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3.1 General discription of crystal binding

3.1 General discription of crystal binding

I. Chemical Bonds

PHYSICS: The attractive electrostatic interaction between the
negative charges of the electrons and the positive charges of the

nuclei is entirely responsible for the cohesion of solids.

Classification of Solids:
v'According to the lattice symmetry (7 crstal systems, etc).

v'According to the chemical bonds (ionic, covalent, etc).
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I1. Classification of Solid

According the spatial distribution of electrons, the chemical

bonds can be devided into five classes:

ionic bond, covalent bond, van der Waals bonding or molecular

bond, hydrogen bond, metallic bond

1st-4th bonding types are usually found in insulators, the last

type usually leads to conductor (metal).
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(2) The principal types of crystalline binding

Neutral atoms with

Attractive
closed electron electrostatic
shells are bound forces between the
together weakly by positive and
the van der Waals negative ions
forces s R
(Zﬁ%’i@vﬁ? . ‘z?csgic;m

Neutral atoms,

’ ’ bound together
ZA\ by the overlapping
N parts of their
electron

mgﬂl} distributions

(d)

The valence electrons
are taken away from
each alkali atom to
form a communal
electron sea.
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3.1 General discription of crystal binding

I11. cohesive energy

The energy that must be added to the crystal to separate its
components into neutral free atoms at rest, at infinite separation,
with the same electronic configuration.

Table 1 Cohesive energies

Energy required to form separated meutral atoms in their ground B
| electronic state from the solid at 0 K at 1 atm. The data were supplied by 551 | K
| Prof. Leo Brewer. :

cohesive energy
is very small for
crystal of inert

gascs
e

kJfmol
keal/mol

Mn

. | 282,

29z
67.4

Rb Sr Y Zr Nb [Mo |Tec
661.
B2 1685 |
158.

U Np Pu Am Cf Es Fm Md No |Lr

536. | 456 | 347. | 264 |
piess A l 360 1273
128. | 109. | 83.0 | 63.




) FIRETRRARY 3.2 Crystal of Inert Gases

BEIHANG UNIVERSITY

3.2 Crystal of Inert Gases
(1) Basic Properties, Molecular Solid

Outermost electron shells of the atoms are completely filled, and 1s
spherically symmetric.

Table 4 Properties of inert gas crystals

(Extrapolated to 0 K and zero pressure)

Parameters in

R Experimental o Lennard-Jones
:’.’ ;i‘;q R cohesive ()]']tlfdtl'(-]i] potential, Eq. 10
nif.la__, 1bor —— | po ‘C‘.‘]T ia
distance, > Melting of free E, o,
5 members in A k]/mol eV/atom point, K atom, eV in 10" Yerg in A
[
Helium He (liquid at zero pressure) 24.58 14 2.56
Neon Ne 3. 13 1.88 0.02 24.56 21.56 50 D.74
— Ar 3.76 T .04 0.080 83.81 15.76 167 3.40
Argon Kr 1.01 11.2 0.116 115.8 14.00 295 3.65
Krypton Xe 4.35 16.0 0.17 161.4 1213 320 3.98
Xenon
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v" The inert gas atoms pack together as closely as possible.

v" Crystal structures are all cubic close-packed (fcc), except He?
and He*.
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3.2 Crystal of Inert Gases

Van der Waals-London Interaction

Electron distribution in the

crystal 1s slightly distorted I

VAN DER WAALS’' FORCES (VDW) KEY
DIAGRAM + POSITIVE NUCLEUS

Intr. dipole
moments 1n
each other

== NEGATIVE CHARGED ELECTRON CLOUD

SIMPLE ATOM SIMPLE ATOM

An attractive
Interaction
between the
atoms

When two atoms come within 5 nanometers of each other, there will be a slight interaction
between them, thus causing polarity and a slight attraction.




