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Chemisorption of manganese phthalocyanine on Cu(001) surface promoted
by van der Waals interactions
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van der Waals (vdW) interactions within density functional theory are shown to strongly reduce the distance
between manganese phthalocyanine (MnPc) and a Cu(001) surface to that found by x-ray standing wave
experiments. Thus, the physisorbed ground state that is predicted within the generalized-gradient approximation
formalism is replaced by a chemisorbed ground state once vdW interactions are taken into account. These findings
indicate how to systematically obtain the correct theoretical adsorption distance for complex molecules and thus
accurately predict the properties of the ensuing molecule/metal interface. The reduction of the experimental
work function upon molecular adsorption is satisfactorily accounted for and explained in terms of Friedel-like
oscillations of the charge density at the vicinity of the MnPc molecule that change the sign of the charge transfer
electric dipole. This shows how vdW interactions can strongly impact charge injection in organic electronic
devices.
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I. INTRODUCTION

Simple yet powerful concepts describe how charges may
flow from a device’s metallic electrode into the active organic
layer of an electronic device. The M/OS interface between a
metal (M) and an organic semiconductor (OS) may exhibit a
charge dipole that reflects the poor screening of the metal’s
charge into the OS away from the interface. The ensuing
change to the metal’s work function can in turn strongly
affect the flow of charge, and as such should be taken into
consideration at the device design stage.

More careful studies of the interface between a metal and
the molecules that form the OS have helped refine these basic
concepts, but have especially drawn attention to the very rich
properties that the M/OS interface may possess.1,2 For ex-
ample, the mechanism of molecular adsorption onto the metal
surface may play a crucial role in promoting metallic properties
on the interfacial molecules,3 with interesting repercussions
within the emerging field of organic spintronics.4–10

In order to predictably design organic electronics compo-
nents that can wield these promising interfacial properties,
several model systems are being studied11–16 to understand
the subtle balance between OS-OS and M-OS interac-
tions. Combining metal phthalocyanines and other planar
molecules with various noble metal surfaces16–21 allows tuning
of the bonding strength between the OS and the substrate. The
molecular properties can easily be changed by substituting
the central metal atom and the observed structures often change
with coverage22 and temperature.23

For an accurate description of the adsorption geometry
a combination of several experimental techniques is used.
The lateral adsorbate structure is usually studied by scanning
tunneling microscopy (STM)24,25 and low-energy electron

diffraction.20–22 The local probe techniques rely on an elec-
tronic (STM) or a force-field (atomic force microscopy) inter-
action between a tip and the object of interest, and thus offer
at best an indirect determination of the molecule-to-surface
distance. The vertical distances can be determined by an x-ray
standing wave experiment (XSW).11,26 These experiments
allow one to also study distortions of the planar OS upon
adsorption.11,22,27–30 For example, while the previous XSW
study of naphthalene tetracarboxylic anhydride on Ag(111)
did not mention any distortion of the molecule,18 a relatively
recent study found that the the carboxylic oxygen atoms at the
corners of the molecule are located about 1/4 Å closer to the
topmost Ag atoms than the naphthalene core.29

Conversely, theoretical frameworks to model both metals
and OSs are only presently beginning to converge so as to
account for not only ionic and covalent bonds, but also weak
van der Waals (vdW) interactions that equally influence the
molecule-to-surface distance.31–35

We have studied manganese phthalocyanine molecules
deposited on a Cu(001) surface. With several chemical species
and bonding environments involved, simple models are often
insufficient to describe the rich physics present. In particular,
we will show that different theoretical treatments can lead
to fundamentally contrasting descriptions of the adsorption
mechanism and of the resulting electronic properties of the
metal/molecule interface. Only when vdW interactions are
correctly taken into account can the experimentally observed
physics be accurately computed. We focus on the technolog-
ically important evaluation of work function change due to
molecular adsorption. Our work describes an overall general
theoretical methodology that can be applied to accurately
describe any molecule/surface system by correctly pinpointing
the molecular adsorption distance.
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FIG. 1. (Color online) Phthalocyanine molecule on Cu(001).
(a) The manganese phthalocyanine molecule contains a Mn ion
bridged by four N ligands of a pyrrole ring that is extended by a
benzene ring. (b) Schematic of XSW experiment. An x-ray beam
close to normal incidence diffracts off of the Cu lattice (blue) and
places the atomic sites (red) of the adsorbed molecule within an
x-ray standing wave field.

