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Formation of magnetic moments in crystalline, quasicrystalline, and liquid Al-Mn alloys
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We presentab initio investigations of the formation of magnetic moments in crystalline, quasicrystalline,
and liquid Al-Mn alloys. We find that the appearance of local moments on the Mn sites is controlled by a local
Stoner criterion. In the stable crystalline compound Al6Mn strong Al-p– Mn-d hybridization enhances the
formation of the structure-induced Hume-Rothery-like pseudogap at the Fermi level so that the compound is
nonmagnetic. In supersaturated fcc solid solutions of the same composition this hybridization is strongly
reduced; the local Mn density of states is impuritylike with a peak pinned at the Fermi level. This leads to a
spin-glass-like magnetic structure with high moments on all Mn sites. Quasicrystalline and liquid alloys lie
between these two extremes: In both icosahedral and decagonal quasicrystals Al-p– Mn-d hybridization is
generally strong in the ideal quasicrystalline structure, but there are certain local environments that support
high magnetic moments on a small number of Mn sites. The local order is reduced, but does only gradually
disappear in melting. This leads to an increase of the number of magnetic sites and explains the increase of
magnetic susceptiblility on melting.@S0163-1829~98!03905-8#
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I. INTRODUCTION

Among the many striking physical properties
quasicrystals,1 their magnetic behavior is perhaps the le
well understood. Diamagnetism, paramagnetism, ferrom
netism, and spin-glass behavior have been reported for
sicrystalline alloys.

Ferromagnetism has been observed in Si-rich icosahe
( i ) Al-Mn-Si alloys,2,3 i -Al-Cu-Mn-Ge,4 and decagonal (d)
Al-Fe-Ce.5 The unusual characteristics of the apparent fer
magnetism of quasicrystals are their small magnetization
comparatively high Curie temperatures. The small magn
zation could be explained by the assumption that onl
small fraction of the transition-metal~TM! atoms carry a
large magnetic moment, while the majority of TM atoms
nonmagnetic. The existence of two classes of TM sites~mag-
netic and nonmagnetic! has also been confirmed by Mo¨ss-
bauer spectroscopy,6 for ferromagnetic as well as fo
paramagnetic7,8 quasicrystals. This has lead to speculatio
that the observed ferromagnetism could be associated
the presence of structural disorder in the quasicrystal
alloys9,10 or be caused by a second crystalline ferromagn
phase.6,11

Structural disorder is necessary for the formation o
spin-glass state. Spin-glass behavior in icosahedral qua
rystals has been reported for metastable Al-Mn-Ge and
Mn-~Si! ~with low Si content! ~Refs. 2,7,12,13! as well as
stable Al-Pd-Mn quasicrystals.14 Again there is evidence tha
only a small fraction of the Mn sites carry relatively larg
moments. The similarity of the magnetic properties in t
icosahedral and amorphous alloys,2,15 combined with the ab-
sence of magnetism in the structurally related crystall
compound Al6Mn has been interpreted as further eviden
for the importance of disorder for the formation of a ma
netic moment in icosahedral as well as amorphous alloy

A diamagnetic susceptibility has been measured at ro
temperature in the stable icosahedral Al-Cu-Fe,16,17

Ga-Zn-Mg,18 and Al-Pd-Mn ~Refs. 19,20! quasicrystals as
570163-1829/98/57~5!/2849~12!/$15.00
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well as in the decagonal Al-Cu-Co and Al-Ni-Co phases21

With increasing temperature the diamagnetism is reduc
eventually the susceptibility even changes sign. A dram
increase of the paramagnetic susceptibility has been
served in the melting region.21,20

An attempt to explain the formation of magnetic momen
in quasicrystals was founded on the expectation~based on
calculations for small icosahedral and octahedral Al-M
clusters! that an icosahedral symmetry leads to a reducedp-
d hybridization and hence to a high Mn density of sta
~DOS! at the Fermi level and the presence of a M
moment.22 However, this explanation is at variance with ca
culations for large clusters23,24and for periodic approximants
to i -Al-Mn quasicrystals.25 The band-structure calculation
for icosahedral approximants25–27 show that the electronic
density of states at the Fermi level is reduced rather t
enhanced, and this is confirmed by spectroscopic
specific-heat measurements.1 The calculations on large
clusters23,24 show that the earlier conclusions on icosahed
site symmetry of the Mn atoms leading to formation of
magnetic moment are based on artifacts related to the s
cluster size. However, Jaswal and He have also shown
moments are formed if the Mn atoms are placed on the v
tices of the outer icosahedron in an icosahedral Mac
cluster.23 This would agree with the conclusions of Moruz
and Marcus28 that in alloys containing transition-metal atom
there is a system-dependent critical separation of the
atoms below which they do not carry a magnetic mome
while a moment is formed at larger separations. However
yet, to our knowledge, no spin-polarized electronic-struct
calculations for realistic quasicrystalline models that co
support this conjecture have been performed.

