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Length Scales and Modelling

Atomistic: | DFT (density functional
theory): ab-initio calculation of
binding (E,) and activation

energies (E,) of solutes at a-y
interface

MD (molecular dynamics):

Use DFT results to build suitable
potentials for simulations of diffusion
(D,) across and mobility (M) of a-y

interface

Mesoscale:

PFM (phase field model):
Use DFT/MD/PFC (c,) results for binding

energy (E,), interfacial diffusion (D,) and
mobility (M) to simulate solute drag and

PFC (phase field crystal):

Provide linkage from atomistic to
continuum modelling using MD
length scale and PFM time scale,
translate interaction potentials to
two-point correlation function (c,)

overall transformation kinetics

Macroscale:

JMAK (Johnson-Mehl-Avrami-Kolmogorov):
Translate PFM solute drag model into
suitable JIMAK rate parameters for overall
transformation model

Validation Experiments:
Validate transformation model
with experimental data
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Length Scales and Modelling

Classical
Atomistic: | DFT (density functional
theory): MD (molecular dynamics):
- mechanical properties Use DFT results to build suitable

potentials for simulations of diffusion
(D,) across and mobility (M) of a-y

\ interface
PFC (phase field crystal):

Mesoscale: Provide linkage from atomistic to
PFM (phase field model): continuum modelling using MD
Use DFT/MD/PFC (c,) results for binding | length scale and PFM time scale,

energy (E,), interfacial diffusion (D,) and translate interaction potentials to

mobility (M) to simulate solute drag and | WO-PoInt correlation function (c,)

overall transformation kinetics




Classical

Length Scales and Modelling

Atomistic: DFT (density functional
theory):

MD (molecular dynamics):

Use DFT results to build suitable
potentials for simulations of diffusion
(D,) across and mobility (M) of a-y

interface

--- mechanical properties
Mesoscale:

PFM (phase field model):

Use DFT/MD/PFC (c,) results for binding
energy (E,), interfacial diffusion (D,) and

mobility (M) to simulate solute drag and
overall transformation kinetics

PFC (phase field crystal):
Provide linkage from atomistic to
continuum modelling using MD
length scale and PFM time scale,
translate interaction potentials to
two-point correlation function (c,)

i

Amplitude expansions
Provide linkage from PFC to
continuum modelling using PFM
length scale and time scales, t
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Overview

Part 1: Multiscale Modeling

Amplitude Continuum

Phase field crystal WW

Ax ~ a/10 ~1A >
/
~0.1A

Ax ~ al100

~0.01 A —

Oakland
LINIVERSITY
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Overview

Part 1: Multiscale Modeling

Amplitude Continuum

Phase field crystal W

Ax ~ al10 ~1A "
//'

Ax ~ al100 ~0.1A

~0.01 A —

Part 2: Application: Surface ordering

nm objects
' ordering on
(e B pm scales
4:.,;»3'%) 4‘r.’n.onolayers Dﬁgﬁ




Part 1: Multiscale Modeling: CDFT

Classical Density functional theory of freezing
Ramakrishnan and Yussouff, PRB 19, 2775 (1979), Singh Phys. Rep. 207, 351 (1991)

. Liquid/Solid transition
p(x,t) Mechanical properties

atomic number density field

Free energy functional F{p (x,t)}

A

Expand in density/density correlations

1% term — no interaction: entropy

28— [ai|pm|L
kBT P

where 6 p = p — p,

pIn —0p

Temperature

density (p)
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Part 1: Multiscale Modeling: CDFT

Classical Density functional theory of freezing
Ramakrishnan and Yussouff, PRB 19, 2775 (1979), Singh Phys. Rep. 207, 351 (1991)

. Liquid/Solid transition
p(x,t) Mechanical properties

atomic number density field 2" term — two body interactions

A -> >
A k, Tz J]dr drz[P (rl,rz)]
C,(r,.1,) = 2-p01nt direct correlation function
Key point: in liquid C,(r, 1,) = C,(|F,—7)|)
i.e., C, rotational invariant

C,(K)

Temperature

density (p) /
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Part 1: Multiscale Modeling: CDFT

Classical Density functional theory of freezing
Ramakrishnan and Yussouff, PRB 19, 2775 (1979), Singh Phys. Rep. 207, 351 (1991)

. Liquid/Solid transition
p(x,t) Mechanical properties

atomic number density field

A

3" term — three body interactions

4" term — four body interactions

7 =~ TR e () p(7) e (F) G AT

Temperature

etcetera ....

density (p)
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Part 1: Multiscale Modeling: PFC

Phase field crystal
Classical DFT
CDFT to Phase

| i LA —
Field Crystal (PFC)

