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Abstract

The development of density functional theory (DFT) and advances in com-
putational capabilities have made it possible to obtain reliable information on the
energetics of structural transformations in solids. However, limitations do exist due
to the use of the local density approximations (LDA) to the exchange-correlation
functionals. Recently, there have been efforts to try to go beyond LDA by in-
cluding gradient corrections, which are referred to as the generalized gradient ap-
proximation (GGA). To obtain an accurate assessment of these GGA functionals,
we investigated in details the applicability of two recently proposed functionals.
The effects on the atomic charge distribution were studied. We also examined
different approaches to construct pseudopotentials self-consistently in the context
of gradient-corrected functionals. We concluded that although GGA functional
produce improved results in some cases, in general LDA remains a reliable choice
for the energetic calculations in solids.

We considered a range of phenomena related to structural transformations of a
prototypical covalent solid, namely silicon. We first studied the energetics for the
high-pressure plastic flow of silicon by performing DFT total energy calculations
for structural transformations which might correspond to mass flow. To explore
the phase space efficiently, the magic strain concept was used. Entropy effects were
taken into account with the use of Vineyard’s transition state theory. An upper

bound for the energy barrier was obtained from our study and has been found to
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be lower than the melting point of silicon, suggesting that such transformations
may be possible under indentation.

As a second application, we have obtained accurate generalized stacking fault
(GSF) energy surfaces for both the (111) and (100) planes of silicon with first-
principles calculations. The importance of this GSF energy surface is that it can
be used to identify the value of the unstable stacking fault energy 7,,. This quan-
tity has been shown by J. Rice and collaborators to be the solid state parameter
controlling dislocation nucleation near a crack tip. We also combined the GSF
energy surfaces with the Peierls-Nabarro model to study the dislocation properties
of silicon.

Finally, in a third application, we performed DFT calculations to simulate
the finite size block shearing process within the supercell approximation. The
results of this calculation can be used to account for surface energy effects which
were neglected in Rice’s original theory for dislocation nucleation. We obtained
an estimate for the energy associated with the surface creation during dislocation
emission. This energy factor was incorporated into Rice’s original theory within
the framework of continuum mechanics by assuming an evanescent surface stress
as suggested by Y. Sun. An estimate of the surface effects on the critical loading

was also obtained.
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1 Introduction

The microstructural deformation of solids is one of the most important problems
in materials science due to its scientific interest as well as its importance in high
technology applications. The development of density functional theory (DFT) [1]
and recent advances in computational capabilities have made it possible to study
a variety of problems of this nature using first-principles theoretical calculations.
However, an approximation has to be adopted for the exchange-correlation func-
tional in performing this kind of calculations. The local density approximation
(LDA) [2] is the most widely used approximation which renders DFT computa-
tions feasible. But even with its well recognized success, LDA does have some
limitations [3]. Therefore, there have been extensive efforts recently to go beyond
the LDA to improve the exchange-correlation functional. One of the promising
schemes is to. include gradient corrections. This approach is referred to as the
generalized gradient approximation (GGA) [4, 5, 6, 7]. Before this kind of func-
tional can be really adopted for large scale calculations, the question whether such
functionals really represent an improvement over LDA has to be addressed. Thus,
we performed detailed investigations to compare two recently proposed GGA func-
tionals for a wide range of systems. To understand the origin of the differences
between LDA and GGA, we examined the effects on the distribution of charge
density with the use of different functionals. The way in which GGA functional

should be implemented in the context of pseudopotential calculations consistently



was also investigated. Based on our analysis, we concluded that LDA is as reli-
able a choice as any GGA scheme, as far as the energetics of solids is concerned.
Therefore, we performed all our solid calculations within LDA.

As our first application, we studies the following problem: It has been ob-
served during micro-indentation experiment [8] that silicon exhibits plastic flow
under high pressure conditions. We attempted to understand the energetics asso-
ciated with this process by performing DFT calculations for homogeneous structure
transformations of silicon which might correspond to mass flow. The basic idea
is to try to find a structural transformation path which has the lowest possible
energy barrier: The magic strain concept which has been very efficient for iden-
tifying low energy structures in phase space was applied here in the search for a
possible transformation path. With a unit cell consisting of only 2 atoms, we have
been able to determine an upper bound for the energy barrier. The effects due to
entropy were taken into account with the use of Vineyard’s transition state theory
[9] to give a more complete thermodynamical picture.

As a second application, we calculated the quantities relating to the dislocation
properties of silicon. Since this problem is related to interfaces in solids, a supercell
approach has to be adopted. We performed extensive calculations to obtain the
generalized stacking fault (GSF) energy surfaces for various planes of silicon. A
GSF energy surface is the energy surface obtained by moving one half of an infi-
nite crystal with respect to the other half by a general displacement vector. The

importance of the GSI energy surfaces is as follows: (1) By combining the GSF
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energy surface with the Peierls-Nabarro model [10], the detailed properties of dis-
locations can be investigated. (2) Recent studies by Rice and collaborators of the
dislocation nucleation problem, based on the Peierls stress concept, have identified
the controlling parameter for dislocation emission to be the unstable stacking fault
energy, Yus [11], which is a saddle point in the GSF energy surface. In order to
get a complete thermodynamical picture, both entropy effects and pressure effects
were considered.

Since'the effects due to the surface creation during dislocation nucleation were
neglected in Rice’s original theory, one might wonder how important these effects
are in a realistic situation. We attempted to answer this question by performing
large scale supercell calculations to simulate the finite size block shearing process in
silicon. A supercell as big as 144 silicon atoms were used for these calculations. We
obtained the energy needed for ledge creation. This energy was then incorporated
into Rice’s original theory within the framework of continuum mechanics. An
evanescent law was assumed for the surface stress associated with the energy factor
for ledge creation, following a suggestion by Y. Sun. The critical loading for
dislocation nucleation was determined by solving an equation based on the force
balancing concept.

This thesis is organized as follows: Chapter 2 is devoted to the discussion
of two recently proposed GGA functionals. -We discuss the energetics for the
high-pressure plastic flow of silicon in Chapter 3. In Chapter 4 the GSF energy

surfaces of silicon are investigated in detail, as well as an application to the study



of the dislocation profiles. Chapter 5 presents the results of our study on the
surface effects during dislocation nucleation. We give general conclusions in the
final chapter. The first section of each chapter provides a specific introduction
for that chapter. Computational details and particular methods used during the
calculations are discussed in the second section of each chapter. Following sections
contain results and analysis. Each chapter concludes with a brief summary. The

references are listed at the end of each chapter.
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2 Application of the GGA Functionals

2.1 Introduction

Density functional theory (DFT) [1] has proved to be a versatile and valuable
tool in modern computational physics. The local density approximation (LDA)
[2] is the most widely used implementation of DFT, which renders applications to
a variety of problems computationally feasible. [3] Recent developments in com-
putational capabilities have made it possible to study complex problems relating
to microstructural deformations in solids. However, even with its well recognized
success, LDA has several limitations (see e.g. Ref. [3]). Accordingly, improvements
to LDA have been sought for many years. Ortiz and Ballone [4] pointed out that
gradient corrections constitute a promising approach from both a computational
and a conceptual point of view. In their calculation for homonuclear dimers, such
corrections gave an improvement over LDA results in every respect. It was also
reported by Bagno et al. [5] that by applying gradient corrections, the solid proper-
ties of third row elements are predicted more accurately. Despite these encouraging
indications, a more thorough test for finite systems (atoms, molecules, clusters) as
well as infinite systems (crystalline solids) is necessary before adopting these cor-
rections for large scale computations. Recently some tests of this type have been
reported by Perdew et al. [6], Ortiz [7], Garcia et al. [8], and Korling and Higlund
[9].

In this chapter, we present a detailed study of the application of gradient cor-



rections to DI'T for a broad range of atoms and solids. In the present calcula-
tion we used the gradient-corrected exchange-correlation functionals which were
introduced by Perdew and Wang [10, 11] and Lacks and Gordon [12] in the spin-
unpolarized form [these two' functionals will be referred to as PW(91) and LG
respectively]. For the convenience of the reader the functional form of PW(91)
and LG has been reproduced in Appendix A of this chapter. The reasons for
choosing these two functionals are: (1) They are among the most recent additions
to the list of proposed gradient corrections and are intended to give better results
compared to earlier attempts. (2) The two functionals have similar expressions
which simplifies computational implementation. (3) The Lacks-Gordon exchange
functional is produced by fitting to exact results, while the PW91 functional is de-
rived from first principles; comparison between these two functionals may provide
insight for a more accurate approach. We found that the use of GGA functionals
improves the calculation of atomic energies over LDA results. However, we found
that by simply combining the PW91 functional with the pseudopotential approach
leads to lattice constants for solids, such as simple metals and semiconductors,
that are larger than experiment, and the percentage errors are significantly larger
than those obtained from LDA. In order to understand the origin of these errors,
we examined the charge distribution of individual atoms. An increase in the non-
linearity of the exchange-correlation functional in GGA calculations was found. In
order to perform the calculations consistently, we demonstrated that it is necessary

to take into account the nonlinear coupling between the core and valence electrons



within the pseudopotential approach.

The remaining of this chapter is organized as follows: we discusses the appli-
cation of PW(91) to atoms in Section 2.2. The results for several types of solids,
including metals, semiconductors and insulators with the simple combination of
GGA functionals and the pseudopotential approach are presented in Section 2.3.
The effects on the charge distribution of individual atoms are examined in Sec-
tion 2.4. The results obtained with the partial core corrections, which takes into
account the nonlinear character of the exchange-correlation functional, are given
in Section 2.5. We conclude with some remarks on the usefulness of gradient

corrections.

2.2 Application to Atoms

We first consider the application of the gradient corrections to scalar non-relativistic
all-electron calculations for atoms. The elements we considered range from alkali
metals to inert gases. Specifically, they include the 2nd, 3rd and 4th rows of the
Periodic Table, except for the transition metals, for which some results have al-
ready been reported in the literature.[4] Since the results obtained with PW(91)
and LG are very similar, only the results from PW(91) are given. The results of
these calculations, which employed the standard logarithmic grid for the radial
variable, [13] are given in Tai)le 1. The total energy, exchange energy, and corre-

lation energy are compared to experimental measurements where available and to

LDA results.



Table 1: Atomic total energy, exchange energy and correlation energy calculated
from LDA and PW(91). Experimental data for the total energy are from Ref. [14].
Experimental data for exchange and correlation energy are from Ref. [15], except
for Ar; the correlation energy for Ar is from Ref. [16]. All values are in atomic

units.
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By using the PW(91) functional, one obtains a lower total energy and exchange
energy but a higher correlation energy, all in better agreement with experiment
than LDA results. A noticeable point is that for heavier elements, the agreement
between calculation and experiment seems to worsen (although still better than
LDA, where comparison to e;cperiment is possible). The reason is most likely due
to the neglect of relativistic effects which become more important for the heavier
atoms. PW(91) appears to over-correct the LDA results in some cases, even though
the difference with experiment is small. For example, the total energy of a Si atom
is -288.192 from LDA and -289.506 from PW(91), while the experimental result is
-289.348 (all numbers are in units of Hartree = 27.2116 eV).

For a more detailed look at the effect of PW(91) on the atomic calculations, we
present an example in Figure 1. In this figure, we display the exchange correlation
potential for Si as obtained by LDA and PW(91). In general, LDA gives a more
negative exchange-correlation potential than PW(91). Except for the shoulder
region, where the large difference is due to the gradient correction term which arises
from a rapid change in the density, the difference between LDA and PW(91) is
actually quite small. Nevertheless, this small difference in the exchange-correlation

potential gives significant differences in the energies (see Table 1).

