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Atomic-scale structure of the fivefold surface of an AIPdMn quasicrystal:
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The atomic-scale structure of the fivefold symmetric surface of an AlIPdMn quasicrystal is investigated
quantitatively by comparing x-ray photoelectron diffraction simulations to experiment. The observed fivefold
symmetry of the diffraction patterns indicates that the surface is quasicrystalline with no hint of a reconstruc-
tion from the bulk structure. In analyzing the experimental data, many possible bulk terminations have been
tested. Those few that fit best to the data have in common that they contain an Al-rich surface layer followed
by a dense mixed Al/Pd/Mn layer. These best terminations, while not identical to each other, are suggested to
form terraces coexisting on a real surface. Structural relaxations of the quasicrystal surface are also analyzed:
mixing several best-fit terminations gives average best-fit interlayer spacing chanyés,of—0.057 A and
Ad,,=+0.159 A. These results are in good agreement with a prior structure determination by low-energy
electron diffraction on a sample that was prepared in a different manner.
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I. INTRODUCTION these two topmost layer®.48 A in the bull was found to
be contracted by about 0.1 A from the bulk value, and the

Although much is understood about the bulk atomic-scaléwo-dimensional density of these two almost coplanar layers
structure of quasicrystals? the determination of their sur- taken together was similar to that of one close-packed atomic
face structures presents important challerfgegormation  layer of an A(111) surface. The more recent, and more quali-
about the surface structure, Composition' Chemistry, topo]tat|ve,.stud|es are Iargely consistent with the LEED rEéultS
ogy, and possible surface reconstructions is a prerequisite ®&1d With the conclusions of the present detailed study.
understanding the recent findings that quasicrystalline sur- !N this work, the surface structure of an AIPdMn quasic-
faces and coatings exhibit high hardness, low surface fric?yStal has been studied by means of core-level x-ray photo-
: - - , - o lectron diffractionXPD).*>=*" XPD is similar to LEED in
tion, and high oxidation resistance, i.e., properties importan . :
for many technological applications. Moreover, the complext at the photoemitted electrons may undergo elastic scatter-

processes which favor quasicrystalline ordering are probabl'xr:vg from th? atoms of the crystal, and the_ mter_ference_ be-
. i ! een the direct and the scattered waves gives rise to diffrac-
also related to the interaction at the growth front, i.e., th

Sion patterns that contain structural information. However,
surface.

Th f f both i hedral and d s]nce each element has a unique photoelectron spectrum, it is
e surface structures of both icosahedral and decagong|, gt always possible to find a core peak at a kinetic energy

alloys have been examined previously by scanning tunnelingpecific to each element of the system under consideration. It
microscopy (STM) and low-energy electron diffraction g then also possible in many cases to localize the origin of

(LEED), among many techniqués:” Earlier LEED studies  the signal in a subset of sites of the crystal, so that different
were limited to observations and discussions of the symmegatures of the system may be emphasized. Compared to
try and spacing of the diffraction spots, addressing the ques-EED, XPD is more sensitive to lateral displacements of
tion of whether the surface retains the quasicrystallinity ofatoms parallel to the surface, since the electron momentum
the bulk. More recently, Gierest al* used dynamical LEED transfer in XPD under the usual conditions is less parallel to
to obtain atomic-scale information on the surface structurehe surface. The complementary differences between XPD
and composition of the fivefold surface of AIPdMn: that and LEED allow us to derive a more complete picture of the
work was performed with a sample differently prepared fromsystem and obtain a better understanding of the surface struc-
that in the present study, but the expectation is that the strudure of the AIPdMn quasicrystal.

tures should nevertheless be similar. The LEED study fa- The organization of this paper is as follows. In Sec. Il the
vored a mix of several relaxed, bulklike terminations, with aexperimental measurements of XPD from Ap 2nd Pd 3l
dense Al-rich layer on top followed by a layer with a com-in an AIPdMn quasicrystal are presented. Section Ill de-
position of about 50% Al and 50% Pd. The spacing betweerscribes the computational techniques used in theoretical
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simulations of XPD, based on multiple scattering theory. In Theo. Theo'
Sec. IV, the modeling of a quasicrystal surface for XPD Al 2p Pd 3d
simulations is discussed in detail. Finally, the quantitative
analysis and a discussion of the quasicrystal surface structur
are presented in Sec. V, while our conclusions are given in
Sec. VI.

