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From the molecule to the solid state
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From the molecule to the solid state
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Molecules

Hybridization

hybrydyzacja
sp?

Carbon Q

) hybrydyzacja
sp?

l hybrydyzacjo
sp

http://oen.dydaktyka.agh.edu.pl/dydaktyka/chemia
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http://sparkcharts.sparknotes.com/chemistry/organicchemistryl/section2.php
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Types of chemical bonds

Hybridization

i \
hybrydyzacja ~& \
sp? S\
/
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phoiyad >*
sp
http://oen.dydaktyka.agh.edu.pl/dydaktyka/chemia

2016-01-25

Semiconductors

The binding energy per atom:

C (diamond) 7.30 eV
Si 4.64 eV
Ge 3.87 eV




Types of chemical bonds |

Covalent Semiconductors
1l \Y, V VI
hybrydyzacja
p* B N O
Al P
hybrydyzacja 1
" Ga AsS
| Cd |In Sb |Te
hybrydyzacjo
sp

Group IV: diamond, Si, Ge
Group llI-V: GaAs, AlAs, InSb, InAs...
Group lI-VI: ZnSe, CdTe, ZnO, SdS...
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Types of chemical bonds

Semiconductors
, - | Il W, Vv VI
Carriers: Impurities (domieszki):
holes g + . Acceptrs (p-type) N O
electrons @ - . Donors (n-type)
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. QO-QO0O0 Group IV: diamond, Si, Ge

Group llI-V: GaAs, AlAs, InSb, InAs...
Group lI-VI: ZnSe, CdTe, ZnO, SdS...
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Types of chemical bonds

Covalent bonding

hybrydyzacja
sp?

hybrydyzacja
sp?

hybfydyzacjn

http://oen.dydaktyka.agh.edu.pl/dydaktyka/chemia
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Allotropes of carbon
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Types of chemical bonds |

Covalent bonding (+ polar covalent)

Valence electrons are shared between atoms (non-polar Ay <0,4; polar 0,4 <Ay <1,7)

http://oen.dydaktyka.agh.edu.pl/dydaktyka/chemia Ibach. Luth
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Types of chemical bonds

Covalent bonding (+ polar covalent)

Valence electrons are shared between atoms (non-polar Ay <0,4; polar 0,4 <Ay <1,7)
GaN (0001)

S— — —

( lc! ;' - l‘l ,‘.~‘ ( l(l f

@(:l -lu @

'}.‘ (.lo d-d@ '(ul
®(ll‘ @(l / @

[1000]

http://oen.dydaktyka.agh.edu.pl/dydaktyka/chemia
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Types of chemical bonds

lonic bonding

Electronegativity (symb. %) - the tendency of an atom to attract electrons. In the extreme case
when the electronegativity of both elements is very different (eg. Li and F), it comes to a full
transfer of an electron toward more electronegative atom, which leads to the formation of ionic

bond (Ay >1,7).

2016-01-25

Tablica 2.4. Values of electronegativity (according Pauling) for
several major elements (for H set 2,1)
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Types of chemical bonds

lonic bonding

Electronegativity (symb. %) - the tendency of an atom to attract electrons. In the extreme case
when the electronegativity of both elements is very different (eg. Li and F), it comes to a full
transfer of an electron toward more electronegative atom, which leads to the formation of ionic

bond (Ay >1,7). —_
GaN (000T)

= —_r-" P
J ( Y4 i
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Convention: Lo
Covalent bond Ay <04

Polar Covalent 04<Ay <1,7

lonic Bonds Ay >1,7
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Types of chemical bonds

lonic bonding

Electronegativity (symb. %) - the tendency of an atom to attract electrons. In the extreme case
when the electronegativity of both elements is very different (eg. Li and F), it comes to a full
transfer of an electron toward more electronegative atom, which leads to the formation of ionic
bond (Ay >1,7).

