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Phonons in the icosahedral quasicrystali-AlPdMn studied by inelastic x-ray scattering
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The phonon branches of ai -AlPdMn icosahedral quasicrystal are studied, using inelastic x-ray scattering
~IXS! with meV energy resolution. Longitudinal and transverse phonon branches are recorded, starting from a
~52,84! reflection along the twofold axis. In both cases we observe an acoustic mode whose speed of sound
agrees very well with the sound velocity at small reduced wave vectorsq, but becomes nondispersive near
q;0.35 Å21. A second mode, dispersionless over the whole spannedq range, can be clearly identified only
in a purely longitudinal geometry. Our findings are in general agreement with previous inelastic neutron
scattering~INS! results. However, at variance with the INS results, we observe a weaker increase of the
longitudinal acoustic phonon line width with reduced momentum transfer. The present study presents a bench-
mark for future IXS work on quasicrystalline materials which will be of particular value for single crystals,
only available in very small quantities or containing elements not suitable for INS due to their large incoherent
cross section.
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om
h
t

.
e

nd

d

ee
t

he
ra
bu
er

th

th

ou
a

e
in

on-
al

soci-

the

ars,

dy
the
ns-

tic

of
du-
al-
of
ble
t
for
ied
xist
Our
r-
ua-
ng
as
r-
I. INTRODUCTION

Quasicrystals constitute a class of solids different fr
both crystals and glasses, since at the same time they s
sharp diffraction peaks and a point-group symmetry tha
incompatible with lattice periodicity.1 Their thermal and vi-
brational properties have remained difficult to understand
has long been noted that low-temperature specific-h
measurements2 do not agree with the experimental sou
velocity3 and vibrational density of states.4 In these early
works, the weak sample-dependent magnetism of Mn le
much of the confusion. In the case of diamagnetici-AlCuFe,
Brandet al.5 have shown the quantitative agreement betw
the measured lattice specific heat and that predicted from
measured density of states~DOS!. In this case, the low-
energy region is strongly non-Debye-like, indicating t
presence of localized vibrational states. Thus it is of pa
mount interest not only to measure the vibrational DOS,
as well the individual phonon branches themselves. Th
fore, coherent inelastic neutron scattering~INS! has been ex-
tensively used to study the phonon dispersion relations in
icosahedral quasicrystalsi -AlPdMn,6–8 i -AlLiCu,9,10 and
i -AlCuFe,11,12 as well as decagonald-AlNiCo.13 Well-
defined acoustic phonon modes with instrumental linewid
are found close to strong Bragg reflections. They show
linear dispersion up to a reduced wave vector of ab
4 nm21. Above this, these excitations broaden out into
dispersionless band. In addition, another branch, not se
ingly connected with any reflection, is observed higher
0163-1829/2002/65~13!/134201~7!/$20.00 65 1342
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energy than the plateau of the acoustic branch, and is c
ventionally denoted the optical branch. Finally, addition
dispersionless modes have been identified, and partly as
ated with crossing with quasi-Brillouin-zone boundaries.7

In the present work we study the phonon spectrum of
well-known quasicrystal systemi -AlPdMn, utilizing inelas-
tic x-ray scattering~IXS! with meV energy resolution. This
technique has been rapidly evolving in the past 15 ye
following pioneering experiments14,15 ~see Ref. 16 for a re-
cent review!, and made important contributions in the stu
of the high-frequency dynamics of disordered matter in
regime of small momentum transfer and large energy tra
fer, which is very difficult to access by INS due to kinema
limitations ~see, for example, Refs. 17 and 18!. For single
crystals the advantage of IXS arises from the availability
intense, highly collimated x-ray beams, generated by un
lator sources, and high-performance x-ray optics, which
low one to routinely obtain spot sizes of the order of tens
microns. This, in turn, permits us to study samples availa
only in small quantities, which would not yield sufficien
signals to perform an INS experiment. As a starting point
quasicrystal work, we have chosen the well-stud
i -AlPdMn system, because phonon dispersion data do e
so that a comparison with previous results can be made.
goal is to show that IXS is capable of yielding reliable info
mation on the phonon dispersion for small single-grain q
sicrystals, therefore opening up the possibility of studyi
systems for which only single-grain samples as small
1023 mm3 are available; and more generally, to provide fu
ther insight into the dynamics of these exotic materials.
©2002 The American Physical Society01-1
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II. INELASTIC X-RAY CROSS SECTION

