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Structural transformations at the surface of the decagonal quasicrystal AlCo;5Niq5
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By using Auger electron spectroscopy and secondary-electron imaging, we show that, as a result of bom-
bardment with 1.5-keV Ar ions, Al is preferentially sputtered and the surface structure of a decagonal
Al;qCoysNiy5 quasicrystal transforms to body-centered cubic. Annealing the sample at 700 K restores the Al
concentration at the surface and, thereby, the quasicrystalline structure. Real-time observations establish the
orientational relationship between the quasicrystalline and cubic surface structures, which we use to propose an
atomic model of their interfac¢S0163-182608)03246-9

The term quasicrystdQC) is used to describe a material model for the epitaxial growth at the interface is presented,
with long-range quasiperiodic order, in analogy with quasi-as has recently been proposed for icosahedral
periodic mathematical functions, and long-range orientaAl;gPdhgMn;o.12
tional order. The decagonal quasicrystalline phase represents The experiments were performed in an ultrahigh-vacuum
an intermediate state between icosahedral and crystallinehamber with a total pressure in the lower #®Torr range.
phases, consisting of periodically stacked planes of tenfoldin addition to the quasicrystalline sample of area 8
symmetric atomic arrangements. X4 mn?, we have also used polycrystalline samples of

The decagonal quasicrystal ACo;sNiq5 (Al-Co-Ni) has  pure Al and Ni to calibrate the XPS measurements. XPS has
been the focus of a humber of studies from which severabeen applied to determine the cleanliness of the surface of
structural models have emerged. These models are based the specimen at the beginning of the experiment and its
a periodic double-layered structure with a repeat unit of 0.4hemical composition at different stages of treatment.
nm along the tenfold axis. Studies using the structureChemical information in XPS was obtained by measuring the
refinement method based on x-ray single-crystal ‘data intensity of photoemitted electrons that are element specific,
high-resolution transmission electron microscopyTEM) i.e., the core electrons of the alloy components. For this pur-
share the same quasilattice structure in the aperiodic planppse, the ratio of the Ni® and Al 2p peak intensities was
but differ in their chemical ordering. Secondary-electron im-determined in the QC and compared to the corresponding
aging(SEI), on the other hand, is sensitive to the local ordervalue obtained using pure metals. The information depth in
and can critically examine the short-range properties of th&XPS is approximately 1-1.5 nm, determined by the mean
proposed model%. free path of photoelectrons excited by K|, radiation. The

Shortly after the discovery of QC'’s, it was recognized thatescape depth of electrons used to generate the SEI patterns
the structure of icosahedral Al-Mn undergoes a phase transimay be slightly longer and one can safely assume that the
tion when exposed to irradiation with energetic partidles. information originates in both cases from a surface layer of
Similar phenomena for decagonal QC'’s were reported afteapproximately the same thickneSs.
stable samples became available. Most studies have focused As the details of the apparatus and the principles of the
on determining whether the structure of quasicrystalline AI-SE| technique can be found elsewh&tenly a short de-
Cu-Co transforms into a body-centered-c@bibcc or a scription of the experimental method is given here. SEI in-
face-centered-cubic structdrat the surface upon bombard- volves the excitation of the surface with a beam of electrons
ment with 400-keV electrons. By contrast, results of a TEMhaving an energy of 2000 eV. The quasielastically backscat-
study revealed that a twin-related crystalline surface layetered electrons are imaged on a hemispherical phosphores-
was induced by bombardment with 4-keV*Aions and that cent screen. Since elastic forward scattering dominates at
misfit dislocations occurred at the interfa@eSimilar work  energies above a few hundred eV, the scattered electrons are
has dealt with phase transformations in Al-Co-Ni induced bychanneled along chains of atofisTherefore, the pattern
120-keV Ar'-ion irradiation! According to these results, observed on the screen represents a central projection of the
the decagonal QC is transformed into a bcc phase and, up@iomic arrangement in real space, so SEI reproduces local
increasing the Af-ion dose, to an ordered CsCl structure. structural features with angular fidelity. If the sample is ro-

