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Ab initio total energy calculations, based on the exact muffin-tin orpEMTO) theory, are used to deter-
mine the elastic properties of AlLi, random alloys(x<0.20 in the face-centered-cubic crystallographic
phase. The compositional disorder is treated within the framework of the single-site coherent potential approxi-
mation (CPA). The effect of the local lattice relaxation on the elastic constants is estimated using a supercell
technique. We study the effect of the single-site approximation by comparing the theoretical ground-state
properties calculated using different corrections to the Madelung energy. We find that the calculated equilib-
rium volumes and alloy formation energies strongly depend on the approximations employed in the Poisson
equation, in accordance with former observations. At the same time, the experimental trends of the elastic
moduli of disordered Al-Li alloys are well reproduced by the EMTO-CPA method. Using these theoretical
results we show that the nonlinear effect of Li addition on the elastic constants originates from the detailed
band structure of Al near the Fermi level.
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I. INTRODUCTION calculations of elastic constants from ordered structirés

During the 1980s and early 1990s Al-Li alloys were the!© the case of substitutional random alloys of any
focus of theoretical and experimental investigatioriOther ~concentratiorf>=%In the present work, using these develop-
competing light-metal engineering materials have nowNeNts, we give a Qetalled account of thg elastlc. properties of
emerged, but the complex electronic structure of Al-Lj face-centered-cubidfcc) Al-Li binary solid solutions con-

alloy$-9and the observed interesting trends, such as the co{diNing up to 20% randomly distributed Li. Owb initio
traction of the equilibrium volume relative to a linear inter- €/€Ctronic structure study is based on the density functional

- - g theory’” (DFT). The Kohn-Sham equatioffsare solved us-
olation between Al LiRef. 10 and the drastic increase of . o X
'E)he Young’s and she;r modL%i on alloying Al kRef. 17 N9 the exact muffin-tin orbitalEMTO) method?%2*-%%and
have continued to be a scientific challenge ' for the total energy calculation we employ the full charge

H H 9,33
Several successful theoretical efférfshave concentrated density techniqué?

derstanding the origin of this rath | behavi The substitutional disorder of Li atoms is taken into ac-
on understanding the origin of this rather unusual benavioly, ;¢ using the coherent potential approximation imple-

Alloy theories based on _the virtual_ cry_stalAapproxima%i’on mented on the EMTO basié Since in the CPA the impurity
(VCA), coherent potential approximatitit* (CPA), and  proplem is treated within the single-site approximation, no

cluster expansion approa€H®have been used in th ini- information is obtained regarding the charge distribution
tio description of the ground-state properties of Al-Li. Al- around the solute atoms. During the last decade this defi-
though they reproduced the most characteristic features @fiency of the CPA was analyzed by several research
the composition-dependent equilibrium volume, the theoretgroups’-34-42It has been showi#*°that an additional Made-
ical mapping of the elastic properties against concentratiofung energy contribution, accounting for the charge transfer
has remained a problem. For instance, the pseudopotentidietween alloy components, gives quantitatively improved
VCA method used by Vaks and Z&igave an incorrect elas- properties compared to those obtained within the original
tic anisotropy and led to a sharp decrease of the Young'single-site CPA. Here we study the role of this term in the
modulus above 5% Li, in contrast to the experiméiihe  case of the EMTO-CPA method. We show that the calculated
more advanced CPA-based calculation by Korzhatyal.”  equilibrium volumes and alloy formation energies crucially
was carried out within the atomic sphere approximation, depend on the Madelung energy, in good agreement with
which did not allow one to determine the single-crystal elasformer observations® However, we find that the elastic con-
tic constants. stants of Al-Li alloys are less sensitive to the single-site
An important aspect of modeib initio electronic struc- approximation and the EMTO-CPA method combined with
ture calculations in solids is that they can be used to establisin approximate Madelung term reproduces the observed
high-resolution maps of physical properties in terms of crystrends in the elastic properties with an accuracy comparable
tal structure or chemical composition. Recent progress ino that of the DFT calculations for ordered structures.
the theory and methodology of disordered alf§y$ has Theoretical investigations of random alloys basedabn
made it possible to extend the accurate quantum mechanicalitio CPA-related methods usually neglect the local lattice
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relaxation (LLR) around the impurity atoms. In some misfit on the potential is taken into account using the
systems—e.g., Cu-Au alloys—the energy associated witlscreened impurity mod&$>26:39 (SIM). According to this
LLR is comparable with the ordering energies, and thereforenodel the additional shift
for these alloys the proper treatment of the lattice relaxations

