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Definition

real — ideal = defect

Second definition: Atomic entity that adds to the configurational entropy of
the ideal crystal

Why so important in ceramics/ionic solids?
« Charged
« Can be in high concentration



Types of point defect

lonic point defects

vacancy interstitial anti-site impurity/dopant
090090 0HO O 090090000
0000000 O 0000000
900N 0H00 O 09000000
0000000 O 0000000
09000000 O 0900090000
Missing ions Additional ions Native ions sitting on Foreign ions

the wrong site

Electronic point defects Substitutionally or interstitially

Extended defects

Termed:
OD: Point defects * Impurity — unintentional
1D:  Dislocations « Dopant — intentional/low in
E concentration

2D: Surfaces, grain boundaries

Free electrons and holes 3D+ Secondary phases, pores



Why define defects? — Much simpler!

vacancy interstitial
0000000 0000000
. o . [ . O . . O . ® . ® . Extremely useful!
900 NO0PO® 0000000
Y X XX XYI B XX Xx XX [ion’t ?egci to t;ack a huge number of
....... ....... strongly interacting ions
Can only track a much smaller number of
: . : . : . : : . : . : . : (sometimes) non-interacting defects.
A X A N 0909 e
X XN KX X X X g C X If'def'e(J:[ts dciinteract, can treat through pair-
0000000 0000 Y wise interactions
000090000 009000000



Describing defects — Kroger-Vink notation
Mg Examples

M (species): [ h ] . Oxygen. .vaca ncy

atoms —e.qg., Zr, Ce, O, Sr . VO
vacancies — v Square brackets:

Concentration of defect

electrons — e - . , e

electron holes — h For electronic defects, Caston Zr** site
[e'] =n and [h]=pis CaIer

S (site): sometimes used

atoms —e.qg., Zr, Ce, O, Sr C32+ and O
interstitial — | o — Y ©oan andLe

(Xs s ) vacancy associate
C (relative charge): (Caz, —vp)
positive — -
negative -
neutral - x

Round brackets:
Defect-associate
e Free electron

/

e
Kroger, F. A. & Vink, H. J. Solid State Phys. 3, 307-435 (1956).



Defect notation — “bad” practice

Changing sites with species

«  Oxygen vacancy

OV % Vo‘/
« Oxygen interstitial
iox 0
e (Caon Zrsite
Zrcax Cazr‘/

De Souza, R. & G. Harrington. Nat. Mater. 22: p. 794-797 (2023),

Using V and I instead of v
and i

« VandlIare standard KV
notation, but v and i is better

What is VI?

« lodine vacancy: v;

* Vanadium interstitial: V;

« Vacant interstitial site: v;

* Vanadium anti-site defect on
iodine-ion site: Vi

Using real instead of relative
charge

« Real and relative charge are
different quantities

« Real: relative to free space
*  Relative: relative to crystal
|attice

Norby, T. J. Kor. Ceram. Soc. 47, 19-25 (2010).



Defect notation — “bad” practice

Relative charge

Real charge

(Kréger-Vink)

K YT EI I IS XY

00000 00000 00000
00000 00000 00000
00000 00000 00000
00000 00000 00000
00000 00000 00000
00000 00000 00000
TOO00 00100 00100
00000 00000 00000
00000 00000 00000

paAowad .0

Wrong!

Real

Relative

removed charge

Species

paAowsal QO

charge
\%

p=2A0Wad O

e
2+

1+

Relative charge
0

1+ 2+

Real charge

cation anion electron vacancy

De Souza, R. & G. Harrington. Nat. Mater. 22: p. /194-797 (2023)
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Types of disorder

Frenkel
lonic
Intrinsic Schottky
Electronic > e-h pair excitation
Isovalent
solutes
[e]alle
, compensation
Extrinsic Aliovalent
solutes Electronic
compensation
Redox

reaction



INntrinsic disorder

Real charge Relative charge

2- 1- 0 1+ 2+ 2- 1- 0 1+ 2+

cation anion electron vacancy

Frenkel disorder Schottky disorder
000000 000000

. null = vy + vs
My = vy + M = VM T Vo



Intrinsic disorder: concentration of defects

G = Gy +nAgy — TAS,

AG = (G — Gy) = nAgs — TAS, nAgf
E
AS. = kInQ
AS kl N N AG
S AN DI 0 '
Take, (aA—G) = 0 (and some maths relations/assumptions)
on T.P |
|
|
L ST | - TAS
N~ P\ T2kt i
|
G: free energy n=0 I'.'I’:: n

