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ABSTRACT ARTICLE HISTORY
We report, for the first time, the atomic structure of amorphous Received 9 June 2016
MgO based on ab initio molecular dynamics simulations. We Accepted 1 May 2017
find that its main building blocks are four-fold and five-fold KEYWORDS
coordinated configurations, similar to those formed in the liquid Ferromagnetism;
state. Its average coordination is estimated to be about 4.36. Amorphous; MgO; Phase
The amorphous form having a perfect stoichiometry has a band Transformation

gap energy of 2.4 eV.On the other hand, Mg vacanciesinduce an

insulator to metal transition and ferromagnetism in amorphous

MgO whilst O vacancies do not cause such a transition,

implying that the magnetism in amorphous MgO is related to

the non-stoichiometry and Mg vacancies. With the application

of pressure, the stoichiometric and non-stoichiometric (Mg

vacancies) models undergo a phase transformation into a

rocksalt state, suggesting that the electronic structure of the

initial configurations has no influence on the resulting high-

pressure phase in amorphous MgO.

1. Introduction

Magnesium oxide (MgO), or magnesia, is one of the extensively studied materi-
als because of its importance in Materials Science and Geological Sciences. The
significance of MgO in Materials Science is associated with its unique physical
properties and important applications in technology and industry [1-4]. MgO is
one of major components of planetary mantles and hence it has attracted consid-
erable attentions in Geological Sciences as well. Considerable research efforts have
been devoted to understand the thermodynamic properties of not only solid MgO
but also liquid MgO under extreme high-pressure and temperature conditions
[5-14] because such thermodynamic information can lead to the development
of models for planets’ interior.

The ground state of MgO is the six-fold coordinated rocksalt (RS) structure.
At high pressure, the RS-to-CsCl phase transformation proposed in various the-
oretical investigations [15-18] was recently confirmed in a shock compression
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experiment at 0.36 TPa [5]. In addition to the RS-to-CsCl phase change, a metallic
liquid phase was predicted above 0.60 TPa in the same experiment [5]. Yet the
information about this high-pressure metallic liquid state at the atomistic level is
not clear yet, to our knowledge.

The liquid state of MgO at atmospheric pressure seems to have unusual elec-
tronic and structural properties, compared to the RS crystal [6]. Explicitly, its
short-range order and electronic structure appear to be different from those of
the crystalline counterpart: it has an average coordination number (CN) of 4.5-5
and presents a metallic character [6]. With the application of pressure, the liquid
phase attained high coordinated configurations as expected and its mean CN was
estimated to be more than seven at 150 GPa [6].

Recently amorphous form of MgO (a-MgO) was produced in several experi-
ments [19-21]. The amorphous state has a poor MgO stoichiometry and exhibits
the room temperature ferromagnetism. Non-stoichiometry and Mg vacancies were
proposed to be responsible for this unusual magnetism [19-21]. First-principles
simulations on the RS structure provided supportive evidence for this suggestion
and further notified that Mg vacancies could drive an insulator-semimetal transi-
tion and ferromagnetism even in the crystalline MgO [22-25]. Additionally, some
studies suggested that MgO could present magnetism when it was doped with
both metallic and non-metallic elements as well [23-31].

It should be noted here that a disorder induced ferromagnetism can be reacha-
ble in some materials [32] and hence the distortion due to Mg vacancies or dopants
might have some contribution to the ferromagnetism in MgO systems as well.

Since a-MgO shows a poor stoichiometry, a-MgO with exactly 1:1 stoichiome-
try might currently be considered as a hypostatical structure but modelling a-MgO
can grant us to uncover whether there is any correlation between magnetism and
disorder in MgO. Therefore, in the present work, we apply an ab initio molecular
dynamics (MD) technique to generate an a-MgO model having perfect stoichiom-
etry from its liquid state and non-stoichiometric a-MgO models by creating both
Mg and O vacancies in the stoichiometry amorphous network. Amongst all these
models, the ferromagnetism is observed for the one with Mg vacancies, proposing
that the disorder nature of a-MgO has no influence on the magnetism. Under
pressure, the crystallisation into a RS structure is witnessed for the stoichiomet-
ric and non-stoichiometric (Mg vacancies) models. This finding means that the
electronic structure has no impact on the transformation mechanism in a-MgO.

