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The effects of ferromagnetic Co(111) and paramagnetic Cu(111) substrates on the electronic and magnetic
structures of Co-phthalocyanine (CoPc) molecule were systemically investigated by means of a plane-wave
ultrasoft pseudopotential ab initio electronic-structure calculations within both the local-density approximation
and generalized gradient approximation including van der Waals interaction within the Grimme approximation.
A strong chemisorption of the CoPc molecule on the Co(111) substrate and a weaker one on the Cu(111)
substrate have been found and explained in terms of charge transfer at the interface and the strength of the
hybridization between the molecular orbitals and the substrate states. These combined effects at the interface
reduce drastically the magnetic moment of CoPc on Co(111) and suppress it for CoPc on Cu(111). It is also
found that the calculated scanning tunneling spectroscopy (STM) images at the vicinity of the Fermi level
agree qualitatively with experiment, and the STM magnetoresistance occurs only when the CoPc molecule is

deposited on Co substrate and is in qualitative agreement with recent experimental results.
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I. INTRODUCTION

The miniaturization of electronic devices based on semi-
conductor industry has always followed Moore’s law. How-
ever, the physical limit will be reached in the near future.
New concepts are therefore required to continue the down-
scaling of electronic and magnetic devices. The burgeoning
field of molecular electronics offers a natural continuation in
spintronics physics at the nanoscale since it is today possible
to manipulate and control the electron spin at the molecular
level.!* To make progress in this new field, it is important to
choose a suitable functional molecule for making molecular
junctions. The family of phthalocyanine (Pc) offers a poten-
tial choice for this purpose because of their thermal stability
and the possibility to tune their structure, chemical, mag-
netic, and transport properties by means of different metallic
cations within the Pc molecular cage or by moving some
atoms in the lobes.

The most important characteristics of a molecular junc-
tion are the electron transfer rates between the molecule and
metallic electrodes as well as its magnetic state. In particular,
metallic substrates have a strong effects on the electronic,
magnetic, and transport properties of molecules. Indeed a
recent experimental work> shows that the CoPc molecule,
deposited on magnetic cobalt or paramagnetic copper sur-
faces, behaves differently, i.e., the interaction between the
molecule and the Co substrate is much stronger than that
with the Cu substrate. The hybridization of the molecular
orbitals with the substrate states and their energy shift have
also been determined by scanning tunneling spectroscopy?
(STM).

From the theoretical point of view, it is difficult to inves-
tigate the interaction of a complex molecule, such as phtha-
locyanine, with a substrate without performing a state of the
art ab initio calculation of its electronic structure. In order to
compute the interaction of the molecule with the substrate, it
is important to carry out an atomic relaxation of the whole
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system, allowing thus the molecule to adjust to the surface
by letting its localized orbitals hybridize with the continuum
states of the substrate. In the last few years, different studies
of the physics of the Pc molecule have been conducted,>!?
such as the controllable Kondo effect,®8 the manipulation of
a single spin of CoPc molecule,> as well as the quantum
transport through CoPc molecule junction.>~!! Most of the
calculations are done within a simple model”® and do not
capture the subtlety of the chemical bonding which is crucial
for a detailed analysis of the interaction of the localized mo-
lecular orbitals with the continuum states of the substrate.
The aim of the present work is to use an ab initio method
to calculate the interaction of a CoPc molecule with metallic
surfaces in order to systematically investigate the substrate
effects on the physics of molecular junctions based on CoPc
molecule and to explain the recent STM results.> Our study
of both Co(111) and Cu(111) substrates shows that the hy-
bridization of the molecular orbitals with the substrate states
and the rearrangement of the electron density at the interface
depend strongly on the filling of the d states of the substrate.
For Co(111), where the Co 3d states are partially filled, the
CoPc molecule is strongly chemisorbed and the substrate
Co 3d projected density of states (PDOS) exhibits a substan-
tial energy overlap with those of CoPc, whereas it is only
weakly chemisorbed when the 3d states are completely filled
like in the case of Cu(111) substrate. We have also shown
that the charge transfer from the substrate to the molecule
reduces strongly the magnetic moment of CoPc molecule.
When CoPc is adsorbed on Cu(111) the Co atom loses com-
pletely its magnetic moment and when it is adsorbed on
Co(111) it is strongly reduced despite the strong magnetic
field emanating from the Co substrate. This strong reduction
in the Co magnetic moment is due to the substrate 4s elec-
trons magnetic screening of the spin of Co in CoPc similar to
a Kondo-type physics. To understand further this effect we
have studied the magnetic state of CoPc molecule when it is
approaching the Co or Cu substrate and showed how it
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FIG. 1. (Color online) The left figure shows the high-symmetry sites
molecule centered on the bridge position.

evolves as a function of the molecule-substrate distance. To
study the transport properties of CoPc we have first calcu-
lated STM images with the Tersoff-Hamann approximation'?
and compared them to experiment, and used a Bardeen
approximation'* for the calculation of the current versus the
bias voltage. Our calculation shows that an STM magnetore-
sistance is possible only in the case of CoPc on Co(111).

