Chemical Bonding, LOBSTER,

and all that...
Richard Dronskowski

Overlap Populations in Molecules and Solids, COOP and COHP
Tellurium, Iron, Phase-Change Materials

Linear-Muffin-Tin Orbital Theory (LMTO) and Pseudopotentials
Bonding Information projected from Plane Waves

The LOBSTER computer program

C & Nanotube & Ti & amorphous GeTe & GeO, surfaces & H bonding
& CuN; & TiO & MnNCN/MnO & Ge,Se;Te & Carbons & Na,He

Skoltech
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H,: Population Analysis by Robert S. Mulliken

/gb pdt = /gbzdf a clfqbldr +62/(p§d7 +2c1c2/q>1<p2df

\.—.\f—/ \—.\/.—/ \—v—/ —/
=1 =1 =1 512
H— : )
R. S. Mulliken,

T J. Chem. Phys. 1955, 23, 1833

.. plus population analyses by
-8 Roby, Lowdin, Davidson, Jug,
Ahlrichs, and others...

Skoltech
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Simplest Population Analysis for 6,-MO of H,

AN 1T AN R\ 2\))

T 2(1+S12)  2(1+S12)  2(1+S1p) 7"

— —,——— S—,——
—0.305 —0.305 —0.390

ORE)

the two hydrogen atoms share 0.78 electrons
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1dim H-chain: Band Structure, DOS, COOP

without any doubt (I guess) the icon of solid-state quantum chemistry:

OEOHEE
T anti-
bonding
>
2 Average Bonding
LLI Analysis
@@@@@ bonding
l
r > X 0 02 04 02 0 02

Reciprocal Space (k) DOS COOP

| ‘ l'i T. Hughbanks, R. Hoffmann,

Skoltech



Crystal Orbital Overlap Population, COOP

N = / L Pu(E)AE + [T2F ¥ ¥ T RelRu(E)SuldE

ITHRY
yEA, & B:XA'yeA veB

> N >y
™ -~

net populations overlap populations

- /EFZZ(W )+ ), ) Re[Pu(E W)dE,

B£A V

veB

A >
~

gross populations

— T y‘ TTP;W S;wdE

A
yeA, UGB

Skoltech
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Schrodinger’s Equation in the Solid State

H ¥(k,r) = E¥(Kk,r)

V(K,r) plane-wave-like

AN

atomic-like

Bloch function of a
one-dimensional Na crystal
at the X point of reciprocal space

Solid-State and
Quantum Chemistry

Richard Dronskowski PWILEY-VCH

Computational Chemistry
of Solid State Materials

Skoltech



DFT: Crystal Orbital Hamilton Population, COHP

€F
/ LLPW Hyu(E)dE +
ye

e ——————— e ——————
net atomic energies

/EFzL > ). ) Re[Pu(E)Hu (E)]dE

" v
A B>A JEA vED

e ———— . —————— e
bonding energies

partitioning the enerqy, not the electrons,

| A Yt between the atoms and the bonds...
Skoltech



DFT: COHP for Diamond

20
< 10+
&
>
5 &F
LI N
-10-
-20 '
Reciprocal space DOS
R. Dronskowski, . E. Blochl,
RWTH J. Phys. Chem. 1993, 97, 8617

hair of
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Example I: sc Tellurium is Peierls-unstable

< 8
simple | o111
cubic ¥ Cff ff)
> €F €F
(@®)]
S \ ->
-
L] }
DOS -COHP DOS -COHP

A. Decker, G. A. Landrum, R. Dronskowski,
ARG Z. Anorg. Allg. Chem. 2002, 628,295  Skoltech
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Example II: body-centered cubic Fe

and its corresponding non-realistic LDA band structure
without spin-polarization, on purpose:

Fe—-Fe

-04 0 04 08
~COHP

Skoltech



Spin Polarization: Chemical Bonding

. magnetic moment: 2.27 lg
B ¥ (exp.: 2.21 ug)

majority spin orbitals contract

minority spin orbitals expand

lowering of total energy
by about 0.43 eV
strengthening of iron—iron
bonding by about 5%

