Dislocation dynamics and crystal plasticity in the phase field crystal model
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A phase field model of a crystalline material is introduced to develop the necessary theoretical
framework to study plastic flow due to dislocation motion. We first obtain the elastic stress from
the phase field crystal free energy under weak distortion, and show that it obeys the stress strain
relation of linear elasticity. We focus next on dislocations in a two dimensional hexagonal lattice.
They are composite topological defects in the weakly nonlinear amplitude equation expansion of
the phase field, with topological charges given by the standard Burgers vector. This allows us to
introduce a formal relation between dislocation velocity and the evolution of the slowly varying
amplitudes of the phase field. Standard dissipative dynamics of the phase field crystal model is
shown to determine the velocity of the dislocations. When the amplitude expansion is valid and
under additional simplifications, we obtain that the dislocation velocity is determined by the Peach-
Koehler force. As an application, we compute the defect velocity for a dislocation dipole in two
setups, pure glide and pure climb, and compare it the analytical predictions.
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I. INTRODUCTION

The description of plastic response in crystals at a
mesoscale level poses fundamental challenges because of
collective effects in dislocation dynamics that give rise to
multiple-scale phenomena, such as spatio-temporal dislo-
cation patterning [1, 2] and intermittent deformations [3].
Different multiscale models including discrete dislocation
models, stochastic models, and cellular automata have
been proposed and used to explore various aspects of
collective dislocation dynamics [4-6]. We focus here on
a phase field description of a crystalline solid, the so-
called phase field crystal, first introduced by Grant and
collaborators [7-9]. This model has allowed the study of
defect configurations and their kinetics that are difficult
to address with either microscopic or atomistic simula-
tion techniques, or with classical continuum mechanics.
Examples include large strain formulations of dislocation
motion [10], creep motion mediated by diffusion [11], or
defect core transformations that are seen to be key to the
motion of grain boundaries [12].

A mesoscale theory is also timely given that defect
imaging techniques are beginning to reveal strain and ro-
tation fields created by one or a small number of defects
in atomic detail. High Energy Diffraction Microscopy
and Bragg Coherent Diffractive Imaging represent the
state of the art in imaging at advanced synchrotron fa-
cilities [13, 14]. The former can provide three dimen-
sional maps of grain orientations with micron resolution,
whereas the latter can determine atomic scale displace-
ments with < 30 nm resolution. Advanced image pro-
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cessing methods allow the determination of the strain
field phase around a single defect, clearly evidencing its
multivalued nature. Indeed, single dislocations have been
successfully imaged and their motion tracked quantita-
tively just recently [15]. Experiments also go beyond the
determination of strain fields, and determine other quan-
tities sensitive to the topology of the defects. For ex-
ample, lattice rotation has been imaged and analyzed in
nanoindentation experiments [16], or in two dimensional
graphene sheets [17].

Mesoscale models aim at bridging fully atomistic de-
scriptions and macroscopic theory based on continuum
mechanics. Along these lines, we mention the so called
generalized disclination theory [18, 19]. This theory is a
fully resolved nano scale yet continuum dynamical de-
scription of dislocations that preserves all topological
constraints necessary in the kinematic evolution of the
singular fields. Singularities are replaced by topologically
equivalent but smooth local fields that allow a full deriva-
tion of the governing dynamical equations following the
principles of irreversible thermodynamics. The newly in-
troduced fields are similar to a phase field model, except
that they are constructed to satisfy all conservation laws,
including those of topological origin. On the other hand,
the dynamical part of the theory requires constitutive in-
put for both the free energy at the mesoscale, functional
of the smooth fields, and mobility relations for their mo-
tion.

Conventional phase field models have also become one
of the tools of choice in the study of dislocation and grain
boundary motion in a wide variety of circumstances.
Contrary to kinematic models, a phenomenological set
of dynamical laws for the phase field are introduced,
with topological invariants appearing as derived quanti-
ties. There are two different classes of phase field models



in the plasticity literature. In one approach, the elemen-
tary dislocation is described as an eigenstrain, which is
then mapped onto a set of phase fields [20-22]. If b is the
Burger’s vector of the dislocation, and n the normal to
the dislocation line, then the corresponding eigenstrain
is defined as

u* o binj + bjni

9 2a (1)
where a is the crystal lattice spacing. The connection to
the phase fields ¢, (x), where « label all the slip systems
of a particular lattice, is made through the decomposition

uij =Y € balr). (2)
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The phase fields are assumed to relax according to purely
dissipative dynamics driven by minimization of a phe-
nomenological free energy. This free energy includes a
non-convex Ginzburg-Landau type contribution of the
same functional form as related studies in fluids [23].
This contribution is supplemented by an elastic inter-
action energy that depends only on the incompatibility
fields associated with the eigenstrains [24-26], and hence,
ultimately, on the phase fields themselves [20-22].

