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Magnetic configurations of open-shell molecules on metals: The case of CuPc and CoPc on silver
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For nanostructured interfaces between open-shell molecules and metal surfaces that involve charge transfer
upon adsorption, the investigation of molecular magnetic properties is an interesting yet difficult task, because
in principle different magnetic configurations with distinct properties can be found. Here, we study the magnetic
properties of CuPc-Ag and CoPc-Ag interfaces, which constitute interesting test cases because charge is
transferred to the initially open-shell Pc molecules upon adsorption. Using hybrid density functional theory,
we examine the stability of the various magnetic configurations occurring at these nanoscale interfaces, as well
as for the corresponding gas-phase anions, and compare our findings to those of previous experimental studies.
For CuPc-Ag, we identify a high-spin triplet configuration as the most likely configuration at the interface,
whereas for CoPc-Ag a quenching of the total magnetic moment is found. Interestingly, such quenching is
consistent with two distinctly different interfacial electronic configurations. These important differences in the
magnetic properties of CuPc and CoPc on Ag are rationalized by variations in the interaction of their central
metal atoms with the substrate. Our work facilitates a deeper understanding of the magnetic configuration and
interlinked electronic-structure properties of molecule-metal interfaces. Furthermore, it highlights the necessity
of an appropriate choice of methodology in tandem with a detailed evaluation of the different emerging magnetic

properties.
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I. INTRODUCTION

An in-depth understanding of the electronic structure and
magnetic properties of surface-adsorbed organic molecules
is of direct relevance for and key to molecular spintronics
[1-11]. Naturally, the deposition of nonmagnetic, closed-
shell molecules on magnetic substrates can result in a mag-
netic polarization of the molecule [12—17]. Conversely, for
molecules which are already spin polarized in the gas phase,
adsorption on a nonmagnetic surface can also result in inter-
esting molecular magnetic properties, e.g., via charge-transfer
processes from/towards the molecule and screening effects
[16,18-21]. The intrinsic magnetic moment of molecules is
often quenched upon adsorption, especially in the case of
strong hybridization [22-24]. However, some cases exist for
which the molecular magnetic moment endures the deposition
on the surface or is even enhanced upon adsorption [19]. To
understand the driving forces behind such phenomena, two
interesting examples are studied in the present work, namely,
the molecules copper phthalocyanine and cobalt phthalocya-
nine (CuPc and CoPc, respectively), adsorbed on the Ag(111)
surface. Despite their similarities in the gas phase, experi-
mental results indicate that for CuPc-Ag the intrinsic S = 1/2
molecular magnetic moment is enhanced upon adsorption,
whereas it is quenched for CoPc-Ag [18,19,25-27].
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In this study, we aim to examine the appearance of different
magnetic configurations, along with the electronic properties
of surface-adsorbed open-shell molecules. This question can
be addressed with various experimental techniques, for exam-
ple, by using spin-polarized scanning tunneling microscopy
(STM) or photoemission spectroscopy. Applying theoretical
approaches allows one to obtain additional insights that are
relevant to the interpretation of experimental data, especially
because in principle different magnetic configurations can
be tested with regard to their energetic stability. This would
allow one to attain a thorough understanding of the magnetic
properties of nanostructured molecule-metal interfaces. In
practice, the necessary calculations are, however, highly non-
trivial. In fact, the theoretical survey of magnetic properties
is already challenging for gas-phase molecules, for which
different spin solutions can be stabilized in the calculations
to assess their relative energies. This would be equally needed
for nanoscale molecule-metal interfaces to examine the possi-
ble existence of different spin solutions. There, the situation is,
however, complicated by the molecule-metal interactions, i.e.,
hybridization and charge-transfer effects have to be taken into
account. An additional complication arises from the system
size, which can easily be on the order of several hundred
atoms per unit cell. This calls for computationally tractable
theoretical methods that can provide (i) an adequate evalu-
ation of the amount of charge transferred between substrate
and molecule, (ii) a correct description of the electronic
structure in the adsorbed molecule, and (iii) a proper account-
ing of the exchange coupling between spins, in order to be
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able to describe high- and low-spin configurations equally
well.

Molecule-metal interfaces are usually computed using
density functional theory (DFT), which has been shown to
describe geometries of interface systems reliably, especially
once conventional DFT functionals are augmented by disper-
sive corrections [28-32]. However, its description of elec-
tronic and magnetic properties is often not straightforward
[33-35]. Specifically, in situations where the electronic poten-
tial energy surface has several local minima, the nature of the
magnetic (or nonmagnetic) configuration obtained in a given
calculation can depend on several factors, including the ini-
tialization of the self-consistent cycle used when solving the
Kohn-Sham equations and the approximate density functional
employed. A further complication arises from the fact that
semilocal functionals, which are typically used for interface
calculations [18,19,25,28,36-38], can have difficulties with
all three of the above-listed demands needed to describe
magnetic properties of molecule-metal interfaces: these func-
tionals may fail at describing charge transfer [34,39—41] and
the correct orbital configurations [28,42—-53], which can (in
part) be traced back to errors arising from self-interaction
[39,43,44,48,54-56], and often do not allow for a proper de-
scription of exchange coupling [57-63]. A common approach
to mitigate these shortcomings of semilocal DFT is the use
of “higher-rung” methods, such as hybrid DFT functionals,
which can partially reduce the unwanted consequences of
these issues. This is relevant for the molecule-metal interfaces
considered here, because in previous work some of us have
reported that different magnetic solutions are stabilized when
different DFT functionals are used for the CuPc-Ag(111)
interface [28]. Notably, such differences in the obtained the-
oretical solutions may strongly impact the rationalization of
experimental data by means of first-principles calculations. In
this work, we investigate this aspect in considerable detail,
demonstrating that an inadequate method can fail to capture
the full complexity of such systems and in particular, the
existence of certain magnetic configurations can be easily
overlooked. This bears the risk of missing the relevant spin
configurations, preventing a reliable interpretation of exper-
imental findings and, even more so, standalone theoretical
predictions of surface-adsorbed open-shell molecules.

