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Chapter 9
Magnetism of Metal Phthalocyanines

Juan Bartolomé, Carlos Monton, and Ivan K. Schuller

Abstract Metal-phthalocyanine (MPc) are uniquely suited for the exploration of
the intrinsic mechanisms which gives rise to molecular magnetism. In this chap-
ter, we review the structural and magnetic properties of bulk crystal, thin film and
single MPcs molecules adsorbed on different substrates. Traditional magnetic mea-
surements and new techniques like x-ray magnetic circular dichroism show that the
magnetic behavior of MPc molecules is strongly related with the electronic ground
state of the central metal atom hybridized with the ligand states (intra-molecular in-
teraction). In bulk and thin films, with stacked molecules, intermolecular exchange
interactions between magnetic M atoms regulates their magnetic properties. More-
over experimental results show that the magnetic properties of single molecules are
strongly affected by the electronic coupling to the supporting substrate.

9.1 Introduction

Since their discovery and later systematic studies of their molecular structure [1, 2],
Phthalocyanines [3—5] have been subject of research because of their multiple ap-
plications such as dyes, catalysts and coatings. At present they are one of the most
studied organic materials for possible applications in nanodevices and spintronics
[6, 7]. This chapter describes the magnetic properties of Metal Phthalocyanines in
bulk solid state phases, thin films and isolated molecules on various substrates. It
also summarizes their recently expanding applications in molecular magnetism with
a future perspective given at the end.
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Fig. 9.1 (a) M-Phthalocyanine molecule. (b) Schematic stacking of the herring-bone «- and
B-phases. 0, angle between the z axis of the molecule and the b axis of the crystal structure

9.2 Solid State MPcs

The MPc is a macrocyclic planar aromatic molecule (Pc) in which a central metal
atom (M) is bound to the organic structure through four inwardly projecting nitrogen
centers (Fig. 9.1(a)). Interestingly, in these molecules a large number of M substitu-
tions are possible, giving rise to special physical and chemical properties [8]. In the
present chapter only the transition metal substitutions M = Mn, Fe, Co, Ni and Cu
compounds will be reviewed since they are the most relevant MPcs in the field of
molecular magnetism.

Bulk MPcs crystals grow in high aspect ratio needle-shapes, a consequence of
their strong anisotropic molecular structures. This anisotropy arises from the van-
der-Waals molecule-molecule interactions which are greatest when the plate-like
molecules are face-to-face rather than side-to-side. Such an affinity gives rise to
molecule stacking in which the central metal atoms form one-dimensional (1D)
chains. The stacking axis is defined by the direction of these chains, which define
the b-axis, as shown in Fig. 9.1(b). In some MPcs strong intrachain and weak in-
terchain coupling between metal atoms exist resulting in new anisotropic, optical,
electrical and magnetic properties [7].

The angle between the b-axis and the normal to the plane of the molecule 8, to-
gether with the intermolecular distance, gives rise to different polymorphs, the most
abundant being the o and B-phases (see Fig. 9.1(b)). The B-phase is mostly found
in bulk crystals is stable and characterized by 6 ~ 45°. In contrast, the a-phase is
metastable with 8 ~ 25° angle found in bulk and often in thin films at room temper-
ature. Table 9.1, summarizes the available structural data for solid (bulk) phase and
thin film MPc molecules.

The MPc’s magnetic properties depend basically on the electronic ground state
of the M substitution, which, in turn, are determined by the nearest neighbor coor-
dination and MPc polymorphism. The molecular symmetry of MPc is very close to
Dyp point group (see Fig. 9.1(a)), which in a simple approximation implies that the
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Table 9.1 Phases and structural parameters of the MPc molecules in bulk and film phases. (6: an-
gle between b-axis and normal to the molecule; 8: angle between ab and ac planes)

MPc S. Group a (A) b (A) c (A) 0 (deg) B (deg) References
a’-MnPc (film) Rhombohedral 17.60 17.60 17.6 25.0 82.0 [9]
B-MnPc P2;a 19.40 476  14.61 479 120.7 [10]
«o-FePc Monoclinic 25.50 377 252 26.5 90.0 [11]
B-FePc P2;a 19.39 478 14.60 473  120.8 [10]
o’-CoPc (film)  C2/c 25.88 3.75 24.08 26.5 90.4 [12]
B-CoPc P2ic 14.54 477 19.35 473  120.8 [13]
a’-NiPc (film) C2/c 26.15 3.79 24.26 ~26.5 94.8 [12]
B-NiPc P2;a 19.90 471  14.90 ~46.5 121.9 [14]
a’-CuPc (film)  C2/c 25.92 3.79 23.92 26.5 90.4 [12, 15]
B-CuPc P2ja 19.60 479 14.60 46.5 120.6 [14, 15]
z, MnPc FePc CoPc  NiPc CuPc
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Fig. 9.2 (a) Metal-d orbitals with respect to the Pc molecule axes (notation as irreducible rep-
resentations in Dy, symmetry). Spatial electron probability density of the orbitals. Blue and red
identify the different complex wave function phases. (b) Electron filling scheme for MPc’s (black)
paired electrons and (red) un-paired electrons. Below, total spin due to the unpaired electrons

M d-orbitals can be classified according to a square-planar ligand-field. The mono-
electronic d-states are denoted by the irreducible representation under which each
transforms in the D4, symmetry (and in the Cartesian coordinates notation). With
this the five metal d-orbitals transform as: ajg(d,2), by g(dxz_yz), €g(dsx, dy,) and
bag(dxy) (see Fig. 9.2(a)). The different M substitutions supply the electrons that fill
consecutively these states (see Fig. 9.2(b)).

The M atom electronic states are hybridized with the phthalocyanine molecular
orbitals (MO), generating the total MO, with dominant 3d electron character arising
from M. The gas phase MOs for M = Mn, Fe, Co, Ni and Cu have been calculated
in a series of works [16, 17] using density functional theory (DFT). These calcu-
lations incorporate hybrid states with = and o character. The most relevant MO
states to the magnetic properties are the 3eg, ayy, azy and the 4eg * 77 antibonding
states, which may hybridize with d-orbitals as seen in Fig. 9.3. The e, MO states
results from the interaction between the Fe (dx, dy,) and the nitrogen (N)-p, states
of the delocalized 7 system. The aj, MO state results from the interaction of Fe d
states and the N-s and N-p,, states, pointing toward the metal center (i.e. parallel
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Fig. 9.3 Electron probability density of the molecular orbital states formed by the coupling of M
and ligand p-states identified by the irreducible representation with respect to the D4y, point group
[19, 20] (Reprinted Figure with permission from Betti et al. [20]. Copyright 2012 by the American
Chemical Society)

to the substrate). The by, MO results from the interaction of Fe dyy states and the
N-p,, states, orthogonal to the metal center. In the same way the bjg MO state is the
combination of the Fe d,>_,> states with the N-p,, states pointing toward the metal
center. The overlap between the metal and organic states determines the relative en-
ergy ordering of these MO states. Besides, for example, in CuPc the a;, MO state is
the highest occupied molecular orbital (HOMO) and the 2eg (7) orbital is the lowest
unoccupied molecular orbital (LUMO) [18]. These MO states have wavefunctions
fully localized at the macrocycles. The energy level configuration of the MO states
for the transition metal substitutions was calculated for M = Fe, Co, Ni and Zn,
where the LUMO and HOMO levels have been predicted showing that 3d electrons
are more localized in MPc with closed shells.