The existence of a structure-induced Hume-Rothery-l
minimum in the electronic density of states has been invo
to explain the observed diamagnetism21,20 of quasicrystals.
This argument appears to be convincing for icosahedral q
sicrystals such asi -Al-Pd-Mn where both ab initio
electronic-structure calculations27 and soft-x-ray29 and pho-
2849 © 1998 The American Physical Society
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2850 57J. HAFNER AND M. KRAJČÍ
toelectron spectroscopy30 confirm the existence of the Hume
Rothery pseudogap. For decagonal Al-Cu~Ni!-Co and Al-
Pd-Mn on the other hand, both electronic-structu
calculations31,32 and spectroscopic measurements33,34 agree
on a high density of states at the Fermi level so that
alternative explanation for the diamagnetic susceptibi
must be found. We should also mention that very recen
Stadniket al.35 have attempted to reconcile the photoem
sion data with the existence of a structure-induced minim
in the electronic density of states~DOS!. They argued that in
decagonal quasicrystals a structure-induced minimum is
perimposed to a smooth DOS increasing monotonously
wards the Fermi energy. However, the electronic-struct
calculations show that the assumption of such a backgro
is unfounded. Anyway, the important fact is the presence
a high number of states at the Fermi energy and on that p
there is agreement between theory and experiment~for a de-
tailed comparison see Refs. 31,32!.

Recent calculations of the spin-polarized electronic str
ture of liquid Al-Mn alloys using semiempirical tight
binding-Hubbard36 and local-spin-density Hamiltonians37

predicted a disordered local-moment state with large m
netic moments onall Mn sites. This was considered as ev
dence for the predominant role of topological disorder
formation of Mn moments. While these results could expl
the drastic increase of the paramagnetic susceptibility
melting, the explanation of the further increase of the s
ceptibility in the liquid state with increasing temperatu
~which contradicts the Curie law! remains difficult if all Mn
atoms carry a moment already just above the melting po
It would be much simpler if—as a consequence of so
remanent short-range order in the liquid reminiscent of
atomic environment in the crystalline or quasicrystalli
states—a distribution of magnetic and nonmagnetic sites
ists in the liquid. The reduction of the short-range order w
increasing temperature would then naturally lead to an
creasing number of magnetic sites and thus to an increa
susceptibility.20

Hence there are still many open questions concerning
magnetism of quasicrystals. In the present work we h
made an attempt to resolve some of the problems by
forming ab initio self-consistent spin-polarized electron
structure calculations for crystalline solid solutions, cryst
line intermetallic compounds, quasicrystalline approximan
and liquid alloys in the Al-Mn system. Our results demo
strate convincingly that in all phases, the formation of ma
netic moments is governed by a local Stoner criter
ni(EF)I .1, whereni(E) is the local density of states pe
atom and spin andI is the Stoner intra-atomic exchang
integral. This mechanism explains the nonmagnetic chara
of the orthorhombic compound Al6Mn, the spin-glass behav
ior of a supersaturated face-centered cubic solid solu
with composition Al0.86Mn0.14, the formation of large mo-
ments on a small percentage of Mn sites in some of
quasicrystalline approximants, as well as the coexistenc
magnetic and nonmagnetic sites in the liquid alloys.

II. SELF-CONSISTENT REAL-SPACE TIGHT-BINDING
LMTO METHOD

We have performed self-consistentab initio calculations
of the electronic structure and magnetic structure within
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local-spin-density approximation38 ~LSDA! using a real-
space tight-binding linear-muffin-tin-orbital techniqu
~TB-LMTO!.39–41 The technique is based on a transform
tion of the Hamiltonian from the standard LMTO basis to t
most localized tight-binding basis, resulting in a represen
tion in terms of screened structure constant matrices and
agonal matrices determined by the LMTO potential para
eters. The screened structure constants have been calcu
for all topologically nonequivalent sites~within a cutoff ra-
dius equal to 2.7 times the Wigner-Seitz radius!. The local
spin-polarized densities of states of all inequivalent ato
are calculated using the recursion method.42 We used typi-
cally between 20 and 80 recursion levels and the Lucch
Nex terminator.43 The valence charge and spin densities
constructed from moments of the local DOS, the core cha
densities are obtained from scalar-relativistic calculations
the free atoms. The calculations are iterated until full se
consistency for charge and spin densities at all atomic s
has been achieved.

Our calculations have been performed in real space,
only for theG point of the Brillouin zone of the crystal, o
approximant, or of the supercell representing the substiti
ally disordered or liquid alloys. The elementary cells of t
quasicrystalline approximants contain between 128 and
atoms, supercells of similar size have been used for the
ordered alloys. In order to achieve a good resolution for
DOS and to reduce the effects of the periodic boundary c
ditions, the cell was duplicated in each direction. This m
tiplication of the cell does not increase the number of top
logically inequivalent sites and the computer time sca
linearly with the total number of atoms. The energy reso
tion depends on the number of recursion levels which
however, limited by the dimensions of the model. At the e
of the self-consistency cycle, the number of the recurs
levels was increased to improve the resolution.

