
PHYSICAL REVIEW B, VOLUME 63, 214301
Atomic dynamics in Al-rich Al-Co alloys near the composition of the decagonal quasicrystal
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We used realistic Al-Co pair potentials@R. Phillips, J. Zou, A. E. Carlsson, and M. Widom, Phys. Rev. B49,
9322~1994!; J. A. Moriarity and M. Widom,ibid. 56, 7905~1997!# to study the atomic dynamics of Al12xTMx

crystalline structures with the fractional contentx of the transition metal~TM! atomx&0.3. Our list comprises
rather simple structures of Al3Ni and Al5Co2 alloys, complex structures related to the decagonal quasicrystal
(Al9Co2Ni, O-Al13Co4), and a model of the crystalline approximant of the decagonal quasicrystald-AlNiCo.
Within the harmonic approximation, we assess the impact of the structural complexity on the phonon density
of states, sound velocity, Debye-Waller factor, and the character of the phonon states at low energies. In
complex structures related to the decagonal quasicrystal, a significant fraction of low-energy vibrations have
nonacoustic, strongly localized character. In a molecular-dynamics annealing of the decagonal approximant
model performed at elevated temperature, a fraction of aluminum atoms display signs of diffusive motion,
while the equilibrium positions of the cobalt atoms do not change.

DOI: 10.1103/PhysRevB.63.214301 PACS number~s!: 61.44.Br, 63.20.2e
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I. INTRODUCTION

One representative class of quasicrystals with both
cagonal and icosahedral phases are Al-rich aluminides
which icosahedrali-AlPdMn and decagonald-AlNiCo form
at certain composition quasicrystalline structures, compe
in the perfection of the topological order with good-qual
periodic crystals. Understanding the energetic origins of q
sicrystal ordering requires comparison of the structural en
gies of quasicrystal models with energies of the crystall
structures with similar composition. A promising systema
approach is based on recent developments in modeling
interactions in Al-rich aluminides: semiempirical pair pote
tials have been designed and tested for Al-Mn~Ref. 3! and
Al-Co systems,1 and ab initio generalized pseudopotenti
theory ~GPT! potentials for a range of Al-TM~transition
metal! systems.2 The latter potentials were applied in a stu
of Al-Ni and Al-Co binary phase diagrams.4

In this paper, we report on a complementary explorati
focusing on various aspects of the atomic dynamics in
Al12xCox system, withx ranging up to 0.3. Our primary
motivation is to obtain a comprehensive picture of the
pendence of the dynamical properties on the structure.
stable phases occurring in the binary Al-Co and Al-Ni a
ternary Al-Ni-Co systems with the transition-metal conte
ranging from x50.2–0.3 provide particularly suitabl
grounds for such a study: the rather simple crystalline str
tures of Al3Ni and Al5Co2 stand in contrast to Al9Co2Ni and
O-Al13Co4 structures with a close relationship to the deca
nal quasicrystals near Al70(Ni,Co)30 composition.

Although the details of the quasicrystalline structures
main uncertain, the amount of experimental and theoret
work on their vibrational properties~for a review, see Ref. 5!
exceeds by far the available information on the crystall
phases at similar compositions, the structures of which
known accurately. In the long-wavelength limit, both icos
hedral (i -AlPdMn! ~Ref. 6! and decagonal (d-AlNiCo! ~Ref.
7! quasicrystals exhibit ordinary acoustic phonons.
i-AlPdMn, the experiment found broad (;4 meV! optic
branches; the one with the lowest energy was at;8 meV. A
0163-1829/2001/63~21!/214301~14!/$20.00 63 2143
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spring-model study applied to icosahedral tilings8 predicted
the existence of optic branches with hierarchical structu
with the lowest energy of an optic mode scaling invers
with the size of the approximant unit cell; however, the
states had no impact on the phonon density of states
scaled withv2 as expected from the Debye approximatio
and the low-energy modes had extended character. A s
using realistic pair potentials and atomic structure models
Frank–Kasper icosahedral quasicrystalsi-AlCuLi ~Ref. 9!
and i-AlZnMg ~Ref. 10! revealed that besides the propag
ing excitations there exist other, spatially confined mod
contributing appreciably to the density of states even in
low-energy region. Recently, new experimental evidence
nonacoustic low-energy modes became available: the l
temperature heat capacity ofi-AlPdMn ~Ref. 11! is larger
than the Debye value calculated from the sound velocit
and low-energy tunneling states were found from lo
temperature variations of the sound velocity ini-AlPdMn,12

i-AlCuFe,13 and i-ZnMgY ~Ref. 14! quasicrystals. A similar
conclusion has been drawn from the comparison of the
perimentally determined phonon density of states and mo
calculations based on a simple structure model ofd-AlNiCo
using the semi-empirical Al-Co pair potentials.15

Our paper is organized as follows. In Sec. II, we discu
the choice of the crystalline phases studied in this pap
characterize their structures, and describe a pseudobi
model of quasicrystal approximant in thed-Al ~NiCo! sys-
tem. In Sec. II C we introduce semi-empirical1 and GPT2

pair potentials. While our selection of the crystalline phas
contrasts different structures, a parallel use of the two set
pair potentials tests the robustness of the conclusions
draw. Section III provides the theoretical background for t
standard method we used to assess the dynamical prope
the harmonic analysis via the direct diagonalization of
complex dynamical matrices. Finally, our results are
viewed and discussed in Secs. IV and V.

II. ATOMIC STRUCTURES AND PAIR POTENTIALS

A. Model of quasicrystal approximant

One distinct feature of the decagonal quasicrystal str
tures near the Al70(CoNi)30 composition are the decagon
©2001 The American Physical Society01-1
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FIG. 1. ~a! Structure of Al3Ni ~projection alongz axis!, ~b! Al5Co2 ~projection along threefold axis!, ~c! O-Al13Co4 ~pseudodecagona
axis!, ~d! Al9Co2Ni ~pseudodecagonal axis!, ~e! the decagonal cluster in the model of thed-ANC approximant, and~f! the approximant
model of d-ANC ~pseudodecagonal axis!. Dark circles are TM atoms, open circles Al. The radii of the circles scale with the ato
coordinate perpendicular to the plane.
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ring contrasts with;20 Å diameter observed in high
resolution transverse-electromagnetic mode~HRTEM! im-
ages. The corresponding average structure—a decagona
lumnar cluster shown in Fig. 1~e!—has been first resolved i
an earlier diffraction refinement study.16 In the figure, the
numbers label symmetry-inequivalent sites. Light-gr
circles are Al and filled circles TM atoms. The size of t
circles scales with thez coordinate perpendicular to th
plane: there are two layers of atoms related by a 10–
screw symmetry operation. The columnar cluster is built b
translational symmetry operation along the ‘‘periodic’’z
axis, with thec54.08 Å period.

We adopt a structural model of the quasicrystal appro
mant, in which the columnar clusters decorate vertices of
tiling of golden rhombi with acute angles ofg572° and an
edge length ofa519.8 Å, in a manner similar to the mode
proposed in Ref. 17 on the basis of the HRTEM images. T
choice of this geometrical arrangement of the columnar c
ters was motivated by the requirement of simplicity; refin
ment of the details of quasicrystal structures is beyond
scope of this paper.

The atomic positions generated by the above decora
rule coverall the sites actually occupied by the atoms. The
are few short-distance conflicts between the atoms in
outer shell of the cluster; one simple and symmetrical way
resolving these conflicts is shown in Fig. 1~f!.

