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Stability of the system with respect to infinitesimal
fluctuations sc(r)=c(r)-=

Free energy of heterogeneous system in continuous approximation

F = ﬂ(f(c) + %ﬁ(a)(ch)dV]

l

Variation of free energy with respect to small fluctuations

AF=f

5c(r)=c(r)-¢ = % Z c(k)e™ FT

2 dc?

1d'f (C)éc (r) +— /)’(c NVc(r)) dv}
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Landau Khalatnikov kinetic equation (1954)

l Landau-Khalatnikov relaxation equation

dy(r,t)
dt
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Microscopique kinetic equation
Atomic density function theory
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P(r) is the probability to find

atom in position .
Phase field variables:
Concentration c(r)
Ordre parametre n(r)
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Time dependent Ginzburg-Landau equation

on(r, t)
ot
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Cahn-Hilliard equation for concentrations
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Rayleigh—Bénard convection
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Rayleigh—Bénard convection of a fluid layer between two horizontal plates is one
of the simplest sustained nonequilibrium systems. When the temperature
difference AT =T1-T2 is sufficiently large, the warm less-dense air near the floor
and the cold more-dense air near the ceiling spontaneously start to move, i.e.
convection sets in. The rising and falling regions of air eventually forms cellular
structures known as convection rolls. The characteristic roll size is about the depth
d of the air.



Swift-Hohenberg model of convection

The addition W3 in the free energy functional break £ symmetry

(Brazovskii energy, 1976)

F=fdr %w(—g+(k§+V2)2)I/}+a
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p(r)=p+ Y Q(k)e™
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AF = Egb(k)\Q(k)\
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Swift—-Hohenberg
G(q) = —€ + (q2-q?)

for e=3/4 and k,=1
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stripes

honeycomb structure.

Rayleigh—Bénard convection
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]"qu| plopmtlonal to the density of superconducting electrons

Interaction between the vortex:
repulsion -> two wires with currents
in opposite directions
attraction->the superconductor
prefering to be in a state with no
defects.

| Bi,Sr,CaCu,0,,,

leads to

Vortices are mutually repulsive -
formation of an ordered triangular lattice.




Atomic density function theory on constrained lattice

F=F

chem

+ F

elast

F o= %Evv —rYpr)p(r) + kBTE{pv)Ln(p(r) +[1=p(r) 1La[1-(p(H]}

E oy = E f o )3 B,,(m)6,(k)d, (k)

Microscopic kinetic Onsager equation

dP(r, t) 1
i aEﬂrzLaﬂ( —r')e,cp GP( )

Conserved dynamic if: ), L(r=r)=0



Dynamics of Simultaneous Ordering and Phase Separation
and Effect of Long-Range Coulomb Interactions
L.Q. Chen, A.G. Khachaturyan, PRL 1993

The finite range interaction (attraction)

V(k)i=2W,lcos2zh +cos2nl]l+4W cos2rh cos2nl
+ 2Wlcosdrh +cosdnl] , (3)

The long-range interaction (repulsion)

y . FT 4 A
W(r)coul =Texp e ] ]

V. (k)=
—— coul( ) Uo(k2+k;)
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FIG. 2. Temporal morphological evolution started from a completely disordered state with 4 =0.25 eV and composition ¢ =0.175.
The gray level represents the different magnitudes of the absolute value of ¢n, where ¢ is the local composition and 7 is the local
long-range order parameter of the ordered phase; ¢ and n are related to the occupation probability by n(r) =c(r)+c(r)n(r). In this
representation, bright regions are ordered domains and dark regions are disordered phase domains. (a) r* =2.5; (b) ¢* =10; (c)
t* =100; (d) * =500; () ¢* =1000; () 1* =2000.

In system with only finite-range interactions, the resultant two-phase mixture

will continuously coarsen reducing its interfacial energy. The Coulomb interaction stops the
coarsening after the ordered particles reach certain size. Eventuelly, all ordered particles
reach the same size and form a spectacular regular pattern of a triangular lattice.

