PHYSICAL REVIEW B 66, 165423 (2002

Surface structures of approximant phases in the Al-Pd-Mn system
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We present a study of the surface of teAl-Pd-Mn approximant phase based upon scanning tunneling
microscopy and low-energy electron diffraction. Several structures are observed on two different samples
grown either by the Bridgman technique or by a self-flux method, and which contain various degrees of
disorder. We also describe some other complex crystalline phases that are sometimes observed on the fivefold
surface of Al-Pd-Mn quasicrystalline samples after the sputter-annealing cleaning process under ultrahigh
vacuum conditions. This includes the approximant phase resulting from surface decomposition after a
high-temperature annealing.
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[. INTRODUCTION corrugated surface is observed when it is prepared by
fracture? It is believed that this results from a special stabil-
Quasicrystals(QC’s) are aperiodic intermetallic alloys ity of the cluster units that force the fracture plane to circum-
that possess a long-range positional order, with coherenoeent the clusters. On the other hand, when the same fivefold
length that can reach the micron schl@They often exhibit  surface is prepared by cycles of sputtering and annealing, a
crystallographically forbidden symmetries, most commonlyterrace and step morphology is observ&d?Both the three
fivefold and tenfold. The composition domain in which they step heights measure@.4, 4.1, and 6.5 fand the fine
form is usually limited to a small region in the phase dia-structure observed on the terraces are fully consistent with a
gram. This is due to a constraint imposed by the averagbulk-terminated surface. Motifs with fivefold or tenfold sym-
number of valence electrons per atoe/d) related to an metry appear in the high-resolution STM images, corre-
electronic stabilization mechanishn. sponding to cross sections through the 3D clusters of the
In the neighborhood of this precise chemical compositionpulk.
one often finds periodic structures with giant unit cells and a These recent results on quasicrystalline surfaces raise
local atomic order that is very similar to the local order questions about the relative stability of the atomic clusters,
found in the QC. These alloys are callagproximantphases since different preparation methods result in different surface
as they are intrinsically related to their parent quasicrystaltopographies. It is clear that during sputtering by energetic
More precisely, and in the framework of the cut method, theAr™ ions (from 0.5 to 2 keV, the ion energy is sufficient to
structures of a QC and its approximants can be derived frorbreak apart the clusters and produce disorder in the top lay-
the same periodic object in a hyperspace of dimendion ers. Sputtering also shifts the composition away from the
>35 Depending on the relative orientation of the three-stability range of the icosahedral phase due to preferential
dimensional3D) physical subspace embedded in the hypersputtering of A** Annealing at sufficiently high temperature
space, the sami-dimensional periodic object will lead to is therefore necessary to restore both the composition and the
either a quasiperiodic structure or a periodic approximantguasiperiodic order. And, it is interesting to note that the
via the cut and projection method. formation of flat terraces corresponding to specific dense lay-
So far, surface studies of this class of materials mainlyers is favored during this surface restoration rather than for-
revolve around a few quasicrystalline systems for whichmation of the rough array of clusters that woujaresum-
single grains can be prepard&esides the physical proper- ably) mimic the fracturelike surface.
ties of technological relevance usually associated with these In this paper, we explore the surface structure of various
materialé—like low friction, reduced adhesion and high approximant phases, which are also cluster-based materials,
hardness—surface studies are motivated by fundamental ifboth by STM and low-energy electron diffracti¢ghEED).
terest in understanding how the complex atomic structur&Ve point out some key differences when they are compared
and the associated physical properties are modified at the 2With the surface of the parent icosahedral QC. The Al-Pd-Mn
surface truncatiofi.In particular, what is the influence of the ternary system is a particularly interesting one as it contains,
atomic clusters usually considered as the building blocks ofn addition to the stable icosahedral QC, a metastable de-
the 3D structure of both QC’s and their approximants? Forcagonal QC and also various approximant phases with close
QC'’s this actually depends on the way the surface has beeshemical composition, both on the Mn-rich sidee T andR
prepared in the ultrahigh vacuu(WHYV) chamber, the main approximantsand on the Pd-rich sidghe ¢’ and ¢ approxi-
options being fracture vs cycles of sputtering and annealingnants of the phase diagraf?.In the following section, we
Scanning tunneling microscogsTM) experiments have give experimental details about the single crystals ofghe
been carried out on several QC’s, mostly on high-symmetrnapproximant samples used in this study, which were pro-
surfaces of the Al-Pd-Mn icosahedral phase. A rough andiuced by two different growth techniques. Then we present
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results concerning their surface structure perpendicular to thEhe samples were mounted on Ta plates and loaded into the
pseudo-tenfold axis. One sample appears to contain a highktHV chamber that was equipped with an Omicron variable
density of structural defects than the other. We also describemperature STM and a LEED-Auger spectrometer. A clean
some observations of other complex crystalline phases resurface was achieved by cycles of *Asputtering at room
sulting from a surface transformation of an icosahedratemperature followed by annealing. The *Abeam energy
Al;,Pdig Mng 5 quasicrystalline sample. The preparationwas progressively reduced from 2 to 0.5 kV, and the etching
process in UHV induces this transformation. The complexime was about 30 min for each cycle. The typical annealing
crystalline phases are theapproximant phases formed by temperatures we used were 820 K for the approximant
surface decomposition after a high-temperature annealinggnd 900 K for the icosahedral phase. The annealing time
and another phase resulting from a lower-temperatur@rior to a LEED or an STM experiment ranged from 2 to 4 h.
annealing.