2.3 Application to Solids

We first apply these functionals to the study of solids by directly incorporating

them into the pseudopotential framework. In order to perform consistent first-
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Figure 1: The all-electron exchange-correlation potential for the Si atom as given
by the LDA and PW(91) functionals. The shoulder region at r» ~ 1.3 ¢.u. is due

to sharp variations in the density.
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principles pseudopotential calculations for solids, it is necessary to construct new
pseudopotentials. The reasons are both conceptual and practical. Pseudopoten-
tials that are available in the literature, such as the ones by Bachelet et al. [17]
(BHS) were constructed from LDA all-electron calculations. If these potentials
were to be used in the PW(91) solid calculations, then the screening effect for core
electrons would be approximated by LDA while the screening effect for valence
electrons will be approximated by the PW(91) functional, which evidently is not
a self-consistent approach. Moreover, it was found by Ortiz and Ballone [4] that
a self-consistent pseudopotential that incorporates gradient corrections gives dif-
ferent results from a BHS pseudopotential. The details of the construction of the
pseudopotentials used in the present calculation are given in Appendix B.

We performed total energy pseudopotential calculations for two simple metals
(Na and Mg), one sp-bonded metal (Al), two elemental semiconductors (Si and
Ge), one compound semiconductor (GaAs) and one inert gas crystal (Ar). The
calculations were done by using a plane wave basis. For the LDA calculations, we
used the exchange-correlation potential of Ceperley and Alder as parametrized by
Perdew and Zunger. [16] The use of a plane-wave basis is advantageous in that
the gradient and the laplacian of the density needed in PW(91), can be obtained
easily by Fast Fourier Transforms. In the PW(91) calculation only 9 additional
FFT’s are needed, which results in a very modest increase of computational time

(less than 3%).

The ground state properties of each solid were obtained by minimizing the en-

14



ergy with respect to the lattice constant. In our present calculation, we fitted the
results to the Murnaghan equation of state, [18] which then gives the equilibrium
lattice constant and bulk modulus. In order to obtain a reliable cohesive energy
one needs to calculate the energy of the solid with the same degree of accuracy as
that of the isolated atom. The latter is obtained by integration of the Schrédinger
equation and is essentially exact (within the limits of DFT). The energy of the
solid converges variationally with the size of the plane-wave basis. For this reason,
we first calculate the ground state energy corresponding to the calculated equilib-
rium lattice constant for several values of the cutoff energy E., which is the highest
plane-wave kinetic energy and determines the size of the basis. The cutoff energy
ranges from 12 to 20 Ry, except for Ar, in which case E, ranges from 16 to 32 Ry.
Then, we fitted the calculated total energies to E = Ey + A\/E? in order to obtain
the asymptotic value of the total energy Fy (A and v are fitting parameters; the
optimal value of 7 is 2.5). We find that the error introduced by using this formula is
less than 0.1% (this was estimated by comparing the fitted result to the calculated
result for the highest cutoff energy). In order to include spin-polarization effects,
we used the empirical formula AE, = —0.18 x n2 eV (n, = n; — n|, n being the
number of electrons with spin up and n| the number of electrons with spin down)
to estimate the shift in the total energy of the pseudo-atoms in spin-polarized
configurations. Spin-polarized calculations for non-magnetic solids are expected to
have negligible effect to the total energy Eo. The cohesive energy is then deter-

mined by the difference between Fj and the total atomic energy calculated for the

15



pseudo-atom.

The total energy vs. lattice constant curves from LDA and PW(91) for Na, Mg,
and Al are shown in Figure 2(a) and for Si, Ge, GaAs, and Ar in Figure 2(b). The
curves from the PW(91) calculations are flatter and they are shifted to the right
compared to the LDA curves. Thus, the PW(91) functional gives a larger lattice
constant and smaller bulk modulus than LDA. The latter approximation overes-
timates the cohesive energy in most cases, and gives too small lattice constants
compared to experiment. The results for the calculations of ground state proper-
ties of solids are summarized in Table 2 . Except for the simple metals Na and
Mg, the results from PW(91) seem to over-correct the LDA results. Specifically,
the PW(91) results give a lattice constant which is bigger than experiment by a
significant amount. For example, the PW(91) results give lattice constants which
are higher than experiment by 3%, 5%, and 5% for Si, Ge, and GaAs, respectively,
whereas LDA results give lattice constants which are smaller than experiment by
1%, 2%, and 2% for the same solids. For the bulk modulus, the results from the
PW(91) calculations are better for Na, Mg, Al, and Ar, since the LDA values are
too high for these three elements. But for Si, Ge, and GaAs, the bulk modulus
from the PW(91) calculations are worse than the LDA results, which were already
underestimates of the experimental values. For the cohesive energy, the PW(91)
calculations give an improvement over the LDA results in most cases, even though

the PW(91) cohesive energies are still larger (in absolute value) than experiment.

16



Table 2: Lattice constant, bulk modulus, and cohesive energy calculated from LDA
and PW(91). The experimental data for lattice constants are taken from Ref. [19],
except for GaAs, which is from Ref. [20] The experimental data for bulk modulus
and cohesive energy are from Ref. [21], except for GaAs, which are from Ref. [22]
and Ref. [23]. The unit for lattice constant is A; the unit for bulk modulus is

10'°dyne/cm?; the unit for cohesive energy is eV.
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Figure 2: (a) Comparsion of total-energy vs. lattice constant curves for Na, Mg,
and Al as given by the LDA and PW(91) functionals. The dots are calculated
values, the lines are fits to Murnaghan’s equation of state. ag is the experimental

lattice constant, Fy is the asymptotic value of the solid’s total energy (see text).
Y g

(b) Same as in (a), for Si, Ge, GaAs and Ar.
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For Ar, we note that the energy vs. volume curve is much flatter than other solids,
making the prediction of the equilibrium lattice constant and bulk modulus more
difficult. In summary, we find that use of the PW(91) functional gives a weaker
binding between atoms in a solid, resulting in larger lattice constants and smaller
bulk moduli. The deviation from experiment depends somewhat on the character
of the solid, but in many cases it is larger than the deviation of LDA results from
experiment.

The calculated band gaps for the semiconductors and the insulator we have con-
sidered, at both the theoretically predicted equilibrium lattice constant and the
experimentally measured one, are given in Table 3. At the experimentally mea-
sured lattice constant, PW(91) gives consistently a better band gap than LDA. At
the theoretically predicted lattice constant, however, it cannot be said conclusively
whether PW(91) is better or worse than LDA in predicting band gaps. This is to
be expected since the band gap depends on the lattice constant, and PW(91) and
LDA give significantly different equilibrium lattice constants. In Figure 3 we com-
pare the density of states for the three metals we have considered, calculated from
LDA and PW(91). As can be seen from this figure, the PW(91) calculation gives
a narrower band width and a larger density of states at the Fermi level. This is
because PW(91) gives a “softer” solid than LDA, and the band width scales with

the strength of the interaction between atoms.



Table 3: Band gap calculated from LDA and PW(91). a4 is the equilibrium lattice
constant predicted by theory. ag” is the equilibrium lattice constant measured

from experiment. The experimental data are taken from Ref. [24], except for Ar,

which is from Ref. [25]. The unit is eV.
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Figure 3: Density of states (including spin degeneracy) for Na, Mg, and Al calcu-

lated from LDA and PW(91). The Fermi energy is taken to be zero.
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For a more detailed look at the effect of gradient corrections, we show in Fig-
ure 4(a) the difference between the PW(91) and LDA exchange-correlation energy
functionals for Si. Figure 4(b) presents a comparison between PW(91) and LDA
exchange-correlation potentials, which are essentially the functional derivatives of
the energy with respect to density. In both cases the most important difference
between LDA and PW(91) occurs near the atomic nuclei. This is not surprising,
since the density varies significantly inside this region, giving large gradient correc-
tions. In the present calculations the use of a pseudopotential results in vanishingly
small, but rapidly changing density near the atomic nuclei. The only other region
where the PW(91) exchange-correlation potential shows large difference from the
LDA potential is between the chains of covalent bonds where the electronic density

is again very small.

2.4 The effects on Atomic Charge Distribution

The above discussion points to the fact that in order to understand the origin of
the softening of solids with the use of GGA functionals, it is necessary to examine
the effects of GGA functionals on the charge distribution of individual atoms. In
studying the charge distributions of individual atoms, we have found it instructive

to evaluate the following quantity

S —

Cot(R) = 4r /0 2y [ S,GA(7-)|2] (1)
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Figure 4: (a) Difference between PW(91) and LDA exchange-correlation energy
functionals for Si on the [110] plane of the diamond lattice. Dark symbols indicate

the atomic positions. (b) Same as in (a), for the exchange-correlation potentials.
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Cn(R) is the difference between the charge enclosed within a sphere of radius R
around the nucleus calculated from the LDA and the GGA functional for each
single electron orbital nl. In Figure 5 we display Cyi(R) for the nl = 2p, 3s and
3p orbitals of Si, and the nl = 2p, 3s, 3p orbitals of Na. The more positive Cp( R)
is the more charge has been pushed outside the region contained by the sphere of
radius R in the GGA calculation compared to the charge obtained by LDA.

In order to see the difference in the physically important range, we used the
experimentally measured bond length as the unit along the x-axis in Figure 5. As
is obvious from this figure, there is almost no difference in the charge distribution
between LDA and GGA results for the 2p core orbital of Si. For the 3s and 3p
valence orbitals of Si, in the neighborhood of the bonding region substantial charge
has been pushed away from the nucleus in both the PW91 and the LG calculations,
relative to the LDA results. A similar situation occurs in the case of Na as is
shown in Figure 5. These comparisons indicate a weaker interaction between the
valence electrons of the atom and the ion when using GGA functionals as opposed
to LDA, due to the spreading out of the valence charge in GGA calculations.
In an approach which simply replaces the effects due to the ion and the core
electrons with a pseudo-core which is constructed to reproduce the results of the
all-electron calculation, this will unavoidably lead to a weaker interaction between
the valence electrons and the pseudo-core. Since in the pseudopotential framework
the properties of solids are determined by the interaction between valence electrons

and the pseudo-core, the tendency for valence charge to be pushed away from
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Figure 5: Integrated charge difference Cu(R) [see Eq. (1)] calculated with PW91
(so lid lines), and LG (dashed lines) for ni =2p, 3s, 3p orbitals of Si, and nl =2p,
3s, 3p orbitals of Na. The results for the 3p orbital of Na have been divided by a

factor 2 so that they can be displayed on the same scale as the results for Si
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the nucleus when GGA functionals are used leads to a softer solid, characterized

by larger equilibrium lattice constant and smaller bulk modulus than LDA.