The second approach, which we adopt here, is based
on a physical interpretation of the phase field as a tempo-
rally coarse-grained representation of the molecular den-
sity in the crystalline phase. Such as model is also known
as the phase field crystal (PFC) model [8, 9]. The evo-
lution of the phase field is diffusive, and governed by
a Swift-Hohenberg like free energy functional, which is
minimized by a spatially-modulated equilibrium phase
with the periodicity of the crystal lattice. The chosen
free energy not only determines the crystal symmetry
of the equilibrium phase, but all other thermodynamics
quantities and response functions such as its elastic con-
stants [8]. As it is generally the case with phenomeno-
logical free energies, it is only a function of a few free
parameters, and hence the range of physical properties
that can be attributed to the resulting macroscopic phase
is somewhat limited. Nevertheless, the PFC model has
been used in numerous numerical studies including crys-
tal growth, grain boundaries and polycrystalline coarse
graining phenomena [12, 27-30], strained epitaxial films
[31], fracture propagation [8], plasticity avalanches from
dislocation dynamics [32, 33], and edge dislocation dy-
namics [9]. It appears to us that this second approach is
more natural from a physical point of view in that once
the mesoscopic order parameter and the corresponding
free energy are introduced, defect variables such as the
Burgers vector and slip systems emerge as derived quan-
tities. This seems preferable to introducing Ginzburg-
Landau dynamics for slip system amplitudes defined a
priori. Also, this second approach can nominally de-
scribe highly defected configurations in which a slip sys-
tem, even in a coarse grained sense, can be difficult to
define.

In this paper, we address the important theoretical
question as to what extent the PFC model is actually
capable of capturing mesoscopic plasticity mediated by
dislocation dynamics. Although previous numerical sim-
ulations of dislocation dynamics [9, 33] suggest that dis-
location motion is controlled by local stress, a theoret-
ical derivation from the PFC model is still lacking. To
address this question, we consider the PFC model and
its amplitude expansion formulation, where we can show
that the complex amplitudes are order parameters that
support topological defects corresponding to dislocations
in the crystal ordered phase. This allows us to accurately
define a Burgers vector density field from the topological
charges and predict the dislocation velocity directly from
the dissipative relaxation of the amplitudes. We show
that elastic stresses can be obtained from the PFC free
energy functional through standard variational means,
and recover known expressions for the linear elastic con-
stants of the medium. Furthermore, we show that the
dislocation velocity, near the bifurcation from the disor-
dered state, follows the Peach-Koehler’s force and is given
by the product of Burgers vector and the elastic stress.
Our theoretical predictions are consistent with previous
numerical PFC studies of dislocation dynamics [9, 34].

The rest of the paper is organized as follows: In Sec-
tion II, the phase field crystal model and its elastic equi-
librium properties are discussed for the two dimensional
case. Here, we also derive the elastic stress by variation
of the free energy functional, and express it in terms of
the crystal density field. Plastic motion mediated by dis-
location dynamics is treated in Section III, where we use
the amplitude expansion and the connection to an order
parameter that supports topological defects. In Section
IV, we verify the theoretical results by direct numerical
simulations of the PFC model for a hexagonal lattice with
a dislocation dipole. Summary and concluding remarks
are presented in Section V.

II. LINEAR ELASTICITY IN THE PHASE
FIELD CRYSTAL MODEL

The phase field crystal model that we employ involves
a single scalar field ¥ (r,t), function of space r in two-
dimensions (2D) and time ¢, and a phenomenological free
energy given by [9]

Flp] = / &’r f (¥, V)
= /er B[(v2+1)w12+;w2+iw4 , (3)

where r is a dimensionless parameter. In equilibrium, the
free energy functional (3) is minimized with respect to
while keeping the average density constantly equal to g,

so that ( %) = po where pg is a constant Lagrange mul-

tiplier. When r > 0, ¥ = 1) is the only stable solution,
whereas for r < 0, equilibrium periodic solutions of unit



wavenumber are possible for stripes and hexagonal pat-
terns in 2D [8]. The crystalline phase with density distri-
bution n(r) is related to the phase field crystal through
P(r,t) = n(r,t)/no — 1, where n(r,t) =) (d(r —r;)) is
the statistical average number density of the equivalent
crystal, and ng its spatially averaged density.

