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We report the observation in real space of a structural transition on the surface of the quasicrystal
Al;oPdoMn;, from icosahedral to body-centered cubic caused by bombardment with 1.5-kéV Ar
ions. Subsequent annealing at 700 K restores the quasicrystalline structure of the surface. In addition
to illustrating the sensitivity of the surface structure to local stoichiometry and demonstrating the
thermodynamic stability of the quasicrystalline state, our observations open the way to investigating the
assembly kinetics on quasicrystalline surfaces.  [S0031-9007(98)06453-9]

PACS numbers: 61.50.Ks, 36.40.Ei, 61.44.Br, 61.82.Bg

The surfaces of quasicrystals are of interest for af the structure. Thus, twofold, threefold, and five-
number of reasons. Quite apart from their extraordinarfold symmetry axes in icosahedral #PdyMn;y, have
structure, which presents an immense challenge even fdieen observed with equal precision and the angles be-
established methods such as low-energy electron diffradween them found to be in agreement with icosahedral-
tion [1], neutron and x-ray diffraction [2], and scanning point-group symmetry [8]. For a structural transition,
tunneling microscopy [3,4], these surfaces have remarkas reported here, SEI allows the correspondence of the
able physical and chemical properties which suggest high-symmetry axes of these structures to be identified,
number of technological applications [5,6]. Additionally, from which the relative orientation of the initial and final
since the thermodynamic stability of quasicrystals is duestructures can be readily determined.
not only to a particular crystallographic structure, but also The experiments were performed in an ultrahigh vac-
to a stoichiometry that must be maintained within nar-uum chamber with a total pressure in the lowér '°-
rowly defined limits, quasicrystalline surfaces should beTorr range. The pentagonal surface of a single-grain
sensitive to variations in local composition [7]. Al;0PdyMny quasicrystalline sample of sigex 4 mn?

In this Letter, we report real space observations, usingvas oriented with the x-ray Laue method to withi.25°
secondary-electron imaging (SEI) [8,9] of a surface strucand mechanically polished before insertion into vacuum.
tural transition on the quasicrystal APdhoMn;, from  Polycrystalline samples of pure Al and Pd were used for
icosahedral to body-centered cubic (bcc) induced by bomealibrating x-ray photoelectron spectroscopy (XPS) data.
bardment with 1500-eV Ar ions. Subsequent annealing XPS was used to determine the cleanliness of the surface
at 700K restores the icosahedral structure at the surfaad the sample and its chemical composition at different
and this cycle can be repeated reproducibly. Althougtstages of treatment. Chemical information in XPS was
bulk phase transitions have been observed in quasicrystatbtained by measuring the intensity of photoemitted elec-
which have been irradiated by high-energy ion or electrortrons that are element-specific. For our purposes, the ra-
beams [10—14], our observation is the first of a structuratio of the Pd3d and Al 2p peak intensities was obtained
transition at a quasicrystallineurface This introduces for the quasicrystal and compared with that obtained in
several new factors compared to bulk transitions, such gsure metals. The information depth in XPS, determined
the nature of the interface between the bcc and icosahdy the mean-free-path of photoelectrons excited by AIK
dral structures and the type and extent of ordering at theadiation [16], is approximately 1-1.5 nm. The escape
surface. But, most important, because the SEI measurglepth of electrons used to generate the SEI patterns may
ments were carried oun situ, our observations open the be slightly longer, but one can safely assume that the in-
way to studying the assembly kinetics of icosahedral unit§ormation obtained by both measurements originates from
on quasicrystalline surfaces. a surface region of approximately the same thickness.

SEl is a method for obtaining real-space information Figure 1 shows a secondary-electron pattern obtained
about the local geometric arrangement of atoms near filom the quasicrystalline AlPdyMn;, sample after O
surface [9]. Direct projection imaging of the interatomicand C surface contaminations have been removed by
directions, produced by the forward-focusing effect insputtering with AF (1500 eV; 108 Amm~2) for two
electron-atom scattering [15], is responsible for the for-hours and then annealed at 700K for 90 min. XPS
mation of the pattern. Images can be recorded while theneasurements showed that the surface had the nominal
sample is rotated, which provides three-dimensional viewbulk composition to within the experimental uncertainty
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FIG. 1. Secondary-electron pattern obtained from a singld!G- 2. Secondary-electron pattern from the quasicrystal in
AloPdoMn, quasicrystal at a primary-electron energy of Fig- 1 after bombardment with Ar ions, but before heat
2keV. The center of the pattern is obscured by the shadowreatment. A central projection of directions in a bcc structure
of the electron gun used for the excitation. The arrows pointS Superimposed on the pattern.

to a twofold- (a) and a threefold-symmetry (b) axis.

