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What if some specific clusters are 
selected in an experiment and they 

are not low energy isomers!

e.g. N. Marom et al. PRL 108, 106801 (2012)



Outline

What is Genetic Algorithm (GA)?

Why do you need cascade GA?

Does (energy based) cascade GA 
always give good solution?

Efficient Scanning of 
Potential Energy Surface@DFT



Outline

What is Genetic Algorithm (GA)?

Why do you need cascade GA?

Does (energy based) cascade GA 
always give good solution?

What is property based (cascade) 
GA?

Efficient Scanning of 
Potential Energy Surface@DFT



Outline

What is Genetic Algorithm (GA)?

Why do you need cascade GA?

Does (energy based) cascade GA 
always give good solution?

What is property based (cascade) 
GA?

Comparing (energy based) GA vs 
property based GA

Efficient Scanning of 
Potential Energy Surface@DFT



Outline

What is Genetic Algorithm (GA)?

Why do you need cascade GA?

Does (energy based) cascade GA 
always give good solution?

What is property based (cascade) 
GA?

Comparing (energy based) GA vs 
property based GA

Results: (TiO2)n clusters 
(n=1,2,…,10,15,20)

Efficient Scanning of 
Potential Energy Surface@DFT



Outline

What is Genetic Algorithm (GA)?

Why do you need cascade GA?

Does (energy based) cascade GA 
always give good solution?

What is property based (cascade) 
GA?

Comparing (energy based) GA vs 
property based GA

Results: (TiO2)n clusters 
(n=1,2,…,10,15,20)

Atomistic Thermodynamics for 
gas phase metal oxide clusters

Efficient Scanning of 
Potential Energy Surface@DFT



Introduction to Genetic Algorithm



Introduction to Genetic Algorithm

ρ1 ρ2 ρ3 ρ4 ρ5 ρ6



Introduction to Genetic Algorithm

ρ1 ρ2 ρ3 ρ4 ρ5 ρ6

ρi =
EDFT/FF(max) - EDFT/FF(i)

EDFT/FF(max) - EDFT/FF(min)

ρmax = 0 < ρi < ρmin = 1

DFT = Density Functional Theory; FF= Force Field
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3. Optimization
(e.g. classical FF or DFT)

4. New Candidate ?ACCEPT
& Add to the 
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Mixed Crossover In GA

GA

R1 R2 R2 Ri Rn

50% replica with Crossover-1 50% replica with Crossover-2

Crossover-1 helps to move faster

Crossover-2 helps to retain local feature
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still O(p1.5) for the specific system. The scaling with respect to the n replicas is linear, because the replicas are for
the most of the time independent and only at the beginning and at the end of each local optimization, information
is shared among the replicas.The first level of parallelization is performed within the FHI-aims code, by means of
the MPI environment. The second level is script based: The total n⇥ p number of cores is divided into n groups, n
subdirectories are created and in each of them a cycle of local optimization job runs, each using p cores.

[1] S. Bhattacharya, S. V. Levchenko, L. M. Ghiringhelli, M. Sche✏er, to be submitted (2013).
[2] D. E. Goldberg, Genetic Algorithms in Search, Optimization and Machine Learning, Addison-Wesley, Reading, MA, 1989.
[3] D. M. Deaven and K. M. Ho, Phys. Rev. Lett., 75, 288 (1995).
[4] R. L. Johnston, Dalton Trans. 22 4193 (2003).
[5] M. Sierka, Progress in Surface Science 85, 398 (2010).
[6] V. Havu, V. Blum, P. Havu, and M. Sche✏er, J. Comp. Phys. 228, 8367 (2009).

III. Performance of reaxFF

System ReaxFF PBE+vdW PBE0+vdW HSE06+vdW Experiment

MgO bulk modulus [GPa] 167 149 [1] 169 [1] 169 [1] 165 [2]

MgO lattice constant [Å] 4.24 4.26 [1] 4.21 [1] 4.21 [1] 4.21 [2]

O2 binding energy [eV] 5.38 6.23 5.37 5.31 5.22 [3]

O2 bond distance [Å] 1.24 1.22 1.20 1.20 1.21 [4]

O2 stretching freqency [cm�1] 1694 1555 1605 1663 1580 [4]

TABLE I: Comparison of reaxFF with xc functionals on some of the properties used for training Mg and O parameters in
reaxFF. The calculations for PBE+vdW, PBE0+vdW, and HSE06+vdW are done with tight-setting and tier-2 basis set.

The reaxFF parameters for Mg and O were fit [5] to a quantum-mechanics training set including MgO�bulk and
O2�molecule properties. We checked that this parametrization yields for bulk MgO lattice constant within 1 % and bulk
modulus within 10 % from the experimental values; similarly, for the MgO and O2 dimer, it gives bond length and vibrational
frequency within 1 % and 10% from the respective reference values. On this set of properties, reaxFF performs remarkably
well, comparable to PBE+vdW, PBE0+vdW, and HSE06+vdW, but it fails very clearly for small clusters. In particular,
ReaxFF yields a qualitatively good pre-scanning for stoichiometric clusters, while for non-stoichiometric ones it is far from
desirable accuracy. This is not unexpected, as not even PBE is able to account for the charge redistributions associated with
non-stoichiometry clusters.

[1] J. Heyda and G. E. Scuseria, J. Chem. Phys., 121, 1187 (2004). J. Paier, M. Marsman, K. Hummer, and G. Kresse, J.
Chem. Phys. 124, 154709 (2006). Erratum: J. Chem. Phys. 125, 249901 (2006).
[2] V. N. Staroverov, G. E. Scuseria, J. Tao, and J. P. Perdew, Phys. Rev. B 69, 075102 (2004); Erratum: 78, 239907(E) (2008). K.
Marklund and S. A. Mahmoud, Physica Scripta. 3, 75 (1971).
[3] M. W. Chase Jr., NIST-JANAF Themochemical Tables, Fourth Edition, J. Phys. Chem. Ref. Data, Monograph 9, 1 (1998) (web:
http://webbook.nist.gov/cgi/cbook.cgi?ID=C7782447&Units=SI&Mask=2). Zero-point energy correction taken from Huber, K. P. and
Herzberg, G., in Molecular Spectra and Molecular Structure: Constants of Diatomic Molecules (Van Nostrand Reinhold, New York,
1979), Vol. 4.
[4] K.P. Huber, G. Herzberg, Molecular Spectra and Molecular Structure. IV. Constants of Diatomic Molecules, Van Nostrand Reinhold
Co. (1979).
[5] R. Zhu, F. Janetzko, Y. Zhang, A. C. T. van Duin, W. A. Goddard and D. R. Salahub, Theor. Chem. Account, 120 479 (2008).
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 A. van Duin et al., J. Chem. Phys. A 105, 9396 (2001); Q. Zhang et al., Phys. Rev. B 69, 045423 (2004)



Scanning The PES: GA Using Force-Field Or DFT?

GA 
at what level?

5

still O(p1.5) for the specific system. The scaling with respect to the n replicas is linear, because the replicas are for
the most of the time independent and only at the beginning and at the end of each local optimization, information
is shared among the replicas.The first level of parallelization is performed within the FHI-aims code, by means of
the MPI environment. The second level is script based: The total n⇥ p number of cores is divided into n groups, n
subdirectories are created and in each of them a cycle of local optimization job runs, each using p cores.

[1] S. Bhattacharya, S. V. Levchenko, L. M. Ghiringhelli, M. Sche✏er, to be submitted (2013).
[2] D. E. Goldberg, Genetic Algorithms in Search, Optimization and Machine Learning, Addison-Wesley, Reading, MA, 1989.
[3] D. M. Deaven and K. M. Ho, Phys. Rev. Lett., 75, 288 (1995).
[4] R. L. Johnston, Dalton Trans. 22 4193 (2003).
[5] M. Sierka, Progress in Surface Science 85, 398 (2010).
[6] V. Havu, V. Blum, P. Havu, and M. Sche✏er, J. Comp. Phys. 228, 8367 (2009).

III. Performance of reaxFF

System ReaxFF PBE+vdW PBE0+vdW HSE06+vdW Experiment

MgO bulk modulus [GPa] 167 149 [1] 169 [1] 169 [1] 165 [2]
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Small clusters have a range of unique physical and

chemical phenomena that are strongly size dependent.

However, analysis of these phenomena often assumes

that thermodynamic equilibrium conditions prevail. We

compare experimentally measured and ab initio

computed photoelectron spectra of bare and deuterated

silicon cluster anions produced in a plasma environment.

We find that the isomers detected experimentally are

usually not the ground-state isomers, but metastable

ones, which indicates that cluster relaxation is strongly

limited kinetically by a dwell time that is much shorter

than the relaxation time. We show that, under these

conditions, the highest electron affinity replaces the

traditional lowest total energy as the appropriate criterion

for predicting isomer structures. These findings

demonstrate that a stringent examination of non-

equilibrium effects can be crucial for a correct analysis of

cluster properties.

Small clusters (typically comprising up to several tens of atoms)
offer a ‘bridge’ between molecular and solid-state physics1,2.
This bridge is made possible because, with increasing cluster

size, all cluster properties (for example, structural, mechanical,
thermal, electronic and optical) evolve from molecular values to
bulk values in non-trivial ways, often revealing new and surprising
physics.

A fundamental difficulty of cluster studies is that experimentally
accessible quantities are often highly sensitive to the cluster struc-
ture. However, there is no known general experimental method for
determining cluster structures, and indeed such structures are
known experimentally only for a handful of special cases. Detailed
theoretical analyses of experimental results therefore usually begin
by determining cluster structures. Subsequent agreement between
theory and experiment on other cluster properties is then typically
invoked as evidence in support of the computed structure.

Theoretical computations of cluster structures almost invariably
assume that experimental conditions allow for thermodynamic
equilibrium, so that the clusters probed are very close to their
ground state. Based on this paradigm, sophisticated ground-state-
searching algorithms, using various forms of molecular dynamics3–8

and genetic algorithms9–11, have emerged. Such algorithms, in one
form or another, are standard tools of investigation in theoretical
cluster science. Even with the most advanced search algorithms, one
often finds many isomers that are very close in total energy, but
differ significantly in structural and other properties. In many cases,
the inter-isomer energy differences are smaller than the accuracy of
common tight-binding approaches, or even density functional
approaches9,12. In cases of doubt, a positive identification of the
‘true’ ground state requires tools that are in principle more accurate,
but computationally very demanding, for example, quantumMonte
Carlo (QMC) calculations13.

The fundamental assumption of thermodynamic equilibrium,
which is at the heart of the above approaches, is usually taken for
granted. However, its verification is by no means obvious, and little
has been done to explore substitute theoretical algorithms for
isomer searches and identifications in the absence of equilibrium.
In this article, we pursue these questions by investigating negatively
charged bare and deuterated silicon clusters, produced in a plasma
environment—an important system for both basic research and
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1Department of Chemical Engineering and Materials Science, and Minnesota Supercomputing Institute, University of Minnesota, Minneapolis, Minnesota 55455, USA
2Department of Physics, University of Konstanz, Konstanz D-78457, Germany
*e-mail: jrc@msi.umn.edu

Published online: 2 September 2002; doi:10.1038/nmat704

Small clusters have a range of unique physical and

chemical phenomena that are strongly size dependent.

However, analysis of these phenomena often assumes

that thermodynamic equilibrium conditions prevail. We

compare experimentally measured and ab initio

computed photoelectron spectra of bare and deuterated

silicon cluster anions produced in a plasma environment.

We find that the isomers detected experimentally are

usually not the ground-state isomers, but metastable

ones, which indicates that cluster relaxation is strongly

limited kinetically by a dwell time that is much shorter

than the relaxation time. We show that, under these

conditions, the highest electron affinity replaces the

traditional lowest total energy as the appropriate criterion

for predicting isomer structures. These findings

demonstrate that a stringent examination of non-

equilibrium effects can be crucial for a correct analysis of

cluster properties.

Small clusters (typically comprising up to several tens of atoms)
offer a ‘bridge’ between molecular and solid-state physics1,2.
This bridge is made possible because, with increasing cluster

size, all cluster properties (for example, structural, mechanical,
thermal, electronic and optical) evolve from molecular values to
bulk values in non-trivial ways, often revealing new and surprising
physics.

