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Extending the scale
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“Interesting” coordinates
Reaction coordinate(s)
Collective variables



  

Extending the scale



  

Chemical energy conversion: catalysis



  

Free energy: one quantity, many definitions
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Statistical mechanics: free energy as a probabilistic concept
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Statistical mechanics, quantities derived from Z
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Ensemble averages on discrete machines



  

Ergodic hypothesis: ensemble average equal to time 
average

Ergodicity



  

Ergodic hypothesis: ensemble average equal to time 
average

Ergodicity



  

1. Assign initial R (positions) and p 
(momenta)

2. Evolve (numerically) Newton's equations 
of motion for a discrete time increment 
(requires evaluation of the forces)

3. Assign new positions and 
momenta

NVE Molecular dynamics, the basic loop



  

This is an N-body problem, which can only be solved 
numerically (except in very special cases) at least in 
principle.

One (always) starts from a Taylor expansion:

Naïve implementation: truncation of Taylor expansion

Wrong!
The naive “forward Euler” algorithm
• is not time reversible
• does not conserve volume in phase space
• suffers from energy drift
Better approach: “Verlet” algorithm

Numerical integration



  

compute position in next and previous time steps

Or

Verlet algorithm:
– is time reversible
– does conserve volume in phase space, i.e., it is “symplectic” 
(conservation of “action element”             )
– does not suffer from energy drift
...but is it a good algorithm?
i.e. does it predict the time evolution of the system correctly?

Verlet algorithm



  

Chaos and shadow theorem

For a given Hamiltonian, trajectories diverge quickly for arbitrarily small 
perturbations of the initial conditions. (Lyapunov instability, chaos)

Never ever believe in the significance of a single MD trajectory

Single trajectories are realistic, if we fix initial and final conditions. 
Shadow theorem: discrete trajectories are arbitrarily close to the real 
(infinite precision, analytic) trajectory with the same initial and final 
conditions for discrete time step going to zero.

Due to ergodic assumption, we are reliably sampling ensemble averages



  

Sampling the canonical ensemble: thermostats



  

Sampling the canonical ensemble: thermostats



  

• Every particle has a fixed probability 
to
collide with the Andersen demon

• After collision the particle is give a 
new
Velocity

• The probabilities to collide are
uncorrelated (Poisson distribution)

• Downside: momentum not conserved.
Fixed by Lowe-Andersen (2006)

Stochastic thermostat: the Andersen thermostat



  

Deterministic thermostat: the Nosé-Hoover
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Deterministic thermostat: the Nosé-Hoover



  

Stochastic velocity rescaling thermostat



  

Stochastic velocity rescaling thermostat



  

The problem of free energy sampling



  

Computational free- energy evaluation: the zoo

- Analytic: ab initio atomistic thermodynamics 

- Canonical sampling: thermodynamic integration

- Canonical sampling: thermodynamic perturbation

- Generalized sampling: biased sampling / biased dynamics

- Unbiased (canonical) sampling → re-weighting techniques

- Direct estimate of the density of energy states

+ Evaluation:                          orParallel >>> Serial <<<
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Free energy: “physical” path thermodynamic integration



  

Free energy: “unphysical” path thermodynamic integration
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Free energy: “unphysical” path thermodynamic integration



  

Case study: phase diagram of pure carbon
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Case study: λ–ensemble sampling and integration



  

Case study: integration of P(ρ) equations of state



  

Case study: equating Gibbs free energies



  

Case study: equating Gibbs free energies



  

Carbon phase diagram

×××



  

Alternative method for finding phase coexistence via F(V)



  

Notable cases (at 0 K): Silicon (1980)



  
Casadei et al. PRL (2013)

Notable cases (at 0 K): Cerium (2013)



  

Computational free- energy evaluation: the zoo

- Analytic: ab initio atomistic thermodynamics 

- Canonical sampling: thermodynamic integration

- Canonical sampling: thermodynamic perturbation

- Generalized sampling: biased sampling / biased dynamics

- Unbiased (canonical) sampling → re-weighting techniques

- Direct estimate of the density of energy states

+ Evaluation:                          orParallel >>> Serial <<<



  

Thermodynamic perturbation
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Thermodynamic perturbation



  

Thermodynamic perturbation: recycling data



  

Thermodynamic perturbation: recycling data
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Umbrella sampling



  

Umbrella sampling (multiplying by 1 few more times...)



  

Umbrella sampling (multiplying by 1 few more times...)



  

Umbrella sampling (multiplying by 1 few more times...)



  

Umbrella sampling (multiplying by 1 few more times...)



  

Umbrella sampling (multiplying by 1 few more times...)



  

Parallel 
(over biasing potentials)

Umbrella sampling (multiplying by 1 few more times...)