Our manuscript is organized as follows. In Sec. I we
describe briefly our method of calculation. In Sec. III we
present our results concerning adsorption energy of a CoPc
molecule on Co(111) or Cu(111). We discuss first the stabil-
ity of the CoPc molecule and its electronic and magnetic
properties within local-density approximation (LDA) and
generalized gradient approximation plus van der Waals
(GGA+vdW). Then we show how the charge transfer and
the electric dipole at the interface modify the magnetic prop-
erties of the molecule. Finally, well show our calculation of
STM images and the STM spin-dependent electric conduc-
tance.

II. METHOD OF CALCULATION

Our study is based on ab initio ultrasoft pseudopotential
calculations and uses the PWSCF package.!>'® The LDA
(Ref. 17) and GGA (Ref. 18) ultrasoft pseudopotentials as
provided by the QUANTUM ESPRESSO website!*?’ have been
used. The exchange and correlation potentials are within
the Kohn-Sham LDA as parametrized by Perdew and
Zunger®! or the GGA+vdW interaction within the Grimme
approximation.”? The substrates are modeled by a slab con-
sisting of five layers. For the Co substrate we used two layers
of hep Co on top of three layers of Cu(111) while for the Cu
substrate we used five layers of Cu(111). In both cases, we
used 302 atoms in the supercell and more than 2 nm vacuum
to the next periodic repeated slab. We should emphasis that 5
monolayers are enough for the convergence of the total en-
ergy and density of states. We have showed that a 3 mono-
layers and 7 X7 or 10X 10 supercells produced very similar
DOS, and also that 3 and 5 monolayer supercells produced
adsorption energies and DOS that are not significantly differ-
ent from each others. We have checked that a kinetic-energy

of Co(Cu) (111) surface and the right figure the position of the CoPc

cutoff of 340 eV for the plane-wave basis set and a charge-
density cutoff of eight times larger are sufficient for the con-
vergence of the total energy. Because of the large number of
atoms per supercell we used only a single gamma point. For
the calculation of the Fermi level we used Methfessel-Paxton
method?® with a smearing of 0.1 eV.

It is interesting to mention that we found that the elec-
tronic properties are not very sensitive to whether the LDA
or the GGA+vdW exchange and correlation functionals are
used. This seems surprising at first sight, however it is well
known that LDA overbinds and GGA under binds. For ex-
ample, LDA reproduces the distance between graphite
layers®* whereas GGA produces correct results only when
the vdW interactions are included.?® This seems also the case
for our LDA and GGA +vdW calculations as it will be shown
later. Beside the graphite results, the other reasons which
motivated us to mainly present the LDA results are that (1)
Ref. 26 found that for other molecules on metallic substrates
the LDA distances are in better agreement with experiment
and (2) Ref. 11 has shown that for MnPc and CuPc mol-
ecules, the experimental photoemission results agree with the
LDA results. The Kohn-Sham self-consistent total energy is
converged to within 107® Ry. For the atomic relaxation, the
three lowest layers of copper are fixed whereas both the
CoPc molecule and the topmost two metallic layers are fully
relaxed. The force on the atoms are converged within 5
X107 Ry/A. To make sure our parameters and settings are
reasonable, we checked that the density of states of the free
CoPc molecule is in good agreement with existing results.®

III. RESULTS AND DISCUSSION

A. Stability of the CoPc molecule on Co(111) or Cu(111)
substrates

For both Co(111) and Cu(111) substrates we have checked
the three high-symmetry positions, i.e., the top position
where the Co of the CoPc molecule is on top of a substrate
atom, the bridge, and the hollow positions (see Fig. 1). We
found that the bridge position are favored by CoPc molecule
on both Co(111) and Cu(111) substrates. Notice that we have
not differentiated between the hollow hcp and fcc positions,

094443-2



EFFECT OF METALLIC SURFACES ON THE ELECTRONIC...

TABLE 1. Calculated LDA relative energy (eV) of CoPc mol-
ecule on different high-symmetry positions of the Co(111) and
Cu(111) substrates (see Fig. 1). The value between parenthesis is
obtained using the SIESTA code within the LDA (Ref. 27). The en-
ergy for the most stable position is set to zero.