A fundamental difficulty of cluster studies is that experimentally
accessible quantities are often highly sensitive to the cluster struc-
ture. However, there is no known general experimental method for
determining cluster structures, and indeed such structures are
known experimentally only for a handful of special cases. Detailed
theoretical analyses of experimental results therefore usually begin
by determining cluster structures. Subsequent agreement between
theory and experiment on other cluster properties is then typically
invoked as evidence in support of the computed structure.

Theoretical computations of cluster structures almost invariably
assume that experimental conditions allow for thermodynamic
equilibrium, so that the clusters probed are very close to their
ground state. Based on this paradigm, sophisticated ground-state-
searching algorithms, using various forms of molecular dynamics3–8

and genetic algorithms9–11, have emerged. Such algorithms, in one
form or another, are standard tools of investigation in theoretical
cluster science. Even with the most advanced search algorithms, one
often finds many isomers that are very close in total energy, but
differ significantly in structural and other properties. In many cases,
the inter-isomer energy differences are smaller than the accuracy of
common tight-binding approaches, or even density functional
approaches9,12. In cases of doubt, a positive identification of the
‘true’ ground state requires tools that are in principle more accurate,
but computationally very demanding, for example, quantumMonte
Carlo (QMC) calculations13.

The fundamental assumption of thermodynamic equilibrium,
which is at the heart of the above approaches, is usually taken for
granted. However, its verification is by no means obvious, and little
has been done to explore substitute theoretical algorithms for
isomer searches and identifications in the absence of equilibrium.
In this article, we pursue these questions by investigating negatively
charged bare and deuterated silicon clusters, produced in a plasma
environment—an important system for both basic research and

ARTICLES

nature materials | VOL 1 | SEPTEMBER 2002 | www.nature.com/naturematerials 1

© 2002 Nature Publishing Group
 

Energy Global Minimum Is Not Important



Highest electron affinity as a predictor of
cluster anion structures
LEEOR KRONIK1, ROLAND FROMHERZ2, EUNJUNG KO1, GERD GANTEFÖR2 & JAMES R. CHELIKOWSKY*1
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We study the structure and electronic properties of ðTiO2Þ2–10 clusters by using basin hopping based on
density functional theory, combined with many-body perturbation theory. We show that in photoemission

experiments performed on anions isomers with high electron affinity are selectively observed rather than

those with the lowest energy. These isomers possess a highly reactive Ti3þ site. The selectivity for highly

reactive clusters may be exploited for applications in catalysis.
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Clusters comprising up to a few tens of atoms offer
exciting prospects for designing new materials owing to
the strong dependence of their electronic properties on
their size and structure. However, selectivity remains a
challenge, as there is little control over which isomers
form in experiment. Moreover, such clusters are too small
to enable direct structure characterization, and their ge-
ometry can only be inferred by indirect means. A combi-
nation of photoemission spectroscopy (PES) and ab initio
simulations is often used to this end [1–3]. This procedure
typically involves a global minimum (GM) search, based
on the assumption that the most energetically stable iso-
mers are likely to form in experiment.

Metal oxide clusters, in general, and TiO2 clusters, in
particular, have attracted much attention due to their po-
tential application in catalysis [4,5]. Computational studies
of TiO2 clusters [5–7] have employed a variety of algo-
rithms to search for the most stable isomers and a variety of
electronic structure methods to calculate their properties.
However, to date, agreement with the PES experiment of
Zhai and Wang [8] has not been achieved. Previously
published computed electron affinities (EAs) and vertical
detachment energies (VDEs) agreed with experiment only
for some cluster sizes, while for other cluster sizes differ-
ences as large as 1 eV were obtained. In addition, the
qualitative trend of monotonically increasing EAs and
VDEs with cluster size has not been reproduced theoreti-
cally. This and the fact that the clusters form in a highly
nonequilibrium laser vaporization process [8] lead us to
question the validity of the assumption that the most stable
isomers are those observed in an experiment.

Several cases have already been reported, in which the
computed spectra of the most stable isomers did not agree
with PES experiments [1,9]. Specifically, Kronik et al.
have suggested the highest electron affinity as a predictor
for cluster anion structures [1]. To explain this, they have
suggested the following mechanism, illustrated in
Fig. 1(e). The clusters initially form as neutral species.

Several isomers form due to the high effective temperature.
The clusters subsequently acquire an electron from the
plasma [process 1 ! 2 in Fig. 1(e)]. Then, an energetically
favorable charge transfer process between anions and neu-
tral species occurs [10], whereby the clusters with the
higher vertical electron affinity (VEA) ‘‘win’’ the electron.
In the mass spectrometry step, only the charged species are
selected, via acceleration in an electromagnetic field. Upon
leaving the plasma region, the anions cool down [process
2 ! 3 in Fig. 1(e)] and relax to the metastable state of the
isomers with high VEA. The PES measurement is then
performed for these isomers [process 3 ! 4 in Fig. 1(e)],
assuming that the dwell time before the measurement is
significantly shorter than the time for conversion to a more
stable isomer, which requires surmounting a considerable
energy barrier [1]. Here, we examine whether such selec-
tion for TiO2 clusters with high VEA may explain the
experimentally observed size trend and its discrepancy
with previous computational efforts.
We combine fully quantum mechanical configuration

space exploration with many-body perturbation theory to
find the GM and the high VEA isomers for ðTiO2Þn clusters
with n ¼ 2–10. We obtain unprecedented agreement with
experiment for the high VEA clusters and demonstrate
unequivocally that these are indeed the isomers observed
in PES. In addition, we find that a high VEA is associated
with electron localization on a single tricoordinated Ti
atom, which may serve as an active site for catalysis.
All calculations were performed by using the all-

electron numerical atom-centered orbitals code FHI-AIMS

[11]. The numerical atom-centered orbital basis sets are
grouped into a minimal basis, containing only basis func-
tions for the core and valence electrons of the free atom,
followed by four hierarchically constructed tiers of addi-
tional basis functions (tiers 1–4) [11]. A fully quantum
mechanical configuration space exploration based on den-
sity functional theory (DFT) was conducted for the neutral
species. For ðTiO2Þ2–4 we compared simulated annealing
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1Department of Chemical Engineering and Materials Science, and Minnesota Supercomputing Institute, University of Minnesota, Minneapolis, Minnesota 55455, USA
2Department of Physics, University of Konstanz, Konstanz D-78457, Germany
*e-mail: jrc@msi.umn.edu

Published online: 2 September 2002; doi:10.1038/nmat704

Small clusters have a range of unique physical and

chemical phenomena that are strongly size dependent.

However, analysis of these phenomena often assumes

that thermodynamic equilibrium conditions prevail. We

compare experimentally measured and ab initio

computed photoelectron spectra of bare and deuterated

silicon cluster anions produced in a plasma environment.

We find that the isomers detected experimentally are

usually not the ground-state isomers, but metastable

ones, which indicates that cluster relaxation is strongly

limited kinetically by a dwell time that is much shorter

than the relaxation time. We show that, under these

conditions, the highest electron affinity replaces the

traditional lowest total energy as the appropriate criterion

for predicting isomer structures. These findings

demonstrate that a stringent examination of non-

equilibrium effects can be crucial for a correct analysis of

cluster properties.

Small clusters (typically comprising up to several tens of atoms)
offer a ‘bridge’ between molecular and solid-state physics1,2.
This bridge is made possible because, with increasing cluster

size, all cluster properties (for example, structural, mechanical,
thermal, electronic and optical) evolve from molecular values to
bulk values in non-trivial ways, often revealing new and surprising
physics.

A fundamental difficulty of cluster studies is that experimentally
accessible quantities are often highly sensitive to the cluster struc-
ture. However, there is no known general experimental method for
determining cluster structures, and indeed such structures are
known experimentally only for a handful of special cases. Detailed
theoretical analyses of experimental results therefore usually begin
by determining cluster structures. Subsequent agreement between
theory and experiment on other cluster properties is then typically
invoked as evidence in support of the computed structure.

Theoretical computations of cluster structures almost invariably
assume that experimental conditions allow for thermodynamic
equilibrium, so that the clusters probed are very close to their
ground state. Based on this paradigm, sophisticated ground-state-
searching algorithms, using various forms of molecular dynamics3–8

and genetic algorithms9–11, have emerged. Such algorithms, in one
form or another, are standard tools of investigation in theoretical
cluster science. Even with the most advanced search algorithms, one
often finds many isomers that are very close in total energy, but
differ significantly in structural and other properties. In many cases,
the inter-isomer energy differences are smaller than the accuracy of
common tight-binding approaches, or even density functional
approaches9,12. In cases of doubt, a positive identification of the
‘true’ ground state requires tools that are in principle more accurate,
but computationally very demanding, for example, quantumMonte
Carlo (QMC) calculations13.

The fundamental assumption of thermodynamic equilibrium,
which is at the heart of the above approaches, is usually taken for
granted. However, its verification is by no means obvious, and little
has been done to explore substitute theoretical algorithms for
isomer searches and identifications in the absence of equilibrium.
In this article, we pursue these questions by investigating negatively
charged bare and deuterated silicon clusters, produced in a plasma
environment—an important system for both basic research and

ARTICLES

nature materials | VOL 1 | SEPTEMBER 2002 | www.nature.com/naturematerials 1

© 2002 Nature Publishing Group
 

Energy Global Minimum Is Not Important



Highest electron affinity as a predictor of
cluster anion structures
LEEOR KRONIK1, ROLAND FROMHERZ2, EUNJUNG KO1, GERD GANTEFÖR2 & JAMES R. CHELIKOWSKY*1
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determining cluster structures, and indeed such structures are
known experimentally only for a handful of special cases. Detailed
theoretical analyses of experimental results therefore usually begin
by determining cluster structures. Subsequent agreement between
theory and experiment on other cluster properties is then typically
invoked as evidence in support of the computed structure.

Theoretical computations of cluster structures almost invariably
assume that experimental conditions allow for thermodynamic
equilibrium, so that the clusters probed are very close to their
ground state. Based on this paradigm, sophisticated ground-state-
searching algorithms, using various forms of molecular dynamics3–8

and genetic algorithms9–11, have emerged. Such algorithms, in one
form or another, are standard tools of investigation in theoretical
cluster science. Even with the most advanced search algorithms, one
often finds many isomers that are very close in total energy, but
differ significantly in structural and other properties. In many cases,
the inter-isomer energy differences are smaller than the accuracy of
common tight-binding approaches, or even density functional
approaches9,12. In cases of doubt, a positive identification of the
‘true’ ground state requires tools that are in principle more accurate,
but computationally very demanding, for example, quantumMonte
Carlo (QMC) calculations13.

The fundamental assumption of thermodynamic equilibrium,
which is at the heart of the above approaches, is usually taken for
granted. However, its verification is by no means obvious, and little
has been done to explore substitute theoretical algorithms for
isomer searches and identifications in the absence of equilibrium.
In this article, we pursue these questions by investigating negatively
charged bare and deuterated silicon clusters, produced in a plasma
environment—an important system for both basic research and
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Clusters comprising up to a few tens of atoms offer
exciting prospects for designing new materials owing to
the strong dependence of their electronic properties on
their size and structure. However, selectivity remains a
challenge, as there is little control over which isomers
form in experiment. Moreover, such clusters are too small
to enable direct structure characterization, and their ge-
ometry can only be inferred by indirect means. A combi-
nation of photoemission spectroscopy (PES) and ab initio
simulations is often used to this end [1–3]. This procedure
typically involves a global minimum (GM) search, based
on the assumption that the most energetically stable iso-
mers are likely to form in experiment.

Metal oxide clusters, in general, and TiO2 clusters, in
particular, have attracted much attention due to their po-
tential application in catalysis [4,5]. Computational studies
of TiO2 clusters [5–7] have employed a variety of algo-
rithms to search for the most stable isomers and a variety of
electronic structure methods to calculate their properties.
However, to date, agreement with the PES experiment of
Zhai and Wang [8] has not been achieved. Previously
published computed electron affinities (EAs) and vertical
detachment energies (VDEs) agreed with experiment only
for some cluster sizes, while for other cluster sizes differ-
ences as large as 1 eV were obtained. In addition, the
qualitative trend of monotonically increasing EAs and
VDEs with cluster size has not been reproduced theoreti-
cally. This and the fact that the clusters form in a highly
nonequilibrium laser vaporization process [8] lead us to
question the validity of the assumption that the most stable
isomers are those observed in an experiment.

