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Low-energy surface phonons of decagonal and icosahedral quasicrystals
by inelastic He-atom scattering
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Low-energy surface phonon®fayleigh modg on quasicrystals were investigated by inelastic He-atom
scattering. The tenfold surface of decagonal;@Nii4dC0;3,4 and the fivefold surface of icosahedral
Al,q PhiMng 5 are found to possess well-defined Rayleigh modes with isotropic sound velocities of about
3840 m/s and 3470 m/s, respectively. The observed sound velocities are in good agreement with calculations
based on the respective bulk data. The experimental phonon dispersions exhibit quasi-Brillouin-zone centers
located at strong Bragg peaks.
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[. INTRODUCTION sicrystals, namely, decagon@) Al;; fNiq4 ££0;34and icosa-
hedral(i) Al,;o Pdh1Mng s were studied. These two quasicrys-
Since their discovery in 1984quasicrystals have become tals are the most common systems used for surface studies
an interesting topic for theoretical and experimental investidue to the availability of large single grain samples. The
gations. Perfect long-range order in combination with thedecagonal quasicrystal belongs to the class of 2D quasicrys-

lack of translational symmetry is the most striking feature oft @S With quasicrystalline planes stacked periodically. In con-
) . . o trast to two-dimensional2D) quasicrystals, the icosahedral
quasicrystalline alloys. Aside from their intriguing structure

g : . ! ._guasicrystal has quasicrystalline order in all three dimen-
and their outstanding bulk properties, quasicrystals exhibi ions. The high symmetry surfaces of these quasicryétss

many interesting surface characteristics. While significanteniold d-Al-Ni-Co and fivefold i-Al-Pd-Mn) are found to
progress has been made in various domains of surface S%ossess well-defined Rayleigh modes.

ence of quasicrystals such as structure and physical
properties:® experimental knowledge regarding the nature Il. EXPERIMENT
of low-energy surface vibrations had still been lacking. ; —_— . .

Theor?gca‘l‘8 and experimental investigations of bulk quassl?cgrlfstglrs I\?Vgrélélrg\\,lvlrlfgfﬁ;"&?ggﬁﬁ;ﬁi%%ﬁ
phonon&=" show that quasicrystals, as periodic crystals, €X-The i-Al-Pd-Mn was annealed for three months at 820°C,
hibit well-defined acoustic modes in the continuum limit. Refs. 25 and 26. The Samp]es were cut and po”shed perpen-
Phonons in periodic crystals have a well-defined energy andicular to the tenfold and fivefold axes, respectively, before
wave vector due to the lattice periodicity and phonon modesurface treatment in the He-atom scattering chanibase
can be fully characterized by a wave vector confined to thegressure X 10~ 0 mbar). The surfaces were prepared by
first Brillouin zone and a band indé.Due to the lack of sputtering (N&, 1-5 ke\j and annealing at 650 °C and 850
periodicity a Brillouin zone cannot be properly defined in °C. respectively. The quality of the surface was examined
quasicrystals. However, the positions of strong Bragg peak&ftér each sputter-annealing cycle by monitoring the He
act as quasi-Brillouin-zonéQBZ) centers®?° The QBZ specular(reflected intensity. The cleaning processes were

boundaries are packed hierarchically around the zone Ceﬁgpeated until an optimum specular intensity was obtained.

ters. The dispersion curves originate from the QBZ centers The surface phonons were measured by inelastic He-atom
: dIsp . 9 i . “$cattering in a time-of-flighfTOF) setup. Details of the TOF
follow a linear relation up to a certain wave vector, and fi-

v b di ionl h boundari setup are discussed in Ref. 27. The key idea is that the He-
nally become dispersionless at the QBZ boundaries. Experlyiom heam is scattered from the surface and the time of flight

