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Linewise kinetic Monte Carlo study of silicon dislocation dynamics
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We present a number af-fold way kinetic Monte Carlo simulations of the glide motion of 90° partial
dislocations in silicon. We undertake a survey of ratios of kink formation enéggyp kink migration barrier
W,,, over a range of temperatures and applied stresses. These simulations are compared with Hirth-Lothe
theory and an extension to the Hirth-Lothe theory of Kawata and Ishiota. The latter is found to give the best
description of the system. Using literature first principle values for the kink and soliton formation and migra-
tion energies, a model combining both strained bond and soliton mediated motion shows a negligible contri-
bution to dislocation motion from the solitons. The high soliton pair creation barrier was limiting and a soliton
mediated mechanism for dislocation motion would have to achieve thermal equilibrium concentration via
impurity or point defect interaction to be effective. We also show that if this can be overcome solitons greatly
increase the mobility of the dislocation, even without a binding energy between solitons and kinks. The
simulation coded here is easily expandable to incorporate further dislocation line effects such as impurities at
the line.
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[. INTRODUCTION initially forms a kink pair and with repeated application to
neighboring sites, causes the kinks to migrate apart and
The Strength of ductile materials is determined by dis|o-eventually annihilate. This Jones model was first studied

cation motion on the densest packed crystal slip planes. Sillvith interatomic potentiafsand subsequently with first prin-

con is often taken as a model system for high lattice frictionCiPe calculatio7ns giving activation energies close to experi-
mental value$,” with one exceptiofi.

covalent and ceramjicsolids, but there is still debate over > .
( ) Note that if applied to every other reconstructed bond

the structure and movement of dislocations even in thisI h £ sinal d ructed 90° dal
simple diamond structure solid. along the core of a single period reconstructe partial

’lo . . . _
The problem of dislocations in semiconductors is nOWcoreq this bond switching converts the core to an alterna

within the powers of modern hybrid computing techniques tive proposed double-period core structife.
P y puting ques-~ More recently, an alternative mechanism invoking free

These use sta}tic first pri_nciplg calpulations of sig.nificant PrOyadicals or solitons was found to give rise to similar
cesseig.g., k!nk for'matlo_n/m.lgranohto parametrize Igrger energie$: 1213 provided these solitons were in thermal equi-
spale S|_mulat|o_ns, i.e., kinetic Monte Carlo simulations ofjiprium. Depending on its reconstruction a 90° partial core
dislocation motion. _ L has two phases, usually labeleight and left, depending
The general study of dislocations in silicon is of renewedyhich way the reconstruction bonds are leaning. At phase
importance, as wafer sizes grow larger and strained-layghterfaces, there are antiphase deféctshich we refer to
structures are needed. The primary dislocations in silicon argere as solitori€ with a 1.4-eV formation energy. The soli-
the 60° mixed and screw dislocations. These each dissociaten is an undercoordinated silicon atom, a free radical in
respectively into 90° and 30° partials and two 30° partials,chemical nomenclature, and hence highly reactive. The radi-
separated by a stacking fault of approximately 50 A when incal can migrate rapidly along the line, with a migration bar-
equilibrium?! A dislocation line is considered to move for- rier of only 0.15 eV. The soliton model is a suggested addi-
ward not in a single spontaneous step but instead at variou®nal atomic scale process for kinks within dislocation glide.
points along the lingkinks) which then propagate the for- The dangling bond of the soliton can catalyze kink forma-
ward motion along the line. These forward steps involvetion, and therefore greatly reduces its energy barrier. The
atomic displacements, but their precise nature is still inconcept of solitons was first proposed by Hirsch under a
doubt. Dislocation motion comes about from the thermallydifferent moniker® the nomenclature is not universal and
activated process of throwing forward line segments generether names such gshase-switching defectantiphase de-
ating these kinks in pairs, sometimes called double kinksfects andflips have also been used.
which with the application of an external stress are forced In both the Jones and soliton model, dislocation motion is
apart, thus carrying the dislocation into the next Peierls valcontrolled by two primary parameters, the kink formation
ley. There is much evidence for the existence of such kinkenergy,F,, and the kink migration energy,,. In this work
from pulse deformation, internal frictiocnweak-beam elec- we present a number ai-fold way kinetic Monte Carlo
tron microscopy, and spectroscops. simulations of dislocation motion dynamics, using a descrip-
The first model proposed for silicon dislocation glide wastion of the dislocation line which allows the addition of fur-
a simple bond switching mechanism, called the bond rotatiomher defects to the syste(Bec. Ill). These give a broad sur-
or Jones model Here two silicon atoms within the disloca- vey of the phase space of kink formation enefgyand kink
tion core are rotated about their bond center, by around 90figration barrierW,,, over a range of temperatures and
about a(111) axis, and rebonded to the lattice. This both stressegSec. IV A). We then compare this to the standard
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theory in this field, that of Hirth and Loth€,and also to a or

