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Abstract

We present an update on recently developed methodology and functionality in the

computer program Local Orbital Basis Suite Toward Electronic-Structure Reconstruc-

tion (LOBSTER) for chemical-bonding analysis in periodic systems. LOBSTER is based

on an analytic projection from projector-augmented wave (PAW) density-functional

theory (DFT) computations (Maintz et al., J. Comput. Chem. 2013, 34, 2557),

reconstructing chemical information in terms of local, auxiliary atomic orbitals and

thereby opening the output of PAW-based DFT codes to chemical interpretation.

We demonstrate how LOBSTER has been improved by taking into account time-

reversal symmetry, thereby speeding up the DFT and LOBSTER calculations by a fac-

tor of 2. Over the recent years, the functionalities have also been continually

expanded, including accurate projected densities of states (DOSs), crystal orbital

Hamilton population (COHP) analysis, atomic and orbital charges, gross populations,

and the recently introduced k-dependent COHP. The software is offered free-of-

charge for non-commercial research.
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1 | INTRODUCTION

The notion of a “chemical bond,” specifically in the framework of molec-

ular orbital (MO) theory, is ingrained in any chemist's education, and the

simplest and most iconic representative of that is the H2 molecule with

its bonding (σg stabilizing) and antibonding (σu* destabilizing) orbital

interactions. The same conceptual approach is used, very widely and

arguably successfully, in many areas of solid-state chemistry and mate-

rials science. Despite perpetual controversies surrounding the very idea

of a chemical bond (and the trivial fact that a chemical bond is not a

quantum-mechanical observable), the usefulness and predictive power

of chemical-bonding models has led to substantial scientific progress, in

particular, new chemical matter by rational syntheses. And despite the

increasing role of automation and “big data” in chemical research, one

may argue that more, not less, of this insight is needed because human

beings are committed to understanding.

In principle, bonding and antibonding orbital interactions are

defined for solids just as well as for isolated molecules. Quantifying

orbital overlap to understand bonding has been pioneered for solids in

the 1980s, in Hughbanks' and Hoffmann's iconic crystal orbital over-

lap population (COOP) technique.[1] Related ideas were then pursued

in the first-principles domain where weighting of orbital interactions

by the associated Hamiltonian matrix element leads to the crystal

orbital Hamilton population (COHP).[2] The COHP in particular has

been implemented in programs including the venerable TB-LMTO-

ASA suite[3] and more recently in the CRYSTAL software.[4]
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One thing in common that the aforementioned programs share is

the locality of the basis sets employed for their calculations. However,

many of today's density-functional theory (DFT) programs widely use

delocalized plane wave (PW) basis sets in combination with the

pseudopotential approach, which hinder the development of

chemical-bonding tools in such programs. Using a projection method

which was similar to the method originally developed by Sánchez-

Portal et al.,[5] and used early on in PW calculations,[6] and building on

an early proof-of-concept for projection-based COHPs,[7] Local

Orbital Basis Suite Toward Electronic-Structure Reconstruction

(LOBSTER) enables the chemical-bonding analysis from PW-based

wavefunctions. It is worth mentioning that currently the projection

method in LOBSTER has been designed to work with the projector-

augmented wave (PAW) method,[8] which also marks the difference

with the method developed in ref. [5]. The reason for this is that the

PAW method has been very widely implemented in many PW-based

DFT programs due to its efficiency and accuracy, making a powerful

advance over many previous PW pseudopotential schemes. Among

the many applications of LOBSTER in recent years, we may highlight

but a few: it has been used to chemically understand molecules on

nanoparticle surfaces,[9] unconventional phases from crystal-structure

prediction,[10] or the reactivity of zeolites[11] or oxide electrodes.[12]

Furthermore, all the details of the projection method and of the local

basis sets implemented in LOBSTER can be found in our previous pub-

lications[13] and the User's Guide distributed with the program for any

technical questions. In the present work, we describe developments in

LOBSTER that have been implemented and used over the recent

years.

