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Phase stability and electronic structure of ScAl; and ZrAl,
and of Sc-stabilized cubic ZrAl, precipitates
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The structural stability and the electronic structure of ScAl; were studied using an all-electron,
total-energy, local-density approach. The calculated results show that ScAl; in the L1, structure is
energetically favored compared with the DO0,, structure by about 0.42 eV per formula unit. The cal-
culated lattice constant (4.055 A) is in fairly good agreement with experiment (4.10 A). Asa com-
parison, the calculated electronic and cohesive properties for ZrAl; in its metastable L1, and D0,,
phases are also presented. It is argued, on the basis of density-of-states results, that a cubic
Zr,_,Sc,Al; compound ( and also Ti,_,Sc,Al;) might be a good candidate as a dispersed phase in
the aluminum alloys for elevated temperature applications. To test this prediction, we determined
the electronic structure and the stability of Sc-stabilized cubic (Zr, sScy 5)Al; using the same total-
energy approach. The calculated total energy for (Zr, sSc, s)Al;, which is about 0.24 eV per unit cell
lower than the sum of the total energies of ZrAl; and ScAl;, clearly indicates that cubic
(Zry 5sScy. s)Al; is energetically favored compared with a mixture of its constituents. Finally, an
analysis of the results indicates that the stability of the aluminides appears to be understood in the
rigid-band sense in terms of the band filling of the bonding states.
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I. INTRODUCTION

A study of the early-transition-metal elements and the
aluminum-rich compounds MAl; (M = Sc, Ti, V,
Zr ,...) has twofold significance. First of all, it is in-
teresting to note that in the observed variation of crystal
structures across each early-transition-metal series"? (cf.
Table I), most of the MAl; compounds crystallize in the
tetragonal DO0,, (or TiAl;-type) structure (such as TiAl,,
VAl;, NbAl;, TaAl;, and the high-temperature phase of
HfAl;), and fewer in the tetragonal DO0,; (or ZrAl;-type)
phase (such as ZrAl; and HfAl; in its low-temperature
phase) or in the hexagonal DO, (or Ni;Sn-type) structure
(such as the low-temperature phase of YAl; and LaAl,).
ZrAl,; has the cubic L1, (or CujAu-type) structure as a
metastable state,’ and YAl has been observed to have an
L1, structure above 950°C.? Only ScAl, was reported in
an early study* to have the cubic L 1, structure with a lat-
tice constant of 4.10 A at room temperature; an L1,
structure was also reported recently5 for ScAl;, but no
lattice constant was given. Note that except for a slight
distortion along the ¢ axis in both the D0,, and DO0,;
structures, all three structures (L1,, D0O,,, and DO,;) are
fcc-derived structures (cf. Fig. 1), and all four (L 1,, DOy,
DO0,,, and DO0,3) are closed-packed structures. Therefore,
to understand the force driving the atomic ordering one
must investigate in detail the competition between the
structural stability of the different crystal structures.

The second motivation for the present study is the need
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to find good finely dispersed and thermally stable phase
particles for developing high-temperature aluminum al-
loys, e.g., the so-called super “alumalloy.”® The fact that
the ZrAl; cubic L1, phase is partially coherent with the
aluminum matrix (the lattice mismatch between the cubic
metastable phase and aluminum matrix is only about 1%)
and that ZrAl; has a limited solubility in Al, lead Fine
et al.” to suggest ZrAl, as a dispersoid phase in the Al-

TABLE 1. Observed variation of the crystal structure in
transition-metal trialuminides across the early-transition-metal
series. HT and RT denote the high-temperature phase and
room-temperature phase, respectively.

