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I. Introduction to defectsI. Introduction to defects

• Concept of ideal crystal useful to explain -

Some of the properties of crystals (for example: 
density, specific heat, and dielectric susceptibility, 
independent of details of crystal structure. 

No real crystal is ideal –

Contains faults or flaws  (known as defects or 
imperfections). 

Many properties of crystals (e.g. mechanical strength, 
electric conductivity, mangetic hysteresis, etc.) are 
very sensitive to the extent of imperfections in them.



Type of defects in crystals

-  Thermal vibrations of atoms

0  Point defects

    vacancies, interstitial atoms, and impurity atoms (chemical 
contamination)

1  Line defects

    Dislocations: edge, screw, and mixed

2  Planar defects

External surfaces of crystals, internal surfaces in crystals (grain boundaries, 

twin boundaries, and stacking faults)

3  Volume defects



II. Types of point defectsII. Types of point defects

From where the term „point defects”?

Perfect crystal lattice – 
arrangement of points in 3D space

Imperfect crystal lattice
always contains  
missing points  
and/or
displacement of missing 
points to interstitial sites



Examples of point defects

Metals
1:1-type ionic 
crystal



Schottky and Frenkel defects 

Example:
KCl:CaCl2

From Kittel .

Change in the density  of KCl with CaCl2 concentration. 

[Ca2+]/[K+]



III. Statistics of point defectsIII. Statistics of point defects

- Presence of phonons 
-  Absorption of phonons

Natural source of point defects

j – jump activation energy
of vacancy

v – energy for creation of 
vacancy (= Ev)

,v rssri  

If E is the total energy to separate 
all N crystal atoms from each other, 
the sublimation energy per atom is:  
s = E/N.
For an atom of potential energy i in 
the interior of the crystal, the 
dissociation energy of the crystal is 
Ni /2. 
Obviously, s = i/2. 

Therefore, the energy v = Ev 
required to transfer an atom from the 
interior to the surface (i.e. to form a 
vacancy) is:

For Cu metal, s = 3.5 ev.
 With v = r , this gives
       v  1.7 ev = 170 kJ/mol
      Observed V  1.4 ev,
      j  0.5 ev = 50 kJ/mol  

A.J. Dekker, Solid State 
Physics, MacMillan, London 
(1964).



Thermal equilibrium

Thermodynamic parameters 
for a system:

Thermal free energy 
      or Helmholtz free energy: F
Internal energy: E
Entropy of the system: S

Equation for free energy:
F = E  TS.

Change in system free energy:
F = E  TS.

Concentration (fraction) of vacancies

E = nEv (1 T),
S = Scf + Sth, 

where:
Scf = kB ln[(N+n)!/N!n!],
Sth = 3zkB ln(/’)

For metals:
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Handbook equation

where: 
N – normal lattice sites 
n - number of defects
(3N3nz) oscillators 

of frequency 
3nz oscillators 

of frequency ’
z – number of atoms 
     surrounding a vacancy

Two parameters:
      Ev and T

We use Stirling’s formula for x >> 1: lnx! = xlnx.

A.J. Dekker, Solid State 
Physics, MacMillan, London 
(1964).



Concentration of other defects

Concentration of Frenkel 
defects in metals:

Concentration of Schottky 
defects in ionic crystals:
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n - number of defects
N – normal lattice sites
N’ - interstitial sites

Origin of Factor 2 ?



IV. Diffusion in crystalsIV. Diffusion in crystals
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Estimation of some energies

For evaporation: Trouton rule

bGb 10 TRH 

For melting: empirical trend

with the factor 
 = 2, for metals;
 = 3, for inorganic salts. 

mGm TRH 

For Cu, 
    Tb = 2835 K, Tm = 1358 K,
one obtains
Hb = 235.7 kJ/mol = 2.4 eV
Hm = 33.9 kJ/mol = 0.34 eV
       s = Hm +Hb = 2.74 eV

 - jump frequency
 - jump distance
RG = kBNA - gas constant
Hm – enthalpy of melting
Hb – enthalpy of boiling



V. Methods for creation of point V. Methods for creation of point 
defectsdefects

1. Quenching from high temperature
2. Strong deformation i.e. plastic treatment

(forging or rolling)
3.  Bombardment by ions or high-energy charged particles
4.  Growth processes (doping)

Two modes:
- Energy supplied by different means:
  thermal, mechanical, energy transfer
- structural changes



VI. Point defects during crystal VI. Point defects during crystal 
growthgrowth
Mechanism I: Structure of elementary steps

Rough steps:
- vacancies,
- impurities.

J.J. De Yoreo et al., in: Advances in Crystal Growth, 
Eds. K. Sato et al., Elsevier, 2001, p. 361-380.



