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(Free) energy landscape: key to thermodynamics
and kinetics

E
H=E+PV
F=E-TS
G=E+PV-TS
Transition paths, rate constants etc. Global minimum & low-energy local minima
J. Phys.: Condens. Matter 12 (2000) A147-A152. Printed in the UK THE JOURNAL OF CHEMICAL PHYSICS 124, 244704 (2006)
Iransition path Sa‘:‘li'"“,g' :'1:"0(;" Ing ropes Crystal structure prediction using ab initio
OVEer mountains 1in € dar ' ' v ' '
evolutionary techniques: Principles and applications
Peter G BolhuisT, Christoph Dellagof, Phillip L Geissler: and ) .
David Chandler Artem R. Oganov® and Colin W. Glass
+ Department of Chemistry, Lensfield Rd, Cambridge CB2 1EW, UK Laboratory of Crystallography, Department of Materials, ETH Zurich, HCI G 515,
i Department of Chemistry, University of California, Berkeley, CA 94720, USA Wolfgang-Pauli-Strasse 10, CH-8093 Zurich, Switzerland

Recetved 5 October 1999 (Received 20 February 2006; accepted 12 May 2006; published online 28 June 2006)



F(s)

Molecular dynamics

v

Used to study dynamics of
atoms, thermodynamics,
transport properties.

Problematic to observe
phase transitions:
simulation timescale is
~10- sec.



Evolutionary metadynamics is a new powerful technique for
exploring energy landscapes

I. Metadynamics, lattice dynamics,
and evolution

Il. Towards predicting metastable synthesis



l. Metadynamics, lattice dynamics, and evolution



Metadynamics: accelerating the rare event (phase transition)
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e Works in reduced
dimensionality space

(usually 6D — lattice).

F(s)

 Requires a good starting
structure.

* Finding lowest transition
paths, may find the
ground-state structure.

e Suitable for large
systems.

 Requires only two
parameters — W and 6h.
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(Laio & Parrinello, 2002; Martonak et al., 2003)



Post-perovskite transition in Earth’s mantle involves stacking faults
(ARO et al., Nature 2005)

Perovskite to stacking-fault  Stacking-fault to post-perovskite
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Metadynamics: pros and contras

PROS CONTRAS

1. Simultaneously obtains stable 1. Success rate for finding stable
structure and transition structure is moderate. Transition
pathways. pathway is not necessarily the

best one.

2. Efficient for large systems (no 2. Solves problem reduced from
scaling with N) 3N+3 dimensions to 6 dimensions.

3. Requires only 2 parameters. 3. Requires a good initial structure.

Points to address:

1. Equilibration at each metastep is done by MD. Too expensive
and equilibration is incomplete — often get amorphization.

2. Original formulation is not invariant to cell transformations.

3. At each (long!) metastep get only 1 structure.



Evolutionary metadynamics: marrying strengths of
metadynamics and USPEX (Zhu, ARO, Lyakhov, 2012)
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1. Rapid and reliable equilibration.
) 2. Amorphization does not happen.
S 3. Rich structural information:
e Much faster equilibration obtain numerous low-energy
e Produces multiple structures metastable structures.

4. New formulation is invariant to

Zhu, ARO, Lyakhov, 2012 .
cell transformations.



Evolution, group-subgroup relations, metastable synthesis
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|. Flowchart of evolutionary
metadynamics. The method is
evolutionary because in each metastep
(generation) there are many structures,
and the one with lowest energy (at fixed
celll) is selected to produce offspring.
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ll. Displacement along an eigenvector lowers
symmetry. Subsequent relaxation may
increase it afterwards.

lll. Extensively sampling low-barrier paths,
evolutionary metadynamics produces a
nearly exhaustive list of low-energy
metastable phases synthesizable from the
given starting structure.



A (very) brief introduction to lattice dynamics

DOS (arb. units)
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Negative @? — instability towards a better structure,
without a barrier. Low ®? — low transition barrier. Need
eigenvectors of lowest-frequency phonons.