We checked the plausibility of the model by compari
the structure factors with the set of 253 diffraction amp
tudes reported in Ref. 16. In order to register the quasicry
and approximant peak positions, we sheared appropria
the four reciprocal basis vectors lying in the quasiperio
plane. The weightedR factor resulting from a nonlinea
least-squares fit wasRw50.151 using only three parameter
21430
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Debye-Waller factorsBAl52.78, BTM50.61 Å2, and an
overall scale factor. The aptness of the fit is illustrated in F
2, showing a semilogarithmic plot of the calculated vs me
sured structure factors. When we increased the numbe
parameters and refined an independent Debye-Waller fa
for each of the 11 orbits, the fit improved only by;1%.
Interestingly, using a subset of only 47 measured reflecti
in the 0th Laue zone,Rw increased by more than 5%.

The atomic density of the model~see Table I! is very
close to that of Al5Co2and appreciably higher compared wi
the two experimentally reported values for thed-AlNiCo
quasicrystals~see Sec. II D , and Fig. 3!. This is most likely
due to a partial occupancy of the Al~4! orbit of sites that are
fully occupied in our model.

Finally, we note that a recent HRTEM study with an allo
nominal composition Al71Ni14.5Co14.5 ~Ref. 18! found a mix-

FIG. 2. Log-log plot of the 253 measured and calculated str
ture factorsuFu for the d-ANC model.
1-2
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ATOMIC DYNAMICS IN Al-RICH Al-Co ALLOY S . . . PHYSICAL REVIEW B 63 214301
ture of two stable approximant phases termed ‘‘PD1’’ and
‘‘PD2.’’ The underlying geometry of both structures are tw
different tilings of golden rhombi~with a;20 Å edge
length! and the PD2 structure is a superstructure of th
model described here: adjacent rhombi alternate between
variant decorations, and the ‘‘periodic’’ lattice parameterc is
doubled.

B. Crystals

In order to assess the impact of the structural and che
cal variations on the dynamical properties of the Al-Co s
tem in the vicinity of the composition of the decagonal qu
sicrystal, we choose from the Al-~Ni,Co! phase diagram fou
crystalline phases: Al3Ni,19 Al9Co2Ni,20 and O-Al13Co4~Ref.
21! with the TM contentx;0.25, and Al5Co2 at x;0.29.
Since the pair interactions are in principle sensitive to
variation ofx and the atomic density~see Sec. II C!, we can
only reliably compare the differences in the dynamical pro
erties when these two parameters are fixed; this is ne
exactly the case for the Al3Ni vs Al9Co2Ni at x50.25, and
approximately for ourd-ANC approximant model~Sec. II A!

TABLE I. TM contentx, the ‘‘reference’’xre f , atomic density
rat , relative volumeV/V re f (V is the atomic volume used for th
calculation,V re f is the volume atxre f , see Sec. II C!, and valence
electron densityrel , assuming 1.8 valence electrons per TM ato
(TM[Co) for selected Al~Ni,Co! structures used in this study.

Structure x xre f rat V/V re f rel Pearson

@Å23# @Å23# symbol

Al 0.000 0.000 0.0602 1.000 0.181 cF4

O-Al13Co4 0.235 0.250 0.0701 0.956 0.191oP102

Al9Co2Ni 0.250 0.250 0.0686 0.984 0.185 oI96

Al3Ni 0.250 0.250 0.0687 0.982 0.186 oP16

Al5Co2 0.286 0.286 0.0726 1.000 0.193 hP28

d-ANC 0.291 0.286 0.0724 1.005 0.191mP110

FIG. 3. Atomic density as a function of the TM content in som
Al-TM alloys. The valence electron densityrel50.181 Å23 is con-
stant along the solid line, assuming 1.8 electrons per TM[Co; the
dashed line connects fcc Al with Al5Co2. The circled stars denote
an alternative plausible choice of the Al fractional occupancy.
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vs the Al5Co2 structure nearx50.29. The O-Al13Co4 struc-
ture is closely related to both Al9Co2Ni and d-ANC. The
basic structural data on these phases are compiled in Tab
and the projected structures are shown in Figs. 1~a!–1~d!.

The relationship between O-Al13Co4 and Al9Co2Ni is il-
lustrated in Figs. 1~c! and 1~d!, showing the structures pro
jected along the pseudodecagonal axis. Perpendicular to
axis, the atoms in O-Al13Co4 are arranged in flat~F! ~smaller
circles in the figure! layers, alternating with puckered~P!
~larger circles! layers, and with mirror planes on th
F-layers. Connecting nearest Co atoms in theP layer leads to
a tiling of pentagons and skinny rhombi with;36° acute
angles~solid lines in the figure!. In contrast, the Al9Co2Ni
repeats a sequence ofsix pseudodecagonal layers
PFP8F8PF. The TM atoms inP layers are again located o
vertices of the skinny rhombi, but there is only a 3/5 fracti
of the pentagon tile. Up to the positions of certain Al atom
this structure may be viewed as a twinned fragment of the
Al13Co4 unit-cell motif.

On the other hand, the Co atoms in theF layer of the O-
Al13Co4 structure are located approximately at vertex po
tions@center of pentagons in Fig. 1~c!# of a tiling of squashed
hexagons with an edge length of;6.5 Å. The squashed
hexagon tile has been proposed as one of the three buil
units ~hexagon, boat, star! for models of the decagonal AlCo
and AlCuCo phases.22,23

There are several reasons why we included both of th
structures into our list despite their structural similarit
First, the Al9Co2Ni structure is an ideal candidate for com
parison with Al3Ni, which has neither fractionally occupie
sites nor close pairs of atoms. The O-Al13Co4 phase has also
no fractional occupancies reported from the diffraction da
however, the presence of a few very short Al-Al bond
(;2.3 Å), some large refined Al Debye-Waller factors,
well as energetic considerations4 suggest that some Al site
might be partially occupied. The phenomenon of partial o
cupancy and its impact on the vibrational properties dese
special attention and later on we will compare the fu
occupancy O-Al13Co4 model with variant models with frac
tional occupancy of some Al sites.

As our study is entirely based on isotropic pair potentia
the differences between the structures are conveniently
resented by the pair distribution functions~PDF! g(r ). In
Fig. 4, we compare theg(r ) of Al3Ni with that of Al9Co2Ni
@Fig. 4~a!# and Al5Co2 with the model of thed-AlNiCo ap-
proximant@Fig. 4~b!#.

C. Pair potentials

Recently, Moriarty and Widom2 developed full GPT in-
teratomic potentials for transition-metal aluminides. The p
tentials include allsp, sp-d, andd-d interactions within the
local density-functional theory, and they select correctly
sequence of stable phases in Al-Co and Al-Ni binary ph
diagrams among many Al-TM structures.4 For a transition-
metal content ofx&0.3, the energetics appear to be correc
described by the potentials truncated at the pair-poten
level. However, stability of Al5Co2 over the Al5Fe2 structure
1-3
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FIG. 4. ~a! Comparison of radial distribution functions atx50.25 (Al9Co2Ni and Al3Ni structures! and~b! at x;0.30~d-ANC model and
Al5Co2). In the d-ANC case, the PDF was taken from the model relaxed under the SE potentials, in the other cases the struc
unrelaxed models based on the diffraction data, in all cases convolved with a gaussian withs50.1 Å.
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in the Al-Co system required inclusion of the many-bo
terms in the pair potentials’ expansion.