I11B IVB VB

ScAl, TiAl VAL,
(L1y) (D0,,) (DO0,,)
YAL, ZrAl, NbAl,
(L1, above 950°C) (D03, L1,) (D0,,)
(BaPb;* above 640°C)

(DO,y RT)

LaAl; HfA13 TaA13
(D0y) (D0, HT) (D0y,)

(D0,; RT)

? The rhombohedral BaPb, structure is a transitional structure
between the stacking of the DO,y and the stacking of the cubic
L1, structures.
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FIG. 1. Crystal structures for transition-metal trialuminides
(a) L 12, (b) DOZZ’ and (c¢) D023.

based alloys and to study® alloying in the Al-Ti, V, Zr,
and Hf systems in order to further reduce the degree of
lattice mismatch and to stabilize the cubic metastable
L1, phase. Further, Chen et al.’® found a low mismatch
(hence, a low interfacial energy between the precipitates
and the matrix) coherent coplanar L1, structured
Aly(Zr, 55V, 75) precipitates, which can retard the coar-
sening rate significantly. Clearly, from what was said
earlier, since among the early-transition-metal tri-
aluminides both ScAl; and ZrAl, (in its metastable phase)
have (i) cubic L 1, structure, (ii) close similarity between
the lattice constants of ScAl; (or ZrAl;) and the Al ma-
trix, and (iii) high melting points and limited solubility in
the Al matrix, both ScAl; and ZrAl; appear ideal for
study as a dispersed phase in aluminum alloys. Further-
more, our previous studies of bonding, crystal structure,
and phase stability in other intermetallics!® give us
confidence that such structural stability studies will work
well for transition-metal (TM) trialuminides as well.

In this paper, we study (i) the structural stability and
electronic structure of ScAl; and ZrAl; in two different
crystal structures (L1, and DO,,) using the total-energy
local-density-functional approach!! as implemented in
the all-electron, semirelativistic linear muffin-tin orbital
(LMTO) method with the atomic-sphere approximation'?
and (ii) the stability of Sc stabilized cubic ZrAl;. Compu-
tational details are presented in Sec. II, results for ScAl,
and ZrAl; in Sec. III, and the possible stabilization of cu-
bic ZrAl, by Sc addition is considered in Sec. I'V.

II. COMPUTATIONAL DETAILS

The total-energy electronic band structure was ob-
tained using the all-electron self-consistent linear muffin-
tin orbital method associated with the atomic-sphere ap-
proximation. The Hedin and Lundqvist’*> and von
Barth—Hedin'# formalism for the exchange and correla-
tion potential was adopted.

The total energies of ScAl; and ZrAl,; were calculated
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as a function of the lattice constant [or equivalently the
Wigner-Seitz radius (ryg)] using 60 k points within a
(for the cubic L1, structure) and a ;% (for the tetragonal
DO,, structure) irreducible wedge of the first Brillouin
zone (IBZ). For the tetragonal DO,, case, the c/a ratio
was taken as the average experimental value (2.20-2.24)
for the stable D0,, TM trialuminides and kept constant
(=2.21 for ScAl; and 2.23 for ZrAl;). In general, in the
linear tetrahedron method, the total energy depends
linearly on'’ (n, )~2/3, where n, is the number of k points
within an irreducible wedge of the Brillouin zone (IBZ).
Thus, an accurate value of the total energy can be ob-
tained by extrapolating the values of the total energy cal-
culated with different numbers of k points to an infinite
number of k points. However, our previous study of
Ni;V (Ref. 10) showed that 60 k points within the irre-
ducible wedge of the BZ is good enough to determine the
stable phase because the energy difference caused by
structural factors is nearly 1 order of magnitude larger
than that due to the finiteness of the number of k points
used. Nevertheless, the extrapolated value of the total
energy was adopted to calculate the formation energy,
calculated as the energy difference between the com-
pound and the weighted sum of the constituent metals
[calculated by the same LMTO procedure to be
—1524.9823 Ry per atom for (hcp) Sc, —7190.3745 Ry
per atom for (hcp) Zr, and —483.8320 Ry per atom for
(fce) Al]. A parabolic fitting procedure was adopted to
obtain the bulk modulus. Since its calculation requires
the second derivative of the total energy, the calculated
value of the bulk modulus involves some numerical un-
certainty, which is typically about!® 10-15%. For sim-
plicity, we assumed that the transition metal and the
aluminum atoms have the same size Wigner-Seitz radius.

