Mitglied der Helmholtz-Gemeinschaft

Comparing thermodynamic data for monatomic and
diatomic gases from ab-initio and CALPHAD data

A report on project done for completion of
Mini Thesis
Under the guidance of

Prof. Dr. rer. nat. Robert Spatschek
RWTH Aachen

and

Dr. Moritz to Baben
GTT Technologies, Herzogenrath

By
Chandrahaasan Kattuputhur Soundararajan (Mat. No: 373884)

#) J0LICH

FORSCHUNGSZENTRUM




Mitglied der Helmholtz-Gemeinschaft

Scope & limitations

* How can we use a combination of ab initio
modelling and statistical mechanics use to
predict the thermodynamics of (ideal) gases?

« Understand the NIST-JANAF expressions
« Dilute (idea) gas

 No electronic excitations
« No anharmonic vibrational contributions
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Monatomic gas

Many-body wave function factorises into single particle wave functions
for dilute gas (eventually obeying proper Bose/Fermi symmetry)

) =y1) ® lyr) @ us)...

Single particle Schrodinger equation (non-interacting)
2

n oo
Hly) = ¢ly;) = — —— V7 (r) = ey(r)
2m
Standing wave solution in box of size L3

wi(r) ~ exp(ik - r), kjL =nm, n;= 1,2,...
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Monatomic gas
h’m?
- Discrete energy levels ¢; = I 2 (n12 + n22 + n32)

 Canonical partition function Z = trexp(—pfH)

VQ2amT)>?e
 Freeenergy F=—kTInZ~ — NkT In
h3N
oF NkT
* lIdealgaslaw p=—-|— = —
oV N vV

: 3
* Heatcapacity C, = ENkT’ Cp — Cy = Nk
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Diatomic gas

P P

Interaction between atoms H = +
2m1 2m2

Apart from center of mass motion we have
rotational and vibrational contributions

Discrete excitations of rigid body rotations
R+ 1)

2
2m rg

e , £=0,1,2,...

r
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Rotational contribution

Rotational temperature

1.2 2
N /2 a 2mrik
08} classical limit: J 0
x 06 L 2 degrees of freedom
a- 04 L | e.g. 02 T, ~ 2K
: 0.2 valid for all 2-atom gases! 1
0 i
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Vibrational contribution

« Harmonic approximation of interaction potential
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1 2 2
V(r) = Vy+ Ema) (r —rp) -

« Quantum excitations of oscillator

e (ev)

1 L
e, = hw <n+5>, n=0,1.2,... 2|

T
parabolic fit = = =

L
2 2.2

* Vibrational contribution to heat capacity

(T,/T)?

C, = Nk T, = holk
4 sinh(T,/2T)

1
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Vibrational contribution

C,/Nk
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classical limit:
2 degrees of freedom

valid for all 2-atom gases!

(kinetic + potential energy)
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Vibrational temperature

T,=hwlk

e.g. O2: Ty~ 2300 K



Heat capacity Cv
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ADb initio simulations

« Extract (parabolic approximation of) interaction potential V( r)
« VASP simulations (PBE; periodic boundary conditions)

— Place single molecule in large box, calculate energy as function of
atomic distance r: Extract equilibrium separation + vibrational
frequency

— Optimize energy cutoff, box size (k point mesh refinement not
necessary, gamma point sufficient)

— Reference configuration: Equilibrium crystal
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Formation enthalpy
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@ room temperature

Monatomic gas V
Eo Gas Eo SoIid.s Eo Solids AHg¢ NIST Difference
Elements (eV/atom) (eV/unit (eV/atom) (kJ/mol) JANAF AH (kJ/mol)
cell) (kJ/mol)
Ag -0.210 -10.824 -2.706 240.866 284.144* -43.278
Al -0.229 -14.966 -3.741 338.974 327.300 11.674
Au -0.181 -12.739 -3.185 289.822 358.285* -68.463
Ca -0.041 -7.671 -1.918 181.087 177.300 3.787
Cu -0.247 -14.898 -3.725 335.545 336.400 -0.855
Pb -0.614 -14.227 -3.557 283.979 195.880 88.099
Pd -1.475 -20.751 -5.188 358.261 378.234* -19.973
Pt -0.527 -24.228 -6.057 533.613 565.258* -31.645
Rh -1.171 -29.093 -7.273 588.870 556.89* 31.980
Sr -0.085 -6.543 -1.636 149.652 164.400 -14.748
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Monatomic gases: Heat capacity
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« High temperature deviations due to electronic excitations
12
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Monatomic gas: Gibbs free energy M) 0LICH
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-0.6 T T T
b) l ' parabolic fit = = =
-0.8
-1+
_1.2 -
[ [ % i |
Diatomic gas B
-1.6 +
1.8 |
. _ . . . 2 F
Diatomic gas molecule 22
E, NIST 2 2.2 2.4 2(.; 2.8 3
Elements Eo Gas Solids Eo Solids AHt JANAF | Difference r°
(eV/molecule) | (eV/unit | (eV/molecule) | (kJ/mol) AH¢ (kJ/mol)
cell) (kJ/mol)
Ag -2.188 -10.824 -5.412 311.090 | 409.99* -98.980 d -0.8 T T T T T T
Al 2274 | 14966 |  -7.483 | 502.655 | 486300 | 16.355 ) . parabolicit = = =
Au -2.703 -12.739 -6.369 353.818
Ca -0.012 7.671 3835 | 368971 | 341.920 | 27.051 2
Cu -2.748 -14.898 -7.449 453.621 | 485.430 -31.809 _ 14 1 AI . ,
Pb -3.725 -14.227 -7.113 326.945 | 336.400 -9.455 E -16 uminum ‘
Sr 0.039 -6.543 -3.272 319.447 310* 9.447 “ 18 b
* Data taken from FactPS database at 298.15 K )
-2 +
22+
_2.4 1 1 1 1 1 1 1
2 2.2 2.4 2.6 28 3.2 3.4
ro (A)
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Diatomic gas: Heat capacity
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d) Cu2
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« We don'’t have vibrational anharmonicity + electronic excitations
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Diatomic gas: Gibbs free energy
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Conclusions

« The combination of (standard) statistical mechanics + (simple) ab initio
parameter determination can lead to useful (and easy to get)
thermodynamic descriptions of ideal gases

DFT parametrization

Semi-empirical continuum field model

L LL

1200

* Presently lacking:

— anharmonicities

~  binodal wnhoul stress

. _surface coherent binodal (y=0.5
-/ bulk coherent binodal

— electronic excitations

— more complex molecules

bulk
14 =Ge/Gq

— Higher densities

FEM & analytical extraction of AG + (1 _ ,Y)Gbulk
ici T~ Toexp <— el )

long-ranged elasticity T

Combined mesoscale & ab
initio prediction
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