suggested improvement to this theory by Kawata and

Ishiotal® Finally we examine the potential leo of solitons - 2F+Wp,
(Sec. IV B. Vdis= Vol &XR T T

wherel is the segment lengtlg is the lattice period along
the dislocation line, and

Dislocations in silicon have been well studied since )
Shockley’s first suggestion of their core structure some 50 . :2Vk0bh @)
years ago. In the last decade, there have been experimental 0 kgT
measurements of dislocation mobilities of small segments in . L .
silicon films":18 and high-resolution transmission electron With i the vibrational frequency of k'”ké’;SHi‘”y taken to
microscopy of kink dynamics through the imaging of kinks be tk|1e Z'l'%on Deby:sfre%uen@yl..%ﬁ 101f T] ), o is the
on a partial dislocation in silicot? as well asin situ record- resoived snear s.tre js the magnltu_ eo t € Burgers vec-
ing of motion?®?! There have been many theoretical at- tor, andh is the distance between neighboring Peierls valleys
tempts to characterize and parametrize dislocatioﬁ"e" thehelghtof a _kmlg). . L
5-8,13,22-25 The effective activation enerdy, of the glide velocity is

motion: . N . . ;
To give an overview of kink motion on glide dislocations & linéar combination of kink formation energy, and kink

in silicon: At low temperatures (420°C) and under high mig_ration barrierW,,,, and is determined by the applicaple
stress, straight sided hexagonal loops of 60° and screw or[€9ime-Ea=F+W,, for segments long enough so that kink
entation form?® However, this is reliant on high temperature /Ifétimes are limited by kink-kink annihilation, and,

(~850°C) predeformation to produce sufficient dislocation= 2Fk+Wm for segments short enough for kink pairs to

density, otherwise the silicon is brittle at 420°C. DislocationSWeeP out the whole segment. The characteristic length be-

dissociation gives two partial loops, one enclosing the othefVE€N these two regimes is twice the average kink separation

and both bounding a stacking fault. Each loop has the sam@Pt@ined in thermal equilibrium

. @

IIl. BACKGROUND

Burgers vector and as the orientation of the line changes, so =
the character of the partial changes between 30° and 90°. A=d exp( _k); ®)
The absence of 60° dislocations is due to their high mobility, keT

so as the circular loop expands, its 60° segments MOVgerefore, the steady state linear concentration of kinks be-
quickest and vanish, leaving the slower segments. The 60¢omes

segment has a higher mobility since it consists of segments
of 90° and 30° partials joined by kinks. Thus when it moves, 2 Fy
no kinks need to be formed~(=0) and the activation en- P=a®R " keT)
ergy just depends ow,,.

Note that the mobility of a partial dislocation to a small Which of these two regimes is applicable to silicon, if indeed
degree depends on whether it is leading or trailing, and on itgither of them, is still a matter of controver&y.
type?® but these distinctions between 90° and 30° partials
only give rise to variations in activation energy of less than B. Beyond Hirth-Lothe theory
0.1 eV, which is comparable to local spin density approxima-
O e o O e e el fon, e HL potate of one uricue Kk mechani s 3
effects in the calculations' resented here, and feel justified ?ﬁuge _S|mpl|f|cat|on of the fmdw_ngs of _atomistic