Tables 9.2 and 9.3 show the experimental and theoretical information available
regarding the d-electron ground states for MPcs in @ and -phases. The ground state
wavefunction, made of coupled monoelectronic d-states, is described in parenthesis
by the irreducible representation (irrep) under which it transforms in D4y, symmetry,
and by the upper right index by its electron occupancy N, (irrep)™ (see Tables 9.2
and 9.3, 3rd column) on one hand, and as the irreducible representation of the total
spin configuration in terms of the corresponding irreducible representation and its
spin degeneracy n, "Xirrep (see Tables 9.2 and 9.3, 4th column), on the other hand.
Some results in Table 9.3 include the ligand state occupation, as given by Ref. [18].
In many cases there are still disagreements in the reported information (i.e. 5-MnPc
and B-FePc ground states occupancy). Moreover, with the advent of new experi-
mental techniques like x-ray magnetic circular dichroism (XMCD) some of these
experimental conclusions are under revision.

The description of the magnetic properties of the MPc molecules is best done
in terms of localized moments at the M atom. In the solid phases, there are two
different crystallographic sites for the M atom. Therefore, in crystalline bulk phases,
the spin Hamiltonian which describes the MPc molecules is represented by:

H=-2Y 7882308 -8+ DE)+Y D) ©D
ij ij j k

This equation includes both, intrachain (J) and interchain (J’) exchange interac-
tions, and single-ion crystal field (D) anisotropy terms at the two different crystal-
lographic sites (third and fourth terms).
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Table 9.2 Ground state orbital occupancy determined by experimental techniques. MP refers to
magnetic properties, MS magnetic susceptibility, MCD magnetic circular dichroism, XRD x-ray
diffraction, XANES x-ray absorption near edge structure, XAS x-ray absorption spectroscopy,
XMDC x-ray magnetic circular dichroism, PE photoemission and NMR nuclear magnetic reso-
nance. J/kg is the intrachain exchange. D/kg is the crystal field parameter

MPc Exp. Ground state Ground Spin Tc (K) J/kg D/kg Refs.
technique occupancy state
B-MnPc  MP (b2g)%(eg)*(atg)" 3/2 83©@ 11 28 [21]
B-MnPc MS (b2g)?(eg)?(arg)! 4A-*Eg 3/2 © [22]
B-MnPc  MP 3/2 10© [23]
o-MnPc  MP 32 © [23]
MnPc@  MCD (eg)’ (bay) ! (ary)! ‘E, 3/2 [24]
MnPc®  XAS, PE (eg)’ (by) ! (are)" 3/2 [25]
(eg)z(ng)z(alg)l
B-FePc  XRD (b2g)?(e0)* (arg)’ 9N 1 @ [26]
B-FePc  MS (b2g)?(eg)*(arg)! 3Ea 1@ [27]
B-FePc  XANES (a19)(eg)? (bag)! 3E 1 @ [28]
B-FePc  MS 3B, 1@ [29]
a-FePc  MP (b2g)%(e)* (arg)! Eon 1 5@ 257 532 [30]
760
FePc®  XAS, PE (b2g)?(e)* (ary)! 1 [30]
(b2g)?(eg)* (ar)?
B-CoPc  MS (b2g)?(eg)*(ary)! 12 @ [31-33]
a-CoPc  XAS, XMCD (eg)*8(bae)?(a1o)'?  2A1g-2E, 1/2 [34]
CoPc®  XAS, PE (eg)*(b2e)?(arg)! /2 @ [25]
B-CuPc  MP 12 @ 0 [23]
p-CuPc  MS (b2g)?(eg)* (a1)* (big)! 12 @ [31,33]
B-CuPc  NMR ® 0.286 [35]
a-CuPc® MP 12 © ~15 (23]
CuPc®  XAS, PE (b2g)%(eg)*(a1g)* (big)! 12 @ [25]
B-NiPc ~ MS (b2g)?(e0)*(ate)? o ® [31, 36]

@ In Ar matrix, ® thin film, © ferromagnetic, @ paramagnetic, © antiferromagnetic, ® diamag-
netic, ® one dimensional chain, ™ intrachain interaction (J/kp) obtained from the soliton-kink
model for s =1/2

In general, most of the bulk solid state MPcs remain paramagnetic down to the
lowest achievable temperatures because the molecule-molecule interaction is too
weak to sustain long range order. However NiPc, S-MnPc and «-FePc are excep-
tions. Both polymorphs of NiPc are diamagnetic on account of their completely
filled orbitals. On the contrary, 8-MnPc and «-FePc polymorphs, develop long
range ferromagnetism below an ordering temperature, 7;, caused by weak interchain
interactions (see Tables 9.2 and 9.3). As a summary of the current understanding of
the MPc’s magnetic properties, we describe briefly the properties of each MPc com-
pound.



226 J. Bartolomé et al.

Table 9.3 Ground state orbital occupancy obtained from theory. DFT refers to density functional
theory

MPc Theoretical Ground state occupancy Ground state Spin References
method
B-MnPc  ABinitio  (byg)!(eo)’(arg)! ‘E, 32 [37]
MnPc™  DFT ‘E, 3/2 [38]
B-FePc  DFT 3Bog /2 Ag [17]
p-FePc  DFT (b2g)* (a1u)* (arg)*(leg)” > Ang 18]
B-FePc  ABinitio  (byg)'(ep)*(aig)!/(b2)?(ep) (a1p)! 3Eg/*Byy 1 [37]
B-CoPc  ABinitio  (byg)?(eg)*(ary)! 2A1g 1/2  [37]
B-CoPc  DFT (a19)? (a10)?(leg)? 'E, 1/2  [18]
CoPcl™  DFT 2A1g 172 [38]
B-CuPc  DFT 2By, 1/2  [18]
B-NiPc  DFT YA, 0 [18]

(im) [golated molecule

Mn-Phthalocyanine This compound presents both ferromagnetism (FM) and an-
tiferromagnetism (AFM) in the B or a-phase polymorphs, respectively. In MnPc
the intrachain superexchange interactions via the organic ring (Pc)mr MO compete
in sign. For example, the Mn-Mn FM coupling is promoted by d-electrons ajg—ajg
interactions via the e, filled ¥ MO, while the AFM coupling is due to d-electrons
eg,—€, interaction via the e, MO. In the early 70’s Barraclough [22] found that in
B-MnPc the intrachain FM interaction prevails with J/kg = 11K for Mn(Il) S = 3/2.
Recently, Kataoka et al. [39] using XMCD confirmed the proposed FM coupling
and determined that the ground state of 8-MnPc is iE ¢» Where the a¢ is the HOMO
level.

