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Terrace selection during equilibration at an icosahedral quasicrystal surface
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We investigate the equilibration of a fivefold surface of the icosahedral Al-Pd-Mn quasicrystal at 900-915
and 925-950 K, using scanning tunneling microscopy. After annealing at the lower temperatures, there is a
high density of shallow voids on some terraces but not on others; at 925-950 K, the void-rich terraces are
much rarer. The terminations that are consumed by voids exhibit a distinctive local atomic configuration, called
a “ring” by previous authors. Apparently, through growth and coalescence of the voids, a different termination
becomes exposed on the host terraces, which also leads to a change in step heights at the edges of the terraces.
We suggest that the shallow steps associated with the voids, and the ring configuration, signal a surface that is
in an intermediate stage of structural equilibration.
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I. INTRODUCTION height values as with their frequencies of occurrence. Previ-
Quasicrystals areonperiodi¢ yet well-ordered, interme- ous reports have been inconsistent. One study reportad

tallics. Most known quasicrystals are icosahedral, and mogt @1dM, arranged in a Fibonacci sequence, which implies a
contain 60—70 at. % of aluminum. Studies of their surfacedelative abundance df/M=r."In contrast, another paper
are motivated by the fact that the icosahedral, aluminum-rictioted that thé. and S steps were common, and thé steps
alloys exhibit unusual surface properties, including low ad-were raret? A quantitative analysis in yet another paper in-
hesion to polar liquids and low frictiohr3 dicated that the relative abundance decreased Er¢onM to
Clean surfaces of quasicrystals have been studied irg, with frequency ratiod /M ~M/S~ .14
tensely, and some general principles have emerged. First, a Fifth, the method used to produce the bulk-terminated ter-
rich diversity of structures can form, depending upon theraces involves massive changes in both surface composition
history of sample treatment and the length scale of the strucyng gyrface structure. lon bombardment at room temperature
tural examination. This array of surface morphologies in-, ., a5 an Al-deficient phase. Annealing between 300 and
cludes rough surfacés? faceted voidg? and smooth(to : ) .
within a few tenths of an angstronterrace$:8911-16The 700 K yields a very rough crystalline surface phaseking
discernible terraceshat is relatively Al deficient. There is

latter type of structure—flat terraces—is the topic of this™'™ ' ) )
paper. evidence that migration of bulk vacancies to the surface con-

Second, the terraces typically exhibit a fine structurefributes to this roughnes8 At higher temperatures, the sur-
probed by scanning tunneling microscof&TM), which is  face usually changes to a flat quasicrystalline pRag
consistent with bulk models of quasicrystalline intermediate phase that is both quasicrystalline and rough
structuret®15-17 This indicates that the lateralin-plane  may form around 700 K.Flat crystalline phases can also
atomic structure is bulk terminated, resolving a previous conform above 700 K>-2°The factors that select between crys-
troversy over whether bulk termination of a quasicrystal wadalline and quasicrystalline surface phases above 700 K are
compatible with a flat surface. poorly understood.

Third, in the bulk-terminated quasicrystal surface, only a In this paper, we show that equilibration during annealing
subset of all possible bulk planes corresponds to surface tefs a more complex and subtle process than previously
minations. The surface terminations are believed to actuallyhought. Even after the quasicrystalline terrace-step structure
be pairs of planes, separated by 0.48 A in the bulk, but conappears, it evolves with time and temperature. There is a
tracted at the surface to 0.38-0.42 A. These two planes hawlection among possible terminations, during which some
a combined density comparable to that of the close-packegkrraces disappear, while othéslightly differend types of
surface of pure Al and a combined composition higher in Alterraces survive. This evolution also affects the step heights
than the bulk averagé:'8-23 and may explain previous discrepancies in the literature.

