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Abstract

The dynamics of the icosahedral ZnMgY phase has been investigated on
a single-grain quasicrystalline sample using inelastic neutron scattering.
Similarly to other quasicrystals we observe well defined acoustic modes for
values of the wavevector smaller than 0.3 A~'. We find a longitudinal sound
velocity equal to 4800 m s~! and an isotropic transverse sound velocity equal
to 3100 m s~!. The acoustic character and the broadening of transverse
excitations has been studied extensively. We find that transverse excitations
remain acoustic up to ¢ = 0.5 A~!. For ¢ lying between 0.3 and 0.5 A~! we
observe a broadening, which is independent of the propagation or polarization
direction, while the dispersion relation departs from linearity. For g = 0.6 A~
there is a resonance with an optic-like excitation located at about 10 meV and
the signal can no longer be described by a single acoustic mode. For larger
wavevectors we observe a broad distribution of modes, which can be split into
three dispersionless optical bands located at 8, 12 and 17 meV. The 8 and
12 meV bands are associated with the crossing of pseudo-zone boundaries by
the acoustic branch. A detailed comparison with results obtained in the i-
AlPdMn phase shows significant differences: in particular the broadening of
transverse acoustic modes is much less pronounced in the ZnMgY phase than
in the i-AIPdMn one.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Quasicrystals are long-range ordered materials whose diffraction pattern presents symmetries
incompatible with translational invariance. In a few systems they can be obtained as large single
grains with a high degree of structural order, which allow detailed studies of their physical
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properties and of their collective dynamics to be performed. Indeed the quasiperiodic long-
range order of the structure is believed to give rise to a specific dynamical response (see [1,2]
for an introduction).

Theoretically, the study of the dynamics of quasicrystals is a complex problem. Analytical
solutions have only been obtained in the one-dimensional case [3—-16]. For two-dimensional
and three-dimensional systems, results have been obtained by simulations on large-unit-cell
periodic approximants [17-24], which contain the same building units as the quasicrystal.
Because of the absence of periodicity the Bloch theorem breaks down. However quasicrystals,
unlike amorphous systems, are highly ordered systems with well defined Bragg peaks. In the
long-wavelength limit well defined acoustic modes exist and are measurable by inelastic
neutron scattering close to the strong Bragg reflections: each strong Bragg reflection can thus be
considered as a zone centre. Considering the quasiperiodic structure as a weak perturbation on
a monatomic structure [25], the concept of the Brillouin zone can be extended to quasicrystals.
First a generalized structure factor is computed, from which a series of special points, located
around the origin of reciprocal space, are defined [26,27]: only those points which have a strong
generalized structure factor are important. This set of points allows us to construct a series
of pseudo-Brillouin zone boundaries (PZBs), which can be drawn around each strong Bragg
reflection acting as a zone centre. In the perturbative approach, each time the acoustic branch
crosses a PZB, there is a gap opening whose magnitude is proportional to the generalized
structure factor: in other words the acoustic wave is Bragg reflected by the Fourier component
of the atomic density associated with each special point in reciprocal space. The description
of excitations in quasicrystals can thus be carried out in an extended zone scheme, where zone
centres and PZBs are defined.

The nature of the eigenstates is also believed to be specific to quasicrystals. For the
one-dimensional Fibonnacci chain, it has been shown that some modes are critical: they are
neither extended as for a periodic crystal, nor localized with an exponential decay, as for
disordered systems. Critical modes are localized on specific local environments, which are
found infinitely many times in the quasiperiodic structure, and show a power law rather than an
exponential decay. Similar properties have been observed in simulations on two-dimensional
systems. For instance, some of the electronic eigenstates of large decagonal approximants
present power law decay and are localized on specific local environments [28]. For three-
dimensional systems, simulations of the vibrational properties on realistic models showed that
there are ‘confined’ modes: in the case of Frank—Kasper-type quasicrystals, the eigenmodes
are localized on highly frustrated sites at the intersection of disclination lines [22]. Such sites
are quasiperiodically stacked in the structure. Because of the Conway theorem, which states
that any local environment with a radius R can be found at least once in a sphere of radius 2R,
these environments are not independent and will ‘feel’ each other: this is what makes the major
difference with localized modes in disordered systems.