2.5 Nonlinearity of the GGA functional

This observation points to the necessity of properly taking into account the non-
linear coupling between the valence and core electrons in the exchange correlation
functional within the pseudopotential approach, when GGA functionals are used.
To examine the effects due to the inclusion of gradient corrections, we first consider
the behavior of the quantity s which is used in the definition of GGA functionals
in addition to the charge density n. s is defined as a function of the charge density
n and its gradient Vn:

s = |Vn| /2(3x2)/3p/3 (2)

Although the charge density n can be separated into the core charge density n,
and the valence charge density n, so that n = n, + n,, such a separation can not
be written for s due to the nonlinearity of the expression of Eq. 2. We use Si as
an example to further illustrate this point. We display in Figure 6 both the core
and valence charge density for the Si atom, calculated with the LDA and the GGA
functionals respectively. There is evidently no significant difference between the
results of these two calculations as far as the overlap between charge density is

concerned. Figure 7 (a) displays the quantity
AVze = Vie[ne] + Vae[no] = Vee[(ne + 1)) (3)
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Figure 6: The core (upper panel) and valence (lower panel) charge density of the
silicon atom calculated with LDA and GGA functionals as a function of distance

from the nucleus. Notice the different density scales in the two panels.
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which is a measure of the nonlinearity of the exchange-correlation potential. There
is a substantial increase in the nonlinearity of the exchange-correlation potential in
the region where the overlap between the core and valence charge is not negligible
(compare with Figure 6). This increase in nonlinearity is due to the fact that
the variables used in the expression for the GGA functionals are not separable
in terms of the valence and core parts. For example, we show in Figure 7 (b)
the values of s., s, and s which correspond to the value of the quantity defined
in Eq. 2 calculated with the core, valence, and total charge density respectively.
Therefore, the inclusion of gradient corrections seems to increase the effects of
coupling between the valence and core electrons. As was discussed in the previous

paragraphs, the simple unscreening of the pseudopotential by

Vion = Vicreened = Vai[] — Vee[nu] (4)

where V and V. are the Hartree and the exchange-correlation potentials respec-
tively, does not give satisfactory results for the properties of solids. This approxi-
mation implicitly assumes the linearization of the exchange-correlation functional.
As was pointed out by Louie el al. [26], a more consistent approach is to include
the core charge density in the unscreening. That is, instead of taking out only
the V,.[n,] part in the unscreening procedure as in Eq. 4, V2° should be defined

instead as:

‘/iz‘:t = ‘/s’::f'eened - ‘/H[nU] - VI‘C[(nC + nv)] (5)
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Figure 7: (a) The quantity AV, [see Eq. (3)] for the silicon atom calculated with
LDA and PW91 as a function of distance from the nucleus. (b)The values of s
[see Eq. [2]] calculated from the core (s.), the valence (s,), and the total charge

density (s) for the silicon atom as a function of distance from the nucleus.
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where n. is a rigid core charge density, constructed from a reference atomic sys-
tem. Since the core electrons are not included in the pseudopotential calculation,
whenever the exchange-correlation energy and potential are needed, the full charge
density n = n. + n, must be used. This procedure is exact within the rigid core
approximation, but it would require a very large number of plane waves to describe
the core charge density accurately, and one loses the advantages of using the pseu-
dopotential formalism by adopting this approach. So even though it is theoretically
correct, it is not practical from a computational point of view. Therefore, it is nec-
essary to make some approximation in order to obtain a practical computational
scheme.

We follow the partial core prescription proposed in Ref. [26]. The full core

charge density is replaced with an artificial core charge density 7. defined as:

. Asin Br
e = ———,7< 7,
r
e = MNeyT > T (6)

The parameters A and B are determined by the requirement that the value of 7.
and its derivative with respect to the radius r be exactly the same as those of the
real core charge density n, at the cutoff radius .. We have found that in order
to capture the nonlinear coupling between the core and the valence electrons for
the case of the GGA functionals, it is necessary to use r. smaller than what was
suggested in Ref. [26] for LDA calculations. In our calculations, r. is chosen as

the radius where the core charge density n. is 6-7 times larger than the valence
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charge density n,. In Ref. [26] (which dealt with LDA calculations), . was chosen
as the radius where the core charge density n. was 2-3 times larger than the va-
lence charge density. It is worthwhile mentioning that the pathological oscillatory
behavior of the PW91 exchange-correlation potential near the nuclei, which causes
problems in creating smooth pseudopotentials during the unscreening procedure is
automatically eliminated by using the partial core correction.

As an illustration of how this approach works, we reconsider the four sp-bonded
solids in their ground state phase: Si (diamond), Ge (diamond), GaAs (zincblende),
and Al (fcc). The calculated ground state properties using LDA and PW91 are
summarized and compared to experimental data and to the results without partial
core corrections, in Table 4. The improvement in cohesive energy basically does not
change with the inclusion of the partial core correction. For the lattice constant,
we found that the results from the GGA functional are still consistently larger
than the LDA results. But in terms of the magnitude of increase, it is substantially
smaller after the nonlinear behavior of the exchange-correlation functional is taken
into account. In the case of Al, this makes the value obtained from PW91 closer
to experiment than the LDA result. For Si, Ge, and GaAs, the results obtained
from LDA and PW9I1 are of the same accuracy compared to experiment. PW91
tends to overcorrect the LDA results and gives an overestimate for the equilibrium
lattice constant of these systems. For the bulk modulus, the values obtained from
PW91 are smaller than the LDA results. While this leads to a better result for

Al, the bulk moduli we obtained for the three semiconductors are significantly
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underestimated (by -12 % to -25 % compared to experiment). Finally, we compare
our results to recent all-electron, linearized augamented planewave (LAPW) [27]
total energy and electronic structure calculations, with the same GGA functional
as in our work. It is obvious from the comparison of Table 4 that the present
pseudopotential calculation results with the partial core correction represent a
significant, improvement over the results without the partial core correction, and
agree very well with the all-electron LAPW calculation results. The remaining
discrepancy is probably due to the relaxation of the core electrons which is not

allowed in the pseudopotential calculation.

2.6 Summary

In conclusion, we showed that it is essential to take into account the core-valence
coupling in the pseudopotential calculations when using GGA exchange-correlation
functionals. To this end, we have found that the partial core prescription of Louie
et al. [26] is most appropriate when using a plane-wave basis. We considered the
structural properties of a variety of solids using both LDA and GGA. We found
that PW91 gives consistently better cohesive energies than LDA. We suspect that
this is due to a better description for the pseudo-atom properties in analogy with
the improvement in all-electron atomic calculations (see Section 2.2). We also
demonstrated that for the lattice constant the same accuracy as in LDA can be
obtained with GGA, as long as the nonlinearity of the gradient corrected functional

is properly taken into account. Even though the PW91 functional does give a
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Table 4: Lattice constant (ap in A), bulk modulus (B in GPa), cohesive energy
(Econ in €V /atom), calculated from LDA and PW91. For comparison, we also list
the results obtained from pseudopotential calculation without partial core correc-
tion (PW9lx) from Table 2 and the results from all-electron linearized augmented
planewave (LAPW) calculation [27]. The values in parentheses are percent differ-

ences from the experimental values.
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Si Al

ap B Eoon aqg B Econ :

LDA i 5.38( -0.9%) | 96.57( -2%) | 5.38(+15.9%) || 3.93( -2.9%) | 37.65(+21%) 414 +22.1%)
PWo1 5.45(+0.4%) | 83.51(-15%) | 4.40( -5.1%) | 4.03( -0.5%) | 79.25(+10%) 343 +L.T%R) i
PWOl~ | 5.30(+2.9%) | 35.22(-14%) | 4.64( +0.2%) || 4.25(++.9%) | 61.07( -15%) | 3.22( -5.0%) i
|

PWOL(LAPW) || 5.30(+1.3%) | 33.00(-16%)

Expt. 5.43 93.80 1.63 4.05 72.20 339 |
Ge GaAds i

o B Econ ag B E.on J

LDA 5.57( -L6%) | T472 -3%) | 4.53(+17.7%) || 5.51( -2.5%) | T7.09(+2%) 3.58(+31.6%) |
PWoL ‘5.73(+1.2%) 58.04(-24%) | 3.41( -11.4%) || 5.76(+1.9%) | 66.28(-12%) | 6.00( -3.8%)
PWOL« 5.92(+4.7%) | 58.12(-25%) | 3.TL(-3.6%) || 5.92(++.3%) | 54.39(-28%) | 6.43( -1.4%) |
PWOL(LAPW) || 5.75(+1.6%) | 61.00(-21%) 5.74(+1.3%) | 65.00(-14%) |
Expt. 566 1 77.20 3.85 5.65 75.57 652 |




better description for the equilibrium properties of all the metals we have con-
sidered. For the semiconductors, the bulk moduli obtained with the use of GGA
functionals represent significant underestimates of the experimental results. There-
fore, further search may be needed for an exchange-correlation functional which
is consistently better for all solids. We believe that LDA remains to be the most
reliable choice for energetic comparison of solids for the present time.

In view of the above results, one may inquire what are the physical situations in
which the use of GGA functionals can provide significant improvements over LDA
results. Recently, calculations have been reported for H, dissociation on a Cu(111)
surface with the LDA and the GGA [28, 29]. The GGA results for this system
represent significant improvements over the LDA results. It has also been demon-
stratcd that the GGA gives results in better agreement with experiments than the
LDA for finite systems (atoms and molecules) and metallic surfaces [4, 6, 30]. It is
therefore expected that the GGA will give, in general, a better description for the
interaction between molecules and other molecules or solid surfaces. The reason
that the GGA should give better results for these interactions can be attributed to
the fact that substantial part of the interactions in the these systems are related
to the tails of the electronic wave functions, where the GGA gives a more accurate

description than the LDA.



Appendix A

The PW(91) exchange energy functional used in the present calculation is:
Ey[n] = A, / &Br Fy(s)n/3 (7)

where n = n(7) is the electron density, kr is the Fermi momentum which is related

to the density by kp = (372n)3, A, = ~3(3N/3 5 = %, and

Fy(s) = 1+ bysy(s) + (by + bze1005") 2
e 1 + bysy(s) + bys?

y(s) = log(bss + /1 + (bss)?)

The numerical values of the constants are: b; = 0.19645, b, = 0.27430, b3 =

—0.15084, by = 0.004, bs = 7.7956 .

The LG functional has a similar functional form

d4-0.1234 8 12©\b
(14 2= 862 4 6% + a6s® + ags® + a105'® + a125'?)

F.‘L‘(S)z 1+ad32

(8)

with the numerical values for the constants given as follows: ay = 1.078, a4 =
29.790, ag = 22.417, ag = 12.119, ayo = 1570.1, a;2 = 55.949, b = 0.024974.

The correlation energy functional is :

/(137~(ec(n) + H(n,s,t))n (9)
where
B? a, %4 At s oo
= bl S S Ry
H (zal)log(l+2ﬁ(1+At2+A2td))+Cco(Cc(n) Cu)t2e
A=22 1

5l ez = 1)
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Ca + Cyry + Cyr?
1+ Csrs + Cor? + Cor3
1
0(517'3/2 + Bors + Bars!* + Byrs*?)

The density dependent variables ¢, k,, and r; are defined as: ¢ = (%LL)’ ky =

Ce(n) =Cy+

e(n) = —a(l + aqr;s)log(l + )

(%5)1/2, rs = (:2)'/3, and the numerical values of the constants are: o = 0.09, 3 =
0.0667263212, Co = 15.75592, Cy = 0.003521, C; = 0.001667, C, = 0.002568,
Cs = 0.023266, Cy = 7.389 x 10~%, Cs = 8.723, Cs = 0.472, C7 = 7.389 x 1072,
a = 0.0621814, oy = 0.21370, B; = 7.5957, B, = 3.5876, B3 = 1.6382, B; = 0.49294,

p =1.00 . All values are in atomic units.

Appendix B

It is convenient to use the BHS pseudopotentials as a starting point to build the
new gradient-corrected pseudopotentials. This results in substantial savings of
computational effort without any loss of flexibility. Moreover, the widely used
BHS pseudopotentials can be simply modified to obtain the gradient-corrected
potentials. The basic idea is as follows: consider a valence state of angular mo-
mentum /. The Schrédinger equation for the radial part of the wave-function is

1 d? n [(1+1) + V()| di(r) = edi(r) (10)

T 2mdr? " 2mr?
(in atomic units, with & = 1). Both ¢;(r) and the DFT potential (including gradi-

ent corrections) V(r) can be obtained from a self consistent all-electron calculation.



The pseudopotential equation is

1 & l(l+1) . -
R T S NPT PR on — .
2m dr? + 2mr? + Voa(r)| 4u(r) adi(r) (11)

where Vj,5(r) is the screened pseudopotential which includes the gradient correc-
tions, and outside a cutoff radius r. , q~51(r) = ¢(r) . The Schrédinger equation

corresponding. to the BHS pseudopotential is

L& U(+1)

2m dr? 2mr?