Energy (eV)

Fe-Fe minority spins roughly twice

012 02 0 02 04 as strongly bonding as
DOS —~COHP majority spins

G. A. Landrum, R. Dronskowski,

o RWTH Angew. Chem. Int. Ed. 2000, 39, 1560
3 Skoltech



Example III: Ge-Sb-Te Phase-change Materials

Sb

e.g., Ge,Sb,Te, with lots of Ge vacancies (= 20%) — why?

switching mechanism = f(vacancy nature)

Skoltech

Quantum Chemistry



Phase-change Materials: First COHP study

GGszzTe4 Ge; _5Sb2Te4 GeSb2T94
no vacancies 12.5% cation vacancies 25% cation vacancies
Ge 4
- 2- Ge-Te
l&‘ ) < @GeTe Ge-Te Ge-Te Sb-Te
T T @GeShTeyy S 0 Sb-Te e Sb-Te - -

127.60

1 { i

—-COHP —-COHP —-COHP

antibonding Ge—Ie and Sb—Te interactions in the highest bands;
germanium vacancies annihilate antibonding states

M. Wuttig, D. Liisebrink, D. Wamwangi, W. Welnic,
RWTH M. Gillefsen, R. Dronskowski, Nature Mater. 2007, 6, 122 Skoltech
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Wigner-Seitz, Muffin-Tin, Atomic-Spheres

Tight-Binding Linear-Muffin-Tin Orbitals
using the Atomic-Spheres-Approximation (ASA)

probably the most influential (among the chemists)
periodic orbital-based electronic-structure method

Skoltech



Machinery: “Linear Methods” LAPW and LMTO

inside muffin—tin outside

Radial part of (r)

O. K. Andersen,

wa
e
5

Skoltech

2
=
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Hans Hellmann, J. Chem. Phys. 1935, 3, 61

V(k,r) plane-wave-like

one-dimensional
Nua-3s Bloch
function at X

the world’s first ~V
pseudopotentials:
Na and Cs

—> plane waves, thus
reliable forces!

Solid-State and s k I t h
Quantum Chemistry o e c



Emigration to the Soviet Union

RWTH Greta Hermine Hans
szz:;ﬁ;?lte:’hil:ﬁistry s ko I te Ch



The World’s First Qquantum-Chemistry Textbooks

I TEJBMAH

EINFUHRUNG IN DIE
QUANTENCHEMIE | | ypanToBAS XUMUS

DR. HANS HELLMANN

PROFESSOR AM KARPOW-INSTITUT FUR PHYSIKALISCHE CHEMIE, MOSKAU

MIT 43 ABBILDUNGEN UND 35 TABELLEN IM TEXT

%
Hans Hellmann: &
Einfiihrung in 5
die Quantenchemie 3
TAATHASPEAAUNE TugUHKO- o
LEIPZIG UND WIEN MeokEs N3
FRANZ DEUTICKE
1937

Chair of Rm
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Retrieving the Chemistry

Traditionally: Tight-Binding LMTO-ASA (= densely packed atomic spheres)

¥  cyC.., P,H __COHP

LCAO Density and Bonding
LMTO coefficients Hamilton matrix analysis

Modern: countless program packages with plane waves (e.g., VASP)

_____________

Y(r) +c?( a1,
Idea: local auxiliary basis set as template

VASP orbltals7

_____________ 1[) s-like 1!) p-like
‘ VASP template VASP template

Chair of
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LOBSTER does it for you...

amorphous
structures

surface
models

Y

€]

T

Quantum Chemistry

auxiliary
basis S

projected
DOS
pCOOP
pCOHP
C(P)
BWDF
H(P)

LOBSTER

Local-Orbital Basis Suite Towards
Electronic-Structure Reconstruction

freely available at www.cohp.de

Skoltech



|'@ COHP Homepage - Mozilla Fircfox [ feEsm

WWW C Oh d e T B GogEd G lessE Ees G16
e e J{:}(DHP Homepage x |m$c- RWTH Aachen :: Home x | + ‘

€ %, A & B | @ wwwcohpde - % ¢ 4k~ E- windowsscreenshot P | iy - @- & B

3 YouTube-Startseite [2) Meistbesucht @) Erste Schritte (3 Aktuelle Nachrichten (51 Wiwo RSS-Feed

Crystal Orbital Hamilton Populations: de
SIS The Official Reference Page °

COHP Theory FAQ Publications Download

Crystal Orbital Hamilton Populations

Chopping band structures into chemical information since 1993!