2 | METHODS

The principal flow of data and procedures is illustrated in Figure 1. LOB-

STER's primary idea is to reconstruct the PAW wavefunctions by

projecting them onto a local basis set, hence reconstructing the entire

electronic structure in another representation. This very projection, fur-

thermore, yields the coefficients of linear combinations of atomic

orbitals (LCAOs) that, together with the overlap and Hamiltonian matri-

ces, allow the calculations of various chemical-bonding quantities.

Furthermore, although originally LOBSTER was designed with

interfaces to handle only wavefunctions from VASP[14] and

ABINIT,[15] another interface has been recently developed to process

wavefunctions from another widely used and open-source DFT pack-

age, Quantum ESPRESSO (QE),[16] which has made LOBSTER more

broadly accessible. Using QE and LOBSTER, the chemical-bonding

analysis of the electronic and magnetic properties of manganese

carbodiimide (MnNCN) and manganese oxide (MnO) was first demon-

strated and reported in ref. [17].

LOBSTER is a multiplatform tool that is written in object-oriented

C++ and parallelized using OpenMP. It employs Boost libraries[18] as

well as the highly efficient Eigen library.[19] For further details of the

technical aspects, readers may refer to our initial publications.[13]

2.1 | Time-reversal symmetry

As research progresses, (nanoscale) materials at the scientific front

can become so complex that their projections, as well as their prior

F IGURE 1 Overview of LOBSTER's data flowchart. It starts from one-electron (Bloch) wavefunctions |ψ ii and the according eigenvalues εi of
a quantum-chemical system of interest, brought to self-consistency using a DFT program which employs the projector-augmented wave (PAW)

method. After wavefunction-related data are extracted through I/O interfaces (red block) specially tailored to three DFT programs (VASP, ABINIT,
and QE), a basis set of contracted Slater-type orbitals (|χμi) is semi-automatically selected from a built-in database. Wavefunctions and basis sets
are then brought into the projection routine to determine the overlap matrix Sμν and the transfer matrix Tμj between the delocalized and localized
representations. From those, the projected coefficient and Hamiltonian matrices Cμj and Hμν, respectively, are accessible and enable various bond-
analytic tools. The LOBSTER logo is copyrighted by the Chair of Solid-State and Quantum Chemistry at RWTH Aachen University. DFT, density-
functional theory; LOBSTER, Local Orbital Basis Suite Toward Electronic-Structure Reconstruction; QE, Quantum ESPRESSO [Color figure can be
viewed at wileyonlinelibrary.com]
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DFT calculations, turn out as being extraordinarily expensive to com-

pute. Parallelism using OpenMP has been implemented in LOBSTER

since version 1.1.0 to reduce some of the computational burden but

more improvement in the efficiency is still needed. Trivially, the entire

projection is computationally costly because it must be done for all

k-points in the first Brillouin-zone (BZ), which affects (a) calculation

time and (b) storage space. Fortunately, k-space symmetry can be

exploited.

Time-reversal (TR) symmetry is always present in systems isolated

from external fields; this symmetry conforms to an anti-unitary opera-

tor T̂ whose operation on a given Bloch wavefunction yields the com-

plex conjugate of the wavefunction.[20] However, it is also well known

that Ψ*
jk rð Þ=Ψ j −kð Þ rð Þ. Therefore,

TΨ jk rð Þ=Ψ j −kð Þ rð Þ: ð1Þ

Furthermore, since T̂ commutes with the Kohn–Sham Hamilto-

nian, Ĥ, we also have εjk = εj(−k).

In LOBSTER, TR symmetry can be exploited by directly incorpo-

rating it into the equations of chemical-bonding indicators, that is,

COOP and COHP. Since COOP and COHP only differ in the use of

overlap and Hamiltonian matrices, respectively, in the following, we

will derive how TR symmetry affects COOP, and related conversions

can be done for COHP as well.

