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Phase stability and bonding characteristics of Li-rich Al-Li intermetallic compounds:
AlzLi3 and A14Li9
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The all-electron local-density full-potential linearized augmented-plane-wave method was applied
to calculate the total energy and electronic structure of several Li-rich Al-Li compounds including
Al&Li3, A14Li9, and AlLi3 (with L12 and D03 structure). The ground-state properties are found to be
in good agreement with the available experimental data. Based on the calculated heats of forma-
tion, both A12Li3 and A14Li9 were found to be stable, whereas both A1Li3 compounds are unstable
with respect to the mixture of the most stable compounds. The bonding in the stable phases is
characterized by its tendency to form stronger, tetrahedra-like Al—Al bonds due to the Al-Al and
Al-Li interactions. Based on these results, we propose that the phase stability and the bonding
characteristics of the Al-Li alloys can be understood by assuming that the Li atoms basically
transfer their valence electrons in between the Al bonds and that the resultant strengthened Al
bonds stabilize the Al-Li compounds.

I. INTRODUCTION

Although the Li-rich side (i.e., greater than 50 at. %
Li) of Al-Li alloys is less important for practical applica-
tions than the AI-rich side (which are the promising
high-strength, low-density materials for the aerospace in-
dustry' ), first-principles band calculations of some of
the Li-rich Al-Li ordered compounds are important for
the following reasons. First, the calculation of alloy
phase diagrams with a combination of first-principles
electronic-structure calculation and thermodynamic
statistics has become a realistic and exciting possibility
due to the development of precise energy-band calcula-
tion methods and the rapid increase of computer power.
For example, calculations of the Al-Li phase diagram
have been done from first principles by combining highly
precise results of full-potential linearized augmented-
plane-wave (FLAPW) electronic total-energy calculations
of the Al-Li compounds with a statistical supercell
method and (more impressively) with the cluster varia-
tion method. The calculations correctly produced and
predicted many structural, cohesive, and thermodynamic
properties on the Al-rich side of the Al-Li alloys and the
agreement with experiment is encouraging. However, the
results for the Li-rich side are less satisfactory. Since
these calculations involved only fcc or bcc superstruc-
tures which are not the actual stable phases on the Li-
rich side, they could not produce the correct phase dia-
gram on the Li-rich side. Some of the more complicated
noncubic structures such as A12Li3 and A14Li9, which are
found experimentally to be stable phases, were not in-
cluded. Therefore, for the completion of the Al-Li phase
diagram, the calculation of these noncubic structures to
the same level of precision is desirable.

Second, although both Al and Li are simple metals and
are usually considered to be more or less free-electron-
like, the structures and the bonding characteristics of

their intermetallic compounds difFer significantly from
their parent compounds. For example, A1Li crystallizes
in the rather rare 832 (Zintl) phase instead of the more
common 82 (CsC1) phase due to strong local-
environment and chemical-bonding effects; this was
found by both experiment and theoretical calcula-
tions. ' When the Li content is increased, the struc-
ture of Al-Li alloys changes from pure fcc Al, to an fcc
Al-Li solid solution and an fcc-based A13Li (L 12 metasta-
ble) phase to a bcc-based A1Li (832) structure. On the
Li-rich side, the situation is more complicated. The
structure changes from the bcc-based 832 structure to
rhombohedral A12Li3 (C33) and to monoclinic A14Li9
(82/m).

This trend of the change of structures among Al-Li in-
termetallic compounds indicates that the unusual nature
of Li might have great impact on the bonding charac-
teristics of Al-Li compounds, especially when the Li con-
tent is increased. So far, there is no theoretical study of
the Li-rich Al-Li compounds and the number of experi-
mental studies is also limited; reliable information, such
as bulk modulus and cohesive energy, is lacking. There-
fore, to complete the study of the phase stabilities and
bonding properties of Al-Li alloys, first-principles total-
energy calculations on some of the Li-rich Al-Li interme-
tallic compounds are necessary. Thus this study is part
of the extensive investigation on the Al-Li alloys and the
results might serve as reference for the phase stability on
the Li-rich side of the alloys. Finally, the unusual bond-
ing characteristics of Al-Li compounds is strongly pro-
nounced by the Al-rich compounds.