is an indispensable stép.In the present work, using a su- ApSMi = _ 2_“<Qi,s_ D CiQi,s> ()
percell technique, we study the LLR, and establish the order w

of magnitude of the effect of LLR on the elastic moduli of . .
Al-Li solid solutions. is added to the spherical part of the one-electron potential.

The rest of the paper is divided into two main sectionsHere Q* is the number of electrons inside the potential

and Conclusions. Section Il presents the theoretical tool$SPN€rec; the concentration of the alloy componenandw
This includes(a) an overview of theab initio electronic (1€ average atomic radius. The coefficienin Eq. (2) con-

structure calculation method, with special emphases on th!S the radius, Whesrl‘,a ithe net charge is redistributed around
technical details related to the single-site CPB) a brief ~ the impurity. WithAv="" expressed in atomic units, the sug-
description of the single-crystal and polycrystal elastic9eSted optimal value for the SIM parameteris between
moduli, and(c) the most important details of the numerical ~0:6 and~1.0 (Refs. 7, 8, 35, and 36

simulations. The results are presented and discussed in Sec,inally, within the EMTO method the total energy is cal-
m culated using the full charge density and the shape function

techniques3#4In the case of random alloys the electrostatic
energy includes the SIM correction tefé36:3%which has

Il. THEORY the form

A. Ab initio EMTO-CPA method ' o
o | S L CEDLEE 3
The EMTO theor$®-32is an improved screened Korringa- Pw

Kohn-Rostoker method, where the exact one-electron poten-h i g h | ber of el inside th
tial v(r) is represented by large overlapping muffin-tin po-WNere Q' denotes the total number of electrons inside the

tential spheres. By using overlapping spheres one describé@gner'se'tz cell around the alloy componénbost recent

more accurately the exact crystal potential, when compare odels officlrg((;nlggtln the trr?ndomﬁz.illlé%msuggeg fa dif-
to the conventional muffin-tin  or nonoverlapping erence o o between the coellicients and - from

9,30 ; : ; - Egs.(2) and(3). By usinga’ larger thana one can incorpo-
Zggrofzzﬁﬁ.eac':’]hea%\g;) Srﬁé?ngﬁrhnrﬁd ;3;§$Cr2 Ia:}tﬂ;:nem;te rate additional effects ie>™ compared taAv>™!, such as

=(I,m) with | <| They are constructed from the screenedthe multipole-multipole electrostatic interactions near the im-
sphérical wavesmanhich are solutions of the wave equatiorﬁ) urity. In the present application we neglect these effects and

X o . . > . : usea’'=a.
with boundary conditions given in conjunction with nonover-
lapping hard spheré$.Inside the potential spheres the low- q The accudre]\ccy hOf the EMTO'CPA m_etho;:i hasl been
I (I=<Iya0 projections of the orbitals onto the spherical har- emonstrated for the ground-state properties of metals, semi-

s AE 48 .
monicsY, () are the partial wave®. The matching between for:‘g(‘)’r%tg Ei;zﬁgﬂ‘ g Somdé% and binary - ordercd and
the screened spherical waves and the partial waves is reae ys.
ized at the hard spheré$.

The Kohn-Sham equatioffsare solved for the optimized
overlapping muffin-tin potenti&?*°44using the Green func- ~ The elastic properties of crystals are given by the ele-
tion formalism. In the case of random alloys the substitu-mentsc;; of the elasticity tensor. For a cubic lattice there are
tional disorder is treated within the CPA The average three independent elastic constamts c;,, andc,,. The elas-
alloy density of states is determined from the average Greetic anisotropy can be described, e.g., by the Every anisotropy
function, which, in turn, is obtained as the self-consistentparametet® Az=(c;;—C1,—2C44)/(C11—Cas). FOr an isotropic
solution of the CPA equatiort8:** The complete nonspheri- crystal we haveA:=0. From the three elastic constants one
cally symmetric charge density of the alloy componefg  gbtains the longitudinal and transversal sound velocities. The
represented in one-center form around the lattice sites—i.eaverage of them over all directions gives the sound velocity

