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3.1
Introduction

It is by now well-established that the molecule-metal interface can possess a range
of surprising electronic properties that are of intense interest from both the basic
science and applied research points of view. Indeed, this is emphasized throughout
this book. Identifying and understanding these new properties is a very significant
challenge not just for experiment, but also for theory. To a large extent, this is be-
cause considering the molecule-metal interface properties forces us to bridge two
different “world views” — that of molecular orbital theory, which underlies much of
organic chemistry, and that of delocalized electron waves, which underlies much
of solid-state physics [1, 2]. One often encounters phenomena that are not well-
described by either of the limiting textbook descriptions, and more elaborate theo-
ries need to be constructed. Bridging between the two limiting cases so as to form a
coherent phenomenological framework is already difficult, but the challenge here
is in fact significantly larger due to the possible emergence of “collective effects” at
the interface.

We define collective effects as phenomena that the individual components com-
prising the interface (say a single molecule or the isolated metallic substrate) do
not exhibit [2, 3]. Perhaps the most striking example of such a collective effect is
the emergence of magnetic phenomena at the interface between a nonmagnetic
metal and a closed-shell molecular layer [4]. But there are many other examples.
One such phenomenon is the emergence of qualitatively new electronic states at
the interface [5-7], due to hybridization of metallic and molecular orbitals. Such
hybridization can even result in the induction of magnetic phenomena from metal
to molecule, or vice versa [8-10]. Another phenomenon involves the appearance
of interface-localized electron—hole pairs (sometimes referred to as “charge trans-
fer” or “hybrid” excitons) [11-13]. Furthermore, by no means is direct chemical
interaction necessary for collective phenomena to occur. For example, long-range
electrostatic effects can drastically affect the static polarization in, and electric fields
outside of, a molecular monolayer [14, 15]. Consequently, properties of the molec-
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ular ensemble, as well as of its interface with the metal, can be very different from,
and sometimes even opposite to [16], those of the isolated molecule. Similarly, in-
termolecular interaction, which may additionally be substrate mediated, can have
profound effects on the transport through a molecular layer [17, 18]. Furthermore,
dynamic polarization effects, arising from both the molecular environment and the
metallic one, can renormalize the energy of frontier orbitals [19], again changing
both spectroscopic properties and transport behavior significantly.

Untangling the web of short-range chemical bonds, long-range electrostatic
and dispersive interactions, and intermolecular and molecule-substrate interplay
presents significant challenges. This is all the more so given that one has not only
to understand general mechanisms that may allow for collective behavior, but also
rationalize how these depend on system-specific properties such as bonding, order,
and orientation, and understand when and how they may arise.

The theoretical framework best-suited for circumventing these difficulties is first
principles electronic structure theory, where electronic and optical properties are
ideally deduced from nothing but the atomic species present and the laws of quan-
tum physics [20, 21]. Quite generally, such theory can be useful at three different
levels: confirmation, interpretation, and prediction. The lowest level, confirmation,
is needed because cutting-edge materials science often involves materials whose
formation is not always fully controlled and whose properties are not always fully
characterized. Experimental results may then be controversial and using experi-
ment alone as a guide could be misleading. Reproduction of the experimental result
by means of a calculation that did not rely on any experimentally derived quantities
can then serve as strong evidence for the veracity of the experimental result. Inter-
pretation is then the next logical step — sufficiently accurate calculations, compared
with pertinent experiments, can then be a strong driver towards the construction
and examination of new concepts, phenomenological models, and so on. This is
especially so given that on the computer it is possible to access the energy and or-
bital of each electron, and to perform tasks that would be very difficult to outright
impossible experimentally, such as: removing a metallic substrate while keeping a
molecular overlayer ordered; changing the adsorption geometry; moving, adding,
or removing a single atom; and so on. At the highest level comes prediction: be-
cause they do not require experimental input, accurate first principles calculations
can be an invaluable tool for rational design and property evaluation of materials
systems, even if they were never synthesized. Thus, theory can guide which experi-
mental efforts (which can be highly time and capital consuming) are actually worth
embarking upon.

By far the most common first principles electronic structure theory is density
functional theory (DFT) [22-25]. DFT is an approach to the many-electron prob-
lem in which the electron density, rather than the many-electron wavefunction,
plays the central role. In recent years, DFT has become the method of choice for
electronic structure calculations across an unusually wide variety of fields, from or-
ganic chemistry to condensed matter physics. There are two main reasons for the
success of DFT. First, it offers the only currently known practical method for rou-
tinely performing fully quantum mechanical calculations for systems with many
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hundreds or even thousands of electrons. Second, it enhances our understanding
by relying on relatively simple, physically accessible quantities that are easily visu-
alized even for very large systems.

Unfortunately, a very serious disadvantage of DFT is that while the above-
mentioned mapping is exact in principle, it is always approximate in practice.
This is because relying on the electron density requires a “mapping functional”
that is only approximately known. Thus, while there is very much that present-day
DFT (namely, DFT with currently prevalent approximate functionals) already de-
scribes correctly, there are also important quantities it does not capture correctly.
In particular, and as discussed in detail below, several important generic properties
of the metal-molecule interface are difficult to capture with present-day DFT.

Fortunately, recent progress with DFT formalism, assessment, and application
has led to significant progress in the range of issues which can be addressed us-
ing DFT, and has already led to many interesting insights in the study of metal-
molecule interfaces. In this chapter, we survey the progress made, discuss remain-
ing open issues, and provide specific examples of successful first principles studies
of metal-molecule interfaces. The chapter is arranged as follows. First, we briefly
introduce the basic formalism of DFT and discuss commonly employed approx-
imate functionals. Next, we discuss issues of particular importance for the elec-
tronic structure of metal-molecule interfaces and how they are reflected in differ-
ent functionals. Finally, we overview recent studies of the interface between proto-
typical metals and prototypical molecules useful in organic electronics, progressing
from weakly adsorbed molecules to strongly adsorbed ones. At each step, we em-
phasize the insights obtained from state-of-the-art first principles methods.

3.2
A Brief Overview of Density Functional Theory

The central tenet of DFT is the Hohenberg—Kohn theorem [26], which states that
the ground state density n(r) of a system of interacting electrons subject to some
external potential vey(r) determines this potential uniquely (up to a physically triv-
ial constant). The importance of this theorem lies in the fact that (within the Born—
Oppenheimer approximation) any atomic, molecular, or condensed matter system
is completely described by the number of electrons in it, which is simply an inte-
gral of n(r) over space, and by the types and positions of the nuclei in it. The effect
of the latter two quantities on the electron system is given completely by the ion—
electron attraction potential. This potential is external to the electron system and
therefore, according to the Hohenberg—Kohn theorem, is uniquely determined by
the ground state density. This means that the ground state density contains all the
information needed to describe the system completely and uniquely.

The above considerations are typically not employed directly, but rather are used
in the construction of the Kohn—Sham equation [27], which is the “workhorse” of
DFT. In Kohn—Sham DFT, the original interacting electron Schrédinger equation
is mapped into an equivalent noninteracting problem, such that the ground state
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density of the noninteracting system is equal to that of the original system. This
leads to effective one-particle equations, which in spin-polarized form are given by:

h2v?2
(_ m + Vext(r) + vu([p]; 1) + vxco([n1, By l; r)) ¥i0(1)

= 5i,a(pi,(r(r) (31)

where 0 =1 or | is the electron spin z-component index, % is the reduced Planck
constant, m is the electron mass, ¢; , and ¢; , are known as Kohn—Sham energies
and orbitals, respectively, n,(r) is the electron density of spin ¢, which is calculated
as a sum over filled orbitals:

No
no(r) =Y lgio(n) (3:2)

i=1

with n(r) = n4(r)+ny(r), and N, the number of filled orbitals of spin o. The term
vu([nl;r) = € [d*r'n(r')/|r — 1’| is the Hartree potential, which describes the
classical electron—electron Coulomb repulsion, and vy 4([n4, n,]; ) is the (spin-
dependent) exchange—correlation potential, which includes all nonclassical elec-
tron interactions, namely, Pauli exchange, electron correlation, and the difference
between the kinetic energy of the interacting and noninteracting electron systems.
The exchange—correlation potential can be expressed as a functional derivative of
the exchange—correlation energy, Ex([n4, 1 ]), namely

0 Exc
Ong(r)

Ve o([fg, nylir) = (3.3)
Unfortunately, the exact form of Ey, and consequently vy, is not known. This is not
surprising, given that it has to reflect the full complexity of the original many-body
problem. The practical success of DFT therefore hinges entirely on the existence of
suitable approximations for E,.

