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The cohesive and electronic properties and the structural stability of Al;Li in its fcc-based L1,
and bcc-based DO; structures are investigated with use of the first-principles all-electron full-
potential linear augmented-plane-wave (FLAPW) method. Particular care was taken to ensure con-
vergence of the total energy as a function of the inherent numerical parameters in order to obtain
high precision. To further understand the calculated stability, the electronic structure of some su-
perstructures (notably Al;Li and AlLi;) was also determined. The equilibrium properties of the
metastable L 1, structure are in good agreement with experiment. A simple picture emerged which
emphasizes the importance of the anisotropic bonding between the Al atoms with the Li basically
donating its valence electron to strengthen the Al bonds. The bulk moduli were found to decrease
with increasing Li content; by contrast, the calculated Young’s modulus of the L1, phase is high
(1.20 Mbar) compared to the bulk modulus (0.72 Mbar). Both results are in keeping with the pic-

ture of anisotropic Al—Al bonding.

I. INTRODUCTION

In the search for new light-weight materials for
aerospace applications, Al-Li alloys have attracted strong
attention in the past decade due to a combination of low
density and high stiffness. No other aluminum alloys can
compete in that respect.””> One of the interesting aspects
of Al-Li alloys is the occurrence of the metastable &’
ALLi phase, which forms as precipitates having the L1,
(CujAu) structure. The &' phase is coherent with the fcc
Al-Li matrix (i.e., a phase) and may occupy up to 50% of
the volume when a high-cooling-rate technique is ap-
plied.> The technological problem is to produce high-
stiffness materials with suitable mechanical properties;
for the Al-Li alloys, the &' phase plays an important role,
as has been widely studied by numerous experimental
techniques.* The intrinsic properties of the &' phase cer-
tainly play an important role in determining the mechani-
cal properties of the alloy. Since the structural and
mechanical properties of an intermetallic compound are
closely linked to its electronic structure, we performed a
detailed study on the electronic structure of crystalline
ALLi. Furthermore, because of the metastability of the
&' phase and its formation via precipitation, it is difficult
or even impossible to obtain accurate experimental deter-
minations of its intrinsic properties. Therefore, a reliable
first-principles study is a useful tool to support the exper-
imental efforts. Last but not least, because of the subtle
phase stabilities of Al-Li alloys as indicated by the metas-
tability of Al;Li, a precise method is needed in order to
obtain reliable results about the energetics and equilibri-
um properties.

In order to elucidate the structural competition, we
study the electronic structure and energetics of the fcc-
type &' phase and another, artificial bce-type structure by
application of a precise first-principles electronic-
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structure method. Some results of a previous supercell
study’ are also used in the discussion. The present paper
is a part of an extensive study of the Al-Li system which
also tries to calculate a complete phase diagram® from
first principles. The ordered LiAl compounds were al-
ready investigated by us’ and we further exploit these re-
sults in the present paper.

In Sec. III the results of the total-energy calculation as
well as a detailed analysis of the electronic structure are
presented. In Sec. IV we discuss the results for Al;Li in
connection with the phase diagram of Al-Li. As an Ap-
pendix, we compare our calculated full-potential linear
augmented-plane-wave (FLAPW) results and some sepa-
rately calculated linear muffin-tin orbital (LMTO) results
with those published previously® using an augmented-
spherical-wave (ASW) approach for the 8§’ phase.

II. COMPUTATIONAL DETAILS

The self-consistent FLAPW method® was applied to
calculate the electronic structure and volume-dependent
total energies of Al;Li compounds as well as related fcc
superstructures (Al,Li, AlgLi,, AlsLi;) as applied in an
earlier study.’ For ALLi, two different structures were
investigated, the fcc-type L1, and the bee-type DO; (cf.
Fig. 1). The muffin-tin spheres were chosen to be 2.58
a.u. for both atomic species. The spherical harmonic ex-
pansion of charge density and potential inside the
muffin-tin spheres was done up to /=8. For the intersti-
tial region, an expansion of about 2000 plane waves were
used. More than 200 LAPW basis functions (50 per
atom) were used in the band calculation, which turned
out to be sufficient to get accurate results for the total en-
ergies and their derivatives because of the rather plane-
wave-like nature of the wave functions—as also found
for LiAl.” From all these expansions, we estimate the er-
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(c) 6:2 fcc supercell

FIG. 1. Cubic unit cells of (a) the L 1, crystal structure, (b) DO; crystal structure, and (c) fcc supercell.

ror in the total energy to be smaller than 0.15 mRy. Be-
cause of some surprising results obtained in a recent
study employing the ASW method,® we tested our
FLAPW results by increasing the basis size by a factor of
2. As a result of this test, the total energy was lowered by
0.1 mRy, and its first and second derivatives (yielding
equilibrium spacing and bulk modulus) remained un-
changed.

