
DISPERSION AND SELF-INTERACTION
CORRECTION: IMPROVING THE ACCURACY OF

SEMILOCAL DENSITY FUNCTIONAL
APPROXIMATIONS

A Dissertation
Submitted to

the Temple University Graduate Board

in Partial Fulfillment
of the Requirements for the Degree of

DOCTOR OF PHILOSOPHY

by

Santosh Adhikari
May, 2021

Examining Committee Members:

Adrienn Ruzsinszky, Advisory Committee Chair, Dept. of Physics
John P. Perdew, Examining Committee Chair, Dept. of Physics
Qimin Yan, Examining Committee member, Dept. of Physics
Vincenzo Carnevale, External member of Examining Committee, Dept. of
Biology



ABSTRACT

Dispersion and self-interaction correction: improving the accuracy of semilocal density
functional approximations

by

Santosh Adhikari

Chair: Adrienn Ruzsinszky

Although semilocal density functional approximations (DFA) are widely applied, none of

them can capture the long-range van der Waals (vdW) attraction between the separated sub-

systems. However, they differ remarkably in the extent to which they capture intermediate-

range vdW effects responsible for equilibrium bonds between neighboring small closed-

shell subsystems. The local density approximation (LDA) often overestimates this effect,

while the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) un-

derestimates it. The strongly-constrained and appropriately normed (SCAN) meta-GGA

often estimates it well. All of these semi-local functionals require an additive correction

like non-local correlation functionals (vdW-DFs, VV10, rVV10 etc.) or empirical methods

( DFT+D3, DFT+vdW, DFT+XDM etc.) to capture the long-range part. The molecular

complexes bonded by vdW interactions, layered materials, and molecule-surface interac-

tions are a few examples of the systems where the long-range effects play a crucial role.

In the first part of this assessment, we investigate the adsorption of benzene and thiophene

over the (111) surface of copper (Cu), gold (Au), and silver (Ag). Thiophene and ben-

zene are the prototypes of their respective classes of aromatic compounds and are the most

widely studied molecules to model such systems. We first combine a non-local correlation

functional (rVV10) with the various generalized gradient approximations (GGAs), namely

PBE and PBEsol, along with the meta-GGAs SCAN and revSCAN (collectively known as

base functionals), through a set of parameters obtained by fitting against the argon-dimer
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interaction energy curve. These parameters bridge the base functionals and rVV10 and

guide the delicate balance between the short- and long-range interaction. We also utilize

the recently introduced vdW-dZK model based on the theory of Zaremba and Kohn. It is

a proven method to yield RPA-quality results for the physisorption of graphene over dif-

ferent metallic surfaces. We assess the adsorption energies, vertical adsorption distances,

and the molecular-orientation at various sites and compare the results to the experimen-

tal values whenever available. Based on our calculations, the semilocal functionals alone

underestimate the adsorption energies, reflecting the need for additional corrections. The

rVV10-based methods generally bring the molecules closer to the surface and increase

the binding energies. However, there is a discrepancy in the description of rVV10 based

methods when the base functional is changed. While rVV10 combined with PBE slightly

underestimates the adsorption energies, revSCAN+rVV10 and PBEsol+rVV10 are signif-

icantly overestimating. The methods PBE+vdW-dZK and SCAN+vdW-dZK, in general,

predict better adsorption energies. In particular, SCAN+vdW-dZK stands out in predicting

adsorption distances, adsorption energies, sites, and orientation closest to the experimental

values whenever available.

Apart from the inability of the semilocal DFAs to capture the long-range vdW interaction,

they suffer from the so-called self-interaction error (SIE), in which an electron density in-

correctly interacts with itself. At the semilocal level, the self-exchange-correlation energy

can not counter-balance the self-Hartree energy, giving rise to the SIE problem. About 40

years ago, Perdew and Zunger proposed a solution to it by introducing a method that could

remove the spurious SIE on an orbital-by-orbital basis. However, for size-consistency of

this orbital-dependent theory, localized orbitals instead of delocalized Kohn-Sham orbitals

are required. Recently, Pederson et al. introduced an elegant scheme, known as Fermi-

Löwdin orbital self-interaction correction (FLOSIC), which could generate size-extensive

and localized orbitals.
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For an exact functional, free from SIE, the negative of the highest occupied orbital (HO)

eigenvalue would equal the first ionization energy (IE). In the second part of this assess-

ment, we evaluate the HO eigenvalue of a representative test set containing 14 small to

moderate-sized organic molecules using FLOSIC. The SIE inherent in the semilocal DFAs

seriously underestimates the magnitude of the HO energy. Although LDA-SIC and PBE-

SIC correct them, IEs are still significantly overestimated. A similar previous work by

Vydrov et al. reported the over-correction of PZ-SIC in many-electron regions, and vari-

ous schemes with moderate success have been introduced since then to scale SIC down on

those regions. Recently Zope et al. introduced a method (LSIC) based on locally scaling-

down PZ-SIC using an iso-orbital indicator (zσ ) which ensures that the correction is made

only in the regions where they are required. We introduce a few other approaches similar

to LSIC and demonstrate that these methods significantly improve the agreement between

the calculated HO eigenvalues and experimental IEs of molecules.
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4.4 The lattice constants (in Å) of substrate metals, compared to the experi-
mental zero-point phonon corrected lattice constants. . . . . . . . . . . . 54

4.5 Calculation of adsorption energies of thiophene over Cu(111), Au(111)
and Ag(111) using Redhead’s Analysis. With the information of peak
maximum temperature (Tm) and the heating rate (β ) utilized in the exper-
iment’s [1–3] such energies can be estimated. . . . . . . . . . . . . . . . 55

4.6 Adsorption energy (in eV) of thiophene over Cu(100), Ag(100), and Au(100)
surfaces with the meta-GGA based approximations and their correspond-
ing vdW corrected versions with respect to the most stable adsorption
site. Hollow-45 (the number 45 represents the value of angle of rotation)
is found to be the most stable site of adsorption in 100 surfaces irrespec-
tive of the nature of metals and exchange-correlation(XC) functionals used. 55
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CHAPTER 1

INTRODUCTION TO DENSITY FUNCTIONAL

THEORY (DFT)

1.1 Introduction to many-body problem

All materials that we encounter in our day-to-day life are composed of electrons and a

few different kinds of nuclei which interact with each other electrostatically [27]. Although

electrons are much lighter than nucleus and require a quantum mechanical description,

they usually move at a speed much less than that of light. Thus, in the absence of a time-

dependent field, a system of M nuclei (at position R1, R2, ...., RM) and N electrons (at

position r1, r2, ...., rN) can be solved using time-independent, non-relativistic Schrödinger

wave equation [28] (in atomic units) as

Ĥψ(R1,R2, ......,RM,r1,r2, .....,rN) = Eψ(R1,R2, ......,RM,r1,r2, .....,rN), (1.1-1)

where ψ(R1,R2, ......,RM,r1,r2, .....,rN) is the many-body wave function associated with

the hamiltonian (Ĥ) which can be decomposed as

Ĥ = T̂ n + T̂e +V̂ nn +V̂ee +V̂ ne. (1.1-2)

Here Mα is the ratio of mass of the αth nucleus to that of an electron, and

T̂ n =
M

∑
α=1
− 1

2Mα

∇R
2 (1.1-3)
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is the nuclear kinetic energy operator and

T̂e =
N

∑
i=1
−1

2
∇r

2 (1.1-4)

is the electronic kinetic energy operator. Similarly,

V̂ nn =
M

∑
α=1

M

∑
β>α

ZαZβ

|Rα −Rβ |
(1.1-5)

is the nucleus-nucleus interaction energy operator,

V̂ee =
N

∑
i=1

N

∑
j>i

1
|ri− r j|

(1.1-6)

is the electron-electron interaction energy operator, and

V̂ ne =−
M

∑
α=1

N

∑
i=1

Zα

|Rα − ri|
(1.1-7)

is the nucleus-electron interaction energy operator.

Although Eq (1.1-1) looks simple in form, it gives an exact solution only for hydrogen-like

systems (M=1 & N=1), which is the simplest of two-body problems. When there are more

than one electron and one nucleus in the system their motion is inter-connected and almost

impossible to decouple. Thus for many-body systems (M+N>2), Eq (1.1-1) is utterly com-

plicated to solve, and approximations are often required.

As the electrons are three orders of magnitude lighter than the nucleus, nuclear motion is

much too slower than that of electrons. In Born-Oppenheimer approximation [29], elec-

trons can thus be assumed to drag along with nuclei with their motion parametrically de-

pendent to nuclear positions but independent to their velocities. This allows us to assume

ansatz of the form

ψ(R,r) = φn(R)φel(R,r), (1.1-8)
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where φn(R) denote the nuclear wave function and φel(R,r) denote the electronic wave

function. Thus for fixed nuclear positions,

Ĥelφel(R,r) = Eelφel(R,r), (1.1-9)

Ĥel = T̂e +V̂ee +V̂ ne. (1.1-10)

Since the nuclear positions are just the parameters for electronic wave function, V̂ nn shifts

the energy eigenvalue by a constant, some consider including it in Ĥel , as well. Although

the use of the Born-Oppenheimer approximation simplifies the problem, the troublesome

electron-electron interaction term makes it impossible to solve the electronic Hamiltonian

exactly, reflecting the need for further approximations.

1.2 Wavefunction-based theory

Hartree proposed a self-consistent field approximation [30] in which an electron is as-

sumed to move in an effective field due to all other (N-1) electrons. Thus a many-body

wavefunction could be written as a product of the N one-electron wavefunctions. How-

ever, Fock soon noticed that such wavefunction is not antisymmetric and violates Pauli’s

principle. He proposed the many-body wavefunction to be the slater determinant of the

N one-electron wave function. This way, it ensures antisymmetry [31] in the many-body

wavefunction. However, Hartree-Fock (HF) approximation [30–32] neglects the fact that

the motion of the electrons is correlated as an electron tends to avoid other electrons. As

its consequence, electrons are farther and lower in total energies than what HF theory pre-

dicts. There are various post-HF methods like Møller -Plesset perturbation theory [33],

configuration interaction [34], coupled-cluster (CC) [35] etc., to incorporate the correlation

effects. However, these methods are most feasible for atoms and molecules. These are too

expensive for extended systems like solids.
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1.3 Density functional theory

The solution of the electronic hamiltonian through convoluted many-body wavefunc-

tion can be avoided by using much simpler electron density in the framework of density

functional theory. Electron density n(r) for a system of N electrons is defined as:

n(r) = N ∑
σ

∑
σ2

....∑
σN

ˆ
dr2

ˆ
dr3....

ˆ
drN |ψ(σ ,r,σ2,r2, ...,σN ,rN)|2 (1.3-11)

where σ ’s are the spin indices and drN = d3rN . This immediately follows

ˆ
drn(r) = N (1.3-12)

We also define the spin densities as:

nσ (r) = N ∑
σ2

....∑
σN

ˆ
dr2

ˆ
dr3....

ˆ
drN |ψ(σ ,r,σ2,r2, ...,σN ,rN)|2 (1.3-13)

1.3.1 Thomas-Fermi model

Shortly after the introduction of Schrödinger’s equation, Thomas [36] and Fermi [37]

independently formulated what is known as the first density functional theory. In the

Thomas-Fermi model, electrons are considered to be non-relativistic particles distributed

uniformly in six-dimensional phase space. Their motion is assumed to govern “itself” by

the effective potential due to nuclear charge and the distribution of electrons. The total

energy of the electrons in Thomas-Fermi theory is given by

ET F =C
ˆ

dr [n(r)]
5
3 +

ˆ
dr n(r) v(r)+U [n] (1.3-14)

where

C =
3

10
(3π

2)
2
3 . (1.3-15)
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and,

U [n] =
1
2

ˆ ˆ
n(r)n(r′)
|r− r′|

drdr
′

(1.3-16)

Thomas-Fermi (TF) theory is an important first step in the density functional theory for-

malism, however due to oversimplified assumptions it is not an accurate theory. First of all,

the expression for kinetic energy (first term in RHS of Eq (1.3-14)), is only approximate.

Secondly, it doesn’t account for the exchange energy and completely ignores the electron-

electron correlation effects. As its consequences, TF theory can not bind atoms to form

molecule [38]. Although imperfect, there were noteworthy efforts of Dirac and Weizsäcker

to improve TF theory. The former made an effort to add the exchange energy term [39]

while the latter proposed correction for the kinetic energy [40].

1.3.2 Hohenberg-Kohn (HK) Theory

In 1964, Hohenberg and Kohn [41] gave an exact theory for the ground-state energy

using electron density (n(r)) as the only variable. They introduced the universal functional

F[n(r)], independent of the external potential, which plays a key role in determining the

total ground-state energy. There are two basic theorems in HK theory.

Theorem 1: The external potential v(r) is uniquely determined (within a trivial additive

constant) by the electron density n(r).

The proof of the theorem is simple (see Ref [41]). This theorem allows one to write the

energy as the functional of electron density as

E[n] = T [n]+Vee[n]+
ˆ

drv(r)n(r). (1.3-17)

The first two terms in RHS of the above equation are independent to the external potential.

This motivated Hohenberg and Kohn to introduce a universal functional (FHK) applicable

for all electron systems.

FHK[n] = T [n]+Vee[n] (1.3-18)
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Second theorem provides the energy variational principle [42].

Theorem 2: For a non-negative trial density n‘(r), such that
´

n‘(r)dr = N,

E[n‘(r)]≥ E0, (1.3-19)

where E0 is the ground state energy. Although it is not uncommon to encounter degenerate

ground-state wavefunction in many-electrons systems, the first HK theorem only holds

for cases where the ground-state wavefunction is non-degenerate. Similary, the second

theorem holds only for the cases where the density are v-representable.

1.3.3 v-representable and N-representable electron density

When the electron-density is associated with the antisymmetric ground-state wavefunc-

tion of a hamiltonian (having form of Eq. (1.1-10)) with external potential v(r), such den-

sity is called v-representable. The external potential need not necessarily be coulomb po-

tential. Although, both the HK theorems are based on the assumption that the densities are

v-representable, there are densities in the single- and many-electrons systems that do not

associate with the ground state wavefunction of the external potential [43–45]. Fortunately,

density functional theory can be formulated even if the densities satisfy a weaker condition

called the N-representability condition. A density is N-representable if it is associated with

some antisymmetric wave-function not necessarily the ground-state wavefunction of the

external potential. Mathematically, they have following properties [46]:

n(r)≥ 0,
ˆ

n(r)dr = N, &
ˆ
|∇(n(r))

1
2 |2 dr < ∞ . (1.3-20)

1.3.4 Levy’s constrained search approach:

It is a straightforward task to find the ground-state electron-density (n0) from the ground-

state wavefunction (ψ0). However, the reverse of this problem is a challenge as there can
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be as many as infinite wavefunctions that yield the same density. Levy [47] and Lieb [48]

inspired by the work of Percus [49] proposed a constrained search method as a solution for

it. This approach is based on the minimum-energy principle for ground state. If ψn and ψ0

both yield the same density n0 then it follows:

〈ψn |T̂ +V̂ee| ψn〉 ≥ 〈ψ0 |T̂ +V̂ee| ψ0〉 (1.3-21)

Comparing to Eq. (1.3-18), the RHS of the above equation can be written as:

FHK[n0] = 〈ψ0 |T̂ +V̂ee| ψ0〉 = min
ψ→n0

〈ψ |T̂ +V̂ee| ψ〉 (1.3-22)

In the constrained search method, the density is not necessarily v-representable so long as it

is associated to antisymmetric wave function (N-representable). This enables one to define

F [n] = min
ψ→n
〈ψ |T̂ +V̂ee| ψ〉 = 〈ψn |T̂ +V̂ee| ψn〉. (1.3-23)

This new definition of F [n] not only incorporates the N-representable densities but also

extends for the cases where the ground-state densities are degenerate. Under this approach,

the total ground-state energy of the electrons is:

E0 = min
n

{
min
ψ→n

[
〈ψ | T̂ +V̂ee | ψ〉+

ˆ
v(r)n(r)dr

]}
(1.3-24)

The inner minimization scheme limits the search to only those antisymmetric wavefunc-

tions that yield the given density. The outer minimization extends the search to all possible

densities. This simplifies the problem of extending the search to whole N-particle Hilbert

space for wavefunctions. Combining Eqs 1.3-23 and 1.3-24 yields

E0 = min
n

{
F [n]+

ˆ
v(r)n(r)dr

}
= min

n
E[n] (1.3-25)
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where,

E[n] = F [n]+
ˆ

v(r)n(r)dr. (1.3-26)

The variation principle demands that the ground-state electron density satisfies the follow-

ing stationary principle

δ{E[n]−µ[

ˆ
n(r)dr−N ]}= 0, (1.3-27)

where µ is the chemical potential and gives the measure of the escaping tendency of an

electronic clouds [42]. For the ground-state of atoms, molecules and solids, it is a constant

quantity obtained as a slope of E vs N curve at constant v(r). Using Eqs (1.3-26 and

1.3-27), it leads to the Euler-Lagrange equation

µ =
δE[n]

δn
= v(r)+

δF [n]
δn

. (1.3-28)

As mentioned before, F[n] is independent to the external potential and universal for all

electron systems. If exact form of F[n] were known, the above equation would be ex-

act equation for the ground-state electron density. However, in practice, this part is often

approximated.

1.3.5 Kohn-Sham (KS) formalism

The kinetic energy given by the TF model was approximate. Kohn and Sham [50]

introduced the idea of orbitals in HK formalism to achieve accuracy for a major component

of total energy, the kinetic energy, leaving the residual corrections to be handled separately.

Kohn and Sham came up with the idea of a fictitious non-interacting reference system with

the hamiltonian

Hs =
N

∑
i=1

{
−1

2
∇i

2
+ vs(ri)

}
(1.3-29)

yielding the ground-state density equal to that of the corresponding interacting system.

Here, vs is the reference potential. The ground-state wavefunction of such system is exact
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and is given by

φn =
1√
N!

det [φ1φ2....φN ], (1.3-30)

where φi’s are the Kohn-Sham orbitals obtained from the solution of one-electron hamilto-

nian as:

{−1
2

∇
2 + vs(r)}φi = εiφi (1.3-31)

where εi’s are the Kohn-Sham orbital eigenvalues. These allow one to compute the non-

interacting kinetic energy Ts as

Ts[n] =
N

∑
i=1
〈φi | −

1
2

∇
2 | φi〉 . (1.3-32)

The universal functional F [n] can be expressed in terms of Ts as

F [n] = Ts[n]+U [n]+Exc[n] (1.3-33)

where,

Exc[n] = T [n]−Ts[n]−U [n]+Vee[n]. (1.3-34)

Exc is the exchange-correlation energy. It contains the residual kinetic energy and the non-

classical part of electron-electron interaction term. With these definitions, the Euler equa-

tion (Eq. 1.3-28) can be written as:

µ = v(r)+
ˆ

n(r′)
|r− r′|

dr
′
+

δTs[n]
δn

+ vxc(r) = ve f f (r)+
δTs[n]

δn
(1.3-35)

where,

ve f f (r) = v(r)+
ˆ

n(r′)
|r− r′|

dr
′
+ vxc(r) (1.3-36)

and,

vxc(r) =
δExc[n]

δn
(1.3-37)
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is the exchange-correlation potential.

In Kohn-Sham scheme, one starts with a guess density to construct ve f f (Eq. (1.3-36)).

Kohn-Sham orbitals are then computed by solving N one-electron Schrödinger equations

using that effective potential to compute the new density.

{−1
2

∇
2 + ve f f (r)}φi = εiφi (1.3-38)

n(r) =
N

∑
i=1
|φi(r)|2 (1.3-39)

Thus the complicated 3N-dimensional many-body problem is reduced to a 3-dimensional

one-body problem. Kohn and Sham employ a self-consistent approach to the problem by

using a set of three equations (1.3-36), (1.3-38), and (1.3-39) known as the Kohn-Sham

equations. We note here that the KS formalism can be generalized to include spin densi-

ties, as well. If n↑(r) and n↓(r) are the ground-state spin-densities of the system of inter-

acting electrons in the spin-dependent external potential vσ (r) (σ =↑,↓) then the set of KS

equations are as follows:

vσ
e f f (r) = vσ (r)+

ˆ
n(r′)
|r− r′|

dr
′
+ vσ

xc(r) (1.3-40)

{−1
2

∇
2 + vσ

e f f (r)}φiσ = εiφiσ (1.3-41)

nσ (r) =
N

∑
i=1
|φiσ (r)|2 (1.3-42)

1.3.6 Exchange-correlation functional

In the previous section we introduced the exchange-correlation functional. It is ex-

pressed as a sum of the exchange functional (Ex) and the correlation functional (Ec) as

Exc[n] = Ex[n]+Ec[n]. (1.3-43)
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where,

Ex[n] = 〈φn | V̂ee | φn〉− U [n], (1.3-44)

and

Ec[n] = 〈ψn | T̂ +V̂ee | ψn〉−〈φn | T̂ +V̂ee | φn〉 . (1.3-45)

Kohn-Sham wavefunction (φn) yields a density n(r) that minimizes the kinetic energy,

which in fact is exact for such non-interacting fictious system.

Ts[n] = 〈φn | T̂ | φn〉 (1.3-46)

However, the kinetic energy of the corresponding physical system is

T [n] = 〈ψn | T̂ | ψn〉 (1.3-47)

We can re-write Eq (1.3-45) as:

Ec[n] = Tc[n]+Uc[n] (1.3-48)

where,

Tc[n] = T [n]−Ts[n] (1.3-49)

is the kinetic contribution to the correlation energy and

Uc[n] = 〈ψn | V̂ee | ψn〉−〈φn | V̂ee | φn〉 (1.3-50)

is the potential contribution to the correlation energy.

We immediately see from the definition that Ec[n] and Uc[n] are non-positive while Tc[n]

is non-negative. From Eq. (1.3-45), Ec[n] = 0 for all one-electron systems. For practical

purposes, Ex and Ec are approximated because their exact form, even if we had one, is
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computationally not feasible. However, there are constraints (some listed below) which an

exact exchange and correlation functional shall obey. In addition, there are systems like

uniform electron gas, hydrogen atom, jellium surface etc., where the density functionals

can be exact or extremely accurate. These provide guidelines for constructing the approxi-

mate functionals.

1. Scaling properties [51, 52]: Under the uniform coordinate scaling of the density, ex-

change and correlation functional satisfy the following:

Ex[nγ ] = γEx[n] (1.3-51)

lim
γ→∞

Ec[nγ ] = constant (1.3-52)

Ec[nγ ]> γEc[n] (γ > 1) (1.3-53)

Ec[nγ ]< γEc[n] (γ < 1) (1.3-54)

2.Lieb and Oxford bound [53, 54]:

Exc[n]≥−1.679
ˆ

drn
4
3 (r) (1.3-55)

3.spin-scaling relations [55]:

Ex[n ↑,n ↓] =
1
2

Ex[2n ↑]+ 1
2

Ex[2n ↓] (1.3-56)

4.Size-consistency [56]: If E1 and E2 represent the total energy of the two well-separated

sub-systems with corresponding densities n1(r) and n2(r) then size-consistency demands

the total energy and density of the system to be E1 + E2 and n1(r) + n2(r), respectively.

Exchange-correlation functionals that are not size-consistent need to be avoided. As stated

earlier, exchange-correlation functionals are often approximated in practice. The basic

ingredients of any approximate functionals is the electron density. However, more sophis-
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ticated functionals include additional quantities like gradient of the density, laplacian of the

density, total kinetic energy density etc. Based on the ingredients of the approximate func-

tionals they are classified as different rungs of the Jacobs ladder of DFT [57]. We discuss

in brief below different rungs of such ladder.

1.3.7 Local density approximation:

Local density approximation (LDA) [50] is the simplest exchange-correlation func-

tional that depends only on the electron density at each point in space. Here exchange and

correlation energy are evaluated, assuming that the electron density is locally uniform. The

expression for the exchange energy in LDA is

ELDA
x [n(r)] =

ˆ
drn(r)εUEG

x (n(r)) (1.3-57)

where,

ε
UEG
x (n(r)) =− 3

4π
(3π

2n)
1
3 (1.3-58)

is the exact expression derived by Dirac [39] for the exchange energy per particle of uniform

electron gas (UEG). Unlike exchange, correlation energy,

ELDA
c [n(r)] =

ˆ
drn(r)εUEG

c (n(r)) , (1.3-59)

is only known exactly for two extreme limits of the density [58, 59]. At various points

between these limits, Ceperley-Alder [60] have computed correlation energy per particle

using Quantum Monte Carlo calculations. Due to lack of exact analytical form for correla-

tion energy, there are a number of parameterizations [61–64] that rely on interpolation and

extrapolation techniques to fit those available data. Details on the accuracy of these param-

eterizations can be found in Ref [65]. For spin-dependent systems like open-shell atoms,

magnetic materials etc., spin-polarized version of LDA (i.e. LSDA) is required [64]. For
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LSDA, one defines the relative spin polarization

ζ =
n ↑ − n ↓

n
(1.3-60)

where, n = n ↑ + n ↓. ζ lies between 0 (spin unpolarized) and 1 (fully spin polarized).