G,: free energy of a perfect crystal
n: number of defects

N: number of sites

Expect to find point defects in pure

Ag,: free energy change per defect pair
o o eneEp " crystals at all temperatures above 0K

AS.: change in configurational entropy

See full derivation in Chiang, Birnie and Kingery, Physical Ceramics or Carter and Norton, Ceramic Materials



Intrinsic disorder: concentration of defects

. n A .
Frenkel disorder — =exp| — g Schottky disorder
TABLE 11.6 Formatlon Enthalpy of Frenkel Defects In N 2kT TABLE 11.4 The Formation Enthalpy of Schottky Defects In
Some CDITIPDI..II'IUE of Formula MX and ng sSome CDITIPDI.II'IUE of Formula MX
Material AE; (10°J) AE; (eV) Compound AE, (10° J) AE, (eV)
Uo, 5.448 3.40 MgO 10.574 6.60
Zr0, 6.569 4.10 Ca0 9.773 6.10
CaF, 4.486 2.80 Sro 11.346 7.08
SrF, 1.122 0.70 BaO 9.613 6.00
AgCl 2.564 1.60 LiF 3.749 2.34
AgBr 1.923 1.20 Licl 3.397 2.12
B-Agl 1.122 0.70 LiBr 2.884 1.80
Lil 2.083 1.30
NaCl 3.685 2.30
O NaBr 2692 1.68
® KCI 3.621 2.96
KBr 3.797 2.37
o B KI 2.563 1.60
o @ CsBr 3.204 2.00
® Csl 3.044 1.90
o . o
M < VM + Mi . .
O m

7 .
See full derivation in Chiang, Birnie and Kingery, Physical Ceramics or Carter and Norton, Ceramic Materials null = vy, + vy



Intrinsic disorder: concentration of defects

Electronic disorder [ ——
Ag E
n = N exp (— Zk_T>

null=2e’ +h

Concentration of electrons/holes

n(E) = N(E) - F(E)

F(E)

Density of states

. 3/2
N, =2 (2”’"3’1”) ~ 10719 cm™3 (at 300K) ne ( (Ec — Ef)>
’ h — =exp|—
c kT
m., 5, effective mass of electrons in CB or holes in VB
’ np _ exp | — (Ef — Ey)
N, P %

Fermi-Dirac function
F(E) ~ exp[—(E — Ef)/kT]

For intrinsic electronic disorder:
(Ef —Ey) = (Ec_Ef) = Ebg/2

See full derivation in Chiang, Birnie and Kingery, Physical Ceramics



Intrinsic disorder: concentration of defects

Electronic disorder

EA conduction band
Table 2.3 Bandgap Values for Some Semiconductors and Insulators

Compound Band Gap (eV) Compound Band Gap (eV) ® Ec

Si 111 NaF 6.7 c

Ge 0.66 KCl 7 -

Diamond 5.4 NaCl 7.3

InSb 0.17 LiF 12.0

InAs 0.36 BaF, 8.9

InP 1.27 StF, 9.5

GaSb 0.68 CaF, 10.0

GaAs 143 MeE, 118 HE)

GaP 2.25 SrO 5.7

CdTe 1.44 MgO 7.8

Cdse 174 NiO 4.2

Cds 2.42 CoQ 4.0 E.—E

ZnSe 2.6 MnO 3.7 E = exp —( < f)

Zn0 3.2 FeO 2 N, kT

ZaS 3.6 VO 0.3

PbSe 0.27 Fe,0 3.1

PhTe 0.20 G0, 46 np (Ef — Ey)

PbS 0.34-0.37 ALO, 8.8 N, P\ Tt

Agl 2.8 BaTiO, 2.8 v

AgCl 3.2 TiO, 3.0

SiC (o) 2.9 vo, 5.2

BN 48 Si0, 8.5 Ntrinci i~ di -
MgALO, o For intrinsic electronic disorder:

(Ef —Ey) = (Ec_Ef) = Ebg/2

Chiang, Birnie and Kingery, Physical Ceramics



Defect chemical reactions

« Sometimes called quasi-chemical reactions Examples: Schottky disorder

« Must balance: null = vy, + vg (MgO)
* Mass N "
. Charge null = 2v,; + 3vg (A,O;)
* Site null = vg, + vy +3vy  (BaTiO,)

* For equilibrium reactions — law of mass action




Defect chemical reactions: oxidation and reduction

Reduction of an oxide:

1
05 = EOZ(g) + vg + 2€’

