PHYSICAL REVIEW B VOLUME 57, NUMBER 5 1 FEBRUARY 1998-|

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 compoungMih strong Alp—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 quasicryspatdviAbd 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 meltingS0163-182€08)03905-§

[. INTRODUCTION well as in the decagonal Al-Cu-Co and Al-Ni-Co phaks.
With increasing temperature the diamagnetism is reduced,
Among the many striking physical properties of eventually the susceptibility even changes sign. A dramatic
quasicrystalg, their magnetic behavior is perhaps the leastincrease of the paramagnetic susceptibility has been ob-
well understood. Diamagnetism, paramagnetism, ferromagserved in the melting regioft:*
netism, and spin-glass behavior have been reported for qua- An attempt to explain the formation of magnetic moments
sicrystalline alloys. in quasicrystals was founded on the expectatibased on
Ferromagnetism has been observed in Si-rich icosahedrahlculations for small icosahedral and octahedral Al-Mn
(i) Al-Mn-Si alloys?? i-Al-Cu-Mn-Ge? and decagonald)  cluster$ that an icosahedral symmetry leads to a redyzed
Al-Fe-Ce® The unusual characteristics of the apparent ferrod hybridization and hence to a high Mn density of states
magnetism of quasicrystals are their small magnetization anOS) at the Fermi level and the presence of a Mn
comparatively high Curie temperatures. The small magnetimoment> However, this explanation is at variance with cal-
zation could be explained by the assumption that only aulations for large clustet$?*and for periodic approximants
small fraction of the transition-metalTM) atoms carry a to i-Al-Mn quasicrystal€® The band-structure calculations
large magnetic moment, while the majority of TM atoms isfor icosahedral approximarfts?’ show that the electronic
nonmagnetic. The existence of two classes of TM ditesg-  density of states at the Fermi level is reduced rather than
netic and nonmagnetichas also been confirmed by ®®  enhanced, and this is confirmed by spectroscopic and
bauer spectroscofy,for ferromagnetic as well as for specific-heat measurementsThe calculations on large
paramagnetic® quasicrystals. This has lead to speculationsclusteré®?4show that the earlier conclusions on icosahedral
that the observed ferromagnetism could be associated witkite symmetry of the Mn atoms leading to formation of a
the presence of structural disorder in the quasicrystallinenagnetic moment are based on artifacts related to the small
alloys™*° or be caused by a second crystalline ferromagneticluster size. However, Jaswal and He have also shown that
phasé!! moments are formed if the Mn atoms are placed on the ver-
Structural disorder is necessary for the formation of atices of the outer icosahedron in an icosahedral Mackay
spin-glass state. Spin-glass behavior in icosahedral quasictuster? This would agree with the conclusions of Moruzzi
rystals has been reported for metastable Al-Mn-Ge and Aland Marcu&® that in alloys containing transition-metal atoms
Mn-(Si) (with low Si content (Refs. 2,7,12,18as well as there is a system-dependent critical separation of the TM
stable Al-Pd-Mn quasicrystalé.Again there is evidence that atoms below which they do not carry a magnetic moment,
only a small fraction of the Mn sites carry relatively large while a moment is formed at larger separations. However, as
moments. The similarity of the magnetic properties in theyet, to our knowledge, no spin-polarized electronic-structure
icosahedral and amorphous alldy’s,combined with the ab- calculations for realistic quasicrystalline models that could
sence of magnetism in the structurally related crystallinesupport this conjecture have been performed.
compound AkMn has been interpreted as further evidence The existence of a structure-induced Hume-Rothery-like
for the importance of disorder for the formation of a mag-minimum in the electronic density of states has been invoked
netic moment in icosahedral as well as amorphous alloys. to explain the observed diamagnetfér of quasicrystals.
A diamagnetic susceptibility has been measured at roonthis argument appears to be convincing for icosahedral qua-
temperature in the stable icosahedral Al-Cu*f¥, sicrystals such asi-Al-Pd-Mn where both ab initio
Ga-Zn-Mg!® and Al-Pd-Mn (Refs. 19,20 quasicrystals as electronic-structure calculatiofisand soft-x-rag® and pho-
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toelectron spectroscofconfirm the existence of the Hume- local-spin-density approximatiéh (LSDA) using a real-
Rothery pseudogap. For decagonal Al(BD-Co and Al-  space tight-binding linear-muffin-tin-orbital technigue
Pd-Mn on the other hand, both electronic-structure(TB-LMTO).2*~*! The technique is based on a transforma-
calculationd™3? and spectroscopic measureméhté agree  tion of the Hamiltonian from the standard LMTO basis to the
on a high density of states at the Fermi level so that amost localized tight-binding basis, resulting in a representa-
alternative explanation for the diamagnetic susceptibilitytion in terms of screened structure constant matrices and di-
must be found. We should also mention that very recentlyagonal matrices determined by the LMTO potential param-
Stadniket al have attempted to reconcile the photoemis-eters. The screened structure constants have been calculated
sion data with the existence of a structure-induced minimunfor all topologically nonequivalent sitesvithin a cutoff ra-