Crystal field splitting also plays an important role in the MPc’s magnetic proper-
ties. In B-MnPc for example, the crystal field splits the Mn(Il) S = 3/2 quadruplet
into two doublets. This can be deduced from (9.1). Since the crystal field splitting
is positive [22], D =20 cm~!, and the exchange field is Bex = 48 T, below T the
competing exchange interaction and the positive crystal electric field pull down the
energy of the electronic state S, = —3/2 below the S, = —1/2 one, turning it into
the ground state. Alternatively, the S, = —3/2 ground state may be explained in
terms of a negative effective crystal field, D’ < 0, as proposed by Miyoshi et al. [33]
In B-MnPc the interchain interactions are strong enough to give rise to FM ordering
at T, = 8.3 K (see Table 9.2). The magnetic structure of single crystals was deduced
from neutron diffraction experiments by Mitra et al. [21]. They proposed that MnPc
molecules order in a canted structure with an easy magnetization axis on the ac
plane.

Fe-Phthalocyanine Direct M-M ferromagnetic interaction may occur when there
is overlap between two orbital states in each metal atom, a half-filled and an empty
orbital, or a half-filled and a full orbital [40]. In «-FePc direct exchange is dom-
inant since the latter case is applicable, and the mechanism may be effective to
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yield ferromagnetic interaction. Indeed, the orbital configuration of each Fe is Egp
(b2g)?(eg)*(a1g)! (Table 9.2). Therefore, the (eg)? orbital doublet of one Fe is triply
occupied, thus it has a half filled orbital and a full orbital. It may overlap with the
homologous in the nearest neighboring Fe since the interatomic distance is small.
Since the Fe-Fe distance in «-FePc (0.38 nm) is smaller than in 8-FePc (0.47 nm),
direct FM exchange is most likely responsible for the FM correlations within the Fe
chain with J/kg = 25.7 K, for Fe(Il) S = 1, while weak interchain interactions give
rise to long range order transition at 7c = 5 K. In contrast, B-FePc remains paramag-
netic above 2 K. The reason is that the crystal field parameter above 70 K is positive,
D/kg =53.2 K, with S =1, in other words the ground state corresponds to S, =0
while the excited state is S, = 1. Therefore, the ground state is non-magnetic, and
the observed paramagnetism corresponds to the thermal population of the excited
doublet [27]. In the «-phase, on the other hand, the intrachain exchange interaction
is J/kg = 25.7 K and it splits the upper doublet S; = £1 lowering the S; = —1 level
44 K down in energy, close enough to match the S, = 0 level. As a result, at low
temperatures this system behaves as a S = 1/2 effective spin [30].

Since the metastable a-phase FePc is difficult to obtain in single crystal form,
there are few studies of its magnetic properties. Evangelisti et al. [30], using
magnetic measurement and Mossbauer spectroscopy, found FM behavior below
T =10 K in a-FePc. In contrast to the behavior of f-MnPc, the «-phase of FePc
shows an unusual slow relaxation which resembles the one-dimensional slow re-
laxation process attributed to domain wall excitations along weakly coupled FM
chains. These domain wall excitations (solitons) arise in an Ising system, i.e., when
the single ion anisotropy is high compared to the intrachain interaction. Under these
conditions the domain wall, labeled as a “kink”, is just the separation by one lattice
constant of spin-up and spin-down domains.

Two types of excitations are possible in Ising chains, kink-pair excitation
(Fig. 9.4(a)), and single kink excitation at the end of the chain or at defects
(Fig. 9.4(b)). Each excitation type presents the following energies Ey = 2J and
E,1 = J respectively. Filoti et al. [41] successfully explained the observed slow mag-
netic relaxation dynamics using the soliton-kink model. They took into account that
a-FePc satisfies Ising chain conditions and that its magnetic ground state below 7T
can be described with an effective S = 1/2 and an intrachain exchange interaction
J/kp =762 K.

The temperature dependence of the relaxation time constant can be described by
an Arrhenius law, T = tgexp(—E,/ kg T), where E, is the soliton activation energy.
The temperature dependence of the frequency dependent (10 < f < 5000 Hz) sus-
ceptibility shows two peaks arising from a single or double kink excitations with
E,1 =72 K and Ey = 116 K respectively, and the same 79 = 2 x 10~ seconds
pre-factor time constant. (See Fig. 9.4(c)). The temperature dependent Mdssbauer
spectra show an excess electron spin flip linewidth broadening due to the propaga-
tion of the kink (or double kinks) along the chain. The flip rate I3, is proportional
to the product of the wall density and the average wall velocity (ng X vs). As a
consequence, the electronic spins fluctuate and the Mdossbauer spectra are broad-
ened via the hyperfine interaction with the Fe nuclei as I, approaches the Larmor



228 J. Bartolomé et al.

c) 0

|||nm|||||nmm I
mmuuuumnu

/ /
¢+ ¢+ E_=T2K
al

In(1/a)

T(K)

Fig. 9.4 (a) Double kink soliton, (b) single kink soliton. Keys indicate the domain wall (DW),
arrows indicate the DW motion direction. (¢) Experimental Mossbauer spectra linewidth as a func-
tion of temperature. Dashed line is a fit to the temperature dependence of the linewidth due to
the soliton single-kink. Inset: Inverse of the relaxation rate, with single- and double kink soliton
activation energies, as determined from a.c. susceptibility measurements (squares) performed at
B =800 G, and from the Mossbauer spectra [41] (circle)

frequency wr,. Its temperature dependence is given by the same Arrhenius law as
the ac susceptibility. The excess Mossbauer line width broadening due to solitons
is given by A" « I,/ (w% + I a%) (inset of Fig. 9.4(c)). The double kink process
on the other hand cannot be observed in Mdssbauer spectroscopy, probably because
its excitation energy falls beyond its frequency window. The spin fluctuations above
T¢ can also be deduced from the Single Chain Magnet model proposed in this book
(Chap. 8). The relaxation processes are then described in terms of Glauber’s model
for the relaxation of 1D classical chains [42]. Within this model the spin transition
probability depends on the local field experienced by the spin and an Arrhenius law
is predicted with an activation energy E, =J for Ising S = 1/2 spins, as applicable
to a-FePc. Thus soliton excitation scheme explains satisfactorily the peculiar slow
relaxation found below T in a-FePc.

Co-Phthalocyanine Both «- and B-CoPc are paramagnetic down to the lowest
measured temperature. The g tensor components of both phases were determined
using electron spin resonance (ESR) at 77 K of «-ZnPc and g-ZnPc diamagnetic
matrices, with some Zn atoms substituted with Co(Il). In both phases g, > g/, i.e.
Co presents planar anisotropy. This anisotropy is more accentuated in the S-phase
where the ratio g /g, is larger [43]. The effect of the different N adjacent positions
with respect to the Co atom in the - and S-CoPc is also detected with emission
Maossbauer spectroscopy since the chemical shift and the quadrupole splitting are
larger for the B-phase [44]. The anisotropic character of Co in the Pc environment
is also evidenced by magnetic susceptibility. Powder 8-CoPc shows a rounded max-
imum, characteristic of an antiferromagnetic coupled chain with S = 1/2. These re-
sults imply that although the intrachain interaction is rather strong (J/kg = —2.3 K),
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low dimensionality inhibits the establishment of long range order down to 1.8 K
[33].

