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Phonons in the icosahedral quasicrystal-AlPdMn studied by inelastic x-ray scattering

M. Krisch
European Synchrotron Radiation Facility, F-38043 Grenoble Cedex, France

R. A. Brand
Department of Physics, Gerhard-Mercator-UniversiBuisburg, D-47048 Duisburg, Germany

M. Chernikov
Center for Superconductivity at the University of Houston, Houston, Texas 77204-5932

H. R. Ott
Laboratorium fur Festkaperphysik, Eidgerssische Technische Hochschuléniggerberg, CH-8093 ‘Zich, Switzerland
(Received 28 May 2001; revised manuscript received 9 October 2001; published 14 Mar¢gh 2002

The phonon branches ofiaAlPdMn icosahedral quasicrystal are studied, using inelastic x-ray scattering
(IXS) with meV energy resolution. Longitudinal and transverse phonon branches are recorded, starting from a
(52,89 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 veqidosit becomes nondispersive near
gq~0.35 A~ A second mode, dispersionless over the whole spagradge, 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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[. INTRODUCTION energy than the plateau of the acoustic branch, and is con-
ventionally denoted the optical branch. Finally, additional
Quasicrystals constitute a class of solids different fromdispersionless modes have been identified, and partly associ-
both crystals and glasses, since at the same time they sh@{ed With crossing with quasi-Brillouin-zone boundaries.
sharp diffraction peaks and a point-group symmetry that is " the present work we study the phonon spectrum of the
incompatible with lattice periodicity. Their thermal and vi- well-known quasicrystal systemAIPdMn, utilizing inelas-

brational properties have remained difficult to understand. Iﬁgc)ﬁ:%ﬁ : Cﬁgse r:)neggg( ?;g:l(;tlg rgfgllvﬁanngeri%ytaiscgggf Q'STS;B

has long been noted that Iqw—temperatu're specific—he%"owing pioneering experiment!® (see Ref. 16 for a re-
meas_uremen%sc_io not agree with the experimental sound .op¢ review, and made important contributions in the study
velocity® and vibrational density of statésln_ these early  of the high-frequency dynamics of disordered matter in the
works, the weak sample-dependent magnetism of Mn led tgegime of small momentum transfer and large energy trans-
much of the confusion. In the case of diamagne#dCuFe,  fer, which is very difficult to access by INS due to kinematic
Brandet al® have shown the quantitative agreement betweeflimitations (see, for example, Refs. 17 and)1&or single

the measured lattice specific heat and that predicted from therystals the advantage of IXS arises from the availability of
measured density of statéDOS9). In this case, the low- intense, highly collimated x-ray beams, generated by undu-
energy region is strongly non-Debye-like, indicating thelator sources, and high-performance x-ray optics, which al-
presence of localized vibrational states. Thus it is of paratow one to routinely obtain spot sizes of the order of tens of
mount interest not only to measure the vibrational DOS, bumicrons. This, in turn, permits us to study samples available
as well the individual phonon branches themselves. Theresnly in small quantities, which would not yield sufficient
fore, coherent inelastic neutron scatteriilgS) has been ex- signals to perform an INS experiment. As a starting point for
tensively used to study the phonon dispersion relations in thquasicrystal work, we have chosen the well-studied
icosahedral quasicrystalsAIPdMn =8 i-AILICu,®® and  i-AIPdMn system, because phonon dispersion data do exist
i-AlCuFe!**? as well as decagonatl-AINiCo.® Well-  so that a comparison with previous results can be made. Our
defined acoustic phonon modes with instrumental linewidthgjoal is to show that IXS is capable of yielding reliable infor-
are found close to strong Bragg reflections. They show anation on the phonon dispersion for small single-grain qua-
linear dispersion up to a reduced wave vector of abousicrystals, therefore opening up the possibility of studying
4 nm 1. Above this, these excitations broaden out into asystems for which only single-grain samples as small as
dispersionless band. In addition, another branch, not seem0 3 mm? are available; and more generally, to provide fur-
ingly connected with any reflection, is observed higher inther insight into the dynamics of these exotic materials.
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II. INELASTIC X-RAY CROSS SECTION " ' T T ' T ' '

