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 Develop a software package to facilitate the first
principles calculations of physical properties of
crystals and solid solutions commonly found in alloys.

1 Compute thermodynamic and mechanical properties
of various phases found in the Nb-Si-Cr-X alloy
systems.



B Eﬁf&f‘fﬁﬁ% Methods: G(P, T) package

O First principles calculations based on DFT (VASP)

L Born-Oppenheimer approximation

(1 Harmonic model for vibrational free energy

 Quasi-harmonic approximation for first order anharmonicity

1 Berry phase approach for polarization

L RPA for optical properties
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O Helmholtz free energy F({a},T)
F({a}T)~E"({a})+F " ({a}.T)+ F'({a},T)

1 Electron excitation free energy:
> Mermin’s finite temperature DFT:  F = Min{E - TS}
. . n(r,T)
» Non-interacting reference frame

F({ahT) ~ Y {(ee — &)~ kT InfL+ el "T )

O Vibrational free energy:
» Quantum harmonic oscillators: (non-interacting phonon model)
» Anharmonic effect through phonon perturbation theory

F (@) )~ Y ftho — kT Inft-e "7 )

1 Potential energy due to external fields:
> electric field, magnetic field
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Twoe Campuses. One University

d Harmonic Model: non-interacting reference frame

H= %Z {pi2 T wiZQiz}

D QuaSi-Harlm()niC Approximation Supercell finite difference approach:
w;({a}.T) = w;({a}) By =0 TOr [y~ Ty > R
D Dynamica| matrix Density functional perturbations theory:

P 5 EQJ 1 OE
> finite difference approximation vl |~
PP Pk mm, duoug

q 7 ol )ty

D , = () ' e/ qelu ;U
S

oF, AR

® Al - — N —
Ik, Ik,
’ OUpye Ay

;. Dy =0 for |r —r.|[>R

cutoff

U LO/TO splitting

» Born effective charge calculated using Berry phase method
» LO/TO splitting calculated using Born effective charge
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Campuges. One University

 Physical properties
» Energies: F({a},T), U ({a},T)
> 15t order derivatives: o({a},T), S({a},T)
» 2™ order derivatives: C({a}, T), C({a},T), a({a},T), y({a},T)
» Higher order derivatives ...

 Free energy of imperfect crystal



;l;ﬁl;r&ﬁggg G(P,T) Module: Structure modeling

Two Campuses. One University

[ gensurf: automated surface slab model generation J

genbytemplate: automated structural model generation based
on structure template: (For example, Strukturbericht A8)

gensolsol: automated supercell structural model generation for
crystals with partial occupations




}:ﬁ?&ﬁﬁ% G(P,T) Module: Elastic tensor C;

General case:

C, (a3, 1) = - -8k T)

O&,0€;

Challenges:
»>seven parameters: {a},T
»Instability zone

Hydrostatic case:
0°F({a}.T)

0€.0€ L (éa},T):_ pA
€

1,1=12,3
0,1=45,6

C,;(P,T)=

where 4. = {
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For small finite strain on a periodic structure {a}
F{a},T)=F{a},.T) —VOZO'i ({a},. T)e, +%VOZCU- ({a},.T)s,e; +Ole’]

80’ ({a}o T) 1VOZ aCij (éi}o 1T)8i8j 4 0[83]

S(HahT)=35(a},. T)+V, Z & =3

0°c, ({a}0 T) —%VOTZa G (ftz}o,T)gigj 4 O[]

1]

C,({a}.T)=C, {a},, T)+VTZ

For a local quadratic energy expansion:

if{a},; ~{ak
- WC({a},, T)=V(P,T)C;({a}s;.T)

where
{a}P,T ={a}, (I +&(P,T))
&(P,T)= ZSU ({ak,, T)(PA; —o;({a}.T))
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For each sampling volume V, falls within the targeted P and T range:
1. Geometry optimization at T=0K to obtain {a},*:

2. Applied a set of small strains { €' } to {a},*: ({a}*)
symmetry constrains applied to reduce # of strains

3. Calculate Helmholtz free energy for strained structure {a}K :

4. Symmetry constrained fitting of F({a}X,T), S({a}¥,T) and
Cy({a},T) of strained structures against the isothermal
quadratic model to obtain:
elastic constants and their temperature derivatives (2" order)
stress and its temperature derivatives (15 order)

* For systems with large anisotropy, larger strains will be needed.
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WS Vs Software implementation

[ makeGPT/generate input ]

A 2

[ calOPTCELL/get volumes ]

A 4 A 2

[ caIET/elas;)trIﬁ;:v at T=0K ][ calCET/elasticity for PT ]