LSDA exchange and correlation energies are then computed for UEG, using the respective

spin densities. LSDA by-design is exact for uniform electron density and is expected to be

accurate for very-slowly varying densities. Unlike, TF theory, LSDA binds atoms to form

molecule and predicts reasonable lattice constants in solids.

1.3.8 Generalized gradient approximation:

LSDA only considers a local uniform density at a point in space. Therefore, they fail

to capture the inhomogeneity required to describe systems in reality. The electron density,

along with its gradient, can incorporate such inhomogeneity to some extent. Such a class

of approximate functionals is called the generalized gradient approximation (GGA). Com-

pared to LSDA, GGA’s tend to improve total energies, atomization energies, etc. [66–68]

The exchange-correlation energy in GGAs is written as

EGGA
xc [n ↑,n ↓] =

ˆ
dr f (n ↑,n ↓,∇n ↑,∇n ↓) . (1.3-61)

GGA is constructed in such a way that it recovers the second-order gradient expansion for

slowly-varying densities and is exact for the case of uniform density. There are a num-

ber of approximations for exchange and correlation energies at the GGA level [69–75].

A highly successful Perdew-Burke-Ernzerhof (PBE) [73] exchange-correlation functional

combines PBE-exchange with PBE-correlation. It is a general-purpose GGA designed to

satisfy 11 exact constraints. The GGA exchange-correlation energy is expressed in terms
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of the enhancement factor (Fxc(s)) over the local exchange (εUEG
x ) as

EGGA
xc [n ↑,n ↓] =

ˆ
drn(r)εUEG

x Fxc(rs,ζ ,s) (1.3-62)

where rs = ( 3
4πn)

1
3 and s = |∇n|

2(3π2)
1
3 n

4
3

is the dimensionless density gradient. GGAs differ

from one-another in the parameterized-analytical form of Fxc(s). LSDA is a special case

of such enhancement factor where s = 0. Although, GGAs are superior over LSDA for

predicting total energies and atomization energies, they mostly overestimate bond lengths.

In addition, they underestimate the band-gap of semiconductors and insulators [76, 77] and

fail to sufficiently account for the dispersion interactions [17, 78].

1.3.9 Meta-generalized gradient approximation:

An approximate functional can satisfy more exact constraints when the kinetic energy

density of the Kohn-sham orbitals is used as an ingredient in addition to the electron density

and its gradient. Such a class of approximate functionals is known as meta-generalized

gradient approximations (MGGA). The exchange-correlation energy in MGGA’s is

EMGGA
xc [n ↑,n ↓] =

ˆ
drn(r)εxc(n ↑,n ↓,∇n ↑,∇n ↓,τ↑,τ↓) . (1.3-63)

Although there are a number of MGGAs [79–90] introduced till date, in the present as-

sessment we focus our study mainly on the strongly constrained and appropriately normed

(SCAN) [91] and revSCAN [92] MGGAs. SCAN satisfies all 17 known exact constraints

that a MGGA can satisfy. Here, τ appears in the exchange-correlation energy density as a

dimensionless variable

α =
τ− τw

τuni f (1.3-64)

where

τ
w =
|∇n|2

8n
(1.3-65)
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is the von Weizsäcker kinetic energy density (single-density limit of τ) and

τ
uni f =

3
10

(3π
2)

2
3 n

5
3 (1.3-66)

is the uniform-density limit. The iso-orbital indicator (α) can recognize different bonding

situations like covalent single (α=0), metallic (α=1) and weak (α >> 1) bonding. Al-

though there are some instances [93–97] where SCAN is not up to the mark, it has been

mostly successful for diversely bonded systems [98–102]. Recently, SCAN was revised

(revSCAN [92]) by diminishing its intermediate-ranged vdW interaction, which would al-

low it to efficiently combine with dispersion-correction methods. We will discuss more on

the dispersion-corrections to SCAN [103–105] and revSCAN [92, 106] in the subsequent

chapters.

1.3.10 Inadequacy of semilocal functionals:

GGAs and MGGAs are combinedly called semilocal functionals. These are widely

applied class of functionals for electronic structure calculations in physics and chemistry

[107]. Recently, semilocal density functional theory calculations are attracting more in-

terest of material scientists to search and predict materials of desired properties [108–

110]. Although semilocal functionals systematically improve upon the local spin den-

sity approximations, they are not perfect. Firstly, the semilocal self-exchange-correlation

term can not perfectly cancel the nonlocal self-Hartree energy term leading to the spuri-

ous self-interaction error. It is more problematic for the description of the system in a

non-equilibrium state like stretched bonds. Secondly, the semilocal exchange-correlation

functionals can not fully account for the long-range electron-electron correlation effects.

It is problematic for molecular dimers, molecular crystals, and interfaces where dispersion

interaction is significant. We will discuss more on these issues in chapters two and three.
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1.3.11 Hybrid functionals:

Mixing a portion of exact exchange (or HF exchange) with the (semi)local exchange

and correlation improves the description of band gaps and molecular properties like atom-

ization energies, bond-lengths, and vibrational frequencies [111]. Such a class of function-

als is known as hyperGGAs or hybrid functionals. Here the exchange-correlation energy

is

Ehybrid
xc = EDFT

x +a(Eexact
x −EDFT

x )+EDFT
c (1.3-67)

where a is the mixing parameter. Some of the popular hybrid functionals are PBE0 [112]

which combines PBE exchange and correlation with the HF-exchange with a=0.25, range-

separated hybrid HSE06 [113] with a=0.2 and a three-parameter B3LYP [70, 71, 114] func-

tional. In addition to improvements over the semilocal functionals for different properties,

hybrid functionals also incorporate nonlocal effects which help reduce self-interaction er-

rors in (semi)local functionals but does not completely eliminate them.

1.3.12 Random phase approximation (RPA):

Random Phase approximation (RPA) [115–117], in addition to the occupied orbitals

utilizes the unoccupied orbitals. Here the total energy is

ERPA = EXXX +ERPA
c (1.3-68)

where, ERPA
c is the RPA correlation energy and

EXXX = Ts +Eext +EH +Eexact
x (1.3-69)

is the exact exchange energy which is the sum of non-interacting kinetic energy, energy

due to external potential, hartree energy, and HF exact-exchange energy. Although, RPA

is exact for exchange energy, it is not exact for correlation energy. However, RPA usually

17



has an accurate long-range electron correlation which is important for capturing long-range

dispersion interactions [118, 119]. RPA predicts correct dissociation of diatomic molecules

and gives a better description of interaction energies of molecular dimers in the S22 data

set, reaction barrier heights and adsorption of atoms and molecules on different metallic

surfaces [119]. However, RPA underestimates the atomization energies of small molecules

referred to as “the RPA atomization energy puzzle” [118]. RPA can be further improved

(beyond RPA methods) through fully nonlocal corrections [120] often through the intro-

duction of exchange-correlation kernels [121–124].
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CHAPTER 2

DISPERSION-CORRECTION TO SEMILOCAL

DENSITY FUNCTIONAL APPROXIMATIONS

Dispersion interactions arise due to the response of an electron density in a region to the

instantaneous fluctuation of charge density in another [125–128]. These are purely a non-

local effect so, a high-level approximation like RPA is required to incorporate them almost

exactly. However, RPA calculations are computationally too expensive due to their explicit

dependence on occupied and unoccupied KS orbitals. Semilocal approximations lack the

required nonlocality to fully-account for these interactions. However, several schemes can

combine with semilocal approximations to incorporate the missing nonlocal effects without

adding computational complexities.

2.1 Nonlocal correlation functionals

The nonlocal correlation functionals combine to the semilocal density functional ap-

proximations such that the exchange-correlation energy can be expressed as

Exc = EDFA
xc +Enl

c , (2.1-1)

where, EDFA
xc is the contribution from the semilocal approximations, and

Enl
c =

1
2

ˆ
drn(r)

ˆ
dr’φ(r,r’)n(r’) (2.1-2)
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is the contribution from the nonlocal correlation functional. The nonlocal contribution

comes from φ(r,r′), which is a function of r-r’, electron density n(r) and its gradient

meaning the dispersion interaction is addressed in a general and seamless manner without

explicitly depending on the orbitals. We discuss in brief below a couple of popular nonlocal

correlation functionals.

2.1.1 vdW-DFs:

Dion et al. [129] introduced the first vdW-DFs (density functionals). It incorporates

the vdW interactions seamlessly and ensures no corrections in the case of uniform electron

density. Here the nonlocal correlations are expressed in the kernel φ in terms of the density-

density interaction. They utilized revPBE [74] functional for semilocal exchange because,

unlike most GGAs, it is not a dominant contributor of binding energies in rare-gas dimers.

Although this vdW-DF showed some promising results when applied to gas-dimers and

benzene dimers, the errors were large for molecular complexes. Lee et al. [130] revised the

vdW-DF by revising the kernel and replacing revPBE by a more accurate exchange func-

tional revised PW86 [131] (rPW86 [132]). This so-called vdW-dF2 functional predicted

the interaction energies and distances of the molecular dimers in the S22 dataset very close

to the available reference values. However, Yildrim et al. [133] showed that both these

vdW-DFs significantly overbind adsorption of organic molecule benzene over transition

metals unless paired with ”less repulsive” [134] semilocal approximations like optPBE and

optB88.

2.1.2 VV10 and its revised version (rVV10):

Vydrov et al. [135] introduced a useful nonlocal correlation functional that had similar

form of Enl
c as that for vdW-DFs. The total VV10 correlation energy is written as

EVV 10
c = Enl

c +βN (2.1-3)
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where,

β =
1

32
(
3
b
)

3
4 (2.1-4)

is the density-independent constant to ensure no corrections are made by the nonlocal func-

tional in the case of uniform density. Here the nonlocality is addressed by the kernel φ and

it has two adjustable parameters namely ”C” and ”b” which respectively control the asymp-

totic limit and short-range damping. The total exchange-correlation energy is thus written

as

EVV 10
xc = ErPW86

x +EPBE
c +EVV 10

c . (2.1-5)

The original VV10 determined b=5.9 and C=0.0093 by fitting to the reference interaction

energies of molecular dimers in the S22 dataset. Sabatini et al. [136] modified VV10 such

that the nonlocal correlation energy and its derivatives would be efficiently evaluated in the

plane-wave framework as established by Roḿan, Pérez and Soler (RPS) [137]. Although

the ”C” parameter was the same, there was a slight change in the optimized ”b” parame-

ter by the new implementation (b=6.3). S22 is the dataset of diversely-bonded molecular

dimers. So it is often used for determining the adjustable parameters. However, it is com-

mon, as well, to parameterize VV10 or rVV10 using simpler systems like rare-gas dimers

and layered materials.

2.2 Empirical/semiempirical methods:

The (semi)-empirical methods combine to the semilocal approximations such that the

total energy is

Etot = EDFA +EvdW . (2.2-6)

Here, EDFA and EvdW are the total energy from semilocal approximation and (semi)-

empirical method, respectively. We discuss in brief below some of these methods.
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2.2.1 Grimme’s methods:

Grimme introduced the first of his popular +D series of empirical methods in 2004

[138], where the dispersion correction is given by

EvdW =−s6

Nat−1

∑
i=1

Nat

∑
j=i+1

Ci j
6

R6
i j

fdmp(Ri j) (2.2-7)

where Nat is the total number of atoms in the system, Ri j is the interatomic distance be-

tween the atom pairs, s6 is the global scaling factor whose value depends on the under-

lying semilocal approximations, Ci j
6 is the dispersion coefficient between the atom pairs

and fdmp(R) is the damping function to remove near-singularities for small R. Here the

damping function is written as

fdmp(R) =
1

1+ e−α(R/R0−1)
(2.2-8)

where R0 is the sum of vdW radii and α is a quantity that determines the steepness of the

damping function. Here, the dispersion coefficient is evaluated as:

Ci j
6 = 2

Ci
6.C

j
6

Ci
6 +C j

6

(2.2-9)

The resulting DFT+D method showed promishing results for the binding energies and in-

termolecular distances of 29 complexes of small atoms and molecules [138]. In 2006,

Grimme further refined his vdW-model (DFT+D2) [139] by utilizing the Becke’s power-

series ansatz [140]. Although, the form of damping function was similar to that of his

previous model, dispersion coefficients were evaluated differently as

Ci j
6 =

√
Ci

6.C
j
6 . (2.2-10)
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However, both these methods lack many-body effects, neglect faster decaying terms C8
r8 and

C10
r10 and are unable to capture the bonding environments [128]. In the subsequent efforts,

popularly known as DFT+D3 [141, 142], most of the shortcomings of the previous models

are corrected by considering the contribution from nearest neighbour atoms, as well.

2.2.2 Becke and Johnson’s methods:

Due to Pauli’s exclusion principle, an electron in motion is accompanied by its ex-

change hole. Although the electron-hole system has a net zero charge, Becke and Johnson

[143] propose that it has a non-zero dipole moment. This position-dependent dipole mo-

ment of the hole at any point in system A induces an instantaneous dipole moment in system

B separated by a distance R. The first of such concept-based methods proposed by Becke

and Johnson [143], calculates the dispersion energy entirely using the C6 coefficients com-

puted from such dipole moments. In the subsequent efforts, [144, 145] they also included

the contributions from the higher-order terms through the inclusion of C8 and C10 coeffi-

cients. This model avoids more empirical parameters by computing the dipole moments

implicitly using the KS orbitals.

2.2.3 Tkatchenko and Scheffler methods:

In 2009, Tkatchenko and Scheffler introduced a scheme [146] to compute the C6 co-

efficients and the vdW radii using the electron density obtained from the mean-field cal-

culations. The molecular C6 coefficients computed using this scheme (a) uses the electron

density (usually from DFT calculations) and accurate polarizabilities of the free atoms as

input, (b) produces fewer errors compared to the results from high-level calculations, and

(c) predicts almost the same values irrespective of the underlying density functional ap-

proximations. Few notable shortcomings of this scheme (popularly known as DFT+vdW)

are their inability to include the many-body effects and the screening effects. In the subse-

quent work, they introduced two more important schemes namely DFT+vdWsur f [5] and
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DFT+MBD [147]. The former incorporates the screening effects pertinent for address-

ing the hybrid inorganic-organic systems (HIOS). The latter by-design captures both the

screening and the many-body effects.

2.2.4 vdW-dZK model:

This is a recently introduced model [17] based on the damped Zaremba-Kohn [148–

150] (dZK) second-order perturbation theory. This model bases the vdW interaction for

physisorption of graphene over a metallic surface using the asymptotic form of the vdW

interaction between a particle and a clean surface [151, 152] as

EvdW = [− C3

(z− z0)3 −
C5

(z− z0)5 ] fd. (2.2-11)

Here, z0 is the reference plane position, z = d − c/2, where d is the distance between

the particle and the surface, and c = a/
√

h2 + k2 + l2 with h, k, and l being the Miller

indices of the surface of transition metal having lattice constant a. Here the C3 coefficient

describes the dielectric response of the bulk solids to the instantaneous dipole moments of

the particle, and the C5 coefficient gives the fluctuating quadrupole (Cq
5), nonlocal (Cnl

5 ) and

diffuse (Cd
5) contributions of the particle (see Tao et al. [17] and references therein for more

details). In the dZK model, the dynamic dielectric response from the substrates includes

the screening effects. This model relies on the highly accurate static polarizabilities from

experiment [153, 154] or from high-level calculations [155–157]. The damping factor fd

is given by

fd =
x5

(1+gx2 +hx4 + x10)
1
2

(2.2-12)

where, x= z−z0
b > 0, g= 2b2C3

C5
and h= 10b4C3

2

C5
2 . The cutoff parameter b, which is the only fit

parameter of this model is equal to 3.3 Bohr [15, 17, 106] when used with PBE (PBE+vdW-

dZK) and equal to 4.1 when used with SCAN (SCAN+vdW-dZK) [78]. Instead of taking

the static dipole polarizability of the molecule, this model base the C3 coefficients on the
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“renormalized atom” approach [15]. Despite the size of adsorbing molecule being small,

one can not treat it as a particle, otherwise it would overestimate C5 significantly [106].

In chapters 4 and 5 we will discuss more about the applications of these methods through

the example of benzene, thiophene, and xenon on coinage metal surfaces.
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CHAPTER 3

SELF-INTERACTION CORRECTION TO SEMILOCAL

DENSITY FUNCTIONAL APPROXIMATIONS

3.1 Perdew-Zunger self-interaction correction:

As mentioned in the first chapter, semilocal density functional approximations suffer

from self-interaction error (SIE) due to the imperfect cancellation between the self-Hartree

energy and the self-exchange-correlation energy. Perdew and Zunger [62] found a way

to remove the spurious SIE (PZ-SIC) through the subtraction of the residual SIE terms

on an orbital-by-orbital manner from the total energy, making the functional exact for all

one-electron densities. The exchange-correlation energy in PZ-SIC is

ESIC
XC [n↑,n↓] = EXC[n↑,n↓]−∑

σ

Nσ

∑
i
{U [niσ ]+EXC[niσ ,0]} , (3.1-1)

where Nσ is the number of occupied orbitals of spin σ .

The earliest calculations with PZ-SIC were applied to LSDA (SIC-LSDA), as it was prac-

tically the only density functional approximation available then. Although LSDA gives a

reasonable description of the neutral atoms, it typically does not bind the negative atomic

ions, including the experimentally stable O−, F− [158], and H− [159] ions. The PZ-SIC

scheme ensures that the electron far from the nucleus does not witness its charge, thereby

giving the correct long-range behavior of the exchange-correlation potential [62] wrongly

described in any semilocal approximations. It particularly plays a crucial role in SIC-LSDA

for predicting the stable negative atomic ions [62, 63]. The total energy yielded by the un-

corrected functional depend on the occupied orbitals only through the total electron density.

Therefore the total energy is invariant under any transformation of the occupied orbitals.
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However, due to explicit orbital dependence in PZ-SIC, the total energy is no more invariant

under such unitary transformation. It is computationally demanding to search for the set of

orbitals that minimize the total energy. Furthermore, to ensure size-extensivity [56] the or-

bitals minimizing the total energy are required to be localized [62]. Size-extensivity means

the total energy of the separated sub-systems is equal to the total energy of the system. It is

significant for the extended systems (e.g., bulk solids), where the self-interaction correction

significantly decreases for delocalized orbitals (like Bloch functions, KS orbitals, etc.) with

increasing system size [160, 161]. Pederson et al. [161] applied PZ-SIC to the diatomic

molecule (N2) and found the orbital and the total energies of N2 molecule from Hartree-

Fock (HF) calculations to be closer to the SIC-LSDA calculations when localized orbitals

were used instead of delocalized orbitals. This finding emphasizes the need for localized

orbitals for even the simplest of multicenter systems like diatomic molecules. Shortly af-

ter the introduction of PZ-SIC, a number of efforts were made by Lin group [160–163] to

construct the localized orbitals (φiσ ) from the canonical orbitals (ψiσ ) through the transfor-

mation [161, 162] as follows:

ψiσ = ∑
j

Mσ
i j φ jσ . (3.1-2)

We note here that the canonical orbitals (ψiσ ) are typically the KS orbitals which in fact

do not minimize Eq. (3.1-1) rather their localized counterparts (i.e. φiσ ) do. To ensure full

self-consistency following two SCF and localization criterion are imposed for (φiσ )

< φiσ |Hσ +V SIC
iσ |φiσ > = ∑

j
λi jσ φ jσ (3.1-3)

< φiσ |V SIC
iσ −V SIC

jσ |φ jσ > = 0 ∀ i, j. (3.1-4)
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where Hσ is the one-electron hamiltonian of the uncorrected functional and V SIC
iσ is the SIC

potential associated with φiσ given by

V SIC
iσ =−δ{U [niσ ]+Exc[niσ ,0]}

δniσ
(3.1-5)

where niσ =|φiσ |2. Despite a reasonable success for small molecules, these schemes were

computationally very demanding.

Recently, Pederson et al. [164] proposed a size-extensive scheme (FLOSIC) which allows

one to obtain the localized orbitals directly from the Lówdin-orthogonalized [165] Fermi

orbitals [166, 167] as

φ
FO
iσ =

nσ (aiσ ,r)√
nσ (aiσ )

(3.1-6)

where nσ (aiσ ,r)=∑
Nσ

j ψ∗jσ (aiσ )ψ jσ (r) is the single-particle density matrix of the KS sys-

tem. Here, aiσ ’s called the Fermi orbital descriptors (FODs) [164, 168] are the points in

space which can be viewed as the quasiclassical electrons positions. FODs [169] can be

reliably guessed based on the physical and symmetry arguments [168]. As the canonical

orbitals here are determined using Nσ parameters (i.e. aiσ ’s) instead of N2
σ parameters

(the unitary transformation matrix), the computational cost is significantly reduced. In ad-

dition to being size consistent and localized, the Fermi-Lówdin orbitals (FLOs) are also

weakly noded [170]. These features make real FLOs superior over the delocalized and

often highly noded KS orbitals [170], with the possibility of further improvement through

the use of nodeless complex orbitals [171]. Although, FLOSIC is an efficient scheme to

implement PZ-SIC, it does not fix the problems that are inherent with PZ-SIC itself. One

of the notable problems of PZ-SIC is its tendency to overcorrect many-electron systems

[172, 173]. We will review in brief below the advances in scaling-down self-interaction

corrections to get rid of such an spurious over-correction.
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3.2 Scaling-down self-interaction correction:

Vydrov et. al. made an effort to scale down PZ-SIC in many-electrons regime exteri-

orly using a single adjustable parameter [174, 175]. They proposed two different scaling-

schemes in within a year. The first of the proposed schemes [174] used the dimensionless

variable (Xk
iσ ) defined as:

Xk
iσ =

ˆ (
τw

σ

τσ

)k

niσ (r)dr (3.2-7)

where,

τσ (r) =
1
2 ∑

i
|∇φiσ (r)|2 (3.2-8)

is the non-interacting kinetic energy density of electrons of spin σ

τ
w
σ (r) =

|∇nσ (r)|2

8nσ (r)
(3.2-9)

is the von Weizsäcker kinetic energy density, and k is a non-negative real number. In this

scheme the exchange-correlation functional is written as:

ESIC
XC [n↑,n↓] = EXC[n↑,n↓]−∑

σ

Nσ

∑
i

Xk
iσ {U [niσ ]+EXC[niσ ,0]}. (3.2-10)

We know τw
σ (r) ≤ τσ (r), and the equality holds only in the regions of one-electron-like

density. Furthermore, τw
σ (r) = 0 in the region of uniform density. These conditions imply

that the value of Xk
iσ lies between 0 and 1, and ensures that there is no correction applied in

the regions of uniform density but full-corrections (as from PZ-SIC) in the regions where

the density is one-electron-like. The appropriate value of non-negative real number k is

determined based on the properties that is evaluated and on the choice of the (semi)-local

DFAs. In the second of the proposed schemes [175], a computationally more simple di-

mensionless variable

W m
iσ =

ˆ (
niσ

nσ

)m

niσ (r)dr (3.2-11)
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were utilized. In this scheme the exchange-correlation functional is written as:

ESIC
XC [n↑,n↓] = EXC[n↑,n↓]−∑

σ

Nσ

∑
i

W m
iσ {U [niσ ]+EXC[niσ ,0]}. (3.2-12)

Here again, niσ (r) ≤ nσ (r) ensures that W m
iσ lies between 0 and 1. Although this scheme

recovers PZ-SIC (for m=0), it is unable to ensure that no correction shall be made in the

regions where the electron density is uniform.

Both of the proposed scaled-down version proved to be superior over PZ-SIC for different

properties like atomization energies, barrier heights, bond lengths etc. but, unlike PZ-SIC

it failed to predict the correct dissociation of the heteronuclear molecules and the charged

molecular ions [176, 177]. Furthermore the scaled down version deviated more than PZ-

SIC does from the agreement of vertical IE with the negative of the highest occupied orbital

eigenvalue, a condition that an exact functional should satisfy [178, 179]. Instead of orbital

or orbital-density based scaling-factors, Klüpfel et. al.[180] proposed a global scaling down

to the SIC terms by a factor of half. Such scaling-factor neither recovers PZ-SIC limit nor

the uniform-density limit, and its partial success when applied to PBE was not transferable

to LSDA. In contrast to the exterior-scaling schemes proposed by Vydrov et. al. and

Klüpfel et. al., Zope et. al.[181] recently introduced a scheme to scale the SIC interiorly

at each point in space using an iso-orbital indicator (zσ (r)). This quantity whose value

lies between 0 and 1, is a ratio of the von Weizsäcker kinetic energy density (τW
σ (r)) to

the Kohn-Sham kinetic energy density (τσ (r)). This scheme known as local-scaling SIC

(LSIC) through zσ (r), distinguishes the one-electron density where a full SIC is applied

from the uniform density where no correction is applied. The latter is also the limit where

PZ-SIC is known to deviate from the behavior of the exact functional [182].

