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Scanning tunneling microscopy of an Al-Ni-Co decagonal quasicrystal
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The structure of an Al-Ni-Co decagonél-) quasicrystal has been investigated by scanning tunneling
microscopy(STM). STM images with atomic-scale resolution have been obtained successfully for the surfaces
of both tenfold and twofold planes. On the tenfold surface, large terraces and monoatomic-layer steps are
formed. The symmetry of each layer is not decagonal but pentagonal and the two adjacent layers are related by
the inversion symmetry. The step lines are rough, which can be attributed to the existence of many symmetri-
cally equivalent low-energy steps. The atom adsorptions are often observed at locally symmetric sites. An
analysis based on the high-dimensional description of the quasicrystalline structure has shown that the structure
has nearly perfect quasiperiodic order for the decagonal quasicrystal. On the twofold surface, interlayer phason
defects are observed, but the density of them is quite low. This fact indicates thadgtiesicrystal of the
present sample is not in the random tiling state in which the configurational entropy related to the phason
disorder stabilizes the quasicrystal.
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[. INTRODUCTION could give an answer to the fundamental question as to why
the quasicrystalline structural order is realized in material. At
Since the first discovery of a quasicrystal in an Al-Mn present, two distinct models have been proposed for the
alloy by Shechtmaet al,! many theoretical and experimen- physical origin of the quasicrystalline structural order. One is
tal works have been done for elucidating its complicatedhe perfectly ordered quasiperiodic model, in which the qua-
atomic structure. The experimental studies of the atomisicrystal is assumed to be energetically stabilizedhe
structure of the quasicrystal done so far can be classified intother is the random tiling model, in which the quasicrystal is
two groups: one group consists of the studies by diffractiorassumed to be stabilized by a configurational entropy related
techniques using x-ray, electron, and neutron diffraction ando the phason disordét present, it is still controversial as
the other those by microscopic techniques such as higho which of the two models better describes the quasicrystal
resolution transmission electron microscopyRTEM) and  in real material or whether it makes transitions between the
scanning tunneling microscop$STM). As for the micro-  two states with changing temperature. STM observations po-
scopic techniques, the former has been used much more frgéntia"y give valuable information on this problem.
quently than the latter. _ In 1990, Kortanet al.”® reported STM observations with
In_pr|nC|pIe, HRTEM gives information on the bulk struc- 5, stomic-scale resolution for an Al-Cu-Co decagonal
ture in the sense that it images the average structure over t 8 )quasicrystal. Since this pioneering work, several groups

thickness of the sample, although in some particular cases ve performed STM observations of the surfaces of quasi-
has also been used to probe the surface structure. In Contraé?ystals Schaubt al.%°Shenet al. ™ and Ledietet al 1213
STM can probe directly the structure of a single atomic layer, ' ? ’ :

at the surface, and therefore it can give potentially the struch"’we presented atomic-scale resolution STM images of the

tural information that HRTEM cannot, although in STM we surface of the Al-Pd-Mn icosahedrét)quasicrystal. Ebert

14,15 -
always have to examine the results carefully in view of theSt @~~~ have observed the cleaved surface of th&l

possible surface specifics such as surface reconstructiond-Mn and shown arrangement of atomic clusters. In con-
compositional change, etc. In addition, STM can be mordrast to alot of these works amuasicrystals, very6few ST™M
useful than HRTEM for investigating local defects such asvorks have been done so far ahquasicrystals® In this
phason defectswhich are possibly obscured in the averagePaper, we report structural studies @fjuasicrystals in the
structure. Al-Ni-Co system by STM. The Al-Ni-Cal-quasicrystal was
Reflecting the quasiperiodic translational order, quasicrysdiscovered by Tsaet al’” as a thermodynamically stable
tals have additional elastic degrees of freedom not found ifphase. For this phase, centimeter-sized single grains of good
conventional crystals, which are termed phason degrees eojuality have been grown by a floating zone metfiahd by
freedom?? The strain related to the phason degrees of freea Czochralski methotf. In the present study, we observed
dom is called phason strain, which introduces a local atomithe surface of the tenfold and twofold planes of those single-
rearrangement called a phason defect or phason disordegrained quasicrystals and succeeded in obtaining atomic-
Investigating the phason disorder is important because #cale resolution images for both the two types of planes.
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Il. EXPERIMENTAL PROCEDURES