In three easy steps

~0.1A
~0.01 A —

1) Expandin n =

(p — p)lp toorder n’

AF AF
2) Truncate at C,: AF ~ : :

KT~ kT @« k,T

3) Expand C, in fourier space y
up to k, ie.,

C,(k) ~ —C,+ C,k* — C,k* f/\ —
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Part 1: Multiscale Modeling: PFC

Phase field crystal

Classical DFT
CDFT to Phase NaSN Sﬂ ICN ana \/\/WV\/\/M

Field Crystal (PFC) Ax ~ al10

in three easy steps A — 21100 ~0.1 A

~0.01 A —

Result (in dimensionless units ¥ = X/R, R= \/2\54\/62)

B =1-5C, B' = plC,[14¢,
= liquid bulk modulus ~ crystal bulk moduli
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Part 1: Multiscale Modeling: PFC

Phase field crystal

Cl ical DFT
CDFT to Phase NT Sﬂ ICN pr \/\/\/W\/\/M

Field Crystal (PFC) Ax ~ al10

in three easy steps A~ a100 ~0.1 A

~0.01 A —

Assume dissipative dynamics of a conserved field

%:DVZ%:DVZ([B’JFBX(—zV2+V4)}n—tn2+vn3

Oakland
UNIVERSITY
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Part 1: Multiscale Modeling: PFC

Comparison of CDFT to PFC solutions
Jaatinen, Achim, Elder, Ala-Nissila, PRE 80, 031602 (2009)

Density Profiles Iron, 1833 K

CDFT order C,

40 \

30

e

2\
o "N
WSttty

SSesSssa

LIAL X
1111,10.20.0.5‘&\“‘\\\\“\

LTSRS
NS S 7 AL T A R e
S S AN

VIR
N s
LA et
\‘:‘::‘»

PFC much smoother : Good and Bad

Good Ax, . >>AX ..
Oakland
UNIVERSITY

Bad approximation to CDFT
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* Can PFC parameter be fit?
AF R’ f .
— N~ — dr

k,TVp Vv

Physics: elasticity, dislocations, 3 (2) parameters
Multiple crystal orientations

3 4

2 4 n n

BB + B
2

Oakland

LINIVERSITY
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* PFC parameter fitting
AF R J' r
k,IVp V

Physics: elasticity, dislocations, 3 (2) parameters
Multiple crystal orientations

3 4

2 4 n n
2V +V))n—t€+vﬁ

B + B
2

Fitting : 5 parameters , lron
Wu, Karma, PRB, 76, 184107 (2007) (t,v)
liquid/solid surface energy + anisotropy

6 parameters, Iron

Jaatinen, Achim, Elder, Ala-Nissila, PRE, 80, 031602 (2009)
liquid/solid surface energy + anisotropy

Miscibility gap, bulk moduli,

Liquid state isothermal compressibility

Fitting : 4 parameters, Colloids
Van Teeffelen, Backofen, Voigt, Lowen, PRE 79, 051404 (2009)
Solidification rates - dynamics

Oakland

LINIVERSITY




* PFC parameter fitting

, Fittingto lron, T =
Quantity Experiment/ MD
surface energy (100) (J/m?) 0.177 [1]
surface energy (110) (J/m?) 0.174 [1]
surface energy (111) (J/m?) 0.173 [1]
Anisotropy (%) 1.0 [1]
Expansion upon melting (A3/atom) 0.38 [3]
Solid bulk modulus (GPa) 105.0 [4]
Liquid bulk modulus (GPa) 96.2 [5]

[1] Wu, Karma, PRB, 76, 174107 (2007)

1772 K

5 parameter [1]
0.207
0.202
0.195

1.3
2.07
22.2
18.6

[2] Jaatinen, Achim, Elder, Ala-Nissila, PRB 80, 031602 (2009).

[3] Mendelev, Han, Srolovitz, Ackland, Sun, Asta, Phil. Mag. 83, 3977 (2003)

[4] Dever, J. Appl. Phys., 43, 3293 (1972).

Adams, Agosta, Leisure, Ledbetter, J. Appl. Phys. 100, 113530 (2006)

Alemi 06/8/2011

6 parameter [2]

0.166
0.162
0.157

1.3

0.43

94.5

93.2

[5] Tsu, Takano, 88" Spring Conference (Japan Institute of Metals, Sendai 1981), 88, p. 86:

Itami, Shimoji, J. Phys. F: Met. Phys, 14, L15 (1984).