III. RESULTS FOR ScAl; AND ZrAl,

As mentioned above, since most of the early
transition-metal trialuminides have the DO,, structure,
we studied the structural stability of L 1, versus D0,, for
ScAl; and ZrAl,. Figure 2 exhibits the total energy as a
function of the Wigner-Seitz sphere radius (ryg) for
ScAl; in these two different structures. It is seen clearly
that ScAl; in the L1, structure is energetically favored
compared to the DO,, structure; in the entire region
shown, the total energy of the L1, structure is about
0.4-0.5 eV per formula unit lower than that of the DO,,
structure. The calculated cohesive properties [including
the equilibrium Wigner-Seitz radius (r%), lattice con-
stants (@ and c), bulk modulus, and formation energy] are
listed in Table II. The calculated lattice constant (4.055
A) for cubic (L 1,) ScAl, is in good agreement with the
experimental value® (4.10 A).

The total energy for both the L1, and DO0,, phases of
ZrAl; was calculated as a function of the Wigner-Seitz
sphere radius (cf. Fig. 3). The total energy for the cubic
L1, phase of ZrAl, is only slightly higher (about 0.07 eV
per formula unit) than that for the D0,,. This result indi-
cates that it is energetically favorable for ZrAl; to have
an antiphase boundary in the two neighboring cubic L1,
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FIG. 2. Total energy [from which —2976 Ry/(formula unit)
has been subtracted] as a function of the Wigner-Seitz radius
and its structural dependence for ScAl;, using 60 k points
within the IBZ: circles and triangles denote the L1, and the
DO,, structures, respectively.

unit cells. In fact, the stable DO0,; structure for ZrAl; has
two antiphase boundaries in every four adjacent cubic
L1, unit cells of ZrAl; (cf. Fig. 1). For comparison with
the results obtained for ScAl;, the calculated cohesive
properties for ZrAl, are also listed in Table II. The cal-
culated lattice constant (4.073 A) for ZrAl; in the L1,
structure is in excellent agreement with experiment
(4.0731 A).> The bulk modulus (1.0 Mbar) appears to be
consistent with the observed Young’s modulus (196 GPa)
(Ref. 16) from the following argument. Now, the bulk
modulus is related to the Young’s modulus via the Pois-
son ratio o [B=Y/3(1—20)]. Assuming o =0.23 (the
experimental value for NbAl,),!” the Young’s modulus
will be ~150 GPa.

While no experimental data on the heat of formation
are available for metastable cubic ZrAl; to our
knowledge, it is interesting that the calculated formation
energy (40.0 kcal/mole) for the L1, phase is comparable
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FIG. 3. Total energy [from which —8641 Ry/(formula unit)
has been subtracted] as a function of the Wigner-Seitz radius
and its structural dependence for ZrAl; using 60 k points with
the IBZ: open and solid circles denote the L1, and the DO,,
structures, respectively.

with the experimental values of the heat of formation for
TiAl; [35.3 £+ 1.2 (Ref. 18) and 34.0 (Ref. 19) kcal/mole]
and for ZrAl, (40.8 kcal/mole) (Ref. 20) in the hexagonal
(C14) phase.

To understand the phase stability of ScAl; and ZrAl,,
we inspect the electronic structures of the cubic ScAl;
and ZrAl, in terms of the bonding character between the
transition metal (Sc or Zr) and aluminum. As a first
crude approximation, the overall electronic structure of
the transition-metal trialuminides can be viewed simply
as arising from a superposition of the free-electron-like
background (mainly attributed to the Al s and Al p
bands) and the transition-metal (Sc or Zr) d bands with
several “‘extra” features arising mainly from the (Sc or
Zr) d-(Al) p hybridization. As seen in the density of
states (DOS) plots given in Figs. 4(a) and 5(a), the occu-
pied bandwidth of Sc (or Zr) in the Sc (or Zr) aluminum-
rich compounds is significantly wider (~4 eV) than that

TABLE I1. Equilibrium lattice constants @ and ¢, Wigner-Seitz radii r%g, bulk moduli B, and forma-
tion energies AE for ScAl; and ZrAl; in the L1, and DO,, structures.

