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In the discipline of spintronics, the spin degree of fre-
edom of mobile charge carriers is exploited, in addition
to their charge, to carry information as well as to realize

different interactions with magnetic materials (1). Recent research
efforts in this field have been directed toward organic materials, in
particular, toward the properties of single metallo-organic molecu-
les (MOMs), like phthalocyanines (Pcs), which can be seen as single
magnetic atoms, e.g., a central transition metal (TM), dressed with
an organic macrocycle (2,3). In this regard, several studies have in-
vestigated electron and spin injection as well as magnetic coupling
and switching in MOMs adsorbed on magnetic or nonmagnetic
metals and semiconductors (see, e.g., Refs. 4-6). A major goal of all
of these investigations is to control and manipulate individual spins in
a single molecule by exploiting their coupling to the environment. In
this context, we focus here on the paramagnetic vanadyl-phthaloc-
yanine (VOPc), where the central metal is replaced by a metal-non
metal (V-O) group, and propose a TM-substrate coupling mediated
by the central O atom. Moreover, we consider the Ga-rich GoAs
(001) z(4x2)/c(8x2) surface as a semiconductor substrate. The pro-
perties of the VOPc/GaAs system have been investigated by using
first-principles DFT methods in the U-corrected local spin density
generalized gradient approximation (LSD-GGA+U) and a supercell
approach (7,8). The CuPc/GaAs system has been also considered
for comparison. Further details on the methods are given in Ref. 9.
The electronic structure of the first component of the VOPc/GaAs
system, the magnetic VOPc, is characterized by a HOMO(p) (highest
occupied molecular orbital) and a doubly degenerate LUMO(p*)
(lowest unoccupied molecular orbital) highly delocalized on the or-
ganic macrocycle. Moreover, the VOPc presents two frontier orbitals
involving the central V atom and responsible for its magnetic pro-
perties: a single-occupied MO composed of a V 3d atomic orbital,
HOMO(V), and an unoccupied MO composed of a different V 3d
atomic orbital and an O 2p atomic orbital, referred to as LUMO(V).
The interaction of the VOPc molecule with the GaAs surface leads
to the formation of a molecule-surface O-Ga bond (Figure 1A), as
indicated by an O-Ga distance of 1.77 A, an adsorption energy
E[ads] of 2.41 eV, and by the difference density map r, [VOPc/
GaAs], shown in the same Figure. At the onset of the molecule-sur-
face inferactions, this difference density indicates indeed a charge
displacement toward the O atom and the O-Ga bond region, both
from the V and surface Ga atoms, thus settling a V-O-Ga bridging
bond. To clarify the effects of theV-O-Ga bond on the electronic
and magnetic properties of the VOPc molecule, let us consider
the electronic levels of the isolated molecule, of the molecule ad-
sorbed on the GoAs surface with the O atom upward, and of the
molecule bonded to the surface (shown in Figure 1A), schematically
represented in Figure 2A-C, respectively, fogether with the valence
band (VB) and conduction band (CB) edges of GaAs. The compari-
son of Figure 2A with Figure 2B shows that without a bridging bond
with the substrate, the VOPc electronic structure is unchanged. On
the contrary, Figure 2C shows that the formation of the V-O-Ga bond
has impressive effects on the LUMO(V), which decreases about 2 eV
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Fig. 1. - VOPc molecule interacting with the Ga-rich GaAs (001) surface. (A) Equilib-
rium geometry of the VOPc/GaAs system and isosurface of the difference electron
density (ry). The ry, map shows the displacements of electronic charge at the mol-
ecule-surface inferaction. Red surfaces cover areas where the difference is positive,
and blue surfaces cover areas where it is negative. (B) Equilibrium geometry of the
VOPc/(n-doped)GaAs system and |y|? plot of the LUMO(V1) (see the text). The |y|?
isosurfaces correspond to the value of 0.005e/(a.u.)’. The green and red full circles
indicate a correspondence between the equilibrium configurations of the present
Figure and the electronic levels of Figure 2.

in energy, locates in the GaAs energy gap and, most interestingly,
reverses its position with respect to the LUMO(p*). Such changes of
the VOPc electronic structure can have important effects on the
magnetic behavior of this molecule. First, because carrier injection
involves the frontier orbitals, let us note that in isolated molecules
such orbitals are the macrocycle spin-insensitve HOMO (p) and
LUMO (p*), whereas in the bonded molecule the carrier injection
involves the new LUMO(V) which has a majority spin character and
is strongly localized on the VO central group carrying the VOPc
magnetic moment. Then, we probed this new LUMO(V) by investi-
gating a charge transfer from a GaAs donor impurity to this orbital.
We have simulated an n-doped GaAs (n-GaAs) by substituting a
Ga(lll) with a Si(lV) atom, which induces a donor level (represented
by a red line in Figure 2D) near the minimum of the GaAs CB. The
donor level, higher in energy than the LUMO(V) (now the proper
lowest unoccupied energy level of the VOPc/GoAs system), in-
duces a charge-transfer process from the semiconductor to the
molecule, as indicated by the red arrow in Figure 2D, which fills the
LUMO(V) with one electron. The filled LUMO(V), hereafter referred to