II. COMPUTATIONAL DETAILS

The first-principles self-consistent all-electron full-
potential linearized augmented-plane-wave method, "
within the local-density approximation' ' (LDA) with
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use of the exchange-correlation potential of Hedin and
Lundqvist, ' was applied to calculate the electronic
structures and volume-dependent total energies of AlzLi3
and A14Li9. Two artificial A1Li3 compounds with fcc-
based L 1z and bcc-based D03 structure and an fcc-based
eight-atom supercell structure (denoted as a 2:6 com-
pound), usually used for the phase diagram calculation, 5

are considered for comparison. Muffin-tin radii were
chosen as 2.44 a.u. for Al&Li3 and Al&Li9 and 2.58 a.u. for
the artificial A1Li3 compounds. The charge density and
potential were expanded in spherical harmonics inside
muffin-tin spheres up to 1=6 for AlzLi3 and A14Li9 and
1=8 for the A1Li3 compounds. The number of plane
waves for the representation of charge density and poten-
tial in the interstitial region is about 4000, 8000, and 2000
for AlzLi3, A14Li9 and A1Li3, respectively, which is pro-
portional to the corresponding volume of the interstitial
region. The number of basis functions used to build up
the Hamiltonian is about 50 per atom in each case. Since
in the FLAPW method all the parameters are fully con-
trolled, the choice of the parameters will not affect the re-
sults provided that they are sufficiently well converged.

To test the results at certain volumes, we increased the
number of basis functions (to 100 per atom), and also oth-
er parameters, and the total-energy difference was found
to be less than 0.1 mRy. The number of k points in the
irreducible Brillouin-zone used by the linear tetrahedron
method for Brillouin-zone integration is about 60, which
yields sufficient precision for calculations of the equilibri-
um lattice constants and bulk moduli. The absolute total
energies at equilibrium were obtained by a systematic in-
crease of the number of k points and an extrapolation
method. "

III. RESULTS

A. Crystal structures and lattice constants

TABLE I. Atomic positions for AlzLi3 in Cartesian coordinates.

Atom type

0.1964
—0.1964

Li(1)

0.4015
—0.4015

ic positions and the results showed that the choice of the
experimental values of the c/a ratio and the atomic posi-
tions is in general reasonable in first-principles calcula-
tions.

The crystal structure of A14Li9 is monoclinic with
space group 82/m, as shown in Fig. 1(b). There are two
formula units in a simple monoclinic unit cell but only
one formula unit in the base-centered rnonoclinic unit
cell. The experimental lattice constants' are a =36.198
a.u. , b=10.259 a.u. , c=8.502 a.u. , and y =107.671'.
Again, the experimental values of y and atomic positions
are used in the calculation, as in the case of AlzLi3 ~

There are two types of Al and five types of Li due to the
different local environments and the atomic positions in
the unit cell are listed in Table II.

The crystallographic structures of the artificial A1Li3
compounds are more common: L lz-structure A1Li3 [Fig.
1(c)] has an fcc superstructure with space group Pm 3m;
there are four atoms in a unit cell with Al sitting at the
corners and Li sitting on the face centers. The 1:3 com-
pound of D03 structure -A1Li3 structure [Fig. 1(d)] has a
bcc superstructure with space group Fm3m; there are
also four atoms in a unit cell which can be considered as

The crystal structures of AlzLi3, A14Li9, and two
artificial A1Li3 compounds are shown in Fig. 1. A1~Li3
crystallizes in the rhombohedral structure (C33) [as
shown in Fig. 1(a)] with space group R 3m. There is one
formula unit in the rhombohedral unit cell or three for-
mula units in a hexagonal unit cell. The experimental lat-
tice constants in the rhombohedral cell are' a=10.2406
a.u. and a=49. 16, which corresponds to a c/a ratio of
3.163. The atomic positions in the unit cell are listed in
Table I. In the calculation, the experimental values of a
(and therefore the c/a ratio) and the relative atomic posi-
tions are chosen and fixed, which is a reasonable
compromise to get accurate results and, at the same time,
to avoid too many calculations due to the variation of
c /a and atomic positions. Although the traditional
overestimate of bonding by LDA produces smaller lattice
constants than experiment, the error is considered sys-
tematic and therefore has little effect on the c/a ratio and
relative atomic positions inside the unit cell. We tested
the results by changing the value of o. and found that the
equilibrium e is indeed sufficiently close to experiment.
Similar tests were done on other aluminide compounds
by Hong' for varying e/a and by Xu' for varying atom-

Al(1) 0.1505
—0.1505

0.0870
0.087

Al(2) 0.3853
—0.3853

0.7064
—0.7064

Li(1)

Li(2) 0.0863
—0.0863

0.5310
—0.5310

Li(3) 0.2326
—0.2326

0.6220
—0.6220

Li(4) 0.3080
—0.3080

0.1440
—0.1440

Li(5) 0.4565
—0.4563

0.2390
—0.2390

TABLE II. Atomic positions for A14Li9 in Cartesian coordinates.