In order to underline the similarities and differences b
tween coherent inelastic x-ray and neutron scattering,
briefly outline the formalism for one-phonon scattering
single crystals. IXS probes the dynamic structure factor
sociated with the collective motions of the atoms~molecules!
within the validity of the following assumptions:19–21~i! The
scattering process is dominated by the Thomson scatte
term, and the other resonant and spin-dependent cont
tions to the electron-photon scattering cross section can
neglected at the considered energy transfers.~ii ! The adia-
batic approximation allows one to separate the electronic
nuclear parts of the total wave function, and therefore
center of mass of the electronic cloud follows the nucl
motion. ~iii ! There are no electronic excitations in the co
sidered energy transfer range. Under the above conditi
the IXS double differential cross section can be written a19

]2s~E,V!

]V]E
5r 0

2~«W i•«W f !
2
kf

ki
S~E,QW !, ~1!

whereE andQW are the energy and momentum transfer to
scattering system.V denotes the solid angle in which th
inelastic scattered x rays are observed;r 0 is the classical
electron radius;«W i and«W f are the photon polarization vecto
of the incident and scattered photons, andki andkf are their
respective wave vectors~in contrast to INS, for IXSki

'kf). S(E,QW ) denotes the dynamical structure factor, whi
reflects the properties of the scattering system in the abs
of the perturbing probe. The prefactor toS(E,QW ) is the
Thomson scattering cross section, describing the couplin
the electromagnetic field. For a periodic structure with n
oms in the unit cell the response function is a sum over
3n normal modes of the system:

S~E,QW !5(
j

Sj~E,QW !. ~2!

Here j is the label of a specific phonon branch. For ea
branch the phonon wave vector is given byqW 5QW 2GW , where
GW is the closest reciprocal-lattice vector. In the harmo
approximation, the dynamical structure factor is given by16

Sj~E,QW !5S 1

12expS 2
E

kBTD D Fin~QW !

Ej~qW !

3d@E7Ej~qW !#. ~3!

The first term is the detailed balance factor,D, that de-
scribes the phonon population at temperatureT; kB is the
Boltzmann constant. The delta function involving a diffe
ence ~sum! corresponds to phonon creation~annihilation!.
The inelastic structure factorFin(QW ) is obtained by summing
over all atoms in the unit cell:
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Fin~QW !5U(
k

Mk
21/2f k~QW !@ek

j ~qW !•QW #exp~ iQW •rWk!

3exp~2Wk!U2

. ~4!

Here Mk is the mass,f k(QW ) is the atomic form factor,
exp(2Wk) is the Debye-Waller factor, andrWk is the position
of atom k in the unit cell.ek

j (qW ) denotes the phonon eigen

vector with wave vectorqW of atomk in modej. With respect
to the INS cross section we note the following difference

~i! The IXS S(E,QW ) is proportional tof k
2(QW ). For QW →0,

then f k(QW )→Z, whereas for largeQW the atomic form factor
decreases. For INS,f k(QW ) has to be replaced by the scatte
ing lengthbk , which is independent ofQW , and its magnitude
does not follow any systematic function of the atomic nu
ber.

~ii ! The IXS cross section is purely coherent, whereas
cross section for neutrons possesses an element-depe
incoherent contribution.

~iii ! At the considered x-ray energies, the photoelec
absorption process is the main process alternative to
Thomson scattering. Photoelectric absorption has a c
section increasing roughly with the atomic numberZ asZ4,
and therefore is the determining factor for the sample s
tering volume.

