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Continuous transition between decagonal quasicrystal and approximant by formation
and ordering of out-of-phase domains
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The transformation between a quasicrystal and an orthorhombic approximant is studied at the nominal
composition A}, Nig4C0,9 by electron diffraction and high-resolution transmission electron microscopy. A
series of transition states indicating a continuous transformation is monitored. First, the material transforms to
a single-oriented one-dimensional quasicrystal. In the course of this process out-of-phase domains are formed.
The approximant results from ordering of these domains to a periodic structure.
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[. INTRODUCTION called Fibonacci approximantS.The Fibonacci series is

Quasicrystals are structures with long-range aperiodic orgiven by the recursiorr, 1=F,+F,_4, starting withF
der that may exhibit noncrystallographic rotational symme-=0 andF;=1. In the limit, the ratio of two consecutive
tries. They are observed in many alloy systems as stablgumbers of this sequenceis- (1+ /5)/2, the golden mean.
phases, most of them with icosahedral or decagonathe Fibonacci approximants can be regarded as constituents
symmetry. Most of these alloy systems show periodic of 5 sequence whose limit is a quasicrystal. The lattice con-
phases whose structure is closely related to quasicrystalgiants in the pseudodecagonal plane can be derived within
so-called approximants. The transition between quasicrystalis view from the quasilattice constarfsi In the diffrac-
and approximant involves a rearrangement of atom positiong, ., attern, the most prominent reflections of Fibonacci ap-

{&%Tﬁg%”gi'gstg rpiigg';mh';e tk:gx?rl#fr:?g é":r']tsbgrz:;::?bsetﬁroximants are given by indices belonging to the Fibonacci
' Y bp umbers or their integer multiples. An approximant that does

in a higher-dimensional approach as embedded into a peri- .
odic hypercrystal structuré® The quasiperiodic structure in hot show these features was observed in the system Al-Fe-Cr

« : : H i3
hysical space results from a hyperplane that cuts the h e?—nd named “non-Fibonacci approxmari‘lz.
Py P yperp yp The formation of antiphase domains can be observed in

crystal with an irrational slope. Changing the slope of the AR nti ;
hyperplane or the shape of hyperatoms implicates differerff’® Process of phase transformatiohé\ntiphase domains

arrangements in physical space. The lattice of crystalline ag=@n be regarded as a special case of out-of-phase domains. In
proximants can be derived from the quasicrystal by so-callethis case, the phase shift of diffracted waves is not necessar-
linear phason strain which corresponds to a shear of the hyly ; also, other fractions of 2 than 0.5 are allowed as
perplane to a rational slope. The corresponding diffractiorPhase shifts. For quasicrystals the concept of out-of-phase
patterns show reflections shifted from quasiperiodic arrangedomains can be extended to a description in higher-
ments to periodic arrangements. dimensional spacE.An illustrative and widely discussed ex-

States corresponding to phason strain values between demple for periodic arrangements resulting from the forma-
cagonal quasicrystal and one-dimensional quasicry4f@l tion of antiphase domains is the case of CUALEIE® With
QO) were observed by electron diffractibin material di- respect to the aristophase CuAu-l, the reflections are split
rectly quenched from the melt. A transition by continuouslyinto a pair of new ones.
increasing linear phason strain with domain sizes exceeding In the system Al-Ni-Co a number of quasicrystalline vari-
the nanometer range was suggested. In contrast to these wnts of the decagonal phase are obseNet.For many
twinned transition states are the frequently observed strugsompositions annealing as-cast material about 100-200 K
tures built of twinned phason strained domains in the rang®elow the solidus results in the formation of periodic
of nanometers, called nanodomain structy®S's).®” The  approximants®?>2NDS’s were observed in the system Al-
origin of twinning is assumed to be related to the misfitNi-Co by high-resolution x-ray diffractidt**?® and high-
between a periodic and quasiperiodic structures increasinggsolution transmission electron microscopyRTEM).® At
with the size of the transformed region. These NDS's are notompositions close to the binary Al-Co line the phase dia-
necessarily periodic in three dimensions, multiply twinnedgram seems to be very complicatéd?entagonal quasicrys-
1D QC'S or states whose order according to a 1D QC is onlytals are reporteéd®® to exist between AENi;Co,, and
partially developed were also obseniethere is still a lack  Al7, Ni;gCo75. The high-temperature modification exhibits
of experimental data about the transition of NDS's to largerso-called S1-superstructure reflections while the low-
domains of periodic approximants. temperature ordering statbelow about 1170 Kdoes not.