2. Methodology

First principle MD calculations were performed by the SIESTA program [33]
using norm-conserving Troullier-Martins pseudopotentials [34] and the gen-
eralised gradient approximation (Becke gradient exchange functional [35] and
Lee, Yang and Parr correlation functional [36]). The calculations were carried
out using the DZP orbitals. I' point for the Brillouin zone integration was used
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to generate an amorphous model having 1:1 stoichiometry. The MD simulations
were performed within a canonical NPT ensemble. Temperature and pressure
were controlled by the velocity rescaling and Parrinello-Rahman [37] methods.
The initial rocksalt structure with 216 atoms was exposed to 5000 K for 4.0 ps. The
applied temperature was then decreased to 3500 K within 2.0 ps. At 3500 K, the
system was equilibrated for 20 ps. The liquid structure was then cooled to 1750 K
in 15 ps, at which point the system remained disordered. An amorphous state was
only achieved if the system was cooled to 300 K in about 10.0 ps. For the slower
cooling rates (15-20 ps), on the other hand, the crystallisation into a RS structure
was observed as shown in Figure 1. Finally, the configuration was optimised using
the force tolerance of 0.01 eV/A. In order to create non-stoichiometral models, one
or two Mg or O atoms were removed from the network and then the systems were
relaxed. For the non-stoichiometric a-MgO models, four special k points were
used. In order to explore their high-pressure behaviour, we applied the constant
pressure relation technique using the Parrinello-Rahman method.

3. Results
3.1. Atomic structure of liquid and amorphous MgO

The microstructure of the liquid (3500 K) and amorphous states can be probed
and compared by numerous analysing techniques. The first technique that we
consider here is partial pair distribution functions (PPDFs) that are frequently
used to differentiate atomic bonding. The computed PPDFs are plotted in
Figure 2. The Mg-O bond length is found to be 2.01 A for the liquid state and
2.02 A for the amorphous phase, suggesting that the first neighbour separation in
the disordered MgO is not too sensitive to temperature. The Mg-O bond distance
is, on the other hand, calculated to be 2.14 A for the RS phase, comparable with
the experimental result of 2.1 A [38]. Since the Mg-O bond length correlates with
CN and decreases with decreasing CN [39], its shortening in the amorphous and
liquid states can be attributed to their average CN that is considerably less than

Figure 1. (colour online) The RS structure obtained (a) during the quenching from the liquid state
(b) at 20 GPa for the stoichiometric a-MgO model and (c) at 20 GPa for the non-stoichiometric
(two Mg vacancies) a-MgO model.
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Figure 2. (colour online) Partial Pair distribution functions of the RS structure, the liquid MgO (L)
the stoichiometric a-MgO model [A(S)] and the non-stoichiometric (two Mg vacancies) a-MgO
model [A(NS)].

that of the RS phase as it will be discussed below. On the other hand, the Mg-Mg
and O-O correlations of amorphous state are found to be longer than those of
the RS phase. Inducing Mg vacancies does not result in a noticeable change in
PPDFs. Such an effect might be expected because the concentration of vacancies
created in the model is fairly small.

We next focus on the average CN, one of the most important structural
quantities, which defines the atomic arrangements in materials. The average
CN of the liquid and amorphous phases is estimated to be about 4.58 and 4.36,
respectively. The predicted CN for the liquid state is in well agreement with the
earlier first principles data of 4.5-5.0 [6]. Figure 3 illustrates the coordination
distribution of Mg and O atoms. It seems that the main building units of the
liquid and amorphous forms are the five-fold and four-fold configurations.
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Figure 3. (colour online) Coordination distribution of Mg and O atoms for the liquid MgO and the
stoichiometric a-MgO model.