FIG. 1. Experimental photoemission geometry.

II. EXPERIMENTAL PROCEDURES

The measurements were performed with a standard labo
ratory x-ray MgK a source hiv=1253.6 eV) and a Physical
Electronics Omni IV spectrometer system. The experimental
geometry is shown in Fig. 1. The photoelectrons were energy EXpt EXpt
analyzed by an electrostatic hemispherical electron energy
analyzer(PHI model 10-36D and detected by a channel- Al 2p Pd 3d
plate array. The angular resolution was abat.7°. XPD
was performed by rotating the sample, and the raw signal FIG. 2. Comparison between optimized simulatexh) and ex-
was obtained by integrating a fixed energy window centeregerimental(bottom XPD for Al 2p (left) and Pd & (right). In the
on each core level and subtracting a similar window takertheoretical patterns of this and other figures, the polar angle labeling
from the nearby background. refers to the surface plane, so that the data range from the surface

Data were recorded from a prepolished disk of AIPdMn innormal at 90° to 45° from the surface plane.
the fivefold orientation, from a boule grown by the Czochral-
ski method in the Forschungszentrumliclu The sample, 3d, and Mn 2 lines, excited with MgKe« radiation, as
with a diameter of 10 mm and a thickness of 2 mm, had aeported in the literatur®
bulk composition of 70.5%, Al, 21% Pd, and 8.5% Mn. The The results of angle-scanned XP(olar angle up to
surface was cleaned by neon ion sputtering and prolongema—45° from the surface normafrom Al 2p and Pd 3
annealing to about 800 K. Cleanliness of the sample wasmission, together with optimized simulations, are shown in
evaluated from the absence of an oxide shoulder on the Afig. 2. The photoelectron energy was 1181 eV for Al @nd
2p peak, recorded under conditions of extreme surface ser$19 eV for Pd &. The raw data were acquired for 220°
sitivity, and the absence of other contaminants as identifiedzimuthal range and were fully consistent with the fivefold
from the entire photoelectron spectrum. symmetry of the AIPdMn quasicrystal. To reduce noise, the

Sample cleaning was repeated about every 2—3 h. Sincedlata shown in Fig. 2 were therefore rotationally averaged
is well known that ion bombardment can lead to surfaceaccording to this symmetry. The optimization procedure for
depletion of specific alloy components, the intensity of Al, the theoretical simulations is discussed in detail in Sec. V
Pd, and Mn core-level lines was recorded after the prepardselow.
tion process. The relative intensity of these lines was com-
pared with that recorded from a sample of the same boule,
where the surface was prepared by mechanical cleaving in
ultrahigh vacuum. These data served as a reference for the The multiple scattering calculation of diffractidmscp)
bulk composition. It was found that the annealing procespackage developed by Chenall® is used for the analysis
recovered a composition in the surface region probed by thef the XPD data. This program simulates the elemental and
photoemission experiment which was very close to that obtate-specific core-level photoelectron diffraction pattern
the bulk. from an atomic cluster that represents a surface. It is based

This sample exhibited a fivefold LEED pattérand a on multiple scattering theory with the Rehr-AlbefRA)
fivefold photoelectron diffraction pattern from the Ab2Pd  separable representation of spherical-wave propagators, and