of =5%. The most striking feature in the pattern is thethe secondary-electron pattern in Fig. 2. No features of
pentagonal symmetry. The five major bright patches thapentagonal symmetry are discernible; instead, the pattern
form the pentagon are distributed in azimuthal intervals oshows orthogonal symmetry. All the main features of
72° on a polar circle with an opening (half) angk, of  this pattern can be accounted for by a direct projection of
31.5° [17], as required by icosahedral symmetry. Eachthe vectors connecting the nearest-neighbor atoms with a
of these bright patches represents a twofold-symmetryeference atom for a bcce structure with the [110] direction
axis, one of which is marked (a). This pentagon sharesriented normal to the surface [20]. Such a projection is
its twofold-symmetry axes with five other pentagons thatsuperimposed on the secondary electron pattern in Fig. 2.
are placed uniformly around its circumference, but areThe agreement is excellent, apart from a few patches,
mostly outside the collector screen [8]. Adjacent to eactprobably generated by the wave nature of the electrons
side of the pentagon are bright patches arranged in fiveL5], which has been neglected in this (purely geometric)
groups of equilateral triangles, the corners of which arecalculation. The most prominent features in this pattern
the twofold axes. The centers of the trianglés=¢ 38°)  are the two bright patches representing the [hd [111]
represent five threefold-symmetry axes, one of which iglirections, which lie approximatel§0° apart at the top
labeled (b), but their apiced) (= 59°) are outside the right and bottom left of the pattern, and the bright band,
collector screen. These observations are consistent witlepresenting the (110) plane, which connects them. This
the local icosahedral symmetry of the quasicrystallineplane is a mirror-symmetry plane for the [010] (left) and
surface [8,18]. Moreover, since SEI provides a probe fof100] (right) directions, which are separated %37 [17].
the crystallographic positions of the nearest local atom3hus, while SEI demonstrates the existence of short-range
around an average reference atom, the quality of the patteorder on the surface, the absence of a sharp low-energy
in Fig. 1 leads to the conclusion that the analyzed portiorelectron diffraction pattern indicates that there is no long-
of the sample has a high degree of orientational order. range order.

lon bombarding an alloy surface may result in modi- Remarkably, beneath the few layers imaged by SEI, re-
fication of the surface structure and, more importantly, inflection Laue x-ray diffraction indicates that the icosahe-
the preferential removal of an alloy constituent. Thus, thelral structure remains intact. This means that after ion
chemical composition at the surface can be different fronbombardment the specimen is a bulk icosahedral qua-
that of the bulk [19]. After sputtering with Ar, XPS  sicrystal covered with a layer of bcc units which have the
showed that the composition of the quasicrystal surfaceame orientation as that used to generate the SEI pattern
is nearly AkoPdso, with only trace amounts of Mn, i.e., shown in Fig. 2. The lower bound for the thickness of
there is a strong depletion of Al and Mn in the near-the bcc layer corresponds to the information depth of SEI,
surface region. This freshly sputtered surface producewhich is approximately 2 nm [16].
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The effect of annealing the ion-bombarded surface athe B2 structure [21]. Thus, this high-temperature bglk
700K is shown by the sequence of secondary-electrophase, which is not stable in the bulk at room temperature
patterns in Fig. 3. The pattern in Fig. 3(a) was taken aftef22], could exist at the surface as a metastable structure.
the original surface (Fig. 2) was annealed for 15—20 min. A comparison of the high-symmetry directions in the
Each successive pattern was obtained after annealing f@&2 and the quasicrystalline structures obtained from Fig. 3
additional 2-min increments. The differences betweendentifies their relative orientation, with the result shown in
successive patterns are seen to be quite small, withig. 4. The fivefold-symmetric quasicrystalline surface is
the pattern in Fig. 3(c) showing the first discernibledepicted using the coordinates determined by Gietel.
appearance of a pentagon. The quality of the image ifil]. The interatomic distance is 2.964 A, which is slightly
Fig. 3(f) is not markedly different from that in Fig. 1 larger tharugr /7 = 2.82 A, obtained from the quasilattice
and additional annealing up to 45 min leads only toconstant ofig = 4.562 A[2]with 7 = (1 + +/5)/2. Su-
small changes resulting from the gradual reduction in theperimposed onto this network are several units of B2e
intensity of the original (orthogonal) pattern in Fig. 2. structure oriented with the [110] axis along the surface
Upon completion of annealing, XPS shows that thenormal (the pentagonal axis). Here, the interatomic dis-
chemical composition at the surface is restored to that afance along [00] corresponds to the Al-Al bond length of
the bulk, a result of Al and Mn diffusion from the bulk to 3.05 A and that alongifL1] to the Al-Pd bond length of
the surface during the annealing. 2.64 A [22]. Along the [0Q] direction, the height of the

The contrast quality of the pattern in Fig. 2 confirmspentagons i§3/4 + 7)'/2 X 2.964 A = 4.561 A, which
the long-range orientational order of the bcc units. Sinceshould be compared with.5 X 3.05 A = 4.575 A, the
our XPS measurements indicate that this surface has langth of 1.5 lattice constants of tiB2 structure along this
chemical composition close to &Pd, it is possible that direction. Thus, along the [Q] direction, the mismatch
the sputtered surface consists of the ordered AlPd phase between thgg and the quasicrystalline lattice is only 0.3%.

This results in an interface of these two phases which has

FIG. 4(color). An atomic model of the interface between

FIG. 3. Secondary-electron patterns of the ion-bombardedhe pentagonal surface of the icosahedral quasicrystal
surface (Fig. 2) during annealing at 700K. The image in (a)Al;0PdyMny (blue filled circles and hatched pentagons) and

was taken after 15—20 min of annealing and the images in (b)the (110) surface of bcc structural units (red filled circles).

(f) taken at subsequent 2-min intervals. The interatomic distances are drawn to scale.
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