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Recent experiments suggest that bcc Mg can be stabilized when grown together with bcc Nb in Mg/Nb multilayer films at ambient
conditions. This finding is remarkable as (pure) bcc Mg has only been observed under very high pressures and is in fact (mechanically)
unstable under room conditions. Density functional theory calculations were performed to gain insight into the stability of Mg in
the bec structure. Calculations of the thermodynamic, electronic and structural stability of bcc Mg show that this structure is in fact
metastable under thin film conditions, when Mg grows epitaxially on bcc Nb, in agreement with experiments.
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Introduction Magnesium (Mg) is one of the most
attractive metals for the aerospace and automotive indus-
tries due to its high specific strength.[1] Under ambient
conditions, bulk Mg exists in the hexagonal close packed
(hep) crystal structure, which has limited ductility due
to the reduced number of active slip systems at room
temperature.[1] In bulk systems, alloying with cubic ele-
ments can be used to stabilize Mg-based cubic solid
solutions. Unfortunately, Mg either forms miscibility
gaps or numerous intermetallic compounds when alloyed
with cubic elements. A notable exception is the Mg—Li
system, in which an fcc solid solution is stabilized with
only 30 at.% Li.[1-3]

Under non-bulk thermodynamic constraints (i.e. in
thin film or nano-structures), phase stability can be modi-
fied through the introduction of coherency constraints [4]
and it is likely that Mg-based solid solutions with a wider
range of alloying elements can be stabilized. Recent work
aimed at improving the limited [5] hydrogen storage prop-
erties of Mg-based systems by Tan et al. [6] has shown
that it is possible to stabilize a bcc Mg-based solid solu-
tion with the addition of 25 at.% Nb in co-sputtered thin
films. Although theoretical and experimental work shows
that Mg can be stabilized in fcc and bec structures (under
bulk and thin-film conditions) through alloying, pure Mg

in the bee structure has only been stabilized at extremely
high pressures (~50 GPa) in the work reported by Oli-
jnyk and Holzapfel.[7] In fact, bcc Mg turns out to be
dynamically unstable under normal conditions, as will be
discussed below. The phase diagram and phase transfor-
mation of Mg have been investigated by others,[8,9] but
these studies have been limited to the stable bulk phases.

Recently, Ham et al. showed that bcc Mg can be
stabilized in Mg/Nb multilayers [10] under ambient con-
ditions. These results [ 10] may constitute the first instance
of experimental evidence showing that it is possible to sta-
bilize pure bcc Mg under ambient temperature /pressure
conditions. The present authors have also demonstrated
that Mg/Nb multilayers with a thickness of a few
nanometers have a much higher mechanical strength
compared to bulk Mg [10] and much better hydrogenation
performance compared to bulk Mg.[11]

As an example, a high resolution transmission elec-
tron microscopy (HRTEM) image of the interface in
Mg/Nb 5 nm multilayer in Figure 1(a) shows an occur-
rence of bcc Mg in the region close to the interface along
with Nb. The bcc Mg grows epitaxially on top of Nb,
as confirmed by the fast Fourier transform (FFT) of the
high resolution image in Figure 1(b). The X-ray diffrac-
tion (XRD) pattern in Figure 1(c) shows the major peak
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(a) HRTEM micrograph of Mg/Nb 5 nm multilayers showing the interface between Mg and Nb. Mg with bce phase has

grown epitaxially on Nb. (b) The FFT of Mg and Nb confirms the epitaxial relation between bcc Mg and Nb. (c¢) The XRD pattern

of the specimen.

at the Nb(110) position. Superlattice peaks are observed
on the shoulder of the Nb peak. The signal for hcp—Mg
(0002) is weak and overlaps with a satellite peak due to
the formation of bcc Mg near the Nb layer interface.
Stimulated by this experimental observation, this
paper attempts to further elucidate the apparent
(meta)stability of bcc Mg through ab initio calculations
at OK. While the paper focuses exclusively on the par-
ticular case of epitaxially grown Mg/Nb multilayers,
this research can provide more general insight into the
stabilization of bcc Mg in nano-structured alloy systems.

Results and Discussions In this work, we used elec-
tronic structure calculations based on the density func-
tional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP).[12,13] For more
details on the specific methods and parameters of the cal-
culations, please refer to the Supplementary Materials
section.