At present most of the known periodic approximants toAn in situ study by x-ray diffractio® revealed at
guasicrystals related to fivefold or tenfold symmetry are soAl,3 Ni, gC0,1 7a primitive quasicrystal as high-temperature
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phase while the material transformed to an approximant atariants of a one-dimensional quasicrystal and superstructure

lower temperatures. Another approximant was described b$1 can be projected into this acceptance domatn.

Hiragaet al3® around A},Ni;Co,; . In the diffraction pattern linear phason strain causes peak
In the current work we report a continuous transition of anshifts3? Thus E can be determined according tg=kiq

Al-Ni-Co decagonal phase to a “macroscopic” periodic +ETkperp, wherek;4 corresponds to the peak position of an

structure resulting from a mechanism governed by increasingleal quasicrystal which is shifted by the transposdé=ab

phason strain as well as formation and ordering of out-ofthe measured peak positidn.

phase domains.

IIl. EXPERIMENT

Il. PHASON STRAIN Ingots of nominal composition of A NigCoq were

Phason strain analysis is a useful tool for the identificatiorPrepared by inductive melting in a water-cooled copper cru-
of transition states of quasicrystals as a measure for the dé€ible under an Ar atmosphere. Different samples were ho-
viation of a tiling from ideal quasicrystalline order. Tilings mMogenized for 40 h at 1300, 1310, and 1325 K in an alumina
from HRTEM images and electron diffraction patterns takencrucible under Ar atmosphere and subsequently quenched.
with small selected-area apertures can give local informatiod he different homogenization temperatures are used for the
on phason strain of single domains. Periodic approximantguenChEd samples to make sure that the material is annealed
and 1D QC's correspond to special values of linear phasogufficiently close to the solidus temperature. For comparison,
strain with respect to a two-dimensional quasicrystal. Fomaterial homogenized at 1300 K for 40 h was furnace
reviews of higher-dimensional crystallography, seecooled. Parts of the quenched samples were annealed at 1120
Yamamotao or Steurer and Ha|ba(flﬁ K for 120 h (after homogenization at 1310) kKand 1370 h

Each vertex of a decagonal tiling with edge lengtban  (after homogenization at 1300)Kn evacuated silica am-
be indexed unambigiously as linear combinations of fourPoules. After each heat treatment the samples were investi-
vectorse = a(cos(2mi/5),sin(2mi/5)), i=1, ... 4resulting ~ gated by scanning electron microscof§EM) and powder
in the Coordinategf“=2iniq’ where n;, are integers_ For X-ray dlﬁractomgtry. The SEM examlnat|0n§ did not rgyeal
practical means it is sometimes more convenient to use fiv@ny contrast which could be associated with compositional
linear dependent vectorg =a(cos(2ri/5),sin(27i/5)), i ~ inhomogeneity. The powder x-ray diffraction patterns were
=0, ...,4. It can beeduced to the description by four vec- typical of the decagonal phase; the resolution was not suffi-
tors using the relation niy+n,m;+n,m,+n,mz+n,n) cient to obserye the structural variations result.|ng from dif-
= (my,m;,M,,ms,0), wherem, are integers. The vectoes ferept annealln_g proc_edurésee bellov)z No qddltlo_nal re-
can be regarded as projections of a basis of a fourflections associated with the formatlon pf neighboring phases
dimensional lattice. This four-dimensional space can be diWere observed. The average composition was determined by
vided into physical spacéiling) and perpendicular space Wavelength dispersive spectrometi§ameca camebax SX
with r, =3;n;e,; . The projection of all vertices of an ideal 50 t0 Al7; Niz Coje, with maximum deviations of 0.5
quasiperiodic tiling into perpendicular spaeerpendicular &t %_._HRTEM and electron diffraction was carried out with
projection must lie within so called acceptance domatgs @ Philips CM 200 ST/FEG(Gs=1.2 mm) microscope oper-
ie., {r,JCA,, which can be different depending op ating at 200 kV on powdered specimens supported on copper
= (SN mods. The type of the quasiperiodic tiling deter- grids covered by holey carbon film. HRTEM images are re-
mines size and shape of the acceptance domains. If a tilingPrded close to the Scherzer defocus6@ nm). _
deviates from ideal quasiperiodicity, there are also projected !f not indicated otherwise, selected-area apertures with a
vertices outside of the acceptance domain. Statistical devigliameter of 760 nm are used for recording diffraction pat-
tions from quasiperiodicity leading to an isotropic distribu- t€rns. For special purposes, small selected-area apertures
tion of projected vertices are random phason fluctuation®ith a diameter of only 170 nm are us&.

