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A chemist's view of bonding
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a very informal intro to Bloch theorem
( from molecules to solids and back )
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Basics ... S0
O
time-independent Schrddinger equation
Born-Oppenheimer approximation
1 _ ] formally exact, but in
one-electron approxXimation | practice approximative
Hartee-Fock DFT (Kohn-Sham)
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Molecular orbitals

< molecular orbital = linear combination of atomic orbitals

(MO) (LCAO) /
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Molecular orbitals
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Molecular orbitals

% molecular orbital = linear combination of atomic orbitals
(MO) (LCAO)
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A chemist's view of bonding 570
O
~ molecular orbital (MO) diagram
H,
‘G* - antibonding MO
AE& ¢ 1 — S AB
1S 5 - * ------- —t=135
o - bonding MO
net attraction H, = interaction betweens, & s_
(two-orbital two-electron interaction) S,, = overlap between s, & s,

HAp < SAB



A chemist's view of bonding O O

~ molecular orbital (MO) diagram
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A chemist's view of bonding O O

~ molecular orbital (MO) diagram

H, He,

. o™ - antibonding MO . o™
H, ‘ Hg He, ‘ Heg

g - .:'.:: AEa Y
Isa '|—' """ * """" | —l' Isg Isa 'H" * -H' Isg
s AE, . AE, < AE,

H o - bonding MO H O

net attraction net repulsion
(two-orbital two-electron interaction) (two-orbital four-electron interaction)




A chemist's view of bonding O O

~ molecular orbital (MO) diagram

H, He,

6™ - antibonding MO H c* \

H o - bonding MO

net attraction net repulsion
(two-orbital two-electron interaction) (two-orbital four-electron interaction)



A chemist's view of bonding O O

~ molecular orbital (MO) diagram

H, He,
: ‘G* - antibonding MO | |

- o - bonding MO
net attraction net repulsion

(two-orbital tv keep antibonding States empty




A chemist's view of bonding

~ from H, to solid

Energy

H;

LUMO ==

HOMO s

big molecule

empty
orbitals

HOMQO

0]

occupied
orbitals

HOMO - highest occupied MO
LUMO - lowest unoccupied MO

bigger molecule
empty
orbitals

occupied
orbitals
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solid

empty
band(s)

Fermi energy

occupied
band(s)

metal

(conductor)



A chemist's view of bonding 890

~ from H, to solid

Energy

H;

LUMO ==

HOMO s

big mole

.

0]

LUMO —/

HOMQO
=\

solid

empty
band(s)

Fermi energy

occupied
band(s)

metal

(conductor) semiconductor

insolator




A chemist's view of bonding 890

~ from H, to solid

H> big mole <olid
> A |:|‘\
9 —
Scj LUMO == — empty
LUMO —/ band(s)
HOMO —\ Fermi energy
HOMO s od

metal
(conductor)

semiconductor

insolator




Density of states (DOS)
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counting number of

Energy

states per unit energy
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Density of states (DOS) 5

Energy

Density of States (DOS)
counting number of _—

states per unit energy I \

Density of States (DOS)

Energ;




Electronic structure of metals 8QQ
O
“ two types of bands:
V¥ delocalized (broad) sp-bands Fermi energy (E.)
< |ocalized (narrow) d-bands
NIty e AT e

E - Eg (eV) E - Eg (eV)

~ Transition metals (TM):
w s-pband is half filled for all TMS (similar bonding for all)
“ variation in bonding comes from d-band
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From H, to solids ... only 1D for simplicity 8 O

O 00

< |ets’ consider a simple 1D system: an infinite chain of H atoms

a

D G S

“ due to translational symmetry:
p(x) = p(x + R), where R = na

V(x) = V(x + R)

~ what about wave-function? Let’s try:

Y(x) ?=?Y(x + R)
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From H_ to solids ... only 1D for simplicity

“ what about wave-function? Let’s try:
Y(x) ?=?Y(x + R)

| can only put 2 electrons in this state ...
| need to form linear combinations!
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From H2 to H

“H,
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From H, to H_ ... OQO
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From H, to H_ ...
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From H, to H_ ...