L)
CURNTUMESPRESSD Welcome to the official (and freshly polished) COHP reference page, brought to you by the Dronskowski
group at RWTH Aachen University, Germany. No matter if you're a first-time user, well experienced

already, or just curious about this project of ours: Welcome on this site!

What is crystal orbital Hamilton population (COHP) analysis, in the first place? Simply speaking, is a

theoretical bond-detecting tool for solids (crystals, amorphous materials, nanostructures... allegedly, it -

o — — r
Journal of
SIEV\MPILSl}ﬁv O N A L WWW.C-CHEM.ORG SOFTWARE NEWS AND UPDATES

LOBSTER: A Tool to Extract Chemical Bonding
from Plane-Wave Based DFT

Stefan Maintz,'® Volker L. Deringer,®’ Andrei L. Tchougréeff,**< and
Richard Dronskowski*!®d!

OPEN ACCESS
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Solid-State and
Quantum Chemistry

Skoltech



First LOBSTER school in 2017 by CECAM

i

N ceb. 164

Chair of
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Titanium (hcp): Comparison with LMTO

LMTO

New Method

=

=

=

b

Energy (eV)
|

T 1T ]
20 2

—COHP

4

|
g ;-2

0 2
_pCOHP

4

S. Maintz, V. L. Deringer,

A. L. Tchougreéeft,
R. Dronskowski,
J. Comput. Chem. 2013, 34, 2557

Skoltech



Graphite and Nanotube Density-of-States

LMTO VASP

closely packed 0
graphite: easy job
for LMTO and
other local-orbital

Energy (eV)
&
1 1

N
N
|

methods

one-dimensional
carbon nanotube in

supercell: VASP is a
reasonable choice

DOS

electron-density
isosurface with
02eA3/0.02e A3

oli te and
antum istry

Skoltech



Chemical Bonding in the Carbon Nanotube

¥ 00

c ....... C_Cr ...... C C ....... C_c. ...... C

”SPZ”

Energy (eV)
i

"
N
L1

%
Co
|

05 0 05
—pCOHP

o

ow
£ e =
D =D

J

S. Maintz, V. L. Deringer,
A. L. Tchougreéeff, R. Dronskowski,
J. Comput. Chem. 2016, 37, 1030

Skoltech



... and in the Carbon Buckyball

6 “C-C” o o i
| _ d=145A d=140A
= —
>, < é
% 0 D>
2 > <
g
9 F
O -6
[
LL]
_12 )

S

0 |2|D 4IO BD—IZ —|1 El 1I 2I
pDOS —pCOHP

“double” bond: electronically optimized

“single” bond: nonbonding contribution just below the
HOMO and unoccupied bonding states right above

“double” bond ca. 9% stronger than the “single” bond

Skoltech
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LOBSTER extended basis sets (e.g, for beryllium)

» ﬂ Isosurfaces (in A=) at 65% of
0.0032 the differences between the
O ABINIT-based PAW densities
o and the LOBSTER-projected
densities for the fourth band

qq of p-Be at I

IIIIIIII

Fil ¥

available since
LOBSTER 2.1.0

2F =1 2[f

Fi| 28

= -E | =
T £
c= *
Si| 88| 5§

H
i

Skoltech




GeTe, a Phase-change Prototype

P [GeTeg]

distorted
\ octahedra

F13m R3m (hexagonal setting)

Synthesis: W. Klemm, G. Frischmuth, Z. Anorg. Allg. Chem. 1934, 218, 249

Structure: K. Schubert, H. Fricke, Z. Naturforsch. 1951, 6a, 781; ]J. Goldak, C. S.
Barrett, D. Innes, W. Youdelis, |. Chem. Phys. 1966, 44, 3323; T. Chattopadhyay,
J. X. Boucherle, H. G. von Schnering, J. Phys. C: Solid State Phys. 1987, 20, 1431
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GeTe: crystalline and amorphous states

Crystalline GeTe Ge-Te
0 3\2 eF

I g C %A \\\
§4' c?drzw?act {’
> (‘ 2.86 A
2.86 A 3
Ll

contact

B
_12__? ?