Oakland

LINIVERSITY
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* PFC parameter fitting
Fittingto lron, T=1772 K

Quantity Experiment/ MD 5 parameter [1] 6 parameter [2]
surface energy (100) (J/m?) 0.177 [1] 0.207 17% 0.166 6%
surface energy (110) (J/m?) 0.174 [1] 0.202 16% 0.162 7%
surface energy (111) (J/m?) 0.173 [1] 0.195 12% 0.157 9%
Anisotropy (%) 1.0 [1] 1.3 30% 1.3 30%

[1] Wu, Karma, PRB, 76, 174107 (2007) percent error

[2] Jaatinen, Achim, Elder, Ala-Nissila, PRB 80, 031602 (2009).
[3] Mendelev, Han, Srolovitz, Ackland, Sun, Asta, Phil. Mag. 83, 3977 (2003)
[4] Dever, J. Appl. Phys., 43, 3293 (1972).
Adams, Agosta, Leisure, Ledbetter, J. Appl. Phys. 100, 113530 (2006)
[5] Tsu, Takano, 88" Spring Conference (Japan Institute of Metals, Sendai 1981), 88, p. 86:
Itami, Shimoji, J. Phys. F: Met. Phys, 14, L15 (1984).

Oakland
UNIVERSITY
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* PFC parameter fitting
Fittingto lron, T=1772 K

Quantity Experiment/ MD 5 parameter [1] 6 parameter [2]
Expansion upon melting (A3/atom) 0.38 [3] 2.07 440% 0.43 13%
Solid bulk modulus (GPa) 105.0 [4] 22.2 79% 94.5 10%
Liquid bulk modulus (GPa) 96.2 [5] 18.6 81% 93.2 3%

[1] Wu, Karma, PRB, 76, 174107 (2007) percent error

[2] Jaatinen, Achim, Elder, Ala-Nissila, PRB 80, 031602 (2009).
[3] Mendelev, Han, Srolovitz, Ackland, Sun, Asta, Phil. Mag. 83, 3977 (2003)
[4] Dever, J. Appl. Phys., 43, 3293 (1972).
Adams, Agosta, Leisure, Ledbetter, J. Appl. Phys. 100, 113530 (2006)
[5] Tsu, Takano, 88" Spring Conference (Japan Institute of Metals, Sendai 1981), 88, p. 86:
Itami, Shimoji, J. Phys. F: Met. Phys, 14, L15 (1984).

Oakland

LINIVERSITY
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* PFC parameter fitting
Fitting to lron, T=1772 K

surface energy (100) (J/m? 0.177 [1] 0.207 0.166
surface energy (110) (J/m?) 0.174 [1] 0.202 0.162
surface energy (111) (J/m?) 0.173 [1] 0.195 0.157
Anisotropy (%) 1.0 [1] 1.3 1.3
Expansion upon melting (A3/atom) 0.38 [3] 2.07 440% 0.43 13%
Solid bulk modulus (GPa) 105.0 [4] 222 79% 94.5 10%
Liquid bulk modulus (GPa) 96.2 [5] 18.6 81% 93.2 3%
Difference between 5 and 6 parameter fits... 5 parameter percent error

k = 0 mode of C(k) 10

< full

6 parameter — g

_5Qh

Oakland

LINNVERSITY
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Iron grain boundary energy <100> symmetric tilt boundary
Jaatinen, Achim, Elder, Ala-Nissila, PRB 80, 031602 (2009): Tech. Mech, 30, 169 (2010)

mismatch, 6=1.79°
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Iron grain boundary energy <110> symmetric tilt boundary
Jaatinen, Achim, Elder, Ala-Nissila, PRB 80, 031602 (2009): Tech. Mech, 30, 169 (2010)

mismatch, 6=2.53°
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Iron grain boundary energy <100> symmetric tilt boundary
Jaatinen, Achim, Elder, Ala-Nissila, PRB 80, 031602 (2009): Tech. Mech, 30, 169 (2010)

mismatch, 6=1.79°

Comparison with other work

Method Maximum Ratio : GB energy
cocneely o Leeo) ey
RN Experiment0.46 Im> > 6

o 'SmatChe_2262 Embedded 10.0 Jm?2

atom (T=0)’

'Muir Interfacial Phenomena in Metals and Alloys
Addison Wesley, New York (1975)

SRIITIINIIIINIIINN, 2Zhang, Huang, Wu, Xu, Appl. Surf. Sci. 252, 4936 (2005)

3Shibuta, Takamoto, Suzuki, I1SI1J Int. 48 1582 (2008)

19,0% 0% L0 e® L0 Le®
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Part 1: Multiscale Modeling

