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p-orbital nanomagnetism in an organic chain magnet
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A long-standing challenge in spintronics is the development of a stable, processable and tunable organic
magnetic semiconductor. We reveal, through first-principles calculations, that a p-electron organic molecular
magnet, lithium phthalocyanine (LiPc), can display surprisingly strong antiferromagnetic coupling. The strong
coupling, far exceeding that observed in the widely studied transition-metal phthalocyanines, is found to be
due to the delocalized spin orbital of the ligand which facilitates intermolecular interactions. The enhanced
hopping between the 7-conjugated orbitals is also responsible for the wide bandwidth required for high spin
mobility. The interactions are a strong function of the intermolecular arrangement and increase when approaching
a face-on geometry resulting in a crossover to an itinerant spin density wave ground state, which we propose
as an explanation for the unusual spin susceptibility in the related x-LiPc phase [M. Brinkmann et al., J.
Mater. Chem. 8, 675 (1998)]. This strong coupling, in conjunction with the structural flexibility of the metal
phthalocyanine organic semiconductors, suggests a promising route for the fabrication of transition-metal-free,

room-temperature, chain magnets for spintronic applications.
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Introduction. Magnetic organic semiconductors'™ are

promising candidates for novel spintronic devices’™'* be-
cause they are easier to process than some conventional
inorganic materials, they have long spin-lattice relaxation
times (up to seconds), and there is scope for wide structural
variation using the techniques of organic synthesis. The
intermolecular exchange interactions determine the magnetic
ordering temperature (if any) and are important parameters
for spintronics and quantum information processing. Recently
we have analyzed the exchange found in the transition-
metal phthalocyanines;''~'# since the magnetic moment is
accommodated in the localized transition-metal d orbitals the
exchange is relatively weak, though its strength depends on
the d-orbital orientation.'? In order to increase the exchange
energy, an alternative is to use molecules where the unpaired
electron is much more delocalized. One such candidate is
lithium-phthalocyanine (LiPc, spin—%), shown in Fig. 1(a).

In the Hubbard-Anderson model (HAM) the strength of
electron correlation can be measured by the ratio of on-site
Coulomb interaction U to transfer integral ¢, i.e., % The
superexchange interaction emerges naturally at half-filling in
the limit where U is much larger than ¢. Electron hopping
lifts the degeneracy of spin states through second-order
perturbation. The spin-excitation gap opened is proportional
to the magnitude of superexchange interaction (g). When the
ratio of U to ¢ decreases below a critical value the ground state
of the system described by the HAM can be a spin density
wave (SDW) phase. In this phase spins are more itinerant,
but still have localized characters (with reduced magnetic
moment) inherited from localized magnetic state. SDW can
therefore be understood as an intermediate phase between an
antiferromagnetic insulator and a paramagnetic metal.
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PACS number(s): 71.70.Gm, 71.15.Mb, 71.20.Rv, 75.30.Fv

The HAM model may be applied to LiPc with the proviso
that the U and ¢ parameters refer to a molecular, rather than
atomic, spin-carrying unit. Unlike Pc complexes formed with
divalent metals, the monovalent Li can donate only a single
electron to the Pc ring, giving rise to a singly occupied m
orbital of the ligand. Such ligand orbitals are much more
delocalized than transition-metal d states, and thus hybridize
much more readily in the solid state; this implies that there is
alarger t and a smaller U in LiPc than transition-metal-based
materials. Hence a chain of LiPc molecules, with % ~ 10,
represents a different class of systems to transition-metal
phthalocyanines (TMPcs) such as copper phthalocyanine
(CuPc) for which % ~ 100."3 This relatively small % value
may also lead to a competition between localized and itinerant
magnetic states such as SDW.

Measurements of the magnetic properties of LiPc have
been performed in the known «, B, and x-LiPc phases
in the temperature range 4 to 300 K.'> These phases are
distinguished by different chain geometries:"> In the  and
B phases the stacking angles (the angle between the line
joining metal atoms and molecular plane) are small so the
Pc rings are offset from one another along the chain axis,
while in x-LiPc the rings are face-on, although twisted about
the out-of-plane axis. Previous electron spin resonance (ESR)
experiments'> have suggested that a-LiPc has a ferromagnetic
interaction of ~4.5 K and B-LiPc an antiferromagnetic
interaction between 3 and 37 K. The anisotropy of the
ESR linewidths has been interpreted in terms of quasi-
one-dimensional spin transport.'® LiPc has also been used
as a sensor material, with applications in magnetometry
and oximetry,'” and in the detection of oxygen and nitric
oxide.'®
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FIG. 1. (Color online) The single LiPc molecule: (a) molecular structure with Li in pink, C in gray, N in blue, and H in white; (b) sketch of
the single-particle orbitals near the HOMO-LUMO gap; (c) spin density (spin-up density in blue and spin-down in green, with the isosurface
value set to O.OOle/AS). Notice that the spin density is spread into the whole molecule.