Fig. 2. - Total (spin up+spin down) DOS and electronic levels of the VOPc and CuPc
molecules, isolated or inferacting with the GaAs (001) surface. All of the levels are
aligned to a common reference. The HOMO(p) and LUMO(p*), related fo the mac-
rocyclic ligand, are represented by full and dashed black lines, respectively. The
HOMO(V) and LUMO(V), (HOMO(Cu) and LUMO(Cu)) related fo the central V (Cu) atom,
are represented by full and dashed orange (green) lines, respectively. The blue color
background delimits the valence band (VB) and conduction band (CB) regions rela-
five to the GaAs band structure. A dopant donor level is indicated by a red line. (A)
Isolated VOPc molecule; (B)VOPc molecule interacting with the GaAs surface (the O
atom points upward); (C) VOPc molecule bonded to the GaAs surface (the O atom
points downward); (D) VOPc molecule bonded to an n-type, Si-doped GaAs surface
(i.e., the case of surface fo molecule charge fransfer inducing a high-spin configura-
tion). (E) Isolated CuPc molecule; (F) CuPc molecule interacting with the GaAs sur-
face; (G) CuPc molecule inferacting with an n-doped GaAs surface. The green and
red full circles indicate a correspondence between electronic levels of the present
Figure and the equilibrium configurations of Figure 1.

as LUMO(V1), maintains its location in the GaAs energy gap. These
results indicate that the new LUMO(V) is potentially available for
electron injection in the bonded VOPc molecule. A further remark-
able consequence of the VOPc-GaAs bonding is that the filled
LUMO(VT) is highly spin selective; the triplet configuration (fotal
magnetic moment 2 mB), involving the LUMO(Vt), is 1.0 eV lower
in total energy than the singlet one. Finally, it has to be taken info
account that in the bonded VOPc the LUMO(V) orbital as well as
the LUMO(Vt) are partially overlapped with the LUMO(p*) orbital.
This suggests the possibility of coupling of electrons injected in the
LUMO(p*) orbital with the electron occupying the LUMO(V1). It is
worth stressing that none of the above effects have been found
with the nonbonded VOPc (O in the upward direction) because




no substrate-to-molecule charge fransfer is induced by a Si donor
in the GaAs substrate. In this case, the LUMO(V) and the LUMO(p*)
are higher in energy than the Si donor level, which rests occupied
by its exceeding electron. A similar result is found for the CuPc/
GaAs system. The electronic levels of the CuPc molecule when
isolated, adsorbed on the surface, and adsorbed on the n-type
surface, are shown in Figure 2E-G, respectively. These panels show
that such levels are aimost unperturbed by the interaction with the
surface and that no surface-to-molecule charge transfer occurs in
presence of a Si donor.

As for the non bonded VOPc, the exceeding donor electron oc-
cupies its shallow level close to the CB and located below both
the LUMO(Cu) and the LUMO(p*). It may be noted that the systems
considered in the panels A-F of Figure 2 are all characterized by
a total magnetic moment of 1 mB, except for the system of panel
D, which presents a total magnetic moment of 2 mB. The result-
ing theoretical picture suggests that the effects of the VOPc-GaAs
strong coupling on the magnetic behavior of the VOPc molecule
could be observed in scanning tunneling microscopy (STM) experi-
ments involving a single molecule adsorbed on an n-GaAs surface
or in electron transport experiments performed in single-molecule
fransistors (10,11), where a GaAs substrate is used as a back gate.
In the former case, an electron injected in the LUMO(p*) orbital
is expected to give rise to an appreciable spin coupling to the

LUMO(V1) electron because of the LUMO(p*)-LUMO(Vt) overlap,
the high spin localization of the latfter orbital, and the high stability
of the triplet spin configuration discussed above. Altogether, these
conditions should favor the appearance of Kondo-like resonances.
Similarly, Kondo effects should be observed in single-molecule tran-
sistors where, in addition, the Kondo resonances could be tuned
reversibly using the gate voltage to change the spin configuration
of the V atom. Such a kind of experiment should evidentiate the
key property of the proposed VOPc/GaAs system; that is, the injec-
tion of holes in the GaAs VB can neutralize the effects of the n-type
doping by removing the electron transferred o the LUMO(V1), thus
changing the VOPc triplet state to a doublet one. In other words,
the VOPc triplet state can be switched on/off by injecting carriers
in the semiconductor. In conclusion, present results show that the
equipment of a paramagnetic Pc with a central metal-nonmetal
pair permits us to realize a strong molecule-semiconductor cou-
pling that directly involves the central metal and can be exploited
to manipulate its magnetic properties.

Acknowledgment

We acknowledge the CINECA award under the ISCRA initiative,
for the availability of high performance computing resources and
support.

Condensed Matter Physics

References

(1) S.A. WOLF et al, Science, 294, 1488 (2001).

(2) ARR. RocHa et al, Nat. Mater., 4, 335 (2005).

(3) L. Boeani and W. WoLreaNG, Nat. Mater., 7, 179 (2008).

(4) A. ZHao et al, Science, 309, 1542 (2005).

(5) L. Gao et al, Phys. Rev. Lett., 99, 106402 (2007).

(6) H. WEeNDE et al, Nat. Mater., 6, 516 (2007).

(7) P GianNozzi et al, QUANTUM ESPRESSO: a Modular and Open-
Source Software Project for Quantum Simulations of Materials.
J. Phys.: Condens. Matter, 21, 395502 (2009).

(8) M. Cococciont and S. DE GIRONCOLI, Phys. Rev. B, 71, 035105

(20095).

G. Mamou, F. FILPPONE, P. GIANNOZzI, R. CAMINITI and A. AMORE BO-

NAPASTA, Phys. Rev. Lett., 101, 126805 (2008); Chem. Mater., 21,

4555 (2009).

(10) J. PARk et al, Nature, 417, 722 (2002).

(17) M. BErNEEN et al, Phys. Rev. Letft., 102, 047202 (2009).

©