~H_  (suppose N is very large)

Y(0) = yY(L)
Y(x) = y(x + L)

Born—von Karman
boundary conditions
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cos(2m/L-Nx/2) = O
cos(m/a-x)
cos(2mn/L-4x)

cos(2m/L-3x)

cos(2m/L-2x)

cos(2m/L-x)
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L=Na cos(1/a-x)

more general:

exp(ikx), where k = 2nk/(Na) and k € (—N/2, N/2]
(if k is outside this range it folds back due to periodicity)

W COS(ZT[/L'4X)
L=Na

N A T cos(2m/L3x)

T| T~ . .. /\/4 cos(2m/L-2x)
L=Na
L=Na
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Ba@) cos(2m/L-Nx/2) =
@ cos(1/a-x) O QQ
more general:
exp(ikx), where k = 2nx/(Na) and k € (—N/2, N/2]
cos(2mn/L-4x)
<
=
(@ cos(2U/L-3x) N
2
9)¢ED 3 ED- E@® €@ cos(2/L-2x) /(/
)

0093 cos(2r/L-1x)

N

©00000ee00ee008E cosUL0N=1
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Bloch theorem  (still 1D chain of H atoms) S
O
Y, (x) = exp(ikx) u, (x) notice:
j ,(x+R) = exp(ikR) 1,(x)
where R is any lattice translation

cell function
has periodicity of lattice u, (x+R) = u, (x)

ENLENCENCENCENCENCENCENCENCENCENCEN N N
A A 4 A A 4 A 4 4 4 4 4 4 4

sum ,all“ 1s orbitals plane-waves
u(z) =N E s(x + R) u(x) = E c.. exp(iGr)
R e
sum over lattice vectors sum over ,reciprocal” lattice vectors

(R =na, n € (—0,0)) (G = n/a, n e (—o0,0))



K-points

21ik/(Na) and k € (—~N/2, N/2]

where k

Y, (x) = exp(ikx) u, (x)

band structure

DOS

0

nla

note that (k) = e(—k)

=0
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Supercell 570
O
v Let's double the unitcell: a_=2a
2a
‘ | /2a
<but: k«l1/q, hence k €[0,n/a_ ] while k € [0, /a]
Remember!
% when supercell increases:
(5 # of k-points decreases
# of bands increases
0 m'lZa mla 0O DOS
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Supercell & symmetry lowering
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< uniform chain of H-atoms Is not stable !
unstable

<+°2j°+-+-+-+-+-+-+-+
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Jahn-Teller or Peierls distortion




Supercell & symmetry lowering oo

~ uniform chain of H, pairs

ﬁ\m ﬁ\m A @mmm | HUMO

combinations of o*-antibonding orbitals Unoccupied
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combinations of o-bonding orbitals Occupied
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Supercell & symmetry lowering

~ uniform chain of H,, pairs

se/sececece/s0 @008 ..o

combinations of o*-antibonding orbitals Unoccupied
SC 3C O SC 3 O SR

eeeeeee® o

combinations of o-bonding orbitals Occupied

L . SN LS. L. ML L. LS.
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Supercell & symmetry lowering
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~ uniform chain of H, pairs: band-gap opening

S T R ST

band structure
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What determines the band-width ?

Energy

band-width




“overlap !

Band width

What determines the band-width ? 8QQ
O
w Effect of strain on band-width
compressive ! tensile = — !
strain i strain i
| |
equilibrium isolated
lattice parameter Interatomic distance atoms



What determines the band-width ? @@O

“overlap !

w1 Effect of coordination on band-width

A

Band width

Ol | | | | | | |7 1|2
isolated atom Coordination fcc (110) fcc (111) fcc-bulk
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From molecules to solids:
Interaction of a molecule with a surface

concept of
charge donation and back-donation



Electronic structure of transition metals (TM) DO

v Hammer-Ngrskov chemisorption model - d-band center (¢,)

400
/ e DOSq(e)de

ca = Lz
/ DOSq4(e)de

80 60 -40 20 00 20 40 60
E - E (eV) |

d-band center

d-band

| s-band |

Fermi energy Energy




Molecule — TM-surface Iinteraction

(O
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O O

O

TM = transition metal

net attraction
(empty anti-bonding orbital(s))