Ill. METHOD OF CALCULATION
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is used to produce structures yielding best fits to the experiwherel is the photoemission intensity at specific polar and
mental data. To model the use of unpolarized radiation, thezimuthal angle$6 and ¢), andl is the background sub-
results ofvsco for two orthogonal linear polarizations were tracted from the intensity. For pol@rand azimuthalp angle-
averaged. scanned curved,;(6) and ly(¢) are obtained by using a
The inelastic mean free path of about 12 A was estimategpline fitting method and a linear fitting method,
with a formula (proportional toEY?) derived by Seah and respectively. _ _ 3
Dench using experimental attenuation lengths for several The misfit between theory and experiment is quantified

solid element<? with a reliability factor(R factorn), defined as
Cluster sizes of about 100—150 atoms have been shown to
be adequate for surfaces of metals and other materials, such 2 (Xei— Xei)?
as W(110), O/W(110), Li/Al (111), and MnG100).*°> We have _
. R : Q)
used somewhat larger cluster sizes of about 200—300 atoms E 2, 2
for the modeling of the quasicrystal surface: our tesis- (Xeit+ Xei)

SC”Abed beIO\br/]snow th‘?‘t thtesde are sufflqent.t | ‘ b where y.; and x.; are calculated and experimenjaturves,
major challenge In studying quasicrystal surlaces byegpectively. We also use six ottRfactors* to confirm that

quantitative XPD lies in how to model the cluster 106CD 16 results do not depend on the particular formRd&ctor
calculations. Normallymscp is applied to periodic surface :posen.

structures. Even for some disordered surfaces, as in some | view of the approximations that we must make to de-
adsorption systems, the substrate is still periodic. But fokcribe this infinitely complex surface, it should be borne in
quasicrystals, both the surface and deeper layers are apeftind that the comparison between theory and experirtant
odic. Hence the choice of suitable clusters¥mcD calcula-  in Fig. 2, for examplg must focus much more on the orien-
tions has to be carefully considered and will be discussed imation of diffraction featuregemission anglesthan on their
the next section. relative amplitudes. It should also be understood that diffrac-
The detailed theory and computational techniques undetion features are frequently composed of multiple peaks,
lying the MmscD code have been described in Ref. 15, so wewhich in turn have relative amplitudes that are less reliable
only briefly review the method here. than their absolute orientations: so feature orientations are
In core-level photoemission, a photon illuminates an emitcorrespondingly more reliable than feature shapes.
ting atom and excites an electron from an atomic core level,
ejecting the electron to a detector. The intensity of photoelec-'V: MODELING A QUASICRYSTAL SURFACE FOR  mscD
trons at the detector can be expressed in general as follows: CALCULATIONS

The bulk structure of the AIPdMn quasicrystal used in this

(1)  Workis that determined by x-ray and neutron diffractfoyA

different, theoretical model is also availaBfebut at our

level of approximations we cannot distinguish between the
Herek is the final electron wave vectaf,and¢ are the polar  two models. We take the bulk structure from a cube of AlP-
and azimuthal angles of photoelectron emission, respectivelgMn with 100 A edges, centered at an arbitrary point. The
¢o is the wave component representing travel along a patQuasicrystal surface is formed by cutting the bulk quasicrys-
directly from the emitting atom to the detector without beingtal sample. If one cuts the sample at different positions along
scattered by another atom, amfl; is the scattered wave a fivefold axis, then one can achieve different surfaces con-
component representing travel via paths involving single okisting of various terminations of the bulk structure, as
multiple scattering by one or more atoms, wherepresents  shown in Fig. 3. It can be seen that the composition, density,
the multiple scatterindMS) order. The multiple scattering and geometric arrangement of atoms in the surface layers can
expansion for spherically symmetric scatterers can be expe quite different for different terminations. This in fact is
pressed in terms of diagonal plane-wave scattermgtrices  the central problem in all investigations of quasicrystal sur-
and matrix elements of the free-particle propagator expresseféces, since in a plane perpendicular to a quasicrystalline axis
in an angular momentum and site basis. We use the Rehthe concept of a lattice plane does not exist—in principle
Albers approximation: this approach expands the solution inhere are infinitely many atomic arrangements possible, al-
terms of the “RA order,” which can be adjusted to achieve though many of these will bear a close similarity to one
convergence and limit the computational time. For mostanother. Figure 4 shows the composition of several consecu-
cases involving emission from awave, it was found that tive atomic planes and their interlayer spacings perpendicular
the second RA order is adequaté’ More generally, for to a fivefold axis based on the above bulk model.