Configurations Bridge Hollow Top
CoPc/Co(111) (5 layers) 0 0.64 (0.67) 5.08
CoPc/Co(111) (3 layers) 0 0.62 5.05
CoPc/Cu(111) (5 layers) 0 0.31 1.28
CoPc/Cu(111) (3 layers) 0 0.31 1.30

and due to our limited computational power, we did not ro-
tate the molecule with respect to the substrate to find its
optimal position.

The relative energies for CoPc on different sites (the hol-
low, the bridge, and the top positions as shown in Fig. 1) are
given in Table I. The calculated optimal distance between the
molecule and the Co substrate is about 2.05 A while it is
about 2.39 A for the Cu substrate. This suggests that the
CoPc has stronger interaction with the Co(111) substrate.
The LDA adsorption energy as a function of the distance
between the molecule and the substrate is shown in Fig. 2(a).
This curve is deeper for Co substrate, meaning that it will be
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harder to move the CoPc molecule on the Co substrate than
on the Cu one. The magnetization of the Co atom within
CoPc as a function of the distance between the molecule and
the substrates is also shown in Fig. 2(b) and will be dis-
cussed later. Besides using the LDA, we also did calculations
using the GGA+vdW method where the vdW dispersive
forces are obtained within the Grimme approximation.?> The
results of the adsorption energies and magnetic moments are
given, respectively, in Figs. 2(c) and 2(d). The distance be-
tween molecule and Co substrate calculated within the
GGA+vdW is about 2.23 A while it is about 2.70 A be-
tween molecule and Cu substrate. It is not surprising that the
GGA +vdW gives larger distances than LDA. This is because
the GGA is known to overestimate distances. In fact the
GGA alone produced distances of 2.70 A and 3.4 A for
CoPc/Co(111) and CoPc/Cu(111), respectively, and the vdW
dispersive forces reduced substantially these distances. How-
ever both LDA and GGA +vdW show that the distance be-
tween the molecule and Co substrate is smaller than the dis-
tance between molecule and Cu substrate, suggesting that the
former one is a strong chemisorption while the latter one is a
weak chemisorption at the limit of physisorption.

When a molecule is adsorbed on a metallic substrate, the
electron-electron interactions will cause the rearrangements
in the electronic structure of both components. To investigate
the strength of these interactions we need to relax the struc-
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FIG. 2. (Color online) Calculated LDA (a) total energy AE and (b) magnetization of Co within CoPc compared to GGA+vdW, (c) total
energy AE and (d) magnetization as a function of the distance between CoPc and Co(111) or Cu(111) substrates. The CoPc lay flat with
respect to the surface. The magnetic moment of CoPc vanishes when the molecule gets closer to the Cu(111) substrate but develops only a
minimum in the case of Co(111) substrate.
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FIG. 3. (Color online) Calculated spin-polarized PDOS of vari-
ous atoms of CoPc on (a) Co(111) substrate, using LDA, (b)
Cu(111) substrate, using LDA, (c) Co(111) substrate, using GGA
+vdW, and (d) Cu(111) substrate, using GGA+vdW (the spin up
and spin down are shown, respectively, on the positive and negative
vertical scales).

ture. It is found that, for both Co and Cu substrates, the CoPc
molecule remain almost flat with respect to the surface. The
maximum distortion toward the substrate occurs for the ben-
zene rings and is lesser than 0.12 A. It has a negligible effect
on the electronic structure of the molecule and may be ig-
nored, i.e., no significant change in the density of states is
observed. The negligible distortions suggest that the influ-
ence of the Co or Cu substrates on the molecule are mainly
produced by adjusting the molecule-substrate distance. The
substrate has no preferential strong interaction with a particu-
lar atom of the molecule because if it were the case the CoPc
molecule will have been strongly deformed.

B. Electronic and magnetic properties of CoPc molecule on
Co(111) or Cu(111) substrates

The different effects of the two substrates can be seen
from the density of states of the various atoms of the CoPc
molecule and the substrate. Figure 3(a) shows the PDOS of
the Co atom of the molecule, those of the N atoms, and the
surface Co atoms, while Fig. 3(b) shows the same PDOS as
Fig. 3(a) but for CoPc on Cu(111). A hybridization between
the Co surface atoms and N atoms at binding energies be-
tween —5 and —4 eV and between Co atom of CoPc with the
Co(111) surface at energies around —1 eV provide the
chemical bonding of the molecule on the magnetic surface
while only a smaller hybridization between Cu and CoPc at
energies between —3 and —1 eV can be found for the para-
magnetic Cu(111) surface. This means that the former is
strongly chemisorbed while the latter is only weakly chemi-
sorbed. From the PDOS of Co atom of CoPc, we find that the
Co atom has a small magnetization when it is adsorbed on
Co substrate but no magnetization when adsorbed on Cu
substrate. In fact, the magnetization of Co of CoPc on the Co
surface is 0.37 up and is reduced from its calculated isolated
molecule magnetization of 1.0 up where the Co atom is a