Several cases have already been reported, in which the
computed spectra of the most stable isomers did not agree
with PES experiments [1,9]. Specifically, Kronik et al.
have suggested the highest electron affinity as a predictor
for cluster anion structures [1]. To explain this, they have
suggested the following mechanism, illustrated in
Fig. 1(e). The clusters initially form as neutral species.

Several isomers form due to the high effective temperature.
The clusters subsequently acquire an electron from the
plasma [process 1 ! 2 in Fig. 1(e)]. Then, an energetically
favorable charge transfer process between anions and neu-
tral species occurs [10], whereby the clusters with the
higher vertical electron affinity (VEA) ‘‘win’’ the electron.
In the mass spectrometry step, only the charged species are
selected, via acceleration in an electromagnetic field. Upon
leaving the plasma region, the anions cool down [process
2 ! 3 in Fig. 1(e)] and relax to the metastable state of the
isomers with high VEA. The PES measurement is then
performed for these isomers [process 3 ! 4 in Fig. 1(e)],
assuming that the dwell time before the measurement is
significantly shorter than the time for conversion to a more
stable isomer, which requires surmounting a considerable
energy barrier [1]. Here, we examine whether such selec-
tion for TiO2 clusters with high VEA may explain the
experimentally observed size trend and its discrepancy
with previous computational efforts.
We combine fully quantum mechanical configuration

space exploration with many-body perturbation theory to
find the GM and the high VEA isomers for ðTiO2Þn clusters
with n ¼ 2–10. We obtain unprecedented agreement with
experiment for the high VEA clusters and demonstrate
unequivocally that these are indeed the isomers observed
in PES. In addition, we find that a high VEA is associated
with electron localization on a single tricoordinated Ti
atom, which may serve as an active site for catalysis.
All calculations were performed by using the all-

electron numerical atom-centered orbitals code FHI-AIMS

[11]. The numerical atom-centered orbital basis sets are
grouped into a minimal basis, containing only basis func-
tions for the core and valence electrons of the free atom,
followed by four hierarchically constructed tiers of addi-
tional basis functions (tiers 1–4) [11]. A fully quantum
mechanical configuration space exploration based on den-
sity functional theory (DFT) was conducted for the neutral
species. For ðTiO2Þ2–4 we compared simulated annealing
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Small clusters have a range of unique physical and

chemical phenomena that are strongly size dependent.

However, analysis of these phenomena often assumes

that thermodynamic equilibrium conditions prevail. We

compare experimentally measured and ab initio

computed photoelectron spectra of bare and deuterated

silicon cluster anions produced in a plasma environment.

We find that the isomers detected experimentally are

usually not the ground-state isomers, but metastable

ones, which indicates that cluster relaxation is strongly

limited kinetically by a dwell time that is much shorter

than the relaxation time. We show that, under these

conditions, the highest electron affinity replaces the

traditional lowest total energy as the appropriate criterion

for predicting isomer structures. These findings

demonstrate that a stringent examination of non-

equilibrium effects can be crucial for a correct analysis of

cluster properties.

Small clusters (typically comprising up to several tens of atoms)
offer a ‘bridge’ between molecular and solid-state physics1,2.
This bridge is made possible because, with increasing cluster

size, all cluster properties (for example, structural, mechanical,
thermal, electronic and optical) evolve from molecular values to
bulk values in non-trivial ways, often revealing new and surprising
physics.

A fundamental difficulty of cluster studies is that experimentally
accessible quantities are often highly sensitive to the cluster struc-
ture. However, there is no known general experimental method for
determining cluster structures, and indeed such structures are
known experimentally only for a handful of special cases. Detailed
theoretical analyses of experimental results therefore usually begin
by determining cluster structures. Subsequent agreement between
theory and experiment on other cluster properties is then typically
invoked as evidence in support of the computed structure.

Theoretical computations of cluster structures almost invariably
assume that experimental conditions allow for thermodynamic
equilibrium, so that the clusters probed are very close to their
ground state. Based on this paradigm, sophisticated ground-state-
searching algorithms, using various forms of molecular dynamics3–8

and genetic algorithms9–11, have emerged. Such algorithms, in one
form or another, are standard tools of investigation in theoretical
cluster science. Even with the most advanced search algorithms, one
often finds many isomers that are very close in total energy, but
differ significantly in structural and other properties. In many cases,
the inter-isomer energy differences are smaller than the accuracy of
common tight-binding approaches, or even density functional
approaches9,12. In cases of doubt, a positive identification of the
‘true’ ground state requires tools that are in principle more accurate,
but computationally very demanding, for example, quantumMonte
Carlo (QMC) calculations13.

The fundamental assumption of thermodynamic equilibrium,
which is at the heart of the above approaches, is usually taken for
granted. However, its verification is by no means obvious, and little
has been done to explore substitute theoretical algorithms for
isomer searches and identifications in the absence of equilibrium.
In this article, we pursue these questions by investigating negatively
charged bare and deuterated silicon clusters, produced in a plasma
environment—an important system for both basic research and
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Clusters comprising up to a few tens of atoms offer
exciting prospects for designing new materials owing to
the strong dependence of their electronic properties on
their size and structure. However, selectivity remains a
challenge, as there is little control over which isomers
form in experiment. Moreover, such clusters are too small
to enable direct structure characterization, and their ge-
ometry can only be inferred by indirect means. A combi-
nation of photoemission spectroscopy (PES) and ab initio
simulations is often used to this end [1–3]. This procedure
typically involves a global minimum (GM) search, based
on the assumption that the most energetically stable iso-
mers are likely to form in experiment.

Metal oxide clusters, in general, and TiO2 clusters, in
particular, have attracted much attention due to their po-
tential application in catalysis [4,5]. Computational studies
of TiO2 clusters [5–7] have employed a variety of algo-
rithms to search for the most stable isomers and a variety of
electronic structure methods to calculate their properties.
However, to date, agreement with the PES experiment of
Zhai and Wang [8] has not been achieved. Previously
published computed electron affinities (EAs) and vertical
detachment energies (VDEs) agreed with experiment only
for some cluster sizes, while for other cluster sizes differ-
ences as large as 1 eV were obtained. In addition, the
qualitative trend of monotonically increasing EAs and
VDEs with cluster size has not been reproduced theoreti-
cally. This and the fact that the clusters form in a highly
nonequilibrium laser vaporization process [8] lead us to
question the validity of the assumption that the most stable
isomers are those observed in an experiment.

Several cases have already been reported, in which the
computed spectra of the most stable isomers did not agree
with PES experiments [1,9]. Specifically, Kronik et al.
have suggested the highest electron affinity as a predictor
for cluster anion structures [1]. To explain this, they have
suggested the following mechanism, illustrated in
Fig. 1(e). The clusters initially form as neutral species.

Several isomers form due to the high effective temperature.
The clusters subsequently acquire an electron from the
plasma [process 1 ! 2 in Fig. 1(e)]. Then, an energetically
favorable charge transfer process between anions and neu-
tral species occurs [10], whereby the clusters with the
higher vertical electron affinity (VEA) ‘‘win’’ the electron.
In the mass spectrometry step, only the charged species are
selected, via acceleration in an electromagnetic field. Upon
leaving the plasma region, the anions cool down [process
2 ! 3 in Fig. 1(e)] and relax to the metastable state of the
isomers with high VEA. The PES measurement is then
performed for these isomers [process 3 ! 4 in Fig. 1(e)],
assuming that the dwell time before the measurement is
significantly shorter than the time for conversion to a more
stable isomer, which requires surmounting a considerable
energy barrier [1]. Here, we examine whether such selec-
tion for TiO2 clusters with high VEA may explain the
experimentally observed size trend and its discrepancy
with previous computational efforts.
We combine fully quantum mechanical configuration

space exploration with many-body perturbation theory to
find the GM and the high VEA isomers for ðTiO2Þn clusters
with n ¼ 2–10. We obtain unprecedented agreement with
experiment for the high VEA clusters and demonstrate
unequivocally that these are indeed the isomers observed
in PES. In addition, we find that a high VEA is associated
with electron localization on a single tricoordinated Ti
atom, which may serve as an active site for catalysis.
All calculations were performed by using the all-

electron numerical atom-centered orbitals code FHI-AIMS

[11]. The numerical atom-centered orbital basis sets are
grouped into a minimal basis, containing only basis func-
tions for the core and valence electrons of the free atom,
followed by four hierarchically constructed tiers of addi-
tional basis functions (tiers 1–4) [11]. A fully quantum
mechanical configuration space exploration based on den-
sity functional theory (DFT) was conducted for the neutral
species. For ðTiO2Þ2–4 we compared simulated annealing
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Clusters comprising up to a few tens of atoms offer
exciting prospects for designing new materials owing to
the strong dependence of their electronic properties on
their size and structure. However, selectivity remains a
challenge, as there is little control over which isomers
form in experiment. Moreover, such clusters are too small
to enable direct structure characterization, and their ge-
ometry can only be inferred by indirect means. A combi-
nation of photoemission spectroscopy (PES) and ab initio
simulations is often used to this end [1–3]. This procedure
typically involves a global minimum (GM) search, based
on the assumption that the most energetically stable iso-
mers are likely to form in experiment.

Metal oxide clusters, in general, and TiO2 clusters, in
particular, have attracted much attention due to their po-
tential application in catalysis [4,5]. Computational studies
of TiO2 clusters [5–7] have employed a variety of algo-
rithms to search for the most stable isomers and a variety of
electronic structure methods to calculate their properties.
However, to date, agreement with the PES experiment of
Zhai and Wang [8] has not been achieved. Previously
published computed electron affinities (EAs) and vertical
detachment energies (VDEs) agreed with experiment only
for some cluster sizes, while for other cluster sizes differ-
ences as large as 1 eV were obtained. In addition, the
qualitative trend of monotonically increasing EAs and
VDEs with cluster size has not been reproduced theoreti-
cally. This and the fact that the clusters form in a highly
nonequilibrium laser vaporization process [8] lead us to
question the validity of the assumption that the most stable
isomers are those observed in an experiment.

Several cases have already been reported, in which the
computed spectra of the most stable isomers did not agree
with PES experiments [1,9]. Specifically, Kronik et al.
have suggested the highest electron affinity as a predictor
for cluster anion structures [1]. To explain this, they have
suggested the following mechanism, illustrated in
Fig. 1(e). The clusters initially form as neutral species.

Several isomers form due to the high effective temperature.
The clusters subsequently acquire an electron from the
plasma [process 1 ! 2 in Fig. 1(e)]. Then, an energetically
favorable charge transfer process between anions and neu-
tral species occurs [10], whereby the clusters with the
higher vertical electron affinity (VEA) ‘‘win’’ the electron.
In the mass spectrometry step, only the charged species are
selected, via acceleration in an electromagnetic field. Upon
leaving the plasma region, the anions cool down [process
2 ! 3 in Fig. 1(e)] and relax to the metastable state of the
isomers with high VEA. The PES measurement is then
performed for these isomers [process 3 ! 4 in Fig. 1(e)],
assuming that the dwell time before the measurement is
significantly shorter than the time for conversion to a more
stable isomer, which requires surmounting a considerable
energy barrier [1]. Here, we examine whether such selec-
tion for TiO2 clusters with high VEA may explain the
experimentally observed size trend and its discrepancy
with previous computational efforts.
We combine fully quantum mechanical configuration

space exploration with many-body perturbation theory to
find the GM and the high VEA isomers for ðTiO2Þn clusters
with n ¼ 2–10. We obtain unprecedented agreement with
experiment for the high VEA clusters and demonstrate
unequivocally that these are indeed the isomers observed
in PES. In addition, we find that a high VEA is associated
with electron localization on a single tricoordinated Ti
atom, which may serve as an active site for catalysis.
All calculations were performed by using the all-

electron numerical atom-centered orbitals code FHI-AIMS

[11]. The numerical atom-centered orbital basis sets are
grouped into a minimal basis, containing only basis func-
tions for the core and valence electrons of the free atom,
followed by four hierarchically constructed tiers of addi-
tional basis functions (tiers 1–4) [11]. A fully quantum
mechanical configuration space exploration based on den-
sity functional theory (DFT) was conducted for the neutral
species. For ðTiO2Þ2–4 we compared simulated annealing
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Clusters comprising up to a few tens of atoms offer
exciting prospects for designing new materials owing to
the strong dependence of their electronic properties on
their size and structure. However, selectivity remains a
challenge, as there is little control over which isomers
form in experiment. Moreover, such clusters are too small
to enable direct structure characterization, and their ge-
ometry can only be inferred by indirect means. A combi-
nation of photoemission spectroscopy (PES) and ab initio
simulations is often used to this end [1–3]. This procedure
typically involves a global minimum (GM) search, based
on the assumption that the most energetically stable iso-
mers are likely to form in experiment.