Fourth, the quasicrystalline terraces are separated by steps
whose heights are not integral multiples, but rather succes-
sive multiples of r, the golden mean(7=2 cog#/5)=(1

+15)/2=1.618..). Reports of the step height values have Il EXPERIMENTAL DESCRIPTION
ranged from 6.2 to 6.8 A for the longe@t), 4.0 to 4.2 A for
the medium steffM), and 2.4 to 2.6 A for the shorteé$), A single grain of icosahedral Al-Pd-Mn was grown by

with uncertainties of about +0.2 Aln some other papers, the Bridgman method. Its bulk composition was
these three steps have been narhed, and S/, respec- Al PdyMng,, based on scanning electron microscopy
tively.) Here, we are not so concerned with the actual ste@nd energy dispersive spectroscopy. The grain was sliced
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perpendicular to its fivefold axis and polished to a mirror
finish, using 6-, 1-, and 0.2 diamond paste on Texmet
cloth. The resultant sample was a flat wafer with an area of
6x 5 mn? and thickness of 1.5 mm, identification No. ARR-
4-12-2.1.

The wafer was then mounted on a Ta plate and put into an
ultrahigh-vacuumUHV) chamber equipped for low-energy
electron diffraction (LEED), Auger electron spectroscopy
(AES), STM, ion bombardment, mass spectrometry, and
sample heating. A clean surface was gained after cycles of
Ar™ sputtering at room temperatu(BT) for 30 min and an-
nealing at 900 K for 3 h. The Arion energy was reduced
from 2 to 1 keV by 0.5-keV increments in the first two
cycles and kept constant at 1 keV during the rest of the etch-
ing process. The total times for sputtering and annealing
were 3 and 18 h, respectively. A sharp LEED pattern was
achieved after this cleaning process.

After its initial cleaning, the sample was used for other
types of experiments. Consequently, it underwent 26 sputter-
anneal cycles and about 60 cumulative hours of annealing at
950 K in UHV. At that point, the experiments described in
this paper began. Several observations were made after
950 K anneals. The annealing temperature was then succes-
sively lowered to the 900-915 K range, while several more
observations were recorded. After this, the sample was re-
moved, repolished, and recleaned in UHV, and more experi-
ments were done in the 900—915 K range. The data reported
herein were reproducible and consistent throughout.

Before each individual STM experiment, we sputtered the
sample with At at 1 keV (2.4 uA sample to ground with
+20 V biag for 30 min and then annealed it for 3 h at a
specified temperature in the range 900-950 K, by changing
the power of the heating element. After annealing, the
sample was cooled slowly to RT. The cooling rate from the
annealing temperature to 700 K was controlled at about
12.5 K/min. Before annealing, the surface cleanliness was
verified by AES. All the STM images were taken at RT with
tunneling conditions of +0.97 V and 0.47 nA. The typical
base pressure during an STM measurement was below 4
X 101 Torr.

Temperature was monitored using an infrared pyrometer
with emissivity set at 0.35> Sources of error in the measure- FIG. 1. STM images of 6i-Al-Pd-Mn, illustrating the exis-

ment include film deposition on the window used for pyrom-,.. .« o¢ void-rich and nearly-void-free terrace&@ 5000 A
etry (due to evaporation from the sample and other solirces 5409 A, after annealing at 900 Kb) 5000 Ax 5000 A, after
stray radiation from the filament heater, and thermal gradiznnealing at 915 K(c) 500 365 A, after annealing at 915 K.
ents across th@oorly conductivgé sample. Based upon com-

parisons with two sets of K-type thermocouples located abog K for 3 h. It is clear that there are two types of terraces.
different spots on the sample holder and upon pyrometeHne type has many pockets, or voids, and hence has a
readings taken from different points on the sample itself, wenottled appearance. The other type is smooth and nearly
estimate that the accuracy in sample temperatures reportggiq free. Figures (b) and Xc) also illustrate the existence

here is about £25 K, and this should be kept in mind wheryf these two types of terraces, after annealing at 915 K for
comparing temperatures reported by other laboratories. Rey .