PHYSICAL REVIEW B 82, 094443 (2010)

Co*2. Some of N and C atoms have antiparallel or parallel
induced spin magnetic moments with respect to the middle
Co atom but all of them are lesser than 0.06 wg/atom. The
magnetic moment of the Co surface layer also has changed
from its pristine value of 1.77 ug/atom. When the CoPc is
deposited on Co substrate the four atoms closest to the cen-
tral Co atom of the molecule and located just below the first
four nitrogen square have their magnetic moment reduced on
average to 1.6 up. The next square of Co atoms located
below the next nitrogen square of the molecule have their
moment reduced to 1.55 up. Finally, the Co atoms forming a
triangle below the benzene ring are reduced on average to
1.4 pp and those forming a diamond below the other ben-
zene rings have magnetic moment of 1.38 up along the ver-
tical direction and 1.5 ug along the horizontal direction (see
Figs. 1 and 5). Consequently, the CoPc molecule produces a
magnetic pattern on the Co substrate which has the same
shape as the molecule. It will be interesting to find a way to
measure this magnetic print. The PDOS calculated using
GGA+vdW are given in Fig. 3(c), where CoPc is on the Co
substrate and in Fig. 3(d), where CoPc is on the Co substrate.
For the Co substrate, LDA and GGA+vdW results show
very slight differences, while for the Cu substrate, a signifi-
cant difference is only found for the Co atom within the
CoPc, however, the positions of different orbitals are still
similar to those obtained using LDA. From Fig. 3, we ob-
serve that the hybridization between the molecular states and
the substrate states are not sensitive to the choice of LDA or
GGA+vdW.

For the Cu substrate, the magnetization of the Co of CoPc
is destroyed by the influence of the paramagnetic surface.
The substrate 4s electrons magnetically screen the spin of Co
atom of CoPc. Like in the Kondo physics, the interaction
between the localized spin of Co and the itinerant spins of
the substrate results on a zero spin state. The dynamics of the
mechanism cannot of course be captured by a band-structure
calculation. All that density-functional calculation produces
is a rearrangement of the d electrons of Co and 4s electrons
of the substrate resulting in a Co net-zero-spin moment and a
minimum total energy of the system.

From our calculation, we can deduce that the spin-
polarized tunneling conductance can be obtained only when
the CoPc molecule is deposited on a Co ferromagnetic sur-
face but not for a Cu paramagnetic. We will return to this
point later when we compute the electric conductance.

The calculated PDOS per orbital of Co atom in the mol-
ecule is shown in Fig. 4. Notice that LDA and GGA+vdW
produce very similar DOS. Because of the electronic inter-
actions and charge transfer between the substrate and the
molecule, the energy position of the molecular orbitals are
shifted with respect to each others. For the Co substrate, the
d,, and d,, orbitals are no longer degenerate which is caused
by the strong interaction between the molecule and the hcp
Co surface which is asymmetrical along the x and y direc-
tions (see Fig. 1). When the molecule is on the paramagnetic
surface (Cu), all the orbitals have the same density states for
spin-up and spin-down electrons resulting in a zero spin
magnetic moment on the Co site of CoPc. Because of the
weaker interaction of the molecule and the surface, the DOS

of d, and d., orbitals are almost identical even though the
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FIG. 4. (Color online) Calculated PDOS of 3d orbitals of Co in
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Cu(111) surface is asymmetric. It is interesting to notice that
in both cases, only the d,,, d,,, and d2 are present at the
vicinity of the Fermi level since they are the only orbitals
that interact with the substrate.

From the above calculations, it can be concluded that both
Co(111) and Cu(111) substrates reduce drastically the mag-
netization of the CoPc molecule. In order to understand the
mechanism behind this effect, the magnetization of the Co
within CoPc, the total molecular spin-polarized DOS
(MDOS) and the magnetic structure of the CoPc on Co and
Cu substrates are calculated for different distances between
the flat-lying molecule and each of the Co and Cu substrates.
To make the figure readable, the magnetic structures shown
in Fig. 5 are the differences between the magnetization of the
molecule on the substrate and the free substrate. For the
CoPc on Cu substrate, the magnetization of molecule de-
creases with the decreasing distance as shown in Fig. 2(b).
That is because when the distance decreases, the charge
transfer increases causing the energy states of the molecule
to shift and allowing the 4s substrate electrons to efficiently
magnetically screen the Co spin moment. If we compare the
MDOS of CoPc on Cu substrate in Figs. 5(d)-5(f) with the
MDOS of free CoPc molecule [see the inset in Fig. 5(c)] it
can be clearly seen that the energy states of the spin-down
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FIG. 5. (Color online) Calculated total spin-polarized molecular density of states (MDOS) (full line spin up and dashed line spin down)
and isosurface of the difference of magnetizations (see text), where red (dark gray) is spin up and blue (light gray) is spin down, of CoPc on
Co substrate when the distance between the substrate and the molecule is (a) 3.0 A, (b) 2.5 A, and (c) 2.0 A (in the inset, the DOS of the
free CoPc molecule shows an energy gap of 1 eV between the LUMO and HOMO and a magnetic moment of 1 up) and on Cu substrate

when the distance is (d) 3.4 A, (e) 3.0 A, and (f) 2.4 A.
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TABLE II. Calculated charge difference between CoPc molecule on Co(111) or Cu(111) substrates.