An early, appealingly simple approximation for the exchange—correlation energy
functional, already suggested by Kohn and Sham [27], is the local density approx-
imation (LDA), or, in its spin-polarized form, the local spin density approxima-
tion (LSDA). In this approximation, we assume that at each point in space the
exchange—correlation energy per particle is given by its value for a homogeneous
electron gas, exc(n4(r), ny(r)), namely

EZSPMng, ny] = / A’ ru(r)es(nq(r), ny(r) (3.4)

This approximation has several advantages. First, ex(n4(r), ny (r)) is unique, be-
cause of the theoretical existence of a system with uniform spin densities. Sec-
ond, ey has been known approximately already when Hohenberg, Kohn, and Sham
were formulating DFT, and has since been computed more accurately using Monte
Carlo methods [28]. Furthermore, several useful analytical parametrization of the
Monte Carlo results that also take into account other known limits and/or scaling
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laws of ey, have been given [29-31]. Last but not least, the exchange—correlation
potential, given by Eq. (3.3), becomes a simple function, rather than a functional,
of ny(r) and ny (r). The difficulty with L(S)DA is that in real systems the density is
clearly not uniform. More often than not, it actually exhibits rapid changes in space.
L(S)DA was therefore expected to be of limited value in providing an accurate de-
scription of the electron interaction [27]. Nevertheless, it has often been found to
provide surprisingly accurate predictions of experimental results (see, e.g., [32]),
partly due to a systematic cancellation of errors between the exchange and correla-
tion terms.

Despite its numerous successes, L(S)DA is by no means a panacea. Even when
its predictions are qualitatively acceptable (which is not always the case, as shown
below), L(S)DA is far from perfect quantitatively. L(S)DA tends to overestimate the
bonding strength, resulting in bond lengths that are too short by several percent.
It also provides an absolute error of molecular atomization energies of the order of
1eV — much larger than the desired “chemical accuracy” of roughly 0.05 eV [33].

Many of these quantitative failures of L(S)DA are remedied, or at least greatly
reduced, by using the generalized gradient approximation (GGA) for the exchange—
correlation energy [33]:

EZ%Anp(r), ny(r)] = / &1 f(na(r), ny(r), Vig(r), Viy (n) (35

GGA is often dubbed a “semilocal” approximation of the exchange—correlation en-
ergy. It is no longer strictly local like L(S)DA, but includes information on devi-
ations from homogeneity only by considering the gradients of the spin-polarized
charge densities. It is called a “generalized” gradient approximation because the
function f(-) in Eq. (3.5) is not obtained from a simple gradient expansion of E,.
This is because unlike L(S)DA, which is derived from a possible (though highly
idealized) physical system, a simple gradient expansion is not. It therefore does
not obey many formal properties of the exact Ey. that L(S)DA does and ergo its
accuracy is often miserable.

Instead, f(-) in Eq. (3.5) is constructed so as to reproduce many important for-
mal properties of the exact functional, for example, the exact result in certain limits
and correct scaling with respect to the density [34]. Alternatively, it can be derived
semiempirically by choosing a reasonable form and fitting the remaining parame-
ters to a known data set, typically of thermochemical properties [35]. Use of GGA
functionals constructed in either of the two ways indeed often offers a significantly
improved quantitative agreement with experiment. For example, it corrects (often a
bit overcorrects) for the L(S)DA overestimate of bonding strength, does not overly
favor close-packed structures, and provides an absolute error of molecular atom-
ization energies of the order of 0.3 eV. This is still above the desired “chemical
accuracy,” but much better than L(S)DA [33].

Beyond GGA, by far the most popular choice is that of hybrid functionals [36].
Generally, hybrid functionals incorporate a fraction of exact exchange energy, de-
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fined in terms of the Fock integral,

exacl %U(TQD g %a(")‘ﬂm( ) ,
ESect = Z Z// J = B d3r (3.6)

o= 1, j=1

which is familiar from Hartree-Fock theory. The exchange—correlation energy is
then expressed as

ER® = hESA 4 (1 — b)EPP 4 E2PP (3.7)
where b is the exact exchange fraction and the superscripts “hyb” and “app” denote
the hybrid functional and the approximate (typically semilocal) exchange and cor-
relation functionals from which it is constructed. As with GGA functionals, hybrid
functionals can be constructed either nonempirically or semiempirically. In the
nonempirical PBE (Perdew, Burke, Ernzerhof) hybrid (PBEh) functional, Ez** and
EZPP are taken as are from the GGA-PBE functional. Therefore b is the only free
parameter and it is determined from nonempirical considerations. In the semiem-
pirical functional B3LYP (Becke exchange, 3 Parameters, Lee—Yang—Parr correla-
tion) [37], the fraction of exact exchange, as well as two additional parameters in
the underlying GGA expressions (hence the “3” in the functional name) are left
free and are determined by fitting to thermochemical data.

Almost invariably, with hybrid functionals one does not construct the potential
from the energy using Eq. (3.3), that is, by taking a functional derivative with re-
spect to the density. Rather, because the Fock-exchange depends explicitly on the
orbitals, the energy is derived with respect to the latter, leading to a nonlocal, Fock-
operator potential. The name “hybrid functionals” is derived from this property,
because these functionals appear to be a mixture of the Kohn-Sham and Hartree—
Fock world views. A more modern perspective is to view such nonlocal potential
operators as belonging to a generalized Kohn—Sham equation — one that is obtained
by mapping the interacting electron system into a system of partially interacting
electrons that can still be represented by a single Slater determinant [38]. Thus,
hybrid functionals are outside of the Kohn-Sham construct, but still well within
formal DFT [36, 39, 40].

Hybrid functionals have gained enormous popularity in organic chemistry in
particular, because they offer a further and significant reduction of errors with re-
spect to GGA functionals. For example, for the formation enthalpies of the G3 set
of thermochemical data, the mean error is 0.94 eV with PBE-GGA, but only 0.2 eV
with the PBE-based hybrid, PBEh, and 0.15 eV with B3LYP, respectively [41]. From
a fundamental point of view, there are several perspectives to rationalize why one
would wish to use a fraction of exact exchange, rather than all of it [36]. For our
purposes here, it suffices to note that full exact exchange would necessarily require
a highly nonlocal correlation expression, which at present is unknown. Retaining
only a fraction of it provides for a reasonable balance between enjoying its advan-
tages and retaining a simple, semilocal correlation functional.

In an even more recent class of functionals, gaining additional flexibility in the
functional form is obtained by partitioning the exchange term into short-range (SR)
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and long-range (LR) parts. This is achieved by means of splitting the Coulomb
repulsion term between electrons i and j into SR and LR components, for example
according to [42]

1 _erf(ulry—r;l) | 1—erfulri — ;)

[ri—r;l [ri—r;l Iri —rjl G4
where erf(-) denotes the standard error function and u is the range-separation pa-
rameter. One can then construct both exact and semilocal exchange from the SR
part and the LR part separately, and generalize the hybridization scheme by invok-
ing different weights for the short-range and the long-range exact exchange. Such
generalization of the above conventional hybrid, Eq. (3.7), yields [36]:

E)l(qcyb _ anR-exact +(1—a) EiR'BPP + bE’I;R-exact +(1— b)EL-R'aPp + E?PP (3.9)

One useful limit of Eq. (3.9) is obtained by setting b = 0, that is, by exclud-
ing the long-range portion of the exact exchange altogether [43, 44]. The obtained
“screened hybrid” greatly facilitates calculations with hybrid functionals in solids,
at no significant sacrifice of accuracy, because the computational effort associated
with the slow long-range decay of the exchange integral is eliminated [45]. The best-
known functional of this kind is the HSE one, which is the short-range version of
PBEh, with x4 determined semiempirically [45, 46]. The opposite limit, b = 1, is
often useful for finite systems, because it enforces the correct asymptotic behavior
of the exchange potential [40], and is discussed further below.