P : J Qimulations’ 252 Indeed, even under this approximation HL

our choice of the 80° partial. theory has shortcomings. Many suggest multiple core

wolljlcc)iwt?]\sgfoer\éegorl:; tgfe i?Jr E;::Lalze\éve;ﬂ\?:t?;waerxérwiimechanisms operate simultaneously, with several distinct de-
P 9'€Ract and kink species forming, moving, combining and anni-

against the 60° perfect dislocation enefgy2 eV), corrfzcted- hilating. For example the work of Wangt al*® on the
for th_e O.1-gv difference Ieads to 2.1 eV for the 98 part|al,a/2<1ll> screw dislocation in tantalum has eight distinguish-
thus improving agreement with our calculated valties. able single kink types leading to 16 types of kink pair.
) An alternative, little referenced work of Kawata and
A. Hirth-Lothe theory Ishiota® (K1) attempts to refine HL theory. They observe that
Hirth and Lothe(HL) theory*® assumes that the elemen- HL makes three approximations, of which only the first is
tary processes of dislocation motion is kink pair formationexplicitly stated:
followed by their diffusive glide along the dislocation line. (1) Under small external stress, the concentration of kinks
The abrupt kink model invoked by HL finds dislocation glide remains nearly the same as in thermal equilibrium.
velocity vy to be thermally activated in one of two possible  (2) The correlation between kinks drifting under external
regimes: stress may be ignored.
(3) The direct contribution of the processes of formation
= exp{ ~ Pt W, and annihilation of kink pairs to the whole movement of a
dis™ 70 kgT dislocation may be neglected. Theleoof such processes

4

Although it is a commonly used analysis of dislocation
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being restricted to an indirect contribution to maintain the Thus, E, for both the strained bond and soliton mecha-

kink density; i.e., the movement of the dislocation line isnisms come close to the experimentally observeg

assumed to occur only by the migration of kinks. ~2.2 eV for intrinsic silicom® We consider both mecha-
These approximations are replaced in Kawata-Ishiotamisms in our simulations. However, the main difference be-

theory by the following four less restrictive approximations: tween the two mechanisms is that solitons, while being en-

(1) the line comprises of flat sections and single step kinksergetically expensive to create, once present lower the

(2) the fundamental changes to the system are single sectiomsigration barrier of most kink species by around an order of

of the line being moved forward or backward by a single stepmagnitude(see soliton section

(i.e., the creation/annihilation of a kink pair or the migration

of a kink by a single repeat distanc€3) the rates of these

moves only depend on neighboring sites ignoring longer lll. MODEL

range interactions, an@) these rates are assumed to change \ve take on board the idea of multi-scale modelling, since

linearly with applied stress. it is too computationally expensive to model an entire dislo-
This leads to the following form for the steady state kink cation line system at aab initio level. We useab initio
concentration: energy calculations for localized structures and then use
these to parametrize a larger scale algorithmic model.
e E 2X where x=exr< B i) (5) The larger scale evolution of the line is achieved via an
d 1+2x KgT n-fold way kinetic Monte CarlgnkMC) approach'~3° Dis-

location segments are assumed to lie in Peierls minima. The
lattice has an effectively infinite extent in the direction of
motion and is periodic perpendicular to it. The line moves

If this is then used in the rest of the HL formulationy;g
takes the form

FrtW,, due to the effects of thermal fluctuation and an applied stress.
exr{ - Kink-kink interactions beyond the first neighbor are ne-
Vais= vod KeT glected. The initial shape of the dislocation line in all cases is
Fk taken to be the perfectly straight single period reconstruction.
1+2 ex;{ - kB_T) As mentioned earlier, there is also a suggested double period

reconstruction for the lowest energy state of the line. How-
or ever, as the structure would be broken up as the line moves,
our initial choice of starting state should not greatly affect
ex;{ _ 2P+ Wiy the overall conclusions.
kgT In the nkMC approach, all allowed events have a rate
Fy ©) calculated for them. These can move the line either with or
ﬁ) against the stress, since thermal fluctuations can overcome
B the additional energy bias caused by the stress. The rate for
in the two different length regimes(Note that the each event; is given by
L-dependent behavior was not explicitly discussed in the
original KI work), \, the characteristic length between the ri=weexp — AE; /kgT), (8)
regimes, becomes

Vgis= VoL
1+2 ex;{ -

1+42x wherei is the event numbelA E; the energy barrier of event

A=d _ (7) i, andwg the attempt frequency for which we use the silicon
X Debye frequenddf =1.56x 10" Hz. The sum of these rates
is then used to determine the time till the next event, and the
C. Atomic scale processes rates themselves act as probabilities.