Phase Field Crystal method (K. Elder, 2002) -> zones with high concentration-> atoms




Free energy change with respect to homogeneous state is :

AF = % If 2 V,(r-r")+ %L@]Aca(rmcﬁ(r')d%d%

V o C,0Cq
. J
Y

D, (k,T,{ca }) Response function

Response function can be estimated from the elastic diffuse scattering

I(k) o< kyTD,;(Kk)

Y. lJin et al. JAP 100, 013519 2006



Why one minima potential gives only “honeycomb” structure in 2D and bcc in 3D simulations ?

Diffraction pattern of liquid

In 3D bcc lattice (fcc
reciprocal lattice) the
number of first
neighbors is maximum

'

Free energy minima

2D structure with one
characteristic distance and
maximum number of first
neighbors.

The most stable high temperature modification of the crystalline
phase is the one whose reciprocal lattice has maximum possible
number of the nearest neighbor sites.

D(k) works as a filter of spatial frequencies.



Anisotropic long range interaction
(elastic interaction)
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800°C

Microstructure evolution in Ni-13%AlaT

with elastic interactions
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Atomic density function model (ADF)

A small parameter determining the transition from discrete to

° 0 020% o° o continuum version of ADF model is:
o 00 o0 ©o o e o
© (o] © o @ O © o °
® o 00 %% a << ]| 2 lsing lattice parameter
° o0 S o e ° R Ryyp- Characteristic distance of interatomic interaction
.. © : ... ° (o} ° Wa/j
(] (&) o °

ADF on unconstrained lattice

v

ADF on constrained lattice

P(r) - probability to find atom at position r Atomic density function p(r)

a

a Prst) « > p(r, 1)
ra £ / £
i




From discrete to continuum ADF model

Continuous model

Rigide Ising lattice Ax

p(l’,’, f)
1 | N
Q ( ( r { =
T'i

—
a Fraton

A
\ 4

(a) Probability P(r;, 1) to find atom on site r;

Meaning of P(r)?
e P(r) : probability to find atom at

position r
' P(r N
@ 1 atome & 1 site Z (r) # Natoms
r
ZP(") = Natoms (M. Lavrskiy et al.,npj computational materials 2016)
r

Configurational degrees of freedom:
The use of a set of occupation numbers , c(r), equal 1 or O for each points, r, of the
continuum space rather than a choice of coordinates of centers all of atoms

1  if site r is within any point of any atom _
e(ry=) U SETE WA P y DPI)=N,,,
0 if site r is outside of any atom r



Introduction of occupation numbers, c(r), mimics a transition to the “secondary
quantization”, by an introduction of creation and annihilation of pseudo-particle.
For brevity we name them fratons.

The occupation probability of finding a fraton
at the point r:

p(r) =<c(r) >,

fratons fratons
E Py (r)=Nj
r

Schematic representation of condensation of randomly distributed pseudo-particles
(fratons) in atomic sphere
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c(r) Homogeneous density of Random
fratons p(r) fluctuations atoms



Model Hamiltonian:

EE; w,(r=r')p, (1p, ()

r,r' o=l

the occupation probability of finding a P (r) =< C (r) >
fraton of the kind a (=1, 2, ..., m) at the
point, r
interaction potential of two fratons of w (r -7 ')
ap

the kind oo and 3 at sites rand r’, respectively

( )

Fermi-Dirac statistic

—u, +<I>a(r))+1]

P (r) =

X
p( kT




The Fourier Transform representation of the model Hamiltonian:

> w_ (k) p,(k)p,(k)*

Model Potential W, (k) =20, (k)3 +2, (k) W (k) \Pgm(k)l*

Short range

Long range
. clstr ik,
The structural cluster function W (k) = E W; (a,k)e
Ta

Structural cluster

A structural cluster for atoms of the kind, &, is a minimum size group of several
geometric points numbered by index j,. Their number and mutual location is chosen to
reproduce the topological features of the desirable final configuration of the a-atoms.