The first step in implementing TR symmetry in COOP is to split

the k-point summation into two groups, in which one group is the

inversion of the other, and to realize that the each k-point and its

inversion are energetically degenerate:

COOPμTνT0 Eð Þ= SμT;νT0
X
j

X
k∈ BZ

2ð Þ
wk C*

μT; jk CνT0 ; jk

2
64

+
X

k0 = −k

wk0 C
*
μT; jk0 CνT0 ; jk0

3
5δ ε jk−E

� � ð2Þ

where S is the overlap matrix, wk is the k-point weight, and CμT; jk are

the coefficients of LCAO forming the basis of the reconstructed

wavefunctions:

Ψ jk

��� =
X
μT

CμT; jk χ jT

��� : ð3Þ

Here, |χjTi are Slater-type orbitals which are, in general, real func-

tions and thus unaffected by TR symmetry, and ergo if we apply Equa-

tions (1) to (3), we have

C*
μT; jk =CμT; j −kð Þ: ð4Þ

By putting Equation (4) into Equation (2), for each k-point, there

is a term that adds with its complex conjugate, which is equivalent to

twice the real part of the same term. In the end, we arrive at

COOPμTνT0 Eð Þ= SμT;νT0
X

jk∈ BZ
2ð Þ
~wk R C*

μT; jk CνT0 ; jk

n o
δ ε jk−E
� � ð5Þ

where ~wk =2wk . Here, R …f g means the real part of a given complex

value. Note that the summation over k-points now only covers half of

the BZ. Correspondingly, by substituting Ŝ with Ĥ , the TR-exploited

COHP now reads

COHPμTνT0 Eð Þ=HμT;νT0
X

jk∈ BZ
2ð Þ
~wk R C*

μT; jk CνT0 ; jk

n o
δ ε jk−E
� �

: ð6Þ

To demonstrate the benefits of TR symmetry in chemical-bonding

analysis, the new LOBSTER version was tested by checking both the

DFT and the projection parts for a total of 174 crystalline systems.

The systems were selected from the well-known material database

materialsproject.org[21] and downloaded automatically through the

material analysis code pymatgen.[22] PAW test data originated from

three different DFT programs, namely VASP, ABINIT, and QE. To

achieve DFT convergence throughout, the number of k-points

targeted a k-point density ranging from 6,000 to 12,000

k-points×atoms. The cutoff energy values used to converge all the

DFT calculations are listed in Table S1.

Furthermore, we have recently adapted the pymatgen code to

provide users with VASP and LOBSTER input files specifically for

LOBSTER calculations. That is to say that a local basis set for the pro-

jection is automatically suggested, and the VASP calculation is

adapted accordingly. The VASP input files were converted into QE

and ABINIT input files with independent scripts. The pymatgen code

was also used and partially adapted to compare all computations with

and without TR symmetry. These developments can be found in

pymatgen version 2019.12.22 or newer. All raw data for our compari-

son can be accessed via https://doi.org/10.5281/zenodo.3676916.

Once completed, information about the runtime and storage-

space from the DFT and projection calculations with and without TR

symmetry was benchmarked against its counterpart from the current

version of LOBSTER (3.2.0). In the following paragraphs, we report

the highlighted summary of the efficiency gained due to this new

functionality, whereas the complete data can be found in Table S2.

Figure 2 shows the percentage distributions as regards saved time

(left) and storage-space (right) with respect to prior DFT calculations

(red) and LOBSTER projections (blue) after having incorporated TR

symmetry. Regarding time efficiency (Figure 2 left), all distributions

are normally centered at the 50% value such that all the three DFT

programs as well as LOBSTER projection using TR symmetry saved

50% runtime in most cases, ABINIT showing the largest variance. The

storage-space efficiency gained by TR symmetry is even better

(Figure 2 right) because the distributions have nearly zero variance. In

other words, DFT and LOBSTER calculations including TR symmetry

almost always use 50% less storage-space.