Atom type
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FIG. 1. (Continued).

one Al and three Li fcc sublattices interpenetrating along
the [111] direction. The structure of the fcc-based 2:6
compound, which can be realized only by the supercell
approach, is shown in Fig. 1(e).

B. Equilibrium ground-state properties

The calculated equilibrium lattice constants of AlzLi3
and A14Li9 are given in Table III, along with experimen-
tal data and relative errors. Results for pure Al and Li
are also included. The lattice constants for pure Al and
A12Li3 are in good agreement with experiment (within

2%). The 2.7% relative error for A14Li9 is considerably
larger, whereas pure Li has the largest relative error
(about 4%). It should be noted that (i) the calculated lat-
tice constants are systematically smaller than experiment
and (ii) the error is increased when the Li content is in-

creased. The discrepancy between the theoretical and ex-
perimental results may be attributed to several reasons.
First, it might be due to the effect of thermal expansion,
since the calculated results are valid at T=O K. To in-

vestigate the effect of thermal expansion due to the
anharmonic behavior of lattice vibrations, we used the
experimental thermal expansion coeScients' for pure Al

TABLE III. Comparison of calculated lattice constants a„~, in a.u. with experimental values a, pt

for Al-Li ordered compounds.

Composition

Al

A1~Li3

Structure

fcc

C33

aca)c

7.538

8.397 (a)
26.561 (c)

aexpt

7.636'

8.518 (a)'
26.946 (c)

Rel. error

1.28%

1.42%%uo

AL4Li9 B2/m 35.221 (a)
9.982 (b)
8.272 (e)

107.67 (y)

36.198 (a)
10.259 (b)
8.502 (c)

107.67 (y)

2.7%

Li bcc 6.35 6.631'
6.614 (77 K)'

4.22%%uo

3.99%

Li fcc 8.00 8.334 (77 K)' 4.01%

'Experimental data taken from Ref. 15.
Experimental data taken from Ref. 18.

'Experimental data taken from Ref. 19.
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TABLE IV. Temperature dependence of experimental coefficients of linear thermal expansion a of
pure Al and Li (in units of 10 K ).

Material 25 K 50 K 75 K 100 K 150 K 200 K 250 K 300 K

Al
Li

0.5 3.8 8.2
13.0

12.2
21.2

17.2
32.5

20.2
39.3

21.9
43.8

23.2
47.0

and Li (as listed in Table IV) and extrapolated the calcu-
lated results from zero to room temperature. We found
that this effect contributes to about —,

' of the error for
pure Al and —,

' of the error for pure Li. (In other words,

the calculated lattice constant will increase about 0.5%
for pure Al and 1% for pure Li if this effect is taken into
account. ) Second, the neglect of the zero-point energy
might cause considerable error in the calculated lattice
constants in some cases. The zero-point energy is greater
when the volume is smaller and therefore acts like an
effective repulsive force. The calculated equilibrium lat-
tice constants will be increased if this term is included.
Recently, Moruzzi et al. applied the less precise
augmented-spherical-wave (ASW) band-structure ap-
proach and obtained larger lattice constants for several
elements when the zero-point energy was included by a
semiempirical Debye model. The effect of the zero-
point-energy contribution is more important for lighter
elements, which appears to be the reason that the
theoretical lattice constant of Li has the largest error in
comparison with experimental data. Third, there are
other approximations that might also affect the results;
traditionally, it is assumed that the LDA overestimates
the bonding in most cases.

The Wigner-Seitz radii, bulk moduli, and cohesive en-
ergies are listed in Table V. The Wigner-Seitz radii (cor-
responding to the equilibrium volume per atom) of Li-
rich ordered compounds (up to 75 at. % Li concentra-
tion) are only slightly larger than that of pure Al (with a
difference of less than 1%), even though pure Li has a
much larger Wigner-Seitz radius than does pure Al
(about 6%). The strong deviation from Vegard's law is
well known for Al-Li alloys and highlights the unusual
bonding properties of these alloys. The bulk moduli, on
the other hand, decrease almost linearly as the Li concen-
tration increases. They are very close to the linear inter-

polation of the bulk modulus of pure Al and Li, i.e.,
8 (x)=x8A|+( I —x)8L;, as found for the Al-rich side of
the Al-Li solid solution and ordered compounds. ' ' '

C. Density of states

The densities of states (DOS) for the A1Li3 (D03),
A1Li3 (1.1,), AI~Li3, and A14Li9 compounds are shown in

Fig. 2. The DOS and the integrated DOS at the Fermi
energy are listed in Table VI.