We study CuPc and CoPc molecules adsorbed on Ag(111),
with a focus on disentangling the different magnetic con-
figurations appearing at these interfaces by means of hybrid
DFT. These systems are perfectly suitable case studies for
the present survey: they have been studied extensively both
theoretically and experimentally and, despite their S = 1/2
configuration in the gas phase, they have been shown to
exhibit distinctly different magnetic properties upon surface
adsorption [18,19,25-27,64,65]. However, the full picture of
the appearance of different magnetic configurations, to our
knowledge, has not been captured to date. We show that in
contrast to semilocal DFT, the use of a hybrid functional
allows us to obtain more comprehensive insights into the
various magnetic configurations, also for surface-adsorbed
molecules, and to investigate their electronic properties in
detail. By comparing the resulting magnetic configurations
appearing at the interfaces, and by considering them also for
the molecular anions in the gas phase, we can analyze various

effects that impact their relative stability, including charge
transfer from the substrate and the role of the central metal
atom.

II. COMPUTATIONAL METHODOLOGY

First-principles calculations of the molecule-metal inter-
faces were performed with the FHI-AIMS simulation package
[66] using the HSEO06 [67,68] and Perdew-Burke-Ernzerhof
(PBE) [69] exchange-correlation functionals. The HSEO06
functional, which applies exact exchange of 25% in the short
range, has been chosen as it has been shown to perform well
for phthalocyanine molecules in the gas phase [42,43,70]. In
addition, for transition-metal complexes it has been shown
that the spin-state energetics depend mainly on the percentage
of short-range exchange, while long-range exchange and the
exact value of the range-separation parameter are of less
importance for this property [57,71]. To check whether this
is the case also for the Pc molecules considered here, we
performed additional calculations with long-range corrected
functionals, elaborated below. Dispersive corrections were
added to the self-consistently calculated DFT total energies
via the vdW™™ method suggested by Ruiz et al. [29,72]. The
repeated slab approach was applied using a I'-centered k grid
of 3 x 3 x 1 points, and the electronic states were broadened
by a Gaussian scheme using a width of 0.1 eV. At least
20 A of vacuum were included above the slab, and a dipole
correction was applied in the z direction in order to decouple
the interface from periodic replicas in that direction [73].
Predefined FHI-AIMS “tight” settings were used for the CuPc
interface calculations for all atomic species, which includes
basis sets, integration grids, and the numerical accuracy of the
Hartree potential. For the CoPc interface calculations, “light”
settings were used because of numerical convergence issues.
We have, however, tested for the case of CuPc-Ag(111) that
neither the relative energies nor the electronic structure of the
various magnetic configurations were affected by switching
from “light” to “tight” settings. To assign charges and spins
to individual atoms in the system, the Hirshfeld partitioning
scheme was applied [74].

Monolayers of CuPc and CoPc molecules were calculated
with one molecule ina (5 x 3+/3) Ag(111) surface unit cell
(see Supplemental Material [75], Sec. 1) that also contained
three layers of Ag to represent the metal substrate; note that
this packing density is slightly smaller than the experimental
one [76]. The bulk Ag lattice constant was optimized and
found to vary by ~0.2% when HSEO6 was used instead of
PBE [77]. Therefore, the PBE-optimized Ag lattice constant
of 4.15 A was applied throughout. The geometry optimiza-
tions with the PBE + vdW*" approach (force threshold 0.01
eV/ A) considered the relaxation of the adsorbed molecule
and of the topmost Ag layer (see Supplemental Material [75],
Sec. 1). The average optimized molecule-metal distances were
3.1 A (CuPc) and 2.9 A (CoPc) from the unrelaxed Ag(111)
surface, in good agreement with previous experimental results
[28,76,78,79].

For both systems, we performed extensive tests (see Sup-
plemental Material [75], Secs. 2—4) of different initializations
of the electronic self-consistency cycle, broadening widths,
and choice of density functional, in order to examine whether
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other stable magnetic configurations on the surface can be
obtained. To check whether the geometries influence the final
results of the calculations, we performed geometry optimiza-
tions of all CuPc and CoPc configurations on the surface
(selected cases of the interface system were converged to a
lesser stringent force threshold) and in the gas phase, see
Supplemental Material [75], Secs. 2 and 5, respectively. In
none of the cases did a relevant modification of the elec-
tronic structure or relative energetics appear. Therefore, the
geometries optimized with PBE + vdW*'™ were applied to
obtain the three configurations for CuPc-Ag(111) and the two
configurations for CoPc-Ag(111), as presented below.