1 A
Kr = n° [VE)](POZ) /2 — KOR exp (‘ %) 5=V§ +2e' + 10, Op = v&'+ 2€ + 50,
X X ®
HHE
Oxidationlof an oxide: e0eo -4
> 02(g) +vg = 03 + 2h 000000 .
B p’ e Ago
KO_ 1/ —Koexp —ﬁ
[Vé](Poz) ’



Defect chemical reactions: solute incorporation

Ensure site balance (ratio) Ensure charge balance (relative)
. Mgo % MgO , .
NiQO — NlMg + OO A1203 — ZAlMg ~+ 300 %

MgO /)

Multiple solute incorporation mechanisms possible

Al;0
2Mg0 :; 2Mgh, + 205 + v (substitutional)
3Mg0 220 3Mg; + 3035 + 2V, (interstitial)

Al,0 .
3Mg0 —> 2Mgh, + Mg + 305 (self-compensating)

Multiple compensahon mechanisms possible
. 2Nb205 B 4NbTl + 1005 + vy (ionic compensation)
* 2Nb, 05 R 4Nbr; + 805 + 0,(g) + 4e’  (electronic compensation



Defect notation — “bad” practice

Real charge Relative charge
- - (Kréger-Vink)
Anti-Frenkel disorder G vE =l 4 O 0% 4+ v == v + O
Relative charge 05 +vi = vy + 0y g 90000000
P : 0000 x. ®
Real charge 05 + vy =vg + 0; k= :.:D. : ]
5 (A X X X )
Wrong OOO+Vi\—VO++Oi < 000Q900Q00°
05 = vy + 2e + 140, 0= v + 2 + 10,
Oxygen reduction reaction s 00090000
Y9 1 S 0000000
Relative charge ~ . ) - 0000090 ]
OO\—V0+2e +§OZ o .......
Real ch 1 S ¥ XX XX X
eal charge _ _
J 05" = v§ +2e” +50; L0 .
V\/I’Oﬂg 0 ot 1 Real charge Relative charge
Op =vp +2e +§02 B N e ]
2- 1- 0 1+ 2+ 2- 1- 0 1+ 2+

De Souza, R. & G. Harrington. Nat. Mater. 22: p. 7/94-797 (2023)

cation anion electron vacancy
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Simultaneous defect equilibria

* In most solids, multiple defect reactions occur simultaneously
A defect can participate in multiple defect equilibria

« How do we understand what is important?

Must consider:

1. Intrinsic ionic defects

2. Intrinsic electronic defects

3. Oxidation and reduction

4. Incorporation of solutes/impurities

Example: Intrinsic MgO

» Have a total of 4 defect species vy, v, €', b’
« Only 3 independent equilibrium equations

» Need one more:

2|vmg| +n=2[vgl +p

Example: Intrinsic MgO

Defect equilibria Equilibrium constants

null = vy, + vg Ks = [V]’\;[g [vol

null=e' +h K; = np

1 L ) 1
X2 =0,(g) + v + 2e Kgr = n?[v5l(Po,) "2

2

At this point, we are technically
done....

(electroneutrality condition)



Brouwer approximations

« Assume one positive defect and one negative defect dominate.
Z[V{v’[g] +n=2[vy] +p

Brower diagram

1. n=2[|vg] A . .
r |Og n= Z[VO] [V ] - [VO Z[VMg] =P
2. 2[vmg| =01
conc.
3. [VMg = VO
4., n=p
Defect equilibria Equilibrium constants
null = vy, + vg K = [Vl’v’[g [vo]
null=e' +h K; = np
X 1 . // 2[«," 1/2
03 ;‘Eoz(g)"‘Vo‘er Kr =n [VO](POZ)

log Po,



Brouwer approximations

1. n=2[vg]

2. 2|vmg| =1

3. [VMg = VO |Og

4., n=p conc.
Defect equilibria Equilibrium constants

null = vy, + vg

null 2 e +h

1
03 = =0,(g) +vg + 2€’

2

KS = [Vl,\/llg [VO]
K; =np

)72

Kr = n?[v5](Po,

Brower diagram

A

n = 2[v;]

[vmg| = [v6] 2|vpg] = p

log Po,



Brouwer approximations

1. n=2[vg]
2. 2|vmg| =1 Brower diagram
— ‘ . 144
3. [VMg [vol log n = 2[vg] [V ] = [vg] Z[VMg] =D
4., n=p conc.
Defect equilibria Equilibrium constants
null = vy, + vg Ks = [vmg] V5]
null=¢e +h K; = np

