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Modeling structural and mechanical properties of intermetallic compounds and alloys requires detailed
knowledge of their interatomic interactions. The first two papers of this sg?iggs. Rev. B56, 7905(1997);
58, 8967 (1998] derived first-principles interatomic potentials for transition-mef\) aluminides using
generalized pseudopotential thed&PT). Those papers focused on binary alloys of aluminum with first-row
transition metals and assessed the ability of GPT potentials to reproduce and elucidate the alloy phase diagrams
of Al-Co and Al-Ni. This paper addresses the phase diagrams of the binary alloy Al-Cu and the ternary systems
Al-Co-Cu and Al-Co-Ni, using GPT pair potentials calculated in the limit of vanishing transition-metal con-
centration. Despite this highly simplifying approximation, we find rough agreement with the known low-
temperature phase diagrams, up to 50% total TM concentration provided the Co fraction is below 25%. Full
composition-dependent potentials and many-body interactions would be required to correct deficiencies at
higher Co concentration. Outside this troublesome region, the experimentally determined stable and metastable
phases all lie on or near the convex hull of a scatter plot of energy versus composition. We verify, qualitatively,
reported solubility ranges extending binary alloys into the ternary diagram in both Al-Co-Cu and Al-Co-Ni.
Finally, we reproduce previously conjectured transition-metal positions in the decagonal quasicrystal phase.

I. INTRODUCTION 15) and paper ll(Ref. 18] extended the formalism of the

Intermetallic alloys exhibit scientifically interesting and first-principles generalized pseudopotential the@T) for
technologically important structures and properties. Theielemental interatomic potentidfs to  aluminum-rich
special mechanical, thermal, and chemical properties invitél,_,TM, binary intermetallics, and studied their applicabil-
practical applications? Their complicated and fascinating ity to the systems Al-Co and Al-Ni in detail. This paper
crystaf and quasicrystallifestructures are of fundamental further extends the GPT approach to ternary intermetallic
scientific interest. Because cohesion and atomic interactioralloys, specifically Al-Co-Cu and Al-Co-Ni. Previously cal-
govern crystal structure and important mechanical propertiesulated ternary alloy potentidfs' have treated only simple
such as elastic constants of solids, understanding the interagietals, withoutd-electron interactions, and noble metals,
tions among atoms within intermetallic compounds shouldwith assumed completely filled shells. The present paper is
deepen our understanding of their novel structures and treatment of interatomic potentials in ternary alloys con-
properties:® taining transition metals with partially filled bands.

Investigating the interatomic interactions in intermetallic  Our goal in the present paper is to test the ability of the
compounds is a considerable theoretical challeAdeinitio ~ GPT interatomic pair potentials, calculated in the zero-TM-
electronic-structure methods applied to low-symmetry interconcentration limit, to reproduce the experimentally known
metallic structures® can become computationally very de- aluminide ternary phase diagrams. Thus we examine the me-
manding, due to large unit cells with many inequivalentchanical stability of known structures against atomic dis-
atomic sites and the likelihood of structural and chemicalplacements, and we examine the thermodynamic stability
disorder. Quantum-mechanically-based interatomicagainst decomposition of an alloy into phases of differing
potentials’** on the other hand, are well suited to complex composition. Requiring mechanical and thermodynamic sta-
or disordered structures. At the same time, the multiplicity ofbility of all known phases, and at least thermodynamic insta-
chemical species requires the calculation of numerous intemility of a set of hypothetical structures, places stringent con-
action potentials, which may be composition dependent. Thetraints on the interatomic interactions.
presence of transition-met4r'M) components may require Our work focuses on the ternary system Al-Co-Cu with
that angular-dependent many-body interactions be considsome brief comparisons made with Al-Co-Ni. There are sev-
ered if the TM concentrations are sufficiently high. Further,eral reasons for this choice. A primary motivating factor is
the dissimilar electronic structure of simple metals comparedhe existence of stable decagonal quasicrystal phases in these
with transition metals requires a mixed basis for electroniccompounds with reasonably well-understood atomic struc-
states containing plane waves &p electrons and localized ture. Furthermore, Al-Co-Cu in particular has numerous
orbitals for TM d electrons to calculate such potentials from stable phases in the ternary diagresee Fig. 1a)] with well-
first principles. defined compositions that are well isolated in composition

Previous paperghenceforth referred to as papefRef.  and distinct in structure from binary alloys. These ternary
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<1/2 andx<1/4. In this regime the only clear disagreement
between our results and the known phase diagram is that the
known stable structure ACoCuy, lies slightly (9 meV/atom
above the convex hull in our calculation. For= 1/4 our
ternary calculations fail because of known inadequacies of
the binary Al_,Co, calculation at the present level of
approximation'® Specifically, we do not adequately address
the vacancy concentration in the O74Co, structure and we
cannot treat AJCo, at the pair potential level. Encourag-
ingly, the decagonal quasicrystal phase lies in a region of the
phase diagram where our potentials may be expected to ap-
ply reasonably well.