Having discussed some useful functionals, it is important to make some gen-
eral remarks about the physical meaning of Kohn—-Sham eigenvalues and orbitals,
which are discussed at length below. The (occupied) Kohn—Sham orbitals and their
eigenvalues were originally introduced as mere mathematical devices, to be used so
as to obtain the correct ground state density. Therefore, in the early days of density
functional theory it has been believed that no physical meaning whatsoever should
be attached to them. Only the highest occupied eigenvalue can be assigned with a
rigorous physical meaning: for this special case, the eigenvalue should be equal and
opposite to the ionization potential (a condition often not obeyed by approximate
density functionals) [47, 48]. Nevertheless, interpreting Kohn—Sham eigenvalues
and orbitals as if they were true one-electron excitation energies and orbitals often
results in surprisingly accurate results [36]. Relatively recent research has shown
that Kohn—-Sham eigenvalues are in fact approximations to relaxed electron re-
moval energies [49]. For exact exchange—correlation potentials, reconstructed from
charge densities determined by wavefunction-based methods for several small mol-
ecules, the higher lying eigenvalues were found to be within ~ 0.1 eV of exact pho-
toionization energies [50]. Similarly, Kohn—Sham orbitals can be viewed as valid
one-electron molecular orbitals for use in qualitative traditional chemical analysis.
Furthermore, they often quantitatively mimic quasi-particle single-electron wave-
functions [51, 52], the latter being rigorously defined one-electron orbitals, indica-
tive of electron removal/insertion.

Finally, for understanding the metal-molecule interface one frequently has to
capture accurately interactions with significant noncovalent interactions — notably
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van der Waals interactions, but also hydrogen bonds. Unfortunately, such treat-
ment is absent by construction from all functionals we have surveyed so far. The
reason is that from the DFT point of view, such interactions must involve nonlo-
cal, long-range correlation expressions that none of the above-surveyed functionals
possess.

Many strategies toward inclusion of van der Waals interactions in DFT calcula-
tions, at various levels of approximation, have been proposed. Of those, two have
become popular in the study of metal-molecule interfaces as they could afford a
reasonable balance between accuracy and computational complexity. The first at-
tacks the correlation problem “head-on,” by introducing explicit long-range correla-
tion that is integrated with traditional exchange—correlation functionals. The most
practical and successful representative of this first strategy is the “vdW-DFT” func-
tional of Dion et al. [53] and variants thereof (see, e.g., [54-56]). In this approach,
the main challenge is to determine appropriate long-range correlation expressions
that would correctly capture various scenarios of van der Waals attraction, without
upsetting the delicate balance between short- and medium-range exchange and
correlation contributions.

The second popular strategy does not attack the correlation problem directly, but
rather circumvents it by adding pairwise, Cs/R® corrections to the internuclear en-
ergy expression, damped in the short-range while providing the desired long-range
asymptotic behavior. Such corrections are usually semiempirical, but can also be
derived from first-principles considerations. The most popular representatives of
this approach are Grimme’s “DFT-D” corrections [57, 58] and the Tkatchenko—
Scheffler “minimally empirical” approach [59]. To be useful, the pairwise coeffi-
cients must be adapted to the chemical environment. In Grimme’s approach, this
is done by chemical hybridization considerations, whereas in the Tkatchenko—
Scheffler approach this is achieved from physical considerations involving normal-
ization of the relative polarizability of an atom inside its chemical environment.
Clearly the main challenge in such approaches is the construction of sufficiently
accurate and general pairwise coefficients and damping function, as well as the
consideration of screening phenomena that are beyond pairwise corrections [60].
A major advantage, however, is that such pairwise corrections can in principle be
adapted to any underbinding exchange—correlation functional and consequently
the thorny problem of obtaining a description of both geometry and electronic
structure can be largely overcome by decoupling the two issues [61, 62].

We note in passing that in organic chemistry a third popular strategy is the use
of semiempirically parameterized exchange—correlation functionals, calibrated for
data sets that include noncovalently interacting systems. The most popular rep-
resentative of this approach is the M06 family of functionals [63, 64]. The training
data sets typically do not include metals and not many applications of this approach
to the metal-molecule interface have been reported [65]. We therefore do not dis-
cuss this approach further here.

While the above survey is by no means comprehensive, it is sufficient for under-
standing how the pros and cons of the various functionals affect computations of
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metal-molecule interfaces, with an emphasis on the electronic structure, which is
the next topic of our discussion.

3.3
Electronic Structure of Metal-Molecule Interfaces from Density Functional Theory:
Challenges and Progress

A major challenge of first principles studies of molecule-metal interfaces is the
need to use an approximate exchange—correlation density functional that provides
equally accurate predictions across both sides of the interface. We have previously
discussed the accuracy gained, across canonical molecular data sets, by making the
transition from a GGA functional to a hybrid functional. The opposite, however, is
true for, e.g., atomization energies in the solid. Whereas the mean absolute relative
error with PBE is a reasonable 3.4%, it grows to 7.4% for PBEh and to 17.6% for
B3LYP [66]. These numbers likely paint an overly bleak picture, because other prop-
erties of interest for molecule-metal interfaces, for example, adsorption geometry,
are typically not as sensitive to the underlying functional. Nevertheless, this does
establish a fundamental challenge associated with describing two very different
materials groups on the same footing.

Importantly, molecular and metallic systems also place opposite constraints on
the electronic structure obtained with different exchange—correlation functionals.
To understand why, consider the prototypical case of the valence electronic struc-
ture of gas phase 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) - an or-
ganic molecule comprising a perylene core and anhydride end groups, whose struc-
ture is shown in Figure 3.1. This molecule features prominently in studies of
metal-molecule interfaces because its solid phase is an organic semiconductor and
because it can form highly ordered layers on selected metals [67].

Figure 3.1a shows the eigenvalue spectra computed using LDA, GGA, and
B3LYP, compared to the experimental ultraviolet photoelectron spectrum obtained
from both the gas phase and the solid state [68]. Also shown is the spectrum ob-
tained from many-body perturbation theory, in the GW approximation [69], based
on LDA as a starting point for the perturbation. A detailed discussion of many-
body perturbation theory is outside the scope of this article. For our purposes, its
salient point is that (unlike in DFT), in many-body perturbation theory eigenvalues
can carry exact meaning as ionization energies, albeit at the cost of a significantly
larger computational effort. It is readily observed that the GW calculation agrees
reasonably well with experiment. It is also clear that (after allowing for a rigid shift
to fix the ionization potential value) that the B3LYP calculation mimics the GW
spectrum remarkably well (at a fraction of the computational cost). However, the
LDA and GGA eigenvalue spectra do not mimic the GW result or experiment at
all. In particular, they exhibit a spurious peak right in the plateau region of the
experimental gas phase result.

This failure of LDA can be traced back to a problem that is easy to explain but dif-
ficult to systematically fix — the self-interaction error [30]. In the potential terms of



60 | 3 Understanding the Metal-Molecule Interface from First Principles

multilayer
f / v experiment
/
!\/\ o \‘\/\ /
e . o~ gasphase
= il A experiment
> % : 3
2
s T, 1
8
ER— . ; B3LYP ]
a
/I\A\WHM i N
e |
N ﬂlnnlﬁ”’(l i\ i
-10 -8 -6 a4 2 s E
(3) Energy [eV]

DOS [arbitrary units]

BIAN ~ Lo
aolnMITY MR A

|
-4 -3

: 1 0 1
(b) Energy [eV]
Figure 3.1 (a) Gas phase and multilayer ex- of theory. (b) Top view of spatial distribution
perimental photoelectron spectrum of PTCDA,  of orbitals associated with selected energy lev-
compared with GW, B3LYP, GGA, and LDA els of PTCDA, as assigned by GW, B3LYP, and
theoretical valence density of state curves for LDA calculations. Colors (shades) represent

the PTCDA molecule. Light gray bars denote positive and negative parts of the orbital. The
spectral features for which the gas phase and orbital numbering shown is the LDA one, with
multilayer data differ appreciably. The dark arrows pointing to the position of the same
gray bar denotes the HOMO-HOMO-1 gap, orbital in the different spectra. After Dori et
which differs significantly between the two ex-  al. [68]. Used with permission.

periments and also between different flavors

Eq. (3.1), we have, somewhat arbitrarily, selected to partition the consequences of
electron—electron interaction to a Hartree part and an “everything else” exchange—
correlation part. The Hartree term is an essentially classical expression that views
the quantum charge probability distribution as a classical distribution of charges.