By virtue of their planar geometry and numerous atomic
species with varying chemical environment [see Fig. 1(a)],
phthalocyanine (Pc) molecules represent an ideal candidate to
elucidate how to reconcile theory with experiment. Indeed, Pc
molecules generally adsorb in a qualitatively flat manner on
surfaces,3,5,32 including the prototypical Cu(001) surface.6

II. METHOD OF CALCULATION

Density functional theory (DFT) calculations were carried
out by means of the ultrasoft pseudopotential method36 as
implemented in the PWSCF package.37 For the exchange-
correlation potential, we used the generalized gradient ap-
proximation (GGA) as parametrized by Perdew, Burke, and
Ernzerhof.38 A kinetic energy cutoff of 30 Ry has been used
for the plane-wave basis set. For the convergence of the charge
density, we used a cutoff of 300 Ry. Because the aim is to
study a single molecule on metallic surfaces, we used only the
gamma point to sample the first Brillouin zone. The surface
of Cu(001) has been modeled by using periodic supercells of
three atomic layers of (8 × 8) atoms separated by a vacuum
region. The lattice vector perpendicular to the surface is 30 nm.
It has been shown that three monolayers of Cu are sufficient
to obtain well-converged results.33 We have, in particular,
confirmed that the work function of copper does not change
much if five rather than three copper layers are used.33 vdW
interactions were computed within the GGA-D2 approach

developed by Grimme39 and later implemented in the PWSCF

package by Barone and co-workers.40 These calculations
were also conducted with the Vienna ab initio simulation
package (VASP)41,42 using the projector augmented wave basis
set43 and Grimme’s scheme for the vdW interactions.44 We
used exactly the same input parameters as for the PWSCF

calculation and obtained the same results. To understand the
unexpected change of the metal work function upon molecular
adsorption, Löwdin population analysis was used to determine
the net charge on the adsorbed MnPc molecule.45 We find
a net electron Löwdin transfer from Cu(001) to MnPc of
0.24 electrons in the GGA-unrelaxed case and 2.60 electrons
for the GGA-relaxed case including vdW interactions. Our
calculations based on VASP and Bader analysis46 also confirm
the charge transfer both within GGA and GGA + U which
show a charge transfer towards the molecule of about 1.34
and 1.32 electrons, respectively. The latter charge transfer
is much smaller than the one obtained using the PWSF and
Löwdin analysis but are qualitatively in agreement. Thus,
within a charge transfer picture, one would expect the work
function of MnPc on Cu(001) to increase relative to that of
Cu(001). Including improved electronic correlations on the
Mn site using GGA + U with U = 4 eV and J = 1 eV does
not significantly change either the adsorption distance or the
charge transfer. However, the density of states are strongly
modified on the Mn site.

III. X-RAY STANDING WAVE MEASUREMENTS

To experimentally measure the distance between the atomic
sites of manganese Pc and Cu(001) with a high degree of pre-
cision, we used the XSW technique26 on beamline ID32 at the
European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. The x-ray beam was shaped to 0.6 mm × 0.4 mm,
monochromatized by a double Si(111) crystal (�E/E =
1.3 × 10−4). The planar XSW is formed thanks to (002)
Bragg diffraction from the Cu single-crystal substrate [refer to
Fig. 1(b)] and is therefore periodic with the (002) planes. All
XSW experiments were performed at near-normal incidence
with respect to the scatterer planes [Cu(002), 3.432 keV],
and at room temperature. Every molecular site will absorb
x-ray photons and then emit photoelectrons proportionately to
the local intensity of this periodic x-ray field. By scanning
the photon energy so as to pass the Bragg condition, the
phase between the incident and reflected beams shifts by π

