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Abstract

The structure stabilities and electronic properties of Mg-X (X = Ni, Pd, Ti, Nb) interfaces are studied
by first-principles calculations, including the atomic mixture effect. In particular, the Mg-X interface
structures are systemically investigated by minimizing the lattice mismatch, including the lattice
constants, cell area, and included angle of the lattice (cell shape). It is found that the optimal interface
matches are 4:7, 3:4, 7:8, 9:4 in surface cell atom numbers (limited up to 10 in consideration of
computational cost) for Mg-Ni, Mg-Pd, Mg-Ti, Mg-Nb, and the corresponding interface energies are
—0.01,—0.9,0.4,0.9] m 2, respectively. We find that atomic mixing at the interface affects the strain,
and even stablize the interfaces in the large-mismatch cases. Furthermore, exemplified with the Mg-
Pd interface, we find the atoms at the interface can be exchanged under practical condition with
assitance of vacancies at the interface.

1. Introduction

Mg alloys have been persistently attractive for the widespread application in industries, including the aerospace,
appliance, medical, automotive and new energy storage industries [ 1, 2], due to its low specific gravity, high
strength and earth abundance [3, 4]. Researches show that the interface of Mg and transition metals plays an
important role in various applications, including the improvement of hydrogen energy storage performance [5].
It was reported that Mg-Ti interface strongly interacts with H to strengthen the hydrogen adsorption ability with
respect to Mg [5, 6], and the interfacial fugacity would enhance hydrogenation reaction rate in Mg-Ni layers [7].
Excellent thermodynamic properties have been demonstrated for the magnesium films covered with Pd [8]. Itis
clear that Mg-X interfaces are significantly important for characteristics of thermodynamic properties and
hydrogen absorption performance.

The internal stress is ubiquitous resulting from lattice mismatch in the heteroepitaxial structures [9]. It is
critical to explore a proper approach to construct Mg-X interface models and analyze the structure and
electronic properties, considering the Mg interface with miscible or immiscible metals. Usually, if the lattices of
two phases have the same shape and a small mismatch, the lattice of the softer compound is often adjusted to
near the harder one to build a coherent interface [10, 11]. In general, however, the shapes of lattice are also
different from each other, involving the revolution of phase lattice to achieve a reasonable match in the interface
[12]. Obviously, a rational interface model should be optimized with a minimum interface energy [13], followed
by most interface studies of Mg-X, including Mg-Ti [6], etc.

Practically, the plastic working of combination of Mg alloying causes various defects at the interface, such as
vacancies, atomic mixture, whose formation are always involved with diffusion. Interestingly, it has been
demonstrated that vacancies in Mg significantly often enhance the diffusion of other impurity atoms with
respect to the perfect crystal lattice [14]. The impact of impurity diffusion in magnesium has also attracted much
attention to the macroscopic Mg alloys properties, such as castability and strengthening [15-17]. Nowadays,
there are a number of studies on the diffusion of impurities in magnesium bulk available, including experiments
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and theoretical calculations of vacancy formation energy in Mg, solute-vacancy binding energy and diffusion
energy barrier of some dilutes [1, 18-20]. A methodology of computing the diffusion coefficients for dilutes (Ca,
Al, Sn) in Mg with some vacancies is presented in literature [21]. Researchers mainly paid attention to dilutes
diffusion in magnesium bulk, while the studies of diffusion properties at the interface of Mg and other metals
were often neglected, partially due to the complexity of interface structures [22]. Nevertheless, the atomic
mixture effect, and the corresponding possible diffusion path in the Mg-X interfaces has not been seriously
addressed, although it clearly affects the interface structure and properties.

In this paper, we have adopted first-principles approach to study the interface of Mg-X, including the
mixture effect, for miscible (X = Niand Pd) and immiscible metal elements (X = Tiand Nb). We have
constructed the Mg-X interface structures systemically by minimizing the lattice mismatch. As expected, we find
that the interfaces of Mg with miscible phases are more stable than those with immiscible metals. In the case of
large lattice mismatches, atomic mixing in the interface remarkably reduces the interface energy for both
miscible and immiscible metals with Mg. Additionally, we find that the atoms in interface are exchanged with
assistance of vacancies under practical conditions.

