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The structural stability of the ternary alloy Mo(Si,

—x

Al,), with different x has been investigated

using first-principles pseudopotential plane wave method. The electronic origin of the Cl11,
— C40 phase transition is revealed by analyzing the density of states and d-band splitting induced
by the crystal field. We further propose the feasibility of controlling the microscopic structure by
adding a quaternary component according to the mechanism presented in this work. © 2011

American Institute of Physics. [doi:10.1063/1.3562593]

In recent years, MoSi, has attracted much attention as a
potential candidate for high-temperature materials because of
its excellent properties, such as high melting point (2293 K),
low density, and oxidation resistance. The most severe im-
pediment for the structural aplplication of MoSi, is the pest
disintegration around 780 K. 2 Many experimentsB_8 have
shown that alloying with Al can significantly improve the
resistivity of MoSi, toward the pest disintegration. Al substi-
tution can also improve the structural toughness at low-
temperatures, making Mo(Si;_,,Al,), a suitable alloy for tur-
bine blades or coating. Recently, Pankhurst et al.’ observed
that when the concentration of Al in Mo(Si,_,,Al,), is be-
yond 10 at. %, the crystal structure transforms from the C11,
to the C40 structure. Several other works also reported the
effects of ternary and q3uaternary addition on controlling the
structure of MoSiz.lo_1 Despite extensive experimental ef-
forts, an in-depth understanding of the mechanism driving
the structural transition is still lacking. In the present work,
we reveal the microscopic mechanism of the phase transition
in MoSi, due to Al-doping using first-principles calculations.

The ﬁrst—}‘)rinciples calculations were carried out using
VASP package * with Perdew and Wang15 exchange correla-
tion functional and an energy cutoff of 350 eV. To compare
the stability of both structures of Mo(Si;_,,Al,), with differ-
entx, a 3 X 1X1 supercell of C11; and a 2X 1 X1 supercell
of C40 were employed (shown in Fig. 1). Three Al concen-
trations, x=0, 8.3, and 16.7 at. %, were considered. In the
case of x=16.7 at. %, we have considered all the configura-
tions in which two Al atoms substitute different Si sites, and
the configuration with the lowest energy is taken as the
ground-state. A 5X 10X 7 k- mesh is adopted following the
Monkhorst—Pack scheme.'® The whole structure was allowed
to relax until the force on each atom is less than 0.02 eV/A.
Our convergence test showed that the total energies is better
than 1 meV/atom.

We begin our discussion by noting the rules for site
occupancy of Al in two phases with x=16.7 at. %. Two
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quantities are taken to characterize the dopant distribution:
the nearest distance between the two Al atoms, and the
number of Al-Al pairs with distance shorter than a given
R..(=4.5 A), which is slightly larger than the third nearest
neighbor Al-Al distance in C11, and the fifth nearest neigh-
bor Al-Al distance in C40, respectively. The results are listed
in Table I. In the C11, case, the structure prefers longer
“nearest distance” and fewer “number of Al-Al pairs,” which
indicates a uniformly and sparse distribution of Al in MoSi,.
In contrast, there is no clear trend for favorable site occu-
pancy of Al in C40 structure. Generally speaking, the aver-
age distance between the Al-Al pair is smaller in C40 than
that in C11,.

The lattice constant of each structure expands with the
increasing x due to the larger radius of Al atoms compared to
Si atoms. pV term is, however, ignored since the relative
difference of volumes of supercells of C11, and C40 struc-
tures is smaller than 0.6% with the same x. Further, C40 was
observed to be the ground state due to the Al substitution at
room temperature.9 And the difference of vibrational free
energies between C40 and C11, AFSC'" is estimated as
26 meV at 300 K in the present work. These two facts sug-
gest ignoring vibrational entropy will not change our conclu-
sions. We thus focus on the total energy (E) for the rest of the
paper. Figure 2 shows the total energy curves of two struc-
tures with different x. E 11, and Ecyg both rise with increas-

