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Thermodynamics

0 Why thermodynamics for materials?

A material is a collection of a large number of particles --
statistics starts to play a significant role at finite T

Thermodynamics determines defect concentrations and
phase transformations, and influences magnetic
properties, surface reactions, and crystal growth (the
latter two are controlled by kinetics)

There is always a particle exchange between the material
and its environment at finite T
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Thermodynamics

O Example: Phonons

Heat capacity of a solid (Debye model - phonons in a
box)
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Thermodynamics

O Example
Consider a metal surface in an oxygen atmosphere
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Adsorption will take place until the equilibrium is reached




Thermodynamics

O Example
Consider a metal surface in an oxygen atmosphere

The point of equilibrium depends on temperature,
pressure, volume, ...
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Thermodynamics

[ Thermodynamic potentials
Internal energy U(S,V,{N})
Enthalpy H(S,p,{N}) =U +pV
Helmholtz free energy F(T,V,{N}) =U —TS
Gibbs free energy G(T,p,{N}) =U —TS +pV
Grand potential O(T,p,{u}) = U - TS —3; N;;
Gibbs free energy 2 G(T,p,{Ni»,},1t;) = G — Ny,
Energy balance equation

dU = TdS — pdV + );; u;dN;

with chemical potentials

U oH
Ui = aNl or T .




Thermodynamics

[ Reaching the equilibrium

At constant T a system minimizes its free energy (—TS),
not the internal energy U

f also volume V is constant, the energy minimized is the
Helmholtz free energy F = U — TS

f (T, p) are constant, the energy minimized is the Gibbs
freeenergy G = U +pV — TS
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Thermodynamics

ermodynamics

S=klogW

W - number of microstates for a
given macrostate

This is “only” a postulate - but it
works!

.. Why it should work: (i) in
BQE?%N £, equilibrium W — max, so that
F S — max; (i) S is additive, but
from probability laws W is
multiplicative




Thermodynamics

0 Statistical thermodynamics

Let us consider a system that can be in one of states i
with energy E;

At a given T, the probability of the system to be in state i
: —E;/KkT
IS Pi — / = Zie_Ei/kT’ Zi Pi =1

e
7 ’

Ergodic hypothesis: average over time is equal to the
average over ensemble - holds if all states are
equiprobable (for most realistic systems)

What are the average values of entropy and
thermodynamic potentials?




Thermodynamics

0 Statistical thermodynamics

Consider the ensemble of N replicas of the system - let
us count microstates of this ensemble

A microstate describes which replicas are in which state,
while a macrostate describes how many replicas are in
each state; thus: = —~ (N=Ny)! —

N1!(N=N)! NI(N=N;—Ny)! ™™ NiIN,!..
where N,, N,,... are the numbers of the replicas in state

1, 2,...

—E;/KkT

N; = NP; = N- —, § = kInW = KkIn(N!) — k 3; In(N;!)
Z - canonical partition function

Use Stirling’s formula: In(N!) =~ NInN — N




Thermodynamics

7 Statistical thermodynamics
S = kInW = NkInZ + T{V—ZZiEie_Ei/kT

Internal energy, by definition: i = Xy g o-Ei/kT — NKT"0Z
z ~tt Z OT

— knzZ + 2 = king + k7 202
N e T = oT

F=U-TS =—kTInZ

G =F +pV =—kTInZ + pV
0
— (=kTInZ + pV)r,




Thermodynamics

0 Statistical thermodynamics
Practical example: surface free energy

#o, (T, Po,)
X

equilibrium

N\

Change in Gibbs free energy upon addition of O to the
surface: AG = Gsurf(NO + 1) ( Squ(NO) + .UO )
since ug = ‘.Uo

Goal - find surface composition that minimizes G at given
T,p




Surface modeling

1) Slab model (supercell approach)

+ regular surfaces

+ coverage dependence

t+ defect-defect or adsorbate-
adsorbate interaction

embedded
cluster

2) Cluster model:

+ isolated defects or
adsorbates

- border effects
Embedding: point charges (ionic
systems), dangling bond saturation”
(covalently-bound systems),...