DOS > pCOOP

b

AllGe-Te<3.0A

o
1

—& e

"
= D
=

Energy (eV) —>
& IS
| |

3
N
]

oo | IR\NTH DOS > pCOOP Skoltech
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Why are there homopolar Ge-Ge Bonds?

Chair of
Solid-State and
Quantum Chemistry

Distance (A)—

Distance (A) —

V. L. Deringer, W. Zhang, M. Lumeij, S. Maintz,
M. Wuttig, R. Mazzarello, R. Dronskowski,
Angew. Chem. Int. Ed. 2014, 53, 10817

tetrahedral
coordination
Ge[GesTes] increasing amount of homopolar bonds \
Ge[GegTey] Ge[Ge Tes] Ge[GesTes)
T 0 ‘—"- A I I e N I e : SF
: tetr. b -5
defective octahedral Y oct.| | ocq;.\ tetr. | | OCLTRhfelr.
coordination > 4 \ > 3
Ge[GegTe] - |1 g |
% y
c 8r z ) 1
Ll
T T ‘r 20 T 12t 4 4
—~ 6 Ge_Ge T -~ [ Ge_Te 1 I 1 ]
! Tetrahedral | 215t ] S 01 0
(= 4 fragments S | Tetr(h pCOOP
O Tl 1 © i
) 10 ' ]
o | Defective octahedral 1| @ | ii Defective octahedral |
w= 5L GeX, fragments ot il GeXy fragments
L L 5} il E
o | ! (@] i
= b = |
m 0 | o
2 3 4 5 2 3 4 5

Skoltech



GeO, Surface Structures

Surface Energies (meV A-2)

a (001) b (101)
Cleaved Reconstructed
i (001) 138 31
(100), 114 26
(100)ﬁ 135 74
(101) 110 42

. | RWTH 001
( ) Skoltech



GeO, Surface Energies = f (Chemical Bonding)

. = surface energies scale with the number of
shared edges: Pauling’s 3rd rule, but beyond
: N the bulk
3 B 0oo.] F—] 00y
0 \ integral: 1.02 integral: 0.94
T T T T ] Surface
0.1 pCCO)OP 0.1 4
> e
b Ge-0 > 87
_ = o -
T w 12—
%- 0_ & 1
- _ Slab
3 = =16 ? centre
7] ] -«— Surface |
: _S: :Ebcentre ~20 Surface
] o2 0 02 04202 o0 02 o4
-10_ PCOOP / [GeOy4l pCOOP / [GeQ4]
0 ] ‘IIO i ;0_—0.5 N 0 [ 0.5
DOS pCOOP

V. L. Deringer, R. Dronskowski,

o RWTH Chemical Science 2014, 5, 894 Skoltech



Acta Cryst. (1948). 1, 115
Die Kristallstruktur des einwertigen Kupferazids, CulN;3

Vox HEeINz WILSDORF
Institut fiir allgemeine Metallkunde, Gottingen, Deutschland

Solved and refined using estimated (!)
X-ray intensities of the powder...