Experimentally, dispersion relations have been measured by inelastic neutron scattering on
single grains of the i-AlLiCu [29,30], i-AlCuFe [31,32], i-AlPdMn [33,34] and d-AINiCo [35]
phases. Comparisons with a periodic approximant have been carried out only for the AlLiCu
system. The most detailed results were obtained for the icosahedral AIPdMn and decagonal
AlNiCo phases for which large single grains of good structural quality have been obtained.
In the icosahedral AIPdMn phase, well defined acoustic excitations are observed close to
the strong Bragg reflections. For wavevectors smaller than 0.3 A~! they are resolution
limited with an intensity scaling as expected for long-wavelength excitations in the acoustic
regime. For larger wavevectors a rapid broadening of the acoustic excitations is observed,
which corresponds to a mixing of the acoustic-like excitation with a series of broad (4 meV)
dispersionless excitations located at 7, 12, 16 and 22 meV. The acoustic character of the
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excitation is lost for wavevectors larger than 0.65 A~!. Although no gap could be detected
at the crossing of the PZB, the low-energy optic modes have an energy corresponding to the
crossing of the transverse acoustic branch with a PZB.

Decagonal phases have a structural anisotropy with a structure consisting of a stacking of
quasiperiodic planes. We observed well defined acoustic excitations, presenting a broadening
for transverse modes polarized in the periodic direction. For transverse modes polarized in
the quasiperiodic plane a resonance splitting is observed at an energy transfer of 15 meV. This
was interpreted as the result of the strong disorder present in the structure.

The ZnMgY icosahedral phase is particularly interesting for the study of dynamical
properties: it can be obtained as large single grains with a good structural quality; its atomic
structure is completely different from that of the i-AIPdMn phase. Although its detailed atomic
structure has not yet been solved, the local order, and the atomic clusters constituting the i-
ZnMgY phase, are believed to be different from those of the i-AIPdMn phase [36,37]. In the
i-AlIPdMn phase the broadening of excitations in the acoustic regime begins for a wavelength
of the order of 20 A, which is of the same order of magnitude as the atomic cluster size. The
study of the dynamics of the i-ZnMgY phase is thus of particular interest.

We present in this paper a complete study of the dynamics of the ZnMgY phase by inelastic
neutron scattering on a single-grain sample. Section 2 gives the experimental details. An
outline of the data analysis is given in section 3. The results of the measurements and analysis
are given in section 4. First a detailed analysis of the transverse and longitudinal acoustic modes
is given, followed by the presentation of the high-energy excitations in section 5. A discussion
and conclusion are given in section 6.

2. Experimental details

A single grain of the ZnMgY phase has been prepared by the Bridgman technique. It was
pulled at a 0.2 mm h™! speed in a furnace with a temperature gradient equal to 6 K mm™",
corresponding to a cooling rate of 1.2 K h™! [38]. The composition of the single grain
is ZngoMgs1Yge. The sample was irregularly shaped with a volume equal to approximately
1 x0.9 x 0.7 cm’.

The quasicrystalline and single-grain character of the sample was carefully checked by
x-ray and neutron diffraction. Systematic reciprocal maps were recorded on a four-circle
diffractometer mounted on a rotating anode Cu source. All Bragg spots could be indexed in
the icosahedral Fm35 lattice. The intensity distribution of Bragg peak intensities was found
to be very different to what is observed in the i-AIPdMn phase as illustrated in figure 1.
In particular peaks with a high Q.. component are observed, as a result of the very different
atomic structure of the ZnMgY icosahedral phase. A high-resolution x-ray diffraction pattern
was carried out on the D2AM beam line [39]: unlike most of the i-ZnMgRE samples that
were studied, Bragg peaks did not show any departure from their ideal position, confirming
the icosahedral character of the phase. The width of the Bragg reflections showed a clear
linear dependence on Q . with a coefficient of proportionality equal to 0.005, to be compared
with 0.0008 found in the best i-AIPdMn phases. The single-grain character of the bulk sample
was finally checked by neutron diffraction. The sample mosaic was found to be equal to 0.1°,
with a small companion grain one-tenth of the size located at 1° from the main one. Systematic
scans carried out along the high-symmetry directions did not show any parasitic phase and could
be indexed using a six-dimensional lattice parameter equal to 0.73 nm. Figure 2 presents a
scan along a five-fold axis with some of the N/M indices given [40]. The high density of
Bragg peaks makes the likelihood of multiple diffraction rather high, which sometimes leads
to spurious signals in the inelastic scans.
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Figure 1. Systematic reciprocal space map recorded in the i-AIPdMn phase (left) and i-ZnMgY
phase (right). Data were collected by using the Cu radiation of a rotating anode generator, in
reflection geometry. The same area of reciprocal space is covered in both figures. To ease the
comparison, Q and Qy coordinates are given in 27 /a units. The Bragg peak intensity distribution
is very different as the result of the very different atomic structures.
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Figure 2. Longitudinal elastic Q-scan measured along a five-fold axis. All peaks can be indexed
in the icosahedral quasilattice. Vertical lines show the theoretical position of Bragg peaks in the
icosahedral lattice, with a Q p,, cut-off set to 2.5 (in 277 /a units). Unindexed reflections correspond
to higher Q ,, reflections, to higher-order contamination or to multiple diffraction. A few N/M
indices [40] are given.