2 A ™ ™
g molecule surface molecule surface
o
Fermi energy
HOMO ==, £4 d-band center
_H_ HOMO -H- Ed AJ
d-band

net repulsion

(occupied anti-bonding orbital(s))



Molecule — TM-surface Iinteraction

Energy

A ™

molecule surface

Fermi
energy

HOMO =H=, £

(O
OO
O O

O

TM = transition metal
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Molecule — TM-surface interaction 8QQ

O

TM = transition metal

A molecular DOS ™
molecule surface

Energy

Fermi
energy

HOMO =H={ £5
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Molecule — TM-surface interaction 8©@

O

_— TM = transition metal
%nte;gmtes to \

- two electronK

A HOMO projected TM
> DOS
o molecule surface
o
LU
molecular

charge donation

Fermi
energy

HOMO+I-'1'I1 €4
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Molecule — TM-surface interaction 8©Q

pEm— TM = transition metal
- integratesto

A two electrons

<

R -
-
-
-

A ;ﬁ\OMO projected TM
molecule

DOS
surface

Energy

molecular
charge donation

Fermi
energy

&d

projwfc.x
molecularpdos.x hands-on excercise on Tue: CO@Rh(100)



Molecule — TM-surface Iinteraction

A HOMO projected TM
> DOS
o molecule surface
o
L
molecular

HOMO =H=,

charge donation

Fermi

energy

&d

Energy

(O
OO
O O

O

TM = transition metal

LUMO projected TM

molecule

LUMO ==,

DOS
surface

s

metal charge
back-donation

Fermi
energy

&d
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Tuning the molecule — TM-surface interaction 890

O

TM = transition metal

molecule ™
HOMO projected surface
DOS
molecular

charge donation

Fermi
energy

&g

H0M04+{
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Tuning the molecule — TM-surface interaction

tuning the molecule

A HOMO projected TM
DOS
molecule surface

molecular
rge donation

Fermi
energy

HOMO =H=E — === &

enhanced bonding

molecule ™
HOMO projected surface
DOS

molecular
charge donation

Fermi
energy

&g

(O
OO
O O

O

TM = transition metal
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Tuning the molecule — TM-surface interaction =

(O
OO
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TM = transition metal

tuning the molecule tuning the surface

HOMO projected TM molecule ™ HOMO projected TM
DOS . DOS
surface HOMO projected surface molecule surface

molecule
DOS

molecular

molecular
charge donation

molecular
charge donation

rge donation
Fermi
Fermi Fermi energy
energy energy —I—-—-—-—-—-—-—-—-Tf'— ———————— &q
gg-—m—mm -

HOMO =H=E — === &

enhanced bonding enhanced bonding



Position of d-band oo
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TM: bonding decreases from left to right 70

v

Vi

Al

Binding energy (eV/atom)

Chemisorption of N, O, Cl @ 3d TMs!

-2 T T T T T weak
N ® i i i i :
sLom@m — | bonding
G+ A 6.~
7 I S Y CE s B
1 A .- | A
T T
A o o /-j,ﬁf' ”””””” T
6 [ T //]3 ””””””””””””” |
I — 3 ﬁ,;xi ,,,,,,,, S S S |
gL e SN S _
ol strong 6a || 7a | 8a
_g L1 ! i i i bonding
Densely packed surfaces 0 F | Ne
5 Cl Ar

S5e Br kr

1
(T |V |[er |[mn | Fe|[co ni cul zn|[Ga][Ge] A
20 |[Nb | Mo | T || Ru | Rh | Pd | Ag | cd | [linT| Sn| (8B Te | 1 | xe

At Rn

'Kokalj, Chem. Phys. 393 (2012) 1-12
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Take home message
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“ recipe for bonding: keep antibonding states empty

“ (x) = exp(ikx) u,(x)  where k = 2r/(Na) and k € (~N/2, N/2]

or k € 2n(—1/(2a), 1/(2a)] = 2n(—a*/2, a*/2] (for 1D)
W el
Brillouin zone

a* = reciprocal lattice vector

“ when supercell increases:
# of k-points decreases
# of bands increases
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Thank you very much for your attention

o 00

O O