We have also checked the quality of the total density of states

(TDOS) produced by this LOBSTER version compared to LOBSTER

3.2.0 by measuring the overlap mismatch between the TDOS with

(TDOSw) and without (TDOSwo) TR symmetry:
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F IGURE 2 The distributions of saved time (left) and storage-space (right) gained in DFT calculation (red) and LOBSTER projection (blue) after
using TR symmetry. DFT, density-functional theory; LOBSTER, Local Orbital Basis Suite Toward Electronic-Structure Reconstruction; TR, time
reversal [Color figure can be viewed at wileyonlinelibrary.com]
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%of TDOS overlapmismatch=

Ð∞
−∞dε TDOSw εð Þ−TDOSwo εð Þj jÐ∞

−∞dεTDOSwo εð Þ ×100%:

ð7Þ

As detailed in Table S3, typical overlap mismatches are less than

0.1%, and the maximum mismatch is still smaller than 10%. In other

words, the TDOS from both cases is virtually indistinguishable. Cases

with a large mismatch are likely to go back to a still insufficient num-

ber of k-points (see Table S4) or the choice of the occupation parame-

ter, that is, a smearing or tetrahedron method, which significantly

affects the smoothness of TDOS. It is also worth mentioning that the

results for spin-polarized and non-spin-polarized cases do not at all

differ in quality, a reassuring sign for magnetic systems.

Regarding COHP, the results in general agree well with the TDOS

although there are few cases (not shown here) where COHP mismatch

values are larger than for the TDOS counterparts. These cases might need

additional k-points (since covalent bonding may become highly directional

and then requires extreme k-convergence) or a different occupation

parameter. As a typical example, Figure 3 shows a COHP plot of a particu-

lar test case, that is, aluminum (mp-134), in which the COHP calculated

without TR symmetry (blue) using PAW data from different DFT programs

can be perfectly reproduced by the much quicker TR approach. Note that

the plot from ABINIT is wigglier than those from VASP and QE because

the tetrahedron table necessary for the tetrahedron method is not output

by ABINIT, so LOBSTER must use Gaussian smearing. Nevertheless, as

shown in Table S3, for all three programs, the TDOS overlap mismatches

of Al (mp-134) are zero in full agreement with COHP.

3 | NEW ANALYSIS TOOLS

Once the LCAO coefficients have been reconstructed (Figure 1), LOB-

STER can readily calculate DOS and COOP by k-space integration.[13]

Furthermore, reconstructing the Hamiltonian matrix in a second step

facilitates COHP analysis.[2,13] Additionally, LOBSTER writes their

energy-integrated counterparts IDOS (which yields the total number

of electrons of the respective atoms, that is, Mulliken's gross popula-

tion), ICOOP (Mulliken's overlap population), and ICOHP.

3.1 | Population analyses and charge

Computing the gross populations and charges is a feature which was

recently added in LOBSTER[23,24] using the techniques of population

analyses as introduced by Mulliken and Löwdin.[25–28] In Mulliken's

approach, the gross (orbital) population GPμ is determined as follows

by using the density-matrix formalism

GPμ =
X
k

X
ν

Pμν;kSμν;kwk , ð8Þ

with Pμν; k and Sμν; k as k-dependent density and overlap matrix ele-

ments for orbitals μ and ν, respectively,

Pμν;k =
X
j

f jkC
*
μ; jkCν; jk , ð9Þ

Sμν;k = χμ;k χν;k
��� � ð10Þ

with the occupation number fj of band j and the LCAO coefficients

Cμ; jk in reciprocal space:

CμT; jk =
1ffiffiffiffiffiffi
NT

p eik�TCμ; jk: ð11Þ

For Löwdin's approach, a new basis set χ 0 and a new coefficient

matrix C0 are attained from the original ones by applying Löwdin's

symmetric orthogonalization (LSO)[26,28].

F IGURE 3 COHP of Al calculated
after the LOBSTER projection of PAW
data without (blue) and with (red) TR
symmetry from three different DFT
programs. The curves are shown as
dashed lines and are indistinguishable to
the naked eye. COHP, crystal orbital
Hamilton population; DFT, density-
functional theory; LOBSTER, Local Orbital
Basis Suite Toward Electronic-Structure
Reconstruction; PAW, projector-
augmented wave; TR, time reversal [Color
figure can be viewed at
wileyonlinelibrary.com]
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χ 0k = Sk
−1=2χ k , ð12Þ

C0
k = Sk

1=2Ck: ð13Þ

The new basis functions χ0 , orthogonalized via LSO, are closest in

Hilbert space to the original functions.[28] A new density matrix

P
0
= S1/2PS1/2 is also obtained, so that the Löwdin gross orbital popu-

lation GPμ has the following form

GPμ =
X
k

P0μμ;kwk: ð14Þ

The Mulliken or Löwdin charge qA for any atom A is computed

from the difference of the number of the atom's valence electrons N

(when using pseudopotentials) and the gross orbital population GPμ

including all orbitals μ belonging to atom A,

qA =N−
X
μ∈A

GPμ: ð15Þ

We have recently demonstrated that the orbital-based Mulliken and

Löwdin population analyses, as implemented in LOBSTER by combining

the advantages of PW and all-electron local basis sets, no longer suffer

from the typical basis-set dependency as known from MO calculations.