In chapter 6, we will discuss more on interior-scaling schemes, their implementation and

propose some ways to improve them further, as well.
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CHAPTER 4

MOLECULE-SURFACE INTERACTION FROM VAN

DER WAALS-CORRECTED SEMILOCAL DENSITY

FUNCTIONALS: THE EXAMPLE OF THIOPHENE ON

TRANSITION-METAL SURFACES

4.1 Abstract

Semi-local density functional approximations are widely used. None of them can cap-

ture the long-range van der Waals (vdW) attraction between separated subsystems, but

they differ remarkably in the extent to which they capture intermediate-range vdW effects

responsible for equilibrium bonds between neighboring small closed-shell subsystems.

The local density approximation (LDA) often overestimates this effect, while the Perdew-

Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) underestimates it. The

strongly-constrained and appropriately normed (SCAN) meta-GGA often estimates it well.

All of these semi-local functionals require an additive non-local correction such as the

revised Vydrov-Van Voorhis 2010 (rVV10) to capture the long-range part. This work re-

ports adsorption energies and the corresponding geometry of aromatic thiophene (C4H4S)

bound to transition metal surfaces. The adsorption process requires a genuine interplay

of covalent and weak binding and requires a simultaneously accurate description of sur-

face and adsorption energies with the correct prediction of the adsorption site. All these

quantities must come from well balanced short and long-range correlation effects for a uni-

versally applicable method for weak interactions with chemical accuracy. Our methods
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indicate that the correct interplay is not present in any combination of recent meta-GGA’s

and rVV10. The simple short-range damping of the vdW correction scheme that is practi-

cally successful in the combination of GGA’s and vdW approximations is less transferable

in SCAN+rVV10 or in the revised version, revSCAN+rVV10. In addition, we present

accurate random-phase-approximation-quality adsorption energies from a model based on

the one of Zaremba and Kohn.

4.2 Introduction

The development and assessment of various vdW methods has been an intensive area

of research in the past decade [183–188]. Now the scientific community possesses a broad

range of approximations [129, 147, 189] of useful but limited accuracy. vdW methods ap-

proximate the long-range correlation which arises from the physics of collective plasmon

oscillations. Wavefunction-based approximations such as Coupled Cluster (CC) methods

naturally include vdW interactions, but are practically beyond the reach of the condensed

matter community at this time. Alternatively the Random Phase Approximation (RPA) is

nearly exact for the long-range, and is regarded as a benchmark to assess vdW methods in

condensed matter physics [190]. Even with increased computational power and increas-

ingly efficient implementations, RPA has a limited practicality for materials [191].

Most current vdW methods have been developed within the density functional context, in

which the construction of self-consistent orbitals is a parallelizable step. Semilocal den-

sity functional theory (DFT) can be accurate for the short-range correlation, but misses the

long-range part. The long-range vdW component is captured by either pairwise vdW meth-

ods [138, 146, 192] or by nonlocal correlation functionals [129, 135, 136]. Each of these

approximations is then added to an appropriately chosen semilocal exchange-correlation

functional. The vdW-DF [129] and VV10 [135] non-local correlation functionals are based

on approximations for the polarizability, and VV10 has a fitted short-range attenuation

parameter (b) that adapts to the semilocal term. Many of the current vdW models are rea-
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sonably accurate and efficiently applicable to geometries and binding energies.

The recent rVV10 [136] correlation functional has been combined [103] with the SCAN

[91] meta-GGA and has been successfully applied to various systems including interlayer

binding energies, adsorption energies and structural properties [98]. One major advantage

of this method is its computational efficiency. Although SCAN+rVV10 delivers a gen-

erally reasonable description for various properties, it gives a disappointing treatment for

some others. Examples include the overstructured radial distribution functions in liquid

water [193], inaccurate structural and mechanical properties in PPTA [102], and inaccu-

rate prediction of ground state properties of MnO and CoO [194]. While SCAN captures

intermediate-range vdW interactions, it may capture too much. revSCAN [92], a revised

version of SCAN was constructed to diminish the intermediate-range vdW interaction.

This work explores the accuracy and precision of the SCAN+rVV10 and the revSCAN+rVV10

approximations for thiophene adsorption on the surface of coinage metals. For compari-

son we also include several GGA-based semilocal exchange-correlation functionals with

rVV10 correction into this assessment.

The adsorption of molecular species on metal surfaces is a relevant problem [195, 196] for

both computational simulations and industry. In general the adsorption of organic species

on metal surfaces can be a synergy of chemi- and physisorption, and, recent works on the

adsorption of benzene on the surface of coinage metals reveal the large role of weak in-

teractions [11]. A recent work reported accurate SCAN+rVV10 binding energies for the

adsorption of benzene on transition metal surfaces [103]. A universally accurate approxi-

mation can be expected to capture adsorption sites, surface and binding energies simulta-

neously in the adsorption process.

The thiophene molecule is the smallest aromatic sulfur-containing compound. It is a natu-

ral choice as a test case for simulations. Thiophene is also a good test to study reactions that

follow the catalytic desulfurization on metal or semiconducting surfaces. The adsorption

of the thiophene molecule on metal surfaces turns out different than the extensively studied
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case of benzene adsorption. Depending on the underlying metal, the adsorption of thio-

phene on the metal surface can show some chemisorption character [197], whose descrip-

tion requires a very accurate balance of local and nonlocal correlation in the meta-GGA

and its partner van der Waals approximation [198]. A simultaneously correct description

of the adsorption energies and sites is a challenge to density functional theory [199].

Meta-GGA density functional approximations

Among the most accurate density functional approximations are the meta-generalized gra-

dient approximations (meta-GGA’s). Meta-GGA’s constitute the third-rung of a ladder

of increasing accuracy [200]. Commonly used meta-GGAs include one more ingredi-

ent beyond the GGA level, the kinetic energy density τ(r) = 1
2 ∑

occ
i=0 |∇φi|2 where the φi’s

are Kohn-Sham orbitals. The most successful dimensionless variables so far built from

τ(r) is α(r) [80, 84]. The α(r) variable is an iso-orbital indicator, recognizing differ-

ent types of orbital overlap environments and directly related to the electron localization

function[84, 91].

Madsen et al. [201] showed that inclusion of the kinetic energy densities enables meta-

GGA’s to distinguish between dispersive and covalent interactions. A family of nonem-

pirical constructions [199] led to the development of the SCAN [91] meta-GGA. SCAN

satisfies 17 exact constraints, while preserving the ability to capture intermediate-range

weak interactions. With tests and assessments on diverse systems, the SCAN meta-GGA

has been a success-story in the past four years [91, 98–100, 202].

Through the α dependence of the interpolation functions for exchange and correlation en-

ergy, SCAN can capture intermediate-range dispersive interactions. Many physical situa-

tions require the long-range part of the correlation, mathematically described by a double

integral in the three-dimensional space, and not captured by any semilocal density func-

tional. The vdW correlation functional by Vydrov and Van Voorhis (VV10) [135] and

rVV10 [136] are the examples for a long-range functional that allows the nonlocal corre-
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lation energy and its derivatives to be efficiently evaluated in a plane wave framework, as

pioneered by Román-Pérez and Soler [137]. The long-range correlation is a double integral

[135, 136]:

Enl
c =

ˆ
drn(r)[

1
2

ˆ
dr′φ(r,r′)n(r′)+β ] (4.2-1)

The VV10 and rVV10 corrections are designed to vanish for the uniform electron gas.

This feature makes it possible to pair the nonlocal correlation energy with the semilocal

exchange-correlation energy by utilizing a parameter to damp the intermediate and short

range contribution of the latter. A critical ingredient in the kernel is the local band gap, a

quantity that accounts for density inhomogeneity and makes VV10 and rVV10 applicable

for molecular systems. Like VV10, the rVV10 correction has two adjustable parameters C

and b inside the kernel φ that allow it to adapt to any semilocal functional. The values of

the C and b parameters for rVV10 for SCAN were 0.0093 and 15.7 respectively [103].

A universally applicable and accurate vdW approximation should benefit from the inter-

play of the nonlocal and semilocal functionals. Aside from the particular form of the vdW

correlation functional, the choice of the exchange functional has received considerable at-

tention within this work. The choice of semilocal exchange has already attracted interest in

the context of GGA density functionals. The revPBE-GGA exchange functional chosen for

vdW-DF often leads to too-large intermolecular binding distances and inaccurate binding

energies [203].

Earlier attempts emphasized the improvement of vdW-DF by exploring and developing

alternatives to the original revPBE exchange. These studies were limited to PBE-based

GGA’s, and the underlying semilocal exchange was fitted to the vdW functional in an em-

pirical manner.

Benchmark binding energies for the adsorption of thiophene on met-

als

To properly assess the limitations of our approximations, we need accurate benchmark
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adsorption energies. After appropriate calibration, temperature programmed desorption

(TPD) or thermal desorption spectroscopy can be used to evaluate the activation energy

of desorption. The binding energy might be estimated from the temperature of maximum

desorption via Redhead’s analysis [204]. However, the estimated binding energies might

display an uncertainty larger than the chemical accuracy of 0.04 eV required for an accu-

rate description of the adsorption [18]. A considerably more accurate complete analysis

method would lead to more accurate results [18, 204], but no such results are available for

thiophene on coinage metal surfaces according to our knowledge.

The nonlocal random phase approximation (RPA) [190, 205] could be a reliable reference

for long-range vdW interactions. RPA calculations are, however beyond reach for large su-

percells at this time. Here in this work we use an approximation that is robust enough and

mimics the RPA binding energies almost perfectly for the interaction of graphene and metal

surfaces. This approximation [17], which we will call PBE+vdW-dZK from this point on-

wards, models the long-range van der Waals correction for physisorption of graphene on

metals with the damped Zaremba-Kohn (ZK) [149, 206] second-order perturbation theory.

In this model, quadrupole-surface interactions and screening effects are included. This

model relies on accurate static polarizabilities from higher-level calculations [156, 207]

and predicts the vdW interaction from the C3 and C5 coefficients and the distances between

the particle and surface plane through an expression whose large -z asymptote is

EvdW = [− C3

(z− z0)3 −
C5

(z− z0)5 ] fd (4.2-2)

with z being the distance between the particle and the surface and z0 the reference plane

position. Note that Eq. (4.2-2) was derived [149, 206] only for a single particle (typically an

atom, or a ”renormalized” atom in a collection of bound atoms), and only for asymptotically
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large separations z-z0. To avoid a divergence as z-z0, the damping factor for Eq. (4.2-2) is

fd =
x5

(1+gx2 +hx4 + x10)
1
2

(4.2-3)

where, x = z−z0
b > 0, g = 2b2C3

C5
and h = 10b4C3

2

C5
2 . The cutoff parameter ’b’ was choosen to

be 3.3 bohr [15]. Instead of using the static dipole polarizability of the thiophene molecule,

we base our C3 and C5 coefficients on the “renormalized atom” approach [15]. The best

(dipole or quadrupole) polarizability for a particular atom (H, C, or S) in thiophene is then

renormalized as

αrenormalizedatom =
α( f reeatom)

4α(C)+4α(H)+α(S)
α(thiophene) (4.2-4)

With the static polarizabilities we can find separate C3 and C5 coefficients for each of the

three elements in thiophene. The formula of renormalization that we are using is con-

structed for a “particle” interacting with a metal surface. It also depends on the static polar-

izability of the molecule, which is assumed to be calculated from high level methods and

can include the long-range many-body effects over the molecule. This effect could be more

significant if the adsorbate molecule is larger [208] in size. The adsorption of the PTCDA

molecule on the Ag(111) surface (fig. 4.6) demonstrates the similarity of PBE+vdW-dZK

to RPA. A molecule such as thiophene, even if not of a large size, cannot be treated as a

particle. Here we treat it as a collection of renormalized atoms. The vdW interaction of the

molecule with the surface is then the sum of damped vdW interactions of each of its renor-

malized atoms with the surface. Treating the whole thiophene as a particle would make

its quadrupole polarizability grow roughly as the 5/3 power of its dipole polarizability, and

would overestimate C5 significantly.

Parameterization of rVV10

In the present work we are following the approach of parameterization of rVV10 for SCAN
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[103]. In this choice for the fitting, other systems such as those of the S22 data set are re-

served for further testing of the underlying approximations. Since a change in the value

of the C parameter does not significantly improve the binding curve [19, 103, 136], we

keep the value of C fixed. But, we optimize the b value by fitting to the CCSD(T) [209]

binding energy curve of the Argon dimer. Notice that a recent empirical potential energy

function for Ar dimer [210] showed excellent agreement with CCSD(T) and CCSDT(Q)

results [211]. The use of such ab initio derived potential functions for the reference can be

justified [212]. For all the calculations, the Argon dimer was placed in a cubic supercell of

25 Å. All the calculations were done using a single point gamma-centered k-mesh.

Figure 4.1 displays the binding energy curves of the Argon dimer from SCAN and revS-

Figure 4.1: The binding energy curve of the Ar dimer from SCAN, revSCAN and their
corresponding rVV10 corrected versions with respect to CCSD(T) curve. The value of b
for SCAN+rVV10 and revSCAN+rVV10 are 15.7 and 9.4, respectively.

CAN and the corresponding rVV10 corrected version with the CCSD(T) data [209]. revS-

CAN is more underbinding than SCAN in the intermediate range due to its construction,

suggesting its need for a stronger van der Waals correction. We determine the b parameter

for rVV10 with revSCAN by fitting to nine data points around the equilibrium distance
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with respect to the CCSD(T) binding curve. With 2.89% of mean absolute percentage error

(MAPE), the b parameter was determined to be 9.4. This value is slightly smaller than the

b = 9.8 suggested in the original revSCAN+VV10. This smaller value leads to stronger

dispersion interaction. The SCAN+rVV10 has MAPE of 3.32% with the original b = 15.7.

For comparison we have combined the PBE [72] and PBEsol [213] GGA’s with the rVV10

Figure 4.2: The binding energy curve of the Ar dimer from PBE, PBEsol and their cor-
responding rVV10 corrected versions with respect to CCSD(T) curve. The value of b for
PBE+rVV10 and PBEsol+rVV10 are 9.8 and 9.7, respectively.

correction shown in Figure 4.2. With MAPE of 1.76%, the b parameter for PBEsol+rVV10

is found to be 9.7 while 9.8 is the b parameter determined for PBE+rVV10. Surprisingly

PBEsol gives less binding than PBE. One of the reasons for the larger b parameter value for

PBE+rVV10 is its inability to give the minimum position correctly. While all other methods

such as SCAN+rVV10, revSCAN+rVV10 and PBEsol+rVV10 give the minimum around

3.775 Å in agreement with CCSD(T), the PBE+rVV10 yields the minimum at around 4.0

Å. Our results show that PBEsol+rVV10 gives the best fit to the Argon dimer followed by

revSCAN+rVV10 and SCAN+rVV10 while PBE+rVV10 gives the relatively worst fit. We

should note here that the empirical fitting of “b” to the Ar dimer for the PBE+rVV10 can
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practically be quite robust throughout various systems. The damping parameter was found

to be very similar to ours when fitted against different references such as binding energies

of the layered materials and the structural properties of water [19]. The b = 9.4 determined

for revSCAN+rVV10 is close to the parameter found for PBE+rVV10, indicating the anal-

ogy between these two methods. Alternatively, the b parameter of the VV10 or rVV10

could be fitted to the S22 set of van der Waals and hydrogen-bonded molecular complexes.

However, Table 4.3 shows that this choice gives no overall improvement in the adsorption

energies.

4.3 Computational details

All the DFT calculations were performed using the projector-augmented wave (PAW)

formalism implemented in the Vienna ab initio simulation package (VASP) code. The lat-

tice constants of silver, gold and copper were obtained by the geometry relaxations of their

respective bulk structures using different XC functionals. (4x4) supercell of (111), (110)

and (100) surfaces using optimized lattice constants were built in the atomic simulation

environment (ASE) [214, 215]. The supercell has a five-atomic-layer thickness. In order

to prevent the interactions due to the periodic images, a vacuum of 12 Å was added along

the z-direction. For the PBE+vdw-dZK method, the separation between unit cells along the

z-direction was chosen to be 45 Å which is substantially large to avoid the image-induced

dipole interactions between cells. For all other approximations considered here, an analysis

indicated that the effect of the image-induced dipole interaction between cells is only 0.02

eV.

To reduce the computational cost, the positions of the atoms on the bottom three layers were

kept fixed, only allowing atoms on the two top layers to relax. The thiophene molecule was

constructed using the reference C-S, C-C and C-H bond lengths [216, 217] which was al-

lowed to relax in the slab whose dimension was identical to that of the surface on which the

adsorption occurs. Initially the thiophene was placed in a parallel orientation 3 Å above the
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top metal layer and was allowed to relax. The center of mass and the azimuthal angle of

the thiophene was used for the classification of the geometry. High symmetry sites, namely

top, hollow, bridge, shortbridge, longbridge, fcc and hcp [214, 215], were used as sites for

adsorption, e.g., top-45 indicates the center of mass of the thiophene adsorbed on top of

the metal atom with a symmetry axis rotated by 45◦ from the direction of metal rows. The

surface, the thiophene and the thiophene over the surface were all separately relaxed. PAW

potentials as recommended in the VASP manual were used for all the calculations. A plane

wave cutoff of 650 eV and a thermal-smearing temperature of kBT = 0.1 eV were chosen

for both the bulk and surface calculations. The Brillouin zone was sampled using a 4x4x1

Monkhorst-Pack k-point set for surfaces while 20x20x20 were used in the case of bulk

relaxations. The structure of thiophene was optimized before adsorbing over one side of

the slab (i.e., coverage of 1/16). Since both energies and equilibrium distances are depen-

dent on the site of the adsorption, all major high symmetry sites were chosen for relaxing

thiophene over metallic surfaces. The adsorption energy was calculated by subtracting the

energy of the combined system (surface + thiophene) from the energy of the surface alone

and the energy of the thiophene alone.

Eads = Esur f ace+thiophene−Esur f ace−Ethiophene (4.3-5)

4.4 Results and discussion

4.4.1 Lattice constants of transition metals

In the adsorption process, the organic molecule binds to the metal surface. A full pic-

ture about the exchange-correlation (XC) approximations utilized must include the lattice

constants, which impact the geometry during the adsorption process. We have assessed

SCAN, revSCAN, PBE, PBEsol and their long-range van der Waals-corrected versions for

the lattice constant of the three transition metals in Table 4.4 (see section ”Lattice constants
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of transition metals”). All tested methods predict satisfactory lattice constants, although

those for PBE and PBE+rVV10 tend to be too long.

4.4.2 Adsorption energies and geometry of thiophene on Cu(111), Ag(111) and Au(111)

We have assessed the adsorption of the thiophene molecule on three crystal faces of

copper, silver and gold, considering the adsorption energies, the adsorption geometry and

the tilt angle between thiophene and the metal surface. Moving from Cu toward Au, the

nature of the adsorption on these three metal surfaces changes. The adsorption on Cu(111)

is a mixture of covalent and weak interactions, while the interaction on Au(111) is dom-

inated by weak van der Waals interactions [1, 3, 218, 219]. Though, the experiments do

not give the precise value of adsorption energies [1], they [3, 220] overall report a strong

dependence on the coverage of the thiophene adsorption. The structural information of the

adsorbed molecule on the metallic surface such as molecule-surface distance, the angle of

the adsorbed molecule and surface, and the adsorption sites vary with increasing coverage.

Irrespective of the exchange-correlation functional and vdW correction applied, the adsorp-

tion of thiophene on (111) surfaces of the different metals displays some common features.

In figure 4.3, we show the possible sites of adsorption of thiophene on (111) surfaces of

the different metals. Based on the given coverage, our calculations find that the fcc-45 is

the most stable site of adsorption for all metals. The same adsorption site was found to

be the most stable with our benchmark PBE+vdW-dZK approximation, and experiments

support these results too. The predicted fcc-45 adsorption site for Cu(111) is close to the

top adsorption site predicted by experiments for Cu(111) [1, 221]. The difference is just

the result of the choice of the position of the reference point in thiophene.

According to the experimental results, an increased tilt angle is observed with increasing

coverage, while lower coverage prefers a slightly lower tilt angle [1] for thiophene adsorbed

on Cu(111). Though a higher tilt angle of 55◦ was found at a significantly higher coverage

of thiophene on Au(111) than ours [222, 223], experiments indicate the preference of thio-
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Figure 4.3: Figure shows the top view of possible sites of thiophene adsorption over 111
metal surfaces. The side view of thiophene over metal surfaces is shown too.

Thiophene over Cu-111   Thiophene over Au-111        Thiophene over Ag-111

2.88 A0 2.98 A0
3.00 A0

PBE+rVV10
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PBE+vdW-dZK

S C Au Cu Ag

170

Figure 4.4: Figure shows the side view of thiophene over different (111) metal surfaces
on the most stable site of adsorption (fcc-45). We have shown the results for three of
our studied methods namely PBE+rVV10, SCAN+rVV10 and PBE+vdW-dZK. For more
clarity thiophene ring and topmost layer of the metal surfaces is only shown.
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phene lying flat on both Ag(111) and Au(111) at low coverage [2, 3, 224].

Figure 4.4 displays the relaxed geometry of the adsorbed thiophene placed on the most

stable site of adsorption (fcc-45) on (111) surfaces of the three transition metals. Our

PBE+vdW-dZK method gives a tilt angle of 7◦ - 17◦ for thiophene adsorbed on Cu(111)

surface, a tilt angle of 1◦ - 2◦ for thiophene adsorbed on Ag(111) and almost zero tilt an-

gle on Au(111). Our other methods give a tilt angle of 1◦ - 6◦ for thiophene adsorbed on

Cu(111), a tilt angle of 1◦ - 2◦ on Ag(111), and tilt angles of 1◦ - 4◦ on Au(111).

Experiments [1] for adsorption of thiophene over copper suggest a range of tilt angle of

20◦±3◦ at the coverage of 0.05 ML, and 25◦±4◦ at the coverage of 0.1 ML. Our PBE+vdW-

dZK results giving the tilt angle of 17◦ at the most stable site at the coverage of 0.0625 ML,

agree very well with the experiments.

The minimum Cu-S distance of 2.57 Å that we show in Table 4.1 from the PBE+vdW-dZK

method based on LZK theory [17] is in close agreement to the experiments [1]. Though

both SCAN and revSCAN predict slightly longer Cu-S distance, SCAN+rVV10 and revS-

CAN+rVV10 results are closer to the experiments.

We have not found precise experimental data for the distance between the adsorbed S atom

of thiophene and the Ag(111) and Au(111) surface. Both SCAN and revSCAN and the

corresponding rVV10 corrected methods yield almost identical adsorption distance irre-

spective of whether the surface is Ag(111) or Au(111). The PBE+vdW-dZK method gives

a slightly larger distance of 3.23 Å for Au(111) and 3.16 Å for Ag(111), compared to other

methods discussed here. However, the latter result gives a very good match with the previ-

ously studied [225] PBE+vdWsurf method for the distance of Ag and S atoms for Ag(111).

The adsorption distance predicted by SCAN+rVV10 is close to the results of Maurer et al.

[225] for thiophene adsorbed on Au(111).

The results in Table 4.2 show that our theoretical benchmarks the PBE+vdW-dZK ap-

proximation adsorption energies are in a good agreement with the experimental adsorption

energies estimated from TPD temperature maxima [1–3] using Redhead’s model [204]
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Figure 4.5: The SCAN, revSCAN, SCAN+rVV10, revSCAN+rVV10, PBE+rVV10,
PBEsol+rVV10 and PBE+vdW-dZK adsorption energies with respect to two hollow sites
namely fcc and hcp, bridge site denoted by bri and top site (the numbers show rotation
angle values) over Cu(111), Au(111) and Ag(111). The dashed green horizontal line is the
reference experimental adsorption energy [1–3].

(see Table 4.5). Our analysis shows that the adsorption energies estimated properly from

Redhead’s model are considerably more precise for thiophene and benzene adsorption on

coinage metal surfaces than suggested before [11, 18]. Notice the slightly different cov-

erage given in most of the experiments [1, 218]. Both SCAN and revSCAN underbind

thiophene on Cu(111), Ag(111), and Au(111) surfaces compared to our theoretical refer-

ence. However, with the added rVV10 corrections they overbind. SCAN+rVV10 works

less well for the thiophene adsorption on Cu(111) than for the adsorption of benzene [103].

revSCAN by construction was designed to remove some of the intermediate range interac-
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Table 4.1: Distances (in Å) between the sulphur atom in thiophene and the nucleus of the
nearest atom of the metal surface. The PBE+vdW-dZK method was presented in Refs [17]
and [15].

Cu Ag Au
d(Cu-S) d(C-S) d(Ag-S) d(C-S) d(Au-S) d(C-S)

Expt [1, 216, 217] 2.62±0.03 1.71 - 1.71 - 1.71
PBE+vdW-dZK 2.57 1.71 3.16 1.71 3.23 1.71
SCAN 2.70 1.71 3.00 1.71 2.98 1.71
revSCAN 2.88 1.71 3.03 1.70 3.02 1.70
SCAN + rVV10 2.57 1.71 2.97 1.71 2.93 1.71
revSCAN + rVV10 2.56 1.71 2.93 1.71 2.91 1.71
PBE + rVV10 2.88 1.71 3.00 1.71 2.98 1.71
PBEsol + rVV10 2.19 1.71 2.68 1.71 2.59 1.71

Table 4.2: Adsorption energy (in eV) of thiophene on Cu(111), Ag(111) and Au(111)
surfaces with GGA and meta-GGA-based approximations with respect to the most stable
fcc-45 adsorption site. The estimated (see Table 4.5 for more details) adsorption energies
(± 0.2 eV) [11, 18] from the TPD temperature maxima (Expt.) [1–3], and the results from
the PBE+vdW-dZK model [17] are also shown.