and the position of the XSW is shifted by half the (002)
lattice spacing d(002), which alters the intensity of the electric
field on a given atomic site. By recording the photoelectron
yield in the standing wave, we can retrieve the position of
chemically distinct species relative to that of the Cu planes.
Photoelectron yield curves were derived from the integrated
Mn-2p3/2, C-1s, N-1s, and Cu-2p3/2 signals after subtracting
the Shirley background. After an initial larger Mn-2p region
scan to exclude overlap with another XPS/Auger line, only
the Mn-2p3/2 peak of the XPS signal was recorded so as to
improve the signal-to-noise ratio of this low-intensity signal.
The very strong inelastic background47 on the high binding
energy side of the Mn-2p states may be explained by the fact
that Mn atoms are positioned below the average height of
the MnPc molecule as shown by our experiment. The overall
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FIG. 2. (Color online) X-ray standing wave measurements of
MnPc on Cu(001). The core-level photoelectron spectra recorded
for a photon energy near the Bragg condition for (a) C 1s,
(b) Mn 2p3/2, and (c) N 1s are fitted, using two components for C,
to obtain the photoelectron yield. (d) This photoelectron yield is then
measured while tuning the incoming photon energy across the Bragg
condition [EBragg = 3.432 keV, Q = (002)]. Fitting of the ensuing
data yields the site-specific adsorption distance from the Cu(002)
scattering planes. Datasets were shifted for clarity.

energy resolution used in the XSW measurements was not
sufficient to distinguish between N-C and N-Mn bonds in the
N-1s XPS spectra that had be fitted with a single peak function.
Various peak integration methods (various asymmetric peak
profiles, numerical integration, various background choices)
were tested in order to estimate the systematic error originating
from the particular choice.

MnPc molecules were deposited (P = 2 × 10−9 mbar)
onto atomically clean and flat Cu(001) surfaces to a coverage of
1 monolayer (ML). X-ray photoelectron spectroscopy (XPS)
was used to rule out any surface contamination. We present
in Fig. 2 typical C-1s [panel (a)], Mn-2p3/2 [panel (b)], and
N-1s core-level photoemission spectra recorded at T = 300 K
for a photon energy near the Bragg condition. Two different
approaches to the analysis of the C-1s photoemission spectra
were employed: In the first one, two distinct peaks, identified
in Fig. 2(a) as C1 and C2, were attributed to carbon sites
in the benzene and pyrrole environments. Relaxed energy
resolution used in the XSW experiment did not allow us to
separate the shake-up satellites from both carbon species48,49

located about 1.9 eV above their main peaks.50 This fact does
not affect our interpretation of the XSW signal for benzene
carbon but, because of an overlap between the main pyrrole
peak and the shake-up satellite of the benzene peak, XSW
parameters derived from the C2 peak have to be taken with
caution. The shake-up satellite contribution is difficult to
estimate because the intensity ratio 3 : 1 between the benzene
and pyrrole components expected in the off-Bragg condition
has not been found before in MnPc.51 In the second approach
the assignment to individual chemical species components is
not considered and only the overall integrated intensity for

FIG. 3. (Color online) (a) Calculated adsorption energy E in eV
of MnPc on Cu(001) surface within PWSCF (solid curves with dots)
and VASP (dashed curves), and (b) comparison between measured
and calculated distances between the Cu(001) surface and various
MnPc atoms. The adsorption energy (top panel) as a function of the
distance of Mn from Cu(001) reveals that GGA-D2 calculations peg
the Mn-to-Cu distance in good agreement with XSW experiments.
The adsorption energy with and without vdW interaction is −5.9 eV
and −0.32 eV per MnPc molecule, respectively. The experimental
(black squares) and theoretical (dots) distances between the atomic
species of the MnPc molecule and the Cu(001) surface are in good
agreement with GGA-D2 (green) results.

the C-1s spectra is determined. In neither of the analysis
approaches has the broad high-binding energy side satellite
structure of the C1s spectra been included due to the limited
binding energy range chosen during the experiment.

By fitting the XPS peaks one may extract the integrated
intensity which corresponds to the photoelectron yield for a
given photon energy. We then vary the photon energy across
the Bragg condition and track the photoemission response.26

Representative XSW data are shown in Fig. 2(c) for all relevant
atomic species. Fitting these data reveals the coherent position
Peff , which is the average distance from the Cu(002) plane, and
the coherent fraction Feff , which is a measure of the distribution
of these positions. Table I and Fig. 3 summarize both the
experimentally obtained results and the simulated coherent
fractions and coherent positions. Our XSW results show that,
due to adsorption, the molecule is no longer planar. While the
Mn site is lowered toward the substrate, the N and C sites tend
to lie further away at 2.4 Å from the Cu(001) surface.

