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Extending the scale
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Extending the scale

Potential Free-energy Free-energy
energy > ethod » surface
surface (T,{qi})
PES can be from: #
- Ab initio “Interesting” coordinates
- Classical force field Reaction coordinate(s)

- Toy models Collective variables



Extending the scale

Potential b Free-energy
energy > rif_f}? e(rigy » surface
surface etho (T,{qi})

PES can be from:

- Ab initio

- Classical force field
- Toy models

Why free energy? Nature at equilibrium minimizes free-energy, not energy
- (extended) phase equilibria ( y, = up = ... )

- relative population of competing structures (nanoscale) P(A) x e P F4

- rate of processes (via Transition State Theory)



Chemical energy conversion: catalysis

A
Reactant(s)

>

Non-catalytic free-energy barrier

AF non-cat

\J

Free energy

Desorption
Product(s)

Reaction

S8

Adsorption

Reaction coordinate-_

Issues:
* Reaction rate: proportional to exp (- AF / kT)
» Selectivity: eliminate or at least reduce the undesired products



Free energy: one quantity, many definitions

e Fundamental statistical mechanics « thermodynamics link

F=—kgTInZz 1

BF = —InZ 2= N3N

/ dPdQe~PHFQ)

Classical statistics (for nuclei):

1
_ —-BU(Q)
7= A /d@e A

h
- \2mmkgT




Free energy: one quantity, many definitions

Thermodynamics
F=FE-TS

if we can calculate E and write analytically on approximation for S for our
system, we use this expression. Example: ab initio atomistic thermodynamics



Free energy: one quantity, many definitions

Thermodynamics
F=FE-TS

if we can calculate E and write analytically on approximation for S for our
system, we use this expression. Example: ab initio atomistic thermodynamics

Thermodynamic Integration

d(BF) _
Y = (E)nvT

or similar derivatives that yield measurable quantities (in a computer
simulation): one can estimate the free energy by integrating such relations.
This is the class of the so called thermodynamic-integration methods.




Free energy: one quantity, many definitions

Probabilistic interpretation of free energy

dQié(U(Q) - E)




Free energy: one quantity, many definitions

Probabilistic interpretation of free energy

dQié(U(Q) - E)

P(E) = p(E)dE

P(El) _ e—ﬁ[F(El)—F(Ez)]
P(Es)



Statistical mechanics: free energy as a probabilistic concept

What is energy? A mapping from 3N coordinates into one scalar R*" — R



Statistical mechanics: free energy as a probabilistic concept

What is energy? A mapping from 3N coordinates into one scalar R*" — R

Let's introduce:
d : R3N 5 R sothat:

Po(€) = % [ e PV D5(2(G) - €)dq = de 252




Statistical mechanics: free energy as a probabilistic concept

What is energy? A mapping from 3N coordinates into one scalar R*" — R

Let's introduce:
d : R3N 5 R sothat:

Pa(€) = % [ e PV @D5(2(qF) - £)dq =

Formal definition of a free energy:

b : Fy(€) = —kpTIn Za(£) Po(§) = G = Ge Pre®)



Statistical mechanics, quantities derived from Z

Average energy:

3 E“

(E) — Zn. E'”]}” .F’.” = = Z Zn 1?” =1

B o E, e PEn ﬁ dln Z 0 (BF)
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Statistical mechanics, quantities derived from Z

Average energy:

—~BEg,
<E> _ — Z-:_z. E"I_I)” })n. = = 7 Zn 1?”. =1
o R aZ .
Bl ZubBue?™ 5| omz|  O(BF)
B Z - Z | e8| 9B
Heat capacity:
. O(E) 1 OE 1 . g
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B 1 0 (Z,, Enrf‘gE") _ 9
 kgT298 Z kpT?2