Cu-Phthalocyanine S-CuPc is paramagnetic down to 7 = 1.7 K, the lowest tem-
peratures investigated so far. This paramagnetism is due to thermal fluctuation of
1D character, with a non-negligible intrachain interaction. Using NMR proton spec-
troscopy [35], it was determined that its spin is S = 1/2, and that the electron-
nuclear dipolar interaction couples the proton nuclear spins of the molecule directly
to the well localized electronic spins at the Cu sites. The analysis of the spin-spin
relaxation time is also explained in terms of an S = 1/2 isotropic Heisenberg in-
teraction with an intrachain exchange constant of |J/kg| = 0.286 K. An upper limit
of the interchain interaction found yields a ratio |J/J'| > 6.4 x 103. This limit is
obtained from the lack of 1-D to 3-D crossover of the spin-lattice relaxation 77 (w)
down to the lowest measured temperature. For completeness sake, let us mention
that XAS and XMCD measurements in bulk powder f-CuPc at the Cu L, 3 edge
are available [45]. The XAS features just a simple peak as expected for Cu which
has an almost filled 3d orbital.

9.3 MPc Thin Films

Many different techniques, like Langmuir Blodget synthesis, spin coating [46] and
organic molecular beam epitaxy (OMBE) [47] have been used to grow MPc thin
films. Among these, OMBE produces MPc films with different crystalline orienta-
tion and order which depends on the substrate type. In general Cu-, Fe-, Mn-, Co-
and Ni-Pc molecular planes stack parallel (“lying”) to the substrate surface when
deposited on Au, [48] Ag, [49-51] Cu [52]or Pd (this work), and tilted so that the
MPc molecule plane is nearly perpendicular to the substrate, as has been found for
FePc deposited on sapphire, [47], or on polycrystalline substrates [53] and low work
function metals like Al and V [54].

Figure 9.5 shows molecular orientations in the standing and lying configurations.
In spite of the molecular orientation, MPc films always grow in the lying configura-
tion in most of metallic substrates when the temperature is kept below 200 °C during
deposition. The angle 6 corresponds to the stacking found in the bulk «-phase [9],
however this phase is not identical since the herringbone structure is not observed.
Different orientations of the adjacent MPc molecules have been reported to occur,
[55, 56] therefore, we denote this structure as «’-phase. MPc films allow exploration
of the anisotropic properties related to this phase.

The x ray absortion (XANES) and photoemission (PE) spectra of NiPc, CoPc and
FePc thin films have been measured and a qualitative assignment of the peaks done,
which show that most of the HOMO and LUMO electronic states are mainly of
3d character [58]. Angular studies using X-ray linear polarized absorption (XLPA)
and X-ray magnetic circular dichroism (XMCD), at the M ion L, 3 edges 2p —
3d electron excitations) helps relate magnetic properties to the electronic structure.
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A simple analysis based on the angle dependent selection rules for the dipolar 2p
— 3d excitations, has been proposed [59] to explain the XLPA and XMCD spec-
tra. This method is based on the so-called “lighthouse-effect”, namely that the ab-
sorption intensity is proportional to the number of empty valence states in the di-
rection of the electric field of the incoming linearly polarized x-ray photons. The
inset in Fig. 9.6(a) shows an incoming linearly polarized x-ray beam with the elec-
tric field contained in the incidence plane at grazing incidence. In this geometry,
for MPc in the lying configuration, the electric field vector is perpendicular to the
molecule plane (z axis), while for normal incidence the electric field is parallel to
the molecule’s xy-plane. Since the ajg (d,2) orbital along the z axis has a larger
density of hole states than in the xy-plane, a strong intensity variation is expected
as a function of incident angle. This variation reflects the number of empty states
in this specific orbital. Similar considerations can be used for the other three ligand
field split 3d-states. In addition, increasing the x-ray photon energy (i.e. varying the
energy of the incident x-ray beam) allows determination of the empty states above
the Fermi level (see Fig. 9.6(a)). The indexing is aided by the calculated spin-split
molecular orbital energy level scheme (Fig. 9.6(b)).

This analysis, first applied to a FePc «’-phase thin layer [60], implied that above
the Fermi level, the 2p — 3d electron transitions to the 3d empty orbital may be in-
dexed as follows: for increasing photon energy, to minority spin empty e, state, with
some mixing of the aj, state, and to the aj, state, the next excitations correspond to
transitions to the e, state in the minority antibonding states, and finally to the b
majority and minority antibonding states (see Figs. 9.6(a) and 9.6(b)).

In the following subsections the magnetic properties of different MPc compounds
films are discussed.

Mn-Phthalocyanine Epitaxial thin films of MnPc were grown on a hydrogen-
terminated Si [H-Si(111)] substrate. In these thin films, the molecules stack in
columns up to 40 molecular layers, with the stacking axis forming an angle of
6 = 26.5° with respect to the substrate plane normal, and with an intermolecular dis-
tance close to d = 3.3 A. The angle 6 corresponds to the ’-phase and becomes less
definite for thicker films [9]. Such a highly textured film growth produces striking
magnetic anisotropy, with the easy axis perpendicular to the substrate and antiferro-
magnetic intrachain interactions, in radical contrast to the ferromagnetism of bulk
B-MnPc phase. This different magnetic behavior can be explained within the same
model of d-electron orbitals overlap as for 8-MnPc. However, the relative Mn and N
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Fig. 9.6 (a) X-ray linear polarized absorption at the Fe L2,3 edges of FePc at different incident
angles; y = 0 (black line) and 75° (red line). The peaks are classified according to selection rules
for X-ray dipolar (2p — 3d) transitions. Inset shows the incidence angle y and the electric field
vector E/,. (b) Spin split molecular orbital energy level scheme of FePc, where only the states
with a relevant component of 3d weight (w3q > 0.05) have been included. EF is the Fermi energy.
Arrows indicate the electron occupation and spin direction at each energy level [60]

positions differ between the thin film and bulk phases; the ferromagnetic exchange
path via the a;—eo(77) becomes weaker, while the antiferromagnetic exchange path
eg—€y (1), via the egr MO prevails.

Fe-Phthalocyanine These films have been extensively studied since their struc-
ture and texture strongly affect their magnetic properties. The “standing” and “ly-
ing” stacking of the molecules (Fig. 9.5) can be controlled by the type of substrate
as described at the beginning of this section.

In the standing case, depending on the substrate temperature during deposition,
AFM and x-ray diffraction [47, 61] show that asymmetrical, elongated grains are
formed. Between room temperature and 200 °C the grains consist of «’-phase FePc
chains with characteristic lengths ranging from 100 to 3000 molecules, and a typical
width of 25 to 80 chains [57]. When the substrate temperature is above 200 °C, the
chains organize within the grain in the B-phase [62].

Below 4.5 K, the o’-phase grains order magnetically and give rise to “wasp-
like” hysteresis loops. This peculiar magnetic behavior has been explained using the
Preisach model with a bi-modal coercive field distribution [63] as found by optical
magnetic circular dichroism (MCD) at 2 K. However, part of the hysteresis loop
opening may come from slow magnetic relaxation. In contrast, the S-phase grains
do not present long range order, as expected from the paramagnetism down to the
lowest temperature of the bulk S-phase.