IV. RESULTS AND DISCUSSION

A. Stability of the MnPc molecule on Cu(001) substrate

In a previous work, we used a GGA framework to predict
that MnPc lies 3.6 Å away from a Cu(001) surface.6 But, the
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TABLE I. Experimental and GGA and GGA-D2 calculated atomic positions of MnPc on Cu(001). Here Feff is the coherent fractions and
Peff the coherent positions. The last line corresponds to the analysis of the average carbon position.

XSW experiment GGA

Species Feff Peff d (Å) d (Å) GGA-D2

Cu 0.90 ± 0.05 0.010 ± 0.005 3.631 ± 0.009
Mn 0.80 ± 0.08 0.240 ± 0.025 2.240 ± 0.045 3.35 2.36
N 0.78 ± 0.10 0.280 ± 0.010 2.312 ± 0.019 3.46 2.45
C1 0.60 ± 0.10 0.335 ± 0.015 2.412 ± 0.028 3.46 2.38
C2 0.68 ± 0.10 0.315 ± 0.015 2.376 ± 0.026 3.46 2.42
C 0.58 ± 0.10 0.333 ± 0.015 2.403 ± 0.028 3.46 2.39

XSW experiments reveal a surprisingly much closer distance
between the atomic sites of MnPc and the Cu(001) surface.
We unravel the apparent contradiction by examining more
closely how DFT needs to be refined by including vdW weak
interactions so as to accurately reproduce the experimentally
observed distance.

Figure 4(a) shows the top view of MnPc adsorbing in
the bridge position onto Cu(001). The molecule experiences
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FIG. 4. (Color online) Calculated adsorption geometry and elec-
tronic structure of MnPc on Cu(001). (a) GGA calculations show that
the otherwise planar MnPc molecule exhibits little distortion upon
relaxing the structure. However, including vdW dispersive forces
leads to molecular distortion (b), such that one benzopyrrole group
points upwards, while the neighboring one points downwards. The
number in each atomic sphere represents the deviation (numbers given
in 10−2 Å) from the plane of Mn parallel to the substrate. Panels
(c) and (d) show the charge density along the dashed line of panels
(a) and (b) within the (110) plane. Panels (e) and (f) respectively show
the PDOS without and with vdW forces. Including vdW forces alters
the adsorption distance and the adsorption mechanism of MnPc on
Cu(001). Due to the resulting hybridization, the Mn PDOS no longer
resembles that found for a free molecule.

very little distortion within a relaxed GGA framework, as
Mn is found to lie 0.11 Å closer to the Cu surface than
the other molecular sites. The small change in adsorption
distance from 3.6 to 3.35 Å due to relaxing the structure
does not lead to significant interfacial bonding [see Fig.
4(c)]. As a result, the Mn partial density of states (PDOS)
of MnPc on Cu(001) essentially resembles that of a free
molecule, so that little charge density is shared between
the molecular sites and the Cu surface [Fig. 4(c)]. Thus,
according to standard GGA, MnPc is essentially physisorbed52