Instead of trying random events at each time step and

As mentioned above, there are two main suggestions fofcenting or rejecting them based on a Boltzmann-like crite-
how kink motion in silicon moves the dislocation line. o e.g., the Metropolis algorithif,we choose and carry
Firstly, the Jones or strained bond model, where kink formabut an eventn from all the possible eventsl at each step
tion and migration occur through successive application of & ,ch that

90° rotation of a Si-Si bond in the glide plane about the bond
center. Calculations of kink pair nucleation and expansion me1
for this process giv&E,=1.9 eV with a small dependence on E r
the kink pair width® assuming that the bond rotation is the = '
rate limiting step. M £1<
> T
i=0

E

Il
o

(€)

The other model invokes solitons. Solitons are proposed
as mediators for both kink formation and propagatidwijth
anE,=1.8 eV, assuming that the formation energy of a kink
pair at a soliton and the migration energy of a kink-solitonwhere ¢; is a random number in the range,1). The time
complex are the rate controlling processes. This is in additioincrementdt for each Monte Carl¢MC) step is dynamic and
to solitons being in thermal equilibrium. stochastic, and given by

VF

Il
o
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TABLE 1. Energy Barriers for moves in the Jones nkMC
model.

H ) H —e _ _

oo o >< Barrier Move Reasoning
¢o0 ¢ i - j W, kink migration

@ (b) 2F +W,, kink pair creation creating two kinks plus

N . moving them apart
FIG. 1. Simplified plots to show the comparison betwéan W, kink pair annihilation equivalent to kink migration

point-wise and(b) line-wise;i being point along the ling, being
section along the line. Symbols on pldt) denote different hypo-
thetical end structures along the liteg., kinks, solitons

algorithmically moves are carried out: Kink migration in-

Ing&, volves changing the length of two neighboring sections so
dt=— —, (10 that Lj—L;+1, while Lj,;—L; ;1. The creation of a

2 r positive kink pair involves replacing a previous section by

= three new sections. That is, a section of indeterminate length

ending with an up-kink, followed by a unit length section
ending in a down-kink and finally the remainder of the origi-
nal section. The creation of a single defect can also take

whereé, is a second random number in the rai@gd). This
formula for dt is rigorous®1~3**"the work of Bulneset al.
gives a fuller description of the derivation aft and the place in a similar manner.

meth?d éﬁﬁgeneraﬁ This vgrlable g'm,e s}eg ZHO_WS rr]ates of * The aforementioned computational saving comes from the
gregtly : Zgnt magnitude to be mc_ude in the Samefollowing; as we discount long range interactions between
model. In addition, since a move is carried out at every MCyate 15 511 such pair creation events are equivalent along any
step, the long dead times that can be brought about by a fixeg ey section and have equal rates. So, one can be randomiy

time step are removet selected and used to represent all others for that section. The

In the Stanqa%?gethoq of describing a dislocation line 0,6, combined rate being the original rate of one of these
an MC simulatiorr,™"the line is represented by a fixed num- g, /og multiplied by the length of the section. An equivalent

ber of sites. Each sitehas a heightl;, giving the distance 5 qrithmic time saving is also made for the creation of
traveled from the original position by the dislocation line atsingle defects.

that site gnderthe stress. All sites can moye'eltherforwa}rd or More complex moves are also possible, including the
back, which equates to the formation/annihilation or migra-

. : ! . L ' % separation of a single defect into two, the merging of two
tion of kinks[Fig. 1(a)]. We call this the pointwise descrip- efects into one, the transformation of one defect into an-
tion.

s . . . ag_a1 ) other, and the transformation of two neighboring defects into

_“Linewise” is our more flexible descriptio,* and is  , gifferent pair. Note, that the line-wise formalism does not
similar to that of Caiet al. in that the line is described by a 631 that the whole length of a given section of line moves
variable number of sections. Each sectjois described by  gimitaneously, only that their chance of movement can be
its lengthL; and heightH,; . However, we also state which ¢qnsidered together before choosing a single site to move.
defect structure the section ené, i.e., a positive or nega-  The aforementioned applied stress is implemented via a
tive kink, soliton, etc.[Fig. 1(b)]. The L; is measured in  pizs on the activation energidE; — AE; *s, depending on
single period reconstruction bonds.

! . whether the line is being moved with or against the stress,
So long as the density of defects stays relatively low

. T ) 0 'where
longer dislocation lines can be considered more efficiently.