3.3 Electronic Structure of Metal-Molecule Interfaces . ..

This, however, means that it is inherently in error, because each electron is repelled
from the total charge in the system, including a spurious repulsion from itself. This
is the self-interaction error. The spurious repulsion is particularly easy to see in
one-electron systems, where clearly there should be no electron—electron repulsion
atall, and yet the Hartree term is not zero. Because electron—electron interaction is,
in principle, handled exactly in DFT, whatever error we are making in the Hartree
term must be completely canceled out by the exchange—correlation term. Unfortu-
nately, complete error cancelation is guaranteed for the exact exchange—correlation
functional, but only partial cancelation is obtained in either L(S)DA or GGA.

The relation between the self-interaction error and the failure of LDA/GGA for
PTCDA is made clear by a detailed orbital analysis, shown in Figure 3.1b [68]. It
demonstrates that Kohn—-Sham orbitals delocalized over the perylene core (e.g.,
“HOMO” and “HOMO-5" in the figure) yield LDA energies that are very close to
the GW ones, that is, in agreement with experiment. However, Kohn—Sham or-
bitals localized on the anhydride groups (e.g., “HOMO-1” through “HOMO-4" in
the figure) yield LDA energies that are significantly (well over an electron Volt)
too high, resulting in a distorted spectrum. This is a clear self-interaction effect.
For localized orbitals, the spurious self-interaction destabilizes the orbital and di-
minishes its binding energy. For delocalized orbitals, the self-interaction is much
smaller because, at each point in space, the spurious same-electron contribution
to the Coulomb potential comes from a greater average distance. For pedagogical
reasons, we limit ourselves here to this qualitative argument. However, the self-
interaction error can be quantified, showing unequivocally that it is indeed the
self-interaction error that is driving this error [70]. Complete elimination of the
self-interaction error would require full exact exchange, whereas B3LYP (and other
standard hybrid functionals) only contains a fraction of exact exchange. Neverthe-
less, the mitigation of the self-interaction error, coupled with the nonlocal potential
which partly mimics the “self-energy” nonlocal operator that is used in GW calcu-
lations [36], suffices to restore the predictive power of the DFT calculation.

A similar, but perhaps more nuanced, picture emerges by considering another
prototypical organic electronics molecule — Cu phthalocyanine (CuPc). Figure 3.2
shows simulated density of states curves, obtained with PBE, PBEh, and GW using
both the PBE and the PBEh results as a starting point for the perturbation (denoted
by GW@PBE and GW@PBEh, respectively) [71]. In Figure 3.2a, both filled and
empty states are compared to gas phase photoemission data and to two different
thin film inverse photoemission data, respectively (comparison to additional ex-
periments yields similar results). The calculated spectra were obtained from com-
puted single-particle energy levels, broadened by convolution with a 0.35 eV wide
Gaussian, in order to simulate the experimental broadening. In Figure 3.2b, filled
state spectra, convoluted with a 0.15 eV wide Gaussian, are compared to higher-
resolution gas phase data.

We first focus on the position of the HOMO-1 peak, because it affects the spec-
tral shape noticeably and because lessons learned from it are directly applicable
to other spectral features. Figure 3.2 illustrates the positions of the a;, and bigs
orbitals. Similarly to the case of localized orbitals in PTCDA, with PBE the by44 or-
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Figure 3.2 (a) Calculated DFT and GW spec- ionization potential and electron affinity val-
tra, obtained from computed energy levels ues. Experimental IPES spectra were shifted
(shown as sticks) by broadening via convolu- so as to align the LUMO peak with the com-
tion with a 0.35 eV wide Gaussian, compared puted GW@PBEh LUMO peak. (b) Same
to gas phase UPS of Evangelista et al. [72] as (a) for filled states only, convoluted with
and to thin film IPES data of Murdey et al. [73]  a 0.15 eV wide Gaussian, compared to the
(shown with curve fitting results) and of Hill et higher-resolution gas phase UPS of Evange-
al. [74] DFT spectra were shifted so as to align lista et al. After Marom et al. [71]. Used with
the HOMO and LUMO levels with computed permission.

bital, which is highly localized around the Cu atom, exhibits a large self-interaction
error (as compared to the a4, orbital, which is delocalized over the organic macro-
cycle). Therefore, it is shifted to a higher energy. This shift causes PBE to predict an
incorrect ordering of the frontier orbitals, erroneously predicting the bigy orbital
to be the HOMO. Again as in PTCDA, this error is strongly reduced with a hybrid
functional. In the PBEh spectrum. the correct ordering is restored and the overall
agreement with experiment is much improved.

Complementary problems emerge in comparison to the inverse photoemission
spectra shown in Figure 3.2. Empty states do not contribute to the Hartree term
and therefore are not susceptible to self-interaction errors as such. However, be-
cause the SIE shifts the occupied big4 orbital to a higher energy, it also shifts
its empty counterpart, by, to a lower energy, with the overall spin-split energy
severely underestimated. Thus, PBE also incorrectly predicting the byg orbital to
be the LUMO, placing it ~ 0.25 eV below the non-spin-split e, orbital. Just as for
the filled states, the correct ordering is restored by PBEh.

As expected, the GW@PBE spectrum is a significant improvement over the PBE
one. However, unlike the case of PTCDA, detailed inspection shows that its accu-
racy is not sufficient, and that it “inherits” some of the errors of its starting point.
For example, in the GW@PBE spectrum the b4¢ orbital is almost degenerate with
the e, LUMO. In contrast, the GW@PBEh calculation maintains the PBEh orbital
ordering, with a similar energy difference between the by44 and e, orbitals. With
respect to PBEh, GW@PBEh brings both the by,4 and the byg related peaks even
closer to their experimental value (“peak F” for the filled states [72], and a weak
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peak identified via curve fitting for the empty states [73]). On the one hand, this
shows that PBEh still has some quantitative limitations. On the other hand, it in-
dicates yet again that PBEh is significantly superior to PBE, also as a starting point
for high-accuracy GW calculations.

Unfortunately, the significant improvement in the electronic structure of mole-
cules that is afforded by making the transition to a hybrid is accompanied by loss
of accuracy for metals. For example, the width of the valence band of bulk sodium
is already overestimated by PBE (3.3 eV versus an experimental value of 2.6 eV).
But this overestimate gets to be markedly worse for PBEh, with a bandwidth of
4.3 eV [75]. Similar trends of diminished performance arise, for example, for the
magnetic moment and exchange splitting of itinerant magnetic metals such as
iron [75].

While, as yet, there is no complete solution for the need to balance performance
across both sides of the metal-molecule interface, short-range hybrid functionals
such as HSE appear to be a practical and reasonable compromise. On the organic
side, HSE has been shown to mitigate self-interaction errors of the type shown in
Figures 3.1 and 3.2 [76, 77]. This is reasonable: recall that HSE differs from con-
ventional hybrid functionals in the absence of long-range exchange. However, the
highly localized orbitals that are the most susceptible to self-interaction error are
precisely the ones least affected by long-range contributions. On the metal side,
using HSE results in deterioration in accuracy of the same kind mentioned above.
However, the magnitude is smaller. For example, with HSE the valence bandwidth
of Na is 3.7 eV [75]. This value is between those of PBE and PBEh. Again, this is
reasonable, because in terms of its physical ingredients HSE is indeed “between
PBE and PBEh.” Another advantage of short-range hybrid functionals over con-
ventional hybrid ones, which is not to be underestimated, is that they are much
easier to apply to periodic systems in general and metallic ones in particular [45].
This is because Fock exchange is a slowly decaying long-range quantity, making its
converged evaluation in a periodic system difficult. However, it is precisely these
long-range difficulties which are avoided in a short-range hybrid.