Higher-energy excitations were measured on the IN8 three-axis spectrometer located on
the thermal source of the ILL reactor. Scans were recorded with a fixed final wavevector
equal to ky = 2.662 A-!, using a vertically curved graphite monochromator, a 60’ collimation
before the sample and a doubly curved graphite analyser. The energy resolution measured on a
vanadium sample is equal to 1.1 meV. The energy resolution for dispersing modes depends on
the slope of the dispersion relation, on the Q position and on the energy transfer. For transverse
acoustic modes measured at Q = 4.5 A~! in the energy range 2—8 meV, the instrumental reso-
lution is of the order of 1.3 meV. Longitudinal scans and some transverse scans were recorded
with a flat analyser for better resolution: in this configuration the energy resolution is of the or-
der of 1.7 meV for longitudinal acoustic phonons and 0.8 meV for transverse acoustic phonons.
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Figure 3. Twofold scattering plane. The size of the dots is proportional to the Bragg peak intensity.
Bragg peaks around which measurements have been carried out are labelled with their N and M
indices. Their corresponding six indices are given in table 1.

Table 1. Indices of a few Bragg reflections shown in figure 2. Q4 and Q p,, are given in 27 /a
units, where a is the six-dimensional lattice parameter equal to 0.73 nm.

N M My h/W k/K U Qpar Qper

18 29 12 1/2 2/3 0/0 2995 0.17
20 32 30 2/4 0/0 0/0  3.15 0.28
52 84X 30 4/6 0/0 0/0  5.09 0.18
52 84y 30 0/0 4/6 0/0 5.09 0.18
60 96 20 2/2 4/6 0/0 5455 049

Low-energy excitations were measured on the HER three-axis spectrometer located on the
curved guide facing the cold source of the JRR-3M reactor in JAERI. Scans were recorded with
a fixed initial wavevector k; = 1.545 A~!, using a vertically curved graphite monochromator,
a cold Be filter before the sample and a flat graphite analyser. The collimations were open—
40'—40'—40’ for the longitudinal acoustic mode measurements and open—40'—80’'-80/ for the
transverse acoustic mode measurements with vanadium resolution widths of 0.12 and 0.22 meV
respectively. For transverse acoustic modes measured at Q = 2.5 A~! in the energy range
around 2 meV, the resolution is of the order of 0.8 meV. For longitudinal acoustic modes
measured at Q = 2.5 A~ in the energy range around 1.6 meV, the resolution is of the order
of 0.7 meV, i.e. half the size of that for the IN8 measurements.

All measurements were carried out in the two-fold scattering plane for which the Bragg
pea k intensity distribution is shown in figure 3. The main reflections around which excitations
have been measured are labelled with their N and M indices, as proposed by Cahn et al [40],
in figure 3. The corresponding six-dimensional indices are given in table 1.

3. Data analysis

As explained in the introduction, the definition of a zone centre and thus of the g wavevector
of an excitation is in principle not possible for quasicrystals. It is only in the acoustic regime
that a direct correspondence between the measured spectra and phonon excitations can be
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made accurately. In the following we choose as zone centre the strongest Bragg reflections.
Around each of these zone centres there is a hierarchy of PZBs, defined as G + qzp where G
is the reciprocal lattice vector of the zone centre, and 2qzp is a vector of the reciprocal
quasilattice. In a simple perturbation approach, there is a gap opening each time the acoustic
branch crosses such a zone boundary, and the slope of the dispersion relation vanishes at this
point. The magnitude of the gap is proportional to the generalized structure factor so that only
PZBs associated with a large generalized structure factor are meaningful. However, since a
structural model is not yet available, it is not possible to compute the mass-weighted structure
factor as was done for the i-AIPdMn phase. Nevertheless, we shall define the important PZBs
according to the measured structure factor. Starting from the origin, the strongest structure
factors are found along a three-, five- and two-fold axis, with Q values equal to 0.89, 0.97
and 1.03 A='. The first pseudo-Brillouin zone boundary is thus obtained by the intersection
between an icosahedron, a dodecahedron and a triacontahedron. This volume has a shape
very close to a sphere of radius 0.48 A~!. The next PZB is obtained as the intersection of
a dodecahedron and a triacontahedron t times larger than the previous one (where 7t is the
golden mean). Around each strong Bragg reflection there is thus a stacking of these two main
PZBs. They can actually be viewed as the midpoints between the strong Bragg reflections
observed in figures 2 and 3. From this simple approach we can thus expect a gap opening in
the dispersion curve at ¢ = 0.48 A=,