We focus below on the range of parameters for which
a 2D hexagonal lattice is the equilibrium solution [§]

= o + ZA(gO)eig'r, (4)
g

where the sum extends over all reciprocal lattice vectors
g of a hexagonal lattice. We distinguish below three re-
ciprocal lattice wave vectors q,, of unit length in the
dimensionless units of Eq. (3), which are given in Carte-
sian coordinates by,

V3, 1, V3. 1

qi =j, Q2:71—§J7 qs = — 7 —2.]7 (5)
which fixes the lattice constant a = 4—\/%. These three

J
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AF = /d2[

Because of the translational invariance of F, the change
AF does not depend on the distortion, but only on its
spatial gradients. Furthermore, the first term on the
r.h.s. vanishes since f does not depend on the gradient
of ¢. The second term on the r.h.s. can be transformed
to a total divergence term and one proportional to the
deformation gradient. Changing summation indices in
order to factor the deformation gradient out, and using
Stokes’ theorem on the divergence term, we obtain that

AF = /d2r5+/d5‘ (afw (Ojur)Ok®,  (9)

where dS is the surface element vector on the boundary
of the integration domain and

£ = |:— of 8jk1/1 + (aka(giw)> 8]1/1 + 51]f] aiuj-

9(Oikt))
(10)
Equation (9) yields the elastic stress defined as the con-
jugate to the displacement gradient
o€
9(0;u;)
of < of
=70+ | Ohs7—
50u0) " T\ P B0

Substituting Eq. (3), the corresponding stress is in our

Uij =

) Oy + fo1,.(11)

{0: [(95ur ) Ox )]

vectors satisfy the resonance condition Zizl q. = 0.
The corresponding amplitudes A%O) are all constant and
equal.

We first examine the change in free energy AF =
Fl(r")] — Fl(r)] due to a small affine distortion r’ =
r + u(r). The free energy change AF[¢,u] associated
with such a distortion is given, after a transformation of
variables from r’ to r, by

AF = / P {(1+V ) (), V()] — f(, V)
(6)

where the transformed derivatives are given by

9 = 0; — (0yu;)0; + O (|Vul?),
i3 = 9ij1b — 9; [(Bjun)Oky] — (Diug) Ozt + O (|Vul?).
(7)

After a Taylor expansion of Eq. (6) for small deformation
gradients O;u;, we obtain

(

case
0ij = [0iLY) 0j0p — [LY] Os9 + [y,

with £ = 1+ V2. Hence the elastic stress can be straight-
forwardly evaluated from the phase field v). Below we will
show that this stress gives rise to the expected stress-
strain relation in the linear elasticity regime, in agree-
ment with earlier results for modulated phases [35, 36].

The stress gives rise to a body force density F; = 0;04;
given by

(12)

Fj = L2051 — LYL(OjY) + Oif.

For an incompressible deformation, the Jacobi determi-
nant is unity, the second term is the gradient of f%(ﬁw)z,
and can be included into a pressure term 9;p as a gra-
dient force. Thus, we can write the body force up to its
gradient force contributions as

FJ = uaj¢a

as the additional terms in the chemical potential u =
5—{; = L2 + ) + 3 also lead to gradient terms.

More generally, the additional contribution of a com-
pressible deformation to the body force

05 (8i5f) = 0j f = LYL(D;3b) + 101 + ¢>0;1).

Hence, the body force density induced by a deformation
is the same in both the compressible and incompressible

(13)

(14)

(15)

)



cases (up to a gradient force in the incompressible case),
and given as

Fj = &mj = (ﬁg’lﬂ + Tw + 1/)3) 3g¢ = Majw" (16)

Thus, the body force associated with a small distortion in
the phase field crystal density is expressed in general as
1V1. Analogous results have been derived by using mi-
croforce balances in the context of continuum mechanics
[23], or invoking thermodynamic relations arising from
broken symmetries [37].

In the weakly nonlinear region of |r| < 1, the order pa-
rameter 1 can be expanded in terms of the slowly varying
amplitudes A,, of the resonant modes q,, of Eq. (5). A
weakly distorted configuration relative to the reference
hexagonal configuration can then be written in this ex-
pansion as [34, 38]

W =)y + Z Apeldn = 4o (17)

J

with both the mean density 1y and the amplitudes A,
are slowly varying on length scales much larger than the
lattice spacing. After straightforward differentiation of ¢
in Eq. (17), we obtain that

0; (L1h) = 2iA0yuy Z Qqrqi exp [iq - (r —u)],
q
[0 (L)) 0590 = —2A30mu1 > qaraid]
a,q’
xexpli(q+q) - (r—u)], (18)

where the sums involve the components of the vectors
+q,, the negative vectors included for the complex con-
jugate (we have dropped the subindex n for ease of no-
tation). Similarly, we find