2. Computational methods

Density functional theory (DFT) as implemented in Vienna Ab initio Simulation Package [23, 24] (VASP) is
employed to perform the calculations. Projector augmented wave (PAW) method [25] with the Perdew, Burke,
and Ernzerhof (PBE) [26] generalized gradient approximation functional is adopted. The plane-wave cutoft
energy is set to be 300 eV, which meets the conditions of interface energy convergence for the four models. For
example, the interface energy difference is within 0.015 ] m > when the cutoff energy increases from 300 eV to
600 eV for Mg-Tiinterface model. 5 x 5 x 1 Monkhorst-Pack k-point grid [27] for Mg-Pd and Mg-Ni
interface models,and 3 x 3 x 1for Mg-Nb and Mg-Ti interface models are used. The convergence criterion
for the structural relaxation is set to 0.01 eV A~

The climbing image nudged elastic band (CI-NEB) method is used to calculate the minimum energy path for
the atom transition in the interface. At least five images are simultaneously optimized to obtain the transition
energy barrier and the minimum energy path. The force convergence criterion for every atom of each image is
setas 0.01 eV A~" during the optimization.

3. Results and discussion

3.1. Stability of Mg (0001)-X Interface

Itis known that (0001) is the energetically favored surface, which is close-packed, for magnesium. To construct
the interface of Mg (0001) with metals X (X = Ni, Pd, Tiand Nb), it requires the two phases share the same
shape and similar lattice constants. Fortunately, Ni(111), Pd(111), Ti(0001) and Nb(111), the energetically
favored close-packed surfaces have the same shape with Mg(0001). Even so, it is still complicated to obtain the
optimal structure match of Mg-X interfaces as the magnitude of their surface lattice constants of a and b, as well
as their included angle can be adjusted. For simplicity, we may put restrictions of a = b and their included angle
at 60° at the first step.

Here the ‘stress balancing’ approach is adopted to set up the mutual lattice constant to construct the
periodical interface model [28]. It implies that the total energy of the two independent slabs of Mg and X is
minimized with respect to the mutual lattice constant. Following the structural optimization of the slabs, we
have the optimal mutual lattice parameters of 6.50 A, 5.57 A, 8.66 A, 9.46 A for Mg-Ni, Mg-Pd, Mg-Tiand Mg-
Nb interface models, respectively. The corresponding lattice constants of c are fully optimized accordingly. This
approach should be more realistic than the models adopted in earlier literature, where the average of lattice
constants of two phases was chosen for the mutual lattice constant of the interfacel [5, 6].

All the possible surface unit cells are with lattice constants of nearest neighbor (NB), ag, next NB (/3 a,), 3rd
NB (2 ay) distance, etc, with all the two dimensional unit cells of less than 10 atoms shown in figure 1. Their
corresponding optimal lattice match can also be obtained, as listed in table 1. Among these interface models, the
4-atom Pd(111) cell has less than 1% mismatch with the 3-atom Mg(0001) cell, while Ti(0001) has the greatest
mismatch of 4.1% with its 9-atom cell matching 7-atom Mg(0001) cell. Ni(111) has the best mismatch of 2.8%
with its 7-atom cell matching 4-atom Mg(0001) cell and the 4-atom Nb(111) cell have the best mismatch of 2.4%
with the 9-atom Mg(0001) cell.

Furthermore, we removed the restriction of a = b, and systematically searched the optimal match of Mg-X
interfaces by a code according to the mismatches of cell area, magnitude of lattice vectors, and their included
angles for surface cells with atoms less than 10, in consideration of computational cost for DFT simulation of the
interfaces. We do find some matches with smaller area mismatches, but no better lattice match found with
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Figure 1. The surface cell selection of Mg or X system on their close-packed surface. Plots (a) to (e) are cells with 1, J3,2,47, 3 times
of the primitive lattice constant ag, respectively.

Table 1. The expansions of the lattice constant relative to the unit cell lattice constant for each phase and the corresponding lattice constants
are listed (c.f. figure 1). Considering the computing resource, the expansion multiples of lattice constant are limited with surface cell atoms
under 10. The best match ratio and corresponding mismatch (wrt Mg) for each Mg-X interface systems are listed as well.

Multiple of ag Phase 1 J3 2 J7 3 Optimal match (Mg:X) Lattice mismatch (wrt Mg)
Mg(0001) 3.19 5.53 6.38 8.44 9.57 — —

Ni(111) 2.48 4.30 4.96 6.56 7.44 2:7 +2.8%

Pd(111) 2.79 4.83 5.58 7.38 8.37 J3:2 +0.9%
Ti(0001) 2.93 5.07 5.86 7.75 8.79 J7:3 +4.1%