Il. EXPERIMENTAL DESCRIPTION IIl. RESULTS

The experiments were performed on surfaces of the A The ¢’ approximant grown by the Bridgman method

&'-Al-Pd-Mn approximant crystals extracted from two dif- The LEED pattern of the clean surface of the BG sample
ferent single grains. The first one was grown by the Bridg-is shown in Fig. 1a). It is dominated by two rings of bright
man method using a nominal composition of diffraction spots with apparent tenfold symmetry. The ratio
Al PdigMn; 5. The second one was grown by a self-flux between the diameters of the two rings equals 1.6, consistent
technique starting from a ternary melt with a composition ofwith the golden mearn~ 1.618. More diffraction spots with
Algo Pdh7 ,4Mn, »5.2 The latter sample had a rodlike mor- faint intensity are also visible. All diffraction spots form lines
phology, the pseudo-tenfoldo{10f ) symmetry axis being that are periodically spaced, which is an essential difference
the preferred growth direction. The composition of the re-from the diffraction pattern of the fivefold surface of the
sulting crystal as determined by energy dispersive x-raycosahedral QC shown in Fig.(d). Also, the diffraction
spectroscopyEDX) was approximately ALbPd,sMn;. Such  spots forming the decagonal ring are of equal intensity in the
crystals have dimensions up to 2 cm along thé0f axis. case of thet’ approximant, whereas two sets of five spots
Transmission electron microscofyEM) and x-ray diffrac-  with different intensities can be distinguished in the case of
tion were used to verify the crystal structure of both types ofthe QC for the same energy.
samples, and TEM was used to check for crystalline imper- STM examination of the BG sample surface after a few
fections, especially phason strdinSelected area diffraction sputter-annealing cycles reveals a terrace and step morphol-
patterns (SADP’s) were obtained for the three diad axes ogy. This structure, which is found over the whole surface,
[100], [010], and[001]. Lattice images were also obtained displays several differences from the terrace and step struc-
from some zones, principally thg010]. The flux-grown ture usually associated with the quasicrystalline termination
samples usually showed few phason defects and were mostbyf the fivefold QC sample. First, the terraces are exception-
perfect ¢’ phase, whereas the density of bulk defects wasilly large, sometimes bigger thanm?, as shown in Fig.
much higher in the Bridgman-grown samples. The lattice2(a). (While similar-sized terraces have been reported for the
parameters determined from SADP’s weeg =23.4 A,  fivefold surface of a QC sample by another gréupe find
b, =16.5A, andc,=12.4 A, consistent with previously that they are typically smallgrSecond, the step edges ap-
publlshed value§8 The high-energy electron-diffraction pat- pear relatively smooth on the surface of gleapproximant,
terns were consistent with tHtnmaspace group expected whereas step edges are usually irregular and meandering on
for the ¢’ phase. the fivefold surface of the QC. Third, line profiles across the
Both samples were oriented by Laue to withirD.2° of ¢’ step edges reveal a single step height as expected for a
the p-10f axis, and mechanically polished down to 0/2%.  periodic crystal. This is unlike the three step heights found
The size of the Bridgman-grown sample was fairly largeon the quasiperiodic surface. Height histograms, such as that
(over 1 cn?) and its chemical composition was homogeneousshown in Fig. 2b), were used to determine the step height of
over the entire surface contrario, the flux-grown sample the ¢’ sample,h=_8.07 A (the root-mean-square value ds
presented regions of nearly pure Al detected by scanning:0.16 A). (This approach is more accurate than using line
electron microscopy and EDX, coexisting with thephase, profiles) The measured value df corresponds roughly to
especially in the center of the sample, due to flux inclusiondalf the period b, =16.5 A) along thep-10f axis, which is
(and eutectic solidification In spite of this inhomogeneity, theb, axis.
the LEED pattern was uniform across the sample. This indi- Further insight into the nature of the steps is provided by
cates that LEED did not sense the regions of Al-rich phaseexamining the¢’ structure model proposed by Boudard
except perhaps as a contribution to the background intensitgt al,*® which describes the unit cell as a stacking of flat and
In the following, we will refer to the Bridgman-grown puckered layers along thp-10f axis. Only four different
sample as BG and to the flux-grown sample as FG. types of layers are identified. These fallyat 0, 0.12, 0.16,
The QC sample was grown by the Brldgman method andind 0.25 in units ofo,,, the other layers in the unit cell
its chemical composition was APdjq Mng:.2° A surface  being deduced from space-group symmetries. The four layers
perpendicular to the fivefold symmetry axis was extractedare reproduced in Fig. 3. The fact that the step height mea-
and polished in the same manner as previously descttbed.sured by STM corresponds to half of the period suggests that
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FIG. 1. LEED pattern at 85 eV of the Bridgman-grouBG) ¢’-Al; PdgMn; 5 sample in(a) and of the five-fold surface of the
icosahedral Al,Pd;g Mng s QC in (b).