With respect to the PW part, its delocalized nature excludes such depen-

dency by its very nature. Likewise, the essentially complete local basis

set consisting of contracted multiple-ζ Slater-type orbitals (e.g., in the

case of the STO basis by Bunge, Barrientos, and Bunge,[29] the leftover

electron-density error is ~0.002% for free first and second period atoms)

indicates that such leftover local dependency should be either zero or

very close to zero[23,30]. Additionally, both methods have been proven as

being highly competitive approaches compared to the traditional practice

of using the density-based Bader charge analysis.[23,31] A comparison of

both methods for one application will be given later in the text.

3.2 | k-dependent COHP

Another feature recently added in LOBSTER is the k-dependent COHP.

While COHP is useful in describing chemical bonding in energy space, the

chemical bonding often is direction-dependent, so a particular k-point

may be of special interest or at least more significant than bonding at any

other k-points. Whenever topology comes into play, knowing this infor-

mation may be crucial in studying a given material. We have therefore

developed a new routine, based on the original definition of COHP, that

resolves COHP into individual contributions from each k-point and band.

Mathematically, the k-dependent COHP is defined as:

COHPμν; jk =C
*
μ; jk Hμν;k Cν; jk: ð16Þ

The first k-dependent COHP application was demonstrated in an

optimization study of thermoelectric materials eventually yielding n-

type Mg3Sb2.
[32] Using the k-dependent COHP, the authors revealed

the main covalent interactions existing at the conduction-band

minimum which plays a decisive role in improving the thermoelectric

property of the material. The new feature was also employed in a

high-throughput computational identification of a high Curie-

temperature ferromagnetic semiconductor, In2Mn2O7,
[33] and it also

rationalized the distinct semiconducting and ferromagnetic properties.

Likewise, k-dependent COHP contributed to high-throughput compu-

tational screening of diamond-like ABX2 compounds[34] such as to

help predicting exceptional and novel thermoelectric materials. Addi-

tionally, we demonstrate the use of the feature in one of the applica-

tions below.

4 | APPLICATIONS

To conclude this paper, we present three representative applications.

The first one demonstrates the advantage of the TR functionality,

whereas the second and the third applications describe, respectively,

the population analyses-and-charge feature and the use of the k-

dependent COHP technique.

4.1 | Gallium arsenide (mp-2534)

The III-V semiconductor GaAs, our first application, is part of the test

cases and also included in the LOBSTER package (Figure 4a). It is a

wide-bandgap semiconductor crystallizing in the zincblende structure

(F�43m ) with two atoms per primitive unit cell. The PAW data were

obtained by QE using a 14×14×14 k-point mesh.

Without TR symmetry, the DFT calculation of GaAs used more

than 4 CPU hours, but by exploiting TR symmetry (see Table S2), the

runtime was reduced by more than 50%. Likewise, the LOBSTER pro-

jection calculation without TR symmetry took about 17 CPU minutes

but TR symmetry reduced its runtime by 51%. Ultimately, TR symme-

try reduces the total runtime from 296 min to a mere 145 min, a

speedup of 2.04.

Figure 5 shows TDOS (left) and COHP (right) of GaAs obtained

by projecting PAW wavefunctions onto local orbitals without (blue)

and with (red) TR symmetry. Clearly, both TDOS and COHP plots can-

not be distinguished. The entire valence band is Ga–As bonding, just

like for the isoelectronic silicon phase. Furthermore, as given in

Table S3, the DOS overlap mismatches are virtually zero for all three

different DFT programs.