While HSE is a useful “compromise functional” for many properties of the
metal-molecule interface, one important issue it does not resolve is the level
alignment problem, which remains open within DFT. This is demonstrated in
Figure 3.3, which compares the fundamental gap of the benzene molecule, in the
gas phase and graphite-physisorbed, as computed by PBE, HSE, and GW [78]. It
is clear that both PBE and HSE make two different errors. First, their gas phase
HOMO-LUMO gap is significantly too small with respect to that of GW. Second,
they fail to predict the gap reduction upon physisorption. The first failure is due
to an underestimate of the ionization potential and an overestimate of the electron
affinity. As hinted above, this failure is due to the absence of long-range exchange.
Indeed, it has been recently shown that range-separated hybrid functionals with
long-range exact exchange (b = 1 in Eq. (3.9)) can yield quantitatively excellent
predictions for the ionization potential and electron affinity in a wide variety of
finite-sized systems, including benzene [79-81]. Unfortunately, such functionals
are not yet suitable for handling the metallic side of the junction. The second
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PBE HSE GW

Figure 3.3 The fundamental gap of a benzene molecule, as computed from eigenvalue differ-
ences within PBE, HSE, and GW, for the gas phase (dashed lines) and graphite-physisorbed
(solid lines) molecule. After Biller et al. [78]. Used with permission.

failure has to do with correlation. The physical mechanism for the gap reduction is
that the removal or insertion of an electron from the molecule induces a polariza-
tion response in the metal [19]. This results in a net energy gain, which decreases
the ionization potential and increases the electron affinity. From the DFT point of
view, this is a nonlocal correlation effect, as it involves the dynamic response of the
electron density in the metal to changes in the electron density of the molecule. As
mentioned above in the context of van der Waals interactions, such correlation is
lacking in conventional semilocal or hybrid functionals.

Here, it is very important to emphasize that the level alignment problem most
certainly does not imply that DFT cannot be applied successful to molecule-metal
interfaces. In fact, several studies have shown that even though the level alignment
is incorrect, quantities deduced directly from the density distribution (in particular
the interface dipole that is discussed extensively below) can still be in excellent
quantitative agreement with experiment, even with a simple GGA approach [82—
84]. Hence, one should carefully consider the suitability of each choice of functional
for the task at hand.

To summarize this section, we hope to have convinced the reader, through il-
lustrative examples, that it is important to keep in mind the various strengths and
weaknesses of various DFT-based approaches in order to perform a meaningful
analysis of the metal-molecule interface.

3.4
Understanding Metal-Molecule Interface Dipoles from First Principles

A central question in the study of metal-molecule interfaces, and indeed organic—
inorganic interfaces in general, is that of the interface dipole [85]. An interface
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dipole will affect level alignment and transport across the organic/inorganic junc-
tion and is therefore important technologically. It is also of interest from a basic
science point of view, because a host of nontrivial mechanisms, discussed below,
can control it.

The detailed mechanisms at work depend on the nature of the metal-molecule
contact. Generally one distinguishes between three different types of systems —
physisorbed, weakly chemisorbed, and strongly chemisorbed, depending on the
chemistry controlling the metal-molecule interaction.

The first category consists of inert gas atoms and molecules such as n-alkanes,
that adsorb on metal surfaces without forming chemical bonds between adsorbates
and substrates. Even though these atoms and molecules do not possess a perma-
nent dipole in the gas phase, in their physisorbed state sizable interface dipoles
are observed. Two origins for this phenomenon have been proposed [85-87]. The
first one is the so-called image force effect [86]. When inert gas atoms or molecules
are located in proximity to a metal surface, electrons of those atoms or molecules
are attracted towards the metal substrate by their image charges induced in the
metal surface, producing polarization of the adsorbates. The second mechanism
originates from the Pauli repulsion [87]. At a metal surface, electrons of the metal
substrate penetrate into the vacuum region. When closed shell atoms or molecules
approach the metal surface, penetrating electrons are pushed back to the substrate
by the Pauli repulsive interaction with electrons of adsorbed molecules. Bagus et al.
pointed out that electrons move from atoms with more localized orbitals to those
with more delocalized orbitals [87]. In both cases, the closed shell adsorbate be-
comes slightly positive and the metal substrate becomes slightly negative, lowering
the metal work functions.

Because in physisorbed systems the interaction between adsorbate and substrate
is small, it is expected that the interface is close to ideal also for transport pur-
poses, namely, that the ideal Schottky limit of metal-semiconductor interfaces [88]
is approached. This can be quantified by the interface slope parameter S defined by

ady aA

A, A,
where @,,,, @F, and A are the substrate work function, the electron injection bar-
rier, and the interface dipole, respectively. For the ideal Schottky limit, S=1.

For weakly chemisorbed systems, Flores et al. proposed a simple model based on
the concept of an induced density of interface states (IDIS) [89-93]. This model as-
sumes that the chemical interaction between the organic molecules and the metal
creates an IDIS in the organic energy gap. Although the chemical interaction is
weak, this IDIS is large enough to define the charge neutrality level (CNL) of the
adsorbed organic molecule, Ecyp, which controls the extent of the charge trans-
fer between organic molecules and metal surfaces. Figure 3.4a,b shows energy
band diagrams at organic/metal interfaces before and after contact. The amount
of charge transferred from the adsorbate to the metal substrate can be expressed

by

S (3.10)

AN? = (@, + A — Ecny) x D(Eg) (3.11)
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Figure 3.4 Energy diagram for organic/metal interfaces (a) before charge transfer, and (b) after
charge transfer. The induced density of interface states (IDIS) is shown.

where D(Eg) is the density of the IDIS at the Fermi level (Eg). The interface dipole
is assumed to originate primarily from this charge transfer and can be calculated
from

Z
A= —:i(cpm + A — Ecny) x D(Ep) (3.12)
i

where A is the surface area covered by one molecule and ¢; is the permittivity of the
interfacial layer, which is assumed to be close to that of vacuum, €. Substituting
Eq. (3.12) in Eq. (3.10), we obtain

1

14 Z20E

S (3.13)

Although this model is quite simple, it provides an intuitive explanation of energy
level alignment at weakly interacting organic/metal and organic/organic interfaces
and its authors concluded that it provides for a predictive description of the energy
level at various organic/metal interfaces.

For strongly chemisorbed systems, there is broad consensus that the overall in-
terface dipole is approximately given by a sum of the bond dipole and any molecu-
lar dipole, typically coming from an intrinsically polar head group [14, 15]. Impor-
tantly, these dipoles are typically partially depolarized by the electric field induced
by other dipoles. The magnitude of depolarization is strongly dependent on the
backbone polarizability [14, 15].

Following this brief survey, we now present some recent studies that show how
DFT allows us to examine the accuracy and applicability of these simple models and
ultimately to gain further insight into the interface dipole. We focus primarily on
physisorbed and weakly chemisorbed systems, as dipolar phenomena in strongly
adsorbed systems have been reviewed in detail elsewhere [14, 15] (but one exam-
ple of collective dipolar phenomena in strongly chemisorbed systems is given in
Section 3.5).



3.4 Understanding Metal-Molecule Interface Dipoles from First Principles | 67

3.4.1
n-Alkane/Metal Interfaces

Because n-alkane/metal interfaces are typical physisorbed systems, the interface
slope parameter, S, is expected from the simple model presented above to be close
to 1. However, it was reported to be S =~ 0.6 [85]. To understand the origin for
the dependence of the interface dipole on metal substrates, Morikawa et al. carried
out first-principles theoretical calculations based on DFT [94]. Figure 3.5 shows
the atomic geometry of a n-butane/metal interface, and Figure 3.6 shows interface
dipoles induced by the adsorption of n-alkane molecules on various metal surfaces
as a function of the molecule-metal distance (Zc).

The interface dipole is estimated by calculating the work function change in-
duced by adsorption of a monolayer on the metal substrate, because the majority

© H

O c
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Figure 3.5 (a) Top view and (b) side view of a n-butane/metal interface. After Morikawa et
al. [94], used with permission.
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Figure 3.6 Interface dipoles as function of molecule-metal distance (Zc) for n-alkane/metal
interfaces. After Morikawa et al. [94], used with permission.
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of the interface dipole is induced at the very interface, between the metal substrate
and the first molecular layer. Two important conclusions can be drawn from Fig-
ure 3.6. One is that if molecules are fixed at the same Zc on various metals, the
induced interfacial dipole moments are quite similar, except Ru(001). For exam-
ple, the work functions of Cu(100), Au(111), and Pt(111) are 4.59eV, 5.31eV, and
5.70 eV, respectively, and the difference is more than 1 eV. On the other hand, if n-
alkane molecules are located at Zc = 0.38 nm from the substrate, the induced
dipoles are in the range 0.4-0.6 eV for all the three substrates. This means that if the
adsorption geometries are the same for various n-alkane/metal interfaces, S would
be about 0.8 and the interface would be closer to the Schottky limit, in agreement
with the intuitive understanding. However, the experimentally observed interface
slope parameter is S ~ 0.6 as mentioned above, and the work function changes
induced by adsorption of n-alkane molecules on Cu(100) and Au(111) are 0.3 and
0.7 eV, respectively. The other important conclusion drawn from Figure 3.6, then,
is that the experimentally observed substrate dependence of the interface dipole
comes mainly from the difference in interface geometries, especially the molecule—
metal distance Zc.

