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Interplay between electronic structure and medium-range atomic order
in hexagonal B-AlgMn ;Si and ¢-Al(Mn 5 crystals
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The electronic structures of the hexagomaRhloMn;Si and ¢-AlgMn3; phases are calculated from first-
principles using the TB-LMTO method. Thes® initio results are analyzed with a simplified model for
Al-based alloys containing transition metal atoms. The results show a strong effect on the atomic structure
stabilization by an effective Mn-Mn interaction mediated by conduction electrons over medium-range dis-
tances(5 A and morg. The origin of large vacancies which characterize such atomic structures is explained.
The position and the effect of Si atoms in stabilizing are also discussed. The atomic struciBés,Mn;Si
and ¢-Al;,)Mn3 bear resemblance with the atomic medium-range structures of approximants of quasicrystals.
Consequently, the present work gives arguments on the interplay between the medium-range atomic order and
an minimization of the band energy in quasicrystals and related phases.
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[. INTRODUCTION The Hume-Rothery stabilization can also be viewed as a
consequence of oscillating pair interactions between
Since the 1950's, many authdré have considered Al- atoms--*°7??In this framework, Zou and Carlsson have
(rich) crystals containing transition metaTM) atoms as showrf***that effective Mn-Mn interactions, mediated by
Hume-Rothery alloys. In these phases, the important parangates of Al, are strong enough to favor Mn-Mn distances
eter is the average number of electrons per age The close to 4.7 A in Alrich)-Mn quasicrystals and approxi-
valences of Al and Si are fixed without ambiguity3 and ~ Mants. Recentl§? we have shown that effective Mn-Mn in-
+4, respectively. Following a widely accepted modef a  teractions for distances up to 10-20 A induce a pseudogap at

negative valence is assigned to TM atdtypically —3 for ~ Er in cubic AlMn, orthorhombico-AlgMn, and cubic
Mn, —2 for Fe,—1 for Co, and O for Ni. As an example, a-Al-Mn-Si approximant. On the other hand, this effective
for almost isomorphig-Al ,QMng, B-AloMn,Si, and ALCo, Mn-Mn interaction is also determinant for the existence of
phasese/a is equal to 1.61, 1.69, and 1.86, respectively. TheMagnetic g?ggems inAl-Mn  quasicrystals  and
occurrence of different compounds with similar structures2PProximants. L .

was therefore understood as Hume-Rothery phases with In this paper, arab initio study of thg electronic structure
similar e/a ratios in spite of different atomic concentratigns. " 8-AlesMnsSi ande-Al;gMn; crystals is presented. Results
In these phases, a band energy minimization occurs when tf&€ analyzed in the framework of Hume-Rothery mechanism
Fermi sphere touches a pseudo-Brillouin zone, spanned H}‘ir spdalloys. The stabilizing role of Si atoms is shown, and
Bragg vectorsK , corresponding to intense peaks in the ex-N€ effective Mn-Mn medium-range interaction allows to un-
perimental diffraction pattern. The Hume-Rothery conditiondérstand the effect of Mn positions. In partlcular., the origin
for alloying is then Xg=K . Assuming a free electron va- of a large holelvacancy Vain both 8 and ¢ atomic struc-

lence band, the Fermi momentukp can be obtained from tUres is justified. We present the results fér ¢ phases,

ela. AlsCo,, and w-Al; 1 Mn, N-Al,Mn approximants. This
The density of state€DOS) in Hume-Rothery alloys con- 2nalysis shows a strong interplay between medium-range

taining only sp valence electrongspHume-Rothery alloys atomic order(up to 5 A and morgand a minimization of the

is correctly described by thdones theory(see, for review, Pand energy. ,

Refs. 9—11 The valence bansp state$ consists of nearly The paper is organized as follows. The structures ahd

free electrons, and the scattering of electrons by the pseudé @nd their relations with medium-range atomic order of

Brillouin zone (diffraction by Bragg planescreates a deple- quasicrystals. are dis.cusse.d in SecAlH; initio calgula_tions,
tion in the DOS, called the “pseudogap,” near the FermiPerformed with the tight-bindingTB) linear muffin tin or-

energyEr . The treatment of Afich) alloys containing TM bital (LMTO) method, are presented in Sec. lll. The effect of
atoms requires a different model becausedtstates of TM the sp-d hybridizat_ion is analyzed in detail through calcula-
are not nearly free states. A model fspdHume-Rothery tions for hypothetical structures. In Sec. IV, a real space ap-

phases which combined the effects of the diffraction byProach of the Hume-Rothery mechanism shows the strong
Bragg planes with thesp-d hybridization has been effect of an effective medium-range Mn-Mn pair interaction

developecf.z‘lelt shows that TM DOSmainly d state$ and (up to ~5 A and morg. Conclusions are given in Sec. V.
the total éDOS depend strongly on the positions of TM
14-1 wfr ”
atoms. Inc_ieed, some TM atoms may fill up” the Il. ATOMIC STRUCTURES
pseudogap, via thep-d hybridization; whereas other TM
positions enhance the pseudogap. In some particular cases, aThe almost isomorphic stablg-AlgMn;Si (Ref. 7) and

gap is even induced by thep-d hybridization!’8 metastablep-Al ;gMn; (Ref. 8 phases are often present in
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TABLE |. Lattice parameters and atomic positions of the hexag@ial ;Mn3Si (Ref. 7), ¢-Al;oMng
(Ref. 8, and ALCo, (Ref. 29 phases from crystallographic studies. Space groupbis/mmc