: |: (Zn E“C—'BE h )2 Zn EE (.J-_LSET[ ]
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Ensemble averages on discrete machines

fd@A(@)e'ﬁU(@) B fd@A(@)e_ﬁU(@)
fd@e—rBU(@) 7

(A) =

s ZA'G_’BE"? - 1 ZA
TS e BE M "

n=0

If canonical and ergodic sampling is
performed



Ergodicity

Ergodic hypothesis: ensemble average equal to time
average

1 - !
(A) = —/d‘WR/dng e kBT A(p, R)

AOBW) = [[@VR [ ap T Ap(0), RO)BG(), R(1)

R»

Energy




Ergodicity

Ergodic hypothesis: ensemble average equal to time
average

T
) =7 [ deAw). R

1

T
(A(0)B(t)) = ?/n dt' A(t"YB(t +t)

R2

Ri

Energy




NVE Molecular dynamics, the basic loop

(R;,p)) 1. Assigninitial R (positions) and p
(momenta)

(Rs, p3)

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

2
P;
R
Potential
: :——:—v@j;%z MR R, =p;/M
Ty ) = MR; = @?ﬂrce 1 =p1/Mj

(R\(t+dt), pi(t+dt))

(Ra(t+dt), | -
pa(t+dt)) 3. Assign new positions and
U momenta

(R3(t+dt), p3(t+dt))




Numerical integration

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

One (always) starts from a Taylor expansion:

1 1 ‘
z(t+ At) = z(t) + @(t) At + 55@(;&)&2 + g';ic'(tmﬁ + ...

Nalve implementation: truncation of Taylor expansion

1 ‘
x(t + At) = x(t) + &(t) At + §:f(t)At2

Wrong!

The naive “forward Euler” algorithm

* is not time reversible

e does not conserve volume in phase space
e suffers from energy drift

Better approach: “Verlet” algorithm



Verlet algorithm

compute position in next and previous time steps

1 , 1 | ,
r(t+ At) = z(t) + @(t) At + 5:1%@)&# - g'i:'(t)AtS - ﬂ'fx?'(i)ﬁfl...

x(t— At) = x(t) — (1) At + ;:ir'*(t)&tz — é'i’(t)AtB + 2141 (t)At*...

r(t+ At) + z(t — At) = 22(t) + 2(t)At* + O(At?)...

Or
z(t + At) = 22(t) — x(t — At) + &(t) At?
Verlet algorithm:
— IS time reversible
— does conserve volume in phase space, i.e., it is “symplectic”
(conservation of “action element” dp A dg)
— does not suffer from energy drift
...but is it a good algorithm?
l.e. does it predict the time evolution of the system correctly?



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

e The idea: couple the system to a thermostat (heat bath)
e Interesting because:
e Experiments are usually done at constant temperature

e Better modeling of conformational changes

Energy is
conserved

Energy is
not conserved




Sampling the canonical ensemble: thermostats

Probability distribution of the kinetic energy:
P(Ejin)  exp(—Egin/kpT)

| ' | '
Maxwell-Boltzmann-Distribution
kinetic

1 < <7 - energy: p2/2M
: _ v
Ar N SNkp

# of particles

| | I |
Kinetic Energy (a.u.)




Stochastic thermostat: the Andersen thermostat

e Every particle has a fixed probability
to

collide with the Andersen demon -
o9 7
e After collision the particle is give a / /
new /
Velocity
P(v)= (i) exp[—/ﬁm1»’2/2] \ /,,,,\‘ /\
27rm

P(z‘;v) B vexp[—w‘]
 The probabilities to collide are
uncorrelated (Poisson distribution)

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



Deterministic thermostat: the Nosé-Hoover

S.Nosé, J.Chem. Phys. 81,511 (1984) & W. G. Hoover, Phys. Rev.A 31, 1695 (1985).

Extended Hamiltonian (or Lagrangian):

2

Py
— - V(R) -
HNH —~ 2M; (R) 20




Deterministic thermostat: the Nosé-Hoover

S.Nosé, J.Chem. Phys. 81,511 (1984) & W. G. Hoover, Phys. Rev.A 31, 1695 (1985).