Cu Ag Au
Expt [1–3] -0.66 -0.52 -0.64
PBE+vdW-dZK -0.60 -0.50 -0.56
SCAN -0.49 -0.41 -0.45
revSCAN -0.38 -0.34 -0.35
SCAN + rVV10 -0.83 -0.74 -0.81
revSCAN + rVV10 -1.06 -0.88 -0.95
PBE + rVV10 -0.61 -0.55 -0.63
PBEsol + rVV10 -1.22 -0.93 -1.06

tions of SCAN, so an underbinding of thiophene on coinage metal surfaces is expected, but

surprisingly revSCAN+rVV10 is more overbinding than SCAN+rVV10. The reason be-

hind the strong overbinding of revSCAN+rVV10 is the inclusion of relatively larger vdW

correction through smaller b value. SCAN and in particular revSCAN are significantly un-

derbinding for adsorption of thiophene on Ag(111) and Au(111) surfaces too, but adding

the rVV10 corrections again leads to overbinding. The example of revSCAN demonstrates
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that simply removing the intermediate-range correlation is not a recommended general

route to combine meta-GGA’s with rVV10. The SCAN approximation includes some

higher-order multipole terms through the medium-range correlation, therefore its combi-

nation with rVV10, while overbinding the adsorption, is still better than revSCAN+rVV10.

The SCAN+rVV10 is overbinding compared to the earlier results from PBE+vdWsur f [225]

and B86bPBE-XDM approximations [18]. Comparison with the relevant results of Chris-

tian et al. [18] shows that B86bPBE-XDM results do not reflect the qualitative tendency

that Cu and Au surfaces bind the thiophene about equally strongly and slightly stronger

than Ag. This tendency is reproduced by all methods in Table 4.2, and especially well

quantitatively reproduced by PBE+vdW-dZK, SCAN+rVV10, and PBE+rVV10.

For comparative purposes we show PBE+rVV10 and PBEsol+rVV10 results in Table 4.2.

PBEsol is known to contain a certain amount of medium-range correlation compared to

PBE. The combination of these approximations with rVV10 can serve as a simplified model

of the more sophisticated meta-GGA’s with rVV10. Due to the lower-order gradient cor-

rection in the correlation energy and the decreased medium-range enhancement in its ex-

change, the revSCAN meta-GGA resembles PBE, while SCAN exhibits more analogy with

PBEsol. Inspired by this analogy, we have computed the adsorption energy, distances and

tilting of thiophene with PBE+rVV10 and PBEsol+rVV10.

Surprisingly PBE+rVV10 is more reliable here than SCAN+rVV10 or revSCAN+rVV10.

The adsorption energy on Cu(111) is overestimated by revSCAN+rVV10 and SCAN+rVV10,

while PBE+rVV10 predicts less overbinding. This reliability of PBE+rVV10 is present for

Ag(111) and Au(111). Adsorption energies on Ag(111) and Au(111) from PBE+rVV10

not only agree with the PBE+vdW-dZK results, but are very close to the estimated ex-

perimental values. The PBEsol+rVV10 approximation, although it is remarkably accurate

for diverse properties including the binding energy of Xe on Cu(111) and Ag(111) [20],

turns out less successful in the case of adsorption of thiophene on Cu(111), Ag(111) and

Au(111). PBEsol+rVV10 predicts too large binding energies and too short adsorption dis-
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tances. The PBE+rVV10 method however is unable to yield the moderate tilting of thio-

phene over Cu(111), and is able to predict the almost parallel orientation over Ag(111) and

Au(111) surfaces. The predicted adsorption distance from PBE+rVV10 is slightly longer

than the value predicted by the experiments [1] for thiophene over Cu(111). We lack an

accurate value of adsorption distance from experiments for thiophene over Ag(111) and

Au(111) surfaces, but PBE+rVV10 values agree with earlier results from the PBE+vdWsurf

method [225].

It is more surprising that revSCAN+rVV10 significantly overbinds thiophene on all three

transition metals, more than SCAN+rVV10 does. The naı̈ve expectation from the combi-

nation of revSCAN and rVV10 is a more balanced description of weak interaction. The

overall conclusion is that the combination of SCAN, revSCAN and rVV10 does not work

accurately in general. A similar conclusion was drawn about the SCAN+MBD approxi-

mation [226]. When the MBD method was combined with SCAN, the effective range of

SCAN depended on system size.

Such long-range corrections need a different empirical cutoff parameter for each semi-local

functional, in order to avoid a misrepresentation of intermediate-range vdW interaction.

The pairing of semi-local and nonlocal terms can work well for some systems and fail

for others [226]. In particular, the pairing of SCAN with rVV10 works well for layered

materials and for a benzene molecule adsorbed on coinage metals. But for liquid water,

for some molecular crystals, and for the problem considered here, adsorption of thiophene

on transition metals, this pairing overbinds. A familiar proposed solution would be to start

from a semi-local functional that has little (PBE) or no (revSCAN) intermediate-range vdW

interaction, and get the intermediate-range contribution from rVV10. This solution is con-

sistent with the fact that semi-local functionals yield intermediate-range vdW attraction

from their exchange energy terms. But we show here that this solution does not always

work. While the PBE based vdW corrected methods performed better, revSCAN+rVV10

performed poorly. Both PBE+vdW-dZK and PBE+rVV10 methods gave overall better ad-
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sorption energies. PBE+vdW-dZK in particular was outstanding. It not only predicted the

adsorption energies reasonably well, but also predicted the adsorption distance and tilting

of the thiophene correctly.

Our results for the Cu, Ag and Au (100) and (110) surfaces are illustrated in figures 4.7,

4.8, and 4.9. In general, the adsorption of thiophene on the (100) and (110) crystal faces

is less explored experimentally. With all methods applied in our work, except SCAN, we

generally observe a stronger overbinding of the thiophene molecule on the Cu(100) than on

Cu(111) surface [6, 227–229]. Considering the hollow-45 site as the most stable adsorption

site, the SCAN and revSCAN adsorption energies of -0.89 eV and -0.76 eV are reasonably

accurate even without vdW correction, while SCAN+rVV10 and revSCAN+rVV10 both

overbind. In the similar work carried out by Malone et al. [229], the optB88-vdW and

optPBE-vdW approximations were found to give a similar trend predicting -0.85 eV and

-0.73 eV binding energy, respectively at hollow-45 site. Among the approximations that

we have applied, the revSCAN approaches these values the best, giving -0.76 eV binding

energy at the hollow-45 site.

4.4.3 Surface energies of the three transition metals with GGA and meta-GGAs, and

their vdW-corrected versions

Practically, due to cancellation in Eq. (4.3-5), the surface energy makes a minor contri-

bution to the adsorption energy. Independent of the adsorption energies, the surface ener-

gies obtained by GGA and meta-GGA-based methods and their vdW corrections can still

shed some more light on how the long-range vdW correlation works with the short-range

exchange and correlation as discussed in the section ”Surfae energies of the three transition

metals with GGA and meta-GGAs, and their vdW-corrected versions”. All tested methods

predict reasonable surface energies, except PBE, which makes the surface energies too low.
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4.5 Conclusion

To describe the equilibrium adsorption of thiophene on coinage metal surfaces, we se-

lected several promising density functionals such as SCAN, revSCAN, PBE and PBEsol.

As GGA and meta-GGA functionals miss the long-range dispersion, we added rVV10 cor-

rections as already suggested for SCAN. It is known that pairwise-interaction models such

as rVV10 show incorrect asymptotic behavior, but as it was shown earlier this error is neg-

ligible around the equilibrium distance.

rVV10 correction requires one parameter b to adjust the long range part of interaction to the

range of interaction present in the given parent functional. To obtain a fitted value we have

chosen for reference the calculated CCSD(T) potential energy curve for Ar dimer. This

curve is in reasonable agreement with the experiment and with higher level CCSDT(Q)

curves around the well and the attractive branch of the curve. The order from best to worst

fit is the following: PBEsol+rVV10, revSCAN+rVV10, SCAN+rVV10, and PBE+rVV10.

In our calculations we apply the original b = 15.7 for SCAN+rVV10. All tested meth-

ods yield reasonable equilibrium lattice constants and surface energies, except PBE which

makes the lattice constants too long, and the surface energies too low.

Our results show that the lowest energy adsorption site on the coinage metal (111) surfaces

is fcc-45 by all methods used in this paper, in agreement with experiment. For metal-

thiophene distances and adsorption energies we have chosen the PBE+vdW-dZK method

for reference as it mimics the very accurate but computationally too demanding RPA bind-

ing energies perfectly for the interaction of graphene and metal surfaces. For the Cu-S dis-

tance, revSCAN+rVV10, SCAN+rVV10 yield good agreement with our reference method

and with experiment.

According to our calculations SCAN and revSCAN underbind thiophene on Cu(111), Ag(111),

and Au(111) surfaces by 0.1-0.3 eV. The rVV10 correction adds 0.3-0.5 eV to the binding

energy making revSCAN+rVV10, SCAN+rVV10 overbinding by 0.2-0.4 eV. PBE+vdW-

dZK and PBE+rVV10 show excellent agreement with estimated experimental results. PBEsol+rVV10
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yields serious (0.4-0.6 eV) overbinding in accordance with the too short metal-S distance.

Our calculations reflect the qualitative tendency that the Cu and Au surfaces bind the thio-

phene about equally strongly and slightly stronger than the Ag surface. This tendency is

quantitatively reproduced by PBE+vdW-dZK, SCAN+rVV10, and PBE+rVV10.

We have demonstrated that good results of the rVV10 corrected density functionals for the

well depth and the attractive region of the Ar dimer dissociation curve do not guarantee

good results for thiophene adsorption on coinage metals. The order of the performance for

thiophene adsorption is the opposite of that for the binding energy curve of the Ar dimer.

We clearly show that the good fit to the Ar dimer curve does not guarantee good adsorption

energies of polar molecules, e.g., thiophene on coinage metals.

The best method for thiophene adsorption is PBE+vdW-dZK, which is not only quanti-

tatively correct for the adsorption energies but also correctly predicts the ordering of ad-

sorption energies for copper, gold and silver along with the tilting angles and adsorption

distances in good agreement with the experiment.
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Supporting Information: Molecule-surface interaction from van der Waals-corrected

semilocal density functionals: the example of thiophene on transition-metal surfaces

Another test of PBE+vdW-dZK

As a further assessment of the PBE+vdW-dZK method, we have applied it to the PTCDA

molecule on Ag(111) surface. This is a useful test case in the context of molecular elec-

tronics. The adsorption of the organic molecule can be used to tune the work function of

the metal electrode.

Our PBE+vdW-dZK method gives the binding energy of 2.60 eV and the equilibrium dis-

tance of 3.21 Å . Both are close to the experimental results of 2.4 ± 0.1 eV [5] and 2.86 ±

0.05 Å [4]. Also the PBE+vdW-dZK results are close to the RPA results for the PTCDA

on Ag(111) as shown in the figure below.

Figure 4.6: Adsorption energy (in eV) vs vertical distance (in Å) for PTCDA adsorbed on
Ag(111) for different computational methods. The experimental distance (2.86 ± 0.05 Å)
is from Ref [4] and the estimated adsorption energy (2.4 ± 0.1 eV) is from Ref [5]
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Fitting the b parameter to Ar dimer vs. S22 data set

We have assessed the adsorption energy of thiophene on (111) metal surfaces on the most

stable site of adsorption (fcc-45) using the b values obtained both by fitting to S22 data set

and Argon dimer for PBE+rVV10 and PBEsol+rVV10. PBEsol+rVV10 gives compara-

tively better adsorption energies when b parameter from fitting to S22 data set [20] is used.

However, the adsorption energy determined from PBE+rVV10 is worsened when the b pa-

rameter from fitting to S22 data set [19] is used. From the Table 4.3 it is evident that there is

no overall improvement on adsorption energies with the use of b parameter obtained from

fitting to S22 data set.

Table 4.3: Adsorption energy (in eV) of thiophene over (111) surface of different metals
using PBE+rVV10 and PBEsol+rVV10 parameterized through different approaches. The b
parameter obtained for PBE+rVV10 using argon dimer and S22 data set is 9.8 and 6.6 [19]
respectively. The corresponding b parameters using PBEsol+rVV10 are 9.7 and 20 [20].

ref PBE+rVV10 PBEsol+rVV10
Ar-dimer S22-set Ar-dimer S22-set

copper -0.66 -0.61 -0.95 -1.22 -0.75
gold -0.64 -0.63 -0.94 -1.06 -0.69
silver -0.52 -0.55 -0.82 -0.93 -0.59

Lattice constants of transition metals

Table 4.4 displays the lattice constants, which are compared to the zero-point-phonon cor-

rected experimental lattice constants [23]. The results in Table 4.4 show that PBEsol [213]

systematically shortens the lattice constants by roughly about 0.07 Å compared to the too-

long PBE [72] values making the PBEsol results quite accurate. Although SCAN [91] is

accurate for many bonding situations [98], it is not particularly accurate for the lattice con-

stants of the transition metals studied here. The revSCAN [92] results are slightly longer

than the SCAN values making the revSCAN values slightly better for copper but worse for

silver and gold. The application of rVV10 [136] shortens the lattice constants [103]. For

copper it improves the too-long PBE results but worsens the already shorter PBEsol, SCAN
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and revSCAN results. Though this shortening effect helps to obtain excellent lattice con-

stants for Gold and Silver with SCAN+rVV10 [103], revSCAN+rVV10, it is not enough

to correct the too-long PBE values.

Table 4.4: The lattice constants (in Å) of substrate metals, compared to the experimental
zero-point phonon corrected lattice constants.

Copper Silver Gold
Reference [23] 3.60 4.06 4.06
PBE [72] 3.63 4.15 4.16
PBEsol [213] 3.57 4.05 4.08
SCAN [91] 3.56 4.08 4.09
revSCAN [92] 3.57 4.11 4.11
PBE+rVV10 3.62 4.11 4.13
PBEsol+rVV10 3.55 4.02 4.06
SCAN + rVV10 [103] 3.54 4.06 4.07
revSCAN + rVV10 3.55 4.06 4.08

Redhead’s peak maximum method:

Redhead’s peak maximum method (Redhead’s Analysis) [10, 204] has been utilized to es-

timate the adsorption energy of the thiophene over Cu(111), Au(111) and Ag(111) surfaces

from the thermal desorption spectra (TDS) . With the information of the peak maximum

temperature (Tm), the adsorption energy (Ead) is calculated as:

Ead =−RTm[ln(
νTm

β
)−3.46] (4.6-6)

where R is the ideal gas constant, ν is the pre-exponential factor of desorption (commonly

called prefactor) and β is the heating rate. The value of ν is chosen [204] as 1013 s−1. The

value of Tm and β are utilized from the TDS experiments [1–3].

Adsorption energies, distances, and, sites for (100) and (110) surfaces
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Table 4.5: Calculation of adsorption energies of thiophene over Cu(111), Au(111) and
Ag(111) using Redhead’s Analysis. With the information of peak maximum temperature
(Tm) and the heating rate (β ) utilized in the experiment’s [1–3] such energies can be esti-
mated.

Tm β Adsorption energy
Surface (K) (K/s) (eV)
Cu(111) 234 [1] 0.5 -0.66
Au(111) 240 [3] 3 -0.64
Ag(111) 190 [2] 1 -0.52

Table 4.6: Adsorption energy (in eV) of thiophene over Cu(100), Ag(100), and Au(100)
surfaces with the meta-GGA based approximations and their corresponding vdW corrected
versions with respect to the most stable adsorption site. Hollow-45 (the number 45 rep-
resents the value of angle of rotation) is found to be the most stable site of adsorption in
100 surfaces irrespective of the nature of metals and exchange-correlation(XC) functionals
used.

Cu Ag Au
Reference [220] -0.63 - -
SCAN -0.89 -0.49 -0.64
revSCAN -0.76 -0.40 -0.45
SCAN + rVV10 -1.30 -0.82 -1.01
revSCAN + rVV10 -1.47 -0.94 -1.07

Table 4.7: Adsorption distances (in Å) between the sulfur atom in thiophene and the nu-
cleus of the nearest atom of the metal surface (100 surface) and the C-S bond length (in Å).
Measurements are made on the hollow-45 site, which is the most stable site of adsorption
in 100 metal surfaces.

Cu Ag Au
d(Cu-S) d(C-S) d(Cu-S) d(C-S) d(Cu-S) d(C-S)

Reference [6, 216] - 1.71 - 1.71 - 1.71
SCAN 2.13 1.77 2.89 1.71 2.54 1.72
revSCAN 2.17 1.76 2.97 1.70 2.98 1.70
SCAN + rVV10 2.13 1.77 2.75 1.71 2.45 1.72
revSCAN + rVV10 2.14 1.77 2.80 1.71 2.72 1.71
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Table 4.8: Adsorption energy (in eV) of thiophene on Cu(110), Ag(110), and Au(110)
surfaces with meta-GGA based approximations and their corresponding vdW corrected
versions, with respect to the most stable site of adsorption. Shortbridge-45 is found to be
the most stable site of adsorption irrespective of the nature of metal, except for revSCAN
which predicts longbridge-0 as the most stable site of adsorption. We did’t found the results
from experiments to compare to our results.

Cu Ag Au
SCAN -0.74 -0.49 -0.74
revSCAN -0.53 -0.38 -0.49
SCAN + rVV10 -1.12 -0.77 -1.05
revSCAN + rVV10 -1.23 -0.87 -1.06

Table 4.9: Adsorption distances (in Å) between the atom in thiophene and the nucleus
of the nearest atom of the metal surface (110 surface) and the C-S bond length (in Å).
Measurements are made on the most stable site of adsorption in 110 metal surfaces.

Cu Ag Au
d(Cu-S) d(C-S) d(Cu-S) d(C-S) d(Cu-S) d(C-S)

Reference [216] - 1.71 - 1.71 - 1.71
SCAN 2.24 1.71 2.36 1.71 2.73 1.71
revSCAN 2.43 1.71 2.53 1.7 2.82 1.71
SCAN + rVV10 2.24 1.71 2.35 1.71 2.67 1.72
revSCAN + rVV10 2.27 1.72 2.48 1.71 2.66 1.71

Surface energies of the three transition metals with GGA and

meta-GGAs, and their vdW-corrected versions

Recently, Patra et al. [230] demonstrated that the long-range vdW correction has a signif-

icant role in the surface energy. The surface energy is evaluated from the energies of the

bulk and the slab as:

σ = lim
n→∞

E(n)−nNεbulk

2A
(4.6-7)

where A is the surface area and n is the number of layers.

Our PBE, PBEsol, SCAN and SCAN+rVV10 results displayed in Table 4.10 agree with the

surface energies found in ref [21, 22, 230]. The results in Table 4.10 show that PBE seri-

ously underestimates the surface energies in agreement with the results for jellium surface

energies [213]. This underestimation is well corrected by the rVV10 terms for Cu but not
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Figure 4.7: (on left) Compares the site dependence of thiophene over Cu(100) surface.
Hollow-45 site denoted by hol-45 is the most stable site of adsorption. The dashed hori-
zontal red line shows the reference binding energy [6]. (on right) Compares the site depen-
dence of thiophene on Cu(110) surface. All the XC functionals except revSCAN predicts
shortbridge-45 (denoted by sbri-45) as the most stable site of adsorption. revSCAN pre-
dicts longbridge-0 (denoted as lbri-0) as the most stable adsorption site. The extent to which
adsorption energy depeneds in site is stronger in copper compared to silver and gold.
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Figure 4.8: (on left) Compares the site dependence of thiophene over Ag(100) surface.
Hollow-45 site is the most preferred site of adsorption. (on right) Compares the site depen-
dence of thiophene on Ag(110) surface. All the XC functionals except revSCAN predicts
shortbridge-45 as the most stable site of adsorption. revSCAN predicts longbridge-0 as the
most stable site. The extent of site dependence in silver is similar to that of gold but not as
noticeable as it is in the case of copper.

for Ag and Au. PBEsol, SCAN and revSCAN all yield excellent results for Cu, but not for

Ag and Au. Addition of rVV10 corrections to PBEsol, SCAN and revSCAN worsen con-

siderably the already excellent surface energies for Cu but yield better surface energies for
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Figure 4.9: (on left) Compares the site dependence of thiophene over Au(100) surface.
Hollow-45 site as in the case of copper and silver is the most preferred site of adsorption.
(on right) Compares the site dependence of thiophene on Au(110) surface. All the XC
functionals except revSCAN predicts shortbridge-45 as the most stable site of adsorption.
revSCAN predicts longbridge-0 as the most stable site in this system too.

Table 4.10: Computed surface energies (in J/m2) of different transition metals

PBE PBEsol SCAN revSCAN PBE PBEsol SCAN revSCAN Ref [21, 22, 230]
Metal rVV10 rVV10 rVV10 rVV10
Cu 1.41 1.76 1.71 1.73 1.74 2.11 1.92 2.07 1.79 ± 0.19
Au 0.82 1.13 1.06 1.06 1.17 1.52 1.29 1.43 1.51 ± 0.16
Ag 0.80 1.09 1.04 1.04 1.11 1.43 1.24 1.36 1.25 ± 0.13

ME -0.51 -0.19 -0.25 -0.24 -0.18 0.17 -0.03 0.10
MAE 0.51 0.19 0.25 0.24 0.18 0.17 0.12 0.15

Ag and Au. The best overall performer is SCAN+rVV10 followed by revSCAN+rVV10.

These results suggest that the Cu surface energy can be accurately calculated with a proper

GGA or metaGGA without any rVV10 corrections, but accurate surface energies for Ag

and Au require rVV10 corrections.
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Table 4.11: Surface energy(in J/m2) of different surfaces of copper, gold and silver. The
average of the surface energies of three different surfaces are compared against the refer-
ence [21, 22] values in the Table 4.10. rVV10 corrections on meta-GGA’s significantly
improve the surface energies. Both SCAN+rVV10 and revSCAN+rVV10 overall perform
better for surface energies.

PBE PBEsol SCAN revSCAN PBE PBEsol SCAN revSCAN Ref [21, 22]
Surface rVV10 rVV10 rVV10 rVV10

111 1.28 1.60 1.56 1.58 1.61 1.95 1.77 1.91
Cu 110 1.51 1.87 1.83 1.84 1.84 2.23 2.04 2.19 1.79 ± 0.19

100 1.44 1.79 1.75 1.75 1.77 2.15 1.97 2.10

111 0.69 0.97 0.91 0.91 1.04 1.35 1.13 1.28
Au 110 0.90 1.24 1.15 1.15 1.26 1.63 1.39 1.54 1.51 ± 0.16

100 0.87 1.18 1.11 1.10 1.22 1.57 1.34 1.47

111 0.73 0.99 0.95 0.96 1.03 1.33 1.15 1.28
Ag 110 0.86 1.16 1.11 1.11 1.17 1.51 1.31 1.44 1.25 ± 0.13

100 0.81 1.10 1.06 1.05 1.12 1.44 1.25 1.36

59



CHAPTER 5

DESCRIBING ADSORPTION OF BENZENE,

THIOPHENE, AND XENON ON COINAGE METALS

BY USING THE ZAREMBA-KOHN THEORY-BASED

MODEL

5.1 Abstract

Semilocal (SL) density functional approximations (DFAs) are widely applied but have

limitations due to their inability to incorporate long-range van der Waals (vdW) inter-

action. Non-local functionals (vdW-DF, VV10, rVV10) or empirical methods (DFT+D,

DFT+vdW, DFT+MBD) are used with SL-DFAs to account for such missing interaction.

The physisorption of a molecule on the surface of the coinage metals (Cu, Ag, and Au) is

a typical example of systems where vdW interaction is significant. However, it is difficult

to find a general method that reasonably describes both adsorption energy and geometry

of even the simple prototypes of cyclic and heterocyclic aromatic molecules like benzene

(C6H6) and thiophene (C4H4S) respectively, with reasonable accuracy. In this work, we

present an alternative scheme based on Zaremba-Kohn theory, called DFT+vdW-dZK. We

show that, unlike other popular methods, DFT+vdW-dZK and particularly SCAN+vdW-

dZK gives an accurate description of the physisorption of a rare-gas atom (Xe) and two

small albeit diverse prototype organic molecules on the (111) surfaces of the coinage met-

als.
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5.2 Introduction

The interface between molecule and surface involves the interplay of covalent and weak

binding (dominated by vdW interaction), often guided by the nature of the molecule and

surface. The choice of a particular molecule-surface system is driven by its possible ap-

plicability. While studies focus on graphene for designing sensors [231, 232], basal planes

and more reactive edges of MoS2 are recommended for heterogeneous catalysis [233, 234].