Single grains of Al-Ni-Co decagonal quasicrystal were
grown by a floating zone method and also by a Czochralski
method. The detailed procedures have been reported
elsewheré®!® No noticeable difference was detected be-
tween the samples prepared by the two different methods in
the present experiments of scanning tunneling microscopy.
The single grains grown have columnar shape with the nor-
mal axis parallel to the tenfold direction. The size of the
columns is about 15 mm in length and 7 mm in diameter for
the grains grown by the floating zone method and about 30
mm in length and 3 mm in diameter for those grown by the .
Czochralski method. It was confirmed by x-ray Laue photog- Eo.
raphy and x-ray diffractometory that the columns consist en-  ~
tirely of single grain of decagonal quasicrystal with high 0
structural perfection. Two types of surfaces were prepared
for STM observations: the surface perpendicular to the ten-
fold direction and that perpendicular to a twofold direction.
Here the twofold direction is one of the ten twofold direc- tenfold plane(Uy=0.10V, | e 0.30 nA), together with the

tions perpendicular to the tenfold direction. The Samplegheight profile along the line betweeéhand B indicated in the im-

were cut perpendi_cularly to the r_espective d_irections and thﬁge. In the height profile, the inclination of the terrace area of about
surfaces were polished mechanically to optical flatness. The 1 is subtracted.

misorientation of the surface from each symmetry axis was
to within 5°.

STM experiments were performed using a JEOL JSTM
4610 scanning tunneling microscope system equipped wit
an ultrahigh-vacuuntUHV) chamber with base pressure of

2<10 8 Pa. Th | f | .
about 0 a e sample surface was cleaned by respondlng to thed values of 0.640.06 nm and 0.40

peated cycles of ion bombardme@#r* ions, 1 keVj and . .
annealing at various temperatures up to 1173 K in the UHV® 0.03 nm, respectively. It is noteworthy that these values

chamber before STM observation. The STM observationd!aVe a ratio close to the golden medn- (1+ \5)/2]. Thed

were made at room temperature in the constant-current mod/(_?:xlues indicate that an “atomic-scale” resolution is attained,
with various sample bias voltages of both signs. although it is still not the “atomic resolution” by which re-
solving individual atoms is meant. In the image in Fig. 2, one

notices by looking at the image at grazing angle that mass-

FIG. 1. Low-magnification STM image of the surface of the

showing an arrangement of sharp spots with decagonal sym-
fetry. Here the line profile between poiftandB is shown
In the lower part of Fig. 3. The pealsandQ in the profile
haveq values of 9.4 1.0 nm * and 15.81.0 nm %, corre-

Ill. RESULTS

Figure 1 shows a low-magnification STM image of the
surface of the tenfold plane, where large terraces are ob-
served. In the inset, the height profile along the line between
A andB in the image is shown, indicating that the step height
is 0.22 nm, where the estimated errorzi§.04 nm. As de-
scribed in detail in the next section, it has been shown ex-
perimentally that the structure of the Al-Ni-Co decagonal
quasicrystal basically consists of an alternate stacking of two
types of flat atomic layers with a spacing of 0.204 ffin.
Thus the step height observed here corresponds to the height
of the monoatomic layer. We confirmed that all the steps
have a monoatomic layer height of about 0.2 nm. The mono-
atomic layer step has been observed also in an Al-Cw@Co
phase by Kortaret al.” On the other hand, the terraces are
atomically flat with a corrugation of less than 0.05 nm except
for local protrusiongwhite spots seen in the image of Fig. 1
of about 0.2 nm. We notice that the step lines are not smooth
or straight, but very rough.

Figure 2 shows an example of a high-magnification STM
image on a single terrace. In this image, an atomic-scale F|G. 2. High-resolution STM image of the surface of the tenfold
resolution is attained, which is confirmed by inspecting theplane (U= —0.40 V, I ,nne= 0.30 nA. We find the patterns hav-
Fourier transform of the image. In Fig. 3, the Fourier trans-ing local pentagonal symmetry, some of which are encircled. The
form is calculated numerically from the image in Fig. 2, patternsa—e are enlarged and presented in Fig. 5.
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q symmetry directiongr and 8 in Fig. 2, respectively. Three different