2

1(K, 6, ¢)x w; bsj

emission from an initial staté;, the (;+1)th RA order As suggested by Figs. 3 and 4, no two atomic planes are
should be used for the first scattering event after emissiorigentical. However, a subset of terminations exists which are
thereafter, the second RA order remains adeqtrate. all similar: this subset fits the experimental data best, as will

To better compare the angle-scanned curves in this workse shown in the following sections. These terminations all
the photoemission intensities of different polar and azimuthatonsist of a bulklike Al-rich outermost layer, followed

angles are normalized to thefunction,”® closely(about 0.48 A deeper into the bulky a mixed Al/Pd
or Al/Pd/Mn layer. This “bilayer” is followed by more dis-
x==1g)/lg, (2 tant layers, and then by closer and denser layers.
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FIG. 3. Composition and atomic positions in a
sequential set of typical planes which are perpen-
dicular to the fivefold axis(axes are in ang-
stroms. (a) is an Al-rich dense plane, followed
by (b) another dense plane with mixed Al/Pd/Mn
composition, ther(c) a dilute layer mainly con-
sisting of Pd atoms, an@) a dense plane with

mixed Al/Pd, and(e) a dense plane with mixed
40 4 o _ o o _ o | -40 Al/Mn. The bulk interlayer spacings between
50 - ° e, ° o o . o = successive plane&)—(e) are 0.48, 0.78, 0.78,
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In MscD calculations, the surface studied is represented byeaches 4, the simulated XPD pattern starts to show the five
a half-ellipsoidal cluster of atoms whose shape takes intanain spots of the experimental pattern. ot 6, the central
account the finite escape depth of photoelectrons due to irspot appears, and the simulated patterns converge between
elastic scattering. The cluster dimensions are chosen to give=8 and 12. In the later calculations, a cluster depth of
convergence of the calculated results, to the extent that thabou 5 A is used, which corresponds to about ten atomic
computational cost remains acceptable. layers. This depth may seem small compared to the inelastic

The MscD program relies on generating atomic positionsattenuation length of about 12 A, but it must be remembered
through periodic lattice vectors, as appropriate for periodichat the total mean free path is smaller than tfdse to
crystals. For nonperiodic structures like quasicrystals, thiglastic scattering Also, the quasicrystalline structure in-
approach can be extended by choosing a periodically revolves “irregular” interlayer spacings and lateral positions,
peated supercell which is larger than the cluster itself. compared to more common metal surfaces, so that the emis-

We next discuss the choice of cluster dimensions, as wellion from deeper layers tends to be forward scattered in
as other parameters that enter the calculation. Tests were penany more directions by overlying layers, yielding a rela-
formed assuming Al @ emission. Representative calculatedtively diffuse contribution.
XPD patterns for thgunrelaxed AIPdMn quasicrystal are We also tested the lateral cluster dimension with radii
shown in Fig. 5 as a function of cluster degfflom 2 to 12  ranging from 6 A(44 atoms within the clusteto 15 A (299
layerg. We choose a cluster radius of 12 A, which is largeatoms, and a depth of 5 A. For the angular range considered
enough for convergence, as shown in the following sectionhere, the XPD patterns and factors converge when the
From Fig. 5, it can be seen that, when the number of layers cluster radius reaches 12 A. Therefore, in the later simula-
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FIG. 4. Variation ofR factor with choice of different terminations for the AIPdMn quasicrystal: 100 consecutive terminations are
included; a termination is defined by removing all layers to the left of a given (@gepositivez points into the bulk, the origin being at an
arbitrary position. The positions of bars represent individual bulklike atomic layers at their bulk positions along the fivefold axis, with
different fill patterns defining their compositigsee inset and heights proportional to their two-dimensional atomic der{&fy ordinate
gives number of atoms per 18000 A? area. The lines connecting dots shd®factor valuegright ordinate for each termination. Unlike
in Table 1, these terminations are not optimized: the open dots assume bulklike interlayer spacings, while the filled dots relax the topmost and
second interlayer spacings by0.1 and+0.1 A, respectively. Arrows and letter labels identify those terminations that give th& festors:
these terminations are interpreted as forming terraces.