This is because defect creation events for entire sections can

be dealt with as a single event, as opposed to individually in s=oblh, (11)
pointwise. It is also easy to introduce further defects to the

simulation; our model is coded so that properties of all line

. ) . ) o is the applied stresy,the magnitude of the Burgers vector
section ends are included via a parameter file.

) . ... ofthe dislocation| the length of section of dislocation mov-
At a high population of defect structures, the dlStInCtIOhing' namely the repeat distance along the dislocation line,

between defects located reconstructed bond sites along the ;4 the height change. This givas=0.013 eV for a stress
dislocation core and those lyirgetweerthem becomes more ¢ 79 MPa. in the case of a 90° partial in silicon.

important. This is roughly equivalent to a change from inclu-
sive to exclusive boundary conditions. Hence, in our simula- -
tion each end structure has an associated width. Kinks anolt ;Ag‘ei Ié E';nk da’r\wlﬂr:lggfr;m(gglagareset al. (Ret. 8, Oberg
other inter-reconstruction bond defects are of zero width, ang" " - ' e

must keep at least one reconstruction bond apart from other

zero width defects. Defects that take up a reconstructed bond Filev WleV Reference
or bonds are of width one or more, and may abut other de- 0.04 1.09 8
fects. Solitons, for example, are width one. 0.1 1.8 6

We shall now use the basic model of a step up Kimj- 0.12 1.62 7

kink) and a step down kinkdown-kink) to spell out how
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FIG. 2. Plots of effectiveE, from nkMC runs with parameter
sets derived from@) Valladareset al. (Ref. 8, (b) Oberg et al.
(Ref. 6, (c) Nuneset al. (Ref. 7). Data for lines can be found in
Table IV.

IV. RESULTS

A. Bond rotation model

PHYSICAL REVIEW B 69, 075209 (2004
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FIG. 3. Plots of effectiveEg from nkMC runs with parameter
sets derived from@) Valladareset al. (Ref. 8, (b) Oberg et al.
(Ref. 6), (c) Nuneset al. (Ref. 7).

width of zero. This allows us to explore a dislocation oper-
ating using the Jones bond rotation madi#iscussed earlier.
Many calculations have been carried out on this disloca-
tion system in silicon, so we ran the same simulation \Fith
and W,,, from three pieces of work in the literatute® The

In our first simulation we have only two end structure first uses a local density functional technique in a supercell,
defects, a kink either stepping up or down, both having ahe second uses the same method but in a cluster, while the
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FIG. 4. Plots of effectiveE, from nkMC runs withW,,=1.0 eV and(a) F,=0.1 eV, (b) F,=0.5¢eV, (c) F,=15¢eV, (d) F,
=2.0 eV. Data for lines can be found in Table V.

final one uses a linear-scaling density matrix method. Table E, at s=0, towards some constant value. Lines to indicate
lists theirF, andW,, values, all of these calculations follow these two aspects have been added to the plots in Fig. 2. We
the same broad trend¥,,~1-2 eV and~, an order of mag- can take thex to be the activation area of this dislocation
nitude lower. This leads to the barrier energies for our thresystem, the area of slip over which the shear stress works at
basic moves in the simulation shown in Table Il. The simu-the saddle point.
lation for each pair o, andW,,, was run for ten million For a more complete investigation of the phase space of
MC steps, for a 1000 site long line. The direction of motionF, andW,,, we then carried out simulations over the same
was biased by a variable applied stress: from 70 MPa to 21fanges of temperature and stress wWith, set at 1.0 eV and
MPa, in steps of 7 MPa, then up to 700 MPa in steps of 70, varied from 0.02 to 0.3 eV in steps of 0.02 eV and then up
MPa, at temperatures of between 500 and 1000 K, in steps @b 2.0 eV in steps of 0.1 eV. These showed the same behavior
100 K. at low F, but asF, increases, we enter a second regime.
For each applied stress, best fits to Arrhenius plots of thédere, the high stres&, becomes E, +W,,— as while still
velocity and the kink concentration were used to determingaturating at low stressé€Big. 4).
the effective activation barrier to dislocation gliig and the The crossover betweefi,=F;+W,,—as and Ep=2F,
effective formation energy for kinkEg . The effective acti- +W,,— as occurs afF,=0.4-0.5 eV. To understand this we
vation energy being the activation energy apparent from amust look back to Kl theory and Eq7). When the charac-
Arrhenius plot over our thermal range, while the effectiveteristic length\ falls below the actual length of the systém
formation energy being the energy which gives a thermathe system switches froi,=F,+W,, t0 Epx=2F,+W,,.
equilibrium concentration identical to our observed concenin cases ofF,=0.4—0.5 eV, this cross over happens in the
tration. The results are shown in Figs. 2 and 3. middle of our simulated temperature range of 500—1000 K,
In general, it seems that at higher stresBgs=F,+W,;,,  hence all the poorest fits for the Arrhenius plots are within
—as, with s being the stress in eV from E@L1). At lower  this range(see Fig. 4. At higher or lowerF,, the crossover
stress thiss dependence is lost arfgly saturates short of the occurs outside of the 500-1000-K window. A plot of the
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TABLE lll. Energy Barriers for soliton moves in nkMC theory.