In order to underline the similarities and differences be-
tween coherent inelastic x-ray and neutron scattering, we h
briefly outline the formalism for one-phonon scattering in n
single crystals. IXS probes the dynamic structure factor as- I
sociated with the collective motions of the atommlecule$
within the validity of the following assumption’S=21(i) The
scattering process is dominated by the Thomson scattering ©
term, and the other resonant and spin-dependent contribu-
tions to the electron-photon scattering cross section can be
neglected at the considered energy transfeéis.The adia- 0.01 y 7 T
batgilc approximation allows one to Sgparate the electronic and 0 1020 30 40 50 60 70 80
nuclear parts of the total wave function, and therefore the Atomic Number Z,
center of mass of the electronic cloud follows the nuclear
motion. (iii) There are no electronic excitations in the con-  FIG. 1. Ratio between cohereat and the total scattering cross
sidered energy transfer range. Under the above conditionsgctiono for x rays of incident energy 22 keV vs atomic number
the IXS double differential cross section can be writtel? as (from Ref. 22.

c/ Gt

&20'(E,Q) N kf o - _ N N N N
—asE o en’ SEQ), (D Fin(Q)=| 2 M, " (Q)lel(@)- Qlexp(iQ 1)
- 2
whereE andQ are the energy and momentum transfer to the Xexp(— W) (4)
scattering system() denotes the solid angle in which the

inelastic scattered x rays are observegl;is the classical
electron radiusgi andEf are the photon polarization vectors
e et 1 s DO, a1 08 expiW s th Debye-Waler factor and, i he posion
~Ks). S(E,Q) denotes the dynamical structure factor, whichOf atomll< in the unit cell.ef((q) der?otes the_ ph.onon elgen-
reflects the properties of the scattering system in the absend&ctor with wave vectog of atomk in modej. With respect
of the perturbing probe. The prefactor EG(E,@) is the to the INS cross seEtlon we note the foIIO\ivmg d|ﬁ§rences.
Thomson scattering cross section, describing the coupling to (i) The IXS S(E,Q) is proportional tof§(Q). For Q—0,
the electromagnetic field. For a periodic structure with n at‘thenfk((j)qz' whereas for Iargé the atomic form factor
oms in the unit cell the response function is a sum over thgjareases. For INS,(Q) has to be replaced by the scatter-

3n normal modes of the system: ing lengthb, , which is independent a, and its magnitude
does not follow any systematic function of the atomic num-
3 3 ber.
S(E,Q)=2, S(E,Q). 2 , .
(E.Q) 2 (E.Q) @ (i) The IXS cross section is purely coherent, whereas the
cross section for neutrons possesses an element-dependent
Herej is the label of a specific phonon branch. For each'nCC_)_herentrtliontrlbu.téon. . _ - et
branch the phonon wave vector is givendpy Q— G, where (iii) At the considered x-ray energies, the photoelectric
- _ _ _absorption process is the main process alternative to the
G is the closest reciprocal-lattice vector. In the harmoni

! ' C T CThomson scattering. Photoelectric absorption has a cross
approximation, the dynamical structure factor is giver®oy section increasing roughly with the atomic numieas 4,

and therefore is the determining factor for the sample scat-

Here M is the mass,fk((j) is the atomic form factor,

. 1 Fin(Q) tering volume.
Si(E,Q)= E = To further illustrate the above points, in Fig. 1 we display
1—ex;{ — —) Ej(a) the Z dependence of the efficiency of the IXS method with a
keT typical incident photon energy of 22 ké¥This can be ex-

pressed by the ratio between the number of photons scattered
by the Thomson process, and the number of photons ab-
sorbed by the system through all other scattering processes.
The first term is the detailed balance factdr, that de-  As a matter of fact, this quantity is nothing else than the ratio
scribes the phonon population at temperatlyeks is the . ando,, wheres,= u/p ando, are the total and coherent
Boltzmann constant. The delta function inVOIVing a differ- Cross sections per atom. The Step betw&end4d and 45
ence (sum corresponds to phonon creatidgannihilation.  signifies the energy of thi-shell absorption edge with re-
The inelastic structure factét;,(Q) is obtained by summing spect to the incident photon energy. If the photon energy is
over all atoms in the unit cell: smaller than th&-shell binding energy more sample can be