Coy Co, Co N C Molecule
LDA CoPc/Co(111) -0.2381 0.4589 0.2209 0.1608 0.0818 4.1921
CoPc¢/Cu(111) -0.3720 0.6164 0.2444 0.0334 0.0605 2.4300
GGA+vdW CoPc/Co(111) -0.2462 0.5060 0.2598 0.0441 0.0771 3.0493
CoPc¢/Cu(111) -0.3592 0.6324 0.2732 0.0410 0.0020 1.6359

electrons shift toward lower energies and at the equilibrium
distance they become the same as the energy states of
spin-up electrons [notice that for the free molecule, the band
gap between lowest-unoccupied molecular orbital (LUMO)
and the highest-occupied molecular orbital (HOMO) is about
1 eV]. This makes the molecule lose its magnetization when
its deposited on the Cu substrate. The situation is more com-
plex for the Co substrate. The magnetization of the Co atom
of CoPc first decreases and then increases with the decreas-
ing distance. From Figs. 5(a)-5(c), it can be seen that when
the molecule is far from the Co substrate only the Co of
CoPc has a magnetization. However, as the distance continu-
ally decreases, some new magnetic states appear. The N and
C atoms near the Co atom within CoPc become polarized,
the N atoms have antiparallel magnetic moments while C
atoms have parallel magnetic moments. When the molecule
reaches the equilibrium distance, some C atoms far from Co
atom within CoPc become slightly magnetized because of
the large interaction between the CoPc and Co substrate.
From the MDOS of CoPc on Co substrate, it can be found
that the energy states of CoPc molecule and Co substrate are
strongly mixed. Even when the CoPc is far from the Co
substrate. This change in MDOS is pronounced especially
for the spin-down electrons. It is interesting to notice that
when CoPc is at 2.5 A from Co substrate and 2.4 A from
Cu substrate, the magnetization of Co atom of CoPc vanishes
in both cases, but the magnetic states are totally different.
The latter one is much more complex. The increase in the
magnetic moment of Co in CoPc on Co(111) could be due to
a competition between the exchange interaction and charge
transfer between the first layer of Co substrate and the mol-
ecule. This is because at such distances a strong hybridiza-
tion occurs between the 3d orbitals of Co whereas this not
the case for the Cu substrate since the d orbitals are com-
pletely filled.

C. Charge transfer and electric dipole at the interface

The charge transfer at the interface has a crucial influence
on the magnetization of CoPc and it is calculated using Low-
din orthogonalization and population analysis.’® Table II
shows the results of the charge transfer per atom of CoPc and
the whole molecule. From the table we notice that the charge
transfer occurs from the substrate to the molecule for both
Co and Cu substrates. As the distance from the CoPc mol-
ecule to the Co substrate is much shorter than the distance
from the CoPc to the Cu substrate, it results more charge
transfer from the Co substrate to the CoPc molecule. For the
electrons of Co atom of CoPc, the spin-up electron popula-

tion decreases, while that of spin-down increases. This re-
duces drastically the magnetization of CoPc. In the case of
CoPc on Cu(111) substrate the magnetization of CoPc van-
ishes because of the absence of exchange field. Indeed the 3d
orbitals of Cu are filled and only the 4s electrons interact
with the molecule and screen the Co spin moment. In order
to confirm that the observation of charge transfer and mag-
netization transfer is not an artifact due to the use of LDA
functional, which may lead to the overdelocalization of the
electronic density, we also presented the results from GGA
+vdW calculations. They are in agreement with the LDA
results, except the GGA+vdW charge transfer and magneti-
zation transfer are somewhat less strong than those produced
by means of the LDA. This is due to the fact that GGA
+vdW calculations produced a slightly larger molecule-
substrate distances when compared to the LDA ones. We
have also calculated the charge transfer of CoPc on Co and
Cu substrates for different molecule-substrate distances. It is
found that the charge transfer of Co atom of CoPc increases
almost linearly as the distance decreases while the spin trans-
fer first deceases and then increases as the distance decreases
for CoPc on Co(111) substrate. As a consequence the mag-
netization of the Co atom of CoPc has a minimum value for
the molecule substrate of about 2.5 A.