: i . vp, Which is used in the conventional Debye model with the
n'(r) = % nL(NYL(©), 1) Debye temperature defined®ds

where the sum includes the highi.e., | >1,,) partial den- b = (6\) (h/kg) . )

sity componentsn, (r) as well’®44 In practice the high- HereV is the atomic volume anél andkg are Planck’s and

terms are truncated af,=8-12. The optimized overlap- Boltzmann's constants.

ping muffin-tin potential is calculated from the full charge = The main difference between the single-crystal alloys

densityn'(r), as described in Refs. 19 and 44. considered in first-principles calculations and the isotropic
Since the impurity problem in both the Schrddinger andpolycrystalline material is the inherent disorder in the grain

Poisson equations is treated within the single-site approximasrientations. The only way to establish first-principles pa-

tion, the Coulomb system of a particular alloy componentrameters of these polycrystalline systems is to derive single-

may contain a nonzero net charge. The effect of the chargerystal values first and then to transform them to macro-

B. Elastic properties

014201-2



AB INITIO CALCULATION OF THE ELASTIC... PHYSICAL REVIEW B 71, 014201(2005

scopic quantities by suitable averaging methods. Here we TABLE I. Theoretical(EMTO-CPA and experimentalExpt.)
adopt Hershey’s averaging methtdyhich has turned out to  equilibrium atomic volume/ (in A3%), and bulk modulus (in GPa
give the most accurate relation between single-crystal anr Li and Al. Theoretical values were obtained for the fcc lattice

polycrystalline dat&2 Then, the average shear modutigs ~ Using LDA, GGA, and LAG approximations for the exchange-
given by the solution of the cubic equation correlation functional. Experimental data are listed for low-

temperature hg@) Li (Ref. 56 and for fcc Al (Ref. 11 and 5§

G3+aG?+ BG+y=0, (5
LDA GGA LAG Expt.
where
o= (501, + 4c,)/8, Li vV 18.98 20.02 20.43 21.06
B 14.96 14.00 13.26 1296
Al V 1595 16.54 16.38 16.61
= —Cy4(7Cy1— 4Cy»)/8,
A=~ CadTCr ~ 4c1) B 8547 7680 7834 728768
V== C44(C11 - Clz)(cll + 2C12)/8 . 3Reference 56.

. . o . bReference 11.
For a cubic lattice the average bulk modulus is identical to

the single-crystal bulk modulus—i.eB=(c,;+2¢;,)/3. The " , L
Young’s modulus is obtained fromB and G as E  Was performed within the local density approximatin
=3BG/(3B+G). (LDA) for the exchange-correlation functional, and, in addi-

tion to the LDA, the total energy was calculated using the
_ _ ) generalized gradient approximatl8n(GGA) and the re-
C. Details of the numerical calculations cently developed local Airy gas approximatf8iiLAG). For

At each concentration the theoretical equilibrium volumethe SIM parameter we used two representative values
V and the bulk modulu® were determined from a Mur- =0.6 anda=0.9. Finally, the radii of the overlapping muffin-
naghan type functio¥ fitted to theab initio total energies of tin spheres of Al and Li were chosen to be equal to the

fcc structures for five different atomic volumes. In order toaverage atomic sphere radiws
calculate the two cubic shear moduli=(c;;—c;,)/2 and The effect of local lattice relaxation was studied using a

Cas, We used the volume-conserving orthorhombic, supercell containing one Li and 15 Al atoms. First we calcu-
lated the equilibrium volume of the ALi; system using a
l+e, O 0 fixed fcc underlying lattice, and next we relaxed the first 12
0 1-g 0 nearest-neighbor Al atoms around the Li impurity. The te-
1] (6)  tragonal shear modulus was calculated for both fixed and
5 relaxed supercell geometries, usin@500 uniformly distrib-
1-g; utedk points in the irreducible wedge of the Brillouin zone.
In the case of the orthorhombic distorti@) the 12 nearest-
neighbor Al atoms around a Li impurity are grouped in three
0 different coordination shells, each of them consisting of 4 Al
1 0 atoms. We performed additional relaxation for these 4-site
1

0 0

and monoclinic,

, (7) shells fore,=0.05 and found that the effect of relaxation on
the total energy was comparable with the accuracy of our

1—sﬁ1 method. Therefore, in the elastic constant calculation we

deformations, respectively. We calculated the total energietgsfddtrit.relaxgd s?perE%IIO%eometry obtained for the undis-

E(eo)=E(0)+2VC'e2+0(s%) and E(en)=E(0)+2Vcye2, e atlice—l.e., 10ko=0.00.

