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Context

Tight Binding moment method, SMA;MA
- Fourth Moment Appoximation (FMA? What is that ?

Bulk mixing properties
- trends in the mixing excess energy from calculetifor a perfect lattice
- role ofdiagonalandoff-diagonal disorder

Surface segregation properties
- some results from a lattice approach within a giatametry

Parametrisatioof the TBFMA potential
- limitations of a pure d-band description for the |&Ms

Simulations based on a pure d-bdmFMA model
- lllustration of the impact of the d-band filling dme segregation behaviour

Conclusions, perspectives
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Goal accurate determination of tipdase behaviour of nano-clustefs
(late) transition metal (TM) alloystow does it change w.r.t. bulk phase behaviour ?
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To determinghe phase behaviour for 'nano’-cluster algswant to do
Semi-grand Canonical Monte Carlo simulatians|uding two types of events:
----> atomic displacements for geometrical relad@tnd equilibration
----> change of chemical identity of a particle §pven chemical potential

v

very time consuming simulations !!

Wanted:

Expression should be:
> 'sufficiently' accurate
> computationally fast
> |inear scaling, i.e. computation timveN (number of atomjs



Methods
ﬁnpirical Potentials \ ﬁ]ht Binding (TB) Models ﬁa-initio Models \

Advantages: Advantages: Advantages:
- simple, fast - electronic structure - electronic structure
- linear scaling - improved accuracy - reliable (17?)
Disadvantages: - faster then ab-initio Disadvantages:
- transferability Disadvantages: - complexity
- no electronic structure - no self-consistency - slow
- physical grounds \-\bad scaling (9 / \-\bad scaling /
Examples 1
Embedded Atom Metho[s mlows for systematic approximations vm
Bond Order Potentials || - limited loss of accuracy
\S\tillinger and Weber / - linear scaling (!!!)
via the so-callednoment methods

second moment approximation (SMA)
- fourth moment approximation (FMA)

&....etc /




Tight Binding

repulsive energy attractive or band energy

Total energy:

1Nat EF
E = Eyep + Buna =|5 > S V(rg)[H| [ (B = Op(E)dE
1=1 >

Density of states:

a3

2

€z'a:6ij5a:,6’_|_ < wia“/gjat’wj@ >= ezaozj a3 + /6,

Wave function linear combination of atomic orbital:

chwm YTc a(Jr =13 Yin (0, 0)

=1 o i=1n,lm



Tight Binding hamiltonian matrix blocks for spd-maset:
Hrpij = €05 + B

off-diagonal matrix block forijr// Z-axis;
probabilities of electron hopping fronat to |3>

diagonal matrix block;
g, =free atom orbital levelN=s,p,d)

for pure d-band description
only 2 free hopping parameters:ﬁddg,()
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0 0 0 0 sdo)
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0 pit 0 0 O
0 0 0 0 pdo
dd 0 0 0 0
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0 0 0 ddd 0
0 0 0 0 ddol

canonical rules for hopping integrals:

6 ddo

6 dd
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Typical examples of the density of states foraasrtion metal
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Cohesive energy of TMs dominated by d-band filling

Graphs from: N.I. Kulikov and E.T. Kulatov, J. PHysMet. Phys 12, 2267 (1982)
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Total energy: EF =) E;=)_

repulsion

Tight Binding and moments methc

attraction, band energy
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Computation of the n-th moment for atom i involves
all closed paths of n steps beginning and ending on atom i

@ central atom i
@ ncarest neighbour

@ next nearest neibour



Second Moment Approximation (SMA

IA 2
bn - bl

aiN — i
Termination of the continued fraction expansiortelising,{ n 1 Yn > 2

/

i (2 —ay) — i\/4b”f‘ — (B — a})?
Consequently: nia(E) = _%ll_{% I'm pi>
-Energy band for: l , , , ,
ar =2} < B <a 20 | BT
S |
=
.Fermi energy follows from: =
= E
B S d
Z, = / n(E)dE g




Simplication for pure d-band description for trdios metals

Using: € =— a1 =— €4 —— E=0 for isolated atom
A
E — aj

and the variable change: £’ =

leads to:
E 4 — (B — at)? L]

