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Moti vation
² Modelingdislocationdynamicsin

semiconductormaterialsof greatimportancefor
industrysuchasSi andGaAs.

² We look for amodel:
² Computationally cheap
² Preciseat thenanoscale
² Compatiblewith a mesoscopicdescription

² Retrieving linear anisotropic elasticity
equationsin its continuum limit :

½
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¶

Einstein's conventionwill beused
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Previousworks
Let ustakea look to somepreviousresults1;2:

² A. I. Landau.Applicationof amodelof interactingatomicchains
for thedescriptionof edgedislocations.Phys.stat.sol. (b) 183,
407±417,1994.

² A. CarpioandL.L. Bonilla. Edgedislocationsin crystal
structuresconsideredastravelingwavesof discretemodels.
Phys.Rev. Lett. 90, 135502-1±135502-4, 2003.

² 1AnaCarpioandLuis L. Bonilla, submittedto Phys.Rev. B

² 2A. CarpioandL. L. Bonilla. Discretemodelsof dislocationsand
theirmotionin cubiccrystals, in theProceedingsof theEuropean
Congressof ComputationalMethodsin AppliedSciencesand
EngineeringECCOMAS2004, ed.by P. Neittaanmäkietal.
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Crystals with cubic symmetry1

1A. CarpioandL. L. Bonilla, submittedto Phys.Rev. B
Summingup thestrainenergy densityW for all cells
(l ; m; n), thetotalpotentialenergy V of thecrystalis
obtained:

V(f ui g) =
X

l;m;n

W(l; m; n; t) i = 1; 2; 3:

Motion eqs.mustretrieveanisotropiclinearelast.eqs:

M Äui = ¡ @V
@ui

) ½@2ui
@t2 = @

@xj

³
cij kl

@uk
@xl

´

Thatis thegoal! Candislocationsbemodelled
consistently?!
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Linear elasticity
Basischange:canonic ¡ ! primitive

f ei g
Tij¡ ! f a0

i g T = (a1; a2; a3) x0
i = T¡ 1

ij xj

Strainenergy density:

W =
1
2

cij lm
@ui

@xj

@ul

@xm
=

1
2

c0
r spq

@u0
r

@x0
s

@u0
p

@x0
q

c0
r spq = cij lmTir T¡ 1

sj TlpT¡ 1
qm

Linearelasticityassumesju0
i j ¿ 1. Dislocations?
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W for dislocations?ju0
i j » 1

Whatdisplacementswewill computein W?
NOT aninteger numberof f a0

i g from Fig.1.
YES, thosedispl. ju0

i j < 1 from neweq.sites.
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Strain energy dens.W, only M
Period-1periodicfunction,g(x + 1) = g(x).

g(x) » x and g0(x) » 1 for x ! 0:

In thefollowing expression

W =
1
2

c0
r spq

@u0
r

@x0
s

@u0
p

@x0
q

Ã
@u0

i

@x0
j

» g(D +
j u0

i )

the gradientsof displacementsarereplacedby a

periodicfunctionof thediscretedifferences

V(f ui g) =
X

l;m;n

W(l; m; n; t) ! M Äui = ¡ @V=@ui
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Initial and Boundary conditions
Theoryof Dislocations, J.P. Hirth andJ.Lothe(1982)
Methodfor calculatingthefar �eld of any stationary
straightdislocation

INPUT
Dislocationorthonormalbasis! f e00

i g
Burgersvector! b, dislocationline vector! »
Elasticconstantsin cartesiancoordinates! cij kl

OUTPUT
Elasticdisplacementvector! u00

i (x00
1; x00

2)

Thedisplacementvectorcanbetranslatedto:
canonicf ei g or primitive f a0

i g basis.
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Example: edgedisloc. in FCC
For theperfectedgedislocation,weselectthe
following dislocationbasis:

e00
1 = (¡ 1; ¡ 1; 0)=

p
2;

e00
2 = (1; ¡ 1; ¡ 1)=

p
3;

e00
3 = (1; ¡ 1; 2)=

p
6:

whichareunit vectorsparallelto:
² theBurgersvector! b k e00

1,
² thenormalto theglideplane! n k e00

2,
² thedislocationline ! » k e00

2.
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VRML visualization
I built thefollowing functionsin MATLAB. They
write aVirtual RealityModelingLanguagecodein a
text �le.

newball
axisXYZ
cylinder
cubeballs1
grid8
cone

ball
axis
cube
cubeballs8
squarebox8
arrow
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VRML: edgedisloc. in FCC
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Stationary screwdislocation

A. CarpioandL. L. Bonilla, submittedto Phys.Rev. B

Solutionof theover-dampedequationsof motion
SimpleCubic(SC)lattice
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Attraction: loops& dipoles
A. CarpioandL. L. Bonilla, submittedto Phys.Rev. B

Oppositeedgedislocationsattracteachotherandform
dislocationloopsanddipoles(SClattice)
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Crack formation fr om a dipole
A. CarpioandL. L. Bonilla, submittedto Phys.Rev. B