_ I4,/a, a = 8.653(1), ¢ = 5.594(1) A
o—g° Cu-N =2 x2.23(1) & 2 x 2.30(1) A
N-N = 1.17(1) A with D, shape
BOS(Cu) = 0.68

Chair of

Skoltech

Quantum Chemistry



A new explosive copper azide (B), graphene-like

0.45 : ,

0.40- B .
0.35- N

0.0:— J . h | -

500/ O 500 1000 1500 2000 2500 3000
Wavenumber (cm™)

Cmem, a = 3.3635(7), b = 10.669(2),
¢=5.5547(11) A , R,(I) = 0.025
Cu-N =2 x 1.999(2) & 1.910(4) A
N-N = 1.140(6) & 1.203(6) A, C..,

BOS(Cu) =1.14

Solid-State and s k I t h
Quantum Chemistry o e c



Calorimetry with a very small sample ©

p Cu-N
1 | I 1 T 1
» N\ - =l a1 4 B
1} l exo ; é 2f 1 |
2 2 4 -
S 3l B-CuN, 1 ]
E 122 kJ/mol L 1 ]
o _4_ N (o] -12 | | L1 1 L1 1 L1 1
2 | O(_Cu,\l3/ 178.0 °C oz ae auzuzes
157 kJ/mol |
6}
172.5°C
50 100 150 200 250 300
T (°C)

X. Liu, J. George, S. Maintz, R. Dronskowski,
oo | RANTH Angew. Chem. Int. Ed. 2015, 54,1954  gpoltech



e-Ti0O, a never-seen-before Polymorph

GDCh Communications = Chemie

Int: tional Edition: DOI: 10.1002/anie.201510479

e Cnefrr::nmEd\tmn, DOI: 10.1002/ange.201510479
€-Ti0, a Novel Stable Polymorph of Titanium Monoxide

Shinsaku Amano, Dimitri Bogdanovski, Hisanori Yamane,* Masami Terauchi, and

Richard Dronskowski*

O-Ti1,Ti2 pseudo-tetragonal pyramid

a-TiO (monoclinic, defect rocksalt type)
considered as ground state since mid 1960s;

gt e-TiO (hexagonal, ca. 4% more dense)
g ¢ grown from Bi melt

Skoltech
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e-TiO: DOS, total energy, and COHP

10
E (eV)

hair of
Solid-State and
Quantum Chemistry

a-TiO

Ti-O

N

¥_Tﬁﬁ

—64

-84

0

1

0

~COHP

1

E (eV)

e-T1O

Ti-O

|

|

0

1

0

~COHP

e-Ti0 shows smaller DOS at Fermi level but no
imaginary frequencies, favored by AH = 8 k] mol™!

vs. a-T10; e-TiO has no antibonding Ti—O levels,
hence stronger Ti—O but weaker Ti—Ti bonds:
e-TiO = more salt-like, more stable oxide

S. Amano, D. Bogdanovski, H. Yamane, M. Terauchi,

R. Dronskowski, Angew. Chem. Int. Ed. 2016, 55, 1652

Skoltech



Correlated Stuff: MnO and MnNCN

IE_F! "i.i_!ﬁ,f! i
PP

W. L. Roth,
Phys. Rev.
1958, 110, 1333

RWTHAACHEN
UNIVERSITY Skoltech



AFM charge densities based on GGA+U

Sp|n1‘ MnNCN Sp|n+

(eA-3)
\!
0.13
pper VB

0.25

037

0.49

0.61

0.73

| oss

obvious differences in “spheridicity” mirror chemistry
Skoltech



Mn-0O versus Mn-N bonding: AFM case

gea MnO  ccay [:] GGa MnNCN ... .,

Energy (eV)
Energy (eV)

-10r AFM2 -1oF

contracted majority spin orbitals bond less strongly than the diffuse
minority spin orbitals; carbodiimide more covalent by ca. 23% (band width);
integrated COHP correctly indicates the true magnetic state

R. Nelson, P. M. Konze, R. Dronskowski,
RWTH J. Phys. Chem. A 2017, 121, 7778
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GeSe,_ Te,: Transport with Gel, at 400 °C

J. A. Muir, R. J. Cashman,
Bull. Am. Phys. Soc. 1966, 8, 34

400°C _ Sl o
....... single crystals U]
5 REAKTIONEN
diffusion
> O
polycrystaline e

Chair of Rer Y EN
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Se,Te, Structure & TEM: Ge-Ge =2.94 A

HAADF STEM Line Profile

oY R

2.615(2)A

SNNZ L 29372)A

Al 2.614(2)A

. B O CHE O AR S SR

. ] 5 & B LU

OE R

Ir O
Solid-State and
Quantum Chemistry
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Ge,Se,Te: layers & forces (DFT+dispersion)