In our dynamical study, we only consider the pa
potential term in the expansion of the total energy

Ep~R1 , . . . ,RN!5(
n

(
i , j

v2
ab~ uRj2Ri2nu;V,x!, ~1!

which depends explicitly on atomic volumeV and the TM
concentrationx. Here, n denote lattice translation vector
R1 . . . RN are the positions ofN atoms within the unit cell,
and ab stands for the Al-Al, Al-TM, or TM-TM pairs of
atoms. It turns out that for the sequence of atomic volum
experimentally observed in stable Al-Co phases withx
&0.3, thex andV dependence is nearly accurately cancel
so that the pair potentials have no apparent dependencex
~while the cohesive energies are significantly shifted by
volume-energy term, whichis strongly x dependent!. Thus,
for the limited set of compositionsxre f and atomic volumes
V re f at which the GPT potentials were evaluated, it is pla
sible to use a single set ofx50 potentials at the referenc
volumes and TM concentrations. We show thex50 set of
the potentials from Ref. 2 in Fig. 5~Al-Al ! and Fig. 6~Al-Co
and Co-Co!.

Our study focuses atx50.25 andx;0.29, and we used
uniformly the experimentalatomic volumesV determined
from the diffraction data. OurV departs appreciably from
V re f ~see the fifth column in the Table I! only in the case of
the full-occupancy model of O-Al13Co4, in which case we
performed additional calculations to investigate the dep
dence of the vibrational properties on the atomic volume
Al/vacancy substitution or a rescaling of the lattice para
eters. Two structures in our list~full-occupancy O-Al13Co4
and thed-ANC model! occurred atxÞxre f ; in these cases
we evaluated V re f assuming valence electron dens
rel(xre f) andZTM51.8.

One problem caused by the truncation of the GPT pot
tials at the pair-potential level is the deep well in the Co-
potential at an unphysically short 1.8 Å separation as a re
of the directd-d interaction between Co atoms. This spurio
feature was attributed to the lack of the many-body terms
21430
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the potential energy expansion.4 While we still use GPT po-
tentials for Al5Co2, in which case the neighboring Co atom
do not move unphysically close to each other upon relaxa
of their positions, in thed-ANC case the spurious Co-C
well has a fatal impact on the rings of neighboring Co atom
and we excludedd-ANC from the list of structures studied
under the GPT potentials.

Parallel to the GPT potentials, we also used the se
empirical ~SE! Al-Co potentials of Phillipset al.1 ~Figs. 5
and 6!. The potentials depend on a set of parameters
were determined either from experimental data orab initio
simulations. These potentials neglect the directd-d interac-
tions ~although thed-d interactions mediated by the electro
sea are included!, and they are supposed to be valid at
constant valence electron density of fcc Al. The neglect
the directd-d interaction leads to a Co-Co pair potential wi
a plausible position of the first-neighbor well, so that the
potentials may be tentatively used also for the structures w
neighboring Co atoms. In particular, thed-ANC model was
only studied with the SE potentials.

In the calculations, we truncated the GPT potentials us

FIG. 5. Radial distribution functions~convolved with a Gauss-
ian with half widths50.1 Å) and two sets of Al-Al pair potentials
The energy scale for the potentials is displayed on the right s
For the GPT potential, the structure is fcc Al; for the SE potentia
is an amorphous phase resulting from the MD annealing.
1-4
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ATOMIC DYNAMICS IN Al-RICH Al-Co ALLOY S . . . PHYSICAL REVIEW B 63 214301
an interaction cutoff radiusr cut510 Å. With the same inter-
action cutoff the SE potentials exhibit a strong tendency
wards phonon instability. The stability was significantly im
proved when we consideredr cut57 Å in this case, and we
adopted this cutoff radius for the SE potentials.

D. Atomic density and partial occupancy

The interatomic potentials are a function of the atom
densityr ~or conversely, of atomic volumeV5r21) and the
mean number of valence electrons per atomZ ~see Sec. II C!;
therefore, the atomic density is an important input param
for our calculations. For crystals with no partial occupanc
and chemical disorder,r and x are given straightforwardly
However, the partial occupancy appears to be a comm
phenomenon among stable Al-rich Al-TM phases and p
sents a substantial problem for the determination of qua
rystal structures lacking translational symmetry.

In Fig. 3, we plot the atomic densityr as a function of the
TM concentrationx for selected Al-TM phases up tox
;0.4. The global, approximately linearly increasing trend
r(x) suggests that the existing phases have an approxim
constant valence electron density over a wide range of
TM concentrations, while the Al valenceZAl53 is larger
than the TM valenceZTM ~in fact, according to the GPT th
TM valence is a function ofx).

The dotted line passing through fcc Al and Al5Co2 data
points in the figure marks a trend for ‘‘dense’’ structure
The solid line was calculated assuming a constant valenc
fcc Al and ZTM[ZCo51.8 after Ref. 2; it turns out that thi
line marks a trend for ‘‘loose’’ structures. Interestingly,
the case of orthorhombic Al5Fe2 ~Ref. 19! and O-Al13Co4,
their diffraction-data-derived structures match ther(x) de-
pendence of the ‘‘dense’’ structures. However, from t
structural relationship with Al9Co2Ni ~and according to the
energetic considerations in Ref. 4!, the optimal O-Al13Co4
model has at least four vacancies and becomes a ‘‘loo
structure~circled star in the figure!. Similarly, a model of
Al5Fe2 avoiding short Al-Al bonds@by assigning fractiona
occupancy 0.5 instead 0.7 to the Al~1! site# is also ‘‘loose,’’
with x50.286 ~circled star!. The ‘‘dense’’ structure of
Al5Co2 at the samex has also its ‘‘loose’’ counterpart—th

FIG. 6. SE and GPT Al-Co and Co-Co pair potentials.
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Al 10Mn3 ~Ref. 24! structure in the Al-Mn system, in which
one TM site in the Al5Co2 structure is vacant.

Finally, we also plotted the measured atomic densities
two slightly different compositions of the Ni-riche
d-AlNiCo quasicrystal: Al71Ni16Co13 ~Ref. 25! and
Al72Ni20Co8.26 While the density of the former compositio
falls slightly above the ‘‘loose’’ line, the measured density
the composition of the ‘‘perfect’’~so-called ‘‘Ni-rich basic’’
phase! quasicrystal is extremely low and has no counterp
among the structures in Fig. 3.

III. ATOMIC DYNAMICS

A. Harmonic analysis

In the harmonic approximation, the atomic vibrations
the periodic system withN atoms in the unit cell are gov
erned by the equations of motion

v2~k!uj n5 (
j 8n8

uj 8n8

AM jM j 8
(

n
e2 ik.n

]2Ep~R1 , . . . ,RN!

]uj n]uj 8n8

,

~2!

wherev is the frequency,uj n is the nth component of the
displacement, andM j is the mass of an atomj. The second
summation is through translation vectorsn to include the
contributions from all atoms within an interaction radius f
a wave vectork from within the first Brillouin zone.

We solved the standard eigenvalue problem represe
by Eq. ~2! using the LAPACK library routineZHEEV for a
mesh ofk points inside the first Brillouin zone to obtain 3N
real eigenvaluesv i

2(k) ~these are positive for a stable stru
ture! and for each of these the corresponding normaliz
eigenvectorsui j (k) with three complex components for a
atom j. The phonon density of states~DOS! may then be
evaluated for any subset of sitesa in the structure from the
statistics of eigenfrequencies

Da~v!5
1

3NaNk
(

i 5a,k
wid~v i~k!2v!, ~3!

wherewi5( j 5aui j ui j
! is the total squared eigenvector amp

tude on the atomsa in the i th mode,Na is the total number
of sites a, Nk the number ofk points, andd denotes a
resolution function; our choice was to use a gauss
(sA2p)21exp@21

2„(v i(k)2v)/s…2#, with s;0.5 meV.
For comparison with the experimental ‘‘generalized’’ vibr
tional density of states~GVDOS! defined by Eq.~4!, the
latter has the instrumental resolution of about 0.5 meV in
low-energy part of the spectrum, degrading by an order
magnitude at the high-energy end of the spectrum. The G
DOS is a weighted sum of the elemental partial density
states

G~v!5(
a

e22Wa
saca

Ma
Da~v!, ~4!