X JEFE;(q)]. &)
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- It is evident that the formalism described above, is appro-
_ 1.2x10% Aluminum priate for phonons in single crystals, and cannot be simply
£ transferred to the case of quasicrystals. The absence of three-
3 o ST dimensional periodicity leads to an infinitely large unit cell,
£ 8.0x10 and consequently, no Brillouin zone can be defined. On the
= other hand, very strong and narrow Bragg peaks can be ob-
g’ 4.0x10* ' served, which can be utilized to define pseudo-Brillouin-
zones with Bragg positions as zone cenfeMoreover, in
0.0 the long-wavelength limit, the phonons do not sense the spa-
’ ' tial nonperiodicity, and sound waves are expected to propa-
_ s.oxioe| Manganese gate as in a continuum medium. Regarding the structure and
g the dynamics, quasicrystals are therefore located in between
> 9 the perfect single crystal on one side, and the amorphous
5 i I solid on the other hand.
5 2.5x10° e
(o]
] I1l. EXPERIMENTAL DETAILS
0.0 . The experiment was carried out at the Inelastic X-ray
«| Palladium Scattering Beamline 1{ID28) at the European Synchrotron
3.0x101 Radiation Facility in Grenoble/France. The x-ray beam from
) the third harmonics of a 35-mm period linear undulator was
S 2.0x10° premonochromatized tAE/E=2X10* by a cryogenically
- cooled silicon(111) double-crystal monochromator. This
5 N < energy resolution of the photons is further improved by the
5 1.0x10%; high-energy resolution backscattering monochrontatat.
0 consists of a flat, symmetrically cut silicon crystal oriented
0.0 . . . . along the(111) direction, operating at a Bragg angle of
0 20 40 60 80 100 89.98°, and temperature controlled with a precision of 0.2

Q[rm’] mK over the 285—-295-K temperature region. The family of
crystalline planes used by the monochromator has to be cho-
FIG. 2. The product [f(Q)Q)*> (solid line and sen as a compromise between the energy resolution and in-
(f(Q)Q)%cos(6y) (dotted ling] as a function of momentum transfer cident photon flux on the sample. In the present experiment
Q at 22 keV. we chose to work with S(9 99 and the Si(11 11 13 reflec-
r;i&n orders, providing energy resolutions of 2.0 and 1.0 meV,

probed, whereas in the other case another absorption chan tivelv. The backscattered b I Id
opens up, and consequently the scattering volume is reduce@>SPECtIVElY. [1n€ Dackscallered beam Impinges on a gold-

Inspection of Eqs(1) and (4) shows that the IXS cross coated toroidal mirror, which provides a focal spot at sample

section is proportional tofﬁ(Q)Qz(Eiéf)z. For X rays positions of 270xm (horizonta) and 80um (vertical). The

which are linearly polarized in the horizontal plane, and Scat_scattered photons are energy analyzed by a 6.5-m Rowland

. . - > i circle crystal spectrometer, operating at the same reflection
tering in the horizontal planeg(- )%= cog(6y), whered, is Y P P g

N X 4 oA 2 order and the same Bragg angle as the high-resolution
the scattering angle. This proportionality is displayed in Fi9-monochromato?*25 A Peltier-cooled silicon diode detector

2 for the three constituent elements of the quasicrystal iy o intrinsic energy resolution of 400 elRef. 26 de-

namely, aluminum, manganese, and palladium. The soli h ivzed ph The dark d

curve of each graph shows only the factﬁtQ)Q2 whereas ects t € energy-analyzed p otoqs. e dark counts due to
' electronic and environmental noise amounts to about 0.2

in the dotted curve the polarization factor is included. Wh“ecounts/minute The analyzer crystal is temperature stabilized
for the lightest element the drop in the atomic form factor 'Sat about 22.5°C with a typical stability of 1 mK/24 h. The

not compensated for by th@? term, this is no longer true for . . .
P y e s ger omentum transfe® = 2k;,sin(642) is selected by rotating