distances are seen between adjacent peak positions, which can be
written asay™ [7=(1++5)/2], wherea, is about 0.53 nm and
n=-1, 0, or 1. The peak positions are reproduced by projecting a
subset of the two-dimensional square lattice points onto the line
density lines run along the decagonal symmetry directionith the slope ofr. The two-dimensional lattice points yielding a
shown in the image. Jogs of the lines, which should be obpart of the Fibonacci lattice are connected by line segments. The
served in the presence of phason disorder, are not cIearW’O horizpntal pqrallgl lines show the acceptance strip for generat-
noticed, although in some of the directions the lines themind the Fibonacci lattice.
selves are not clear enough to conclude the absence of the
phason disorder. the presence of a nearly perfect quasiperiodic order for the
To examine translational order in the structure in the STMdecagonal quasicrystal. Becket al® have previously ap-
image of Fig. 2, we calculated one-dimensional functionsplied essentially the same analysis for the STM image of
defined asf(x)=[z(x,y)dy, where z(x,y) is the height d-Al-Cu-Co to obtain only a nearly periodic function. The
function of the image andx,y) are coordinates referred to origin of the different results is unclear, but it may indicate
two mutually orthogonal unit vectors, ande,. Hereg, is  that in our observations better resolution is attained.
taken so that the direction of it coincides with one of the In the image in Fig. 2, we detect various types of patterns
symmetry directions shown in Fig. 2. The functidi{x) are  having local pentagonal symmetry. Examples of such pat-
calculated for the symmetry directions and 8 in Fig. 2, terns are encircled by square in Fig. 2, which are enlarged
which are presented in the lower parts of Fige)4and 4b), and shown in Figs. ®—5(c). These patterns are repeated in
respectively. Three different distances are found between adhe image. It should be noted that no patterns with local
jacent peak positions, which can be writtenags"”, where  decagonal symmetry can be detected in the image.
a is about 0.53 nm and=—1, 0, or 1. As a result, the peak In Figs. 5d) and Ze), local protrusions seen in Fig. 2 are
positions are reproduced by projecting a subset of the twoenlarged and displayed. It is shown that these protrusions are
dimensional square lattice points onto the line with a slope ofocated at the sites having local pentagonal symmetry. The
7, as shown in the upper parts of Figéayand 4b). Here the  tendency of the protrusions sitting at locally symmetric sites
two-dimensional lattice points yielding a part of the Fi- is confirmed by inspecting many images taken in the present
bonacci lattice are connected by line segments. The subset ekperiments. For example, we find a protrusion sitting at the
the lattice points giving the peak positions experimentallysite having local pentagonal symmetry in the bottom part of
observed consists of those vyielding a part of the Fibonacdhe image in Fig. 7. In relation to this result, Ledietial 2°
lattice and only a few more points nearby. This fact indicateshave recently shown by STM that locally symmetric sites on

FIG. 3. Fourier transform calculated for the image of Fig. 2,
together with the profile along the line betweénand B in the
figure.
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FIG. 7. Low-magnification STM image of the surface of the
tenfold plane(Uyias= —0.21 V, lynne=0.30 NA), where two adja-

cent terraces are observed. In each terrace, the arrangement of the
same type of pentagonal star contrasts as those in Fig. 6 are shown,

which are encircled. The pentagonal stars in the same terrace have

FIG. 5. Enlarged images of the patterns_ having local pentagona[he same orientation, and those in the adjacent terraces have the
symmetry @—c) and those of local protrusiond ande) observed opposite orientations

in the image of Fig. 2.

the surface ofi-Al-Pd-Mn function as adsorption sites for OUSly. Some of the pentagonal-star contrasts are encircled in
Ceo molecules. the figure. Here a striking feature to be noted is that the

Figure 6 shows a high-magnification STM image whereorientations of all the pentagonal stars are the same despite

pentagonal-star-shaped contrasts are seen most conspidére being two possible orientations conforming to the glo-
bal decagonal symmetry. This fact clearly indicates that the

single atomic layer does not possess a tenfold symmetry, but
only possesses a fivefold symmetry. It is worth noting here
that the Fourier transform cannot distinguish between the
tenfold and fivefold symmetries. In addition, we find ti&t
many pentagonal stars are aligned in the symmetry directions
and (2) the distances between the pentagonal stars have
scalings. These facts clearly indicate that the pentagonal stars
are arranged according to quasicrystalline order. In Fig. 7, a
low-magnification STM image is presented, where two adja-
cent terraces are observed. In each terrace, arrangements of
the same type of pentagonal star contrasts as those in Fig. 6
are shown. Here we find thét) the pentagonal stars in the
same terrace have the same orientation @dhose in the
adjacent terraces have the opposite orientations.