The densities of states of D03 and L l~ [Figs. 2(a) and
2(b)] have some similarities. The Al s and p states are al-
most completely separated, and are totally different from
the free-electron-like compounds such as A13Li. The Al s
states are well localized at the lowest energy while the Al

p states occupy the higher energy around EF. In both
cases, the Al-Al interaction is very weak because there
are no Al-Al nearest neighbors and Al atoms look more
like impurities in both structures. The Al-Li and Li-Li
interactions are mainly responsible for the cohesion of
these structures. In the D03 case, the interaction is
stronger and a gap is opened up separating the bonding
and antibonding states. The Fermi energy is lower in the
D03 case. The valence electron energy and the kinetic
energy are lower in the D03 structure, which lowers its
total energy and therefore makes the D03 structure more
stable than the L12 structure.

The density of states of A14Li9 [Fig. 2(c)] is quite
different from those of the A1Li3 compound, but is in-
stead more similar to that of the 832-structure A1Li com-
pound, although its Li composition is much closer to
A1Li3. There are three main peaks below EF as in the
case of 832-structure A1Li. The first peak, dominated by
Al s states, arises from the Al-Al s bonding state with
some hybridization with Li. The second peak is also
mainly Al s, but with a sizeable mixture of Al p and Li s

TABLE V. Calculated equilibrium %'igner-Seitz radii R ws (in a.u. ), total energies E„, (in Ry/atom),
bulk moduli 8 (in Mbar), cohesive energies AH,.„h (in Ry/atom)„and heats of formation AHf, „(in
mRy/atom) of some Li-rich ordered compounds and pure Al and Li.

Composition

A12Li3

A14Li9
A1Li,

Structure

C33
82/m

D03
L12

Rws

2.9592
2.9420
2.9588
2.9647

Etot

—202.4521
—159.1560
—132.0948
—132.0915

0.44
0.34
0.30
0.28

—0.2074
—0.1885
—0.1754
—0.1721

~H form

—14.2
—11.2
—7.9
—4.6

Al
Li

fcc
fcc
bcc

2.9460
3.1246
3.1276

—483 ~ 8420
—14.8352
—14.8347

0.82
0.14
0.15

—0.2950
—0.1250
—0.1245
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and p states. The third broad peak just belo~ E~ is the

strong hybridization between Al p and Li p states. The
distinctive difference between B32-structure A1Li and

A14Li9 is the DOS just above EF. In B32-structure A1Li,

the Fermi energy just falls in the deep valley between two

big peaks, while in A14Li9 there is a broad valley (0.12

Ry) between two big peaks, which separates the bonding

and antibonding states. The more complicated shape of
the density of states of A14Li9 is due to its more complex

structure. A more detailed discussion on the relation be-
tween the structure of B32-structure A1Li and Al~Li9 will

be given later.
The density of states of AlzLi3 [Fig. 2(d)] is again simi-

lar to that of B32-structure AlLi with three distinctive
peaks below Fz. The composition of AlzLi3 (60 at. %%uoLi)
is closer to the 50 at. % Li for B32-structure A1Li and
hence a similarity should be expected. There is a gap
opening up between the lowest two peaks which separates
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ture, (c) the A14Li9 compound, and (d) the A12Li3 compound.
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TABLE VI. Density of states for the four Li-rich compounds decomposed into contributions from the interstitial region (int) and
from the spheres. The first (top) block [N(EF)] corresponds to the density of states at the Fermi energy, and second (bottom) block
(n) lists the integrated values.

Structure

L12
D03
A14Li9

A12Li3

N
22.58
22.22
39.12
14.35

Total

N, „,
8.06
8.76

18.13
6.56

N,
0.54
0.31
0.47
0.38

3.74
4.80
6.72
3.62

Al

0.37
0.23
0.79
0.40

N.p~

4.67
5.35
7.89
4.42

N,
1.68
1.08
1.81
0.77

Np
7.43
5.31
9.86
2.48

Li

Nq

0.65
0.64
0.91
0.39

Nsp~
9.77
7.04

12.6
3.65

L12
D03
A14Li9

A12Li3

n

6.00
6.00

21.0
9.0

2.10
2.30
9.12
3.97

n,
0.94
0.89
3.14
1.54

np

0.78
0.79
3.35
1.65

ny

0.03
0.02
0.17
0.10

n~p[

1.75
1.70
6.66
3 ~ 30

n,
0.84
0.76
1.94
0.51

n~

1.18
1.12
2.98
1.01

ng

0.1

0.09
0.25
0.10

nspa

2.03
1.97
4.19
1.63

the s and p bonding and antibonding states, while in the
832-structure AlLi case, such a gap is prohibited due to
the diamond symmetry.