Metal oxide clusters, in general, and TiO2 clusters, in
particular, have attracted much attention due to their po-
tential application in catalysis [4,5]. Computational studies
of TiO2 clusters [5–7] have employed a variety of algo-
rithms to search for the most stable isomers and a variety of
electronic structure methods to calculate their properties.
However, to date, agreement with the PES experiment of
Zhai and Wang [8] has not been achieved. Previously
published computed electron affinities (EAs) and vertical
detachment energies (VDEs) agreed with experiment only
for some cluster sizes, while for other cluster sizes differ-
ences as large as 1 eV were obtained. In addition, the
qualitative trend of monotonically increasing EAs and
VDEs with cluster size has not been reproduced theoreti-
cally. This and the fact that the clusters form in a highly
nonequilibrium laser vaporization process [8] lead us to
question the validity of the assumption that the most stable
isomers are those observed in an experiment.

Several cases have already been reported, in which the
computed spectra of the most stable isomers did not agree
with PES experiments [1,9]. Specifically, Kronik et al.
have suggested the highest electron affinity as a predictor
for cluster anion structures [1]. To explain this, they have
suggested the following mechanism, illustrated in
Fig. 1(e). The clusters initially form as neutral species.

Several isomers form due to the high effective temperature.
The clusters subsequently acquire an electron from the
plasma [process 1 ! 2 in Fig. 1(e)]. Then, an energetically
favorable charge transfer process between anions and neu-
tral species occurs [10], whereby the clusters with the
higher vertical electron affinity (VEA) ‘‘win’’ the electron.
In the mass spectrometry step, only the charged species are
selected, via acceleration in an electromagnetic field. Upon
leaving the plasma region, the anions cool down [process
2 ! 3 in Fig. 1(e)] and relax to the metastable state of the
isomers with high VEA. The PES measurement is then
performed for these isomers [process 3 ! 4 in Fig. 1(e)],
assuming that the dwell time before the measurement is
significantly shorter than the time for conversion to a more
stable isomer, which requires surmounting a considerable
energy barrier [1]. Here, we examine whether such selec-
tion for TiO2 clusters with high VEA may explain the
experimentally observed size trend and its discrepancy
with previous computational efforts.
We combine fully quantum mechanical configuration

space exploration with many-body perturbation theory to
find the GM and the high VEA isomers for ðTiO2Þn clusters
with n ¼ 2–10. We obtain unprecedented agreement with
experiment for the high VEA clusters and demonstrate
unequivocally that these are indeed the isomers observed
in PES. In addition, we find that a high VEA is associated
with electron localization on a single tricoordinated Ti
atom, which may serve as an active site for catalysis.
All calculations were performed by using the all-

electron numerical atom-centered orbitals code FHI-AIMS

[11]. The numerical atom-centered orbital basis sets are
grouped into a minimal basis, containing only basis func-
tions for the core and valence electrons of the free atom,
followed by four hierarchically constructed tiers of addi-
tional basis functions (tiers 1–4) [11]. A fully quantum
mechanical configuration space exploration based on den-
sity functional theory (DFT) was conducted for the neutral
species. For ðTiO2Þ2–4 we compared simulated annealing
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Clusters comprising up to a few tens of atoms offer
exciting prospects for designing new materials owing to
the strong dependence of their electronic properties on
their size and structure. However, selectivity remains a
challenge, as there is little control over which isomers
form in experiment. Moreover, such clusters are too small
to enable direct structure characterization, and their ge-
ometry can only be inferred by indirect means. A combi-
nation of photoemission spectroscopy (PES) and ab initio
simulations is often used to this end [1–3]. This procedure
typically involves a global minimum (GM) search, based
on the assumption that the most energetically stable iso-
mers are likely to form in experiment.

Metal oxide clusters, in general, and TiO2 clusters, in
particular, have attracted much attention due to their po-
tential application in catalysis [4,5]. Computational studies
of TiO2 clusters [5–7] have employed a variety of algo-
rithms to search for the most stable isomers and a variety of
electronic structure methods to calculate their properties.
However, to date, agreement with the PES experiment of
Zhai and Wang [8] has not been achieved. Previously
published computed electron affinities (EAs) and vertical
detachment energies (VDEs) agreed with experiment only
for some cluster sizes, while for other cluster sizes differ-
ences as large as 1 eV were obtained. In addition, the
qualitative trend of monotonically increasing EAs and
VDEs with cluster size has not been reproduced theoreti-
cally. This and the fact that the clusters form in a highly
nonequilibrium laser vaporization process [8] lead us to
question the validity of the assumption that the most stable
isomers are those observed in an experiment.

Several cases have already been reported, in which the
computed spectra of the most stable isomers did not agree
with PES experiments [1,9]. Specifically, Kronik et al.
have suggested the highest electron affinity as a predictor
for cluster anion structures [1]. To explain this, they have
suggested the following mechanism, illustrated in
Fig. 1(e). The clusters initially form as neutral species.

Several isomers form due to the high effective temperature.
The clusters subsequently acquire an electron from the
plasma [process 1 ! 2 in Fig. 1(e)]. Then, an energetically
favorable charge transfer process between anions and neu-
tral species occurs [10], whereby the clusters with the
higher vertical electron affinity (VEA) ‘‘win’’ the electron.
In the mass spectrometry step, only the charged species are
selected, via acceleration in an electromagnetic field. Upon
leaving the plasma region, the anions cool down [process
2 ! 3 in Fig. 1(e)] and relax to the metastable state of the
isomers with high VEA. The PES measurement is then
performed for these isomers [process 3 ! 4 in Fig. 1(e)],
assuming that the dwell time before the measurement is
significantly shorter than the time for conversion to a more
stable isomer, which requires surmounting a considerable
energy barrier [1]. Here, we examine whether such selec-
tion for TiO2 clusters with high VEA may explain the
experimentally observed size trend and its discrepancy
with previous computational efforts.
We combine fully quantum mechanical configuration

space exploration with many-body perturbation theory to
find the GM and the high VEA isomers for ðTiO2Þn clusters
with n ¼ 2–10. We obtain unprecedented agreement with
experiment for the high VEA clusters and demonstrate
unequivocally that these are indeed the isomers observed
in PES. In addition, we find that a high VEA is associated
with electron localization on a single tricoordinated Ti
atom, which may serve as an active site for catalysis.
All calculations were performed by using the all-

electron numerical atom-centered orbitals code FHI-AIMS

[11]. The numerical atom-centered orbital basis sets are
grouped into a minimal basis, containing only basis func-
tions for the core and valence electrons of the free atom,
followed by four hierarchically constructed tiers of addi-
tional basis functions (tiers 1–4) [11]. A fully quantum
mechanical configuration space exploration based on den-
sity functional theory (DFT) was conducted for the neutral
species. For ðTiO2Þ2–4 we compared simulated annealing
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Clusters comprising up to a few tens of atoms offer
exciting prospects for designing new materials owing to
the strong dependence of their electronic properties on
their size and structure. However, selectivity remains a
challenge, as there is little control over which isomers
form in experiment. Moreover, such clusters are too small
to enable direct structure characterization, and their ge-
ometry can only be inferred by indirect means. A combi-
nation of photoemission spectroscopy (PES) and ab initio
simulations is often used to this end [1–3]. This procedure
typically involves a global minimum (GM) search, based
on the assumption that the most energetically stable iso-
mers are likely to form in experiment.

Metal oxide clusters, in general, and TiO2 clusters, in
particular, have attracted much attention due to their po-
tential application in catalysis [4,5]. Computational studies
of TiO2 clusters [5–7] have employed a variety of algo-
rithms to search for the most stable isomers and a variety of
electronic structure methods to calculate their properties.
However, to date, agreement with the PES experiment of
Zhai and Wang [8] has not been achieved. Previously
published computed electron affinities (EAs) and vertical
detachment energies (VDEs) agreed with experiment only
for some cluster sizes, while for other cluster sizes differ-
ences as large as 1 eV were obtained. In addition, the
qualitative trend of monotonically increasing EAs and
VDEs with cluster size has not been reproduced theoreti-
cally. This and the fact that the clusters form in a highly
nonequilibrium laser vaporization process [8] lead us to
question the validity of the assumption that the most stable
isomers are those observed in an experiment.

Several cases have already been reported, in which the
computed spectra of the most stable isomers did not agree
with PES experiments [1,9]. Specifically, Kronik et al.
have suggested the highest electron affinity as a predictor
for cluster anion structures [1]. To explain this, they have
suggested the following mechanism, illustrated in
Fig. 1(e). The clusters initially form as neutral species.

Several isomers form due to the high effective temperature.
The clusters subsequently acquire an electron from the
plasma [process 1 ! 2 in Fig. 1(e)]. Then, an energetically
favorable charge transfer process between anions and neu-
tral species occurs [10], whereby the clusters with the
higher vertical electron affinity (VEA) ‘‘win’’ the electron.
In the mass spectrometry step, only the charged species are
selected, via acceleration in an electromagnetic field. Upon
leaving the plasma region, the anions cool down [process
2 ! 3 in Fig. 1(e)] and relax to the metastable state of the
isomers with high VEA. The PES measurement is then
performed for these isomers [process 3 ! 4 in Fig. 1(e)],
assuming that the dwell time before the measurement is
significantly shorter than the time for conversion to a more
stable isomer, which requires surmounting a considerable
energy barrier [1]. Here, we examine whether such selec-
tion for TiO2 clusters with high VEA may explain the
experimentally observed size trend and its discrepancy
with previous computational efforts.
We combine fully quantum mechanical configuration

space exploration with many-body perturbation theory to
find the GM and the high VEA isomers for ðTiO2Þn clusters
with n ¼ 2–10. We obtain unprecedented agreement with
experiment for the high VEA clusters and demonstrate
unequivocally that these are indeed the isomers observed
in PES. In addition, we find that a high VEA is associated
with electron localization on a single tricoordinated Ti
atom, which may serve as an active site for catalysis.
All calculations were performed by using the all-

electron numerical atom-centered orbitals code FHI-AIMS

[11]. The numerical atom-centered orbital basis sets are
grouped into a minimal basis, containing only basis func-
tions for the core and valence electrons of the free atom,
followed by four hierarchically constructed tiers of addi-
tional basis functions (tiers 1–4) [11]. A fully quantum
mechanical configuration space exploration based on den-
sity functional theory (DFT) was conducted for the neutral
species. For ðTiO2Þ2–4 we compared simulated annealing
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density functional theory, combined with many-body perturbation theory. We show that in photoemission

experiments performed on anions isomers with high electron affinity are selectively observed rather than

those with the lowest energy. These isomers possess a highly reactive Ti3þ site. The selectivity for highly

reactive clusters may be exploited for applications in catalysis.
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Clusters comprising up to a few tens of atoms offer
exciting prospects for designing new materials owing to
the strong dependence of their electronic properties on
their size and structure. However, selectivity remains a
challenge, as there is little control over which isomers
form in experiment. Moreover, such clusters are too small
to enable direct structure characterization, and their ge-
ometry can only be inferred by indirect means. A combi-
nation of photoemission spectroscopy (PES) and ab initio
simulations is often used to this end [1–3]. This procedure
typically involves a global minimum (GM) search, based
on the assumption that the most energetically stable iso-
mers are likely to form in experiment.