To facilitate a comparison with the interface electronic
properties, the molecular geometries obtained in the interface
optimizations were also used for the gas-phase calculations
of the anions of CuPc and CoPc presented in the main text.
Note that because of the symmetry of the Ag(111) surface,
both molecules in their surface-adsorbed geometry do not
exhibit the symmetry properties known for gas-phase CuPc
and CoPc in our gas-phase calculations [80,81]. We focused
on the anionic species in the gas phase, because a charge
transfer amounting to approximately one electron occurs at
the interface, and performed two types of gas-phase calcu-
lations: first, we performed HSEQ6 calculations using FHI-
AIMS with “tight” settings as described above for the interface
calculations. Second, we performed optimally-tuned range-
separated hybrid (OT-RSH) calculations, since this method
has previously been found to describe the electronic structure
of CuPc and CoPc in their neutral form particularly well
[80,81]. OT-RSH calculations were performed with the Q-
CHEM code 5.1 [82] using a cc-pVTZ basis set [83] for all
the atoms. The OT-RSH functional was based on the PBE
description of exchange-correlation and for both molecules
applied 20% of exact exchange in the short range. The op-
timal range-separation parameter, y, was determined to be
0.119Bohr~! for CoPc and 0.120Bohr~! for CuPc, which
were tuned for the neutral molecules as in Refs. [80,81].

III. RESULTS AND DISCUSSION

A. Magnetic configurations of surface-adsorbed CuPc and CoPc

CuPc and CoPc exhibit an unpaired spin in the neutral gas-
phase configuration (see Refs. [80,81] for a detailed descrip-
tion of the gas-phase configuration) and for both molecules,
adsorption on the Ag surface results in charge transfer towards
the molecule [19]. Hence, different magnetic configurations
of each surface-adsorbed molecule are in principle possible.
Metal-Pc interfaces were already studied in great detail exper-
imentally and therefore allow for a comparison between our
theoretical results to previous experimental data. One useful

way to achieve this comparison is by considering the interface
electronic structure, specifically, the density of states (DOS)
related to the molecule, which can be compared to data mea-
sured in, e.g., spin-dependent photoemission spectroscopy or
STM [17,84-86].

First, we focus on the CuPc-Ag system, for which several
experimental surveys indicated interesting magnetic proper-
ties of the surface-adsorbed molecule [18,19,25,37,87-90].
We find charge transfer of about one electron from the surface
to the molecule. Importantly, depending on the magnetic ini-
tialization of the calculation (see Supplemental Material [75],
Sec. 4.2), three different configurations can be obtained. In the
first, the magnetic moment due to the localized spin-polarized
state present in the gas phase is effectively quenched when
CuPc is charged upon adsorption (see Table I). It has been
suggested that this spin-polarized state has significant weight
on the central metal atom [43]. Hence, a large amount of the
transferred charge ought to be transferred to this region of the
molecule. This is confirmed by the projected DOS (PDOS)
and local DOS (LDOS) at the relevant energies in Fig. 1(a)
[see peak 2 in Fig. 1(a) and the corresponding LDOS]. Since
this configuration closely resembles a (gas-phase) singlet, we
denote it as such in the following.

In the second configuration, the magnetic moment due to
the localized spin-polarized orbital present in the gas phase
is preserved, as can be inferred from the occupied Cu-based
PDOS at ~—3 eV in Fig. 1(b). One can also see that a
second occupied spin-polarized state appears close to the
Fermi energy, which is mainly distributed on the ligand part
of CuPc [see peak II in Fig. 1(b) and the corresponding
LDOS]. Therefore, a large amount of the transferred charge is
accumulated in the ligand region in this case. From the spin-
splitting of the ligand orbitals [see peaks I and II in Fig. 1(b)
and the corresponding LDOS] and the molecular magnetic
moment (see Table I), one sees that the transferred charge
adds an extra spin to the system. This spin aligns parallel to
the one localized in the vicinity of the Cu atom. Indeed, the
spin density [see Fig. 2(a)], defined as ny(¥) — n(¥), where
ny,)(7) is the charge density of the spin-up and spin-down
electrons, respectively, shows the coexistence of two occupied
spin-polarized orbitals. They are centered on the Cu atom
and distributed over the ligand region, respectively, and are
aligned in parallel to give rise to a total magnetic moment of
the molecule of u &~ 1.7 ug. This configuration is therefore
denoted as a triplet configuration, as it approximately resem-
bles a gas-phase triplet. Note a deviation from the ideal u =
2 up magnetic moment of the triplet configuration, owing to
hybridization of molecular orbitals with the substrate elec-
tronic states, as well as to the fact that we assigned the molec-
ular magnetic properties via a charge-partitioning scheme.

TABLE 1. HSE06 calculated total energy differences AE, Hirshfeld charges on the molecule O, magnetic moment on the molecule pu,
and work-function modification A® of CuPc-Ag(111) in the different configurations. AE is reported with reference to the lowest energy
configuration found in our calculations. For comparison, the PBE-calculated values of A® are also reported.