whereM is the mass,s the total neutron cross section, andc
the concentration of the elementa. The Debye-Waller factor
1-5
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Wa5
\2uqu2

2Ma
~3NaNk!21(

i ,k
wi

n„T,v i~k!…1 1
2

v i~k!
~5!

is temperature dependent via the Bose-Einstein thermal
cupation functionn(T,v), anduqu is the momentum transfer
~Notice that except in Eq.~4!, label a generalizes to any
subset of the topologically equivalent sites.# The Debye-
Waller ~DW! factors calculated from Eq.~5! are directly
comparable to the isotropic ‘‘crystallographic’’ DW facto
from the diffraction refinements,

Ba516p2
Wa

uqu2
, ~6!

whereWa denotes the DW factor of the atoma.
An eigenmodev i is characterized by itsparticipation

ratio

Pi5

S (
j

Uui jU2D 2

Nat(
j

~ uui j u2!2

, ~7!

where the indexj goes throughNat atoms in the unit cell.
The definition ofPi provides a quantitative measure of th
localization: Pi→Nat

21 when there is a single atomj with
nonzero displacementui j , and Pi→1 when the displace
ments of all atoms have an equal~nonzero! amplitude. A
subtlety in the definition of thePi is the neglect of the phas
factor in the uui j u2. However, for crystals with large uni
cells, all the relevant information may be obtained from t
G point k50, in which case all eigenvectors and the d
placements are real.

A related quantity called thephase quotienthas been pro-
posed to characterize the correlation between eigenvecto
the neighboring atoms for disordered materials27

Qi5

(
j j 8

ui j .ui j 8

(
j j 8

uui j .ui j 8u
, ~8!

where the sumj j 8 denotes all nearest-neighbor interatom
bonds.Qi→1 for the acoustic modes andQi→21 for optic
modes with a phase shift ofp on the neighboring atoms.

B. Molecular-dynamics simulation

We employed the standard Verlet algorithm in a micro
nonical ~number density!3velocity3time ensemble. Typi-
cally, we took supercells with about 400 atoms in the pe
odic cell, and used two different molecular-dynamics~MD!
schedules aimed at different goals.

1. Temperature dependence of the DW factor

Here, we cooled fromT5300 down to 50 K in 50-K
steps, with 500-ps equilibration time at each temperature
consecutive 500-ps measurement time~time step Dt
21430
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510214 s!. For each individual atomj, we took the time
averageŝ uj n

2 &2^uj n&
2, wheren denotes Cartesian coord

nates. These were then averaged over all atoms of a g
typea to obtain the ‘‘crystallographic’’ Debye-Waller facto

Ba
MD5

8p2

3Na
(
j 5a

^uj n
2 &2^uj n&

2, ~9!

where the summationj 8 is through the atomsa. The formula
is only valid in the absence of diffusion. Some large valu
of the DW factors even at room temperature are due t
subset of Al atoms, for which Eq.~9! is not valid.

TheBMD can be compared directly withB defined by Eqs.
~5! and ~6! in the classicalhigh-temperature approximation
in which

n~T,v!1
1

2
5expS kBT

\v
21D 21

1
1

2
'

kBT

\v
. ~10!

2. High-temperature stability and atomic configurations

We reduced the time step by a factor 2, and after
100-ps equilibration period we recorded 500 atomic confi
rations in 1-ps time intervals. The configurations were us
to obtain the projected density maps.

IV. RESULTS

A. Stability

Prior to diagonalizing the dynamical matrix, the atom
must be relaxed into their equilibrium positions with respe
to the interatomic forces. Owing to their high symmetry, t
mechanical stability of simple structures with few atoms p
unit cell is robust with respect to the variation of the inte
atomic forces. Complex structures, on the contrary, are s
sitive to the detailed shape of the interatomic potentials
to their oscillating tails. In all structures studied here, t
equilibration of the atomic forces using relaxation atT50 K
introduced small atomic displacements, but did not dist
the topological ordering of atoms. The main stabilizing fa
tor is the rigidity of the subnetwork of Co atoms, arisin
from ~i! their uniform distribution in the Al matrix~at the
same time, the Al-Co pair potential has a deep well at
nearest-neighbor distance! and ~ii ! the fact that the Co-Co
potential exhibits a strongly oscillating tail, correlating th
Co atom positions far beyond the second-neighbor shells.
structures listed in Table I achieved mechanical stabi
such that the atomic positions correspondeded to the m
mum of Ep(R1 . . . RN) within the machine precision.

In the case of the SE potentials, despite their mechan
stability, two structures (Al5Co2 andd-ANC! exhibited few
imaginary eigenfrequencies. Additional relaxation proc
dures were needed to avoid the instability: we took sup
cells containing a few images of the unit cell~see column
‘‘note’’ in Table II ! and performed the MD annealing at
finite temperature followed by a conjugate gradient rela
ation of the atomic positions. This treatment introduced
additional displacive modulation due to the translation
symmetry breaking and decreased the pair-potential en
1-6



-

to

E
cc
n

su

l

air

est-
PT

ase
ure
the
.5
he

fcc

nt,
-
on
o-

in-

ities
i-

l-

erse

for

and

pec-

ies

na
to

ATOMIC DYNAMICS IN Al-RICH Al-Co ALLOY S . . . PHYSICAL REVIEW B 63 214301
marginally by 0.2 meV/atom for Al5Co2 structure and appre
ciably by ;10 meV/atom per atom ford-ANC. Thus such a
displacive modulation may become a nonnegligible fac
favoring the complex structures.

B. Pure aluminum limit

In this limit, we find a fundamental deviation of the S
Al-Al potential from the expected behavior. Although the f
Al structure, due to its high symmetry, does not exhibit a
relaxation displacements atT50 K, MD annealing at a finite
temperature of a supercell model with 256 atoms in the
percell leads to a phase transformation to anamorphous
phase, with the structural energy decreased by;60 meV/
atom relative to fcc Al. In Fig. 5, we plot the Al-Al potentia

TABLE II. Transverse, longitudinal, and mean sound velocit
for the selected Al~Co,Ni! structures in ms213103, using SE and
GPT pair potentials. The anisotropy is reported as6(vmax-vmin)/2.
Symbol ‘‘UC’’ in the column ‘‘note’’ indicates the number of the
images of the unit cell in a supercell used for calculation. Alter
tively, the column reports variant Al occupation models relative
the full-occupancy models~the case of O-Al13Co4).

SE vT vL vs Note V/V re f

amorphous Al 2.3660.28 5.5960.11 2.66 UC364
O-Al13Co4 3.5760.13 6.2860.07 3.97 0.956

3.4760.15 6.1260.39 3.86 26 Al 1.023
3.8760.30 7.1760.26 4.32 0.914

Al9Co2Ni 3.6260.23 6.0760.33 4.01
Al3Ni 3.4861.39 5.6461.57 3.84
Al5Co2 3.3560.36 4.9260.47 3.65 UC38
d-ANC 3.8060.23 6.5760.25 4.21 UC34

GPT
fcc Al 3.6460.15 6.8960.10 4.06
O-Al13Co4 4.2160.20 7.9660.74 4.96 0.956

4.1960.26 7.8660.60 4.69 26 Al 1.023
3.5660.21 6.4260.21 3.96 26 Al 1.048

Al9Co2Ni 4.7760.65 8.2060.35 5.14
Al3Ni 4.9860.35 7.6761.17 5.41
Al5Co2 3.6761.92 6.5762.30 4.08
21430
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together with the fcc Al pair-distance histogram and the p
distribution function of the relaxed supercell model.