The following section reviews the formalism and limita-
tions of the generalized pseudopotential theory as applied in
this paper. Section Il applies the GPT potentials to calculate
the binary alloy phase diagram of Al-Cu, followed by a treat-
ment of ternary phase diagrams in Sec. IV. In Sec. V we
discuss the utility of these potentials applied to decagonal
quasicrystal structures, and we conclude in Sec. VI.

Il. TOTAL-ENERGY CALCULATIONS

Paper | described the theoretical basis for calculating in-
teratomic potentials in binary alloys within the generalized

pseudopotential theory. Here, we review and extend some
key ideas. For a general multicomponent alloy, the GPT in-
teratomic potentials are explicit terms in a real-space expan-
sion of total energy, which takes the form of a collective
volume term, central-force pair interactions, and angular-
force many-body interactions:

AR ZN VAN
A A

FIG. 1. Ternary phase diagrams @j Al-Co-Cu (adapted from
Refs. 17 and 1Band (b) Al-Co-Ni (adapted from Ref. 19 Struc-
tural information is listed in Table | for all phases except for “D”
(decagonal, Ref. 20and “X” (unknown triclinic, Ref. 21
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phases appear at compositions where we may expect our
potentials to apply with reasonable accuracy. Studying Al-
Co-Cu gives us the chance to extend to the Al-Cu binary the
degree of attention already devoted to Al-Co and Al-Ni. Fi-
nally, there will be interesting comparisons to make between
the Al-Co-Cu and Al-Co-Ni potentials and phase diagrams.
In Al-Co-Ni the composition fields of structures exhibit
strong miscibility between Co and Nsee Fig. 1b)] in con-
trast to the behavior of Al-Co-Cu. %

- . (R

To test the ability of our potentials to reproduce the ex-
perimentally observed low-temperature phase diagram, we 4. (1)
must demonstrate that the known low-temperature structures
define the vertices of the convex hull of a scatter plot ofHereRy, ... Ry denotes the positions of th¢ ionic cores
cohesive energy versus composition. All other possibleand the prime on each sum over ion positions excludes all
structures must lie above this convex hull. We cannot, ofself-interaction terms. The quantify is the average atomic
course, examine all conceivable structures, so we restrict oolume in the alloy anct is a composition vector whose
attention to structures that are either widely occurring simpleelementsc,y, . .. depend upon the concentrations of the dif-
structures or more complex structures observed in chemferent chemical species. Indicess,y,d, ... run over all
cally similar compounds. chemical species, and indiceg,k,!, ... run over the indi-

We find that our ternary potentials apply tolerably well vidual ion sites occupied by the corresponding species.
within most regions of the AL ,_,Co,Cu, phase diagram of The volume termE,(€2,c) is structure independent. It
greatest interest. Along the the binary, A}Cu, axis we find ~ exerts no force on the individual atoms, but is important for
nearly perfect agreement with the known stable and metadetermining the cohesive energy, equilibrium volume, and
stable phase diagram up ye=1/2, using only the potentials bulk modulus. The sums over the pair potentlajgﬁ() are
evaluated ay=0. The only failure is the spurious appear- the leading structure-dependent terms in the total energy.
ance of ther structuregdescribed below in Sec. )llon the  The many-body interactionsz;g‘ﬁy andvffﬁw) are presumed
convex hull. Extending into the ternary Al,_,Co,Cuy, to be strongest among clusters of transition-metal atoms, due
phase diagram, we find tolerable agreement providéd  to the directional bonding of theid electrons, and weaker
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among clusters containing simple-metelg., aluminum at- 04 — T ]
oms. Consequently, the many-body interactions should be . ]
negligible at low TM concentrations, and grow progressively 03 I ]
more important at higher TM concentrations. In pure el- [ ]
emental transition metals, the three- and four-body interac- o2 | .
tions are important, although higher-order interactions may [ ]
often be neglectet??? In general, both the pair and many- 010 F ]
body potentials are long ranged with oscillatory tails arising . [
from electron screening and/sp-d hybridization. One can Sv 0 F .
often demonstrate strong correlations between the oscilla- ~ [ ]
tions of the potentials and favored or disfavored crystal 010 | .
structures;5:15:16:23 :