Nb(111) 4.67 8.08 9.34 12.36 14.01 3:2 —2.4%

respect to those listed in table 1 or the number of atoms in the model is much larger than those in table 1. For
instance, an 8-atom cell of Ti(0001) (witha = 2 ag, b = /13 by included angle = 76°) has 3.6% area mismatch
toa7-atom cell of Mg(0001) (witha = J3ag,b = ?bo, included angle = 76°), smaller than the 8.4% area
match of the optimal match listed in table 1. The corresponding lattice mismatches for a and b from the code
searched reach +6%, and —8%, respectively, with the magnitude much greater than the optimal 4% mismatch
from table 1. Interestingly, the interface energy of 3.6% mismatch is lower than the optimal choice in table 1, and
we will discuss it later together with the mixing effect in section 3.3. Besides, a 7-atom cell of Mg and a 9-atom Pd
have 1.8% area mismatch, slightly less than the 2% area mismatch of the optimal choice listed in table 1. We do
not consider this Mg-Pd match due to its heavy computational cost and little gain on optimal match. Here, the
optimal structural matches with a = blisted in table 1 are adopted for the Mg-X interface study firstly for an
easier comparison between the various systems.

Consequently, the interfaces are modeled with the Mg-X slabs of 6 layers each stacking periodically along ¢
direction without vacuum. The convergence of the number of layers is tested with the interface energy. For
example, it changes within 0.03 ] m ™~ for Mg-Ti interface when 8 layers of both Mg and Ti are used in the model.

Clearly, the structural stability of the interface is also affected by the different stacking of two phases, i.e., the
relative position of two phases of the interface [29]. In order to get the most stable stacking of the atoms at
interface, relative displacement along a and b directions of X phase is carried out with respect to the Mg surface.

Following the above settings of the Mg-X interface model, we have calculated the work of adhesion and
interface energies to assess their stability. The work of adhesion W, is a quantity to estimate the interaction
between the two phases as defined by the following equation [30-32]:

Waa = (Exjg/x — Enig — EX™)/28
where Ef\lj‘g and E$® is the total energy of isolate Mg and X surface systems with corresponding strain while
Ejlg/x is the total energy of Mg-X interface. It is necessary to be divided by two times of the interface area S as two
interfaces are included in the unit cell of the interface model.

The calculated work of adhesion of different stacking are shown in figure 2. Mg phase is fixed while shifting X
phase along a and b directions to to calculate their work of adhesion with different displancement. The
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Figure 2. Contour maps showing the difference of work of adhesion (W,4) with respect to the relative position of two phases reflecting
the stacking effect on Mg (0001)-X interface. The origin of the energy contour plot is corresponding to the direct stacking of surface
cells shown in figure 1, and the inserted interface structures at the right corners are corresponding to the energetically favored stacking.
Here Mg atoms are illustrated by the golden balls.

structures corresponding to the origin points are the cells stacking with atoms at the top aligning to each other (c.
f. figure 1). The structures with the lowest interface energy (the structure corresponding to the deep blue region)
are inserted in figure 1. It is observed that different stacking does not change the work of adhesion significantly
for these interfaces. The largest difference of adhesion is just greater than 0.15 ] m ™~ 2 only for Mg-Pd and Mg-Nb
systems, while 0.6 ] m > for Mg-Ni system. Specifically, the largest difference of adhesion energy for Mg-Ti
interface model is less than 0.07 ] m 2, which reflects that the binding energy of Mg and Ti atoms is the smallest
among the four systems.

The calculated work of adhesion of the four interface models are shown in figure 3(a) based on the above
models. To reflect the stability of the interface, the interface energy is also calculated following the definition of
earlier literature [29]:

Ein = (Eyjg/x — Eyig' — EX™) /28

E,.: represents the interface energy of Mg-Ni, Mg-Pd, Mg-Ti, or Mg-Nb model. E}\’,}fglk and EZ"* are the

energies of Mg and X bulk structures with the same stretch as in interface models correspondingly. As shown in
figure 3(a), the W, of all interface systems is negative. It implies that the two phases attract to each other even for
the immiscible Mg-Tiand Mg-Nb, mainly contributing to the surface energies. It shows that the four interfaces
will be stabilized experimentally as long as the corresponding surfaces can be cleaved. According to figure 3(b), it
is clear that the interface energies of Mg-Niand Mg-Pd slab structure models are all negative, i.e., their slab
models are energetically favored with respect to their individual bulk structures with the corresponding stretch.
It can be explained that Pd and Ni prefer to be combined into strong bonds with Mg atoms in the interface to
stabilize the structure, as Pd-Mg more energetically favored. It is worth noting that the interface energy of Mg-Ni
system is almost negligible, 0.01 ] m ™2, In contrast, the interface energies of Mg-Ti and Mg-Nb slab structures
are higher and are unstable with respect to their individual elemental crystals. This is in consistent with the fact
that Pd and Ni are miscible with Mg while Tiand Nb are not.