In this paper, we report the observation of a structurakated around an appropriate axis, the observed patterns pro-
transformation occurring at theurface of decagonal Al- vide three-dimensional views of the structure. In the case of
Co-Ni which can be repeated reproducibly. The changestructural transformations, as reported here, besides clearly
from a tenfold-symmetric quasicrystalline to a bcc structureidentifying the surface structures before and after the transi-
upon sputtering and from bcc to decagonal structure upotion, one can unambiguously observe the correspondence of
annealing are monitored by means of SEI and x-ray photothe symmetry axes of these structures.
electron spectroscop{XPS). The orientational relationship Figure 1 shows an SEI pattern obtained from Al-Co-Ni
between these two phases is determined and a structunaith the electron beam directed along the tenfold-symmetry
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FIG. 1. A secondary-electron pattern obtained from the bulk FIG. 2. A secondary-electron pattern at a primary-electron en-
decagonal quasicrystalline alloy ACo,sNi;5 after bombarding its  ergy of 2000 eV obtained from the same quasicrystal after a heat
surface with A ions (1500 eV, 108 A/mm?). The orthogonal treatment at 700 K. Bright patches of perfect tenfold symmetry are
symmetry of the pattern signals the existence of the cubic units imbserved, proving that the decagonal quasicrystalline structure is
the (110 orientation. The portion of the pattern containing the restored at the surface.

[110] direction is obscured by the shadow of the electron gun used

for the excitation. There are remnants of decagonal symmetry

around the central portion of the pattern, one of which is marked byiical orientation to generate the SEI pattern shown in Fig. 1.

an arrow. A chemical analysis of the surface indicates a composiT he lower limit for the thickness of the bcc layer corresponds

tion close to Ay (CoNi)sp. to the information depth of SEI, which is of the order of 2
nmZ13 This layer is still thin enough to transmit the decagonal

] ) features observed at 18° which originate from the bulk qua-
axis. The sample had previously been sputtered for 30 migjcrystalline structure. Interestingly, XPS measurements re-
with Ar* ions at normal incidence having a kinetic energy ofyealed a surface composition ofICoNi)s,, i.€., there is a
1500 eV at a current density of 18 A/mm®. The only  strong depletion of Al in a near-surface region caused by
features with decagonal symmetry are those located on greferential sputtering. In fact, AINi, AICo, and MiCo are
small circle with an opening angle of 18°. One such featurey| well known to have the CsCl structure with a lattice con-
is marked with an arrow. Other features of the pattern showtant of 0.28—0.29 nm. This is consistent with our observa-
preciseorthogonalsymmetry. Recently, a similar SEI pattern tijons, because SEI cannot differentiate the different atoms
was interpreted by a direct projection of the vectors in aand can therefore not distinguish between bcc and CsCl
hemisphere connecting the nearest-neighbor atoms to a reftryctures.
erence atom in a bcc structure with tHLQ] direction ori- The quasicrystalline surface can be recovered gradually
ented normal to the Surfaéé.ln F|g 1, the angIeS between upon annea"ng the Sample for approximate]y 90 min at 700
the high-symmetry directions were measured and identifieg, Figure 2 shows the SEI pattern obtained from the recov-
as those of the cubic lattice. Then, the two bright patchesgred surface. As a comprehensive description of this pattern
which lie approximately 70° apart at the top right and bottomhas already been presenfedate only point out that a perfect
left of the pattern, represent th&11] and[111] directions, decagonal structure has emerged at the surface. Moreover,
respectively!® The [010] (top lef) and the[100] (bottom the chemical composition equals the nominal bulk composi-
right) directions are separated by 90°. Hence, the overallion of Al,;Co;sNiy5, thus suggesting a segregation of Al
symmetry is cubic, suggesting that a bcc layer or islands witlatoms to the surface upon annealing. This sputtering/
cubic symmetry have developed at the surface. Additionallyannealing cycle can be repeated reproducibly, which indi-
rotation of the sample produces different views of the surfaceates that the quasicrystalline phase is thermodynamically
atomic structure which confirm the existence of the bccthe more stable.
phase. While successful imaging of the surface by SEI im- The orientational relationship between the decagonal
plies the existence of perfect orientational order in these laystructure of the quasicrystalline surface and the cubic units
ers, the absence of low-energy electron diffraction indicatesn the Ar"-bombarded surface can be obtained with confi-
that there is no translational long-range order. dence by determining the corresponding directions in the