To further illustrate the above points, in Fig. 1 we displ
theZ dependence of the efficiency of the IXS method with
typical incident photon energy of 22 keV.22 This can be ex-
pressed by the ratio between the number of photons scatt
by the Thomson process, and the number of photons
sorbed by the system through all other scattering proces
As a matter of fact, this quantity is nothing else than the ra
sc ands t , wheres t5m/r andsc are the total and coheren
cross sections per atom. The step betweenZ544 and 45
signifies the energy of theK-shell absorption edge with re
spect to the incident photon energy. If the photon energ
smaller than theK-shell binding energy more sample can

FIG. 1. Ratio between coherentsc and the total scattering cros
sections t for x rays of incident energy 22 keV vs atomic numb
~from Ref. 22!.
1-2
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PHONONS IN THE ICOSAHEDRAL QUASICRYSTALi- . . . PHYSICAL REVIEW B65 134201
probed, whereas in the other case another absorption cha
opens up, and consequently the scattering volume is redu

Inspection of Eqs.~1! and ~4! shows that the IXS cros
section is proportional tof k

2(Q)Q2(«W i•«W f)
2. For x rays

which are linearly polarized in the horizontal plane, and sc
tering in the horizontal plane, («W i•«W f)

25cos2(us), whereus is
the scattering angle. This proportionality is displayed in F
2 for the three constituent elements of the quasicrys
namely, aluminum, manganese, and palladium. The s
curve of each graph shows only the factorf k

2(Q)Q2, whereas
in the dotted curve the polarization factor is included. Wh
for the lightest element the drop in the atomic form factor
not compensated for by theQ2 term, this is no longer true fo
the two heavier elements constituting the quasicrystal, wh
the Q2 dependence becomes dominant. However, the po
ization term ultimately leads to a dependence inZ with a
maximum located between 50 and 60 nm21. The range in
which the IXS experiment was performed (40–50 nm21) is
therefore close to the optimum value, and where the pa
dium atoms yield the strongest contribution to the sign
More specifically, assuming Al68.2Pd22.8Mn9 and a typicalQ
value of 48 nm21, the contribution to the signal from Al
Mn, and Pd for IXS amounts to 14.7, 7.3, and 78%, resp
tively. In contrast to this, an analogous analysis for IN
yields that the signal from Al and Pd have almost identi
strengths.

FIG. 2. The product @ f (Q)Q)2 ~solid line! and
( f (Q)Q)2cos2(us) ~dotted line!# as a function of momentum transfe
Q at 22 keV.
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It is evident that the formalism described above, is app
priate for phonons in single crystals, and cannot be sim
transferred to the case of quasicrystals. The absence of th
dimensional periodicity leads to an infinitely large unit ce
and consequently, no Brillouin zone can be defined. On
other hand, very strong and narrow Bragg peaks can be
served, which can be utilized to define pseudo-Brillou
zones with Bragg positions as zone centers.6 Moreover, in
the long-wavelength limit, the phonons do not sense the s
tial nonperiodicity, and sound waves are expected to pro
gate as in a continuum medium. Regarding the structure
the dynamics, quasicrystals are therefore located in betw
the perfect single crystal on one side, and the amorph
solid on the other hand.

III. EXPERIMENTAL DETAILS

The experiment was carried out at the Inelastic X-r
Scattering Beamline II~ID28! at the European Synchrotro
Radiation Facility in Grenoble/France. The x-ray beam fro
the third harmonics of a 35-mm period linear undulator w
premonochromatized toDE/E5231024 by a cryogenically
cooled silicon ~1 1 1! double-crystal monochromator. Thi
energy resolution of the photons is further improved by
high-energy resolution backscattering monochromator.23 It
consists of a flat, symmetrically cut silicon crystal orient
along the ~1 1 1! direction, operating at a Bragg angle o
89.98°, and temperature controlled with a precision of
mK over the 285–295-K temperature region. The family
crystalline planes used by the monochromator has to be
sen as a compromise between the energy resolution an
cident photon flux on the sample. In the present experim
we chose to work with Si~9 9 9! and the Si~11 11 11! reflec-
tion orders, providing energy resolutions of 2.0 and 1.0 m
respectively. The backscattered beam impinges on a g
coated toroidal mirror, which provides a focal spot at sam
positions of 270-mm ~horizontal! and 80mm ~vertical!. The
scattered photons are energy analyzed by a 6.5-m Row
circle crystal spectrometer, operating at the same reflec
order and the same Bragg angle as the high-resolu
monochromator.24,25 A Peltier-cooled silicon diode detecto
with an intrinsic energy resolution of 400 eV~Ref. 26! de-
tects the energy-analyzed photons. The dark counts du
electronic and environmental noise amounts to about
counts/minute. The analyzer crystal is temperature stabili
at about 22.5 °C with a typical stability of 1 mK/24 h. Th
momentum transferQ52kinsin(us/2) is selected by rotating
the spectrometer arm around a vertical axis passing thro
the sample in the horizontal plane. The momentum-tran
resolution is defined by motorized slits in front of the crys
analyzer, and its standard setting yieldsDQ560.13 nm21