Extended Hamiltonian (or Lagrangian):

Original system Fictitious Oscillator

® Momenta are damped by fictitious oscillator: p; = F; — apf



Deterministic thermostat: the Nosé-Hoover

S.Nosé, J.Chem. Phys. 81,511 (1984) & W. G. Hoover, Phys. Rev.A 31, 1695 (1985).

Extended Hamiltonian (or Lagrangian):

Original system Fictitious Oscillator
Dy
® Momenta are damped by fictitious oscillator: Py = Fr — apj

® Ergodicity problems - system may be stuck in a region of phase space

® Possible solution: Nose-Hoover chains
Attach another fictitious oscillator to the first, and another to the
second, and another to the third, ... (chain of fictitious oscillators)

Martyna, Klein, Tuckerman, J. Chem. Phys. 97,2635 (1992)



Stochastic velocity rescaling thermostat

G. Bussi, D. Donadio, and M. Parrinello, J. Chem. Phys. 126,014101 (2007).

Combine concepts from velocity rescaling (fast!) with
concepts from stochastic thermostats (accurate!)

Target temperature follows a stochastic differential equation:

TR N ot




Stochastic velocity rescaling thermostat

G. Bussi, D. Donadio, and M. Parrinello, J. Chem. Phys. 126,014101 (2007).

Combine concepts from velocity rescaling (fast!) with
concepts from stochastic thermostats (accurate!)

Target temperature follows a stochastic differential equation:

Temperature White noise
rescaling

® Very successful thermostat, weakly dependent on relaxation time T

® Pseudo-Hamiltonian is conserved

Bussi, Parrinello, Phys. Rev. E 75,056707 (2007)



The problem of free energy sampling

dOA —BU(Q) 1
A) = l }@d@g@—);w@) =M > An
i n=0

But:

BF =—InZ

1
— -BU(Q)
4= A3SN NI / dQe One cannot converge such a quantity!

VN i )
... but one cannot measure it, either

Zideal gas — ASN NI




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: \Parallell or‘>>> Serial <<< |
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- Canonical sampling: thermodynamic perturbation
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Free energy: “physical”’path thermodynamic integration

How are free energies measured
experimentally?

OF

= =

O(BF)
o5~

| %4

F(V):F(VO)+/ dV (- P)

Vo
V) — 00 :ideal gas

10.0 r—— ' Y ;

Parallel (over densities)




Free energy: “unphysical”’path thermodynamic integration

Let us assume a mixed Hamiltonian: {/ = (1 — )\)Uo + AUy



Free energy: “unphysical”’path thermodynamic integration

Let us assume a mixed Hamiltonian: {/ = (1 — )\)Uo + AUy

FA(Nﬂ Vv T) — C — kBT/dTNe_/B((l_’\)UO+)\U1)

8F)\(N, V’ T) B fd'rN(Ul s Uo)e—ﬂ((l—)\)Uo-f-)\Ul)
O\ B [ drNe—B((1=A\)Uo+AUL)

= (Uy — Up) A




Free energy: “unphysical”’path thermodynamic integration

Let us assume a mixed Hamiltonian: {/ = (1 — )\)Uo + AUy

F\(N,V,T)=C — kBT/drNe—ﬁ((l—)\)Uo+AUl)

OF\(N,V,T) B fd'rN(Ul - Uo)e—ﬂ((l—)\)Uo-H\Ul)
O\ B [ drNe—B((1=X\)Uo+AU1)

= (U = Up)x

1
F(N,V,T)= Fy(N,V,T) +/ dA(Uy — Up) »
0

A How to choose the reference?



Case study: phase diagram of pure carbon

Road map:

* Calculation of change of Helmoltz free energy from chosen
reference state to a particular (T,p) point, for each involved phase

(what about overlooked phases?), by means of thermodynamics
integration.