ing substitution of Al, and the effect on C11, structure is
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FIG. 1. 3X1X1 C11, supercell (left) and 2X 1 X 1 C40 supercell (right).
Dark large circles and light small circles represent Mo and Si atoms, respec-
tively. Dark small circles indicate the lowest-energy positions for Al substi-
tution. Lattice sites are marked by Arabic numerals 1-12.
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TABLE 1. The total energies with different occupation position of Al. The
abbreviation “Num” means “the number of Al-Al pairs with distance shorter
than R_,” and “Dis” means “the nearest distance of Al-Al pair,” respec-
tively. In each case, the ground energy is set as zero.
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TABLE II. The bulk modulus B, (Mbar) of C11, and C40 with different x.
The optical phonon frequencies ¥(cm™') of C11, structure. Values in paren-
thesis are from Ref. 18.

X
(a) C11, case (at. %) 0 8.3 16.7
Dis E,, B, (Mbar) Cl11, 2.07 2.03 2.02
Al-occupying site A Num (meV) C40 2.02 1.99 1.95
-1
1. 10 2616 3 125 vem™) Ee 440 (440) jg; ?ég
1,4 2.616 2 57
A 22 (32 14 4
1,2 3.204 1 43 8 322 (325) 3 30
1,7 4.531 0 37
2,4 5.231 0 0 .
gested that phonon modes might lead to phase transitions.
(b) C40 case We thus calculated A, and E, phonon frequencies of C11,
: > 566 5 s structure to understand the mechanism behind this Cl11,
1’ g 2-226 | 12? — C40 transition (shown in Table II). The substitution of Al
1’ 5 2' 636 | 51 softens both phonon modes and lifts the degeneration of E,
’ ) mode. Furthermore, there is no imaginary frequency with x
1,5 3.219 1 43 L
L3 2622 5 2% =16.7 at. %. Thus the C11, is still a metastable structure for
110 4,565 0 19 Mo(Si,_,,Al,), with high x va}ues. This resu.It indicates .that
L1 3166 1 0 phonon modes are not dominant factors in the doping-

more substantial. In the case of x=0 at. %, C11, phase has
the lower energy, and thus is the ground state of MoSi,. With
x=8.3 at. %, the two curves become almost isoenergetic,
and we can expect the coexistence of two phases. When the
concentration of Al increases to 16.7 at. %, Ec,, becomes
lower than Ecn, by 368 meV. Correspondingly, the ground-
state structure of Mo(Si;_,,Al,), changes from C11, to C40.
Thus we demonstrate the phase transition of Mo(Si,_,,Al,),
occurs when x goes from ~83 to ~16.7 at. %, which
agrees with the experimental observation.’”

Using of Murnaghan equation, the bulk modulus (Bg)’s
of the two phases with different x are obtained and listed in
Table II. B,’s of both phases decrease with the increase in the
Al concentration. This can be attributed to the weaker chemi-
cal bonding of Al compared with Si. Also it has been sug-
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FIG. 2. (Color online) E vs V with different x: (a) 0 at. %, (b) 8.3 at. %, and
(c) 16.7 at. %. The black circle and red (gray) square represent Ecy;, and
E 49, respectively. Vj, is the equilibrium volume of Mo(Si;_,,Al,),. Ecyy, of
MoSi; is set to zero.

induced phase transition. This also drives us to investigate
the origin of the phase transition on electronic structure
rather than phonon modes.