Comparison of the two sets of potentials at the near
neighbor distance shows that while in the case of the G
potentials the interaction is strongly repulsive, in the SE c
the interaction is almost neutral, due to the shelflike feat
in the potential. The lack of nearest-neighbor repulsion is
reason of the instability in fcc Al: the potential well near 4
Å is filled by distorting the bonds at 4.05 and 4.96 Å, at t
price of shrinking the nearest-neighbor bond at 2.86 Å.~A
realistic phonon spectrum is obtained when we scale the
Al unit-cell volume by a factor of 0.963 to ;0.89.! Part of
the reason for the improved stability at higherx content is the
fact that the pair potentials remain approximately invaria
while the volume per atom shrinks asx increases; conse
quently, the nearest-neighbor Al-Al bonds eventually fall
the repulsive shoulder of the potential, constraining the m
tion of the Al atom.

C. Vibrational properties: Structural trends

In Fig. 7 we show the phonon DOS calculated via Eq.~3!
for the two sets of interactions~SE and GPT!. The complex
dynamical matrix was diagonalized on a mesh of points
side the Brillouin zone giving a total of about 63104 eigen-
values for each structure. We evaluated the sound veloc
~Table II! from the three smallest eigenvalues of the dynam
cal matrix near theG point of the Brillouin zone, withuku
51022 Å pointing along the directions of the reciproca
lattice vectors and averaging over the three directions~we
assigned the two smallest eigenvalues to the transv
modes and the third to the longitudinal!. In the long-
wavelength~acoustic! limit, the phonon DOSD(v) is re-
lated to the mean sound velocityvs by Eq.~12! in Sec. IV F.
Finally, Table III shows the Debye-Waller factors@Eq. ~6!#.
For comparison, we compiled the Debye-Waller factors
some Al-rich aluminides available in the literature~Table
IV !.

The phonon DOS of Al3Ni on one hand and of Al9Co2Ni
on the other contrasts the dynamical behavior of simple
complex structures: the DOS of Al9Co2Ni shows excess
states at both the low- and high-energy edges of the s
trum. The excess~nonacoustic! low-energy states result in
higher values of the Debye-Waller factor@due to the 1/v

-

FIG. 7. Phonon DOS of the
Al5Co2 , Al3Ni, Al 9Co2Ni, O-
Al13Co4, and thed-ANC model
for the two sets of potentials:~a!
SE and~b! GPT.
1-7
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factor in Eq.~5!#. The character of these low–energy state
discussed in Sec. IV F. There is no marked difference
tween the spectra of O-Al13Co4 and Al9Co2Ni, except that
the latter is more structured, as expected due to the hig
symmetry of the structure.

A similar comparison between Al5Co2 and d-ANC at
higher x content is hampered by the anomalous dynam
properties of Al5Co2 for both sets of potentials. For the S
potentials with a short interaction cutoff radiusr cut57 Å,
the DOS exhibits a soft transverse mode~a bump near 9 meV
in Fig. 7! that develops into an instability atr cut510 Å. For
the GPT potentials atr cut510 Å, the sound velocities als
exhibit a strong anisotropy and soft modes, indicating clo
ness of the instability~the smallest transverse sound veloc
was only 1290 ms21).

The sound velocities were experimentally determined
decagonal AlNiCo from the phonon dispersion~Ref. 7! and
acoustic spectroscopy~Ref. 25!, yielding consistentlyvT
;4100–4600 andvL;7000 ms21. As can be seen in Tabl
II, these numbers are overestimated by the GPT poten
~particularly the longitudinal sound! and underestimated b
the SE potentials. A separate confirmation of this trend
the two sets of potentials is provided by the comparison
the T5300 K Debye-Waller factors calculated from the d
namical matrix~Table III! and obtained from the diffraction
refinements~Table IV!: the GPT potentials underestima
both the Al and TM Debye-Waller factors, while SE pote

TABLE III. Isotropic Debye-Waller factorsB of Al and TM in
Å2, calculated from Eq.~6! under the SE and GPT potentials.

Note SE GPT
BAl BTM BAl BTM

Al 2.47 0.69
O-Al13Co4 1.05 0.46 0.54 0.32

26Al 1.03 0.50 0.54 0.32
adjusted 0.78 0.39 0.64 0.42

Al9Co2Ni 1.01 0.44 0.54 0.28
Al3Ni 0.78 0.48 0.49 0.27
Al5Co2 0.95 0.47 0.54 0.38
d-ANC 0.92 0.42
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tials appear to slightly overestimateBAl and underestimate
BTM . However, we point out that theB factors fitted from
the diffraction data should be considered, at least for
complex structures, as anupper-boundestimate, due to the
coupling between partial occupancy and the thermal vib
tion of an atom about the equilibrium position in th
diffraction-data fits. On the other hand, theB factors evalu-
ated here are more likely thelower bound, since we~i! allow
only for limited relaxations of the complex structures~see
the discussion of the stability in Sec. IV A!, and~ii ! we use
the phonon spectrum calculated atT50 K with the
T5300-K thermal occupation factor. In fact, the room
temperature molecular-dynamics simulation discussed
Sec. IV H leads to increased partialBAl factors, while the
BTM is consistent with the dynamical-matrix calculation.

D. Partial Al and TM phonon DOS

We consistently find for the set of structures conside
here and the two sets of pair potentials the same gross
tures of the partial Al and Co density of states~Fig. 8!: the
Al band is broad and extends up to about 60 meV, while
TM band exhibits a rather sharp maximum below 30 me
This leads to a GVDOS that correctly explains the differen
between the experimentally determined phonon GVDOS
d-ANC and O-Al13Co4 ~see Sec. IV E!.

However, apart from this gross similarity given by th
atomic interactions rather than by the atomic structure, th

TABLE IV. Isotropic crystallographic Debye-Waller factors fo
some aluminides at room temperature from diffraction refineme
~we averaged Wyckoff siteB factors over atomic species!.

Structure BAl @Å2# BTM @Å2] Reference source

O-Al13Co4 1.21 0.88 21
Al9Co2Ni 1.41 1.03 20
Al10Mn3 1.01 0.67 24
Al5Co2 0.71 0.43 24
Al13Fe4 0.94 0.75 34
Al13(CoRh)4 1.0 0.62 35
fcc Al 0.90 36
FIG. 8. Partial aluminum and TM phonon DOS:~a! SE potentials and~b! GPT potentials.
1-8
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ATOMIC DYNAMICS IN Al-RICH Al-Co ALLOY S . . . PHYSICAL REVIEW B 63 214301
is one apparent difference in the contrast between the Al
TM partial DOS Al3Ni and O-Al13Co4: while in the former
case the partial DOS shares many details in common~fea-
tures appearing in the Al partial occur also in the TM part
DOS at the same energy!, the wiggles in the Al and TM
partials lose most of the correlation in the case of O-Al13Co4.
This difference is due to the fundamentally different char
ter of the phonon eigenstates in the simple and comp
structures~see discussion in Sec. IV F!; they are extended
throughout the energy spectrum in Al3Ni and are more local-
ized in O-Al13Co4, with enhanced localization near both th
low- and high-energy ends of the spectrum.