The structural properties such as the spacing between layers for the Mg-X interface models and Mg, X
isolated surface models under corresponding strains are given in table 2. In general, it is seen that when the
interfaces form for Mg-Niand Mg-Pd models, the spacing between Mg-Mg and X-X layers increase due to the
miscibility effect and the stretching effect on layers farther away from interface. For example, the spacing of Mg
1/2,Mg2/3,Mg3/4,Ni2/3,Ni3/4 of Mg/Ni interface model all increase except Ni 1/2, compared with Mg
and Ni surface with the same strain. This is due to the attracting effect of the interface and corresponding stretch
effect of the layer of Mg and Ni phases. Similarly, for Mg/Pd interface model, the spacing between Mg2/3, Mg
3/4,Pd1/2,Pd2/3 and Pd 3/4 are all widen except Mg 1/2 keeping the same spacing with the pure surface
model. In contrast, the spacing between layers near interface would be compressed for Mg-Tiand Mg-Nb
interfaces, due to the immiscibility effect in interface and corresponding squeezing effect on layers farther away
from interface. Although the structure change for Mg-Ti interface model is not obvious, among the six layer
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Figure 3. The work of adhesion (a) and interface energy (b) of four slab structure models with the optimized match: Mg-Ni, Mg-Pd,
Mg-Ti, Mg-Nb, respectively. The light blue background corresponds to the miscible systems with Mg while the pink one represents
the situation of immiscible systems.

Table 2. Details of the spacing (in A) between layers for Mg-X interface and corresponding free surface models under

corresponding strain. Here Mg 1/2 stands for the spacing between the first and second layers of Mg from the surface/interface,
and correspondingly for other notations.

Model Mg3/4 Mg2/3 Mgl/2 Interfacial spacing X1/2 X2/3 X3/4

Mg-Ni Surface 2.62 2.63 2.65 / 2.01 2.03 2.04
Interface 2.55 2.57 2.57 2.11 2.16 1.99 2.00

Mg-Pd Surface 2.58 2.60 2.62 / 2.28 2.27 2.27
Interface 2.62 2.66 2.62 2.08 2.31 2.29 2.29

Mg-Ti Surface 2.57 2.56 2.56 / 2.17 2.37 2.28
Interface 2.53 2.56 2.53 2.59 2.32 2.29 2.30

Mg-Nb Surface 2.58 2.55 2.60 / 1.13 1.18 1.60
Interface 2.44 2.45 2.32 2.54 0.67 0.82 1.13

spacing of Mg-Nb interface model, all of them narrowed after forming interface. It is concluded that, miscible
phases tend to be close to the Mg phase while miscible phases stay away from Mg after relaxation at the interface.

3.2. Electronic Structures of Mg-X interface
Figures 4(a)—(d) show the layer-projected partial densities of states (PDOS) and charge density difference for
Mg-X (X = Ni, Pd, Ti, Nb), respectively. The six layer-projected PDOS plots are corresponding to three layers of
X and three layers of Mg around the interface, with the structure and charge density difference shown in the
right. Here the charge density difference is defined as:
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Figure 4. Layer-projected density of states and charge density difference for Mg-X interface models. The Fermi energy is set to zero.

The layer numbers in PDOS correspond to the atom layer number from interface in each model. The charge density difference plots
illustrate the charge redistribution when the interface forms, with yellow and green representing the depletion and accumulation of
electrons, respectively.

tot slab slab

Paiff = Pmg/x — Pmg — Px

Where pi‘,}; /x Is the charge density of Mg-X interface model, while pil,;‘;’ and piab are the charge densities of Mg
and X slab.

For Ni system, as the layers approach the interface, it is found that the PDOS of Nis, p, d are all slightly shifted
towards lower energy, indicating a more stable electronic configuration at the interface. This is in good
agreement with the fact that the interface of Mg-Ni system is stable with negative interface energy. For the Mg
phase of Mg-Ni system, the closer to interface, the higher PDOS of s and p levels at the Fermi level, implying that
hydrogen atoms will be energetically favored at the interface due to the high charge density relative to the bulk
structure. Itis worth noting that these trends are also available in Mg-Pd system. Through analysis of PDOS and
charge density difference graphs, it is demonstrated that the closer the atoms to interface, the more stable for
miscible phases as the PDOS peaks move to left nearby Fermi energy. However, the PDOS of Mg-Tiand Mg-Nb
systems show the different trend around the interface. As shown in figures 4(c) and (d), there is no clear shift of
PDOS with respect to the layers, so the formation of the interface does not contribute much to stability of the
interface. For Mgside, it is clear that the closer the atoms to interface, the higher charge density around the Fermi
level, which may be corresponding to a higher activity to hydrogen atoms.