The optimization of three structures—hcp Mg, bce
Mg and becc Nb—was performed by ab initio calculations.
In the case of bcc Mg, there are two initial structures
constructed using a bcc structure: one using Nb’s lat-
tice parameter and another (bce) structure with a lattice
parameter corresponding to that of bcc Mg observed at
very high pressures by Olijnyk and Holzapfel.[7] The full
relaxations were done by optimizing all the ion positions,
volume and shape of the cells. In the case of bcc Mg,
in addition to full relaxations, we also performed cal-
culations in which the lattice parameters (volumes and
shapes) were constrained in order to simulate bcc Mg
grown epitaxially on bcc Nb as well as high pressure
bce Mg.

Thermodynamic Stability. The optimized structural
parameters and formation enthalpies of the structures
mentioned above are reported in Table 1. The formation
enthalpy AH was calculated by using the element in the
gas phase as the reference state. The calculated AH ofhep
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Mg is higher than the experimental value by about 2%.
Moreover, the stability of simulated Mg crystals can be
evaluated by comparing their AH values. In hcp Mg, the
calculated lattice constants show good agreement with
previous work.[14] AH of hcp Mg is lower (more neg-
ative) than both types of bcc Mg. This implies that Mg
is more stable in the hcp phase. The simulation shows
that if relaxation is allowed, both types of constrained
bee Mg (grown epitaxially on bee Nb with ¢ = 3.324 A
and pressurized bulk with a = 2.953 A) will relax to a
lattice parameter of 3.571 A. On the other hand, bee Mg
relaxes to an atomic volume similar to that calculated for
hep Mg (~23 A3). This relaxed structure corresponds to
the (unstable) equilibrium bec Mg structure at 0 K.

Lattice Dynamics. Further investigation of the effects
of the lattice parameter on the stabilization of bcc Mg was
done by examining the lattice dynamical properties of bcc
Mg at multiple lattice parameters. The phonon dispersion
relations in the bcc Mg phase were investigated by using
the direct force constant method. Three forms of bcc Mg
were considered: fully relaxed bec Mg (¢ = 3.571 A), bee
Mg with the lattice parameter of bec Nb (a = 3.324 A)
and bcc Mg under high pressure with a lattice parameter of
2.953A. [7] Figure 2(a) shows the phonon dispersion rela-
tions along selected symmetry directions N [%, 0,0] —
I[0,0,0] — H[3,1,—11— P[4, 1, 11— TI'[0,0,0] for
the three bee structures. Since the primitive cell of bcc Mg
consists of a single atom, there are only acoustic branches
in the dispersion curve.

The figure clearly shows that the fully relaxed bcc Mg
structure shows negative (imaginary) frequencies along
the I' — N direction in the Brillouin zone. This insta-
bility in the phonon structure indicates that this crystal
is actually mechanically unstable: any distortion along
the directions corresponding to the unstable (imaginary)
phonon modes results in a spontaneous transformation to
adynamically stable state of lower energy (hcp, for exam-
ple). Remarkably, Figure 2(a) shows that these unstable
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Table 1. Formation enthalpies (AH) and calculated lattice parameters of hcp Mg, bcc Mg and bee Nb.
Lattice parameter (10\)

Structure AH (kJ/mol) Calculation References
hep Mg

Full relaxation —142.6 a=3.198 a=2322

(—145.90 £ 0.80) [15]  (c¢/a = 1.621) (c/a =1.624) [16]

bee Mg

Full relaxation —139.7 a=3.571 a=3.571[17]

Constraint (at high pressure lattice parameter)? —22.2 a=2.953 a =2.9530=£0.002 [7]

Constraint (lattice coherency with bee Nb)P —126.1 a=3324
bee Nb

Full relaxation —677.0 a=3.324 a =3.300[18]

4L attice parameter corresponds to the experimental lattice parameter determined experimentally at 50 GPa.[7]
Pbee Mg with a = 3.324 A was observed experimentally as Mg grew epitaxially on Nb.
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Figure 2. Phonon dispersion curves along the symmetry directions (a) comparison of calculated phonon dispersion relations of
fully relaxed bcc Mg, bcc Mg with bee Nb’s lattice parameter and high-pressured bec Mg (b) comparison of acoustic branches of
varied lattice parameters (frequency in THz versus wave vector in arbitrary units).

modes are not observed in the constrained bcc Mg with a
lattice parameter corresponding to bcc Nb. The phonon
branches are even harder (higher frequencies) for the bce
Mg structure corresponding to high pressure experiments.
This indicates that the softening of the transverse acoustic
(TA) branch tends to disappear as the lattice parameter
of the structure decreases. This hardening of the phonon
branches is consistent with the observed stabilization of
bce Mg in regions close to the Mg/Nb interfaces.