There are some common features at EF for the Li-rich
compounds which distinguishes them from the 832-
structure A1Li compounds. First, the s and d DOS com-
ponents at EF are greatly depressed for the Li-rich com-
pounds and the DOS at EF is predominately composed of
Al and Li p states (about 70—80%), whereas in the 832
case, p only occupies —,

' of the states. In the Li-rich com-
pounds, s electrons mainly occupy the lower bands while

p electrons occupy the higher bands around EF, which
are well separated. Second, the structure induced d corn-
ponent of the electron states is less pronounced in the Li-
rich compounds than in the 832-structure AlLi com-
pounds. The percentage of d electrons is decreased as the
Li concentration increases, which is expected because Li
is less likely to induce d components than Al.

D. Charge density and bonding characteristics

than those in 832-structure A1Li (5.119 a.u. ). Figure 3(a)
shows charge density contours for AlzLi3 on the y-z
plane, which contains Al-Al nearest neighbors. We see a
strong pileup of the charge density in the area between
the Al atoms. Al—Al bonding is strengthened by the
charge transfer of Li into the bonding region and this is
as strong as in the case of 832-structure A1Li. The simi-
larity of strengthened Al—Al bonds in both A12Li3 and
832-structure A1Li might be the reason for A12Li3 s sta-
bility on the Li-rich side of the Al-Li phase diagram.

A14Li9 is more complicated with a monoclinic struc-
ture and more atoms in the unit cell. Basically, however,
it can also be looked upon as a distorted bcc superstruc-
ture with a more complicated local orientation. The cal-
culated nearest neighbors and next nearest neighbors are
listed in Table VIII. There are fourteen neighbors with
shortest but different distances which can be grouped into
eight nearest and six next nearest neighbors as in the case
of A12Li3. Again the ratio of the average nearest and next

Although A12Li3 and A14Li9 have complex crystal
structures, their similarity with the bcc structure is ap-
parent if we carefully study their structures. The struc-
ture of A12Li3 can be looked at as a variant of bcc pack-
ing with Al atom layers of puckered six membered rings,
with the [ill] direction of the bcc cube taken as the z
direction, as shown in Fig. 1(a). The calculated nearest
atomic distances are listed in Table VII. For each atom
in the unit cell, if we consider these neighboring atoms
with distance of about 5.2 a.u. as its nearest neighbors
and distances of about 6.0 a.u. as its next nearest neigh-
bors, then there will be eight nearest neighbors and six
next nearest neighbors for each atom. The ratio of aver-
age nearest-neighbor distance (5.198 a.u. ) to the next-
nearest-neighbor distance (6.014 a.u. ) is 0.864, which is
very close to the ideal ratio of 0.866 for the bcc structure.
Each Al atom has three Al nearest neighbors similar to
the tetrahedral bonding in 832-structure A1Li, but with
one Al—Al bond missing. The striking feature in this
compound is that its Al-Al neighbors have the smallest
distances (5.101 a.u. ) in the compound, which is smaller
than those in pure Al (5.33 a.u. ) and even slightly smaller

Atom

Li{1)

Neighbor

Li{2)
Al
Al

Distance

5.175
5.218
6.060

CN

Li(2) Li(1)
Li(2)

Al
Al

Li(2)
Al

Li{1)
Li(2)
Li(2)
Al

Li(1)
Li(2)

5.175
5.233
5.181
5.447
6.053
5.926
5.218
5.181
5.447
5.101
6.060
5.926

TABLE VII. Atomic distances (in a.u. ) and the coordination
number {CN) in AlzLi3.
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(b)

(c)
FIG. 3. Charge density contour plot in units of 10 ' (electrons)/(a. u.)' for (a) AlzLi3, (b) A14Li&, (c) AlLi3 (D03) in the (110}plane,

and (d) AlLi3 (L1,) in the (110) plane. Li atoms are characterized by their smaller size as compared to the larger-size Al atoms. In (a)
the plane of contours is defined by the y-z plane, which cuts through the Al atoms perpendicular to the plane of drawings in Fig. 1(a).
For (b) the plane of contours is defined by the atoms marked by c in Fig. 1(b).