Recently, the interface of an organic molecule and metallic surface has received much

attention due to its wide application in diverse fields, such as optoelectronics, catalysis,

sensors, and surface-photochemistry [235–239]. There are experimental techniques like

temperature-programmed desorption (TPD), normal incidence X-ray standing wavefield

absorption (NIXSW), and near-edge X-ray absorption fine structure spectroscopy (NEX-

AFS) to help determine the adsorption energy and geometry at the interface. However,

experimental results are affected by surface defects, monolayer formation, the orientation

of the adsorbate, etc., and require analysis from several experiments to be put together for

the full picture [237]. These difficulties motivate the need for computational tools that are

able to mimic the mechanism that requires a delicate balance between the short- and long-

range interactions (mainly van der Waals (vdW) effect) [240–243]. Being a nonlocal effect,

the latter poses a tough challenge for theoretical methods.

Wave-function based approximations like coupled-cluster (CC) can account for the vdW

effect with greater accuracy but are computationally out of reach for such interface models.

Alternatively, density functional theory (DFT) [41, 50] provides a framework for electronic

structure calculations in diverse fields [107] through different rungs of approximations il-

lustrated by the Jacobs ladder of Perdew [57]. High-level approximations like the random

phase approximations (RPA) within this framework are nearly exact for the long-range

vdW effect [190]. But, despite the increased computational power and efficient implemen-

tation [191], RPA is unable to handle supercell calculations involving a relatively large

numbers of atoms. DFT can accomodate these calculations at the semilocal (SL) level, but
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the required long-range correlation effects are missing here. Therefore, SL density func-

tional approximations (DFAs) are often combined with a nonlocal correlation functional

[129, 130, 135, 136] or an empirical method [5, 138, 139, 141–143, 145–147, 189] that

relies on input polarizabilities, mostly through some adjustable parameters to include the

vdW effects. These adjustable parameters guide the delicate balance between the short-

range interactions captured by DFAs (base functionals) and the long-range interactions that

the correction methods provide [128].

GGAs (generalized gradient approximations) are superior to LDA for aromatic systems

[244] and hence are the natural choices as base functionals. PBE [73] and its revised

versions [75, 134, 245] and the Becke functionals [246–248] are some successful [9, 18–

20, 106, 133, 249, 250] base functionals at the GGA level. Despite being widely used,

GGAs by themselves are unable to capture vdW interaction beyond the short-range while

the SCAN [91] metaGGA does. SCAN, by construction, can recognize different bonding

environments. There are a few instances like formation energies of weakly bound inter-

metallics [93–95], and prediction of magnetic properties of transition metals [96], where

SCAN is not up to the mark, but it has been mostly successful for diversely bonded systems

[98–102]. Recently, SCAN was revised (revSCAN [92]) by diminishing its intermediate-

ranged vdW interaction, leading to better interaction energies of molecules of the S22

dataset when combined with VV10 [135] than SCAN+VV10. However, when combined

with rVV10 [136], SCAN is remarkably accurate for molecular complexes, solids, and lay-

ered materials [103].

Both VV10 and rVV10 are nonlocal correlation functionals like vdW-DFs [129, 130],

paired with the base functional as

Exc = Exc
DFA +Ec

nl, (5.2-1)
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where Exc
DFA is the total exchange-correlation energy computed from the base functional,

while Ec
nl is the nonlocal electron-correlation energy. These schemes bridge the nonlocal

correlation functionals to the semilocal functional through a few parameters and depend

only on the electron density as input.

There is an alternative way to include the vdW interaction through empirical methods where

the base functional is often combined as

Etot = EDFA +EvdW , (5.2-2)

where EDFA is the total energy computed from the base functional while EvdW is the contri-

bution to the total energy due to vdW interaction. Methods like DFT+D[138, 139] model

the latter part as a C6 coefficient-based pairwise additive interaction. The C6 coefficients

utilized here are unable to adjust to the chemical environment (system) and neglect the

many-body dispersion effects. But methods like DFT+D3 [141, 142], XDM [143, 145, 189]

(exchange-hole dipole moment), and DFT+vdW [146] incorporate the information of the

system through different ways [128].

In our present assessment, we investigate the adsorption of benzene, thiophene, and xenon

over the (111) surfaces of the coinage metals. Since the (111) surface is highly stable

and cost-efficient, it is extensively used in catalysis [251]. Benzene (C6H6) and thiophene

(C4H4S) are respectively the most studied [252–254] prototypes of the cyclic and the het-

erocyclic aromatic molecules. Benzene is the building block of an entire class of aromatic

compounds having wide industrial applications. Through catalytic hydrogenation and ox-

idation, benzene can form various useful aromatic molecules such as phenol, nitroben-

zene, etc., [255–257]. A recent theoretical study of adsorption of benzene, toluene, phenol,

and m-cresol on transition metal surfaces reveals a weaker role of the functional group in

adsorption compared to the phenyl ring itself [258]. This further justifies the choice of

benzene as a test molecule. Similarly, thiophene is the smallest sulfur-containing polar
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aromatic compound found in petroleum products. An accurate description of the adsorp-

tion of thiophene is crucial for modeling hydrodesulfurization reactions [259]. Previous

studies suggest organic molecules adsorbing strongly both on ferromagnetic metal surfaces

(Fe, Ni) and platinum-group metal surfaces (Pt, Pd, Rh) [244]. As coinage metals have

relatively inert d-bands, their reactivity lies between that of platinum-group metals and

simple sp metals like Al [244]. Several past studies have suggested the physisorption of

benzene, thiophene, and xenon on the coinage metal surfaces. The physisorption process is

dominated by vdW interaction, making the organic-coinage metal interfaces ideal systems

for assessing the vdW-corrected methods. Besides, benzene, thiophene, and xenon over

coinage metals are well understood theoretically and experimentally [18, 146, 147, 249].

The latter serves as a benchmark to evaluate the performance of the theoretical models.

Here, we evaluate the adsorption energies and distances of benzene, thiophene, and xenon

over the (111) surfaces of the coinage metals using the recently proposed model [17] based

on Zaremba-Kohn’s second-order perturbation theory designed for modeling the physisorp-

tion of a particle over the surface. This model naturally incorporates the screening effects,

which are missing in most empirical methods. It yields RPA quality results for the ph-

ysisorption of graphene over metallic surfaces [15, 17] and semiconducting layered mate-

rials [260]. It was also shown that, when combined with PBE, this method outperforms all

other semilocal functionals paired with rVV10 for the adsorption of thiophene on coinage

metal surfaces (see details in Ref. [106]). We note that the model DFT+vdW [5] is also

based on Lifshitz-Zaremba-Kohn theory. However, that model includes the screening ef-

fects through the C6 instead of C3 coefficients and has no higher-order terms, such as

quadrupolar C5.

5.3 Computational details

All the DFT calculations performed utilized the projector augmented wave (PAW) for-

malism as implemented in the Vienna ab initio simulation package (VASP) code. Geometry
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relaxations of the bulk structures of silver, gold, and copper using different XC functionals

yielded the respective lattice constants (see Table 5.7 in Supplementary Materials for cal-

culated lattice constants compared to the experimental zero-point phonon corrected lattice

constants) [23]. Since a study by Carter et al. [261] showed a non-negligible interaction of

the adsorbate-molecule with its periodic image for a relatively smaller (3× 3) supercell, we

opted to build a (4 × 4) supercell of (111) surfaces in the atomic simulation environment

(ASE) [7, 262] using the optimized lattice constants. The supercell has a five-atomic-layer

thickness. A vacuum of 12 Å was added along the z-direction to prevent the interactions

due to the periodic images. The positions of the atoms on the bottom three layers were fixed

during the relaxation to reduce the computational cost. Benzene and thiophene constructed

using the reference C-S, C-C, and C-H bond lengths [216, 217] were allowed to relax in

the slab whose size was identical to that of the surface on which the adsorption occurred.

Initially, both thiophene and benzene were placed in a parallel orientation 3Å above the top

metal layer and allowed to relax on the high-symmetry sites (fcc, hcp, ontop, and bridge)

[7, 262]. Those sites were defined using the center of mass and the azimuthal angle of

the molecule, as proposed by Liu et al. [250] For example, hcp-45 indicates the center of

mass of thiophene adsorbed at the hcp site with a symmetry axis rotated by 450 from the

direction of metal rows. The surface, the molecule, and the molecule-surface system were

all separately relaxed. We followed a similar procedure for the adsorption of xenon (Xe)

over the (111) surfaces of Ag and Cu, as well. We used the VASP recommended PAW

pseudopotentials for all the calculations. While we used a plane-wave cutoff of 650 eV,

the smearing parameter (kBT ) of 0.1 eV was utilized, following the first order Methfessel-

Paxton scheme. We used 4 × 4 × 1 and 20 × 20 × 20 Monkhorst-Pack meshes for the

Brillouin zone sampling of the surface and the bulk, respectively. The use of a denser k-

mesh (6× 6× 1) does not change the adsorption energy for benzene and xenon on Cu(111)

surfaces by more than 11 and 2 meV, respectively (see Table 5.8 in Supplementary Mate-

rials). Similarly, the effect of the image-induced dipole interaction between our supercells
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is less than 20 meV for thiophene [106], and less than 4 meV for benzene. Since both ad-

sorption energies and equilibrium distances depend on the adsorption-site, we utilized all

major high symmetry sites for PBE+vdW-dZK and SCAN+vdW-dZK calculations. How-

ever, we only used the most stable site (hcp-30 for benzene and fcc-45 for thiophene) for

the computation from other methods. We calculated the adsorption energy by subtracting

the energy of the surface and molecule from the surface-molecule system.

Ead = Esur f+mol−Esur f −Emol (5.3-3)

A similar procedure was adopted for calculating the adsorption energy of Xe and graphene

over the metallic surfaces, as well.

For DFT+vdW-dZK calculations, we computed the necessary coefficients using Eqs (2-

4) from the work of Tao et al. [17] (see Tao et al. [17] and references therein for more

details). We took the necessary parameters of transition metals required for vdW-dZK

calculations from the previous work [15, 17]. We utilized the experimental static dipole

polarizabilities reported in the NIST[154] database for all studied atoms and molecules

(see Tables (5.9-5.11) in Supplementary Materials for the computed coefficients for xenon

and renormalized atoms in benzene and thiophene. See Refs [15, 17, 106] for details on

those coefficients). Finally, we computed the total adsorption energy at each distance by

adding the adsorption energy from DFT calculations and the corresponding correction ob-

tained from the vdW-dZK model, following the binding-curve approach as in Fig. 1 of

Tang et al. [15] (see Figures (S5-S12) in Supplementary Materials for the computed ad-

sorption energies for benzene, thiophene, and Xe over the (111) surfaces of coinage metals

using PBE+vdW-dZK and SCAN+vdW-dZK). The binding energy curve for graphene on

Cu(111), Ni(111), and Co(0001) surfaces computed using SCAN metaGGA were taken

from the work of Peng et al.[103] For graphene on Al(111) surfaces, we computed the

binding energy curve using SCAN metaGGA by following the approach of Tang et al.[15]
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The coefficients and parameters required for the vdW-dZK calculations on these systems

were taken from Ref [15] (see Figures (S13 and S14) in Supplementary Materials for the

computed adsorption energies and distances). For PBE+vdW-dZK, the cutoff parameter b

is 3.3 Bohr, determined by minimizing the mean absolute error (MAE) between calculated

and RPA binding energies of graphene over the transition metal surfaces [15, 17]. The

goal of our present work is to address the adsorption energies and distances of aromatic

molecules on coinage metal surfaces. Due to the availability of the precise experimental

adsorption energies for benzene on (111) surfaces of coinage metals [9], we utilized b =

4.1 Bohr for SCAN+vdW-dZK, based on the least deviation between the calculated and

experimental adsorption energies of benzene on these surfaces. In section III.D, we show

that this choice of the b parameter for SCAN+vdW-dZK also predicts adsorption energies

and distances of graphene over transition metals, closer to the RPA values.

5.4 Results and Discussion

We have assessed the adsorption energies, the vertical adsorption distances, and the

tilt angles of benzene and thiophene placed over the (111) surfaces of Cu, Ag, and Au

(coinage metals) using the scheme based on the physisorption model (vdW-dZK) [17] fol-

lowing Zaremba-Kohn theory. Currently, this scheme [17] has been implemented to PBE

[73] (PBE+vdW-dZK [15, 106]) and very recently the modified[260] form of that scheme

to SCAN metaGGA. In this work we are implementing the original scheme [17] (with-

out any modifications), to SCAN [91] (SCAN+vdW-dZK). For comparative purposes, we

also paired the semi-local functionals with the non-local functional (rVV10[136]) or the

D3 [142] method. The common goal of all these methods is to capture the van der Waals

(vdW) interaction that is very relevant for the adsorption process but is missing in the bare

semi-local functionals. We utilized the parameters of Peng et al. [103] based on fitting to

binding energy curve of argon-dimer obtained from CCSD(T) calculations, to pair rVV10

with SCAN. In our previous work [106], we followed the same approach to determine the
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parameters required to combine rVV10 with PBE, PBEsol, and revSCAN. Finally, the pa-

rameters obtained from Brandenburg et al. [105] were utilized to combine SCAN with D3

(SCAN+D3).

5.4.1 Benzene over Cu(111), Ag(111) and Au(111)

We utilized eight different high symmetry sites for the adsorption of benzene over the

(111) surfaces of Cu, Ag, and Au, as displayed in Fig 5.1. Our calculations with PBE+vdW-

Bridge-0 Bridge-30 Fcc-0

Top-30 Fcc-30

Top-0 Hcp-0 Hcp-30

Cu C H

Figure 5.1: The figure shows the high symmetry sites [7] utilized for the initial adsorption
of a benzene molecule over the (111) surface of Copper.

dZK and SCAN+vdW-dZK, in agreement with Liu et al. [250], show a weak dependence

of adsorption energy on the site as the maximum energy difference between them is just

0.05 eV. In agreement with past studies [19, 103, 250, 263], these methods, irrespective of

the substrate metals, predict the hollow site (hcp-30) as the most stable site of adsorption.

68



For better comparison, we focused on the most stable site (hcp-30) for all other methods

utilized in our work.

In agreement with the experiments [264–266], all the methods discussed here including

PBE+vdW-dZK and SCAN+vdW-dZK predict benzene to adsorb flat (parallel) to the metal

surface without any noticeable tilting.

Table 5.1 displays the adsorption energy of benzene over the (111) surface of different

metal substrates at the most stable site of adsorption. The experimental adsorption ener-

gies reported are acquired from the analysis of the data obtained from the temperature-

programmed desorption (TPD) measurements. The most commonly used technique is the

Redhead analysis [10], which treats desorption temperature to be independent of the cov-

erage and uses a frequency parameter often guessed over a range of values ([1012 - 1015]

s−1). However, the TPD measurements display a correlation between the coverage and the

desorption temperature, questioning the Redhead’s analysis. A recent experimental study

[9] utilizes the so-called complete analysis [8], where the frequency factors are determined

uniquely for a given coverage. This experiment [9] benchmarks the adsorption energy for

benzene adsorbed (within an error bar of 0.05 eV) on the (111) surface of the coinage met-

als, enabling one to test the accuracy of theoretical methods.

PBE largely underestimates the adsorption energies due to its inability to capture the vdW

interaction beyond short-range. SCAN by design can incorporate some intermediate-range

interaction, but as evident in our calculations, this is still not sufficient to fully account for

the missing long-range vdW interaction. Non local correlation functionals like rVV10

[136], VV10 [135] and vdW-DFs [129, 130] can often be paired with semilocal (SL)

density functional approximations (DFA) to incorporate such missing interaction. How-

ever, our work suggests that the rVV10-based methods are inconsistent due to their over-

flexibility in pairing with the base functionals. We will elaborate more on this puzzle in

the later sections. There are alternative empirical ways to include vdW interactions such as

the popular method DFT+D3 [141, 142], known for identifying the local chemical environ-
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Table 5.1: Adsorption energy (in eV) of benzene (C6H6) when placed on the most stable
site (hcp-30) over the (111) surfaces of coinage metals using the different methods. The
results from various previous studies are also reported here for comparison.

C6H6/Cu(111) C6H6/Ag(111) C6H6/Au(111)
PBE -0.06 -0.06 -0.06
PBE+rVV10 -0.58 -0.54 -0.60
PBE+D3 -1.00 -0.86 -0.93
PBE+vdW-dZK -0.56 -0.60 -0.67
PBE+vdW [267] -1.07 -0.87 -0.84
PBE+vdWsur f [251] -0.86 -0.75 -0.74
PBE+MBD [9] -0.63 -0.57 -0.56
PBE+XDM [18] -0.54 -0.58 -0.61
B86bPBE+XDM [18] -0.59 -0.68 -0.64
optPBE+vdw-DF [133] -0.68 -0.71 -0.71
SCAN -0.43 -0.40 -0.42
SCAN+rVV10 -0.78 -0.75 -0.80
SCAN+D3 -0.93 -0.81 -0.86
SCAN+vdW-dZK -0.63 -0.60 -0.65
revSCAN+rVV10 -1.11 -0.93 -1.03
HSE+MBD [9] -0.78 -0.68 -0.67
Expt [9] -0.68±0.04 -0.63±0.05 -0.71±0.03

ment through improved C6 coefficients. These methods, in comparison to their predeces-

sors [138, 139], are much more accurate for interaction energies of molecular systems like

the S22 data set, rare-gas dimers, etc. But in agreement with the previous work [249], we

found overestimated adsorption energies with these methods. Since the effect of surface

metal atoms screening the molecule-surface interaction is ignored even in these improved

C6 coefficients, it could be the major reason behind the poor performance of these meth-

ods for our systems. In the DFT+vdW [146] method, the C6 coefficients along with the

vdW radii are determined using the electron density obtained from the base functionals,

and are independent of these underlying base functionals. However, like DFT+D, this

method also lacks screening effects leading to significantly overestimated [267] adsorption

energies. The method DFT+vdWsur f [5] was introduced to include the screening effects

in DFT+vdW following Lifshitz-Zaremba-Kohn [148, 149] theory. Here, the screening

effects were included using modified C6 coefficients rather than explicitly using the C3
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coefficients pertinent for particle-slab interaction. PBE+vdWsur f predicted better [251] ad-

sorption energies compared to PBE+vdW [267] but still the overestimation was noticeable.

Another approximation, the DFT+MBD [147], was introduced to incorporate the screening

effects in DFT+vdW. This method reported better adsorption energies [9] when combined

with a hybrid functional (HSE). However, using a hybrid base functional is computation-

ally demanding. Similarly the method PBE+XDM [18], based on the exchange-hole dipole

moment [143, 145], reports slightly underestimated adsorption energies. In Table 5.1, we

show the results from other important methods from previous studies [9, 18, 251, 267], as

well.

Among all reported methods, SCAN+vdW-dZK stands out. The adsorption energies of

benzene over different metal substrates predicted from this method lie close to the error

bars of the reported reference values. In Fig. 5.2, we show the absolute deviation be-

tween the reference and calculated adsorption energies using different methods utilized in

our work. Despite slightly underbinding benzene on a copper surface, PBE+vdW-dZK lies

closest to the reference values for the other two metal surfaces (see Figures (5.6-5.8) in the

Supplementary Materials for the details on PBE+vdW-dZK and SCAN+vdW-dZK calcu-

lations). We note here that SCAN+vdW-dZK is designed such that it performs better for

the adsorption energies of benzene over coinage metals. The fact that PBE+vdW-dZK also

predicts the adsorption energies close to SCAN+vdW-dZK and both closer to the avail-

able experimental values indicates the consistency of these methods. Similar conclusions

were drawn in the case of adsorption energies of graphene over layered materials [260],

too. Recently, Chowdhury et al. [268] have extended the vdW-dZK model to address the

adsorption of molecules on carbon nanotubes, which have curved cylindrical surfaces. The

binding energies calculated from PBE+vdW-dZK and SCAN+vdW-dZK are very close to

each other. It further confirms the consistency of the vdW-dZK model.

Finally, based on the molecular orbital density of states (MODOS) analysis by Jiang et al.

[251], the d-band center for benzene on Ag(111) lies farther away from the Fermi-level than
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Figure 5.2: Figure shows the absolute deviation between adsorption energies (in eV) of
benzene (C6H6) on the (111) surfaces of Cu, Ag, and Au calculated using various methods
studied in our work and the experimental value obtained from the complete analysis [8].
We note that the uncertainities (not shown in figure) in the experimental values [9] are
±0.04 eV, ±0.05 eV, and ±0.03 eV for C6H6 on the (111) surfaces of Cu, Ag, and Au
respectively.

for benzene on Au(111) surface. From the perspective of d-band center theory [269–271],

this means that Au(111) should be more reactive than Ag(111) for benzene. The experi-

mental adsorption energies obtained from the so-called complete analysis of TPD measure-

ments support this prediction of d-band center theory too. In this regard, SCAN+vdW-dZK

and PBE+vdW-dZK both appear to be qualitatively accurate as well. Though the adsorp-

tion energies predicted from methods like PBE+MBD, HSE+MBD, and optPBE+vdW-DF

were reasonable, all those methods predict almost equal adsorption energies of benzene on

Ag(111) and Au(111) against the trend predicted by the experiment and the d-band center
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theory.

Although adsorption energies over different metallic surfaces are close to each other,

Table 5.2: Adsorption distance (in Å) of the molecule benzene (C6H6) when placed on
the most stable site (hcp-30) over the (111) surfaces of the coinage metals using differ-
ent methods. Adsorption distance from various previous studies is also reported here for
comparison.

C6H6/Cu(111) C6H6/Ag(111) C6H6/Au(111)
PBE 3.40 3.44 3.42
PBE+rVV10 3.01 3.02 3.01
PBE+D3 2.95 2.97 2.97
PBE+vdW-dZK 3.13 3.23 3.22
PBE+vdW [267] 3.04 3.14 3.21
PBE+vdWsur f [251] 2.83 2.97 3.05
B86bPBE+XDM [18] 2.71 3.03 3.15
optPBE+vdw-DF [133] 3.14 3.23 3.21
SCAN 3.01 3.10 3.18
SCAN+rVV10 2.95 2.98 3.01
SCAN+D3 2.90 3.00 2.99
SCAN+vdW-dZK 2.85 3.02 3.06
revSCAN+rVV10 2.66 2.93 2.95
Expt [11] - 3.04±0.02 -

Reckien et al. [249] argue that the vertical adsorption distances are similar for Ag(111)

and Au(111), while relatively shorter for Cu(111). This ordering of adsorption distances

is consistent with the similar vdW radii of Ag and Au, both being larger than that of Cu.

To the best of our knowledge, we have experimental data for adsorption distance available

[11] only for benzene over Ag(111) based on the normal-incidence x-ray standing wave

(NIXSW) measurements, as shown in Table 5.2. Though methods like SCAN+rVV10,

PBE+D3, and PBE+rVV10 predict adsorption distances for benzene over Ag(111) closer

to the experimental values, they predict similar adsorption distance for different metallic

surfaces. SCAN, revSCAN+rVV10, and PBE+vdW-dZK get that order right but, they are

quantitatively not close enough to the experimental values. Getting the adsorption dis-

tances, orientations, and energies right are challenges even for most vdW-corrected density

functionals as they require a delicate balance between short- and long-range correlations.
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The popular method optPBE+vdW-DF [133] yields the adsorption energies very close to

the experimental values but predicts longer adsorption distances. However, methods like

SCAN+D3 [142] predict adsorption distances within the error bar of experimental value,

yet overestimate the adsorption energies. Very few methods like B86bPBE+XDM [18],

PBE+vdWsur f [9, 251] and PBE+MBD [9, 251] give a reasonable description of the afore-

mentioned challenges. The orientations and adsorption distances of benzene over differ-

ent metallic surfaces predicted by some of the better-performing methods in our work are

as shown in Fig. 5.3. PBE+vdW-dZK is not as impressive for adsorption distances as

it was for adsorption energies, but SCAN+vdW-dZK stands out as the best overall per-

former. Apart from predicting the correct adsorption sites and orientations of the adsorbate

molecule, SCAN+vdW-dZK yields the adsorption energies and distances within the narrow

error bar of the available experimental values.

5.4.2 Thiophene over Cu(111), Ag(111) and Au(111)

In our previous work [106], we had demonstrated how the combination of non-local

functional rVV10 combined with metaGGAs failed to deliver for adsorption of the polar

molecule thiophene over the (111) surfaces of the coinage metals. We also showed how

PBE+vdW-dZK was able to predict adsorption energies, orientation, and distances better

than many studied and existing methods. However, in the previous section, we showed that

the PBE+vdW-dZK predicted adsorption energies of benzene over coinage metals reason-

ably well but yielded longer adsorption distances, where SCAN+vdW-dZK was reasonable

in both areas. Here we compare the performance of SCAN+vdW-dZK for thiophene over

the (111) surfaces of coinage metals.

Experiments [1, 221, 272] predict the ontop position of the sulfur atom in the thiophene

as the most stable site of adsorption. This site is close to the fcc-45 [7] site of the cen-

ter of the aromatic ring of the thiophene. Based on the given coverage, SCAN+vdW-

dZK, in agreement to PBE+vdW-dZK, SCAN+rVV10, revSCAN+rVV10, PBE+rVV10,
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       Benzene over Ag-111
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Figure 5.3: The figure shows the adsorption distance of benzene over the (111) surfaces
of Cu, Ag, and Au when placed at the most stable site (hcp-30). For convenience, only
the results of the three better performers, namely PBE+vdW-dZK, SCAN+vdW-dZK, and
SCAN+rVV10, are displayed.