+ VEUS()| gPHS(r) = PUSEPHS ) (12)

We define Adi(r) = di(r) — #PHS(r). Outside the cutoff radius, Adi(r) is known

exactly, since both ¢(r) and $PHS(r) can be obtained from a self-consistent cal-

culation. Notice that outside the core ¢(r) = éi(r). However, since these two

wavefunctions belong to potentials that include gradient corrections, they are dif-

ferent from ¢PH5(r). For r < 7., we expand Ad(r Ec r!+2" By requiring
n=0

that ¢ (r) and its first and second derivatives are continuous at ¢, and imposing

the normalization condition, we can solve for the coefficients ¢,, n = 0,...,3. In

order to satisfy Eq. (4), AVj,(r) = Vpe(r) — V,Z#5(r) must satisfy

BHS}BHS x
AV, (r) = ¢ — =3 9 (Z’) f(r)
ps(r) = € ¢IBHS(7‘)+A¢I(7) BHS( )+A¢1(r) (13)
where
F I
f(T‘) = 2}7137_‘; + (27:”;) + VBHS AQS( ) (14)

Since Agy(r) is exactly known everywhere, we can use Eq. (13) to obtain the

screened pseudopotential V,;(r). By calculating the PW(91) exchange-correlation



potential and the Hartree potential from the density corresponding to the pseudo-
wavefunction q31(7'), we unscreen the pseudopotential and get the bare pseudopo-
tential V,*(r) to be used in the solid calculation. We then fit the numerical result
for the new pseudopotential to the same functional form as in the BHS pseudopo-
tential. For simplicity, we only refit the coefficients of the short range I-dependent
part. This procedure offers the important advantage of avoiding highly nonlinear
fits. In Figure 8, we compare the new pseudopotential and the BHS pseudopoten-
tial for Si. As is seen from this figure, the new pseudopotential is comparable to
the BHS pseudopotential in terms of well depth and curvature.

Here we should like to point out that the PW(91) exchange-correlation poten-
tial corresponding to the pseudo-wavefunction exhibits pathological behavior near
the origin (oscillations of increasing amplitude), which makes the creation of a
smooth pseudopotential impossible. For this reason, we introduce a cutoff func-
tion 1/(1+el0=")/%) where . and § are adjustable parameters and are both much
smaller than the cutoff radius .. By multiplying the PW(91) exchange-correlation
potential with this cutoff function, we make the potential go smoothly to zero near
the origin, which makes the creation of a well behaved pseudopotential possible.
This procedure is justified on grounds that the properties of the solid should not
depend on features of the pseudopotential inside the core. Similar problems with

the behavior of gradient corrections near the origin were noticed by Ortiz and

Ballone.[4]



Figure 8: The new (gradient-corrected) and BHS pseudopotential for Si.
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3  High-pressure Plastic Flow in Silicon

3.1 Introduction

Microindentation experiments on Si [1, 2] have shown that this material can be
induced to exhibit plastic flow upon loading at room temperature. This observation
is rather extraordinary since it implies that under the proper pressure conditions a
normally brittle material can be transformed into a maleable, plastic one while it
remains far from the molten state. [3] Consequently, the structure of the material
must undergo significant changes both in the nature and in the topology of bonding
during this process. In order to understand the physics underlying this process,
it is necessary to study the relevant structural transformations and the ensuing
changes in interatomic bonding from a microscopic point of view. A major obstacle
to such studies is the lack of any information about the relevant structural changes.
This demands that a very wide range of possible structures be considered and that
their relevance to the phase transformation of interest be evaluated in some reliable
way. In this chapter we will discuss an efficient methodology for analyzing such
phenomena within the framework of first-principles theoretical calculations of the

free energy.

3.2 Methods

Since it is not practical to investigate an unlimited number of possible configura-

tions, we will rely on the magic strain concept [4, 5] to explore a limited but rather



general set of conﬁgurations,. which are related to some reference structure by a
mass flow transformation. The many possible choices of magic strain matrices and
the versatility of their parametrization provide a convenient way for exploring con-
figuration space. We then calculate the total energies for configurations identified
by magic strains using the Local Density Approximation to Density Functional
Theory [6], which is well known to provide accurate and reliable results for com-
paring energy differences. Finally, we use Vineyard’s transition-rate theory [7] to
include the entropy which provides a more complete picture of the thermodynamics
associated with the process we are interested in.

Experiments [8, 9] suggest that during indentation Si assumes a metallic phase,
which is believed to be described by the 8-Sn structure. It is reasonable to expect
the same phase to be relevant to plastic flow under microindentation. Hence, our
structural studies will be based on the high-pressure 8-Sn phase of Si, which is
a tetragonal body-centered lattice with ¢/« ratio 0.522. We further assume that
under the high pressure conditions in microindentation experiments, there is no
memory of the ground-state diamond lattice in the material. The transformation
of S5t from its ground state diamond lattice to the #-Sn high-pressure phase is a
fascinating phenomenon in itself which has attracted much experimental [8, 9] and
theoretical attention [10], but lies beyond the scope of the present work.

Taking the ($-Sn phase as the reference structure we have performed extensive
investigations of deformations of Si with magic strain transformations. Let us

briefly review the concept of magic strains: they are lattice transformations which



bring the crystal back to itself in many different ways. Because they are defined to
be symmetric matrices, the non-relevant rotations (which correspond to inherent
symmetries of the crystal and are of no interest here) are excluded. Detailed
explanations of the construction and the effects of magic strains are given in Ref.
[4, 5]. We will concentrate on magic strains that are likely to produce deformations
corresponding to flow of atoms. Employing Van de Wall’s method, [4] we generate
a magic strain which connects two equivalent primitive unit cells of the body-

centered tetragonal lattice given by matrices A and B:

10 3 10 -1
A=lo01 1 B=|lo1 1 (15)
00 (%) 00 (5)

Each column of A and B defines a lattice vector in units of the lattice constant a.
The two matrices differ from each other by the z-component of the third primitive

lattice vector. The magic strain matrix that connects A and B is given by S,,,

0.4832 0.0000 —0.8755
Sm =1 0.0000 1.0000  0.0000 (16)

—-0.8755 0.0000 . 3.6553
Diagonalizing S,, gives the eigen-directions (-0.9684,0,-0.2495), (0.2495,0,-0.9684),
and (0,1,0). Following Boyer et al. [11], we parametrize a general strain by first
transforming to the coordinate system in which S, is diagonalized, and in this
frame, expressing the diagonal elements of the strain in a volume conserving form:
Su=(1+1)"3(1+9)%, S = (1+9)73(1+ )5, Sss = (1+f)"5(1+¢)"5. When
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the independent variables f and g take their magic strain values fo = 2.8808 and
go = —0.7423, we obtain the magic strain matrix of eq. (2) in diagonal form.
The values of f and g are parametrized by f = f, sinz(gu) and g = gosin®(3v),
where u, v take real values. This particular parametrization ensures that the
structure will change continuously from one $-Sn lattice to another 8-Sn lattice in
a periodic fashion on the {u, v} parameter plane. This formulation also facilitates
the calculation of entropy, as will be evident below.

The energy for each strained lattice obtained by parametric application of Sy,
is then calculated within DFT/LDA. [12] The basis atoms are allowed to relax
fully by using a steepest descent approach to minimize the calculated Helmann-
Feynman forces. We use a plane wave expansion with a cutoff energy 16 Ry and
216 sampling points in the first Brillouin Zone for the reciprocal space integrations.
With these computational parameters, the uncertainty in the calculated relative
energies is of order 0.1 mRy/atom; the lowest energy barrier we have found is of

order 15 mRy/atom.

3.3 Results and Discussion

Figure 9 presents a contour plot of the energy surface on the {u, v} plane (the
brighter the color, the higher the energy). The black dots represent configurations
with the 8-Sn structure. Energies higher than 35 mRy/atom from this reference
structure are omitted to make the energy variations in the important range visible.

As can be seen clearly from this plot there is a low energy path (in blue color)
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Figure 9: Contour plot of the energy surface on the {u, v} parameter plane with u
and v ranging from -1 to +1. The black area corresponds to the 3-Sn structure; the
blue channel is the low energy path. The color scheme denotes energy difference
AE: black — 0 < AE £ 2.5 mRy, blue —» 2.5 mRy < AE < 7 mRy, green — 7
mRy < AEF < 12 mRy, yellow — 12 mRy < AFE < 26 mRy, orange — 26 mRy
< AE <35 mRy, red — 35 mRy < AE. The energy differences are with respect

to the energy of the 8-Sn phase of Si.






connecting 3-Sn structures. The large variations in relative energy shown in this
plot are indicative of the fact that the range of structures spanned by varying the
{u, v} parameters is very wide. The entire energy surface contains some config-
urations of very high energy, as high as 160 mRy/atom relative to the reference
structure (these configurations lie inside the red regions of Figure 9).

In Figure 10 we display the energy variation along the low energy path: the
energy first increases quickly and almost quadratically with the strain, then it
exhibits a shoulder of much smaller slope, after which it increases rapidly again
until the energy barrier. The barrier is 14.5 mRy/atom. The energy is symmetric
along this particular path, with respect to the barrier configuration. In our choice
of the magic strain parametrization we have used a volume conserving expression.
It is important to investigate how volume relaxation affects the energy barrier.
We have explored this aspect for the configuration corresponding to the top of
the barrier. Volume relaxation gives a decrease in the equilibrium volume of 7%
and lowers the energy barrier by 1.8 mRy/atom. The reduction in the volume
of the barrier configuration argues favorably for the relevance of this path to the
plastic flow experiments: It is reasonable to expect that indentation will lead
to compressed volume configurations, and that plastic flow will be enhanced by
any structure with an equilibrium volume smaller than the reference structure.
Specifically, the pressure term in the free energy (AV - P) will tend to lower the
energy barrier for structures that have lower equilibrium volume than the reference

structure (AV < 0).
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Figure 10: Energy vs. strain curve along the low energy path. The circle indicates

the value of the energy after volume relaxation.
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In order to visualize the structural transformation corresponding to this path,
we show in Figure 11 representative configurations along the path, containing
5 layers of atoms along the c-axis of the 8-Sn reference structure. Two different
colors are used to identify the two interpenetrating sublattices of the body-centered
tetragonal structure. Figurell(a) is the 8-Sn structure of Si. In this structure
each atom is six-fold coordinated with four short bonds and two longer bonds. In
Figure 11(b), the pink sublattice atoms are displaced slightly to the left. At the
same time, the shape of the cell is distorted. The square base on the ab plane
is changed to a rectangle of smaller area, while the length along the c-axis is
increased. Each atom is five-fold coordinated at this point. The distance between
the two atoms in the basis (i.e. two adjacent atoms of different color) does not
change very much, while their relative positions are now more aligned with the c-
axis direction. This arrangement makes the angles between bonds less symmetric.
Figure 11(c) is the structure corresponding to the energy barrier. The primitive cell
is elongated along the c-axis even further. The bonding between different colored
sublattices is broken, which facilitates the sliding of the two sublattices relative
to each other. It is clear from this structure that the pink sublattice is passing
through yellow sublattice. The second half the transformation is simply the mirror
image of the first half with respect to the saddle point. Physically this sequence of
transformations corresponds to planar flow of atoms, because an observer situated
at one point in the solid will see all the atoms on the layers above his position to

be moving to the left, while all the atoms below his position will be moving to the
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Figure 11: A sequence of structures along the low-energy path. The two col-
ors identify the two interpenetrating sublattices of the body-centered tetragonal
lattice. (a) The reference $-Sn structure. (b) A structure midway between the
reference and the barrier configuration. (c) The structure corresponding to the
energy barrier. (d) A structure midway between the barrier and the end-point
configuration. (e) The end point configuration, which is also the 8-Sn structure.
Notice that in going from (a) to (e) atoms above the middle of the figure have
moved to the left, whereas atoms below the middle of the figure have moved to the

right, corresponding to planar flow.
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right.