 Search for of all coexistence points at a given T between all pairs of
phases, via integration of equations of state P(p) and evaluation of
crossing points (alternative: common tangent construction).

* Prolongation of coexistence line by Gibbs-Duhem integration



Case study: phase diagram of pure carbon

Considered phases: diamond, graphite, and liquid(s)

F’E . Frel‘_l_ AFref_)%

A=1 -
s F"ef—l—/ d <dﬂ>
A=0 A [;

|
- Frei_l_/ d)u (Urcf_U&‘>
0 )




Case study: phase diagram of pure carbon

Considered phases: diamond, graphite, and liquid(s)

F¥ = F~f 4 AF™—™ e e A

A= JoU
— Fr +f dA(.—") : ;
1=0 A [ {’w
1 . .
_— ref ref
—u +f0‘”‘(U R :




Case study: phase diagram of pure carbon

Reference phases
Solid(s): Einstein solid

N
(04 5
UE - ; § : (l'j . l'.f_.o)" GRAPHITE P

- = R T .

o.? Maximum resemblance .
of harmonic and “real” potential .{’w .




Case study: phase diagram of pure carbon

Reference phases
Liquid: Lennard Jones

12 6
UL/ =4g((2) - (E) ) How to choose o, ¢ ?
Maximum resemblance between

LJ liquid and “real”:
alignment radial distribution function peaks

Fl‘i‘f — FLJ — Fid + F[i?

ﬂFid

= 3InA + 1np— 1 A=h/2amkpT




Case study: A-ensemble sampling and integration

ff k[ Lennard - Jones fluid o
S - | Parallel (over 1)
=
S -10F sl

- I . _
5 Ligmd _ _ geeest™
5 - e —

e =D = s i

V

Z Graphite

& 20 R

Diamond
=25 | 1 | ' l !
0.4 0.6 0.8 1




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

60 | . , . , . ,
Liquid Diamond
50 T =
i ‘ Parallel (over densities)l
= 40 e I =
G E:
L 30 T . =
= - QGraphite
z i 2
A 20 £ 3 -
o .'<  >
i-'g--.?""
10 - ot -
e -
e
0 | | ! |
; 2.5 3 3.5

Density [103 kg/cm?]

N 3

53 '
.P(_p) = a + bp —+ (.“/)2 —» Bu(p) = i + B |:(_:E< + b InL +b+c (2,0 — p%)]
P P



Case study: equating Gibbs free energies

Difference in slopes: 5, g

difference in specific 3p = gp ~
volumes ——m———r——— 17— 77—

1V =

< | =

—F’F% — %7
/f '
e
— ///5555’
B 235 - e .
¥ = g FT ol
£, e # o
= /(/7’
R BT J
/’///
= .
////// — Diamond
24 L= ~ Graphite
- ot --—- Liquid
',;;‘ 7
¥
1 I | I 1 I 1 I |
6 8 10 12 14 16

Pressure [GPa]



Case study: equating Gibbs free energies

Difference in slopes:
difference in specific

op 09
oP — oP

1V =

< |

volumes - i

I ; I |
And then:
4 Gibbs-Duhem
integration
P TAs
B 555 P B
- S o
ﬁﬁ. //,/ “ dP — Ah
//// g dT T Av
e 7 — Diamond
Y il ~ Graphite N
- .,/" ---- Liquid Ah — Au s PA'U
i 1 | | | | |
6 8 10 12 14 16

Pressure [GPa]

‘>>> Serial <<<I



Carbon phase diagram

12000 . | . | . | .