Crackgenerationandgrowth inducedby applyinga
tensionto dislocationdipole(SClattice).
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Now, let usthink of systemwith two differentmasses
(asGaAs)
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Linear Diatomic Chain1

1M. BornandTh. vonKármán,Phys.Zeit. 13,297(1912)

M1Äul = Á0
³

vl ¡ ul +
s
2

´
¡ Á0

³
ul ¡ vl¡ 1 +

s
2

´

M2Ävl = Á0
³

ul+1 ¡ vl +
s
2

´
¡ Á0

³
vl ¡ ul +

s
2

´
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Continuum Limit

M1Äul + M2Ävl = Á00
³ s

2

´
[vl¡ 1 ¡ ul ¡ vl + ul+1 ]

Cont. lim.: l ! 1 ands ! 0, with x = ls �x ed

ul(t) = u(ls; t) = u(x; t)

vl (t) = u
³

ls +
s
2

; t
´

= u
³

x +
s
2

; t
´

[u(x ¡ s=2) ¡ u(x) ¡ u(x + s=2) + u(x + s)]
s2=2

s! 0¡ !
@2u
@x2
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Continuum Limit

M1Äu(x) + M 2Äu(x + s=2)
s

»
M1 + M2

s
@2u
@t2 (x)

Continuumlimit (acousticvibrations):

½
@2u
@t2 = E

@2u
@x2

Where:

½=
M1 + M2

s
E =

Á00(s=2)s
2

c =

s
E
½
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Overview: method for M 1 & M2

Summingup thestrainenergy densityW for all cells
(l ; m; n), wewouldobtainthetotalpotentialenergy V
of thecrystal:

V(f ui g; f vi g) =
X

l;m;n

W(l; m; n; t) i = 1; 2; 3:

Motion eqs.mustretrieveanisotropiclinearelast.eqs:

M1Äui = ¡ @V=@ui

M2Ävi = ¡ @V=@vi

¾
) ½@2ui

@t2 = @
@xj

³
cij kl

@uk
@xl

´

Thatis ourgoal! Canwebuild upW modelling
dislocationsconsistently?!
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GaAsand Si structur es
How many atomsperlatticesite?

² Previousworks! 1

² GaAsandSi ! 2 in eachsiteof anFCClattice

How arethese2 atoms?
² Identicalatoms

Diamond
structureSi

² Differentatoms
Zincblende
structureGaAs
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Referencesystems

Two vectorbasis:
² Canonic! f ei g
² Primitive ! f a0

i g
Settles
PERIODICITY!
(0) ! prim. coord.

Bonds:
² FCCÂsshift: ! ¢ '
² Basis:! f b0

i g
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Linear elasticity
Basischange:canonic ¡ ! primitive

f ei g
Tij¡ ! f a0

i g T = (a1; a2; a3) x0
i = T¡ 1

ij xj

Strainenergy density:

W =
1
2

cij lm
@ui

@xj

@ul

@xm
=

1
2

c0
r spq

@u0
r

@x0
s

@u0
p

@x0
q

c0
r spq = cij lmTir T¡ 1

sj TlpT¡ 1
qm

Let uslook for discretedifferencesanduseg(x).
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Usualdiffer ences

Werecalltheusualdiscretedifferences:

D+
j f (R0) = f (R0+ a0

j ) ¡ f (R0)

D¡
j f (R0) = f (R0) ¡ f (R0¡ a0

j )
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Discretediffs. areprimitive

D +
j v0

i (r
0+ ¢ 0; t) ´ u0

i (r
0+ a0

j ; t) ¡ u0
i (r

0; t)

D +
j u0

i (r
0; t) ´ v0

i (r
0+ ¢ 0; t) ¡ v0

i (r
0+ b0

j ; t)
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Discretediffs., both atoms

D +
j v0

i (r
0+ ¢ 0; t) ´ u0

i (r
0+ a0

j ; t) ¡ u0
i (r

0; t)

D +
j u0

i (r
0; t) ´ v0

i (r
0+ ¢ 0; t) ¡ v0

i (r
0+ b0

j ; t)

Usefulrelation

a0
i + b0

i = ¢ 0
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Strain energy dens.W, M 1& M2

Period-1periodicfunction,g(x + 1) = g(x).

g(x) » x and g0(x) » 1 for x ! 0:

In thefollowing expression

W =
1
2

c0
r spq

@u0
r

@x0
s

@u0
p

@x0
q

Ã
@u0

i

@x0
j

» g(D +
j u0

i )

Wewantto replacethe gradientsof displacements

by a periodicfunctionof thediscretedifferences

How to do it in asystemwith M 1 & M2?
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Potential energy, both M 1 & M2

2 FCCs:M 1 ! u0
i ´ u0

i (R
0); M2 ! v0

i ´ v0
i (R

0+ ¢ 0):

W =
1
2

c0
r spq

@u0
r

@x0
s

@u0
p

@x0
q
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Potential energy, both M 1 & M2

2 FCCs:M 1 ! u0
i ´ u0

i (R
0); M2 ! v0

i ´ v0
i (R

0+ ¢ 0):