As can be seen from the energy surface of Figure 9, there are actually several
nearby paths with comparable energy barriers to the one described above. This
suggests that a more complete picture should include entropy contributions. We
use Vineyard’s transition rate theory to calculate the entropy associated with the

energy surface, which is given by:

JdSexp[—(E — E,)/kgT]

S = ke I e (CE ks T)

(17)

Here E, is the activation energy (the relative energy of the barrier) and kg the
Boltzman constant; [ dS is an intergal over a surface perpendicular to the trans-
formation path around the saddle point configuration and [ dV is an intergal over
a volume around the equilibrium configuration. In physical terms, the intergation
in the numerator of the logarithm is a measure of the number of successful cross-
ings over the saddle point ridge while the intergation in the denominator gives the
normalization, i.e. the number of available departures from the equilibrium config-
uration. Using this formula, we calculate the entropy associated with the present
transformation at room temperature (where the experiments are performed), to
be 2.9 k. The free energy F' = U — T'S associated with the transformation at
room temperature is therefore 7.2 mRy/atom, which corresponds to 1137°K. For

comparison, the melting point of Si is 1683°K.
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3.4 Summary

In conclusion, we have examined the possibility of plastic flow in Si under indenta-
tion. By using the magic strain concept, coupled with first-principles total energy
calculations, we have been able to explore a wide range of configurations described
by an energy surface in a two-dimensional strain space. We have identified a low
energy path and showed that the structural transformation along this path cor-
responds to planar flow of atoms. We included the entropy associated with this
process using Vineyard’s transition rate theory. Both the entropy and the volume
relaxation of the barrier configuration contribute toward lowering the free-energy
cost of achieving planar flow through the path we described. The free energy cost
for this particular transformation at room temperature is 7.2 mRy/atom, which
is relatively low (approximately 2/3 of the melting temperature of Si). However,
we caution the reader that what we have found is actually an upper bound for
the energy barrier. Other paths with even lower energy barrier may exist. Such
paths can in principle be found by considering magic strain transformations of
lower symmetry and wider range (e.g. spanning several unit cells). The method we
have presented in this chapter is quite general and should be applicable to other

phenomena which involve complex structural transformations.
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4 GSF Energy Surfaces and Structural Defor-

mation in Silicon

4.1 Introduction

One of the most important technological problems is the issue of the intrinsic
ductility of materials. To address this question, one has to consider how a crack
in the solid will respond to external loading conditions. Since the dislocation
nucleation from a crack tip will cause the tip to blunt, it is reasonable to associate
this process with ductile behavior, while brittle behavior can be associated with
crack propagation, corresponding to creation of a sharp crack tip. Therefore,
one approach to analyze this problem is to compare the criterion for dislocation
nucleation from the crack tip with the Griffth’s criterion for cleavage [1]. Recent
advances by Rice and collaborators in the modeling of dislocation nucleation at a
crack tip based on the Peierls-Nabarro concept [2, 3, 5, 6, 7], identified an important
solid state parameter +,,, the unstable stacking fault energy, to be the controlling
parameter for dislocation emission. The importance of Rice’s theory is that this
newly proposed dislocation emission criterion v,, can be obtained from theoretical
calculations without any ambiguity. By combining Rice’s criterion for dislocation
emission with the Griffth’s criterion for crack propagation [1], the intrinsic ductility
of materials can then be determined from theory. For the convenience of the reader,

here we give a brief description of Rice’s theory. The original papers should be
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consulted for details [2, 3, 4, 5]. For simplicity, the external loading is assumed to
be purely shearing along the direction of the crack front as shown in Figure 12,
where uy is the displacement vector with {+,—} referring to the two sides of the
slip plane. The relative displacement across this plane § is equal to uy —u_. Rice’s
theory is based on the Pierls’s stress concept: the shear stress = on the slip plane
is assumed to be a periodic function of the slip displacement é§. The energy per
unit area on the slip plane associated with this displacement, ®(§), is obtained
with the integration [°7(6')dé". The Irwin energy release rate which is related to
the external loading condition can be obtained with the J integral (also called the
Rice integral). For the present problem, this integral can be evaluated along the

particular path I'y;; as shown in Figure 12, giving
) Sei
J= / 708/ dvdz = / " rd6 = ®(8,y) (18)
0 0

Therefore, the critical loading condition is determined by the point where the
energy function ® reaches its maximum value, 7,s. This value can be determined
by using the same 7 vs. 6 relation for the block shearing process, where one half of
the crystal is displaced with respect to the other half along a specific glide plane.
The energy surface of @ obtained as a function of a generalized displacement vector
is called the generalized stacking fault (GSF') energy surface and 4, is the lowest
barrier that has to be surmonted during this block shearing process. To obtain a
full thermodynamical picture of this process, we have also tried to extend Rice’s

original theory, which is a theory at zero temperature, to finite temperatures by
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Figure 12: A schematic drawing for a crack in the solid under purely shearing
external loading along the direction of the crack front, which is along the x-axis
in the figure. I'y;; indicates the path containing the slip zone. u} and u are the
displacement vectors with the {4+, —} referring to the two sides of the slip plane

respectively (after Rice, see Ref. [2]-[4]).
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including the effects due to entropy within Vineyard’s transition state theory [8]
(for an alternative approach to finite temperature extensions, see the work of Rice
and Beltz [4]). Thus, the topology of the GSF energy surface will determine the
entropy associated with this process.

FFurthermore, the GSI' energy surface can provide useful information on the
restoring force due to the misfit of the lattice near the dislocation core. By incor-
porating these restoring forces into the Peierls-Nabarro model, one can calculate
dislocation profiles, core energies, Peierls energies, and Peierls stresses for the dis-
locations on the corresponding crystal plane. This approach provides a useful
description of the microscopic structural properties as well as the energetics of
dislocations.

From the above discussion, it is evident that an accurate description of the
GSF energy surface is desirable. Even though the most efficient method in terms
of computation is the classical potential method, it is not suitable for the GSF cal-
culations due to its inability to describe silicon accurately under different bonding
situations. This limitation of the classical potential of silicon can be understood
by considering the highly covalent character of its bonding where the contribution
to the energy from the electronic part can not be easily separated from the ionic
part. Density Functional Theory (DFT) [9], even though much more computa-
tionally demanding, has been shown to be very successful in predicting the energy
differences between different structures of solids. It is also more satisfying to be

able to obtain these values from a first-principles theoretical point of view, i.e.
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from calculations which are free of any adjustable parameters. We have performed
first-principles density functional calculations for both the shuffle and glide sets of
the (111) plane as well as the (100) plane of silicon in the diamond lattice allow-
ing full relaxation of atomic coordinates. The reason for choosing these planes is
because they are the low index planes of this crystal system and therefore the nat-
ural planes to be exposed during cleavage. The effects on the GSF energy surfaces
due to the relaxation of atomic coordinates are examined carefully. The possible
relevance of our results to the glide-shuffle problem of dislocation in silicon [10] is
discussed. The GSF energy surfaces are used with the Peierls-Nabarro model to
provide detailed information on the properties of dislocations.

The remaining of the chapter is organized as follows: Section 4.2 describes the
computational techniques used in our first-principles calculations for GSF energy
surfaces. Section 4.3 contains our results for the GSF energy surfaces of (111) and
(100) planes of silicon. The effects due to the relaxation of atomic coordinates
are discussed there. In Sectioh 4.4, we briefly describe Vineyard’s transition state
theory [8] and discuss how the effects due to temperature and pressure can provide
some insight into the problem related to the glide-shuffle controversy of the dislo-
cation in silicon [10]. In Section 4.5 we give a brief review of the Peierls-Nabarro
model. We present the dislocation properties obtained with the calculated GSF
energy surfaces and the Peierls-Nabarro model in Section 4.6. We conclude with
some remarks on the usefulness of this approach based on GSF energy surfaces

and Peierls stress in Section 4.7.
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4.2 Methods

As discussed in Section 4.1 the GSF energy surfaces are calculated within the
framework of DFT with the standard local density approximation (LDA) [11] to the
exchange-correlation functional. The valence electron wavefunction is expanded in
a planewave basis. The highest kinetic energy of the plane waves included in this
basis is equal to to 8 Ry. The ionic potential, including the screening from core
electrons, was modeled by a nonlocal norm-conserving pseudopotential [12], and
the Kleinman-Bylander scheme [13] was employed to make the potential separable
in Fourier space. The d component was treated as the local part of the potential
with the s and p components containing the nonlocal contributions. To simulate
the block shearing process, a supercell consisting of 12 atoms has been used in
these calculations. For the reciprocal space integration, we have used 20 k-points
in the irreducible Brillouin zone [14].

The unrelaxed energy surface is obtained by moving one part of the crystal
rigidly with respect to the other half of the crystal. To obtain the relaxed energy
surface, the atoms are allowed to relax following the Hellmann-Feynman forces.
The four inner-most layers have been kept frozen to simulate the effects of the
bulk. The structures are considered fully relaxed when the magnitude of the forces
is amaller than 0.005 Ry/a.u. The Car-Parrinello [15] approach which allows si-
multaneous relaxation of both the ionic and the electronic degrees of freedom, has

been used in the present calculations. The minimum energy was obtained with
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the steepest descent method. There is one subtlety needed to be clarified for the
relaxation of the ionic coordinates. The GSF energy is defined as a function of the
relative displacement of the two atomic planes immediately adjacent to the cut.
To be consistent with this definition, we have fixed the in-plane coordinates of the
ions and only allowed the atoms to relax in the direction perpendicular the glide

plane within the supercell approximation.

4.3 GSF Energies

We first consider the (111) plane which is the natural cleavage plane of silicon. For
this plane of the diamond lattice, there are actually two different ways to cut the
crystal: the shuffle set and the glide set. The atomic positions corresponding to
these two sets are shown in the upper parts of Figure 13 (a) and (b) respectively.
Important differences between these two ways of cutting crystal can be immedi-
ately observed by comparing these two structures. For the shuffle set, the vertical
distance between the two adjacent atomic planes immediately above and below the
cut is equal to the bond length. There is only one bond per atom broken during
the slipping process. On the other hand, the corresponding interplanar distance
for the glide set is only 1/3 of the bond length and there are three bonds per atom
broken in the slipping process. The calculated GSF energy surfaces for the corre-
sponding cuts with rigid block shearing process (the atoms in the two respective
half crystals are held fixed during shearing) are displayed in the lower parts in