a c
(A) (A) r%s B AE
Compounds calc. expt. calc. expt. (a.u.) (Mbar) (kcal/mole)
ScAl, L1, 4.055 4.10% 2.995 0.93 43.0
DO, 3.966 8.765 3.028 0.90 333
ZrAl, L1, 4.073 4.0731° 3.008 1.0 40.0
DO,, 3.954 8.817 3.028 ~41
DO, 4.013¢ 17.32¢ 3.040

2 Reference 4.
® Reference 3.
¢ Reference 19.
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in pure hcp Sc (or Zr) metal, respectively. Since the
bandwidth reflects the degree of orbital overlap, a charac-
teristic feature for the transition-metal trialuminides
(such as ScAl; and ZrAl,) is that there is a strong hybridi-
zation between transition-metal d and Al p states. As a
result of forming the bonding and antibonding states, the
entire band can be roughly divided into three regions
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separated by the two deep valleys (or pseudogaps)?! locat-
ed at about 0.4 eV for ScAl; (—0.5 eV for ZrAl,) [cf.
Figs. 4(b) and 5(b)] and 5-6 eV, respectively. The strong-
ly hybridized Zr (or Sc) d and Al p bonding states are lo-
cated in the entire region between —0.9 eV and the Fer-
mi level for ScAl; (—0.5 eV for ZrAls), and the antibond-
ing states are located in the region above 5-6 eV. Be-
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FIG. 4. Total and partial density of states for ScAl; in the L1, [(a), (b), and (c)] and the DO,, [(d) and (e)] structures; in (b) and (c),
solid and dashed lines denote Sc 3d and Al 3p states, respectively; in (e) solid, short-dashed, and long-dashed lines denote Sc 3d, Al(1)
3p, and Al(2) 3p states, respectively. Al(1) denotes aluminum atoms located in the same (001) plane as Sc, and Al(2) denotes atoms lo-
cated in (001) planes below or above the Sc layer.
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tween the bonding and the antibonding states there are
Zr (or Sc) nonbonding states which still contain
significant Al p states.

As we demonstrated previously for other aluminides,?
the essential contribution to the cohesion (i.e., stability)
of the transition-metal trialuminides is maximizing the
filling of bonding states. For the most stable structure,
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there is enough room to accommodate all its valence elec-
trons into the bonding states so as to bring the Fermi lev-
el to a valley position separating bonding and nonbond-
ing (or antibonding) states; in other words, the stable
structure is often characterized by a low!®?? N(Ep).
Indeed the cubic ScAl; phase has an extremely low
N (Eg) value (1.16 states/eV formula unit) (cf. Table III)

3
> 20 A
Cd
(7]
2
S 4
&
[
2
S 10 A4
n
S
= N
K]
c
Q e
[=]
0.0 < T T T T T T T
11.0 -3.0 5.0 13.0
Energy (eV)
(b)
50
3
z 4.0
7]
2
# 30
7]
8
]
3 2.0
S
z |
£ 1.04
c
0
[=]
OO T T T T T 4{
-10.0 -80 -60 -40 -20 00 20
Energy (eV)

(d)

1.2 A

0.8 4

0.4 -

Density of States (states/eV atom)

0.0

7100 -80 -60 -40 20 00 20

Energy (eV)
(e)

FIG. 5. Total and partial density of states for ZrAl; in the L1, [(a), (b), and (c)] and the DO,, [(d) and (e)] structures; in (b) and (c)
solid and dashed lines denote Zr 4d and Al 3p states, respectively; in (e) solid, short-dashed, and long-dashed lines denote Zr 4d, Al(1)
3p, and Al(2) 3p states, respectively. Al(1) denotes aluminum atoms located in (001) plane at the same layer as Zr, and Al(2) located in
(001) planes below or above the Zr layer.
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TABLE III. Total and partial density of states (projected by angular momentum and atom) at Er in
(states/eV formula unit) for ScAl; and ZrAl; in the L1, and D0,, structures.