As in a disordered system it is conceivable that there
competing magnetic states with comparable total energ
the initialization of the spin-polarized calculations is impo
tant. In our calculations we have chosen to initialize the lo
moments at small values (m,0.5mB) so that the calculation
will converge to a magnetic solution only if the paramagne
state is unstable with respect to the formation of a local m
ment. In this way we do not, however, explore the possi
existence of metamagnetic solutions separated by a large
rier form the paramagnetic state. For all further details
refer to our previous publications.27,31,32

III. CRYSTALLINE AL-MN PHASES

A. Orthorhombic Al 6Mn

The electronic structure of the orthorhombic compou
Al6Mn ~space-group symmetryCmcm ~No. 63!, 14 atoms/
cell! ~Ref. 44! has been discussed repeatedly in t
literature.31,45 The local atomic structure is thought to b
closely related to that of the icosahedral Al-Mn and A
Pd-Mn phases, but cannot be considered as a periodic
proximant of the quasicrystalline structure. The electro
structure is characterized by a very deep pseudogap a
Fermi energy~see, e.g., Fig. 1 in Ref. 31!, resulting from the
coincidence of a Hume-Rothery-like structure-induc
pseudogap in the Al-s,p band with the hybridization
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57 2851FORMATION OF MAGNETIC MOMENTS IN . . .
pseudogap in the Mn-d band. Thep-d hybridization also
leads to an enhancement of the effective Al-pseudopote
matrix element promoting the formation of the Hum
Rothery pseudogap. The low paramagnetic DOS at the Fe
energy excludes the formation of magnetic moment on
Mn sites.

B. Face-centered-cubic Al0.86Mn0.14 solid solution

To study the effect of the local topology, we perform
calculations for substitutionally disordered face-centered
bic Al-Mn with a composition close to that of the crystallin
and quasicrystalline phases~i.e., at a high degree of supe
saturation!. Calculations for isolated impurities in an Al ma
trix predict magnetic moments ofmMn;2.5 tomB on the Mn
sites.46–48 Very recent calculations by Hoshino, Zeller, an
Dederichs48 have also considered the case of single Mn-M
dimers in an Al matrix, using a Kohn-Korringa-Rostock
Green’s-function method for impurities. In the impuri
dimers the Mn moment is enhanced tom52.8mB ~for the
nearest-neighbor dimer! and m52.7mB ~for the second-
neighbor dimer!. In both cases the energy is almost the sa
for ferro- and antiferromagnetic orientations of th
moments.48,49Our calculations have been performed for 10
atom supercells with 15 Mn atoms distributed randomly o
the sites of an fcc lattice. The paramagnetic local DO
ni(E) show that even at this relatively high Mn concentr
tion the Al-s,p 2Mn-d hybridization remains very wea
and the Mn-DOS is essentially impuritylike~i.e., it has a
narrow, allmost Gaussian-like shape!, with a peak at the
Fermi level as expected for a half-filledd band~see Fig. 1!.
We also note that the Mn-d 2DOS sharply peaked at th
Fermi level conforms rather well with the predictions of t
virtual-bound-state model.45 Only at a very small number o
sites is the peak slightly shifted from the Fermi level due
the local interactions. Hence a local Stoner criteri

FIG. 1. Paramagnetic local electronic density of states on
Mn sites in 108-atom supercell representing an fcc Al0.86Mn0.14

solid solution.
ial
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ni(EF)I (EF)>1 with I;1 eV/mB is satisfied on all Mn
sites, except for atom No. 6@Fig. 1~a!# where the DOS just
fails to reach the limiting value. A spin-polarized calculatio
converges towards a distribution of large Mn moments w
2mB<um i u<2.6mB on all sites satisfying the local Stone
criterion ~see Table I!. On the site where the condition is no
satisfied, a moment develops only slowly through the co
lent coupling of thed states to the spin-polarized states
the neighboring Mn atoms. Convergence is also distinc
slower on those sites where the local Stoner criterion is o
marginally fulfilled. The spin-polarized DOS’s~Fig. 2! show
a pronounced non-rigid-band behavior: the majority-s
DOS shows always a narrower distribution~with maxima
between22.5 and21.5 eV! than the minority-spin DOS
~with peaks at about 1 eV!. The local exchange splitting
~measured in terms of the positions of the dominant peak
the spin-up and spin-down DOS’s! varies betweenDE;1
eV andDE;3 eV.

The orientation of the local moments depends on the lo
Mn-Mn coordinations: nearest-neighbor moments tend

e

FIG. 2. Spin-polarized local electronic densities of states on
sites in 108-atom supercell representing an fcc Al0.86Mn0.14 solid
solution. Cf. Fig. 2 for the paramagnetic DOS’s.

TABLE I. Magnetic moments~in mB! on the Mn sites in a
108-atom supercell representing a face-centered-cubic Al-Mn s
solution. The numbering of the sites is the same as in the gra
showing the electronic DOS.

Site No. Local moment Site No. Local moment

1 2.465 9 2.434
2 21.984 10 22.163
3 2.010 11 2.342
4 2.134 12 2.605
5 22.532 13 2.406
6 1.166 14 2.099
7 2.303 15 2.436
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2852 57J. HAFNER AND M. KRAJČÍ
align antiferromagnetically, next-nearest neighbors fer
magnetically. This suggests that the distance dependenc
the magnetic exchange interactions is conformal with
predictions of the Ruderman-Kittel-Kasuya-Yoshi
~RKKY ! model.51 Given the fact that we consider an allo
with 16 at. % Mn and in view of the very small energy di
ferences between different spin configurations, this resu
not in direct contradiction to the result of Hoshinoet al.48 for
the isolated Mn-Mn dimers~in our recursion TB-LMTO ap-
proach we can, of course, only calculate differences in
band energies, but in the spirit of the force theorem, this
be expected to be the dominant contribution!. The actual spin
configuration depends to some extent on the initialization
the local moment, different initializations can lead to diffe
ent energetically almost degenerate configurations. The
sults are entirely analogous to the recent LSD
calculations50 for the classical spin-glass alloy Cu 5~10!
at. % Mn where again an impuritylike paramagnetic M
DOS leads to a spin-glass state. For Cu-Mn it was a
shown that if the condition of collinear orientation of ma
netic moments is relaxed, the directions of the moments
also randomly distributed.50 We would expect a similar re
sult for the fcc Al-Mn alloy.