TABLE VIII. Atomic distances (in a.u. ) and the coordination number (CN) in A14Li&. Only neigh-
bors of the Al atoms and Li (type 1) atom are shown.

Atom

Al(1)

Neighbor

Al(2)
Li{1)
Li(2)
Li(2}
Li(3)
Li(3)
Li(3)
Li(4)
Li(4)
Li(4}

Distance

4.952
5.104
S.SS5
5.318
5.242
6.173
5.939
5.402
5.159
5.867

CN Atom

Al(2)

Neighbor

Al(1)
Li(1)
Li(2)
Li(3)
Li(3)
Li(4)
Li(4)
Li(5)
Li(5)
Li(5)

Distance

4.952
5.902
S.018
5.185
6.066
5.442
S.807
5.965
5.145
5.437

CN

Li(1) Al(1}
Al(2)
Li(2)
Al{2)
Li(5)

5.104
5.902
5.251
6.307
6.233
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nearest neighbor distance is 0.864, which is close to 0.866
for bcc. However, the nearest-neighbor distances vary
greatly and some of the nearest neighbors are even close
to the next nearest neighbors, which reAects the complex-
ity of the A14Li9 structure. The arrangement of Al atoms
in this compound is peculiar. They form planar zigzag
chains with the mean direction of all chains being parallel
to the c axis. The Al-Al distances (4.952 a.u. ) are the
smallest nearest neighbor distances in the A14Li9 com-
pound, which is again much smaller than those in pure
Al (7%%uo smaller) and also smaller than those for B32-
structure AlLi (3%%uo smaller). The charge density con-
tours [Fig. 3(b)] in the plane containing Al zigzag chains
show a significant pileup of the charge between Al bonds,
which is similar to the cases of AlzLi3 and B32-structure
A1Li. This strong Al bond is again characteristic of the
stable Al-Li ordered compounds.

On the other hand, there is no such pronounced Al-
Al bonding effect in the A1Li3 compounds, as shown in
Figs. 3(c) and 3(d) (either for the Llz or D03 structure)
since Al atoms are well separated by Li. The charge-
density contours also show the more homogeneous distri-
bution of the charge in these compounds. These struc-
tures are, therefore, unfavorable in forming the stable
phases in the Li-rich side of the Al-Li alloys.

Based on a study of the A1Li and A13Li com-
pounds, ' ' ' we proposed a simple model to describe the
phase stability in the Al-Li system, i.e., that Li basically
transfers its valence electron in between the Al bonds and
the resultant strengthened Al bonds stabilize the Al-Li
compounds. More specifically, the valence charge is
redistributed (particularly in the interstitial region) to
cause more of a pileup in Al bonds due to the Al-Al and
Al-Li interactions. This simple model is further support-
ed by the charge contour plots (Fig. 3) for Li-rich com-
pounds. Under this assumption, we can derive two
features for stable compounds on the Li-rich side. First,
Al atoms tend to have Al nearest neighbors and form
stronger bonds, even if the Li content is much larger than
Al. This tendency might explain why Al-Li alloys do not
stabilize in AlLi3 compounds which have smaller unit
cells and simpler crystal structures, but instead form
more complicated A14Li9 compounds.

Second, Al atoms tend to form tetrahedral diamondlike
bonds due to the donation of electrons by Li, as in the
perfect case of 832-structure A1Li. To see this tendency,
let us compare the Al bonding characteristics in the 832-
structure A1Li AlzLi3 and A14Li9 systems. As mentioned
before, the AlzLi3 and A14Li9 compounds, although quite
complicated, can be viewed basically as having a distort-
ed bcc structure. Figure 4 gives the Al position in a bcc
(or distorted bcc) cube with one Al sitting in the center.
For 832-structure A1Li, four Al nearest neighbor are lo-
cated at the four opposite corners forming a perfect dia-
mondlike bond. For AlzLi3, three Al nearest neighbors
are located at three of the four opposite corners, forming
a three pronged diamondlike bond due to the deficit of Al
atoms. For A14Li9, the Al atoms still tend to form dia-
mondlike bonds, but the lack of Al atoms prevents them.
As a result, two Al bonds are the best situation that can
be formed for this compound. For A13Li compounds,

there is another supercell structure (eight atoms per cell),
which was studied previously for the phase diagram cal-
culation. Each Al atom also has two Al nearest neigh-
bors in this 2:6 supercell structure. However, Al-Al
atoms form a chain in the structure. Consequently, this
structure is more stable than L 1~ and D03, but is unstable
relative to A14Li9