@at Si ~9 9 9!# and60.165 nm21 @at Si ~11 11 11!#. The en-
ergy scans are performed by varying the monochroma
temperature while the analyzer temperature is kept fix
Conversion from the temperature scale to the energy sca
accomplished by the following relation:DE/E5aDT,
wherea52.5831026 is the linear thermal expansion of sil
con around room tempera-ture. The validity of this conv
sion has been verified by comparing the measured diam
1-3
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M. KRISCH, R. A. BRAND, M. CHERNIKOV, AND H. R. OTT PHYSICAL REVIEW B65 134201
dispersion curve for longitudinal acoustic phonons with we
established inelastic neutron-scattering results. The ove
experimental resolution is determined by measuring the s
tering from a disordered sample of plexiglass at aQ transfer
of 10 nm21, corresponding to the first maximum in th
static structure factorS(Q), and atT510 K in order to
maximize the elastic contribution to the scattering.

The sample was a single-grain of the icosahedral qua
rystal i -AlPdMn. It was cut with a twofold axis perpendicu
lar to the surface. The measured mosaic spread was 0
The~52,84! reflection was chosen as it lies conveniently on
twofold axis, and is the strongest reflection at this large v
tor G. We denote the deviation from this reflection asq
5Q2G. We have studied both the longitudinal acous
~LA ! mode along the twofold direction as well as the tran
verse acoustic~TA! mode perpendicular to the twofold ax
up to q55 nm21. The sample was mounted in reflectio
geometry.

IV. EXPERIMENTAL RESULTS

A typical IXS spectrum, recorded at Q
547.05 nm21 (q52.5 nm21) in longitudinal geometry
close to the 52/84 reflection, is displayed in Fig. 3, where
normalized intensity in counts per minute is plotted vers
the energy transfer. The spectrum consists of an elastic lin
zero energy, whose width is, in analogy to glasses, resolu
limited, and a clearly visible Brillouin doublet, constitutin
the phonon gain and phonon loss peaks.

Figure 4 shows the complete set of data recorded with
energy resolution of 3 meV along the twofold axis in long
tudinal geometry. In a first step, a Lorentzian line shape
a damped harmonic oscillator~DHO! mode, both with a
single excitation, were used to fit the data. Neither model
to satisfactory agreement, reflected in a fairly highx2 value.
This is not surprising, since in all spectra at least one ad
tional spectral feature is clearly visible. Therefore, guided
the analysis performed for the coherent inelastic neut
scattering experiments,5,6 the IXS spectral shape was fitte
by two pairs of damped harmonic oscillators for the inelas
features and a Lorentzian line for the elastic peak. T

FIG. 3. Typical IXS scan obtained under conditions as indica
in the graph.
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model function is convoluted with the experimentally dete
mined resolution function, and the fitting procedure is p
formed using standardx2-minimization routines. All the fits
yield a x2 value around 1, thus testifying to the quality an
reliability of the fit.