Phase field crystal

Classical DFT \/\N\N\/\A/M

~0.1A

~0.01 A —

PFC bad approximation to CDFT — but parameters can be adjusted

or

PFC field # DFT field

Jaatinen and Ala-Nissila, PRE, 82, 061602 (2010)

n(F) = [ dF wilF—F[o(F) ~ o,

1—C ppr(k
where w (k) :\/ ADFT( )
1_CPFC(k)

Alemi 06/8/2011
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* PFC applications

Grain boundary melting
Mellenthin, Karma, Plapp PRB (2008); Berry, Elder, Grant PRB (2008);

Strained films / Epitaxial growth
Wu, Voorhees PRB (2009); Elder, Katakowski, Haataja, Grant PRL (2002)
Huang, Elder PRB (2010), PRL (2009);

Strength of polycrystals
Stefanovic, Haataja, Provatas PRL (2006), PRE (2009);

Hirouchi, Takaki, Tomita Comput. Mater. Sci. (2009)
Elder, Grant PRE (2004); Elder, Katakowski, Haataja, Grant PRL (2002);

Surface ordering and growth
Achim, Ramos, Karttunen, Elder, Granato, Ala-Nissila, Ying PRE (2010),(2009), (2008), (2006)

Backofen, Voight, Witkowski PRE (2010); Muralidharan Haataja PRL (2010)

Solidification

Tegze, Granasy, Toth, Podmaniczky, Jaatinen, Ala-Nissila, Pusztai PRL (2009)
Van Teeffelen, Backofen, Voigt, Lowen, PRE 79, 051404 (2009)

Galenko, Danilov, Lebedev PRE (2009); Backofen, Ratz, Voigt Phil Mag (2007);
Backofen, Voigt J. Cond. Mat. (2009); Berry, Elder, Grant PRE (2008)

Dislocation dynamics
Chan, Tsekenis, Dantzig, Dahmen, Goldenfeld, PRL (2010)
Berry, Grant, Elder PRE (2006)

Kirkendall Effect
Elder, Hoyt, Thornton Phil Mag (2010)

Oakland

LINIVERSITY
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Overview

Part 1: Multiscale Modeling: Amplitude

Amplitude

Phase field crystal W
Classical DFT \/\/\/\/V\ M
’H\H’Uﬂ, ~1 A

/
~0.1 A

/

~0.01 A
References
pure systems
Goldenfeld, Athreya, Dantzig, PRE (2005)
Athreya, Goldenfeld, Dantzig, PRE (2006)
Athreya, Goldenfeld, Dantzig, Greenwood, Provatas PRE (2007)
Chan, Goldenfeld PRE (2009)
Yeon, Huang, Elder, Thornton, Phil Mag (2010)
binary systems
Elder, Huang, Provatas PRE (2010)
Huang, Elder, Provatas PRE (2010)
Spatschek, Karma PRB (2010)

LININVERSITY
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PFC to Amplitude Phase field crystal —— Amplitude

PFC free energy functional

~ d 3 4
AF R g taB + B+ Vn - T+ v
kK,TVp V 2 3 4
Amplitude formulation: a poor man's PFC
G = lq, + mq, + nq,
(Jl,cfz,@) = principle reciprocal lattice vectors
I,m,n] = Miller indices
Goal - derive Oakland
LNIVERSITY




* Amplitude expansion: multiple scales approximation

2 fields (n, n_) — 2 length scales (a,W)
Consider schematic of liquid/solid interface

Density ]
n

W

L

————— —_ _~ Amplitude

T

| / |

i
Sy
L \ﬂ‘"l*-ﬂ-._.

Alemi 06/8/2011

Lattice spacing —

=da

Interface width
=W

Multiple scales approximation

W > a

= | Phase field limit|

Oakland
LINIVERSITY
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* Amplitude expansion: multiple scales approximation

_— Amplitude
e

W > a |phase field limit| P

If valid then &

Lattice spacing —
=a Interface width

x+al2 x+al2 —

~ (0, etc.

“*Quick and dirty” method,
Goldenfeld, Athreya, Dantzig, PRE 72, 020601 (2005)

More rigorous approaches, renormalization group,
multiple scales perturbation analysis — similar results
Athreya, Goldenfeld, Dantzig, PRE 74, 011601 (2006)

LININVERSITY
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* Amplitude expansion: technical details

1) substitute n =} n_ exp(iGjr) + C.C. Into equation of motion
2) multiply by exp(iG_r) and integrate using ‘quick + dirty" approx.
3) make 1 mode approximation

Oakland
UNIVERSITY
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* Amplitude expansion: Two dimensions