Na . The binding energy per pair of ions : [ |

ol NaCl 7.95 eV
"8 aB™ Nal 7.10 eV
A KBr 6.92 eV

Distribution of charge
density in the NaCl
plane based on X-ray
results.

tel

2016-01-25



Types of chemical bonds

lonic bonding

Electronegativity (symb. %) - the tendency of an atom to attract electrons. In the extreme case
when the electronegativity of both elements is very different (eg. Li and F), it comes to a full
transfer of an electron toward more electronegative atom, which leads to the formation of ionic
bond (Ay >1,7).

e? Potential energy between two

4megty; singly charged ions i, j

V(7)) = £

Tij = A Dij
depends on crystal
separation of structure
nearest neighbours

e? +1 e? +1 e?
— dmeya pij 41rel( o Dij dreyal
The Madelung constant A depends on the structure e.g. Ay,c; = 1.748
Ibach. Luth
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Types of chemical bonds

Covalent bonding (+ polar covalent)

Valence electrons are shared between atoms (non-polar Ay <0,4; polar 0,4 <Ay <1,7)
lonic bonding

electrons are tranfered between atoms (Ay > 1,7). An essential contribution to bonds energy

of ionic crystals comes from the electrostatic interaction (Madelung energy):
2

Uer) = N[ —=2 Zi1+

4TEenr y
0 iz pl]

r — the distance between atoms
rp;; - the distance between pair of ions i, j
B,n —repulsive potential parameters (n = 6 — 12)

A=), L _the Madelung constant (for NaCl structure A = 1,748, for CsCl A = 1,763)
Y py;
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Types of chemical bonds

Metalic bonding

The chemical bond in metals, formed by the electrodynamic interaction between the positively
charged atom cores, which are located in nodes of the lattice, and negatively charged plasma
electrons (delocalized electrons, electron gas). Similar to a covalent bond, but electrons forming
a bond are common to a large number of atoms.

Electron gas

2016-01-25



Types of chemical bonds

Metalic bonding

The chemical bond in metals, formed by the electrodynamic interaction between the positively
charged atom cores, which are located in nodes of the lattice, and negatively charged plasma
electrons (delocalized electrons, electron gas). Similar to a covalent bond, but electrons forming
a bond are common to a large number of atoms.

* In the alkali metals only delocalized electrons of the last shell ns contribute to bonding. In
these metals the length of the bonds can be easily changed (high compressibility)

* The metals of further columns of the Periodic Table also deeper shells give an important
contribution to bonding (in particular, transition metals and rare earths d and f shells). In

these metals the length of the bonds is much harder to change (small compressibility)

* The bonds in metals are usually not very strong, but there are also metals with quite strong
bonding - eg. Tungsten (wolfram)

25/01/2016 21




Types of chemical bonds

Metalic bonding

The chemical bond in metals, formed by the electrodynamic interaction between the positively
charged atom cores, which are located in nodes of the lattice, and negatively charged plasma
electrons (delocalized electrons, electron gas). Similar to a covalent bond, but electrons forming
a bond are common to a large number of atoms.

1A Key: 7A  8A

(.l ] Metals : _ (17) | (18)
2A 3A  4A  5A  6A

:‘;:‘;:::f .(13)!(14) (15)| 1e)] H [ e

. F | Ne

cl | Ar

Br | Kr
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Types of chemical bonds

Hydrogen bonding c--
. -l _ A
Hydrogen is shared between \l &
atoms \/
A S
|
Celulose l 8 .
\ r ’1 ~H /H T"'A
- -C Q== H—N N\ y
N TR e
G-IF-C H_C< \,N —H'---N/ \C/N\ G--.C
sugar
£ C by —C: \c = N/ A---T
sugar O "
l> thymine adenine Az==T
. - " o
T4 - —-A o —
G- 4[-C ci\c___c/N " o‘c—c/N\/c’" C---G
C-G.J W \N____H_N/ N
| WA \ / sugar
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\ sugar & ----H—N/
CytOSine nganine
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Wigzania

Hydrogen bonding

Hydrogen is shared between

atoms /H
CH3a O ~——-—H—N N
.
/ e N
: / N
N=H===N '
HF, X
2 N N
/ O
tymina adenina
H
N—H ———O N\
Rys. 3.14. a) Jon dwufluorku wodoru HF; istnieje N-—— H—N \ [\
dzigki wigzaniu wodorowemu. Rysunek przedstawia
graniczny model wigzania, graniczny w tym sensie, N SN
ze przedstawiony proton nie ma elektronow. b) Wig- A e, - H—N
zania wodorowe pomigdzy czasteczkami organicznymi x H
skiadowymi DNA. (Wg F. H. C. Cricka i J. D. Wat- Svibayna | e e
sona.) b)
C. Kittel
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Types of chemical bonds

Hydrogen bonding

Hydrogen is shared between
atoms
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Types of chemical bondg./ 4

Van der Waals bonds

Ne, Ar, Kr, Xe — interaction of induced dipole moments.

http://www.smart-elements.com
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Types of chemical bonds

Dipole bonding (also intermolecular interaction)

attractive forces between the positive end of one polar molecule and the negative end of
another polar molecule - intermolecular interaction (e.g. ICl).