3.4.2
Benzene/Metal Interfaces

Benzene/metal interfaces are prototypical systems of interfaces between functional
aromatic compounds and metal electrodes. Accordingly, benzene on metal surfaces
has been extensively studied both experimentally and theoretically [95-110]. Bili¢
et al. [104] studied benzene on noble metal surfaces using DFT and showed that
their calculations reproduce major qualitative features of the experimental results.
However, the magnitude of the binding energy was severely underestimated due
to the lack of the long-range van der Waals interactions [104]. Bagus et al. theoret-
ically studied benzene on noble metal surfaces to compare computational results
with experimental ones and showed successfully that the exchange effect is an im-
portant cause of the interface dipole layer [95-97]. They used second-order Moller—
Plesset perturbation (MP2) method to reproduce the long-range vdW interactions,
which limited their calculations to small clusters. Moreover, the MP2 method tends
to overestimate the van der Waals (vdW) interactions, creating a need for more ac-
curate methods [111, 112]. Toyoda et al. have investigated benzene adsorbed on
Cu(111), Ag(111), and Au(111) surfaces by using DFT with van der Waals correc-
tions [113, 114]. Figure 3.7a,b shows the calculation model for benzene adsorbed
on noble metal surfaces, with a (3 x 3) surface unit cell.
The adsorption energy E,q is defined by

E,q = E (adsorbate/metal) — E(adsorbate) — E(metal) (3.14)

where E(adsorbate/metal), E(adsorbate), E(metal) are the total energies of the ad-
sorbed system, the isolated molecule, and the clean metal surface, respectively. A
negative value of E,q means that the adsorbed system is energetically favorable rela-
tive to the isolated state. To estimate the adsorption energies, Toyoda et al. employed
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Figure 3.7 (a) Top view and (b) side view of a benzene/metal interface. After Toyoda et al. [114],
used with permission.

not only a GGA calculation but also two of the van der Waals methods mentioned in
Section 3.2: Grimme’s semiempirical pairwise corrections [57, 58] (DFT-D) and the
Dion et al. van der Waals functional [53] (vdW-DF). Table 3.1 summarizes the equi-
librium distances (ZSA, Z2FTP, and Z{¥) and the adsorption energies (ES%4,
EDFTP and EY4Y) calculated by GGA, DFT-D, and vdW-DF, respectively. The E¥¢V
values agree well with the experimental values, and this agreement is even better
than those of the MP2 method [95, 96]. EXF™ for Cu agrees well with the ex-
perimental value, whereas for Ag and Au, the absolute values are overestimated
by ~ 0.2 eV. This is likely partly because the Cg coefficients for heavier atoms are
overestimated by Grimme’s scheme [115] and partly due to the absence of screen-
ing of the substrate electrons in the determination of the pairwise coefficients,
going effectively beyond the pairwise description [60], a point we return to below
for PTCDA. On the other hand, the EG% values are an order of magnitude smaller
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Table 3.1 The equilibrium distances (ZE°*, adsorption energies calculated by MP2, and
ZEFTP and Zédw), and the adsorption en- the experimentally determined adsorption en-
ergies (EaGdGA, EDFTD . and E;’gw) calculated ergies for benzene on Cu(111), Ag(111), and
by GGA, DFT-D, and vdW-DF, respectively, Au(117).
along with the equilibrium distances and the
Surface Cu(111)  Ag(111)  Au(111)
GGA Z86A nm 0.37 0.37 0.37
ESGA eV -0.050  -0.061  —0.068
DFT-D  Zz2"P/nm 029 0.29 0.31
EX™Prev  -056 -0.64  -0.79
vdW-DF  z¥¥ /nm 0.37 0.37 0.37
EYY jev -055 049  -0.55
MP2 Zc/nm 0.36° 0.37b 0.38¢
Eaa/eV -0.35%  -0.33"  —0.31°
Exp. EgP eV -0.58%  -0.42°  -0.60/
 [9¢]
" 195]
¢ [95,97]
4196, 98]
¢ 195,99
£ 195, 100]

than the experimental values, in agreement with previous GGA results [104]. This
indicates that the interaction between benzene and close-packed noble metal sur-
faces is predominantly due to the dispersion interaction, confirming that it should
be classified within the physisorbed systems.

Although the E,4 values significantly depend on the choice of the energy func-
tionals, the ZE and Z{W values are the same. Moreover, the Zc values calcu-
lated by MP2 are also almost the same. On the other hand, the Z2FT™P values are
smaller than those calculated by the other methods. Romaner et al. reported that
for PTCDA on noble metal surfaces, ZVs are systematically overestimated [116].
Because the benzene-substrate distances have never been measured experimen-
tally, it is not possible to compare the calculated results with experimental ones.
However, as discussed below, by comparing the calculated vacuum level shifts with
the experimental ones, we can indirectly deduce the most probable benzene-metal
distance and conclude that the DFT-D method provide a reasonable benzene-metal
distance while the GGA and the vdW-DF methods overestimate it.

The interface dipole A ¢’ is calculated by

A¢’ = ¢ (adsorbate/metal) — ¢ (metal) (3.15)

where ¢ (adsorbate/metal) and ¢ (metal) are the work function of the adsorbed sys-
tem and the clean metal surface, respectively. To estimate the work function change
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the experimental surface molecular density of the adsorbate on the surface, nyeta,
is used. A coverage-corrected A¢’ is obtained, assuming that depolarization ef-
fects [14, 15] can be neglected, by using a simplified form of the Helmholtz equa-
tion [117]:

Ap = Ay lmeal (3.16)
no
where A¢ is the corrected work function change, and ny = A, where A is the
area of the surface unit cell of the adsorbed systems.

Table 3.2 summarizes A¢s calculated by GGA at several distances. The calcu-
lated Ags at Z2FTD are in excellent agreement with the experimental values of
—1.05 [97], —0.70 [95], and —1.10eV [97], for Cu, Ag, and Au, respectively. On the
other hand, the absolute values of the calculated Ags at ZE®* and ZV are sig-
nificantly underestimated, which comes from the overestimation of the Z&%* and
Z3v,

To single out the electronic factor contributing to the formation of the interface
dipole, Toyoda et al. investigated the interface dipole using the same benzene cover-
age for the three metal surfaces, as shown in Figure 3.8. The substrate dependence
of A¢ on Zc is almost the same for the three metal surfaces, indicating that the in-
terface is in the Schottky limit. This is consistent with previous results in which the
exchange effect was an important cause of the interface dipole formation at ben-
zene/metal interfaces [95-97]. Experimentally, however, the substrate dependence
of the interface dipole on the work function behavior is as close to the nonideal
(Bardeen) limit (S = 0), then to the ideal S = 1 Schottky limit, with S ~ 0.46.
As before, this clearly shows that the substrate dependence of the interface dipole
comes from geometric factors such as benzene-substrate distance and surface-
molecular density, rather than from stronger benzene—substrate interaction.

Table 3.2 Work function changes (A¢) calculated by GGA at ZE®A, ZPFTP and Zédw, along
with the experimental work function change (A ¢®) for benzene on Cu(111), Ag(111), and
Au(111).

Surface GGA MP2 Exp.
Zc/nm AgleV  AgleV  ApSPIV
Cu(111) ZPFFD =029  -1.09  -1.08°  -1.05%
Z&CA 23V =037 033 - -
Ag(111) ZDFFD =029 071 -077b  -0.70¢
ZECA, ZV =037 -0.25 - -
Au(111) ZPFFD =031 -1.06  -087°  -1.10°

ZECA ¥V =037 -0.48 - -

° [97]
b [9s]
¢ [99)
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Figure 3.8 Work function change (A¢) as a function of Z¢ for benzene on Cu(111), Ag(111),
and Au(111) provided that the surface molecular densities on the three metal surfaces are as-
sumed to be the same. After Toyoda et al. [114], used with permission.