[LY)0ij1h = — Yo Ao Y (005 — igrOjur — qiqrOiux) exp [iq - (v — w)] — 2A30ux Y qigrdiqj exp li(q+q') - (r — )]

qa

Finally, by averaging this result over a unit cell of the
lattice, and given that the slowly varying deformation
gradients are constant over a lattice spacing, all single
q terms vanish, whereas expli(q + q') - (x — u)] factors
integrate to dq,—q/. Therefore the averaged stress field
from Eq. (12) becomes

(0ij) = 4A30uk Y @1k qi;- (20)
qa

Since the coefficients multiplying djuy, are symmetric un-
der the interchange [ <> k, we can also write the relation
in terms of the symmetrized strain u;, = %(alu;g + Opuy).
Reintroducing the vectors q, and their negatives —q,
explicitly, we find

3
(0i) = 8AJuk Y _ ¢l q} argp’- (21)

n=1

Equation (21) is a linear stress-strain relationship which
only depends on three crystal reciprocal lattice vectors
and the slowly varying amplitudes. For a hexagonal
lattice, inserting the reciprocal lattice vectors given in
Eq. (5) yields 011 = 022 = 9A%, 012 = 314(% and 044 =
3A% (cf., e.g., Ref. [9]). This result can also be written in
terms of Lamé coefficients as (0;;) = Adj;jurr+2pu,; with

A 1

A = p = 342, giving a Poisson’s ratio of v = oo = i

This is different from the Poisson’s ratio of % obtained
in Ref. [28], as they use the plane stress condition, while
we are assuming plane strain without loss of generality.

a,q’

(19)

IIT. PLASTIC FLOW AND DISLOCATION
DYNAMICS

At the mesoscale level, the evolution of the phase field
is driven by local relaxation of the free energy functional,

oy 0F

where we have assumed a constant mobility coefficient
(equal to unity in rescaled units). Equation (22) governs
both conservation of mass and the evolution of crystal de-
formations. We will focus here on 2D systems, although a
similar development can be applied in three dimensions.

There are no topological singularities in the phase field
¥(r,t). However, under conditions in which the ampli-
tude expansion of Eq. (4) is valid (mean density %y and
amplitudes A, that vary on length scales much larger
than the wavelength of the reference pattern), topological
defects can be identified from the location of the zeros of
the complex amplitudes [39, 40]. Evolution equations for
19 and A,, have been derived by several techniques, such
as Renormalization Group methods [41] and multiple-
scale analysis [42]. In the lowest derivative approxima-
tion that preserves the rotational invariance of the phase



field model [43], the resulting equations are given as [42]

B)
% = Vv [(1 + V) + 45 + 60 32, [Anl®
+6 ([T, An + .0 ]
0A, .
5 = L3 Ap — (345 + 1) Ay — 60 [T, Ay

=34, (222, [Anl® = [An]?) (23)
wheren =1,2,3, £, = V2+2iq,-V and q,, are the three
reciprocal vectors of Eq. (5). Variation of ¢y at constant
A,, needs to be interpreted as vacancy diffusion. These
amplitude equations are themselves variational, and can
be written as [42],

Mo _ V2 0Fce
ot 0o
04,  Fcc
o SAx (24)

where Foa{wo, An} is the free energy, function of the
amplitudes alone. Recall that all of these equations ig-
nore higher Fourier components |q| > 1, so they are only
valid close to the bifurcation point, |r| < 1.

A. Transformation of field singularities to
dislocation coordinates

In order to make contact with the classical macroscopic
description of plastic motion in terms of the velocity of
a dislocation element under an imposed stress, we de-
scribe the transformation of variables that is required to
relate the evolution of the phase field to the motion of
the singularities associated with the amplitudes. Assume
a spatial distribution of point dislocations and define a
Burger’s vector density as B(r) = ) bad(r—r,), where
r,, is the location of the dislocation with Burger’s vector
b, in some element of volume. For each Burger’s vector
b, we define the three integers s = 3-(q, - by), which
satisfy the relation 30 _; 52 = by - 30 _ qn = 0.

A dislocation at r,, corresponds to a discontinuous de-
formation field u(r) with ¢ du = b, around a contour
containing only r,. This deformation field is associated
with a phase factor in the complex amplitudes, given
by A, (r) = |A,|e” 19 %+ with ¢(r) smooth inside the
contour. The phase circulation of the amplitude around
the same contour can then be found as

%d(arg Ap) = —q}‘f@kujdm + %akq’)drk

nio «@
—q; b} = —2msy,

(25)

using that ¢ has no circulation, being smooth inside the
contour. Thus the amplitude A,, has a vortex with wind-
ing number —s& at r = r,. This induces the following

transformation of delta functions [44-47]

D,né(A,) = — Zsﬁé(r —Ty)

1
= _% (qn : ba)(S(I‘ - ra)v (26)
for a given amplitude A,,, where
1

is the Jacobian of the transformation from complex am-
plitudes A,, to vortex coordinates r,, and ¢;; is the anti-
symmetric tensor. Multiplying the above expression with
a reciprocal vector q, and summing over n, we find the
dislocation density as

47 3
B(r) = 3 anDn0(Ay),

n=1

(28)

by making use of the fact that 22:1 a'q; = %(5”' (see
appendix A for why we use reciprocal lattice vectors in
this expansion rather than real space lattice vectors).