Lattice parameters B-AlgMn3Si @-Al;Mn3 AlsCo,

a (A 7.513 7.543 7.656

c (A 7.745 7.898 7.593

Wyckoff  Atomic B-AlgMn,;Si @-Al gMng Al;Co,

notation positions X z X z X z
(2a) 0,0,0 (ALSIi)(0) Al(0) Al(0)

(6h) X, 2X, % (ALSi)(1) 0.4579 Al1l) 0.4550 All) 0.4702

(12k) X, 2X, z (Al,Si)(2) 0.2006 —0.0682 A[2) 0.1995 —0.0630 Al2) 0.1946 —0.0580
(6h) X, 2X, ¥ Mn(l) 0.1192 Mr(1) 0.1215 Cé1l) 0.1268

(2d) £33 Va Va Cdo)

guenched alloys containing quasicrystals ifSW-Mn sys-

A. Relations with medium-range atomic order of quasicrystals

tems. Their hexagonal unit cell contains 26 atoms in a com- Tpe first-neighbor atoms of MfMn(1) in Table 1] are 10

plex arrangement. Unit cell dimensions@fand ¢ are simi-
lar (Table |), with the same space grofH6;/mmc B ande

phases are almost isomorphic tos8b,,?° which is an ap-
proximant of the decagonal phaSeAtomic positions and

interatomic distances are given in Tables | and IlI.

TABLE Il. Interatomic distances iB-AlgMn3Si, ¢-AlgMn3,

Al/Si + 2 Mn atoms situated at the vertices of a distorted

icosahedron. Such an icosahedron is considered in the struc-

tural representation of3-AlgMn;Si (Fig. 1). B-AlgMn;Si
and ¢-AlgMn3 structures have significant relations with the
complex structuresu-Al, 1 Mn  [hexagonal, P63/mmg
~563 atoms/(unitcell}¥ and X-Al,Mn [hexagonal
P63/m, ~568 atoms/(unit cell¥ which are approximants

and ALCo,. TM(1) is either Mr(1) or Ca1). X corresponds to the With large unit cell. For instance, in Fig. 1 of Ref. 31, out-

vacancy Va ing, ¢ phases, and to @) in Al;Co,.

Atom Site  Neighbors distancés.)

ﬂ'AIgMnssi (P'AI 10Mn3 A|5C02

ALSI(0) (2 6AI(2 2.66 2.65
6 TM(2) 2.48 2.53

Al(2) (6h) 2 Al 2.81 2.75
4AI2 2.77 2.84

4AI2 2.98 2.99

2 TM(2) 2.42 2.41

1X 2.72 2.77

A2 (1% 1ALSi0) 2.66 2.65
2 Al(1) 2.77 2.84

2 Al(D) 2.98 2.99

2 Al2) 2.81 2.79

1 AI(2) 2.82 2.95

2 Al2) 2.99 3.03

1 TM(2) 2.68 2.67

2 TM(1) 2.68 2.71

1X 2.23 2.29

TM(1)  (6h) 2 AlSi(0) 2.48 2.53
2 Al(D) 2.42 2.41

2 Al©2) 2.68 2.67

4AI2) 2.68 2.71

2 TM(2) 2.69 2.75

X (2d)  3AI1) 2.72 2.77
6 Al(2) 2.23 2.29

6 TM(1) @ 3.81 3.82

2.62
2.53
3.14
2.74
2.97
241
2.61
2.62
2.74
2.97
2.73
2.92
3.19
2.51
2.70
2.35
2.54
241
251
2.70
291
2.61
2.35
3.86

a and TM(1) are not first neighbors.

lines of the repeated unit cell af phase on several parts of
p phase are drawn. This shows that some parts ofithe
atomic structure are very similar to the atomic arrangement
inside the unit cell of3, ¢. Similar resemblances have been
found with\-Al ,Mn.32 Kreiner and Franzef**have shown
that the “13 cluster,” a structure unit of three vertex con-
nected icosahedra containing more than 30 atoms, is the ba-
sic building block of a large number of intermetallic phases
related to icosahedral AI-Mn-Si such ag&-AlgMn,Si,
m-Aly 1 Mn, and\-Al,Mn. Thel3 cluster is also found i
and ¢ structures?3Therefore, although diffraction features
of B and ¢ are different from those of quasicrystals, their
atomic structure in a unit cell has important correlations with
medium-range atomic order of approximants and quasicrys-
tals.

Each Mn has two Mn first neighbors arranged in Mn trip-
let. Between Mn triplets, Mn-Mn distances are about 4.17 A.
Similar isolated Mn triplets exist also in-Al, 1oMn.

B. Vacancies

The hexagonal structure of the, ¢ phases is almost
isomorphic to that of AJCo,,?® where Co replaces Mn and
vacancy VaTable |). These phases have similar atomic sites
and first-neighbor distancé$able 1l). However, a major dif-
ference is that the site (@ is empty(Va) in 8 and¢ phases,
whereas it is occupied by cob@ao(0)] in AlsCo,. It is thus
interesting to understand why this vacancy is maintained in
B andg crystals. Because first-neighbor distances around Va
in B, ¢ are close to those around M in B, ¢ and to those
around Co in AlCo,, the presence of Va cannot be ex-
plained from steric encumbering.
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FIG. 1. Crystal structure of thg-AlyMn;Si phase described in terms of icosahedral clusters centered on the atoms. Si atoms are on
Wyckoff site (2a). Squares show the sites of the vacancy[ske (2d)]. Top and side views of both layers at %, % are shown. The
icosahedral environment of each Si atom is also shown on the right low part of the figure.