onto Cu(001).
We can theoretically reproduce the experimentally deter-

mined molecular adsorption distance in a reasonably good
quantitative manner by including vdW weak interactions.53 As
seen in Fig. 3(a), the adsorption energy of MnPc on Cu(001),
given by the difference of the total energy of the whole system
minus those of the substrate and of the free MnPc molecule,
is minimized for a Mn-Cu distance that is ≈1 Å smaller upon
including vdW dispersive forces. Referring to Fig. 3(b) and
Table I, we now find a relatively good quantitative agreement
between theory and experiment on the Mn-Cu and N-Cu
distances (the maximum deviation from experiment is less than
0.14 Å and is for the average position of the N atoms). The
agreement with experiment becomes excellent regarding the
positions of the C atoms. This quantitative agreement between
experiment and theory underscores the fact that the MnPc
adsorption onto Cu(001) causes the molecule to lose its planar
symmetry. Indeed, referring to Fig. 4(b), one benzopyrrole
group now points upwards, while the neighboring one points
downwards. The adsorption energy changes from the GGA
value of −0.32 eV per MnPc molecule to −5.9 eV upon adding
vdW interactions. This important change is reasonable owing
to the large size of the MnPc molecule. These results are similar
to the theoretical results of Cuadrado et al.54 regarding CoPc
on Cu(111). They also found that vdW interactions lower the
symmetry of the molecule from C4 to C2 in agreement with
STM images. The adsorption of CuPc on Cu(111) was also
shown by STM to have a reduced symmetry, i.e., the two
opposite lobes of the molecule appear higher than adjacent
lobes. This change of the fourfold to a twofold symmetry
was attributed to the adsorption geometry.55 More complex
distortions were also found for cobalt and iron porphyrins
when adsorbed on Ag(111),56 whereas calculation without
vdW interaction of a 1,4,5,8-naphthalene-tetracarboxylic-
dianhydride molecule on the Ag(110) surface did not show any
distortion.57
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FIG. 5. (Color online) GGA + vdW-calculated PDOS of the
MnPc molecule far from (5.5 Å, top panel) and close to (2.2 Å,
lower panel) the Cu(001) surface. The HOMO and LUMO of the
molecule are transformed into hybrid molecular orbitals due to the
strong interaction with the Cu(001) surface.

B. Electronic and magnetic properties of MnPc molecule
on Cu(001) substrate

Since we have determined how DFT + vdW can accurately
reproduce the experimental molecular adsorption distance,
how does DFT + vdW now describe the resulting system?
GGA, whether unrelaxed or relaxed, reveals little change to
the molecular orbitals of MnPc upon molecular adsorption
onto Cu(001). This picture of physisorption52 may be naively
expected since Cu is a noble metal.3,6 Yet, as seen in Fig. 4(d)
and due in large part to the closer molecular adsorption dis-
tance, including atomic relaxation and vdW dispersive forces
thanks to GGA-D2 theory describes a picture of interfacial
hybridization as revealed by charge contours propagating
from the Cu(001) surface to the molecular sites promoting
chemisorption. As a result, the Mn PDOS shares features of
the Cu PDOS, and in particular has more states below the
Fermi level in the spin ↓ channel, which is generally broadened
[see Fig. 4(f)]. This increase in spin ↓ population leads to a
reduction in the Mn calculated magnetic moment from 3.47μB

for the free MnPc to 3.05μB once vdW interactions are taken
into account. Similar calculations for MnPc on Co(001), which
is already chemisorbed within the GGA framework, show
that including vdW interactions has only a little effect on
the molecule’s adsorption distance and thus on its electronic
structure.58

Here we provide some further information concerning the
adsorption of the MnPc molecule on the Cu(001) surface.
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FIG. 6. (Color online) GGA + U + vdW-calculated PDOS of the
MnPc molecule far from (5.5 Å, top panel) and close to (2.2 Å,
lower panel) the Cu(001) surface. Here U = 4 eV and J = 1 eV.
The HOMO and LUMO of the molecule are transformed into hybrid
molecular orbitals due to the strong interaction with the Cu(001)
surface.

The spin-polarized PDOS per atom is plotted in Fig. 5 for
two distances between the molecule and the substrate. It can
be seen from Fig. 5 that, when the molecule is far from
the surface at about 5.5 Å, we can distinguish both the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the free molecule.
When the MnPc molecule interacts strongly with the substrate
at the equilibrium distance of 2.36 Å, then the PDOS of each
atom of the molecule is transformed by the interaction with
the Cu(001) surface. Figure 5(b) shows that the PDOS become
more extended by hybridizing with the Cu(001) states. As
a result the band gap between the LUMO and HOMO is
completely smeared out.