Beneath the top few atomic layers imaged by SEI thepatterns shown in Figs. 1 and 2 and in those taken on a
quasicrystalline structure is still perfectly intact, which wassurface perpendicular to the twofold-symmetry dxid
established by reflection Laue x-ray diffraction. This meang110] axis of the bcc phase is clearly oriented parallel to the
that the specimen is a bulk decagonal quasicrystal covere@nfold-symmetry direction. For the twofold-symmetry axes,
with a layer of bcc units, all of which must possess the idendenoted A2D and A2Rusing the nomenclature of Ref. 111
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cagonal quasicrystal. It must have elements that do appear
tenfold, yet make the cubic overlayers predominantly grow
in a preferred and predetermined alignment. Hence, one of
the important results of the present investigation is the exis-
tence of a preferential direction within the “tenfold” sym-
metric structure. At present, it cannot be decided with cer-
tainty whether the bulk structure of our specimen contains a
5, screw axis which could affect the symmetry of the surface
structure.

A similar question is why the bcc units grow in this one
particular direction. The presence of some remaining struc-
tural defects when the cubic phase is annealed would explain
this observation. These defects, not detectable to SEI, are
sufficiently effective to lock the cubic units to the particular
orientation on the quasicrystalline surface. Another possible
cause for the preferred alignment of the cubic units can be
due to a minute deviation of the surface normal from the
decagonal axis. This will create steps with a preferred orien-
tation on the surface, and preferential nucleation of islands of
single orientation along these step edges can occur.

Note that the pattern shown in Fig. 2 can also be created

FIG. 3. An atomic model representing the interface between thdyy superimposing five bcc lattices by rotating each by 72°
(110 surface of a bce structure and the surface of the decagonalith respect to each other around the comnidh0] axis.
Al-Co-Ni. FiII(_ad circles _denote transition metal and empty circles Sjnce forward scattering of electrons is responsible for the
Al atoms, while small circles represent the atoms on(##9) sur-  formation of the SEI images, the experimental patterns can
face pf the bcc Iattlce.. TheT atomic distances for the crystalllr_1e SUrL e simulated by a simple central projection. Hence, structural
face is 0.28 nm, as given in the crystal data for AlCo or AINi, and models can easily be tested for their ability to reproduce the
the coordinates for the quasicrystal are taken from Buri®ef. .
17). experimentally observed spots. To ensure that the real de-

cagonal surface has been fully recovered, central projections

of five such bcc lattices tilted by 90° have been studied and
the following relationship was found: A2P1100 and compared to SEI patterns taken along the twofold-symmetry
A2D||(111) and(110). While this correspondence is accu- axis of the decagonal structure. No agreement has been
rate to within experimental errdf,there is an expected mis- found between the experimental results and the simulations
match of+0.75° between the A2D and th#&11] directions.  using the structure assembled by five bcc units, thus confirm-
Similar results have also been reported for thin films ofing that no twinning of bcc units occurs at the surface upon
AICoNi,** but as this study was not performed on a bulkannealing. By contrast, the experimental pattern completely
material, there is no interface with a quasicrystalline sub-overlaps with the projection of the quasicrystalline structure
strate locking the cubic structure into a specific position.  proposed recentl§.

We conjecture that the junction between the bulk quasi- To summarize, the decagonal surface of Al-Co-Ni has
crystal and the cubic units at the surface is an atomicallypeen observed to transform into a surface with cubic sym-
abrupt interface. To analyze the atomic structure at this inmetry upon bombarding with Arions at room temperature.
terface, a few(110 planes of the bcc structural unit are This transformation is caused by removing the Al atoms
superimposed onto an atomic model suggested for AICoNirom the decagonal structure, thus resulting, with only a
by Burkov?l’ as shown in Fig. 3. The orientation of tt10) small lattice mismatch, in a bcc structure. The reverse struc-
planes with respect to the substrate is chosen according taral transition can be induced by annealing the sample and
the SEI patterns presented in Figs. 1 and 2. Interestinglyis caused by the resulting segregation of Al to the surface
there is satisfactory agreement between the cubic phase amdhere the bcc units act as a seed for the formation of the
most of the Al and transition-metal atoms, with only a smalloriginal quasicrystalline structure. A similar structural trans-
mismatch. This mismatch is negligible along fi€0] direc-  formation at the surface of icosahedrakgdd,(Mn;, has re-
tion (along the short edge of the rectangldsut on the over-  cently been accounted for by the same mecharnfsm.
all surface it can cause strains between the bcc units and so These observations are supported by the fact that almost
prevent the growth of long-range ordered crystalline surfaceall the quasicrystalline phase-forming systems known so far
layer. This interpretation is consistent with the lack of a low-exhibit a closely related approximant phase in a bcc-type
energy electron-diffraction pattern. structure. The structural transformation between the bcc and