IV. QUASICRYSTALLINE APPROXIMANTS

A variety of quasicrystalline and approximant phas
have been discovered in the binary Al-Mn and ternary
Pd-Mn systems. The metastable binary icosahedral ph
with a composition close to Al6Mn belongs to the simple
icosahedral structures, the crystallinea-AlMn phase is a
~1/1! approximant to the quasiperiodic structure. The sta
ternary icosahedral phase with approximate composi
Al70Pd22Mn8 has a metastable~2/1! approximant,52 both may
be modeled in terms of projections from a six-dimensio
face-centered hypercubic lattice.53,27 The ternary decagona
phases are richer in Mn, they have a close strucural relat
ship with the crystalline ‘‘Al3Mn’’ T phase,54 the
Al60Ni4Mn11 R phase,55 and at2-inflated @t is the Golden
meant5(11A5)/2# version of theR phase.56 In the follow-
ing we discuss the formation of magnetic moments on
basis of ab initio electronic-structure calculations for ap
proximants.

A. Icosahedral phases

The electronic structure of a~1/1! approximant toi -AlMn
has been calculated by Fujiwara.25 The DOS is characterize
by a Hume-Rothery-like pseudogap at the Fermi level, qu
as in the crystalline Al6Mn phase. This excludes the forma
tion of a magnetic moment.

For i -Al-PdMn the electronic structure of a hierarchy
higher-order approximants has been calculated by Krˇı́
et al.27 The calculations are based on projections from s
dimensional space with triacontahedral acceptance dom
proposed by Cockayneet al.53 such as to agree with the me
sured diffraction data. For the present purpose the mos
markable features are the low symmetry of the Mn sites
the complete absence of direct Mn-Mn neighbors~Mn atoms
are surrounded on average by 7–9 Al atoms and about
Pd atom, in good agreement with extended x-ray-absorp
-
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fine-structure experiments, for further details see Kraˇı́
et al.27!. In the 2/1 to 8/5 approximants a Hume-Rothery-li
pseudogap is predicted. The DOS minimum becomes de
as the quasiperiodic limit is approached—again this s
presses the formation of the magnetic moments. Howe
for the 1/1 approximant~128 atoms per cell! it turns out to be
difficult to meet simultaneously the requirements of the c
rect stoichiometry and correct topology. A model based
the same acceptance domains in six-dimensional space a
quasicrystal leads to realistic interatomic distances, but to
increased~15.6 at. % against 8.6 at. %! Mn concentration. In
the electronic structure this results in an increased Mn-D
at the Fermi level. The local DOS’s at the topologically i
equivalent sites are shown in Fig. 3. The Al sites are ch
acterized by a pronounced structure-induced minimum
EF , the maxima of the Mn-DOS’s are situated 0.8–0.5
below EF , only at site 1 does the value of the DOS com
close to fulfilling the Stoner criterion. A spin-polarized ca

FIG. 3. Paramagnetic local densities of states on the topol
cally inequivalent sites of the 1/1 approximant toi -Al-Pd-Mn, as
discussed in the text.
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57 2853FORMATION OF MAGNETIC MOMENTS IN . . .
culation shows that as expected all sites except site 1
nonmagnetic. Site Mn1 is marginally magnetic, after an ini
tialization to 0.5mB the calculation converges tom1(Mn)
;0.1260.02mB .

The paramagnetic DOS calculated for the 2/1 appro
mant of i -Al-Pd-Mn ~544 atoms per cell! shows a similar
picture ~Fig. 4!. The Mn sites in the 2/1 approximant dis
cussed here are surrounded by 7–12 Al atoms and 0–3
atoms, there are no direct Mn-Mn neighbors~as in the crys-
talline Al6Mn phase!. A narrow local DOS peaked close t
EF is found at the Mn sites~2, 3, 6! with a small number of
Al neighbors~and hence a weak Al-s,p2Mn-d hybridiza-
tion! and/or 2 or 3 Pd neighbors. As in many transition m
als one observes a certain repulsion of thed bands with a
tendency to push the Mn band towards the Fermi level. Q
large local variations in the DOS arise from fluctuations
the local atomic environment. The Stoner criterion is sa
fied for sites 2 and 3 occupied by Mn atoms. A sp
polarized calculation shows again that the sites are mar
ally magnetic with small moments of the order of 0.1mB .