AE (eV) 0(e) 1 (us) A® HSE06 (eV) A® PBE (eV)
CuPec singlet +0.83 0.77 0.00 —0.35 —0.40
CuPc doublet +0.05 0.70 0.96 —0.44 —0.41
CuPec triplet 0.00 0.77 1.74 —0.34 -
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FIG. 1. Density of states projected onto the molecule (PDOS) of
the different magnetic configurations of CuPc-Ag(111): the singlet
(a), triplet (b), and doublet (c) configuration. For relevant features
in the PDOS, an isosurface representation of the molecular contribu-
tions to the local density of states (LDOS) is shown below. Energy
regions (integration window 0.5 eV) corresponding to the schematic
representations of the LDOS are marked by numbers in the respective
PDOSs.

For the third configuration, the localized spin-polarized
Cu-centered orbital is again preserved [see peak i in Fig. 1(c)
and the corresponding LDOS] and the transferred charge is
found again mainly in the ligand region of the molecule [see
peaks ii and iii in Fig. 1(c) and the corresponding LDOS]. In
contrast to the triplet scenario, no extra magnetic moment is
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FIG. 2. Isosurface representation of the spin density for the
triplet (a) and doublet (b) configuration of CuPc-Ag(111), see text
for details. Regions of positive sign are plotted in red, and regions of
negative sign are plotted in blue.

added to the system by the transferred charge (see Table I),
and the spin density of this configuration [Fig. 2(b)] shows
only the unpaired spin-polarized Cu-centered orbital. As the
spin configuration of this scenario is equivalent to the one
known for the neutral molecule, we denote this configuration
as a doublet. Comparing the energies of these three config-
urations, we find that the triplet is by about ~0.8 eV more
favorable than the singlet and by ~0.1 eV more favorable
than the doublet (see Table I); note that the energy difference
between triplet and doublet reaches the limits of the numerical
accuracy of our calculations.

Next, we consider a monolayer of CoPc on Ag(111), as
it has been reported that its magnetic properties are different
from those of CuPc-Ag [19,27,64,79,91]. We find that again
about one electron is transferred to the CoPc molecule upon
adsorption on Ag(111) (see Table II). The situation of the
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TABLE II. HSEO6 calculated total energy differences AE, Hirshfeld charges on the molecule Q, magnetic moment on the molecule wu,
and work-function modification AP of CoPc-Ag(111) in the different configurations. AE is reported with reference to the lowest energy
configuration found in our calculations. For comparison, the PBE-calculated values of A® are also reported.

AE (eV) Q(e) w(us) A® HSEO06 (eV) A® PBE (eV)
CoPc closed-shell singlet +0.02 0.83 0.0 —-0.32 —0.30
CoPc open-shell singlet 0.00 0.81 0.2 —0.37 -

interface magnetic configuration turns out to be similarly
complicated as for CuPc-Ag: two different configurations are
found, both exhibiting a quenching of the gas-phase molecular
spin such that the interface magnetic moment is essentially
zero. The corresponding PDOSs and LDOSs of the relevant
energy regions are shown in Fig. 3.

Despite their similar net magnetic moments, these two
configurations differ significantly in their electronic structure
(see PDOS data in Fig. 3). The first one closely resembles a
(closed-shell) singlet scenario in the gas phase, since no un-
paired spin remains in the system [see Fig. 3(a)]. In the other

1 rr1rrrrrrrrrrr7
15 (a) closed-shell singlet

2 - CoPc
— Co
(up = down)

open-shell — copPcup
singlet

DOS (arb. u.)

FIG. 3. PDOS of the different magnetic configurations of CoPc-
Ag(111): (a) closed-shell and (b) open-shell singlet configurations.
The molecular contributions of the LDOS corresponding to relevant
features in the PDOS of the two configurations are shown below.
Energy regions (integration window 0.5 eV) corresponding to the
schematic representations of the LDOS are marked by numbers in
the respective PDOSs.

configuration, the unpaired Co spin prevails upon adsorption
[see occupied Co-based PDOS at ~—2 eV in Fig. 3(b)] and
a second spin appears in the ligand region of the system.
However, in contrast to the triplet scenario of CuPc-Ag, the
ligand spin aligns antiparallel to the Co spin, as can be seen in
the spin density of this configuration (see Fig. 4). Therefore,
the molecular magnetic moment is reduced to a low value of
0.2 up, which resembles an open-shell singlet scenario. For
the CoPc-Ag(111) system, the PDOS and LDOS indicate that
the charge transfer involves electronic states from both the
central Co atom and the molecular ligand in both configura-
tions [see peaks 1 and 2 in Fig. 3(a), and I and II in Fig. 3(b),
as well as the corresponding LDOS data]. This is in contrast
to the situation of CuPc-Ag(111), where the case involving
charge transfer to the central Cu region (singlet scenario) can
be clearly distinguished from cases of charge transfer to the
ligand region (triplet and doublet scenario), discussed in detail
below. The singlet and the open-shell singlet configuration are
essentially isoenergetic (see Table II).

B. Magnetic configurations of surface-adsorbed CuPc and
CoPc—Implications for experimental observables

In view of our finding that for each molecule on Ag(111)
two different magnetic configurations are isoenergetic (within
the numerical accuracy of the calculations), it is interesting

FIG. 4. Isosurface representation of the spin density for the open-
shell singlet configuration of CoPc-Ag(111), see text for details.
Regions of positive sign are plotted in red and regions of negative
sign are plotted in blue.
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FIG. 5. Spin polarization, P(E), for the open-shell singlet config-
uration of CoPc-Ag(111), calculated using Eq. (1).

to ask how the presence of a specific configuration would
impact experimental observations. A standalone theoretical
identification of the most stable configuration is complicated
by the fact that the relative energies of the different spin states
depend on the applied DFT functional, as discussed in detail
below. To address these questions, we first consult previous
experimental findings for the two interfaces.