10000

Z 8000 | 3-fold liquid X -
3 .x~" Diamond -
= 6000 O _
)

E‘ ...... i
5 | &£ O = (Calculated coexistence lines

— 4000 --= Metastable graphite melting line =

Diamondlike liquid

Graphite - Threefold-fourfold equality
2000 H GO Freezing upon quenching ]
----- - Brennerl potential diamond melting line |

o Ncl)t yet melted shockwaved diamond

() 1 I 1 1 I 1
0 100 200 300 400

LMG et al. PRL 2005 Pressure [GPa]




Alternative method for finding phase coexistence via F(V)

Common tangent construction

F liquid Equal tangents
o | aFJ
v/,
/ T gas
Connecting line: equal G




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

—-7.80
- Si
-7.82 f— .
- Yin and Cohen, PRL 1980
- DFT with LDA functional
— —7.84
£ :
S B
[1+]
- -
=
E -7.86
= \
[ -
@ N
W _7 g8 |-
__ th ‘/r B Vt B/ th Pt (kbar)
~790 - HEXAGONAL Calculation 0.928  0.718 0.774 99
B 1 Experiment®  0.918  0.710 0.773 125
I | | Dj"‘"‘"o”” Deviation 1.1%  1.1% 0.1% -20%
-7.92 |
0.6 0.7 0.8 0.9 1.0 1.1

Volume



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

3.00

5.00

Casadei et al. PRL (2013)

PBEO
Bulk "o-phase”
“
PBEO
Bulk "vy-phase”
exp.
—
(EX+cRPA)@PBEO (FXT?,RPA }@FB EO
Cel9 "o-phase" & v Cel9 "y-phase
| |
4 4.4 4.8 5.2 5.6 6
a, (A)




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: \Parallell or‘>>> Serial <<< |




Thermodynamic perturbation

Two systems:
System O: N, V1, U, System 1: N, V)1, U,

i N _—BU v N —BU
Zo:A3NN!/dr e leABNN!/d'r g e




Thermodynamic perturbation

Two systems:

System O: N, V1, U, System 1: N, V)1, U,
VN - VN
- —BUo o N —-B8U
ZO_A3NN!/dT e Zl_ABNN!/d'r e :

T fdrNe—ﬂ(Ul—Uo)e—ﬁUo

AF = BF, — BFy = —1
B /8 1 B 0 nZO fd'r‘Ne_fBUO

BAF = — ln(e_ﬁ(Ul_U"))o = —In(e PAVo),




Thermodynamic perturbation

Two systems:

System O: N, V1, U, System 1: N, V)1, U,
VN - VN
ey —BUo o N —-BU
ZO—ASNN!/dT e Zl_ABNN!/d'r e :

VA IdrpNe—ﬂ(Ul—Uo)e—ﬁUo
ZO fd'r'Ne_'BUO

BAFI,Bpl _BFO = —In

BAF = — ln(e_ﬁ(Ul_U"))o = —In(e PAVo),

If poor overlap: sequence of systems 5 AF = — E 111(6_’6 AVa,a+1 >a

‘ Parallel (over systems) I




Thermodynamic perturbation: recycling data

Non-Boltzmann sampling,
or the pleasure of multiplying by 1 and see what happens

_ [arNA(g(rY)) e U
B [drNe—BUEY) e

<A>NV®

<Ae(52—51)U(7"N)>NV@

(B2 =AU v @)



Thermodynamic perturbation: recycling data

(A)NvT, =

<A€(52—31)U(TN)>NVT2
<e(52—51)U(?’N)>NVTQ

P(E)

Great, but...

(_Overlap becomes very small_j




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: \Parallell or‘>>> Serial <<< |




Umbrella sampling

System 1

umbrella

P(AU)

— _1n<8_5(U1_U0)>0 System 0

AU



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




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

_ Jdr¥e PYa(g'(rY) —q)

Pl [ drNe-5U

J drNe=AU+w(@)) fulad) 5(q' (rN) — )
- [ drNe=BU+w(q’))ehfuw(q’)




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




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

[ drNe—8U+w(a)¢buw(a)

U+ )el (@ fdrNe—ﬁ(Uer(q’))(s(qf(rN) —q)