In order to extend the spannedQ range to lowerQ values
and to provide evidence of the predicted additional inela
features at small energy transfers, spectra were recorded
an improved energy resolution of 1.5 meV@Si ~11 11 11!#
reflection order at 21747 eV!, both in longitudinal and trans
verse geometries. These spectra are shown in Figs. 5 an
The data in longitudinal geometry confirm the existence
two distinct modes, and moreover provide evidence for
ditional features at around 4 meV~spectra at 1.5 and
2.0 nm21). It has to be stressed, however, that their ex
tence can be only deduced from the incapability of the mo
function to fit the data. The spectra taken in transverse
ometry are of poorer statistical quality due to the lower co
time per point, but within the statistical quality of the data

d

FIG. 4. IXS scans obtained with an energy resolution ofDE
5 3 meV in longitudinal geometry and atq values indicated in the
graph. The experimental data, displayed with their error bars,
shown together with the best fit to a model function as explaine
the text. The total fit as well as its individual inelastic parts a
shown.
1-4
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PHONONS IN THE ICOSAHEDRAL QUASICRYSTALi- . . . PHYSICAL REVIEW B65 134201
model function consisting of only one pair of DHO we
reproduces the main features of the data.

The top panel of Fig. 7 shows the resulting dispers
curves for longitudinal phonons. The IXS data are display
together with the INS results. Moreover, the sound spee
the long wavelength limit, as obtained by ultrason
measurements3 is shown by the solid line. The longitudina
dynamics is characterized by two main excitations~exclud-

FIG. 5. IXS scans obtained with an energy resolution ofDE
5 1.5 meV in longitudinal geometry and atq values indicated in the
graph. The experimental data, displayed with their error bars,
shown together with the best fit to a model function as explaine
the text. The total fit as well as its individual inelastic parts a
shown.

FIG. 6. IXS scans obtained with an energy resolution ofDE
5 1.5 meV in transverse geometry and atq values indicated in the
graph. The experimental data, displayed with their error bars,
shown together with the best fit to a model function as explaine
the text. The total fit as well as its individual inelastic parts a
shown.
13420
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ing further excitations for the moment!, one which can, due
to its dispersive character, be assigned to a LA mode, and
second one to an opticlike mode, which is visible in all t
spectra, but shows only weak dispersion. The LA-phon
energy at the lowestq value measured results in a deduc
speed of sound which is in good agreement with the ul
sonic measurements, whereas already fromq52 nm21 on,
the LA branch starts to bend down and to flatten out forq
.3 nm21. The agreement between IXS and INS data
the LA branch is excellent, whereas for the LO branch
IXS data tend to lie slightly below the INS results. We do n
consider this to be significant in view of the limited statis
cal quality of the data and the weak strength of the excitat
at low momentum transfers. The middle panel shows
phonon widths as a function of momentum transfer. The
widths show a clearq dependence, with an almost unbroa
ened phonon width at the lowest recordedq value of
2.0 nm21, whereas the LO branch shows within the err
bars aq-independent broadening of about 4–5 meV. The s
of the error bars for the phonon widths are fairly large,

re
in

FIG. 7. Top: dispersion curve of the longitudinal dynamic
Middle: phonon widths of the two identified branches. Bottom: ph
non intensitiesI (Q), corrected for the detailed balance fact
~DBF!, the phonon energyE, and the momentum transferQ ~see the
text!. Open circles~IXS, LA branch,DE53 meV); open squares
~IXS, LA branch,DE51.5 meV); open triangles~IXS, LO branch,
DE53.0 meV); full circles~INS, LA branch,DE51.3 meV); full
triangles ~INS, LO branch,DE51.3 meV); solid line~speed of
sound as determined by ultrasonic measurements!.

re
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flecting the difficulty to separate two closely lying excit
tions unambiguously. The LA-phonon widths, as determin
by INS,6,27 lie above the IXS ones. In general, the IXSQ
resolution is better than the one for INS; moreover, it
energy and momentum transfer independent. Conseque
the discrepancy might be attributed to the orientation a
size of the four-dimensional INS resolution function. T
lowest panel of Fig. 7 shows theq dependence of the phono
intensities. These were obtained by integrating the fitted p
non profile for E.0 and multiplying this value by
D21EjQ

22, whereD designs the detailed balance factor d
fined in Eq.~3!. The value for the intensity thus obtained
proportional to the inelastic structure factorFin , and should
yield, at least in the small-q limit, an almost constant value.28

This is approximately fulfilled forq,3 nm21. For higherq
values, the LA phonon loses intensity, and the LO intens
becomes dominant.