In order to obtain the equation governing the motion of
the Burgers vector density, we use that the determinant
fields D,, have conserved currents given by [47]

my 1 0A, N 0A} A 0An o 1
= — = — —"9 A, ) = e Im | —0,A
Ti 21’6“( ot = g 0 e I | =5~y
(29)
so that 83% = —8kJ,5n)7 as can be verified by substitu-

tion. The amplitude evolution at the vortex location 85475"
can be found from an amplitude expansion of %—f, such
as Eq. (23).

We also have a similar continuity equation for the delta
functions,

0

9 Y OPY
5;0(An) = —J0i6(A,),

D, (30)

which can be proved by differentiating through the delta

functions and inserting for D,, and Ji(n). Hence, differ-
entiating the dislocation density with time, we find the
Burger’s vector current

OB;  Am <~ , (0D, o
o *’?7;% ( o 5(An)+Dn8t5(An))
4 3
9> g (ajJJ(”)a(An) + J;")aja(An))

A & n
=9, (3 S ar) )5(An)> =—0;Fj.  (31)

n=1

Whenever D,, = 0 we have §(A,) = 0, otherwise we can

)



transform back to physical coordinates using Eq. (26),

47r3

5 O 4" 5(An)

Jij =

n=1
3
2 n qn - ba
- gzqwj >2Tn5(r—ra). (32)
n=1 a

On the other hand, if the dislocations are moving with
velocity v, we have

Jij = 3 _bvsd(r —ra). (33)

[e3%

Hence, equating the two expressions for J;; at r = r,
and contracting with the burger’s vector b, we find

3 (n) 3 (n)
2 (Qn : boz)z Jj 1 2 Jj
o 2§ Wn Do) dy - N (ga 34
'U] 3 Z |ba|2 Dn g ;(Sn) Dn ’ ( )

where we set S2 = Zizl(sg)Q and used that |b,|? =
%71’252. This is a general result and the central rela-
tion between the velocity of a point singularity and the
equation governing the evolution of the phase field am-
plitudes. We apply this expression below to obtain an
estimate of the velocity response of a single point dislo-

cation under an applied strain.

B. Dislocation motion

At a dislocation core, assumed at r = 0, the ampli-
tude A,, will vanish as long as 27s, = q, - b # 0. Since
$1 + s2 + s3 = 0, any dislocation must give rise to vor-
tices in at least two of the three amplitudes, and so these
two amplitudes vanish. This means that the amplitude
evolution equation (23) for vanishing amplitudes at the
dislocation position reduces to

0A,(r=0) _ 9
ot - EnAn r=0 (35)
whenever s, # 0. The equations governing the defect
amplitudes entering Eq. (34) decouple, and hence we can
study the motion of each amplitude independently.

We now consider a dislocation which would be sta-
tionary in the absence of any externally imposed stress,
L2 A,
in addirt_ign to the singular deformation field associated
with the stationary dislocation, the total displacement
field can be written as u = u*™8 + . This displace-
ment includes the singular deformation u®™# for the sta-
tionary dislocation described by the amplitudes A,,, and
a smooth “phonon” part (e.g., as described in ref. [25,
Eq. (2.8a)]). The defect amplitude under this distortion
is A, = A,e " 8+tha(r) where the unknown function
h,, models how the defect core responds to the deforma-
tion [46]. We assume that these core perturbations are

= 0. If a smooth deformation u, is imposed

small compared to the driving force due to the deforma-
tion gradient, |Vh,| < |Vul, and neglect them. The
applied smooth deformation will cause the dislocation to
move,

A, =—L2A, #0, (36)

and our aim is to compute how the resulting dislocation
motion depends on the imposed deformation. ~

Let us focus on one particular n and write A =
Ae™ @0 with its associated wave vector q. Then,

DA = (8;A — iAqrdiiy,) e 'Y
DijA = (95 A — 10; Aqr0jiuy, — 105 Aq0stig) e "0 (37)

Continuing in this manner and using that A is the sta-
tionary vortex solution (£2A4 = 0), we then have that

6t/~1 = —,CQ/I = 4in[(6i + iqi)ﬁA](’)i&je_iq'ﬁ. (38)