For CuPc-Ag, Mugarza et al. have observed that about one
electron is transferred from the Ag surface to the molecule
upon adsorption [19,25]. They have also discussed the appear-
ance of a ligand spin-polarized state for CuPc upon adsorption
on Ag(100), which was found to be delocalized over the
inner ligand atoms of the molecule and to be unrelated to
the Cu spin. In addition, they described the appearance of a
double-peaked structure around the Fermi energy, seen in the
electronic structure of the molecule-metal interface recorded
by scanning tunneling spectroscopy, which was assigned to a
spin-split ligand orbital. These findings are fully consistent
with the triplet configuration that was also obtained as the
most stable one found in our work. It should, however, be
kept in mind that a certain degree of uncertainty remains in
this comparison, as the experiments were performed on the
(100) surface, whereas our calculations considered the (111)
surface of Ag.

For CoPc-Ag, several experimental studies found a
quenching of the molecular magnetic moment upon adsorp-
tion [19,27,92]. We have discussed above that both configura-
tions found in our calculations imply such a quenching. Our
result that the two competing magnetic configurations show
a very different PDOS and LDOS (see Fig. 3) provides a
prediction that can be tested experimentally: both occupied
and unoccupied states around the Fermi level are strongly
spin-split only in the open-shell configuration. Specifically,
the spin polarization P is an experimental observable that
can be probed by spin-polarized STM [17] and can also be
calculated from the spin-polarized DOS as follows [86]:

DOS, (E) — DOS, (E)
DOS, (E) 4+ DOS, (E)’

P(E) = ey

While this value is trivially always zero for the closed-shell
singlet, the corresponding P(E) curve calculated for the open-
shell scenario (see Fig. 5) shows rich features around the
Fermi energy. Therefore, we have explicitly established how
the presence of a specific spin configuration directly impacts
an experimental observable for the case of CoPc-Ag.

Another interesting question is how the work function,
which is another important observable for molecule-metal in-
terfaces, is impacted by the appearance of different magnetic
configurations. First, we note that the HSEO6 functional used
here is known to perform reasonably well in calculating the
properties of metals [93]. Indeed, the Ag(111) work function
is found to be 4.42 eV when calculated with HSE06, which
is in good agreement with the experimental value of 4.46 eV
[94]. Adsorption-induced work-function modifications, AP,
are listed in Tables I and II for both interfaces for their
various magnetic configurations. Interestingly, they are within
0.1 eV for all obtained configurations, although the charge
transfer does not always involve the same orbitals in each
case. L.e., A® is hardly affected by the appearance of a spe-
cific magnetic configuration despite their different electronic
structures. The computed values vary between —0.34 and
—0.44 eV for CuPc-Ag (experimental value —0.44 eV [28])
and between —0.32 and —0.37 eV for CoPc-Ag (experimental
value —0.52 eV [64]). We consider this agreement between
theory and experiment to be reasonable given that the packing
density considered in the calculations is somewhat lower than
that one typically occurring in experiments. Taken together,
this comparison to experimental data shows that the distinctly
different configurations obtained for both surface-adsorbed
molecules are physically relevant, which motivates us to study
their origin in more detail.

C. Magnetic configurations of gas-phase CuPc and CoPc

To examine whether the appearance of different magnetic
configurations for surface-adsorbed CuPc and CoPc is due to
an intrinsic “molecular” effect or a consequence of molecule-
metal interactions, we first consult gas-phase calculations of
both anions. Gas-phase properties of molecules are often used
as a foundation to discuss electronic properties for surface-
adsorbed molecules [19,25,27], because the chemical identity
of the molecule is often preserved to a large degree upon
interaction with the substrate, and also because interface
calculations are often forbiddingly expensive when methods
beyond semilocal DFT are used. In view of the different
magnetic solutions obtained for both molecules on Ag(111),
it is important to clarify whether the electronic structure of the
respective anions in the gas phase is still a good approximation
to the surface-adsorbed situation.

Our gas-phase calculations are based on two methods:
First, using the HSEO6 functional, which has been shown to
accurately describe the relative alignment of the electronic
orbitals in neutral CuPc and CoPc molecules [28,43,95], and
which has also been employed in the interface calculations
discussed above. Second, we also perform gas-phase calcula-
tions of the CuPc and CoPc anions with an OT-RSH functional
[71,80,81,96], which uses a system-dependent but nonempiri-
cal tuning of the range-separation parameter and can produce
highly accurate valence-electron spectra for molecules. In
particular, the excellent performance of OT-RSH has been
demonstrated for metal Pcs [80,81] and for other metallor-
ganic complexes [71,97].