Examples of images of segregation 
of impurities 

O czym będzie mowa?

Sectorial nonuniformity as a result of 
    different trapping in different growth 
    sectors 
Zonal nonuniformity in the same sector 
    due to nonuniform growth rate
         Growth bands or 
         Impurity striations 



Examples and comments

Brice (1973)

Segregation coefficient k depends 
on structure and difference in size 
of atoms, ions and molecules in
the common crystal lattice.



VII. Capture of impurities in crystalsVII. Capture of impurities in crystals
Podstawowa literatura:
K. Sangwal, Addititives and Crystallization Processes: 
From Fundamentals to Applications, Wiley, Chichester, 
2007, chap. 9.

Impurities captured in crystal lattice are: 
1) individual atoms, ions, molecules or complexes of molecular dimensions like 
dimers and trimers; uniform impurity capture. Solid solution is formed when 
ciSolid = ciLiquid (thermodynamically equilibrium capture of impurities) or ciSolid  
ciLiquid (nonequilibrium impurity capture).
2) Colloidal inclusions of micrometer dimensions; nonuniform capture of 
impurities. 

Large deformation of lattice does not favor 
capture of impurity atoms in it.  

Concentration and distribution of uniform and nonuniform capture of an 
impurity are different in the crystal volume due to  thermal 
nonequilibrium at crystal-liquid interface.

Nonuniform capture occurs: 
1) in different growth sectors of a crystal (sectorial nonuniformity), 
2) In a given growth sector (zonal nonuniformity; growth bands, impurity striations),
3) In the vicinity of structural defects such as dislocations and grain and twin boudaries as     
enrichment or depletion of impurity (structural nonuniformity).  



Distribution coefficient of impurities

Segregation of impurities
1.  Equilibrium (supersaturation   0)
     Equilibrium segregation coefficient k0

2.  Nonequilibrium ( > 0)
     Effective segregation coefficient keff

k0 depends on physico-chemical properties 
of crystal and impurity.
keff depends on the nature of crystal-fluid 
interface;  keff (smooth interface) < keff 
(rough interface).

When impurity C (i) enters the substance A (s): 
segregation coefficient

When [C] << [A],

In the case of growth from the melt

 

When concentration is in mole fraction
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Equilibrium segregation coefficient

1) Two-component mixture approach:
For C to enter A the theoretical description 
is similar to that of phase diagrams for 
two-component systems 

In the case of C in A:
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Other approaches are based on: 
difference in volumes, heat of sublimation, 
diffusion coefficient, etc.

In the case of mismatch of volume fraction 
V/VA at a given temperature:
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2) Thermodynamic approach:

where: k0(0) is the value of k0 when 
ri = rs, and ΔG is the change in the 
difference in the free energy.
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When change in free energy is due to mismatch 
(ri-rs) of sizes of atoms/ions:

where E – Young’s modulus.
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Some more examples



Effective segregation coefficient

 
    (1)

 
where:  - thickness of diffusion layer,
           D – diffusion coefficient of impurity in the solution. 

For  
     (2)
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Since D = 10-12 – 10-9 cm2/s,
δ = 0.3 – 1.5 nm. 

From the plots
δ/D = 30 – 150 s/m.

1) Bulk diffusion model of Burton et al. (1953):



2) Approach involving diffusion-relaxation

Hall (1953), Kitamura and Sunagawa (1977), 
and Chernov (1984):

with 

where: 
h – thickness of step on growing surface, 
 - time interval for the growth of successive 
layers, 
kads – segregation coefficient of the impurity in 

the adsorption layer. 

When k0 << 1,

and when Ri/R << 1,

(1)),/exp()( 00 RRkkkk iadseff 
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3) Approach based on statistical selection  

Voronkov,  Chernov (1967):
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where: const – constant. 
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   (2)

,
/1
0

const
eff

k
k




,1/ const

consteff kkk  /00 

Natural statistical selection depends 
on kinetics of attachment and 
detachment of impurity particles 
at kinks in steps. 



4) Approach based on surface adsorption

Assumptions:
1) Impurity particles compete with particles 

of crystallizing substance.
2)   Increase in supersaturation σ leads to 

increase in the density of kinks in steps.
3) keff = k0 +f(kink density)

where: B2, m – constants, n2 – a 
measure of barrier associated with the 
effect of supersaturation σ.

AO – ammonium oxalate monohydrate  
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Relationship between keff and 
face growth rate R

From the relation

one obtains
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Threshold supersaturation 
for capture of imputies 
during growth

AO
From the plots keff(σ), one obtains σ0:

).( 0eff   pk

From the theory of inhibition of face 
growth rate by impurity, we have the 
dependence:

where: σ1 – constant, K – Langmuir 
constant.
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