mental studies reveal that bulk phonon peak widths are limg¢ jnelastically scattered He atoms is measured. The time of
ited by the instrumental resolution up to a certain wavefjight along with other experimental parameters such as total
vector and increase rapidly for larger wave vectos. scattering angle (90°), beam energy, and angle of incidence
This paper reports the results of low-energy surfacey, determine the energy and parallel momentum transfer on
phonons(Rayleigh modgof decagonal and icosahedral qua- the basis of energy and momentum conservaiion.
sicrystals investigated by inelastic He-atom scattering. The The TOF spectra were recorded at an elevated sample
Rayleigh waves propagate along the surface with the polatemperature. This has two important advantages. First, due to
ization vector(direction of displacement of atombying in  the low intensity of inelastically scattered He atoms, the
the sagittal planéthe plane defined by the surface normal measurement time of each TOF spectrum has to be fairly
and propagation direction of the wavdn the continuum long to observe pronounced phonon pe@ach of the spec-
limit the displacement of atoms decays exponentially withtra presented here was recorded for)3However, at room
distance from the surface into the bdfkTwo different qua-  temperature the surface contaminates within a few hours due
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FIG. 1. He diffraction from the tenfold-Al-Ni-Co surface re-
corded alond1000Q (a) and[00110] (b) azimuths at a beam en-

ergy of 22 meV.

intensity (the specular intensity is not drawn to sgalthe diffrac-
tion spotB reflects the peak atk=1.02 A™* in Fig. 1(a).

ments along the twofold azimuths are thus expected at these
positions and the QBZ boundaries at the midpoint of
AB,BC,AD, andDE.

A representative TOF spectrum recorded tat42.7°

to adsorption of residual gases present in the ultrahiglalong[001_10] is shown in Fig. 3. It consists of a dominant
vacuum chamber. Keeping the sample at elevated temperelastic peak, two phonon creation peaks, and a broad back-

ture preserves the surface from getting contaminated toground. The elastic peak is due to diffuse scattering from

quickly. Second, at higher temperature the population of

phonons is increased. This results in a larger probability of

phonon creation and annihilation in the scattering process,
increasing the intensity of the phonon peaks. On the other
hand, as the temperature is increased, multiphonon events
begin to dominate over single phonon events. The optimum

temperature was found to be around 200°C and all TOF

spectra presented here were recorded at this temperature.

IIl. RESULTS AND DISCUSSION
A. The tenfold d-Al-Ni-Co surface

The tenfoldd-Al-Ni-Co surface includes two inequivalent
sets of high symmetry directions appearing alternately at

18°, which can be represented p¥0000 and[00110].%°
Helium diffraction spectra along these two directions are
shown in Fig. 1. The small width and the high overall inten-
sity of the diffraction peaks reveals a high structural quality
of the surface. The observed peak positions are consistent
with those of a bulk terminated surface.

To gain an impression of the structure of the reciprocal
lattice of the surface, the He peak intensities from the line
scans(Fig. 1) are compiled in a two-dimensional intensity
distribution in Fig. 2. Low-energy electron diffraction
(LEED) reveal that diffraction spots along non-twofold di-
rections are significantly weaker. Along tHE00Q azimuth,
the peaks at 1.02 & (B) and 1.65 A'! (C) are strongest,

while the strongest peaks alopg0110] are at 1.2 A* (D)
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FIG. 3. (a) A representative TOF spectrum from the tenfold
surface ofd-Al-Ni-Co recorded atd;=42.7° in the[00110] azi-
muth. The sample temperature was around 200(bCSame spec-
trum plotted versus energy transféBolid gray curve, total fit; solid
curve, phonon peak; dotted curve, elastic peak; and dashed curve,
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FIG. 5. The phonon dispersion relation of the tenfaléhl-
205 K Ni-Co surface alonj10000 (top) and[ 00110] azimuths(bottom.
36.7 38° Different symbols represent the data obtained for different beam
200 1000 1200 1200 800 1000 1200 1200 energies. The sollq lines reprefent the linear dispersion expected
Time of Flight (ps) Time of Flight (us) from elastic moduli(Ref. 30 (vg=3840 m/s).
FIG. 4. Sets of TOF spectra from the tenfald\I-Ni-Co surface The energy and momentum transfer of the single phonon