Again, we start with the eigenvalue spectrum and orbitals
of the CuPc anion in selected magnetic configurations (see
Fig. 6) and compare them to the electronic structure of the
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FIG. 6. Broadened eigenvalue spectrum (using a Gaussian with
o = 0.1 eV) of the singlet and triplet configuration of the CuPc anion
in the gas phase, calculated with HSEQ6 (panels a and ¢) and OT-
RSH (panels b and d). Relevant HSEO6-calculated orbitals are also
shown. The regions corresponding to the schematic representations
of the orbitals are marked by numbers in the respective spectra.
We note that, as expected, the OT-RSH energy gap is larger than
the one calculated with HSE06, owing to the different description
of the long-range exchange interaction. Therefore, the energies of
the occupied and unoccupied orbitals are aligned separately to the
HOMO (left panels) and LUMO (right panels).

surface-adsorbed molecule by means of the LDOS of Fig. 1.
We find that with HSEO6 and OT-RSH, for both the singlet
and the triplet solution, the orbital ordering is preserved upon
surface adsorption. This suggests that for this system the
gas-phase anion serves as a good model for the electronic
structure of the metal-organic interface. Considering the rela-
tive energetics of the different configurations in the gas phase,

TABLE III. HSEO6 and OT-RSH calculated total energy differ-
ences AE of different configurations of CuPc and CoPc anions in
the gas phase. AE is reported with reference to the lowest energy
configuration found in our calculations.

AE HSE06 (¢V)  AE OT-RSH (eV)
CuPc closed-shell singlet +0.74 +0.64
CuPc open-shell singlet +0.02 +0.00
CuPc triplet 0.00 0.00
CoPc closed-shell singlet +0.09 +0.05
CoPc triplet +0.04 +0.09
CoPc open-shell singlet 0.00 0.00

we find that the singlet and triplet solutions differ by about
0.7 (HSEO06) and 0.6 (OT-RSH) eV, with the triplet solution
being more stable (see Table III). This is consistent with the
triplet being more stable by 0.8 eV in the surface calculations
discussed above. Note that a quantitative difference between
HSEOQ06 and OT-RSH is not surprising, as the latter method
involves an adaption of the amount of exact exchange in
the short range as well as of the range-separation parameter
optimized for the given molecule (see Methods section for
details).

The eigenvalue spectra and orbitals obtained with the
HSEO06 and OT-RSH functionals of the gas-phase CoPc anion,
in the two different configurations obtained on the surface, are
given in Fig. 7. Comparing these data to the CoPc-Ag(111)
results (see Fig. 3), we find that the gas-phase CoPc anion also
serves as a good starting point to discuss the surface-adsorbed
situation, as the electronic structure is similar in both cases.
This is in line with previous work showing that the strong
reordering of the CoPc electronic states upon charging is
similar on the surface and in the gas phase [19,27]. As for
the surface-adsorbed molecule, the gas-phase results show the
energies of the two CoPc anion configurations to differ only
slightly (within 0.1 eV, see Table III).

The observation that the results for the gas-phase anions
largely reproduce the electronic-structure and energetic or-
dering of the different configurations obtained for surface-
adsorbed CuPc and CoPc implies that the charging of the
molecules, occurring upon surface adsorption, is the crucial
factor determining the stability of the magnetic configura-
tions. Therefore, it is interesting to consider also the gas-phase
results for the open-shell scenarios that have not been found
on the surface, namely, the open-shell singlet of CuPc and the
triplet of CoPc (see Table III). The open-shell singlet is es-
sentially isoenergetic to the triplet for the CuPc anion, and the
open-shell singlet is only slightly lower in energy (~0.1 eV)
than the triplet for the CoPc anion. To understand why these
alternative configurations did not appear on the surface, one
needs to consider the interactions of CuPc and CoPc with Ag.

D. The role of molecule-metal interactions for CuPc and CoPc

We now examine the molecule-metal interactions by cal-
culating the charge-density rearrangements upon adsorption,
defined as the difference in charge density of the interacting
Pc-Ag system and the isolated subsystems. They are shown
in Figs. 8(a)-8(c) for the various configurations of CuPc on
Ag(111). The results corroborate the above-discussed finding,
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FIG. 7. Broadened eigenvalue spectrum (using a Gaussian with
o = 0.1 eV) of the closed-shell singlet and open-shell singlet con-
figuration of the CoPc anion in the gas phase, calculated with HSE06
(panels a and c) and OT-RSH (panels b and d). Relevant HSE06-
calculated orbitals are also shown. The regions corresponding to the
schematic representations of the orbitals are marked by numbers
in the respective spectra. We note that, as expected, the OT-RSH
energy gap is larger than the one calculated with HSE06, owing
to the different description of the long-range exchange interaction.
Therefore, the energies of the occupied and unoccupied orbitals are
aligned separately to the HOMO (left panels) and LUMO (right
panels).

namely, that in case of the singlet configuration charge is
transferred mainly to the region of the centering Cu atom,
whereas it is transferred to the ligand region in the triplet
and doublet case. The situation is very different for the two
obtained configurations of CoPc-Ag(111) [see Figs. 8(d) and
8(e)]. For the closed- and open-shell singlet configurations,
the rearrangements look virtually identical in that charge is
transferred mainly to the central region of the molecule and a
pronounced charge accumulation around the central Co atom
appears. These features can be associated with the frontier
Co d-orbital and indicate a strong hybridization between Co
and the Ag substrate. This is in contrast to the situation for
CuPc-Ag(111), where even for the singlet, for which charge is
transferred mainly into the region of the central Cu atom, no
such strong features protruding from the molecular backbone
appear [cf. Figs. 8(a), 8(d), and 8(e)]. These findings are in
line with previous studies, which argued that the hybridization
between the frontier orbital which is localized mostly on the
central metal atom and the substrate plays a more dominant
role for CoPc than CuPc [22,26,27,87,88]. The reason for
this difference lies in the metal d-orbitals: in the case of
CoPc, the Co-centered frontier orbital has d,» character, while
for CuPc this is not the case for the frontier orbitals. The
Co-centered d orbital is sticking out of the molecular plane
towards the metallic surface and hence promotes a stronger
interaction of the central metal with the surface for CoPc
[22,26,27,87,88,98,99].