Since there are no uncontrolled numerical parameters
in the FLAPW method, special care was taken to investi-
gate all other inherent numerical parameters such as the
dependency of the total energy on the number of k
points, E(ny ), used in the linear tetrahedron method for
the Brillouin-zone integration. The number of k points,
ny, is crucial for the precision of the absolute total ener-
gy, especially for comparing total energies of different
structures. By systematically increasing the number of k
points from 30 to 250 and extrapolating the results to

infinity, we obtained convergence to better than 0.1 mRy
for E(ny). In a similar way we could obtain a compara-
ble precision for the supercell results.’ Finally, to cross-
check our FLAPW results for the L 1, structure of Al;Li,
the LMTO method!® was applied, as discussed in more
detail in the Appendix. In all calculations the Hedin-
Lundgqvist ansatz'! for the local-density approximation to
the exchange-correlation potential was taken.

III. RESULTS

A. Total energies and equilibrium properties

Figure 2 compares the calculated total energies as a
function of volume (or Wigner-Seitz radius as shown in
the graph) of ALLi (denoted henceforth as a 3:1 com-
pound). The lowest curve corresponds to the stable fcc-
type L 1, structure [Fig. 1(a)], whereas the highest one be-



12 434 X.-Q. GUO, R. PODLOUCKY, J. XU, AND A. J. FREEMAN 41

-366.56

-366.59

Total Energy(Ry/unit cell)

-366.60 T T
2.6 2.8 3.0 3.2 3.4

Rws(a.u.)

FIG. 2. Total energy per atom for Al;Li vs atomic radius in
(a) the L1, (solid line) and (b) DO; (thick-dashed line) structures,
and (c) for a fcc supercell of AlgLi, composition (thin-dashed
line).

longs to the bce-type DO, structure [Fig. 1(b)]. Table I il-
lustrates the instability of the D0, case because it shows a
positive formation energy. This table also shows that L1,
is more stable than D0; by 10 mRy/atom. For DO; the
bulk modulus is also substantially lower (even lower than
that of the corresponding B32 structure of LiAl), and the
atomic (or Wigner-Seitz) radius is expanded, thereby
reflecting the decrease of bonding as compared to L1,.
For the 1:1 Al-Li compounds’ the situation is reversed
because then the bce-type B32 structure (which one ob-
tains by replacing the center Al atom of DO, by Li in Fig.
1(b) is lower in total energy per atom by 6.8 mRy when
compared to the corresponding fcc-type L 1, structure [as
constructed by replacing the center Al atoms of two
parallel faces in Fig. 1(a) by Li]. As shown in more detail
in the next subsection, this change of structural stability
as a function of composition is due to the change in an-
isotropy of Al bonds based on the model assumption that
Li basically transfers its valence electron in between the
Al atoms and strengthens the Al-Al bonds.” For Al Li, a
fcc-bee structural transition is not possible because the

total-energy curves do not cross at any realistic pressure.
The situation is somewhat different for the LiAl cases.
Although a direct B32-L 1, transition cannot be forced,
an indirect transition via a mediator B2 phase could be
possible because its total energy crosses both the B32 and
L1, curves.

Figure 2 also presents a total-energy versus volume
curve for a second 3:1 (or rather 6:2) fcc compound
(““AlgLi,”). This structure can only be realized by em-
ploying an eight-atom supercell [cf. Fig. 1(c)]. Essentially
it is similar to the L1, geometry, but with a shift by a
nearest-neighbor distance perpendicular to the Al-atom
chain located in one of the mixed Al-Li faces [e.g., top
face in Fig. 1(a)]. Although the structural difference
seems to be small, the energetics are quite different. As
compared to L1,, this artificial superstructure is less
stable, by 3.3 mRy per atom, and it has a slightly larger
equilibrium lattice parameter (0.5%) but a substantially
reduced bulk modulus (15%). Because the eight-atom su-
percell has a much higher statistical weight (it represents
24 configurations out of 256 possible eight-atom super-
cells) than L1, (weight of only four configurations), it
might represent in some way the solid solution of compo-
sition 3:1, especially at elevated temperatures. From this
result we can derive a significant increase of the bulk
modulus and a small decrease of the lattice parameter
when L1, precipitates are formed. This general trend is
confirmed by experiment, as will be discussed in more de-
tail in the Appendix. Of course, this consideration is
only a very crude estimate of the properties of a solid
solution taking into account only one particular
configuration, but the general trend is the same as found
from the statistics of supercells’ and the calculation of
the phase diagram.® Clearly, a calculation just for the
L1, structure is not sufficient to study the role of the ex-
perimentally metastable L 1,-Al;Li compound in realistic
alloys.