B. Decagonal phases

Calculation of the paramagnetic electronic structure
d-Al-Pd-Mn and of relatedR, T, t2-R, andt2-T approxi-

FIG. 4. Paramagnetic local densities of states on the topol
cally inequivalent Mn and Pd sites of the 2/1 approximant
i -Al-Pd-Mn. For Al only the average DOS is shown.
re

i-

Pd
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te

-
-
n-

f

mants have been performed on the basis of the deca
pentagon-hexagon~DPH! tiling models with atomic decora
tions based on the pentagonal columnar clusters as prop
by Hiraga and Sun57 and Beeli and Horiuchi,56 slightly modi-
fied such as to lower the electronic total energy.31 As for the
icosahedral phases and for all decagonal and approxim
phases, the Al-s,p band is characterized by a deep structu
induced pseudogap at the Fermi level. However, unlike
the icosahedral alloys, the Mn-d band overlaps with the
Fermi level and leads to a relatively high total DOS. T
investigation of the local DOS shows that with the chemi
decoration optimized such as to lower the band energy~and
hence the DOS at the Fermi level!, all atomic sites fail to
satisfy the local Stoner criterion~see Ref. 31, Fig. 9!. How-

i-

FIG. 5. Atomic structure of theT phase:~a! Projection of the
positions of the atoms in half of the period on a plane perpendic
to thec axis (; periodic axis in the quasiperiodic limit!. Upper and
lower half of the cell are related through a twofold screw symme
operation. Sites 1–7~large circles! are occupied by Mn atoms, site
8–24~small circles! by Al atoms.~b! Projection of a full period of
four unit cells. The thick lines show theH tiles, the thin lines the
decomposition of theH tiles into small pentagonal columnar clus
ters and thin rhombi.
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2854 57J. HAFNER AND M. KRAJČÍ
ever, it is concievable that a slight change in the atom
decoration leads to the formation of local moments on c
tain Mn sites. This possibility is explored in detail for theR
andT phases.

The model for the structure of theT phase is based o
structural data from the single-crystal x-ray refinement
Hiragaet al.58 The orthorhombic unit cell with lattice param
etersa512.59 Å, b514.8 Å, c512.42 Å contains 156 at
oms, the space group isPnma ~No. 62!. The structural re-
finement leads to a mixed, respectively, fractional s
occupation. These occupations have been replaced by in
values such that the columnar pentagonal clusters constit
the backbone of the DPH-tiling decoration have full penta
nal symmetry. Figure 5 shows a projection of theT-phase
structure and its decomposition intoH tiles and small pen-
tagonal columnar clusters, the composition is Al79.5Mn20.5.

Figure 6 shows the paramagnetic local DOS on the se
crystallographically inequivalent Mn sites. On sites 1 to
and 7 the Mn-d DOS is quite asymmetric, with a peak abo
1 eV below the Fermi level. On sites 5 and 6 on the ot
hand, the DOS is more symmetric and the local Stoner
terion is marginally satisfied. A spin-polarized calculati
converges very slowly to substantial moments at sites 5
6 (m550.66mB , m651.00mB) and a small moment at site 2
all other moments are smaller than 0.1mB ~positive or nega-
tive!, in the corresponding spin-polarized local DOS~not
shown! there is again some evidence for a non-rigid-ba
behavior.

TheR phase of Al-Mn has orthorhombic symmetry, spa
groupCmcm~No. 63!. The unit cell with lattice parameter

FIG. 6. Paramagnetic local electronic densities of states on
Mn sites ofT-phase Al-Mn.
c
r-

f
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d

e

FIG. 7. Atomic structure of theR phase:~a! Projection of the
positions of the atoms in half of the period on a plane perpendic
to thec axis (; periodic axis in the quasiperiodic limit!. Upper and
lower halves of the cell are related through a twofold screw sy
metry operation. Sites 1–5~large circles! are occupied by Mn at-
oms, sites 6–18~small circles! by Al atoms. The structure is drawn
for two unit cells with the experimentally determined coordinat
~b! Projection of a full period of three unit cells. The thick line
show theH tiles, the thin lines the decomposition of theH tiles into
small pentagonal columnar clusters and thin rhombi. Cf. text.
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57 2855FORMATION OF MAGNETIC MOMENTS IN . . .
a57.75 Å, b523.83 Å,c512.43 Å contains again 156 a
oms. For theR phase exact atomic coordinates deviati
slightly from the idealized geometry have been determin
by single-crystal refinement,55 and these coordinates hav
been used in our calculations. The atomic decoration is a
based on the pentagonal columnar clusters, see Fig. 7. F
the point of view of their positions within the pentagon
clusters, or theH tiles, respectively, we note the followin
equivalence between the Mn sites in theR and T phases:
1(R);2,4(T), 2(R);1(T), 3(R);7(T), 4(R);5,6(T),
5(R);3,4(T). Note that from the point of view of the tiling
with pentagonal columnar clusters, the Mn sites fall in
three categories: sites on the surface of the pentagona
lumnar clusters~1, 4, 5 for R phase, 2–6 for theT phase!,
sites on the center axis of the clusters having only Al ato
in the outer shell@3(R),7(T)#, and sites in the region of thin
rhombi @2(R),1(T)#. The three classes of sites differ in th

FIG. 8. Paramagnetic local densities of states on the Mn site
the Al-Mn R phase, variantV2.
d

in
om

o-

s

Mn-Mn coordinations: The average Mn-Mn coordinatio
number is always 1.5, but Mn atoms on the periphery of
pentagonal clusters have at least two other Mn nearest ne
bors within the same cluster. Site 4 (R phase! and sites 5 and
6 (T phase! have a third Mn neighbor in the next cluste
Sites on the center axis of the Al clusters and Mn sites wit
the rhombi have no direct Mn neighbors. The number of
neighbors around Mn is 10, except for the center site wh
has 12 Al neighbors. However, around the sites with
Mn-Mn neighbors, the average Mn-Al distance is distinc
larger than on the other sites. This difference is larger in
R than in theT phase, the average Mn-Al distance vari
between 2.51 Å@around Mn~1!# and 2.67 Å@around Mn~4!#.

of

FIG. 9. Spin-polarized local densities of states on the Mn s
of the Al-Mn R phase, variantV2.