The magnetism of the MnPc molecule is driven by Mn
3d orbitals. In order to describe the effect of the metallic
substrate on magnetic properties of MnPc, we have compared
in Figs. 5 and 6 the PDOS of Mn of MnPc deposited on
Cu(001) and with that of Mn 3d of MnPc molecule away from
the surface, calculated respectively within the GGA + vdW
and GGA + U + vdW. We observe that Mn PDOS for free
molecule and MnPc/Cu are different, showing that MnPc on
Cu has a magnetic state which is not the same as that of the
free molecule. In particular, we observe that the majority Mn
spin PDOS is considerably broadened due to the interaction
of the molecule with the substrate, and the minority PDOS is
also broadened below the Fermi level. The calculated magnetic
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TABLE II. PWSCF and VASP (within parentheses) calculated
GGA + vdW magnetic moments of Mn in MnPc at 5.5 Å and 2.36
Å from the Cu(001) surface. The induced total magnetic moment
on all N and C are also given. The VASP values are also given for
comparison.

GGA + vdW GGA + U + vdW

Distance 5.5 Å 2.36 Å 5.5 Å 2.36 Å

Mn 3.47μB (3.17) 3.05μB (2.77) (3.46) (3.34)
N −0.15μB (−0.13) −0.11μB (−0.10) (−0.14) (−0.13)
C −0.08μB (−0.07) −0.26μB (−0.3) (−0.15) (−0.27)

moment of Mn is given in Table II together with the induced
magnetic moment on nitrogen and carbon atoms. When the
molecule is far away from the surface, the induced magnetic
moment for the carbon atoms which is of −0.0025μB/atom
(−0.005μB/atom in GGA + U ) is negligible, while that of
nitrogen is −0.019μB/atom. The minus sign is due to the
hybridization of a less-than-half-filled orbital with a more-
than-half-filled one. When the molecule is closer to the surface,
the Mn magnetic moment is strongly reduced to 3.05μB/atom.
The reduction is due to the charge transfer from the Cu(001)
towards the molecule. It is interesting to notice that the charge
transfer somewhat reduces the overall magnetic moment of the
nitrogen atoms but increases by about a factor of 3 that of the
carbon atoms. The reduction of the Mn magnetic moment in
GGA + U is much smaller due to the localization of the Mn
3d states due to the Coulomb interaction.

C. Change of Cu(001) work function due to MnPc adsorbate

This interface hybridization in turn alters the potential
profile at the metal/molecule interface. Prior to molecular
adsorption, the energy positions of the molecule’s orbitals
and of the metal’s Fermi level are defined with respect to the
vacuum potential. Upon adsorption, these levels are thought to
shift rigidly due, in part, to the formation of an interface dipole
that reflects the poor charge screening from the molecule.
Generally, one assumes that, if there is a net transfer of
electrons from a metal to the adsorbed molecule, then the
effective work function shall increase relative to that of the
bare metal.2 Yet, interestingly, this is only sometimes the case.
For example, despite a net transfer of charge onto Pc molecules
that should lead to a work function increase, using an electron
scattering experiment by monitoring the secondary electron
energy cutoff, we find that the work function of Cu(001), at
room temperature, decreases by 0.74 eV for 1 ML MnPc on
Cu(001). In what follows, we go beyond the standard dipole
model and examine how the electronic charge is spatially
distributed across the interface.

For MnPc on Cu(001), the change in work function �� is
�� = �MnPc/Cu − �Cu, where �Cu and �MnPc/Cu are the work
functions of Cu and MnPc adsorbed onto Cu, respectively.
Calculations were done for 0.45 ML MnPc on Cu(001). In a
naive picture of charge transfer from Cu(001) to MnPc, one
should expect a positive ��. Yet ab initio GGA theory pegs
�� at −0.14 eV. This value, of opposite sign to what was
naively expected, changes to −0.45 eV once vdW dispersive
forces are accounted for and is now in good agreement
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FIG. 7. (Color online) Experimental change of the work function
of MnPc/Cu(001) for different MnPc coverage. The full line is a guide
to the eye.

with the −0.52 ± 0.07 eV found experimentally for the same
coverage. The change in work function upon covering Cu(001)
with MnPc molecules was measured in an electron scattering
experiment by monitoring the secondary electron energy
cutoff. The results of this experience at room temperature are
shown in Fig. 7. The absolute value of the reduction of the
work function increases with increasing MnPc coverage and
appears to saturate at about −0.9 eV above 1.5 monolayer.