Itis clear that most of the charge re-distribution is located around the interface, contributing to form a
relatively stable interface in these models. The transfer of electrons at interface accelerates the bonding between
the interfacial atoms [33]. It is observed that the charge at interface mostly transfers from Mg to of the X phases,
in line with their corresponding electronegativity (Pauling scale), 1.31, 1.91, 2.20, 1.54, 1.60 for Mg, Ni, Pd, Ti,
Nb, respectively. Furthermore, the greater the difference in electronegativity between the two elements is, the
stronger the polar bonds are. By comparing figures 4(a) and (b), it is found that the adhesion of Mg-Pd interface
model is stronger, partially attributed to more electron transfers at the interface region.

3.3.Energetic and electronic properties of atomic mixing at interface

Itis known that atomic mixing can occur at the interfaces, especially for miscible interfaces. Even for immiscible
phases, atoms can be exchanged at the interface where the exchange can release strains at the interface for large
misatch models. In order to study if the atomic mixing at interface can stabilize the interface energetically, we
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phases. The percentages in the graph represent the strain ratio of Mg in each model. Different color bars represent the interface energy
of different interfacial atom mixing ratios.

have studied the interface energies of Mg-X (X = Ni, Pd, Ti, Nb), with the atom exchanges up to 50% at the first
layers at the interface. We acknowledge that the atoms will be fully mixed in both phases for the miscible systems
under complete theomodynamic equlibirum condition, which may not be the situation for interfaces
practically. The kinetics of mixing effect, however, can be reflected by atomic exchange at first layers of the
interfaces. The calculated interface energies are shown in figure 5 for various mixing percentages at the first
layers. The histograms with light blue background represent the interface energies of Mg and its miscible phases
(Niand Pd), while those with pink background represent the interface energies of Mg and its immiscible phases
(Tiand ND). The percentages below or above the bars stand for the strain of corresponding mutual interfacial
arearelative to the ideal interfacial area of Mg with no mixing when they form interfaces. It is the mismatch of
interfacial area of mutual interface models with respect to the interfacial area of ideal Mg phase. In addition to
the earlier optimal interfaces, here one interface model with larger mismatch is also adopted for each Mg-X
interface model to study the strain release effect from the atomic mixing. The corresponding matches of Mg-X
interface with larger mismatches are v/3 :2, 1:1, 1:1 and 3:4/3 , corresponding to Mg-Ni, Mg-Pd, Mg-Ti and Mg-
Nb, respectively, assuminga = bin these interfaces.

The blue bars in the figures indicate the interface energies without atomic mixing. Red bars represent the
interface energies of small mixing ratio (25%, 16.7%, 14.3%, 11.1% for optimal-matched and 16.7%, 25%, 25%,
11.1% for larger-mismatched interface models of Mg-Ni, Mg-Pd Mg-Tiand Mg-Nb respectively) and yellow
one account for higher mixing ratio (50%, 33.3%, 28.6%, 22.2% for optimal-matched and 33.3%, 50%, 50%,
22.2% for larger-mismatched interface models of Mg-Ni, Mg-Pd Mg-Ti Mg-Nb respectively). The mixing ratio
is based on the number of mixing Mg atoms with respect to the number of Mg atoms in the surface cell of the
interface. For Mg-X (X = Ni, Tiand Nb) structure, one interfacial Mg atom is exchanged with interfacial X
atom for small ratio mixing in the interface layer within the smallest cell in a and b direction randomly, while two
Mg atoms are exchanged with two X atoms in the interface layer for a higher mixing ratio. However, for Mg-Pd
structure, one interfacial Mg atoms is exchanged with interfacial Pd atom after doubling the cellina or b
direction for small ratio and two Mg atoms are exchanged with Pd for higher mixing ratio. It is clear that the Mg
interfaces with mutually miscible phases are more stable than immiscible ones in any case of lattice matches. As
the mismatch rate becomes larger, it is clear that the work of adhesion decrease due to the atomic mixing in the
Mg interface with both miscible and immiscible phases. This is attributed to the fact that atomic mixing in
interface can absorb interface strain to some extent. It is known that the radius of Mg, Ni, Pd, Tiand Nb in
elemental metalsare 1.59 A, 1.24 A, 1.40 A, 1.44 A and 1.43 A, respectively. We actually have tensile strains in
Mg phase for our optimal Mg-X interface models (X = Ni, Pd, Ti), therefore no strain release is expected with
the atom mix at the interface as Mg has the largest atomic radius among the five elements. Consequently, the
calculated interface energies become greater with the atom mixing as seen in figure 5 for the optimal interfaces.
However, atom mixing may release the strain for the interfaces with larger mismatch. For the larger strain
interface models, the mutual lattice constant of Mg-X (X = Ni, Pd, Ti, Nb) are 5.38 &,3.09 A,2.99 A,9.20 A,
respectively. The estimated strain of no atoms mixing, atoms mixing 11%—25% and atoms mixing 22%—50%
interface are shown in table 3 according to the ratio of strained mutual interface area to ideal interface area of Mg
phase. The plus or minus signs in the table represents the stretched and compressed state with respect to the ideal
interface area of Mg.
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Table 3. The estimated strain of Mg phases in the larger mismatch Mg-X

