
  

Atomistic thermodynamics
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How atomistic electronic structure theory can be linked with concepts 
and techniques from statistical mechanics and thermodynamics

How the concept works and what it can contribute in practice is 
illustrated with the case of oxide formation at late transition metal 
surfaces.



  

Approximations

A surface is considered  to be in full thermodynamic equilibrium with
one or several separate gas phase reservoirs. No interaction between
reservoirs. 

Constrained equilibrium:



  

Limitations

The main limitation is that the its predictive power is limited to the 
structures that have been explicitly considered and calculated.

KCM offers greater flexibility !!!



  

Gibbs free surface energy  

To determine the stability of a surface in contact with a gas phase 
reservoir the surface free energy, γ, is used. 
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Gsurf is the Gibbs free energy of the solid including the surface, A is the surface area
and μ

i
(T,p

i
) are the chemical potentials of the various species i (gas and metal) in 

the system.
In experiments O

2
 pressure and temperature are varied

Consider a surface structure with respect to µ
O
(p,T). 

Note that chemical potentials enter in a symmetric way to the equation
of γ



  

Example : RuO
2
(110)

Surface free energy:

If there is enough bulk material 

Depends only on µ
O 

!



  

Range of allowed chemical potentials

µ
O
 cannot be varied without bounds.

If µ
O
 becomes too low, all O

2
 would leave the sample  

  

Equation

Together with the condition p=0 and T=0



  

At the O-rich conditions gas-phase O would condense on the sample

At T=0 and p=0 thus

The Gibbs free energy of formation of the oxide:

The range of oxygen chemical potentials between the theoretical boundaries is



  

Gibbs free energies vs total energies

Helmholtz free energy:

Evib and Svib are the vibrational energy and entropy.
F is associated to G as follows: 

From simple dimensional analysis [pV/A]= atm Å3/Å2 ~ 10-3  meV/Å2

Since p < 100 atm, contribution negligible compared to F.



  

Gibbs free energies vs total energies
The only additional contribution to G(T,p, N

ru
,N

O
) apart from  the DFT total

energy is the vibrational term Fvib(T,V,N
Ru

,N
O
). 

where

Vibrational contribution to the surface free energy stays within  10 meV/Å2 for 
the O/Ru system. However, this must be checked for an each system



  

Gibbs free energy of adsorption: O & CO on Pd

where

To compare the stability of different adsorption structures we calculate



  

Surface phase diagram of the Pd(100) in constrained  
thermodynamic equilibrium with O

2 
and CO gas phase

J. Rogal et al. PRB 75, 205433, (2007)

The formation of CO
2 
is neglected in the gas phase and on the surface !

Valid as long as O
2 
and CO adsorption and desorption events much more 

frequent than thereaction.