+0(ep) for six distortionse=0.00,0.01, ...,0.05.

In the present application of the EMTO-CPA method to
the Al-Li binary system the one-electron equations were e evaluate the relative merits of the LDA, GGA, and
solved within the scalar-relativistic and frozen-core approxi-| AG approximations to density functional theory in the case
mations. The Green function was calculated for 16 compleXf Al-rich Al-Li alloys by comparing their performances for
energy points distributed exponentially on a semicirculaithe equilibrium volume and elastic properties of pure metals.
contour. To obtain the accuracy needed for the calculation ofirst we compare the present theoretical volume and bulk
elastic constants, we used about 15 000 uniformly distributeghodulus of Li and Al, displayed in Table I, with the available
k points in the irreducible wedge of the orthorhombic andexperimental values. At low temperature and pressure Li has
monoclinic Brillouin zones. However, at small concentra-a close-packed, samarium-type hexagonal struéfukere
tions a significantly higher number &f points (~10°) was  we approximate this structure by the fcc Li phase, which,
needed for an accurate mapping of the reciprocal space. lfowever, is expected to have a minor effect on the equilib-
the EMTO basis set we includes) p, andd orbitals (I,ax  rium volume and bulk modulus. The difference between the-
=2), and in the one-center expansion of the full charge deneretical and experimental data from Table | is typical for
sity we used!,=10. The conventional Madelung enefly what has been obtained for simple and transition ntais

was calculated fol,,.=8. The self-consistent calculation in conjunction with the above approximations for the

0 O

Ill. RESULTS AND DISCUSSION
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TABLE Il. Theoretical and experimental elastic constaimsGPg and elastic anisotropy for fcc Al. The
present theoretical values were obtained within LDA, GGA, and LAG approximations for the exchange-
correlation functionals. References are given for the full-pote(B) and experimentalExpt.) data.

LDA GGA LAG FP Expt.
C11 110.8 98.9 101.3 121.9+1%101.% 108¢ 106.9
110.5¢ 103.¥ 114.9
C12 72.8 65.7 66.9 62.7+1370.4 61°60.9
58.0¢ 53.3 61.9
Caa 45.1 38.1 39.6 38.4+3031.7 29£28.7
31.1¢28.9 3L.e
Ag -0.79 -0.71 -0.73 -0.24-0.40 -0.13"9
-0.12¢ -0.09'

aReference 3, LAPW, LDA.

bReference 60, LMTO, LDA.

‘Reference 61, LMTO, GGARef. 62.

dReference 59, LAPW, LDA calculated at the experimental volumes.
®Reference 11.

fReference 58.

9Experimental values extrapolated Te=0 K, (Ref. 61).

exchange-correlation energy functional. The LDA stronglyfrom Egs.(2) and (3). We find thatae~0.9 reproduces well
underestimates the equilibrium volumes and overestimatethe observed trend in the equilibrium volume, whereas
the bulk modulus for both metals. The GGA corrects this=0.6 gives an increase M with Li addition, which is in
overbinding and reduces the mean LDA errorsVirandB  between the experimental value and the one estimated from
from —-7% and 16% to 3% and 6%, respectively. We findthe linear rule of mixture. The enthalpy of formation of fcc
that, on average, the LAG approximation outperforms botha|,_| i, alloy is calculated as

the LDA and GGA, giving errors —2% in volume and 5% in

bulk modulus. However, when only Al is taken into account,

the accuracy of the GGA is superior compared to that of the 170 ; ' ' »

LAG approximation. 169 | =]
In Table Il we list the calculated single-crystal elastic con- ©® EMTO-CPA o

stants for fcc Al and compare them with the experimental ~ 16.8 | Aexpt. el .