Previous theoretical studies have been restricted to comput-
ing the properties of monomers and dimers and using valence
effective Hamiltonians to deal with the valence band and
conduction band.'”?! In consequence, an understanding of
the relationship between molecular arrangement and magnetic
properties is undeveloped. In this Rapid Communication we
present first-principles calculations to establish the nature
of magnetic properties and their variations with structure in
LiPc chains.

Calculations have been performed for the stacking angles
from 20° to 90° and sliding angles (determining the direction
of neighboring molecular displacement) from 0° to 45° with
5° increments. Electronic correlation is important for the
prediction of exchange coupling as the interaction scheme is
complicated by the second- or higher-order many-body per-
turbation. The post-Hartree-Fock methods such as dedicated
difference configuration interaction’” can provide accurate
results, but are computationally demanding. On the other
hand, electronic correlation can also be taken into account
using hybrid exchange density functional theory, which has
previously been shown to provide a reasonable prediction of
exchange interactions.!'~'3?* We have used density-functional
theory (DFT) and the B3LYP hybrid exchange functional®*
to carry out calculations and alternative electronic exchange-
correlation functionals to establish the robustness of our
conclusions.”> We find a crossover from a well localized
antiferromagnet to a spin density wave ground state as the
stacking angle increases, with an itinerant metallic state nearby
in energy. The competition between these states may explain
the complex magnetic behavior observed in the various LiPc
phases.

Single molecule electronic structure. The computed energy
level alignment of the Kohn-Sham orbitals near the HOMO
(highest occupied molecular orbital)-LUMO (lowest unoccu-
pied molecular orbital) gap for an isolated LiPc molecule
are shown schematically in Fig. 1(b). The singly occupied
HOMO, formed by the p, orbitals of the ligand, has a
symmetry ay, (in Dy, symmetry). The Mulliken charge on
the lithium is approximately 40.3|e|, confirming that the
valence electron of lithium is significantly delocalized over
the organic ligand. The computed HOMO-LUMO gap is ~2
eV, which is consistent with that computed for TMPcs.!!-#
We have estimated the Hubbard-U for the a;, orbital in

the isolated LiPc molecule as the energy difference between
the occupied spin-up and unoccupied spin-down orbitals,
which is ~4.6 eV. The delocalized nature of the HOMO is
also apparent in the spin density, which is spread over the
organic ring in accordance with a;, symmetry as shown in
Fig. 1(c). These theoretical results are in agreement with
those from previous calculations'®! that have been used
to explain the optical absorption and ESR measurements for
LiPc.'%!7 The spin density of LiPc contrasts markedly with the
localized spin densities computed in TMPc molecules.>!'!=14
The delocalization of the unpaired electron in LiPc suggests
the nature of magnetic state and exchange interaction will be
different in this material.

One-dimensional chain: Total energies and SDW instabil-
ity. In order to analyze the change of the electronic properties
of LiPc as the geometry varies, especially the competition
between the nonmagnetic and magnetic states, we have
calculated the total energies for a two-molecule supercell, in
each structure in the range of stacking and sliding angles given
above, in three states: ferromagnetic (FM), antiferromagnetic
(AFM), and nonmagnetic metal (NM). For each sliding angle
investigated here, Epy — Enm changes sign from negative to
positive at the stacking angle of 80°, and Eapm — Enm < O.
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FIG. 2. (Color online) The differences between the total energies
of the AFM (FM) and NM two-molecule supercells as a function of
the stacking angle(the sliding angle is 45°) are shown in red (blue)
in (a). The Mulliken spin densities per molecule in the AFM band
structures are shown in (b). Notice that the NM state starts to drop
below the FM state from the stacking angle 80°. In (b) the spin
densities decrease away from the value of 1p5.
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For small stacking angles, the AFM and FM states are close
in energy and lie substantially below the NM state. As the
stacking angle rises (towards the face-on configuration) the
FM state rises in energy well above the NM state, which in
turn approaches the energy of the AFM state. In what follows
we refer to the geometry where the FM and NM states cross in
energy (around a stacking angle of 80°) as c-LiPc. For larger
stacking angles than this the AFM state is in competition with a
metal; this suggests that the AFM state may itself become more
itinerant in nature at such large stacking angles. This behavior
is confirmed by the Mulliken spin density per AFM molecule
shown in Fig. 2(b), which decreases monotonically with the
stacking angle, being ~0.6up for the c-LiPc geometry. This
significant decrease of spin density from 1up (expected for
localized spin) suggests a crossover from the localized AFM
insulating state to an SDW.