343
Pentacene/Metal Interfaces

Pentacene (Cy;Hi4) is one of the most typical compounds for organic field ef-
fect transistors and the interface between pentacene and metal surfaces has been
studied extensively both experimentally and theoretically [118-131]. Toyoda and
coworkers investigated the atomic geometries and electronic properties of pen-
tacene/metal interfaces in detail using DFT [129-131]. Figure 3.9a shows the
adsorption geometry of pentacene on an FCC(111) surface, and Figure 3.9b shows
the adsorption energy of pentacene on the Cu(111) surface. As seen in Figure 3.9b,
again the potential energy curve calculated by GGA has a shallow minimum,
whereas those by DFT-D and vdW-DF have deeper minima. The equilibrium dis-
tance calculated by DFT-D is smaller than those calculated by GGA and vdW-DF.
The adsorption energies calculated by DFT-D and vdW-DF agree quite well with the
experimental value of —1.6eV. The calculated Zc by DFT-D (0.24 nm) is in excel-
lent agreement with the experimental value of 0.234 nm [124]. On the other hand,
the calculated Z¢ by GGA (0.42nm) and by vdW-DF (0.37 nmx ) are significantly
overestimated by 0.13 ~ 0.18 nm compared with the experiment. As is the case
for benzene on noble metal surfaces, the calculated Zcs by vdW-DF are overesti-
mated, possibly because of the exchange part of the specific GGA used in vdW-DF
being too repulsive. Thus, we again find that the DFT-D method gives reasonable
molecule-metal distance while the GGA and the vdW-DF methods overestimate it.

Figure 3.9c shows A ¢s in pentacene adsorbed on Cu(111), Ag(111), and Au(111)
surfaces as function of Zc. The experimentally determined A¢s on Cu(111),
Ag(111), and Au(111) are indicated by horizontal dashed lines, whereas the exper-
imentally determined pentacene-Cu(111) distance and the equilibrium distances
on Ag(111) and Au(111) calculated by DFT-D are shown by vertical dotted lines.
The calculated A¢s at equilibrium Zc agree well with the experimental values,
while the absolute values of the calculated A¢s at equilibrium Zcs calculated by
GGA or vdW-DF are significantly underestimated, which comes from the overes-
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Figure 3.9 (a) Top view of pentacene ad-
sorbed on an FCC(111) surface. (b) Adsorp-
tion energy of pentacene on Cu(111) as a
function of pentacene-metal distance (Zc).
The experimentally observed pentacene-
Cu(111) distance [124] and the adsorption en-
ergy [129] are shown by arrows. (c) Work func-
tion change induced by pentacene adsorption
on Cu(111), Ag(111), and Au(111) surfaces.

The equilibrium distances calculated by DFT-
D are shown by vertical dotted lines. The ex-
perimental values of A¢ on Cu(111) [124],
Ag(111) [118], and Au(111) [119, 132] are
shown by horizontal dashed lines. Square,
circle, and triangle lines are for Cu(117),
Ag(111), and Au(111), respectively. After Toy-
oda et al. [131], used with permission.

timation of the Z¢ as pointed out above. As seen in Figure 3.9¢, the trends for
Cu(111) and Ag(111) are quite similar to each other, whereas Au(111) is different.
On Au(111) at large Z¢, A¢ converges to a negative value of —0.6 eV. This unrea-
sonable behavior comes from an artificial electron transfer from pentacene to the
substrate, owing to the unrealistic level alignment afforded by GGA. In reality, A¢
should converge to zero at large Z¢, coinciding with the results for the other two
substrates. As Z¢ decreases, A¢ decreases monotonically on Au(111), presumably
because of the push back (Pauli repulsion) effect. In contrast, on Cu and Ag, A¢gs
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take a plateau-like shape at around 0.26 nm < Z¢ < 0.32 nm. The hybridization
between the pentacene LUMO and the substrate states takes place at Z¢ smaller
than about 0.3 nm, and therefore the plateau comes from the counter-polarization
due to the back donation from the substrate to the pentacene. Calculated results
indicate that as the pentacene molecule approaches the substrate, S decreases
from 1 to nearly 0. This result suggests a transition from the Schottky limit to the
Bardeen limit, which is consistent with an intuitive explanation that the interface
is in the Schottky limit if the pentacene-substrate interaction is weak whereas the
interface is in the Bardeen limit if the interaction is strong. Experimentally, the
slope parameter for pentacene on several substrates is evaluated to be ~ 0.5, which
is an intermediate between the two limits. This suggests that this system should
be treated as a weakly chemisorbed system. The slope trend is due to the different
adsorption height on the different substrate, indicated by the DFT-D calculations.
The slope parameter from A¢ at the adsorption distance is estimated from DFT-D
to be ~ 0.15, which is underestimated compared to the experimental value of about
0.5. This might be due to the overestimation of the calculated A¢ on Au.

It is interesting to examine the validity of the simple IDIS model by comparing
with DFT calculations. Toyoda et al. estimated the number of electrons transferred
from the metal surface to adsorbed molecules (A N*) and calculated the interface
dipole using Eq. (3.12) [129]. Figure 3.10a shows AN* as function of Z¢ for pen-
tacene on the Cu(111) surface, while Figure 3.10b shows the vacuum level shifts
as a function of Z¢ for pentacene on the Cu(111) surface. The vacuum level shift
estimated by the IDIS model is denoted by Ajp;s and the work function change by
using the self-consistent GGA results is denoted by A¢.

The A N2 curve exhibits a minimum at around Z¢ ~ 0.34 nm. At large Zc, holes
are induced in the occupied states and Ajp;s is reduced, in agreement with the
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Figure 3.10 (a) Number of electrons trans-
ferred from the substrate to the adsorbate

(ANA) as a function of Zc for pentacene on
Cu(111). (b) Vacuum level shifts estimated
by the IDIS model (A|pis) and the work func-

ted line. After Toyoda et al. [129], used with
permission.
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GGA results. As the molecule approaches the substrate, the unoccupied states are
partially filled due to hybridization between molecular LUMO states and substrate
states, and A|pys is increased. Accordingly, Ap;s agrees fairly well with A ¢ at large
Zc, whereas Aipis tends to deviate from A¢ at small Zc, where back donation
from the substrate to the adsorbate becomes large. Therefore, we conclude that as
long as the system can be considered as a weakly adsorbed one, namely, an organic—
metal distance larger than 0.3 nm in this case, the IDIS model is reasonably valid,
but its validity degrades strongly as soon as stronger chemisorption sets in.

3.44
PTCDA/Metal Interfaces

We have already mentioned in Section 3.3 that in its solid, semiconducting phase
PTCDA forms highly ordered layers on selected metals [67]. It is therefore no sur-
prise that PTCDA adsorption on metal surfaces has been intensively studied as a
prototypical molecule-metal interface [60, 89, 116, 133-142].

The combination of the aromatic core and the anhydride side groups suggests
that the PTCDA/metal system can show some traits of both weakly chemisorbed
and more strongly chemisrobed systems. Consequently, earlier DFT studies gen-
erated some controversy due to the above-discussed difficulty of treating weak van
der Waals interaction between PTCDA and metal surfaces by using conventional
GGA [136, 137, 143, 144]. More recent work showed that calculations with nonlo-
cal correlation can reasonably reproduce the adsorption states of PTCDA on metal
surfaces [116, 138]. The issue was fully resolved recently by Ruiz et al. [60]. They
showed that by combining Tkatchenko—Scheffler pairwise corrections with the Lif-
shitz—Zaremba—-Kohn theory for the nonlocal Coulomb screening within the bulk,
quantitative agreement between theory and experiment for both the adsorption
distance and the adsorption energy is obtained. Their comparison of a variety of
DFT-based methods for this system is given in Figure 3.11.

Turning to the electronic structure, Romaner et al. circumvented the van der
Waals problem by using GGA calculations based on the experimentally reported
molecule-metal distances for studying PTCDA in its “herringbone” structure on
the Ag(111), Cu(111), and Au(111) surfaces (see Figure 3.12) [116]. The resulting
projected densities of states onto PTCDA molecular orbitals are shown in Fig-
ure 3.13. Clearly, if the experimentally reported molecule-metal distances are em-
ployed, agreement with experiment is quite reasonable. We note that the difficulties
experienced by using GGA for gas phase PTCDA [68], highlighted in Figure 3.1, are
strongly mitigated here due to interaction with the delocalized metal electrons. For
the relatively short molecule-metal distances on Ag(111) and Cu(111) (2.86 and
2.66 A, respectively), significant hybridization is found. In particular, the LUMO is
partly occupied and about 0.5 electrons are estimated to be transferred from the
metal substrate to the PTCDA. On the other hand, at the larger molecule-metal
distance on Au(111) (3.27 A), the hybridization is weaker and the LUMO remains
just above the Fermi level.
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Figure 3.12 Top view of PTCDA adsorbed on Ag(111) (a) and on Cu(111) (b). Molecular struc-
ture of PTCDA (c). After Romaner et al. [116], used with permission.