(around the average phason str&ir 0). In the case of lin-

ear phason strain, the distribution of vertices in perpendicular IV. EXPERIMENTAL RESULTS

space is anisotropic is then given by a X2 matrix in the
case of a two-dimensional quasicrystal. For an infinite exten-
sion of a tiling with linear phason strain, the projection of the A phase analysis of quenched material homogenized at
vertices extends infinitely in perpendicular space. An interdifferent temperatures shows no qualitative differences. The
esting method to analyze linear phason strain in experimentahajor part of the material exhibits electron diffraction pat-
tilings using an inclined projection of vertices is described byterns very similar to those associated in the literature with
Ritschet al3! By this method the vertices can be reprojectedthe primitive fivefold variant“s f” ) (Refs. 21 and 2)7of the

into the acceptance domain by applying a reverse transfodecagonal phadéigs. 1(c) and Xd)]. Diffraction patterns of
mation corresponding to the present or expected linear phahese states recorded at thick sample regions suggest a five-
son strainTi,¢=r, —Er. By this means one can check if a fold symmetry like in Fig. &).3* The S1 superstructure
tiling shows a certain value of linear phason strain. As ashown in Fig. 1a) was observed only as a minority phase in
scale, we use the decagonal acceptance domain of a so-calledterial quenched after homogenization. The material an-
Penrose pentagon tiling in evaluations of experimental tilingsealed at 1300 K and subsequently furnace cooled contained
in Sec. IV B. With respecta a 2 nmtiling, high-quality = a disordered approximant. The same approximant, to a con-

A. Electron diffraction
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FIG. 1. Diffraction patterns of material quenched after homog-
enization at 1300 Kc) and 1310 K(a), (b), and(d). (a) S1 super-
structure. The magnified detail shows that highly indexed reflec-
tions are slightly shifted from a symmetric pentagonal arrangement.
(b) Diffraction patterns of small sample area next to the position of
diffraction pattern(a). The reflections are diffuse and shifted from
positions of a decagonal quasicrysta), (d) Diffraction patterns of
larger sample areas. The reflections are clearly shifted. In the case
of (d), the reflection positions almost correspond to a 1D QC. The
arrow shows the periodic direction. Additionally elongated reflec-
tions and streaks are recognizable.

siderable part well ordered, was found in the samples prean-
nealed at 1300 K, subsequently quenched, and additionally
annealed at 1120 K for 120 h and 1379Fig. 3(b)]. From
these observations we can conclude that under the studied
conditions a single decagonal phase solidified from the liquid
transformed to a single periodic structure.

In some diffraction patterns of the S1 superstructure weak
reflections are slightly shifted which indicates small amounts
of phason strain as is the case for Fi¢a)1In comparison to .FIQ. 2. Diffraction patterns of material quenched after homog-
the S1 superstructure at compositions containing more NEnization from 1310 K(a), (b), (d), and 1325 K(c). (a) One-
the superstructure reflections are less sharp. This effect fimensional quasicrystaib) Ordering state exhibiting apart from
also visible on diffraction patterns of the S1 superstructuré e reflections like in(a) additional reflections. The arrangement

shown by other autho®% at similar compositions. It was 'cSemPles to a sawtooth patte(a The reflections form a zigzag
attern. It looks as if the reflections are approaching horizontal

observed that the S:.I' SUperStrUCture appears I.n the Sa.me gr#Innes. (d) The reflections are arranged almost exactly on horizontal
next to. states_wnh diffraction patterns like in Figbl While lines corresponding to a distance of 3.2 nm. The main reflections
reflections shifted fro_m pentagonal or decagonal symmetry, . strongly elongated in the horizontal direction.
are rather an exception in the case of the S1 superstructure
this is always observed for states without superstructure re- When small selected-area apertures are used for sample
flections. These phason strained samples therefore belong pasitions as represented by diffraction pattern of Figl),1
transition states of a quasicrystal. Examples are shown by thevo different kinds of diffraction patterns are observed. One
enlarged details of Fig. 1. In Fig(d) the phason strain cor- kind corresponds to a 1D Q{Fig. 2(@)]. The other sort of
responds almost to a 1D QC. The periodic orientation idiffraction patterns also reveal reflection positions of a 1D
marked by an arrow. All other diffraction patterns are shownQC. However, some of the reflections are clearly elongated
in the same orientation. Some of the reflections in this diflike in Fig. 2b). There are also additional reflections ar-
fraction pattern are strikingly elongated. In addition, weakranged on diagonal lines. Altogether, a sawtooth pattern of
streaks connecting single reflections are recognizable. reflections arises. As the selected area aperture was increased
The diffraction patterns in Fig. 2 are presented in a sein size the weaker sharp reflections merged into a s{iiéigk
guence where the features of a quasiperiodic structure ard)]. This shows that the underlying structural features are
gradually replaced by those of the periodic structure. correlated over larger distances only with respect to their
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strong reflections are split along the horizontal direction. A
twofold diffraction pattern of the approximant exhibiting dif-
fuse interlayers is shown in Fig(@. The measured lattice
constants of the orthorhombic approximant arg=3.22,
bap=5.08, andc,,=0.825 nm.