along the[10000 and [00110] azimuths. Beam energy was 22 creation and annhilation peaks yield the individual points of
meV, sample temperature around 200 °C. The angles of incidenagie experimental dispersion shown in Fig. 5. The data are
are shown above the spectra. The positions of single phonon peafgiotted in an extended zone, since for quasicrystals that lack
are marked by vertical lines. The peak indicated by an arrow is Periodicity, the reduced BZ representation is not well de-
decepton. fined. However, a folding into the first quadrant ab,k)
space is still possible and illustrated in Fig. 6. The experi-
defects. The background intensity arises from contributiongnental dispersion reveals an acoustic brar(étayleigh
of multiple surface phonons and the continuum of surfacénodg originating fromAK =0 and strong reciprocal lattice
projected bulk bands. Creation peaks appear at longer flightoints 8 andD).
time than the elastic peak due to the loss of kinetic energy of The expected initial slope for long wavelengths can be
the He atom during scattering. The intensity as a function of@lculated from the elast|c3gnodull and density which were
energy transfer is shown in Fig(l8. To determine the posi- report_ed by Ch_em'kO\.Et aI_. For the tenfold surface, the
tion and width of the phonon peaks the data were fitted byRaer|gZh4veIOC|ty UZR IS given 2by the smallzest fgog of
empirical line shapegsingle phonon, sum of asymmetric ¢33¢55°"V (€11 pv?) =(Cs5~ pv7)[Ca3(C11~ pv7) —C15]%,
Gaussian and Lorentzian; diffuse elastic peak and back-
ground, sum of Gaussian and Lorentziamhe total fit as 100 03 19 L3 — 20
well as the individual elastic, inelastic, and background com- 3:;221?8000]
ponents are shown in the figure. The widths of the creation g
peaks are dominated by the instrumental broadening. The =3|
presence of well-defined inelastic peaks demonstrates thatg
the inelastic processes have a significant single phonon con- |
tribution. A B 5 C E
In order to obtain the experimental surface phonon disper- 10 — 7 NG
sion, TOF spectra were recorded as a function of incident < -t along [00110
angle ¢; for several He beam energies from 10 meV to 33 és» %
meV along the two high symmetrj10000 and [00110] ]
directions. Selected TOF spectra at 22 meV beam energy are€
shown in Fig. 4. The positions of single phonon peaks are o -
S o s 0.5 1.0 15 2.0
marked by vertical lines. An additional peak indicated by an IAKI (A1)
arrow in the topmost spectrum of Fig. 4, left, is not due to
single phonon scattering. The angle=51.6° at which the FIG. 6. The dispersion curves of the tenfaldhl-Ni-Co surface
TOF spectrum is measured is very close to a diffraction peakjong[1000 (top) and[00110] azimuths(bottom folded into the
at 52.6° (\k;=1.02 A"!). The diffraction peak contains a first quadrant of ¢,k) space. Symbols as in Fig. 5. The thick solid
broad, low-intensity tail derived from the velocity distribu- lines serve as guides to the eye. The dashed line represents the
tion of the incident He beam which causes the appearance tihear dispersion originating from QBZ centels and B, on the
the additional elastic peak, a so-called decepfon. neighboring[1000q equivalent azimuthésee Fig. 2