A phonon can strictly be defined only in the long-wavelength limit or acoustic regime.
In this case a clear selection rule exists, which allows the measurement of the phonon dispersion
relation. The response function of an acoustic mode measured at a reciprocal space position
Q = G +q, where G is the reciprocal vector of the Bragg reflection chosen as zone centre,
and F,; its structure factor, reads

(n(E)+31+1)

Erw)(q) (erw) * @ F(Q)S(E £ Erqwy). (1)

S@Q.E) =

This relation can be used to assess the acoustic character of a given phonon branch: as
long as the acoustic character holds, the normalized intensity of the measured excitation I,,,.,,
as defined in expression (2) below, should be constant.

Inarm(T,L) = Iph(T,L) * E2 (2)

where I,;(r,1) is obtained by integrating (1) over energies.

For larger wavevectors the situation is much more complex: a simple question such as
‘what is the wavevector of the excitation?” cannot be answered. The only quantity which
is measured is the response function S(Q, E). Nevertheless, in the following, results will be
displayed as pseudo-dispersion relations in an extended zone scheme, with the vector g defined
with reference to the strong Bragg reflections.

The energy, width and intensity of the different observed excitations were extracted by
fitting the S(Q, E) function with a superposition of damped harmonic oscillators (DHOs) when
in the acoustic regime and by a superposition of Gaussians for high-energy excitations. For
each experimental configuration the instrumental broadening has been taken into account [41].
The reported widths thus correspond to intrinsic values. The smallest detectable excitation
width is of the order of 0.1 meV.
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4. Acoustic regime

4.1. Transverse modes

Transverse modes propagating along a direction parallel to two-, three- and five-fold directions
were measured around several reflections lying on a two- or five-fold symmetry axis (see
figure 3). As expected for icosahedral symmetry we found that the transverse sound velocity
is independent of the direction of propagation and polarization, with a value equal to
3100 £ 100 m s~! in good agreement with ultrasonic measurements [42].

Examples of constant-g energy scans, with g parallel to a three-fold axis, measured around
the 18/29 reflection are shown in figure 4. The left panel corresponds to measurements carried
out on the HER spectrometer. Thanks to the good energy resolution low g TA phonons could
be measured. Excitation profiles are well defined and the observed line widths correspond
to the calculated instrumental resolution for ¢ smaller than 0.3 A~! as shown by the solid
curve in figure 4. The right-hand panel corresponds to measurements carried out on the
IN8 spectrometer. The dispersion relation deduced from these measurements is shown in
figure 5. A study of the normalized intensity shows that below ¢ = 0.5 A~! the modes have
a clear acoustic character, with a normalized intensity that is constant. As will be shown in
section 5, above 0.5 A~ the measured signal is the superposition of the acoustic signal and of
dispersionless excitations: in that regime it is difficult to give a precise value for the width of
the measured TA phonons.

It is thus only for ¢ between 0 and 0.5 A~ that a precise study of TA mode broadening
could be carried out. Above ¢ = 0.3 A~ TA phonons present a significant broadening, to
reach a width of the order of 1 meV atg = 0.5 A~'. Above ¢ = 0.2 A~! we also observe that
the dispersion relation departs from a linear behaviour with a downward curvature.

The broadening of phonons may originate from many physical processes, but roughly two
main hypotheses can be formulated: it can be due to the finite lifetime of TA acoustic phonons
because of interactions of the phonons with defects or it can be the superposition of several
modes, because the selection rule does not apply perfectly (i.e. because the wavevector ¢ is
not a good quantum number). In the classical limit the interaction of acoustic phonons with
defects should lead to the response function of a DHO, with a width growing as ¢*>. The DHO
response function has a characteristic Lorentzian-like shape. If the observed broadening is the
result of the superposition of several modes we might expect a more Gaussian shape for the
response function. To try to distinguish between these two possibilities some measurements
were made with a flat analyser around the two-fold 52/84 reflection: with this configuration
the instrumental phonon line width is equal to 0.8 meV. The broadening is already visible
for ¢ = 0.3 A~'. The response function is slightly better fitted with a DHO function than
with a Gaussian one, but a clear distinction is difficult to make. The g range for which we
observe a broadening of the TA acoustic phonons, unmixed with other contributions, is limited
tog = 0.3,0.4 and 0.5 A~!. Within experimental accuracy the broadening seems to be more
rapid than ¢°.

In this g range we could not detect any anisotropy of the broadening, for TA acoustic modes
propagating along the two-, three- and five-fold directions. Note that the more precise results
were obtained for two-fold TA modes measured around the 52/84 reflection because the signal
is much larger in this area due to the Q2 factor in the phonon intensity (see expression (1)).