prodpcibility_ is_ better, although it still is affected by_ thermal  Tpe steps in Fig. 1 fall into the three known groups iden-
gradients within the sample and hence by the region choseftied in Sec. | ad., M, andS. Almost all of the voids on the
for imaging. mottled terraces are bordered Bysteps.
IIl. EXPERIMENTAL RESULTS AND INTERPRETATION Figure 2a) is a 1000 A< 1000 A image from a surface
prepared in a different experiment, but under nominally iden-
Figure Xa) shows a large-scale STM image—5000 A tical conditions. Four layers are visible and are labeled 14,
X 5000 A—of a § Al-Pd-Mn surface, after annealing at with layer 1 being topmost. Figurdd is essentially an im-
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Dark star

FIG. 3. Magnified regions of the three layers labeled in Fig. 2.
All images have been filtered. White circles and labels point out
local features identified in Ref. 16a) 77X 77 A STM image of
layer No. 1 in Fig. 2a). (b) 77X 77 A STM image of layer No. 2 in
Fig. 2a). (c) 77x 77 A STM image of layer No. 3 in Fig.(d).

ous work by Papadopolost all® and that the nearly-void-
free terraces belong to the class of surfaces that include the
“clear” planes and “Schaub” plané$.

Figure 4a) shows the terrace structure that results after
annealing at 925 K. Three points are noteworthy. First, at
this higher temperature, the mottled terraces are much less
frequent, and the surviving terraces are generally larger. Sec-
ond, a number of small islands are visible on the middle
terrace, particularly within the oval. These small islands are
2.5 A high and are probably remnants of a void-rich termi-

FIG. 2. (a) 1000 Ax 1000 A STM images of the 5AI-Pd-
Mn surface after annealing at 900 &) Line profile acrossa). For
step-height evaluation, see text.

age of a very large, mottled terrace, in which about half of
layer 1 has been removed and half of layer 2 has been ex-
posed. In a localized region of Fig(&2, deeper layers—3
and 4—are also visible. Figurgl8 is a line profile across
the arrow in Fig. 2a). This shows that layers 1 and 2 are
separated by steps, whereas layers 2 and 3 are separated by
an M step.

As an aside, note that the height values that we report for
theL, M, andS steps, such as the values given in Fig)2
are not extracted from line profiles, since we find that such
values are unreliable. Presumably, this is due to short-scale
roughness on the terraces, and longer-range curvature some-
times occurring near the step edges. Both effects are visible
in Fig. 2(b). Instead, step height values are much more pre-
cise if they are extracted from a histogram of pixel heights in
a rectangular areathat encompasses the step and adjoining
terraces, a procedure developed originally by &taall4

Figure 3 reveals regions of this same surface at higher
resolution. Panel&), (b), and(c) are taken from layers 1, 2,
and 3, respectively. A number of local motifs, previously
identified in other workS® can be seen in each of the three
layers. Following previous nomenclatufthese are labelled
as white stars, dark stars, and white flowers. In Fi¢s). &nd
3(c) (layers 1 and B certain additional local configurations
look like rings. Rings cannot be found on layefganel(b)].

Height, A

0 1000 2000 3000 4000
X, A

Therefore, we postulate that the mottled terraces belong to FIG. 4. (a) 5000 Ax 5000 A STM image after annealing at
the class of surfaces that include the “ring” planes in previ-925 K. (b) Line profile as indicated by the arrow (a).
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FIG. 6. Schematic depiction of the proposed model for terrace
selection at 900-915 K.

IV. DISCUSSION

Our main postulate is that, by annealing to 900—915 K
and 925-950 K, we are capturing the surface in two differ-
ent stages of evolution.

First, consider the 900-915 K surface. The datg., Fig.

1) show that the voids are bordered Bysteps. This means
that the surface must evolve as illustrated in Fig. 6, which is
a schematic cross section of the surface. Loss of material
from the crosshatched regions first creates the voids and
gives the terrace a mottled appearance. The growth of the
voids increasingly exposes a lower termination. When the
voids have completely overtaken the terrace, its level is low-
ered by the step height of the voids, Hence, the lowering
of the terrace changes the down-going sty one in the

FIG. 5. High-resolution views of two void-poor terraces, like left side of Fig. 6 from L to L—S=M, and the up-going step
those shown in Fig. @. The images are both 150°A150 A in  (in the right side from M to M+S=L. The step height&
size and have been filtered. andM are chosen arbitrarily for illustration.