Environment of Va forms a tricapped trigonal prig®  1/1 Al-Cu-Fe-S¥"*and a-Al-Re-Si® Investigations on the
Al(1) and 6 Al2)]. The same environment is also found in relations between isomorphic staleAloMn;Si and meta-
Al 1 Mn (Ref. 31) and\-Al,Mn (Ref. 32. Butin u and  stable p-Al;jMn; phases represent thus a great interest in
A\, these sites are occupied by MMn(0) site (2b) in  order to analyze Si effect. The number of valence electrons
m-Alg1Mn and Mr(0) site (2d) in N-Al,Mn]. In w andN,  are 3(4) per Al (Si) atom. With respect to the Hume-Rothery
the first-neighbor distances NB)-Al are 2.35-2.48 A, condition for alloying (Xg=K,), it may be possible that the
which are similar to Va-Al first-neighbor distancesfand g pstitution of a small quantity of Si increases #a ratio,

@. In the following(Secs. llID 2 and IV G, itis shown that | hich is in better agreement withke=K .
the presence of Va i, ¢ is explained by the presence ofan  gyperimentally, Al and Si atoms have not been distin-

effeqtive TM'TM pair interactions for distances up to guished inB-AlgMn,Si. However, Robinsdhhas proposed
medium-range distancémore than 5 A that Si atoms are on site §2 because the interatomic dis-
tances between an atom ingRand its six neighboring Al
C. Role and positions of Si atoms atoms are less than the distances between any other pairs of

A small proportion of Si atoms is known to have strong Al atoms ing structure(Table Il). But, from a comparison of
effect in stabilizing Al-based phases. Unstable quasicrystalg and ¢, Taylo? has suggested that Si atoms should be
are obtained in Al-Mn system, whereas stable quasicrystalgreferentially in (1R) instead of in (). In this case, Si site
are formed when a small proportion of Si atoms is adféd.  has mixed occupancy with some Al. In Sec. Ill, an analysis
Similar  stabilizing effects occur for icosahedral of ab initio calculations suggests that Si atoms are likely to
Al-Cu-Cr-Si®® and for the approximantsa-Al-Mn-Si,**  be in (2a).

045117-3



GUY TRAMBLY DE LAISSARDIERE PHYSICAL REVIEW B68, 045117 (2003

lll. AB INITIO CALCULATIONS

OF THE ELECTRONIC STRUCTURE _ 40 ¢
A. LMTO procedure, treatment of Si E a0l 20F ()
Electronic structure determinations are performed in the 2 \/
framework of the local spin-density approximatidr8DA)*° é 20
by using the self-consistent tight-bindit@B) linear muffin B
tin orbital (LMTO) method[TB-LMTO Version 4.6(1994, § w0k

O. K. Andersen, Stuttgart, Germalf*> In the atomic
sphere approximationASA),***? space is divided into
atomic spheres and interstitial regions where the potential is 12 0 8 6 4 =2 0 2 4
respectively spherically symmetric and flat. Following the
standard procedure, sphere radii are chosen so that the total
volume of atomic(Wigner-Seitz spheres is equal to that of 40}
the solid. This code includes combined corrections that cor-
rect errors from the partial overlap of the spheres and inter-
stitial regions in ASA. For vacancié¥a) empty spheres are
introduced on site (). The sphere radiiR) are determined
so as to minimize the overlap between sphemRg;ao)
=137 A, Ruu)=Raz=153A, Ry,=134A, Ry
=1.04 A for ,8 phase, and?AKO): 1.38 A, RAI(l) B RAI(Z)
=1.55 A, Ry,=1.35 A, R,=1.05 A for ¢ phase. As these
structures are metallic and rather compact, it is found that a
small change of sphere radiess than 10%does not modify
significantly the results. Neglecting the spin-orbit coupling, a
scalar relativistic LMTO-ASA code is used. Electronic den-
sities of statedDOS’s) are calculated by integration on a
reduced Brillouin zoné® The final step of the self-consistent
procedure and the DOS calculation are performed with 4416
k points in the reduced Brillouin zone. With an energy mesh
equal toAE=0.09 eV, the calculated DOS’s do not exhibit
significant differences when the numberkopoints increases
from 2160 to 4416. The energy accuracy is thus less than
0.09 eV and details in DOSs larger than 0.09 eV are not
artifacts in calculations. In LMTO DOS figures the energy
resolution is equal to 0.09 eV.