We also notice that even though AH of both types
of constrained bcc Mg is greater than that of fully-
relaxed bcc Mg, the (compressed) metastable structures
can be stabilized under the following specific conditions:
either high hydrostatic pressure or constraints arising
from interfacial interactions between Nb and Mg. In
fact, interfacial and other thermodynamic effects, which
are important in nano-scale systems, can promote the
stabilization of metastable phases in thin films.[4,19,20]

Further insight into the stabilization of bcc Mg can
be derived by studying the evolution of the phonon
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dispersion with lattice parameter, varying from that cor-
responding to the fully relaxed bec Mg 3.571 A (aq, Vo =
22.769 A3 /atom) to bee Mg with the lattice parame-
ter of Nb 3.324 A (0.931aq, V = 18.363 A3 /atom). The
phonon dispersion curves of bcc Mg with varied lattice
constants were calculated using the PHONON code. The
gradual dynamic stabilization of bcc Mg can be observed
as the lattice constant deceases. In fact, Figure 2(b) shows
that the unstable TA mode vanishes with a decrease
of 2-3.4% in the lattice parameter. The appearance of
these soft modes agrees well with previous work.[21] The
softening of the TA mode along the I' — N direction, rep-
resented by [£, £, 0], indicates an instability along [110]
planes. The softening of this phonon branch has been
deemed responsible for structural transformations of bee
metals.[22,23] Here we would like to note that the cal-
culated tetragonal shear constant C’ = (Cy; — Cy,)/2 for
the fully relaxed bcc Mg structure is very close to zero
(~2 GPa), very close to the Born stability limit [24] (see
Supplementary Materials section).
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Figure 3. Partial density of states (DOS) in (a) hep Mg, (b) relaxed becc Mg, (¢) bcc Mg with bec Nb’s lattice parameter and (d)
high-pressured bcc Mg. Fermi level (EF) is represented by an vertical dashed line.

Electronic Density of States (DOS). In this section, the
electronic structure of Mg crystals is studied by analyzing
the electronic Density of States (e-DOS). Total and partial
e-DOS plots of hcp Mg, relaxed bec Mg, bec Mg with bee
Nb’s lattice parameter and bcc Mg under high pressure
are presented in Figure 3(a)Hd), respectively. The figure
shows that all structures exhibit metallic-type bonding
with occupied states at the Fermi level. For the hcp Mg
crystal, the calculated e-DOS is in agreement with previ-
ous studies.[25,26] DOS plots of becc Mg with decreasing
cell volume are shown in Figure 3(b)—(d), respectively.
Smaller bee unit cell leads to a shifting of the Fermi
energy level (Ef) to higher energies and qualitatively
changes in the e-DOS close to Er. In the fully relaxed
bce Mg, the local maximum of the e-DOS at the Fermi
level, which is an indication of instability, is observed
in Figure 3(b). Our calculations suggest that this local
maximum/instability no longer appears as the volume
decreases. Decreasing the volume of the bcc Mg cell also
leads to a reduction in the number of electronic states
(at Ep). These changes are also correlated to a larger
partial e-DOS in the p-channels at the expense of the
s-states at energies close to Er. In fact, close inspection
of Figure 3 suggests that s-states in a bee-like environ-
ment make the structure unstable and it is the slight
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dominance—most evident at the smallest lattice parame-
ter considered—of p-states with decreased volume which
stabilizes the bee structure. The (slight) predominance of
p-states at Er can also be observed in fully relaxed hcp Mg
(Figure 3(a)). Moriarty et al. suggested that decreasing
the atomic distance in compressed bcc Mg can result in
lowering and partial filling of empty 3d bands, which in
the end results in stronger interatomic bonds and a more
stable structure.[27]

Burgers’ Transformation. The transformation path
proposed by Burgers when studying the bce-hep trans-
formation in Zirconium (Zr) [28] has been used to
describe the bce-hep transition in many metals such as
barium (Ba),[29] titanium (Ti),[30] and iron (Fe).[31]
The crystallographic orientation relations during the
bee-hep transition are typically (110)pec||(0001)pe, and
[110]pcc]|[1 IQO]hcp.[ZS] This transition consists of shear-
ing and shuffling in specific directions and planes.