FePc film grows in the “lying” configuration on sapphire substrates covered with
a 40 nm nominal thickness Au buffer layer. Annealing for one hour at 300 °C im-
proves surface quality. For optimal crystalline growth and grain size, the substrate is
kept at 150 °C during deposition [47]. The lying configuration was determined us-
ing grazing incidence XLPA at the N-K edge. The spectra corresponding to the hor-
izontal (E field near the substrate normal) and vertical (E parallel to the substrate)
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Fig. 9.7 (a) XMCD at the Fe L, 3 edges of FePc, at different incident angles; y = 0 (black line)
and 75° (red line). The applied field (B = 5 T) and the helicity of the beam are parallel for every y.
(b) Fe spin (blue line) and orbital moments (red line) as a function of incident angle [60]

polarizations are completely different. The near disappearance of the 7 * resonances
for E in the molecular plane demonstrates that the four N atoms lay parallel to the
substrate [60]. The molecules stack parallel to the substrate, forming chains along
an axis which forms an angle of 26.5° with respect to the normal to the substrate.

The magnetization of FePc film, with the molecules parallel to the substrate, is
highly anisotropic; at 7 = 1.8 K, with the magnetic field parallel to the substrate
(parallel to the plane of the molecule) a magnetic hysteresis loop is observed. This
loop nearly collapses when the applied field is perpendicular to the substrate plane.

The “lying” FePc film configuration has also been studied using XMCD at the
Fe L, 3 edges as a function of the incident angle. At 7 = 6 K (slightly above T in
the paramagnetic region), a magnetic anisotropy is observed when the magnetic mo-
ments are polarized by the applied field in the parallel and perpendicular directions
with respect to the substrate [60] (see Fig. 9.7(a)).

Information on the orbital and spin components of the magnetic moment of the
absorbing atom projected along the field direction for a given incidence angle y is
obtained from the sum rules at the L, 3 edges [64, 65],

m ) 2n
L) _ 2 /(Aum + Apr2)dE 9.2)
B r

mi(y) 3n
s 2k /(Aum —2Ap2)dE 9.3)
M“B r

where A3 = Kpp3— ,uJerj, and K123 and ,uJerj are the absorption measured
with left (—) and right (4) circularly polarized light. The number of d holes above
the Fermi energy is given by ny,.

After applying the sum rules analysis, the results are fitted to the following equa-
tions:

mp =m5 cos’y +m) sin’y,
9.4)

m%ff =mg — 7(sz cos? y + m)}y sin? y),
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where y is the incident angle (Fig. 9.7(b)). The magnetic moment parameters are
collected in Table 9.4. The most striking result is the easy-plane anisotropy of the
orbital component of the magnetic moment, miy (parallel to the molecule plane),
and the very large ratio with respect to the spin component, m /mg. This implies
that in FePc there is a highly unquenched orbital moment, with a larger component
in the molecule plane. The intra-atomic dipolar term m7 is not negligible in this
anisotropic FePc layered film and its contribution to the XMCD signal is associated
to the planar symmetry of the ligand field.

The origin of this anisotropy is related to the orbital degeneracy of the HOMO,
d-electron e, level. In the o’-phase FePc thin layer the electronic structure can be de-
termined from XLPA measured at the Fe L, 3 edges as a function of incident angle,
at T = 6 K [60]. Using the selection rules for these transitions, the spectral peaks
could be indexed in terms of the spin-split molecular orbital energy level scheme
[66]. Ab initio density functional calculations (DFT), including ligand field interac-
tions, intra atomic exchange and the hybridization with the four N atoms, provide
the energy levels (Fig. 9.6(b)) which explain quantitatively the measured XANES
and XMCD. Comparison of these spectra to the results of the calculation suggests
that an e, orbital doublet with three electrons lies at the Fermi energy level (EF)
with the LUMO at an energy 0.3 eV above Er and an empty state ajg at 0.93 eV.
The hole-hole interaction between the e, and a;g levels and the spin-orbit coupling,
split the degenerate states into three doublets with a ground state with (L;) = +h
[41]. A second order perturbation, for example, any interaction that lowers the sym-
metry from Dayp to Dy, splits this doublet yielding an occupied and an unoccupied
eg level with aj; mixing. The orbital moment of Fe(I) is largely unquenched, thus
explaining qualitatively the large orbital moment found. The presence of the all-
important e, partially unoccupied level has been observed in electron energy-loss
spectroscopy (EELS) measurements on a free-standing FePc film, in the form of a
low energy excitation from the aj,(77) ligand states into the Fe (eg) d-states [67].

The FePc electronic state has been obtained from DFT calculations of the isolated
and interacting molecule cases. In the former case the ground state is found to be
3A2g. In the latter case, the columnar stacking of the FePc molecules in a’-FePc
gives the 3 E ¢ as the ground state because of the hybridization between MO orbitals
along the b-axis. From these results one can conclude that exchange interaction has
a strong effect on the electronic ground state [68].

Co-Phthalocyanine CoPc films deposited on Au(111) have been studied by XAS
[69], XMCD [34] and XLPA [19]. The first two imply that the electronic ground
state is a mix of 2A1g and 2Eg states. However, the XLPA data analysis of the
L3 spectra indicates that the electronic ground state of CoPc is similar to that of
FePc, except for the absence of the low energy e, excitation. Since Co has one more
electron than Fe, it occupies the lowest available hole located at the eg level filling
it completely. As a consequence, only one electron remains uncoupled giving rise
to a total spin S = 1/2. For this reason, the orbital degeneracy is lost and the orbital
moment may be quenched.

The XMCD at the L 3 edges with a 5T applied field as a function of incident
angle, was used to determine the magnetic moment components [19] (see Table 9.4)
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Table 9.4 Atomic orbital and spin component moments of M in MPcs, as determined from XMCD
experiments. EDM refers to easy direction of magnetization

MPc EDM m% mzy my, ms m% mp/ms mr Ref.
B-MnPc 0.21 1.45 1.66  [39]
a’-FePc X,y 0.29(5) 0.53(4) 045 0.64(5) 0.074(5) 0.704) 1.19 [60]
a’-CoPc X,y 0.01(3) 0.07(3) 0.05(3) 0.104) 0.02(3) 0.5 0.15 [19]
a’-CuPc z 0.05(2) 0.01(1) 0.02 0.21(2) —-0.08(5) 0.1 0.23  [19]
CuPc I ML z 0.20 0.045 0.096 —0.268 0.096 1.096 [45]

of a CoPc film. A strong reduction in the magnetic moment is evident, coming from
a strong orbital quenching, as expected for a Ay ground state. However, orbital
intermixing due to spin-orbit coupling may give rise to a small contribution to the
orbital moment. The easy axis magnetic anisotropy is found to be in-plane, as for
FePc.

Another mechanism giving rise to small magnetic moments is the AFM intra-
chain coupling, already active at short range, though attenuated by thermal fluctua-
tions. Even though this is an expected feature, as discussed in the previous section,
it is noteworthy that an AFM intrachain coupling with J/kg = —208 K (18 meV) has
been reported using inelastic electron tunneling microscopy (IETS) [70]. We believe
this is erroneous, since it differs from the reported interactions for other MPcs by
3 orders of magnitude (see Table 9.2).

Cu-Phthalocyanine In thin CuPc films there is only one strong XLPA peak at the
L3 edge that arises from the p — d electron transition to the only hole state available
at the by, high energy level. XMCD shows one peak that corresponds to the excita-
tion of a 2p electron to that hole. The analysis, in terms of the sum rules, indicates
an out-of-plane easy magnetic anisotropy axis. In addition, the orbital component of
the magnetic moment is very small and the spin component corresponds to S = 1/2.
Since the orbital moment is nearly quenched for the by, state, the strong uniaxial
anisotropy originates in the dipolar intra-atomic term m7 of the effective spin mo-
ment and it reflects the planar byg orbital which governs the magnetic properties of
this compound [19].