W =
1
2

c0
r spq

@u0
r

@x0
s

@u0
p

@x0
q

1
4 ¢[g(D +

s u0
r ) + g(D +

s v0
r )] ¢[g(D +

q u0
p) + g(D +

q v0
p)]

V = a3

4

P
l;m;n

1
8c0

r spq[g(D +
s u0

r ) + g(D +
s v0

r )]¢

¢[g(D +
q u0

p) + g(D +
q v0

p)]| {z }
2 typesof atoms
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Pot. Energy ! Motion Eqs.
V = a3

4

P
l;m;n

1
8c0

r spq[g(D +
s u0

r ) + g(D +
s v0

r )]¢

¢[g(D +
q u0

p) + g(D +
q v0

p)]

M1
@2u0

i
@t2 = ¡ T¡ 1

iq T¡ 1
pq

@V
@u0

p
; M2

@2v0
i

@t2 = ¡ T¡ 1
iq T¡ 1

pq
@V
@v0

p

4M 1
a3

@2u0
i

@t2 = 1
4 T¡ 1

iq T¡ 1
pq D¡

j f c0
pj r sg

0(D +
j v0

p)¢

¢[g(D +
s u0

r ) + g(D +
s v0

r )]g

4M 2
a3

@2v0
i

@t2 = 1
4 T¡ 1

iq T¡ 1
pq D+

j f c0
pj r s g0(D +

j u0
p)¢

¢[g(D +
s u0

r ) + g(D +
s v0

r )]g
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Motion Eqs. ! Lin. Elasticity
4M 1
a3

@2u0
i

@t2 = 1
4 T¡ 1

iq T¡ 1
pq D¡

j f c0
pj r sg

0(D +
j v0

p)¢

¢[g(D +
s u0

r ) + g(D +
s v0

r )]g

4M 2
a3

@2v0
i

@t2 = 1
4 T¡ 1

iq T¡ 1
pq D+

j f c0
pj r s g0(D +

j u0
p)¢

¢[g(D +
s u0

r ) + g(D +
s v0

r )]g

| {z }w
Ä

½
@2ui

@t2 =
@

@xj

µ
cij r s

@ur

@xs

¶

½=
M1 + M2

a3=4
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Initial and Boundary conditions
Theoryof Dislocations, J.P. Hirth andJ.Lothe(1982)
Methodfor calculatingthefar �eld of any stationary
straightdislocation

60o perfectdislocation,GaAs

Discretemodelsof dislocationsforSi andGaAs– p. 32



Conclusions
Theposedmodel:

² Describesdynamicsof dislocationsin FCC
latticeswith 2-atombasis,asSi andGaAs.

² At the nanoscale,periodicg(x) allows
displacementsof anintegernumberof primitive
vectorswithoutatomicrelabelling.

² Macroscopically, it retrievesanisotropiclinear
elasticityequationsasits continuumlimit.

Periodicg(x) in�uencesthesizeof thedislocation
coreandits mobility. It shouldbechosensoasto �t
theexperimentalpropertiesof eachmaterial.
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Further work

² Time-evolving numerical implementation for
theSi andGaAsmodel.

Possibilityfor joint work!

² Introducingdislocationsin theTheory of strain
relaxation in heteroepitaxial systems,
developedby A. C. Schindler, M. F. Gyure,G.
D. Simms,D. D. Vvedensky, R. E. Ca�isch, C.
Connell, andErding Luo in Phys.Rev. B 67,
075316(2003).

Any ideas...?
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ROUGH & quick brainstorming
Assuminganeq.distribution for a thin �lm (F) ona
substrate(S),wewould try to settleperiodicity,
gs(x + as) = gs(x), gf (x + af ) = gf (x). i ´ (l ; m)

Bond displacementredef:

d1+ (i) = D +
1 u(i) ¡ ²e1

d1+ (i) » gs[D +
1 u(i)] ¡ ²e1

d2+ (i) = D +
2 u(i) ¡ ²e2

D +
2 u(i) »

½
gf [D +

2 u(i)]; i2 F
gs[D +

2 u(i)]; i2 S
New force
balanceeqs: @V=@u(i) = 0 Ã M Äu(i) » ¡ @V=@u(i)

Discretemodelsof dislocationsforSi andGaAs– p. 35



Thank you for your attention

I will acknowledgeyour feedbackandinteractions!
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Stationary edgedisloc. pro�les

Solutionof theover-dampedequationsof motion
SClattice
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Equal-signdisloc. repulsion

SClattice
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60o perfect dislocation

e00
1 = (¡ 1; 2; ¡ 1)=

p
6

e00
2 = (1; 1; 1)=

p
3

e00
3 = (1; 0; ¡ 1)=

p
2

b= (0; ¡ 1; 1)=2
» = ¡ e00

3

[Burenkov etal.] Voigt elasticstiffnessesfor GaAs
(0 < T < 1513K) in unitsof 1011 dyn/cm2 are:
C11 = 12:17¡ 1:4410¡ 3T
C12 = 5:46¡ 0:6410¡ 3T
C44 = 6:16¡ 0:7010¡ 3T
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