2d: triangular lattice, principle reciprocal lattice vectors

. 1= o
q1=—5(@><+y);qz=y
on; _ 5 0F, _l

= 3, =2~ ||AB+ B3 +3v[A*|n[|n, - 2] ] n]

i#]

ot / 5nj

2 o~ 72 Lo
, 3, =V +2iq;-V

— Now 6 equations (3 complex)

where A® = 22 n;

— Still includes elasticity, dislocations, multiple crystal orientations

LININVERSITY
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Overview

Part 1: Multiscale Modeling: Continuum

Amplitude Continuum

Phase field crystal WW SR

Ax ~ al10 ~1 A —* ~1 A
/
~0.1A

AXx ~ al100

001A —

Next: consider two limiting cases:
1) n; = ¢ real number
2)n; = ¢ e,

where, ti= displacement field

Oakland
LINIVERSITY
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* Continuum limit of amplitude equations
Limiting Case 1) n; = ¢ (real): substitute into free energy - F

\

where AB = B'—B* Y

/

First order phase transition

AB > AB,_, liquid state ¢ = 0
AB < AB,,, Crystalline state ¢ = ¢,

melt

melt

Minimize with respect to ¢

t+\Vt?—15ABv
15v

dF/A
dd

= 0 gives ¢, =

P
A

—

Surface energy

A

Oakland

LININVERSITY
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* Continuum limit of amplitude equations
Limiting Case 1) n; = ¢ (real): substitute into free energy - F

2

45v
2

Free energy % = [d7|3AB¢*—atp’+2-¢* + 6B Ve

where AB = B'—B*

Dynamics

Model A: non-conserved dynamics
Halperin/Hohenberg Rev. Mod. Phys. 49, 435 (1977)
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* Continuum limit of amplitude equations
Limiting case2) n; = ¢ e'“" where,ii= displacement field

Small deformation limit

Recover continuum elasticity
consider deformation p(") — p(r+u) : u=displacement vector

S

WWWWW MY

-

n—Zn e+ cc > Zn AU nj—>njein°a
Write nas real amplitude and phase, i.e.,
n, = ¢ EXp(iGj'a)
Oakland
LNIVERSITY
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* Continuum limit of amplitude equations
Limiting case 2) n; = ¢ e'“", where,i= displacement field

Small deformation limit

¢ — 1% order liquid/solid transition, 1 — continuum elasticity theory:

— -~ —

———

1st order phase transition surface energy linear elastic energy
(as before) elastic constants
_ x 42
1/0u, Ou. Cu =904
: J Cp, = Cy = Cy/3

WhereU; = stress tensor ~ 5

_|_
ox; O0x,

-~ —

Continuum elasticity
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* Continuum limit of amplitude equations
Repeat for binary alloy model:

- substitutional binary alloy A and B atoms, densities p, and p, define two fields,

¢ = 2c—1,n = (p—p)lp, where p=p, +pg, c=p,lp

- free energy (see Elder, Provatas, Berry, Stefanovic, Grant, PRB 75, 064107 (2007))

Bl 2 x N 2v72 AvT4 t 3 V 4 w 2 u a4 K |& 2
= — V — = Yt + =i+ -yt =
fdr2n+Bz(2R + R*V*|n gttt gy 2|th/|_

k Tpl

usual PFC model Model B/Cahn Hilliard

where B' = B, + By + B w*>+ ... — eutectics phase diagrams etc.
B*=B,+ Bjy + By’ + .. — elastic moduli ~ function of
R =R,+ R,y + Ry’ +... — lattice constant ~ function of

- dynamics, for mobilities M, and M

on _ r V2£ + M, v2ot where
ot on oY M1E<MA+MB)/P12
oy Mv25F+MV25F B
ot %" &n LY sy M, = (M, — M)/ p;
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* Amplitude expansion: Binary alloys, statics
Small deformation limit n; = ¢ exp(i G ;u)
¢ = concentration difference, ¢ = liquid/solid order parameter
Elder, Huang, Provatas, PRE, 81, 011602 (2010)

— 2 x 3 2
V | +3B* ¢ E; U+ ULU,, +2U0%

I 2(,112 u 4+ K| P X 2
+|w + 6B )7+Z‘/f +?|V(IJ| +120<Bo(-+22Uﬁ¢ v
i=1

A
First Order Liquid/Solid Elastic energy
transition with surface energy

de:de 3AB¢° — 4tg° +4—25vqb4+ 6 B"

A

Vegard's Law

Phase Segregation, eutectic solidification,
A a=a(l1+aW¥)

spindodal decomposition, etc..
with surface energy cost

Segregation at surfaces,
dislocations, etc.
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* Amplitude expansion: Binary alloys, dynamics

Small deformation limit n; = ¢ exp(i éj'a)