Figure 8 shows an STM image of the surface of the two-
fold plane, where terraces and steps are observed. In contrast
to the steps on the surface of the tenfold plane in Fig. 1, the
steps observed in Fig. 8 are straight; they orient exactly to

FIG. 6. High-resolution STM image of the surface of the tenfold the tenfold direction. In Fig. 9, the height profile along the
plane (Upa= —0.23V, I me=0.35nA. Pentagonal-star-shaped line between pointA and B in Fig. 8 is shown. Here the
contrasts are seen most conspicuously, some of which are encircle@llowing points should be noted:(1) there are two differ-

All the pentagonal stars orient in the same direction. They arent step heightsL=0.8+0.04 nm and S=0.5+0.04 nm
aligned in the symmetry directions, and the distances between thefl-/S~ ), as shown in the figure, an@) the sequence of
have 7 scalings. them is aperiodic. These are consistent with the fact that the
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FIG. 8. Low-magnification STM image of the surface of the  FIG. 10. High-resolution STM image of the surface of the two-
twofold plane (U= —0.08 V, lynne=0.20 nA). Large terraces fold plane (U= —0.38 V, | ynne= 0.20 NA). Many rows of white
and straight steps along the tenfold direction are observed. Thepots run along the tenfold direction. The rows are in parallel to
height profile along the line betweenandB is presented in Fig. 9. each other and are arranged quasiperiodically in the direction per-

pendicular to the tenfold direction. In each row, the white spots are
decagonal quasicrystal has quasiperiodic order along th&ranged periodically in the tenfold direction. Three different peri-
twofold direction. A similar observation has previously beenodicities can be detected:a;~0.4 nm, Z,, and 3y, as observed
reported for an Al-Pd-Mn icosahedral quasicrystal by Schauln rows A, B, andC, respectively.
et al® They have found two kinds of step height with the
ratio ~ on the surface of a fivefold plane and shown that thedouble and triple periodicities observed may be attributed to
sequence of them agrees with the Fibonacci sequence.  surface reconstruction.

Figure 10 presents an example of a high-magnification The interlayer phason defects, which should yield jogs in
STM image of the surface of the twofold plane, where anthe row, are not observed in the image in Fig. 10. Here what
atomic-scale resolution is attained. Here many rows of whités meant by the interlayer phason defect is the defect in
spots are observed to run along the tenfold direction. Thevhich a phason flip occurs between the adjacent layers along
rows are in parallel to each other and are arranged quasiperi-

odically in the direction perpendicular to the tenfold direc- 0.25 —
tion. In each row, the white spots are arranged periodically in A 0.41nm ]
the tenfold direction. Here it should be noted that there is a 0.20 3

i

variety in the periodicity; the shortest periodicity af,
~0.4 nm is seen, for example, in rovin Fig. 10, the sec-

015 M\M
ond shortest periodicity of abougg in row B, and the larg- :

Z (hm)

est periodicity of about &, in row C. In Fig. 11, height olob——t— 1 1
profiles for parts of the three types of atomic rows are shown 025 ——7—T—T—T—T—T— T
for clarity. The bulk structure of the present phase has a C B 0.82nm .
periodicity of 0.4 nm along the tenfold direction, which £ 020 F| I | |' I —
agrees with the shortest periodicity observed here. The £ v ]
N 015 £
010 : 1 1 1 | 1 1 1 1 1 ]
025 F T T T T T T T T T E
0.20 é CI kmﬂ | é
= E | | I | ;
£ 015k 3
N E
0.10 5 <
4 10 20 30 40 50 60 70 4 0.05 ] 2 3 4 5
A X {nm) B x (nm)
FIG. 9. Height profile along the line betweégnandB in the FIG. 11. Height profiles for parts of the three types of atomic
image in Fig. 8, where the inclination of the terrace area of aboutows shown in the image of Fig. 10, showing three different peri-
2.6° is subtracted. odicities of about 0.41, 0.82, and 1.23 nm.
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present experiments reflect well the structure in the bulk ex-
cept for an indication of surface reconstruction on the two-
fold plane, as shown in Fig. 10; the surface structures ob-
served are consistent with the bulk structure previously
characterized by various techniques, as described below.
The atomic structure of the Al-Ni-Cd-quasicrystal(or
that of Al-Cu-Co d-quasicrystal isostructural with)ithas
been investigated by x-ray diffracticfi;2® by conventional
electron diffractiorf’“8by convergent beam electron diffrac-
tion (CBED),?>%° by high-resolution transmission electron
microscopy:’?%31=*%and by high-angle dark-field scanning
transmission electron microscopfHADDF-STEM).>6-38
The space group has been determined by CBED to be
P10;/mmc (Ref. 29 except for a few melt-quenched