For additional insights, we again consider the gas-phase
data of the respective anions. The most prominent difference
in the gas-phase data of the two molecular anions is that in
the CuPc triplet case no filled Cu orbitals lie close to the
frontier orbitals, whereas for both CoPc anion configurations
an orbital with strong Co contribution is the highest occupied
one. Furthermore, the gas-phase results show that for both
molecules the open-shell singlet and the triplet are very close
in energy (see Table III). And yet, on the surface we could
not find the open-shell singlet in case of CuPc and the triplet
in case of CoPc. Tentatively, we ascribe this to the different
nature of the molecule-metal interaction. In CoPc, the d2
orbital (which is oriented perpendicular to the surface) is a
main source of the molecule-metal interaction. But the d,
orbital can only participate in the charge transfer for the sin-
glet and not for the triplet scenario (cf. the gas-phase situation
shown in the Supplemental Material [75], Sec. 6). In contrast,
for the CuPc molecule the orbitals associated with the ligand
region are the main source of molecule-metal interactions.
Therefore, it can be concluded that the qualitative difference
in the obtained magnetic configurations of CuPc and CoPc
on the surface is a consequence of the above-discussed more
pronounced interaction between CoPc and Ag(111) that is
mediated by the Co d-states.

E. Impact of the DFT functional

The results reported above were obtained with the hybrid-
functional HSEQ6. Because for both CuPc-Ag(111) and
CoPc-Ag(111) the theoretical data are in line with previous
experimental findings for similar interfaces (see above), it
appears that DFT is a suitable tool to investigate the proper-
ties of magnetic configurations at molecule-metal interfaces.
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FIG. 8. Three-dimensional representation of the charge-density rearrangements occurring upon adsorption of CuPc and CoPc on Ag(111)
for their various magnetic configurations. Regions of electron accumulation are plotted in red, and regions of electron depletion are plotted in

blue. For each configuration, a top and a side view are shown.

We now examine whether an equally successful analysis of
the magnetic configurations would have been possible with
the computationally more efficient PBE functional, which
is the most frequently used functional for molecule-metal
interface calculations. Similar to the HSEOQO6 results, PBE
calculations of CuPc-Ag(111) and CoPc-Ag(111) find charge
transfer of about one electron from the substrate to the
molecule in both cases. While it has been reported that the
applied DFT functional can have some impact on the amount
of charge transfer between molecule and metal [100], this is
clearly not the case here. Hence, the A® values calculated
with PBE are comparable to those obtained for the various
magnetic configurations with HSEQ6 (see Tables I and II).

However, in contrast to the HSEO06 results, the number of
magnetic configurations we could obtain for both molecules
when using the PBE functional was smaller. For CuPc-
Ag(111), only the singlet and the doublet were obtained
with PBE (see PBE-PDOS in the Supplemental Material
[75], Sec. 3). This is an important difference to the HSE06
findings, which provided (almost isoenergetic) triplet and
doublet scenarios that are both energetically substantially
favored compared to the singlet. Interestingly, none of the
solutions obtained with PBE for CuPc on Ag(111) resulted in
an enhanced spin moment upon surface adsorption, which was
discussed for CuPc on Ag(100) in Refs. [18,19]. Furthermore,
the energy difference between singlet and doublet is much
smaller when using PBE instead of HSEO6 (see Supplemental
Material [75], Sec. 3). For CoPc-Ag(111), when the PBE
functional is used, only one magnetic configuration, namely,
the closed-shell singlet, was found (see PBE-PDOS in the
Supplemental Material [75], Sec. 3). In principle, this would
already agree with the experimental results that the gas-phase
molecular magnetic moment is quenched upon adsorption and
could lead one to believe that PBE is sufficient to describe the
magnetic properties of the CoPc molecule upon adsorption on
Ag. However, the HSEQ6 results indicate that the situation of
the magnetic configurations at the CoPc-Ag interface may be
more complicated.

These findings show that PBE fails to describe more com-
plex spin configurations and therefore does not capture the
full complexity of molecule-metal interfaces with possibly in-
teresting magnetic configurations. This is consistent with the

notion that higher-level methods, such as hybrid functionals,
or the use of “DFT+4U” or “DFT+Anderson impurity” meth-
ods [90,101-103], are necessary to properly capture magnetic
properties of molecular systems [58-62,104,105]; note that
the latter two methodologies are also known to have their own
intrinsic limitations for describing theoretically the properties
of these systems [90,106]. Precedent for this statement can be
found for the case of gas-phase transition-metal complexes,
where it has been shown that with increasing amount of exact
exchange, the ground-state charge density within the com-
plexes localizes more in the ligand region than on the metal
and the splitting between low- and high-spin states increases
[107]. Indeed, due to the inclusion of exact exchange, hybrid
functionals are able to better describe exchange-coupling ef-
fects between spin-parallel electrons, which are not fully cap-
tured by semilocal DFT functionals such as PBE [57-61,63].