MAL, DM DM DM DA D DA Dy

ScAl, L1, 0.01 0.03 0.42 0.04 0.44 0.22 1.16
DO, 0.02 0.06 0.76 0.08 0.75 0.31 1.98

ZrAl, L1, 0.04 0.03 0.59 0.08 0.41 0.39 1.55
DO,, 0.01 0.04 0.81 0.04 0.58 0.32 1.80

because 12.5 electrons per formula unit (cf. Table IV)
can be accommodated in the bonding region. As a result,
all 12 electrons per formula unit for the cubic ScAl, near-
ly fill up the bonding states; this increases the bond
strength and brings E; close to the valley separating the
bonding and nonbonding states [Figs. 4(a) and 4(c)]. By
contrast, for the tetragonal DO0,, phase E is still located
in the Sc d and Al p bonding region [cf. Figs. 4(d) and
4(e)], but it now lies just on a peak of the Sc d partial den-
sity of states (1.98 states/ev formula unit) and results in a
higher density of states at E, than cubic ScAl;, which
was characterized by an extremely low N (Ey) value. In
particular, we note that the occupied portion (or band
filling) of the bonding states for the cubic L 1, phase is ob-
viously larger than that for the tetragonal phase; hence,
for ScAl; the cubic phase will be a strongly bonded phase
as compared to the tetragonal D0,, phase. (We will dis-
cuss this feature in more detail in Sec. IV.)

On the other hand, for cubic ZrAl,, an additional 0.64
electrons per formula unit (cf. Table IV) fill states above
the valley into the nonbonding region. As a result, the
position of Ep for cubic ZrAl, lies on the shoulder (a
small peak) in the total (partial) density of states [Figs.
5(a) and 5(c)] instead of in the valley for cubic ScAl; and
thus may cause cubic ZrAl, to be a metastable phase with
respect to the tetragonal DO,; phase. As proposed by
Gelatt et al.,? the phase stability is dominated by two in-
gredients: (i) the strong hybridization between the
transition-metal d states and the aluminum p states, and
(ii) the weakening of the bonding between the transition-
metal atoms (i.e., nonbonding states in the trialuminides)
caused by the increased transition-metal atom separation
which results from inserting the aluminum atoms. For
ZrAl; in the nonbonding region the second factor dom-

TABLE 1V. The width of the occupied states (W), of the
bonding states (W,), W ../W,, and the number of the valence
electrons to be accommodated in the bonding states (n,) for
ScAl;, ZrAls, and (Zrg sScy s)Al; (width in eV, n,, in electrons).

Wocc Wb Wocc /Wb ny
SeAl L1, 1026 11.70 0.96 12.45
CA% DO,,  9.69 11.07 0.87 13.96
L1, 1071 1021 1.05 12.36

ZrAly DO,  9.69  10.80 0.90 14.0
(Zry.5Sco ) Al 1050  10.37 1.01 12.39

inates over the first, and therefore, filling the nonbonding
hybrids reduces its relative stability.?* Alternatively, since
for the D0,, phase of ZrAl; the bonding states can ac-
commodate a total of 14 valence electrons (cf., Table IV),
its 13 valence electrons can be completely placed into the
bonding region [cf. Figs. 5(d) and 5(e)] leading to a slight-
ly higher stability with respect to the cubic phase. In ad-
dition, it is interesting to note that the tetragonal DOy,
phase has a relatively higher stability on going from
ScAl; to ZrAl;, which can be simply understood in the
rigid band sense in terms of filling the bonding states.

In summary, the correlation between the structural sta-
bility and the filling of the bonding states for the two (L1,
and DO,,) structures in ScAl; and ZrAl; is shown in
Table IV. Here we denote the width of the occupied
states by W, and the width of the bonding states W, as
the distance from the bottom of the band to Er and to
the valley, respectively. The ratio W, /W, is used to
evaluate the occupied portion of the bonding states, i.e.,
the band filling of the bonding states. We can clearly see
from Table IV that the stable phase for a given com-
pound is always the one having the maximum filling of
the bonding states.?

IV. Sc STABILIZATION OF CUBIC
ZrAl; PRECIPITATES

Based on the argument of the correlation between the
stability and the filling of the bonding states (equivalent-
ly, the low density of states at Er), we expect that
the cubic trialuminides Zr,_,Sc,Al; and Ti;_,Sc,Al;
(x >0.55) might have a low N(Eg) in the rigid band
sense, because the valence electrons which occupy non-
bonding states in the cubic ZrAl; will be removed when
Sc is added to ZrAl;. From these arguments it appears
that Sc may be used to stabilize the metastable cubic
ZrAl, phase.