All terms in the GPT total-energy expansion depend on 02 F ]
the atomic volume and chemical composition. Papers | and ||
discussed the detailed first-principles evaluation of full 03 F ]
volume- and composition-dependent potentials for binary : ]
Al;_,TM, alloys. The extension of those procedures to ter- Y S S S S|
nary systems is reasonably straigthforward, but it is clearly a 0.0 20 40 r(A) 6.0 8.0 10.0
quite burdensome in practice when so many volumes and
compositions are involved, as is the case here. For this rea Sl L L ]
son, the discussion in the remainder of the paper uses only | 1
the GPT pair potentials evaluated in the limit of vanishing 08 i " coco y
transition-metal concentratiorx€y=0) and applied under ! P N R bl NiNi
the assumption of constant valence electron density, with the 02 | | s [ ‘\ """"" Cucy .
volume term treated as a constant. These simplifications are [ i : ,' ke
motivated by the observatibfithat the valence electron den- oto by b b 3
sity varies slowly withx, nearx=0, for Al,_,Co com- SR B B s
pounds. We have confirmed in paper Il that the limitixg S, oF i ,-” ' ,,-,"“--.‘_\_x__,y:.':.}____:______;.,_,-h__
=0 potentials so applied achieve considerable success, al > vt 7 <
though we did find that a few details in the alloy phase  ,,, b | 1 ! v E
diagrams require the full volume- and composition- i i l
dependent GPT, and for>0.264 many-body potentials as o b \ ) E
well. Nonetheless, the simplicity and elegance of the limiting i | | ]
aluminum-rich GPT treatment makes it the logical starting ! i " ]
point for a consideration of ternary aluminide phase dia- o r \ | E
grams. - | . . .

Calculated pair potentials for the Al-Co-Cu and Al-Co-Ni 04—

. . . 0.0 2.0 4.0 A 8.0 8.0 10.0

systems, computed in the zero-TM-concentration limit, are (o) r(A)

displayed in Fig. 2. Figure (8 shows interactions of Al . ) ) . .
atoms with themselves and with Cu, Ni, and Co. It is note- OF'G' il Interatomic pair pOtEntT'als calculated l'r.‘ the limjy
worthy that Al near-neighbor interactioiselow about 3 A . (@ Aluminum interactions(b) Transition-metal interactions.

are strongly disfavored compared to interactions with transipalanced pair interactions for TM near neighbors. In reality
tion metals such as Ni and Co. At low TM concentration thisthe Co atoms repel at these distances due to contributions
tends to favor structures with widely spaced transition-metathat enter the total energy only at the three- and four-body
atoms, so as to maximize the number of Al-TM near neigh-potential level in our expansion.
bor bonds. While we find tolerable qualitative agreement between
Figure 2b) displays the pair interactions of the sameour calculations and the experimentally determined phase
transition-metal atoms. In the present work, we actually dadiagrams, we do encounter certain difficulties that we believe
not calculate the mixed transition-metal potentiafé with ~ can be traced back to the approximations employed. First of
a# 8 explicitly. Rather, we make approximations baseda_‘”- taking the_ limit of vamshmg transition-metal concentra-
upon first-order expansions of the total energy in the atomi¢ion. and making the assumption of constant electron density,
number differenc& ,—Z ;. Thus tha)g"N' potential is set to t‘?"[“'”"?‘fs the variation g the \_/qurr|1e temT"h"?‘”d pair potenl-l
the average S+ vM/2, and foro S we simply em- ials with composition and atomic volume. This causes smal
NiNi 2/ o i systematic errors in our calculated total energies and dimin-
ploy vz™™ . The plausibility of these approximations is SUp- jshes our ability to address vacancies and substitutional dis-
ported by noting how close the Ni-Ni potential lies to the order over a composition range. Second, by dropping the
average of the Co-Co and Cu-Cu potentials. Quantitativelymany-body interactions we introduce significant errors in the
the magnitude oby™' — (v5°“°+v5"“Y/2 does not exceed energies of structures containing transition-metal near neigh-
0.03 eV forr=2.5 A. One final point to note in Fig.(B) is  bors. We lose important angle-dependent effects, and we en-
the apparent strong binding of Co-Co pairs at unphysicallycounter difficulties with strong unbalanced transition-metal
short distances. This feature is a known difficulty of the un-pair attractions.



PRB 62 FIRST-PRINCIPLES ... . lll. ... 3651

TABLE I. Structural data for real and hypothetical Al-Cu phases up+d.5.

Pearson symbol

Name (Strukturebericht Space group Reference y
fcc cF4 (A1) Em3m 2 0.0000
hcp hP2 (A3) P65/mmc 2 0.0000
bcc cl2 (A2) Im3m 2 0.0000
Al LW cl26 Im3 2 0.0769
AlgMn 0C28 (D2}) Cmcm 29 0.1429
AlgCo, mP22 P2,/a 29 0.1818
0-Al;;Co, 0P102 Pmm2,; 24 0.2353
Al;5Co,Ni5 mC34-1.8 C2/m 30 0.2500
W;0 cP8 (A15) Pm3n 29 0.2500
AuCu, cP4 (L1,) Pm3m 2 0.2500
FeAl cF16 (DOy) Fm3m 2 0.2500
Al;Ti t18 (D0,,) I4/mmm 2 0.2500
Al3Ni oP16 (DO;,) Pnma 2 0.2500
M-Al ;sCo, mC102 C2/m 25.29 0.2637
Al:Co, hP28 P6g/mmc 2 0.2857
AlFe, 0C16 Cmcm 29 0.2857
Al,CoCu tP40 P4/mnc 29 0.3000
Al,Cu t112 (C16) I4/mcm 2 0.3333
Al,Cu,Li cF12 Em3m 29 0.3333
Al,Cola oP12 Pmma 2 0.3333
73 (Al;CW,) hP5 (D5;2) P3ml 29 0.4000
™ st 0.375-0.400
Al,CoNi, cl112 la3d 2 0.4286
CsCl cP2 (B2) Pm3m 2 0.5000
NaCl cF8 (BA4) Fm3m 2 0.5000
AuCu tP4 (L1,) P4/mmm 2 0.5000
AlCu (HT) 0C16 Cmmm 28 0.5000
AlCu (LT) mC20 C2/m 27.29 0.5000