Our calculated TM partial phonon DOS may be quali
tively compared to the recently measured partial DOS of
in i-AlCuFe.28 Albeit the decagonal and icosahedral stru
tures are different, we conjecture that due to the localizat
the shape of the TM partial DOS is well described as
average over thelocal DOS on the Fe atoms and therefore
not sensitive to the detailed structure. Secondly, the G
predicts that the Al-TM interactions are very similar for C
Ni, and Fe~Fig. 8 in Ref. 2!. Figure 9 shows the partial F
DOS compared to the local DOS on the three TM sites
curing in ourd-ANC model presented in Figs. 1~e! and ~f!.
These are labeled Co~1! ~atoms in the central column of th
decagonal cluster, each having four neighboring TM atom!,
Co~3! ~with no TM neighbors!, and Co~7! ~with a single TM
neighbor!. The effect of the neighboring TM atom is appa
ent: for a single neighbor, the DOS clearly splits and
more neighbors it further broadens. The Debye-Waller fac
B is lowest for the Co~3! site (;0.37 Å2) and is some 15%
higher for the other two Co sites (;0.43 Å2). The Fe partial
exhibits striking resemblance to the Co~3! DOS in d-ANC
with no TM neighbors; this is plausible in view of the low F
content in i-AlCuFe (;12%). ~We speculate that the C
atom is acting approximately as an average Al/Co atom
suggested by the succesfull mock-ternary model
d-AlCuCo.23!

E. Comparison with experimental GVDOS

The experimental GVDOS of decagonal Al70Co15Ni15
~Ref. 29! and the calculated~using SE potentials! GVDOS of

FIG. 9. Partial Fe phonon DOS ini-AlCuFe determined@ex-
plained in Fig. 1~e!#.
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the d-ANC approximant are compared in Fig. 10. The ch
acter of the GVDOS is determined by a broad structurel
Al band extending up to 60 meV and by a much sharper T
band peaking at about 29 meV. The position of the m
peak in the experimental spectrum can be clearly attribu
to the TM partial.29 This peak is located at about 24 meV
the experimental GVDOS.

In the low-energy part of the spectrum, the calculat
GVDOS is higher than the experimental—despite the fa
that even the experimental GVDOS has a significant exc
of states in this part of the spectrum~see the discussion in
Sec. IV F and our preliminary study in Ref. 15! over the
expected acoustic contribution derived from the experim
tal mean sound velocity. In both spectra, this excess is du
the localized low-energy modes.

In the figure, we also superimposed the calculated G
DOS of the Al3Ni structure~SE potentials!. Accidentally, the
experimental GVDOS ofd-ANC and the calculated GVDOS
of Al3Ni are in miraculous agreement up to at least 9 me
This indirectly suggests the idea that theamountof the low-
energy modes in quasicrystals—with prevalence of the lo
ized modes over the acoustic—somehow correspond to
modes occurring in crystalline systems with similar comp
sition. The soft mode in Al3Ni occurs fork along the~1,1,0!
direction with vT~1,1,0!51720 ms21, while for the stiffest
transverse modevT(0,1,0)54360 ms21.

Figure 11 shows experimental30 and calculated GVDOS
of O-Al13Co4 for the two sets of atomic interactions. W
considered two variant structural models, both at the exp
mental volume: a full-occupancy 102-atom model and a
atom model with six Al sites vacant. In the former case,
atomic volume is shrinked by a factor of 0.956 relative to t
required volume at which the potentials were evaluated
the 96-atom model, the atomic volume is expanded b
factor of 1.023~see Table I!. Apparently, this;7% varia-
tion of the atomic volume does not change the GVDO
much at the fixed dimensions of the unit cell.

We also attempted to match the experimental GVDOS
varying the unit-cell dimensions~and considering the full- or
fractional-occupancy models!. The results are shown in th

FIG. 10. Experimentally determined GVDOS of Al70Ni15Co15

and calculated GVDOS ofd-ANC approximant model and Al3Ni
crystal ~SE potentials!.
1-9
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M. MIHALKOVIČ , H. ELHOR, AND J.-B. SUCK PHYSICAL REVIEW B63 214301
same figure as a solid line and denoted as ‘‘adjusted.’’
the SE potentials, we used the model with full occupan
and scaled the unit cell uniformly by a factor of 0.9853. For
the GPT potentials, the best fit was obtained using the
atom model, with an anisotropic scaling factor~0.97, 1.02,
1.035! for the ‘‘periodic’’ and the two pseudodecagonal un
cell dimensions, respectively.~We noticed that the shrinking
of the ‘‘periodic’’ direction lattice parameterc is crucial for
maintaining the stability at increased lattice parametersa and
b in the pseudodecagonal plane.! The effect of these varia
tions on the sound velocity is summarized in Table II; f
both SE and GPT interactions, they approach more clo
the experimentally measured values ind-ANC.

The effect of scaling the volume of the unit cell vs th
variation of the fractional occupancy can be most read
deduced from the SE potential data in Table II~for the GPT
potentials we scaled the unit-cell volume anisotropically
avoid instability!. Removing six Al atoms increases the rel
tive atomic volumeV/V re f by nearly 7%, while the mean
sound velocity softens by only 3%. On the other hand, wh
the unit cell is uniformly shrunk for the full-occupanc
model by 4.5%, the mean sound velocity hardens by ne
9%.

F. Nonacoustic excitations at low energies

The experimental search for the vibrational properties
neric or specific to quasicrystals has in the past focused
the character of the acoustic branches.6,7 However, it is only
recently that there has been increasing evidence for n
coustic low-energy states that show up in the phonon D
~Refs. 15 and 28, in excess heat capacity11 or in an atypical
low-temperature variation of the sound velocity.12–14 On the
theoretical side, the low-energy localized~confined! states
with extremely low participation ratios have been found
the i-AlZnMg quasicrystal.31 The eigenmode analysis re
vealed that the corresponding modes localize on specia
pologically frustrated sites with coordinationZ513 that are

FIG. 11. GVDOS of O-Al13Co4 with full occupancy~102 atoms
in the unit cell! and with six Al→vacancy substitutions for the tw
sets of the potentials. The data are compared to the experimen
determined phonon GVDOS of O-Al13Co4 at T5300 K. The ‘‘ad-
justed’’ GVDOS was calculated at variant atomic volume for t
102-atom~SE potentials! and 96-atom models~GPT!.
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characterized by a high density of disclination lines32

i-AlZnMg belongs to the Frank-Kasper family of quasicry
tals with nearly close-packed structure. The complex str
tures of Al-rich aluminides are rather characterized
‘‘open’’ local environments, providing in general a muc
stronger support for the localization of the low-energy vib
tions.

In the following we demonstrate how the character of
eigenstate depends on the structure, focusing on the lo
energy part of the spectrum. As an illustrative example,
compare thed-ANC model with the Al3Ni structure~SE po-
tentials!, as in Sec. IV E. The appropriate quantity reveali
the character of the eigenmodes is the participation ratioPi
defined for each eigenmodev i @Eq. ~7!#.

For the~relatively! simple structure of Al3Ni, the modes
are purely extended up to about 5 meV, then they star
localize gradually, with the meanP(v) decreasing approxi-
mately linearly down to;0.6 near the high-energy end o
the spectrum~Fig. 12, bottom panel!. A completely different
picture emerges for the model of thed-ANC structure~Fig.
12, top panel!: P(v) falls off very quickly down to ex-
tremely low values already near 3–4 meV~this is not evident
from the figure, where we only displayP at the G point!,
then the meanP(v) starts to increase again to its local max
mum near the center of the spectrum@P(v);0.5#, to fall off
again down to nearly zero at the high-energy end of
spectrum. However, a feature common to both models is

lly

FIG. 12. Participation ratio of thed-ANC model and the Al3Ni
structure~SE potentials!. For clarity,P(v) is calculated only for the
G point ~d-ANC! and 12k points (Al3Ni) ~plus symbols!. For the
low-energy part of Al3Ni, P(v) is shown as dots for a densel
sampled Brillouin zone. The inset shows the corresponding pho
DOS. The parabolas below the DOS curves marked by arrows
the corresponding ‘‘Debye DOS’’ calculated from the sound velo
ties vs .
1-10
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P(v) actually behaves as a function: although there is
ways a spread among thePi ’s at a givenv, there is never
more than one characteristicP(v). This indicates that the
DOSD(v) corresponds to the ‘‘mixed’’ states with more o
less uniqueP(v), rather than to a superposition of pure
extended and purely localized modes.