tions, 12 A is chosen as the default radius of the clustershat the best fit does not depend on how Rdactor is
Finally, we have optimized several nonstructural parameterdefined. For a cluster centered on a particular lateral site,
that need to be taken to convergedtéhe multiple scatter- different terminations in the direction (fivefold axis are
ing order becomes, =4, the RA order|u|m=2, the chosen as the topmost layer of the trial surface. We find that
muffin-tin zeroVo=4 eV, and the Debye temperatutg  the trend of variation oR factors with different terminations
=250 K. is the same for all the definitions & factors used for the

To start the structural analysis, we performed Alidsco  MSCD calculations.
calculations for each of 100 possible terminations within a Third, we have to consider the lateral position of the emit-
cube of surface area 180L00 A? and a depth of 100 A, ter atoms, since all atoms of the same species, regardless of
chosen arbitrarily to represent an average piece of bulk qudecation, contribute to the total emission in our experiments.
sicrystal. Of 100 terminations studied, simulations of diffrac-This corresponds to the choice of the location parallel to the
tion patterns for the three typical terminations shown in Figssurface of the ellipsoid that defines the selected cluster. Since
3(a)—3(c) are shown in Figs. @)—6(c). Among these three, the surface does not have a two-dimensional unit cell, there
the surface terminated with a dilute Pd layEig. 6(c)] gives is an infinite variety of inequivalent emitter locations. As we
the poorest agreement to experimg¢répeated for Al »  cannot model all possible locations of the emitters, the strat-
from Fig. 2 in Fig. &d)]: the theoretical XPD shows ten egy is to select only those clusters that occur predominantly
strong spots in a ring, quite unlike the experimental patternon the surface. To that end, we tested four very different
In contrast, agreement is enhanced if the surface terminatiogllipsoidal clusters centered on various characteristic points
is one of the dense layers. From Figa) it appears that a of the surfacgproducing the required fivefold pattern sym-
good match to features found in the experimental pattern ignetry by averaging over fivefold rotated orientatiprig/e
obtained by using as the outermost layer a denge-Min)  find that the variation ofR factors between these sites is
layer; this notation means that the composition in the layer isignificantly smaller than that between different termina-
mostly or totally Al, with perhaps some Mjef. Fig. 3a)].  tions. This means that XPD is more sensitive to emitter lo-
This is followed by a dense Al/Pd/Mn laywith a mix of  cation and thus surface structure in the perpendicular direc-
Al, Pd, and Mn; cf. Fig. 8)]. The strong differences be- tion than in lateral directions for the fivefold quasicrystal
tween these three examples suggest thatMsap calcula-  surface. Consequently, only one lateral emitter location need
tions can indeed be used to determine which is the topmodte considered in each atomic layer below the surface.
layer of real quasicrystal surfaces, due to the fact that the

calculated XPD pattern is very sensitive to the choice of V. RESULTS
termination. '
Second, we have compar&lfactors calculated via dif- The XPD of Al 2p and Pd 38 has been simulated using

ferent definition&! for a variety of terminations, to make sure the mscb code with the above optimized parameters. The
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FIG. 5. Effect of depth of clusters on the XPD
pattern for Al 20 emission, shown for different
numbers of layers from 2 to 12.

75 75
theta theta

(10) (12)