9.4 MPc Molecules Adsorbed on Substrates

The very robust adsorption of MPc molecules on a wide variety of substrates, has
allowed to perform non-destructive x-ray absorption experiments. Low temperature
Scanning Probe Microscopy allows inducing modifications at the single molecule
level. The possibility of manipulating, modifying, relocating, and constructing struc-
tures at the atomic level has been essential to develop understanding of the interac-
tion mechanisms at the molecule-substrate interface.
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~1000mV

Fig. 9.8 STM topographic images of MPcs. (a) Image of MnPc deposited on Pb [71] (Reprinted
Figure (a) with permission from Fu et al. [71]. Copyright 2007 by the American Physical Society).
The MnPc molecular structure is superimposed. (b) Bias voltage dependent images of the M = Fe,
Co, Ni and Cu Pcs deposited on Au(100). Note the chiral contrast for the Ni and Cu cases [51]
(Reprinted Figure (b) with permission from Mugurza et al. [51]. Copyright 2012 by the American
Physical Society)

MPcs have attracted much attention because of their self-assembling capacity on
substrates [72]. For a metal substrate, hybridization of the 3d,> states of the metal
(M) center in the MPc and the electronic states of the substrate forces the position of
M on the substrate, while the orientation of the molecule is mostly influenced by the
interaction of the N atoms and the surface. The relative orientation of the molecules
is driven by intermolecular forces. It is now clear that the substrate on which the
molecule is adsorbed plays a fundamental role in defining its magnetic state. The
final state of the molecule depends on whether the substrate is a ferromagnet, a
metal or a semiconductor.

Typically, a single MPc molecule adsorbed on a metallic surface appears in STM
as a four-leaf clover shape with a protuberant (Fe, Co) or depressed (Cu, Ni) spot
at its center (see Fig. 9.8). The MOs of the = conjugated macrocycles interact with
the conducting substrate and modify the total spin of the molecule. The mecha-
nism underlying these phenomena is known as the Kondo effect [73]. This effect
is produced by resonant scattering coming from the hybridization of the magnetic
impurity, in this particular case the MPc molecule, with a continuum of electronic
states, in the conducting substrate. As a result, the net effect is the generation of a
collective non-magnetic singlet state. The Kondo effect occurs below a characteris-
tic temperature 7k, which defines the boundary between resonant and non-resonant
behavior. When molecules assemble in clusters, the intermolecular interactions may
compete with the Kondo effect and the molecules may become magnetic. The first
report on Kondo screening of MPcs was done by Gao et al. [74] on FePc. In a short
period after his report many researchers have dealt with this subject. Below we re-
view some of the most prominent results on the magnetism of adsorbed MPcs on
different substrates.

Mn-Phthalocyanine Single MnPc molecules were deposited by sublimation on
top of Pb(111) nanoislands [71]. The molecule image consists of a four lobe cross
with a protrusion at its center. The thickness of the Pb nanoisland affects strongly
the Kondo resonance, with Tx oscillating as a function of the number of Pb mono-
layers. This feature originates in the strong confinement of the Pb electrons in films
thickness ranging from 2 ML to 22 ML. By comparing STM spectra to simulations,
it was concluded that the magnetic moment on Mn decreases from 3ug, for an iso-
lated molecule, to 0.99up when adsorbed on Pb. The contribution to the magnetic
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Table 9.5 Kondo temperature , Tk, and calculated magnetic moment, m, located at the metal atom
in M-Phthalocyanine molecules adsorbed on a single-crystal substrate

Sample Substrate Tk (K) m(uB) Reference
MnPc Pb(111) 23419 0.99 [71]
FePc Au(111) 26+14 [75]
Dehydrogenated CoPc Au(l11) 208 1.03 [76]
CuPc Ag(100) 27+2 [51]

moment arising from the dyy orbital survives since it is less hybridized with the
substrate energy bands.

Fe-Phthalocyanine Single FePc molecules which lay parallel on Au(111) single
crystal surface show up as a four-leaf clover, with the organic lobes as the leafs. The
clover is oriented in two configurations, at 15° with respect to each other. A bright
spot protrusion, at the molecule center, is related to the d-orbital character near the
Fermi surface [74]. This feature is related to the strong coupling of the aj, and eg
(perpendicular) orbitals near the Fermi level with the tip states [77]. The STM spec-
tra at the single molecule center position shows a Fano-type resonance characteristic
of the Kondo effect. From its temperature dependence, the Kondo temperature 7x
of the molecule and substrate collective singlet state can be determined [75] (see
Table 9.5). As the density of molecules increases on the substrate, molecules self-
assemble in planar clusters, forming a 2D Kondo superlattice on the metal surface.
The STS spectra at the borders of these superlattices has a Fano resonance similar
to that of a single molecule, however, below Tk the Fano resonance intensity at the
center of the cluster is reduced and is split into two peaks. This feature is caused by
the oscillatory Ruddermann-Kittel-Kasuya-Yosida (RKKY) interaction, via the con-
duction electrons, which generates an antiferromagnetic coupling and consequently,
AFM correlations between the spins [75].

In contrast, no Kondo effect is detected when a single FePc molecule is deposited
on Ag(100). This is caused by a stronger interaction of the a;y and e, perpendicular
states with the substrate [51]. Basically due to the interaction between the FePc
molecules and Ag, one electron is transferred from the substrate. The MPc states
2eg and e, are mixed due to hybridization with the substrate while a;g is the MO
with the highest degree of hybridization. This modifies the charge distribution in the
molecule, which consequently reduces the Fe spin value.

These results are in agreement with XMCD performed on a 1ML FePc on
Au(111) [19, 34], which shows a reduced (but not completely quenched) Fe mag-
netic moment (Fig. 9.9). This conclusion arises from the charge transfer between
the d® Fe configuration and the metal substrate through the d,» orbital, assuming a
weak mixing with the d’ configuration. Under this assumption, the net result is that
the spin of the bound electron from the substrate couples AFM to the two lowest
states of Fe, and as a consequence yields a total spin S = 1/2.

The conductivity of the substrate also plays an important role in the magnetic
state of the adsorbed molecule. In a single FePc molecule deposited on a clean,
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Fig. 9.9 (a) Circular polarized XAS (upper) and XMCD (lower) at the Fe L, 3 edges on a IML
FePc on Au(111) at two different incident angles 6 (black lines). (b) X-ray linear polarized absorp-
tion in two polarizations. The x-ray electric field vector is either fully in-plane or out-of-plane at
an angle of 20° with respect to the surface normal (red lines) simulations [34] (Reprinted Figure
with permission from Stepanow et al. [34]. Copyright 2011 by the American Physical Society)

metallic Cu(110) substrate, the Fe magnetic state changes from the bulk S = 1
to S = 0. In contrast, when deposited on semiconducting, oxidized, Cu surface
(Cu(110)(2 x 1)-0), the S =1 state is retained, although with a different ligand
field splitting than in the bulk [78].