_. ffl ; Af;“ %:ii:ﬁ? 3.2 Crystal of Inert Gases

A Simple Model

Consider two identical linear harmonic oscillators 1 and 2 separated
by R, with frequency @, .

v' The attractive interaction is called

1 o, 1,40 van der waals force.
gty ==—p7+ Cx7+=—p5+ - C
07 g P12 217 p> 2
e v" The zero point energy of the system
) O 1s lowered by the dipole-dipole
| R I coupling.
Colomb interaction: e v The interaction is a quantum effect.
(since R » x;,X,) Iy =g %
\1_\16(\5+\(,) \’2\1@(\‘_\”) ?f—[,)}n;%é(()—‘f) 1§]+[7}Hpg+%(( +‘€;) 2
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(3) Pauli Exclusion Principle and Repulsive Interaction

v' Two identical fermions cannot occupy the same quantum state

simultaneously.
[l @
/\ /\ v" Electron overlap
increases the total
° ° energy and gives a

Figure 4 Electronic charge distribu- ° o o
tions r:\'vr]'.lp as atoms -.lp])l'{suu];, The repulSlve Contrlbutlon
: ? solid circles denote the nuclei.

to the interaction.

7 = BTl v’ Empirical repulsive
potential of the form

N B/R'?, where B is a
Total electron O .0
positive constant.

8 T2sT



(4) Lenard-Jones potential

B o 12 6
U(R) = 4e (E) —(%)

4ec’ = A and 4ec™ = B

Parameters in

T Experimental Lennard-Jones
o ek cohesive potential, Eq. 10
neighbor
T O energy
(hsfzulce, 2 €. o,
in A kJ/mol eV/atom in 10" %erg i A
[ ]
He (liquid at zero pressure) 14 2.56
Ne 3.13 1.88 0.02 50 2.74
Ar 3.7h 7.74 0.080 167 3.40
Kr 4.01 11.2 0.116 225 3.65
Xe 4.35 16.0 017 320 3.98

3.2 Crystal of Inert Gases

R

U= éN(4E)|:

(%) 3 ()|

Yp;2=12.13188 ;  X'p;®=14.45392
j j

Ry/o = 1.09

Uii(Ry) = —(2.15)(4Ne)




g ‘.‘;’—_ :;" i i I‘ r .J'- B .
It 7 AT IRRRE 3.3 Ionic Crystal

BEIHANG UNIVERSITY

3.3 Ionic Crystal
(1) Ionic Bond

v' Ionic bond: electrostatic interaction of oppositely charged ions.
Two common examples: NaCl, CsCl.

v lons have closed shell structures (approximately spherical
symmetric), just like those of inert atoms.

Li":1s%, F: 1s725°2p"
helium neon

Li: 15225, F: 15%2572p°

0.05
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(2) Madelung Energy
N N B
\j) = (61) - \j) ll") + 79eV
) - Cohesive
Gas Gas (’?l}slul energy

v" Simple Estimate shows the binding energy mainly comes from the

electrostatic interactions. [electrostatic energy between a pair of Na
& Cl (distance 2.81A) ~ 5.1eV].

v The van der Waals part of the attractive interaction makes a
relatively small contribution (%1~2), the rest part is electrostatic
contribution, called Madelung energy.

Uy = A exp(—ry/p) £q*/4meyr

Repulsive Interaction, Attractive electrostatic inter.
short distance long distance
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(3) Madelung Constant
v" Restricting repulsive interaction within N.N.:
" q’ |
A exp(—R/p) — B (nearest neighbors)
Uy= 1 2
- 19 .
e : : se
. iR (otherwise). sz — P;}B

v’ Negalecting surface effect, the Madelung energy:

X a(z
Ut = NU; = I\T(Z/\Qh/‘o — —{)
N R

\

NB! 2N ions, to avoid overcounting

(+
> =) Madelung constant
j P

v" The value of the Madelung constant is of central importance!
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3.3 Ionic Crystal

(4) Equilibrium position and Total energy

dU, NzA Naqu
R 5 exp(—R/p) o

4

R; exp(—Ry/p) = paq’/zA

4

Nag® p
Utot - RO (1 o R_O)
A R

/ \
Madelung Energy  Short-range Repulsive Energy

N
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3.3 Ionic Crystal

(5) Example: Evaluation of Madelung Constant in a Chain

/—Reference ion
D 6 660 0606 0 0060 -
[-R—

+
Remember: |[¢= z’ —(?:i }) = Madelung constant
s

v' Take the reference ion as a negative charge, plus sign should be
chosen for the N.N. and negative for N.N.N. and so on...