A similar trend is found for the phase quotientQ(v) ~Fig.
13! defined by Eq.~8!. For both d-ANC and Al3Ni, the
phases there have a threshold energy of about 25 meV
low this energy, the neighboring atoms tend to vibrate
phase and above with opposite phase, with extreme value
Q(v) at the ends of the energy spectrum. Apart from
anomaly in the case ofd-ANC at low energies that can ap
parently be related to the low-energy localized states, thv
dependence of Q is surprisingly regular; more precisely
appears there are two well-defined slopes above and b
the threshold energy.

The localized low-energy excitations provide a tentat
explanation of the discrepancy between the neutron GVD
~Ref. 29! and dispersion-relation measurements7 in
d-AlNiCo. The mean sound velocityvs defined as

3

vs
3

5
2

vT
3

1
1

vL
3

, ~11!

where vT and vL are the transverse and the longitudin
sound velocities, respectively, gives rise to the acoustic c
tribution to the phonon DOS in the long-wavelength limit

rD~v!5
v2

2p2vs
3 1bv41 . . . , ~12!

wherer is the atomic point density, and the coefficientb
reflects the cubic nonlinearity of the dispersion relatio
From the phonon dispersion,7 vs;4.93103 ms21; however,
fitting the experimental GVDOS to Eq.~12! results invs
;3.13103 ms21 ~we find that at low energies, the differenc
between the GVDOS and the DOS is at most 10%! and b
52.2531027. Thus the experimentally determined GVDO
contains a considerable excess at the low energies.

FIG. 13. Phase quotient of thed-ANC model ~dots! and the
Al3Ni structure~plus symbols! for SE potentials.
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The inset in Fig. 12~bottom panel! compares ‘‘Debye
DOS’’ calculated via Eq.~12! with the total phonon DOS for
the Al3Ni and d-ANC structures. However, our calculatio
does not reproduce thev dependence of the amount of th
localized modes: as mentioned above, the GVDOS sc
approximately withv2, which is apparently not true in ou
calculation with the SE potentials. Secondly, while t
acoustic signal can be clearly followed experimentally up
E.10 meV,7 in our calculationall modes rapidly localize
above;3 meV.

G. Spring model

When comparing the phonon spectrum with the expe
mental data, we were primarily concerned with the co
straints coming from~i! the position of the main maximum
of the GVDOS~corresponding to the maximum of the TM
partial phonon DOS! as a fraction of the total phonon energ
range,~ii ! the sound velocities, and~iii ! the Al and TM par-
tial Debye-Waller factors. In order to elucidate the interpl
between these factors, we designed a simple spring mo
based on the nearest-neighbor interactions up to;3.2 Å, and
the O-Al13Co4 structure model derived from the diffractio
data.21

In the spring model, the force-constant matrix is usua
modeled as a function of the distance between pairs of
oms. However, we first used an extremely simple mode
which the spring constantsfab (a and b stands for the
elements Al or Co; we abbreviateA[Al and B[Co) do not
depend on the bond length. The constantfAA51.36 eV/Å2

was fixed at the value fitting best the fcc Al phonon spe
trum, and the Al-TM coupling constantfAB52.18 eV/Å2 to
the sound velocities experimentally observed ind-AlNiCo.25

The resulting phonon spectra are shown in Fig. 14 as a s
line. The Al partial DOS has a maximum near 30 meV an
shoulder near 40 meV, while the TM partial exhibits a na
row split maximum near 20 meV. The partial Debye-Wall
factors areBAl50.54 andBTM50.48 Å22. Notice that the
typical ratio of BAl /BTM is ;1.4–1.6 from the diffraction
data~Table IV!.

FIG. 14. Al partial phonon DOS~bottom!, TM partial DOS, and
GVDOS ~top! for two simple spring models~solid and dot-dashed
line!. Circles are the experimentally determined GVDOS
O-Al13Co4.
1-11
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In our second variant of the spring model, we let thefAA
force constant linearly decrease within the first shell, refle
ing the fact that in the complex structures, there is a dis
bution of the nearest-neighbor distances, with some ano
lously short bonds corresponding to a large force cons
and bonds longer than 2.86 Å that are expected to hav
very weak spring constant according to the Al-Al pair pote
tial. We again fixed thefAA51.36 eV/Å2 at 2.86 Å, but
adopted a slopedf/dR525.0 eV/Å3 and setfAB53.27
eV/Å2 to fit the measured sound velocity ind-AlNiCo. The
phonon spectra of this model are shown in the same figur
a dashed line. The Debye-Waller factors areBAl50.53 and
BTM50.37 Å22. Interestingly, theBAl is about the same a
in the previous model@the small amount of excess states
low energies cancel with much larger excess at higher e
gies due to the 1/v factor in the integrand of Eq.~5!#.

The difference between the phonon spectra of the
models can be readily explained. The distance-depen
constantfAA provides extra Al states at both low and hig
energies.~Note that this also characterized the difference
tween the phonon DOS of Al3Ni and Al9Co2Ni, see Sec.
IV C.! Secondly, the TM partial DOS becomes broader a
its maximum shifts towards higher energies, as could be
pected from the stronger Al-TM coupling in the seco
model.

Clearly none of these simple models provides a plaus
comparison with the experimental GVDOS. While furth
refinement of the spring model by including outer neighb
shell springs becomes a rather complicated task~the more
sophisticated spring models were developed by one of u33!,
clearly it is the nearest-neighbor interaction that domina
the gross features of the GVDOS. However, the much clo
fit of the experimental GVDOS by oscillating pair potentia
reflects the highly nontrivial interplay between the oscillati
potentials and the structure.

H. Temperature dependence of the Debye-Waller factor

The occurrence of the phonon instability that we enco
tered especially with the SE potentials motivated a serie
molecular-dynamics cooling runs performed between
temperatures ofT5300–50 K, as described in Sec. III B
~We do not report here on the simulations with GPT pot
tials because of the problematic first minimum of the Co-
interaction.! An easily accessible quantity not particular
sensitive to the equilibration times is the Debye-Waller fa
tor BMD defined by Eq.~9!. This is directly comparable to
the classical high-temperature approximation@Eq. ~10!# of
the ‘‘harmonic’’ Debye-Waller factor@Eq. ~6!#, whose tem-
perature dependence arises from the thermal occupatio
the T50 K phonon states. AtT5300 K, the classically ap-
proximated Debye-Waller factor is 4–5 % smaller than
accurate quantum-mechanics result.

It should be noted that any deviations from the lineaT
dependence ofB(T) may only be due to anharmonic effect
Moreover, since we keep the volume of the unit cell fixe
these effects are alsonot quasiharmonic, which is usually
leading correction to the harmonic temperature depende
of the Debye-Waller factor.
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In Fig. 15 we show three patterns of theBAl
MD(T) behavior

for Al atoms~the TM partials turn out to behave normally i
all cases!: BAl

MD;BAl for the Al3Ni structure,BAl
MD,BAl for

Al5Co2, andBAl
MD.BAl for the d-ANC model. While Al3Ni

shows no sign of instability from the phonon spectrum c
culation andBAl

MD(T) is accurately described by the classic
approximation, MD annealing together with the superc
model was necessary to avoid the phonon instability
Al5Co2. Interestingly, aboveT5200 K the BAl

MD(T) of
Al5Co2 is linear and very close to that of Al3Ni, but below
T5200 K it exhibits an excess fluctuation of^u2& ~i.e. when
Ekin5Ep5 3

2 kBT.25 meV!. We conjecture that this is du
to a peculiar anharmonicity of the potential energy surfa
near its minimum; this has been confirmed by a longer co
ing run fromT5120 down to 10 K~smaller plus symbols in
the figure!. Thus we expect that theT5300-K BAl value
reported in Table III for Al5Co2 is overestimated.