To resolve this apparent contradiction, we examine how
charge is reorganizing across the interface due to molecular
adsorption. We present in Fig. 8 the evolution �ρ(z) of
the interface dipole that is spatially averaged along planes
parallel to the Cu(001) surface: �ρ(z) = ρMnPc/Cu slab(z) −
ρCu slab(z) − ρMnPc(z).

(a)

(b)

FIG. 8. (Color online) Calculated charge transfer due to molecu-
lar adsorption. The difference in planar charge density �ρ(z) between
the MnPc and Cu(001) elements before and after adsorption is rep-
resented as a function of the distance away from the Cu(001)‖MnPc
interface by integrating the charge density within planes normal to
the interface. We consider the (a) GGA-unrelaxed and (b) relaxed
GGA-D2 theoretical frameworks. Dashed lines indicate the position
of the topmost Cu layer and of the molecule’s Mn plane.
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Rather than a rigid shift in molecular orbitals, the interface
dipole in fact consists of Friedel-like oscillations that more
realistically reflect how Cu is screening the interface charge
due to molecular adsorption. However, closer to the molecular
sites, a negative amplitude of �ρ(z) is also observed. We
ascribe this oscillation to the chemical hybridization that is
occurring between the molecule and the substrate. Comparing
Figs. 8(a) and 8(b) shows how the reduction in the molecular
adsorption distance due to vdW interactions leads to a nearly
threefold increase in the amplitude of all oscillations in �ρ(z),
including a substantial change in negative �ρ(z) near the
molecular plane. Within a Friedel picture, this reflects the
closer distance of the screened impurity to the Cu surface due to
vdW interactions. Beyond the naive picture of charge transfer,
this shows how treating the molecular adsorption onto a metal
substrate—and in particular the adsorption distance—within
the correct theoretical framework can yield the correct sign and
amplitude of the ensuing change in the metal’s work function.

As an alternate description of Fig. 8, we find that two
well-known features lead to the adsorption-induced reduction
in the work function. First, we observe an accumulation
(positive peak) in the plot of the metallic electron density on the
top surface layer of Co and a depletion (negative peak) in the
electron density just above it. This is the well-known push-back
or pillow effect,59 which has been also studied for organic
adsorbates.60 The origin of the push-back effect is the Pauli
repulsion, which results in the reduction of the work function
consistently with our results. Secondly, a region of density
depletion is present just above and below MnPc, accompanied
by the accumulation of electron density at the interface. This
effect can be attributed to the interfacial chemical bonding as
the electrons that would be otherwise lying close to the MnPc
plane are now engaged in hybridization at the center of the
interface. This covalent bonding, present at the Co/MnPc sub-
strate, is also known to reduce metallic work functions.61,62 For
MnPc/Cu, the planar averaged charge density calculated from
GGA [Fig. 8(a)] reveals a much smaller charge reorganization
(scales are ten times smaller) as compared to Co/MnPc. As a
result, both chemical bonding and the push-back effect, even
though present, are much weaker. For GGA-D2 [Fig. 8(b)],
these effects become more pronounced due to the smaller
adsorption distance and stronger interfacial interactions.

V. CONCLUSION

In conclusion, a careful comparison between theory and
experiment has shown the importance of correctly modeling
the molecular adsorption onto a metallic surface. Including
van der Waals interactions without any parametrization within
ab initio DFT yields adsorption distances for the numerous,
chemically diverse sites of manganese phthalocyanine that
are in reasonably good quantitative agreement with x-ray
standing wave experiments. In turn, and independently of this
experimental research track that is time consuming, and mostly
limited to sublimable molecules, this enables DFT to cor-
rectly and systematically predict, for a given molecule/metal
surface pair among many possible combinations, whether
the molecule is physisorbed or chemisorbed. The research
efficiency afforded by our results opens the possibility to
accurately model the interfacial electronic properties induced
by hybridization.6,9 This will in turn help unravel how intrinsic
molecular properties, such as a spin transition,10,63 interact
with these interfacial properties. Finally, it is now possible
to systematically predict the adsorption-induced change in
interface properties such as the work function so as to
better engineer organic heterostructures for technological
applications.
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