¢ = concentration difference, ¢ = liquid/solid order parameter
Elder, Huang, Provatas, PRE, 81, 011602 (2010)

F, = [ d7 Vol +38°¢°

3% ;12 2
E; U, +U,U, +2U;,

3AB¢p° — 4t + 4—;\/4)4 + 6B

+ (w + 6B12cl)2)(’u72+ qf‘+§|§ (,u|2 + 12« B}

% —p V2 + ZZU,.,.c[)Z)qJ

op _ _OF Model A
ot ) Allen/Cahn
¢ > Model C
P SF Model B
a—"t’ = Vzé— Cahn/Hilliard
v Hillert

Z O OF 0 Mechz_agmcail'" ABC's of pattern formation
Equilibrium
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Overview

Part 1: Multiscale Modeling

Amplitude Continuum

Phase field crystal W

Ax ~ al10 ~1A "
//'

Ax ~ al100 ~0.1A

~0.01 A —

Part 2: Application: Surface ordering

nm objects
' ordering on
(e B pm scales
4:.,;»3'%) 4‘r.’n.onolayers Dﬁgﬁ
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* Amplitude expansion: Two dimensions

2d: triangular lattice, principle reciprocal lattice vectors

. 1 - . A
G = —=W3%x+3;q =7
6F2dw_l

(AB + BXS? + 3V(A2—|r/j|2))r/j — ZtH n,

i#]

where A° = 22 |I7,~|2

— Now 6 equations (3 complex)

— Still includes elasticity, dislocations, multiple crystal orientations

Next: applications of full model...

LININVERSITY
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A

Oakland

LININVERSITY

triangular lattice

® «—RuU substrate

VARV JEVEEVEE EEVIRVEE EEVERVIEE EEVERVEE |
O ® 00 ® 00 ® 00 ® 00 ® o
® 090 ® 09 ® OO ® OO ® OO W
O ® 00 ® 00 ® oo ® o0 w0

m @ o9 ® o0 ® o0 ®» OO ®» oo W
(@) O ® oo ® 00O ® oo ®» 00 ® o
s ® 00 ® OO0 ® OO ® OO0 ® oo W
@ O ® o0 ® 00 ® oo ® o0 ® o
m @ 99 ® 00U ® oo ® OO ®» go W
o O ® oo ® 90O ® 00O ® 0O ® O
w @ oo ® oo ® o0 ® 00O ®»® oo W

O ® o0 ® 00 ® o0 ® o0 W 0
® 990 ® 090 ® o0 ®»® OO ®» oo W
O ® 00 ®» o0 ®» oo ®» oo w®» o
® oo ® oa ® o0 ® o0 ® oW
O ® 90 ® 0909 ® oo ®» oo Ww® o
® 00 ® o090 Moo ®» o0 ®» oo W
O ® o0 0 @ « ® oo ® o @ o0
e " @ " @~ 9 ~" @& " @

Monolayer(s) ordering: Cu on Ru (0001)
Elder, Rossi, Kanerva, Sanches, Ala-Nissila, Elder, Ying, Granato in progress

* Amplitude expansion

Cu binding site
honeycomb lattice
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Monolayer ordering

Oaldand

LINNVERSITY
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Cu triangular sublattice 1
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Monolayer ordering

e

two sublattices
strain

o e .

aRi=2.70 A
acu=2.55A
€E=5.6%

o e o

o e .

A

Oakland

LINNVERSITY

o e o

O © e 0 U e O U e 0 W e W e
D e 0 ® e 0 B e O W e 0O B e O W
QO U @ 0 U e 0 0 e 0 U e a b o

Q

Cu triangular sublattice 2

P e 0 B Q0 U e 0 W e 0 W e 0 W
O @ e 0 @ e 0 © e 0 B e 0 & e
® e 0 B e 0 B e 0O ®» e 0O ®» e O W
O © e 0 & e 0 B e 0 U e o W e
® e 0 ® e 0 B e 0 ®» e 0O ®» e 0 B
O ® e 0 ®© e 0 © e U0 B e 0 & e
® e 0 ® e 0 ®» e 0 ® e 0 ®» e 0o W
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O e O © e 0 U e U U e L U e 0O W
O B e 0 B e 0 ® e a0 B e a B o

O e o0 © e 0 © e 0 ® e 0 ®» e 0o W
O e 0 U e o0 U e 0 v e o W e
D e 0 B e 0 VT e O e 0 ®» e O W

O ® e 0 @ e

-~

® o~

@ o~

® o~

@ e~

D e 0 B e a0 B e




Alemi 06/8/2011

Monolayer ordering

Approximate: substrate = fixed potential of the form
) Z eiqju-r+C.C.
j

where ij“ = reciprocal lattice vectors for triangular lattice
If V_>0 -- honeycomb substrate