A 2 A 2

[ pOStET ][ postCET/get F({a},T) ]

A 2 A 2

[ ess2hss/get X(P) ] [ fet2xpt/interp-xpt/get X(P,T) ]
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a Very important material

»high hardness

nigh sublimation temperature

nigh chemical inertness

nigh thermal conductivity

nigh electric field breakdown strength
nigh maximum current density

low thermal expansion/no discontinuity

VYYYVYVYY
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Twoe Campuoses. One University

O VASP parameters:
» PAW GGA-PBE pseudopotential
» energy cutoff 500eV
» energy convergence 1.0E-8eV/cell
> force convergence -1.0E-4 eV/A
» 3x3x3 supercell for 3C-SiC and 3x3x2 supercell for 2H-SIC
» K-points 5x5x5 for 3C-SiC and 5x5x4 for 2H-SIC [supercell]

 Pressure [0-20GPa] and temperature [0-2500K]
4 LO/TO splitting included in phonon calculations

U Properties:
> free energy, entropy, specific heat, thermal expansion
> elastic constants
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Two Campuses. One University
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Table 1. Zone-centered vibrational modes.

Branch Mem™) Branch Mem™)
2H-SiC 3C-SiC

E2 256.3 TO 793.5(796. 22)

B1 589.2 LO 964.2(972.29)

E2 740.0

Al 749.2

E1(TO/LO) 777.4/1941.6

Bl 807.2

a) Experimental data from Ref.2



JENNESSEE Specific heat and thermal expansion

Two Campuses. One University.
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Thermodynamic properties at P=0 up to 1800 K. Solid lines represent the calculated
results. (a) Specific heat Cp of 3C. Empty circles are plotted using the experimental data.
(b) Thermal expansion coefficient of 3C. Empty circles and solid starts are experimental
values respectively. (c) Specific heat Cp of 2H. Empty circles are the experimental data
from Ref. 10 (d) Thermal expansion coefficient of 2H. The red symbols are a1l and the
black symbols are a33. The circles and diamonds are recent data from Ref. 14 for
undoped single crystals of 6H-SiC and 4H-SiC, respectively. The solid stars are from Ref. 13
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AG
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11 .
I Observations:
» 3C is more stable at all
0.96 | plotted temperature pressure
range

> Difference is smaller than
0.84 | commonly accepted DFT
accuracy

Pressure (GPa)
=
o

»Increasing trend of free

8
6
4 0.71 energy difference at higher
pressure and temperature
2 indicates that the experimental
0 0.58 observed high temperature
0 500 1000 1500 2000 2500 | stability of 2H is likely due to

Temperature (K) defects/impurity not included

_ _ in present calculations
Contour plot of the Gibbs free energy difference

from 3C-SiC to 2H-SiC.
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S'I]-'YI'I-'I L]NI“»-"I-ZRSI’I"‘r"
Two Campuses. One University
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IZOO

185 © 185
0
e
o 107
5 ]
)]

170 & | 170
a 5

155 155

500 1000 1500 2000 2500 500 1000 1500 2000 2500
Temperature (K) Temperature (K)

Contour plots of shear modulus for (a) 3C-SiC and (b) 2H-SiC.
The difference is very small. Shear modulus at high temperature and high
pressure region is almost the same as that at ambient condition.

Under ambient pressure,
G,psic (T=298K) =181 GPa Experiment 17915 GPa
G,psic (T=1773K) =166 GPa Experiment 16515 GPa
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Twoe Campuoses. One University
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Temperature-dependent elastic constants at ambient pressure. Solid lines are the
calculated properties and the symbols are from experimental measurements. (a) and (b)
plot the elastic constants and thermal excitation contribution to elastic constants of 3C-
SiC. (c) and (d) show the elastic constants and thermal excitation contribution to elastic
constants of 2H-SiC.



};ﬁﬁ&ﬁ%& G(P,T) Module: Equation of State (P-V-T)

d Helmholtz free energy F(V,T) calculated from the
G(P,T) package

d Compute pressure P(V,T)=-0F(V,T)/ oV
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L BCC alpha phase

O VASP setting:
» PAW-GGA-PBE pseudopotential
» energy convergence 1.0E-8eV/cell
> force convergence -1.0E-4 eV/A
» 3x3x3 supercell

(J Pressure range [0-1000GPa] and Temperature [0-5000K]

 Equation of states calculations (P-V-T)
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Two Campuzes. One University

T-P-¥
Shock wave data
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¢y IENNESSEE Isothermal EOS