in the electronic density of statéB0OS). They argued that in dius equal to 2.7 times the Wigner-Seitz radiughe local
decagonal quasicrystals a structure-induced minimum is swspin-polarized densities of states of all inequivalent atoms
perimposed to a smooth DOS increasing monotonously toare calculated using the recursion metfiddve used typi-
wards the Fermi energy. However, the electronic-structureally between 20 and 80 recursion levels and the Lucchini-
calculations show that the assumption of such a backgrounslex terminatof*® The valence charge and spin densities are
is unfounded. Anyway, the important fact is the presence otonstructed from moments of the local DOS, the core charge
a high number of states at the Fermi energy and on that poinfensities are obtained from scalar-relativistic calculations for
there is agreement between theory and experirtfenta de-  the free atoms. The calculations are iterated until full self-

tailed comparison see Refs. 31)32 consistency for charge and spin densities at all atomic sites
Recent calculations of the spin-polarized electronic struchas been achieved.
ture of liquid Al-Mn alloys using semiempirical tight- Our calculations have been performed in real space, i.e.,

binding-Hubbaré® and local-spin-density Hamiltoniats  only for the " point of the Brillouin zone of the crystal, or
predicted a disordered local-moment state with large magapproximant, or of the supercell representing the substition-
netic moments omll Mn sites. This was considered as evi- ally disordered or liquid alloys. The elementary cells of the
dence for the predominant role of topological disorder forquasicrystalline approximants contain between 128 and 544
formation of Mn moments. While these results could explainatoms, supercells of similar size have been used for the dis-
the drastic increase of the paramagnetic susceptibility owrdered alloys. In order to achieve a good resolution for the
melting, the explanation of the further increase of the susbOS and to reduce the effects of the periodic boundary con-
ceptibility in the liquid state with increasing temperature ditions, the cell was duplicated in each direction. This mul-
(which contradicts the Curie lawemains difficult if all Mn  tiplication of the cell does not increase the number of topo-
atoms carry a moment already just above the melting pointiogically inequivalent sites and the computer time scales
It would be much simpler if—as a consequence of somdinearly with the total number of atoms. The energy resolu-
remanent short-range order in the liquid reminiscent of theion depends on the number of recursion levels which is,
atomic environment in the crystalline or quasicrystallinehowever, limited by the dimensions of the model. At the end
states—a distribution of magnetic and nonmagnetic sites e»f the self-consistency cycle, the number of the recursion
ists in the liquid. The reduction of the short-range order withlevels was increased to improve the resolution.
increasing temperature would then naturally lead to an in- As in a disordered system it is conceivable that there are
creasing number of magnetic sites and thus to an increasingmpeting magnetic states with comparable total energies,
susceptibility?® the initialization of the spin-polarized calculations is impor-
Hence there are still many open questions concerning thgant. In our calculations we have chosen to initialize the local
magnetism of quasicrystals. In the present work we havenoments at small valuesu< 0.5ug) so that the calculation
made an attempt to resolve some of the problems by pewill converge to a magnetic solution only if the paramagnetic
forming ab initio self-consistent spin-polarized electronic state is unstable with respect to the formation of a local mo-
structure calculations for crystalline solid solutions, crystal-ment. In this way we do not, however, explore the possible
line intermetallic compounds, quasicrystalline approximantsexistence of metamagnetic solutions separated by a large bar-
and liquid alloys in the Al-Mn system. Our results demon-rier form the paramagnetic state. For all further details we
strate convincingly that in all phases, the formation of mag+efer to our previous publicatiorf$:3%32
netic moments is governed by a local Stoner criterion
n;(Eg)1>1, wheren;(E) is the local density of states per
atom and spin and is the Stoner intra-atomic exchange
integral. This mechanism explains the nonmagnetic character A. Orthorhombic Al gMn
of the orthorhombic compound MVin, the spin-glass behav-
ior of a supersaturated face-centered cubic solid solutiorAI
with composition Ay gdMng 14, the formation of large mo-
ments on a small percentage of Mn sites in some of th
quasicrystalline approximants, as well as the coexistence
magnetic and nonmagnetic sites in the liquid alloys.

lll. CRYSTALLINE AL-MN PHASES

The electronic structure of the orthorhombic compound
sMn (space-group symmeti@mcm (No. 63, 14 atoms/
cel) (Ref. 49 has been discussed repeatedly in the
%erature?‘l"‘f’ The local atomic structure is thought to be
losely related to that of the icosahedral Al-Mn and Al-
Pd-Mn phases, but cannot be considered as a periodic ap-
Il. SELE-CONSISTENT REAL-SPACE TIGHT-BINDING proximant of the quasicrystalline structure. The electronic
' LMTO METHOD structure is characterized by a very deep pseudogap at the
Fermi energy(see, e.g., Fig. 1 in Ref. 31resulting from the
We have performed self-consisteath initio calculations coincidence of a Hume-Rothery-like structure-induced
of the electronic structure and magnetic structure within thepseudogap in the A& p band with the hybridization



57 FORMATION OF MAGNETIC MOMENTS IN ... 2851

5 ¢ TABLE I. Magnetic moments(in wg) on the Mn sites in a
- o 5 1o . 15 108-atom supercell representing a face-centered-cubic Al-Mn solid
e ; J ,_/\_,. ‘/L__ solution. The numbering of the sites is the same as in the graphs
o 0 showing the electronic DOS.
5
@ ::4J S '/ ITJ Site No. Local moment Site No. Local moment
o o E 1 2.465 9 2.434
‘< 5 S 8 13 2 —1.984 10 —2.163
0 5 3 2.010 11 2.342
o 3 J \,_ J J 4 2.134 12 2.605
e g 5 ~2532 13 2.406
o = 2 7 12 6 1.166 14 2.099
o F J\(_ J ’/ 7 2.303 15 2.436
0
™ 5 T
Ll 1 6 11 n(Ep)I(Ep)=1 with |~1 eV/ug is satisfied on all Mn
c o . _/\\;_‘_ .J_./L \ sites, except for atom No. [fFig. 1(a)] where the DOS just
0 Atili=das S - fails to reach the limiting value. A spin-polarized calculation
-10 0 -0 0 -0 0 converges towards a distribution of large Mn moments with
E (eV) 2ug<|ui|<2.6ug on all sites satisfying the local Stoner