ﬁ%ﬁ

>«

Attraction —»><€¢—
Repulsion €¢——»

https://saylordotorg.github.io/text_general-chemistry-principles-patterns-and-applications-v1.0/s15-02-intermolecular-forces.html
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Types of chemical bonds

Van der Waals bonds (also intermolecular interaction)

* interaction between permanent dipoles (Keesom interaction)
* interaction between permanent and induced dipoles (Debye interaction)
* London interaction — London dispersion forces (interaction between induced dipoles)

* Lennard-Jones potential o 12 o6
U(r) = 4¢ [(;) — (;) ]

12 6
o o
The potential energy of N atoms U,,.(r) = 2N¢ E ( ) - Z ( )
fot pijT pijT

[#j =]

Van der Waals bonds

Ne, Ar, Kr, Xe — interaction of induced dipole moments.

Responsible for the possibility of condensation and solidification of noble gases (London
ineraction)

2016-01-25
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Types of chemical bonds

Covalent bond Metallic bond

* Directional bond * non-directional bond * non-directional bond,
(hybrydization) e Isolators (charge in ions) delocalised electrons

* Isolators or * Many of the ionic e The more electrons, the
semiconductors (charge compounds dissolved in a stronger the bond
between atoms) polar solvent (water) and * Conductors (free charge)

* Many of the covalent not soluble in non-polar * Metals crystallize
compounds dissolved in preferentially in closed
non-polar solvents, and are packed structures (fcc, hcp,
insoluble in water bcc)

* Plastic (metal ions can
easily move under the
influence of an external
force)

2016-01-25 29




Types of chemical bonds

Covalent bond Metallic bond

* Directional bond * non-directional bond * non-directional bond,
(hybrydization) *_Isolators (charge in ions) delocalised electrons
* |50|a.t0 Bonding Energy Melting s, the
semico Lt/ mol el / Mom, Temperature
betwee| Honding Type Substance keal/mol) lon. Maolecule ) ha rge)
. NaCl 640 (153) 33 801
* Many o
Y O lonic MgO 1000 (239) 52 2800
compol _ ) bsed
ovale S 450 (108) 47 1410
non-poy ovalent C (diamond) 713 (170) 7.4 -39 fifec, hep,
insolub He 68 (16) 07 -39
” Al 324 (17) 34 6600 |can
Metallic Fe 406 (97) 42 1535 |the
W 849 (203) 88 3410
A\ 7.7 (1.8) 0.08 189 ernal
- '. . » I r '." R by - 22 .
van der Waals Cl- 31 (7.4) 0.32 ~101
Hvdros NH, 35 (K.4) 0.36 78
e s H.O 51(12.2) 0.52 0

2016-01-25 30




Crystal structure

Crystals

T = nlfl + nzzz + n3€3

N\t 7

primitive translation vectors

V@) =V(#+T)

Lattice is a regular and periodic arrangement of points in
space (/attice sites or lattice points).

It is @ mathematical abstraction; the crystal structure there
is only when the base is uniquely assigned to each network
node

Ciato amorficzne

2016-01-25 31




Crystal structure

Crystals

—

T = nlfl + nzzz + n3€3

N\t 7

primitive translation vectors

2016-01-25 32




Crystal structure

Crystals

T = nlfl + nzzz + n3€3

N\t 7

primitive translation vectors

Primitive translation vectors are not SN A S S S S
selected unambiguously! T Y I
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Crystal structure

Crystals

T = nlfl + nzzz + n3€3

N\t 7

primitive translation vectors

Primitive translation vectors are not ’
selected unambiguously!