(X = Ni, Pd, Ti, Nb) interface models (c.f. figure 5) with respect to the ideal
Mg(0001) surface, in consideration with the atom mixing at the interface
with differenct atomic radius.

Interface No atom Atom mixing Atom mixing
model mixing 11%-25% 22%-50%
Mg-Ni —5.2% —0.1% 5.5%
Mg-Pd —6.2% —0.03% 1.9%
Mg-Ti —11.6% —8.9% —5.5%
Mg-Nb —7.6% —6.03% —4.4%
%] o
@ © Q
o © 0 og
N Ge o7 oo
(a) Mg-Ti 7:8 (b) Mg-Ti 7:9
Figure 6. The 2D plot of Mg-Ti 7:8 and 7:9 interface models of the lowest energy configuration, where Mg atoms are illustrated by
golden balls.

It is apparent that, for miscible phases to Mg like Ni and Pd, the interface strain drops to the lowest with
11%-25% mixing at interface, while it rises again for 22%—50% atom mixing cases. For immiscible phases to Mg
like Tiand Nb, we can see that with the interfacial atom mixing ratio rises, the strains decline all the time, but the
tendency of interface energy for these models is nonmonotonic, which illustrates that the miscible phase tend to
separate with Mg phase.

At the interfaces with atom mixing, there would be some local structural changes around the mixing atoms
after relaxation. For example, in the mixed Mg-Nb model, the Nb atoms in Mg interfacial layer move close to the
Nb phase during the optimization and the mixed Nb atoms migrate 0.21 A against the host Mg interfacial layer.
Similarly, the Mg atoms in the Nb interfacial layer also move 0.55 A far away from the layer and shift to the Mg
phase. This trend can be explained by the fact that Nb is immiscible to Mg and the interaction of Mg-Nb bond is
weak, so they tend to separate with each other rather than forming interface. For Mg-Ti interface model, with the
atom mixing in interface, it is going to show the same trendency with Mg-Nb interface model that the mixing Ti
atoms tend to move away from the host Mg interface layer and close to the Ti phase. It also occurs to the mixing
Mgatoms in Ti interfacial layer and the Mg atoms tend to move far from Ti phase. Ti atom moved 0.35 A against
to the Mg host interfacial layer and Mg atom shifted 0.22 A against to the Ti host interfacial layer. In constrast,
the movement of mixing atom of Mg-Pd interface model is opposite to Mg-Nb and Mg-Ti models, as the mixing
Pd atoms tend to move close to Mg phase while the mixing Mg atoms tend to move close to Pd phase during the
optimization. The mixing Mg atoms in Pd interface layer move 0.30 A close to Pd phase, while the mixing Pd
atoms in Mg interface layer move 0.52 A to Mg phase. For Mg-Ni interface model, although there is no clear
movement for the mixing Mg atoms in Ni interface layer, the mixing Niatoms in Mg interface layer still move
0.21 A close to Mg phase during the optimization. This concludes that the miscible phases like Pd and Ni can
form stable bonds with Mg, and thus the interfaces are more energetically favored with atom mixing.