FIG. 10. Partial pair-correlation functions of liquid Al0.86Mn0.14

at T51300 K as calculated using molecular dynamics. Full lin
indicate Al-Al, dashed lines indicate Al-Mn, dotted lines indica
Mn-Mn correlations. Cf. text.
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Hence we note that the tendency to form a magnetic mom
on sites 5 and 6 of theT phase is evidently related to a hig
Mn-Mn coordination. Note that while the distribution of A
and Mn sites on the five- and tenfold rings is fixed by sy
metry, Al and Mn occupations can be interchanged in
rhombi. In the following we discuss the electronic and ma
netic structure for two slightly different decorations of theR
phase. VariantR-V1 is shown in Fig. 7~a!, and in the variant
R-V2 the occupation of sites 2 and 13 by Mn and Al
interchanged. The interchange of 2 and 13 increases
Mn-Mn coordination number on site 4 to five, while the M
site within the rhombi has now two Mn neighbors in th
adjacent pentagonal clusters.

The spin-polarized DOS of theR-V1 phase of Al-Mn is
very similar to that ofT phase~see Fig. 6!, considering the
equivalence listed above: on site 4 (; sites 5, 6 in theT
phase! the local Stoner criterion is marginally satisfied a
spin-polarized calculation converges to a small moment
this site (m450.30mB), the moments on the other sites sc
ter between20.03 and10.05mB .

FIG. 11. Paramagnetic local densities of states at the Mn site
a 154-atom ensemble representing liquid Al0.86Mn0.14.

TABLE II. Magnetic moments~in mB) on the Mn sites in a
representative configuration of the 154-atom ensemble represe
liquid Al0.86Mn0.14. The numbering of the sites is the same as in
graphs showing the electronic DOS.

Site No. Local moment Site No. Local moment

1 0.004 12 0.002
2 20.001 13 0.017
3 0.034 14 2.671
4 0.009 15 0.018
5 20.033 16 1.534
6 1.795 17 20.101
7 20.717 18 20.004
8 0.054 19 0.007
9 0.041 20 20.004

10 20.020 21 0.021
11 20.023 22 20.008
nt

-
e
-

he

n
-

A large moment on site 4 is obtained if the occupation
sites 2 and 13 with Mn and Al is interchanged~model
R-V2). This results in a local paramagnetic DOS at site
that is sharply peaked at the Fermi level~Fig. 8!. The spin-
polarized calculation converges to a large local momentm4
53.3mB ~see Fig. 9 for the spin-polarized DOS!, a substan-
tial antiferromagnetic moment is also formed on site 3 (m3
520.51mB), although the local Stoner criterion is just n
satisfied. The other Mn moments arem150.06mB , m25
20.06mB . This confirms the important role of direct Mn-M
neighbors for formation of a local moment. In addition

in

FIG. 12. Spin-polarized local densities of states at the Mn s
of a representative configuration of liquid Al0.86Mn0.14.

FIG. 13. Distribution of the local magnetic moments of the M
atoms in liquid Al0.86Mn0.14.
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looser packing of the Al atoms around the Mn atoms redu
the Al-p 2Mn-d hybridization and leads to an impuritylik
DOS on the central Mn site, similarly to what had be
found in the fcc-solid solution.

On the other hand, the site symmetry plays a minor role
the formation of a magnetic moment: all Mn sites except
one at the center of the pentagonal cluster~which remains
nonmagnetic! have very low symmetry.

V. LIQUID AL-MN ALLOYS

Model structures for liquid Al0.86Mn0.14 have been pre-
pared by molecular-dynamics simulations, using the pair
tentials proposed by Phillipset al.59 These potentials hav
already been used with good success to study the dispe
relations for collective vibrational excitations in decagon
Al-Mn.60 The simulations have been started at 2000 K. Af
an initial equilibration at high temperature, the alloy w
cooled to 1300 K and re-equilibrated before data sampl
The simulations were performed for large ensembles w
756 atoms and small ensembles of 154 atoms. Spin-polar
electronic-structure calculations were performed for four
lected configurations of the smaller ensembles, chosen
that the partial pair-correlation functions agree with the c
figuration average over the large ensemble.

The partial pair-correlation functions are shown in F
10. The most striking features are the low amplitude of
first peak in the Mn-Mn correlation function and the dom
nant Al-Mn peak, as well as the deep minimum of these t
correlation functions between the first and second peak.
Al-Al correlations on the other hand are similar to that o
dense random packing liquid. This is a clear signature o
preferred heterocoordination of the Mn atoms by Al~as in
the crystalline and quasicrystalline alloys!: on average each
Mn atom has 11.45 nearest neighbors~calculated with a cut-
off distance of 3.5 Å!, only 0.98 of them are Mn~to be
compared to a value of 1.6 Mn-Mn pairs for a rando
chemical distribution!.

The electronic structure calculations have been perform
self-consistently on all 22 Mn sites in the 154-atom ce
while the Al-potential parameters have been averaged ov
representative sample of sites. The paramagnetic DOS o
Mn sites of configuration 1 is shown in Fig. 11. We fin
quite large variations in the shape and precise position of
Mn-d band. The local Stoner criterion for the formation of
magnetic moment is clearly satisfied on sites 6, 7, 14, and
on sites 2, 8, 11, 15, and 17 the DOS atEF falls just below
the limiting value. The spin-polarized calculations conver
towards substantial moments just at these four sites~see
Table II!, on all other sites the moments remain essentia
zero, although attempts have been made to induce a m
netic solution. The spin-polarized DOS’s~Fig. 12! show the
exchange-splitting and the non-rigid-band behavior on
magnetic sites.