Metal oxide clusters, in general, and TiO2 clusters, in
particular, have attracted much attention due to their po-
tential application in catalysis [4,5]. Computational studies
of TiO2 clusters [5–7] have employed a variety of algo-
rithms to search for the most stable isomers and a variety of
electronic structure methods to calculate their properties.
However, to date, agreement with the PES experiment of
Zhai and Wang [8] has not been achieved. Previously
published computed electron affinities (EAs) and vertical
detachment energies (VDEs) agreed with experiment only
for some cluster sizes, while for other cluster sizes differ-
ences as large as 1 eV were obtained. In addition, the
qualitative trend of monotonically increasing EAs and
VDEs with cluster size has not been reproduced theoreti-
cally. This and the fact that the clusters form in a highly
nonequilibrium laser vaporization process [8] lead us to
question the validity of the assumption that the most stable
isomers are those observed in an experiment.

Several cases have already been reported, in which the
computed spectra of the most stable isomers did not agree
with PES experiments [1,9]. Specifically, Kronik et al.
have suggested the highest electron affinity as a predictor
for cluster anion structures [1]. To explain this, they have
suggested the following mechanism, illustrated in
Fig. 1(e). The clusters initially form as neutral species.

Several isomers form due to the high effective temperature.
The clusters subsequently acquire an electron from the
plasma [process 1 ! 2 in Fig. 1(e)]. Then, an energetically
favorable charge transfer process between anions and neu-
tral species occurs [10], whereby the clusters with the
higher vertical electron affinity (VEA) ‘‘win’’ the electron.
In the mass spectrometry step, only the charged species are
selected, via acceleration in an electromagnetic field. Upon
leaving the plasma region, the anions cool down [process
2 ! 3 in Fig. 1(e)] and relax to the metastable state of the
isomers with high VEA. The PES measurement is then
performed for these isomers [process 3 ! 4 in Fig. 1(e)],
assuming that the dwell time before the measurement is
significantly shorter than the time for conversion to a more
stable isomer, which requires surmounting a considerable
energy barrier [1]. Here, we examine whether such selec-
tion for TiO2 clusters with high VEA may explain the
experimentally observed size trend and its discrepancy
with previous computational efforts.
We combine fully quantum mechanical configuration

space exploration with many-body perturbation theory to
find the GM and the high VEA isomers for ðTiO2Þn clusters
with n ¼ 2–10. We obtain unprecedented agreement with
experiment for the high VEA clusters and demonstrate
unequivocally that these are indeed the isomers observed
in PES. In addition, we find that a high VEA is associated
with electron localization on a single tricoordinated Ti
atom, which may serve as an active site for catalysis.
All calculations were performed by using the all-

electron numerical atom-centered orbitals code FHI-AIMS

[11]. The numerical atom-centered orbital basis sets are
grouped into a minimal basis, containing only basis func-
tions for the core and valence electrons of the free atom,
followed by four hierarchically constructed tiers of addi-
tional basis functions (tiers 1–4) [11]. A fully quantum
mechanical configuration space exploration based on den-
sity functional theory (DFT) was conducted for the neutral
species. For ðTiO2Þ2–4 we compared simulated annealing
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Summary

Introduced Property based cascade GA

Benchmarked and tested on (TiO2)n clusters

More efficient and less expensive. 

(TiO2)n clusters: No specific size trends!
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thermodynamically 

stable value of x ?
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FIG. 1: (color online). Fully relaxed PBE+vdW structure
of 4 ⇥ 4 ⇥ 4 MgO [Mg32O32Ox

] with O-vacancy (x = �1),
pristine (x = 0), O-interstitial (x = 1), O2-interstitial (x = 2)
clusters.

algorithm scanning, where the globally optimized total
energy is calculated via DFT up to the hybrid-functional
level. The latter choice is motivated by a benchmark
against the renormalized second-order perturbation the-
ory. The details of this multi-stepped algorithm is given
elsewhere. For the determination of low-energy struc-
tures of [(MgO)

N

O
x

]q (N=18, 24, 32; q =�2,�1, 0, 1, 2
; x =�1, 0, 1, 2) [as shown in Fig. ?? for q = 0], we have
used cGA at di↵erent q values respectively. Note that
the values x = �1,0,1,2 are giving respectively O-defect,
pristine cluester, O-interstitial and O2-interstitial struc-
tures. It should be mentioned that for O-interstitial and
O2-interstitial the O-corners are energetically the most
preferred position.

Thereafter the stability of the GM-structures with
T, pO2

, doping are then further examined by applying the
concept of ab initio atomistic thermodynamics (aiAT)
approach. When additing/removing x O-atoms from the
pristine cluster or from the surface of a material, we
need to consider also a reservoir to which the atoms
are brought. We assume a gas phase of O2 molecules,
which is characterised by an oxygen chemical potential
µO. For clusters with x number of oxygen defect(s) (va-
cancy/interstitial) [(MgO)

N

O
x

]q) at a charge state q, the
di↵erence in Gibbs free energy [Gq

f

(T, pO2
)] of formation

w. r. t. the host (pristine neutral cluster Mg
N

here)is

G

q

f

(T, pO2) = F

q

Mg
N

O
y

(T )�FMg
N

(T )�yµO(T, pO2)+qµe

(1)
Clearly y = N + x and F

q

Mg
N

O
x

(T ), FMg
N

(T ) are the

Helmholtz free energies of the Mg
N

O
y

[at a charge
state q] and the pristine neutral Mg

N

cluster (at their
ground state with respect to geometry and spin), re-
spectively, and µO(T, pO2) is the chemical potential of

oxygen. F

q

Mg
N

O
x

(T ) and FMg
N

(T ) are calculated us-
ing DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, symmetry- and spin-degeneracy free-energy con-
tributions. The dependence of µO on T and pO2 is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters. µe

is the electronic chemical potential where we have as-
sumed µe = 0 as the vacuum level and the fermi energy
(✏

F

) is lying at vacuum. The oxygen chemical poten-
tial µO = 1

2µO2
. µO2

is expressed w. r. t µref which is

E

DFT
O2

� h⌫OO

2 . The later term is the zero point energy
(ZPE) of O2 molecule. Therefore, �µO is expressed as:

�µO(T, pO2
) =

1

2

✓
µO2

(T, pO2
)� E

DFT
O2

� h⌫OO

2

◆
(2)

More details on this are discussed elsewhere. There-
fore, those structures that minimize Eq. ?? under given
(T, µO2

, µe) will be the preferred ones at those experimen-
tal conditions. It should be mentioned here not only an
accurate treatment of the total (electronic) energy should
be aimed at, but also the degeneracy of states (related to
the configurational entropy) must be taken into account
to predict lowest-free-energy structures. For clusters,
these structures together with their vibrational contri-
bution could play a significant role to the phase diagram
at the high temperature. Therefore, vibrational contribu-
tion with harmonic approximation may not be su�cient
at higher temperatures. But in our previous Letter on
Mg

M

O
x

clusters, we have already shown that although
the change in vibrational free-energy, from harmonic to
non-harmonic is in general non-negligible, the e↵ect of
this change on the phase diagrams is hardly visible. This
is because the configurational/vibrational contribution is
only one of the contributions entering the phase diagrams
and because for the phase diagrams we are interested in
di↵erences in free energy. It has been recently shown that
HSE06 functional yields a good description of the level
alignment and electron transfer in MgO. In our previous
Letter, we have clearly shown that DFT with a hybrid
exchange-correlation (xc) functional is needed for pre-
dicting accurate phase diagrams of metal-oxide clusters.
Neither a force field as flexible as reaxFF (whose range
of validity is found to be quite narrow for the studied
class of systems) nor DFT with semilocal xc functionals
are su�cient for even a qualitative prediction of the ther-
emodynamic phase diagrams. Taking this into account,
we conclude that reducing the self-interaction error by
including Hartree-Fock exchange in DFT is crucial for
correct description of the [(MgO)

N

O
x

]q cluster energet-
ics. We have therefore used HSE06 functional to calcu-
late E

q

defect

and E

q

host

as shown in Eq. ??.
The thermodynamic phase diagram is then constructed

by selecting cluster compositions and structures with the
lowest free energy (�G

q) as a function of (pO2 , µe) at



Showcase: (Mg)n clusters in oxygen 
(containing) atmosphere

MgM + (x ⁄ 2)O2 ⇋ MgMOx
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Introduction to Ab initio Atomistic Thermodynamics[1,2]
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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F(T) = FTr(T) + FRot(T) + FVib(T) + FSpin(T) + FSymmetry(T) + EDFT

Free Energy from translational, 
rotational, vibrational degrees 

of freedom

Free Energy from spin 
state and symmetry of 

the cluster

total energy 
found from DFT 

Calculation

Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Showcase: (Mg)n clusters in oxygen 
(containing) atmosphere

MgM + (x ⁄ 2)O2 ⇋ MgMOx
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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0
MgM

Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Ab initio Atomistic Thermodynamics[1,2]
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Calculation

Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Initially, a local optimization of a given structure is per-
formed with lower-level (computationally relatively
cheap) numerical settings. At this level, PBEþ vdW and
‘‘light’’ numerical settings with basis set ‘‘tier 1’’ were
used [31], and forces were converged to better than
10"3 eV= !A. Next, structures with energies within 2.5 eV
from the current GM candidate are further relaxed using
higher-level settings [35]. We use the PBEþ vdW func-
tional with ‘‘tight—tier 2’’ numerical and basis settings for
energy minimization at the higher level, and forces were
converged to better than 10"5 eV= !A. Next, the energies of
these further optimized structures are reevaluated using
PBE0þ vdW and ‘‘tight—tier 2’’ settings.

A challenging problem of any random-walk-type multi-
dimensional global minimization scheme (including basin
hopping and GA) is to guarantee that the lowest-energy
structure found by the algorithm is indeed the GM. We
address this validation problem by applying replica-
exchange molecular dynamics [26,36,37], a (computation-
ally very expensive) reference method that performs the
canonical sampling of a PES simultaneously at different
temperatures and is exhaustive if the system is ergodic. The
validation of GA is performed using a reactive force field
(reaxFF [38,39]) to evaluate energy and forces. While the
force field is by far not accurate enough to predict correct
energy differences, as can be seen in Fig. 2 and in the
Supplemental Material [21], using it for the validation is a
more stringent test for the GA, since the force-field PES is
found to have a much more complicated landscape, with
many more local minima, than the ab initio PES. With our
implementation of GA, we find, for the systems here
considered, the same GM as found by 1:5-!s-long (cumu-
lative time) replica-exchange molecular dynamics [40]
runs. An independent evidence of the robustness of our
GA scheme is that, for stoichiometric clusters, we could
always find the GM reported in literature [3,17].