the two heavier elements constituting the quasicrystal, Wherl%: ) g .
the Q? dependence becomes dominant. However, the poIaF- e spectrometer arm around a vertical axis passing through

ization term ultimately leads to a dependenceZimith a the samplg in the horizontal plane. _Thg momentum-transfer
maximum located between 50 and 60 WmThe range in resolution is defined by motorized slits in front of the crystal
which the IXS experiment was performed (40-50 Hiis ~ analyzer, and its standard setting yielliQ==0.13 nm*
therefore close to the optimum value, and where the pallafat Si(999] and +0.165 nm* [at Si(111113]. The en-
dium atoms yield the strongest contribution to the signal€rgy scans are performed by varying the monochromator
More specifically, assuming & Pd, gMng and a typicalQ ~ temperature while the analyzer temperature is kept fixed.
value of 48 nm?, the contribution to the signal from Al, Conversion from the temperature scale to the energy scale is
Mn, and Pd for IXS amounts to 14.7, 7.3, and 78%, respecaccomplished by the following relationAE/E=aAT,
tively. In contrast to this, an analogous analysis for INSwherea=2.58x 10 © is the linear thermal expansion of sili-
yields that the signal from Al and Pd have almost identicalcon around room tempera-ture. The validity of this conver-
strengths. sion has been verified by comparing the measured diamond
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FIG. 3. Typical IXS scan obtained under conditions as indicated
in the graph.

dispersion curve for longitudinal acoustic phonons with well-
established inelastic neutron-scattering results. The overall 150
experimental resolution is determined by measuring the scat-
tering from a disordered sample of plexiglass & &ansfer

Counts in 60 secs

100

of 10 nm !, corresponding to the first maximum in the 50
static structure factoS5(Q), and atT=10 K in order to 0
maximize the elastic contribution to the scattering. 200
The sample was a single-grain of the icosahedral quasic-
rystali-AlPdMn. It was cut with a twofold axis perpendicu- 100
lar to the surface. The measured mosaic spread was 0.03°.
The (52,84 reflection was chosen as it lies conveniently on a 0
twofold axis, and is the strongest reflection at this large vec- 40 -30 20 10 O 10 20 30 40
tor G. We denote the deviation from this reflection @s Energy Transfer [meV]

=Q—G. We have studied both the longitudinal acoustic

(LA) mode along the twofold direction as well as the trans- FIG. 4. IXS scans obtained with an energy resolutionAd

verse acousti€TA) mode perpendicular to the twofold axis = 3 meV in longitudinal geometry and gtvalues indicated in the

up to g=5 nm . The sample was mounted in reflection graph. The experimental data, displayed with their error bars, are

geometry. shown together with the best fit to a model function as explained in
the text. The total fit as well as its individual inelastic parts are

shown.
IV. EXPERIMENTAL RESULTS

A typical IXS spectrum, recorded at Q
=47.05 nm?! (q=2.5 nm%) in longitudinal geometry model function is convoluted with the experimentally deter-
close to the 52/84 reflection, is displayed in Fig. 3, where thenined resolution function, and the fitting procedure is per-
normalized intensity in counts per minute is plotted versusormed using standarg?>-minimization routines. All the fits
the energy transfer. The spectrum consists of an elastic line gteld a y? value around 1, thus testifying to the quality and
zero energy, whose width is, in analogy to glasses, resolutioreliability of the fit.
limited, and a clearly visible Brillouin doublet, constituting In order to extend the spann€irange to lowelQ values
the phonon gain and phonon loss peaks. and to provide evidence of the predicted additional inelastic