criterion (see Table)lL On the site where the condition is not
FIG. 1. Paramagnetic local electronic density of states on th&atisfied, a moment develops only slowly through the cova-
Mn sites in 108-atom supercell representing an fcgg@ny,,  lent coupling of thed states to the spin-polarized states on
solid solution. the neighboring Mn atoms. Convergence is also distinctly
slower on those sites where the local Stoner criterion is only
pseudogap in the M- band. Thep-d hybridization also  marginally fulfilled. The spin-polarized DOS{&ig. 2) show
leads to an enhancement of the effective Al-pseudopotenti@ pronounced non-rigid-band behavior: the majority-spin
matrix element promoting the formation of the Hume- DOS shows always a narrower distributigwith maxima
Rothery pseudogap. The low paramagnetic DOS at the Fernbietween—2.5 and—1.5 eV) than the minority-spin DOS
energy excludes the formation of magnetic moment on théwith peaks at about 1 eV The local exchange splitting

Mn sites. (measured in terms of the positions of the dominant peaks in
the spin-up and spin-down DO$'saries betweem\E~1
B. Face-centered-cubic Aj gdVin 14 solid solution eV andAE~3 eV.

T dv the eff ¢ the local | ; q The orientation of the local moments depends on the local
0 study the effect of the local topology, we performed \; v coordinations: nearest-neighbor moments tend to
calculations for substitutionally disordered face-centered cu-

bic Al-Mn with a composition close to that of the crystalline 3
and quasicrystalline phaséise., at a high degree of super-
saturation. Calculations for isolated impurities in an Al ma-
trix predict magnetic moments @f,;,~ 2.5 toug on the Mn
sites?®~*8 Very recent calculations by Hoshino, Zeller, and
Dederich&® have also considered the case of single Mn-Mn
dimers in an Al matrix, using a Kohn-Korringa-Rostocker
Green’s-function method for impurities. In the impurity
dimers the Mn moment is enhanced go=2.8ug (for the
nearest-neighbor dimerand u=2.7ug (for the second-
neighbor dimex. In both cases the energy is almost the same
for ferro- and antiferromagnetic orientations of the
moments*®4°Our calculations have been performed for 108-
atom supercells with 15 Mn atoms distributed randomly over
the sites of an fcc lattice. The paramagnetic local DOS'’s 3
n;(E) show that even at this relatively high Mn concentra-
tion the Al-s,p —Mn-d hybridization remains very weak
and the Mn-DOS is essentially impuritylikg.e., it has a
narrow, allmost Gaussian-like shapevith a peak at the N e
Fermi level as expected for a half-filletiband(see Fig. 1L
We also note that the Md-—DOS sharply peaked at the F (eV)
Fermi level conforms rather well with the predictions of the

virtual-bound-state modéf.Only at a very small number of FIG. 2. Spin-polarized local electronic densities of states on Mn
sites is the peak slightly shifted from the Fermi level due tosjtes in 108-atom supercell representing an fcgg@¥ing 14 solid

the local interactions. Hence a local Stoner criterionsolution. Cf. Fig. 2 for the paramagnetic DOS's.
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align antiferromagnetically, next-nearest neighbors ferro- 1.
magnetically. This suggests that the distance dependence of
the magnetic exchange interactions is conformal with the
predictions of the Ruderman-Kittel-Kasuya-Yoshida
(RKKY) model®® Given the fact that we consider an alloy

with 16 at. % Mn and in view of the very small energy dif- —_
ferences between different spin configurations, this resultis __
not in direct contradiction to the result of Hoshiabal *8 for

the isolated Mn-Mn dimer&in our recursion TB-LMTO ap- S
proach we can, of course, only calculate differences in the
band energies, but in the spirit of the force theorem, this can
be expected to be the dominant contribujioFhe actual spin
configuration depends to some extent on the initialization of
the local moment, different initializations can lead to differ-
ent energetically almost degenerate configurations. The re-
sults are entirely analogous to the recent LSDA
calculations® for the classical spin-glass alloy Cu(1®)

at. % Mn where again an impuritylike paramagnetic Mn-
DOS leads to a spin-glass state. For Cu-Mn it was also
shown that if the condition of collinear orientation of mag-
netic moments is relaxed, the directions of the moments are
also randomly distributetf. We would expect a similar re-
sult for the fcc Al-Mn alloy.
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IV. QUASICRYSTALLINE APPROXIMANTS
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A variety of quasicrystalline and approximant phases __
have been discovered in the binary Al-Mn and ternary Al-
Pd-Mn systems. The metastable binary icosahedral phase
with a composition close to AMn belongs to the simple
icosahedral structures, the crystalliae AIMn phase is a 5
(1/1) approximant to the quasiperiodic structure. The stable
ternary icosahedral phase with approximate composition
Al,Pd,,Mng has a metastabl@/1) approximanf? both may
be modeled in terms of projections from a six-dimensional 0
face-centered hypercubic lattitg?’ The ternary decagonal -10 O -10 O
phases are richer in Mn, they have a close strucural relation-
ship with the crystaline “AjMn” T phase} the E (eV)