- @IdrNe—ﬁ(UwLW(q’))gﬁwm’)




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

[ drNe—8U+w(a)¢buw(a)

U+ )el (@ fdrNe—ﬁ(Uer(q’))(s(qf(rN) —q)

- @IdrNe—ﬁ(UwLW(q’))gﬁwm’)

eBw(q)

- <€5w(QJ>U+w Putu (Q)




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

[ drNe-BU+(@))fu(a)

4”@ [ dre SV §(g/(rV) — g

- @IdrNe—ﬁ(U+W(q’))gﬁwm’)

e Parallel
— ( Bw(q) PU+w(Q) L .
e YU 40 (over biasing potentials)




Umbrella sampling

eBw(q)

P(Q) — <€ﬁw(Q)>U—|—w PU-I‘W (q)

BF(q) = —InP(q) = —InPyiw(q) — Bw(q) +C



Umbrella sampling

Best choice w(q) = —F(Q)

Not practical, F’ (q ) is what we
want to calculate!




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: \Parallell or‘>>> Serial <<< |




Parallel tempering: the concept

Energy

some X
coordinates

Energy (arb. units)

Exchange rule, ensuring canonical sampling at all temperatures:

Pe:z.‘cha:nge = min (1 exp(_(ﬁi - 6})(U2 o UJ)))



Parallel tempering: the implementation

L

nperature




Parallel tempering: the implementation
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Parallel tempering: the implementation

-—>->< —>
-X B —
< 6 I — I —
g{ 4 |=—> X-
1] —> I~ >
| Time >

To be tuned for efficient sampling:

number of temperatures, list of temperatures, attempted swap

frequency
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Parallel tempering: the implementation

600

—_— - _

2 — '

| mm—mm.,0 Parallel g :
1 [a]— A
, (over temperatures, iy, T Ly
and more) | B U

f
Y I““ \\“Q "a\ ."/A\a | i H‘w »"‘ |
. " A\t L

JH X VUAHVHA A |
[}
”v‘v [ ! AN, | .‘ ﬁu“"‘» ’
i URETAL WA e C
| Time 00 AN AT . .
0 50 100 150 200
Time [ps]

To be tuned for efficient sampling:

number of temperatures, list of temperatures, attempted swap
frequency



Parallel tempering: free energy?

T-Weighted Histogram Analysis Method:

Pi(q) = e”Fici(q)Po(q)

Cz(Q) _ e'—"(,{-a-i_;‘30)[}((1)e_"_.ﬁivi.(Q) ,in case: H; = Hy + Vi(q)



Parallel tempering: free energy?

T-Weighted Histogram Analysis Method:

Pi(q) = e""ici(q)Polq)
¢i(q) = o~ (Bi=B0)U(q) =BiVi(a) ,incase: H, = Hy + Vi(q)

Iterative, self consistent solution of:

5
o Zi:l 1; (Q)
o S r A
Zi:1 N;e B b &) (Q)

BiF; = —In ( / | dg fff(q)Po(q))

Po(q)

IMPORTANT: “q“ is a “post-production® (collective) variable
See also: J. Chodera et al., J. Chem. Theory Comput. 3, 26 (2007)



Au,: coexistence of several isomers

el en [-100—620K
. “#if4s | 100 K PT (100 ps)
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Au % coexistence of several isomers
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Au, free energy surface from replica-exchange MD
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Structure experimentally assigned at 100 K
P. Gruene et al Z. Phys. Chem. 228, (2014)

[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)



Free energy surface of Au,,displays
multiple isomers above 100 K

100 K PBAF + three additional 3D structures
0.35- 7€
>
5
£ 0.25-
5
=
< 0.15-
o >
: :
0.054 E 0.25
——— ; 5
2.8 3.0 3.2 3.4 iz
Radius of gyration (A) 5 0.15
8
O
0.05