054205-3



SHARMA, FRANKE, THEIS, GILLE, EBERT, AND RIEDER PHYSICAL REVIEW B58, 054205 (2003

a) [001TT1]
[000T10] . ® 5.0,
° ° .. .
[ ] . [ ] [ ]
.. @@ p g
P °.-;-.° ° o [000110]
* . . .- . -. . L] °
[ ] ®
b) 1ol ALPd-Mn__ | ¢ ¢
7| along [001111] I,=212 ke/s . . .
3
i 8r FIG. 8. He diffraction of the fivefold-Al-Pd-Mn(100000 sur-
'z face represented by solid circles. The area of circles is proportional
2 al | to the intensity(the specular intensity is not to scal&@he diffrac-
a L-JUL\L_L tion spotB reflects the peak atk;=0.99 A™* in Fig. 7(b).
0 i s s . : —
= 2 A 0 12 & Consider the dispersion alofif0110]. As can be seen in
Ak (A7) Fig. 2, two strong diffraction peakB; and B, are located
¢) 8 - 3 close to thd 00110] axis. An isotropic linear dispersion with
Al-Pd-Mn the Rayleigh velocity originating from these points cuts the
along [000T10] L= 186 ke/s yiel yong g P

=)}

[OOHO] axis resulting in a parabolic dispersi¢thashed line
in Fig. 6). In the minimum, itsk vector difference to the
Bragg pointsB,; and B, is exactly perpendicular to the ex-

perimental momentum transfer. Therefore, the He-atom cross
g section is expected to be extremely small. This also holds to
l a lesser degree for the vicinity of the minimum and the rest

3 2 L 0. 1 2 3 of the dashed line. Thus, it is not surprising that no related
Ak"(A'l) phonon peaks are observed in He-atom scattering. All other
off-azimuth Bragg peaks are even weaker or further from the
FIG. 7. Diffraction from the fivefoldi-Al-Pd-Mn(100000Q sur- relevant azimuth and do not need to be considered.
face. LEED at 88.4 eV electron ener@®), He diffraction along the For the bulk phonons it was found in neutron scattering
[001111] (b), and[000110] (c) directions at 22 meV beam energy. experiment%6 that the phonon peak widths increase rapidly
beyond the linear regime of the dispersion which extended
up to approximately 0.30 A, In our data the phonon peak
height monotonically decreases with increasing wave vector
fsee Fig. 4, wave vector increases gasmoves away from
. . - 45°). Such a decrease is expected in He-atom scattering due
The_ihspersmn follows the initial _slope up to around ;e strong attenuation of the cross section with increasing
0.30 A™* (energy 7.5 meY. Beyond this value, a tendency \yave vector and energy transfer. For small wave vectors, the

of the dispersion to level off towards the QBZ boundariesyhonon peaks have sufficiently high intensity to determine
can be observe(Fig. 6). However, a reliable determination he width with a relatively small error. In contrast, at larger
of the phonon energy at the QBZ boundaries is not possiblg aye vectors the intensity of the peaks is very low compared

since the single phonon peaks in the TOF spectra vanish iy the Gaussian background and the peak shape cannot be
the Gaussian background as they approach the QBZ bounggtermined exactly. Because of these ill-defined phonon

ary. . Lo . peaks for larger wave vectors, it is not possible to determine
So far only QBZ centers which lie in the azimuth for \yhether the surface phonon peaks exhibit a strong increase

which the dispersion is being measured have been discusseg}. intrinsic width beyond a specific momentum as observed
However, all reciprocal lattice vectors of the surface constitg, ik phonons.

tute QBZ centers which are expected to exhibit modes with

an initial linear dispersion. In periodic systemasith one i .

atom per unit cell f(I)Or simplicit)/a?ll of these reflect just one B. The fivefold i-Al-Pd-Mn surface

single phonon mode and the dispersion can be represented in In addition to the tenfold surface dfAl-Ni-Co, we stud-
the reduced zone scheme. In quasicrystals, however, this ied the fivefoldi-Al-Pd-Mn(100000 surface. While the rota-
not the case and the detailed distribution of QBZ centersional symmetry of this surface is smaller, the icosahedral
becomes important. symmetry results in an elastically isotrofficnaterial in con-

Intensity (kc/s)
N

as derived in Ref. 31. This yieldsg=3840 m/s, which is
represented by solid lines in Figs. 5 and 6 and in excellen
agreement with our experimental dispersion.
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Time of Flight (ps) Time of Flight (ps) from the elastic moduliRef. 33 (vg=3470 m/s).
FIG. 9. Sets of TOF spectra from the fivefoldAl-Pd-Mn The dispersion relations derived from the TOF spectra are

shown in Fig. 10. Again, the solid lines represent the linear

(100000 surface along thg001111] and [000110] azimuths. l_g#;persion with the Rayleigh mode velocitg™= 3470 m/s

Beam energy was 15 meV, sample temperature around 200 °C. T ved f lasti duf
angles of incidence are shown above the spectra. The positions rived Irom elastic moautr.