The calculated bulk modulus of 0.72 Mbar for L1,-
ALLi agrees well with the experimental value of 0.66
Mbar,!? especially when one considers the experimental
difficulties in measuring a metastable phase formed by
precipitation. Most important, according to our re-

TABLE 1. Total energy E (Ry) per atom, lattice parameters a (a.u.), atomic radius R (a.u.), bulk
modulus B (Mbar), and energy of formation per atom AH, (Ry) for some Al-Li compounds and Al and

Li metals and atoms.

Compound E a R B AH,
ALLi L1, —366.5987 7.512 2.935 0.72 —0.0083
ALLi DO, —366.5887 12.006 2.956 0.52 0.0016
AlLi, fec —366.5954 7.541 2.946 0.62 —0.0051
Al,Li fcc —425.2200 7.519 2.938 0.74 —0.0038
AlsLi, fee(1) —307.9707 7.507 2.933 0.52 —0.0063
AlsLi; fce(2) —307.9732 7.491 2.927 0.55 —0.0088

Al fcc —483.8420 7.538 2.946 0.82
Li fec —14.8352 8.000 3.126 0.14
Al atom —483.547
Li atom —14.665




41 COHESIVE, ELECTRONIC, AND STRUCTURAL PROPERTIES . ..

sults®>~7 for all Al-Li compounds, as well as for Al;Li, the
bulk modulus decreases with increasing Li composition,
in contrast to the calculation of Ref. 8. This decrease is
important for the mechanical properties of Al-Li
alloys—as will be considered in Sec. IV. The calculated
lattice parameter (7.512 a.u.) is in good agreement with
experiment,'® i.e., 401 A or 7.578 a.u. In this case, our
calculated value is smaller by 0.9%; usually, an agree-
ment within 2% is considered to be good. However, one
should bear in mind that because of its metastability it is
difficult to perform precise measurements of the lattice
parameter of §’-Al;Li. Furthermore, the consistent un-
derestimation of lattice parameters in many first-
principles electronic-structure results might basically
arise from neglect of zero-point vibrations.!* Also, the
temperature dependence of the lattice parameter (as well
as the bulk modulus) has to be included in comparisons
with first-principles calculations that are valid for 7=0
K.® Traditionally, the local-density approximation is
held responsible for such deviations from experiment. In
view of the points just discussed, however, this does not
seem to be well justified—especially when some addition-
al model assumptions (e.g., the atomic-sphere approxima-
tion®) are made. In choosing the FLAPW method, one is
free of such restrictions while paying the higher price for
these heavier computations.

B. Bands, density of states, and bonding

In order to analyze the bonding in Al;Li, we discuss
the band structures of compounds with L1, and DO,
structure in Figs. 3(a) and 3(c). Furthermore, Fig. 3(b)
shows bands of pure Al determined with the cubic unit
cell of the L1, lattice containing four Al atoms (“Al,”).
Overall, below the Fermi energy the band structure of
L1,-AlLLi is quite similar to that of Al,. A distinct
difference can be seen for the two lowest bands at the X
point [Figs. 3(a) and 3(b)], where a gap opens up in Al;Li.
One might expect this change in the band structure to be
due to the Al-Li interactions in the compound, but the Li
character of these states is rather weak. For example,
only 3% of the second-lowest state at point X is localized
in the Li sphere and is mostly due to Al tails dangling
into the rather large Li muffin-tin sphere (which is rather
large because of its assumed same size as for Al), as de-
scribed in Sec. II.