The large charge transfer from the metal substrate to the PTCDA increases the
work function by 0.24 eV on the Ag(111) substrate. On Cu(111), however, the work
function is reduced by 0.29 eV despite this effect because of the larger Pauli repul-
sion (“push back”) effect due to the shorter molecule-metal distance. On Au(111),
charge transfer is much smaller and the work function is reduced by 0.34 eV. These
calculated work function changes agree with experimental values reasonably well.
Thus, PTCDA appears as a subtle case of chemisorption of varying strength, de-
pending on substrate and adsorption geometry.
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Figure 3.13 Projected density of states onto molecular orbitals for PTCDA on Ag(111), Cu(111),
and Au(111) surfaces. The HOMO and LUMO peak positions observed by UPS are indicated at
the bottom. After Romaner et al. [116], used with permission.

3.5
Two Examples of Collective Effects at Metal-Molecule Interfaces

In our introductory remarks, we have emphasized the emergence of highly nontriv-
ial collective effects at metal-molecule interfaces. Furthermore, we partly motivated
first principles calculations for such interfaces by the need to explain and ultimately
predict collective effects that defy explanation by textbook models. Therefore, we
devote the final section of this chapter to two different recent examples where DFT
has played a prominent role in predicting collective effects.

3.5.1
Quantum-Confined Stark Effect in Monolayers of Molecules Consisting of Polar

Repeating Units

A well-known collective effect in polar monolayers is that the dipolar array results
in a nonvanishing electric field across the monolayer (see [14, 15], and references
therein). Akin to a parallel-plate capacitor, this results in a potential drop across the
monolayer, which is frequently used for work function modulation. These ideas
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can be extended further by considering a monolayer comprised of repeating po-
lar units, with recent theoretical work performed on oligopyrimidines as a model
system [145-147].

Rissner et al. have identified, using DFT calculations with the HSE short-range
hybrid functional, an interesting collective effect for a Au-adsorbed monolayer of
terpyrimidinethiols [146]. For this system, a comparison of LDA, HSE, and explic-
itly self-interaction corrected calculations showed that use of HSE is essential to
obtaining the correct ordering of close-lying o and m states while retaining a re-
alistic description of the metallic Au. They observed that in the transition from
molecule to self-assembled monolayer, frontier states increasingly localize on op-
posite sides of the monolayer, as shown in Figure 3.14. The direction of localization
is opposite for filled and empty orbitals, as well as for “up” and “down” monolay-
ers (distinguished by the relative position of the nitrogen atoms in each ring with
respect to the thiol group). Furthermore, this polarization is, in several instances,
in the direction opposite to the polarization of the overall charge density.

This behavior was interpreted by Rissner et al. by analogy to inorganic semi-
conductor quantum wells, which, just like the terpyrimidinethiols of Figure 3.14,
can be regarded as semiperiodic systems. There, similar observations made un-
der the influence of a, typically external, electric field are known as the quantum-
confined Stark effect [148]. Without any external perturbation, in oligopyrimidine
SAMs one encounters an energy gradient that is generated by the dipole moments
of the pyrimidine repeat units. It is particularly strong and results in a substantial
electric field of 1.6 x 107 V/cm, which is easily observed in plots of the electrostatic
potential across the monolayer. Thus, in this case the collective electric field not
only affects the interface dipole and work function as in the previous section, but
also strongly affects all frontier molecular orbitals, modulating, for example, the
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Figure 3.14 Partial density of states curves electrostatic energy across the monolayer. The
for a monolayer of terpyrimidinethiols on the thick black curves are Gaussian convolutions
(+/3 x 4/3) Au(111) surface, for both “up” (o0 = 0.1eV) of the results of the calculation.

and “down” monolayers (distinguished by the  Insets show band charge-densities of the fron-
relative position of the nitrogen atoms in each tier states and the band gap, as determined

ring with respect to the thiol group). Only a from the onsets of the respective nonbroad-
small fraction of the metal atoms is shown. ened DOS peaks, is indicated. After Rissner et
The Fermi energy is indicated as gray hori- al. [146], used with permission.

zontal line. Curves are aligned at the average
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optical properties of the monolayer. These results explicitly show that when aiming
to build a monolayer with a specific electronic structure, one may not only resort to
the traditional technique of modifying the molecular structure of the constituents,
but also try to exploit collective electronic effects.

3.5.2
Magnetic Molecule/Magnetic Metal Interfaces

In the previous example, the collective effects were due to long-range electrostatic
effects and did not involve the explicit interaction between adsorbate and substrate.
As a second, remarkable example we consider the electronic and magnetic prop-
erties emerging from the interaction of a magnetic molecule, Co-phthalocyanine
(CoPc), with a magnetic metal, Fe [10]. Magnetic molecule/magnetic metal inter-
faces are important not only from the fundamental point of view, but also for pos-
sible applications in future organic spintronics devices.

Figure 3.15 shows the atomic geometry and electronic structure for a free CoPc
molecule (Figure 3.15a) and for CoPc adsorbed on an Fe surface (Figure 3.15b),
without and with vdW forces (Figure 3.15¢,d) included during the relaxation. For
the gas phase molecule, the energy ordering is adversely affected by the GGA cal-
culation as in the CuPc example of Figure 3.2. Nevertheless, comparison with re-
sults from hybrid functionals [149] shows that the GGA calculation still correctly
identifies the total molecular spin, S, as 1/2. As in previous examples, it is read-
ily observed that both the atomic geometries and electronic structure of the Fe-
adsorbed CoPc are strongly sensitive to vdW corrections. Without such corrections,
the molecule—substrate distance is 3.1 A and the molecule remains flat. With them,
the molecule-metal distance is reduced to 2.6 A and the molecule is no longer flat.
Furthermore, hybridization between molecular orbitals and the substrate states is
much stronger. By comparing simulated scanning tunneling microscopy (STM)
images to experiment, as shown in Figure 3.16, it is shown that agreement between
experimental and calculated STM images is excellent upon inclusion of vdW cor-
rections. This also shows once more that GGA errors in the electronic structure are
mitigated by hybridization with the delocalized metal electrons.

Importantly, the combination of a magnetic molecule and a magnetic substrate
actually results in an adsorbed molecule with a net spin, S, of zero. This somewhat
counter-intuitive result emerges due to the transfer of an electron from substrate to
molecule. This does not mean, however, that all magnetic effects have been elim-
inated. Recall that spin-transport is not sensitive to the overall magnetization, but
rather to the net magnetization of the current-carrying states, which can be com-
pletely different and even opposite [150]. Here, tunneling through the molecule
exhibits a pronounced spin dependence due to spin-split molecule-surface hybrid
states. This opens the door to design of the local spin-polarization and to selective
spin injection [9].
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3.6
Concluding Remarks

In conclusion, in this chapter we have attempted to provide a short survey of in-
sights into the behavior of metal-molecule interfaces obtained from first principles
theory, with a strong emphasis on density functional theory. We have explained the
underlying principles of the method and discussed challenges and recent progress
in its successful application. We then surveyed how judicious application of the
theory results in insights into the important problem of the interface dipole and
how it allows for the identification and prediction of novel and often unexpected
collective effects.

We end this chapter with two additional comments. On the methodological side,
we discussed several instances where DFT calculations can go wrong and indeed
we feel that, as in experimental work, one must be deeply familiar with the work-
ing of the methods employed in order to avoid artifacts. Nevertheless, we would
like to stress that our message is not at all one of disappointment, but in fact one
of optimism: As we also discussed, recent years have seen tremendous progress
in understanding potential pitfalls in the application of DFT to metal-molecule
interfaces and in developing successful methods to overcome them. Consequently,
many applications once considered to be “too difficult for DFT” are now well within
our reach. Second, the examples we have selected were, naturally, strongly biased
towards the research work of the authors, as it is impossible to do full justice to the
the work of many other scientists on many additional systems within the confines
of this chapter. Nevertheless, we do trust that the work surveyed here provides some
general lessons on structural, electronic, and magnetic properties of the molecule—
metal interface, and on the importance of collective effects therein. We therefore
hope it would be of benefit to both theorists and experimentalists working in this
fascinating area.
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