These difficulties are illustrated in our findings reported inpair interactions. For our present purposes, however, we will
paper Il. There we found that we could reproduce the knowrfocus on the Al-rich side, up ty=1/2, because this is the
phase diagram for AL,Co, up tox=0.264 using only GPT concentration range that interests us in the present work and
pair potentials calculated in the=0 limit. However, the because we employ pair potentials calculated in the limit of
orthorhombic and monoclinic variants of ACo, appeared vanishing Cu concentration. In this limit, Cu has a calculated
with substantially higher vacancy concentrations than the latsp valence of 1.805, compared to a value of 1.651 in the
est experimental assessméffs place them. Consideration elemental metal and a value of 1.0 in the free atom.
of volume- and composition-dependent potentials should re- The aluminum-rich side of the AL,Cu, phase diagraff
solve these difficulties. Furthermore, »et0.2857, the pair is very sparse. Between pure fcc aluminumyat0 and
potentials favored AFe, over the true structure of ACo,.  AICu at y=1/2 there exists only one stable phase,Q\l at
Inclusion of three- and four-body TM interactions resolvedy=1/3. In contrast, the copper-rich side contains a large
this problem. In the case of Al-Ni we found, using tke number of phases, many with both low- and high-
=0 potentials, that the ACo, structure incorrectly falls on temperature variants, and many with complex or unknown
the convex hull, and that ACo, preempts théd0,; struc-  structure. Even AICu, at=1/2, has both a complicated low-
ture of ANi. Both of these difficulties were alleviated by temperaturgLT) structuré’ mC20 and a high-temperature
use of the volume- and composition-dependent potentials. (HT) variant, eitheo P16 oroC16 of unspecified structuré.
Both variants of AICu are considered to be vacancy-ordered
phases based upon tB2 (CsC) structure.

Table 1 lists the structures considered in our evaluation of

Since Cu is a noble metal, with a completely filédhell  the Al-Cu binary potentials. Most of these structures are self-
in the atom and nearly filled bands in the elemental metal, explanatory. For example, Cu replaces the transition metal in
its many-body interactions are relatively weak comparedAl-TM compounds. In other cases the assignment of Al and
with those among other transition-metal atoms. That sug€u atoms among the sites may be deduced from the overall
gests that the GPT might apply to the compound ACu,  stoichiometry. Certain structures require specific comment
for all y from 0 to 1, keeping only the volume term and the because of choices made about their composition or because

Ill. Al-Cu BINARY PHASE DIAGRAM
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their structures are unfamiliar. The orthorhombic phase 0.3 r T r ;
0-Al;5Co, is taken to be fully occupietf. We incorporate [ i
vacancies in AlsCo,,Ni; by removing one Al from each pair 02 F R AlgCup
with separation less than 2.4 A as discussed in paper Il. The ; e ® Doy ]
monoclinic phaseM-Al;;Co, incorporates vacancies as pro- 0.10 g-8cC EAIS cola ]
posed by Hudd and Tayldf. However, its extension to the g . . ]
ternary M-(Al,Cu);5Co, utilizes the fully occupied g o S A p 22 -
structure® ® M o e gy ]
An interesting family of vacancy-ordered phases are the 4 g1 o e e ooy AuGo §
so-calledr phase® that occur as metastable phases in binary pFee o §7002 ooy ]
Al-Cu (Ref. 34 and as metastable or stable phases in Al-Ni 02L * ACutHD
(Ref. 30 and in ternary systems such as Al-Cu{Rief. 33 I M-Al;5Coq
and Al-Co-Cu(Ref. 35. These structures are based upon the 03 LT ,“f5,‘1? S )
B2 structure, with compositional modulation along fé 1] 0.0 0.1 02 03 0.4 0.5

direction. In theB2 structure of Al-TM alloys the(111) _ _
planes are occupied, alternately, by Al or by TM atoms. The FIG. 3. Scatter plot of binary AlL,Cu, structural energies
compositional modulation deletes certain TM planes, WithAE(y). Plotting symbols indicate displacements under relaxation:
the pattern of occupietD) or vacant(V) TM planes follow- i”;eéixgdz Sg'm(rle)tr'co ;"ﬁffg OéRAgO(':)A a&}:)'u n(:éllafe g