PBEsol+rVV10, predicts this fcc-45 site as the most stable site of adsorption.

While experiments [2, 223, 272] demonstrate thiophene to lie flat over the (111) surfaces

of Ag and Au, strong coverage dependent tilting is found [1] over the Cu(111) surface in-

creasing from an angle 120± 20 to 250± 40, when the coverage varies from 0.03 ML to

0.1 ML. Most of the theoretical studies [18, 106, 198] predict thiophene to lie flat even

over the Cu(111) surface. SCAN+vdW-dZK, in agreement with the experiments, predicts

the flat orientation of thiophene over Ag(111) and Au(111). However, the predicted tilting

angle of 70 over Cu(111) is slightly less than the tilt angles observed for 0.03 ML coverage.

Similar tilting was predicted by PBE+vdWsur f [225]. Though the tilting angle predicted by

PBE+vdW-dZK [106] is close to the values demonstrated by the experiment, Maurer et al.

[225], argue that the tilting angles predicted by experiment at finite temperature is larger
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due to the anharmonicity of the adsorbate-substrate bond.

Table 5.3 displays the sulfur-substrate distance (in Å) and the adsorption energy (Ead)

Table 5.3: substrate-sulfur distance (in Å) and adsorption energy (in eV) of thiophene
placed on the most stable site (fcc-45) over the (111) surfaces of the coinage metals using
different methods.

C4H4S/Cu(111) C4H4S/Ag(111) C4H4S/Au(111)
d(Cu-S) Ead d(Ag-S) Ead d(Au-S) Ead

PBE+rVV10 [106] 2.88 -0.61 3.00 -0.55 2.98 -0.63
PBE+vdWsur f [225] 2.78 -0.82 3.17 -0.72 2.95 -0.77
PBE+D2 [198] 2.40 -0.81 - - 2.75 -1.24
PBE+vdW-dZK [106] 2.57 -0.60 3.16 -0.50 3.23 -0.56
B86bPBE+XDM [18] 2.99 -0.62 3.04 -0.67 2.99 -0.66
PBEsol+rVV10 [106] 2.19 -1.22 2.68 -0.93 2.59 -1.06
SCAN+vdW-dZK 2.66 -0.69 3.00 -0.62 2.98 -0.69
Expt 2.62±0.03 [12] -0.66 [1] - -0.52[2] - -0.68 [3]

[in eV] of thiophene over different substrate metals. The experimental adsorption energies

are obtained from the Redhead analysis [10] of the TPD measurements [1–3] using 1013

s−1 as the frequency parameter. We note that for a given TPD measurement, the choice of

frequency parameter from 1012 s−1 to 1015 s−1 can lead to differences up to 0.2 eV. But,

since thiophene is a small molecule, our choice of frequency parameter, we believe, is a

reasonable one. We also note that this frequency parameter is consistent with the choice

made by Christian et al. [18] for Redhead analysis on similar work. Unfortunately, we have

the substrate-sulfur distance available only for thiophene on Cu(111) based on S K-edge

X-ray-absorption fine structure measurements [12, 218]. In Fig. 5.4, we display the abso-

lute deviation of the adsorption energies predicted by various methods in our work from

the experimental values [1–3] obtained using the Redhead analysis [10]. While popular

methods like PBE+D2 [198] overestimate Ead and predict shorter distances, methods like

B86bPBE+XDM [18] and PBE+rVV10 [106] predict reasonable adsorption energies but

yield longer distances. PBE+vdW-dZK predicts the substrate-sulfur distance for thiophene

over Cu(111) closer to the experimental value, but it slightly underestimates the adsorp-
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Figure 5.4: Figure shows the absolute deviation between adsorption energies (in eV) of
thiophene (C4H4S) on the (111) surfaces of Cu, Ag, and Au calculated using various meth-
ods studied in our work and the experimental value [1–3] obtained using the Redhead
Analysis [10].

tion energies. SCAN+vdW-dZK, though it slightly overestimates the adsorption energy of

thiophene on Ag(111), is the best overall performer (see Figures (5.9-5.11) in the Supple-

mentary Materials for the details of SCAN+vdW-dZK calculations). Fig. 5.5 displays the

orientation and sulfur-adsorbate distance of thiophene over the (111) surfaces of coinage

metals for the three better-performing methods.
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Thiophene over Ag-111
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Figure 5.5: Figure shows the adsorption distance and tilt angle of thiophene over the (111)
surfaces of Cu, Ag, and Au placed at the most stable site of adsorption (fcc-45). For
convenience, results of the three better performers namely PBE+vdW-dZK, SCAN+vdW-
dZK, and PBE+rVV10, are shown.

5.4.3 Xenon (Xe) over Cu(111) and Ag(111)

As a further test of vdW-dZK model, we assessed the adsorption energy and distance

of Xe over the (111) surfaces of Cu and Ag. The binding of Xe with the substrate metal

surfaces is a typical physisorption case dominated by vdW interaction. We compare the

results from the vdW-dZK methods to the adsorption energies and distances reported by

other existing vdW-corrected methods in Table 5.4. The experimental values tabulated

here are from the so-called best estimate [13], and the review work of Diehl et al. [14]

(see the references therein for more details on experimental results). Although all reported

methods agree to the ontop site as the most stable adsorption-site, they predict signifi-

cantly different adsorption energies and distances. While SCAN without any vdW cor-

rection gives the best estimate of the adsorption distances, it significantly underestimates
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Table 5.4: Xe-substrate distance (in Å) and adsorption energy (in meV) of Xe placed on
the most stable site (ontop) over Ag(111) and Cu(111).

Xe/Cu(111) Xe/Ag(111)
E ad d(Xe-Cu) E ad d(Xe-Ag)

PBE -21 4.25 -21 4.27
PBE+vdW [273] -335 3.48 -244 3.60
PBE+vdWsur f [273] -248 3.46 -237 3.57
PBE+vdW-dZK -252 3.29 -275 3.37
PBEsol+rVV10s [20] -165 3.5 -186 3.4
vdW-DF [196] -184 3.97 -180 4.08
vdW-DF2 [196] -157 4.01 -154 4.00
SCAN -90 3.61 -93 3.57
SCAN+vdW-dZK -187 3.47 -197 3.49
Expt [13, 14] -(183±10) 3.60±0.08 -(211±15) 3.60±0.05

the adsorption energies. In contrast, the non-local correlation functional vdW-DF gives a

better description of adsorption energies but yields longer adsorption distances [196]. Al-

though the performance of PBE+vdW is mixed, PBE+vdWsur f gives a reasonable estimate

of both adsorption energies and distances [273]. While PBE+vdW-dZK performs on simi-

lar lines with PBE+vdWsur f for the adsorption energy of Xe over Cu(111), it gives a slightly

overestimated value of the adsorption energy for Xe over Ag(111). PBE+vdW-dZK pre-

dicts slightly shorter adsorption distances for Xe over both the surfaces as well. Although

PBEsol+rVV10s [20] performs better than the most methods discussed here, SCAN+vdW-

dZK stands out overall by predicting both adsorption energies and equilibrium distances

closer to the error bars of the available experimental values [13, 14] (see Figures 5.12 and

5.13 in the Supplementary Materials for the details on PBE+vdW-dZK and SCAN+vdW-

dZK calculations).

5.4.4 Graphene over Al(111), Ni(111), Co(0001), and Cu(111)

So far, we have assessed the performance of vdW-dZK methods based on the adsorption

of organic molecules and a rare gas atom on the surfaces of coinage metals. Although the

fitting approaches to combine PBE and SCAN to the vdW-dZK model were different, we
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show that both these vdW-methods give reasonable adsorption energies and distances for

benzene, thiophene, and xenon on coinage metals. As a further test of SCAN+vdW-dZK on

adsorption of different systems on different metal surfaces, we assessed the binding ener-

gies and distances of a graphene sheet on Al(111), Ni(111), Co(0001), and Cu(111). Those

metal surfaces were also used to determine the fit parameter for PBE+vdW-dZK [15, 17].

This set consists of at least one representative of simple sp-metal (Al), coinage metal with

completely-filled d-bands (Cu), and transition metals with partially-filled d-bands (Ni and

Co). In table 5.5, we show the SCAN+vdW-dZK results along with those of PBE+vdW-

dZK and RPA.

Table 5.5: Graphene-substrate distance (in Å) and adsorption energy (in meV per C atom )
of graphene over Cu(111), Ni(111), Co(0001), and Al(111). The RPA and PBE+vdW-dZK
values are reported from Tang et al. [15]

Graphene-substrate distance Adsorption energy per C atom
PBE+ SCAN+ PBE+ SCAN+

RPA vdW-dZK vdW-dZK RPA vdW-dZK vdW-dZK
Gr/Cu(111) 3.09 3.56 3.24 -68 -65 -56
Gr/Ni(111) 3.26 3.29 3.25 -70 -69 -58
Gr/Co(0001) 3.25 3.56 3.27 -66 -58 -55
Gr/Al(111) 3.51 3.6 3.64 -52 -73 -42
MAE 0.23 0.08 8 11

SCAN+vdW-dZK systematically underestimates the RPA binding energies with a mean

absolute error (MAE) of about 11 meV/C atom. This value is slightly higher than that pre-

dicted by PBE+vdW-dZK. However, for the equilibrium distances, SCAN+vdW-dZK pre-

dictions are closer to RPA than those of PBE+vdW-dZK. Remarkably, SCAN+vdW-dZK

performs on par with PBE+vdW-dZK for the systems which parameterize PBE+vdW-dZK.

More importantly, they both are close to the reference values whenever available.

In our previous work [106], we demonstrated the ability of PBE+vdW-dZK to predict rea-

sonable adsorption energies and distances of relatively large-sized molecules like PTCDA

on Ag(111), as well. We note that there are many molecules of diverse size and polarity

that can show more complex interactions with the substrate metal atoms, and addressing
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all of them can be challenging for any theoretical model. However, the test for vdW-dZK

methods for the adsorption of small prototype molecules like benzene and thiophene on

coinage metals shows encouraging results.

5.4.5 Performance of the rVV10-based methods

In our present study, we utilized a nonlocal correlation functional rVV10 [136] paired

with PBE, PBEsol, SCAN, and revSCAN to include the long-range vdW effects required

for the accurate description of the organic molecule adsorbed over the metallic surfaces.

We noticed a strong discrepancy in the description of the molecule-metal system between

different rVV10 based methods. While PBE+rVV10 slightly underestimates the adsorption

energies for benzene, it gives a reasonable description in the case of thiophene. SCAN+rVV10

overestimates in the case of adsorption of both molecules. Some recent studies [102, 260]

suggest SCAN+rVV10 to be overestimating in general. When combined with revSCAN

[92], rVV10 is significantly overestimating the adsorption energies of those molecules over

the metallic surfaces. Although revSCAN [92] was designed to remove the intermediate-

range interactions of SCAN, when paired with rVV10, it proved to be over-correcting.

PBEsol+rVV10 yields almost double the adsorption energies of thiophene over metallic

surfaces compared to PBE+rVV10 [106]. But, rVV10 is not the only nonlocal functional

to demonstrate such strong dependence on the base functional with which it combines. A

noticeable dependence on base functionals was reported for nonlocal correlation function-

als such as vdW-DFs [129, 130], as well. When the revPBE [245] base functional proposed

for vdW-DF [129] was replaced by the revised version [132] of PW86 [131] for vdW-DF2

[130], it yielded better accuracy for molecular complexes. While both these base func-

tionals [133] underestimated the adsorption energies for benzene on coinage metals, the

pairing with less repulsive base functionals [134] like optPBE and optB88 gave a better

description.

rVV10, unlike vdW-DFs, is much more flexible to pair with the base functional and does so
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with a set of parameters, namely ‘b’ and ‘C.’ The former controls the short-range damping

while the latter controls the accuracy of the C6 coefficient at large separation. Most studies

regarding parameterization [19, 103, 106, 136] of rVV10 keep the value of ‘C’ equal to

0.0093 fixed as originally proposed by Vydrov et al. [135], as changing ‘C’ does not sig-

nificantly change the binding curve.[103] Therefore, it is usually a single parameter ‘b’ that

defines the pairing. Determination of this parameter requires fitting to well-benchmarked

systems where the vdW interaction is significant, such as interaction energies of the S22

data set, the binding energy of rare-gas dimers, and interlayer binding energies of lay-

ered materials. However, we noticed a significant inconsistency in the performance of the

rVV10 based methods when we determined the parameters for a particular base functional

from different possible fitting methods. It is a more serious problem as this creates enough

doubts over which parameterization to choose for combining rVV10 to a particular base

functional for the particular problem. Fortunately for SCAN+rVV10 [103], the ‘b’ param-

eter obtained from fitting to the binding energy of rare-gas dimers produced fewer errors

for other systems as well. The ‘b’ parameter for PBE+rVV10 is 6.6 and 10.0 when fitted

to the interaction energies of the S22 data set and interlayer binding energies of the lay-

ered materials, respectively [19]. However, both these values are different (b=9.7) from

the parameter obtained by fitting to the argon-dimer binding energy [106]. In our previous

work [106] we obtained b=9.7 for PBEsol+rVV10 using the argon dimer parameterization,

which is significantly different from b=20 based on fitting to the interlayer binding energy

of layered materials [20]. The latter choice of the parameter significantly underperformed

for binding energies of the argon dimer compared to the former and was also unsatisfac-

tory for interaction energies of the S22 data set compared to PBE+rVV10 (b=6.6) and

SCAN+rVV10.

In Table 5.6, we compare the adsorption energy of thiophene over the coinage metals, at the

most stable site (fcc-45), from the different parameterization of rVV10 for PBE or PBEsol.

We observed significant differences in the adsorption energies when different parameteri-
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Table 5.6: Comparison of adsorption energies (in eV) of PBE+rVV10 and PBEsol+rVV10
based on separate parameterizations using the S22 data set, Ar2 binding energies and in-
terlayer binding energies of layered materials (LM) for thiophene adsorbed on the (111)
surface of coinage metals.

ref PBE+rVV10 PBEsol+rVV10
Ar2 S22 Ar2 LM

Cu -0.66 [1] -0.61 -0.95 -1.22 -0.75
Au -0.68 [3] -0.63 -0.94 -1.06 -0.69
Ag -0.52 [2] -0.55 -0.82 -0.93 -0.59

zations combined rVV10 with the same base functional, illustrating the inconsistency in the

performance of rVV10-based methods. The need for an improved two-parameter damping

function of rVV10 is being explored by Tang, Chowdhury, and Perdew [274], and it would

hopefully solve larger parts of this problem.

5.5 Conclusion

In this work, we investigated the geometry and energetics of the adsorption of xenon

and two widely studied prototype molecules, namely, benzene, and thiophene, over the

(111) surface of the coinage metals using density functional theory (DFT).

Recently, the so-called complete analysis method [8] was used to analyze the temperature-

programmed desorption (TPD) measurement of benzene over coinage metal surfaces[9]

yielding adsorption energies within an error bar of chemical accuracy (0.04 eV). Based on

our results, the recently introduced model based on Zaremba-Kohn’s second-order pertur-

bation theory (DFT+vdW-dZK) predicts the adsorption energies of benzene over metal sur-

faces better than any other methods reported here. In particular, SCAN+vdW-dZK stands

out. Apart from yielding the correct orientation and site, this method predicts the energies

and distances within the error bar of the experiment. SCAN+vdW-dZK predicts Au(111) to

be more reactive than Ag(111), supporting the popular d-band center theory. SCAN+vdW-

dZK is the best overall performer for xenon and thiophene over metallic surfaces, as well.

We note that due to the unavailability of the results from the complete analysis, Read-
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head’s analysis [10], which is also widely used but not as accurate as of the former, was

utilized here to analyze the TPD measurements of thiophene adsorbed over the metallic

surfaces. We also assessed the adsorption energies and distances of graphene adsorbed on

four diverse metallic surfaces and showed that the vdW-dZK methods display reasonable

agreement with the available RPA reference values.

Finally, through the example of thiophene adsorbed on metal surfaces, we demonstrate that

the rVV10-based methods are inconsistent. They predict significantly different adsorp-

tion energies of a molecule-metal system when the same base-functional pairs with rVV10

through different possible parametrizations. The current rVV10 is essentially a pairwise

form in which the screening effects of metal substrates are not included explicitly in the

molecule-metallic surface interactions. The vdW-dZK model incorporates such screening

effects explicitly via the C3 and C5 nonlocal terms making the model more accurate to de-

scribe the molecule-metallic surface interactions. Although the vdW-dZK model combines

with PBE or SCAN through a single parameter (b), this model relies on the accurate static

dipole polarizabilities as an input parameter. In the current implementation, this model

only makes post-corrections to the binding energy curve obtained from DFT calculations

without relying on the calculated local densities. That limits the applicability of these

methods to study the variation on charge transfer or any other density-related properties

arising due to the inclusion of vdW interaction in the system. In our present work, we show

that SCAN+vdW-dZK is slightly better than PBE+vdW-dZK on the overall performance.

The adsorption distances predicted by SCAN+vdW-dZK show better agreement with the

experimental values compared to PBE+vdW-dZK. However, there are no significant dif-

ferences in the adsorption energies predicted by these methods. Despite the vdW-dZK

methods combined with two different functionals PBE and SCAN, it is remarkable that the

adsorption energies both these methods predict are close to each other, and importantly,

both close to the experimental values. Finally, we note that several molecules can show

more complex interactions with the substrate metal atoms. Although it is encouraging that
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these vdW-dZK methods perform well for adsorption of graphene, rare gas atom, and two

prototype organic molecules, further tests are needed to verify the transferability of these

methods to broader adsorbate-adsorbent interactions.

SUPPLEMENTARY MATERIAL

See supplementary material for computed lattice constants, k-point convergence results,

coefficients required for vdW-dZK calculations, and the resulting binding energy curves.
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Table 5.7: The lattice constants (in Å) of substrate metals, compared to the experimental
zero-point phonon corrected lattice constants [23].

Cu Ag Au
PBE 3.63 4.15 4.16
PBEsol 3.57 4.05 4.08
SCAN 3.56 4.08 4.09
revSCAN 3.57 4.11 4.11
PBE + rVV10 3.62 4.11 4.13
PBE + D3 3.57 4.07 4.10
PBEsol+rVV10 3.55 4.02 4.06
SCAN + D3 3.55 4.06 4.07
SCAN + rVV10 3.54 4.06 4.07
revSCAN + rVV10 3.55 4.06 4.08
Reference [23] 3.60 4.06 4.06

Table 5.8: The k-point convergence-testing results for benzene and xenon over Cu(111)
surface using SCAN metaGGA. The computed adsorption energies (Eads) are in eV.

Benzene Xenon
k-points Eads k-points Eads
2×2×1 -0.4668 2×2×1 -0.1053
4×4×1 -0.4257 4×4×1 -0.0899
6×6×1 -0.4361 6×6×1 -0.0915

Table 5.9: The van der Waals (vdW) coefficients and reference plane positions (all in atomic
units) for different atoms in benzene for different substrate metals.

C3 Cnl
5 Cq

5 C5 Z0
C / Cu(111) 0.368 0.826 1.529 2.355 0.298
H / Cu(111) 0.14 0.313 0.303 0.616 0.298
C / Ag(111) 0.412 0.832 1.72 2.552 0.287
H / Ag(111) 0.156 0.315 0.341 0.657 0.287
C / Au(111) 0.456 0.955 1.903 2.858 0.226
H / Au(111) 0.173 0.362 0.378 0.739 0.226
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Table 5.10: The van der Waals (vdW) coefficients and reference plane positions (all in
atomic units) for different atoms in thiophene for different substrate metals.

C3 Cnl
5 Cq

5 C5 Z0
C / Cu(111) 0.369 0.857 1.581 2.438 0.31
H / Cu(111) 0.14 0.325 0.314 0.639 0.31
S / Cu(111) 0.608 1.412 3.634 5.046 0.31
C / Ag(111) 0.409 0.862 1.764 2.627 0.301
H / Ag(111) 0.155 0.327 0.35 0.677 0.301
S / Ag(111) 0.675 1.421 4.056 5.476 0.301
C / Au(111) 0.452 0.988 1.95 2.939 0.237
H / Au(111) 0.171 0.375 0.387 0.762 0.237
S / Au(111) 0.745 1.629 4.483 6.112 0.237

Table 5.11: The van der Waals (vdW) coefficients and reference plane positions (all in
atomic units) for Xe for (111) surfaces of Cu and Ag.

C3 Cnl
5 Cq

5 C5 Z0
Xe / Cu(111) 0.648 2.272 6.167 8.44 0.509
Xe / Ag(111) 0.672 2.245 6.417 8.662 0.527
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Figure 5.6: The figure shows the adsorption energy (in meV) and the equilibrium distance
of benzene over Cu(111) placed at the most stable site (hcp-30) using (a) PBE+vdW-dZK
and (b) SCAN+vdW-dZK. While PBE+vdW-dZK predicts the adsorption energy and equi-
librium distance to be -0.56 eV and 3.13 Å, SCAN+vdW-dZK predicts them to be -0.63 eV
and 2.85 Å, respectively. The adsorption energy for Cu(111) over benzene reported from
the experiments is -0.68 ± 0.04 eV [9].
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Figure 5.7: The figure shows the adsorption energy (in meV) and the equilibrium distance
of benzene over Ag(111) placed at the most stable site (hcp-30) using (a) PBE+vdW-dZK
and (b) SCAN+vdW-dZK. While PBE+vdW-dZK predicts the adsorption energy and equi-
librium distance to be -0.60 eV and 3.23 Å, SCAN+vdW-dZK predicts them to be -0.60 eV
and 3.02 Å, respectively. The adsorption energy and the equilibrium distance for Ag(111)
over benzene reported from the experiments are -0.63 ± 0.05 eV [9]. and 3.04 ± 0.04 Å,
[11] respectively.
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Figure 5.8: The figure shows the adsorption energy (in meV) and the equilibrium distance
of benzene over Au(111) placed at the most stable site (hcp-30) using (a) PBE+vdW-dZK
and (b) SCAN+vdW-dZK. While PBE+vdW-dZK predicts the adsorption energy and equi-
librium distance to be -0.67 eV and 3.22 Å, SCAN+vdW-dZK predicts them to be -0.65 eV
and 3.06 Å, respectively. The adsorption energy for Au(111) over benzene reported from
the experiments is -0.68 ± 0.04 eV [9].
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Figure 5.9: The figure shows the adsorption energy (in meV) and the equilibrium distance
of thiophene over Cu(111) placed at the most stable site (fcc-45) using SCAN+vdW-dZK.
The adsorption energy and the equilibrium distance predicted by SCAN+vdW-dZK are -
0.69 eV and 2.78 Å, respectively. The adsorption energy and the distance between the sulfur
atom and the nuclei of the outermost metal atoms (d(Cu-S)) for Cu(111) over thiophene
reported from the experiments are -0.66 eV [1] and 2.62 ± 0.03 Å, [12] respectively. The
equilibrium distance computed with SCAN+vdW-dZK is between the center of mass of
thiophene and the nuclei of the outermost metal atoms. However, thiophene over Cu(111),
unlike for other surfaces, is tilted with sulfur facing towards the metal axis at an angle 70.
This lowers the position of sulfur atom in thiophene by roughly 0.12 Å with respect to its
center of mass. Thus, d(Cu-S) predicted by SCAN+vdW-dZK is roughly 2.66 Å.
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Figure 5.10: The figure shows the adsorption energy (in meV) and the equilibrium distance
of thiophene over Ag(111) placed at the most stable site (fcc-45) using SCAN+vdW-dZK.
The adsorption energy and the equilibrium distance computed are respectively -0.62 eV and
3.00 Å. The adsorption energy for Ag(111) over thiophene reported from the experiments
is -0.52 eV [2]. Since thiophene adsorbs parallel over the Ag(111) surface, the distance
between the sulfur atom and the nuclei of the outermost metal atoms (d(Ag-S)) is equal to
the computed equilibrium distance.
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Figure 5.11: The figure shows the adsorption energy (in meV) and the equilibrium distance
of thiophene over Au(111) placed at the most stable site (fcc-45) using SCAN+vdW-dZK.
The adsorption energy and the equilibrium distance computed are respectively -0.69 eV and
2.98 Å. The adsorption energy for Au(111) over thiophene reported from the experiments
is -0.68 eV [3]. Since thiophene adsorbs parallel over the Au(111) surface, the distance
between the sulfur atom and the nuclei of the outermost metal atoms (d(Au-S)) is equal to
the computed equilibrium distance.
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Figure 5.12: The figure shows the adsorption energy (in meV) and the equilibrium distance
of xenon over Cu(111) placed at the most stable site (ontop) using (a) PBE+vdW-dZK
and (b) SCAN+vdW-dZK. The adsorption energy and the equilibrium distance computed
using PBE+vdW-dZK are -252 meV and 3.29 Å, respectively. SCAN+vdW-dZK predicts
the corresponding quantities to be -187 meV and 3.47 Å. The adsorption energy and the
equilibrium distance for Xe over Cu(111) reported from the experiments are -183 ± 10
meV and 3.60 ± 0.08 Å, respectively [13, 14].
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Figure 5.13: The figure shows the adsorption energy (in meV) and the equilibrium distance
of xenon over Ag(111) placed at the most stable site (ontop) using (a) PBE+vdW-dZK
and (b) SCAN+vdW-dZK. The adsorption energy and the equilibrium distance computed
using PBE+vdW-dZK are -275 meV and 3.37 Å, respectively. SCAN+vdW-dZK predicts
the corresponding quantities to be -197 meV and 3.49 Å. The adsorption energy and the
equilibrium distance for Xe over Ag(111) reported from the experiments are -211 ± 15
meV and 3.60 ± 0.05 Å, respectively [13, 14].
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Figure 5.14: The figure shows the adsorption energy (in meV/C atom) and the equilibrium
distance of graphene over (a) Al(111) and (b) Cu(111) surfaces using SCAN+vdW-dZK.
The computed adsorption energy and the equilibrium distance are -42 meV/C atom and
3.64 Å, respectively, for graphene on Al(111). RPA predicts the corresponding quantities
to be -52 meV/C atom and 3.51 Å, respectively [15]. Similarly, the computed adsorp-
tion energy and the equilibrium distance is -56 meV/C atom and 3.24 Å, respectively, for
graphene on Cu(111). RPA predicts the corresponding quantities to be -68 meV/C atom
and 3.09 Å, respectively [15].
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Figure 5.15: The figure shows the adsorption energy (in meV/C atom) and the equilibrium
distance of graphene over (a) Ni(111) and (b) Co(0001) surfaces using SCAN+vdW-dZK.
The computed adsorption energy and the equilibrium distance are -58 meV/C atom and
3.25 Å, respectively, for graphene on Ni(111). RPA predicts the corresponding quantities
to be -70 meV/C atom and 3.26 Å, respectively [15]. Similarly, the computed adsorp-
tion energy and the equilibrium distance is -55 meV/C atom and 3.25 Å, respectively, for
graphene on Cu(111). RPA predicts the corresponding quantities to be -66 meV/C atom
and 3.27 Å, respectively [15].
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CHAPTER 6

THE FERMI-LÖWDIN SELF-INTERACTION

CORRECTION FOR IONIZATION ENERGIES OF

ORGANIC MOLECULES

6.1 Abstract

(Semi)-local density functional approximations (DFAs) suffer from self-interaction er-

ror (SIE). When the first ionization energy (IE) is computed as the negative of the highest-

occupied orbital (HO) eigenvalue, DFAs notoriously underestimate them compared to quasi-

particle calculations. The inaccuracy for the HO is attributed to SIE inherent in DFAs.