L = ' \/ : b(i)‘ : ) dE :/ " V2 — E2dE = C(Nel.i)
Eb min 1 —2 |

E 408 — (B — af})? — B |
Eband = f F (E—e)\/ : ZE-A 2 /o / " E'V2 = E?dE = C'(Nuy)y/ b2
Eb min 1 %)

N

where: \/b = \/ g — it = \ < il 2 BBl >
J

Next, forget about angular dependence in the d-bapgping integrals
(i.e. treat the d-band as an s-band), then:

, , , 5 Finnis-Sinclair
Epana = C (Nf’l%)\/z (50 exXp (—Q Tij)) 1 Embedded atonj
J

SMA




Fourth Moment Approximation (FMA

i\ A
| - - _ _ _ a”i?, T aé \v/ 2
Termination of the continued fraction expansionadking X — pid n =
n -~ Y2

/

1

Consequently: |[nia(£) = ——lim Im

7 €—0

Ao + Ayz — iy /405 — (B — a)?

Bo —+ Blz —+ BQZQ

|

. energy band for:

0yt — 20/b < E < a4+ 24/ bid
« possibly pole contribution when

By + B E + ByE? =0

?’L@',)\(E) and E?’Li,)\(E)

still analytically integra

* Analytic solution from:

G. Allan, M.C. Desjongueres and D. Spanjaard —
Solid State Communications, Vol. 50, no. 5 (1984)



Computation of the n-th moment for atom i involves
all closed paths of n steps beginning and ending on atom i

@ central atom i
@ ncarest neighbour

@ next nearest neibour

po = € + 0ijBii + .. pa = ..+ BiiBirBriBii + ..51'3'6?@'7? +

NB: SMA does not take into account diagonal dlsquMA doesl!!
In SMA mixing behaviour has to be adjustecﬁ



Monitoring mixing properties and surface segregati

Cluster expansion in the spirit of a TB description

E =NV Zzp? 11;' T 7, p?p;'n 21’1&1:]1'1

with:
_ { 1 if the atom at site n is of type 2
P; =

0 else

For a perfect, bulk lattice, we obtain:

E=C+ NagVp+ ...

with:

1
Ve = Voap — 5 (Va.aa + Vo pg) —— excess energy parameter

demixing

v

Ve >0

v

Ve <0 ordering



Parameter space

Excess energy depends on:
VE — VE(/\Ea /\57 BG‘,’Ua Ngav7 ':EB)

with:
Ae = €4 — €p = diagonal disorder
AP = [Bia — POBB —= off-diagonal disorder
Baw = (Baa+ Ber)/2 = average off-diagonal term
N = (1 —aA)N5+agNg = band filling
’LB =1—x4 — composition
(Bap = \/ BaallBB = Sheba rule)

Using canonical rules:

Bade = —2B44r and Baqs = 0
the d-band width W is equal to :

W = 8|Bads|
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Computation of excess parameter V_ from reference lattice systems
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Calculation \ from mixed reference system with 2 impurities,
being 1-st, 2-nd, 3-rd, 4-th and 5-th neighbours
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Monitoring surface segregatio

For a slab geometry on a lattice, using clusteanpgn:
1
EF =C+ NapVe + §(Nf1 — g)AVS -+ ...
with AVSthe surface segregation parameter:

AV® = EL(NI4) — E5(NEp)

1
= V4 — Vlb,A — (Vls,B — Vlb,B) + 5(73 - ’Yb) (V2,44 — Vo)

AV? >0 - B segregates to surface

AV <0 » A segregates to surface




Computation of surface segregation parameter AVs from lattice slabs

Method la
slab 1 slab 2

Surface segregation parameter calculated simply as:

1
Ns

AV? = (Esll — ESZQ)



or use (method 1b):

slab 1 slab 2

Then, assuming‘/;ng — ‘/26?43 , again:

1

AVE =
1% =

(Esll — ESZQ)



Method 2

X, pure slab A + s ure slab B

For give N’e, first compute charges on A and B, solving:

J Ef siaraB d d
NS = / ((L‘A’I’LSZA(E) -+ SZ)'BTLSZB(E))GZE — CUANQ,A —+ CUBNQ,B

o — OO

Subsequently compute:

1 1

AV = —AE = — (EA(NL) — E5(N!p))

1
= — (Baa(NZ2) = Eoa(NE) = (Ban(NEp) — Evs(N2 )







Parametrisation of TBFMA potenti

d band energy (eV)
I

W=8 B (eV)

dds

Conclusion: a d-band basis cannot give a good fital energy and electronic
structure (d-band width Yyat the same time ----> next step: sd-band basis s



Simulations

Constructing a family of potentials from an exigtihBFMA model for Ni*

with adjustment of repulsive potential

without any other change in parameters to keep equal lattice parameters

total energy (eV)
total energy (eV)

> 25 3 2 25
nearest neighbour distance (A) nearest neighbour distance (A)

w

*H. Amara, J.M. Roussel, C. Bichara, J.P. Gasp&rdDucastelle, Phys Rev B 79 (2009) 014109



Cohesive energy (eV/at)
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Simulations performed for two alloys from the fanil

X A:szll

D ]

[

Ae=0.95 eV, AB=0

Alloy 1] 7 | 9 |0 [-1.49
Alloy2| 4 | 6 | 0 |-095
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Vo (eV) |
0L N e
-0.05
S —
[ Ae=1.49 eV, AB=0
0.5 .
AV’ (eV) |
O b L
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alloy 1 after melting initial ordered cluster alloy 2 after melting
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Conclusions

Thefourth moment approximatiancludes the effects thedectronic structure
satisfactory by taking into account batiagonalandoff-diagonal disorder.

The impact of thelectronic structuren mixing propertiess significant

A significant improvement of th€EBFMA descriptionof thelate transition
metalsseems achievable by usingsmiband basis s@nstead of just d).
The improvement regards th&ctronic structure (band widtand thus
the mixing properties












The use of th&ourth Moment Approximation* (FMAWithin aTight Binding (TB)
description to build amteratomic interaction model for atomistic simulago

seems &ignificant step forwara.r.t. theSecond Moment Approximation (SMA)
- it includeselectronic structure properties
- morequantum aspecere preserved
- due to a recent effort**, simulations based on FMA@@rg up to one order
of magnitude slower then for SMA models

With the expected increase of accuracy offfiNeA w.r.t. SMA, predictions

of equilibrium propertieand thecritical temperaturef nano clusters of (late)
transition metal alloyfrom grand-canonical Monte Carlo simulatiostsould
become mucimore reliable

As a important test for thHeMA, before starting tparametrize & MA based
modelfor realtransition metals (TMselevant for SimNanAwe performed

a FMA basedattice model studpf the trends in theulk mixing propertieand
surface segregation properties

* An example of a TBFMA model for C-Ni systemsescdbed in:

H. Amara, JM. Roussel, C, Bichara, J.P, Gaspard&castelle, Phys Rev B 79 (2009) 014109
** J.H. Los, C. Bichara and R.J.M. Pellenq, “TigBinding within the Fourth Moment Approximation:

efficient implementation and application to ...’egubmitted to PRB



LDOS

LDOS

Examples of the local densities of states for TRlaio
within 4-th moments approximation (a2=0, b2=1)

Local density of states (LDOS) in symmeitric case (alz[])

| I | I | | I | I |

_a) IJ1='I:I.I:I5 I - . b) I'}l:l
towards

isolated atom

AN WA

semi-infinite chain

! I ! | ! I ! I
i c) b, —>2.0 | d) b=4.0

infinite chain towards dimer

N .

-2 0 2 -2 0 2
Energy Energy



LDOS

LDOS

Local density of states (LDOS) for a non-symmetric case (a

1

—-1)

| ' | '
ab 1=D.{}5
B towards
isolated atom

I\

| . | . |
b) b,—>1

first band edge singularity -

| ' | '
- )b, —=3
second band edge singularity

| ' | ' |
d) b,=4
towards
assymetric dimer

—

Energy