A recent interesting development is the deposition of FePc on graphene, sup-
ported by Ir(111). FePc sub-monolayers lay flat on graphene with a 8 & 10° an-
gular tilt with respect to the graphene surface. Thicker deposition leads to less or-
dered island formation [79]. XMCD measurements, at the Fe L, 3 edge, show clear
anisotropic dichroism, indicating that magnetic properties of FePc are affected by
the interaction with graphene. An increase in the planar anisotropy (more intensity
due to the in-plane orbitals) with respect to «’-FePc in the thin film case (Sect. 9.3.
and Table 9.4) is observed. On the other hand, the total moment of the Fe atom de-
creases. Both the moment and anisotropy decrease with increasing thickness [80].

Co-Phthalocyanine As for FePc deposited on Ag, STM of CoPc shows a protu-
sion at the CoPc molecule center [51]. However, in CoPc deposited on Au(111) or
Ag(100) there is no Kondo effect [51, 76]. In fact, XMCD of 1 ML CoPc shows
that valence fluctuations quench the Co moment [34]. Charge transfer between the
molecule and the substrate accounts for the absence of magnetic moment. This oc-
curs because a Co excited level is occupied by an extra substrate electron which
intermixes with the ground state. As a result there is a reduced aj, level occupation,
and the total coupled state is a non-magnetic singlet state [51]; i.e. with S = 0. In
CoPc deposited on Cu(111), the N 1s XAS spectra imply that an electronic charge
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redistribution, compatible with charge transfer from the substrate to the molecule,
takes place upon adsorption [52].

Single CoPc molecules couple FM to Co nanoislands as shown by spin polarized
STM. The magnetization density observed in this case reaches a maximum close
to the Co atoms, although there is some oppositely oriented magnetic moment at
the N and C atoms. The compensation of these moments leads to the quenching
of the total moment [81]. Moreover, when 1ML CoPc is deposited on a metallic Fe
FM film, a small but distinguishable XMCD component is detected, which indicates
the presence of a non-zero moment parallel to the Fe substrate magnetization [52].
In fact, no XMCD signal is observed on a 1ML of CoPc deposited on Au(110)
[19]. When the thickness increases to 6 ML this XMCD component completely
disappears, as in the thick film case. In fact, no XMCD signal is observed on a IML
of CoPc deposited on Au(110) [19]. This result is compatible with DFT calculations
of the electronic structure and van der Waals (vdW) forces to determine the total
molecule spin state. Although the electron supplied by the substrate fills the d,. MO
state, the distortions produced by the vdW forces give rise to a spin redistribution
so that spin splitting is recovered due to the molecule-surface bonding at the ligand
portions of the molecule [52, 82].

A very interesting development in the field of MPcs adsorbed on metallic sub-
strates is the possibility of manipulating the Pc ligands in order to modify the mag-
netic state of the molecule/substrate magnetic state. Pioneering work has shown that
an STM tip may induce dehydrogenation of a single CoPc adsorbed on Au(111)
[76]. The as-deposited CoPc molecule shows no Kondo effect, while in the dehy-
drogenated molecule there is an onset of Kondo effect, with Tx &~ 208 K. The STM
tip removes the external H atoms of the CoPc molecule and as a consequence, favors
chemical binding with the substrate via the ligands. The molecule deforms from a
flat shape, prior to dehydrogenation, into a four-legged concave cap-like table with
the concavity towards the surface, after H removal (Fig. 9.10(a)). The magnetic
state of CoPc transforms from initially non-magnetic, to magnetic in the H-trimmed
bound molecule, with a moment of 1.09up. Curiously, such a moment is larger than
that of a single Co atom directly bound to a Au atom on the Au(111) substrate. The
coupling of the Co atom in the molecule with the substrate, via the H-trimmed Ph-
thalocyanine molecule ligands, is stronger than in the direct Co-Au coupling case
[76, 83].

Cu-Phthalocyanine Adsorption of sub-monolayers CuPc on Au(111), Ag(111)
and Cu(111) studied with low-energy electron diffraction [84], show various degrees
of binding. The binding is weak on Au (physisorption), where no charge transfer
is observed. On Ag it is more intense (weak chemisorption), with charge transfer
that gives rise to intermolecular repulsion. When deposited on Cu the interaction
with the substrate is the strongest (strong chemisorption), and the intermolecular
interaction is attractive. The symmetry reduction from fourfold to twofold caused by
the different filling of the LUMO state induces an electrostatic quadrupole moment
that, in turn, generates an attractive intermolecular force. These attractive forces
prevail over the repulsive ones and there is a net effective attractive interaction.
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Fig. 9.10 Schematic diagram of MPc molecule deposited on a substrate (blue circles represent
the substrate’s atoms): (a) dehydrogenated CoPc on Au [76]. (b) NH3/FePc/Au. Note the NH3 is
located in the external side of the FePc molecule [85]. (¢) FePc/(nz-Og)/Ag. Note the O, group
sandwiched between the FePc molecule and the substrate [86]

STM of CuPc adsorbed on Ag shows a depression at its center. The spin state
of Cuis S =1/2 and an elastic Kondo resonance is also observed. This Kondo
resonance arises from the presence of an unpaired spin located at the macrocycle
2eg (r) orbital. The S = 1/2 spin couples with the Cu S = 1/2 to generate a S =1
triplet ground state and an excited S = 0 singlet. This is confirmed by the presence
of a strong Kondo peak at zero bias with Tx =27 K.

These results may be compared to XMCD performed at the Cu L, 3 edge on a
IML thin film on Au, recalling that this technique is only sensitive to the Cu empty
d-states. The XMCD measurements on a CuPc 1ML [19, 45] show that about 10 %
of the magnetic moment is of orbital origin, and the anisotropy is perpendicular
to the molecule plane. Moreover, the value of the magnetic moments is strongly
enhanced with respect to that of the Cu in a thin film [19] (see Table 9.4). The
anisotropic dipolar term, represented by m7 (Table 9.4) is negative in the CuPc,
reflecting the uniaxial anisotropy instead of the planar one observed in FePc and
CoPec.

9.5 Perspectives of MPcs

In this Section we mention briefly the research lines on MPcs that have been opened
and are gaining impetus in the advancing field towards single molecule magnetic
switching. This relates to the possibility of controlling the magnetic state of a
molecule by external means and on single molecule spintronics.

Since the seminal work on chemical switching of magnetic properties of
molecules deposited on a substrate [67], a renewed activity in the molecule state
control has erupted. A planar Fe-TPA4 (TPA = terephthalate) molecule deposited
on Cu can switch the Fe in-plane magnetic anisotropy to out-of-plane when the
molecule adsorbs selectively two oxygen atoms (O»-FeTPA4) [87]. FePc deposited
on a metallic substrate, and subject to adsorption of different molecules, has been
used in this context also. After deposition on Au, as described in the previous sec-
tion, FePc is allowed to react with different ligands. In NH3/FePc/Au there is a
weak chemisorption bonding of NH3 with the Fe atom on the external side of the
deposited FePc molecule on Au (Fig. 9.10(b)). This modifies the Fe coordination
with a consequent reorganization of the Fe charge, which leads to pairing of elec-
trons and quenching of the spin (S = 0). In addition, there is a weakening in the
FePc-Au bonding. These conclusions are obtained from the interpretation of XPS
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measurements at the 2p3,> line combined with DFT calculations [85]. For Pyri-
dine/FePc/Au the effect on the molecule-surface bonding and spin quenching is
similar. However, in the case of NO/FePc/Au the spin quenching seems to be partial
(S =1/2). The mechanism causing the weakening of the FePc- substrate interaction
is the capture of the gas molecule on the external side of the adsorbed molecule [88]
that causes a redistribution of charges and, in turn, the dehybridization of the Fe d,»
orbitals and the substrate Au(111) states.