If s = %1, one solution of £2A = 0 is the isotropic vortex
solution A o« x — isy. We will assume the vortex takes
this form, although other solutions are possible. For this
solution, we have LA = 2iq;;01 A and 9;£LA = 0. Hence
0; A simplifies to

(r“)tA~ = —8iqiqjqk8kA8iaje_iq‘ﬁ. (39)

Inserting this into to the defect current in Eq. (29), we
find

Ji = —86ijqkqlqm8kﬂl Im (’LamAajA*) . (40)

Since the defect density is unchanged under the smooth
deformation, the Jacobi determinant at the dislocation
position is unchanged,

D= Qlieijaifi*ajjx = QiieijaiA*ajA. (41)
The isotropic vortex A oc z — isy satisfies
10;A = —éei]@jA, (42)
so that
Ji = %Q‘jemo(ZleQmakﬁl Im (0,A0;A™). (43)

We can show that Im(9,A0;A4*) = €;,D, which means
that

8 -
Ji = gfiijQkQZakUlD~ (44)

Thus, for a simple dislocation with all |s,| < 1, we find
that the vortex velocity from Eq. (34) is

v, =

3
8¢ ~
o > snd}qiar Ok

n=1
4bm 2 n_ n.n,.n ~
= —52fi > andiarar O
n=1

1

dm A€ (Gjk) bk (45)
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FIG. 1: (a) and (b):

where we used the stress-strain relation from Eq. (21) to
relate the gradient of the smooth deformation u to its
associated stress 7.

Thus, we obtain an expression for the dislocation veloc-
ity which agrees with the Peach-Koehler force of classical
dislocation theory [4], and gives an explicit form of the
dislocation mobility. The derivation has excluded the sin-
gular deformation u"® associated with the dislocation,
as well as any defect core variations in the amplitudes
which would be contained in the functions h, (r). Within
our approximations, the mobility coefficient is isotropic.
This probably follows from our assumption that the vor-
tex solution of £2 A,, = 0 is isotropic.

In what follows, we calculate numerically the disloca-
tion velocity by tracking the position of the dislocation
and compare it with the velocity determined by Eq. (34)
from the topological defect currents. We also discuss
the numerical challenge to verify the overdamped motion
with isotropic mobility and following the Peach-Koehler
force according to Eq. (45), as well as the extent to which
we expect this to be valid.

IV. NUMERICAL RESULTS

We test our predictions by directly simulating a per-
fect hexagonal crystal containing a dislocation dipole in
two scenarios of pure glide and pure climb, respectively.
The dislocations move under the mutual interaction force
between them until they annihilate.

-

0.04

0.02

-0.02

-0.04

40 60 80
x/a

Magnitude and phase of the A; amplitude, showing the initial vortices corresponding to the initial
dislocations. (c): The D, field showing the sign of the vortex charge. (d):
direction, with w = Ao /5. = and y is given in units of the lattice constant a =

The resulting B, dislocation density in the z
4m

V3q0

We use two parameter sets r = —0.01 and 1y = —0.04
(small amplitude near the bifurcation) and r = —0.8 and
1o = —0.43 (finite amplitude). The initial state is pre-
pared by setting 1 (r) = ¢+, Ane'dT+c.c., where the
amplitudes contain vortices with the appropriate charges
for each dislocation A, = Agexp[—)_,is50(r —ry)].
We use two different initial geometries for measuring
glide and climb motion. For the glide case, we put
two dislocations with opposite Burger’s vectors pointing
along the z direction, i.e b = (£a,0), and located in the
same glide plane on the z axis with some initial separa-
tion. For climb, we place the same dislocations directly
above each other on the y axis, on different glide planes.
We then evolve Eq. (22) using an exponential time differ-
encing method [48], and track the motion of dislocations
as topological defects.

The amplitudes of the phase field are computed by
performing a local amplitude decomposition, which cor-
responds to averaging e *dT over a region roughly cor-
responding to a lattice unit cell [49]. For numerical sta-
bility we use a convolution with a Gaussian of width
a = 2m/+/3 instead of hard limits to the averaging re-
gion. This convolution is most efficiently evaluated in
Fourier space, using the expression

An(l‘) — ¢ W@nrTp—1 {e_%ﬂ'Q(k—Qn)2F[w]} , (46)
where F and F~! denote the Fourier and inverse Fourier

transforms, respectively. Similarly, the time evolution of
the amplitude can be extracted from the PFC dynamics
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FIG. 2: (a): Map of the stress field (04y), as computed directly from the formula in eq. (12), with a Gaussian average. (b):
Map of the strain field dyu,, computed from the amplitudes by eq. (50). Note that the color scale is saturated, and the
measured strain field diverges at the dislocation. (c¢): Comparison of the stress computed along the indicated horizontal line in
two different ways: Using the direct expression for the stress in Eq. (12) (solid line), and using the stress-strain relation from
Eq. (21) (dashed line). Both expressions agree in the crystal bulk, but break down close to the dislocation.