datd5® and formerab initio results calculated using full- < B expt. pel =09

potential(FP) linear augmented plane-wa®® (LAPW) and = 187 7 ——-a=06 1

linear muffi-tin orbital§%61(LMTO) methods. We verify the 1660 i ]

accuracy of the EMTO-CPA method for anisotropic lattice ,Mu.%
distortions involved in elastic constant calculations by com- 16.5 ' f '

paring our data with the FP values. If we let the error con- 10l -—"" o— 7]
nected with such calculations be described by the difference R St

between the FP results from Table Il, the agreement between; 0

the present and former theoretical results is very good. 2 _10 ®EMTO_CPA
Therefore, we have confidence in our data from Table Il and = ACWM

use them to judge the performances of the LDA, GGA, and 3 2

LAG for the elastic constants of fcc Al. The calculated aver- 30 ——-u=06

age deviations between the experimefitahd present theo- _a0 . , ,

retical data for cubic elastic constants, obtained within the 0 5 10 15 20
LDA, GGA, and LAG, are 25%, 10%, and 13%, respec- At. % Li

tively. Thus, summing up the results from Tables | and Il, we £ 1. concentration dependence of the theoretical and experi-
find th:?lt the GGA yields significantly better g_round-statementm equilibrium atomic volumeéupper panél and mixing en-
properties for Al compared to the LDA and marginally better tajpy (lower pane) of Al-Li random alloys. Experimental atomic
compared to the LAG approximation. In the rest of the pape,olumes are from Ref. 1@riangleg and Ref. 63squares EMTO-
we will, therefore, present and discuss only results obtainedpa denotes the present results, and CWM stands for the results
within the GGA. obtained using the Connolly-Williams methgRef. 8. The two

In Fig. 1 we present the calculated equilibrium volumesets of EMTO-CPA results correspond to two different SIM param-
and enthalpy of formation for Al-Li alloys as functions of eters from Eqs(2) and(3): «=0.9 (solid line) and «=0.6 (dashed
concentration. Data are shown for two differemtvalues line).
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At.% Li FIG. 3. Variation of the total energy of AlLi, supercell as a

function of the nearest-neighb@XN) Al-Li distance. The energy
minimum corresponds to —0.6% inward relaxation of the first coor-
dination shell around the Li impurity.

FIG. 2. Theoretica(EMTO-CPA) cubic shear moduli(cyy
—Cy,)/2 andcy, of Al-Li alloys as functions of Li content. Solid
symbols correspond to the results obtained usird.9 (solid line)
and«=0.6 (dashed lingin Egs.(2) and(3). Open symbols denote This variation is one order of magnitude smaller than
results calculated at volumes correspondingrte0.9 and usingy dIn AH(0.2)/dIn a=4.42, calculated for the enthalpy of

=0.6 for the elastic constant calculations. formation (Fig. 1).
Next we address the question of LLR in Al-Li solid so-
AH(x) = E(Al;_,Li,) — (1 =x)E(Al) - xE(Li), lutions. The present theoretical equilibrium volume of

AlcLi, supercell is 16.52 A This value is very close to
where all the energies are obtained for the theoretical equit6.54 & calculated for A} g37d-ig 0625 random alloy using
librium volumes and expressed per atoB{Al) and E(Li)  the CPA with a=0.9. Figure 3 shows the variation of the
are the total energies of fcc Al and Li, respectively. In Fig. 1total energy of AlsLi; (AE) as a function of the nearest-
the present enthalpy of formation is compared with that obneighbor(NN) Al-Li distance. From the energy minimum
tained using the Connolly-Williams methbCWM). Within  we find approximately —0.6% NN relaxation; i.e., in,Ali,
the CWM (Ref. 15 the Madelung energy is treated exactly the Al-Li distance decreases by 0.6% compared to the equi-
and thus gives a good reference to establish the accuracy frium Al-Al bond length in pure Al. The NN relaxation
our approach for the formation energy of completely randondecreases the total energy relative to the unrelaxed structure
alloys. The perfect agreement in Fig. 1 between values caby AE,,;,~-3.3 meV/atom. Compared to other alloys, this
culated using the CWM and the present method with relaxation can be considered very snfélRecently it was
=0.9 demonstrates that the charge-transfer effects can be agstoposed that the LLR is mainly governed by the change of
equately taken into account in the single-site EMTO-CPAthe volume of the host materi&l The difference between the
approach. Our result forAH(x) confirms the previous theoretical equilibrium volumes of AJLi; and fcc Al is
observation&® that the thermodynamic stability of Al-Li ~0.2%, which explains the small relaxation effects obtained
solid solutions is to a large extent determined by the Madein Al-Li solid solution.
lung energy accounting for the charge-transfer between Al The enthalpy of formation for a 16-atom supercell with
and Li subsystems. an ideal fcc underlying lattice is calculated to be