Barrier eV Move Reasoning

0.29 soliton-kink complex migration W,, for soliton-kink complex

0.15 soliton migration W,, for soliton

2.95 soliton pair creation R+ W,, create two solitons
and move them apart

0.15 annihilation of soliton pair equivalent to soliton migration

0.29 formation of kink-pair at a soliton equivalent to soliton-kink

produces a kink-soliton complex complex migration
neighboring a kink
0.18 annihilation of a kink pair at a soliton energy difference between

soliton and kink-soliton
complex(Ref. 129

formation energy against these high strégsvalues extrapo- errors for Kl range from 0.45% to 28%, while those for HL

lated to zero stresssE&0) can be seen in Fig. 5, and this range from 31% to 77%.

clearly shows the transition between the two regimes. This plot of error in the kink concentration shows the
The activation energy plots tell us a number of things. Atdeviation between our model and Kl theory is at low tem-

large stresses, there is an activation area equal to the smallgmtrature and high stresses. These deviations can be under-

area of slip. As one would expect, it shows no correlationstood since our nkMC statistics will be worse at lovwer

with F, across our survey and on averag®.899, ifsis  while at high stress the approximation of rates being propor-

expressed in eV. Thus it roughly represents the energy due tonal to stress made by Kl becomes less appropriate.

the stress from a dislocation section of unit length in our From this it is clear that Kl theory, is a better description

system. This is the energy saving in the kink pair of criticalof our model, and by inference we believe a better descrip-

width due to the work done by the applied stress over thigion of the actual physical system. Although at high stresses

width. This is an understandable difference between ouwe achieve a linear plot for effectiie,, it clearly diverges

simulations and Kl and HL theories, and consonant with therom this linear behavior at lower stresses. The stress at the

Seeger-Schiller correctiéhto HL theory at high stress when point of departure is inversely proportionalfg. Kl theory,

critical kink width is one site separation. with its linear stress dependence, has no way of describing
The fact that Kl theory gives a much better description ofthis.

our model than HL theory, can clearly be seen by the plots

shown in Fig. 6. These show the percentage error between )

our simulations and either Kl or HL theory for the concen- B. Solitons

tration_of kinks over a range of temperatures and stresses We take the view that both strained bond and solitons can

using (berg et al® calculated values foF, andW,,. The  work together in our simulations. So, to add solitons we

introduce three additional defect structures: soliton-kink step

Activation energy at s=0 (eV)
-

I ) ) . ) ) L L L 500 600 700 800 900 1000
. - " p - - - ” ” -5 2 Temperature (K)
Formation Energy (eV)

0.5

FIG. 6. Percentage error between the nkMC simulation using
FIG. 5. The central line shows a plot of effectif®g, extrapo-  the Cherget al. (Ref. 6 values anda) Kl and (b) HL for the linear
lated to zero stresssE0) with W,,=1 eV, against formation en- concentration of kinks along the dislocation line. Each set of lines
ergy F from the nkMC survey. The upper and lower lines show shows increasing stress from 70 MPa to 700 MPa, in steps of 70
2F+W,, andF, +W,,, respectively. MPa. Stress increases as we follow the arrows up each set.
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— TABLE IV. E, values for curves of Fig. 2, expressed in 8\

E:’_’_‘_,_}’—‘——" also expressed in eV.
Ea Ea

Source Constant section Linear section

i / Ref. 8 1.041 —0.86%+1.08

£, Ref. 6 1.807 —0.863%+1.85
Ref. 7 1.652 —0.86%+1.70
ton creation/annihilation moves. In this way, the soliton con-
centration was maintained above its equilibrium value.