The LMTO basis includes all angular momenta upl to

=2 and the valence states are Al s(3p,3d), Mn FIG. 2. Total density of state®O0S) calculated by LMTO-ASA
(4s,4p,3d), Co (4s,4p,3d), Si (3s,3p,3d) and Va method of (@) ¢-AlyMns, (b)) B-AlgMnsSi, and (c)
(1s,2p,3d).** In order to analyze the position of Si atoms in B-1-(Al,Si) ;0Mns. Details of the total DOS's arounB are given
the 8 phase, we perform calculations f@#-(Al,Si);gMn3  in the insetsEr=0. The DOS ofB-lI-(Al, Si) ;jMn; is almost the
where the Si atoms occupied randomly the Al sites. In thissame than that oB-1-(Al, Si) ;gMn;.
case an average atom, nan@d,Si), is consideredvirtual
crystal approximation In the LMTO-ASA procedure this
atom is simulated by an atom with nuclear cha#ye (1 Self-consistent total energies are calculated for different
—C)Z+CZs;, wherec is the proportion of Si atoms, and volumes, with isotropic volume changes, i.e., the rafia is
Zn=13, Zs5;=14 are the nuclear charge of Al, Si, respec-constant and equal to the experimental valtable ). The
tively. Such a calculation is justified because the main differ-atomic positions are not relaxed. Minima of energies are ob-
ence between Al and Si is the number of valence electronsained for nonmagnetic Mfparamagnetic stateCalculated
Three possibilities are considered for {iephase. lattice parameters. are equal to 7.41 A foB-AlgMn,Si,
The phase calle@-AlgMn;Si where Si are on site € 7.41 A for B-1-(Al, Si) ;oMng, 7.42 A for B-11-(Al, Si) 10Mn3,
and Al, on site (&) and site (1R) as proposed by and 7.43 A fore-Al,gMn;. These values are, within 1.5%,
Robinson’ close to experimental valug3able |). Similar results have
The phaseB-I-(Al,Si) ;oMn; where Si atoms substitute also been found in LMTO-ASA calculations for Al-TM crys-
for some Al on sites (2), (6h), and (1X). tals with a small concentration of TM elements.
The phaseB-II-(Al,Si) ;)Mn; where Si atoms substitute The total DOSs ofB and ¢ phases(Fig. 2), are very
for some Al2) [site (1X)] as proposed by Tayldt. similar. Local DOS’s ofB are also shown Fig. 3. Except for
For these three cases, the same atomic positions andw energies(less than—10 eV), the total DOS of3 does

DOS (states / (eV cell))

DOS (states / (eV cell))

12 10 -8 6 -4 -2 0 2 4
Energy (eV)

B. General aspects of the density of stateOS)

sphere radii are assumed. not depend on Si positions. The parabola due to the Al nearly
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DOS (states / (eV cell))

DOS (states / (eV cell))

DOS (states / (eV cell))

60

DOS (states / (eV cell))

FIG. 3. LMTO local DOSs of3-AlgMn3Si phase. Si atoms are
on Wyckoff sites (2). The local Mr{l) DOS calculated without
sp-d hybridization is also showfsee text E=0.

Si

P 04t

08 [’

50 |
40}
30 F
20

Mn(1) without sp-d

Energy (eV)
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12 F
10 |

DOS (states / (eV cell))

Lo M Mo ®

14
12 |
10

DOS (states / (eV cell))

Lo M b O ®

14
12 F
10

DOS (states / (eV cell))

Lo M b O ®

14
12 |
10 £

DOS (states / (eV cell))

(=T S R =2 -]
T

14 12 10 8 6 4 -2 0 2 4
Energy (eV)
FIG. 4. LMTO local{Al + Si} DOS of 8-AlgMn3Si: (a) calcu-
lated includingsp-d hybridization, (b) calculated withousp-d hy-

bridization. (c) Local {Al + Si} DOS of hypothetical3-Al Al ;Si
and (d) of hypothetical3-AlgMn,Si. EL=0.

free states is clearly seen. A lardéand, from—2 to 2 eV,
is due to a strongp-d hybridization in agreement with ex-
perimental resulfS~*°and withab initio calculations®®°0-52
for AI-TM crystals and quasicrystals.

The sum of local DOS’s on Al and Si atoms, shown Fig.
4(a), is mainly asp DOS. As expected for a Hume-Rothery
stabilization, it exhibits a wide pseudogap néar due to
electron scattering by Bragg planes of a pseudo-Brillouin
zone. The width of the pseudogap{#l + Si} DOS is about
1 eV. This is the same order of magnitude as the one found in
Al-Mn icosahedral approximants:®*®=>? This large
pseudogap is mainly characteristic op dand at this energy,
but the pseudogap in the total DOS is narrower. Indded
states of Mn atoms fill up partially the pseudogap in the total
DOS|[Fig. 2(b)] with respect to the pseudogap{iaAl + Si}
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DOS [Fig. 4@)]. Nevertheless, it is shown in the following role of Mn positions which explains the origin of the va-
that the presence of a pseudogagAh + Si} DOS is related cancy (Va) in 8 and ¢ phases, and3) the effect on the
to the scattering afp states by the Mn sublattice via tsp-d  pseudogap of Mn-Mn pair distances up3 A and more.
hybridization.

Spiky DOS’s were obtained for the studied phases as it 1. Role of the sp-d hybridization on the pseudogap
has been found in LMTO DOS of icosahedral small approxi- Self-consistent LMTO calculations are performed without

Al Qi 50 _ _Ep5l _ _
mants [ a-A-Mn-Si, ™ 1/1 Al-Cu-Fe, " 1/1 Al-Pd-Mn (Ref. sp-dhybridization by setting to zero the corresponding terms

53)]. It is the small electron velocityflat dispersion rela- Lo :17 A -
tions) which contributes to anomalous electronic transportOf the hamiltonian matrik! Such a calculation is physically