AlgoNi;Mn,; R phase?® and a7-inflated [ 7 is the Golden

meanr=(1+ +/5)/2] version of theR phase’® In the follow- FIG. 3. Paramagnetic local densities of states on the topologi-
ing we discuss the formation of magnetic moments on theally inequivalent sites of the 1/1 approximantitél-Pd-Mn, as
basis ofab initio electronic-structure calculations for ap- discussed in the text.

proximants.
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fine-structure experiments, for further details see Krajc
et al?’). In the 2/1 to 8/5 approximants a Hume-Rothery-like
pseudogap is predicted. The DOS minimum becomes deeper
The electronic structure of @/1) approximant ta -AlMn as the quasiperiodic limit is approached—again this sup-
has been calculated by FujiwaéaThe DOS is characterized presses the formation of the magnetic moments. However,
by a Hume-Rothery-like pseudogap at the Fermi level, quitdor the 1/1 approximant128 atoms per celit turns out to be
as in the crystalline AMn phase. This excludes the forma- difficult to meet simultaneously the requirements of the cor-
tion of a magnetic moment. rect stoichiometry and correct topology. A model based on
For i-Al-PdMn the electronic structure of a hierarchy of the same acceptance domains in six-dimensional space as the
higher-order approximants has been calculated by Krajequasicrystal leads to realistic interatomic distances, but to an
et al?’ The calculations are based on projections from sixincreased15.6 at. % against 8.6 at.)%In concentration. In
dimensional space with triacontahedral acceptance domairiBe electronic structure this results in an increased Mn-DOS
proposed by Cockayret al®® such as to agree with the mea- at the Fermi level. The local DOS’s at the topologically in-
sured diffraction data. For the present purpose the most reequivalent sites are shown in Fig. 3. The Al sites are char-
markable features are the low symmetry of the Mn sites anécterized by a pronounced structure-induced minimum at
the complete absence of direct Mn-Mn neighb@vs atoms  Eg, the maxima of the Mn-DOS’s are situated 0.8—-0.5 eV
are surrounded on average by 7-9 Al atoms and about orfgelow Er, only at site 1 does the value of the DOS come
Pd atom, in good agreement with extended x-ray-absorptionlose to fulfilling the Stoner criterion. A spin-polarized cal-

A. Icosahedral phases
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FIG. 4. Paramagnetic local densities of states on the topologi- p ° ° ° o ° ° °
cally inequivalent Mn and Pd sites of the 2/1 approximant to o0 ol ® 06 N % o~.°
i-Al-Pd-Mn. For Al only the average DOS is shown. ®) o p o o p °

culation shows that as expected all sites except site 1 are
nonmagnetic. Site Mnis marginally magnetic, after an ini- o _ _ ¢
tialization to 0.5 the calculation converges ta,(Mn) positions gf the atqmg in hglf.of the perlqd ona plgng perpendicular
~0.12+0.02u5. to thec axis (~ periodic axis in the quasiperiodic limitUpper and

The paramagnetic DOS calculated for the 2/1 approxi_Iower half of_the cell are rel_ated through a_twofold screw symmetry
mant of i-Al-Pd-Mn (544 atoms per céllshows a similar operation. Slt_es 1-@arge circleg are ocgupl_ed by Mn atoms, sites
picture (Fig. 4). The Mn sites in the 2/1 approximant dis- 8—24(s.mall circles by.AI gtoms.(b) Prolec'tlon of afu.II pgrlod of
cussed here are surrounded by 7—12 Al atoms and 03 Fdeur unit c_e!ls. The thlcl_< Ilnc_as show thid tiles, the thin lines the
atoms, there are no direct Mn-Mn neighbéas in the crys- ecomp05|_t|on of th_dH tiles into small pentagonal columnar clus-
talline AlgMn phase. A narrow local DOS peaked close to ters and thin rhombi.

Er is found at the Mn site€2, 3, § with a small number of  5nt5 have been performed on the basis of the decagon-
Al neighbors(and hence a weak Ad;p—Mn-d hybridiza- pentagon-hexago(DPH) tiling models with atomic decora-
tion) and/or 2 or 3 Pd neighbors. As in many transition met-tjons hased on the pentagonal columnar clusters as proposed
als one observes a certain repulsion of thbéands with a by Hiraga and Suff and Beeli and Horiuch® slightly modi-
tendency to push the Mn band towards the Fermi level. Quit¢ieq such as to lower the electronic total enetgps for the
large local variations in the DOS arise from fluctuations injcqsanedral phases and for all decagonal and approximant
the local atomic environment. The Stoner criterion is Satis'phases, the Ak,p band is characterized by a deep structure-
fied for sites 2 and 3 occupied by Mn atoms. A spin-inqyced pseudogap at the Fermi level. However, unlike in
polarized calculation shows again that the sites are marginne icosahedral alloys, the Ma-band overlaps with the
ally magnetic with small moments of the order of @gL Fermi level and leads to a relatively high total DOS. The
investigation of the local DOS shows that with the chemical
decoration optimized such as to lower the band en¢agy
Calculation of the paramagnetic electronic structure ofhence the DOS at the Fermi leyehll atomic sites fail to
d-Al-Pd-Mn and of relatecR, T, 7>-R, and 7°-T approxi-  satisfy the local Stoner criteriofsee Ref. 31, Fig.)9 How-