All these results thus suggest that below ¢ = 0.5 A~ a single acoustic phonon is observed
and that the broadening observed is due to the phonon interaction with defects. It is interesting
to calculate the mean free path of the acoustic phonon at the border of the acoustic regime.
For a wavevector ¢ = 0.5 A~!, corresponding to a wavelength of 1.3 nm, TA phonons have
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Figure 4. TA phonons propagating along the three-fold direction measured near the 18/29 reflection.
Left panel: measurements carried out on the HER spectrometer (cold source of the JAERI reactor).
Right panel: measurements carried out on the IN8 spectrometer. The solid curve is a fit to the data
using a DHO convoluted with the instrumental resolution. Note the scale range change between
the left and the right-hand panel. For ¢ smaller than or equal to 0.3 A~! the observed curve profile
is exactly that of the resolution function of the instrument.

an energy of 8 meV, and the group velocity deduced from the dispersion relation is equal to
1800 m s~!. Their lifetime is equal to 1.3 x 10~!2 s, corresponding to a mean free path equal
to 2.3 nm.

Finally, as already observed for the i-AIPdMn phase, no gap opening could be detected
when the acoustic branch crosses the first main PZB, shown as a vertical dashed line in figure 5.
This means that the gap, if any, has a width smaller than 0.2 meV.

4.2. Longitudinal modes

Longitudinal acoustic modes propagating along a two- and a five-fold direction have been
measured using a flat analyser in order to limit the resolution broadening.

At small ¢ well defined excitations are measured as shown in figure 6 for LA phonons
propagating along a five-fold direction. The top two panels (¢ = 0.03 and 0.05 A~")
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Figure 5. Dispersion relation of TA phonons propagating along a three-fold axis corresponding to
the measurements of figure 3. Closed and open symbols represent the position and width of the
excitations respectively. The main PZB is shown as a vertical dashed line.

correspond to measurements carried out on the HER spectrometer and the bottom four to
measurements carried out on IN8. As usual for longitudinal modes with a steep slope a
transverse acoustic mode contribution is also visible on low-g spectra as a result of the finite
vertical divergence of the neutron beam. This contribution has been either subtracted or fitted
as shown for ¢ = 0.05 A~'. The corresponding dispersion curve is reported in figure 7. We
find a longitudinal sound velocity equal to 48004150 m s~!, in good agreement with ultrasonic
measurements shown as a dashed line. Above g = 0.2 A~! the dispersion curve slightly departs
from a linear dispersion and the width of the excitations shows a marked increase. Because of
the low signals, LA modes could not be measured for ¢ larger than 0.4 A~!. In this ¢ range,
the width of LA modes increases as ¢2, as has already been observed in the decagonal phase.
The normalized intensity remains constant up to ¢ = 0.4 A~!, which demonstrates that the
signal remains acoustic up to about 11 meV. At this point the phonon wavelength is 1.6 nm
and its group velocity is 3300 m s~!. The phonon lifetime is 0.8 x 10~'2 s, corresponding to
a mean free path of 2.7 nm, i.e. of the same order as for transverse acoustic phonons.

5. High-energy excitations

The most detailed analysis of acoustic phonon broadening and high-energy excitations has
been carried out along an axis parallel to the Y two-fold axis, starting from the Bragg point
with indices 52/84X (see figure 3; to distinguish reflections lying on the X and Y two-fold
axes, we label them with their N/M indices and the X or Y label). In this configuration, the
selection rule allows us to measure transverse acoustic phonons propagating along a two-fold
direction and polarized along an orthogonal two-fold direction. We measured carefully both
the width and the intensity of the excitations. As already said in section 4, for small g there
is a single excitation whose width is resolution limited. For ¢ larger than 0.2 A~ acoustic
excitations present a marked broadening, and the dispersion relation departs from linearity.
Up to g = 0.5 A~ the normalized intensity remains constant, which demonstrates that the
mode has an acoustic character up to this value. For ¢ = 0.6 A~! there is an abrupt change in
the normalized intensity, which increases by a factor almost equal to two. This is illustrated in
figure 8, where the acoustic contribution has been calculated from lower-energy scans and is
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Figure 6. Constant-energy scans for LA phonons propagating along a five-fold direction and
measured near the 18/29 reflection. The top two panels and bottom four panels correspond to
measurements carried out on the HER spectrometer and IN8 respectively.

shown as a solid curve: the measured signal is clearly broader than the acoustic contribution
and can only be reproduced assuming at least two overlapping contributions.