A plot of these simulations can be seen in Fig. 7, and
clearly shows increases in the final velocity of the dislocation

temperature(K). The upper set are those with solitons included,lme of many orders of magnitude. This shows that even

while the lower are those without. Within each set stress increase‘é"_thout a binding energy between kinks a_nd solitons, th_e
as we go up the set from 70 MPa to 700 MPa, in steps of 70 mpgorief contact between them and the catalytic effect of soli-

tons on kink pair formation both greatly increase the dislo-

] ) . cation mobility. However, to work this magic some other
up complex, soliton-kink step down complex and the solitongefect must assist and maintain the solitons at an increased
itself. The complexes having width zero, while the soliton concentration, for example in hydrogen enhanced dislocation
has width one. glide (HEDG), where hydrogen may be able to lower the

We take further CalCUlatiOﬁ%for parametrization, includ- soliton pair formation energy by Saturating one of the soli-
ing the soliton migration barrier of 0.15 eV, and their kink tons. We are also currently examining the HEDG effect,
pair nucleation barrier of 0.29 eV. We now add the moves agyhere solitons may become more important, as hydrogen

shown in Table Ill, taking the erg parameters as our base could lower the formation energy of a soliton pair by satu-
moves. As well as moves that allow kinks to move into/outrating one of the solitons.

of solitons and vice versa, producing/splitting kink-soliton
complexes. We assume no binding energy between solitons
and kinks, meaning that they can pass through each other. V. CONCLUSIONS
However, they can also move together as complexes. We
also assume that two solitons migrating into each other wiIIK
spontaneously annihilate.

Upon running the simulation with the same stress an
temperature ranges as before, we saw a minimal change
the behavior of the system, almost within line thickness o
plots shown. This is because although Ehyeof a soliton is a

FIG. 7. Plot of natural log of velocitysites per secondagainst

In this study we have shown that the little known work of
awata and lIshiota is more appropriate than Hirth-Lothe
heory for dislocation dynamics, as it is better than Hirth-
othe for describing the most basic set of moves to produce

slocation glide(see Table Il. It still does not explain the
stress dependence of the dislocation glide activation energy

th I ble 1.4 eV h t t® them | . completely, as it does not include the necessary nonlinear
ermally accessible 1.2 €V, We have 1o creaté them In pallgy.qsq tarms. However, for a broad range of stress the ap-

becaus_e of topologica! constraints_. The f[ime averaged C(_)rb'roximation holds well, especially at higher temperatisee
centrations Of the so||.tor.13. aqd kink-soliton complexes InFig. 4). Thus, for a closer agreement to modeled behavior we
these simulations are infinitesimal. They only appear fleetyp 14 yse the Kawata-Ishiota forms for the kink concentra-
ing[y and then rap?(:ily'annihilate, beiqg unaplg to maintaintion [Eq. (5)] in the two regimes. Further, we have shown
their thermal equilibrium concentration within the time that for solitons to affect the system, requires the influence of

fra\Tvi otf_thel 3|mfu|at|on. lculati is that .further defects and/or surface effects.
atis clear from our calculations IS that SOme Process IS g,y this code has been implemented it is a relatively

required to decrease the activation energy for formation of i matter to model other dislocation-defect systems: Al

Sf°|'t°ns'. if they are to play an |mp9rtant role n the dlsloca—We require is the requisite formation and migration energies
tion motion. However, we cannot discount solitons as a cata-

lyst for dislocation motion, as they can offer more robust
explanations of recombination enhanced dffféand impu-
rity pinning*® Additionally it may be possible to create sin-
gular solitons with a change of boundary conditiof®,rs

TABLE V. E, values for curves of Fig. 4 expressed in e\is
also expressed in eV.

. . . ) Ea Ea
curre_ntly are periodicor at some defec_t intersecting the dis- F Constant section Linear section
location line. Both of these may obviate the need to form
solitons in pairs and hence potentially halve the activatioro.1 1.007 —0.86%+1.05
energy for formation. 0.5 1.875 —0.954+1.93

To investigate this we ran further simulations which were1 5 3.951 —0.95%+3.99
identical except that we started with a single soliton on they g 4.949 —0.85%+4.98

line (a concentration of 0.1% of siteand removed the soli-
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