For these reasons, we have investigated the struc-
tural stability of the hypothetical cubic trialuminide
(Zry sScy 5)Al; relative to ScAl; and ZrAl,. We assumed
(Zry 5S¢y 5)Al; has a double fcc-like cubic cell containing
two formula units and that half of the Zr sites in ZrAl,;
are occupied by Sc atoms, i.e., Zr occupies the top and
the bottom corner sites, and Sc the middle corner sites, or
vice versa (cf. Fig. 6). As a result, we can discriminate
three different kinds of aluminum atoms according to
their atomic environment: Al(1) and AIl(3) represent
aluminum atoms in a (001) plane with the same layer as
Zr (Sc) atoms, and Al(2) are the Al atoms sitting in a
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FIG. 6. The unit cell of the hypothetical trialuminide
(Zry sSco s)Al;. Solid, crossed, and open circles denote Zr, Sc,
and Al atoms, respectively. Al(1) and Al(3) denote aluminum
atoms located in the same (001) plane as Zr and Sc atoms, re-
spectively, and Al(2) denotes atoms located in the (001) plane
below or above the Zr (or Sc) layer.

(001) plane below or above the Zr (or Sc) layer. The
dependence of the total energy versus Wigner-Seitz ra-
dius for (Zr; sSc s)Al, is shown in Fig. 7. Note that after
extrapolating to an infinite number of k points the equi-
librium total energy for (Zr; sSc, s)Al; is indeed lower [by
about 18—19 mRy (i.e., ~0.24 eV) per unit cell] than the
sum of the total energies of the ZrAl; and the ScAl; com-
pounds (cf. Table V). This result indicates that forming
ordered cubic (Zr; sScy s)Al; by adding Sc into cubic
ZrAl, is energetically favored as compared with its con-
stituents, ScAl; and ZrAl,.

Moreover, it is interesting to note that the equilibrium
lattice constant obtained from the minimum of the total
energy has the same value (4.066 A) (or equivalently
rws =3.003 a.u.) as the average value of the lattice con-
stants (4.064 A) of ScAl; and ZrAl; within the precision
of the calculation. This result may be taken to mean that
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FIG. 7. Total energy [from which — 11618 Ry(unit cell) has
been subtracted] as function of the Wigner-Seitz sphere radius
rws for (Zry sScy s)Al; (cf. Fig. 6) using 60 k points within the
IBZ.

the rigid band picture holds well for these transition-
metal trialuminides (as will be further discussed when
we consider the electronic structure.) For comparison,
the equilibrium lattice constants, total energies, total
density of states at the Fermi level, and values of
E ,Ez,Ec,Ep,Er for the three trialuminides [ScAl;,
(Zrg sScq 5)Al;, and ZrAl;] are listed in Table V. Here,
E ,, Eg, and E denote the energies corresponding to the
three features (A4, B, and C) below the Fermi level in the
density of state curves [cf. Fig. 8(a)], and E, represents
the energy of the valley D, which separates the bonding
and the nonbonding states in the DOS; all energies are
measured from the bottom of the valence band.

In order to gain insight into the correlation between
the structural stability for different compounds and
its electronic structures, we compare the total DOS of
(Zry.sScy 5)Al; [Fig. 8(a)] with that of cubic ScAl; [Fig.
4(a)] and cubic ZrAl, [Fig. 5(a)]. First of all, note that
the overall features for these three transition-metal tri-
aluminides resemble each other. For all three, there are
three prominent features (denoted by 4, B, and C) below
the Fermi level, and a deep valley D. The positions and
the widths of all three features for the different tri-
aluminides are seen to coincide with each other, after the

TABLE V. Values of the equilibrium lattice constant, total energy (E,,), density of states at Ep
[N(ER)), Ef, E 4, Eg, Ec, and E, for the cubic trialuminides [ScAl;, (Zrg sScq 5)Al;, and ZrAls], where
E,, Eg, E¢, Ep, and Ep are measured from the bottom of the valence band (as defined in the text). E,,
obtained after extrapolating to an infinite number of k points within the IBZ. f.u. denotes formula unit.