Similar results are obtained for the other three configu
tions. The local Stoner criterion decides on the formation
absence of a local magnetic moments. Large moments
tuating between21.76 and12.67mB on 14 Mn sites out of
the total 88 sites, on the remaining sitesum i u<0.2mB . The
ensemble averages are^m i&50.08mB , ^um i u&50.30mB , the
distribution of the local moments is shown in Fig. 13. T
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distribution of the magnetic moments with very large m
ments on some sites and small moments on the other sit
in a certain sense intermediate between the distributi
found in the quasicrystalline approximants and in the
solid solution. The analysis of the local DOS’s shows that
many sites the local Al-s,p 2Mn-d hybridization in the liq-
uid is still strong enough to broaden the local Mn-d 2DOS
and to shift it away from the Fermi level so that the form
tion of a local Mn moment is suppressed. If the spatial c
relation between the orientation of the Mn moments is a
lyzed we find—admittedly with rather poor statistics—th
nearest-neighbor moments tend to align antiferromagn
cally, whereas second-nearest neighbors couple mostly
romagnetically. In that sensel -AlMn behaves similarly to
the fcc-solid solution, with a RKKY-like distance depen
dence of the effective Mn-Mn exchange interactions.

Our results are in qualitative agreement with the conc
sions drawn from the susceptibility measurements and n
tron scattering data on liquid Al12x2yPdxMny (y
50.01720.072, x;0.20) ~Ref. 20! and on liquid
Al0.80Mn0.20 ~Ref. 61! that a fraction of the Mn atoms carry
large magnetic moment, while the remaining Mn sites
nonmagnetic. The estimated average moments, howeve
larger than obtained in our calculations. Part of the differen
might be attributed to the interpretation of the neutro
scattering data: all intensity measured at low momentum
attributed to the paramagnetic scattering, on the ground
density fluctuations make an almost negligible contributio
This ignores the contribution from concentration fluctuatio
which can be quite large in a liquid with short-range chem
cal order. This would eventually lead to a lower average M
moment.

We also have to note a striking disagreement with cal
lation of Bratkovskyet al.36,37 The calculations were per
formed in a collinear and noncollinear mode. The colline
calculations converge towards a ferromagnetic solut
where inl -Al86Mn14 all Mn sites carry a moment of 3.29mB .
In the noncollinear calculations the size of the moments fl
tuates between 2.6 and 3.3mB , but as the directions of the
moments are oriented randomly in a spin-glass-like man
an almost zero macroscopic polarization results. Thatall
sites should carry large moments would imply that the lo
Stoner criterion should be satisfied on all sites—this wo
severely limit the possible variations in the local DOS. T
absence of fluctuations in the local DOS would be a stra
result that appears to be incompatible with the fluctuation
the local environment.

The reasons for the discrepancies between the calc
tions of Bratkovskyet al. and the present work are difficu
to assess. Bratkovskyet al.36,37 use a different set of inter
atomic potentials based on a semiempirical tight-binding
proach. The average nearest-neighbor distancesdi j and co-
ordination numbersZi j , however, compare quite well with
the present results: dMn-Mn52.77(2.83) Å, dMn-Al
52.59(2.59) Å,dAl-Al 52.50(2.70) Å;ZMn-Mn50.98(0.66),
ZMn-Al510.47(10.4)~values of Bratkovsky and Smirnov in
parentheses!. Hence structural differences cannot explain t
different magnetic properties. Both sets of calculations h
been performed using a real-space tight-binding LMT
method and the recursion method to calculate the lo
DOS’s. Our calculation uses the Von Barth–Hedin form
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2858 57J. HAFNER AND M. KRAJČÍ
the LSDA exchange-correlation functional, no informati
on the LSDA functional used is given in the papers by Br
kovsky and Smirnov. Differences exist in the way the loc
self-consistent charge and spin densities and LMTO par
eters are calculated. Concerning these aspects of the
nique, Bratkovsky and Smirnov refer to their earlier work
amorphous Fe-B and Ni-B alloys62 where the charge an
spin densities were determined by taking the average o
the central sites in a large cluster containing several hund
atoms. Hence the potential parameters are self-consis
only on average and this explains why the first of th
calculations36 on a large 666-atom cluster leads to the sa
moment ofmMn53.29mB on all Mn sites inl -Al86Mn14, i.e.,
to a ferromagnetic solution. In the second paper Smirnov
Bratkovsky37 claim to have achieved local self-consistenc
However, no technical details and no results on the param
netic or spin-polarized local DOS’s are given so that a m
detailed analysis of a possible origin of the discrepancie
terms of different degrees of local Al-s,p 2Mn-d hybridiza-
tion is not possible. One possible reason why both set
calculations converge to different magnetic states could
be in the initialization of the spin-polarized calculations. T
break the symmetry of the paramagnetic state, the calc
tions must be initialized either with nonzero moments
some sites, or a small magnetic-field term must be add
From a number of calculations of disordered magne
states50,63,64it is well known that different initializations can
lead to very different metastable magnetic configuratio
which often differ only very little in energy. In our calcula
tions we have adopted an initialization with small local m
ments~cf. Sec. II! because we are interested in the spon
neous formation of local moments. No information on th
aspect of the calculations may be found in Smirnov a
Bratkovsky.37 It is conceivable, however, that an initiatiliza
tion with large magnetic moments converges to a metam
netic high-spin solution.