4.2 | Lithium intercalation in carbonaceous anode
materials

Carbon nanomaterials including “hard” and “porous” carbons with sub-

stantial degrees of structural disorder are promising candidates for the

application as anode materials in Li-ion and Na-ion batteries. Such

structures were generated by Huang et al. via a combination of a

6 NELSON ET AL.



machine-learning-based interatomic potential to generate the carbo-

naceous host framework and DFT to then describe the Li intercala-

tion, using a protocol detailed in ref. [31]. One, Li-rich, structural

model is directly taken from that study and used here without further

modification; albeit such charge analyses have been reported in ref.

[31], we repeat them here to exemplify the approach (and to directly

compare two separate charge-analysis methods as applied to the

same structure). Because the intercalation behavior of anode materials

is important for the functionality of batteries (i.e., the charging pro-

cess), Löwdin charges on the Li atoms in this structure are examined

and compared to those from the widely used method of Bader charge

analysis.[35] Recently strong differences in consuming computing

resources between Bader's method compared to the Mulliken and

Löwdin population analyses were demonstrated.[23] Similar results are

also found now, as shown in Figure S1. Another problem working with

the electron density is that this method sometimes yields chemically

non-intuitive charges, for example, negative charges on alkali metals,

like Na and Li, if combined with the more electronegative carbon, as

reported in a previous study of such systems[36] and also seen in our

present calculations in Figure 6b. According to Bader charge analysis,

there is one Li ion with a small negative charge occupying the center

of the pore in the carbon backbone, while the Li ions around it and

further distributed in the structure exhibit charges close to +1. This

kind of charge distribution is at variance with the chemically intuitive

assumption of an alkali metal being either positively charged or neu-

tral (metallic), but not negative. In the case of Löwdin charges

(Figure 6a) directly and far more quickly calculated from the

wavefunction, a qualitatively different situation is observed. The cen-

ter of the pore is occupied by an almost metallic (uncharged) Li ion,

from which other Li ions with increasing charges are clustering around

it, so that a smooth charge distribution from the pore to the rest of

the structure can be observed.[31] Details on the charges can be found

in Figure S2. While the intercalation of isolated Li atoms into

F IGURE 4 The crystal structure of (a) GaAs and (b) TlF [Color
figure can be viewed at wileyonlinelibrary.com]

F IGURE 5 Total DOS (left) and the shortest Ga–As bond's COHP
(right) calculated after the LOBSTER projection of QE PAW data
without (blue) and with (red) the time-reversal (TR) symmetry. COHP,
crystal orbital Hamilton population; DOS, density of states; LOBSTER,
Local Orbital Basis Suite Toward Electronic-Structure Reconstruction;
PAW, projector-augmented wave; QE, Quantum ESPRESSO [Color
figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 (a) Löwdin and (b) Bader charges of a Li-rich structural
model of intercalation in disordered carbon. The figure shows only
part of the simulation cell to better focus on the central region, where
a pore in one of the graphite-like sheets is found; see ref. [30] [Color
figure can be viewed at wileyonlinelibrary.com]
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carbonaceous materials is expected to lead to a charge stage close to

Li+, it has been argued that pores in disordered carbons can be filled

with metallic-like clusters, and evidence of a (partial) charge transfer

has been obtained, for example, from operando NMR measurements

on Li[37] and Na[38] anodes. For example, approximate charges of

+0.66 e and + 0.1 e have been deduced for two classes of Li atoms in

such environments,[37] in qualitative agreement with the findings of

Huang et al.[31] and with the data exemplified in Figure 6.

4.3 | Thallium fluoride (mp-720)

LOBSTER can also be employed to analyze orbital characters of elec-

tronic bands through fatbands and orbital interactions in those bands

through the k-dependent COHP. To demonstrate such features, we

use the simple, yet low-symmetry fluoride TlF, which is also part of

our test cases. TIF is an insulator which has an orthorhombic structure

(Pbcm) with 6 atoms per unit cell (Figure 4b).