FIG. 5. Atomic structure of thd phase:(a) Projection of the

B. Decagonal phases
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FIG. 6. Paramagnetic local electronic densities of states on the(@)
Mn sites of T-phase Al-Mn.

ever, it is concievable that a slight change in the atomic
decoration leads to the formation of local moments on cer-
tain Mn sites. This possibility is explored in detail for tRe ° ° ° ° ° o
andT phases. o ° o ° o o
The model for the structure of the phase is based on o o o o o o
structural data from the single-crystal x-ray refinement of
Hiragaet al>® The orthorhombic unit cell with lattice param- o o o o o o
etersa=12.59 A b=14.8 A, c=12.42 A contains 156 at- o 0\°/o o\%/o o\?
oms, the space group Bnma (No. 62. The structural re- o o o o o o
finement leads to a mixed, respectively, fractional site
occupation. These occupations have been replaced by integ: o °
values such that the columnar pentagonal clusters constituin o o o o
the backbone of the DPH-tiling decoration have full pentago- D
nal symmetry. Figure 5 shows a projection of thephase o ° °
structure and its decomposition inkb tiles and small pen- ° ® o L °
tagonal columnar clusters, the composition isgAMnyg 5. ° ¢ ° )y ° ®
Figure 6 shows the paramagnetic local DOS on the sevet o ° °
crystallographically inequivalent Mn sites. On sites 1 to 4 (b)
and 7 the Mnd DOS is quite asymmetric, with a peak about
1 eV below the Fermi level. On sites 5 and 6 on the other
hand, the DOS is more symmetric and the local Stoner cri-
terion is marginally satisfied. A spin-polarized calculation
converges very slowly to substantial moments at sites 5 an

6 (15=0.66up, ue=1.00ug) and a small mo_r_nent at site 2, lower halves of the cell are related through a twofold screw sym-
all other moments are smaller than @gl(positive or nega- ey operation. Sites 1—Barge circles are occupied by Mn at-
tive), in the corresponding spin-polarized local DOSOt s sites 6-1gsmall circles by Al atoms. The structure is drawn
ShOWO there is again some evidence for a non-rigid-bandyor two unit cells with the experimentally determined coordinates.
behavior. (b) Projection of a full period of three unit cells. The thick lines
TheR phase of Al-Mn has orthorhombic symmetry, spaceshow theH tiles, the thin lines the decomposition of thetiles into
groupCmcm(No. 63. The unit cell with lattice parameters small pentagonal columnar clusters and thin rhombi. Cf. text.

FIG. 7. Atomic structure of th&® phase:(a) Projection of the
ositions of the atoms in half of the period on a plane perpendicular
thec axis (~ periodic axis in the quasiperiodic limitUpper and
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0 I & FIG. 9. Spin-polarized local densities of states on the Mn sites
—_ 5 of the Al-Mn R phase, varianV/2.
LL] = 1 Mn-Mn coordinations: The average Mn-Mn coordination
— r number is always 1.5, but Mn atoms on the periphery of the
r pentagonal clusters have at least two other Mn nearest neigh-
- iy h bors within the same cluster. Site R phas¢ and sites 5 and
O - 6 (T phasg¢ have a third Mn neighbor in the next cluster.

Sites on the center axis of the Al clusters and Mn sites within

- 1 0 O the rhombi have no direct Mn neighbors. The number of Al
neighbors around Mn is 10, except for the center site which

has 12 Al neighbors. However, around the sites with 3

E [ e V ] Mn-Mn neighbors, the average Mn-Al distance is distinctly
larger than on the other sites. This difference is larger in the

FIG. 8. Paramagnetic local densities of states on the Mn sites dR than in theT phase, the average Mn-Al distance varies
the AI-Mn R phase’ varianv2. between 2.51 Aaround Mnil)] and 2.67 A[around Mni4)]

a=7.75 A,b=23.83 A ,c=12.43 A contains again 156 at- E
oms. For theR phase exact atomic coordinates deviating 5 £
slightly from the idealized geometry have been determined :
by single-crystal refinement, and these coordinates have T “E
been used in our calculations. The atomic decoration is again,
based on the pentagonal columnar clusters, see Fig. 7. Fronr g
the point of view of their positions within the pentagonal .k
clusters, or theH tiles, respectively, we note the following :
equivalence between the Mn sites in tReand T phases: i
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 into
three categories: sites on the surface of the pentagonal co-
lumnar clusterg1, 4, 5 forR phase, 2-6 for th@ phasg, FIG. 10. Partial pair-correlation functions of liquid @§Mng 14
sites on the center axis of the clusters having only Al atomst T=1300 K as calculated using molecular dynamics. Full lines
in the outer shel3(R),7(T)], and sites in the region of thin indicate Al-Al, dashed lines indicate Al-Mn, dotted lines indicate
rhombi[2(R),1(T)]. The three classes of sites differ in the Mn-Mn correlations. Cf. text.
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FIG. 11. Paramagnetic local densities of states at the Mn sites in - 3 2 -V
a 154-atom ensemble representing liquid 4Mng 14. ~ 3
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Hence we note that the tendency to form a magnetic moment -~ 0 £ <>- Y { J\/
on sites 5 and 6 of th& phase is evidently related to a high 3 E b b b b b bl