Bl
=~ n°+..4+Vn

addto F, i.e., F:fd? >

V=V

- but Cu/Ru lattice mismatch ‘q} ‘ “’C“
expand n in ‘?ﬁ” ,lLe., = TR
on;, | s , ) * _
W — —(ABO‘|‘B \Sj-|—3V(A —|r]j| ))nj_2tHni+Vo
- I[#]

where‘S V? 4+ 2i O(qC“V+1— 2‘

misfitstrain e = 1 — x

Oakland
UNIVERSITY
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Monolayer ordering

3 3
F,, = fd —A +—A4+Z v nﬂ—Zt Hnj—l—c.c. +VO(Z n,+c.c.
j=1 j
Uniform equilibrium states
. OPeaks in V(r) ¢} Sublattices
0
Commensurate Phase 1, = ¢e R
F. = 64V, cos(0)+3[AB+ B (1—®)|p> — 4t cos(39)+@¢ T lo ol
minimize with respect to 8, to obtain, s e e e
0=+ |m — arctan[\6tp*—V V2t + V|| ~ £120° Lttt

minimize with respectto ¢

i5G. T - ~Cu —Ru o
Incommensurate Phase n; = e V" 8¢, =¢."—q; =(1—0<)q7;

F, = 3AB¢* — 4t¢° +@¢

t—l—\/t —15vAB
15v

minimize with respectto ¢  ¢pin =
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Monolayer ordering

F, = [dF _A +—A4+Z3: 3an‘4{—2tf[nj—|—cc +VO(Z'7]+CC
J=1 j
Uniform equilibrium states
Commensurate Phase n, = ¢e"
Incommensurate Phase n, = b TVUT
Energy difference (small V_ limit) Equal when
F. — F, ~ =3¢V, + 12 B ¢* V,=4B'¢'¢

.

substrate coupling elastic energy

Ru: substrate
mcommensurate/\/\/\/\/V\/\/\ = potential ~ V,

commensurate ‘CUZ monolayer
atoms

Cu@: surface energy E . = 0.6 eviIAtom | Eu w57 V57V

Cu/Ru® : adhesion E_ ~3.4 eV/atom | E,;;

(a) Schimka, Harl, Stroppa, Grunels, Marsman, Mittendorfer, Kresse, Nat. Mat. Lett (2010)
(b) Ding, Deng, Lu, Jiang, Ru, Zhang, Qu, J. Appl. Phys. (2010)




Periodic equilibrium states

Stripe superlattice
hase densit
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Length scale?
Natural length scale

21T
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Honeycomb superlattice
phase

densit
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Monolayer ordering

a
o

—
o

substrate coupling, V_ (x 10°)

commensurate

Phase diagram

dislocation free

B Cu/Ru(OOOl)/ i

—
(=]
T T

:— - ~ honeycomb

L L B B B [ =
e
Cu/Pd(lll)H/ ]

stripes

-1V =V’

(Misfit Strain €,%)’ ."

Alemi 06/8/2011
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Qakland
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Monolayer ordering, Comparison with experiment

Gunther, Vrijmoeth, Hwang and Behm, PRL 74, 754 (1995): Cu/Ru(0001)

STM images Thre
One monolayer: fully commensurate %NL N
CREIT R TIT L

40 nm

&), Two monolayers: stripes’

%\
.

a4 gty
L V.

P

S 14.1 nm

P_ LA
o ] N ey
o0, s i
Ll '.'%

) v .‘.1'1_5_-"3_}' 1YY



Length scale (A)

Monolayer ordering, Length scales, Cu

60

40

substrate coupling, V_ (x 10°)

Alemi 06/8/2011

| Figuera, Schmid, Bartelt, Pohl, Hwan
PRB 63, 165431 (2001)

—

| Schmid, Bartelt, Hamilton, Carter, Hwang,

PRB 78, 3507 (1997)

A~ 45A

Second
Layer

Gdinther, Vrijmoeth, Hwang ,Behm,

| PRL 74, 754 (1995)

£

11T,



Length scale (A)

Monolayer ordering,

60

45

e
40 1 | |

substrate coupling, V_ (x 10°)

10
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Comparison with experiment

Implication

Decrease Vo

—~lIncrease # Layers (N)
~ decrease R

Why?
Consider Ratio

_ Adhesion Energy, E ,,

Elastic Energy, E

Increase N,
Decrease effective E ,,
Increase effective E,

N increases —» R decreases

Model, E,, ~ V
E ., fixed
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Monolayer ordering, Dynamics: Adding Layers