Furthermore, by studying the band structure of Al;0
with a vacancy [, instead of Li we found very much the
same features at points X and R in the zone as we did for
the L1,-A;Li compound. (Because of their similarity,
we do not show the band structure of Al;00.) At the R
point in the band structure, four energy levels with de-
generacies equal to 3, 1, 1, and 3, which were very close
in pure Al, split widely, with the highest level even
pushed above Ep. According to our findings, most of
these changes come from breaking some of the Al-Al
bonds. For pure fcc Al, 12 nearest Al neighbors occur,
whereas in the L1,-Al,Li case, as well as in L1,-Al;0,
only eight Al neighbors remain. A more careful inspec-
tion shows that some bands of Al;Li are lowered in ener-
gy. This happens to the bands originating at the second-
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lowest I" state as well as at the third-lowest R state, but
again, the Li character of the states is rather weak and of
the order of a few percent. As for B32-LiAl,’ we argue
that Li basically transfers its valence electrons in between
the Al atoms. Since we again find for L 1,-AL;Li no par-
ticular Li character of the states below E, the basic
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FIG. 3. Band structures of Al;Li for (a) the L1, structure, (b)
“Al,” with the four-atom cubic unit-cell treatment of Al metal,
and (c) the DO; structure.
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effect of Li seems to be the strengthening of Al bonds. In
comparison to Al;0, the Fermi energy is raised because
of the additional Li valence electron which fills more of
the states having enhanced Al bonds.

As mentioned above, the fcc-bece structural competi-
tion is a significant feature of the Al-Li phase diagram.?
The stable structure for LiAl is the bce-type B32 (Zintl)
structure (Fig. 1 of Ref. 7), whereas the simplest fcc-type
L1, cannot be stabilized. Focusing on the ordered Al;Li
compounds, the situation reverses because of a very
stable L1, compound relative to the bcc-type DO, struc-
ture which can be constructed by replacing the central Li
atom of one of the subcubes of the B32 structure by an
Al atom (Fig. 1). For this structure there are now two
different types of Al atoms, one (type I) with four Al
neighbors and tetrahedral bonds as in the B32 case, and a
second (the center atom, type II) with eight nearest Al
neighbors typical for a bcec environment. This mixture of
two Al types is clearly shown in the band structure, e.g.,
by the bands along the W-X direction. Unlike the B32
case, which only has flat bands along this direction [Fig.
3(c)], in the DO; compound these bands arising from the
diamond-type tetrahedral bonding of Al type-I atoms are
mixed with bands of strong dispersion due to the pres-
ence of Al type-1I bands of rather free-electron character.
Otherwise, the D0, band structure is very similar to the
B 32 result apart from lifting some degeneracies (e.g., the
third-lowest band in the X —-T") direction and allowing for
some band crossings. The most important point as com-
pared to the LiAl compound is the raising of the Fermi
energy.

The density of states (DOS) of the L1, structure [Fig.
4(a)] below E closely resembles that of pure Al, which is
essentially a free-electron case modified by some hybridi-
zation features. The Li-projected DOS is very small and
shows no distinctive features. One interesting point is
that Ep falls into a small but distinctive minimum of the
DOS, which might indicate the stability of the L1, struc-
ture as compared to the DO; case [Fig. 4(b)], where Ep
cuts through a peak. Figure 4(a) also suggests (assuming
a rigid-band model) that the reduction of the number of
valence electrons such that E falls into the deeper
minimum at —0.07 Ry would lead to an even more stable
compound. However, removing all the Li from the com-
pound, which leads to the vacancy Al;0 compound, is
too severe because then E would already fall into the
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FIG. 4. Density of states N(E) for ALLi (in units of
states/Ry cell) for (a) the L1, and (b) DO; structures. Thick
solid line, total N(E); thin solid line, Al; thin dashed line, the Li
contributions to N(E).

peak below this minimum. As discussed above, the
rigid-band model is a good approximation in our case—
as also proven by the fact that the DOS of the AL;00 com-
pound is practically the same as for Al;Li below and near
Eg.

For the DOS of the DO, structure [Fig. 4(b)], we find
essentially the same features as for the L1, case, with a

TABLE II. Density of states N (E) for the two structures of Al;Li decomposed into contributions from the interstitial region and
from the spheres. The top block (N) corresponds to the density of states at the Fermi energy, and the second block (#) lists the in-

tegrated values.

