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(Free)energy landscape:key totherm odynam ics
andkinetics

Transition paths, rate constants etc. Global minimum & low-energy local minima

E
H=E+PV
F=E-TS
G=E+PV-TS



M oleculardynam ics

• U sedtostudy dynam icsof
atom s,therm odynam ics,
transportproperties.

• P roblem atictoobserve
phasetransitions:
sim ulationtim escaleis
~10-9 sec.

F(s)

s



Evolutionary m etadynam icsisanew pow erfultechniquefor
exploringenergy landscapes

I.M etadynam ics,latticedynam ics,
andevolution

II.T ow ardspredictingm etastablesynthesis



I.M etadynam ics,latticedynam ics,andevolution



M etadynam ics:acceleratingtherareevent(phasetransition)

(Laio & Parrinello, 2002; Martonak et al., 2003)

F(s)

s

• W orksinreduced
dim ensionality space

(usually 6D – lattice).

• R equiresagoodstarting
structure.

• Findinglow esttransition
paths,m ay findthe
ground-statestructure.

• S uitableforlarge
system s.

• R equiresonly tw o
param eters – W  and δh. 



P ost-perovskitetransitioninEarth’sm antleinvolvesstackingfaults
(A R O etal.,N ature2005)

Perovskite to stacking-fault Stacking-fault to post-perovskite
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M etadynam ics:prosandcontras

PROS
1. Simultaneously obtains stable

structure and transition
pathways.

2. Efficient for large systems (no
scaling with N)

3. Requires only 2 parameters.

CONTRAS
1. Success rate for finding stable

structure is moderate. Transition
pathway is not necessarily the
best one.

2. Solves problem reduced from
3N+3 dimensions to 6 dimensions.

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 m etadynam ics:m arryingstrengthsof
m etadynam icsandU S P EX (Zhu,A R O ,L yakhov,2012)

F(s)

s

Softmutation instead of MD!

• Much faster equilibration
• Produces multiple structures

Zhu, ARO, Lyakhov, 2012

to achieve invariance,
replaced with:

1. Rapid and reliable equilibration.
2. Amorphization does not happen.
3. Rich structural information:

obtain numerous low-energy
metastable structures.

4. New formulation is invariant to
cell transformations.



Evolution,group-subgrouprelations,m etastablesynthesis

I. 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
cell!) is selected to produce offspring.

Structure 1

Transition state

Structure 2

sym m etry

phonon relaxation

II. Displacement along an eigenvector lowers
symmetry. Subsequent relaxation may
increase it afterwards.

III. 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)briefintroductiontolatticedynam ics

P honondispersioncurves
ofM gO (A R O ,2003)

1. If we set all masses =1, i
2 ~ 2 2.

2. Negative i
2 – instability towards a better structure,

without a barrier. Low i
2 – low transition barrier. Need

eigenvectors of lowest-frequency phonons.

3. Phonon calculations are too expensive.
4. For approximate phonons in USPEX, use model of central

nearest-neighbour interactions: E = � � � � 0, � �
�



Bondhardness– usedinU S P EX bothforhardnesscom putation
andforsoftm utation
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Material Model of Li
et al. (2009)

Lyakhov
& ARO
(2011)

Exp.

Diamond 91.2 89.7 90

Graphite 57.4 0.17 0.14

TiO2 rutile 12.4 12.3 8-10

β-Si3N4 23.4 23.4 21

SiO2 stishovite 31.8 30.8 33

For softmutation, force constant ki is
taken equal to “bond electronegativity” Xk



W hatevolutionary m etadynam icscangive?

- Globalenergy m inim um – providedthestartingstructureisnottoofar

- P hasetransitionpathw ays

- N um erouslow -energy m etastablestructures

- L istofphasessynthesizablefrom initialphase



S earchingfortheglobalm inim um andtransition
pathw ays:phasesofA l2S iO 5 (Zhu & A R O ,2012)

T hem echanism isperfectly reasonableandnon-intuitive!
AT T EN T IO N :Donottrust“ barriers” forpolym orphictransitionsfrom m etadynam ics



A few sim pletests:S iO 2 andM gS iO 3 (Zhu & A R O ,2012)

M etadynam icsresultsforcom pressedS iO 2.A ftera
disorderedstateisform ed,thesystem recrystallized!

M etadynam icsresultsforcom pressedM gS iO 3.
T ransitionfrom perovskitetopost-perovskiteis
com patiblew ith(A R O etal.,N ature2005).



Evolutionary m etadynam icsandU S P EX -evolution:
com plem entary

Evolutionary m etadynam ics.

R equiresagoodinitialstructure.

Very efficient.Doesnotscalew ithN ,
i.e.canhandlelargesystem seasily!

S uccessratedependsentirely on
startingstructure:danger!

Determ inistic.

P roducesnum erousgoodand
synthesizablem etastablestructures.

P roducesagoodguessoftransition
m echanism .

U S P EX .

R equiresnoinitialstructure.

Very efficient.S cales~ exp(aN ).W orksup
toN ~100-500,butneverm ore.

S uccessrate~100% forfixed-com position,
~70% forvariable-com positioncalcs.

S tochastic.

Doesnotexploretransitionpathw ays,
synthesis,etc.M etastablephasesare
byproductofglobalsearch.

T heonly goodw ay todovariable-
com positionsearch.M oresuitableforlow -
dim ensionalsystem s.



II.T ow ardspredictingsynthesis



P uzzle:Coldcom pressionofgraphiteyieldedanew allotropeof
carbon,ofunknow nnature

•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 sp3-structure, which matches
(Li & ARO, 2009) observations: M-carbon.

•Umemoto (2010) – observations can be
explained by another structure, bct4.

•Wang (2011) – proposed W-carbon.
•Amsler (2011), Zhao (2011) – proposed Z-carbon.
•2012: P-, Q-, R-, S-, X-, Y-, Z-carbon structures were proposed.



Evolutionary m etadynam ics:m etastablephasesofC at
20 GP a(Zhu,Zeng,A R O ,2012)

N ew form sofcarbon

P reviously know nform sofcarbon



S ynthesisrouteandactivationbarriers

Graphite => bct, 20GPa

Variable-cell
nudged elastic bands (vcNEB)

Work of Guangrui Qian



T ransitionpathsam pling(T P S )– aw ay toassesssynthesizability ofa
m aterial

T P S isthebestm ethodforpredictingactivationbarriers,becauseit
adequately accountsfornucleationandgrow th.

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

T P S (Dellagoetal.,1998)isacom bination
ofM onteCarloandm oleculardynam icsm ethods.

L ookforthestatistically likeliestpathw ay.



bct-C4

M-carbon

diamond

Coldcom pressionofgraphiteproducesM -carbon

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

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



M -carbon-anew establishedcarbonallotrope

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

graphite
diamond

lonsdaleite

fullerenes

carbynes

M-carbon



Evolutionary m etadynam icsisanew pow erfultechniquefor
exploringenergy landscapes

I. Itaddressesissuesof
M D-m etadynam ics

II.Com plem entary toU S P EX -efficienttopredict
crystalstructures,transitionm echanism s,
synthesizablestructures