. . . . . . 2 . .
single phonon peaks are marked by vertical lines. The peak indi- Smcel-AI-Pd-Mn IS _elastlcally isotropic? it is fully char- .
cated by an arrow is a decepton. acterized by two elastic constants or the two sound velocities

v 1 of longitudinal and transversagbulk) waves, respec-
tively. The knowledge of the experimental sound velocities
trast to the decagonal quasicrystals. The fivefell-Pd- | =(6300+300) m/s andv=(3500+100) m/s measured
Mn(100000 surface exhibits two high symmetry directions by neutron scatterinigs thus sufficient to derive an expected

labeled by{001111] and[000110] (Ref. 29 as indicated in  Rayleigh velocity v®". Following Ref. 31, we findvg
the LEED image in Fig. @&). Helium diffraction along these = (3250+ 100) m/s in agreement with our datand consis-
high symmetry directions reveals surface diffraction peaks atent withv™ based on the elastic moduli
the surface projections of bulk reciprocal basis veclbigs. In contrast to thed-Al-Ni-Co surface, the observation of
7(b) and 7c)]. The surface is clearly fivefold and not tenfold, phonon peaks is limited to the linear regime centered around
as the intensities of peaks alof@01111] are not symmetric the specular peal K=0). We interpret this as due to the
with regard to a sign change of the wave vectors. This idOWer signal to noise ratio of the data and not due to a quali-
apparent from the inner ring in the LEED imaffég. 7(a)] tative dlffergnce in the surface phonons of the tenfold Al-
and the peaks at 0.99 A ! and+1.6 A % in He diffraction ~ Ni-C0 and fivefold Al-Pd-Mn surfaces.
[Fig. 7(b)].

An illustration of the 2D reciprocal lattice based on the V. CONCLUSIONS
He diffraction spectra of Fig. 7 is given in Fig. 8. As the line ~ With the successful preparation of surfaces with high
scans along the two directions were measured under differestructural quality, it became possible to measure low-energy
experimental conditions, the specular intensities of two di-surface phonons on the tenfold surfacedel-Ni-Co and
rections are slightly different and a normalization to thethe fivefold surface of-Al-Pd-Mn. Both surfaces show well-

background intensity was chosen for the compilation of thedefined Rayleigh modes. Their Rayleigh sound velocities are
2D pattern. isotropic _and in g_ood agreement_with values Qerived from
For the determination of the surface phonon dispersion€ €lastic moduli of the respective bulk quasicrystals. As
along the two high symmetry directions, sets of TOF spectr§XpeC,ted for surfaces with a moderate to low corrugation, the
were recorded for beam energies between 13 and 22 me{fi0St intense phonon peaks are observed close to zero mo-
Selected spectra at 15 meV beam energy are presented %gntum trangfer.' For the tenfold surfaceds?AI-N[-Co, ad-
Fig. 9. As in the case of the tenfold surfacesAI-Ni-Co, ditional quasi-Brillouin-zone centers are identified at mo-
the TOF spectra consist of a central elastic peak, single phdﬁe”t“m transfers corresponding to strong Bragg peaks.
non peaks, and background intensity. At small wave vectors
the single phonon peaks are sharp and their linewidth is lim-
ited by the instrumental resolution, while at larger wave vec- Support from the DFG through the Schwerpunktpro-
tors their width cannot be determined accurately due to theigramm “Quasikristalle” and under Grant No. Th732/1 is
decreasing intensity. gratefully acknowledged.
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