as

0A,(r)
ot

= fanTp-l {6_3”2(1‘_%)2F {%—ﬂ } , (47)

Figure 1 shows the magnitude and phase of the com-
plex amplitude A, for the initial dislocation dipole after
a short period of relaxation (panels a-b). From the am-
plitudes we can calculate a Gaussian approximation to
the §(A,,) function as

1 _lan)?
6(An) = W@ 2w? 5 (48)

where smaller w’s give sharper delta functions. Along
with the D,, fields obtained by numerically differentiat-
ing the amplitudes (Fig. 1, panel c), we obtain approx-
imations to the Burger’s vector density from Eq. (28),
shown in Fig. 1, panel (d).

The total displacement field away from defect cores can
be obtained by writing A,, = |A,|e”*"" so that

0; A
Im 2" = —q0;ug. (49)
This relation can be inverted to find
2 n 0; A,
Oju = =3 D i Tm = (50)

A,

n

thus giving numerical values for the total strain. Figure
2 summarizes our results. We show the distortion 0,u,

given by Eq. (50) along with the corresponding stress
field evaluated from Eq. (12) with a Gaussian average.
Of course, this stress-strain relation is not expected to
hold near the defect cores where the distortion is large.
However, we also plot the shear stress as a function of y
along the line shown in the figure, and show that the lin-
ear stress-strain relation, Eq. (21), does hold away from
the cores.

Properties of a given dislocation can be computed by
taking averages weighted by the Burger’s vector density
B(r) inside a thresholded region. Thus we compute the
location of each dislocation by taking centers of mass of
the Burger’s vector density, and dislocation speeds by
averaging the topological defect currents of Eq. (34). In
Figure 3, we compare glide and climb velocities predicted
from Eq. (34), and a direct numerical determination of
the velocities by performing a finite time difference be-
tween successive dislocation positions. In panels (a) and
(b), the glide and climb velocities are presented for small
|r|, showing excellent agreement. The glide velocity for
finite r is presented in panel (c), and shows a stick and
slip like behavior with periodicity related to the lattice
constant a, consistent with previous numerical simula-
tions from Ref. [9]. These are lattice effects affecting the
motion of the amplitudes when r is not small due to non-
linear couplings, the phase field analog of Peierls pinning
stresses [50]. Note that we observe no climb motion at
the deep quench parameter r = —0.8.
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where the dislocation has traveled a distance a from its initial
point.

The velocity computations shown are robust with re-
spect to the delta function width parameter w from
Eq. (48). However, the dislocation center of mass lo-
cation used in the tracked velocity shows artificial fluc-
tuations for width parameters larger than = Aq/20.

Directly verifying the Eq. (45) is more difficult due to
the required separation of stress fields into a singular part
and a phonon part ¢;;. Furthermore, ¢;; needs to be in
mechanical equilibrium during the PFC evolution. As
an indirect test, one can assume as a first approximation
that the stress field on each dislocation is due only to the
other, and it is approximately given by the shear stress
induced by an edge dislocation in an infinite space

b 2pu(A + p) cos P cos2¢

Ogy =

21 A+ 2u d ’
o — b 2u(A + p) sin ¢(2 + cos 29) 7 (51)
2 A+ 2u d

where d and ¢ are the instantaneous distance and angle
between the dislocations, respectively. Inserting this ex-
pression into Eq. (45) and using appropriate values for

the angle ¢ for the glide and climb geometries, we find

a

’U%lide _ v;limb _ :t2ﬂ_2d7 (52)

with the sign depending on which of the two disloca-
tions we are considering. This equilibrium velocity is
denoted as “Peach-Koehler force” in Fig. 3 (panels a,b).
For glide velocity we find a reasonable agreement with the
measured velocity, but the climb velocity shows a differ-
ent functional form. The deviations from the predicted
evolution from Eq. (52) are due to simplifying assump-
tions used in deriving the Peach-Koehler force, the most
important being the isotropic solution of the stationary
vortex structure. In practice, the profile of the vortex
near the core maybe anisotropic and dependent on the
driving force. This means that the core structure would
deform in the presence of external forces, which would
be described by having the h,, (r) functions depend on a.
Note that the decoupling of the amplitude equations and
the assumption of an isotropic vortex solution were what
allowed us to ignore the effect of vacancies. It is known
that vacancy diffusion is important for climb motion, and
therefore we expect greater deviations from the theoreti-
cal prediction in the case of climb, as it is also evidenced
in Fig. 3 panel (c).