In Fig. 2 we illustrate the charge-transfer effects on the-21.6 meV/atom. With relaxed NN distance this energy de-
single-crystal elastic moduli of Al-Li alloys. The two sets of creases to —24.9 meV/atom. These numbers considerably
results forc’ and c,,, marked by solid symbols connected exceed the mixing enthalpy of the @s7d-igog25 random
with solid and dashed lines, were obtained from self-alloy (Fig. 1). Using the data from Fig. 1 we estimate that
consistent EMTO-CPA calculations using=0.9 and « a=1.05-1.10 would reproduce the supercell result for the
=0.6, respectively. The variation of both sets of elastic conformation energy. However, for a more accurate calculation
stants with Li content is smooth. They exhibit similar con- of @ one needs significantly larger supercells, where both the
centration dependences, and the only important differencerdering energy and the energy due to the overlapping
between them is the position of the maxima. We find that thescreening densities around Li atoms are negligible.
maximum values inc’ and c,, are shifted towards higher The present theoretical tetragonal shear modualusf
concentrations with increasing. When the calculations are Al;sLi; supercell with fcc underlying crystal structure is
carried out at fixed volumes—e.g., those corresponding t@0.3 GPa. The agreement between this value and
a=0.9 (shown by open symbols-the effect of«a is even  =21.2 GPa, obtained for fbdig s random alloy usinge
less pronounced. The largest effect on the cubic shear modw0.9 (Fig. 2), is satisfactory, especially if one takes into ac-
is obtained forx=0.2, where we getIn c,;/dIn «=0.45.  count the numerical difficulties associated with elastic con-
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FIG. 4. Comparison between theoretigaresent resuljsand At.% Li At.% Li

experimental Ref. 11 single-crystal elastic constants for Al-Liran- pgg. 5. Comparison between present theoretisalid circley
dom alloys. and experimentajopen triangles (Ref. 1) polycrystalline elastic
moduli (B, E, and G stand for bulk, Young’s, and shear modulus,
stant calculations. A similar calculation carried out for a su-respectively of Al-Li random alloys. Solid and dashed lines corre-
percell with relaxed geometry corresponding to Fig. 3 givesspond to the two sets of self-consistent EMTO-CPA results from
c’=20.4 GPa. Within the error bars of the present calculaFig. 2. For reference we also included experimental data for the
tions this value is identical to that obtained for the unrelaxedroung’s and shear moduliopen squargsobtained for the 2024
geometry. The almost vanishing effect of the LLR on thecommercial aluminum alloyRef. 2.
elastic constant of Al-Li solid solutions can be ascribed to
the small volume change on alloying. However, in systemsence between the trends@f, and the other elastic constants.
where the lattice relaxation is more pronounced, like in The theoretical polycrystalline elastic moduli in Fig. 5
Cu-Au alloys, a substantially larger impact of LLR on the (solid lineg were calculated using single-crystal results from
elastic properties can be expected. Fig. 4 and the averaging techniques presented in Sec. || B. In
In Fig. 4 the present EMTO-CPA elastic constants forFig. 5 we included the experimental data on Al-Li alloys by
Al-Li random alloys, obtained using=0.9 in Egs.(2) and  Miiller et al!! and those on commercial 2024 aluminum al-
(3), are compared with the experimental data of Mik¢r loy by Sankaran and GraAtThe observed decrease of the
al. For all three elastic constants we find that the theoreticabulk modulus and the sharp increase of the Young's and
values and their variation with concentration are in goodshear moduli at low Li concentrations are well reproduced by
agreement with the experimental data. At Li contents belovthe theory. In order to illustrate how sensitive the polycrys-
5% the calculated changes with concentration;ic,,, and  talline elastic moduli are to the value af, in Fig. 5 the
cyq are 0.86, —1.13, and 0.77 GPa per at. % Li, respectivelytheoretical values obtained far=0.6 are also showgdashed
These numbers are close to the observed average variatiolses). The small effect ofx on the cubic elastic constants
0.33, -0.95, and 0.51 GPa per at. %(Ref. 1J). demonstrated in Fig. 2 can be evidenced also in the caBe of
In the variation of the elastic constargg with the con-  andG. A somewhat larger effect is obtained for the Young'’s
centrationx of solute atoms in Fig. 4, we may single out that modulus, where the experimental value for 11.4% Li is
part which can be accounted for as due to an average changeorly reproduced by the theoretical curve obtained dor
in the volume—i.e., in the lattice parameter. Data for higher=0.6. However, it is not clear whether the 18.3% Young’s
order elastic constants of Al give the pressure dependenaaodulus enhancement in this commercial alloy, relative to
dCy1/ Ip=5.9,dC1,/ Ip=3.3, andicy,/ dp=1.9(Ref. 50. From  that of pure Al, is due to the solid solution itself or to the