On the other hand,BAl
MD(T) of d-ANC shows an excess

increasing with temperature, compared to the normal h
monic behavior. This excess is due to the degeneracy of
equilibrium positions of some Al sites, in particular Al~4!
@see Figs. 1~e! and 1~f!# with BAl(4)

MD ;2.6 Å2 at T5300 K.
These sites form implausibly short bonds of;1.8 Å in the
idealized model, and the degeneracy is related to the m
energetically nearly equivalent ways of breaking the deca
nal symmetry of the cluster as the short bond relaxes un
the action of forces. At room temperature, it is difficult
check whether the large measuredBAl

MD does not already in-
corporate an excess due to the onset of self-diffusion; a
times longer run confirmed that theBAl evolves with the time
~dotted diamonds in the figure!. This matter is further dis-
cussed in the proceeding section.

I. High-temperature atomic configurations

We performed an additional MD annealing run atT
51000 K for thed-ANC model with the schedule describe

FIG. 15. Temperature dependence of the partial Al Deb
Waller factor, obtained from molecular dynamics cooling runs fro
T5300 down to 50 K~symbols! ~SE potentials!. The classical har-
monic approximation of the phonon Debye-Waller factor is sho
as lines.
1-12
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in Sec. III B. We recorded the time evolution of^u2& and
projected the atomic configurations into 2503250 pixels
perpendicularly to the ‘‘periodic’’ axis. Figure 16 presen
clear evidence that the strongly localized low-energy sta
found in harmonic analysis atT50 K are not a precursor o
an instability: the structure is clearly stable due to the rigid
of the network of the TM atoms that can be ascribed to
strong nearest-neighbor interaction between the Al-TM pa
Interestingly, the empty position projecting on the center
the columnar cluster, apparently capable of accommoda
an atom, remains unoccupied throughout the simulation
probably due to the strong binding with the Al~2! atoms in
the surrounding 10-fold ring.

On the other hand, the typical high-temperature beha
of Al atoms is between the extrema represented by Al~2! and
Al ~4! atoms@see Fig. 1: Al~2! has a well-defined equilibrium
position, while Al~4! shows up in the MD map as streaks#.
The inset shows the time evolution of the Debye-Waller f
tor B; the slope is approximately linear, evidencing se
diffusion of Al.

V. SUMMARY AND CONCLUSIONS

We have performed an extensive analysis of the vib
tional properties of the selected crystalline structures oc
ing in the Al-Ni-Co phase diagram, using two sets of realis
Al-Co pair potentials~and treating the Ni atom as Co!: ab
initio potentials derived from the generalized pseudopot
tial theory2 ~GPT!, and the semi-empirical potentials1 ~SE!.
Our main goal was to assess the impact of the struct
complexity on the character of the vibrational modes. T
motivation guided our choice of the crystalline structur
Al9Co2Ni, O-Al13Co4, and thed-ANC approximant model
are closely related to the decagonal quasicrystal, while
Al3Ni and Al5Co2 phases have rather simple structure w
few Wyckoff positions.

FIG. 16. Atomic density map of thed-ANC model from MD
annealing atT51000 K, projected along the pseudodecagonal a
~SE potentials, 500 samples!. Large circles mark idealized position
of the Co atoms.
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The phonon DOS of Al3Ni and Al5Co2 exhibits a pro-
nounced bandlike structure, but the features are well reso
and are at least a few meV wide, due to the predomina
extended character of the eigenmodes. In contrast, the
non DOS of the complex structures is dominated by bro
features, with a finer structure superimposed on the top.
structural complexity also gives rise to extra localized sta
at both ends of the phonon energy spectrum; the locali
states at unusually low energies appear to be a distinct
nature of the dynamics in the complex Al-Co~and presum-
ably Al-TM! structures with the relationship to the quas
rystals. In the long-wavelength limit, the experimenta
determined GVDOS ofd-AlNiCo exhibits an excess phono
DOS, compared to the Debye DOS calculated from the
perimentally measured sound velocities ind-AlNiCo. We
tentatively attribute the excess states to the aforementio
localized excitations. However, our calculation does not
produce thev dependence of the density of these states.

The generalized vibrational DOS~GVDOS! of thed-ANC
approximant model structure and O-Al13Co4 calculated using
both sets of pair potentials explain the gross features of
experimentally determined GVDOS of the two phases:
particular, the maximum occurring between 25–30 meV
due to the partial DOS of the TM atom, while the broad
band extends up to 60 meV.

The SE potentials applied to the variety of structures a
valence electron density close to that of the fcc Al exhibi
tendency towards marginal dynamical instability, most like
due to a shelflike feature at the typical nearest-neigh
Al-Al distance. However, the instability is marginal, main
because of the strong Al-Co interaction: the network of
atoms in thed-ANC approximant model structure remain
rigidly stable in a molecular-dynamics annealing up to
least T51000 K, while a fraction of Al atoms displays
diffusive motion.

The isotropic Debye-Waller factors calculated from t
phonon density of states are in general smaller than th
determined from the diffraction data. This trend is pr
nounced for GPT potentials, and presumably indicates
the Al-Co interaction derived from the GPT is too stron
Additional indication supporting this conjecture is that t
TM partial DOS is shifted by a few meV to higher energi
relative to the maximum of the experimentally determin
GVDOS, and that the sound velocities calculated for
Al-Co crystals studied here are in general higher than
experimentally determined sound velocity ind-AlNiCo.

We paid special attention to the case of O-Al13Co4 where
we expected the fractional-occupancy factors might show
appreciable impact on the vibrational properties. Resca
uniformly the volume and varying the fractional occupanc
we find that the GPT potentials match the experimen
GVDOS better at higher volumes compared to the volu
for which they were evaluated. Such a treatment is of cou
not rigorous, and the full treatment of this problem wou
require application of a volume-dependent set of potenti
determination of the equilibrium volumes for each mod
with certain occupancy factors including the volume pote
tial energy term, as well as the vibrational energy into t

s
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free energy subject to minimization. Such a task remain
challenge for the future.

Interestingly, the dynamical properties of the Al5Co2
structure are anomalous for both sets of the pair potential
the SE potentials case, the phonon DOS exhibits shoulde
both ends of the spectrum, indicating the presence of
tremely soft extended modes and extremely hard, parti
localized modes. With the GPT potentials, the sound velo
. B

s.

n-
J.

. R
ys

d
ce

de

. B

A
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ties exhibit striking, probably unrealistic, anisotropies. Th
we suggest this structure is a candidate for detailed exp
mental exploration.
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3M. Mihalkovič, W.-J. Zhu, C. L. Henley, and R. Phillips, Phy

Rev. B53, 9021~1996!.
4M. Widom and J. A. Moriarty, Phys. Rev. B58, 8967~1998!.
5M. Quilichini and T. Janssen, Rev. Mod. Phys.69, 277 ~1997!.
6M. Boudard, M. de Boissieu, S. Kycia, A. I. Goldman, B. He

nion, R. Bellisent, M. Quilichini, R. Currat, and C. Janot,
Phys.: Condens. Matter7, 7299~1995!.

7F. Dugain, M. de Boissieu, K. Shibata, R. Currat, T. J. Sato, A
Kortan, J. B. Suck, K. Hradil, F. Frey, and A. P. Tsai, Eur. Ph
J. B 7, 513 ~1999!.

8J. Los, T. Janssen, and F. Ga¨hler, J. Phys. I3, 1431~1993!.
9M. Windisch, J. Hafner, M. Krajcˇf́i, and M. Mihalkovič, Phys.
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