the most favorable atomic layers for surface termination cormaximum of the line profiles Also, line profiles across
respond to a particular pair of layers, which are related by avhite dots show that they lie about 1.39 A above the top of
mirror plane. the bottom layer.

Higher magnification in STM reveals a fine structure on  The interpretation of this fine structure is as follows. First,
the terraces, which can also be understood in light of théhe 1.39 A distance is only slightly shorter than the distance
Boudard et al’® model. Figure fb) presents a 100 between the planeg=0.16 andy=0.25 of the bulk model,
%100 nn? STM image recorded on one of the terraces. Thewvhich is 1.49 A. Second, the corrugation of the bottom layer

inset includes a height histogram and the fast-Fourier trandtSelf (measured as 0.7)Acorresponds to the distance be-

form (FFT) of this same image. The height histogram sug-een planey=0.12 andy=0.16, which is 0.66 A. Third,

gests that STM actually probes two different layers: thelN® Plane ay=0.16 has a very low atomic density. We there-

white dots correspond to groups of atoms that form an infore postulate that the bottom layer seen in the STM image
complete top layer atop a more derdarke) bottom layer.

In addition, line profiles in the darker regions of the image | . K& . ¢
reveal that the bottom layer has an intrinsic corrugation of| ..” = ". . *

0.7 A (equal to the difference between the minimum and

G

a y=0 o ;:=0.16 (+0.66A) .

'y=0.12 (+1.984) " T =025 (+1.494)

FIG. 3. The layer structure perpendicular to the axis of the
FIG. 2. @ STM image (2< 2 um?) showing the terrace and step &' phase according to the structure model by Boudsrel*® The
morphology of thep-10f surface of the(BG) ¢&’-Al4; PdigMn; 5 four different layer types at=0, 0.12, 0.16 and 0.25 in units b,
approximant. b STM image (10(x 100 nnt) of the fine structure  are represented. The distances between consecutive layers are men-
on a terrace. Inset: height histogram and FFT of the same imag&ioned in parenthesis. Black circles are Al atoms, white circles are
The principal spots in the FFT have been enhanced for clarity, anéd atoms, gray circles are Mn atoms. The unit cell in the ,C,)
appear as black dots. is outlined.
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FIG. 4. 9 Same as Fig. ®) but a “height filter” has been
applied to select only the top layer. Inset: corresponding FFT. b
Enlarged view (3& 30 nn?) of the image in ashowing the regular
size and morphology of the groups of atoms forming the top layer. rFig 5 LEED pattern at 75 eV of thp-10f surface of the

&' -Al,PdsMng approximant(FG samplg
originates from both theg=0.12 andy=0.16 planes, and
that the top layer corresponds to an incomplete version of theore favorable than the glue sites, explaining why the de-
y=0.25 layer of the Boudaret al'® model. cagonal rings—the black dots in Fig. 4—appear isolated

Because of the multiple layer morphology of the terracesfrom each other in the STM image.
which produces roughness, we could not succeed in obtain-
ing atomic resolution images. Still, some fine structure can
be observed in the bottom layer, and the FFT of the STM
image (Fig. 2 shows ten spots describing a squeezed deca- We now describe the surface structure of the FG sample.
gon emphasizing thp-10f symmetry of the surface. We mentioned already that this sample presents regions of an

Figure 4a) shows the same STM image as in Fig. 2, but aAl-rich phase detected by scanning electron microscopy and
“height filter” has been applied in order to select only the EDX, coexisting with regions where the chemical composi-
top layer, which remains as a nonuniform pattern of blackiion corresponds to th&’ phase. This sample was first
dots. The inset is a schematic of the FFT of the filtered imdoaded into a UHV chamber dedicated to LEED experiments.
age, and it is still composed of ten spots describing arhe resulting diffraction pattern at 75 eV is shown in Fig. 5.
squeezed decagon. This implies that the positions of the do8imilar to the BG sample, the brightest spots comprise two
are not random but ordered, with tipe10f rotational sym-  rings, the ratio between the diameters of the two rings again
metry. The closer view in Fig.(®) shows that each dot has being close to the golden mear;-1.618. Furthermore, the
the same nearly circular geometry and a diameter of 10.03 Aositions of the diffraction spots in the LEED patterns of
(0=0.59 A). They must therefore correspond to groups ofboth samples are compatible with an orthorhombic crystal,
atoms forming a specific geometric motif. The closest dis-and the spot intensities reflect the expegbedlOf symmetry
tance between the centers of two adjacent groups is 12.3 Broduced by the local icosahedral order of the structurally
(c=1.1A). complex¢’ phase. But differences also exist between the two