Mn-Mn coordination. Note that while the distribution of Al 10 0 10 0 “10 0 10 0
and Mn sites on the five- and tenfold rings is fixed by sym-
metry, Al and Mn occupations can be interchanged in the
rhombi. In the following we discuss the electronic and mag- E (eV)
netic structure for two slightly different decorations of tRe
phase. VarianR-V1 is shown in Fig. @), and in the variant
R-V2 the occupation of sites 2 and 13 by Mn and Al is
interchanged. The interchange of 2 and 13 increases the A large moment on site 4 is obtained if the occupation of
Mn-Mn coordination number on site 4 to five, while the Mn sites 2 and 13 with Mn and Al is interchangéthodel
;'é?a(\:’\g::'g;:;gggg;%urﬁ;rgow two Mn neighbors in the g \/5) This results in a local paramagnetic DOS at site 4
) . : . that is sharply peaked at the Fermi levElg. 8). The spin-
Thg s_pm-polanzed DOS of thE-V_l phase O.f AI.-Mn IS polarized calculation converges to a large local moment
very similar to that oft phase(sge Fig. 6* conS|d¢r|ng the =3.3ug (see Fig. 9 for the spin-polarized D% substan-
equivalence listed above._ on 5|t_e AV(S't_eS 5 6 In t_heT tial antiferromagnetic moment is also formed on site3; (
phase the local Stoner criterion is marginally satisfied and=_0_5lu ), although the local Stoner criterion is just not
spin-polarized calculation converges to a small moment O tisfied BTr,1e other Mn moments agg=0.06ug, =

this site (114=0.30uz), the moments on the other sites SC"’lt'—O.OES,uB. This confirms the important role of direct Mn-Mn
ter between—0.03 and+0.05us . neighbors for formation of a local moment. In addition a

FIG. 12. Spin-polarized local densities of states at the Mn sites
of a representative configuration of liquid AMng 14.

TABLE Il. Magnetic moments(in wg) on the Mn sites in a

10 ¢
representative configuration of the 154-atom ensemble representing E 67
liquid Al ggMng 14. The numbering of the sites is the same as in the 3
graphs showing the electronic DOS. 8 F
Site No. Local moment Site No. Local moment - 5 _
< :
1 0.004 12 0.002 s £
2 —0.001 13 0.017 © 4 E
3 0.034 14 2,671 E
4 0.009 15 0.018 > E
5 —0.033 16 1.534 3
: 5 1 oo b nnodlblin o
7 -0.717 18 —0.004 5 5 . . 1 ) R
8 0.054 19 0.007 i i i
9 0.041 20 —0.004 moments (up)
10 —0.020 21 0.021
11 —0.023 22 —0.008 FIG. 13. Distribution of the local magnetic moments of the Mn