ScAl; (Zry sScq 5)Al4 ZrAl;
a (A) 4.055 4.067 4.073
E. [Ry/(unit cell)] —2976.6156 —11618.632 —8641.9991
N(Ey) (states/eV f.u.) 1.55 1.10 1.16
E, (eV) 1.9 2.0 2.1
Ep (V) 49,5.3 4.8 438
Ec (V) 8.4 7.9 8.0
Ep &V) 10.7 10.4 10.1
Ep (eV) 10.27 10.50 10.69
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FIG. 8. (a) total and (b) partial density of states for

(Zrg sScy s)Al;, where A4, B, and C denote the three features
below Er, and D denotes the valley in the density of states
curve. Solid, short-dashed, and long-dashed lines represent Zr
4d, Sc 3d, and Al(1) 3p states, respectively. Al(1) represents
aluminum atoms located in the (001) plane at the same layer as
Zr atoms (cf. Fig. 6).

bottom of their valence bands are shifted to coincide with
each other. Only the position of feature C of ScAl; has
been shifted (by about 0.5 eV) towards lower binding en-
ergy with respect to that of (Zrj sScy 5)Al;. Since it has
been known that this most prominent peak C represents
strong hybridization between the transition-metal d and
Al p states [cf. Fig. 8(b)], and dominates the cohesive
properties in the transition-metal trialuminides, it partly
contributes to the higher stability for (Zrj sSc, s)Al; as
compared with its parent aluminide ScAl;.

As previously discussed, the main contribution to the
cohesion (or stability) of the trialuminides can be under-
stood in terms of the band filling of its bonding states.
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Note that the bonding states region denoted by energy
Ej, in the DOS becomes narrower upon going from ScAl;,
(10.7 eV) to (Zrgy sScy 5)Aly (10.3 eV) and to ZrAl, (10.1
eV). The bonding region E, is higher than E for ScAl;;
all 12 electrons occupy the bonding states of ScAl;. On
the other hand, since Ej is located below Ep in ZrAlj,
part of the valence electrons fill states (above the pseudo-
gap) which are nonbonding and this may cause cubic
ZrAl; to be a metastable phase. However, for
(Zry sScy 5)Al;, the closeness between Ej, and Ep means
that a maximum number of bonding states are occupied
(cf. Table IV). Therefore, according to the diatomic
bonding arguments suggested by Gelatt et al.,? filling
bonding states increases the bond strength, and the cubic
trialuminide (Zr, sSc, 5)Al; will be more favored energeti-
cally as compared with ScAlj, itself and also with the mix-
ture of ScAl; and ZrAl;. In fact, our calculated total en-
ergy for (ZrSc)Al; is indeed 0.24 eV per unit cell lower
than the sum of the total energies of ScAl; and ZrAl; (cf.
Table V). Further, the portion of the occupied valence
band defined as the distance between the bottom of the
valence band and Ep widens with increasing number of
valence electrons upon going from ScAl; (10.27 eV) to
(Zrg sScy 5)Al; (10.50 eV) to ZrAl; (10.69 eV) (cf. Table
V). Surprisingly, the average occupied bandwidth of
ZrAl; and ScAl; (10.49 eV) again agrees quite well with
the calculated occupied bandwidth of (Zr sScy 5)Al;
(10.50 eV) within the error of the calculation. The addi-
tional valence electrons of ZrAl; may indeed be con-
sidered to be simply added into the unoccupied bonding
states of the ScAl; in the rigid band sense, when
Zr is added into ScAl;. Finally, a notable feature is
that among these three transition-metal trialuminides,
(Zry sScy 5)Al; has the lowest density of states at the Fer-
mi level (1.10 states/eV formula unit) (cf. Table V); again,
the energetically favored compound leads to a low N(Eg)
in the aluminides.

In conclusion, we have demonstrated that the Sc addi-
tions in ZrAl; appear to be a good way to stabilize
for its metastable cubic phase and hence that cubic
Zr,_,Sc,Al; (or possibly Ti;_,Sc,Al;) may be a good
candidate as a dispersed phase in the aluminum alloys for
elevated temperature applications.
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