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Abstract: A physical picture of spin alignments in organic molecule-
based ferrimagnets is deduced from quantum Monte Carlo (QMC)
simulations of magnetic susceptibility. It is found from the QMC
calculations on the basis of a Heisenberg spin Hamiltonian that the
ferrimagnetic spin alignment in $=1 and S=1/2 altcrnating molecular
chains is equivalent to a ferromagnetic alignment of effective $=1/2
spins appearing in the unit cells of the heteromolecular chains. A spin
polarization effcct affording the effective ferromagnetic interactions is
demonstrated in terms of a Heitler-London approximation.

Keywords  organic ferrimagnet; Heisenberg spin Hamiltonian; spin
polarization; quantum Monte Carlo simulation; magnetic susceptibility

INTRODUCTION

Organic open-shell molecules tend to have antiterromagnetic
intermolecular interactions in their molecular assemblages such as in
crystalline solids. Therefore, intuitively, it is natural that the
antiferromagnetic interactions between neighboring molecules with
different spin quantum numbers, e.g., S=1 and $=1/2, bring about
antiparallel spin alignment, leading to the possible occurrence of an
ordered state with net magnetization in molecular assemblages. The
tendency of antiferromagnetic interactions underlies the first
documented proposal of organic ferrimagnetics.'!  The ferrimagnetic
spin ordering, however, has ncver been documented so far in organic

495



Downloaded by [University of Haifa Library] at 20:50 13 August 2012

496 D. SHIOMI et al.

molecular crystalline solids. This presents a remarkable contrast to the
discovery of transition metal-based molecular ferrimagnets.” In this
context, organic molecule-based terrimagnetics has been a long-
standing issue in terms of matcrials challenge in chemistry.t!

In our previous papers,! we have discussed the possibility of
ferrimagnetic order occurring in organic molecular crystals both from
theoretical calculations of a Heisenberg spin Hamiltonian of an $=1/2
and S=1 alternating chain!*" and from crucial experiments*! on the
first and only model compound for genuinely organic ferrimagnets
documented so far.*  We have shown that organic molecule-based
ferrimagnets are characterized by the following two featurcs:1*™! First,
the spin density in an open-shell molecule is distributed over many
atomic sites and hence the intermolecular interactions have a multi-
centered or multi-contact nature. Second, in most cases, intramolecular
interactions in stable organic $>1/2 molecules are in the same order of
magnitude as the intermolecular ones. Thus, the magnetic degree of
freedom within the $>1/2 molecules should be taken into account for
understanding the nature of ferrimagnetism in molecule-based materials.

In the present study, numerical calculations of magnetic
susceptibility are made in terms of a model Hamiltonian possessing the
above features. The model Hamiltonian under study is given by

N

H 1[—2J15i,b1 *Siv2 272812 *Sim —~2738; m *Siap

i

-2758; 51 *Sim —2/38;m *Sivin1 ] ¢))

where S,,, 8,5, and S;,, denote the spin-1/2 operators. S, and S, are
coupled by the intramolecular ferromagnetic interaction, .J, to give the
biradical site, which is coupled with the neighboring monoradical with
S;m=1/2 by the antiferromagnetic interactions, J,, J,, .J5, and J,'. In
Figure 1 is schematically shown the Hamiltonian (1). The magnetic
degree of freedom within the biradical molecule is given by the finite
interaction J,, while the multi-centered or multi-contact intermolecular

Sn b2 S1,b2 Sop2
FIGURE 1 Schematic drawing of the spin Hamiltonian
Equation (1). Sece the text for detailed notations.
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interactions are signified by the ratio J,'J,, which is assumed to be
equal to J,%J,. The dimerization, or alternation, of the intermolecular
interaction along the chain is defined by the ratio J,J, which is
assumed to be equal to J,'lJ,. A physical picture for the ferrimagnetic
spin alignment in organic molccular assemblages is proposed in
quantum terms, emphasizing a spin polarization etfect in the molecular
aggregation of the biradicals and monoradicals.

RESULTS AND DISCUSSION
Simulati ‘ Magnetic S ibili

Since intermolecular interactions are primarily antiferromagnetic in
ferrimagnetic systems, the product of susceptibility and temperature T
decreases on lowering the temperature.> A non-compensating
magnetization, however, gives rise to an upturn and a divergence in T
at low temperatures: The appearance of the minimum in 7 is a tinger-
print of ferrimagnetic spin systems.*  For low-dimensional
antiferromagnetic spin systems, the minimum in y or x7 usually has a
simple linear dependence on the relevant exchange interaction
constants.”)  The influence of the multi-centered exchange interactions
on the divergence in x7T is examined by simulating the minimum value
xT ..., and the temperature T, as functions ot the interaction paramecicrs.

The temperature dependence of susceptibility was calculated by
the quantum Monte Carlo simulation method**” on an NEC
supercomputer SX-5 at the Computer Center of the Institute for
Molecular Science. The periodic boundary condition is imposed with
3N=30 of $=1/2 spins in the Hamiltonian (1).