(o
o

7,
1 1 1 1 Ill'l

34kJmol™’

D
o

[\")
o
T

[\
o
T

-
wn
T

>

-
o
T

7 kJmol™1

AE (kJmol™! per GeSeq 75Teg 25)
n

o

Lzl
S

0 1 2 3 4 51
ﬂ"’t?(}f.-:-—f{?na / 5hvdw (A)
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Ge,Se,Te: pCOHP & DOE

Ge,Se;Te[R3m] Ge,Se;Te[P6;mc]

-[DOE (eV) -[DOE (eV)
Ge,Se;Te[RIm] Ge,Se;Te [P6;mc] o -32-16 0 16 32 -32-16 0 16 32
5 1 1 \ 1
_ Epand = Epand =
IpCOHP: ~13.2eV K{M eV
-10.8 eV \

0 0 &k &
3 J g IS
}.\_5' -1 >_5- - E ‘_E -
o2 o o I
) ) 3 B
S | & > ks 3

ol % “dol. I |
-15 . % -15 . L i 1
-4 -2 0 2 -6 -8 0 8 16-16 -8 0 8 16

M. Kiipers, P. M. Konze, S. Maintz, S. Steinberg, A. M. Mio,

O. Cojocaru-Mirédin, M. Zhu, M. Miiller, M. Luysberg, J. Mayer,

- RWNTH M. Wuttig, R. Dronskowski, Angew. Chem. Int. Ed. 2017, 56, 10204
Skoltech
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T-graphene

M. Esser, A. A. Esser, D. M. Proserpio,
R. Dronskowski, Carbon 2017, 121, 154

E(eV) .

= -15.5eV

E—

T T
0 10 20 30

:1-373 Ae 2074 A

10
P o] T
0°
-2 -1 0 1 2 =2 -1 0 1 2 -1 ] 1
—pCO
Skoltech



p >100 GPa: Na,!He =

0.1 ! I ! | ! I LH I I I 1 I L

ICOHP (eV)
I

|
o
w

I 1]

100 GPa
300 GPa

30 25 20 15 10
Cell volume (A3 cell-1)

X. Dong, A. R. Oganov, A. F. Goncharov, E. Stavrou,
S. Lobanov, G. Saleh, G.-R. Qian, Q. Zhu, C. Gatti, V. L. Deringer,
R. Dronskowski, X.-F. Zhou, V. Prakapenka, Z. Konopkova,
ool RWTH I. Popov, A. I. Boldyrev, H.-T. Wang, Nature Chem. 2017, 9, 440 Skoltech
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Summary

Population analysis: crystal-orbital overlap populations (COOP) &
crystal-orbital Hamilton populations (COHP) well established

a) Crystal structure of Te is bonding-driven, a 3D Peierls distortion
— b) Itinerant magnets in “nonmagnetic” view: antibonding
states yield ferromagnets; nonbonding states yield
antiferromagnets — c) Bonding of phase-change materials
determines their stoichiometry

Chemical-bonding information can eventually be projected from
plane-wave calculations using an exact analytic algorithm,
programmed into LOBSTER

Crystal defects, surfaces, molecular crystals, nanomaterials etc. can

all be quantum-chemically studied, including C & Nanotube & Ti &
amorphous GeTe & GeO, surfaces & H bonding & CulN; & TiO &
MnNCN/MnO & Ge,Se,Te & carbons & Na,He and so forth

Skoltech
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(Inorganic) Solid State Chemistry

Edited by Richard Dronskowski, Shinichi Kikkawa,
and Andreas Stein

[.  Materials and Structure Handbook of
of Solids Solid State Chemistry

II. Synthesis

II1. Characterization

IV. Nano and Hybrid Materials

V. Theoretical Description

VI. Functional Materials

Chair of Rer a\v EN
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Happy Theorists & Experimentalists
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Emperor Karl and the Aachen Cathedral

Karl der Grofse
747-814 AD
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