experiment®® on the lattice parametex of dilute Al-Li al-  intermetallic phase, which forms within the solid solution
loys we get(1/a)(dal/dx)=—-0.011. When combined with the matrix above~12% Li (Ref. 2.
bulk modulus of Al, we getdc,,/dx=14.4 GPa,dc;,/ dX The ratio between the bulk modulus and the shear modu-

=8.1 GPa, andc,,/ x=4.6 GPa. Thus, the effect of alloying lus, shown in Fig. 5 a8/G, is a measure of the ductility of

on the lattice parameter would account for about half of thesolids: ductile alloys are characterized by laBjEG ratios,
increase observed ity; [~33 GPa(Ref. 11)], about 1/10 of whereas lowB/G ratios are representative of brittle solfifs.

the increase irty, [~51 GPa(Ref. 11)], but it has a sign  We find that a small amount of Li makes the alloy more
opposite to that observed fay, (cf. Fig. 4). It follows that  brittle compared to pure Al. In dilute Al-Li alloys the calcu-
the Li solute atoms have an influence op that depends lated B/G decreases with 9.6% per at. % Li, compared to
crucially on the changes in the electronic structure. It is gratithe experimental decrease of 7.6%. We note that the opposite
fying that our calculations correctly account for this differ- trend forc,, from Fig. 4, compared te,,, leads to a rapid
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FIG. 6. Theoretical Debye temperatures of Al-Li alloys calcu- FIG. 7. Calculated density of state of fcc Al-Li alloys encom-
lated using the EMTO-CPA methagresent resuljsand the LMTO ~ Passing (solid line), 10 (dotted ling and 20(dashed lingat. % Li.

method(Ref. 60. The low-temperature experimental Debye tem- IN the insets the fcc densities of stateslid lines, shown on en-
perature for Al is from Ref. 65. larged scales, are compared to the densities of states of a mono-

clinic structure(dashed linescorresponding to the monoclinic de-
increase in the cubic shear moduttis-(cy;—C;,)/2 and thus  formation (7) with &,=0.05. Vertical dashed lines denote the
is essential for the observed rapid decreasB/i® on alloy-  position of the Fermi level.
ing Al with Li.

Finally, in Fig. 6 we present the low-temperature Debyeygyeqd towards thav maximum. Note that in spite of the
temperatures as calculated from Eqd). The low-  gneqring effect of the disordered substitutional Li, at 20% Li
temperature experimental value for Al frqm Ref. 65 and theWe still can identify the main DOS structures characteristic
FP-LMTO value by Cloueet al*® are also included. Accord- pure Al

ing to our result, 10% Li addition to fcc Al increase; t'he We illustrate the effect of lattice distortion on the DOS of
Debye temperature and, thus, the low-temperature limit OIAI—Li alloys by considering the monoclinic distortio()

the heat capacity by 13%, in accordance with experimnts. With £.=0.05. In insets Il in Ei
) m=0.05. - g. 7 we compare the DOS
~We have demonstrated that the EMTO-CPA method withy ¢ alloys with the DOS calculated for alloys having the
a=0.9 reproduces, with high accuracy, the observed trends, ,ocjinic structure. We find that the symmetry-lowering
of the elastic moduli of Al-Li random alloys. In the follow- - linic distortion leaves thi singularity almost un-