The complete set of measured spectra is shown in figure 9. Above ¢ = 0.6 A~ there is
a mixing of several excitations but fitting the observed signal with two excitations is difficult
because the two contributions overlap and give rise to a single broad peak. From g = 0.9 A~!
atleast three contributions located at 8, 12 and 16 meV are necessary to reproduce the data. The
8 meV signal contains the TA contribution of an out-of-plane reflection which shows some
small dispersion and an intensity maximum for ¢ = 1.1 A~! (figure 9, bottom right-hand
panel) corresponding to a minimum distance between the measuring plane and the out-of-
plane reflection. Beside this TA out-of-plane contribution, the 8 meV signal also contains a
dispersionless optic-like contribution as will be shown in the following. The existence of three
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Figure 7. Dispersion relation for LA modes measured in figure 5. Open symbols refer to the width
of the excitations.

dispersionless bands (8, 12 and 16 meV) is further confirmed by measurements of transverse
excitations carried out around the reflection 52/84 Y located on the O, two-fold axis. Again, for
high-g wavevectors, the signal is the superposition of two modes at around 11 and 16 meV, plus
another excitation at 8 meV, which in this case does not contain an out-of-plane contribution,
since no strong reflection is located close enough to this reciprocal space area.

Finally this high-energy study has been completed by a measure at the Q point with
reciprocal coordinates in A~ (2.5, 2.5, 0). This point is far away from any strong Bragg
reflection in or out the scattering plane: the closest strong reflection is the five-fold 18/29
reflection, located at a relative ¢ value of 1.2 A~'. A study of the response function at this
point is thus free from any acoustic contamination. The measured signal is shown in figure 11.
At least three excitations can be observed, which are centred at £ = &, 12 and 16 meV: this
confirms the presence of an optic-like mode with an energy of 8 meV. The three optic modes
are thus observed in various regions of reciprocal space and present a negligible dispersion.
Each of these modes is however very broad with a full width at half maximum equal to 4 or
5 meV.

The dispersion relation corresponding to excitations measured between the I' points
52/84X and 60/96 is reported in figure 10. The four different observed excitations are labelled
accordingly in the figure: one transverse two-fold acoustic mode (full circle), and three optic-
like modes located at 8 meV (diamonds), 12 meV (squares) and 17 meV (triangles). The 8 meV
mode is the superposition of an out-of-plane acoustic-like mode and an optic-like mode. As
explained above, this 8 meV mode has been observed in regions of reciprocal space where no
acoustic contribution could be accounted for, which justifies labelling as an optic mode on the
dispersion curve. The width of the acoustic mode is indicated by an open circle, and grows
rapidly above ¢ = 0.2 A~!. Since the high-energy signal is very broad, a precise determination
of the width of the optic-like excitations is rather difficult and is not reported in the figure.
Measurements have been carried out up to ¢ = 1.4 A~! from the T point 52/84 X, which is
located at 0.27 A~" from the point 60/96: the acoustic contribution from this medium-intensity
reflection could thus be measured and is reported as a full circle in the figure. As a guideline,
the linear acoustic dispersions originating from the two I" points are shown as dashed lines.
As was observed for transverse modes propagating in the three-fold direction, no anomaly is
observed when the acoustic branch crosses the main PZB, indicated as a vertical dashed line.

The strong coupling between the TA acoustic mode and the 8 meV excitation which occurs
at ¢ = 0.6 A~" has been checked for transverse acoustic phonons propagating along a five-
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Figure 8. Transverse excitations propagating along a two-fold direction measured around the
reflection 52/84 X located along the two-fold X axis. The solid curve is a fit of the excitation using
a DHO model and a constant normalized intensity (see text). At g = 0.6 A~ an acoustic model
clearly failed to reproduce the data and at least two contributions have to be considered.

fold axis and measured close to the Bragg point 52/84 X (arrows labelled TSfA and T5fB in
figure 3). Due to the limited range in measured g wavevectors the signal has been fitted by a
single excitation reported as a full circle in figure 12. As for TA phonons propagating along
a two-fold axis, both the width and the normalized intensity present an anomaly when g goes
from 0.5 to 0.6, which shows that this coupling does not depend on the propagation direction
of the TA phonon.

6. Discussion and conclusion

The observed response function can be divided into two regions: the acoustic regime, visible
experimentally close to strong Bragg peaks, and an optic-like regime where several excitations
are mixed. The crossover between the two regimes is very sharp and occurs for a wavevector
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Figure 9. Transverse excitations propagating along a two-fold direction measured around the
reflection 52/84X from g = 0.2 to 1.1 A=, For ¢ larger than 0.5 A~ several excitations are
mixed and the signal is reproduced by the superposition of two or three Gaussian contributions,
each one with a width of the order of 4 meV. Individual contributions are shown as thin solid curves
forg =09and 1.1 A~1,

equal to ¢ = 0.5 and 0.4 A~! for TA and LA modes respectively. Expressed in term of the
phonon energy the TA and LA regime holds for phonons having an energy smaller than 8 and
11 meV respectively.