The next step is to compare these observations concernirgamples. First, more diffraction spots are visible in between
the top layer directly with the equivalent planeyat 0.25 of  the mainp-10f rings for the FG sample than for the BG
the bulk model. This plane is composed of Al decagonakample. This may be due to differences in short-term sample
rings surrounding a central Pd atom, outlined in Fig® Bhe  history (e.g., number of annealing cycles to which the
rings are located close to the vertices and the center of theample had been subjected prior to LEEDr due to the
rectangular 2D unit cell. The diameter of the decagons is 9.@oexistence of several phases contributing to the LEED pat-
A. The distance between centers of adjacent decagons is 12&mn in the case of the FG sample. The higher intensity and
A. These values match reasonably well with our observationabundance of these “extra” spots makes the diffraction pat-
and we can therefore identify the groups of atoms formingern in Fig. 5 look more periodic than the diffraction pattern
the top layer observed in our STM image as these decagonaf the BG sample. We will argue later, in light of TEM re-
rings of Al atoms. In the bulk model, the rings are parts ofsults, that this is probably due to the higher density of bulk
3D clusters of the Mackay type. The clusters are composestructural defects contained in the BG sample, leading to
of a central Pd atom surrounded by a first icosahedral shelhcommensurate structures that emphasize the aperiodic “as-
formed by Al (and Mn atoms. A second shell is made of a pect” of the pattern. The local probe of the STM also reveals
larger icosahedron of Pd and an icosidodecahedron of Aklear differences between the surface structures of the BG
The clusters are connected by smaller and slightly distortednd FG samples, as described in the remainder of this sec-
icosahedra. In the 2D plane yat 0.25, this 3D cluster struc- tion.
ture results in decagonal rings interconnected by glue atoms After several sputter-annealing cycles, the FG surface was
forming slightly distorted pentagons. In our experiment, wecomposed of flat regions with a terrace and step morphology,
observe that in the incomplete top layer, only the decagonadeparated by very rough regions impossible to image with
rings are restored after the sputter-annealing cleaning prahe STM. The flat regions themselves were of two different
cess. This suggests that the cluster sites are energeticaliypes. Figures 6 and 7 show the two different terrace-step

B. The &' approximant grown by the self-flux technique
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FIG. 8. HREM micrographgtop) and corresponding SADPs
(bottom) along thep-10f axis of the&” approximantFG samples
containing various degree of disorder. The left colufat) corre-

) ) ) sponds to the perfed’ single crystal. The HREM image reveals
FIG. 6. STM images showing the first type of terraced morphol-ihe fiattened hexagons arranged in zigzége and (c,f) corre-

ogy and fine structure observed on the surface of the flux-growryyong to two typical regions where phason-induced defects lead to
(FG) &'-Al;,PdeMn, approximant. 3500x 300 nnf; b) FFT, ¢ new orderings.

70x 48 nnt; d) 17X 17 nnf. The principal spots in the FFT have

been darkened for clarity. the multiple layer morphology on a single terrace is not ob-
served. The fine structuf€ig. 6(c)] is characterized by pen-
structures. Each was encountered in homogeneous domaitggonal motifs with bright contrast. A closer view is pre-
of the order of several microns in size. The tip had to besented in Fig. @), with a different contrast to enhance the
shifted by several tens of microns to change from one type opentagonal features. The pentagons are about 0.4 A above
structure to the other. Therefore at least two different types othe average height of the surface. The side of the pentagons
microstructures coexist on the surface of the FG sample. is about 5.7 A ¢=0.26 A). This is deduced from the STM

We first describe the type of structure whose characterisimages by measuring the peak-to-peak distance between ad-
tics are shown in Fig. 6. The flat terraces are separated hcent maxima in line profiles taken along the edges of the
straight step edges with a single step height of about 8 Aentagons. Although the pentagonal features seem to be lo-
[Fig. 6(@)]. This value is similar to the step height measuredcated at random, the surface is actually quite well ordered.
for the BG sample, but the average terrace size is smaller anthis is shown by the FFT of the STM image, which is com-
patible with an orthorhombic lattid@ schematic of which is
shown in Fig. 6b)]. In addition, all the pentagons point in
the same direction.