The simplest bee to hep transition occurs through
the (intermediate) base-centered orthorhombic structure
(0S4) by keeping the atomic volume constant. Two
independent processes are necessary to realize this trans-
formation: first, a shear deformation from bcc (110)
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planes to the hexagonal basal plane and, second, an alter-
nate shuffle along the [110] direction of the planes. The
deformation during the Burgers transformation is quan-
tified in terms of two order parameters denoted as A;
and X,, which represent shear deformation and shuffle
displacement, respectively. By starting with the bcc lat-
tice parameter a, the intermediate orthorhombic lattice
parameters vary during the transition according to the
following relations:

a0(h) = ——,  bo(h)) = a(A)v2a, co = ~2a,
a(ry)
(1)
where
N
a<m=1+[(§) —1}1,
1 9 1/2
=|(— Z 2
= [()=(5)] ®

In the bce and hep structures, 6 takes values
of 109.47° and 120°, respectively. The positions of
the two atoms in the cell, x; and x, are given
by [(3+ A2), 3+ A2)/12,1/4] and [—(3 + A, —(3 +
A2)/12,—1/4], respectively. (11, A7) is (0,0) for the bee
structure, and (1,1) for the hep structure, respectively.

Figure 4(a) and 4(b) show the calculated total energy
contours as a function of (A;,X;) in relaxed bcc-Mg
and bce-Mg with bee-Nb’s lattice parameter, respec-
tively. The Burgers path shown in Figure 4(a) corresponds
to the transformation from fully relaxed becc Mg(a =
3.571A, V =45.538 A/f.u.) to hep Mg(a = 3.227 A,
¢ =5.050 A, ¢/a = 1.565). For the case of bcc Mg with
Nb’s lattice parameter, the initial bce structure with
a=3324A (V =36.727 A3 /fu.) is transformed to the
hep Mg (a = 3.004 A, ¢ = 4.701 A, ¢/a = 1.565) shown
in Figure 4(b). In both contours, the bce structures are

located at unstable/metastable saddle points, while the
hep structures are located at the global minima. This result
is reasonable as the hcp Mg is more stable than the bcc
Mg structure in a bulk form.

The minimum energy path (MEP) was analyzed in
both systems. The MEP for the Burgers transformation
is identified by using the modified string method pro-
posed by Weinan et al. [32] which is derived from the
zero temperature string method.[33] From the MEP anal-
ysis, energy barriers as a function of 1| and X, of both
models are compared in Figure 4(c). The lines with red
circle and black square markers represent the MEP of
fully relaxed bcc Mg and becc Mg with Nb’s parame-
ter, respectively. The magnitude of the energy difference
between fully relaxed bec Mg (0,0) and hep Mg (1,1) is
2.566 kJ/mol, while the magnitude of the energy differ-
ence between bcc Mg with Nb’s lattice parameter and
hep Mg is 1.817 kJ/mol. Moreover, it can be observed
that the bcc structure corresponding to the Burgers trans-
formation of bcc Mg with the lattice parameter of bcc Nb
actually sits on a metastable saddle point along the energy
landscape. This means that the transformation from bcc
to hcp Mg is not spontaneous as there is a finite (albeit
small) energy barrier to the transformation. This is not the
case for bcc Mg with a fully relaxed lattice parameter. In
this latter case, the bce-hep transformation is barrier-less,
and therefore spontaneous.