comparison between optimized simulation and the experidense mixed Al/Pd/Mn layer: in each case, the outermost
mental data is shown in Fig. 2. The main features of thdayer (marked by an arroyis predominantly composed of
simulated patterns agree quite well with the experimentafl, while the second laye(to the right of the arrowhas a
patterns. The simulated XPD patterns show clearly the fivemuch more variable mixture of Al, Pd, and Mn. These best
fold symmetry, and the position and intensity of the mainterminations are not identical to each other. In a real quasic-
spots are close to those in the experimental data. We nexystal surface, they may form terraces with many coexisting
discuss several structural aspects of this result. favorable terminations. It is therefore necessary to allow for
mixtures of different terminations in the calculations, by av-
eraging the diffraction patterns from the different terraces.
We have also explored a variety of random mixtures of
We have performediscD simulations for 100 clusters, different terminations, and considered averaging both over
each having a different termination, the results of which aréntensities and oveR factors from different terminations.
summarized in Fig. 4. Several terminations with relativelyThe optimum structures mentioned below are found not to
good(smal) R factors are observed, as indicated with arrowsdepend significantly on how the mix of terminations is
and the labelsA—H in Fig. 4. It is found that those few handled.
terminations that best fit the experimental data have in com- Interestingly, Fig. 4 also shows a few other terminations
mon that they contain an Al-rich surface layer followed by athat fit relatively well, if not as well as the first group dis-

Favored terminations
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FIG. 6. Comparison of theoretical simulated
Al 2p XPD for three different typical termina-
tions with the experimental XPD patterria) The
topmost layer is a dense Al-rich layéwith or
without Mn element in the same layefollowed
by a dense mixed Al/Pd/Mn layer with interlayer
spacing of 0.48 A.b) The topmost layer is a
dense mixed Al/Pd/Mn layer followed by a dilute
Pd layer with interlayer spacing of 0.48 Ac)
The topmost layer is a dilute Pd layer, followed
by a dense mixed Al/Pd layer with interlayer
spacing of 0.78 A(d) Experimental XPD of Al
2p for comparison.

theta
(c) G))
cussed above: examples in Fig. 4 are the terminations with Perpendicular relaxations

low R factors occurring near 46, —28, —11, —1, and+17

A. These terminations consist of triplets of layers, with a To investigate the qualitative effect of variation of inter-
mixed-composition higher-density central layer flanked by dayer spacings on thi factors, we first calculate the factor
pair of Al-rich but lower-density outer layers. They were alsoas a function of 100 individual possible terminations of an
observed in the earlier LEED analy$igjiving further sup- ideal (bulk) lattice. We then change the first and second in-
port to the reliability of the results obtained with comple- terlayer spacings td;,—0.1 A andd,,+ 0.1 A, % according

mentary techniques. to previous LEED results, and then recalculate Rhactor.
The results are illustrated in Fig. 4. It can be seen that for
Chemical composition terminations with smalR factor, the values decrease slightly

Since XPD is an element-specific technique, it is useful tg{ter modification of the interlayer spacing. This suggests
investigate the chemical Composition from particu|ar quasic.that, for smallR-factor terminations, such a relaxation is fa-
rystal surface areas. To do this, we have used several typicgprable. Next, to determine more accurate relaxations of the
best-fit clusters as examples and changed the chemical corfterlayer spacings, a full optimization for these snil-
position in the clusters by replacing Pd by Al, or Mn by Al, factor terminations is done. The optimized results of small-
or some Al by either Pd or Mn. In these examples, we usedR-factor terminationgas indicated with arrows in Fig.,) 4&re
Al 2p as emitter to obtain XPD patterns and compared thetisted in Table I. The averagR factor is ~0.16, and the
with experimental data. We find that such clusters with modi-average best-fit interlayer spacing changes avd;,
fied compositions always give high& factors. The better =-0.06+0.15A (from 0.48 A in the bulk and Ad,,
(lower) R factors are always obtained from clusters with a=+0.16+0.15 A (from 1.56 A in the bulk
composition of Al (7G:10%), Pd (26:10%), and Mn The resulting spacing changes in this studyMscD are
(10+10%), which is close to the bulk composition of the in reasonable agreement with the previous LEED sfudy,
AIPdMn quasicrystal(70.5:21:8.5. This indicates that the which determined the interlayer spacing changes of an AlP-
preparation technique used in the experiments actually doetMin quasicrystal to beAd;,=—0.06-0.04 A and Ad,,
not produce excessive depletion of one atomic species +0.04+0.04 A *?3As noted above, that LEED study used
against any of the others, in line with results from x-raya different preparation procedure, with a higher annealing
photoelectron spectroscopy. temperature: brief annealing at 1050-1100 K, followed by
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TABLE |. Optimum R factors and best-fit changes in surface interlayer spacnefgtive to the bulk of
an AIPdMn quasicrystal, byiscp simulations. Results are shown for nine typical snkafactor terminations
with an Al-rich layer as surface topmost layer, and their averlggeninationsA—H are shown in Fig. 4;
terminationl would follow H to its righy. d,, is the interlayer spacing between the second dense layer and
the next dense layer, which is the fourth layer. The third layer is a dilute Pd layer. Bulklike values of
interlayer spacings: d,,=0.48 A, d,,=1.56 A. Unlike theR factors shown in Fig. 4, the values shown here
were obtained by structural optimizatiofNote: the LEEDR factor is included only for the sake of com-
pleteness; an XPIR factor cannot be compared directly to a LEERfactor)