Ing we focus on the smgle-crys’gal elastic constants and 'nc':hanged, whereas it slightly alters and shifts the position of
vestigate the peculiar concentration dependence ahdCss  the W minimum to higher energies. As a result, we obtain

from Fig. 2. The two cubic shear moduli are proportional 04t the density of states at the Fermi level decreases with
the energy changaE(e) =E(s) ~E(0) caused by a small lat- 1 ohqcjinic distortion in pure Al, increases in@AlLig;, and

tice distortione relative to the high-symmetry structure. The (emains constant in AkLio, Therefore, the band energy
electrostatic and exchange-correlation partdBfs) are de-  .qntrinution toAE(s,,) is negative in the case of Al, positive
termined by the charge density(r). Our EMTO-CPAresults  ¢5r intermediateiapproximately 5%-1594i concentrations,
show that the charge transfers and the multipole moments @f,q zero for~20% Li. This results in a maximum ity near
n'(r) vary monotonously with Li concentration. Therefore we 10 at. 9 Lj (Fig. 2. A similar mechanism is responsible for

can exclude the electrostéfifor exchange-correlation origin  the concentration dependence of the tetragonal shear modu-

of the observed unusual trend in the elastic constants. lusc’.
In order to estimate the band energy partAdi(e) and,

thus, of the cubic shear moduli, first we analyze the density

of stategDOS) of fcc Al-Li alloys. In Fig. 7 we compare the

DOS of Al and of A gLig; and Al glig» alloys. The density Using the EMTO-CPAab initio total energy method we

of states of pure Al shows pronounced deviations from théhave calculated the elastic properties of random Al-Li binary

free-electron-type behavior. The van Hove singularities neaalloys. Where comparison is possible good agreement is

-4.5, -2.7, and -1.0 eV arise from the critical points in thefound with the experimental data for both single-crystal and

band structure at, X, and W symmetry points from the polycrystalline elastic moduli. The most surprising result of

Brillouin zone% The Fermi levelEg) of Al is situated above the present work is the small effect of the Madelung correc-

the W minimum. Thus we expect that a small amount of Li tion term on the calculated elastic properties, compared to

addition—i.e., a small decrease in the number of electrons—the one observed in the case of the enthalpy of formation.

would shift the position ofEx towards theW singularity.  This is a consequence of the error cancellation between the

Indeed, we find that at 10% Li the Fermi level is located attotal energies of slightly different structures involved in the

the W minimum, and with increasing Li concentrati@ is  calculation of the elastic constants. Our results imply that the

IV. CONCLUSIONS
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screening around the impurities in metallic systems dependsgreement with experiment demonstrates the applicability of
on the type of the atomglescribed by the net charge from the present quantum mechanical method for mapping the
Egs.(2) and(3)] and the average atomic radius, but showselastic properties of random alloys against chemical compo-
weak structural dependence. Using the EMTO-CPA methodsition.
in combination with the SIM for the electrostatic contribu-
tions, we have investigated the origin of the peculiar concen-
tration dependence of the elastic constants of Al-Li random
alloys. We have found that the observed nonlinear effect of
Li addition on the elastic constants results from the particular This work was supported by the Swedish Research Coun-
band structure of Al near the Fermi level. cil, the Swedish Foundation for Strategic Research, the
Since the Al-Li system presents one of the most sever&®oyal Swedish Academy of Sciences, and research Project
tests for single-site CPA-based methods, the present findingos. OTKA T035043 and T046773 of the Hungarian Scien-
suggests that the EMTO-CPA method can safely be applietific Research Fund. The calculations were performed at the
to the ab initio determination of the elastic properties of Swedish National Supercomputer Center, Linkoéping and
substitutional random alloys. The obtained overall goodHungarian National Supercomputer Center, Budapest.
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