Here again, we can relate the pentagonal motifs observed
experimentally to geometrical features in the different layers
of the bulk model by Boudaret al® Local pentagonal sym-
metry is found in each of the layefsee Fig. 3, but suffi-
ciently large pentagons only appear gt=0.12 andy
=0.16. Their edge length is equal to 4.89 A. This is smaller
by abou 1 A than the experimental valug.7 A), but is still
within about 3r associated with the lengths measured by
STM. Noting that surface relaxation effects could also take
place, we believe that both pentagons outlined in Fig. 3 are
reasonable candidates. We must now decide which of these
two is the most consistent with our observations. According
to the bulk model, the pentagonsyat 0.12 are made of one
Mn central atom surrounded by five Pd atoms. This layer is
dense and puckered, the atomic positions actually lying in a
range 0.0&y=<0.12. The Pd atoms are about 0.6 A above
the central Mn atom and about 0.3 A above the average
FIG. 7. STM images Sh0W|ng the second type of terraced morhe|ght Of the SUI’face, COI"ISIStent W|th the Va|ueS reported

phology and fine structure observed on some regions at the surfagdove. The pentagons wat=0.16 are made of five Al atoms
of the flux-grown (FG) ¢’-Al;,PdhMn; approximant. 200  and there is no central atom. As mentioned above in the

X 200 nnf; b) FFT; ¢ 50X 50 nn?; d) 30x 30 nnt. The principal ~ analysis of the BG sample surface, this layer has a very low
spots in the FFT have been darkened for clarity. atomic density such that the STM tip should also probe the
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FIG. 9. HREM micrographs taken perpendicular to the Of
axis of the&’ approximant(FG samplé a low magnification im-
age showing terraces crossed by linear defegthidgher magnifi-

PHYSICAL REVIEW B 66, 165423 (2002

FIG. 10. a-¢ STM images obtained on the five-fold icosahedral
QC surface after decomposition by annealing at low temperature. a
150x 150 nnt; b) 50X 50 nnt; c) 40X 26 nnt.

form a perfect rectangular centered lattice, which is not ob-
served. However, the positions of the pentagons in the STM
images are consistent with this scheme. For example, it is
possible to superimpose a set of unit cells on the STM im-
age, from which we sefFig. 6(d)] that the pentagonal rings
are located either at the nodes or at the center of the rectan-

cation showing the arrangement of the flattened hexagons arrang&ylar lattice. These sites appears to be either occupied by a

in zigzag. In the region of linear defedidarker regiong the order

complete pentagonal ring or they are completely vacant.

is altered. The scale is given by the rectangular unit cell drawn on This fact—that the pentagonal rings are either completely

the image.

present or completely absent—again suggests that rebuilding

b,B

next layer aty=0.12. If this were the case, then the corru-
gation of the terraces would be larger than that observed
experimentally. Also, adjacent pentagons connected by verti-
ces are present in the layer yt0.16 but not in the STM
images. These arguments suggest that the layeys-at12

are favorable atomic planes for surface termination in the
case of the FG sample. Then the bright features with pen-
tagonal symmetry are identified as small rings made of five
Pd atoms on top of a central Mn atom.

For the BG sample, the bright features seen in the STM
images were identified as Al decagonal rings that are cross
sections, ay=0.25, of the bulk Mackay-type clusters of the
model of Boudardet al. For the FG sample, the motifs of
bright contrast with fivefold symmetry are identified as Pd
pentagonal rings that are also cross sectiony,=ab.12, of

the sameclusters. In the surface plane perpendicular o the g 11, proposed structural model deduced from STM images

[010],, axis, the cross sections of these clusters are locategk in Fig. 9. The large gray circles correspond to the brightest fea-
at the nodes and at the center of the rectangular unit celfures in the STM pictures. The white circles correspond to the

Accordingly, if the surface structure, like the one shown insmaller features in the STM image which form the underlying lat-

Fig. 6, was a perfect truncation of the bulk along the

tice (see text Distances are deduced from line profiles taken along

=0.12 layer, then the set of bright pentagonal motifs shouldhnd across the direction defined by the rows of bright spots.
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FIG. 12. a-d STM images showing the terraced morphology and some fine structure for-dpgroximant of Al-Pd-Mn. p150
X 150 nnf; b) 100X 100 nnt; ¢) FFT; d) 15X 15 nnt. €) height profiles acrosgop) and alongbottom the lines of bright contrast) SEM
image (8.5¢8.5um?). The principal spots in the FFT have been darkened for clarity.

the Mackay clusters after the sputter annealing is a commostudied by TEM:"18:2%n particular, Kleinet al. showed that
tendency on the-10f surface of thef’ crystals. In sum- the &’ phase was related to anothiespproximant by a phase
mary, although the surfaces of the BG and the FG samplegansformation occurring through plastic deformatibhan-
terminate at different layers, both surfaces share a commogther approximant phase namétiand containing structural
feature, which is that the cluster sites seem energetically fadefects(phason defeciswas also observed by TEM and in-

vored as compared to the glue sites. terpreted as an intermediate state of such a phase transforma-
The characteristics of the second type of terrace-steggp.