Two Campuses. One University

15 — ; -12,55 - T .
isothernal P-¥@380K + isothernal P-¥E300K +
vinet EODS vinet EOS
-12.6
18
=12,65 -
5 -12.7
-12.75
8L
-12.8
=5 I 9 -12.85
-12,9
-18 -
=12.85
15 . . . . . . 13
1 8 18 12 14 16 18 28 14 14.5 15 15.5 16 16.5 17 17.5 18

Vinet EOS insufficient to fit the E-V data for pressure up to 1500GPa



G(P,T) Module: UnitCell Expansion

Cluster Expansion Method for multi-component systems:
E(6)=2_m,1,@;
a,S

Challenges: number of clusters grows rapidly
(1) number of disordered sublattices ~ (Ngatice)
(2) number of components ~ (N ,mponent ~1)1*

Unitcell Expansion Method: type of unitcell ~ component
—>\ S S
E(77)= ﬂZmﬂJﬂcpﬂ
'S

Rationale: 1-sublattice and increased number of components
(1) Conceptually simple and easy to program
(2) Smaller cluster || needed (possibly only pairs)
(3) Only a small set of unitcells may be needed



G(P,T) Module: UnitCell Expansion

Cluster Expansion Method for multi-component systems:
E(6)=2_m,1,@;
a,S

Challenges: number of clusters grows rapidly
(1) number of disordered sublattices ~ (Ngjatice)
(2) number of components ~ (N ,mponent ~1)1*

Unitcell Expansion Method: type of unitcell ~ component
—>\ S S
E(77)= ﬂZmﬂJﬂcpﬂ
'S

Rationale: 1-sublattice and increased number of components
(1) Conceptually simple and easy to program
(2) Smaller cluster || needed (possibly only pairs)
(3) Only a small set of unitcells may be needed
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First Principle calculations on small
supercells built from selected unitcells

Solve the over determined equations to find
out the effective cluster interactions (ECI)

Monte Carlo simulations to calculate the

free energy of B,,,C, , crystals

4+x

The large supercell’s energy is calculated by ECI
instead of first principle calculation
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Two Campuses. One Universiry.

Challenges:
(1) partial occupation possible at all 15 sublattices
(2) highly correlated local structure B, icosahedron

Computationally prohibitive to do with traditional cluster
expansion method as cluster size up to 12 may be needed

Unitcell Expansion:
Energy of the disordered model is expressed in clusters of unitcells.

Z mﬂ‘]ﬂHﬂp
Bim; | pef

In practice, we only expand the energy up to pair of unitcells since the unitcell
Is already fairly large.

Proper selection of unitcells is critical here: there are total 2> models possible
for all concentrations.
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Twoe Campuoses. One University

Clusters: AT e 4 e RS o
(1) self S T A A N i N

\ | | | w L | | L]
(2) face-share L ﬂ_ﬁl | iLJ | ﬂ_J a1
(3) edge-share / S RV Ay = v
—— \y/ v J/ MiMKHHi%\HJ\/ TV

(4) corner-share - o

Unitcell Selection:

(1) for periodic structures consisted of one type of unitcell
compute the total energy and pressure

(2) group analysis of the total energies and pressures of the unitcells with the
same concentration

(3) select the lowest group in the total energies-pressure plot to be included in
the set of unitcells ( prefers unitcells with minimal intercell interactions)

(4) it is possible to add more unitcells to the set using the criteria of
cross-validation
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Unitcell Selection
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Two Campuzes. One University.

Concentration dependent periodic unitcell energies
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Twoe Campuoses. One University
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Two Campuses. One University
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Two Campuses. One U

Nb cl2
Nb,Si  cP4 111 220 72 184 21
cP8 323 119 68 187 81

tP32 267 175 133 284 84 95 189 78

Nb:Si; 1132 383 102 121 334 131 121 198 127

tI32° 381 123 112 329 87 129 198 110
—hP16—327—153—99—359 1132 87—

NbsSi, tP10 349 136 127 298 131 118 197 116

NbSi, hP9 349 76 80 442 126 136 1/9 138

(Unit: GPa)
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d Developed and tested the temperature-pressure
dependent elastic constants module, equation of state
P(V,T) in G(P,T)

 Implemented the unitcell expansion method within the
G(P,T) package. Further testing is needed.
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L Compute thermodynamic and mechanical properties of
additional phases found in the Nb-Si-Cr-X alloy systems.

1 Beyond gquasi-harmonic approximation: (for high
temperature and ambient pressure region)

>
do, (fa}, ) ~ 22188 g a“(; <(C§}) aéch )t
 Free energy calculations for system under external field:
magnetic free energy
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