We have also computed the energies of the FM, AFM, and
NM states for the x-LiPc structure; here the energy of the
NM state is higher than that of the AFM state by ~22 meV
per supercell. This value is comparable to the temperature
(~100 K) where the inverse susceptibility of x-LiPc starts to
decrease as the temperature increases [see Fig. 5(a) in Ref. 15],
marking a departure from the Curie-like local moment be-
havior seen at low temperatures. Furthermore, the computed
spin density per molecule for x-LiPc is ~0.2up, which is
also far below 1up; this is consistent with the low effective
moment seen in the Curie term.'> Hence our calculations,
and the available experimental evidence, suggest there is a
phase transition between the SDW the and metallic state
at ~100 K.

One-dimensional chain: Band structures. Further insight
into the states can be obtained from the single-particle band
structures. The computed band structures for the FM configu-
ration for @-LiPc, and the AFM configuration for 8-LiPc, are
shown in Figs. 3(a) and 3(b), respectively. The gap between the
occupied and unoccupied ay,-derived bands, which are almost
flat, is ~1 eV. This effective Hubbard-U in the LiPc chain is
much smaller than that computed for copper-phthalocyanine'?
owing to the delocalized nature of the m state. It is also much
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FIG. 3. (Color online) The FM band structures of a-LiPc (a) and
the AFM band structure of B-LiPc (b) are shown, with the spin-up
ay,-derived bands in red and the corresponding spin-down ones in
green. 21 bands are shown in each case. 12 (10) occupied for spin-up
(spin-down) in the FM configuration for a-LiPc, and 11 occupied
for each spin in B-LiPc. The Bloch wave vector k, is oriented along
the molecular stacking axis and the lattice constant a is for a two-
molecule supercell. All energies are referred to the Fermi energy (for
insulating states chosen to lie at midgap).
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FIG. 4. (Color online) The AFM and NM band structures of
c-(x-)LiPc are shown in (a) and (c) [(b) and (d)], respectively. 21 bands
are shown, with 11 occupied in each case; the occupied a,,-derived
bands in red and the corresponding unoccupied ones in green. The
Bloch wave vector k, is oriented along the molecular stacking axis
and the lattice constant a is for a two-molecule supercell. All energies
are referred to the Fermi energy (for insulating states chosen to lie at
midgap).

smaller than that computed in the isolated LiPc molecule;
this indicates the effect of intermolecular interactions and
screening. As shown in Fig. 4, x-LiPc and c-LiPc have a much
larger dispersion of the single-particle states (corresponding
to a larger effective hopping ¢) and the filled and empty
ay,-derived bands approach one another, being separated only
by small gaps (~0.5 eV for c-LiPc, ~0.2 eV for x-LiPc).
These small gaps in the AFM band structures [see Figs. 4(a)
and 4(b)] at the Fermi wave vector kr = Z of the NM metal
(a is twice the size of the chemical unit cell) are exactly as
expected for a SDW commensurate with the Fermi-surface
nesting in a half-filled band, i.e., Q = 2w /a. They provide
further evidence for the existence of a SDW state when the
stacking angle is equal to or larger than 80° and in x-LiPc.
The crossover from localized p-orbital magnetism to SDW is
driven mechanically by varying the stacking angle.
One-dimensional chain: Exchange interaction. The ex-
change interaction J is defined in a Heisenberg—Dirac—

van Vleck-type Hamiltonian H"PVY = >.2J g‘i . §i+1, and
is computed as J = (Erpm — Eapm)/2, where Epy (Eapm)
is the total energy of a two-molecule unit cell with FM
(AFM) spin configuration. We find J/kpg ~ —39 K (FM) and
+4 K (AFM) for the @ and B phases, respectively. These
results are in qualitative agreement with previous magnetic
measurements.'®> However, the magnitude of our theoretical
result for the o phase is larger than that derived from the
experiments Tcw ~ 5 K.!° Our computed exchange for the
B phase is in good agreement with the experimental results
measured at the temperature below 50 K, but significantly
smaller than that measured above 50 K.
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FIG. 5. (Color online) The exchange interaction Jprr calculated using DFT total energies as a function of X and Y is plotted in
(a), the corresponding superexchange estimate Jsg (see text) in (b), and their difference |Jpgr — Jsg| in (c). Note the similar qualitative
features in exchange interactions as a function of geometry. The cross (x) and plus (+) signs label the geometries of the - and 8-LiPc phases,

respectively.