The self-assembly of functionalized MPc’s on a oxygen-reconstructed Co sub-
strate has been used to create a checkerboard lattice of Mn(III)Pc and fluorinated
Fe(Il)Fi6Pc [89]. XMCD, shows that both Fe and Mn are AF coupled to the Co
substrate magnetization. In a subsequent step, dosing with NH3 modifies the elec-
tronic state of the 3d metals; it quenches the magnetic moment of Fe (S = 0), while
it maintains the Mn moment AF coupled to the substrate. The original state is re-
covered by annealing at 300 K; the Mn moment is ON (AF coupled to Co, while
the Fe moment switches from ON (S = 1/2, AF coupled to Co) to OFF (S = 0).
The process can be reversible, thus it allows cyclic switching. This recent achieve-
ment corroborates the very active research on the magnetic switching by external
chemical activation.

The exposure to oxygen of 1 ML FePc on Ag(110) produces different binding.
The most stable configuration, compatible with experimental STM and spectro-
scopic evidence (XAS, XPS), is the FePC/(nz-Oz)/Ag one, where 12-O, describes
that each of the O atoms is bound to Fe by an Fe-O bond. In this configuration the
oxygen is chemisorbed in the interfacial structure between the organic molecule and
the Ag support, with the Fe of the Pc molecule placed on top of an Ag atom and the
two oxygen Fe-O bonds directed towards two lateral substrate Ag atoms; i.e. the
oxygen is encaged between the FePc and the Ag substrate (Fig. 9.10(c)). The effect
of this configuration on the magnetic properties remains to be studied. Interestingly,
the FePc/Ag system acts as a cyclic catalyst in the oxygen reduction reaction, a
property that is of great interest as a substitute for Pt catalyst [86]. This implies
an expanding basic and applied surface chemistry and physics activity related to
molecular switching mechanisms produced by adsorption of atoms and ligands.

The possibility of creating single molecule spintronic devices, such as spin valves
or spin-filters, in electrode/MPc/electrode sandwiches has been theoretically and
experimentally explored recently. Particularly intriguing is the predictions that a
MnPc molecule sandwiched between two semi-infinite armchair single walled car-
bon nanotubes may be a robust, 100 % efficient spin-filter with very high transmis-
sion around the Fermi energy [90]. The delocalization of the # type HOMO MnPc
molecule states and their “pinning” with the conducting states of the carbon elec-
trodes lead to the formation of efficient conducting channels. The same efficient
spin-filter configuration is predicted to occur with the FePc molecule [91].

In addition, giant magnetoresistance (GMR) has been reported to occur through
a single HoPc molecule. This was claimed for a molecule on a Co metal island
deposited on Cu(111) surface FM electrode, with a Co coated tip as the second FM
electrode. GMR as high as 60 % was measured. This was proposed to be due to
the LUMO molecular states coupling to highly polarized spin minority states of Co
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[92]. GMR was also found for a HyPc molecule sandwiched between AFM Mn
as one electrode and an Fe coated ferromagnetic tip [6]. Thus, the fabrication of a
single molecule phthalocyanine spin-valve may not be too far.

In the introduction of this chapter we set out to cover the magnetic properties of
transition metal MPcs. However, M substitution is much richer and goes beyond the
simple MPcs described above. Of particular interest to this book is the recent work
on double decker phthalocyanines (LnPcjy), where Ln is a rare earth. In this type
of molecule, the Ln(IIl) atom is sandwiched between two Pc molecules, rotated
by 45° with respect to each other. The Ln = Tb and Dy compounds hysteresis
cycle exhibits slow relaxation, similar to that of Single Molecule Magnets (SMM)
formed by clusters. Interestingly, in this case however a single magnetic atom is
responsible for the phenomenon, which has been therefore denoted as a “single ion
magnet” (SIM) [93, 94]. The low temperature hysteresis curves show steps at certain
fixed fields, similar to those in SMMs discussed in other Chapters, which have been
explained as due to the existence of Magnetic Quantum Tunneling (MQT). In the
very low temperature hysteresis loop in a single crystal, these occur in TbPcy, less
clearly in DyPcs [95], and later in HoPc, [96]. To explain the regularly spaced
steps in applied magnetic field in the Ho case, and irregularly in the Tb case, a
different mechanism is necessary. The steps due to magnetic tunneling resonance in
SMM clusters (see Chaps. 1 and 2), take place when the field split electronic spin
levels cross. In the LnPc;’s this type of crossing yields to very high crossing fields
compared to those observed. In fact, the non-zero nuclear spin of the Ln lends a new
magnetic degree of freedom. The interactions acting on the 4f electronic ground
state are the ligand field which splits the Ln free electronic states. This gives rise to
a highly uniaxial anisotropic electronic spin ground state, the hyperfine interaction
coupling it with the nuclear spin I and the nuclear quadrupole interaction term. Then,
the steps in the LnPc, low temperature hysteresis curves occur at those applied
fields for which the total energy levels (i.e. the entangled electronic J and nuclear
spin states 1), ¢ = |J;)|I;), become degenerate. Moreover, the hyperfine and the
quadrupolar interactions provide the off-diagonal terms in the Hamiltonian to allow
resonant tunneling at the so called, “avoided crossing” of levels, which produce
the fast relaxation channels at the crossing field. The nuclear spin states degree of
freedom play a crucial role for the Quantum Tunneling of LnPc, but not for the
transition metal SMMs [95, 96].

Because of the chemical stability of the MPc adsorbed on different substrates
and of the magnetic bi-stability, TbPc, is a natural candidate as a possible single
molecule memory or quantum computing element. TbPc, has been deposited on
polycrystalline Au [97] and Cu(100) substrate covered by ferromagnetic Ni thin
capping layer [98]. Molecules are in the “lying” configuration i.e. with the easy
magnetization axis perpendicular to the substrate. The ferromagnetic Ni layer cou-
ples antiferromagnetically with the Tb magnetic moment and stabilizes its polar-
ization up to room temperature. In contrast to the ferromagnetic coupling present
in the transition metal ferromagnetic substrate, discussed in the previous section, in
TbPc, there is an intermediate Pc molecule between the Tb ion and the substrate. As
a consequence, direct interaction between Tb and Ni substrate weakens and allows
for the AFM superexchange coupling to prevail.
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The element selectivity of XMCD has been exploited very nicely in proving the
AFM character of this interaction [98]. As a function of applied field, the XMCD
at the Ni L3 and the Tb M5 edges were measured at fixed photon energy at the
XMCD peak. The field applied perpendicular to the substrate overcomes the com-
peting AFM Tb-Ni exchange field until the Tb moment rotates and becomes aligned
with the field. This first exciting result opens the possibility of using these molecules
as spintronic elements at room temperature, and that new molecules and configura-
tions can be expected to appear in the near future.
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