The rearrangement of the electrons at the interface and
molecule-substrate interaction can be also described by the
redistribution of the electron charge density in real space as
shown in Fig. 6. The real-space charge redistribution, p(z)
occurring due to the molecule-substrate interaction is calcu-
lated in the following manner:

8p(2) = Pimotssub(@) = [Pmoi(2) + psun(2)], (1)
where p,,,1..u0(2) 18 the electron density of the combined sys-
tem while p,,,;(z) and p,,;(z) are the electron densities of the
noninteracting molecule and substrate, respectively. Those
densities are integrated over the x-y plane within the unit
cell. Figure 6(a) shows that the total and spin polarized Sp(z)
oscillates, which is a typical behavior for a molecule-metal
interface.’”3! The charge rearrangement decays rapidly
away in both sides of the metal-molecule interface. the
strong electronic interaction of CoPc with the Co(111) re-
duces the distance between the flat-lying CoPc molecule and
the Co(111) and produces a much stronger rearrangement of
the electron density than when CoPc is deposited on Cu(111)
substrate. As a consequence a substantial loss of the electron
density above the topmost Co layer and therefore a strong
gain of the electron density right below the topmost Co layer
has been found. It is interesting to notice that the charge
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FIG. 6. (Color online) Calculated LDA 8p(z) of CoPc on (a) Co(111) and (b) Cu(111) substrates, dipole moment change Su(z) of CoPc
on (¢) Co(111) and (d) Cu(111) substrates, and spin-polarized charge-density differences Sp,(r) for (e) spin up and for (f) spin down of CoPc
on Co substrate, and (g) spin up and (h) spin down of CoPc on Cu(111) substrate. The red (light-gray) region is where the charge is
accumulated and the blue (dark-gray) one is where the charge is depleted.

density of the atoms of Co below the molecules lose elec-
trons and those of spin-down gain electrons which explain
the reduction in the surface Co atoms laying below the CoPC
molecule. On the molecule side, the electron density in the

plane of the CoPc atoms is depleted while the region above
and below the plane gain electrons. This behavior is due to
the interaction of the CoPc with the substrate making the
bonding gain electrons and the in-plane o bonding lose elec-

094443-7



XI CHEN AND M. ALOUANI

trons. The situation is similar in the case of CoPc on Cu(111)
substrate but less pronounced.

The dipole moment change (Su) induced by adsorption
shown in Fig. 6(b) is given by

Su=— f&b (z=z0)Op(2)dz, (2)

<b

where z,, is the center of vacuum region, z is the top surface
layer, and a us the length of the unit cell in the z direction.
Note that a positive (negative) value indicates a dipole ori-
ented to the vacuum (substrate) side.

The adsorption-induced dipole moment change du and
the change in work function 8y are related by Helmholtz
equation, which in atomic units reads’?

SY=—-4mhou, (3)

where &y is in hartree, Su is the dipole moment change per
unit cell in units of electron bohr, and @ is an absolute con-
verge in the units of bohr=2 (i.e., #=6/a,, where 6 is a frac-
tional coverage and a is the area of the surface unit cell).
Since the @ is about 0.45 in our case, the LDA i calculated
by the above equation are —0.88 eV and —0.82 eV for CoPc
on Co and Cu substrates, respectively. In the other hand the
work function is defined by the difference between the elec-
trostatic potential energy in the vacuum and the Fermi energy
and is found to be 5.14 eV for both bare Co and Cu sub-
strates. This work function becomes 4.23 eV for CoPc on Co
substrate and 4.32 eV for the CoPc on Cu substrate, leading
to a o of —0.91 eV and —0.82 eV for the CoPc on Co and
Cu substrates, respectively. The two results are in excellent
agreement with the results obtained from the surface dipole.
Several origins can be responsible for the change in work
function such as: (1) charge transfer, (2) chemical interac-
tion, (3) push back effect due to Pauli repulsion between
metal and molecular electrons. Considering that the chemical
interaction is only significant for CoPc on Co substrate and
the charge transfer is from substrates to the molecule which
will increase the work function. The reduction in the work
function for Cu and Co substrate is mainly caused by the
push back effect which is a purely quantum effect.3>34
Figures 6(e)—6(h) show LDA Jp(r) and Jp(r) in the
plane perpendicular to the substrate and passing through the
Co and the first-neighbor nitrogen atoms of CoPc. Again, we
observe the rearrangement of the electron density is more
pronounced for the molecule on the Co substrate. For the Co
substrate, the electron-density rearrangement occurs between
the molecule and the top two Co layers, while for the Cu
substrate, the electron-density arrangement occurs almost
only between the molecule and the topmost Cu layer. The
rearrangement of electron density occurs in a complex way
but is similar to Friedel electron oscillations at the vicinity of
an impurity atom in a metal. It is interesting to notice that Co
atom of CoPc on Co substrate exhibits a spin-flip effect, i.e.,
its spin-up electron charge density is depleted while those for
the spin down are enhanced. No spin-flip effects are found
for the CoPc on Cu substrate. In addition, from Figs. 6(e)
and 6(g), we can clearly see the charge density accumulates
between the CoPc molecule and Co substrate atoms while it
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depletes between the atoms of the molecule which means
that some bonds of the molecule are weakened and new
bonds are created between molecule and the substrate.