1860 K Shibata et al

2fT
I(52/84X) ,,5 pzs  pzs T (60/96)
20_...,...,...,...,...,...,...,...,._
I 3 3 ]
L 4 A ]
151 .
= I , e ol ]
- ’ N -
GE, 10 pe 0 AR ]
£ [ e N . ]
w [ Lo < b o ]
e N ]
51 e PN
[ . o
0-'...{)_._:t;.“'*.;.l...l...|...|...|...|‘-
0 0.2 0.4 0.6 0.8011 1.2 1.4 1.6
qalA']

Figure 10. Dispersion curve for excitations measured between the Bragg points 52/84X and 60/96.
Some of the corresponding measurements are shown in figures 7 and 8. The acoustic contribution
is shown by a full solid circle and its width by an open one. Optic-like excitations located at an
energy of 8, 12 and 16 meV are shown by open diamonds, squares and triangles respectively. The
acoustic sound velocity, as deduced from low-g measurement, is shown as a dashed line starting
from the two I" points. The main PZBs are indicated by vertical dashed lines.

900 |‘§‘ e
§§§§
(11N ) ﬁﬁm o
L 4,

§§
§§§

800
700
600
500
400

%

300 o

200 PN R S TSNS TSN ST S S A S S T T NS T T A N Y S S
5 10 15 20 25
E (meV)

o
[
o

Figure 11. Signal measured at the Q point with coordinates (2.5, 2.5, 0). This reciprocal point is
located far away from any strong Bragg peak to be free from an acoustic-like contribution. The
signal is very broad and contains at least three contributions located at 8, 12 and 17 meV shown by
arrows.

Both TA and LA excitations are resolution limited for ¢ smaller than 0.3 A~!. For larger
wavevector the LA phonon width grows as g2, as expected for phonon attenuation by defects,
whereas the width of TA modes growths faster. The broadening is independent of the phonon
propagation direction or polarization. The acoustic regime is characterized by a normalized
inelastic intensity which is constant up to ¢ = 0.5 A~!. At the boundary of the acoustic
regime LA and TA phonons have a wavelength of 1.2 nm and a mean free path of the order of
2.5 nm. This small mean free path justifies setting a limit to the single-phonon regime at about
0.5 A~': the observed mean free path corresponds to only twice the wavelength. It would be
meaningless to label single-propagative-phonon, higher-energy excitations which are broad
and would thus have a mean free path smaller than their corresponding wavelength.
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Figure 12. Dispersion relation for TA acoustic modes propagating along a five-fold axis and
measured around the 52/84 X Bragg reflection. Full and open circles represent the position and the
width of the TA phonon respectively. Left- and right-hand panels correspond to T5fA and T5fB
respectively, as shown in figure 3.

The first important PZB is found for ¢ = 0.5 A~ along the two-fold axis. A this point
we expect the slope of the dispersion curve to vanish and the opening of a gap. Although the
acoustic phonon was sharply defined, we could not detect any sign of a gap opening or any other
anomaly. It is only for ¢ = 0.6 A~ that an anomaly in the phonon intensity is observed. At
this point the observed response function corresponds to the superposition of at least two con-
tributions and there is a strong coupling between the acoustic mode and an optic-like mode with
an energy of about 10 meV. Such a coupling had not been observed previously for icosahedral
phases. We suggest that this coupling is the signature of the crossover between two regimes.

Above this value the response function is a mixture of several modes. Although the signal
is extremely broad at least three optic branches can be defined: they are located at £ = 8§,
12 and 16 meV respectively. Two of these bands (12 and 16 meV) have been observed in
the generalized vibrational density of states (GVDOS) measured by Suck [43] on a powder
sample. The lower one at E = 8 meV is not seen in the GVDOS, where the signal is still in
the @? regime. This might be because the acoustic contribution still dominates the GVDOS
signal at this energy. However, the response function measured on a powder sample does show
the same flat band at 8 meV [43].

Although no gap opening is observed at the crossing of the PZB, we can note that the energy
at which the TA branch crosses the PZB is about 8 meV, i.e. the same as the lowest-energy optic-
like mode. In fact, if we artificially continued the TA branch above ¢ = 0.5 A~!, it would cut
the second main PZB at an energy of 12 meV. We can thus associate the two low-energy optic
excitations with the crossing of the PZB, similarly to what has been observed in the i-AIPdMn
phase. Such an interpretation is consistent with theoretical calculations on an i-AlZnMg [22]
whose diffraction pattern presents similarities with that of the i-ZnMgY one. The calculated
dynamical structure factor, using a realistic pair potential, shows stationary modes at the PZB
which extend as dispersionless excitations away from the PZB similarly to that observed.