1 . B
07 = Eoz(g) +vg +2¢ Kg =n2[v5](Po,) 2

1/4 ~1/4

n = K&K 4Py, ~/

1
logn x —ZlogPo2 | F:’F
Og Fo,



Brouwer approximations

1. n=2[vg]
2. 2|vmg| =1 Brower diagram
— ‘ .- rn
3. [V ] [vol log n = 2[vy] [V ] = [vg] Z[VMg] =p
4., n=p conc.
Defect equilibria Equilibrium constants
null = vy, + vg Ks = [vmg] V5]
null=¢e +h K; = np

1 . B
07 = Eoz(g) +vg +2¢ Kg =n2[v5](Po,) 2

n = 2[vg] = (2Kz)"/*Po, /°

1
logn « —glogPo2 >
log Po,



Brouwer approximations

1. n=2[vg]
2. 2|vmg| =1 Brower diagram
— A . n
3. [VMg [vol log n = 2[vg] [V ] = [vg] Z[VMg] =D
4., n=p conc.
Defect equilibria Equilibrium constants
null = vy, + vg Ks = [vmg] V5]
null=¢e +h K; = np

1 . B
07 = Eoz(g) +vg +2¢ Kg =n2[v5](Po,) 2

p= 2[Vl’\;lg

1
logp « glog Po,

log Po,



Brouwer approximations

1. n=2[vg]
2. 2|vmg| =1
3. [VMg = VO
4., n=p

A

Defect equilibria Equilibrium constants

null = vy, + vg

null 2 e +h

1
05 =-0,(g) +v5 +2¢' Kz = n*[vg](Po,

2

Ks = [Vl,\/llg [VO
K; =np

Temperature dependence:

= o(-2) = en(3) o (-2

Brower diagram

n = 2[vy] [vite] = [v&) 2|viel = p

~1/6

1/6  Ahg Ahg  Ahg —1/6

log Po,



Brouwer diagrams for other systems

MO oxide MO oxide
Anti-Frenkel disorder Anti-Frenkel disorder
Kg > K; K; > Kg
REREARAAARARRRRRRRRRRRRREEE
TTTTTTTTIT T I I T I I I T I oI T TTd ERARRRRN Neutrality condntlonr AL
— Neutrality condition — (veel = fn n=p (07} = ‘}P P
(Ve =4 [Vee) =107 |07] = | L7 ]
- \nmp*lfs ’ pa Pé’7 - \r@f’b pocpf)‘f/
S lVB"l\ (Ve =107) k’/*’loi’l ] a | 7
,f'. x‘t 9 r/ ::, \
tm " Vd oo Pl - ~n __|
=gt N - 1P A,
°>.O / —n = p :O L —
P S \ - = 0;]
- / iS)
— )// j \J — I —
p« Pc;,l g \—:—poc po“_: /6
- 7 Stoichrometric \ — T T
Pid crystal (veel
LU e e LH Stoichiomatric ]
log p, —> j/ crystal
: | 1NN NEENERENERENENEENN]

Chiang, Birnie and Kingery, Physical Ceramics 08 p,, —>



Brouwer diagrams: General procedure

1.

Decide how many defects are relevant
1. Consider the crystal structure, bandgap, impurity concentration

Equilibrium constant for each independent defect reaction according to mass action
1. Should have (N-1) equations for N defect species

From the overall electroneutrality: Brouwer approximations of one positive and one negative
defect species.

Each Brouwer approximation defines a region of Py,. The Brouwer diagram will usually have
3 or 4 regions

Insert the Brouwer approximations into equilibrium constants to calculate the defect
concentrations for a region of Py, . Often start at stoichiometric point.

By extrapolating the defect concentrations along Py, to see which minority defect will take
over. Repeat in both directions.



Brouwer diagrams

Doner doped MO oxide

RS NN

2[vo]l + [Dy] +p = [vy] +n

n = 2[vg]

n = [Dy]
[Dm] = 2[vyl
2[vml =p
[vol = [vuml
n=p

Chiang, Birnie and Kingery, Physical Ceramics

- with solutes

log concentration

[h°]

Electrical neutrality conditions
(a) [e'] = 2([Vg5"]
(b) le’] = [£p]
(c) [Far]l = 2[Vn]
(d) 2[Vy]=1h"]

S S S S

T, T L LTI T 1T T 1.1 Y
— B —
le’] [~°]
N e
(Fy) L vee .

o N
— [Vl (V3]
|
[ExVarEpl™ |

l

log pc’fz —



Summary

* Defect = real — ideal
* Defining defects is extremely useful

* Kroger-Vink notation

* Do not mix up species and site

* Use small v'sand i's

 Always use relative charge and never ever mix up real and relative charge

* Brouwer diagrams can be readily constructed and are instrumental in
understanding defect concentrations in non-stoichiometric systems.
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