As mentioned earlier, there is another possible optimal match for Mg-Ti interface, with an 8-atom cell of Ti
(0001) (witha = 2 ag, b = /13 by, included angle = 76°), which has 3.6% area mismatch to a 7-atom cell of
Mg(0001) (witha=~/3ag, b = /53 b/2,included angle = 76°). In order to check the stability of the 7:8
interface model and the corresponding mixing effect, we have further investigated this Ti-Mg interface with a =
b. The 2D plot of Mg-Ti7:8 and 7:9 (with a = b ) interface models of the lowest energy stacking are shown in
figure 6 and the calculated interface energies are listed in table 4. As noted above, although the area mismatch of
7:8 Mg-Tiinterface model is smaller than the 7:9 interface model, the lattice mismatch of the 7:8 Mg-Ti interface
model is much larger than 7:9 interface model. It shows that the interface energy of 7:8 model is 0.41 ] m 2,
indeed smaller than the interface energy of 7:9 model, 0.53 ] m 2. This illustrates that the interface structure of
7:8 Mg-Ti model is more stable than that of 7:9 model. However, after the atomic mixing at interface, the relative
stability changes. For the studied mixing ratio, the interface energy of 7:8 model is larger than the corresponding
7:9 modele, which exactly reflects the important role of interfacial atomic mixing on strain release.

The layer-projected partial densities of states (PDOS) of Mg-Ti 7:8 interface model is shown in figure 7 with
corresponding atomic structure right. As similar as above PDOS plot of Mg-Ti 7:9 interface model, there is no
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Table 4. The structural stability comparison of Mg-Ti interface
model with matching of 7:8 and 7:9. Lattice mismatch concludes the
mismatch in aand b direction.

Mg-Tiinterface 7:8 7:9
Lattice mismatch +6% and —8% +4% and +4%
Area mismatch —3.6% +8.4%
Ei(Jm™?) 0.41 0.53
Ej(14.3% mix) (J m ™) 0.71 0.59
E;t(28.6% mix) J m %) 0.87 0.67
Mg-Ti 7:8 e
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Figure 7. The layer-projected partial densities of states (PDOS) of Mg-Ti 7:8 interface model with its atomic structure at right (Mg
atoms are shown in golden balls).

obvious migration of PDOS with the layer close to interface, which indicate that Mg and Ti is immiscible phase
to each other again.

The electronic properties of Mg-Pd interface structure with 33.3% ratio of interfacial atomic mixing are
shown in figure 8. The layer-projected partial density of states (PDOS) for Mg-Pd is calculated for the host atoms
in each layer in figures 8(a) and (b), as well as the mixed atoms at corresponding interfaces. Three layers of X and
three layers of Mg around the interface are included in the plot. As the layers approach the interface, the PDOS of
Pds, p, d are all obviously shifted towards lower energy and the trend is even more pronounced than the Mg-Pd
interface model without any atom mixing at the interface (c.f. figure 8(a)), indicating a more stable electronic
configuration at the interface. From figure 8(b), it is obvious that the DOS of mixed Pd atom in Mg interfacial
layer mainly locates below the Fermi energy, indicating that the Pd atoms favor to mix together with Mg phase.
This is in good agreement with the calculated result of structural stability that the interface of Mg-Pd system
becomes more stable with atoms mixing at interface.

3.4. Kinetics of atom exchange at the interface
According to above discussion, we know that the interaction between Mg and Pd is stronger than any other
studied phases with Mg. Following the investigation of Mg-Pd interface stability, we have investigated the
diffusion of Mg and Pd atoms at interface to figure out the condition for the corresponding atom mixing.

The calculated diffusion coefficient D typically obeys Arrhenius behavior with respect to temperature T as
[34,35]:

D = Dye Ea/kaT
D, is the pre-exponential factor of our system, for a first-order reaction. It has a unit of s—', and thus often

called frequency factor. E,, is the diffusion activation energy for solutes and vacancies migrate in host phases. kg is
the Boltzmann constant and T is the temperature. From above equation, we see InD is linear with 1 /T, i.e.:
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Figure 8. Layer-projected density of states for Mg-Pd mixing interface models with 33.3% mixing ratio of interfacial atoms. The Fermi
energy is set to zero. The layer numbers of PDOS correspond to the atom layer number from interface in each model. Here Mg atoms
are shown in golden balls.

InD = InDy — Ea 1
kg T

It should be noted that E, is related to the vacancy formation energy, solute migration energy and some
influence from correlation factors. So, if the transition energy barrier is obtained, the diffusion coefficient can be
estimated according the equation. The correlations for E, and D, would be conductive to understanding certain
features of the underlying physics of diffusion. According to the available Dy of X in Mg [36], we find that Dy is
insensitive to nonmagnetic material X in Mg phase, so D, of the magnitude of 10~* m* s~ ' isadopted for
impurity Pd in Mg phase, as well as impurity Mg in Pd phase in our study.