In fact, the structural cluster function has a built-in info about length, directions, and
rigidity of the bonds.



Limit transition to the Landau theory

&'k
Q2my

F=| %EﬁVaﬁ(k)CI)a(k)(D;(k) " { fdp.mpd’r| (1)

Where  Vos(kK) is the Fourier transforms of the effective potentials W,,(r) :
V(k)= f W(r)exp(—ikr )d’r
%

Using Taylor expansion of Vs (k)in k
1 1 1
_ af afi1.4 af
V()= A, +—2! —4!A4 k +...+—n!An

Eq.(1) is a generalized Landau gradient expression:

AP +

1 1, L
F={ Z(E APp, (1)p, (r) + > APV, (r)Vp, (r) + Z APV (1)V2p, () + ) 5
Voo . ! |

v [ fUpm s

The Phase Field Crystal model has used two first terms of the gradient
expansion of the Landau theory.



Kinetic equation ( n-components alloy)

OF
0p; (1',1)

d p (l‘ t) ELaB(r l")

Free energy functional 1s:

E DV (=PI (r) 4Ky TE E{men [P.(M]+[1- () 1La[1-(p, (]}

aﬁ r,r'

Reduced variables:
time is measured in units of typical atomic migration time, t_

energy is measured in units of k;T,, where T is the solidification temperature

the grid lattice increment, |, (the spacing of the underlying Ising lattice), is
defined as a fraction of the atomic radius

The numerical solution -> the semi-implicit Fourier spectral method



Self-assembly of fratons with only short range interaction

a b o(k)

ar)

t*=0

n

—0.1,7/=05, A’=0.17 .and T=063 A4 =4523,&£=4

D)



Equilibrium configuration of fratons with different reduced densities formed by
short range potential (r=5Ax)
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Zinc-blende structure

v, (k)

VAA(k):VVlA W,

Vs.r. (k’ rA )

max¥;, (k)-minV,, (k)

Vs (k ) 4 e (k)

maxV, (k.r, )= min, (k.r,)

Vs.r, (k > rB )

* max?, (k)-min,, (k)

a

* mar,, (k.ry )= min?, (k.r;)

Xa Za

s

V,.,.(k)=[4+4(cos(

k

k kya
cos| ——
2 ) 2

4—7;(— (sin(kr)— krcos(kr))+ 2(sin(1. 17kr)—1. 17krcos(l. 17kr)— sin(kr)+krcos(kr)))

V

ABlr.

(k)

V, (k): Wise

maxV g, (k)— minV 5, (k)

wib(k) = 2cos(%(kx +k, +kz))(4+4(cos(

) k
+Cos|
6

X

k
)+cos(ya
2

) ka
cos
( 2

I

k a) k.a (kxa) ka k,a
cos| =— | +cos| == |cos| = |+cos| = |cos
2 2 2 2 2

Cz 16dx

de=n
kT

1, =4dx

=0.2354

B0
k,T=5-10"
k, T, =21.24-10°

N\
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,,=0.08

p,=007
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tribution of two-component liquid into zinc-blende
structure
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Self-assembling of random distribution of fratons in helix structure

* Long range potential :

> i.p:structural cluster is the star of bonds indexed by ju g

Jap, k) : thermodynamic and mechanical property of each bond (~ length,
directions and rigidity of the bonds)
Mqp : atomic sites in the one pitch P

Cluster
ng -1
&, (k)= (2 + 2cos(hm k. ){m Ecos@(n,m)))
n>m=0
where

@, m) = /;Yu(cos(zn—’:q) - cos( 2;’:" )] + /;vu(sm(zn—’jq) - sin( 2::" )) +k.h(n-m)



Self-assembling of a double-thread helix polymer: single-thread helix in a
the “soup” of monomers

W i) = [1 e ]( ’Z TS ) & (k) =2 cos(h%k:)(z +2cos(hnyk, ) (6 +2 ’El cos(¢(n,m)))

= n=m=0

Mol Mol N\ (g -1 '