. E05154 . meaningful because the Mihstates are mainly localized in
properties?>"**lt may come from long-range atomic order e Mn sphere and the Alp states are delocalized. In Fig. 3
and/or medium-range atomic order. Fine peaks in the DO P P ) g 3

may be the signature of electron confinem&hts atomic wi(tahlzce-‘ljwnb:i)d(i)zsa(t?;ilrgﬁ ddvjitt?mtc?ﬁtlss -?jhk? Vg?ié?zgggnca.rsﬁ;:
clusters characterisfitof the quasiperiodicity. This is not in p-any p-chy :

. i . .comparison between these local DOSs shows thasphd
contradiction to a Hume-Rothery mechanism because th"fybridization increases the width of tlteband. This con-

tendency to localization has a small effect on the bang. D _

: . : . ._Tirms a strongsp-d hybridization. The localAl + Si} DOS
energy>® The existence of a%FlI;)éODOSs in quasmrystals 'S[mainly sp D(%Ssp Figy. 42)] is also affected{ by thep};-d hy-
much debated experiment y and_theoretlcally(Ref. bridization since the pseudogap disappears completely in the
58, and references thergirOur calculations do not give an calculation withoutsp-d hybridization[Fig. 4(b)]
answer to this question in the case of quasicrystals. BL;tho_r For Hume-Rothery alloys containing ;I'M eléments a sta-
and ¢ crystals, we have checked that features in DOS W't.'bilization mechanism is more complex than fep aII(')ys

2; ci?gtrig%szgsé%luﬂ?g) equal to 0.09 eV are not artifacts "because of the importasp-dhybridization in the vicinity of
' ' Er.**15Al and Si atoms, which have a weak potenté,

scatter sp electrons by a potential almost energy independent.
C. Analysis of Si effect This leads to the so-called diffraction of electrons by Bragg

H -11,22 :
The total DOS's of8-I-(Al, Si) ;Mns [Si mixed with Al ,'i’/'la”es '”Spg”oysfones ﬁheo'”g lB‘.“’ the pOtf”“a' of
n sites (2), (6h), and (1%)] and B-ll-(Al Si) ;Mns [Si n atoms depends on the energy. It is strong for energies
?nixed with AI on'site (1)] are very sir"nilarlo thjs we aroundE,, and thus createsaresonance of the wave func-
oresent only those of-I-(Al Si) ;Mn, [Fig. 20)]. In the tion which scatterssp states via thesp-d hybridization.

vicinity of Eg, this DOS is rather similar to the DOS of LTE;ZE:;&% a(PHpuhriZ?;’omzr;C;;LeJanogggg the Wansub-
B-AlgMn3Si [Si are in(2a)]. In particular,E is always lo- LMTO calculations performed for hypothetical

cated at the minimum of the pseudogap as expected in E—AlgAlssi, constructed by putting Al in place of M in

Hume-Rothery stabilization. : . X _
; -AlgMn;Si, confirm the previous analysis. There are many
Nevertheless, a difference between the band energy Ogmall depletions in the DOS of hypotheticaHAlgAlSi

B-(Al,S)1Mns and that of § AlgMnsSi is shown from c)] that may come from diffraction by Bra lanes
LMTO DOS’s. Two bonding peaks are present at low ener—%u?'t;‘(er); is no Ignger a pronounced pseﬁdoggg Eﬁz\ar '
gies (—11.5 and—10.3 eV, Fig. 3 in the local Si DOS of

X . - : This shows that electron diffraction by Bragg planes by a
-AlgMn3Si. Each Si atom has 6 &) and 6 Mn first neigh- : . . ,
gors%Tabﬁe ). The close proximiﬁn/)between Si and K/%) weak potentiaVg is not enough to explain the pseudogap in

and the presence of the two peaks in(WDOS at the same DOSs 0f 5-AlgMn5Si and ¢-Al ;M.
energies show that the Si-Nit) bond is rather strong. This
suggests a covalent character of the Si¢éMrbond which
increases the stability g8 phase when Si are in 3. As explained in Sec. Il, a particularity ¢gf and ¢ struc-

In the vicinity of Er, the total DOSs 0f3-AlgMn,;Si and  tures is a vacancy Va on site ¢ This is the main differ-
¢@-Al;gMn3 are similar except the position &g [Figs. 2a) ence with the AJCo, structure(Table ). The origin of this
and 2Zb)]. At Eg, the DOS ofg3 is 5.6 state$€V unit cel),  vacancy cannot be explained from small near-neighbor dis-
and the DOS ofp, 16.0 state$eV unit cel). The small tancesSec. Il B. LMTO calculations are performed includ-
amount of Si increases the average valezieein 8. Asina ing a new Mn atom, called M@), on site (2i) in
rigid band model,Er is moved to the minimum of the B-AlgMn;Si phase. Atomic positions and lattice parameters
pseudogap, and the band energy is thus minimized. This akre those of3-AlgMn3Si (Table |). This hypothetical phase is
lows us to understand why th@-AlgMn;Si phase is stable namedg-AlgMn,Si. lts total DOS andAl + Si} DOS are
whereas thep-Al,gMn; phase is metastable. shown Figs. 5 and(d), respectively.