Phonon calculations are too expensive.
For approximate phonons in USPEX, use model of central
nearest-neighbour interactions: £=1/2 3 k;(r;; — 1, l_j)z

Phonon dispersion curves
of MgO (ARO, 2003)



Bond hardness — used in USPEX both for hardness computation
and for softmutation
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Material Model of Li | Lyakhov | Exp.
et al. (2009) | & ARO
(2011)
Diamond 91.2 89.7 90
Graphite 57.4 0.17 0.14
TiO,rutile 12.4 12.3 8-10
B-Si;N, 23.4 23.4 21
SO, stishovite 31.8 30.8 33
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For softmutation, force constant k; is
taken equal to “bond electronegativity” X,



What evolutionary metadynamics can give?

- Global energy minimum — provided the starting structure is not too far
- Phase transition pathways
- Numerous low-energy metastable structures

- List of phases synthesizable from initial phase



Searching for the global minimum and transition
pathways: phases of Al2SiOs (Zhu & ARO, 2012)

The mechanism is perfectly reasonable and non-intuitive!
ATTENTION: Do not trust “barriers” for polymorphic transitions from metadynamics



A few simple tests: SiO2 and MgSiO3 (Zhu & ARO, 2012)

Metadynamics results for compressed SiO,. After a
disordered state is formed, the system recrystallized!

Metadynamics results for compressed MgSiO;.
Transition from perovskite to post-perovskite is
compatible with (ARO et al., Nature 2005).



Evolutionary metadynamics and USPEX-evolution:
complementary

Evolutionary metadynamics.

Requires a good initial structure.

Very efficient. Does not scale with N,
i.e. can handle large systems easily!

Success rate depends entirely on
starting structure: danger!

Deterministic.

Produces numerous good and
synthesizable metastable structures.

Produces a good guess of transition
mechanism.

USPEX.
Requires no initial structure.

Very efficient. Scales ~ exp(aN). Works up
to N~100-500, but never more.

Success rate ~100% for fixed-composition,
~70% for variable-composition calcs.

Stochastic.

Does not explore transition pathways,
synthesis, etc. Metastable phases are
byproduct of global search.

The only good way to do variable-
composition search. More suitable for low-
dimensional systems.



Il. Towards predicting synthesis



Puzzle: Cold compression of graphite yielded a new allotrope of
carbon, of unknown nature

*Without catalysts, graphite converts to diamond at >15 GPa but at very high
temperatures (1600-2500 K).

Compression at 300 K converts graphite into a superhard transparent phase
at ~17 GPa (Drickamer, 1963; Goncharov, 1990; Yagi, 1991; Mao, 2003).

*ARO & Glass (2006) — predicted low-energy sps-structure, which matches

(L1 & ARO, 2009) observations: M-carbon.

—

‘Umemoto (2010) — observations can be
explained by another structure, bct4.

*Wang (2011) — proposed W-carbon.
sAmsler (2011), Zhao (2011) — proposed Z-carbon.
«2012: P-, Q-, R-, S-, X-, Y-, Z-carbon structures were proposed.



Evolutionary metadynamics: metastable phases of C at
20 GPa (Zhu, Zeng, ARO, 2012)

New forms of carbon

Previously known forms of carbon



Synthesis route and activation barriers

Variable-cell
nudged elastic bands (VcNEB)

Work of Guangrui Qian

Graphite => bct, 20GPa



Transition path sampling (TPS) — a way to assess synthesizability of a
material

TPS (Dellago et al., 1998) is a combination
of Monte Carlo and molecular dynamics methods.

Look for the statistically likeliest pathway.

TPS is the best method for predicting activation barriers, because it
adequately accounts for nucleation and growth.

B1-B4 transition pathway in ZnO [Boulfelfel et al. (2007)]



Cold compression of graphite produces M-carbon

TPS at 17 GPa, 300 K, starting from graphite: M-carbon is kinetically easiest
[Boulfelfel, ARO, Leoni, Sci. Reports, 2012]

M-carbon
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M-carbon confirmed by latest experiments [Yuejian Wang, et al., Sci. Reports, 2012]



M-carbon - a new established carbon allotrope

_ diamond
graphite

lonsdaleite

M-carbon
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Theoretical phase diagram of
carbon [Wang et al. (2005)]



Evolutionary metadynamics is a new powerful technique for
exploring energy landscapes

I. It addresses issues of
MD- metadynamics

Il. Complementary to USPEX - efficient to predict
crystal structures, transition mechanisms,
synthesizable structures