2016-01-25 34




Crystal structure

Crystals

T — nlz_:)l + nzzz + Tl3l_f>3

N\t 7

primitive translation vectors A.l'l'l'l!lﬁf |
"!.ﬂlﬂlﬂl!!ﬂﬂ.f'
i i)
gy i v
e
gy i

m'ml.ﬂjl'ilii'l'ii?ﬂlﬂ.}. |

-' - o T i ol VT, VT,
i
e
jr.jfﬁ?ﬁiffifﬁiifﬁ:{{gwlﬂ'l'
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Crystal structure

Crystals

T = nlfl + nzzz + n3€3

N7 O

O
primitive translation vectors
&
O O
Wigner-Seitz | o
primitive cell
O O
C. Kittel
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Crystal structure

Crystals

T = nlfl + nzzz + n3€3

N\t 7

primitive translation vectors

The basis (baza) may be a single atom, ion, a set of atoms, eg.
proteins 10°, positioned around each and every lattice point.

2016-01-25 37




Crystal structure

Crystals

—

T = nlz_:)l + nzzz + n31_:>3

N\t 7

primitive translation vectors
® 00 0000 o
0 00 00 0 e
® 00 00 00 o
0 00 000 o
® 00 0000 o

The basis (baza) may be a single atom, ion, a set of atoms, eg.
proteins 10°, positioned around each and every lattice point.

Basis ﬁnj — ﬁOj +T

2016-01-25 38




Crystal structure

Crystals

B B'A" =CD =nt; = t;(1 — 2cos )

1
cosp =7 (1—n)

¢
C A

n cos @ @ Obr6t
-1 1 Oo e

0 1/2 60° C
+1 0 9(Q° 4
+2 -1/2 120° o
+3 -1 180° ok
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Crystal structure

Crystals

T = nlzl + nzl_;z + n31_:>3

N\t 7

primitive translation vectors

High symmetry cell Primitive cell
a) f/o P O
O
@
t; ®

Dwa sposoby wybora komérki elementarnej w sieci kubicznej centrowanej na Sctanach: a) ko-
mérka o wysokiej symetrii, b} komoérka prosta

2016-01-25 40




Crystal structure

Bravais lattice

In three-dimensional space,
there are 14 Bravais lattices.

They form 7 lattice systems

Body-centered
cubic

Regularna
Simple Face-centered
cubic cubic
Tetragonalna
L
Simple Body-centered
tetragonal tetragonal

1] @@ i

Heksagonalna

Face-centered

AUgUSte Bravais Simple Body-centered Base-centered
1811-1863 _orthorhombic orthorhombic orthorhombic orthorhombic
[ Jednoskoéna | azbzc
Romboedryczna —— ot By
a=y=90°
£ #90°
Simple Base-centered Triclinic
| Rhombohedral | | _Monoclinic monoclinic Trojskosna




Crystal structure

Bravais lattice Regularna
In three-dimensional space, A0V a=b=c
there are 14 Bravais lattices. F a=pf=y=320
Simple Face-centered Body-centered
) h bi bi
They form 7 lattice systems cubic cubic cubic
Tetragonalna a=bzc
= - a=[=90°
a=b=c 7 —120°
a=p= 90°
p=r= Simple Body-centered
tetragonal tetragonal Heksagonalna
Rombowa
azb=#c
Simple Body-centered Base-centered Face-centered
| orthorhombic orthorhombic orthorhombic orthorhombic
e | Jednosko$na | azbzc
ompoedryczna
y azb=c a#f#y
a=b=c 00°
a=f=y<120°# 90] a=y=
£ #90°
Simple Base-centered Triclinic
| Rhombohedral | Monoclinic monoclinic Trojskosna




Crystal structure

Bravais lattice

2016-01-25 43



Crystal structure

Bravais lattice

Example: close packed structure

O 1 layer A

2016-01-25




Crystal structure

Bravais lattice

Example: close packed structure

O 1 layer A
‘ 2 layer B

2016-01-25



Crystal structure

Bravais lattice

Example: close packed structure

O 1 layer A

-

2 layer B

3 layer A




Crystal structure

Bravais lattice

Example: close packed structure

O 1 layer A

2 layer B

3 layer C

A

B

C
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Crystal structure

Bravais lattice

Example: close packed structure

hexagonal close-packed (HCP)

Hexagonal lattice with basis

fcc lattice

2222222222



Crystal structure

Bravais lattice

Example: close packed structure

hexagonal close-packed (HCP)

Hexagonal lattice with basis

fcc lattice

2222222222



Crystal structure

Bravais lattice

Example: close packed structure

hexagonal close-packed (HCP)