; s i 1 ; =U. , U <U. )

Lng a Flbot??gc_lnvlsfquenpé' For (:)Fa?]ple’ Itr: the’?éstliﬁ_c' unstable structure[{). The solid line indicates the convex hull.

ure every thir ayer is vacant in the pattgdV/ O. This

is the structure of the stable phas%Milz and the metastgble (the structure of ANi) lie above, but close to, the convex
phase AéCl.JZ.. '!'he Ts §tructure is the patter@V(_)VO, 78!S hull as is appropriate considering the proximity of Co and Ni
formed by joining a single repeat unit of to a single repeat 5 cy in the periodic table.

unit of 75, and 73 joins 75 with 7.

Because the structure of the HT phase at composition
=1/2 is unknown, we created a test structure consistent with
the known lattice constants and symmetries. Thus we start Ternary phase diagrams for both Al-Co-Ni and Al-Co-Cu
with a B2 structure with lattice constaat,. The unit cell of  are known in some detaif:'” The labeled regions in Fig. 1
our HT contains 18 unit cells of thB2 structure and has represent the known stable phases. Al-CofEig. 1(a)] ex-
lattice constants(2,3y2,3) in units ofa,. We introduce a hibits several distinct structures within well-separated com-
pair of Al vacancies into one layer perpendicular tod¢texis  position fields'’ The ternary compounds include A&oCu,
and a pair of Cu vacancies into a lay®@R away. The choice (a tP40 structure containing cubes of Al centered with Cu
of vacant sites is made consistently withface centering, atoms®), the decagonal phas®and a pair of phases-§ and
producing anoC16 structure. 7') believed to be related to the vacancy-stabilized phases

For each of the structures listed in Table | we isotropicallydescribed above in the context of binary Al-Cu structures. At
scaled the lattice constants so that the free-electron densif0% Al concentration, th&2 (CsC)) structure of A{Cu,Co
matched that of pure fcc aluminum (0.18076 A). We  extends from AlCo nearly to AICu. It is believed that vacan-
employ a free-electron valence of 3 for each Al atom anccies proliferate within the terna§2 structure’’ The actual
1.805 for each Cu atod?. The structures were then relaxed AICu structure, as noted above, is a vacancy ordds&d
until the average force per atom dropped below3&V/A ; structure.
then their total energy is reported. Figure 3 shows a scatter It is intriguing that the M-(Al,Cu),5sCo, phase (well
plot of the data. We classify the stability of structures ac-known as a decagonal quasicrystal approxirnatite de-
cording to their displacements upon relaxation and displagagonal phase composition field, the phases, and the
this information using plotting symbols. Highly symmetric vacancy-stabilized AICu phase are nearly colinear in this
structures do not relax because forces balance exactly. Cgshase diagram, lying near the linex2y=1/2 connecting
tain structures had displacements beyond 0.3 A/atom. Wal;Co with AlCu. Along this line Cu substitutes for both Al
consider those structures to be unstable and display the uand Co in equal numbers. This effect motivated construction
relaxed energies of these structures. To remove a strong limf successful “mock ternary” Al-Co-Cu potentidfs that
ear slope of the energy vs composition data, we subtract afitarted with binary Al-Co potentidi$ and then defined the
energies from the tie-line joining fcc aluminum tos@lu in interactions of Cu atoms as if Cu was a linear superposition
the L1, structure, defining\E. of Al and Co. Remarkably, Raynof$effective valences of

Inspection of Fig. 3 reveals that the convex hull is well 1+ for Cu and 1- for Co yield a constant electron per atom
respected. Up toy=0.5 there is only a single unreported ratio of 2 along this line, suggesting a possible link between
structure, thers structure aty=0.375, which touches the this electron to atom ratio and formation of the quasicrystal
convex hull. The metastable; structure of AJCu,, and the  phase™®
high-temperature variant of AICu both lie slightly above the The phase diagrath of Al-Co-Ni [Fig. 1(b)] contrasts
convex hull, consistent with their near stability. Similarly, strongly® with Al-Co-Cu. Instead of well-isolated composi-
Al,Cu,Li, with an Al atom replacing Li, nearly touches the tion fields, the phase diagram of Al-Co-Ni is marked by
convex hull. Extending into the AICuLi ternary diagram highly elongated composition fields, with Ni and Co substi-
could possibly stabilize this structure. Bothy&lo, andDO0,;  tuting for each other, but not replacing Al. The miscibility of