The absence of pseudogap in the total DOS shows a the
great effect Mif0) which is very different from the one of
Mn(1) analyzed previously. Indeed Nt [on site ()] cre-

In this part the origin of the pseudogap is analyzed fromates the pseudogap B+AlgMn3;Si DOS, whereas Mi®) de-
LMTO calculations for hypothetical phases derived fromstroys it in hypotheticaB-AloMn,Si total DOS. In locafAl
B-AlgMn3Si. Three points are successively considerdgl: + Si} DOS[Fig. 4(d)] a pseudogap is still present. It comes
the effect on the pseudogap of thg-dhybridization,(2) the  from the scattering by Mil) atoms. But a large peak fills up

2. Effect of Mn positions, origin of the vacancy

D. Effects of thed states of the transition-metal atoms
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AlsCoq hypothetical 8-AlgMnySi
70 — . ey e
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Xz}
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O I 1 1 1 A n i 1 "

12 10 8 6 4 -2 0 2 4 2 4 FIG. 5. LMTO total DOS’s
= 40 T — ; ANassanaas T and local TM DOS’s of AiCo,
3 1 . . and hypothetical B-AlgMn,Si.
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partially this pseudogap in hypothetic8tAlgMn,Si DOS.  cell instead of two.,8-AlgMn3Si was thus transformed into

ConsequentlyEr is located in an antibonding peak due to B-AlgMn, :Cu, Si by remplacing one Mn triplet by one Cu

sdAl]-d[Mn(0)] hybridization. Thus M(D) on site (2d) triplet. Mn environments remain identical up to 4.17 A

“fills up” the pseudogap via thep-dhybridization; whereas (Table IlI).

Mn(1) on site (éh) enhances the pseudogap. A similar result The local Cu DOS aE&g is very small[Fig. 6d)]. Cu

is obtained for hypotheticap-Al,gMn,, by putting M(0) in  having almost the same numbersgfelectrons as Mn, it has

place of the vacancy in @. This illustrates clearly the then a minor effect ned. The pseudogap disappears com-

non-trivial effect of the Mn positions on the electronic struc- pletely in local Mn DOJFig. 6(c)]. A small depletion below

ture of spdHume-Rothery alloy$*1® Er is still remaining in total DOSFig. 6a)]. There is a
Total and local DOS’s of hypotheticg-AlgMn,Si and  pseudogap belok in local {Al + Si} DOS[Fig. 6(b)], but

AlsCo, (Refs. 15,46 are compared in Fig. 5. In spite of the itis less pronounced than f@-AlgMn3Si [Fig. 4a)]. Such a

same proportion of TM atoms and the near isomorphism bedisappearance of the pseudogap is due to the effect of an

tween these structures, their DOS’s are very different. Thereffective Mn-Mn interaction for distances equal to 4.17,

is pseudogap in AlCo, DOS and not in3-AlgMn,Si DOS.  4.96, and 6.38 A . ..) (Table Il).

This indicates that @) and Mn(0) act differently, thus jus-

tify the existence of a vacancy in botB-AlgMn3;Si and TABLE lll. Mn-Mn distances inB-AlgMn3Si and hypothetical

¢@-Al;0Mn; phases but not in ACo,. Similar Wyckoff sites  B-AlgMn; sCu, sSi (see text

(2d) lead to both antibonding or bonding peaks depending

on the nature of the atom on this sjegther Mn(0) or Co(0), ~ Mn-Mn distance Number of Mn-Mn pairs
respectively. A further analysis is proposed in Sec. IV, (A) B-AlgMn3Si B-AlgMny Cuy 5Si
where cohesive energies are compared using realist|£
TM-TM pair interactions. 69 2 2
4.17 4
. 4.83 2 2
3. Effect of Mn-Mn distances close to 5 A 4.96 >
Mn-Mn distances in3-AlgMn3Si are reported in Table Ill.  6.38 4
Mn are grouped together to form Mn tripletSec. Il A). In  6.59 4 4
order to determine the effect of an effective Mn-Mn interac-7.33 8
tion on the pseudogap, LMTO calculations are performed fory 51 6 6

a modified8 phase containing only one Mn-triplet per unit
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? 8 FIG. 7. Effective medium-range TM-TM pair interactions:
2 6 (solid lines Mn-Mn interaction® .\, and (dashed ling Co-Co
ﬁ 4 interaction®,.c,. These interactions do not include short range
@ » repylsive terms between two TM atoms. TM atoms are nonmag-
a netic.
O-14
1 fully for molecular-dynamics studi&$%* of Al-Mn and
= 45 Al-Co phases with composition close to those of quasicrys-
8 10 tals. Because the magnitude of the pseudopotential of TM
3 atoms is stronger than those of Al and Si, it follows that the
?8 2 magnitude of®qy.ry is larger than those oﬂ)N_TM and
s ®pa - Zou and Carlssdi®* have shown the existence of a
o ° specific Mn-Mn distance equals to 4.7 A in (Ath)-Mn
g 2 phases. A TM-TM interaction may thus play a significant
0_14 role in the stabilization. This interaction is mediated by the
sp states of Al, via the strongp(Al)-d(TM) hybridization.
— 14 Consequently, this is a medium-range interactiéig. 7).
3 12 Let us remark that the role of Al atoms is essential; indeed,
3 10 withouts p(Al)-d(TM) hybridization the TM-TM interaction
5 8 should be only a short-range interactiorr (first-neighbor
3?,;’ 6 interaction. This is the reason why we named this TM-TM
5"’/ 4 interaction an “effective” interaction. Our calculatiotisof
Q 2 Dpynvn @and @ (Fig. 7), performed within a multiple
0 scattering approach, yield results which are in good agree-