At given T, pO2
, and M, the stable stoichiometry of a

MgMOx cluster is determined via ab initio atomistic ther-
modynamics, i.e., by minimizing the Gibbs free energy of
formation [27]: "GfðT; pO2

Þ ¼ FMgMOx
ðTÞ " FMgM ðTÞ "

x!OðT; pO2
Þ. Here, FMgMOx

ðTÞ and FMgM ðTÞ are the
Helmholtz free energies of the MgMOx and the pristine
MgM cluster (at their ground state with respect to geometry
and spin), respectively, and !OðT; pO2

Þ is the chemical
potential of oxygen.FMgMOx

ðTÞ andFMgM ðTÞ are calculated
using DFT information and are expressed as the sum of
DFT total energy, DFT vibrational free energy in the
harmonic approximation, as well as translational, rota-
tional, and symmetry- and spin-degeneracy free-energy
contributions. The dependence of !O on T and pO2

is
calculated using the ideal (diatomic) gas approximation
with the same DFT functional as for the clusters [27].
Note that !OðT; pO2

Þ is in turn a sum [27] of the same
free-energy contributions as for the free clusters, where the
pO2

dependence is captured by the translational free-
energy term, i.e., kBT lnpO2

þ fðTÞ (where the second

term does not depend on pO2
). The phase diagram for a

particular M is constructed by identifying the lowest-free-
energy structures at each (T, pO2

). As a representative
example, we show in Fig. 3 the phase diagram for M¼4.
Phase diagrams based on reaxFF, PBEþ vdW, PBE0
(without vdW), and rPT2@PBE can be found in the
Supplemental Material [21]. We find that at all DFT levels,
the phase diagrams are qualitatively and quantitatively
very similar for T > 200 K and pO2

< 10"5 atm. For
higher pressures and/or lower temperatures, however,
PBEþ vdW predicts larger x inMgMOx as thermodynami-
cally more stable, compared to PBE0þ vdW and
rPT2@PBE. This is consistent with the results shown in
Fig. 2; i.e., PBE tends to favor adsorption of a larger
number of O2 molecules. PBE0 and PBE0þ vdW yield
almost identical phase diagrams. Thus, at the considered
cluster sizes, the vdW interactions, within the scheme of
Ref. [41], do not affect the differences between free ener-
gies of formation of competing MgMOx clusters. ReaxFF-
based diagrams were evaluated for the sake of comparison:
they are very different from DFT-based ones, and no con-
clusions, even qualitative ones, can be drawn from the
analysis of the reactive force-field results.
For creating the phase diagrams, we have approximated

the configurational free energy with the harmonic vibra-
tional free energy. If the clusters exhibit fluxional behavior
or are melted, as it is the case for some metal clusters, this
approximation can become invalid at high or even moder-
ate temperatures [26,42]. For all the MgMOx clusters
described here, we have tested the validity of the harmonic
assumption by running ab initiomolecular dynamics (MD)
simulations for 20 ps at T ¼ 800 K [43]. We found that,
while the structures exhibit large vibrations, their bond
connectivity is never destroyed, and that the initial 0 K

FIG. 3 (color online). Phase diagram for Mg4Ox clusters in an
oxygen atmosphere. The geometries are optimized with PBEþ
vdW, (harmonic) free energies are evaluated with the same
functional, and the total energies are calculated with PBE0þ
vdW. The sand-colored unlabeled areas are regions where differ-
ent compositions (at least the adjacent ones) coexist (see the
text). The thick black line is the O-rich limit [24,25]: Above this
line, O2 droplets condense on the clusters. The rectangle encom-
passes a region accessible to experiments.
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Showcase: (Mg)n clusters in oxygen 
(containing) atmosphere

MgM + (x ⁄ 2)O2 ⇋ MgMOx
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harmonic PES (lowT): Analytic expression
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[1]D. Frenkel and B. Smith, Understanding Molecular Simulation: From Algorithms to Applications 
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Thermodynamic Integration for Free Energy Evaluation

We start from the fundamental relation between free energy F (T ) and partition function Z.

F (T ) = �kBT lnZ = �kBT ln

Z
dpdre��H (1)

where H (i.e., kinetic energy, K, plus potential energy, U) is the Hamiltonian of the system (cluster), and
� = 1/kBT . This on integration gives us

F (T ) = �kBT ln

Z
dre��U +NkBT ln⇤(T ) (2)

where N is # of degrees of freedom and ⇤(T ) is the result of integration over momenta space and always valid only

if the system is classical. In terms of � the expression for ⇤(�) is: ⇤(�) =
q

h2�
2⇡m

Eq. 1 can then be written as:

�F (�) = � ln

Z
dre��U +N ln⇤(�) (3)
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Now F (�0) can be written as

F (�0) = EDFT + UZPE
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Uref

+F vib(�0) (6)

where from quantum approach, we have
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and from classical approach, we have
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Therefore, we have the final expression of �F (�) as shown below:
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N

2
ln
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(9)

We call the above eqn. as our master eqn. and we will approximate this eqn. in two di↵erent ways as given below:-

Case-1

Here we write hUi� as below:

hUi� ! (hUi� � U ref) + U ref (10)
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We call the above eqn. as our master eqn. and we will approximate this eqn. in two di↵erent ways as given below:-
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Here we write hUi� as below:
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In this approach we write hUi� as below:
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Using for F vib(�0) the expression for N identical and independent classical harmonic oscillators at frequency ⌫ (it
should work also as sum of di↵erent oscillators with di↵erent ⌫i but I have not worked it out):
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Now, we can make a twist and substitute classical �F vib(�) with quantum �F vib(�). From the above derivation,
it is clear classical �F vib(�) is a reference at �. We are always allowed to change reference, if we have a good reason
to do it.
Note on UZPE: of course in classical MD it is not present. Therefore we do not subtract it from hUi� , yet, we add it
to the final F (T ).
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In this approach we write hUi� as below:

hUi� ! (hUi� � U ref � Uharm.
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Now, we can make a twist and substitute classical �F vib(�) with quantum �F vib(�). From the above derivation,
it is clear classical �F vib(�) is a reference at �. We are always allowed to change reference, if we have a good reason
to do it.
Note on UZPE: of course in classical MD it is not present. Therefore we do not subtract it from hUi� , yet, we add it
to the final F (T ).
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Thermodynamic Integration for Free Energy Evaluation

We start from the fundamental relation between free energy F (T ) and partition function Z.

F (T ) = �kBT lnZ = �kBT ln
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� = 1/kBT . This on integration gives us
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where N is # of degrees of freedom and ⇤(T ) is the result of integration over momenta space and always valid only

if the system is classical. In terms of � the expression for ⇤(�) is: ⇤(�) =
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We call the above eqn. as our master eqn. and we will approximate this eqn. in two di↵erent ways as given below:-

Case-1

Here we write hUi� as below:

hUi� ! (hUi� � U ref) + U ref (10)

  

Free energy? Harmonic, beyond, and further beyond

● Disjointed minima, harmonic PES (low T): analytic expression

● Disjointed minima, non-harmonic PES (higher T):
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Now F (�0) can be written as

F (�0) = EDFT + UZPE
| {z }

Uref

+F vib(�0) (6)

where from quantum approach, we have

F vib
quantum(�) = ��1

NX

i=1

ln(1� e��h⌫i) (7)

and from classical approach, we have

F vib
classic(�) = ��1

NX

i=1

ln�h⌫i (8)

Therefore, we have the final expression of �F (�) as shown below:

�F (�) = �0U
ref + �0F

vib(�0) +

Z �

�0

d�hUi� +
N

2
ln

�

�0
(9)

We call the above eqn. as our master eqn. and we will approximate this eqn. in two di↵erent ways as given below:-
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Total Energy Potential 
 Energy

Kinetic 
 Energy

Input: from NVT molecular dynamics
2
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In this approach we write hUi� as below:

hUi� ! (hUi� � U ref � Uharm.
classic) + U ref + Uharm.

classic (14)
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Using for F vib(�0) the expression for N identical and independent classical harmonic oscillators at frequency ⌫ (it
should work also as sum of di↵erent oscillators with di↵erent ⌫i but I have not worked it out):
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Now, we can make a twist and substitute classical �F vib(�) with quantum �F vib(�). From the above derivation,
it is clear classical �F vib(�) is a reference at �. We are always allowed to change reference, if we have a good reason
to do it.
Note on UZPE: of course in classical MD it is not present. Therefore we do not subtract it from hUi� , yet, we add it
to the final F (T ).
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Using for F vib(�0) the expression for N identical and independent classical harmonic oscillators at frequency ⌫ (it
should work also as sum of di↵erent oscillators with di↵erent ⌫i but I have not worked it out):
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Now, we can make a twist and substitute classical �F vib(�) with quantum �F vib(�). From the above derivation,
it is clear classical �F vib(�) is a reference at �. We are always allowed to change reference, if we have a good reason
to do it.
Note on UZPE: of course in classical MD it is not present. Therefore we do not subtract it from hUi� , yet, we add it
to the final F (T ).
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We call the above eqn. as our master eqn. and we will approximate this eqn. in two di↵erent ways as given below:-
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Here we write hUi� as below:

hUi� ! (hUi� � U ref) + U ref (10)
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Now, we can make a twist and substitute classical �F vib(�) with quantum �F vib(�). From the above derivation,
it is clear classical �F vib(�) is a reference at �. We are always allowed to change reference, if we have a good reason
to do it.
Note on UZPE: of course in classical MD it is not present. Therefore we do not subtract it from hUi� , yet, we add it
to the final F (T ).
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Now, we can make a twist and substitute classical �F vib(�) with quantum �F vib(�). From the above derivation,
it is clear classical �F vib(�) is a reference at �. We are always allowed to change reference, if we have a good reason
to do it.
Note on UZPE: of course in classical MD it is not present. Therefore we do not subtract it from hUi� , yet, we add it
to the final F (T ).
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We call the above eqn. as our master eqn. and we will approximate this eqn. in two di↵erent ways as given below:-

Case-1

Here we write hUi� as below:

hUi� ! (hUi� � U ref) + U ref (10)

  

Free energy? Harmonic, beyond, and further beyond

● Disjointed minima, harmonic PES (low T): analytic expression
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In this approach we write hUi� as below:
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Using for F vib(�0) the expression for N identical and independent classical harmonic oscillators at frequency ⌫ (it
should work also as sum of di↵erent oscillators with di↵erent ⌫i but I have not worked it out):
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Now, we can make a twist and substitute classical �F vib(�) with quantum �F vib(�). From the above derivation,
it is clear classical �F vib(�) is a reference at �. We are always allowed to change reference, if we have a good reason
to do it.
Note on UZPE: of course in classical MD it is not present. Therefore we do not subtract it from hUi� , yet, we add it
to the final F (T ).
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Now, we can make a twist and substitute classical �F vib(�) with quantum �F vib(�). From the above derivation,
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(Computational sciences series, 2002) 1, pp. 1 - 638.

It works  
• if there is only one reference structure 
• integration path is reversible
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“Towards Heaven”  
ie. exact solution

com
putational cost, accuracy

Local-density approximation (LDA):  n(r)

Generalized gradient approximation (GGA):  |▽n(r)|

meta-GGA:  ▽2n(r),▽2φ(r)

hybrid functionals:  non-local exchange

many body terms:  RPA, SOSEX,….

1. X. Ren, P. Rinke, C. Joas, M. Scheffler J. Mater. Sci. 47, 21 (2012) 

2. X. Ren, P. Rinke, G. E. Scuseria, M. Scheffler Phys. Rev. B 88, 035120 (2013)
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Thermodynamic stability (M = 1-15): 
Non-Stoichiometric (M ≠ x) vs Stoichiometric (M = x)

Non-Stoichiometric clusters (M ≠ x) → 
quasi- degenerate states with      = 1, 3, 5, 7; 
Energy difference of     =1 from higher spin states ≈ 0.05 eV 
→ paramagnetic nature

3

FIG. 2: Energy of O2-adsorption on MgO
x

clusters (energy
of the reaction MgO

x

+ O2 ! MgO
x+2 calculated at the

PBE+vdW GM geometry) calculated with di↵erent xc func-
tionals and reaxFF [26]. For the cases where singlet (S) and
triplet (T) spin states are almost degenerate, the two sets of
energies are shown (for DFT only, since ReaxFF does not
describe spin). In these cases, the spin state of MgO

x

is cho-
sen to be singlet for triplet MgO

x+2, and triplet for singlet
MgO

x+2, to preserve the spin-conservation rule (O2 is always
kept in its ground triplet electronic state). The geometry dif-
ferences of clusters with di↵erent spin states are invisible at
this scale.

tively incorrect prediction that O2 adsorption would be
favored over desorption up to a large excess of oxy-
gen. Such behavior is not confirmed by hybrid func-
tional or rPT2@PBE. To demonstrate this, the DFT
energy of the reaction MgO

x

+ O2 ! MgO
x+2 calcu-

lated with di↵erent functionals is shown in Fig. 2. The
PBE+vdW overestimation of energies at large coverages
implies that, during the GA scanning, a fitness function
based on PBE+vdW energy would lead to a biased sam-
pling, because low-energy structures are di↵erent at the
converged PBE0+vdW level. As can be seen in Fig. 2, for
lower O2-coverage the di↵erence between PBE+vdW and
PBE0+vdW/rPT2@PBE energies of O2 adsorption on
Mg and MgO2 is small despite the error in the O2 binding
energy (the calculated O2 binding energy is 6.23 eV for
PBE+vdW, 5.36 for PBE0+vdW, 4.59 for rPT2@PBE,
and the experimental value is 5.21 [40]). This can be
explained by error cancellation for the clusters: If an O2

molecule adsorbs non-dissociatively on Mg
M

O
x

, the error
in the description of Mg

M

O
x+2 will cancel with the error

in the description of O2 when calculating the adsorption
energy. Indeed, we find that adsorption of O2 on Mg and
MgO2 does not lead to breaking of O-O bonds. The dif-
ference between PBE+vdW and PBE0+vdW energies of
O2 adsorption on MgO for M = 3 is due to the di↵er-
ence in the description of the siglet state of MgO itself.
For clusters with x � 5, correction of the O2 binding en-
ergy error increases the di↵erence between PBE+vdW
and PBE0+vdW/rPT2@PBE adsorption energies (see
the Suppl. Material). The tendency of PBE+vdW to
overbind O2 molecules at high coverage holds also at