We assessed the IE based on Perdew-Zunger self-interaction correction on 14 small to

moderate-sized organic molecules relevant in organic electronics and polymer donor mate-

rials. Though self-interaction corrected DFAs were found to significantly improve the IE

relative to the uncorrected DFAs, they overestimate. However, when the self-interaction

correction is interiorly scaled using a function of the iso-orbital indicator zσ , only the re-

gions where SIE is significant get a correction. We discuss these approaches and show how

these methods significantly improve the description of the HO eigenvalue for the organic

molecules.

6.2 Introduction

Density functional theory (DFT) [41, 50] is widely applied for electronic structure cal-

culations in diverse fields including physics and chemistry [107]. Though the theory is
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exact, its practicality often relies on the approximation of the small yet significant quantity

called the exchange-correlation (XC) energy (EXC) via a density functional approximation

(DFA). Depending on its ingredients, there are various forms of such approximations classi-

fied as different rungs of the Jacob’s ladder of DFT [57]. The local density approximation

(LDA) [50, 64], generalized gradient approximation (GGA) [73, 75, 275] and the meta-

generalized gradient approximation (MGGA) [81, 87, 91] respectively form the first three

rungs of that ladder and are collectively called the semilocal approximations. Although

DFAs in general become more accurate (and also more computationally demanding), when

moving up the ladder from LDA to MGGA, they all suffer from self-interaction error (SIE)

whose origin lies in the inability of the self-exchange-correlation energy (EXC) to counter-

balance the self-Hartree energy (U [n]) (shown in Eq. (6.2-1)) for a single electron density

(as shown in Eq. (6.2-2)).

U [n] =
1
2

ˆ ˆ
n(r)n(r′)
|r− r′|

drdr
′

(6.2-1)

U [niσ ]+EXC[niσ ,0] 6= 0 (6.2-2)

where niσ =| ψiσ |2, and ψiσ is the ”i”th occupied Kohn-Sham (KS) orbital of spin σ . Mix-

ing a portion of the exact exchange with the semilocal exchange leads to the fourth rung

of the Jacob’s ladder popularly known as hybrid functionals [112–114]. While such an

attempt helps, it does not completely eliminate the SIE.

Perdew and Zunger [62] found a way to remove the SIE (known as PZ-SIC) through

the subtraction of the spurious self-Hartree energy and exchange-correlation terms in an

orbital-by-orbital manner from the total energy, thus making the functional exact for all

one-electron systems. The exchange-correlation energy in PZ-SIC is

ESIC
XC [n↑,n↓] = EXC[n↑,n↓]−∑

σ

Nσ

∑
i
{U [niσ ]+EXC[niσ ,0]} , (6.2-3)

where Nσ is the number of occupied orbitals of spin σ .

The resulting functional significantly improves non-equilibrium properties like barrier heights

95



for chemical reactions, dissociation curves of radical molecules, etc., but worsens atomiza-

tion energies when used with semi-local functionals and predicts too short bond lengths in

molecules [276, 277]. This behavior is referred to as the paradox of SIC [278]. PZ-SIC is

explicitly dependent on the occupied orbitals and, is not invariant under a unitary transfor-

mation of them. Furthermore the use of delocalized KS orbitals in Eq. (6.2-3) can lead to

a breakdown of size-extensivity [56], the principle that the total energy of a system should

be equal to the sum of the total energies of its separated systems. Although attempts like

the localized orbitals (LO) scheme [161, 162] or the optimized effective potential (OEP)

scheme [279] address the combined issues of orbital dependence and unitary invariance, it

is computationally demanding to search over all the possible orbitals that yield the correct

density for the set that also minimizes the total energy.

Recently Pederson et al. [164] introduced the Fermi-Löwdin-orbitals (FLO) and proposed

a localization scheme as a remedy for some of the aforementioned problems. This method

(FLOSIC), whose fully-self-consistent version was achieved by Yang et al. [168], allows

one to obtain the orbitals directly from the Fermi orbitals (shown in Eq. (6.2-4)) constructed

for the unitarily invariant density matrix.

φ
FO
iσ =

nσ (aiσ ,r)√
nσ (aiσ )

(6.2-4)

where nσ (aiσ ,r)=∑
Nσ

j ψ∗jσ (aiσ )ψ jσ (r) is the single-particle density matrix of the KS sys-

tem and aiσ is the Fermi orbital descriptor (FOD) [164, 168]. More details on FODs can

be found in the work of Schwalbe et al. [280] Apart from being size consistent and lo-

calized, the FLOs are also weakly noded [170]. These features make real FLOs superior

to the delocalized and often highly noded KS orbitals [170], with the possibility of further

improvement through the use of nodeless complex orbitals [171].

The FLOSIC method has been applied to various systems [157, 169, 170, 281–288], pro-

viding self-interaction correction to LDA, PBE [73] and SCAN [91] which we will call
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LDA-SIC, PBE-SIC and SCAN-SIC, respectively. It has mostly been a success story so far

even yielding results comparable to hybrid functionals [157, 282, 283].

The ionization energy is one of the few significant properties relevant to the selection

of materials in photovoltaics and organic electronics [289]. High level calculations like

CCSD(T), often touted as a gold standard of quantum chemistry, would provide fairly accu-

rate ionization energies [290–292], but are computationally demanding. As an alternative,

Hedin’s GW approximation [293], where G and W respectively represent the single particle

Green’s function and screened Coulomb interaction, is recently getting more attention for

molecules [291, 294–301]. There is a hierarchy in GW approximations from a non-self-

consistent (G0W0) version with different mean-field starting points to full-self-consistency,

but there is no unambiguous connection to accuracy within this hierarchy [291, 294–296].

Nevertheless, recent works demonstrate the potential of G0W0 methods, albeit sensitive to

starting points, performing close to the level of CCSD(T) [291, 299].

Though the exact XC functional would yield the negative eigenvalue of the highest-

Acridine Anthracene Azulene
Benzo-
quinone(BQ)

Benzothiadia-
zole Benzothiazole

Cl4-BQ Dichlone F4-BQ Fluorene
Naphthalene-
dione Phenazine

Thiadiazole Thiophene

Figure 6.1: The geometries of the various organic molecules under study obtained using
the software Jmol [16]. Small white atoms are hydrogen atoms, gray atoms are carbon
atoms, while red, blue, yellow, light green and dark green atoms are oxygen, nitrogen,
sulfur, fluorine and chlorine atoms, respectively.
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occupied orbital (HO) as the vertical ionization energy (IE) [178, 179], it is well known

that common DFAs seriously underestimate the magnitude of the HO energies of atoms

and molecules. This deviation is attributed to the self-interaction error (SIE) inherent in the

approximate functionals and thus one can expect that self-interaction-corrected schemes

like FLOSIC can improve the HO energy to near the correct value. The exact functional,

which is free from SIE, also inherits the piecewise linearity (PWL), the derivative disconti-

nuity (DD) and the correct asymptotic behavior (-1/r) of the exchange-correlation potential

(vxc). There are various alternative ways [302–304] to improve the HO eigenvalue pre-

dicted by the approximate functionals that are based on restoring some or all of the afore-

mentioned properties that are lost by the approximate functionals. One such scheme in

the framework of time dependent (TD)-DFT was introduced by Casida et al. [305] and is

based on improving the asymptotic behavior of the exchange-correlation potential (vxc) by

incorporating the DD in it. There is also an alternative approach to improve the HO eigen-

values obtained from the semilocal approximations through the Koopmans compliant (KC)

[303, 306] corrections to the respective semilocal functionals. That KC functional [303],

which enforces PWL [178] lost in the semilocal density functionals, has been successful

for atoms and molecules and even extended systems [306–308]. A slightly different ap-

proach uses the optimally tuned range-separated hybrid (OT-RSH) functionals [304, 309]

to improve the HO eigenvalue both by restoring the correct (-1/r) asymptotic behavior of

vxc and by enforcing the PWL. These approaches [304, 309] are not size-consistent [309]

but the IEs these methods predict are impressively close to the experimental IEs for a large

number of molecules [309]. Since SIE inherent in the semilocal DFAs is responsible for

the loss of all the aforementioned properties the exact functional possesses, SIC also helps

in restoring them.

So far, the evaluation of IE from FLOSIC has been limited to atoms and small molecules

[284, 286]. To the best of our knowledge our work is the first to extend self-consistent

FLOSIC calculations to moderate-sized organic molecules (shown in Fig. 6.1). This test
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set consists of 14 organic molecules which include two important chemical families of-

ten used in organic electronics, namely acenes (anthracene, acridine, phenazine and azu-

lene) and quinones (benzoquinone(BQ), F4-BQ, Cl4-BQ, dichlone and naphthalenedione),

along with the organic molecules (thiophene, thiadiazole, benzothiazole, benzothiadiazole

and fluorene) serving as the building blocks of widely applicable donor polymer materials

[310]. The heterocyclic organic molecules like thiophene and thiadiazole have possible

applications in catalysis [106, 311] and as corrosion inhibitors [312, 313]. In the first part

of our work we evaluate the IEs of our test set using regular FLOSIC methods and compare

them with experimental IEs available in the NIST database [25]. For completeness, we

also perform non-self-consistent and partially-self-consistent GW calculations as the theo-

retical references. In the second part of our work we discuss the performance of a recently

developed local-scaling SIC scheme [181] on our test set, along with the performance of

the newly introduced scaling schemes discussed in the Methodology section. Throughout

this work we will be evaluating IE as the negative of the HO energy.

6.3 Methodology

Despite the exactness of PZ-SIC for one electron systems, it has a tendency to over-

correct many-electron systems [172, 173]. As a remedy, Vydrov et al. made an effort to

scale down PZ-SIC in the many-electron regime using an exterior scaling scheme involving

a single adjustable parameter [174, 175]. The scaled-down version proved to be superior

over PZ-SIC for properties like atomization energies, barrier heights, bond lengths etc. but,

unlike PZ-SIC, it failed to predict the correct dissociation of the neutral molecules such as

NaCl [176]. Furthermore the scaled-down version was shown to deviate more than PZ-SIC

does from the agreement of vertical IE with the negative of the highest occupied orbital

eigenvalue, a condition that an exact functional should satisfy [178, 179]. Klüpfel et al.

[180] proposed a global scaling down of the SIC terms in Eq. (6.2-3) by a factor of one

half. Despite not working well with LDA, such scaling when applied with PBE slightly
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improved the atomization energies of small molecules compared to full SIC; however, bar-

rier heights were not improved by this scaling. Recently, Zope et al. [181] introduced a

scheme to scale the SIC energy density at each point in space using an iso-orbital indicator

(zσ (r)). This quantity, whose value lies between 0 and 1, is the ratio of the von Weizsäcker

kinetic energy density (τW
σ (r)) to the Kohn-Sham kinetic energy density (τσ (r)) (as shown

in Eq. (6.3-5)).

zσ (r) =
τW

σ (r)
τσ (r)

(6.3-5)

where,

τ
W
σ (r) =

|∇nσ (r)|2

8nσ (r)

and

τσ (r) =
1
2 ∑

i=1
|∇ψiσ (r)|2.

This scheme, known as local-scaling SIC (LSIC), distinguishes the one-electron density

where a full SIC is applied from the uniform density where no correction is applied. The

latter is also the limit where PZ-SIC is known to deviate from the behavior of the exact

functional [182]. This approach re-evaluates the correction terms in the RHS of Eq. (6.2-3)

using Eqs. (6.3-6) and (6.3-7) utilizing the scaling function f (zσ ) of Eq. (6.3-8).

U [niσ ] =
1
2

ˆ
dr f (zσ )niσ (r)

ˆ
niσ (r′)
|r− r′|

dr′ (6.3-6)

Eapp
xc [niσ ,0] =

ˆ
dr f (zσ )niσ (r)εapp

xc ([niσ (r),0],r) (6.3-7)

f LSIC(zσ ) = zσ . (6.3-8)

This interior scaling scheme (LSIC) [181] as we mentioned earlier is applied separately

to the self-Hartree energy density [Eq. (6)] and the self-exchange-correlation energy den-

sity [Eq. (6.3-7)]. Although the exchange-correlation energy is a unique quantity, the
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corresponding energy density is not necessarily unique [314–316]. If any arbitrary com-

pliance function having the dimension of energy density is added or subtracted to the

exchange-correlation energy density (i.e. transform the gauge of the energy density), the

total exchange-correlation energy remains invariant, provided that the function integrates

to zero [315, 317]. It is crucial for interior scaling like ours that the evaluated Hartree and

exchange-correlation energies are in the same gauge, otherwise it would yield a spurious

non-zero SIC even for the exact functionals. While the LDA energy density is in the same

gauge as the Hartree energy density, PBE and SCAN energy densities are not [316]. The

gauge difference between SCAN and the Hartree energy density is quite subtle, as recently

shown by Bhattarai et al. [316] in the case of the H and Ne atoms. Finding appropriate

compliance functions for PBE and SCAN is non-trivial, so here we restrict the use of the

local scaling schemes to LDA only. The resulting LDA-LSIC, significantly improves the

description of both equilibrium and non-equilibrium properties.

The LDA-LSIC scaling function employs a linear interpolation between the one-electron

density limit (z→ 1) and the uniform electron density limit (z→ 0). Linear interpolation is

a straightforward choice that leads to a significant improvement over PZ SIC [181]. How-

ever, LDA-LSIC is not necessarily optimial for all many-electron density regions [316]. To

go beyond LSIC, here we use two new scaling schemes namely LDA-LSIC+ [318] and its

revised version, LDA-rLSIC+, using the scaling functions as shown in Eqs. (6.3-9) and

(6.3-10) respectively.

f LSIC+(zσ ) = a+a(zσ −a)+4(1−a)(zσ −a)3, a = 0.5, (6.3-9)

f rLSIC+(zσ ) = a+(8a−3)(zσ −a)−3(3a−1)(zσ −a)2

+(4a+1)(zσ −a)3 +(zσ −a)4, a =
√

2−1. (6.3-10)
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Figure 6.2: The plot of f(zσ ) vs zσ for different scaling schemes. While f(zσ ) = 0 and f(zσ )
= 1 reduce to LDA and LDA-SIC respectively, all these approaches guarantee no correction
for the uniform density limit and full correction at single density limit.

Both these methods assign zσ -dependent corrections to the corresponding energy densities

and are also devised only for LDA to avoid gauge inconsistency [316]. LDA-LSIC+ [318]

is specifically designed to reduce the significant error of LDA-SIC for neutral atoms in the

limit of large atomic numbers [182]. Compared to LDA-LSIC, LDA-LSIC+ is more cor-

recting towards the zσ → 0 region, while less towards the zσ → 1. We found the IEs of the

molecules in our test set improved by LDA-LSIC+ compared to LDA-LSIC but to achieve

significant improvement the scaling function of LDA-LSIC+ needed to be revised. The

revised version of LDA-LSIC+ (LDA-rLSIC+) is even less correcting than LDA-LSIC+

towards the zσ → 1 region. The constant ”a” in Eqs. (6.3-9) and (6.3-10) is introduced to

distinguish such regions (see appendix A). The value of a = 0.5 in the scaling function of

LDA-LSIC+ indicates that the scaling function is more correcting than LDA-LSIC in the re-

gion 0 < zσ < 0.5, less correcting in the region 0.5 < zσ < 1.0, and reduces to LDA-LSIC at
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zσ = 0.5. Similar conclusion follows for a =
√
(2)−1 for LDA-rLSIC+. As a consequence

of the modification, LDA-rLSIC+ is not as accurate as LDA-LSIC+ for neutral atoms in

the limit of large atomic numbers. Specifically, the error in the leading coefficient of the

large-Z asymptotic expansion of the exchange-correlation energy obtained with LDA-SIC

(5.4%) is largely reduced when computed with LDA-LSIC (-0.6%), LDA-LSIC+ (0.6%),

and LDA-rLSIC+ (1.0%). These large-Z limit errors are obtained by extrapolating errors

from Ne, Ar, Xe, Kr (as shown in Fig. 6.3 of Santra et al. [182]). The root-mean-squared-

percentage-error for the four rare-gas atoms is largely reduced from LDA-SIC (3.7%) to

LDA-LSIC (0.6%), LDA-LSIC+ (0.4%), and LDA-rLSIC+ (0.9%). Importantly, the sec-

ond coefficient in the large-Z asymptotic expansion is improved towards the exact value of

-0.187 [319, 320] in both LDA-LSIC+ (-0.183) and LDA-rLSIC+ (-0.196), as opposed to

LDA-LSIC (-0.085) and LDA-SIC (-0.724) [318].

Nevertheless, all these scaled-down methods guarantee no correction for a uniform electron

density (zσ =0) and full corrections for a single electron density (zσ =1). Figure 6.2 displays

a plot of the scaling function f (zσ ) as a function of zσ . We note in passing that we do not

attempt to apply local-scaling in the case of PBE. A primary reason is that the PBE energy

densities are not in the same gauge of the Hartree energy and straightforward local-scaling

destroys the balance between these two energy densities [316].

6.4 Computational details

The initial geometries of all the molecules were obtained from the NIST database [25]

and were not further optimized in any of the computations. Non-self-consistent G0W0 cal-

culations and the partial-self-consistent (in eigenvalue only) ev scGW calculations based

on PBE and Hartree-Fock (HF) references were performed using the all-electron numeri-

cal atom-centered orbital (NAO) code, FHI-aims [321, 322]. The default tier 4 basis set

proven to predict quasi-particle energies converged to within 0.1 eV [295] was used for

these calculations. The FLOSIC code based on the UTEP version of the NRLMOL code
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[323] was used for all other calculations. Spin unpolarized calculations using the FLOSIC

code were performed on these closed shell molecules using the Gaussian type NRLMOL

default basis set [324]. The self-consistent convergence criterion on total energy was set

to 10−7 Ha and while the geometry was kept fixed, the Fermi orbital descriptors (FODs)

were optimized. The trial FODs required to initiate the calculations were generated using

the Monte-Carlo method [280] based on minimizing the Coulomb repulsion (fodMC). The

FOD optimization was performed until the largest component of an FOD force was less

than 5 X 10−4 Ha/Bohr, and the energy difference between two successive optimization

steps was less than 10−6 Ha. In all our calculations we have obtained IE as the negative

of the HO eigenvalue. We have performed fully-self-consistent calculations with LDA-

SIC and PBE-SIC [168]. LDA-LSIC calculations are performed quasi-self-consistently. In

this implementation a full functional derivative of f(zσ ) [Eq. (6.3-8)] is not available and

only a partial account of the influence of electron density to f(z) is obtained in an iterative

procedure. Specifically, we compute f(zσ ) using self-consistent LDA-SIC orbitals and the

resulting f(zσ ) is used to scale the SIC potential at every step to find a new self-consistent

solution corresponding to the LDA-LSIC functional. Within this self-consistency loop the

potential at each step is scaled with the fixed f(zσ ). Then f(zσ ) is recomputed using the

latest orbitals and it is used to scale the SIC potential to find a new self-consistent solution.

This iterative procedure is continued until the total energy between two successive itera-

tions changes by no more than 10−7 Ha. Typically 4 to 5 such iterations are sufficient for

the molecules studied here. The largest energy difference between LDA-LSIC energy com-

puted at the LDA-SIC density and the same computed at the quasi-self-consistent density is

0.001 Ha/electron. We report the IEs obtained from the quasi-self-consistent approach. We

expect that a full variational potential will have minor affects on the IEs. We have employed

the same quasi-self-consistent method for the proposed LDA-LSIC+ and LDA-rLSIC+ to

determine the IEs.
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6.5 Results and discussion

6.5.1 Ionization Energy (IE)

In the first part of the work we have assessed the vertical IEs of our test set compris-

ing 14 small to medium sized organic molecules using LDA and PBE along with their

self-interaction corrected counterparts (denoted by LDA-SIC and PBE-SIC, respectively).

Figure 6.3 displays the overall performance of the various methods. Our calculations show

LDA seriously underestimating the IEs and this underestimation becomes slightly worse

with PBE. Although self-interaction corrected LDA and PBE improve the IEs, they largely

overcorrect them. The mean error of LDA, PBE and their SIC counterparts computed

with respect to the experimental values obtained from the NIST database [25], as shown

in Fig. 6.4, are large compared to our non-self-consistent GW calculations. We have per-

formed both partially-self-consistent ev scGW and non-self-consistent GW calculations

using the ground-state eigenstates and eigenvalues from both PBE and HF. Among non-

self-consistent GW methods, G0W0@PBE was slightly superior to G0W0@HF. Due to

technical reasons we were unable to obtain ev scGW results for all molecules, but based

on the available results, the ev scGW methods perform better than G0W0 methods. In par-

ticular the ev scGW@PBE method stands out with MAE close to 0.2 eV. Our results are

in agreement with various previous studies [294, 296, 297, 301], which support the rele-

vance of partial-self-consistency in GW calculations for molecules. The details of these

calculations can be found in the Supplementary Tables 6.2 and 6.3. Despite the fact that

self-interaction correction systematically improve the uncorrected functionals, the overall

performance is still far from satisfactory. Our test set consisting of organic molecules is a

paradigm of delocalized many-electron systems, but unfortunately, past studies [172, 173]

have shown PZ-SIC to overcorrect IEs in many-electron systems. Recent work on the IE

of atoms and small molecules [284, 286] using the FLOSIC method has displayed such

overestimation, too. Thus overcorrection in many-electron systems is the consequence of
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Figure 6.3: Ionization energy evaluated as the negative of HO eigenvalue using different
methods. We can clearly see LDA and PBE underestimating the IE while their SIC coun-
terparts are systematically overestimating.

PZ-SIC being designed to be exact only for all one-electron systems. The other serious

problem of PZ-SIC is that it loses [182] exactness in the uniform electron density limit,

preserved by all the non-empirical functionals [325]. PZ-SIC thus overcorrects the region

of organic molecules where the electron density approximates the uniform density limit.

Thus the need to develop a method which makes correction only in the region where SIE

is important is inevitable.

In the second part of the work we have assessed the IEs of our test set using various scaled-

down schemes designed to simultaneously fix the overcorrection in many-electron regions

and preserve exactness in the one-electron and uniform density limits. Figures 6.5 and

6.6 display the overall performance of these methods. Earlier we showed LDA-SIC being

superior to LDA for evaluating IE, but still the predicted values were far from the experi-
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Figure 6.4: Mean error (in eV) when the ionization energy of the molecules in our test set is
evaluated as the negative of the HO eigenvalue using LDA, PBE and their SIC counterparts.

mental ones. However, with the scaling schemes, there is a remarkable improvement over

the performance of LDA-SIC. The LDA-LSIC scheme of Zope et al. [181] reduces the

ME to 1.13 eV which is significantly better than the 2.04 eV of LDA-SIC. The other scal-

ing schemes, namely LDA-LSIC+ and LDA-rLSIC+, designed to weight the corrections

more or less heavily in different regions of zσ , perform even better. With a ME of just

0.40 eV, the LDA-rLSIC+ method performed on par with the theoretical reference method,

G0W0@PBE. The details of the calculations can be found in the Supplementary Table 6.4.