14 12 10 8 6 -4 2 0 2 4

ment with those given in Ref. 23. Parameters in these calcu-
Energy (eV)

lations are the Fermi levelEg fixed by the Al matrix Eg
FIG. 6. LMTO DOS's of hypothetica8-AloMn, :Cu, Si: (@) = +1.7 eV), the width ¥’ of thed resonance which increases

total DOS,(b) {Al + Si} local DOS,(c) Mn local DOS,(d) Cu local @S thesp-dhybridization increases, and the enefgyof the

DOS. The hypotheticgB-AlMn, Cu, sSi is built by replacing one d resonance. For Mn, realistic values arE-22.7 eV, Eg4

Mn triplet by one Cu triplet in each unit cell g8-AlgMn3Si. E =11.37 eV; and for Co, P=2 eV, E4=10.6 eV. We have
=0. checked that a small variation of these parameters does not
modify qualitatively the results presented in the following.
IV. ROLE OF EFFECTIVE MN-MN INTERACTION The magnitude of the effective interaction is larger for Mn
ON THE ATOMIC STRUCTURE pair than for other TM pairs (TM Cr, Fe, Co, N, because

the number of d electrons with energy closeBHp is the
largest for Mn. Indeed, electrons at Fermi energy are the
Since Blandif® the Hume-Rothery stabilization can be most delocalized electrons and thus they contribute more to
explained in the framework of the pseudopotentialthe medium-range interaction. From Fig. 7, it is clear that
theory?*+?°=??In this method, the energy is the sum of a distances corresponding to minima ®fy.1 depend also
term E, (which depends on the electronic density alomed  on the nature of TM atom.
of a termEgs (which depends on positions of the atonis,
represents about 80 to 90 % of the total energy, and it is
essential in fixing the average atomic denskyg can be
written as a sum of atomic pair interactiods, g which
present medium-range Friedel oscillations. A Hume-Rothery The “structural energy’€ of TM sublattice in A[Si) host
stabilization is thus a consequence of the oscillation®of is defined as the energy needed to build the TM sub-lattice in
Realistic pair interactiofd?*%1%2have been used success- the metallic host from isolated TM atoms in the same metal-

A. Medium-range TM-TM interaction in Al based alloys

B. Contribution to the total energy of the effective
Mn-Mn interaction
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FIG. 8. Structural energy’ of the Mn sublattice in(line) FIG. 9. Variation of the structural energy& due to Mn-Mn
B-AlgMn;Si, (A) ¢-AljgMn3, (@) 0-AlgMn, (X) a-Al-Mn-Si, interactions for(simple line@ Mn(0) in (2d) in the hypothetical
and (¢) hypothetical3-AlgMn, Cu, £Si. B-AlgMn,Si; for (A) Mn(1) in (6h) in the hypothetical

B-AlgMn,Si; for (@) Mn(0) in (2b) in w-Al, 1 Mn; and for (X)
lic host. The metallic host is a jellium which models Al and Mn(0) in (2d) in A-Al,Mn. Mn(0) in hypothetical 3-Al Mn,Si,

Si atoms. Thef per unit cell is m-Al4 1 Mn, and\-Al4Mn have similar local environments.
1 —rji /L —rji /L
&= > 5 Prvrm(ri)e i, 1) AE=- 2 Oryrm(ri)e i 2
L) 2 i)

wherei andj are the indices of TM atoms amg| , the TM(i)- ~ The TM atoms on different Wyckoff sites have different;
TM(j) distancesL is the mean-free path of electrons due toValues. The most stable TM sites correspond to the highest
scattering by static disorder or phondfisL depends on A& values. The energy reference is one TM impurity in the
structural quality and temperature, and it is estimated to bé&!(Si) matrix which does not depend on the structure. There-
larger than 10 A. Note that a similar exponential dampingfore, it is possible to compare th&&; calculated for TM
factor was introduced originally in the treatment of RKKY atoms of different phases. As previously, the eneldy is
interaction'®®® In the following, the effects of TM-TM pairs calculated from Eq(2) without the first-neighbor TM-TM
for distances larger than first-neighbor distances are angontributions in order to analyze effects at medium-range
lyzed. Therefore, an energy is calculated from Eq(1) order.
without including the first-neighbor TM-TM terms in the  For the hypotheticgB-AlgMn,Si, built from S-AlgMn;Si
sum.£&’ is the part of the structural energy of TM sublattice where Mr(0) replaces the vacancy on site dR2 [Sec.
that comes only from indirect TM-TM interactions. 1D 2], it appears tha Eyn1)>AEyn(oy (Fig- 9. Mn(0) in
Structural energie§’ of the Mn sublattice are shown for (2d) is therefore less stable than Knin (6h) in the hy-
B-AlgMn3Si and ¢-AlgMn; structures in Fig. 8. They are pothetical3-AlgMn,Si, thus this justifies that a vacancy ex-
compared to those of o0-4Wn,*” and a-Al-Mn-Si ists in the actuap phase. A similar result is obtained for an
approximant$8%° £ is always negative with magnitudes hypothetical p-Al;gMn,, by putting Mr(0) in place of the
less than—0.1 eV/Mn atom. This is strong enough to give a vacancy in (2).
significant contribution to the minimization of the band en-  On the contrary, the complex-Al, 1 Mn and A-Al,Mn
ergy. crystals contain a Mn sitsite (20) in w-Al, 1 Mn (Ref. 3
This result is in good agreement with the effect of Mn and site (21) \-Al,Mn (Ref. 32] with a local environment
sublattice on the pseudogap shown previouSgc. Il D). similar to Va[or Mn(0)] environment inB structure(Sec.
According to a Hume-Rothery mechanism, one expects thd B). We name Mi0) the Mn atoms on these sites inand
pseudogap to be well pronounced for a large value-éf. \ phases. As shown Fig. 9, the correspondlrﬁj,,n(o) values