IV. PHASE STABILITIES

Although the detailed electronic structure study can
explain the physical origin of the phase equilibrium, it
cannot directly determine the stable phases of the system
in most situations. The thermodynamic functions are the
fundamental quantities which govern the phase equilibria
of the phase diagram. It is the free energy of formation
that can determine the phase stability of the alloys.
Phase equilibra in alloys is a more complex problem
which is inherently nonlocal; the structure at fixed com-
position has to compete with the mixture of the neighbor-
ing compounds. Therefore the phase equilibrium should
be determined by drawing common tangent lines be-
tween the free energy curves of neighboring compounds.

The phase equilibrium at zero temperature on the Li-
rich side of Al-Li alloys can be derived from the calculat-
ed total energy. At zero temperature, there is no entropy
contribution to the free energy; therefore the free energy
of formation, or heat of formation, is the difference in to-
tal energies between the compound and its constituent
solids. The heat of formation of the compound 3 8,
is then defined as

bH =E„q xE„—(1 —x)Eq, —
x 1 —x

where x is the composition, E~ and Ez are the total ener-
gies of the stable structures of pure 3 and 8 solids, and
E„~ is the total energy of the compound.

x 1
—x

For pure Li, the situation is complicated. The stable
structure of Li is bcc at temperatures above 77' K. Ear-
lier work by Barrett et al. suggested that Li undergoes
a martensitic transformation to the hcp structure and
probably to the fcc structure by cold working at low tem-
perature. However, a later study showed that the
ground-state structure is neither hcp nor fcc, but a 9R-
related complex closepacked structure suggested by
Overhauser. Our calculations showed that fcc Li is
more stable than bcc Li at zero temperature, but with
only a very small energy difference (0.5 mRy). This indi-
cates that the allotropic transformation in Li is possible
at certain temperatures when the vibrational contribution
plays a role, which is consistent with the experimental
findings.

The heats of formation for all the Al-Li ordered com-
pounds on the Li-rich side are shown in Fig. 5. Common
tangent lines between stable compounds are also drawn in
the figure. At T=O K, the common tangent lines are
those that connect the formation energies of two neigh-
boring compounds with the assumption of stoichiometry.
This figure explains very clearly the phase equilibria in
the Al-Li system. One of the striking features is that it
correctly predicts all the stable phases on the Li-rich side;
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no other 6rst-principles electronic-structure studies have

ever made the correct prediction in this region. As
shown in Fig. 5, the heat of formation for 832-structure
AlLi has the lowest value and hence 832 is the most
stable phase in the Al-Li system. Actually this phase
stays stable up to its melting point before disorder takes
place.

The heat of formation for AlzLi3 lies below the corn-

mon tangent line between 832-structure AlLi and A14Li9

and therefore AlzLi3 is stable with respect to the mixture
of 832-structure A1Li and A14Li9. Furthermore, since
these three ordered compounds can be considered as
stoichiometric, the relative entropy change is small.
Therefore the AlzLi3 phase can remain the stable phase
up to relatively high temperatures (up to 793 K) in the
experimental phase diagram

The heat of formation for A14Li9 lies below the com-
mon tangent line between AlzLi3 and pure Li. Hence

(a) All i (b) A)Li3

(c) AI4Lig

FIG. 4. Illustrative Al local environment in a bcc cube for (a) B32-structure AlLi, (b) Al&Li3, and (c) Al4Li9.
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FIG. 5. Illustrative diagram of the heats of formation and the

phase stability of Al-Li ordered compounds (at zero tempera-
ture).

A14Li9 is stable with respect to the mixture of A12Li3 and
pure Li. However, when the temperature increases, the
free energy of the A1Li solid solution (or even the A1Li
liquid phase on the Li-rich side) decreases rapidly due to
the pronounced contribution of the configurational entro-
py. Therefore the A14Li9 phase can stay stable only at
relatively low temperatures [603 K (Ref. 28)]. On the
other hand, even though for the A1Li3 compounds the
D03 structure is more stable than the 1.12 structure, it is
not a real stable phase in the Al-Li phase diagram; since
its heat of formation is about 1.2 mRy per atom higher
than that of the mixture of A14Li9 and pure Li at the
same average composition, it will decompose into those
two phases in any case. Indeed, the D03 phase is never
found to exist experimentally. Another fcc 2:6 supercell
structure, although a bit more stable than D03, is still an
unstable structure with respect to the mixture of the
neighboring compounds. All of the above findings corro-
borate the experimental results and demonstrate the re-

markable ability of highly precise band calculations to
study the phase equilibria of the alloys (Table IX).