B. Analysis of the HRTEM images

Figure 4 demonstrates typical features of the transition
states observed in this study recorded by HRTEM. It shows
the wheel-like structural building units with a diameter of 2
nm in Scherzer defocus. These building units are usually
used as vertices for the construction of tilif§sThe tilings
are typical for the different structures in the system Al-Ni-
Co; they can be used to analyze the phason strain of the
region recorded by HRTEM. In Fig. 4, the pentagonal sym-
metry is quite pronounced in the center but also at the
“spokes” of the wheel-like building units. Regions of
equally oriented building units are recognizable in Fig)4
The corresponding tiling is presented in Figby

A magnified detail of Fig. @) is shown in Fig. 4e). Two
tenfold shells, with a diameter of 1.2 and 2 nm, respectively,
are the simplified representation of the building units on the
right side of Fig. 4e). The dots on the inner shells represent
the fivefold contrast features of the building units. In the
HRTEM image a new vertex seems to emerge, indicated by
the crossing of the dotted lines on Figfy With an edge
lengtha=2 nm, the distances of neighboring vertices are
either 1.2 nm or 2.0 nm. As a result of the new vertex there

FIG. 3. (a) Diffraction pattern of an approximant eXthltlng are also distances of neighboring vertices with
streaks in the horizontal direction. It comes from material that was:a\/lJr[z cos(rr/lO)]’2=2.25 nm. These vertex distances
furnace cooled after homogenization at 1300 (K. High-quality  reqit from a different kind of overlap of the building units.
approximant obtained from annealing for 1370 h at 1120 K after e a1 vertex distances the inner or the outer shells

homogenization at 1300 K. The reflections that seemed to be elorg, - "o4ch other. The new distances are formed when two
gated in other diffraction patterns correspond to neighboring reflec;

tions of similar intensity. An example is marked by a white ellipse. building units overlap in .a Wgy that they ha_ve the f!vefdd
(c) Diffraction pattern of the approximant in a twofold zone axis. contrast fgaturgs appearlng in the HRTEM images in com-
(d) Diffraction pattern of a transition state recorded at a thick MON- Vgrtlcgs in a!.dlstance of 2'2_5 nm-are connected by
sample area showing a pseudofivefold intensity distribution, as outdOtt€d lines in all tilings presented in this study.
lined by arrows. It was homogenized at 1325 K. The appearance of the new vertex distances seems to be
coupled with the appearance of kidney shaped motifs in the
orientation. Diffraction patterns that already show sometilings. The new vertices cannot be indexed according to the
similarities to a periodic approximant are presented in Figstiling with edge length 2 nm. However, it gets clear from the
2(c) and 2d). The diffraction patterns of Figs(l2 and Zc) schematic drawing of Fig.(#) that the sum of two vectors
are similar with respect to additional reflections and elon-with d=2.25 nm can again be indexed according to the 2
gated reflections but Fig(® does not resemble a 1D QC. It nm tiling. Building units in a distance of 2.25 nm are differ-
rather looks as if the reflections are approaching horizontagntly oriented. By agglomeration of new distances to lamel-
lines which results in a zigzag pattern of reflections. In Fig.lar defects as shown in the upper part of the tiling of Fig.
2(d) the reflections lie on these horizontal lingke vertical ~ 4(b), the tiling cannot be indexed continuously with basic
distance corresponds to 3.2 hmvith only small deviations vectors of edge length 2 nm. However, since the sum of two
of some reflections in the vertical direction. The strongeswectors withd=2.25 nm is indexable, all vertices separated
reflections are strongly elongated in the horizontal directionby an even number of defects can be indexed. Directly at the
Using large selected-area apertures we observed thdefects a local periodicity of 3.2 nm is recognizable.
weaker reflections merge into streaks along horizontal lines The projection of all indexable vertices into perpendicular
like in Fig. 3(a). Diffraction patterns corresponding to states space[Fig. 4(c)] shows an anisotropic distribution; the de-
as represented in diffraction pattern of Figa3were ob- viation from a decagonal-pentagonal quasicrystal is already
served mainly in furnace-cooled material after homogenizaadvanced. The jump of coordinates in perpendicular space
tion at 1300 K. Approximants free from streaks were onlyindicated by an arrow corresponds to positions in physical
observed in material that was annealed at 1120 K after haspace where the orientation of the fivefold building units is
mogenizationFig. 3b)]. Here it is clearly visible that the reversed, a position with occupation inversion. This jump is
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local periodicity:
3.2nm