Structure Total Al Li
N Nmt N: Np Nd Nsph Ns Np Nd Nsph
L1, 17.6 5.3 2.2 6.3 2.0 10.6 0.4 0.9 0.5 1.8
DO, 18.5 5.8 2.9 5.0 2.3 10.3 0.8 1.3 0.3 2.4
n Nint ng np ng nsph ng np ng nsph
L1, 10.0 3.0 2.6 2.9 0.4 6.0 0.3 0.5 0.1 0.9
DO, 10.0 3.2 2.7 2.7 0.4 5.9 0.3 0.5 0.1 0.9
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minor change in the hybridization features just below E.
Almost all of the distinctive peaks and minima of the
B32 LiAl compound [cf. Fig. 5(a) of Ref. 7] are washed
out because of the presence of the Al type-II atoms which
connect the previously decoupled tetrahedra of the B32
structure (if one argues in terms of nearest neighbors
only). Table II summarizes some features of the density
of states. From the integrated DOS (n) shown by the
second (or lower) block, no distinctive difference can be
found between the L1, and DO, cases. However, from
the DOS at Ep, N(Ey) (cf. first or top block), one realizes
some important distinctions. N(Eg) is slightly higher for
the unstable DO; case. More interesting is the different
orbital character of N(E;). For the D0; case we find a
distinctive (larger) Li component, reflecting the more iso-
tropic nature of the corresponding states, as also demon-
strated by the reduced p character of the Al contribution.
It should also be noted that according to Table II, at least
at Ep, the Li d character of the states is not negligible,
and is larger the more anisotropic the bonding. The Li d
character comes from suitable Al states dangling into the
Li sphere. It has nothing to do with actual “atomic” d
states of Li, which lie high in energy. Thus any calcula-
tion which does not take properly into account the /=2
components in the Li sphere® might lead to bonds that
are too isotropic, and therefore it fails to describe the
elastic properties in a correct way.

The nature of the bonding is illustrated by the charge
density contour plots of Fig. 5. The (100) contour of the
L1, compound [cf. Fig. 5(a)] cuts through a plane of pure
Al, as is also found for the LiAl compound of L 1, struc-
ture.” Because the nearest-neighbor distances are only
different by less than 1% (5.278 and 5.312 a.u. for L1,
and L1,, respectively) the contour plots are also very
similar and show the pileup of electrons in between the
nearest-neighbor Al atoms. For Al;Li, three such planes
(instead of one for L1,) exist, however, in all three main
directions, as in pure Al.

Previously (cf. Ref. 7), the stability of the B32 struc-
ture was attributed to the increased anisotropy of Al
bonding, with the Li basically donating its valence elec-
tron to strengthen the Al bonds. The bonding in B32-
AlLi is characterized by strongly directional diamondlike
bonds between the Al atoms. Although less pronounced,
this general trend is also true for Al;Li. Figures 5(b) and
5(c) show charge-density-contour plots in the (111) planes
for AL;Li-L 1, and pure Al metal, respectively. In these
planes, the charge contours for both the Al-Li and Al-Al
nearest neighbors for Al;Li-L 1, show the formation of
more directional Al bonding in Al;Li-L1, in comparison
with the charge contours for pure Al [Fig. 5(c)]. In pure
Al, as expected, the charge is more homogeneously distri-
buted spatially. In AL;Li-L 1,, however, we see more of a
pileup of charge in the Al bonds, whereas the charge den-
sity between Al and Li atoms decreases monotonically
(from Al to Li). Further, the increased anisotropy with
the addition of Li can be seen from the ratio of higher-/
components to the / =0 component of the charge density
in the muffin tins for pure Al (0.053) and the compound
(0.144). The unusual elastic properties in Al-Li alloys
(i.e., the increase of Young’s modulus with the decrease
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(c) Al(111)

FIG. 5. Charge-density-contour plots for the L1, structure
[(@) and (b)], and pure Al [(c)] in units of 1072 [(number of
electrons)/(a.u.)’].
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of bulk modulus) can therefore be attributed to the in-
creased anisotropic bonding in the Al-Li alloys, as will be
discussed later. The much more pronounced directional
bonding between Al atoms was also found for two stable
Li-rich Al-Li compounds, i.e., Al,Li; and Al Li,."