Figure 13. The difference between the energy scales on these two energy surfaces
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Figure 13: The calculated GSF energy surfaces with rigid block shearing for the
shuffle set (a) and the glide set (b) of the (111) plane of silicon. The upper parts
show the corresponding atomic structure with the dashed lines indicating the plane
of the cut. The black color in the energy surface of figure (b) represents the high
energy part which has been chopped off in the present figure. This figure is taken
from Ref. [16] and the values of the GSF energies were reproduced during the

calculations of the relaxed energy surfaces.
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is obvious. In Figure 13, we have chopped off the part with energy higher than 20
eV/surface area, as indicated by the black color in the figure. The highest energy
on the glide set is actually two orders of magnitude higher than in the shuffle
set. Despite the fact that the highest energies on the two different sets are widely
different, the difference between the values of 7,, is no more than 25%. The reason
is that the lowest energy paths to slide one half of the crystal over the other half
are completely different on these two cuts. On the shuffle set, the unstable stacking
fault energy configuration is reached when the displacement vector is equal to one
half of the primitive lattice vector in the < 110 > direction, which corresponds to
the Burgers vector of a full dislocation. The path is much more complicated for
the case of glide set. The unstable stacking fault configuration occurs when one
half of the crystal is moved with respect to the other half by 1/12 of the primitive
vector in the < 121 > direction, The displacement vector 1[121] corresponds to a
local minimum in the energy, which represents the stacking fault configuration of
silicon. The displacement vector for this stacking fault configuration is the Burgers
vector of the Shockley partial dislocation. The ideal configuration can be obtained

by repeating this kind of translation with a displacement vector of 1[112]. The

1
energy barrier along the <110> direction, which corresponds to full dislocations,
is much higher on this set. To understand the origin of the high energy barriers
on the glide set, we display in Figure 14 the changes of the structures when the

displacement vector is along the <211> direction, where the highest energy barrier

for the glide set occurs. We use two different colors here to indicate two different
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planes of atoms. The black color represents those atoms which are not on the plane
of the figure, while the white atoms are on the plane of the figure. Figure 14 (a) is
the original ideal structure. Figure 14 (b) is the structure for the unstable stacking
fault configuration. Figure 14 (c) is the stacking fault configuration for the glide
set. The reason that the energy of this structure is low is primarily due to the fact
that there is essentially no difference between this structure and the original ideal
structure, as far as the coordination numbers of the two sets of atoms adjacent
to the cut are concerned. When the displacement is further along the <211>
direction, the atoms belonging to the same color (white or black) immediately
adjacent to the cut start getting very close as can be seen from Figure 14 (d) and
(e). Especially in Figure 14 (e), the atoms are almost sitting on top of each other.
This kind of arrangement of atoms costs a significant amount of energy due to the
strong ionic interaction. Configuration 14(e) actually corresponds to the highest
energy for the glide cut.

The question is then how the relaxation of the atomic coordinates may affect
the energy surface. Because the distance between the two atomic planes adjacent
to the cut is sufficiently large in the shuffle set, relaxation effects on this energy
surface are expected to be small. Our results agree with this expectation. The
energy surfaces obtained with and without relaxation are very similar. The largest
decrease in the energy due to relaxation occurs at the saddle point configuration
and is only 2% of the total energy. On the other hand, relaxation significantly

changes the topology of the energy surface for the glide set, as is shown in Figure 15.
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Figure 14: The change of the atomic structures when on half of the crystal is
sheared rigidly with respect to the other half along the <211> direction. The two
different colors represent two different planes of atoms. The white color represents
atoms which are on the plane of the figure, while black atoms are not. (a) the
ideal structure. (b) the unstable stacking fault configuration. (c) the stacking
fault configuration. (d) and (f) are intermediate geometries, when the upper half
is sheared further along the <211> direction. (e) is the geometry with the highest

energy.
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Figure 15: The relaxed GSF energy surface for the glide set is superimposed with
the unrelaxed energy surface to show the effects due to the relaxation of the atomic

coordinates.
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The high energy barrier in Iigure 13 (a) has been dramatically reduced. The high-
est energy for the relaxed energy surface on the glide set has the same energy scale
as that for the shuffle set. This makes the whole energy surface much smoother.
The reason for this dramatic reduction is that through relaxation of the atomic
coordinates in the direction perpendicular to the glide plane, the atoms can avoid
coming very close to each other during the sliding process.

The results for the (100) plane with and without relaxation of the atomic co-
ordinates are superimposed in Figure 16. The origin for the high energy barrier
along the <011> is similar to the situation of the glide set where atoms adjacent
to the cut are very close to each other. Therefore, the relaxation of the atomic co-
ordinates is expected to reduce the energy barrier along this direction significantly.
As is shown in Figure 16, the topology of the energy surface is totally different
after the positions of the atoms are allowed to relax. One point deserves further
attention: <011> which is originally the path containing the highest energy barrier
has become the energetically favorable path for the gliding process on the (100)
plane after the atoms are allowed to relax. The calculated values of v,; both with
and without the relaxation of atomic coordinates for the (111) and (100) planes
of silicon are summarized in Table 5. A direct comparison based on Rice’s theory
indicates that it is energetically more favorable to form dislocations on the shuffle

set of the (111) plane under zero temperature and zero pressure condition.
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Figure 16: The GSF energy surfaces obtained for the (100) plane of silicon. For

comparison, both the relaxed and unrelaxed energy surfaces are shown here.

94



b, ¥ “
b LS
[
X
<01-1

[/

/
/




Table 5: The unstable stacking fault energy, v,,, obtained for the shuffle set and

glide set of the (111) plane, as well as the (100) plane of silicon.
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J/m?

No Relaxation

Atomic Relaxation

at ideal volume

Atomic relaxation

and volume relaxation

Shuffle 1.84 1.81 1.67
Glide 2.51 2.02 1.91
(100) 2.97 2.15




4.4 Temperature and Pressure Effects

Since dislocation nucleation and motion are thermodynamic processes, it would
certainly be more satisfactory to have a picture which incorporates the effects due
to temperature and pressure. Especially for the (111) plane, a more complete
picture may shed some light into the long-standing glide-shuffle controversy [10],
as was suggested by Kaxiras and Duesbery [16]. To take into account the finite
temperature effects, we follow the approach given in Ref. [17]. The basic idea
is that the energy surface we have obtained for this complicated process which
originally involves many degrees of freedom can be thought of as the potential
energy surface of the motion of a classical particle. With this mapping, we can
then use Vineyard’s transition state theory [8] to calculate the entropy associated

with the energy surface, which is given by:

J dSexp[—(E — E.)/kpT]
JdVexp(—E/kgT)

S =kgln (19)

Here E, is the activation energy (the unstable stacking fault energy 7,; for the
present case) and kp is the Boltzman constant. fdS is an intergal over a surface
perpendicular to the transformation path around the saddle point configuration
and [dV is an intergal over a volume around the equilibrium configuration.

In physical terms, the intergation in the numerator of the logarithm is a mea-
sure of the number of successful crossings over the saddle point ridge while the
intergation in the denominator gives the normalization, i.e. the number of avail-

able departures from the equilibrium configuration. Therefore, this expression is
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the logarithmic value of the probability of successful events, which is essentially
the definition of entropy.

For the (111) plane, the effects due to pressure can be taken into account by
comparing the volume changes at the unstable stacking fault configuration relative
to the ideal structure between the shuffle and the glide slipping. The volume
corresponding to the lowest energy barrier is obtained by performing first-principles
calculations for several conﬁgurations whose volumes range from smaller to larger
than the ideal silicon bulk crystal. The results show that the slab contracts 0.24
a.u. in the direction perpendicular the slip plane for the shuffle set, and expands
0.24 a.u. for the glide set. This is consistent with the fact that bonds are dilated
in the shuffle sliding and compressed in the glide sliding.

We can write down the free energy associated with the slipping process

lide/shuf fl
Fshufjle/glide — 7ﬂiide/shuffle . T( S9° ei;zuf ¢ + P(%)

(20)
where A indicates the surface area per atom over which the energy is calculated,
and +,, is the unstable stacking energy per unit area. This formula shows how the
free energy for one particular slipping process depends on the thermodynamical
parameters T' and P. Under certain conditions, one slipping process may be more

favorable compared to the other. The boundary condition over which the system

changes from one mode to the other is given by the following equation,
th'de — Fshuffle (21)

The results obtained with this approach are displayed in Figure 17. The dashed
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Figure 17: The shuffle set-glide set transition phase diagram on the (P,T) plane.
Both results with relaxation (solid line) and without relaxation (dashed line) are
shown for comparison. For (P,T) values below (above) the line, the glide (shuflle)

set 1s more favorable for dislocation nucleation.

100



P (kbar)

10

relaxed

GLIDE

| | | ! | J | ! ! | |

0.3

05 07 09 1.1 13 15
T (K)

1.7 X10°



line is the boundary obtained with the GSF energy surface without relaxation of
the atomic coordinates (see Ref. [16]), while the solid line is the one obtained with
the GSF energy surface allowing full relaxation of the atomic coordinates. The
glide set is more favorable for (P,T) values below the line, while the shuffle set is
more favorable for (P,T) values above the line. The importance of relaxation can
be observed with a direct comparison of the stress needed to change from shuflle
to glide set at room temperature (300° K). While an external pressure of only 15
kbar is needed as calculated from the results with the relaxed energy surface, as
high as 53 kbar of pressure is required when the numbers are taken from the energy
surface without the relaxation of the atomic coordinates. However, we would like
to caution the reader not to take these numbers literally for the following reasons:
(1) During the calculation of the entropy, there are other factors (for example, the
electronic degrees of freedom) which are neglected in the entropy calculation. The
inclusion of these effects may further increase the entropy and reduce the necessary
stress and temperature for the transition from the shuffle to the glide set. (2) This
comparison is based on Rice’s theory in which the surface energy needed for the
creation of the ledge surface during dislocation emission is neglected. Therefore,
further investigations are needed to get an estimate of the effects due to the ledge.
A more detailed discussion on this subject will be given in Chapter 5. All these
approximations may affect the exact numbers for the transition even though the

qualitative picture will probably remain the same.



4.5 Peierls-Nabarro Model for Planar Dislocation

By combining our results for the GSF energy surfaces with the Peierls-Nabarro
model, we can further analyze the properties of dislocations on these planes within
the elastic model. We give a brief description of the Peierls-Nabarro model fol-
lowing the discussion of [18, 19, 20]. The Peierls-Nabarro model is based on the
concept that a dislocation can be thought of as a continuous distribution of in-
finitesimal crystal misfits on the glide plane. For each point on the glide plane at a
distance @' from the dislocation line, there is a corresponding infinitesimal burgers
vector df' = df [dx|»dx’, where df /dz is defined to be the dislocation density p(z)

and f(z) is the disregistry at the point x, satisfying the condition:

/ " p(a')da’ = / oA oy (22)

—-00 —~00 d.’L‘,

b is the Burgers vector. From the elastic model, the stress due to a dislocation

along the direction of the Burgers vector on the slip plane is given by

Opn = I—‘-{)- (23)
2 x

Where 2, n, and b are the distance between the dislocation and the point where
the stress is' evaluated, the normal to the glide plane, and the Burgers vector
respectively. The constant K depends on the elastic properties of the crystal and

the dislocation type. Its value for an isotropic solid has been derived [19]:

'20
K:p[sm()

-0 + cosQ(O)} (24)

103



where g and v are the shear modulus and Poisson ratio respectively. 0 is the angle
between the dislocation line and the Burgers vector. Therefore, the stress due to

the existence of the dislocation for a point  on the glide plane is:

K oo p(a!