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



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

I | I I I

i | | | )
100 + 0‘"0=“03::§:::g---0 O -
; o--Us Y r0
2 80+ B8 , ]
£ | WA ;
@ 60— 2D isomers favored \ QL ;
e G DT SR SR T e N IECEEEEEEE,
§ 40L -~ ©O- 100K 3Disomers favored \ ,‘\\\ ]
rt - - A- 200K AR )
2 204 - O 300K N A
- - O 400K W i
0-f Q<-4

| | | | | | | |

I | | | | | |

|

| |
4 5 6 7 8 9 10 11 12 13 14
Gold cluster size, N

Au,, is exceptional case due to conformational entropy of planar structures

Typically fraction of 3D structures increases as size T and temperature T

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



Replica-Exchange Grand-Canonical ab initio Molecular Dynamics
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6eplica-Exchange Grand-Canonical
Molecular Dynamics (REGCMD)

Simulated in Grand-Canonical (nVT)
ensemble

Overcome: kinetic trapping
phase space diffusion

4 stable cluster structure

statistical average over adsorption and desorption processes

Open system <{ammmmP> Grand-Canonical ensemble (nVT)




Replica-Exchange Grand-Canonical ab initio Molecular Dynamics

.

No

| | ab initio molecular dynami
xc: PBE+vdW?™s
particle insertion/removal replica exchange basis setting: light
I | stochastic velocity-rescaling thermostat
Parallel molecular dynamics Electronic structure: PBE(

Trajectories at different T

R N Gibbs free energy:
I ab initio atomistic Thermodynamics
convergence No
(aT) AszFTmﬂn(T)'FTEM(D'“HG(T-: p)
Yes
¥ II Multistate Bennett Acceptance Ratio
stop (MBAR): partition function

Zhou, Scheffler & LMG, submitted (2019)



Random walk in T, u space

swap different T swap different p
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e LY
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Zhou, Scheffler & LMG, submitted (2019)



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



I-Jones A
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Zhou, Scheffler & LMG, submitted (2019)



I-Jones A
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I-Jones A
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Lennard-Jones B on Lennard-Jones A

Grand-canonical replica Exchange Ab initio atomistic thermodynamics
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Zhou, Scheffler & LMG, submitted (2019)



Lennard-Jones B on Le

Grand-canonical replic mistic thermodynamics
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Zhou, Scheffler & LMG, submitted (2019)



Si2/4Hx




Si,,H,: full-anharmonic vs harmonic free-energy (aiAT)
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Zhou, Scheffler & LMG, submitted (2019)



Si,,.,H,: all-hydrogens vs chemisorbed-only phase diagrams
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Zhou, Scheffler & LMG, submitted (2019)



Si,,,H,: phase diagram of HOMO-LUMO gap
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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: \Parallell or‘>>> Serial <<< |




The Nested Sampling

Obtaining the partition function

Z(N,V.B) = Zu(N, B) / dqePE@

= Zm(N, B) / dE Q(E)e PP

Consider cumulative density

E
Y(E) = / dE' Q(E')

o — 0




The Nested Sampling: the main trick

* Instead of y(£), compute E(y)

HE) E()
>
£ X Constrained uniform
* At £E=x, we have an ideal gas, yo=W" sampling
E(x)

E|

N~ E

Y1 X0
J. Skilling (2006) —» G. Csanyi (2011)



The Nested Sampling: the main trick

1. obtain K uniform
samples such that E(g) <
Eiimit

2. compute median: E(y)
= E1, 11= %0/2, Elimit <— E\

3. repeat...

E(y)

FE

X0

Xn ~ XUGH
Q(E,) =xo ("' —a")

7 = 7 /dE Q(E)e PE

=

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



The Nested Sampling: application to (EAM) Aluminum
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R. Baldock, ..., G. Csanyi, PRB 93, 174108 (2016)



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: \Parallell or‘>>> Serial <<< |
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