Figure 3 shows the density of states (DOS) of C11, and
C40. The Fermi energies (Eg’s) of both structures shift
downwards with the increase in x. The effect of Al on the
electronic structure transforms MoSi, with C40 structure
from semiconductor to metal [Fig. 3(b)]. Near Ep, the DOS
of both structures are mainly composed of d-bands but with
different d-bands splitting. Such differences can be attributed
to the different symmetries of these two phases. Based on the
crystal field theory, the symmetry of MoSi, with C11, struc-
ture is Dy, the d-bands reduces to A,,@® B,,® B,,® E,, and
E, subband lies nearest to the Ep. The symmetry of C40
structure is Dg, the d-bands reduces to A © E, D E}, and A is
the subband which is nearest to the E. One should note that
strictly speaking, the symmetry of system is broken due to
the substitution of Al to Si, but as shown in Fig. 3, the pro-
files of DOS are similar and insensitive to x. Thus the analy-
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FIG. 3. DOS of Cl11,, (a) and C40 (b) structure, respectively. From bottom
to top, DOS of x=0 at. %, 8.3 at. %, and 16.7 at. %, respectively. The peaks
of reduced subbands are indicated by arrows for both structures. Insets are
the enlargement of the DOS near the Ep of both structures for x
=167 at %. E, is set to zerc. and represented by the vertical line



101903-3 Chen, Shan, and Chen
sis on the symmetry still approximately holds.

Several studies have related the relative structural stabil-
ity of alloys to DOS by, for examgle, the pseudogap
effect'”? or the Jones-type analysis.9’21_ 3 As an extension of
previous models, we propose here a set of phenomenological
criteria for predicting the structural stability using DOS.
Namely, the system stability decreases as follows: (i)
n'(Ep)=0;n"(Er) >0, (ii) n'(Er) <0, (iii)) n'(Er)>0, and
(iv) n'(Ep)=0;n"(Er) <0. where n'(Ep), n"(Ep) represent
(dn(E)/ IE)| £, and (Pn(E)/ 9E?)| E,» Tespectively. As shown
in Fig. 3, when x is 8.3 at. %, n'(Er) of C11, and C40 are
both negative and almost equal, thus energy difference is
small and Mo(Si,_,,Al,), can be expected to have
multiphases.9 When x=16.7 at. %, the Ep of C40 structure
lies at the local minimum between the A, and E, subbands
[n"(EF) >0]. On the other hand, the E of C11, structure just
lies at the local maximum of E, subband, [n"(Ey) <0]. Thus
C40 phase is more stable, and the ground-state structure of
Mo(Si,_,,Al,), changes from C11, to C40. We thus reveal
here the electronic origin that drives the phase transition:
because of the different crystal field symmetry, d-bands of
C11, and C40 structures reduce to different subbands. There
are two subbands, A; and E,, just below the E. for C40
structure. Thus, DOS of C40 has a local minimum nearer to
the Er compared with that of C11,. The substitution of Al
16.7 at. % changes the position of the E according to rigid
band model, places the E, of C40 at this minimum, and
drives the observed phase transition.

These criteria are expected to be more general and can
be used to guide the design of high-order MoSi,-based alloy.
We propose the ground-state structure control of
Mo(Si,_,,Al,), by alloying with other transition metal ele-
ments, for example, to keep the C11, with high concentra-
tions of Al by alloying with VII; group elements, or to ac-
celerate the phase transition at lower x by alloying with Vp
group elements. To demonstrate the above prediction, We
build four-order alloys by substituting Re and Nb to one of
the Mo atoms in supercells of both C11, and C40, respec-
tively. Due to the substitution of Nb, C11,, and C40 co-exist
in the alloy without Al, and in the case of x=8.3 at. %, C40
is already the ground state (Eyq is 190 meV lower). In con-
trast, alloying Re keeps C11, as the ground state till x
=16.7 at. % (E¢y,, is favored by 114 meV). According to
the electronic mechanism presented above, because the num-
ber of valence electrons of Nb is less than that of Mo, the Er
of C40 will shift to the local minimum between the A; and
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E, subbands at relative lower x, and accelerate the phase
transition. In the case of (Mo,Re) (Si;_,,Al,),, the trend is
opposite.

In conclusion, we investigated the detailed mechanism
of the phase transition in Mo(Si;_,,Al,), using first-
principles calculations. Based on the DOS and crystal field
symmetry analysis, it was found that the phase transition is
largely determined by the position of the Fermi level with
respect to the local maximum of the subbands. We further
demonstrate the feasibility of controlling the desired micro-
scopic structure of Mo(Si;_,,Al,), by adding a quaternary
component.
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