F IGURE 7 Contributions to TlF
electronic structure from (a) fatbands of Tl
6 s (left) and Tl 6p (right) as well as
(b) k-dependent Tl–F COHP of 6 s–2p
(left) and 6p–2p (right). COHP, crystal
orbital Hamilton population [Color figure
can be viewed at wileyonlinelibrary.com]
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TlF is also known as one of the systems showing a “lone-pair” crys-

tal structure associated with the so-called inert-pair effect. In a previous

study, Häussermann et al.[39] have proposed a simple, yet very reason-

able, bonding picture to understand why TlF adopts the aforementioned

orthorhombic instead of the more symmetric CsCl structure. Their qual-

itative picture, based on the DOS and a schematic diagram of orbital

interactions of Tl and F in the hypothetical CsCl structure, yields that

the orthorhombic structure is a natural way to circumvent orbital inter-

actions which would be quite repulsive in the CsCl structure. Here, we

will demonstrate for the first time a more quantitative and spatially

resolved picture of the orbital interactions of TlF supporting the earlier

deductive conclusion by Häussermann et al.[39]

PAW wavefunctions of TlF needed for the projection were cal-

culated by VASP using 763 k-points, also including TR symmetry

saving runtime by about 50% (Table S2). After the projection, the 6s

and 6p fatbands of Tl were calculated and are depicted in Figure 7a.

As expected, the valence bands just below the Fermi level are mod-

erately composed by Tl 6s (left, the inert pair showing up here),

whereas the (unoccupied) conduction bands are almost fully domi-

nated by Tl 6p (right). In addition, F 2p (not shown) also moderately

contributes to the top of the valence bands.

While the fatband feature reveals the orbital characters of each

band, it does not provide deeper insight into the mechanism of the

chemical bonding. To directly gain that information, Figure 7b

depicts the k-dependent COHP of Tl 6s—F 2p (left) and Tl 6p—F 2p

(right) interactions. As usual, negative (positive) values represent

bonding (antibonding) interactions.

To start with, the top of the valence bands (about 1 eV below the

Fermi level) is composed of strong Tl 6s—F 2p antibonding interactions,

so the “inert pair” is not at all inert but strongly destabilizing at this partic-

ular energy. More below, roughly between −2 and −4 eV, however, there

are two other sets, now mainly exhibiting nonbonding and bonding Tl

6s—F 2p character, such that the bonding arising from Tl 6s—F 2p interac-

tions in its entirety is hardly significant and will not stabilize the system;

the “inert pair” is in charge, once again. Quite to the contrary, one finds

moderately strong Tl 6p—F 2p bonding interactions in the valence bands

throughout, as seen from Figure 7b (right), and they stabilize the system.

The latter interactions are possible due to the adopted orthorhombic

structure with symmetry lower than the CsCl structure. Note also that

such Tl 6p—F 2p interactions would be strongly antibonding if occupied

in the conduction band (say, by electronic excitation), and the strength of

the antibonding effects varies within the BZ, very much direction-depen-

dent, being most destabilizing at Γ but only weakly so at R.

These k-dependent COHP pictures are in agreement with the

prior description given by Häussermann et al.,[39] but the k-dependent

COHP provides a more quantitative picture and also allows for a more

straightforward and convenient analysis.

5 | CONCLUSIONS

We have presented new developments in the LOBSTER software for

chemical-bonding analysis. LOBSTER processes delocalized PAW

wavefunctions calculated with VASP, ABINIT, or QE and performs

projection onto an auxiliary LCAO basis, which makes bond-analytic

tools such as DOS, COOP, and COHP accessible for state-of-the-art

PAW-based simulations.

Furthermore, LOBSTER's efficiency has been significantly

improved such as to save 50% of the entire process (DFT and LOB-

STER calculations) as regards time and storage-space, namely by

implementing TR symmetry in the chemical-bonding routines.

Recent development has also added two major features, namely

atomic charges and related populations directly from the

wavefunction as well as the k-dependent COHP. The former is useful

for examining ionic bonding in suchlike (or polar) compounds, for

example simple salts, Zintl phases, or polar intermetallics, extending

previous application areas that include thermoelectrics or phase-

change materials,[23,24,40–42] whereas the latter serves useful for

detailed band-wise and k-point-wise chemical-bonding analysis.
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