Such a correlation is verified for the hypothetical differ strongly from those of M(D) in hypothetical
B-AlgMn, sCu; 5Si (Sec. 11l D 3. Indeed the decrease of the g-AlgMn,Si:

pseudogap iB-AlgMn, Cu; sSi sp DO Fig. 6(b)] as com-
pared to the pseudogap fBrAlgMn;Si sp DOS [Fig. 4(a)] A& (o)1) =AEUn(0y(N) > A& n(0)(B) =AEn(oy () -
corresponds to a reduction ef&’ (Fig. 8). (

Thus, Mn0) atom is more stable inu-Al,;JMn and
C. Origin of the vacancy \-Al,Mn than Mn(0) in hypotheticalg-AlyMn,Si and hypo-

For phases containing several TM Wyckoff sites, the efthetical ¢-Al;gMn,. Moreover,A&y,qy in u (\) have the
fective TM-TM interactions allow us to compare the relative same order of magnitude as the enery§/ calculated for
stability of TM atoms on different Wyckoff sites. Consider- other Mr(i) atoms inx (\) (x andA phases contain 10 and
ing a phase with a structural energy of the TM sublatticel5 Mn Wyckoff sites, respectively Therefore as far as the
equal to&, the variationA¢&, of £ is determined when one effective Mn-Mn interaction is concerned, N in w and\

TM(i) atom is removed from the structure are as stable as other Mn in these phases. Such a difference
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minimum of the pseudogap in the density of stae©S).

Ab initio DOS calculations shows that, at 0 K, Si atoms are
on a specific Wyckoff site without mixed occupancy with
some Al atoms.

B-AlgMn3Si and ¢-Al;gMn; are spdHume-Rothery
phases. The transition met@fM) elements have a crucial
0.08 £ effect becausep electrons are strongly scattered by the Mn
F sublattice via thesp-d hybridization. As a result the elec-
0.04 | : tronic structure of Mn atoms and their stability depend
e strongly on the Mn positions. This effect is related to an
4 6 8 10 12 14 16 18 20 effective Mn-Mn interaction which has a strong magnitude

L (Angstrom) for Mn-Mn distances up te-5 A and more. This interaction
is mediated by Al atoms and its medium-range character is
due to a strongsp(Al)-d(Mn) hybridization. Thus, the
pseudogap at Fermi energy comes from a combined effect of
a Hume-Rothery mechanism and a strapgdhybridization.
Recently, we have shown that the effective medium-range

0.24

B
el
el

(eV/TM atom)

FIG. 10. Variation of the structural energy&{ due to Co-Co
interactions in AlCo,. A&/ is calculated for the two Co Wyckoff
sites:(simple dashed lineCo(0) in (2d); (A) Co(1) in (6h).

betweengB, ¢ and u, A can be understood because of theNI Mn int tion ind I d X
Mn-Mn distances with respect to the value of the Mn—MnAln;\/I nin ZracA?lRﬂlnSggsesF'a SI(I) pse?h ogap .'tnlszn’ tot-
interaction(Fig. 7): In 8, ¢ phases, medium-range environ- "6 V" and a-A=VIn-s1.= Finafly, both, densily of states
ment of Va contains two Mn at distance 3.8 (able ) and effective TM-TM interactions lead to the understanding
whereas the smallest MB)-Mn distance is 4..8 A i, )\ of the origin of a Iarge_va_canc_y existing BrAlgMn3Si and
phases. According to the effective Mn-Mn interactigg. ‘P.'Al 10Mns, vvhereas similar sites are not vacant but oceu-
7), 3.8 A corresponds to an unstable Mn-Mn distance,z'le%otz)y Mn in p-Alg . Mn and A-Al,Mn, and by Co in
whereas 4.8 A corresponds to a stable one. 5 e . .

The Al;Co, phase is almost isomorphic to thand ¢ To conclude, ig-AlyMnSi phase ang-Al,gMn; phase,
phases, but there is a Co s[@0(0)] corresponding to the the Hume-Rothery minimization of band energy leads to a
vacanc;/ of and ¢ (Table ). In this caseA&! calcu “frustration” mechanism which favors a complex atomic

. Co(0)’ - H “ n
lated with the effective Co-Co interaction, is almost equal tostructure. A.Mn sublattlcg appears fo be the _skeleto_n of the
AE (Fig. 10, thus Cq0) in (2d) i tabl @b in structure via the effective medium-range interactions be-
(6hc)0(1'i'hisgs.hov(/s \xﬁy A vaca(ncy) d?):;l: rswa't eiigfirg@dlz tween Mn atoms in the ABi) matrix. TheB and¢ structures

. . 2 ) are related to parts of the medium-range atomic order of
Th's ana|y5|s_ of the origin of t_he vacancy in terms of ef-fec'quasicrystals and approximants. This suggests that a Hume-
tive TM.'TM interactions confirms the LMTO results pre- Rothery stabilization, expressed in terms of effective Mn-Mn
sented in Sec. Il D 2. interactions, might be intrinsically linked to the emergence

of quasiperiodic structures in £8i)-Mn systems.
V. CONCLUSION
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