The theoretical calculation of Pc molecules is further
complicated by the fact that they exhibit a fairly complex
electronic structure already as neutral compounds in the gas
phase, which has been studied in great detail by some of us
[42,43,70,80,81,95]. For example, the CuPc molecule exhibits
strongly localized metal-centered Cu orbitals that lie close
in energy to delocalized ligand m orbitals [43,95], which
implies that the orbital self-interaction error strongly impacts
the ordering of frontier orbitals. Therefore, the calculated
electronic structure of Pc molecules is strongly corrupted
already in the gas phase when the PBE functional is used
[28,42,43,70,95]. Of course, the orbital ordering of the neutral
molecule cannot be expected to fully predict the electronic
structure of the anionic species in the gas phase or that of
the charged one on the surface. However, the consequences
of PBE self-interaction errors, including an incorrect orbital
ordering, are still carried over to some extent from the gas
phase to the interface calculation. Since hybrid functionals
can also partially correct for the orbital self-interaction error
[28,49,50], it makes sense that HSEO6 provides a better
description of the interface electronic structure than PBE for
the cases considered here. Of course, when one aims for
a full quantitative assessment of the energetics of different
configurations of a larger pool of molecule-metal interfaces,
conventional hybrid functionals cannot be expected to per-
form well for all cases [49,108,109]. In particular, our findings
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that multiple solutions are energetically close implies that
configurational mixing may well play a role in determining
the interface properties, which is not taken into account in
an approximate single-determinant method such as hybrid
DFT. Additionally, it should be noted that the description of
potentially important phenomena, notably the Kondo effect,
are not possible with conventional DFT functionals.

IV. SUMMARY AND CONCLUSIONS

In this work, our goal was to identify the magnetic configu-
rations appearing at nanostructured interfaces between open-
shell molecules and metal surfaces by applying hybrid DFT
calculations using the HSEQ6 functional. The presence of dif-
ferent magnetic configurations in a specific DFT calculation
can impact important observables for such systems, which
is significant because such calculations are often used to
support the interpretation of experimental results. To this end,
we studied CuPc and CoPc molecules adsorbed on Ag(111),
which are interesting cases to address this question. First,
these Pc molecules bear an unpaired spin already in their
gas-phase ground-state configuration. Second, adsorption on
Ag results in charge transfer to the molecule, where it is
a priori unclear which magnetic configuration will be stabi-
lized at the interface.

For CuPc on Ag, we obtained three different configurations
for which the intrinsic magnetic moment of the molecule was
either quenched, preserved, or enhanced upon the charging
of the molecule by the transfer of about one electron upon
adsorption. We analyzed these configurations and compared
the results to gas-phase calculations and to previous experi-
mental data. The most stable solutions found at the surface
were a triplet and a doublet scenario. For CoPc on Ag, we
also found two stable configurations, both of which imply
quenching of the total magnetic moment of the molecule,
again in agreement with previous experiments. Notably, their
electronic structures were found to be very different, since the
charge transferred from the substrate of about one electron re-
sulted either in a closed-shell or an open-shell singlet scenario.
In the latter, the spins on the Co and ligand aligned antiparallel
to each other, which is in contrast to the triplet situation of
CuPc-Ag. While both configurations exhibited very similar
total energies, it was found that the experimentally accessible
spin polarization is vastly different for the two configurations.
These important differences in the configurations appearing
for CuPc and CoPc on Ag were explained in terms of dif-
ferences in the microscopic mechanism of molecule-metal
interactions, mediated by the Co-centered d orbitals, which

promoted strong interactions of the central metal atom with
the substrate in case of CoPc. This suggests that different
types of orbitals are involved in the molecule-metal inter-
actions in the two cases, which leads to different magnetic
configurations appearing for CuPc and CoPc when adsorbed
on Ag.

Finally, the question raised initially, as to whether DFT
calculations can be used to disentangle the different magnetic
configurations of surface-adsorbed open-shell molecules, has
to be addressed with care. For the specific cases considered
in our work, a hybrid functional was found to be a suitable
approach for calculating magnetic observables, especially
since the theoretical data were found to be in broad agreement
with experimental findings. However, we also observed that
using the PBE functional did not provide the full picture of
interface magnetic properties. While it provided results very
similar to those of HSEQ6 for the calculated work function,
it omitted one of the spin configurations for each of the
systems. Furthermore, at the level of both PBE and HSEQ6 the
description of correlation effects in the electronic structure is
achieved by means of a semilocal approximation, which could
be insufficient for other cases of open-shell molecules on
metals. Therefore, whether or not DFT is suitable for reliably
calculating magnetic properties of certain molecule-metal in-
terfaces not only depends on the specifics of the system, but
also on the approximate density functional in use as well
as on the specific observable one is interested in. Careful
investigations of these aspects are especially relevant for more
complicated cases such as transition-metal phthalocyanines,
where several unpaired spins can coexist on one molecule.
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