IV. TERNARY PHASE DIAGRAMS
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not fully known, we made reasonable guesses. For example,
we employed the Cockayne-Widdfrmodel for the decago-
nal phase(denoted “D” in Fig. 4). A quasicrystal has no
unit cell, so we actually studied a crystalline approximant
with unit cell dimensions 6851x4 A3 of composition
AlggeC0,7¢CU40. The fully occupiedM-(Al,Cu)43Co, struc-
ture (denoted “M” in Fig. 4) is taken from Freiburg and
Grushkd? in which Cu positions are specified. The ternary
73 phase is based upon thg structure of AjCu,, with the
unit cell doubled along the three-fold axis. A single Cu atom
is then replaced with a Co atom to creatg;@dCu;. The
ternary 7' structure is based upon thgs unit cell, taking
composition A}sCo;Cuy, Which is close to the experimen-
tally reported composition. A simulated annealing

6 . .
FIG. 4. Al-Co-Cu ternary phase diagram. Labeled circles denoté)rOCGduré established the optimal sequence of Al, Co, and

experimentally observed phases. Triangles denote other compos,('?r-u layers hold.ing the atomic sites fixed at'their ide"’_‘l posi-
tions considered. Dashed lines border facets of convex hull in caiions. Near-neighbor Co atoms were prohibited during the

culatedAE(X,y).

Co and Ni in theB2 structure is complete. Many other bi-

nary structures extend far across the ternary diagram.

We begin our exploration of the ternary phase diagra
with the compound AI-Co-Cu. Figure 4 reproduces theline
known ternary diagram and superposes some informatiop,
about our calculations. Table Il lists ternary structures repre
sentative of various points in the composition plane. Th
labeled circles in Fig. 4 represent the experimentally knowrh
structures we examined. The black triangles locate compos

€

annealing in order to avoid overbinding at short distances.
A pictorial summary of our quantitative results is

achieved by plotting total energies along special lines in the

diagram. The special lines we choose @ex=y (see Fig.

5), (b) x+y=1/4 (see Fig. 6 (c) x+y=1/3 (see Fig. 7

"because many simple and well-known structures lie on these

s. Data point symbols are as in the corresponding figure
binary Al-Cu except for the addition of symbols mark-

ing the convex hull anck symbols marking the intersections
of our special lines with tie-lines between the two structures
amed adjacent to the marker. When one of these tie-lines
feets the convex hull, the and x symbols overlay each

tions at which we tested hypothetical structures. The dashe(gzlther

tie-lines define the edges of our calculated convex hull.
In some cases, where a real or hypothetical structure iﬁ/it

For the most part, our calculated energies are consistent
h the experimentally known phase diagram. The hypo-
thetical structures lie above the convex hull, so that only

TABLE Il. Structural data for hypothetical Al-Co-Cu phases up known structuregor tie-lines joining themlie on the hull.

Space group X,V

to x+y=0.5.

Name Pearson symbol
Al 15(Cr,Mn) cl26
Al,CoMo, t18
Al,CoMo, t18
AlgMoNb t18
Al,sCuFeg c028
Al,ColLa oP12
Al4NiY 0C24
AlglLasSc cF24
Al LaY cF24
AlgNiTi, cP4
AlsCuHf, cP4
Al;CuHo ol10
Al,FeNi chP2
Al,HfZn cP4
AlLNiY 0C16
Al,CoY 0C16

Im3
[4/mmm

[4/mmm

[4/mmm
Ccme2,
Pmma
Ccmcm

Fd3m

Fd3m
Pm3m

Pm3m

Immm
Pm3m
Pm3m
Cmcm
Cmcm

(0.0385,0.038p
(0.0625,0.187p
(0.1875,0.062b
(0.0625,0.187p
(0.1875,0.062p
(0.1250,0.125p
(0.1429,0.1071L
(0.1667,0.166)
(0.1667,0.166)
(0.2500,0.083B
(0.0833,0.2500
(0.1667,0.166)

(0.2500,0.083B
(0.0833,0.2500
(0.1250,0.2500
(0.2500,0.125p
(0.2000,0.2000
(0.2500,0.2500
(0.2500,0.2500
(0.2500,0.2500
(0.2500,0.2500

We now focus on a few points of discrepancy between our
data and the experimental phase diagram. These points of
disagreement indicate the limits of reliability of the GPT
energies truncated at the pair-potential level and neglecting
composition and volume dependence.

An immediately apparent problem is that no eddashed
line) of the convex hull in Fig. 4 joins the experimentally
known Al,CoCu structure, and thus that structure does not
occupy a vertex of the convex hull. Indeed, the calculated
energy of this structure lies 0.009 eV/atom above the convex
hull. Likewise, no convex hull edge joins ATo,. This was
expected from our prior discussion in Sec. Il and reflects the
need to include many-body interactions.