/]
Cu/Pd(111) H/ ]
20 — —
(Y/)-\ -
o i
— / |
X ]
015 |- Cu/Ru(OOOl)/ -
> |
- o
3 / '
£ /
> 10 - / .
3
Q /
©
» 5F |
O
-]
(7))

(Misfit Strain €,%)’

Oakland
UNIVERSITY
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Monolayer ordering, Dynamics, annealing - stripes

V_=3.25Xx 107

/]
Cu/Pd(111) H/ ]
20 |- -
o -
) ]
— / |
X |
15 - Cu/Ru(0001) |
> - |
- 7’
g / '
u — '
= /
S 10 - / N
S
g e
g
7) o 4 —
O
-
(7))

(Misfit Strain €,%)’

Oakland
UNIVERSITY
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Monolayer ordering, Dynamics, annealing - triangles

V_=0.87 x 10°

/
Cu/Pd(111) H/ ]
20 | i
o -
> ]
— / |
ReY |
015 - Cu/Ru(0001) i
> . l
- Vi
2 4 -
. — /
= /
S 10 - / _
S
g e
©
» 5- i
0
-
(7))

(Misfit Strain €,%)’

Oakland
UNIVERSITY
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Monolayer ordering, Dynamics, triangles
V_=0.87 x 1073

* an—l—cc

Gunther, Vrijmoeth,
Hwang and Behm,
PRL 74, 754 (1995).
Cu/Ru(0001)
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Monolayer ordering, Dynamics, triangles
V_=0.87 x 1073

* an—l—cc

Gunther, Vrijmoeth,
Hwang and Behm,
PRL 74, 754 (1995).
Cu/Ru(0001)
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Monolayer ordering, Dynamics: honeycomb

V_=0.43 x 10°

/
Cu/Pd(111) H/ ]
20 — —
O/f)-\ -
(@) i
— / |
X ]
015 - Cu/Ru(0001) _
%0 -
- i
e 4 -
= Y
> 10 — / _
3
o e
©
» 5 |
®)
-
(75}

(Misfit Strain €,%)’

Oakland
UNIVERSITY




Monolayer ordering, Dynamics, honeycomb ¥

V_=0.43 x 10°

39.4 nm

Alemi 06/8/2011
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PRL 74, 754 (1995):
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Monolayer ordering, partially filled 2" layer

PRL, 78, 3507 (1997)

Schmid, Bartelt, Hamilton Carter, Hwang, Z n.+cc
_ J

Vo=114

68.5 nm

144 nm
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Monolayer ordering, partially filled 2" layer

Schmid, Bartelt, Hamilton Carter, Hwang,
PRL, 78, 3507 (1997) _ phase
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Monolayer ordering: comparison with experiment
Gunther, Vrijmoeth, Hwang and Behm, PRL 74, 754 (1995): w__Cu/Ru(OOOl)

Amplitude model
1) reproduces experimental patterns
assuming V_~ 1/(# layers)

2) implies sample preparation critical

Cu 2 layers
BUT 2D vs 3d ZCU%]'{i er 7 - chorces
: : : - cholces R
missing physics ®e°e’c’e 0.0.0.0.0 .ag;.o.o.o.
Substrate e © © o 0.0.0:.0_0 0%0%°%°%e
® 6 ¢ 0 O 0..0.0.0_0 e 0 © ® @
e o6 o o e 6 & o o ......... ““
® 6 6 ©° 0. 0._0_0 e o © @
®© o o o © 06 0 0 o %0%20%e%° - "‘R'C ; 3
® © © © o RuCu RuCuCu ucucu
e o 0 o ,0,0,0,0 : : : : : 2,0,0,0,0
e o 0 0 o 09,0,0,0, : : : : 09,0,0,0,
Ru ©,0,0,0,0 o'e’e’e’e ®.0,0,0,0
09,0,0,0, 09:0,0,0, o 0. o
..‘. 0909,9,9,
.0.0_0_0 0,0.00.0
ST eTe 0,.0,.0.0.0 %,°,°,0,0
09,0,0,0, 090,0,0,0, o
RuCu RuCuCu RuCuCu ﬂak'al‘ﬂj

- Shockley partial dislocations
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Summary

Continuum

Amplitude

Ax ~ WJ/10
~1A

Ax ~WJ/10
~1A

Ax ~ all0
~0.1 A

1]
i
n
P
L .
(&)
S
Q
ﬁ
Q
7))
@®
e
(a

Classical DFT
a
Ax ~ al100
~0.01 A

elasticity, d
multiple xta

orientations

True Multiple
Scales Model
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