structure encountered on the surface of the FG sample are Figure 8 shows some examples of high-resolution elec-

shown in Fig. 7. Again, we find flat terraces with a roughness, o, microscopyHREM) micrographs and their correspond-
smaller than 0.6 A separated by step edges, but here seve SADP's viewed along the-10f axis for a FG sample

step heights are measured, which are all equal to an integtareft column and a BG samplécentral and right columns

number ofh~2 A. The' FFT O.f t_he STM Image in F'g'(ﬁ) These samples were extracted from the same ingots as the
suggests a square lattice. This is confirmed by the fine struc-

ture on the terraces shown in Figgozand 7d). The dimen- particular samples used in the surface_study. The FG sample
sions of the 2D unit cell in the plane of the surface can pePPears as a mostly perfegt phase[Fig. 8a)], although

deduced from the STM image and is about<i® A2, The some Iimited regiqns contained I'inear defects. Evidence for a
square lattice contains some structural defects. To the best BiUch higher density of defects is found for the BG samples
our knowledge, the lattice parameters as deduced from odfigs- 8b) and &c)]. _
data do not correspond to any identified approximant of the Finally, because two different types of structure were ob-
QC phase. served on the FG sample by STM, this particular sample was
The results presented above revealed differences betweéther analyzed by TEM after the STM experiments, to
the BG and the FG samples at their surfaces. Also the FGheck whether the bulk structure had remained intact. A thin
sample seems to contain an extra phase. To gain insight ingglice was cut perpendicular to tipe 10f axis and mechani-
the possible origin of these differences, a TEM study on botieally thinned, then dimpled and ion milled. The typical
types of samples was undertaken. Approximant structureSADP pattern taken along ti©10], direction confirms that
formed in this region of the phase diagram have already beetne sample is, in general, still a godd single crystal with
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large defect-free areas. Some spots corresponding to a thgamples. In general, our work demonstrates the variability of
B2 cubic layer with a lattice parameter equal to 3.15 A areresults that can be obtained when studying surfaces of
also present in the diffraction pattern. Another type of dif-samples that nominally belong to the same bulk phase in
fraction pattern was observed less frequently, which corresuch complex materials.
sponds to a 1D-incommensurate modulated structure based
on the¢’ lattice. The parameters of the modulated lattice are _ . .
(Amoq= g = 23.4 A and Crmod=6.81C; = 87.8 A). The C. Other_ crystalline phases induced by sputFer annealing
HREM image at low magnification in Fig.(8 shows the on the fivefold surface of gn A},Pd;g Mng 5 icosahedral
presence of terraces crossed by linear defects. The density of quasicrystal
defects is rather low over most of the sample but can be high We now turn to a description of several periodic structures
in some limited areas, like the one shown in Figa)9Figure  that appeared as overlayers on the fivefold surface of an
9(b) is a higher magnification of a typical region crossed byAl;,Pd,q Mng 5 icosahedral QC sample after specific anneal-
linear defects. The packing of the flattened hexagonal unitéhg conditions.
arranged in zigzag, which is characteristic of #lephase, The first one was observed in the central part of the QC
can be observed. In the region of linear defects, the phase sample surface after annealing at a relatively low tempera-
the hexagons is altered. The defects develop along theire (770 K), while regions closer to the edges of the sample
[100]., direction because the defect structure has the samgresented the usual characteristics of the fivefold quasiperi-
periodicity (@meq=a,). The growth along thg001],, direc-  odic surface. We mention that the sample surface had a lus-
tion is quite limited because of the incommensurabilityterless appearance after the annealing, which is unusual as it
(Cmog=6.81c/). normally retains the mirrorlike finish given by the mechani-
These observations by TEM shed some light on the STMal polishing.
results presented earlier. First, the square lattice with param- STM images of this “low-temperature” phase are shown
eter~19 A deduced from the STM imagéBig. 7) could be  in Fig. 10. Terraces are separated by steps that are 1.9
related in some way to the thiB2 cubic layer with param- +0.1 A high. Incomplete rows of bright spots appear on the
eter~3.15 A seen in the SADP’s. The formation of the cubic terraces that look, therefore, anisotropic. The diameter of a
layer could result from the ion milling used to prepare thebright spot is aboti7 A (0=0.40 A). The distance between
sample for TEM. It could also have been formed during thetwo adjacent rows isA=11.3 A (¢=0.73 A). Along the
surface preparation process in the STM chamber. Indeed, thews, the distance between two adjacent bright spo8 is
formation of a metastableB2 overlayer on the high- =9.6 A (6=0.22 A). In areas where the bright spots are
symmetry surfaces of the icosahedral Al-Pd-Mn QC is a freimissing, the STM can resolve additional smaller features.
quent phenomendft.For the fivefold surface, the orientation Line profiles taken either along or perpendicular to the direc-
relationship corresponds to tlj@10]g, axis parallel to the tion of the rows leads to the structural model proposed in
fivefold axis of the underlying Q& In the present case, the Fig. 11. In that scheme, the underlying lattice would be rect-
[110]g, axis would be parallel to th@-10f [010], axis. — angular with parametera=1.9 A andb=4.8 A. Then the
Then, perpendicular to the surface plane, the distance béright dots would form a rectangular lattice identified as a
tween(110 consecutive plane@.e., the step heightshould  p(6X2) reconstruction on the underlying lattice. The posi-
be about 3.152=2.2 A, which is consistent with the ex- tions along theB direction tend to be more frequently occu-
perimental step heights being integral multiples of about 2 Apied than the positions along tiedirection, explaining the
In the (110 surface plane, the unit cell should be a rectangleapparent anisotropy on the STM images.
with edge lengths equal to 3.15 and 3/25 4.5 A. Then the Note that on the right side of the STM image in Fig.
ratio between the parameters of the square latfi®l) and  10(c), the lattice formed by the bright dots looks hexagonal
of the rectangular (11@) lattice are close to integral values rather than rectangular. This was observed in limited areas of
(19/3.15-6, 19/4.5~4), suggesting that the surface struc-the sample surface. The occurrence of this hexagonal struc-
ture in Fig. 7 could be a (84) superstructure on the ture can be understood using the same structural model as in
(110)g, surface. This hypothesis is supported by a previoudtig. 11. Indeed, the transformation from the rectangular to
LEED study of a single-grain sample of this material, whichthe hexagonal lattice only requires that one row of bright
showed several reconstructions of {140 surface? dots out of every two be shifted by the translation ve&/a.
Finally, the TEM analysis shows that the main differenceThis is illustrated schematically in Fig. 11. If this interpreta-
between the BG and the FG single crystals is the density dfon is correct, the edge length of each hexagon formed by
bulk structural defects that they contain, with the BG samplethe bright dots should equaiA?+ (B/2)?=12.2 A, which
containing a higher defect density. The STM images showris very close to the value of 11.8 £&=0.56 A) measured
in Figs. 2 and 6 both correspond to the phase or a disor- from the STM images. At present we cannot identify this
dered version of it. At present there are insufficient data tcstructure further; its characteristics do not correspond to a
correlate the various types of surface terminations observekhown bulk phase.
by STM to the degree of structural quality of the bulk struc-  Finally, we describe the surface of another type of approx-
tures as observed by TEM. However, the high density ofimant structure that appeared after annealing the fivefold sur-
linear defects corresponding to 1D-incommensurate moduace of an A},Pdig Mng 5 icosahedral QC at a higher tem-
lated structures in the BG samples could account for th@erature(920 K). After the heat treatment, the surface had
differences noted above between the LEED patterns of bothlso a dull, lusterless appearance. This sample was actually
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extracted from the same ingot as the sample used above. Wnting that the spatial resolution of EDX is aboujn, and
believe that the surface transformation described below ifence is unable to resolve the surface from the bulk along the
similar to previous observations by Ledietial > surface normal, this result implies that the precipitation of

