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A simple model: Heisenberg mixture
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H™ME = 5 Z Z Vo‘ﬁ(ri,rj,si,sj) , where o, ={A, B}
CM,,B t,5=1
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Interaction Veore (T, ) +Vinag (Ui, 5 84, 8)0a, 808, B
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potential Vinag(r,1’,81,82) = —J |
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Ilibrium Theory




Density functional theory

Central quantity: ‘ Pa(r,w) = pa(r)ha(r, w)

Classical grand .  EolFFIRIE= {pa} Z/dw/dr

potential

Flipail = Fialipat] + Fexlipat]

Methods 5
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Phase diagram

Isobars Phase transitions

e First order demixing
transition

e Second order transition
for the magnetization

(x o)

== metastable
== ynstable
— Curie line

® (oexistingstateswith p., =pu,, P'=PY and 7' =1"
® Tricritical point with stable states forr<r_c

Results I: Equilibrium theory 6
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Inhomogeneous densities

(x,p) -

== metastable
== ynstable
— Curie line

® Minimize:

—» System completely equilibrated
® Full information of system after phase separation

—>» Coexisting bulk densities and bulk magnetizations

Results I: Equilibrium theory 7
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Magnetization

®* |Inhomogeneous magnetization profile for species B
® No magnetization in phase |

® Softening of the interface can also be seen in the
magnetization

Results I: Equilibrium theory 8
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Dynamical density functional theory

One-body Smoluchowski equation for a binary mixture:

0pa(r,t)
ot

1’1—1

= kpTV2pa(r,t) + Vo [pa(r, 1)V Vexe (r, )] +

’pfﬁ) (r,r',t)V4qua(r, ')

Adiabatic approximation and sum rule:

/dr’pgg(r,r’)va(r,r’) = pa(r)V

0F oy [pa (I‘), Pp3 (I‘)]

0pa(r)
DDFT key equation:

Opa(r, 1)
- ot

=V {pa(r,t)vw

U. Marconi, P Tarazona, JCP 110 8032,1999

F_l

Theory: DDFT 10

Wednesday, March 21, 2012



Spinodal decomposition

0 20 40 60 80 100 20 40 60 80 100 120 40 60 80 100 120
X0 Xo XC

® Study states where dynamics is linearly unstable

—>» Density variations grow slowly over time

pa(ra t) — Pgulk + 5Pa (ra t)
dpo(r,t) ~sin(k - r)

Results Il: non-equilibrium ||
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Nucleation (2d)

® Exchange of energy, volume or particles such that:
TA:T37 PA:P37 HA — UB
® Surface tension impedes the formation of droplets

® Supercritical nuclei for R > Rc

Results Il: non-equilibrium 12
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Nucleation dynamics

0 10 20 30 4 50 &0 0 10 20 30 40 50 €0 0 10 20 30 4 S0 &0
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T |
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Xo X0

® |sotropic particles in the sea of magn. particles

x,p)

== metastable

® Pathways for supercritical and subcritical nuclei =

Results Il: non-equilibrium k
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DDFT free energy pathway

® EDFT and DDFT consistent in predicting nucleus growth or
shrinking, but: free energy pathways are different!

® Recall that EDFT works in (T,V, 1) ensemble and DDFT in
(T,V,N) ensemble, respectively

Results Il: non-equilibrium 14
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Summary

oinary colloidal mixture

and equilibrium (EDFT)
e interface

nsistent results

of EDFT and DDFT
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Surface tension
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Results I: Equilibrium theory 16
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Phase separation dynamics

(x,p)

== metastable
== ynstable
— Curie line

Can we study nucleation with DDFT?
or unstable states (spinodal decomposition)?

Results Il: non-equilibrium 17
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What about the orientational degree of freedom?

Time-evolution of the pdf

IP(N, N 1) = LsP(xY, N

Z {V,T(&) [kBT Vi, + Vi, U, 0N 1)] i

+ IR [kgTR; + RUN, &N )]} (...)

Total force and torque:

|
P (", 1) = (NIX ' o / dry. . .. / dry fd@,,ﬂ . jédawp(r” N 1)

We obtain the DDFT key equation:

_10p(r,w,t) ) OF [p(r,w,1)] A s O0F[p(r,w,t)]
19P _ P , P
I 5 —V[p(r,w,t)v (e | Rip(r,w,t)R 5o(r. 5. 1)
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Methods

(I) Computer simulations

mr; = —nr; +&i(t)
. b 4

T ;
inertia  friction forces noise

® Full dynamics with interactions

. Q—-—:l\:::::ule ’
® o

® QOrientation, hydrodynamics etc.

® Difficult to solve

NOT TO SCALE

Methods 19
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Methods

(I) Computer simulations
mrz — —’}’i‘i
b

+&i(t)

"

B B y
inertia  friction forces noise

(1) Density functional theories

Static DFT Dynamic DFT
® Equilibrium properties, ® States out of equilibrium,
microscopic description time-dep. order parameter
® Phase diagrams, ® Relaxation into equilibrium
interfaces, nucleation of p(r,t), m(r,t)
barriers

Methods 20
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Outline

(1) Introduction

(1) Equilibrium theory (EDFT)
e Model
e Phase diagram
e Staticresults

(111) Out of equilibrium (DDFT)
e (Comparisonto EDFT
® Nucleation

(IV) Conclusion

21
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DDFT for binary mixtures

DDFT key equation:

e LATA, v A C A v

5F[:0A (I’, t)a PB (I‘, t)]
0pa(r, 1)
U. Marconi, P. Tarazona, JCP 110 8032,1999

Note, that

® we assume magnhetic moments have very short relaxation time

so that m can be minimized at each time instant:

® we use the same Helmholtz free energy as above (EDFT):

Flipai] = Fial{pa}t] + Fexliral]

Theory: DDFT 22

Wednesday, March 21, 2012



Nucleation: critical droplet theory (2d)

® Exchange of energy, volume or particles such that:
TA:T37 PA:P37 HA — UB

® surface tension impedes the formation of droplets:

eroplet(R) . 27‘-R7 R ﬂ—RzlAP‘

Results Il: non-equilibrium 23
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Nucleation barrier

0.96

® Results consistent for concentrations near binodal

® CNT is weak for smaller concentrations (near the spinodal)

Reason: CNT is clearly a macroscopic theory

Results Il: non-equilibrium 24
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