The atomic nature of the void-rich versusearly void-
free terminations can be identified on the basis of local con-

nation that was present at an earlier stage. In other word&gurations in the STM images. The critical difference is that
this entire terrace was probably 2.5 A higher, earlier in itsth€ void-rich terminations display the ring configuration,

evolution. Third, pits are visible on the middle terrace, butVhil® th(ej othlers d(?lg()t'l g _ -
they are different than the voids on the mottled terraces rep- Papadopolost al. "related STM images to specific types

resented in Fig. 1, because these depressions are cireuff SIS T e RS BRI 0T TOC 00
scribed by M-type steps. Deeper levels—about 2.5 A ' 9

lower—are also becoming exposed at the bottoms of the itment with experimental work from many grouggas re-
g exp PSjiewed in Sec.), all terminations consist of pairs of planes

These aspects of the pits are illustrated by the line profile g -
. . . paratedin the bulk by 0.48 A. Furthermore, the com-
Fig. 4b). The sharp dip at=~1400 A corresponds to a void bined density of these two planes is constant.

at the bottom of the larger pit; its depth and shape, however, |, ihe work of Papadopolost al6 two different types of
are not resolved completely because it is small relative to thgrminations could be identified in the STM data, based on
size of the image. Apparently, void-rich terminations com-gjfferent local configurations. They interpreted these as ter-
prise the floors of thesk!-type pits. minations with different relative densities in the top and un-
The fine structure on relatively smooth terraces, such agerlying plane(the q andb plane, respectively, in their no-
those in Fig. 4a), is illustrated in Figs. @) and §b). No  menclaturg In the termination where the density of the top
rings can be found. Hence, annealing to higher temperaturglane is less than the density of the second, the rings shown
significantly reduces the occurrence of the terminations thain Figs. 3a) and 3c) were predicted and observed. In the
contain ring configurations. termination where the densities were reversed, no rings were
Upon heating to 950 K, the data are very similar to thoseobserved and the planes were called “clear.” The combined
at 925 K. Some void-rich terraces can still be found, but theydensities of the two planes was effectively constant.
are significantly less abundant than at the lower range of The relative densities could provide a rationale for a
annealing temperature, 900—915 K. slightly lower stability of terminations containing the ring
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"r""xr""' _'_l'- migration of bulk defect vacancies also begins in a signifi-
g 'ﬁ cantly lower temperature rang®Hence, it seems unlikely

that new diffusion processes begin around 900 K.

Rough Surface Terraced Surface Terraced Surface An entirely different interpretation might be that the void-
with Many Ring- With Few Ring- rich terraces do not reflect the relative stability of different
Terminations Terminations terminations, but rather are the result of vacancies migrating

i 35
FIG. 7. Schematic depiction of the proposed model for ev0|u_from the buII.< to t_he surface an.d condenS|_ng tﬁé'gé' In-
tion of long-range surface morphology at 700—950 K. deed, there is evidence that this type of diffusion eventually
produces a vacancy-depleted near-surface region that is a