D. STM images and transport properties

The STM images of both CoPc/Co(111) and CoPc/
Cu(111) have been calculated using Tersoff-Hamann
approximation.'> Considering the experimental data [see
Figs. 5(c)-5(f) of Ref. 5], we calculated the STM of CoPc on
the Co substrate at potential biases of —0.2 and 0.9 eV with
respect to the Fermi level, and that of CoPC on the Cu sub-
strate at the biases of —0.7 and 0.4 eV. The results are given
in Fig. 7. We observe that the STM images of the CoPc/Co
are somewhat similar to those of CoPc/Cu. At first hand, this
looks like the two systems have similar molecular orbitals
for the chosen energies in qualitative agreement with the
features observed experimentally.® This suggest that, as ob-
served by the authors of Ref. 5, the maximum of the DOS of
the molecule in the two systems is shifted by about 0.5 eV
from each other. We do not fully agree with this statement
since the molecular DOS, as shown in Fig. 3, do not only
exhibit a simple energy shift. In fact the DOS of Co in CoPc
when adsorbed on Co(111) has an exchange splitting on the
order of 1 eV at the Fermi level and is more metalliclike
whereas that of Co over Cu(111) has no exchange splitting
and looks more molecularlike.

In fact, the energy shift of about 500 meV can be ex-
plained qualitatively by the fact that the adsorption of the
CoPC molecule on Co(111) is much stronger than that on
Cu(111). This leads to a much larger charge transfer from the
Co substrate to the molecule (see Table II). This huge charge
transfer in the case CoPc/Co(111) pins the HOMO to the
Fermi level. From the STM images we can directly observe
the different adsorption mechanisms of the nonmagnetic and
magnetic substrates. The STM image of the molecule on the
Cu surface, at 0.4 eV bias, shows the symmetry of the free
molecule while that of CoPc/Co, at 0.9 eV bias, shows a
much complicated symmetry. The strong chemical bonds be-
tween the Co substrate and the molecule break the original
symmetry of the molecule. This is compatible with the fact
that the former one exhibits a weak chemisorption and the
latter one a strong chemisorption.

We have also investigated the spin-polarized scanning
tunneling properties of CoPc on Co(111) substrate. For the
tip, we used the model of Co(111) surface consisting of a
(4 X 4) supercell with five layers plus 11 Co atom pyramid
cluster adsorbed on these layers. The structure is shown in
Fig. 8(a) and the PDOS of the top Co atom is given in Fig.
8(b). When the interaction of the tip and the sample can be
neglected, the STM [-V curves of the tip on the Co atom
within the Pc molecule can be calculated by means of the
modified Bardeen approximation,'®-14

Ept+eV

41re
ps(E)pt(E - ev)|Mst|2dE’ (4)

=5
Ep

where Ep is the Fermi level, V is the bias voltage added to
the STM tip, p,, p, are the DOS of the Co atom within CoPc
and topmost atom of Co tip, and M, are the tunneling matrix
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FIG. 7. (Color online) [(a) and (c)] STM images of CoPc on Co substrate at biases of —0.2 eV and 0.9 eV, respectively. [(b) and (d)]
STM images of CoPc on Cu(111) substrate at the bias of —0.7 eV and 0.4 eV, respectively.

elements. Since the d states dominate the DOS at the Fermi the Co of CoPc, we consider therefore only the tunneling of
level for both Co atom within CoPc on Co substrate and the the electrons emanating from the Co d orbitals. It was shown
top Co atom of the tip and since the tip is placed on top of  that the electron tunneling probability between orbitals of
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FIG. 8. (Color online) (a) The structure of tip used in the calculation of the I-V characteristics. (b) The PDOS of the top Co atom of the
tip decomposed into different types of d spin-polarized orbitals. (c) and (d) represent the normalized conductance for parallel and antiparallel
magnetizations and decomposed into various cubic symmetries of the d orbitals.
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different magnetic numbers is extremely small in comparison
to those between orbitals of same magnetic number.'° This is
essentially caused by the spatial-symmetry mismatching. In
addition, we assume that the tunneling rates between the
sample and tip for the d 2, d.,, d,,, d2>_,2, and d,, orbitals are
the same. The above equation can be therefore further sim-
plified to

