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Why study vicinal surfaces?

2) surface morphology

1) Any surface has steps

Faceted surface

« Factory roof »

OR

Crystal shape

),( θϕγ   from

Step roughening transition

↓∆↑ stepF    T

Epitaxial growth

Equilibrium shape of adislands

Vicinal surface

Monoatomic steps

3) Stability with respect to faceting



Which model and what you get ?

Empirical potentials

EAM EMT Second Moment

Discrete Hamiltonian
Phenomenological description

Continuous model f(p) 

General behaviors

Step energies, elastic step-step interaction, no QMStep energies, elastic step-step interaction, no QM

Step energies, step-step interaction, electronic structureStep energies, step-step interaction, electronic structure

Electronic structure methods

Ab-initio Tight-binding



Tight-Binding Method

)( RrVTH i
i

−+= ∑Hamiltonian

),,,,(),,,(,      | 2222 3 rzyxzxyzxydzyxpsi −−=> λλBasis

Total Energy ∑Ε=
nocc

totE n

orthogonal

δδµλ λµijji >=< |
Eigenvalue eq. XXH ε= Generalized eigenvalue eq.

Non-orthogonal

Sji ij
λµµλ >=< |

SXXH ε=

Local charge neutrality V iii δεε λλ
+=

0 ∑∑Ε −=
i

i
nocc

tot VE N δn

3 on-site terms εεε dps
,,

)()(

23/43/2

RfR ijcij
ij

i

iiii dcba
∑

≠

=

+++=

ρρ
ρρρε λλλλλ

><• λλ iHi ||

10 Hopping integrals SKddddddppppsdspss βδπσπσσσσ =,,,,,,,

)()( RfR cSKSK ββ =
(2 center approximation)

jijHi ≠><•       µλ ||

OzRij //



Empirical Potential

Second Moment
(SMA)

Second Moment
(SMA)
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Vicinal Surface

Geometry
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Calculation procedure

Convenient formulation
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Step energy

per step atom
Surface energy

per surface atom

Slab geometry

Calculation details

Number of vicinal planes:         11xp
Fermi broadening:                    0.2eV
Number of k points:                  64
Energy convergence:               1meV
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Step energies
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Vicinal surface

∞→p TB
TB Vitos Methfessel Eichler Galanakis

Rh

)111()110(
)010()100(

)111()100(
)111()111(

)100()111(

×
×
×
×

×

p
p
p
p

p

(B)  

(A) 0.638
0.645
0.393
0.747
0.056 32

21

21

31

31

2
22

2
42

42

VV
VV

VV
VV

VV

+
+

+
+

+ 0.657
0.657
0.407
0.738
0.035

0.583
0.583
0.288
0.550
0.043

0.520
0.520
0.265
0.480
0.070

0.650
0.650
0.295
0.580
0.045

0.670
0.670
0.285
0.596
0.011

Pd

)111()110(
)010()100(

)111()100(
)111()111(

)100()111(

×
×
×
×

×

p
p
p
p

p

(B)  

(A) 0.425
0.432
0.289
0.536
0.027 32

21

21

31

31

2
22

2
42
42

VV
VV

VV
VV
VV

+
+

+
+
+ 0.429

0.429
0.295
0.533
0.006

0.460
0.460
0.106
0.265
0.045

0.423
0.423
0.222
0.427
0.015

0.500
0.500
0.298
0.548
0.024

Cu

)111()110(
)010()100(

)111()100(
)111()111(

)100()111(

×
×
×
×

×

p
p
p
p

p

(B)  

(A) 0.348
0.345
0.191
0.352
0.060 32

21

21

31

31

2
22

2
42
42

VV
VV

VV
VV
VV

+
+

+
+
+ 0.347

0.347
0.192
0.359
0.020

0.380
0.380
0.200
0.363
0.046

0.426
0.426
0.241
0.456
0.011

Effective Pair Potential

Step energy (eV/atom)



Effective Pair Potential
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EPP works suprisingly well
Large discrepancy between different calculations
Good agreement for (111) surfaces
Very small step energy for (110)

BUT
No distinction between A and B steps
No step-step interaction

(Vitos et al.)