atoms in liquid Ap ggMng 14.
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looser packing of the Al atoms around the Mn atoms reducedistribution of the magnetic moments with very large mo-
the Al-p —Mn-d hybridization and leads to an impuritylike ments on some sites and small moments on the other sites is
DOS on the central Mn site, similarly to what had beenin a certain sense intermediate between the distributions
found in the fcc-solid solution. found in the quasicrystalline approximants and in the fcc
On the other hand, the site symmetry plays a minor role insolid solution. The analysis of the local DOS'’s shows that on
the formation of a magnetic moment: all Mn sites except themany sites the local Ak,p —Mn-d hybridization in the lig-
one at the .center of the pentagonal clustehich remains  ig is still strong enough to broaden the local Mn-DOS
nonmagnetighave very low symmetry. and to shift it away from the Fermi level so that the forma-
tion of a local Mn moment is suppressed. If the spatial cor-
relation between the orientation of the Mn moments is ana-
lyzed we find—admittedly with rather poor statistics—that
Model structures for liquid AlgdMng 14 have been pre- nearest-neighbor moments tend to align antiferromagneti-
pared by molecular-dynamics simulations, using the pair pocally, whereas second-nearest neighbors couple mostly fer-
tentials proposed by Phillipst al>® These potentials have romagnetically. In that sendeAlMn behaves similarly to
already been used with good success to study the dispersithe fcc-solid solution, with a RKKY-like distance depen-
relations for collective vibrational excitations in decagonaldence of the effective Mn-Mn exchange interactions.
Al-Mn.%° The simulations have been started at 2000 K. After Our results are in qualitative agreement with the conclu-
an initial equilibration at high temperature, the alloy wassions drawn from the susceptibility measurements and neu-
cooled to 1300 K and re-equilibrated before data samplingtron scattering data on liquid Al,_,PdMn, (y
The simulations were performed for large ensembles with=0.017—-0.072, x~0.20) (Ref. 20 and on liquid
756 atoms and small ensembles of 154 atoms. Spin-polarize 3 ggMng oo (Ref. 67 that a fraction of the Mn atoms carry a
electronic-structure calculations were performed for four sefarge magnetic moment, while the remaining Mn sites are
lected configurations of the smaller ensembles, chosen sugtonmagnetic. The estimated average moments, however are
that the partial pair-correlation functions agree with the condarger than obtained in our calculations. Part of the difference
figuration average over the large ensemble. might be attributed to the interpretation of the neutron-
The partial pair-correlation functions are shown in Fig. scattering data: all intensity measured at low momentum was
10. The most striking features are the low amplitude of theattributed to the paramagnetic scattering, on the ground that
first peak in the Mn-Mn correlation function and the domi- density fluctuations make an almost negligible contribution.
nant Al-Mn peak, as well as the deep minimum of these tworThis ignores the contribution from concentration fluctuations
correlation functions between the first and second peak. Thehich can be quite large in a liquid with short-range chemi-
Al-Al correlations on the other hand are similar to that of acal order. This would eventually lead to a lower average Mn
dense random packing liquid. This is a clear signature of anoment.
preferred heterocoordination of the Mn atoms by (A in We also have to note a striking disagreement with calcu-
the crystalline and quasicrystalline alldysn average each lation of Bratkovskyet al*¢3” The calculations were per-
Mn atom has 11.45 nearest neighb@ralculated with a cut- formed in a collinear and noncollinear mode. The collinear
off distance of 3.5 A only 0.98 of them are Mr(to be calculations converge towards a ferromagnetic solution
compared to a value of 1.6 Mn-Mn pairs for a randomwhere inl-AlggMn,, all Mn sites carry a moment of 3.2% .
chemical distribution In the noncollinear calculations the size of the moments fluc-
The electronic structure calculations have been performetliates between 2.6 and 3.3, but as the directions of the
self-consistently on all 22 Mn sites in the 154-atom cells,moments are oriented randomly in a spin-glass-like manner,
while the Al-potential parameters have been averaged overan almost zero macroscopic polarization results. Talat
representative sample of sites. The paramagnetic DOS on tis#es should carry large moments would imply that the local
Mn sites of configuration 1 is shown in Fig. 11. We find Stoner criterion should be satisfied on all sites—this would
quite large variations in the shape and precise position of theeverely limit the possible variations in the local DOS. The
Mn-d band. The local Stoner criterion for the formation of a absence of fluctuations in the local DOS would be a strange
magnetic moment is clearly satisfied on sites 6, 7, 14, and 18esult that appears to be incompatible with the fluctuations in
on sites 2, 8, 11, 15, and 17 the DOSEat falls just below the local environment.
the limiting value. The spin-polarized calculations converge The reasons for the discrepancies between the calcula-
towards substantial moments just at these four sige®e  tions of Bratkovskyet al. and the present work are difficult
Table 1l), on all other sites the moments remain essentialljto assess. Bratkovskgt al3®3" use a different set of inter-
zero, although attempts have been made to induce a magtomic potentials based on a semiempirical tight-binding ap-
netic solution. The spin-polarized DOSBIig. 12 show the  proach. The average nearest-neighbor distadgeand co-
exchange-splitting and the non-rigid-band behavior on therdination numberZ;; , however, compare quite well with
magnetic sites. the present results: dyn.un=2.77(2.83) A, dyn.a
Similar results are obtained for the other three configura=2.59(2.59) A,da.n =2.50(2.70) A;Zyn.mn=0.98(0.66),
tions. The local Stoner criterion decides on the formation oZy,,., = 10.47(10.4)(values of Bratkovsky and Smirnov in
absence of a local magnetic moments. Large moments flugarenthesgsHence structural differences cannot explain the
tuating between-1.76 and+2.67ug on 14 Mn sites out of different magnetic properties. Both sets of calculations have
the total 88 sites, on the remaining silgg|<0.2ug. The been performed using a real-space tight-binding LMTO
ensemble averages afg;)=0.08ug, (|ui|)=0.30ug, the method and the recursion method to calculate the local
distribution of the local moments is shown in Fig. 13. TheDOS’s. Our calculation uses the Von Barth—Hedin form of

V. LIQUID AL-MN ALLOYS
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3 ] line, quasicrystallindicosahedral and decagohaind 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 is
® magnetic if n;(Eg)I>1 and nonmagnetic ifh;(Eg)I<1.
Heren;(E) is the local density of states amds the Stoner
. intra-atomic exchange integrdFor an itinerant magnet it is
3 mf determined primarily by Hund’s rule exchange, see, e.g.,
° Anisimov et al®%). The local magnetic momenjs, and the
© local exchange splitting\; are in this case related through
X A;=1y;. If we define the local exchange splitting in terms
x of the difference in the center of gravity of the spin-up and
ST T spin-down bandsgi.e., with the TB-LMTO in terms of the
difference in the corresponding LMTO potential parameters
we find that a strictly linear relation betwegt andA; holds
magnetic moment (pg) in all Al-Mn phases(Fig. 14). From the slope we derive an
effective Stoner parameter ¢F0.92 eViug, i.e., within
FIG. 14. Local magnetic momentis; versus local exchange =+0.01 eV/ug the same value as determined by Tueglal ®
splitting in all crystalline, quasicrystalline, and liquid Al-Mn alloys: for a large number of Fe-, Co-, and Ni-based crystalline and
crosses indicate the fcc-solid solution, rectangles indicateRthe amorphous phases and as derived by Hin%gﬂjm photo-
phase, triangles indicate thE phase, circles indicate the liquid emission and inverse photoemission experiments. This con-
alloy. firms that the driving mechanism is really an intra-atomic

the LSDA exchange-correlation functional, no information Hund's-rule exchange. The decisive factor is then the form
on the LSDA functional used is given in the papers by Brat-Of the local DOS on the Mn sites which is determined by the
kovsky and Smirnov. Differences exist in the way the locallocal Al-p—Mn-d hybridization and Mnd—Mn-d interac-
self-consistent charge and spin densities and LMTO parantions. I-_|ere we find a clear correlation with the structural
eters are calculated. Concerning these aspects of the tedgbroperties:

nique, Bratkovsky and Smirnov refer to their earlier work on  (a) Al-p —Mn-d hybridization is strongest in the crystal-
amorphous Fe-B and Ni-B allo%swhere the charge and line compound AJMn where it enhances the structure-
spin densities were determined by taking the average ovénduced Hume-Rothery pseudogap at the Fermi level. In ad-
the central sites in a large cluster containing several hundredition, the absence of direct Mn-Mn neighbors eliminates a
atoms. Hence the potential parameters are self-consisteppssible direct exchange coupling. Hence the crystalline
only on average and this explains why the first of theircompound is clearly nonmagnetic.