—l—k‘ —I—kx - k k42 k.

wer(i)-e [m ; ](2< >]
n=

1,0 1,0
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a-Fe system
e Short range potential :

1 f r <R T
Vi ={ ¢ if R< r <R+AR
0 if r > R+AR —

e Long range potential® :

k4

Vik)y = 1—
(k) (k? — k7)? + k3

3.5 T ) T T T Kelvin
Jaatinenetal. [16] © 200 400 600 800 1000 1200 1400 1600 1800
3 F @ ADF mode| ------- - 26 T T T T T T T
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25 "ll 24 Il..-- CéAExp_ ........
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reduced temperature T

1 O. Kapikranian, H. Zapolsky & al. Phys. Rev. B 00, 004100 (2015)

[16] Jaatinen et al. Phys. Rev. E 80 (2009) 031602
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The atomic density function (ADF) model of tilt grain boundaries

in a-Fe

25 F

2 F

1.5

Atomic '
configurations

1
[Jaatmen etal. 2009]
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V r(k)

T=0.9T,,

A. Kapikranyan, H. Zapolsky, C. Domain et al., Phys.Rev. B., 89,

GB energy

I 1 1 1
AA
14+ N A ]
€ mﬁo% o8 %o A
i 12 - A [o) Oe e A 00 (0] OA -
5 ® N EAAAAA a MAA °A (]
o} 1 a0 [} P A
{ g
[} [o] (o]
m 0.8 a® A 2 -
(O] d o]
S o6l o
V' ooat -
. ADF model A
0.2 MD relaxation © ]
0 | [ | | | Tschopp et a!. [2]
0 20 40 60 80 100 120 140 160 180
angle (deg.)
014111, 2014.



Configurations of grain boundaries in the bcc Fe
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Elastic field around dislocation at grain boundary

0.0 0,000 ® ©_.0,0_.0.0
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Dilated (a) and compressed (b) regions near the edge dislocation of a 4.24 [110] GB, as
given by the local atomic density normalized to its bulk value



Intersticial segregation : (100) symmetric tilt GB

R1/R2 =1.14.
¥5(310), 6 = 36.87, |B.B] ¥'5(310), Ab initio?
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Segregation of P at <100> grain boundary, 6=46.40°
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Intersticial segregation : Concentration profile

¥17(410), 6 = 28.07

¥29(730), 6 = 46.40




Comparison with Mc Lean theory

Enrichment factor

AH" (kJ/mol)

concentration in bulk

concentration at GB

Experimental data
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Simulated polycrystal. The grain boundaries are indicated in white. The dislocation
structure and associated elastic field around each dislocation at three different grain
boundaries are shown.



Segregation in polycristal

Fe-C polycrystal

12at% C

P S
¥ /7
N
Carbon GB
segregation

Intersection GB-
sample surface

Segregation of C atoms in duplex steels

Simulation box = 5123
dlatticel — 16: Alattice2 — 14
10 germes

1 M. Herbig, D. Raabe, Y. J. Li, P. Choi, S. Zaefferer, S. Goto

Physical review Letter 112, 126103 (2014)




Segregation of vacanacies at <110> GB in a-iron

Vacancies SIA
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Point defect absorption kinetics at a [110] edge dislocation
(indicated with white dashed lines) in a system with (a) vacancy and
(b) self-interstitial supersaturation. The dislocation is part of a GB
which plane 1s highlighted with green color. The [110] cross-sections
of the atomic density function profile are given in logarithmic gray
scale in order to make visible the variations of the ADF in between
the atomic peaks. The time axis 1s pointing downwards.
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CONCLUSTONS

1. Quasiparticle approach opens a way to answer numerous outstanding questions
concerning the atomistic mechanisms of the defects formation, the formation of
polymers due to aggregation of monomers in their solution, crystalisation soli-solid
phase transformations and etc.

2. Two new ideas in Quasiparticle method:
- the configuration of the system is defined by fraton density function.

-the interatomic interaction is defined by structural cluster
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