These same difficulties are evident in our quantitative
plots of energy versus composition along special lines in
Figs. 5—7. As noted above, AToCy, lies slightly above the
convex hull, and thus tie-lines connecting tdseexX sym-
bols) lie slightly above the hull. Along the lines+y=1/4
and x+y=1/3 we expect difficulty neay=0 due to the
known inadequacy ok=0 pair potentials for Al_,Co, at
largex. For reference, we have placed the calculated energies
of some binary structures on the energy diagramxery
=1/4 aty=0. These fall below the convex hull of the ener-
gies for the structures we considered when calculating the
ternary compounds. We did not consider these binaries as
part of our ternary study because at this composition a more
careful treateent of vacancy formation is neededy A on
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FIG. 5. Scatter plot of ternary structural energles(x,y) along FIG. 7. Scatter plot of ternary structural energhes(x,y) along
the linex=y. Plotting symbols as in Fig. 3. the linex+y=1/3. Plotting symbols as in Fig. 3.

the line x+y=1/3 (see Fig. J the difficulty is that AICo  jncjuding the atomic volume and composition dependence of

coexists with O-A{;Co, rather than with AJCo,. the potentials this feature would be accurately captured, be-
cause it is known that the 4Co, structure lies slightly
Composition ranges above the convex hull of the AlLyNi, binary alloy when the

. . . . full GPT potentials are employed. The trend of greater Ni
The ability of interatomic potentials to reproduce trendssoIubility than Cu in ALCo, is faithfully reproduced.

among distinct compounds is a further test of their applica- Along x+y=1/4 we study the ability of Co to replace Ni

bility. We examined two special lines in the Al-Co-Ni phase in the DOy, structure of ALNi. We find that Co can fully

diagram and contrasted them with the same lines in the Al-

S . . e . replace Ni within this structure. Experimentally, up to half
Qo Cu dlagr'a.m. Our goal is to ur_1derstand the differing abili the Ni can be so replaced before a competing phase
ties of transition metals to substitute for each other.

Along x+y=0.1818 we study the stability of the 4o, O-Al5(Co,Ni), appears. According to our calculations, and

: consistently with experiment, the sad®,, structure is not
structure as Cu or Ni replaces Co. As soon as we replace o

'Stable for ALCu; nor is it stable with limited amounts of Co

out of the four Co atoms with Cu the energy rises above th(?eplacing Cu. Again, the ability of Co and Ni to replace each

convex hull. This is consistent with the experimental phase 2 o R
diagram[Fig. 1(a)] in which Cu is insoluble in AICo,. In other within their binary structures is faithfully reproduced,

contrast, we can replace any number of Co atoms with NES is the relative inability of Co and Cu to replace each other

and the structure remains on the convex hull. Thus our cal™" the same structures.

culation shows the solubility of Ni in ACo, extending over

the entire linex+y=0.1818. In reality{see Fig. 1b)], sta- V. QUASICRYSTAL

bility of Al ¢(Co,Ni), terminates after about half of the Co ) )

are replaced with Ni. It is likely that in a full GPT treatment  The hope to model quasicrystal structures motivated the
development of these ternary GPT potentials. We calculated

the stability and cohesive energy of the decagonal quasicrys-

04 LA DL L R L L AL R DL L L A B 7 &
- tal phase in Al-Co-Cu. As a structural model for this phase
[ we employ the model of Cockayne and Wid¢@W). This
0.2 & Dog . model was deduced from Monte Carlo simulations of the
= I Do alloy using a nonrigorous total energy calculation based
1S AlyyCoMoy Al5 o e . . L
s |, o AlgMoNb 0o upon “mock ternary” interactions. Fortunately, in this struc-
© 12 d 22} .
S Ogp - . s ture there are no near-neighbor Co atoms. Thus, the Co-Co
f [ s Aly1CoMoy AlzsCopoNig overbinding at short distances will not be problematic and
< O-Al1gCogrACo s we may directly apply the GPT potentials. Note that this

o
o
T

T model is one of many competing decagonal phase models

Al21CUgFes  AlrAIZCoCu, ]
(see Ref. 8 and references thejeitWe do not attempt to

o4 AIQC°2+A'7C°C/:IZCO AlgCoz+AlzCu ] distinguish among competing models in the present paper
Al7sCogoNia & R A AgCopiD EC because a more thorough treatment of transition-metal bind-
DO11/Al1gC04 | AlgCog+M-(ALCu)Coq ing would be required than is possible within our present

g LoD s approximations.

0.0 0.2 0.4 4y 0.6 0.8 1.0 According to our present calculations, this model quasic-

rystal enjoys both modest mechanical and thermodynamic

FIG. 6. Scatter plot of ternary structural energles(x,y) along  stability. The median atomic displacement of 0.14 A and
the linex+y=1/4. Plotting symbols as in Fig. 3. mean atomic displacement of 0.18 A is encouraging. How-
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FIG. 8. Cobalt correlation functions in the decagonal phase of Al-Co-Cu exhibit maxima near minima of the pair potanidlal
potential and correlation functiortb) Co-Co potential and correlation function.

ever, a few Al atoms displace by over 1 A. Such behaviomum of the Co-Co pair potential occurs at an unphysically

has been found previously in Refs. 38,42,43. We attributeshort separation. Fortunately, the CW model includes no
these large displacements to nearly flat potential energy suGo-Co pairs with separations below 4 A. However, the

faces around certain atomic positions that allow small errorgtrong second and third Co-Co pair-potential minima, at 4.5
in the forces to cause large atomic displacements. The thek and 6.5 A, respectively, match the first two peaks of the

modynamic stability of the decagonal phase is also limitedCo-Co pair correlation function.

