state [11, 12].
We also give the slightly different lattice configuration for tje half-filled case of N = 30 in
figure 6 with a small electron–phonon coupling constant λ = 0.1. The strong dimerization on
both sides is attributed to the effect of the localized spins.
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Figure 4. The charge density distribution for half-filled and doped cases with total site number
N = 20.
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Figure 5. The lattice configuration y(i) along the main chain with electron–phonon coupling
λ = 0.3 and N = 20.

Next we discuss the effect on the ferromagnetic stability for different electron–electron (e–
e) interaction and electron–phonon coupling. In figures 7 and 8 we show the dimerization and
the spin–spin correlation function with different e–e interaction for the half-filled case of
N = 29 and the hole-doped case of N = 30. It can be seen that these two systems have similar
properties. The e–e interaction increases the strength of the spin–spin correlation and decreases
the dimerization. So the e–e interaction is favourable for the ferromagnetic stability of the
system. In addition, we also give the dependence of the energy gap and spin–spin correlation
function on the electron–phonon coupling parameter λ for both the half-filled and the doped
cases. From figure 9 it can be seen that the first excited state is in different spin subspace from
the ground state. The electron–phonon coupling decreases the energy gap between the singlet
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Figure 6. The lattice configuration y(i) along the main chain with electron–phonon coupling
λ = 0.1, N = 30, u = 0.0 and 2, respectively.
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Figure 7. The lattice configuration y(i) along the main chain with electron–phonon coupling
λ = 0.1 for the half-filled N = 29 and the hole-doped N = 30 cases.

ground state and the excited state to zero value. However for the hole-doped even system, the
energy gap between the quartet ground state and the doublet excited state gradually increases
with the increase of λ. So it is argued that weak electron–lattice coupling is favourable to
achieve stable spin alignment by electronic doping. In figure 10 we show the spin correlation
as a function of λ for system sizes 12 and 20, respectively. It is found that the spin correlation
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Figure 8. The spin correlation function 〈SR1 · Si 〉 with the electron–phonon coupling λ = 0.1 for
the half-filled N = 29 and the hole-doped N = 30 cases.
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Figure 9. The energy gap between the ground state and the first excited state as a function of
electron–phonon coupling λ.

becomes stronger for weak λ. This result is consistent with figure 9. But too large electron–
phonon coupling λ will destroy the intrinsic spin alignment as shown in the 20 site case. So
larger system size needs smaller λ for the stable spin alignment of organic spin systems.

At last, we discuss the size effect on the spin alignment. Figures 11 and 12 show the
correlation between the localized spins and the energy with respect to the total site number
N of the system. The electron–phonon coupling λ is set 0.3. For the half-filled system, the
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Figure 10. The spin correlation between two localized spins as a function of electron–phonon
coupling λ for systems N = 12 and 20.
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Figure 11. The spin correlation between two localized spins versus the total site number N of the
system with electron–phonon coupling λ = 0.3.

spin correlation conforms to the result of the mean-field theory [13], and the spin alignment of
the two localized spins located on both ends turns from antiparallel to parallel when the total
site number N changes from even to odd, as expected from the spin polarization mechanism.
However for the hole-doping case, the aforementioned spin alignment turns from parallel to
antiparallel when the total site number N changes from even to odd. Furthermore, it is found
that the spin correlation and the energy gap decrease and approach zero in the half-filled even
case and the hole-doped odd case with the increase of the system size,However in the half-filled
odd case and the hole-doped even condition, there is strong ferromagnetic correlation and a
large energy gap in π-conjugated spin systems regardless of the size of the system involved
in our discussion. So it can be deduced that the spin correlation and the energy gap disappear
for relatively long half-filled even and hole-doped odd systems.



2102 Q M Liu et al

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
-0.01

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

T
he

 e
ne

rg
y 

ga
p

The total site number N of the system

 half-filled
 hole-doped

Figure 12. The energy gap between the ground state and the first excited state versus the total site
number N of the system with electron–phonon coupling λ = 0.3.

4. Conclusions

Intramolecular spin alignment and the exchange interactions through π-conjugation in purely
organic spin systems are quite important in the field of molecule-based magnetism. In this
paper we have studied the spin alignment mechanism in the simplified Hubbard model, which
includes a one-dimensional main chain with two side radicals on both ends of the system.
By use of the finite DMRG method with open boundary conditions, it is concluded that the
topological nature of the π-electron and the ferromagnetic coupling between the π-electrons
and the localized spin play an important role in spin alignment for organic spin systems. The
electron–electron interaction is in favour of the stability of high-spin systems. It is also found
that in the half-filled odd case and the hole-doped even case, there exist strong ferromagnetic
correlation and a large energy gap in the π-conjugated spin systems. Our study will provide a
theoretical basis for designing and preparing high-spin organic molecular materials.
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