samples which show the space group REOm2.3° Many
structure models having the space group@fs/mmchave
been proposetf3°383%-43The structure has been shown to
consist of an alternate stacking of two types of flat atomic
layers (A and B) in the tenfold direction with an identical
spacing of 0.2 nm, making up a periodicity of 0.4 nm. Each
layer of A andB has a pentagonal symmetry a5 and they

are related by inversion symmetry. The quasilattice constant
. o ) of the two-dimensional quasicrystal in the layer is 0.246 nm.
FIG. 12. High-magnification STM image of the surface of the  The reciprocal basis vectors necessary for indexing dif-

twofold plane(Upias= —0.63 V, liymner=0.20 nA), in which a pha-  fraction peaks for the decagonal quasicrystal are given by
son defect is observed at the position encircled. The row |nd|cateB_ —a(cos(2ni/5),sin(24i/5),00  (i=1,2,3,4) and ps
1 L] 1 169

by an arrow runs along the tenfold direction, terminates at the po—_ (0,0c), where the first four vectors are for the two-

sition encircled, shifts by a small amount, and runs again in the o ool quasiperiodic plane and the last one is for the
same direction. This corresponds to an interlayer phason defect i nfold periodic direction. Fod-Al-Ni-Co. a is calculated
which a phason flip occurs between the adjacent layers along th% per Ic di lon. : »al u
tenfold direction. rom the quasilattice constant of 0.246 nm to be 10.2 hm
Using the basis vectorp;=a(cos(2ri/5),sin(27i/5),0) (i
=1,2,3,4) witha=10.2 nm %, the ten-ring spots including
spotP and those including spd in the Fourier pattern in
Fig. 3 are indexed afl,0,0,0, etc., and(1,1,0,0, etc., re-

the tenfold directioff:?! Compared with the mass-density
lines in the image of the surface of the tenfold plane in Fig.

defect observed is presented in Fig. 12. The row indicated t?fgatlrcue ctzrr]gvgrs] m a't:Iigr]]' tﬁ ehgjlkessentlally the same quasilattice

an arrow runs along the tenfold direction, terminates at the We observed exclusively the monoatomic step height of
E%wlec\)/r;rer:ﬁ;;cled,e a(?fd Ligina%aé'?eé? v;[/gi 32mer;|g|actg)bn_ about 0.2 nm on the surface of the tenfold plane, as shown in
served in, the ?:epsent ng le: the number denr)éit of 3{,{ WaFig. 1. This is consistent with the alternate stacking structure

P Pie, y 3t layersA and B mentioned above because the termination

—4 o2
evaluation of the density of the phason defect s quie diff.2Y [8Y€TSA and B are equivalent. However, the two-ayer
y P q step height has recently been observed for an Al-NidCo

cult by HRTEM because it images the projection of thephase by Coset al,'® the reason for which is unclear. The

structure. pentagonal symmetry of each layer and the inversion relation
IV DISCUSSION between the adjacer)t two layers, vyhich has begn deduced
from the results of diffraction experiments, are directly ob-
It has been well established that the surface of a solid iserved in the present experimeffgs. 6 and ¥. It is worth
not a simple cut of the bulk: the structure and compositiomoting that in principle HRTEM cannot observe them be-
are usually different from those in the bulk. Unfortunately, in cause it images the projection of the structure. To discuss the
the present experiment, other techniques for surface charaatomic structure in more detail by comparing the observed
terization such as photoemission spectroscopy, Auger eleimage with the structural models proposed previously, we
tron spectroscopy, etc., were not available, and we cannateed the atomic resolution which is not attained in the
say anything about the compositional change at the surfageresent observation.
from that of the bulk.(Detailed surface characterizations Itis shown in Fig. 1 that the step line on the surface of the
have been performed for isocahedral Al-Pd-Mn alld$%%  tenfold plane is rough. In Fig. 13, a high-resolution STM
However, as far as the structure is concerned, the overaiinage of a step edge is presented. In the figure, the tenfold
features in the surface structure observed by STM in theymmetry axes identified by the structure on the terrace are
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"