calculationg® on a large 666-atom cluster leads to the same (b) Hybridization effects are still comparatively strong in

moment ofuyn=3.29ug on all Mn sites in-AlggMnyy, i.€.,  guasicrystalline alloys(both icosahedral and decagonal

toa ferrome}gnepc solution. In the second paper Smirov anfyoever, quasiperiodicity allows for a wide variety of local
Bratkovsky’ claim to have achieved local self-consistency. onyironments and on certain sites the criterion for the forma-
However, no technical details and no results on the paramagi,, of 4 local moment can be satisfied. We have demon-
netic or spin-polarized local DOS’s are given so that @ MOr&aieq this explicitly for some low-order approximants to the
detailed analysus of a possible origin of the d|screp§n0|es iN-osahedral and decagonal phases. We have also shown that
terms of different degrees of local Ap —Mn-d hybridiza- 5 gecisive factor for local moment formation is an en-

tion is not possible. One possible reason why both sets glanceq Mn-Mn coordinatiofwhich is found only in the de-
calculations converge to different magnetic states could aISEagonaI but not in the icosahedral phasasd a looser
be in the initialization of the spin-polarized calculations. To \;q_a| cbordination. There is also clear evidence that mag-
break the symmetry of the paramagnetic state, the calculgye(ic moments will appear in quasicrystalline alloys only in a
tions must be initialized either with nonzero moments OMminority of the Mn sites, in agreement with experiment.
some sites, or a small magn_etlc-fleld term must be adde_d. (c) Melting a quasicrystal or crystal does not completely
From a number of calculations of disordered magnetiqagirgy the short-range order. Consequently, in a liquid we
state§”*>%it is yvell known that different |n|t_|aI|zat|qns €an have a broad distribution of local environments, correspond-
leﬁ.d hto fvery .Sfﬁere?t meta:;t?b!e magnetic conflnglratllon%g to large fluctuations in the local DOS. Consequently, the
which often differ only very little in energy. In our calcula- gioner criterion will be satisfied on some sites, but on other
tions we have adopted an initialization with small local mo- .o 4 strong local Ap—Mn-d interaction will lead to a
ments(cf. Sec. I) because we are interested in the spontazey,ced DOS at the Fermi level and hence suppress the for-

neous formation of local moments. No information on this ation of a local moment. Again the predicted coexistence

asp?(ct Oiygf;e _calculatu_)nsblmak)]/ be founﬁl in S_m.|r.no_\|/. ano[;c nonmagnetic sites and sites with a large magnetic moment
Bratkovsky™ It is conceivable, however, that an initiatiliza- ig in"semiquantitative agreement with experiment,

tion with large magnetic moments converges 0 a metamag- ) | 5 substitutionally disordered solid solution the con-

netic high-spin solution. finement of the atoms to fixed interatomic spacing, irrespec-
tive of the local chemical environment, reduces thepAl-
—Mn-d hybridization and leads to an impuritylike local
We have performed self-consistent local-spin-density calbOS on the Mn-minority sites. The peak of Mn-DOS is
culations of the electronic and magnetic structure of crystalpinned at the Fermi leveldue to the half-filled Mn-band
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N
T

%

exchange splitting

SRR RN ERRERRERRERRRRR)

-3 -2 -1 0 { 2 3

VI. DISCUSSION AND SUMMARY



57 FORMATION OF MAGNETIC MOMENTS IN ... 2859

and hence all Mn sites carry large moments of fluctuating A major challenge in the theory of the magnetic proper-
sign. Effectively, fcc Al-Mn is an Ising spin glass within the ties of quasicrystals, however, is still the explanation of the
collinear LSDA calculation. diamagnetism observed in many quasicrystals. We suspect
The very clear picture resulting from this analysis also(but cannot prove as yethat the diamagnetism is closely
settles some points discussed repeatedly in the literaigre: related to the unusual transport properties of quasicrystals,
Formation of local magnetic moments is definitely not re-and hence to the character of the electronic eigenstates close

lated to icosahedral site symmeti§fi) Formation of mag- {5 the Fermi level. Further investigations will be needed to
netic moments in the liquid phase is not induced by topolog|-exp|ore this correlation.

cal disorder—purely substitutional disorder is much more
effective in promoting the formation of a local magnetic mo-
ment. The decisive factor is rather to break the strong
Al-p—Mn-d hybridization which suppresses the magnetic
instability in the crystalline structure and on almost all sites " . _ _
of the quasicrystalline lattices. Here we have shown that to 9-H. acknowledges clarifying discussions with Dr. R.
arrange the atoms in a substitutionally disordered way on g€ller- This work has been supported by the Hochschuljubi-
perfect fcc lattice is much more effective in reducing thelaumsfonds der &terreichischen Nationalbar{Rroject No.
hybridization than an overall topological disorder allowing ONB 5608 and by the BundesministeriumrfWissenschaft,
for a short-range order leading to stronger local hybridizaFOfSCh)Uﬂg und KunstProject: “Magnetism on Nanometer
tion. Scale”).
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