  

Umbrella samplingUmbrella sampling



  

Umbrella sampling



  

Computational free- energy evaluation: the zoo

- Analytic: ab initio atomistic thermodynamics 

- Canonical sampling: thermodynamic integration

- Canonical sampling: thermodynamic perturbation

- Generalized sampling: biased sampling / biased dynamics

- Unbiased (canonical) sampling → re-weighting techniques

- Direct estimate of the density of energy states

+ Evaluation:                          orParallel >>> Serial <<<



  

Parallel tempering: the concept
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Parallel tempering: the implementation



  

1

2

3
4

5

6

7

8

Parallel tempering: the implementation



  

To be tuned for efficient sampling: 
number of temperatures, list of temperatures, attempted swap 
frequency
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Parallel 
(over temperatures,

and more)

Parallel tempering: the implementation

To be tuned for efficient sampling: 
number of temperatures, list of temperatures, attempted swap 
frequency



  

Parallel tempering: free energy?
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Au
4
: coexistence of several isomers



  

Au
4
: coexistence of several isomers



Au8 free energy surface from replica-exchange MD

A

B

bDF

Mean relative bin error = 7.6% 
Mean bin error = 1.1 kBT = 19 meV

3 ns total per simulation
Boltzmann Probability, 

[1] Multistate Bennett Acceptance Ratio: M. R. Shirts and J. D. Chodera, J. Chem. Phys. 129, (2008)
[2] Coordination similarity: A. R. Oganov and M. Valle, J. Chem. Phys. 130, (2009)
[3] Radius of gyration: G. Santarossa et al., Phys. Rev. B. 81, (2010)

(A) = 99%

Structure experimentally assigned at 100 K
P. Gruene et al Z. Phys. Chem. 228, (2014)

T = 200 K

(B)  = 1%

Coordination number
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100 K

200 K

bDF + three additional 3D structures

Free energy surface of Au10 displays

multiple isomers above 100 K

99%

1%

68%

26%

1%

6%

Goldsmith, …,  & LMG, Phys Rev Materials (2019)



The configurational entropy of 3D structures 
is typically larger compared to planar structures

Au11 is exceptional case due to conformational entropy of planar structures

Typically fraction of 3D structures increases as size  and temperature 

Goldsmith, …,  & LMG, Phys Rev Materials (2019)





Zhou, Scheffler & LMG, submitted (2019)



Random walk in T, μ space

Zhou, Scheffler & LMG, submitted (2019)



Lennard-Jones B on Lennard-Jones A

Zhou, Scheffler & LMG, submitted (2019)
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Lennard-Jones B on Lennard-Jones A

Ab initio atomistic thermodynamicsGrand-canonical replica Exchange

Zhou, Scheffler & LMG, submitted (2019)



Lennard-Jones B on Lennard-Jones A

Ab initio atomistic thermodynamicsGrand-canonical replica Exchange

Zhou, Scheffler & LMG, submitted (2019)



Si2/4Hx



Si2/4Hx: full-anharmonic vs harmonic free-energy (aiAT)

Zhou, Scheffler & LMG, submitted (2019)



Si2/4Hx: all-hydrogens vs chemisorbed-only phase diagrams

Zhou, Scheffler & LMG, submitted (2019)



Si2/4Hx: phase diagram of HOMO-LUMO gap 

Zhou, Scheffler & LMG, submitted (2019)



  

Computational free- energy evaluation: the zoo

- Analytic: ab initio atomistic thermodynamics 

- Canonical sampling: thermodynamic integration

- Canonical sampling: thermodynamic perturbation

- Generalized sampling: biased sampling / biased dynamics

- Unbiased (canonical) sampling → re-weighting techniques

- Direct estimate of the density of energy states

+ Evaluation:                          orParallel >>> Serial <<<



  

Obtaining the partition function

The Nested Sampling

E

Consider cumulative density



  

E

E(χ)

• At E = ∞, we have an ideal gas, χ0 = VN

• Instead of χ(E), compute E(χ)

χ0

E1

χ1

E(χ)

E

Constrained uniform
 sampling

The Nested Sampling: the main trick

J. Skilling (2006) →  G. Csányi (2011)

χ(E)

χ



  

1. obtain K uniform 
samples such that E(q) < 
Elimit

2. compute median: E(χ1) 
= E1, χ1  χ≃ 0/2, Elimit ← E1

3. repeat...
χ0

E1

χ1

E(χ)

χ0

E
1

χ1χ2

E
2

E(χ)

The Nested Sampling: the main trick

https://github.com/libAtoms/pymatnest (linked with LAMMPS), Csányi et al.



  

The Nested Sampling: application to (EAM) Aluminum

R. Baldock, …, G. Csányi, PRB 93, 174108 (2016)

Pressure [GPa]

Te
m

pe
ra

tu
re

 [
K

]

Parallel 
over walkers



  

Computational free- energy evaluation: the zoo

- Analytic: ab initio atomistic thermodynamics 

- Canonical sampling: thermodynamic integration

- Canonical sampling: thermodynamic perturbation

- Generalized sampling: biased sampling / biased dynamics

- Unbiased (canonical) sampling → re-weighting techniques

- Direct estimate of the density of energy states

+ Evaluation:                          orParallel >>> Serial <<<
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