Figure 5 shows the computed exchange interaction for the
LiPc one-dimensional chain as a function of the components X
and Y (X =d cot ¢ cos ¥,Y = d cot ¢ sin y), where d, ¢,
and ¢ are interplane distance, stacking angle, and sliding
angle,” up to the stacking angle 75°, after which point the
SDW starts to develop. The exchange energy is seen to depend
strongly on both stacking (corresponding to radial coordinate)
and sliding angles (angular coordinate), in contrast to the
situation in TMPcs where the dependence on the stacking
angle is dominant.'>'* Even at a small stacking angle ~20°
we can find a very large exchange interaction (~275 K),
owing to the highly delocalized nature of spin density in
LiPc.

As the unpaired spin is highly delocalized, one might expect
that an exchange interaction will arise from a combination
of direct exchange and superexchange. In order to compare
these contributions we have extracted the width (W) of the
ay,-derived bands and the Hubbard-U from the relevant FM

band structures, and used them to estimate the superexchange
14

interaction J = % (where t = - is expected in a one-
dimensional tight-binding model). As shown in Fig. 5, all the
main features of exchange interactions calculated using DFT
can be recovered by this simple superexchange model; we
conclude that superexchange is the dominant interaction over
most of the parameter space. The difference between the DFT
exchange (Jppr) and superexchange (Jsg) [Fig. 5(c)] couplings
can be used to identify regions of parameter space where the
direct exchange plays a relatively important role. The rapid
variations of the exchange interaction can be understood from
the spatial variation of the a;, orbital. However, «-LiPc has a
FM exchange interaction; we believe this is due to negligible
transfer integrals between aj, orbitals in this geometry
[~0.05 eV—see the flat bands in Fig. 3(a)] and a rather large
direct exchange, leading to a pronounced FM interaction. The
exchange interactions peak at a value of ~1100 K at a stacking
angle of 75°, which is much larger than those computed in
the known phases of TMPcs'!~'* and typical organic magnets
such as vanadium-tetracyanoethylene (V-TCNE).?® This very
large exchange interaction suggests that a room-temperature
transition-metal-free antiferromagnet might be realized in
LiPc if the molecular stacking can be controlled.

Discussions and conclusions. We have calculated the
electronic structure of an isolated LiPc molecule and molecular
chains using hybrid-exchange density functional theory. We
have analyzed the total energies of different magnetic states,
the spin densities per molecule, and the band structures. Our
calculations show there exists a crossover from localized
p-electron magnetism to a SDW at a stacking angle around 80°.
Combined with available experimental results, our calculations
also suggest that a transition occurs in the temperature
regime from an SDW to a NM metallic state in x-LiPc at
around 100 K.

Our calculated exchange interactions for the known «-
and B-LiPc phases are in qualitative agreement with previous
magnetic measurements; > our calculation for «-LiPc raises
the possibility of a yet larger exchange interaction (~39 K)
and suggests that it might be possible to find high-temperature
ferromagnetic spin-1/2 systems in phthalocyanine molecules.
The exchange interactions have a complex dependence on
both the stacking angle and the sliding angle; this dependence
arises from the form of the HOMO. At the stacking angle of
20° we found a large antiferromagnetic exchange interaction
~275 K, while the peak value of the computed exchange
interactions is as high as ~1100 K at a stacking angle of ~75°,
much higher than room temperature. The exchange mechanism
is complicated by the delocalization of the singly occupied
orbital; superexchange appears to be dominant over a large
part of parameter space.

These results not only rationalize a poorly understood
body of experimental data, but also reveal LiPc as a new
type of material potentially possessing extremely high tran-
sition temperature, carrying p-orbital nanomagnetism, and
showing intermediate electronic correlation and crossovers
between localized and itinerant electronic behavior driven
by simple structural parameters. We hope this work will
inspire further work on this promising electronic and spintronic
material.
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