configuration, since higher density is known to be associateffW microns deep? In that case, one would expect the void-
with lower surface energy—in elemental mets2 It has rlph terraces to occur early in the _Ilfe_ of the samp_le and to
been proposed that this rule also applies to quasicryals.disappear over time. However, this is the opposite of the
Since the termination containing rings has a higher atomi$@duence of our experiments, wherein most of the higher-
density in the very outermost plane, it would have a lowerl€mperature observations of void-free terraces preceded the
stability. Differences in chemical composition could also lower-temperature obs_ervatlons of void-rich terraces. See
contribute to different stabilities of different terminations. ~ S€C. Il. Furthermore, in order to account for our observa-
Two detailed structural analyses of this system have beeons, the bulk vacancies would have to accumulate prefer-
carried out, using two different techniquésw-energy elec- entially on specific terraces. Taken tqgether, these facts make
tron diffraction and x-ray photoelectron diffractiobut both ~ the vacancy condensation hypothesis seem unlikely. -
based upon electron scatteritig®23 Both analyses found It is commonly accepted that the “best” surfacesien
that a certain group of terminations gave the best agreemeAtf-Pd-Mn, for purposes of STM work, are produced by
with experiment, but another group of terminations gaVe.anneallng at 950-975 K or even hlgher. This falls above the
moderately good agreement with experiment. This seconfemperature range where the voids are most abundant,
group included terminations in which the outermost plane?00—915 K.(There may be some small overlap when the
had a lower density than the underlying plane, analogous tBrobabIe uncertainty _of +25 K, described in Sec. I, is taken
the ring-plane terminations of Papadopotsal The elec-  iNto account and applied b_oth to our own temperatures and to
tron scattering analyses left open the possibility that this sedhose from other laboratorigddence, one would expect that
ond group made a minor contribution to the experimentthe v0|d—r|ch tgrraces are rather. rare on the “best” surfaces.
electron scattering data and hence made a minor contributioerhaps this is why the evolution of terrace structure has
to the total surface area, in accordance with our model. ~ 9one unnoticed until now. It is interesting to note that some
Consider the sequence of morphological changes that tHRaToW v0|d-r_|ch terraces are d_lscernlble in STM data pub-
surface undergoes. This sequence is illustrated schematicaffghed by Ledietet al, notably Fig. 1 of Ref. 22.
in Fig. 7. Starting from a rough surface without discernible
terraces, extensive mass transport allows terraces to emerge
between 700 and 900 K. Apparently, there are kinetic limi- V. CONCLUSION
tations in this stage that lead to different types of terraces
with different stabilities. At 900 K, new processes begin The terraced, bulk-terminated quasicrystal undergoes
which lead to selection among the terrace terminationsequilibration at 900—950 K, in which certain terraces are
There are two possibilities for these new processes. modified by the growth and coalescence of voids. This pro-
The first is evaporation into the gas phase. Schmithésen cess leads to a change in step heights, particularly a reduc-
al.?% reported that evaporation of Mn begins at 900 K and oftion in the density of theéS steps. The process also leads to a
Al at 1000 K, this order corresponding to the order of thereduction of the terminations that exhibit local ring configu-
elemental vapor pressures. Hence, evaporation at these tenations. We postulate that both tBesteps and the local ring
peratures is nonstoichiometric. The irreversible loss of Mn atonfigurations occur on terminations that are higher in en-
900 K could trigger rearrangements on the terraces that leagrgy than the otherémetastable A new process—one that
to the voids. At 900 K, the remaining Al and Pd could dif- was not operative during initial terrace formation—takes ef-
fuse away to segregate at step edges or defect sites, or fiect at and above 900 K. This process, which may be evapo-
form crystalline surface phases. ration into the gas phase, facilitates selection among different
The second possibility is that new diffusion processes beterminations.
come activated at 900 K. However, mass transport is already The ring terminations may be less stable because of subtle
extensive below 900 K—so extensive that the terraces forndifferences in the densities of the top two planes. Specifi-
For example, the root-mean-square displacement of a bulgally, in the ring terminations the outermost plane is less
Mn atom(the slowest diffuser in this allgys 25 and 50um, dense than thévery-closg second plane. In the other termi-
at temperatures of 900 and 950 K, over $IThe fact that nations, the densities of these two planes are reversed. The
this displacement is very large and differs only by a factor ofcombined density of the two planes is nearly constant. A
2 over the temperature range 900-950 K supports the hyminor contribution from terminations with relative densities
pothesis that mass transport is extensive already at or beloeorresponding to the ring termination would be consistent
900 K and does not change dramatically between 900 andith previous structural analyses that were based upon dy-
950 K. It has been suggested that surface modification due taamical electron scattering.
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