FIG. 3: Phase diagram for Mg4Ox

clusters in an oxygen at-
mosphere. The geometries are optimized with PBE+vdW
and the total energies are calculated with PBE0+vdW. The
sand-colored unlabeled areas are regions where di↵erent com-
positions (at least the adjacent ones) coexist (see text). The
thick black line is the O-rich limit [19, 23, 24]: Above this
line, O2 droplets condensate on the clusters. The rectangle
encompasses a region accessible to experiments.

larger M (see the Suppl. Material).
At given T , pO2 , and M , the stable stoichiometry

of a Mg
M

O
x

cluster is determined via aiAT, i.e., by
minimizing the Gibbs free energy of formation [19, 41]:
�G

f

(T, pO2) = FMg
M

O
x

(T ) � FMg
M

(T ) � xµO(T, pO2).
Here, FMg

M

O
x

(T ) and FMg
M

(T ) are the Helmholtz free
energies of the Mg

M

O
x

and the pristine Mg
M

cluster
(at their ground state with respect to geometry and
spin), respectively, and µO(T, pO2) is the chemical po-
tential of oxygen. As explained in [19, 41], FMg

M

O
x

(T )
and FMg

M

(T ) are calculated using DFT information and
are expressed as the sum of DFT total energy, DFT
vibrational free energy in the harmonic approximation,
as well as translational, rotational, symmetry- and spin-
degeneracy free-energy contributions. The dependence of
µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg

M

O
x

as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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clusters in an oxygen at-
mosphere. The geometries are optimized with PBE+vdW
and the total energies are calculated with PBE0+vdW. The
sand-colored unlabeled areas are regions where di↵erent com-
positions (at least the adjacent ones) coexist (see text). The
thick black line is the O-rich limit [19, 23, 24]: Above this
line, O2 droplets condensate on the clusters. The rectangle
encompasses a region accessible to experiments.

larger M (see the Suppl. Material).
At given T , pO2 , and M , the stable stoichiometry

of a Mg
M

O
x

cluster is determined via aiAT, i.e., by
minimizing the Gibbs free energy of formation [19, 41]:
�G

f

(T, pO2) = FMg
M

O
x

(T ) � FMg
M

(T ) � xµO(T, pO2).
Here, FMg

M

O
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(T ) and FMg
M

(T ) are the Helmholtz free
energies of the Mg

M

O
x

and the pristine Mg
M

cluster
(at their ground state with respect to geometry and
spin), respectively, and µO(T, pO2) is the chemical po-
tential of oxygen. As explained in [19, 41], FMg

M

O
x

(T )
and FMg

M

(T ) are calculated using DFT information and
are expressed as the sum of DFT total energy, DFT
vibrational free energy in the harmonic approximation,
as well as translational, rotational, symmetry- and spin-
degeneracy free-energy contributions. The dependence of
µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg

M

O
x

as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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Thermodynamic stability (M = 1-15): 
Non-Stoichiometric (M ≠ x) vs Stoichiometric (M = x)

Stoichiometric clusters (M = x) → only     = 1; 
Energy difference of     = 1 from higher spin states ≥ 1-2 eV 
→ diamagnetic nature
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tively incorrect prediction that O2 adsorption would be
favored over desorption up to a large excess of oxy-
gen. Such behavior is not confirmed by hybrid func-
tional or rPT2@PBE. To demonstrate this, the DFT
energy of the reaction MgO

x

+ O2 ! MgO
x+2 calcu-

lated with di↵erent functionals is shown in Fig. 2. The
PBE+vdW overestimation of energies at large coverages
implies that, during the GA scanning, a fitness function
based on PBE+vdW energy would lead to a biased sam-
pling, because low-energy structures are di↵erent at the
converged PBE0+vdW level. As can be seen in Fig. 2, for
lower O2-coverage the di↵erence between PBE+vdW and
PBE0+vdW/rPT2@PBE energies of O2 adsorption on
Mg and MgO2 is small despite the error in the O2 binding
energy (the calculated O2 binding energy is 6.23 eV for
PBE+vdW, 5.36 for PBE0+vdW, 4.59 for rPT2@PBE,
and the experimental value is 5.21 [40]). This can be
explained by error cancellation for the clusters: If an O2

molecule adsorbs non-dissociatively on Mg
M

O
x

, the error
in the description of Mg

M

O
x+2 will cancel with the error

in the description of O2 when calculating the adsorption
energy. Indeed, we find that adsorption of O2 on Mg and
MgO2 does not lead to breaking of O-O bonds. The dif-
ference between PBE+vdW and PBE0+vdW energies of
O2 adsorption on MgO for M = 3 is due to the di↵er-
ence in the description of the siglet state of MgO itself.
For clusters with x � 5, correction of the O2 binding en-
ergy error increases the di↵erence between PBE+vdW
and PBE0+vdW/rPT2@PBE adsorption energies (see
the Suppl. Material). The tendency of PBE+vdW to
overbind O2 molecules at high coverage holds also at
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clusters in an oxygen at-
mosphere. The geometries are optimized with PBE+vdW
and the total energies are calculated with PBE0+vdW. The
sand-colored unlabeled areas are regions where di↵erent com-
positions (at least the adjacent ones) coexist (see text). The
thick black line is the O-rich limit [19, 23, 24]: Above this
line, O2 droplets condensate on the clusters. The rectangle
encompasses a region accessible to experiments.

larger M (see the Suppl. Material).
At given T , pO2 , and M , the stable stoichiometry

of a Mg
M

O
x

cluster is determined via aiAT, i.e., by
minimizing the Gibbs free energy of formation [19, 41]:
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f

(T, pO2) = FMg
M

O
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(T ) � FMg
M

(T ) � xµO(T, pO2).
Here, FMg
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(T ) and FMg
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(T ) are the Helmholtz free
energies of the Mg
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O
x

and the pristine Mg
M

cluster
(at their ground state with respect to geometry and
spin), respectively, and µO(T, pO2) is the chemical po-
tential of oxygen. As explained in [19, 41], FMg

M

O
x

(T )
and FMg

M

(T ) are calculated using DFT information and
are expressed as the sum of DFT total energy, DFT
vibrational free energy in the harmonic approximation,
as well as translational, rotational, symmetry- and spin-
degeneracy free-energy contributions. The dependence of
µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg

M

O
x

as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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based on PBE+vdW energy would lead to a biased sam-
pling, because low-energy structures are di↵erent at the
converged PBE0+vdW level. As can be seen in Fig. 2, for
lower O2-coverage the di↵erence between PBE+vdW and
PBE0+vdW/rPT2@PBE energies of O2 adsorption on
Mg and MgO2 is small despite the error in the O2 binding
energy (the calculated O2 binding energy is 6.23 eV for
PBE+vdW, 5.36 for PBE0+vdW, 4.59 for rPT2@PBE,
and the experimental value is 5.21 [40]). This can be
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energy. Indeed, we find that adsorption of O2 on Mg and
MgO2 does not lead to breaking of O-O bonds. The dif-
ference between PBE+vdW and PBE0+vdW energies of
O2 adsorption on MgO for M = 3 is due to the di↵er-
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For clusters with x � 5, correction of the O2 binding en-
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FIG. 3: Phase diagram for Mg4Ox

clusters in an oxygen at-
mosphere. The geometries are optimized with PBE+vdW
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µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
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show in Fig. 3 the phase diagram for M = 4. Phase
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+ O2 ! MgO
x+2 calculated at the

PBE+vdW GM geometry) calculated with di↵erent xc func-
tionals and reaxFF [26]. For the cases where singlet (S) and
triplet (T) spin states are almost degenerate, the two sets of
energies are shown (for DFT only, since ReaxFF does not
describe spin). In these cases, the spin state of MgO

x

is cho-
sen to be singlet for triplet MgO

x+2, and triplet for singlet
MgO

x+2, to preserve the spin-conservation rule (O2 is always
kept in its ground triplet electronic state). The geometry dif-
ferences of clusters with di↵erent spin states are invisible at
this scale.

tively incorrect prediction that O2 adsorption would be
favored over desorption up to a large excess of oxy-
gen. Such behavior is not confirmed by hybrid func-
tional or rPT2@PBE. To demonstrate this, the DFT
energy of the reaction MgO

x

+ O2 ! MgO
x+2 calcu-

lated with di↵erent functionals is shown in Fig. 2. The
PBE+vdW overestimation of energies at large coverages
implies that, during the GA scanning, a fitness function
based on PBE+vdW energy would lead to a biased sam-
pling, because low-energy structures are di↵erent at the
converged PBE0+vdW level. As can be seen in Fig. 2, for
lower O2-coverage the di↵erence between PBE+vdW and
PBE0+vdW/rPT2@PBE energies of O2 adsorption on
Mg and MgO2 is small despite the error in the O2 binding
energy (the calculated O2 binding energy is 6.23 eV for
PBE+vdW, 5.36 for PBE0+vdW, 4.59 for rPT2@PBE,
and the experimental value is 5.21 [40]). This can be
explained by error cancellation for the clusters: If an O2

molecule adsorbs non-dissociatively on Mg
M

O
x

, the error
in the description of Mg

M

O
x+2 will cancel with the error

in the description of O2 when calculating the adsorption
energy. Indeed, we find that adsorption of O2 on Mg and
MgO2 does not lead to breaking of O-O bonds. The dif-
ference between PBE+vdW and PBE0+vdW energies of
O2 adsorption on MgO for M = 3 is due to the di↵er-
ence in the description of the siglet state of MgO itself.
For clusters with x � 5, correction of the O2 binding en-
ergy error increases the di↵erence between PBE+vdW
and PBE0+vdW/rPT2@PBE adsorption energies (see
the Suppl. Material). The tendency of PBE+vdW to
overbind O2 molecules at high coverage holds also at
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clusters in an oxygen at-
mosphere. The geometries are optimized with PBE+vdW
and the total energies are calculated with PBE0+vdW. The
sand-colored unlabeled areas are regions where di↵erent com-
positions (at least the adjacent ones) coexist (see text). The
thick black line is the O-rich limit [19, 23, 24]: Above this
line, O2 droplets condensate on the clusters. The rectangle
encompasses a region accessible to experiments.

larger M (see the Suppl. Material).
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of a Mg
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cluster is determined via aiAT, i.e., by
minimizing the Gibbs free energy of formation [19, 41]:
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and FMg

M

(T ) are calculated using DFT information and
are expressed as the sum of DFT total energy, DFT
vibrational free energy in the harmonic approximation,
as well as translational, rotational, symmetry- and spin-
degeneracy free-energy contributions. The dependence of
µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg

M

O
x

as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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favored over desorption up to a large excess of oxy-
gen. Such behavior is not confirmed by hybrid func-
tional or rPT2@PBE. To demonstrate this, the DFT
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lated with di↵erent functionals is shown in Fig. 2. The
PBE+vdW overestimation of energies at large coverages
implies that, during the GA scanning, a fitness function
based on PBE+vdW energy would lead to a biased sam-
pling, because low-energy structures are di↵erent at the
converged PBE0+vdW level. As can be seen in Fig. 2, for
lower O2-coverage the di↵erence between PBE+vdW and
PBE0+vdW/rPT2@PBE energies of O2 adsorption on
Mg and MgO2 is small despite the error in the O2 binding
energy (the calculated O2 binding energy is 6.23 eV for
PBE+vdW, 5.36 for PBE0+vdW, 4.59 for rPT2@PBE,
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ference between PBE+vdW and PBE0+vdW energies of
O2 adsorption on MgO for M = 3 is due to the di↵er-
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and PBE0+vdW/rPT2@PBE adsorption energies (see
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and the total energies are calculated with PBE0+vdW. The
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positions (at least the adjacent ones) coexist (see text). The
thick black line is the O-rich limit [19, 23, 24]: Above this
line, O2 droplets condensate on the clusters. The rectangle
encompasses a region accessible to experiments.
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degeneracy free-energy contributions. The dependence of
µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg
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as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg

M

O
x

as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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x+2 calculated at the

PBE+vdW GM geometry) calculated with di↵erent xc func-
tionals and reaxFF [26]. For the cases where singlet (S) and
triplet (T) spin states are almost degenerate, the two sets of
energies are shown (for DFT only, since ReaxFF does not
describe spin). In these cases, the spin state of MgO

x

is cho-
sen to be singlet for triplet MgO

x+2, and triplet for singlet
MgO

x+2, to preserve the spin-conservation rule (O2 is always
kept in its ground triplet electronic state). The geometry dif-
ferences of clusters with di↵erent spin states are invisible at
this scale.

tively incorrect prediction that O2 adsorption would be
favored over desorption up to a large excess of oxy-
gen. Such behavior is not confirmed by hybrid func-
tional or rPT2@PBE. To demonstrate this, the DFT
energy of the reaction MgO

x

+ O2 ! MgO
x+2 calcu-

lated with di↵erent functionals is shown in Fig. 2. The
PBE+vdW overestimation of energies at large coverages
implies that, during the GA scanning, a fitness function
based on PBE+vdW energy would lead to a biased sam-
pling, because low-energy structures are di↵erent at the
converged PBE0+vdW level. As can be seen in Fig. 2, for
lower O2-coverage the di↵erence between PBE+vdW and
PBE0+vdW/rPT2@PBE energies of O2 adsorption on
Mg and MgO2 is small despite the error in the O2 binding
energy (the calculated O2 binding energy is 6.23 eV for
PBE+vdW, 5.36 for PBE0+vdW, 4.59 for rPT2@PBE,
and the experimental value is 5.21 [40]). This can be
explained by error cancellation for the clusters: If an O2

molecule adsorbs non-dissociatively on Mg
M

O
x

, the error
in the description of Mg

M

O
x+2 will cancel with the error

in the description of O2 when calculating the adsorption
energy. Indeed, we find that adsorption of O2 on Mg and
MgO2 does not lead to breaking of O-O bonds. The dif-
ference between PBE+vdW and PBE0+vdW energies of
O2 adsorption on MgO for M = 3 is due to the di↵er-
ence in the description of the siglet state of MgO itself.
For clusters with x � 5, correction of the O2 binding en-
ergy error increases the di↵erence between PBE+vdW
and PBE0+vdW/rPT2@PBE adsorption energies (see
the Suppl. Material). The tendency of PBE+vdW to
overbind O2 molecules at high coverage holds also at

FIG. 3: Phase diagram for Mg4Ox

clusters in an oxygen at-
mosphere. The geometries are optimized with PBE+vdW
and the total energies are calculated with PBE0+vdW. The
sand-colored unlabeled areas are regions where di↵erent com-
positions (at least the adjacent ones) coexist (see text). The
thick black line is the O-rich limit [19, 23, 24]: Above this
line, O2 droplets condensate on the clusters. The rectangle
encompasses a region accessible to experiments.

larger M (see the Suppl. Material).
At given T , pO2 , and M , the stable stoichiometry

of a Mg
M

O
x

cluster is determined via aiAT, i.e., by
minimizing the Gibbs free energy of formation [19, 41]:
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(T ) � xµO(T, pO2).
Here, FMg
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(T ) are the Helmholtz free
energies of the Mg
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and the pristine Mg
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cluster
(at their ground state with respect to geometry and
spin), respectively, and µO(T, pO2) is the chemical po-
tential of oxygen. As explained in [19, 41], FMg

M

O
x

(T )
and FMg

M

(T ) are calculated using DFT information and
are expressed as the sum of DFT total energy, DFT
vibrational free energy in the harmonic approximation,
as well as translational, rotational, symmetry- and spin-
degeneracy free-energy contributions. The dependence of
µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg

M

O
x

as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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pling, because low-energy structures are di↵erent at the
converged PBE0+vdW level. As can be seen in Fig. 2, for
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Mg and MgO2 is small despite the error in the O2 binding
energy (the calculated O2 binding energy is 6.23 eV for
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O2 adsorption on MgO for M = 3 is due to the di↵er-
ence in the description of the siglet state of MgO itself.
For clusters with x � 5, correction of the O2 binding en-
ergy error increases the di↵erence between PBE+vdW
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thick black line is the O-rich limit [19, 23, 24]: Above this
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(T ) are calculated using DFT information and
are expressed as the sum of DFT total energy, DFT
vibrational free energy in the harmonic approximation,
as well as translational, rotational, symmetry- and spin-
degeneracy free-energy contributions. The dependence of
µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg
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as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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tively incorrect prediction that O2 adsorption would be
favored over desorption up to a large excess of oxy-
gen. Such behavior is not confirmed by hybrid func-
tional or rPT2@PBE. To demonstrate this, the DFT
energy of the reaction MgO
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+ O2 ! MgO
x+2 calcu-

lated with di↵erent functionals is shown in Fig. 2. The
PBE+vdW overestimation of energies at large coverages
implies that, during the GA scanning, a fitness function
based on PBE+vdW energy would lead to a biased sam-
pling, because low-energy structures are di↵erent at the
converged PBE0+vdW level. As can be seen in Fig. 2, for
lower O2-coverage the di↵erence between PBE+vdW and
PBE0+vdW/rPT2@PBE energies of O2 adsorption on
Mg and MgO2 is small despite the error in the O2 binding
energy (the calculated O2 binding energy is 6.23 eV for
PBE+vdW, 5.36 for PBE0+vdW, 4.59 for rPT2@PBE,
and the experimental value is 5.21 [40]). This can be
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ference between PBE+vdW and PBE0+vdW energies of
O2 adsorption on MgO for M = 3 is due to the di↵er-
ence in the description of the siglet state of MgO itself.
For clusters with x � 5, correction of the O2 binding en-
ergy error increases the di↵erence between PBE+vdW
and PBE0+vdW/rPT2@PBE adsorption energies (see
the Suppl. Material). The tendency of PBE+vdW to
overbind O2 molecules at high coverage holds also at
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mosphere. The geometries are optimized with PBE+vdW
and the total energies are calculated with PBE0+vdW. The
sand-colored unlabeled areas are regions where di↵erent com-
positions (at least the adjacent ones) coexist (see text). The
thick black line is the O-rich limit [19, 23, 24]: Above this
line, O2 droplets condensate on the clusters. The rectangle
encompasses a region accessible to experiments.

larger M (see the Suppl. Material).
At given T , pO2 , and M , the stable stoichiometry

of a Mg
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cluster is determined via aiAT, i.e., by
minimizing the Gibbs free energy of formation [19, 41]:
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tential of oxygen. As explained in [19, 41], FMg
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(T ) are calculated using DFT information and
are expressed as the sum of DFT total energy, DFT
vibrational free energy in the harmonic approximation,
as well as translational, rotational, symmetry- and spin-
degeneracy free-energy contributions. The dependence of
µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg

M

O
x

as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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energies are shown (for DFT only, since ReaxFF does not
describe spin). In these cases, the spin state of MgO
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tively incorrect prediction that O2 adsorption would be
favored over desorption up to a large excess of oxy-
gen. Such behavior is not confirmed by hybrid func-
tional or rPT2@PBE. To demonstrate this, the DFT
energy of the reaction MgO

x

+ O2 ! MgO
x+2 calcu-

lated with di↵erent functionals is shown in Fig. 2. The
PBE+vdW overestimation of energies at large coverages
implies that, during the GA scanning, a fitness function
based on PBE+vdW energy would lead to a biased sam-
pling, because low-energy structures are di↵erent at the
converged PBE0+vdW level. As can be seen in Fig. 2, for
lower O2-coverage the di↵erence between PBE+vdW and
PBE0+vdW/rPT2@PBE energies of O2 adsorption on
Mg and MgO2 is small despite the error in the O2 binding
energy (the calculated O2 binding energy is 6.23 eV for
PBE+vdW, 5.36 for PBE0+vdW, 4.59 for rPT2@PBE,
and the experimental value is 5.21 [40]). This can be
explained by error cancellation for the clusters: If an O2

molecule adsorbs non-dissociatively on Mg
M

O
x

, the error
in the description of Mg

M

O
x+2 will cancel with the error

in the description of O2 when calculating the adsorption
energy. Indeed, we find that adsorption of O2 on Mg and
MgO2 does not lead to breaking of O-O bonds. The dif-
ference between PBE+vdW and PBE0+vdW energies of
O2 adsorption on MgO for M = 3 is due to the di↵er-
ence in the description of the siglet state of MgO itself.
For clusters with x � 5, correction of the O2 binding en-
ergy error increases the di↵erence between PBE+vdW
and PBE0+vdW/rPT2@PBE adsorption energies (see
the Suppl. Material). The tendency of PBE+vdW to
overbind O2 molecules at high coverage holds also at
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clusters in an oxygen at-
mosphere. The geometries are optimized with PBE+vdW
and the total energies are calculated with PBE0+vdW. The
sand-colored unlabeled areas are regions where di↵erent com-
positions (at least the adjacent ones) coexist (see text). The
thick black line is the O-rich limit [19, 23, 24]: Above this
line, O2 droplets condensate on the clusters. The rectangle
encompasses a region accessible to experiments.
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O2 adsorption on MgO for M = 3 is due to the di↵er-
ence in the description of the siglet state of MgO itself.
For clusters with x � 5, correction of the O2 binding en-
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sand-colored unlabeled areas are regions where di↵erent com-
positions (at least the adjacent ones) coexist (see text). The
thick black line is the O-rich limit [19, 23, 24]: Above this
line, O2 droplets condensate on the clusters. The rectangle
encompasses a region accessible to experiments.

larger M (see the Suppl. Material).
At given T , pO2 , and M , the stable stoichiometry

of a Mg
M

O
x

cluster is determined via aiAT, i.e., by
minimizing the Gibbs free energy of formation [19, 41]:
�G

f

(T, pO2) = FMg
M

O
x

(T ) � FMg
M

(T ) � xµO(T, pO2).
Here, FMg

M

O
x

(T ) and FMg
M

(T ) are the Helmholtz free
energies of the Mg

M

O
x

and the pristine Mg
M

cluster
(at their ground state with respect to geometry and
spin), respectively, and µO(T, pO2) is the chemical po-
tential of oxygen. As explained in [19, 41], FMg

M

O
x

(T )
and FMg

M

(T ) are calculated using DFT information and
are expressed as the sum of DFT total energy, DFT
vibrational free energy in the harmonic approximation,
as well as translational, rotational, symmetry- and spin-
degeneracy free-energy contributions. The dependence of
µO on T and pO2 is calculated using the ideal (diatomic)
gas approximation with the same DFT functional as for
the clusters [19]. The phase diagram for a particular M
is constructed by identifying the lowest free-energy struc-
tures at each (T , pO2). As a representative example, we
show in Fig. 3 the phase diagram for M = 4. Phase
diagrams based on reaxFF, PBE+vdW, PBE0 (without
vdW), and rPT2@PBE can be found in the Suppl. Ma-
terial. We find that at all DFT levels, the phase dia-
grams are qualitatively and quantitatively very similar
for T > 200 K and pO2 < 10�5 atm. For higher pres-
sures and/or lower temperatures, however, PBE+vdW
predicts larger x in Mg

M

O
x

as thermodynamically more
stable, compared to PBE0+vdW and rPT2@PBE. This
is consistent with the results shown in Fig. 2, i.e.,
PBE+vdW tends to favor adsorption of a larger number
of O2 molecules. PBE0 and PBE0+vdW yield almost
identical phase diagrams. Thus, at the considered clus-
ter sizes the vdW interactions within the scheme of Ref.
[32] do not play a crucial role. ReaxFF-based diagrams
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Introducing for the First Time

A New Class of Materials at Realistic T,p

Stable Nano-Oxides MgMOx (M < x) 
(overlooked in past two decades)

With host of Interesting Properties
S. Bhattacharya et al. PRL 111, 135501 (2013)
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