2
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(6) 3D lattices (alkali halide)

v" The evaluation of
Madlung const. in 3D 1s
more difficult.

v" The total, repulsive, and
Madelung energies in KCI.

v" Cohesion energy is very
strong (~-8eV) per atom.

v Insulator, high melting

temperature, high hardness.

3.3 Ionic Crystal

Sodium chloride, NaCl
Cesium chloride, CsCl
Zinc blende, cubic ZnS

Structure

a

1.747565
1.762675
1.6381

Ru-l}|||~;i\'l eneroy

sive energ
(2.4 % 10%) exp(-R/0.30) eV

|
I
6 R in10-%¢em
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(7) A Subtle Example: NaCl structure

R

distance between nearest neighbors

Coordination of other ions:

(an, n,R, n3R)

R,; =Jn12+n22+n32R=PjR

_ 2 2 2
Pj—\/n1 + n; + n;

18
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3.3 Ionic Crystal

~O 7 - : 8 7, 8
(_1)J+k+£' - B O A
.ﬂINa — —-ﬂfcq — E = AQ {12 172 1 v/ - 2 . 3
“ / | b b
3,k f=—0c (] TR T ) 8 6 XS 3
6 & 5 & M2
000000000000000000000 000000000 00005680 0000000 0000000000 000000 0000000000000000000000000500C » 5 =
M = —6.412/v2 - 8/V3+6/2 2 24/V5 4o = Z174T56 . DTG d
5 g 1
. . | 51:5; v
Madelung Constant for Expanding Spheres vs Expanding Cubes 4 S ) 1
8 3 AJL €
AL AL AL AL LAY ) LA LA LA L] L] R AL Lk LA A LAl Lt L i p) 3
[1— Expanding Cubes 6 - 2
H —— Expanding Spheres 5 2 1 ~
6 3 2

NOT Converging!

I B B A L o ' I

NaCl Madelung Constant
— ) ¥ 1 ] 1 . U 1] [y
coxLdhbbbiocmPRwwEunuaax oo
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(Cube Side)/2 and Sphere Radius (n*lattice constant) 1 9
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3.3 Ionic Crystal

Include more cubes, ones gets accurate &
converging estimate of Madelung constant.

Expanding Cubes
trib.
# of ions P, contrt
/ factor
N.N 6(+) 1 1/2
N.N.N 12(-) 2 1/4
3rd N.N. 8(+) J3
6 12 3
= —— + =1.457
274027 83
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3.4 Covalent Crystal
(1) Covalent Bond

v’ Electron Pair: formed from two electrons, one from each atom,
partly localized 1n the region between the two atoms, with
antiparallel spin orientations.

v' Strong Bond: bond between two carbon atoms in diamond (7.37
eV/atom), as strong as 1onic bond.

v" Directional: strong directional properties (spatially annisotropic)
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3.4 Covalent Crystal

(2) Example I: valence bond in hydrogen molecule

v" The binding depends on the relative

spin orientation, this spin-

dependent coulomb energy 1s called

the exchange interaction.

v Two electrons form a singlet pair
(antisymmetric spin wavefunc.),

and have symmetric real space

wavefunc.

b P2

[}

IESh

[ el

mits

dberg

Ene

Ry = 13.6 eV

ey in Ty

0.6

0.4

—0.4

-0.6

[
Stat

N\

I
e A

NN

5

Nz

-




P TITEL

"/ BEIHANG UNIVERSITY

3.4 Covalent Crystal

(3) Example II: Tetrahedral Bond

v' Some common examples: carbon, silicon, and germanium having
the diamond structure.

v’ Atoms joined to four nearest neighbors at tetrahedral angles.

v' Low filling of space (ratio 0.34), due to small coordination number.