Surface modeling: important issues

1) Finite slab thickness (surface-surface interaction)
2) Finite vacuum layer thickness (image-image interactions)
3) Long-range interactions (charge, dipole moment)

¢

periodic boundary

conditions

e

artificial electric field

4) Surface polarity
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Thermodynamics

0 Statistical thermodynamics
Practical example: surface free energy

#o, (T, Po,)
X

equilibrium

N\

Change in Gibbs free energy upon addition of O to the
surface: AG = Gsurf(NO + 1) ( Squ(NO) + .UO )
since ug = ‘.Uo

Goal - find surface composition that minimizes G at given
T,p




Thermodynamics

0 Statistical thermodynamics
Practical example: surface free energy

1
Ay(No,T,p) = 1 [Gsurf(NO; T,p) — Gsurf(Ngef; T, p) — Ho (NO - Ngef)] — %ion

where 4 is the surface area, N*/ is the number of O
atoms in the reference system

Gsurf(NO) — Gsurf(Ngef) = AEsurf + AUvib _ TASvib o TASconf + pAV

Ho (Tr p) -7

In thermodynamic equilibrium, u is the same everywhere
(gas, surface, bulk) - can calculate u in gas




Thermodynamics

0 Statistical thermodynamics

Let us consider a gas of N non-interacting diatomic (for
simplicity) molecules




Thermodynamics

0 Statistical thermodynamics

Let us consider a gas of N non-interacting diatomic (for
simplicity) molecules

Each molecule has the following degrees of freedom:
nuclear, electronic, franslational, rotational, vibrational

_ (Zerans)™

Z = N (Zrot)N(Zvib)N(Zel)N(Znucl)N

translational states are invariant with respect to any
permutations of molecules (indistinguishable molecules

z,. - partition function for the degree of freedom x for a
single molecule




Thermodynamics

0 Statistical thermodynamics
U(T,p) = == (—=NKTIn(Zranst) + KTINN! — NKTIn(Z70¢) —
NkTIn(z,;p) — NkTIn(ze;) — NkTIn(Zpyer) + V)1 p
Remember ideal gas law pV = NkT and Stirling‘s formula

.U(T; p) = —kTIn (Ztrlc\l,nSl) o len(Zrot) o len(Zvib) o
kTIn(z,;) — kTIn(z,,, ;) + kT

k2 3 3

N N N h2 D h2

required input - molecule’s mass m
Ei _E_
Zop = 1i(2s; + 1)e kT = (2sy + 1)e KT — Uep = Eg — kTIn(2sy + 1)
required input - E,, S




Thermodynamics

0 Statistical thermodynamics

1 _BoJU+1) 1 _BoJU+1)
Zrot = -2 (2] + De kT = ;fo (2] + e

where ¢ = 2 for homonuclear molecules
(indistinguishable with respect to permutation of the two
identical nuclei), o = 1 for heteronuclear molecules,

—ATE 42 d is the bond length

map+mp

Uror = —kTIn (Z:;;I), required input - rotational constant

(calculated or from microwave spectroscopy)




Thermodynamics

0 Statistical thermodynamics
1)hw- hw; nhw;

— M 00 —(n+z )= M = oo ——t
Zvlb — Hl:l Zn:()e ( 2/ kT = Hl=1e 2kT Zn=1e kT =

hwi

— M
T l_[i=1

— (used the fact that sum over n is a geometric
1—e_k_Tl
series)

For a diatomic molecule i, = %“) + kTIn(1 — e~ "@/kT)

required input - vibrational frequency w
In most practical cases, we can neglect the interaction

between nuclear spins, so that z,,,,;; = 1 (not correct at
very low temperatures)




Thermodynamics

3 Ab initio atomistic thermodynamics
It is convenient to define a reference for 1(T, p) : w(T,p)=E,+Au(T, p)
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Alternatively: Au(T, p)=Au(T, p°)+k,TIn(p/ p°)
and A,u(T,pO =1 atm) from thermochemical tables (e.g., JANAF)




Thermodynamics

3 Ab initio atomistic thermodynamics

Ho, (T,Poz)"

N

1
Ay (No, T, p) = 7 [ABsury + AUy = TASyi, - %onf + 4V = o]

\.ﬁ'-‘-“( =

electronic structure calculations

AFvib (T’ V) =V f()oo f(T) (1)) (O-((U) — O-ref(w)) d(l), O-((U) -
phonon density of states, f(T,w) = %‘” + len(l _ e—hw/kT)




Thermodynamics

3 Ab initio atomistic thermodynamics
Example: Metal surface in contact with O, gas

o
~ " Reservoir: (T, po, ) from ideal

surface gas, N;¥/ = 0 (bare metal surface

is the reference system), %Eo2 IS
the reference for the chemical
potential of O: uy, = Auy + %Eo2

bulk Pd metal

Neglect for now AF,;;, and TAS ;¢
1 1 1
Ay (T, Poz) ~ [Esurf(NO) — Esurf(o) — Ny 5502] — ZNOA.UO (T, Poz)




Example: Pd(100)
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Ay(T,po,) = 7 AEsyurr(No) —
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M. Todorova et al., Surf. Sci. 541, 101 (2003); K. Reuter and M.