VI. DISCUSSION AND SUMMARY

We have performed self-consistent local-spin-density c
culations of the electronic and magnetic structure of crys

FIG. 14. Local magnetic momentsm i versus local exchange
splitting in all crystalline, quasicrystalline, and liquid Al-Mn alloys
crosses indicate the fcc-solid solution, rectangles indicate thR
phase, triangles indicate theT phase, circles indicate the liqui
alloy.
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line, quasicrystalline~icosahedral and decagonal!, and liquid
Al-Mn alloys. We find that the formation of a magnetic mo
ment is governed by a local Stoner criterion, i.e., a site
magnetic if ni(EF)I .1 and nonmagnetic ifni(EF)I ,1.
Hereni(E) is the local density of states andI is the Stoner
intra-atomic exchange integral.~For an itinerant magnet it is
determined primarily by Hund’s rule exchange, see, e
Anisimov et al.65!. The local magnetic momentsm i and the
local exchange splittingD i are in this case related throug
D i5Im i . If we define the local exchange splitting in term
of the difference in the center of gravity of the spin-up a
spin-down bands~i.e., with the TB-LMTO in terms of the
difference in the corresponding LMTO potential paramete!
we find that a strictly linear relation betweenm i andD i holds
in all Al-Mn phases~Fig. 14!. From the slope we derive a
effective Stoner parameter ofI;0.92 eV/mB , i.e., within
60.01 eV/mB the same value as determined by Tureket al.66

for a large number of Fe-, Co-, and Ni-based crystalline a
amorphous phases and as derived by Himpsel67 from photo-
emission and inverse photoemission experiments. This c
firms that the driving mechanism is really an intra-atom
Hund’s-rule exchange. The decisive factor is then the fo
of the local DOS on the Mn sites which is determined by t
local Al-p2Mn-d hybridization and Mn-d2Mn-d interac-
tions. Here we find a clear correlation with the structu
properties:

~a! Al- p 2Mn-d hybridization is strongest in the crysta
line compound Al6Mn where it enhances the structur
induced Hume-Rothery pseudogap at the Fermi level. In
dition, the absence of direct Mn-Mn neighbors eliminate
possible direct exchange coupling. Hence the crystal
compound is clearly nonmagnetic.

~b! Hybridization effects are still comparatively strong
quasicrystalline alloys~both icosahedral and decagona!.
However, quasiperiodicity allows for a wide variety of loc
environments and on certain sites the criterion for the form
tion of a local moment can be satisfied. We have dem
strated this explicitly for some low-order approximants to t
icosahedral and decagonal phases. We have also shown
the decisive factor for local moment formation is an e
hanced Mn-Mn coordination~which is found only in the de-
cagonal, but not in the icosahedral phases! and a looser
Mn-Al coordination. There is also clear evidence that ma
netic moments will appear in quasicrystalline alloys only in
minority of the Mn sites, in agreement with experiment.

~c! Melting a quasicrystal or crystal does not complete
destroy the short-range order. Consequently, in a liquid
have a broad distribution of local environments, correspo
ing to large fluctuations in the local DOS. Consequently,
Stoner criterion will be satisfied on some sites, but on ot
sites a strong local Al-p2Mn-d interaction will lead to a
reduced DOS at the Fermi level and hence suppress the
mation of a local moment. Again the predicted coexisten
of nonmagnetic sites and sites with a large magnetic mom
is in semiquantitative agreement with experiment.

~d! In a substitutionally disordered solid solution the co
finement of the atoms to fixed interatomic spacing, irresp
tive of the local chemical environment, reduces the Alp
2Mn-d hybridization and leads to an impuritylike loca
DOS on the Mn-minority sites. The peak of Mn-DOS
pinned at the Fermi level~due to the half-filled Mn-band!
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and hence all Mn sites carry large moments of fluctuat
sign. Effectively, fcc Al-Mn is an Ising spin glass within th
collinear LSDA calculation.

The very clear picture resulting from this analysis al
settles some points discussed repeatedly in the literature~i!
Formation of local magnetic moments is definitely not r
lated to icosahedral site symmetry.~ii ! Formation of mag-
netic moments in the liquid phase is not induced by topolo
cal disorder—purely substitutional disorder is much mo
effective in promoting the formation of a local magnetic m
ment. The decisive factor is rather to break the stro
Al- p2Mn-d hybridization which suppresses the magne
instability in the crystalline structure and on almost all sit
of the quasicrystalline lattices. Here we have shown tha
arrange the atoms in a substitutionally disordered way o
perfect fcc lattice is much more effective in reducing t
hybridization than an overall topological disorder allowin
for a short-range order leading to stronger local hybridiz
tion.
ng
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A major challenge in the theory of the magnetic prope
ties of quasicrystals, however, is still the explanation of t
diamagnetism observed in many quasicrystals. We sus
~but cannot prove as yet! that the diamagnetism is closel
related to the unusual transport properties of quasicryst
and hence to the character of the electronic eigenstates c
to the Fermi level. Further investigations will be needed
explore this correlation.
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