Interface Calculations. In addition to the foregoing
analysis, the stability of Mg/Nb thin films in which
bce Mg thin films are assumed to grow epitaxially on
a much thicker bcc Nb substrate were calculated using
DFT methods. In these calculations, we considered two
different configurations: bcc Mg/bcc Nb and coherent
(pseudo)hcp Mg/bee Nb. 10 monolayers of Nb and 4
monolayers of Mg were used. An additional vacuum

e fully relaxed bee Mg
= bee Mg with Nb's parameter

10
(©) 10 0
9
8 2.5 Hos
b
6 20 H20 &
[}
=
? =
1.5 s =
4 2
: 5
10 H10 2
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1 0.5 Hos
0
0.0 0.0

1000 0%y

2

Figure4. The total energy contour (kJ/mol) as a function of 11 and A, for the Burgers’ paths of (a) fully relaxed bcc Mg and (b) bec
Mg with bee Nb’s lattice parameter. Minimum energy path (MEP) is represented by white dots. The contour step is 0.234 kJ/mol.
(c) Comparison of the MEPs of bcc Mg model (red circles) and bcc Mg with Nb’s lattice parameter model (black squares).
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Table 2. Energies of Mg/Nb slab configurations, relative
to the energy of the bcc Mg/bec Nb configuration relaxed
along in-plane directions.

Relaxation method

Relaxed along  Relaxed in all

Slab model out-of-plane directions
bee Mg/bee Nb 0.000 0.001
pseudo-hcp Mg/bce Nb 0.843 0.039

layer of 20 A thickness was introduced to allow surface-
like relaxation on the Mg film. Except for the constraint
imposed by the Nb substrate, there are no additional
strains or deformations imposed on the system. While the
Nb atoms were constrained to relax only along the out-
of-plane direction (experiments suggest that bcc Mg has
lattice parameters corresponding to bee Nb), two types of
relaxations were considered for the Mg layers: relaxation
along the direction perpendicular to the Mg/Nb interface
and relaxation in all directions. As the results show, the
bce Mg/bee Nb slab configuration with Mg relaxation
constrained along in-plane directions is the most stable
structure. The relative energies with respect to the energy
of the most stable structure are presented in Table 2.
When Mg atoms in the pseudo-hcp Mg/bcc Nb model
are allowed to relax in all directions, they actually relax
into a bece-like configuration (with minor deviations due
to surface relaxation effects). The slab calculations thus
suggest that Mg layers prefer to align coherently to Nb
bee layers when the relative thickness of Mg is much
smaller than that of Nb. This provides further validation
to the analysis of the stability of bcc Mg in the bulk state
and is in good agreement with the experimental obser-
vations. The structural variations calculated in the thin
film models are presented in a supplement to the present
article.

Conclusion In this paper, we have examined the sta-
bilization of bcc Mg in Mg/Nb multilayer films [10]
using calculations based on DFT. Under normal ther-
modynamic constraints, bcc Mg is unstable and this is
manifested by the presence of an imaginary branch along
the I' — N direction in the Brillouin zone, which is related
in turn to the existence of a local maximum in the elec-
tronic DOS at the Fermi level. The observed stabilization
of bec Mg in Mg/Nb multilayer films is associated with
the disappearance of the local maximum in the e-DOS
at the Fermi level and results from the reduction in the
lattice parameter of bcc Mg. Calculations of the Burgers
transformation path between bce and hep show that bee
Mg with Nb’s lattice parameter sits on a local minimum in
the energy landscape when comparing bce and hep struc-
tures. This, along with the calculated hardening of the soft
TA branch along the I' — N direction indicates that the
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stabilization of bcc Mg is mainly due to the mechanical
constraints imposed when Mg is forced to (epitaxially)
grow on bce Nb. The stabilization of bcc Mg grown epi-
taxially on the bcc Nb substrate [10] is thus analogous
to the stabilization of bcc Mg under high pressures.[7]
Furthermore, the interface calculations show that Mg
atoms prefer a bece-like environment when they are in
Mg/Nb thin films. These results provide further motiva-
tion to investigate the synthesis of Mg-based materials
with properties not observed in bulk Mg by using thin
film engineering. Based on this work, it is likely that
similar stabilization effects can be generated by using
other bcc substrates, as long as their lattice parameter is
smaller than that of (fully relaxed) bcc Mg, the substrate
is immiscible with Mg and is much stiffer than Mg. This
stabilization can be further improved through the use of
alloying, as demonstrated in the work by Tan et al.[6]

Supplementary online material A more detailed
information on experiments is available at http://dx.doi.
org/10.1080/21663831.2012.804218.
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