Flat areas with a terrace and step morphology could b&econd phase occurs only in the near-surface region. Finally,
observed with aum size, separated by rough regions impos-this sample was post-annealed in a sealed evacuated tube at
sible to image with the STM. Figure 12 is a montage of STM970 K for 7 days. It was then repolished down to 0,25
images of terraces and their fine structure. The step edges #8d loaded again in the STM chamber. No surface decompo-
straight, forming segments that are sometimes perpendicul&tion was observed for annealing temperatures up to 920 K,
to each other. The single step height equals 6.2 A. As for th&hich is 20° higher than the annealing temperature we use to
& approximant (BG samplg, we observed consistently, obtain the perfect quasicrystalline surfdé&Ve suggest that
across several STM images, that a small terrace is usualftis type of surface transformation, which has been reported
followed by a larger one. Lines of bright contrast can be seeRy @ few other groug$®® is not only determined by the
in Figs. 12a) and 12b), and a closer view is shown in Fig. annealing temperature but also by the long-term thermal his-
12(d). Atomic resolution could not be achieved but the FFTtory of the sample.
of one such image possesses Symmetry Compatib|e with an In summary, the Mn enrichment of the Surface, the lattice
orthorhombic lattice. Furthermore, the height profiles in Fig.Parameters deduced from the STM images, and the FFT’s
12(e), taken parallel and perpendicular to these lines, show §ompatibility with an orthorhombic lattice, all suggest that
periodicity in both directions, with a period equal to 15 andthe complex crystalline phase formed by decomposition at
13 A, respectively. These values match very well with thehigh temperature corresponds to tfieapproximant. Our
lattice parameters of the T-AlPds-Mn,,s approximant, of[her observations suggest that a combination of the imme-
a;=14.72 A, b;=12.51 A, c;=12.59 A, as described by dlf';\te and Iong_-ter_m thermal hist_ories of the s_ample deter-
Klein et al? Its structure can be described as the stacking offine whether it will form. When it does form, it nucleates
three different layers along tHe; p-10f symmetry axis. It  first at the sample’s surface.
seems natural to expect that the axis would parallel the
fivefold axis of the underlying quasicrystal and therefore the IV. CONCLUSIONS
surface plane would correspond to thee (cy) plane. Then
the experimental step height roughly equals half the value of We have observed the surface structure of several com-
thebrparameter. We speculate that the most favorable atomiplex crystalline phases related to the icosahedral Al-Pd-Mn
plane for surface termination also corresponds to a particulaguasicrystal. Some of them appear as overlayers induced by
pair of layers related by a mirror plane, just as in #e sputtering and annealing on the five-fold QC surface. This
phase. includes the Mn-richT approximant as well as a recon-