2nJooo T — '

Meanwhile, there is another stress which is due to the local disregistry of the crystal
and tends to restore the crystal. This crystal restoring stress is a periodic function
of the displacement and can be represented as F,(f). Equilibrium is attained when
the stresses due to the two terms mentioned abhove are in balance with each other

as expressed in the following equation, known as the Peierls-Nabarro equation,

K[ 2D g = Ao (26)

% —c0o T — X2
The dislocation profile f(z) and p(z) can be determined by solving this equa-

tion with the normalization condition [*%° p(z)dx = b. For the Peierls-Nabarro

equation, when a simple sinusoidal form is assumed for the restoring stress,

F(f(2)) = Fuas sin( 22 (1)

with F,,; the maximum stress, there is an analytic solution for f(x)

b z b
= — ta, ~1 -_— — 28
fla)= tan™ 2+ 3 (25)
Here, the parameter ( = Kb/4n F ., can be viewed as the width of the dislocation
within this model, since the value of dislocation density p at this point is exactly

one half its value at # = 0. For our purpose, the important thing is that the crystal
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restoring force F( f) can be obtained by simply taking the derivative of the GSF
energy surface v(f) of our first-principles calculation results with respect to the
lattice mismatch f [18, 21]. But for a general functional form of F, there is no
analytic solution. We follow the recipe given by Joés et al. [19] to solve the Peierls-
Nabarro equation numerically. This is done by simply expressing the disregistry

vector f(z) as a series

1 T
«; tan !

f@)= 2% z

b
+ > (29)

3| o

n

]
with the parameters a;, (;, x; to be determined, subject to the normalization

condition

Y oai=1 (30)
as the the total Burgers vector should be equal to b. By substituting the above
displacement formula into the two sides of the Peierls-Nabarro equation, we get the
forces F(ai, (i, ®i, @) and F'(ay, (i, @i, x) corresponding to the contributions from
dislocation distribution and crystal mismatch respectively. The difference between
these two forces |F'(ai, (i, v, @) — F'(ai, (;, i, ¢)| is then minimized by varying the
parameters a;, (; and @; so that Peierls-Nabarro equation is satisfied numerically.

As in Ref. [19], a total of three terms has been used for the expansion of f(z).

4.6 Dislocation Properties

We display in Figure 18 the GSF energies and forces along the relevant directions

obtained from our first-principles calculations with the full relaxation of the atomic
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Figure 18: The fully relaxed GSF energy curve and the corresponding stress for
the relevant directions on the (111) and (100) planes of silicon. The solid line is for
the <110> direction on the shuffle set. The dotted line is for the <110> direction
on the glide set. The dashed line is for the <211> direction on the glide set. The

long dashed line is for the case of (100) plane.
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coordinates. For the case of <211> direction on the glide plane, only the portion
ranging from ideal structure to the stacking fault configuration is shown, since
this is the part relevant to the formation of a partial dislocation. One thing that
immediately comes to our attention is that not all the restoring forces can be
described well by the sinusoidal from. Especially in the case of the (100) plane,
the force curve is very flat when the displacement is approximately one half of the
full Burgers vector. The significance of this deviation will become obvious when
we discuss the profiles of the various dislocations.

The disregistry vector obtained for the full dislocation on the (111) plane,
the partial dislocations on the glide set of the (111) plane, and the dislocations
on the (100) plane are displayed in Figure 19 (a), (b), and (c) respectively. We
can see that the dislocations with Burgers vector along the (110) direction on
the glide plane (glide-30° and glide-90°) are more concentrated compared to the
other dislocations on the (111) plane, which will become even more obvious when
we compare the dislocation density. This is expected since the magnitude of the
crystal restoring force is considerably larger along this particular direction which
forces the structural distortion to be more localized. A qualitative estimate can be
obtained by simply using the formula from the classical model where the half width
of the dislocation ¢ has been found to be inversely proportional to the magnitude
of the crystal restoring force. In Figure 20 we show the representative dislocation
densities for the planes we have considered, including (a) the 60° dislocation on the

shuflle set, (b) the 60° dislocation on the glide set, (c) the 90° partial dislocation
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Figure 19: (a) The disregistry vector obtained for the full dislocation for both the
shuffle and the glide set on the (111) plane; (b) the same quantity for the partial
dislocations on the glide set of the (111) plane; (c) the disregistry vector for the

(100) plane.
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Figure 20: The dislocation density obtained from our calculations for (a) the 60°
dislocation on the shuffle set, (b) the 60° dislocation on the glide set, (c) the
90° partial dislocation on the glide set, and (d) the 90° dislocation on the (100)
plane. Both the relaxed (lower panel) and the unrelaxed (upper panel) results are

displayed. The classical solution is also shown (dashed curve) for comparison.

113



d
Shuffle Plane

60 degree dislocation
1 .O T 1 T T . i 4 T 1 * T

—— Present result
- - Classical Solution |

Without Relaxation

With Relaxation

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Distance (b)



12.0

b
Glide Plane

60 degree dislocation

8.0 -

4.0 -

0.0

Without Relaxation

T T T T 1 i T

——— Present result
- - - - Classical Solution

With Relaxation

! |

0.0
-2.0

-1.5 -1.0

-0.5 0.0 0.5 1.0 1.5 2.0

Distance (b)



3.0

C
Glide Plane

90 degree dislocation

2.0 r

1.0 -

0.0

Without Relaxation - - - - Classical Solution

f ! T ¥ i T t T T T i : I

—— Present result

20 r

1.0 +

0.0

With Relaxation

! " 1 £ 1 s { { e

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Distance (b)



3.0

d
(100)Plane

90 degree dislocation

2.0 +

1.0

Without Relaxation

i 7 I T T T T

—— Present result
- - - - Classical Solution

0.0

0.0

With Relaxation

-2.0

-1.5

0.0
Distance (b)



on the glide set, and (d) the 90° dislocation on the (100) plane. We have displayed
the results obtained from both the relaxed (lower panel) and the unrelaxed GSF
energy surfaces (upper panel) to examine the effects due to the relaxation of the
atomic coordinates. For comparison we have also displayed the results from the
classical solution (dashed curves). The classical solution is obtained by assuming
a sinusoidal form for the crystal restoring force with its maximum equal to the
value obtained by first-principles calculations. For the case of the 60° dislocation
on the shuffle set and the partial dislocation on the glide set, it is apparent that
the use of the relaxed GSI" energy surface does not cause significant change on the
dislocation profile both qualitatively and quantitatively. This ia a consequence of
the fact that the relaxation does not change the GSF energies along these directions
in any significant way. For the 60° dislocation on the glide set, the use of the
relaxed energy surface makes the dislocation profile much smoother and wider
even though the general shape does not change very much. This is due to the fact
that the relaxation reduces the maximum of the crystal restoring force but does
not change its functional form significantly. For the case of the 90° dislocation on
the (100) plane, the dislocation profile is changed even qualitatively with the use of
the relaxed energy surface. This reflects the fact that the crystal restoring force for
this plane is significantly different from the sinusoidal function as we mentioned
at the beginning of this section. A brief summary of the obtained dislocation
properties are given in Table 6.

To study the motion of a dislocation, the useful quantity to consider is the
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Table 6: The quantities related to the properties of dislocations for shuffle ang
glide sets on (111) plane, as well as the (100) plane of silicon, obtained form our

calculations. The meanings of these quantities are explained in details in the text.
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dislocation Shuffle Glide Glide partial (100)
60° | Screw | 60° | Screw | 30° | 90° | 90° | Screw
K(lo“%}n"—f) 8.02| 6.37 | 8.02| 6.37 {6.92 ] 8.538 | 9.04 | 6.375
Tma,,(loudf%) 1.49 | 149 420 429 |2.78| 278 | 2.06| 2.06
¢ (A) 1.08 | 092 {046 0.37 | 0.77| 092 | 2.15] 1l.54
b (A) 3.84 | 3.84 [3.84| 3.84 {222 222 |3.84| 3.84




energy barrier associated with this process. Within the Peierls-Nabarro model, this
energy barrier is called the Peierls energy and is defined to be the amplitude of
the variation of the misfit energy on the glide plane as one changes the position of
the dislocation. With the obtained dislocation profiles, we can calculate the misfit
energy across the glide plane as a function of the position of the dislocation line u
following the definition given in Ref. [19] and Ref. [21]. To be consistent with the
Peierls-Nabarro model where the discreteness of the crystal is taken into account
at the glide plane, the misfit energy is defined to be the sum of the misfit energies
between pairs of atom rows,; which is the GSF energy at the local disregistry. The

misfit energy W(u) is given by the following formula,

+o0
W)= 3 2(f(md - u)d. (31)

m=-—0co
a' is the distance between adjacent atomic planes in the direction perpendicular to
the dislocation line. One can immediately notice that this formula meets the two

known basic requirements. First, it has the correct period @’ of the crystal,
W(u+d') = W(u) (32)

Second, at the limit where one has a very narrow dislocation it reproduces the
correct maximum -,sa’. The other quantity which might be of interest is W (a'/2)
where the minimum of the misfit energy function occurs. Since this quantity
measures the nonelastic part of the energy of the dislocation, it should provide

a reasonable estimate of the core energy. The stress associated with the energy



function W(u) can then be defined as:

O'(U) = —l'dv:;s,u,) |u (33)

al

The maximum of this stress function is the Peierls stress which is the stress one
has to apply in order to move the dislocation. The values of the energy function
W (u) and stress function o(u) for the (111) plane are shown in Figure 21 (a) and
(b). It is obvious that the dislocation with Burgers vector along the (110) direction
on the glide set has larger Peierls energy and Peierls stress. This is expected since
we know from our GSF energy surface calculations that the energy barrier along
that direction is higher than those along the other two vectors. Figure 22 is the
energy and stress function for the case of (100) plane. The different behavior
between the 90° and the screw dislocations on the (100) plane is primarily due to
the difference of the constant K. The Peierls energy, stress, and core energy of
various dislocations are summatized in Table 7. For the (111) plane, it appears
that the dislocations belonging to the shuffle set are the easiest to move under zero
temperature and zero pressure conditions. However, as we discussed earlier, the
effects due to temperature and pressure may change the picture. Finally, we would
like to mention that there is experimental evidence that on the glide set the 90°
partial is more mobile than the 30° partial [22, 23, 24, 25], which is consistent with

the results of our calculations.
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Figure 21: (a) The energy function W(u) with respect to the displacement vector
u for the dislocations belonging to (111) plane. (b) The corresponding stress o(u)

as a function of u.
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Figure 22: The energy function W(u) (upper part) and the corresponding stress
o(u) (lower part) for the dislocations belonging to (100) plane displayed with

respect to the displacement vector u.
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Table 7: The Peierls energy, Peierls stress, and the estimated core energy obtained
from Peierls-Nabarro model for various dislocations on the (111) and (100) plane

of silicon.
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dislocation Shuffle Glide Glide partial (100)
60° | Screw | 60° | Screw | 30° | 90° | 90° | Screw
W,(<£) | 0.149 | 0.183 | 0.842 | 0.898 | 0.287 | 0.246 | 0.112 | 0.296
op(%) 0.046 | 0.062 | 0.399 | 0.504 | 0.176 | 0.139 | 0.032 | 0.081
W(a'/2) |0.467| 0.338 | 0.345 | 0.238 | 0.174 | 0.246 | 0.549 | 0.274




4.7 Summary

In summary, we have performed first-principles calculations to obtain the GSF
energy surfaces for both the shuffle and glide sets of the (111) plane, as well as the
(100) plane of silicon. We showed that for the glide set and the (100) plane, the
effects on the GSTF energy surfaces due to the relaxation of the atomic coordinates
are significant. The unstable stacking fault energies v,, for these planes are ob-
tained from our calculations. By combining these values with Rice’s criterion for
dislocation nucleation, the shuffle set appears to be the most favored one for dislo-
cation emission under zero temperature and zero pressure conditions. The effects
due to entropy are taken into account with the use of Vineyard’s transition state
theory. To compare the two different sets (shuffle and glide) of slipping on the
(111) plane in a more complete thermodynamical picture, we wrote down the free
energy associated with each set in terms of the two thermodynamical parameters
(pressure and temperature). By comparing this free energy, we showed that either
set (shuffle or glide) can dominate under different thermodynamical conditions.
This might shed some light on the long-standing glide-shuffle controversy [10].
The GSF energy surfaces were then combined with the Peierls-Nabarro model
to investigate the dislocation properties of silicon. The crystal restoring forces
are obtained directly from our first-principles GSF energy surfaces. We demon-
strated the importance of using the relaxed energy surface for the calculation of

these properties. The differences between dislocation profiles obtained with relaxed



GSF energy surfaces and unrelaxed GSF energy surface are significant in certain
cases. The Peierls energy and Peierls stress have also been calculated within the
framework of the Peierls-Nabarro model.