Yet the amorphous state has more four-fold coordinated structures than the
liquid state. Based on the number of the six-fold coordinated arrangements,
one can see that the liquid state carries more characteristics of the RS-like
structure than the amorphous form. The six-fold coordinated clusters are
slightly deformed octahedrons whereas the five-fold coordinated ones have a
pyramid shape with five atoms. Therefore, they are incomplete octahedrons.
The absence of one atom at the base of the pyramid leads to a four-fold coor-
dinated cluster. So they can be considered as an incomplete pyramidal con-
figuration as well. As expected, the removal of Mg or O atoms in the model
leads to a small decrease in the average CN to 4.28 (2 Mg vacancies) and 4.32
(two O vacancies).

Figure 4 shows the bond angle distributions functions. Disordered MgO sys-
tems exhibit very broad distributions. The angles range from 50° to 180° for the
liquid state and from 65° to 180° for the amorphous one. Yet the main peak in
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Figure 4. (colouronline) Bond angle distribution functions of the liquid MgO and the stoichiometric
a-MgO model at selected pressures.

all distributions is located around 90°, implying that the amorphous system has
a trend to structure in octahedral-like units. As discussed above, the clusters
observed in the models are closely related to each other hence it might be unsur-
prising to see a main peak near 90°.

3.2. Electronic structure

The electronic structure of the liquid, amorphous and RS phases of MgO is ana-
lysed by calculating the density of states (EDOS). The computed EDOSs are
provided in Figure 5. The RS phase has a band gap energy of 4.2 eV that is, as
anticipated, less than the experimental value of 7.8 eV because of the inadequacy
of the DFT-GGA in describing exited states. The liquid state shows a semi-metallic
character, according with the previous first-principle prediction [6]. On the other
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Figure 5. Electron density of states of (a) the RS structure, (b) the liquid MgO, (c) the stoichiometric
a-MgO model (d) the non-stoichiometric (two Mg vacancies) a-MgO model, (e) the non-
stoichiometric (two O vacancies) a-MgO model and (f) O-2p electrons for the non-stoichiometric
(two Mg vacancies) a-MgO model. The dashed line is the Fermi Level.

hand, a-MgO has a clean band gap energy of about 2.3 eV. Neither the liquid state
nor the amorphous state exhibits ferromagnetism because no spin polarisation is
spotted for them. However, even a single Mg vacancy leads to spin splitting and an
insulator to metal transition in a-MgO. This is mainly due to the spin polarisation
of the O-2p electrons. The magnetic moment for a-MgO is estimated to be 1.99y,



Downloaded by [University of Florida] at 22:58 06 August 2017

2136 M. DURANDURDU

and 3.99y, for the single and two Mg vacancies, respectively. O vacancies, on the
other hand, do not produce such a transition although they yield midgap states
below the Fermi level and a shift of the valence band to lower energies. We also
investigate the influence of Mg vacancies on the crystalline RS phases and calcu-
late its magnetic moment to be 1.95; and 3.94y, for one and two Mg vacancies.
These findings mean that the ferromagnetism in a-MgO is associated with Mg
vacancies and non-stoichiometry, supporting to the earlier prediction and the
disorder has almost no contribution to the magnetic moment.

The band gap energy of the RS phase is underestimated by a factor of ~1.85 in
the simulation, relative to the experiment and hence a-MgO having a perfect 1:1
stoichiometry is expected to have a band gap energy of ~4.3 eV in experiment,
signifying that a-MgO, if it is producible experimentally, can serve as a wide band
gap semiconductor.