Thermodynamics

3 Ab initio atomistic thermodynamics
Vibrational contributions to the surface free energy:

o(w)

Pd bulk

Ay (T,V) =V [[7 (T, ) (0(w) -
a,.ef(w)) dw, a(w) phonon density of

states, f(T,w) = — + kTIn(1 — e /KT

Only changes in vibrational free energy
contribute to the surface free energy

Make estimate from simple models

e.g., Einstein model: (@) =0(w — <a)>)

<a)>P 4(bulk) ~ 25 meV




Surface-induced variations of substrate modes
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<10 meV/A2 for T = 600 K — in this case!!!




First-principles atomistic thermodynamics:
constrained equilibria

ﬂoz(T>Po2)" —x= @,
N\ gonstained 7

tco T, pco)

1 1
AV(T» Poz) — Z [Esurf(NOJ Nc¢o) — E:s,(f — Np EEOZ - NCOECOI

1 1
— 7 Nobuo (T,po,) — ~NcoBtico(T,pco)

C.M. Weinert and M. Scheffler, Mater. Sci. K. Reuter and M. Scheffler,
Forum 10-12, 25 (1986); E. Kaxiras et al., Phys. Rev. B 65, 035406 (2001);
Phys. Rev. B 35, 9625 (1987); Phys. Rev. B 68. 045407 (2003)




Surface phase diagrams
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K. Reuter and M. Scheffler,
Phys. Rev. Lett. 90, 046103
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When vibrations do matter

Mo (eV)
48 A2 16 26 95 8 ZnO (0001)

surface phase

diagram in H,0-0O,

atmosphere — no
0.44 ML OH] vibrations

No structure with
(2x2)
periodicity as seen
at the ZnO(0001)
surface
annealed in a dry
oxygen
atmosphere
(containing at
maximum

n6n3 2 ppm water)

nn3 + [n7n3
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M. Valtiner, M. Todorova, G. Grundmeier, and J. Neugebauer, PRL 103, 065502 (2009)




When vibrations do matter

0.44 ML OH
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A (2x2)-O adlaye
structure is
stabilized by
vibrational
entropy effects

Observed at
“humid”
conditions

M. Valtiner, M. Todorova, G. Grundmeier, and J. Neugebauer, PRL 103, 065502 (2009)




Polar surfaces

Paraelectric lithium niobate (LiNbO,) stoichiometric surfaces:
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ds"*q -9 +q -9 *q -9 +q -q +q -q +q
qsk = -q/2 = -2.5e # 0 — surface charge, Ppg # 0

A =250 V >> E e = 3.7 V - surface charge almost completely passivated




Polar surfaces

Where to cut?

o0 o

© o000

© © o
Charge =0, Charge = -5e,
Dipole moment =0

Dipole moment + 0

Surface charge = * 2.5¢e




Ferroelectric lithium niobate LINbO,.

Unrelaxed stoichiometric surface and layer stacking:

oo.o AZ
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Ferroelectric lithium niobate LINbO,

Unrelaxed stoichiometric surface and layer stacking:

oo.o AZ

RS




Chemical potentials y;, Mo,
and y, such that:

1) bulk LN is stable:
bulk

Hpi+Hnp +310 =&LN

2) no other condensed
phases are stable:

bulk

< &ri,0> 20 + 51

max bulk max

Ho < HO ~580,s HLi<HLI SELi » HNp <HNb = ENb

Surface free energy:

lab
y(T,p)=G"""(Nnp,NrisNo)— N (T, )N np — 11 (T, p)Np; — io(T, p)No




HLj» eV

Phase diagram for the negative surface

Levchenko, Rappe, PRL 100, 256101 (2008)



Phase diagram for the positive surface

Levchenko, Rappe, PRL 100, 256101 (2008)




Surface charge passivation

Fixed stoichiometry: surface charge passivated by electrons and
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About 1e/unit cell is transferred




Most stable terminations: explanation

positive surface: negative surface:
-Li-O

Accommodates compensating Accommodates compensating
: additional Li stabilizes e" : additional LiO stabilizes e-
by forming Li* by forming LiO-

Compensation with ions is preferred over compensation with mobile charges!

Levchenko, Rappe, PRL 100, 256101 (2008)