Ep+eV
I1=C

Ep

2 P (E)p)(E - eV)dE, (5)

where C is the constant depends on the distance between the
tip and sample and m is the magnetic number of the d orbit-
als. The modified differential conductances G/G, (where G
=dl/dV and G, is a constant) are given in Fig. 8(c) when the
magnetization of the tip is parallel to that of the Co substrate
and in Fig. 8(d) for the antiparallel case. From the model
calculation, we can find that d2, d_,, and dzy orbital are re-
sponsible for the tunneling of the electrons in the low bias
and that a large magnetoresistance effect is obtained. For
both parallel and antiparallel cases, we found a strong peak
at about —0.3 V bias corresponding to large PDOS peak of
d,,, d,, symmetry (see Fig. 4) and a small peak at 0 V bias
corresponding to the Co in CoPc d,2 PDOS symmetry. The
peak around O V is due mainly to the alignment of the maxi-
mum PDOS of d,2 orbital of the STM tip with a weaker one
due to Co in CoPc. It will therefore strongly depend on the
choice of the STM tip because for another type of STM tip
the d» PDOS peak will not be necessary at the Fermi level
and will not therefore align with the d_2 peak of PDOS of Co
in CoPc at zero bias. However the peak at about —0.3 V is
caused by a strong maximum PDOS of d,,, d,, symmetry of
the Co atom in CoPc, and will be less affected by the elec-
tronic structure of the STM tip. This latter peak in the con-
ductance compares qualitatively with the experimental peak
observed at —0.2 V using a Co-coated tip.’ Indeed the cal-
culated magnetoresistance ratio (Gp—G,p)/ (Gp+Gyp) for a
bias of —0.3 eV is 0.63 and is about three times larger than
the observed peak.” However, the theory shows a ratio of
0.61 at zero bias not observed in experiment.” We believe
that the transport properties obtained using STM depend
strongly on the nature of the tip. As shown in Fig. 8 the Co
tip has large DOS at the Fermi level which is essential in
getting the peak in the conductance (as shown in Fig. 8). The
comparison with experiment remains only qualitative since
the simplified Bardeen approximation is crude. A more so-
phisticated calculation of the STM transport within the non-
equilibrium Green’s function and based on our electronic
calculation will certainly produce more accurate results than
the Bardeen approximation.

IV. CONCLUSION

We have used a plane-wave ab initio ultrasoft pseudopo-
tential method within both the LDA and GGA+vdW func-
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tionals to investigate the effects of a paramagnetic or ferro-
magnetic substrate on the electronic structure, the
magnetism, and electronic transport properties of CoPc mol-
ecule. We have found that the equilibrium molecule-substrate
distance is smaller for a Co(111) ferromagnetic substrate as
compared to a paramagnetic Cu(111) substrate. This differ-
ence in distance was the result of stronger electronic interac-
tions between the CoPc and the d electrons of Co substrate.
For both the Co(111) and Cu(111) substrate we showed that
CoPc molecule prefers the bridge position. The density of
states, the charge transfer, and the STM of the molecule on
the two substrates have been calculated. All the results show
that the molecule is strongly chemisorbed on Co surface
while it is weakly chemisorbed on the Cu surface. We have
also explained the magnetic state of the Co atom of the Pc
molecule based on the charge transfer and bonding of the
Co d orbitals to the Co(111) or the Cu(111) substrates. In
particular, the charge transfer from the substrate to the mol-
ecule suppresses completely the magnetic moment of CoPc
on Cu(111) and reduced it strongly for the CoPc on Co(111).
This substrate s orbital screening of the CoPc magnetic mo-
ment is similar to a Kondo-type physics and is a pure theo-
retical prediction that we hope will be checked experimen-
tally in the near future. We have also shown that the
interaction of the CoPc with the substrate reduces signifi-
cantly the surface work function that also can be checked
experimentally.

Our calculation of STM images within the Tersoff-
Hamann approximation'3 confirmed the energy shift ob-
served experimentally for STM images of CoPc on Co(111)
and Cu(111). Finally we calculated the STM spin-polarized
conductance for CoPc on Co(111) within the modified
Bardeen approximation'# where the STM tip was modeled
by a Co pyramid cluster on top of few monolayers of Co.
The results were only in qualitative agreement with the ex-
perimental results.” We believe that a much sophisticated
STM transport calculation within the nonequilibrium Green’s
function based on our results will produce a much better
agreement with experiment. We are optimistic however that
our calculation will be helpful for the understanding of future
experimental results and might be useful for describing the
physics of CoPc molecular junctions.
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