After the STM experiment, the sample was removed fromstructed surface probably corresponding to another complex
the chamber and loaded in another UHV chamber equippedrthorhombic phase. In these cases, the chemical composi-
with a scanning Auger microscog&AM) and a scanning tion in the near-surface region was driven out of the stability
electron microscop€éSEM). The surface had to be exposed range of the icosahedral phase. The temperature at which the
to air during the transfer and therefore it was covered by awomposition change occurred seems to depend on the sam-
oxide layer. This surface as seen by SIEdde Fig. 1&)]is  ple’s thermal history.
made of plain and smooth areas coexisting with some other We also have presented results on the different mospho-
rough and porous regions. The surface composition give blogies observed on thp-10f surface of¢’ single crystals,
Auger spectroscopy is AMPdMn,s, but this includes the grown either by Bridgman or by a self-flux technique. For
contribution of the oxide layer to the Auger signal. After’Ar both samples, the LEED pattern shows the expeptddf
sputtering to remove the air contamination, the compositiorsymmetry. Under the local probe of STM, the surface of the
is Als,PdisMngs in the flat areas and AIPd,,Mn,g in the  BG sample appears homogeneous but the FG contains one
rough regions. These chemical compositions are derived usxtra phase. The latter has a nearly square lattice with pa-
ing elemental sensitivity factors and are especially low in Alrameters that do not match any known approximant structure
due to the well-known preferential sputtering effect in thisin this system, but could be related to the formation of a
system. It was not possible to anneal the sample in this UH\¢ubic B2 layer oriented with thEl10]g, axis parallel to the
chamber. Nevertheless, the data show that the surface hps10f axis of the¢’ crystal. This difference in phase purity,
decomposed into two phases, one of which is Mn rich andlus other differences in details of the LEED and STM data
rather flat. The Mn enrichment is consistent with the hypothfor the two samples, illustrates the variability that can arise
esis that part of the surface of the QC sample has transa surface of samples derived from the same bulk phase,
formed into theT approximant. especially in such complex materials.

The Mn enrichment of the surface during the sputter- In spite of the differences, for both the BG and the FG
annealing cleaning process was observed on several samplkgmnples, we have seen that details of the STM images can be
issued from the same ingot. One of these samples was anientified as specific planes perpendicular tph&0f axis of
lyzed after the surface decomposition by EDX, along thethe bulk structure model derived by Boudatlall® Just as
sample thicknesgerpendicular to the surface plané was  for the fivefold QC, the surface obtained after sputter-
found that the chemical composition was exactly that of theannealing can thus be interpreted as arising directly from the
icosahedral phase, and no second phase could be detectétlbulk model. In particular, the incomplete top layer seen in
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the high-resolution STM images actually corresponds to thseem energetically more favorable than the glue sites for the
preferential re-growth of decagonal ringBG sampl¢ or  approximant but not for the QC surface then suggests that
pentagonal motif§FG samplée of atoms that are part of the the relative stability of the clusters not only depends on the
same 3D cluster units of thé phase. This is in contrast with clusters themselves but also on their environment, i.e., on the
the fivefold QC where the surface regrowth encompasses nglue atoms.
only the cluster sites but also the “glue sites,” forming to-
gether a relatively dense and flat top layer.

This leads us back to the question raised in the Introduc-
tion about the relative stability of the cluster units. As re- This work was supported by the Director, Office of Sci-
ported in Ref. 18, the atomic structure of tHeshows a close ence, Office of Basic Energy Science, Materials Science Di-
local similarity with the icosahedral phase, and in particularvision of the U. S. Department of Energy under Contract No.
they share similar cluster units. The fact that the cluster siteg/-405-Eng-82.
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