Figure 4 shows the complete set of data recorded with afeatures at small energy transfers, spectra were recorded with
energy resolution of 3 meV along the twofold axis in longi- an improved energy resolution of 1.5 md®i (1111 11 ]
tudinal geometry. In a first step, a Lorentzian line shape andeflection order at 21747 g@Vboth in longitudinal and trans-
a damped harmonic oscillatqgPDHO) mode, both with a verse geometries. These spectra are shown in Figs. 5 and 6.
single excitation, were used to fit the data. Neither model led’he data in longitudinal geometry confirm the existence of
to satisfactory agreement, reflected in a fairly hjghvalue.  two distinct modes, and moreover provide evidence for ad-
This is not surprising, since in all spectra at least one addiditional features at around 4 meVspectra at 1.5 and
tional spectral feature is clearly visible. Therefore, guided by2.0 nni'?). It has to be stressed, however, that their exis-
the analysis performed for the coherent inelastic neutromence can be only deduced from the incapability of the model
scattering experiments the IXS spectral shape was fitted function to fit the data. The spectra taken in transverse ge-
by two pairs of damped harmonic oscillators for the inelasticometry are of poorer statistical quality due to the lower count
features and a Lorentzian line for the elastic peak. Thigime per point, but within the statistical quality of the data, a
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FIG. 5. IXS scans obtained with an energy resolutionA& E 4} l l l 1 | i
= 1.5 meV in longitudinal geometry and @tvalues indicated in the £ J o
graph. The experimental data, displayed with their error bars, are £ 2} {) %
shown together with the best fit to a model function as explained in ¢ 5 $
the text. The total fit as well as its individual inelastic parts are 0 Q ° .
shown.
1,5F A A
model function consisting of only one pair of DHO well 2 A
reproduces the main features of the data. = 10} o o
The top panel of Fig. 7 shows the resulting dispersion & o A
curves for longitudinal phonons. The IXS data are displayed & A
together with the INS results. Moreover, the sound speed in  — 05} ) ‘,A . o o o

the long wavelength limit, as obtained by ultrasonic
measurementss shown by the solid line. The longitudinal

dynamics is characterized by two main excitatigazclud-

30

Counts in 40 (80) secs

50

0

30 20 10 O 10 20 30
Energy Transfer [meV]

FIG. 6. IXS scans obtained with an energy resolutionAdf

0 1 2 3 4 5 6 7
-1
q[nm]

FIG. 7. Top: dispersion curve of the longitudinal dynamics.
Middle: phonon widths of the two identified branches. Bottom: pho-
non intensities| (Q), corrected for the detailed balance factor
(DBF), the phonon energl, and the momentum transfér(see the
text). Open circlegI1XS, LA branch,AE=3 meV); open squares
(IXS, LA branch,AE=1.5 meV); open triangle@XS, LO branch,
AE=3.0 meV); full circles(INS, LA branch, AE=1.3 meV); full
triangles (INS, LO branch,AE=1.3 meV); solid line(speed of
sound as determined by ultrasonic measurements

ing further excitations for the momenione which can, due

to its dispersive character, be assigned to a LA mode, and the
second one to an opticlike mode, which is visible in all the
spectra, but shows only weak dispersion. The LA-phonon
energy at the lowedf value measured results in a deduced
speed of sound which is in good agreement with the ultra-
sonic measurements, whereas already fopa2 nm ™t on,

the LA branch starts to bend down and to flatten outdor
>3 nm L. The agreement between IXS and INS data for
the LA branch is excellent, whereas for the LO branch the
IXS data tend to lie slightly below the INS results. We do not
consider this to be significant in view of the limited statisti-
cal quality of the data and the weak strength of the excitation
at low momentum transfers. The middle panel shows the
phonon widths as a function of momentum transfer. The LA

= 1.5 meV in transverse geometry andgatalues indicated in the ~Widths show a cleaq dependence, with an almost unbroad-
graph. The experimental data, displayed with their error bars, aréned phonon width at the lowest recordedvalue of

shown together with the best fit to a model function as explained ir2.0 nm !, whereas the LO branch shows within the error
the text. The total fit as well as its individual inelastic parts arebars ag-independent broadening of about 4—5 meV. The size

shown.

of the error bars for the phonon widths are fairly large, re-
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' ' ' ' ' T e results. The phonon energy at the lowestalue of 3 nm'!
o ® @ already deviates from the ultrasonic measurements. g he
10+ . dependence of the IXS and INS phonon widilg]) are in
(S good agreement, in contrast to the results for the longitudinal
dynamics where the INS phonon widths were significantly
higher. Focusing on the IXS results, th€q) dependence
appears to be more pronounced for the TA branch than for
5k ] the LA branch. This might be partly due to the fact that for
the longitudinal dynamics a model function consisting of two
DHO’s was utilized. The statistical quality of the data, and
v,,=3593 m/s the small energy separation between the two excitations,
leads to a strong correlation of their respective widths. More-
° over, the probable existence of further excitations, as inferred
44 <} 1 by INS measurements, makes a reliable determination of the
momentum-transfer evolution of the phonon excitation width
even more difficult.