12
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(4) sp’ hybridyzation

3.4 Covalent Crystal

v' The Pauli principle gives a strong repulsive interaction between

atoms with filled shells.

v" Unfilled shell can have an attractive interaction associated with

charge overlap -- valence bond theory.

v C atom: 15%2522p? only two
unpaired electrons.

TLITLT || T
C
1s 2s 2p 2p 2p

Electron Energy

|

0

Foie Iy
Atomic Separation —»
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v Promote one 2s electron to 2p orbital, with excitation energy

~4eV.

3.4 Covalent Crystal

1522s%2p 'p 'p "(ground state) —1s°2s'2p 'p 'p !(excited state)

our unpaired electrons.

Four equivalent orbitals

dubbed as hybrid orbital

C‘k

LT (T Tt

1s 2s 2p 2p 2p

linear superpostion of s, p., p,, p, states.

C*

LT [T (T T

1s sp° sp° sp® sp°

25
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3.4 Covalent Crystal

= (s)+p.)+

hy)=(s)+/p)-
= (s)-p.)+p,
\h4>=%08>—\px>—\py +p,

v Four electron obitals are unfilled (kalf filled), pointing to four
vertices of the cube.
v Four unpaired electrons can form valence bonds (zetrahedral

angle between each other), energy lowers as 7.4 eV'! 26
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3.4 Covalent Crystal
(5) A Continuous Range of Crystal

A I ° o
covalent| < D ionic
Table 8 Fractional ionic character of bonds in binary crystals
Fractional Fractional

Cl‘ystul ionic character Crysta] ionic character

Si 0.00

SiC 0.18 GaAs 0.31

Ge 0.00 GaSh 0.26

Zn0 0.62 AgCl 0.86

/nS 0.62 AgBr 0.85

/nSe 0.63 Agl 0.77

/nTe 0.61 MgO 0.584

CdO 0.79 MgS 0.79

CdS 0.69 MgSe 0.79

CdSe 0.70

CdTe 0.67 LiF 0.92
NaCl 0.94

InP 0.42 RbF 0.96

InAs 0.36

InSbh 0.32

After ]. C. Phillips, Bonds and bands in semiconductors.

v’ Semiempirical theory of the fractional ionic or covalent character.
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3.5 Metals and Hydrogen Bond

3.5 Metals and Hydrogen Bond

(1) Metals

» characterized by high
electrical conductivity,
1 or 2 free electrons per
atom.

» a typical example is
alkali metals, L1, Na, K,
Rb, and Fr, weak bond.

» Metallic bond: 1ons in
the electron sea, the
latter gets lower energy.

T X B B =

. T LREY. e
| 1.008 e i P
3Li | 4Be ite MR TR s T, 169
Aiti T 5P6d'78' 4+— . Y
2 i W o a7 L4 i -
= ,,h“ 238.0 ——HitHIE FRER (niS S0
6941 [9.012 1 3% HOW M TR
11 Na |12 Mg B [ i 5 e W 8 )
; B‘lh' ﬁ;., B IVB VB VIB viB il IB uB W
2299 |2431 3 4 5 6 7 8 9 10 1 12 95
19K |20Ca|21Se|22Ti| 23V |24 Cr|2s Mn|26 Fe (27 Co |28 Ni (29 Cu|30 Zn |3 32 Ge |33 As |34 Se | 35 Br| 36 Kr X
4 " 2} Bl £k W i & % W o| &’ L] i -3 i& L s b ) E8 18
4! i 3d'4e’ Pag Mas 3dan 3pae st e s 304! 3d74e’ asdp! Bap dsdp' | dsept | dsiap) &4p ]
39.10 (4008 |4496 |4787 [5094 [5200 |35494 |5585 |5893 5869 |6355 |6541 | 6972 |7264 |7492 | 7896 |7990° |8380 2

37Rb[38Sr | 39Y |40 Zr |41 Nb (42 Mo| 43¢ |44 Ru |45 Rh|46 Pd (47 Ag (48 Cd| 49 In |50 Sn (51 Sb [52Te | 531 |54 Xe