3.3. Pressure-induced phase transition in amorphous MgO

In order to understand the thermodynamic of the stoichiometric and non-
stoichiometric (two Mg vacancies) models, we study their response to high-
pressure. Such an investigation allows us to expose if their electronic structure has
any impact on the transformation mechanism in a-MgO. We first consider the
variation of volume provided in Figure 6 because the pressure volume relation
can classify the thermodynamic nature of a phase transition. The models exhibit
a different equation of state under pressure. The phase transformation occurs
between 15 and 20 GPa in the stoichiometric model whilst it takes place between

1.00

0.95

0.90

0.85

VIV,

0.80

0.75

0.70
0 5 10 15 20 25 30

Pressure (GPa)

Figure 6. (colour online) Pressure—volume relation for the stoichiometric a-MgO model (S) and
the non-stoichiometric (two Mg vacancies) a-MgO model (NS).
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10 and 20 GPa in the defected one. The vacancies are expected to accelerate a
phase transformation and hence the phase change started at a lower pressure in
the defected (Mg vacancies) model.

Some information regarding the pressure-induced topological changes at the
atomistic level can be obtained from PPDFs as shown in Figure 7. a-MgO still
remains amorphous at 15 GPa for the stoichiometric and non-stoichiometric
models. At 20 GPa, the appearance of sharp peaks at long-range order reveals

L L
a-MgO (NS)-

Zye0M

S = N W B W
L] I L] I L] I L] I L]
L] I L] I L] I L] I L]

S = N W B~ W

G

S = N W B~ W

S = N W B~ W

0.0

S = N W B~ W

S = N W B~ W

r(A) r(A)

Figure 7. (colour online) Partial Pair distribution functions of the stoichiometric a-MgO model (S)
and the non-stoichiometric (two Mg vacancies) a-MgO model (NS) at selected pressures.
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Figure 8. (colour online) Variation of Mg-O, Mg-Mg and O-0 correlations (normalised) as a
function of pressure for the stoichiometric a-MgO model.
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Figure9.(colouronline)Variation of Mg and O atoms as a function of pressure for the stoichiometric
a-MgO model (S) and the non-stoichiometric (two Mg vacancies) a-MgO model (NS).

a pressure-induced crystallisation in a-MgO systems. As exposed in Figure 1,
both networks transform into a RS structure that exhibits some structural defects.
Figure 8 illustrates the influence of the external pressure on the atomic correlations.
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Surprisingly, we find that pressure has an insignificant impact on the Mg-O bond
distance (the change in Mg-O bonding under pressure is about 1%) even though
the change in the average CN is severe whilst it noticeably reduces the O-O and
Mg-Mg correlations. This finding is indeed different than our expectation because
the rise in the average CN generally produces an increase in the first neighbour
separation.

The pressure-induced structural rearrangements are well reflected in the BADFs
as illustrated in Figure 4. With increasing pressure, the peak near 90° is sharp-
ened and its intensity is increased gradually. A peak around 180° is somewhat
pronounced. These observations can be interpreted as a tendency of the systems
to form more octahedral-like configurations with the application of pressure.

Figure 9 presents the partial CNs as a function of pressure. For the stoichiomet-
ric and the non-stoichiometric amorphous networks, the average CNs increase
slowly and owing to the crystallisation they suddenly jump to a value of ~6.

4, Conclusions

We have applied ab initio MD simulations to create an a-MgO model using the
melt and quench technique. The short-range order of a-MgO is found to quite
similar to that of the liquid state whose main building units are four-fold and
five-fold coordinated incomplete octahedral-like configurations. The electronic
structure calculations suggest that the liquid state is semimetal whereas the amor-
phous form having the ideal stoichiometry is a semiconductor with a band gap
energy of 2.3 eV. The experimental band gap energy of a-MgO with a perfect
stoichiometry is estimated to be about 4.3 eV and hence if a-MgO with a perfect
stoichiometry is synthesized experimentally, it can serve as a wide gap semicon-
ductor. The electronic structure calculations also indicate that introducing a small
amount of Mg vacancies leads to ferromagnetism in the amorphous state. With
the application of pressure, both magnetic and nonmagnetic a-MgO networks
undergo a phase transformation into a RS structure.
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