Before calculating the energy barrier of atoms diffusion in Mg-X interface model, we have calculated the
impurity migration barriers for solute-vacancy exchange within the basal plane in Mg to ensure the accuracy of
our calculation. For example, migration barriers of Ni, Pd, Nb, Tiand V in Mgare 0.98 €V, 0.96 eV, 0.94 eV,
0.67 eV, 0.88 eV, respectively, which are in good agreement with the results in literature [ 18], in which these
migration barriersare 1.03 eV, 1.04 eV, 1.19 €V, 0.84 eV, 0.9 eV in turn. The corresponding binding energies of
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(b)

Figure 9. Initial (a) and final (b) configurations for interface atom exchange. Here, gray balls represent Pd atoms, while yellow balls
represent Mg atoms.
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Figure 10. Diffusion route and energy barrier of atoms mixing in interface of Mg-Pd composite are shown, including the initial, final
and some intermediate configurations in the transition process.

solute and vacancy were also calculated in literature [ 12]. Besides, the energy barriers for the collaborative
diffusion, which involves 3 atoms, including a solute atom and two magnesium atoms without any vacancy are
also calculated in this work. The results are 2.86 eV, 1.45 eV, 1.85 eV, 3.35 eV, 3.10 ¢V, 2.90 eV for Mg, Ni, Pd,
Nb, Tiand V, respectively, much larger than the migration barriers with help of vacancy. So, in order for an
impurity to jump in magnesium bulk, the vacancy adjacent to the impurity atom is often required [18].

The energy barrier of direct atom collaborative diffusion in Mg-Pd interface model is calculated to be
1.85 eV, which is so large that diffusion is extremely difficulty. The corresponding temperatue is estimated to be
as high as 1162 K for a typical diffusion coefficient of 10> m* s~ . In reality, vacancy is ubiquitous in bulk
structures and it has played a key role in diffusion of impurity in Mg. It is found that, for Mg-Pd interface model,
the interfacial vacancy would tend to stay in Mg phase rather than Pd phase after relaxation no matter the
vacancy was placed at Mg or Pd side initially. The vacancy formation energies in Mg and Pd bulk are 0.84 eV and
1.20 eV, respectively, in line with the fact that vacancies are easier to form in Mg phase. When a vacancy forms
adjacent to an impurity, it contributes to the diffusion process of the impurity atom [18]. Figure 9 is a schematic
diagram of the initial and final state structure of the interfacial atoms diffusion process. A magnesium atom at
the interface was removed to form a vacancy at the initial state. The closest Pd atom to the vacancy, atom A,
represented in figure 9(a), moves to fill in the empty space, and realizing atomic mixing at the interface. Atom B
fills into the original position of A consequently, and atom C migrates into the original position of B. The
vacancy of final state still stays on Mg phase like initial state due to the lower vacancy formation energy in Mg
than in Pd phase.

The diffusion path and the transition state of Mg-Pd interface calculated by CI-NEB are shown in figure 10.
In the diffusion process, the three atoms move simultaneously. The corresponding structure of transition state
appears at the third configuration. The diffusion energy barrier of atoms in the interface is about 0.94 eV.
According to the above diffusion coefficient equation, the diffusion coefficient can reach 10~ 12m?
temperature is around 590 K, which is much lower than the case without vacancy.

s~ ' when
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4. Conclusion

With a theoretical study of the structure, electronic properties of Mg-X (X = Ni, Pd, Ti, Nb) interfaces, as well as
the atomic mixture effect, we conclude that:

i

it

i. As expected, the interfaces of Mg with miscible phases are more stable than those with immiscible metals.
With the restriction of a = b, the optimal interface matches are 4:7, 3:4, 7:9, 9:4 in surface cell atom numbers
(limited up to 10 in consideration of computational cost) for Mg-Ni, Mg-Pd, Mg-Ti, Mg-Nb, and the
corresponding interface energies are —0.01, —0.9, 0.5, 0.9 ] m ™ %, respectively. When the lattice match is
further searched without the restriction ofa = b, Mg-Ti interface energy is lowered to 0.4 ] m ™2, witha 7:8
cell match.

=

. Atomic mixing effect is significant for the interface stability as it changes both strain and chemical bonding
atinterface. For the interfaces with large mismatch, atoms mixing in interface can release interface strain
significantly and stabilize the interface structures for both miscible and immiscible phases. For example, the
area mismatch of Mg-Ni large interface model decreases from —5.52% to —0.1% with 16.7% atom mixing
atinterface. Likewise, this number of Mg-Pd large interface model drops down from —6.2% to —0.03%
with 25% atom mixing at interface.

=

. Atomic exchange at the interface can occur under feasible conditions. Exemplified with Mg-Pd, the
diffusion barrier is estimated to be 0.94 eV with assitance of vacancies, and the diffusion coefficiency can
reachto 107" m” s~ ' at temperature of 590 K.
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