IV. ALLi AND THE Al-Li PHASE DIAGRAM

ALLi is found to be metastable with respect to an Al-
rich solid solution and the LiAl ordered compound of
B32 structure.” From our results for the ordered com-
pounds fcc-Al, L1,-Al;Li, and B32-LiAl, we can derive
the metastability. Considering the energy of formation
per atom, AH (x), as a function of Li composition x, we
find that the value for Al;Li (—8.4 mRy) lies exactly on
the line connecting [AH(0)=0] (pure Al) with
[AH(0.5)=—16.8 mRy] (LiAl). (Note that Table I of
Ref. 7 lists energies per LiAl pair and thus these energies
have to be divided by 2.) At T=0 K the three phases are
therefore equally stable. Lying on a common tangent of
the free energy with increasing temperature and entropy
of mixing, the free energy of the solid solution at the
very-Al-rich side is lowered more than the free energy of
the ordered Al;Li and B32 phases. As a result, the free
energy of Al;Li is above the common tangent, and it is no
longer stable; however, it might become metastable if it
stays close enough to the common tangent. This actually
happens when a proper model of the solid solution is tak-
en into account.® Experimentally, up to 50% of the alloy
volume can be transformed into Al;Li precipitates by
solution annealing and artificial aging.> Such an amount
of coherent precipitations is unusually high and has not
been obtained for any other Al alloy so far.

Our first-principles calculations provide the informa-
tion that no other stable phase exists in the Al-rich side
of the phase diagram. Applying the results of Table II,
one finds that at 7=0 K the fcc supercell compound
AlLi situated between pure Al and ALLi lies slightly
above (by 0.4 mRy) the common tangent connecting Al
and Al;Li. On the other side, the energy of formation of
the AlsLi; supercell compounds (two different fcc
configurations of nearly equal statistical weights exist for
the 5:3 composition) lies well above the common tangent
of Al;Li and LiAl, indicating the high stability of B32-
LiAlL If one only studies fcc metastable phase stabilities®
by neglecting the bcc-type B32 results, we find that
AlLi;y is also not stable as compared to Al;Li and LiAl
(with fcc L1, structure); this reflects the tendency of Al-
rich Al-Li alloys to form ordered compounds with small
unit cells.

A further important quantity for the formation of the
ALLi compound is the lattice mismatch as defined by
6=(a ALLi /ags—1)X100%. The mismatch between solid

solution, agg, and precipitate, a Al,Li> Tust be sufficiently

small. Comparing Al;Li to pure Al, Al;Li, and AlLi,,
the mismatch varies in the range —0.38 <8< —0.09. Of
course, for a precise definition a model of the solid solu-
tion had to be developed>® that gives essentially similar
results. The experimental values!® show some scattering
but, in principle, support our results, namely a small but
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negative mismatch.

The elastic properties of the Al-Li alloys are of special
interest because, in general, Li additions increase Young’s
modulus (or related quantities such as stiffness) up to
25% (compared to 0.66 Mbar for pure Al) for Li compo-
sitions of about 10%.!7!® The contribution of Al;Li pre-
cipitates to this increase of Young’s modulus in techno-
logical alloys was estimated to be about 20%;!” the rest
was ascribed to the hardening of the Al-Li solid solution.
However, for ALLi an experimental modulus of 0.96
Mbar (Ref. 17) is given, which corresponds to an increase
of 45%. Therefore, procedures which produce the larg-
est amount of AL;Li precipitates (e.g., by high cooling
rates) “make the most of the potential of Li additions to
increase the specific strength and Young’s modulus, in
contrast to the melt-metallurgical route.”® On the other
hand, according to the generally accepted experimental
results of Miiller et al.,'? the bulk modulus decreases
with increasing Li composition. Our calculated results
show a general decrease of the bulk modulus with in-
creasing Li composition for all Al-Li compounds. The
increase of the Young’s modulus therefore has to be as-
cribed to the increasing anisotropy of the electronic
bonding in the material, which is beautifully illustrated
by the diamondlike bonds (concerning the geometry but,
of course, not the strength) in B32-LiAl.’