When these results are compared with what has been obtained in other quasicrystalline
phases significant differences are observed. A strong coupling between an acoustic and an
optic excitation has also been observed in the decagonal AINiCo phase, for transverse acoustic
phonons polarized in the quasiperiodic plane. However, in this case the signal could be clearly
separated into two contributions, in contrast to the present case. Moreover the coupling was
attributed to the large amount of structural disorder present in the d-AINiCo phase, whereas
the i-ZnMgY phase is much more ordered.



1862 K Shibata et al

A detailed comparison between the i-AlPdMn and i-ZnMgY excitation spectra is more
relevant. The sound velocities in i-ZnMgY are about 20% smaller than in the i-AIPdMn phase.
However, because of the differences in the six-dimensional lattice parameter the acoustic
branches cross the PZB at about the same energies in both phases, leading to dispersionless
branches at the same energies. For ¢ smaller than 0.5 A~! the broadening of the excitation is
much more rapid in the i-AIPdMn phase than in i-ZnMgY: for instance at ¢ = 0.5 A~! the
transverse acoustic phonon has a width equal to 2.5 meV in the i-AIPdMn phase to be compared
with 1.3 meV for i-ZnMgY. On the other hand, at ¢ = 0.6 A~' we found a strong intensity
anomaly in the i-ZnMgY phase not seen in i-AIPdMn. In other words the 12 meV optic-like
mode in the ZnMgY phase couples more strongly with the transverse acoustic branch than in
the i-AlIPdMn phase. Thus detailed comparison shows that there are significant differences
between the response function of the two systems. This is certainly to be related to the large
difference in the atomic structure of both phases.

Finally it is interesting to connect the length-scales at the observed acoustic crossover to the
atomic structure of the i-ZnMgY phase. The diameter of the icosahedral clusters usually con-
sidered in the description of icosahedral Frank—Kasper phases is of the order of D,; = 1.2 nm.
There is a quasiperiodic packing of these clusters with a mean inter-cluster distance, which is
also of the order of D.;. The crossover between the acoustic and the optic regime occurs for
phonons having a wavelength of the order of D.; and a mean free path of the order of 2D,;. It
was suggested by Janot [44] that the hierarchical structure and the cluster distribution in qua-
sicrystals plays a major role in the phonon spectrum: phonon wavefunctions would be strongly
localized on clusters whose smaller size is of the order of D.;. Because of the quasiperiodic
long-range order, the phonon wavefunctions would decay exponentially between two equiva-
lent sites 2D,; apart, leading to a strong damping of phonons. The crossover we find in this
experiment is fairly consistent with this picture: in other words at ¢ = 0.5 A~! the phonon
wave can still feel the quasiperiodic order, although it is strongly damped by its interaction with
localized modes. This situation is different from amorphous systems (see for instance [45]),
where long-range order does not exist: although local environments similar to what is found in
the corresponding quasicrystal might exist in the amorphous state, the strong structural disorder
leads to a localization of the states in the high-energy region and to a very restricted acoustic
region. At the other extreme a simple periodic packing will not give rise to a strong damping.
We thus suggest that both the damping and the strong coupling between a TA mode and a
localized state observed in the present experiment are characteristic of the quasiperiodic order.

In conclusion we observe two distinct regimes in the excitation spectrum of the i-ZnMgY
phase: an acoustic one for ¢ smaller than 0.5 A~! and an optic-like regime above. We find
a longitudinal sound velocity equal to 4800 m s~! and an isotropic transverse sound velocity
equal to 3100 m s~!. The acoustic character and the broadening of transverse excitations has
been studied extensively. We find that transverse excitations remain acousticuptog = 0.5 A=,
For ¢ lying between 0.3 and 0.5 A~ we observe a broadening, which is independent of the
propagation or polarization direction, while the dispersion relation departs from linearity. This
broadening is significantly smaller than what was previously observed in the i-AlPdMn phase.
For ¢ = 0.6 A~! there is a resonance with an optic-like excitation located at about 10 meV and
the signal can no longer be described by a single acoustic mode. For larger wavevectors we
observe a broad distribution of modes, which can be split into three dispersionless optical bands
located at 8, 12 and 17 meV. The 8 and 12 meV bands are associated with the crossing of PZBs
by the acoustic branch. The crossover between the two regimes is abrupt and occurs for TA
phonons with a wavelength of the order D, where D, is the diameter of the building atomic
clusters, and a mean free path equal to 2D,;. We suggest that this behaviour is characteristic
of the quasicrystalline state.
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