Best-fitAd, Best-fitAd,;, Best-fitAd,, Best-fitAdy,

Termination Best-fiRR factor A) (%) A) (%)
A 0.1528 0.046 +10 0.150 +10
B 0.1543 0.067 —-14 0.052 +3
C 0.1634 —-0.015 -3 0.152 +10
D 0.1588 —-0.204 —43 0.198 +13
E 0.1647 0.019 +4 0.115 +7
F 0.1549 -0.170 -35 0.255 +16
G 0.1565 —-0.134 —28 0.134 +8
H 0.1522 —-0.132 —28 0.250 +16
| 0.1517 0.006 +1 0.127 +8
Average 0.1566 —0.06£0.15 —12+30 0.16£0.15 +10=10
LEED (Ref. 4 0.31 —-0.10+0.04 —21+8 0.04+0.15 +3+10

several hours of annealing at 870°KThis results in flatter  slightly better fit when the local structures are distorted with
surfaces with larger terraces, as seen by STM and by sharpsmall lateral displacements of surface atoms. As an example,
LEED patterns. consider one typical best-fit terminati¢terminationD; cf.

Fig. 4 and Fig. 7@]: the magnitude of such a lateral dis-
placement is about 5% of the nearest-neighbor distance
We also consider lateral relaxations of the surface, i.e.ithin the layer. At the same time, the first interlayer spacing

atomic displacements parallel to the surface. We find dd;,) slightly increases by about 0.03 A to 0.31(till less

Lateral relaxations
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than the bulk value 0.48 A The reduction in thd factor is  patterns to single-scattering cluster simulatibhthey con-
only 0.01 after such displacement: to verify the existence andluded that the environment of each element is very similar
magnitude of such relaxations would require additional dataand has icosahedral symmetry. Their 51-atom clusters con-
sisted of a pair of nested icosahedra around a central atom,
V1. DISCUSSION AND CONCLUSIONS and gave good qualitative agreement with Al @ffraction,
_ although no quantitative comparison in termsPfactors
In summary, we have compared experimental pl@nd a5 attemptedtheir good fit between theory and experiment
Pd 3 XPD patterns from a fivefold surface of icosahedral gespite a single-scattering model is related to the unique
AIPdMn(000002 with a wide variety of XPD pattern simu-  strycture of quasicrystals: few atoms are lined up in straight
lations using multiple scattering calculations. _ chains as in a regular crystal, thereby reducing the multiple
Simulations for 100 terminations of the bulk quasicrystalscattering that occurs chiefly along such chains of atoms at
lattice produce several favorable terminations. These beﬂ/pical XPD energies In view of the limited size of their
terminations are not identical to each other, but show commodel structure, information on different surface termina-
mon features, namely, a dense Al-rich layer followed by antjons and atom displacements in the immediate surface re-

other dense Al/Pd/Mn layer with average interlayer spacingjion’ such as presented in Sec. IV above, was not obtained.
of 0.42 A after optimization(compared to 0.48 A in the

bulk). The quasicrystal surface also shows slight lateral dis-

placements. Our results suggest that the real surface of the ACKNOWLEDGMENTS
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