We also evaluated the IEs of the G2-1 test set [24] using these various scaled-down ap-

proaches as displayed in Table 6.1.

Figure 6.7 displays the ME and MAE of the various scaling methods along with LDA

and LDA-SIC. Here again the scaling approaches stand out, performing significantly better

than LDA-SIC. The performance of LDA-rLSIC+ for the G2-1 test set is not as impressive
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Figure 6.5: Ionization energy as the negative of HO eigenvalue using different scaling
schemes. All the scaled-down approximations perform significantly better than LDA-SIC.
The LDA-rLSIC+ approach in particular stands out.

as it was for the organic molecules, but, while not better, it almost performs at the level of

the other two scaling methods. LDA-LSIC+ method performs slightly better than the other

two scaling approaches for the G2-1 test set.

6.5.2 Dipole Moments

The dipole moment measures the charge distribution within a system and distinguishes

whether a molecule is polar or non-polar. Experimental dipole moments [26] of organic

molecules are usually measured using a solvent (mostly benzene as it is non-polar) at a fi-

nite temperature. We have assessed and compared the dipole moments obtained from DFT

calculations that correspond to values in the gas phase and at absolute zero temperature
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Figure 6.6: Mean error (in eV) of the ionization energy of the molecules in our test set
evaluated as the negative of the HO using using different scaling schemes. The LDA-
rLSIC+ scaling approach performs on par with the theoretical reference method.

with the experimental dipole moments whenever available. Based on our results shown

in Supplementary Table S18, the (semi)-local functionals LDA, PBE and SCAN without

SIC give a better accuracy for the dipole moments. Both LDA-SIC and PBE-SIC worsen

the calculated dipole moments. The scaling schemes introduced here significantly improve

the dipole moments that are made worse by regular SIC and are almost as accurate as the

uncorrected semi-local methods. An assessment of the dipole moments of a molecular test

set by Withanage et al. [326] exhibits significant improvement of the scaled-down methods

over the regular FLOSIC methods, too. The scaled-down methods even outperform LDA

and PBE for assessment of dipole moments of that molecular test set but are not as accurate

as SCAN. The ME and MAE analysis of dipole moments of our test set shows that the un-

corrected semi-local functionals perform very close to each other as LDA, PBE and SCAN
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Table 6.1: Ionization energy (in eV) of the G2-1 test set [24] using regular and scaled-down
FLOSIC methods.

Name LDA LDA- LDA- LDA- LDA- Expt [24]
SIC LSIC LSIC+ rLSIC+

Li 3.16 5.49 5.12 5.12 5.09 5.35
Be 5.59 9.13 8.70 8.70 8.66 9.32
B 4.10 9.39 8.74 8.57 8.37 8.26
C 6.11 12.37 10.63 10.30 9.82 11.26
N 8.39 15.60 13.19 12.83 12.26 14.54
O 7.40 16.01 14.32 13.97 13.38 13.61
F 10.34 19.68 17.59 17.02 16.15 17.42
Na 3.08 5.21 4.82 4.80 4.73 5.14
Mg 4.77 7.57 7.14 7.11 7.05 7.64
Al 3.00 6.61 6.07 5.94 5.78 5.98
Si 4.55 8.70 7.57 7.35 7.05 8.15
P 6.29 10.94 9.45 9.22 8.87 10.49
S 6.12 11.79 10.46 10.22 9.84 10.36
Cl 8.21 14.20 12.71 12.38 11.93 12.97
CH4 9.47 15.97 14.87 14.53 14.12 12.85
NH3 6.23 12.59 11.41 10.93 10.39 10.22
OH 7.37 15.34 13.66 13.23 12.56 13.05
H2O 7.35 14.76 12.97 12.42 11.76 12.69
HF 9.78 18.46 16.12 15.51 14.73 16.10
SiH4 8.52 14.20 13.60 13.40 13.17 11.07
PH2 5.98 10.82 9.77 9.52 9.19 9.82
PH3 6.76 11.65 10.91 10.65 10.36 9.88
HCl 8.13 13.85 12.47 12.09 11.60 12.77
C2H2 7.38 12.67 11.48 11.15 10.71 11.47
C2H4 6.96 12.32 11.29 10.96 10.55 10.57
CO 9.12 15.67 14.27 13.90 13.44 14.01
N2 10.44 17.81 15.81 15.41 14.87 15.58
O2 6.94 15.82 12.91 12.45 11.77 12.04
P2 7.25 11.14 10.18 9.94 9.63 10.53
S2 5.91 11.41 9.76 9.45 9.02 9.36
Cl2 7.52 13.41 11.79 11.42 10.93 11.49
CS 7.47 13.53 11.99 11.69 11.26 11.32
ClF 8.06 14.56 12.89 12.47 11.92 12.65
SH 6.28 11.66 10.45 10.17 9.78 10.38
PH 6.15 10.88 9.58 9.36 9.03 10.15

ME -4.24 1.51 0.18 -0.12 -0.54
MAE 4.24 1.52 0.57 0.56 0.77
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Figure 6.7: ME and MAE (in eV) when IE of G2-1 test set is evaluated as the negative of
the HO using using different scaling schemes.

have almost the same MAE. The same trend follows for fully corrected and scaled-down

functionals. Due to this reason we just show the error of LDA, LDA-SIC and LDA-rLSIC+

in Fig. 6.8 as the representatives of the three different classes. The details of the calcu-

lations for all the molecules using different methods can be found in the Supplementary

Table 6.5.

6.6 Conclusion

We have evaluated the ionization energy (IE) of 14 small to moderate-sized organic

molecules, as the negative of the highest-occupied orbital (HO) eigenvalue, using various

self-interaction correction (SIC)-based approximations to density functionals. We used the
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Figure 6.8: ME and MAE of the dipole moment (in Debye) of the organic molecules in our
data set obtained using LDA, LDA-SIC, and LDA-rLSIC+.

local-scaling SIC (LDA-LSIC) scheme of Zope et al. [181] and introduced different scaling

schemes, namely LDA-LSIC+[318] and LDA-rLSIC+, based on different scaling functions

of the iso-orbital indicator (zσ ). We have shown that the latter schemes which weight the

corrections more or less heavily than the original LDA-LSIC in different regions of zσ per-

form better for the IEs of our test set.

We also evaluated the IEs of the G2-1 test set [24] using these scaling schemes and con-

firmed the importance of the scaled-down SIC on these systems, too. For completeness, we

also extended this assessment to the dipole moments of our test set and found the scaled-

down methods to significantly improve over the unscaled methods, performing almost at

the level of the uncorrected functionals.

There is a possibility of further improvement by imposing a full self-consistency in the

LSIC schemes including the functional derivatives of the zσ iso-orbital indicator. The im-
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pact of full self-consistency will be investigated in a future work. However, we expect this

to have a minor effect and would not diminish the performance of the scaling methods.

SUPPLEMENTARY MATERIAL

See supplementary material for the details of the calculations of ionization energies and

dipole moments of the organic molecules using different methods studied in our work.
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Table 6.2: Ionization energy (IE) (in eV) of the organic molecules evaluated as the negative
of the highest-occupied orbital (HO) using regular FLOSIC methods. Experimental values
were obtained from the NIST [25] database.

LDA PBE LDA-SIC PBE-SIC Expt [25]
Acridine 5.63 5.41 9.57 8.81 8.15
Anthracene 5.21 4.99 9.78 9.27 7.47
Azulene 5.17 4.96 9.55 9.03 7.47
Benzoquionene (BQ) 6.53 6.36 13.31 12.78 10.04
Benzothiadiazole 6.42 6.21 11.26 10.72 9.00
Benzothiazole 6.21 6.01 10.83 10.32 8.85
Cl4-BQ 7.16 6.98 12.72 12.16 9.95
Dichlone 6.78 6.58 12.09 11.52 9.69
F4-BQ 7.65 7.39 13.96 13.23 11.01
Fluorene 5.66 5.45 9.94 9.41 7.93
Napthalenedione 6.35 6.17 11.73 11.19 9.60
Phenazine 5.87 5.77 9.97 9.51 8.44
Thiadiazole 7.12 6.93 11.64 11.11 10.10
Thiophene 6.06 5.87 10.92 10.44 8.90

ME -2.61 -2.79 2.04 1.64
MAE 2.61 2.79 2.04 1.64
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Table 6.3: IE (in eV) of the organic molecules using different hierarchy of GW approxima-
tions.

G0W0 G0W0 ev scGW ev scGW
@PBE @HF @PBE @HF Expt [25]

Acridine 7.52 8.23 7.72 8.06 8.15
Anthracene 7.04 7.64 7.21 7.54 7.47
Azulene 7.16 7.69 7.33 7.62 7.47
Benzoquionene (BQ) 9.44 11.66 10.28 11.56 10.04
Benzothiadiazole 8.6 9.41 8.87 9.3 9.00
Benzothiazole 8.37 9.2 8.68 9.04 8.85
Cl4-BQ 9.5 9.87 9.88 9.81 9.95
Dichlone 9.27 10.03 10.13 9.93 9.69
F4-BQ 10.28 11.93 10.69 11.64 11.01
Fluorene 7.6 8.37 7.83 8.14 7.93
Napthalenedione 9.27 10.07 9.88 10.05 9.60
Phenazine 8.45 8.64 - - 8.44
Thiadiazole 9.77 10.46 9.98 10.29 10.10
Thiophene 8.61 9.35 8.91 9.25 8.90

ME -0.41 0.42 -0.06 0.31
MAE 0.41 0.44 0.21 0.35
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Table 6.4: Comparision of the IE (in eV) of the organic molecules from regular and scaled-
down FLOSIC methods.

LDA- LDA- LDA- LDA-
SIC LSIC LSIC+ rLSIC+ Expt[25]

Acridine 9.57 9.27 8.98 8.60 8.15
Anthracene 9.78 8.80 8.51 8.16 7.47
Azulene 9.55 8.66 8.36 8.00 7.47
Benzoquionene (BQ) 13.31 11.55 11.23 10.69 10.04
Benzothiadiazole 11.26 10.17 9.88 9.48 9.00
Benzothiazole 10.83 9.85 9.55 9.18 8.85
Cl4-BQ 12.72 11.07 10.72 10.24 9.95
Dichlone 12.09 10.82 10.49 10.04 9.69
F4-BQ 13.96 12.11 11.70 11.13 11.01
Fluorene 9.94 9.14 8.86 8.51 7.93
Napthalenedione 11.73 10.79 10.67 10.08 9.60
Phenazine 9.97 9.58 9.29 8.91 8.44
Thiadiazole 11.64 10.69 10.37 10.00 10.10
Thiophene 10.92 9.95 9.64 9.23 8.90

ME 2.04 1.13 0.83 0.40
MAE 2.04 1.13 0.83 0.42
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Table 6.5: Dipole moments (in Debye) of the organic molecules computed from different
methods compared against the experimental values [26] whenever available.

LDA- PBE- LDA- LDA- LDA-
LDA PBE SCAN SIC SIC LSIC LSIC+ rLSIC+ Expt [26]

Acridine 1.91 1.86 1.91 1.94 2.03 1.75 1.74 1.72 1.94
Anthracene 0.00 0.00 0.00 0.03 0.10 0.01 0.01 0.02 0.00
Azulene 0.87 0.88 0.93 0.56 0.58 0.75 0.74 0.74 1.08
Benzoquionene (BQ) 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Benzothiazole 1.35 1.29 1.28 1.26 1.17 1.30 1.29 1.29 1.46
Cl4-BQ 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00
F4-BQ 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.02 0.00
Napthalenedione 1.45 1.44 1.50 1.06 1.03 1.22 1.18 1.16 1.20
Phenazine 0.00 0.00 0.00 0.07 0.10 0.01 0.02 0.01 0.00
Thiophene 0.44 0.45 0.53 1.13 1.17 0.48 0.49 0.41 0.55

ME -0.02 -0.03 -0.01 -0.01 0.00 -0.07 -0.07 -0.09
MAE 0.07 0.08 0.07 0.16 0.19 0.08 0.09 0.10

Benzothiadiazole 1.85 1.85 2.00 3.75 3.79 2.34 2.36 2.2
Dichlone 3.24 3.26 3.55 3.76 3.70 3.28 3.14 2.95
Fluorene 0.63 0.59 0.59 0.46 0.44 0.38 0.37 0.36
Thiadiazole 1.57 1.56 1.67 2.79 2.82 1.81 1.81 1.70
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CHAPTER 7

SUMMARY AND CONCLUSION

In the first chapter, we show that the complicated interconnection between the electronic

and nuclear motions of a many-body system can be simplified through some approxima-

tions. We then reformulate the electronic motion problem in the framework of density

functional theory and discuss in brief, the features of various rungs of density functional

approximations.

In the second and third chapters, we discuss the two crucial areas of semilocal density

functional approximations that need correction. Semilocal functionals can not fully cap-

ture the long-range electron-electron correlation effects required for binding the molecules

on the surfaces and stability of dimers, molecular crystals, etc. Similarly, due to the imper-

fect cancellation between the self-Hartree energy and the self-exchange-correlation energy,

semilocal approximations also suffer from self-interaction error. Self-interaction correction

is crucial for the stability of anions and the description of the stretched bonds.

In the fourth chapter, through the example of thiophene adsorbed on various crystallo-

graphic surfaces of coinage metals, we assess the performance of different dispersion-

corrected methods. Our focus is mainly on the nonlocal correlation functional rVV10-

based methods which combine the semilocal functionals through two parameters b and C.

While the latter controls the asymptotic limit, the former controls the short-range damping.

Most of the studies related to parameterizing these values keep the parameter C=0.0093

fixed, as originally proposed by Vydrov [135] because varying it doesn’t contribute much to
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the ”binding curves.” Recently, SCAN metaGGA was combined to rVV10 (SCAN+rVV10).

While the parameter C=0.0093 was kept unchanged, the parameter b=15.7 was determined

by fitting to the argon dimer binding-energy curve obtained from the CCSD(T) calcula-

tions. Using a similar approach, we combine PBE, PBEsol, and revSCAN to rVV10. We

also utilize the recently developed method [17] based on Zaremba-Kohn’s theory, which

gives RPA quality results for physisorption of graphene on transition metal surfaces when

combined with PBE, as a theoretical benchmark. This method is empirical and relies on

accurate dipole polarizabilities obtained from experiments or high-level calculations. It

combines with the semilocal density functional approximations through a single b param-

eter.

Our studies suggest fcc-45 to be the most stable adsorption-site for thiophene on the (111)

surfaces of the coinage metals. Although PBE+rVV10 yields adsorption energies and dis-

tances closer to the available experimental values, other rVV10-based methods, namely,

SCAN+rVV10, PBEsol+rVV10, and revSCAN+rVV10 are overbinding. The latter two

methods significantly overestimate the adsorption energies by almost a factor of two. PBE+vdW-

dZK, other than yielding adsorption energies and distances close to the available experi-

mental values, also predicts correct site, orientation, and tilt angles.

In chapter five, we extend the application of vdW-dZK methods to the adsorption of ben-

zene and xenon. Besides, we combined the vdW-dZK model with SCAN. Precise experi-

mental values are available for adsorption energies and distances of benzene on the (111)

surfaces of the coinage metals using the complete analysis techniques. A single fit parame-

ter (b) is required for semilocal functionals to combine with the vdW-dZK method. While

b=3.3 Bohr for PBE+vdW-dZK, b=4.1 Bohr for SCAN+vdW-dZK.

As in the case of thiophene adsorption, the performance of rVV10-based methods is in-

consistent with the description of benzene and xenon on coinage metals. Although all the

dispersion-corrected methods reported in our study predict correct site, orientation, and tilt-
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ing of benzene on the (111) surfaces of coinage metals, it is only vdW-dZK based methods

that yield adsorption energies closest to the available adsorption energies. SCAN+vdW-

dZK predicts adsorption distances closer to the experimental values whenever available.

Most methods reported in our study failed to deliver a reasonable description for both

the adsorption energies and distances of xenon on Ag(111) and Cu(111) surfaces, except

SCAN+vdW-dZK.

We note that the vdW-dZK-based methods do not rely on the local densities. Therefore

density-related properties do not change with these methods. Also, several molecules can

show more complex interactions with the substrate metal atoms. It is encouraging that

these vdW-dZK methods perform well for the adsorption of graphene, rare gas atom, and

two prototype organic molecules. However, further tests are needed to verify the transfer-

ability of these methods to broader adsorbate-adsorbent interactions.

In chapter six, we focused our attention on recognizing efficient scaling-factors to scale-

down Perdew-Zunger self-interaction correction (PZ-SIC) in many-electrons systems in the

framework of the recently introduced Fermi-Löwdin self-interaction correction (FLOSIC)

scheme. Here, we have evaluated the ionization energy (IE) of 14 small to moderate-

sized organic molecules, computed as the negative of the highest occupied orbital (HO)

eigenvalue, using various self-interaction corrections (SIC)-based approximations to den-

sity functional approximations. In the first part of the study, we showed that the full self-

interaction correction to LDA (LDA-SIC) and PBE (PBE-SIC) improve the severely un-

derestimated IEs of the organic molecules, predicted by their uncorrected counterparts.

However, the performance of LDA-SIC and PBE-SIC is not satisfactory as they both over-

estimate the IEs of organic molecules. In order to address this overestimation we used

the local-scaling SIC (LDA-LSIC) scheme of Zope et al. [181] and introduced different

scaling schemes, namely LDA-LSIC+ [327] and LDA-rLSIC+, based on different scaling

functions of the iso-orbital indicator (zσ ). We have shown that the latter schemes, which
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weigh the corrections more or less heavily than the original LDA-LSIC in different regions

of zσ , perform better for the IEs of our test set.

We also evaluated the IEs of the atoms and molecules in the G2-1 test set [24] using these

scaling schemes and confirmed the relevance of the scaled-down SIC on these systems, too.

For completeness, we also extended this assessment to the dipole moments of our test set.

We find the scaled-down methods significantly improving the dipole moments compared

to the unscaled methods but not on par with the semilocal functionals.

We note that the current implementation of the local-scaling-based methods is quasi self-

consistent with a possibility of further improvement by imposing a full self-consistency in

these schemes, including the functional derivatives of the zσ iso-orbital indicator. However,

we expect it to have a minor effect.

As a final remark, in this thesis, we have assessed various methods aimed to include disper-

sion interaction or self-interaction correction to the semilocal density functional approxi-

mations. The exact functional, if we had in practice, is nonlocal and free from both those

errors. However, throughout this thesis, we have treated them independently.
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[263] Ante Bilić, Jeffrey R Reimers, Noel S Hush, Rainer C Hoft, and Michael J Ford.
Adsorption of benzene on copper, silver, and gold surfaces. Journal of Chemical
Theory and Computation, 2(4):1093–1105, 2006.

142



[264] Ming Xi, Michael X Yang, Sam K Jo, Brian E Bent, and Paul Stevens. Benzene
adsorption on Cu (111): Formation of a stable bilayer. The Journal of Chemical
Physics, 101(10):9122–9131, 1994.

[265] X-L Zhou, ME Castro, and JM White. Interactions of UV photons and low energy
electrons with chemisorbed benzene on Ag (111). Surface Science, 238(1-3):215–
225, 1990.

[266] Denis Syomin, Jooho Kim, Bruce E Koel, and G Barney Ellison. Identification of
adsorbed phenyl (C6H5) groups on metal surfaces: Electron-induced dissociation of
benzene on Au (111). The Journal of Physical Chemistry B, 105(35):8387–8394,
2001.

[267] Javier Carrasco, Wei Liu, Angelos Michaelides, and Alexandre Tkatchenko. Insight
into the description of van der Waals forces for benzene adsorption on transition
metal (111) surfaces. The Journal of Chemical Physics, 140(8):084704, 2014.

[268] Shah Tanvir ur Rahman Chowdhury, Hong Tang, and John P. Perdew. van der Waals
Corrected Density Functionals for Cylindrical Surfaces: Ammonia and Nitrogen
Dioxide Adsorbed on a Single-Walled Carbon Nanotube. Unpublished, 2021.

[269] BJKN Hammer and JK Nørskov. Electronic factors determining the reactivity of
metal surfaces. Surface Science, 343(3):211–220, 1995.

[270] Bjørk Hammer and Jens K Norskov. Why gold is the noblest of all the metals.
Nature, 376(6537):238–240, 1995.

[271] Bjørk Hammer and Jens Kehlet Nørskov. Theoretical surface science and cataly-
sis—calculations and concepts. Advances in Catalysis, 45:71–129, 2000.

[272] Gui-Jin Su, Hui-Min Zhang, Li-Jun Wan, and Chun-Li Bai. Phase transition of
thiophene molecules on Au (1 1 1) in solution. Surface Science, 531(3):L363–L368,
2003.

[273] Victor G Ruiz, Wei Liu, and Alexandre Tkatchenko. Density-functional theory with
screened van der Waals interactions applied to atomic and molecular adsorbates
on close-packed and non-close-packed surfaces. Physical Review B, 93(3):035118,
2016.

[274] Hong Tang, Shah Tanvir ur Rahman Chowdhury, and John P. Perdew. Revised
SCAN+rVV10. Unpublished, 2021.

[275] John P Perdew and Yue Wang. Pair-distribution function and its coupling-constant
average for the spin-polarized electron gas. Physical Review B, 46(20):12947, 1992.

[276] Stefan Goedecker and CJ Umrigar. Critical assessment of the self-interaction-
corrected–local-density-functional method and its algorithmic implementation.
Physical Review A, 55(3):1765, 1997.

143



[277] Gabor I Csonka and Benny G Johnson. Inclusion of exact exchange for self-
interaction corrected H3 density functional potential energy surface. Theoretical
Chemistry Accounts, 99(3):158, 1998.

[278] John P Perdew, Adrienn Ruzsinszky, Jianwei Sun, and Mark R Pederson. Paradox
of Self-Interaction Correction: How Can Anything So Right Be So Wrong? In Ad-
vances In Atomic, Molecular, and Optical Physics, volume 64, pages 1–14. Elsevier,
2015.

[279] T Körzdörfer, S Kümmel, and M Mundt. Self-interaction correction and the opti-
mized effective potential. The Journal of Chemical Physics, 129(1):014110, 2008.

[280] Sebastian Schwalbe, Kai Trepte, Lenz Fiedler, Alex I Johnson, Jakob Kraus, Torsten
Hahn, Juan E Peralta, Koblar A Jackson, and Jens Kortus. Interpretation and Au-
tomatic Generation of Fermi-Orbital Descriptors. Journal of Computational Chem-
istry, 40(32):2843, 2019.

[281] Mark R Pederson. Fermi orbital derivatives in self-interaction corrected density
functional theory: Applications to closed shell atoms. The Journal of Chemical
Physics, 142(6):064112, 2015.

[282] Kamal Sharkas, Lin Li, Kai Trepte, Kushantha PK Withanage, Rajendra P Joshi, Ra-
jendra R Zope, Tunna Baruah, J Karl Johnson, Koblar A Jackson, and Juan E Peralta.
Shrinking Self-Interaction Errors with the Fermi-Löwdin Orbital Self-Interaction-
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APPENDIX A

ABOUT EQS. (6.3-9) AND (6.3-10)

The simplified form of the scaling function of LDA-LSIC+ (Eq. (6.3-9)) is

f LSIC+(zσ ) = 2zσ −3z2
σ +2z3

σ . (A1)

At the value of zσ = 0.5, the plot of LDA-LSIC+ and LDA-LSIC intersect separating the

regions zσ < 0.5 where LDA-LSIC+ is more correcting than LDA-SIC from the region

zσ > 0.5 where LDA-LSIC+ is less correcting than LDA-LSIC. Expressing Eq. (A1)

about a point a = 0.5, we obtain

f LSIC+(zσ ) = a+a(zσ −a)+4(1−a)(zσ −a)3, a = 0.5. (A2)

Eq. (A2) is same as Eq. (6.3-9).

LDA-rLSIC+ was designed to be less correcting than LDA-LSIC+ in the region of zσ → 1

by introducing fourth order term of zσ in the scaling function as

f rLSIC+(zσ ) = 2zσ −3z2
σ + z3

σ + z4
σ . (A3)

The plot of LDA-rLSIC+ scaling function intersects that of the LDA-LSIC in the region of

zσ between 0 and 1 at
√

2− 1. Setting a =
√

2− 1 and expanding the scaling function of
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LDA-rLSIC+ about ”a”, we obtain

f rLSIC+(zσ ) = a+(8a−3)(zσ −a)−3(3a−1)(zσ −a)2

+(4a+1)(zσ −a)3 +(zσ −a)4. (A4)

Eq. (A4) is same as Eq. (6.3-10).
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