V. CONCLUSIONS AND DISCUSSION

We have introduced a phase field model of a crystalline
phase to describe the topological singularity that corre-
sponds to isolated dislocations. The phase field itself is
regular (non singular) at defect cores. The singularity
appears through consideration of the slowly varying am-
plitudes or envelopes of the phase field in a macroscopi-
cally defected configuration. These amplitudes allow the
computation of local stresses near the defect, as well as
the velocity of the point defect from the kinetic equations
governing the evolution of the phase field. The combina-
tion of both results allows the derivation of the classical
Peach-Koehler force on the defect as well as an explicit
calculation of the defect mobility, although these depend
sensitively on the dislocation core structure. Our main
results have been verified by direct numerical solution of
the equation governing the evolution of the phase field
for the case of a dislocation dipole in a two dimensional
hexagonal lattice.

Phase field crystal models of the type discussed in this
paper lack a dependence on lattice deformation as an in-
dependent variable. However, we have shown explicitly
that it is possible to calculate the elastic stress directly
from the phase field free energy by considering its vari-
ation with respect to a suitably chosen phase field dis-
tortion. The stress thus derived is consistent with linear
elasticity and leads to known expressions for the elastic
constants of the phase field crystal. Furthermore, the
phase field description can also describe defected config-
urations. While the phase field remains nonsingular no



matter how large the local distortion of the reference con-
figuration is, the location of any isolated singularities can
be accomplished through the determination of the zeros
of a slowly varying (on the scale of the periodicity of the
field) complex amplitude or envelope of the phase field.
Such a coarse graining is essential to defining singular
fields from the regular phase field. On this slow scale,
we have then derived the Peach-Koehler force on a topo-
logical defect, subject to some simplifying assumptions.
As expected, this force depends only on a slowly vary-
ing stress (distortion), and not on other fast variations
of the phase field near the defect that constitute the sin-
gular strain field. However, more work is needed to fully
understand the effect of the core structure and vacancy
diffusion on this Peach-Kohler force.

Our results also clarify the relationship between dissi-
pative relaxation of the phase field and plastic motion.
Equation (45) relates the velocity of a dislocation with its
Burgers vector and the slowly varying stress (&;;). Such
a relation follows directly from the equation governing
the relaxation of the phase field, Eq. (22), in the range
of r < 1 in which it can be described by an amplitude
equation. This equation also gives an explicit expression
for the dislocation mobility which depends on the specific
functional form of the free energy considered. More gen-
erally, the role of the free energy functional introduced in-
cludes the definition of a Burgers vector scale, and topo-
logical charge conservation over large length scales. Of
course, any fast variations of the phase field near defects
are still described and very much included in Eq. (22).
Short scale effects such as dislocation creation and anni-
hilation, and any nonlinearities of both elastic and plastic
origin evolve according to the dissipative evolution of the
phase field.
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Appendix A: Calculation of the dislocation current

Equation (28) gives an expression for the dislocation
density in terms of the three reciprocal lattice vectors q,.
Since the Burger’s vector is a vector in the real space lat-
tice, it would seem more natural to express the disloca-
tion density in terms of the two real space lattice vectors
a,, where qy, - a,, = 27y, (for n,m = 1,2). Indeed,
using that Zi:l alq; = 27md;;, we find the alternative
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expression

2
B(r) = — Y a,Dnd(4,), (A1)

n=1
which of course is equal to Eq. (28). Going through the
same derivation as in section III A leads to a Burger’s
vector current

2
Tz =~ arJMe(A,), (A2)
n=1

however this current does not agree with the current in
Eq. (32).

The missing point is that the conservation equation for
the field D,,6(A,),

0[Dnd(An)] + 8TV 3(A,)] =0, (A3)

only determines its current [ j(.n) up to an unknown

divergence-free vector field K ](”), ie.

I = gMs(A,) + K™, (A4)

where &-Ki(”) = 0. To determine this residual current,
we observe that

1

_%a

3
bio(r—ra) Y g =0, (A5)
n=1

N
)
3
=
'S
i

due to the resonance condition ) q, = 0. Hence it is
natural to require that the current of this field vanishes
identically,

3 3

3
ST =304+ KM =0, (A6)
n=1

n=1 n=1

This condition is fulfilled by setting Ki(”)

f% fn:l Ji(m)cS(Am)7 which has vanishing divergence.

With this choice, the dislocation current in Eq. (32) is
modified to

(A7)
where the second term vanishes due to resonance. Hence
the additional fields Kin give no contribution when we
express B(r) in terms of the three reciprocal lattice vec-
tors. On the other hand, if we used real lattice vectors
a,, instead, the extra term would not vanish.
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