5 i 8 74 i i i L4 # 13 e itk L ] ] H L] g”
58 Ss a'ss’ Ad'se’ ad'ss' Ad'ss' &i*ss A0S 'y 4" 438! dddss 5s'5p' S°5p 5'5p' S5t
8547 |87.62 | 8891 91.22 |9291 05.94 (98) 1011 1029 |[106.4 107.9 | 1124 1148 1187 [121.8 1276 [1269

55Cs|s6Ba|57-71 |72Hf | 73Ta | 74 W |75 Re |76 Os | 77 Ir | 78 Pt | 79 Au |80 Hg| 81 Tl | 52 Pb | 83 Bi | 84 Po | 85 At [ 56Rn
6| w | m [La-lyl @ [ @ | i wolm (o | om oo | R e [ | | LA

g ; o | Sdew saes’ | sdes’ sdor | sdes ¢ | s | d R : op' ot | G
8 [ima” | g |5 (1665 | 18387 1863 | 10627 [ 19337 [1051” [ 16707 | 2060” | 206 [ 2073 2065 | 20T [eall) fcatdy

m=Zz0=|mr 220 |22
=

87 Fr | 88 Ra |89-103 | 104 Rf {105 Db|106 Sg [107 Bh (108 Hs [109 Mt{110 Ds|i111 Rg[u2Uub
7 % “w Ac~Lr i i e e e % (3 w* *

T8 ?r' WE (671 | (60'N)
(223] | [226) * | r261) | (262) | [266) | (2641 | [277] | (268) |(281] |(272) |(285)

57 La| 58 Ce| 59 Pr | 60 Nd|61 Pm|62 Sm| 63 Eu| 64 Gd| 65 Th| 66 Dy| 67 Ho| 68 Er |69 Tm| 70 Yb| 71 Lu H £ 2001
b B i ) L4 ® ¥ L] 4L ) L] &% o 3 © ) R TR AR
# sdee’ | arsdes|  afes 4568 ares arest ares | afsaos ares | 4fipe ates | At | atves ares | arisdies HECE

1389 140.1 1409 1442  [(145] 1504 152.0 157.3 158.9 162.5 1649 167.3 168.9 173.0 175.0

89 Ac| 90 Th| 91 Pa| 92 U |93 Np |94 Pu [95Am | 96Cm| 97 BK 98 Cf |99 Es [100 Fm|101 Md| 102 No| 103 Lr N BRI %
W tw | oe [ o | o | o | w | wme| ®e | ome ome | me | e me| @ | #e
F &7 | a7 | seean | sredw | sredw | sew soow | seeae | sere st | s | sewe | s | Ges) | Greas)

(227 | 2320 | 2310 2380 |(237) [(244) (243) | (247) | (247)  (251) |(252) |(257) [C2s8) |(259) |(262)

» Metallic bond is isotropic in spatial directions,
leads to compact structures, hcp, fcc, or bec.
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(2) Hydrogen Bond

v" The hydrogen atom loses its electron to an atom in the molecule

(covalent); bare proton forms the hydrogen bond with another atom.
v Most ubiquitous and perhaps simplest example of a hydrogen bond is
found between water molecules. Ice Rule: large residual entropy
v" Intermediate strength ~ 0.1 eV.
v" Protons are so tiny, almost touch the

surface of negative ions.
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3.6 Atom Radii

v' The existence and probable lattice constants of phases that have not

yet been synthesized can be predicted from the additive properties of

the atomic radii.

3 _’ 0.97 A

Sodium atom Sodium ion
{electron donor) (Na*)

NaCl

Q0 i
“Q0. Gamo?} P
“ @0 ‘electro g
By E /
Cl

099
S~ Po’

/
-

1.81 A

0/ =00, 94/ @\
00| ‘& Joo T ea | & o0
' Q'-d'o; » .36'0';/
90 00
Chlorine atom Chlorine
(electron acceptor) ion{cl’)

000
P94
’7)

| @ ;

: :: 1.81+0.97=2.78 A

Sodium ion Chlorine Sodium chloride molecule ~ 2 8 1 A
(Na*) .
J

ion{cl’) o Ne cr

0'..”
°