Energy [meV]
®

0 + + + + + +

Width [meV]

0- ° 1 V. CONCLUSIONS

o | Our results show the interest in coherent inelastic x-ray
scattering as applied to the study of the phonon dispersion
o curves in quasicrystals. We summarize the main conclusions
below.
(1) The IXS experiment confirms previous coherent in-
elastic neutron-scattering results as for the extrapolation to
° the speed of sound at small reduced scattering vertord
0.08; 1 5 3 4 5 6 7 the overall shape of the dispersion curves.
q [nm'1] (2) As in the case of INS, for the longitudinal dynamics
we observe two main excitations at a givenThe first pos-
FIG. 8. Top: dispersion curve of the transverse dynamicssesses the characteristics of an acoustic mode, dispersing as a
Middle: phonon widths of the TA branch. Bottom: phonon intensi- function of momentum transfer, while the second one is only
ties1(Q), corrected for the detailed balance factbBF), the pho-  \eakly dispersing. It appears to be absent in the purely trans-
non energyE, and the momentum transfe (see the tejt Open  yerse scans, and therefore must be of predominant longitudi-
circles (IXS, LA branch,AI_E=_1.5 meV); full circles(INS, LA nal character.
branCh’AE.Zl'?’ meV); solid line(speed of sound as determined (3) There is in addition some evidence of further modes at
by ultrasonic measurements . . o S
energies below the acoustic and the “optic”’modes. This is
given both by the fact that these are seen directly in some
flecting the difficulty to separate two closely lying excita- spectra(see, i.e., the spectra at 1.5 and 2.0 rin Fig. 5),
tions unambiguously. The LA-phonon widths, as determinedand the fact that the two-mode damped harmonic oscillator
by INS8?’ lie above the IXS ones. In general, the IX® fit does not completely model the data.
resolution is better than the one for INS; moreover, it is (4) The results for the linewidth increase wighseems to
energy and momentum transfer independent. Consequentigeviate from those for INS in the case of the LA branch. This
the discrepancy might be attributed to the orientation andnight be attributed to the orientation of the four-dimensional
size of the four-dimensional INS resolution function. TheINS resolution function with respect to the dispersion sheet.
lowest panel of Fig. 7 shows tliedependence of the phonon Both acoustic branches show a progressive increase of the
intensities. These were obtained by integrating the fitted phdinewidth with g. It is therefore tempting to speculate on an
non profile for E>0 and multiplying this value by analogy to amorphous solids where an approximagélge-
D*1EjQ*2, whereD designs the detailed balance factor de-pendence of the acoustic mode linewidth is obsefVed.
fined in Eq.(3). The value for the intensity thus obtained is  (5) An important advantage of IXS with respect to INS is
proportional to the inelastic structure factey,, and should the fact that crystals or quasicrystals as small as’1tm’
yield, at least in the smati-limit, an almost constant valifé.  can be studied, therefore opening up the possibility to study,
This is approximately fulfilled fog<3 nm *. For higherq  for examplei-MgZnY, where good single grain crystals are
values, the LA phonon loses intensity, and the LO intensityonly available in small quantities. Another advantage is the
becomes dominant. possibility to study samples containing elements not suitable
Figure 8 displays the results for the transverse dynamicdgor neutron scattering.
The phonon dispersion, reported in the top panel, is, as for (6) It should be mentioned that the IXS spectra for quasi-
the longitudinal dynamics, in very good agreement with INScrystals contain a rather strong elastic peak, not present or

0,16

0,12¢

I(Q) [arb. units]

[¢]
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much weaker in either INS spectra of similar samples, or irother quasicrystal samples which cannot be studied by coher-
IXS spectra of crystals. This is due to the Lorentzian form ofent inelastic neutron scattering.

the IXS instrument functionwith its stronger wingg as

compared to the more Gaussian form for INS. ACKNOWLEDGMENTS
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