Interestingly, although the bulk modulus of LiAl is
substantially decreased, as found by two calculations
[0.58 (Ref. 7) and 0.45 Mbar (Ref. 17)], its Young’s
modulus was measured to be 1.05 Mbar,!” as compared to
pure Al (0.66 Mbar) and Al;Li (0.96 Mbar). These results
indicate that the Poisson ratio has to decrease rapidly —
as found experimentally, although some ambiguities
remain.'® Estimating the Poisson ratio from our calculat-
ed bulk moduli B and the measured Young’s moduli E,
we find a ratio of 0.366 for pure Al (B=0.82 Mbar,
E =0.66 Mbar), which decreases to a value of 0.275 for
ALLi (B=0.72 Mbar, E=0.96 Mbar). By linear extra-
polation of these values to LiAl, one obtains a Poisson ra-
tio of 0.184, which is very close to the ratio derived in the
same way as before (B=0.58 Mbar, E=1.05 Mbar).
These results support, at least partially, the experimental
findings of Glazer and Morris.!” From Table I one finds
that, in general, all our results show a decreasing bulk
modulus with increasing Li composition, although it
might vary considerably for the 3:1 composition—which
emphasizes the special role of AL;Li in strengthening the
alloy. Note that the bulk modulus of the DO0; structure
does not fit into this scheme because of the unfavorable
bonding in this compound. The outstanding role of the
very stable LiAl B32 compound can be deduced from its
bulk modulus (0.58 Mbar), which is higher than the
moduli of the 5:3 compounds (0.52 and 0.55 Mbar, re-
spectively).

Finally, we have completed some first-principles
FLAPW calculations for the elastic constants of AL;Li.
From these we obtain a Young’s modulus of 1.20 Mbar,
which matches reasonably well the experimental value of
0.96 Mbar,!” taking into account the experimental uncer-
tainties and temperature effects. The calculated Young’s
modulus is about 60% larger than the bulk modulus of
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0.72 Mbar (Sec. III A), as derived from the same first-
principles method. Clearly, our results support the well-
established view that adding Li to Al (at the Al-rich side)
strengthens the alloy by strongly increasing its anisotrop-
ic mechanical properties, although the isotropic bulk
modulus is reduced.

V. CONCLUSIONS

We have studied the cohesive, electronic bonding prop-
erties and structural stability of the binary compound
ALLi. The fcc-based L1, structure is found to be stable
relative to the bcc-based DO, structure. In the Al-Li
phase diagram the metastability of the L1, phase can be
described by its calculated heat of formation with respect
to that of the most stable B32-LiAl phase. The bulk
modulus is found to be generally decreased with the in-
crease of Li content, and the increase in Young’s
modulus reveals the anisotropic properties of Al bonding
in the Al-Li systems, e.g., the decrease of Poisson’s ratio.
The energetic and equilibrium properties appear to be in
good agreement with experiment.
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APPENDIX: COMPARISON WITH ASW
AND LMTO RESULTS

The important point derived from studying the elec-
tronic structure of Al-Li alloys seems to be the anisotrop-
ic bonding between the Al atoms, whereas Li basically
donates its valence electron to strengthen the Al bonds,
as already discussed for LiAl.?** From such a point of
view, one would understand the anisotropic behavior as
expressed by the decrease of the bulk modulus with in-
creasing Li composition (as found by our calculations and
by experiment'?, but an increase of Young’s modulus, as
found by all experiments (e.g., Ref. 16). Recently, some
first-principles calculations for Al;Li and ALLi (as well
as for other Al compounds) were published,® which claim
that the bulk modulus increases with Li composition, and
therefore the increase of Young’s modulus could be un-
derstood by applying the theory of isotropic elastic
media. These authors claimed that our results (our
eight-atom supercell study had been published®) are not
consistent with their findings, but did not discuss its pos-
sible cause.

To clarify this point, we focus here in detail on Al,Li
with the L1, structure, which can be easily used as a test
case because of its simple structure—having four atoms
in a cubic unit cell [cf. Fig. 1(a)]. In order to test our
FLAPW calculation further, we increased the basis set by
a factor of 2 from 50 augmented plane waves per atom
(200 in total) to 100 (400 in total). As we knew from pre-
vious tests and studies,’ the smaller set is sufficiently large
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because of the delocalized plane-wave-like nature of the
basis functions. As expected, the total energy changed by
a very small amount (about —0.1 mRy) in a uniform
way. Therefore, both the lattice parameter and bulk
modulus remain unchanged. As mentioned in Sec. II, the
total energy as a function of the number of k points was
also converged; 60 k points were found to be sufficient for
obtaining precise bulk-modulus and lattice-parameter
values. Further, using the FLAPW method we find
(Table I) at equilibrium an energy of formation of —8.4
mRy, a lattice parameter of 7.512 a.u., and a bulk
modulus of 0.72 Mbar. Masuda-Jindo and Terakura® find
—9 mRy, 7.424 a.u., and 0.96 Mbar, respectively. [These
data were taken directly or derived from their Table I us-
ing their Egs. (2) and (3).] The most striking difference
can be found for the bulk modulus, but the lattice param-
eters are also different, with ours being more than 1%
larger. For Al,Li (cf. Table I) the situation is similar
apart from the energy of formation, for which Masuda-
Jindo and Terakura list a value that must be too large by
a factor of 2 because, according to their Table I, it should
be —8.5 mRy per atom [the value listed is —0.034 for
(Al,Li)/2]. If that is the case, then Al;Li would never be
formed for Li compositions smaller than 12.5%.