The quasicrystal phase lies only 37 meV/atom below the A side effect of the favorable bonding environments of

tie-line with 73, M-(Al,Cu),5Cos, and ALCoCu. A more Co atoms is the existence of a highly stable Co network
exhaustive consideration of hypothetical structures, includwithin the decagonal phase model. When the mean atomic
ing other quasicrystal approximants and other crystallinalisplacement under relaxation is broken down according to
structures, could possibly find structures that compete in enatomic species we find mean displacements of 0.22 A for Al

ergy with the quasicrystal. atoms, 0.15 A for Cu atoms, and 0.08 A for Co atoms. Figure

Favorable bond lengths contribute to the low energy ofg illustrates a portion of a decagonal Al-Co-Cu structure and
our quasicrystal model. Pair correlation functiang(r) be-  highlights the strong Co-Co bonds. In addition to the bonds
tween atomic speciaes and s generally exhibit maxima near drawn, there are favorable Al-Co and Co-Cu near-neighbor
to separationsr at which the potentialvgﬁ(r) exhibits  separations, as well as favorable farther neighbor separa-
minima and vice versa. This relationship is especially notions. The bonds illustrated in Fig. 9 form edges of a
table for Al-Co and Co-Co pairs, as illustrated Fig. 8. Thepentagon-rectangle-triangle tiling, a well-known motif in de-
correlation functions in this figure incorporate Gaussiancagonal quasicrystals and approximants. It is evident that the
broadening to mimic the effects of thermal fluctuations atgeometry of the decagonal phase structure exploits the oscil-
T=1000 K. Without broadening the correlation functions lations of the interatomic pair potentials to achieve a low
would be a dense collection of closely spacetlinctions. energy.

All of the Al-Co near neighbors separations lie within the ~ We are currently engaged ab initio electronic-structure
first deep minimum of the Al-Co pair potential around 2.4 A. calculations of total energies in small-unit-cell Al-Co-Cu
The second pair potential minimum at 4.4 A and the third(Ref. 44 and Al-Co-Ni(Ref. 45 quasicrystal approximants.
minimum at 6.4 A likewise encompass strong second andhe information thus obtained will allow us to modify the
third peaks of the pair correlation functions. The first mini- TM interactions at short distances, formally including many-
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minides to ternary systems, and have developed first-
principles pair potentials in the aluminum-rich limit for Al-
Co-Cu and Al-Co-Ni alloys. The pair potentials reproduce
many features of the known phase diagrams, placing known
stable and metastable structures on or near the convex hull of
energy versus composition plots. The known stable and
metastable structures also exhibit mechanical stability under
static relaxation. Comparisons of the sequence of binary al-
loys Al-Cu, Al-Ni, and Al-Co, and comparisons of the ter-
nary alloys Al-Co-Cu and Al-Co-Ni, accurately reflect the
variations in phase diagrams among these compounds.

The range of applicability of the present Al-Co-Cu pair
potentials extends up to a total transition-metal concentration
of 50% provided the Co concentration is below 25%. The
range of validity includes the composition of a decagonal
quasicrystal phase. Even within this range, however, small
errors are observed in the spurious appearance of a presumed

FIG. 9. Structure of the Al-Co-Cu decagonal phase. Openmetastabler phase on the convex hull, and the calculated
circles indicate Al atoms, gray disks Cg atoms, and black disks C‘?netastability of a known stable phase;8bCu.
atoms. Large and small atoms occur in parallel lay2rA apart. More serious are the difficulties at larger Co concentra-
Gray and t_)lack bonds joining neighboring Co atoms are 4.5 and 4'ﬁons Here, both the assumption of constant electron densit
A, respectively. : ’ ption ; o y

and the neglect of many-body interactions limit the useful

body interactions within the TM pair potentidf&The result- appli_cation of the zero-TM-concentration pair potentials. As
ing pair interactions become structure dependent becaud¥eviously found for Aj_,Co, full volume- and
they are tuned for atomic environments typical of the quasiconcentration-dependent GPT pair potentials and/or corre-
crystal. They should allow modeling of the quasicrystalsponding three- and four-body Co potentials are needed to
phase at the pair-potential level. Indeed, the structure disaccurately address this regirtfe.

played in Fig. 9 results from a Monte Carlo simulafibthat

takes sites characteristic of the Cockayne-Widom decagonal
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