The phase diagram calculated by Sluiter et aI. showed
that D03-structure A1Li3 is a stable phase over some nar-
row range on the Li-rich side at the composition where
A14Li9 is located. However, this result only illustrates the
fcc-bcc competition in Al-Li alloys and uses D03 as a
representative for those complicated "interlopers" in
which their structures were shown previously to be relat-
ed to the bcc superstructure. To obtain more accurate,
quantitative results, these two structures, A12Li3 and
A14Li9, should be included in the calculation of the phase
diagram.

Since the calculation of phase diagrams is based on
electronic band-structure total-energy calculations, the
correct prediction of the stability sequence of these build-
ing blocks becomes most fundamental to the study. The
correct phase diagram cannot be produced with any
highly sophisticated statistical method if the stability se-
quence of these building blocks is wrong.

Finally, we need to emphasize that the Al-Li system is
of theoretical importance since it can serve as a severe
test for any method. Since both Al and Li are close-
packed, free-electron-like simple metals, it is natural to
expect that less precise methods such as the ASW, linear
muffin-tin orbitals (LMTO), or pseudopotential methods
should work well for this system. This might, however,
not be the case. Indeed, the A1Li ordered compounds
(i.e., 1:1 compounds) have been studied by a variety of
methods over the years: for example, Christensen by
LMTO, and Hafner and Weber by the linear
confirmation of atomic orbitals (LCAO) method. These
methods generally yield similar good results for the lat-
tice constants and band structures except for some minor
differences. The correct stability between the 832 and 82
structures is also produced because of the high stability
of the 832 phase, although the quantitative energy
difference varies significantly. However, when one stud-

TABLE IX. Equilibrium Wigner-Seitz radius (in a.u. ), total energy (in Ry/atom) and bulk modulus
(in Mbar) of some fcc and bcc superstructures of Al-Li compounds. Asterisks denote the stable phase
at that composition. The dagger denotes the stability of Li is more complicated and has been discussed
in the text.

Composition

Al

Structure

fcc
bcc

Structure type

fcc
bcc

~ws

2.9456
2.9511

E
—483.8420
—483.8372

Boule

0.82
0.84

A13Li L12*
D03

fcc
bcc

2.9357
2.9557

—366.5986
—366.5887

0.72
0.56

AlLi B32*
B2
L lo

bcc
bcc
fcc

2.9104
2.8760
2.9173

—249.355
—249.3488
—249.3486

0.58
0.42
0.50

AlLi3 D03*
L12

bcc
fcc

2.9588
2.9647

—132.0948
—132.0915

0.30
0.28

Li fcc
bcc

fcc
bcc

3.1246
3.1276

—14.8352
—14.8347

0.14
0.15
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ies the more sensitive properties such as formation ener-

gy, bulk modulus, and elastic constants, which involve
much smaller energy differences, a more precise method
is certainly needed for the Al-Li system; otherwise, in-
correct results might be obtained.

Recently, Lu and Carlson calculated the total ener-
gies of some Al-Li compounds by a simplified pseudopo-
tential expansion theory. While pseudopotential theory
has been successful in dealing with nearly-free-electron
systems, it is difficult to apply to the Al-Li system be-
cause of the large density difference in Al and Li and the
importance of the nonlocality of the pseudopotentials. In
Lu and Carlson's calculation, the local-density correction
to the usual second-order perturbation expansion and the
treatment of the nonlocality of the pseudopotential are
included to overcome these difficulties. As a result, they
got fairly good results for some properties of the Al-Li
compounds. For example, the calculated lattice con-
stants are in good agreement with experiment; the lattice
contraction of A13Li (L12) and A1Li (B32) are found to

agree with experiment and with other theoretical calcula-
tions. The stability between the B32 and 82 structures
also agrees wtih experiment. When studying the phase
equilibria in the entire Al-Li system, they fail, however,
to describe the correct phase diagram. According to
their calculated heats of formation of some ordered Al-Li
compounds, they predicted a much stabler A13Li (L12)
phase, an unstable A14Li9 phase, and a metastable A1Li3
L12 phase (more stable than Al&Li9). All these predic-
tions are inconsistent with the experiment, and with our
results.
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