In Figure 2 are plotted the x7';. (a) and 7 ;, values (b) as functions
of the interaction ratio [/,//,. The solid symbols in Figure 2(a) denote
the T, values calculated for the unitorm chain (JJU, = JJ'W,'= 1).
When the intermolecular interactions are weak (|/,/7,|<0.3), the xT.;,
value is independent of |/,A7,|.  As the intermolecular interactions are
larger (|/,47,]>0.3), the xT,;, value decreases. The lower symmetry of
the two-fold intermolecular interactions J,'.J,=J,'J,<1 gives the smaller
minimum in x7. The dimerization, or the alternation, of the
intermolecular interactions along the chain results in a drop in xT,,, as
shown by the open symbols in Figure 2(a) for 0.1 <.J,//,<0.9 in both the
regions, |/,/7,|<0.3 and [/,/7,|>0.3. On the other hand, effects of the
dimerization on the T, values do not manifest themselves. The

min
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FIGURE 2 Simulated x7T,;, (left) and T, (right). The solid
and the open symbols denote the uniform chain (/541,=75'47,'=1)
and the dimerized chains with the interactions alternation of J,/J,
=/%1,'=0.1 to 0.9. The symmetries of the intermolecular
interactions are J,'%J,=J,\T,=1 (circles), 0.5 (triangles), and O
(squares). The solid and the dashed lines are to guide the eye.

normalized temperature kpT,, /27, is approximately linear with respect
to the interaction ratio |/,47,| as depicted in Figure 2(b).

As the interaction ratio J /7, (= J4'J,) deviates from unity and
approaches zero, the alternating molecular chain of the biradicals and
the monoradicals should be regarded as an assemblagc of biradical-
monoradical pairs. In the pair, the biradical and the monoradical are
coupled by the antiferromagnetic interaction, J, or J,, to give a
supramolecule in the doublet (S=1/2) state; there appears an effective
S$=1/2 spin in the repeat unit of the chain. The assemblage of the §=1/2
spins is consistent with the limiting value of ¥7',;, — 0.4 cmu K mol" for
JJI(=141,Y—=0 as shown in Figure 2(a), which corresponds to the
Curie law of §=1/2 with g=2.

Spin Polarization Effects in H lecular Chai
Intermolecular ferromagnetic interactions between S=1/2 organic
radicals have been understood in terms of the spin polarization etfect
within the $=1/2 molecules.”!  The spin polarization provides the spin
density distribution with positive and negative densities in the molecule.
Intermolecular orbital overlaps between neighboring molecules at the
atomic sites of oppositc signs of spin densities give rise to a
ferromagnetic  interaction between the molecules, which is
schematically shown in Figure 3(a).

The ferrimagnetic spin alignment in our heteromolecular chain is
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FIGURE 3  Schematic diagrams for the spin polarization in the
8$=1/2 chain (a) and the biradical-monoradical dimerized chains
(b). The arrows indicate the positive or negative spin polarization.

examined in the light of a spin polarization effect in the supramolecule
of the biradical and the monoradical. The spin polarization in the
supramolecule is deduced from the Heisenberg model

h=-2j1Sh1 *Sk2 =2j28p2 * Sy —2J28b1 * S 2

which corresponds to the Heitler-London model applied to the
supramolecule and is equivalent to the unit cell of the chain
Hamiltonian (1). The ferromagnetic interaction j, and the
antiferromagnetic interactions j, and j', give the doublet (S=1/2) ground
state of the supramolecule. The spin densities of the three molecular
sites are calculated by diagonalizing the Hamiltonian (2) as

o1 =<SE; >= Vefl+ (1-2/5 + j3)/ A}, (3a)
Pra =<S, >=}g{1+ 1+ jp =2j5)/ A}, (3b)
Prm =< S >= Vol (=24 o + j5) [ A} B¢)

A=\j3 4 = jajh =2 -5 +1. (3d)

It is found from Equation (3) that for arbitrary values of j,>0, j,<0, and
j»<0, the supramolecule has the resultant positive spin density in the
biradical moiety, while the sizable negative polarization appears
preferentially in the monoradical moiety:

0= py, pp2s1/2, -1/6sp, <0. )

The spin polarization in the supramolecule, Equation (4), brings about
ferromagnetic  interactions between the supramolecules in the
alternating chain as schematically shown in Figure 3(b). Thus, the
ferrimagnetic spin statc in thc alternating chain of the biradicals and
monoradicals is equivalent to the ferromagnetic alignment of the
effective S=1/2 spins on the supramolecules, when the intermolecular
interactions along the chain are dimerized.!®
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Given an intermolecular interaction |J,|, the T, value is governed
by the smaller interaction [/, as shown by the open symbols in Figure
2(b): M| is the effective intermolecular interaction for the
supramolccules of §=1/2. It is concluded that an elaborate tuning for
the multi-centered interactions is necessary for accomplishing the
ferrimagnetic spin alignment at high temperatures, which is based on
the spin polarization within the organic open-shell molecules and

molecular packings governing the intermolecular interactions.
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