The question of why the cubic structure does not develoghe quasicrystalline phase occurs favorably at the surface.
in islands rotated by multiples of 72° around fil0] axis =~ We conjecture that at the proper surface, in this case the
cannot yet be answered. There cannot be an influence on tl#10), the mismatch between the periodic and the quasiperi-
local symmetry from sputtering, since the direction of ionodic lattices is sufficiently small that only different atomic
incidence was carefully kept normal to the specimen surfaceconcentrations determine which phase is thermodynamically
It is certain that the answer lies in the structure of the demore stable.
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Because of the two-dimensional character of the problencrystal/quasicrystal interfadgig. 3) demonstrates their mu-
and the lack of a proper phase diagram, an atomistic apual affinity, which should be regarded as an encouragement
proach is required to relate the complicated quasicrystallingo such theories.
structure with the crystalline counterpart. Some time ago, a
construction scheme was proposed for three-dimensional The authors thank D. D. Vvedensky for useful discussions
QC's starting with a CsCl unit as a se¥dThe observations and critical comments. They are further grateful to the Ei-
presented here prove the coexistence of these structures adgenasische Technische Hochschulerigh and the Sch-
the schematic drawing for the atomic arrangement at theveizerischer Nationalfonds for financial support.

1A. Yamamoto, K. Kato, T. Shibuya, and S. Takeuchi, Phys. Rev10z. Zhang, Y. C. Feng, D. B. Williams, and K. H. Kuo, Philos.

Lett. 65, 1603(1990. Mag. B 67, 237 (1993.
2\. Steurer, T. Hailbach, B. Zhang, S. Kek, and RckuActa Y. Qin, R. Wang, Q. Wang Y. Zhang, and C. Pan, Philos. Mag.
Crystallogr., Sect. B: Struct. Sat9, 661 (1993. b Lett. 71, 83 (1995. _
3A K. Hiraga, F. J. Lincoln, and W. Sun, Mater. Trans., J&2 B. Bolliger, M. Erbudak, D. D. Vvedensky, M. Zurkirch, and A.
308 (199)). 13Tﬁé Ifn()fgfr:éggg S(‘jleR?r:/.ofL gg?’issgg:?&l:tzg.to be 1.5-2.0 nm. For
*S. Ritsch, C. Beeli, H.-U. Nissen, and R dly Philos. Mag. A the mean free patE of electrons, see, e.g., M. P. Seah and W. A.
5 L _671(1995' ) ) ) Dench, Surf. Interface Anal, 2 (1979.
S. Ritsch, Ph.D. thesis, ETH, 1996; S. Ritsch, H.-U. Nissen, and4\ Egrpudak, M. Hochstrasser, E. Wetli, and M. Zurkirch, Surf.
C. Beeli, Phys. Rev. Letf76, 2507(1996); S. Ritsch, C. Beeli, Rev. Lett.4, 179(1997.
H.-U. Nissen, T. Godecke, M. Scheffer, and R.ckuPhilos. 1w, F. Egelhoff, Jr., Phys. Rev. B0, 1052(1984; H. C. Poon
Mag. Lett. 74, 99 (1996. and S. Y. Tongjbid. 30, 6211(1984; M.-L. Xu and M. A. Van
5B. Bolliger, M. Erbudak, M. Hochstrasser, A. R. Kortan, and M. Hove, Surf. Sci207, 215(1989.
Zurkirch, Phys. Rev. B4, R15 598(1996. 18The display screen spans 55°. The angular position of bright
7K. Urban, N. Moser, and H. Kronitier, Phys. Status Solidi A spots can be determined in an absolute scale with an accuracy of
91, 411(1985. +1.5°,
8H. Zhang and K. Urban, Philos. Mag. Le@6, 209 (1992. 173, E. Burkov, Phys. Rev. Let67, 614 (1991).

%Y. He, H. Chen, X. F. Meng, S. J. Poon, and G. J. Shiflet, Philos8V. E. Dmitrienko and S. B. Astaf'ev, Phys. Rev. Lef5, 1538
Mag. Lett.63, 211(1991). (1995.