defects®?! As presented in Fig. 12, we observed the inter-
layer phason defects. However, the density of them was
found to be quite low£2x 10 * nm™2). If we are allowed
to assume that the density of the phason defects at the sur-
face reflects faithfully the density in the bulk, this result
leads to the conclusion that tlequasicrystal of the present
sample is not in accordance with the entropically stabilized
random tiling model. Recently, we observed the motion of
the phason flips in ad-Al-Cu-Co directly byin situ high-
temperature HRTEM with the incident beam parallel to the
tenfold directior®! In the experiments, we observed frequent
FIG. 13. STM image of a step on the surface of the tenfoldphason jumps with the distance of 1.2 nm at temperatures
plane (Upias= —0.21V, lyme=0.30 nA. The tenfold symmetry above 1123 K, indicating that the thermal-equilibrium den-
axes identified by the structure on the terrace are also shown. sity of the interlayer phason defects is considerably high at

high temperatures and that the very low density observed by

also shown. Here we notice that the step edge segments &y reflects an equilibrium state at a lower temperature.
mostly parallel to any of the symmetry directions. The rough

step lines such as those shown in Fig. 1 are composed of the

step edge segments parallel to the tenfold symmetry direc- V. CONCLUSIONS
tions. Thus the formation of rough and largely wandering
steps is con5|d_ered to result from the ex.lstence of many SYM; | _Ni-Co decagonal quasicrystal were examined by STM.
metrically equivalent low-energy steps; the entropy gaine

. or both surfaces, STM images with atomic-scale resolution

by the step wandering overcomes the energy cost by the !
) ; . Wwere successfully obtained. On the tenfold surface, large ter-
increase in the total length of the step. To quantify the prop- .
races and monoatomic layer steps were observed to be

erties of the steps, we applied the continuum step model an .
evaluated the step stiffne$sin the model, each of the steps ormed. We found that the symmetry of eac_h layer is not
is treated as a string whose eneréy is given By decagonal but pgntagqnal and that the two adjacept layers are
~ ) = . related by the inversion symmetry. The step lines were
=(BI2)[[ox(y)/dy]°dy, where is the step stiffness and ough, which can be attributed to the existence of many sym-
x(y) is a coarse-grained step configuration. The mean-squafetrically equivalent low-energy steps. Adopting the con-
displacement as a function of distange G(y)=(|X(Y)  tinuum step model, we evaluated the step stiffness, which
—x(0)|?) is expected to have the for@(y)=kTy/B foran  range 3—-50 meV/nm. These values are slightly smaller than
isolated step. Though the interaction between steps may ndtose for Si and much smaller than those for metals such as
be negligible for the steps observed in the present experPt and Cu. The atom absorptions were often observed at
ment, we made a rough estimation of the step stiffness by udecally symmetric sites. An analysis based on the high-
of the above equation. We deduc8dgy) for many steps and dimensional description of the quasicrystalline structure
obtained roughly linear relations &(y) againsty for all the  showed that the structure has nearly perfect quasiperiodic
steps analyzed. From the linear coefficients, we evalugted order for the decagonal quasicrystal. On the twofold surface,
values, which range 3—50 meV/nm. These values are slight§traight step lines along the tenfold direction were observed.
smaller than those for the steps in @Refs. 45—4Y and This indicates that the step edge with this orientation is by
much smaller than those for metals such a$Ref. 48 and far more stable than those with other orientations and that the
Cu (Refs. 49 and 50 In contrast to the largely wandering kink formation costs much energy. Here we found an aperi-
steps on the tenfold surface, the steps on the twofold surfacedic sequence of two different step heights. On the twofold
are straight; they orient exactly to the tenfold direction. Thissurface, many rows of white spots were observed along the
fact indicates that the step edge with this orientation is by faienfold direction. Here three types of rows were found,
more stable than those with other orientations and that thehowing different periodicities,~0.4 nm, Z,, and 3,
kink formation costs much energy. The |arge energy cost fofespectively. The latter two periodicities can be interpreted as
the kink formation indicates the large step stiffness in thedue to surface reconstruction. Interlayer phason defects were
continuum step model. observed, but the density of them was found to be quite low.
As described in the first section, two Competing mode|sThiS fact indicates that the decagonal quasicrystal of the
have been proposed for the physical origin of the quasicrysPresent sample is not in the random tiling state in which
talline structural order: the energetically stabilized per-configurational entropy related to phason disorder is assumed
fectly ordered modéf and the entropically stabilized ran- to stabilize the quasicrystal.
dom tiling model According to the latter model, a good
amount of phason defects must be introduced three dimen-
sionally because the entropy must be proportional to the vol-
ume of the system to overcome the energy of the system We thank Professor T. Suzuki of 1S, University of Tokyo
which grows three dimensionally. This indicates that in thefor valuable comments. This work has been partly supported
case of thed-quasicrystal interlayer phason defects are rey Core Research for Evolutional Science and Technology,
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