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Lecture 5: Crystal binding, elastic strain and waves

* ionization and cohesive energies in the context of periodic table;

* interaction between two atoms in terms of attraction and repulsion forces;

- analysis of elastic strain

* elastic waves in cubic crystals
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Table 1 Cohesive energies
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At atmospheric pressure carbon has no melting point as its triple point is at
10.8 £ 0.2 MPa and 4600 + 300 K, so it sublimates at about 3900 K

1000

1001 diamond

104

1

p/GPa

0.1

vapor

0.01;

000=3" 35 3 4 5 6 7 & 9 10
T/1000 K

101.325 kPa is “one standard atmosphere” and 1 Pa = 1 N/m2

- . 2 ;
ke m)_mzkg - =Pa-m®*=1W-s

52 52

1J=1N-m=(

1 eV =1.602176487x10-19 Joule
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* interaction between two atoms in terms of attraction and repulsion forces;




Cohesive energy = energy
required to break up crystal
into neutral free atoms.

Lattice energy (ionic crystals)

Crystalline argon Sodium ehloride

(van der Wasls) lonic) = energy required to break
{a) : (L)

up crystal into free ions.
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The atoms of the inert gasses attract each other via
the so-called Van Der Waals interaction (dipole-
dipole interaction)

The unperturbed Hamiltonian of the system is the
one of two independent oscillators and is given by:
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The interaction energy of the oscillators is given by:
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Besides the Van der Waals interaction, when
two atoms are brought together, their charge
distribution begins to overlap, giving rise to the
exchange interaction due to the Pauli exclusion
principle.

Since this interaction is difficult to be evaluated
from first principles, it is usually parametrized
with a term that goes as 1/R12, which then
when added to the Van der Waals term gives
rise to the famous Lennard-Jones potential that
is of the following form:

UR) =44/ (2) ~(5F |

1. One first re-writes the Lennard-Jones potential
as a sum of all pairs of atoms in the crystal as:

UTOT(R):;N(“S){%(,Q;SRTZ Z(py jT

where p;R is the distance between the reference
atom j and any other atom j. For FCC structure
with 12 nearest neighbors, we have:

12 6

z(1j =12.13188, z( j =14.45392

j\Pi jAPi

2. The condition that the net force on the atom is
zero then gives Ry/s = 1.09, and the cohesive
energy is:

UTOT (R) =-2.1 5(4N8)




Crystals of Inert Gases

Table 4 Properties of inert gas crystals

Experimental

(Extrapolated to 0 K and zero pressure)

Farameters in
Lennard-Jones

leqarast- . Iomization .
]T::':gm:l:lt]' Czjll:fwe Putﬁ:nh'ul potential, Eq. 10
distance, EY Melting of free E, o,
in A k]/mol eVfatom  point, K atom, eV in 107 "erg in A
He (liquid at zero pressure) 2458 14 256
MNe 313 1 88 0.02 24 56 21.56 a0 274
Ar .76 774 0.080 83.81 15.76 167 3.40
Kr 401 11.2 .116 115.8 14.00 225 3.65
Xe 4.35 16.0 0.17 161.4 12,13 A20 3498
Atoms: Crystal:
*high ionization energy stransparent insulators
soutermost shell filled *weakly bonded

scharge distribution spherical

*low melting point
+closed packed (fcc, except He3 & He?).

Covalent Crystals

Ge
10
% 12
Ge 20 10
o

* Electron pair localized midway of bond.
* Tetrahedral: diamond, zinc-blende structures.
* Low filling: 0.34 vs 0.74 for closed-packed.
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FIG. 4. Electron localization function map for the (110) plane, containing the

phosphorus atom and vacancy for the case of the negatively charged PV complex
( PHYSICAL REVIEW B 70, 115204 (2004))
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+ analysis of elastic strain




load W c. =S

stress © = ——— i 250
area A

Hooke’s law

, increase in length x . =C. ec.

strain & = £ g vy

original length L
See Eqs 37 and 38 in Kittel, p.77

Is there a good reason to introduce complications with so many different indexes as in
p.73-80? Yes it is, becase, for example elastic waves in crystals often propagate in different
directions, specifically can be longitudinal or transverse (share) waves

Elastic strain (deformation)
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Plastic deformation
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Elastic/plastic deformation

Quenched, tempered . .
alloy steel (A709) Below the yield stress
oc=FE¢
" E = Youngs Modulus or
High-strength, low-alloy . .
steel (A992) Modulus of Elasticity

Caihiniieal (i85 » Strength i's affected by alloyigg,

heat treating, and manufacturing
- - process but stiffness (Modulus of

Elasticity) is not.

’ Pure iron

How is strain applied to the electronic chips?

p-type MOSFET
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Lecture 5: Crystal binding, elastic strain and waves

* elastic waves in cubic crystals

Elastic Waves in Cubic Crystals
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Dispersion Equation
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Waves in the [110] direction
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Figure 20 Effective elastic constants for the three modes of elastic waves in the principal propa-
pation directions in cubic crystals. The two transverse modes are degenerate for propagation in

the [100] and [111] directions.