Hexagonal lattice with basis

2016-01-25



Crystal structure

Bravais lattice

Example: close packed structure

/e /
fcc lattice P‘!g
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Crystal structure

Bravais lattice

Example: close packed structure

fcc lattice

2016-01-25



Crystal structure

Bravais lattice

Example: close packed structure

fcc lattice P“i,'g / - /




Crystal structure

Lattice points

T = nlzl + n, Ez + ns 1_;3 fcc lattice
r\ 1\ 71 001 011
primitive translation vectors 1% % 1
-
101 111

Translation vectors of lattice
0% Y%

v v % 0% /‘ 151 %
[n4 C_i1» n, C_iz» ns &3] . .
b4 1 g%

Coordinates of a cell

000 0

1 %0
100 202

110

2016-01-25




Crystal structure

Lattice points

T = nlzl + n, Ez + ns 1_;3 fcc lattice
r\ 1\ 71 001 011
primitive translation vectors 1% % 1
-
101 111

Translation vectors of lattice
0% Y%

v v % 0% /‘ 151 %
[n4 C_i1» n, C_iz» ns &3] . .
b4 1 g%

Coordinates of a cell

ny, Ny, N3 000 0

1 %0
100 202

110




Crystal structure

Lattice directions

fcc lattice

The set of any of integers relatively prime
(coprime, wzglednie pierwsze) which are to
each other as the projections of a vector
parallel to the direction of crystal axes..

[lu v wj

?

Negative values denoted by
the bar over the number

[001] [00 1]
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Crystal structure

Planes in the crystal

A family of lattice planes are written (hkl), and
denote the family of planes that intercepts the

three points: I
a; dz as
h’' k'l

If one of the indices is zero, it means that the
planes do not intersect that axis (1/0 = infinity)

Also: the family of planes orthogonal to:
hgi + kg, + 1gs
Where g4, g5, g3 are reciprocal lattice vectors

B
E.g.: A=2, B=3, C=6, plane (3,2,1) { ] >
(hkl) plane
{hkl} set of planes

[hkl] diections
(hkl) set of directions

2016-01-25




Crystal structure

Planes in the crystal

A family of lattice planes are written (hkl), and
denote the family of planes that intercepts the

three points: I
a; dz as c

h' k'’ 1
If one of the indices is zero, it means that the
planes do not intersect that axis (1/0 = infinity)

[321]
Also: the family of planes orthogonal to:

hgi + kg, + 1gs
Where g4, g5, g3 are reciprocal lattice vectors

E.g.: A=2, B=3, C=6, plane (3,2,1) >

(hkl) plane

{hkl} set of planes

[hkl] diections A
(hkl) set of directions
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Planes in the crystal

A family of lattice planes are wr
denote the family of planes tha

three points: I
a; dz as

h' k'’ 1
If one of the indices is zero, it nr
planes do not intersect that axi:

Also: the family of planes ortho;
hgi + kg, + 1g-
Where g4, g, g3 are reciprocal

E.g.: A=2, B=3, C=6, plane (3,2

(hkl) plane

{hkl} set of planes
[hkl] diections

(hkl) set of directions

(010)

Rys. 1.27. Kilka rodzin ptaszezyzn (hk0) i ich odlegtodci miedzyplaszezyznowe d,,, W rzucie na ptaszczyzng
(001) prostokatnej sieci przestrzenne;



Crystal structure

Planes in the crystal

A family of lattice planes are written (hkl), and
denote the family of planes that intercepts the

three points: I
a; dz as
h’' k'l

If one of the indices is zero, it means that the
planes do not intersect that axis (1/0 = infinity)

(100) (110)

(111)
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Crystal structure

Planes in the crystal

(110) (120) (212)
/
(100) (110) (111)
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Crystal structure

Planes in the crystal
[001] (1111 [o11]

7 /7.
[100]

o x (110]
plane (111)

plane (221)

http://pl.wikipedia.org/wiki/Wskazniki_Millera
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Crystalography

Planes in the crystal

10
The crystalline structure is studied by
means of the diffraction of photons, 5
neutrons, electrons or other light
particles
2
E 1 5 Elektrony
R Z
& 0.5¢
=t 300K
i Atomy Hehu
0.1 L1l T B
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