At first, the basic difference between the two calcula-
tions is the model applied. In our case we applied the
FLAPW method, which is one of the most precise
methods available because it is an all-electron method
that does not make any shape approximations for the po-
tential and charge density. On the other hand, Masuda-
Jindo and Terakura applied the ASW method?! (which
basically is very similar to the LMTO method,'® which
uses the muffin-tin approximation for the charge density
and potential). (Every atom in the cell is surrounded by a
muffin-tin sphere in such a way that the sum of the
sphere volumes equals the volume of the unit cell. Of
course, this results in overlapping spheres, and also a
choice for the radius of the spheres has to be made if
there is more than one atom per unit cell, and especially
if there are different species of atoms as in our case.)
Now it is well known that for close-packed structures the
ASW and LMTO methods give, in general, good results
(with very few exceptions) as compared to experiment
and other results of precise methods. Therefore the
discrepancy between the FLAPW and ASW results of
Ref. 8 is hard to understand at first.

To further investigate this difference between the
FLAPW and ASW results, we carried out some LMTO
calculations using the atomic radii for each element as a
function of lattice parameter (volume) obtained by
Masudo-Jindo and Terakura® using the bulk modulus of
each elemental metal. (The unpublished values were
kindly provided by Professor Terakura.) These calcula-
tions were done self-consistently in the usual way for
their set of four different lattice parameters, and 60 (and
up to 205) k points were used for the Brillouin-zone in-
tegration by the linear tetrahedron method. Both the
bulk modulus and equilibrium lattice parameter did not
change by taking more than 60 k points. Two sets of cal-
culations were performed with /_,, =1 (as done in Ref. 8)

max

and /_, =2 for Li, and with the combined-correction
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terms (included in the ASW calculations).?? Calculations
carried out without combined-correction terms did not
yield an equilibrium distance (i.e., minimum in the total
energy) for the sphere radii used in Ref. 8. The reason
that /_,, for Li was increased over the value used in Ref.
8 is that the choice of Li-sphere radius is rather large for
a Li, ion and the tails of the Al wave functions reach deep
inside the Li sphere. As we learned from the FLAPW re-
sults (see Sec. III B and Table I), the bonding is rather an-
isotropic and hence / =2 components inside the Li sphere
may be important. Results at the equilibrium lattice con-
stant given in Table III (as Calc. 1 and Calc. 2) show
strong differences for the calculated total energies and
lattice constants. The bulk-modulus values are reason-
ably close to each other—and close to our earlier
FLAPW result. Thus, we do not reproduce the high
value of the bulk modulus (~ 1.0 Mbar) obtained previ-
ously.?

Summarizing, based on our rather detailed studies we
believe that our FLAPW results are reliable, correct, and
consistent. In Ref. 8 some experimental studies were
used to corroborate the ASW results. However, without
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TABLE III. Results of LMTO calculations for L1,-Al;Li us-
ing the sphere radii of Ref. 8. Calc. 1 includes /,,, =2 and Calc.
2 includes /,,,, =1 for Li. In both cases, [,,,, =2 for Al. Total
energy E (in Ry/atom), lattice constant a (in a.u.), and bulk
modulus B (in Mbar).

E a B
Calc. 1 —366.579 7.452 0.68
Calc. 2 —366.586 7.547 0.76

going into detail here, there are at least as many reliable
experimental statements (we refer to Sec. IV and the dis-
cussion in Ref. 6 that support our basic finding, namely
that the Al-Li alloys and compounds are rather aniso-
tropic and reveal a decreasing bulk modulus with increas-
ing Young’s modulus. In consequence, their elastic prop-
erties could only be described by a strongly decreasing
Poisson ratio. This conclusion is confirmed by the calcu-
lated Young’s modulus, which is about 60% larger than
the bulk modulus.
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