We would like to conclude this chapter with a discussion on the approximations
involved in the Peierls-Nabarro model: (1) The dislocation is assumed to be planar
within this model. We expect that the errors introduced with this approximation
for a stiff material like silicon should be minimal. (2) The response from the
crystal is treated within elastic theory, which may not apply for a very narrow
core situation, where non-elastic effects are expected to be important. (3) The
Peierls stress concept assumes that the only relevant quantity in determining the
stress is the local disregistry, which is true only when the dislocation density is very
smooth. Therefore, we would like to caution the reader that all the numbers should
not be taken literally. Rather, it is the qualitative features of the results which
should help us understand the physical mechanisms determining the dislocation

properties.
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5 Ledge Energy for Dislocation Emission in Sil-
icon

5.1 Introduction

As was discussed in the previous chapter, Rice [1] has recently proposed a new
scheme to analyze the criterion for dislocation emission from the crack tip based
on the Peierls stress concept. By assuming a periodical relation between the shear
traction 7 and the slip displacement § along a crystal plane emanating from the
crack tip, the unstable stacking fault energy -,s (the energy barrier encountered
when one half of the crystal is sliding with respect to the other half on a slip
plane) has been identified to be the solid staté parameter controlling the critical
loading condition for the dislocation nucleation from the crack tip. However, the
effects due to the surface which is created during this dislocation emission process
are neglected in this approach, by assuming that the created surface is traction
free. There have been efforts to try to extend the above model by including these
surface effects [2, 3]. The results derived are not completely satisfactory due to
the fact that the analysis is based on phenomenological atomistic calculations
which do not necessarily represent real physical systems. In this chapter, we will
show that, using silicon as an example, an accurate description of the surface
energy associated with the newly created ledge during dislocation emission can

be obtained through first-principles quantum mechanical calculations. The ledge
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energy can then be incorporated into Rice’s theory by assuming an evanescent
force law for the surface effects. The critical loading for the dislocation emission

is determined within continuum mechanics.

5.2 Methods

In order to calculate the energy associated with surface creation during dislocation
emission, it is necessary to perform the calculation for a finite size block shear-
ing process, as shown schematically in Figure 23. The meanings of the symbols
used in the figure are as follows: I indicates the interfacial area corresponding to
the generalized stacking fault energy, which has been determined by performing
calculations for the infinite size block shearing, as was discussed in Chapter 4; S
represents the surface created through the shearing process; and C indicates the
coupling between the corner and newly created surface. It is the existence of this
coupling term C which causes the energy associated with surface creation during
dislocation emission to be different from the free surface energy. In order to per-
form first-principles calculations, a supercell approximation to this geometry has
to be adopted. Tor the present calculation for silicon, we have used a supercell
composed of 108 atoms. The geometry of the cell is displayed in Figure 24. a,, ay,
and a3 are the periodical lattice vectors for the supercell. The advantages of this
geometry are obvious: First, by simply changing the x-component of the vector a,,
one cell is sheared with respect to the other and a surface is created; Secondly, all

the surfaces which are exposed through this process are along the (111) crystallo-
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Figure 23: A schematic drawing for the configuration needed to model finite size
block shearing. The symbol S, I, and C represent the surface area, interfacial area

and coupling term respectively. (See text for details).
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Figure 24: The geometry of the silicon supercell used in the present calculations.
a1, ap and as are the three primitive lattice vectors of this unit cell. The third

vector is in a direction perpendicular to the plane of the figure.
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graphic direction of the diamond lattice, which are the natural cleavage planes for
this crystal system.

In terms of computational details, we have adopted the local density approxi-
mation to the density functional theory [4, 5], which is a first-principles quantum-
mechanical approach proven to provide reliable energetic information for both bulk
and surface properties of silicon. To obtain the total energy of the system, the
iterative scheme due to Car and Parrinello [6] has been employed to solve the
Kohn-Sham equations for the electronic wave functions. To make the computation
efficient in terms of the plane wave basis, the ionic potential including the screening
effects due to the core electrons are approximated by using the norm-conserving
pseudopotentials in the Kleinman-Bylander form [7, 8], where d component is
treated as the local part with the s and p components contain the non-local con-
tributions. The cutofl of the plane wave basis for the expansion of the valence
electron wave functions is 8 Ry. The I' point has been used for the sampling of

the Brillouin zone.

5.3 Results and Discussion

We have calculated the total energy of the system as a function the x-component
(the [110] crystallographic direction) of a; from 0 ao to 3 ag, where ag is the
primitive lattice vector of silicon along that direction. At the largest displacement,
the unit cell corresponds to 144 time the atomic volume of bulk Si (the equivalent

of 144 Si atoms). In order to simplify the analysis, we separate the change in total
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energy into the following three terms: the interfacial energy Uy, the surface energy
Us and the coupling energy Uc. The meanings of the symbols S, I, and C are
discussed in the previous paragraph. We now discuss these three energy terms in
detail. Uy is the energy associated with the shearing of two solid blocks which can
be calculated by multipling the generalized unstable stacking fault energy yesr(f)
with the interfacial area A;. Because of the way we construct the supercell, the
surface energy Us is composed of two different terms: Us, and Us,,. Us, is the
energy associated with ledge surface, while Ug,, is the energy due to the creation
of the side surface. We have performed independent calculations for the block
separation process to determine the value of the term Us,,. The value of the

surface term Us, is determined by taking the simplest linear approximation

Us, = 51 x 7s (34)

where St is the exposed surface area and 4s is the free surface energy. Ug is the
difference between the total energy and the sum of the above two terms. The results
from our calculations are displayed in Figure 25. The dotted curve is the surface
energy Us. The dashed curve is the sum of the surface energy and the interface
energy, Us + Uj. The solid curve is the results we obtained for the finite size block
shearing process, where the calculations have been performed at the integral and
half-integral steps of unit ag. The curve is obtained by fitting the first-principles
results to an analytic functional form. The coupling energy is simply the difference

between the solid curve and the dashed curve. We immediately observe that the
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Figure 25: The energy curves obtained from present calculations. Total energy,
surface energy and the sum of surface energy and interfacial energy are denoted
by the solid line, the dotted line and the dashed line respectively. The physical
meaning of these terms are described in the text. The circles are the results from

our first-principles calculations.
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the amplitude of the variation of Uz becomes very small after the relative dis-
placement is greater than ao. This means that the corner-corner interactions are
relative small for the present case and can be neglected at this level of approxi-
mation. Therefore, as a first order approximation we only need to consider the
value of this coupling energy at the integral steps. This number is essentially the
difference between the energy for the creation of one area of free surface and one
area of surface associated with the dislocation emission from the crack tip. In
other words, the effective surface energy 4, for creation of one area of ledge surface
is equal to 7y, + Uc. The number we have obtained for 4, is approximately 0.58,
The effects due to the creation of ledge surface during dislocation emission can
then be taken into account within continuum mechanics by assuming a-evanescent
force law [9, 10]:

1o(r) = (Fo/A)e~"/* (35)

where 7 is the stress associated with surface creation, A is a phenomenological
decay length scale and r is the distance between the crack tip and the point where
the stress is evaluated. This expression comes from the fact that by doing the
integration with respect to the variable r, it will reproduce the corresponding ledge
surface energy ;. This should be a reasonable assumption for the case of silicon
since surface effects are expected to decay very fast into the bulk. By treating the
incipient dislocation as a continuous distribution of infinitesimal dislocations, one
can then write down the equation from continuum mechanics based on the force

balancing concept. Taking the case where the crack and slip occur on the same
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plane with purely shear loading, one can get

i dé

(1) 4 7ulr) = o) = [ glr,5)2ds (36)

where 7,(r) is the surface stress we defined above, r is the distance from the crack

tip, and 7/(r) is the stress from the misfit across the slip plane and is defined as

ra(r) = s ()
=06

(37)
g(r,s) describes the stress exerted at one point 7 on the slip plane by the infinites-

imal dislocation at the point s, and has been obtained from the calculation for a

line dislocation and a crack tip in the elastic medium [11, 12]:

g(rys) = [27r(1ﬂ—— 1/)]\/§r i s (38)

for our present case. o(r) is the stress due to the external loading and is equal
to 2—‘# for mode II loading. This equation was solved numerically [9]. By increas-
ing the loading continuously, the critical loading condition is determined, which
corresponds to the point where a stable solution no longer exists. The advantage
of this approach is that it treats the effects from surface and interface on equal
footing based on a simple extension of the original Peierls stress concept. The
critical loading conditions have been determined for a wide range of v, and A\. We
would like to emphasize two general trends which we have observed: First, the
critical loading is almost independent of the decay length scale A. This can be
understood by observing that there are two places where A enters the expression
and it basically only changes the distribution of the surface stress. Furthermore,
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the effects due to these two factors appear to cancel each other. Accordingly, the
effect due to surface creation should be similar for different values of A under this
approximation. Second, the loading seems to increase linearly with the surface
energy. For the case of silicon where 45 = 0.58;, we found that the energy release
rate G corresponding to the critical loading condition is increased by a factor of

1.45 compared to the value obtained without taking into account surface effects.

5.4 Summary

In conclusion, we have used silicon as an example to show that surface effects due
to the ledge when a dislocation is emitted from a crack tip can be obtained from
first-principles calculations. For the case of silicon, the energy associated with ledge
surface creation is approximately one half of the free surface energy. By assuming
an evanescent force law for the surface effects, the ledge effects are incorporated
into Rice’s original theory within continuum mechanics. The inclusion of surface
effects increases the necessary loading for the dislocation emission. This can be
expected from a simple energetic point of view since surface creation will increase

the energy consumption in the process.
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6 Conclusions

We have presented a detailed analysis of the application of recently proposed GGA
functionals to density functional calculations. We found that these functionals pro-
vide substantial improvements for finite systems like atoms. However, for the prop-
erties of solids, there is no conclusive evidence that the use of gradient corrections
gives more accurate results. In fact, the bulk moduli of semiconductor systems are
found to be worse than the results from LDA. We also demonstrated that it is es-
sential to take into account the nonlinearity of the exchange-correlation functional
when GGA functional is used. We concluded that LDA remains a reliable choice
for energetic comparisons in covalently bonded systems.

We then investigated problems related to microstructural deformations in sili-
con, using LDA. First, we studied the energetics associated with the high-pressure
plastic flow in silicon within the model of a homogeneous structural transforma-
tion. The magic strain concept was applied to search for possible low energy paths
in the structural phase space. Entropy effects were taken into account with the
use of Vineyard’s transition state theory. An upper bound for the energy barrier
of this process was determined.

As a second application, we studied dislocation properties of silicon, by perform-
ing detailed calculations to obtain the generalized stacking fault energy surfaces
in the supercell approximation. Both the shuffle set and the glide set of the (111)

plane, as well as the (100) plane of silicon have been examined. Rice’s criterion for
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dislocation nucleation from a crack tip was applied to compare the energy barriers
for dislocation emission on different gliding planes of this system. By combining
the Peierls-Nabarro model with the calculated energy surfaces, we obtained the
profiles for specific dislocations. We also calculated the Peierls energy and Peierls
stress within the Peierls-Nabarro model from the first-principles results.

Finally, we attempted to estimate the effects on the criterion for dislocation
nucleation due to surface creation. We performed first-principles calculations to
obtain the energy associated with the creation of ledge surface for the case of
silicon. Based on this energy factor, an evanescent decaying law was assumed
for the surface stress, as suggested by Y. Sun. With this formulation, we were

able to incorporate the surface effects into Rice’s original theory within continuum

mechanics.
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