Figure 8 displays the results for the transverse dynam
The phonon dispersion, reported in the top panel, is, as
the longitudinal dynamics, in very good agreement with IN

FIG. 8. Top: dispersion curve of the transverse dynam
Middle: phonon widths of the TA branch. Bottom: phonon inten
ties I (Q), corrected for the detailed balance factor~DBF!, the pho-
non energyE, and the momentum transferQ ~see the text!. Open
circles ~IXS, LA branch, DE51.5 meV); full circles ~INS, LA
branch,DE51.3 meV); solid line~speed of sound as determine
by ultrasonic measurements!.
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results. The phonon energy at the lowestq value of 3 nm21

already deviates from the ultrasonic measurements. Thq
dependence of the IXS and INS phonon widthsG(q) are in
good agreement, in contrast to the results for the longitud
dynamics where the INS phonon widths were significan
higher. Focusing on the IXS results, theG(q) dependence
appears to be more pronounced for the TA branch than
the LA branch. This might be partly due to the fact that f
the longitudinal dynamics a model function consisting of tw
DHO’s was utilized. The statistical quality of the data, a
the small energy separation between the two excitatio
leads to a strong correlation of their respective widths. Mo
over, the probable existence of further excitations, as infer
by INS measurements, makes a reliable determination of
momentum-transfer evolution of the phonon excitation wid
even more difficult.

V. CONCLUSIONS

Our results show the interest in coherent inelastic x-
scattering as applied to the study of the phonon dispers
curves in quasicrystals. We summarize the main conclus
below.

~1! The IXS experiment confirms previous coherent
elastic neutron-scattering results as for the extrapolation
the speed of sound at small reduced scattering vectorq and
the overall shape of the dispersion curves.

~2! As in the case of INS, for the longitudinal dynamic
we observe two main excitations at a givenq. The first pos-
sesses the characteristics of an acoustic mode, dispersing
function of momentum transfer, while the second one is o
weakly dispersing. It appears to be absent in the purely tra
verse scans, and therefore must be of predominant longit
nal character.

~3! There is in addition some evidence of further modes
energies below the acoustic and the ‘‘optic’’modes. This
given both by the fact that these are seen directly in so
spectra~see, i.e., the spectra at 1.5 and 2.0 nm21 in Fig. 5!,
and the fact that the two-mode damped harmonic oscilla
fit does not completely model the data.

~4! The results for the linewidth increase withq seems to
deviate from those for INS in the case of the LA branch. T
might be attributed to the orientation of the four-dimension
INS resolution function with respect to the dispersion she
Both acoustic branches show a progressive increase of
linewidth with q. It is therefore tempting to speculate on a
analogy to amorphous solids where an approximatelyq2 de-
pendence of the acoustic mode linewidth is observed.17

~5! An important advantage of IXS with respect to INS
the fact that crystals or quasicrystals as small as 1023 mm3

can be studied, therefore opening up the possibility to stu
for example,i -MgZnY, where good single grain crystals a
only available in small quantities. Another advantage is
possibility to study samples containing elements not suita
for neutron scattering.

~6! It should be mentioned that the IXS spectra for qua
crystals contain a rather strong elastic peak, not presen

.

1-6



r i
o

y-
trin
d

lu
ra
rg

t

her-

s-
lar
,

te.
r.
o-
-

PHONONS IN THE ICOSAHEDRAL QUASICRYSTALi- . . . PHYSICAL REVIEW B65 134201
much weaker in either INS spectra of similar samples, o
IXS spectra of crystals. This is due to the Lorentzian form
the IXS instrument function~with its stronger wings!, as
compared to the more Gaussian form for INS.

~7! Finally, it turned out that recording both the energ
loss and -gain sides of the IXS spectrum leads to more s
gent fits to the data, since it allows one to impose the con
tion of detailed balance.

Further work shall focus on a detailed study of the evo
tion of the phonon linewidth by accumulating IXS spect
with very good statistics, and eventually an improved ene
resolution of 0.9 meV, and the extension of the technique
,

t
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.
o

n
J

k

,

J

J

R
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other quasicrystal samples which cannot be studied by co
ent inelastic neutron scattering.
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