(111) (100) (110) 1V 2V 3V Reference 0
1V

Rh 1.091
1.002
0.99
1.11
1.034

1.379
1.310
1.27
1.47
1.404

2.112
1.919
1.84
2.13
2.047

0.332
0.262
0.215
0.285
0.311

0.038
0.013
0.025
0.005
-0.013

-0.001
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0.023
0.020
0.012

This work
Vitos et al
Methfessel et al
Eichler et al
Galanakis et al

0.352
0.324
0.313
0.360
0.344

Pd 0.655
0.824
0.68
0.822

0.828
1.152
0.89
1.049

1.317
1.559
1.33
1.596

0.238
0.159
0.205
0.250

0.029
-0.027
0.008
0.014

-0.011
0.036
0.003
0.000

This work
Vitos et al
Methfessel et al
Galanakis et al

0.217
0.269
0.223
0.269

Cu 0.581
0.707
0.675

0.748
0.906
0.874

1.121
1.323
1.327

0.166
0.163
0.215

0.013
0.018
0.013

0.004
0.014
-0.001

This work
Vitos et al
Galanakis et al

0.188
0.224
0.221

Surface energies (ev/atom)

Pair interactions



Island shape
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Comparison with experiment

Only available data for Copper
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Step-step interaction

Different types of interactions

entropic

Non-crossing of steps

2/1 L

elastic

Atomic relaxation

2/1 L dipole-dipole

Electric dipole at  step edges

2/1 L

electronic
Friedel oscillation
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)]1,1(),([),,(24 +−+−= vsEvsEvsrEE kinkedkink

(terrace)x(ledge) Rh Pd Cu
TB Other Calc. Experiments

)100()111( × 0.339 0.249 0.143 0.092 0.113±0.007

)111()111( × 0.329 0.242 0.148 0.117 0.121±0.007

)111()100( × 0.349 0.247 0.146 0.139 0.123 ; 0.129

1V 0.332 0.238 0.166

Supercell 
geometry

kink energies



Electronic structure

Local density of states

step sites

surface sites

kink sites



Electronic structure

Rh(111) surfaceNo LCN

Surface state

LCN

Ab-initio (Eichler)



Electronic structure

Surface state

Rh p(111)x(100) surface

Spectral density

of states at Γ



Phonons

Generalized Second Moment Potential
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Vibrational spectra

Bulk Cu Cu(001)



Vibrational spectra

Cu (211)
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Stability of vicinal surfaces

Faceting or not faceting?
(that is the question)

1100 SSS γγγ +<

1100 SSS γγγ +>

  0) >∆f(?

0) <∆f(?
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Stability of vicinal surfaces

p(100)x(111) and p(111)x(100)
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Vicinals of (111)
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Stability of vicinal surfaces

Embedding potential

Pair  potential
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Stability of vicinal surfaces

Embedding potential

 further neighbours

 atomic relaxation
Effect of

  Short range Interaction 
   influence on the stability

  Repulsive elastic interaction
  positive curvature
  small  influence on stablity



Stability of vicinal surfaces

Tight-binding Great variety of scenarii

Faceting between 
(100) and (111)

Vicinal surface stable

Faceting between
2 vicinals



Stability of vicinal surfaces

What about Phonons?

Vibrational Free energy ωωω dnshTkF
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Very small effect

destabilization effect

From Frenken and Stoltze: stabilization
but  Einstein model, S only, and one term missing



Conclusions

Vicinal surfaces have a rich and subtle behavior

Empirical potentials lead to a too schematical behavior

Only calculations based on the determination

of the electronic states allow to account for

the diversity of experimental possibilities.