h ;ﬁi\i distances
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FIG. 4. (a) HRTEM image of material quenched after homogenization at 1310 K. The wheel-like motifs, 2 nm in diameter, are used as
vertices in the corresponding tiling). Vertex distances of 2.25 nm as observed in the upper pa# affe shown as dotted lines (h). (c)
Projection of the vertices in perpendicular spacg Projection of the vertices according to a 1D QC. A kidney-shaped motif of the HRTEM
image is enlarged ife). The overlapping geometry resulting in the new vertex distances is demonstrdfed in

not observed when the vertices are projected according to tremaller regions in perpendicular spd¢&>’ The tiling cor-
phason strain of a 1D QC. The succession of two lamellaresponding to diffraction pattern of Fig(k) is shown in Fig.
defects with different vertex distances was not observed t6(a). The projection into perpendicular spacégg. 6b)] re-
be correlated to jumps of coordinates in perpendicular spaceeals an anisotropic distribution of vertices reflecting devia-
The following tilings are constructed from HRTEM im- tions from pentagonal-decagonal symmetry. Besides penta-
ages recorded at the same sample positions as the diffractigons and rhombi, kidney shaped motifs also appear in the
patterns shown in previous figures. The tiling correspondingiling.
to the diffraction pattern exhibiting S1-superstructure reflec- The tiling of Fig. 7 shows a good agreement with a 1D
tions [Fig. 1(a)] is shown in Fig. %a). The distribution of QC as can be seen from the projections in perpendicular
vertices in perpendicular space is almost isotropic; some vespacg Fig. 7(b)] and according to the phason strain of a 1D
tices lie out of the acceptance domain of a pentagon Penros@C [Fig. 7(c)]. The 1D quasicrystalline order is not disturbed
tiling. For more Ni-rich compositions the vertices of tilings by the four lamellar defects indicated by dotted lif&as in
representing the S1 superstructure are usually confined teig. 4, the defects are not evenly distributed in the tiling. The
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FIG. 7. (&) Tiling with edge length 2 nm showing lamellar de-
fects indicated by dotted lines. The area on the right side of the
tiling corresponds to the diffraction pattern of FigaR The area on
the left side corresponds to the diffraction pattern of Fidp) 2The

FIG. 5. (a) Tiling with edge length 2 nm of a region with S1 perpendicular projection of vertices is shown(i. In (c) the pro-
superstructure(b) The projection of the vertices in perpendicular jection according to a 1D QC is presented. It shows that the defects
space showing an isotropic distribution. do not affect the 1D quasiperiodic order.

diffraction pattern of Fig. @) is recorded at the sample re- the pentagonal contrast features of the building units can be
gion shown on the right side of Fig(& and the diffraction reproduced. However, the tiling cannot be indexed com-
pattern of Fig. 2b) comes from the left sample region. The pletely in the present case. With each period in the horizontal
sawtooth pattern of this diffraction pattern is correlated to thedirection (b, direction of the approximant there is an ad-
appearance of the lamellar defects. ditional out-of-phase vector. For a complete indexing of the
With the accumulated appearance of the lamellar defectshosen vertices, basic vectors are needed with an additional
the phason strain changes. The order according to a 1D Q€eflation by the factor (2 7) ~%° (edge length 0.4 njrand a
disappears and the tiling gets periodic accordingdio rotation by 90° with respect to the basic vectors of edge
=3.2 nm. The tiling corresponding to the diffraction patternlength 0.76 nm. The identity periods in this description are
of Fig. 2(d) is presented in Fig. 8. In one direction the tiling then given by (0,3,2;2,—3) (a,, direction and (5,24,
is periodic withd=3.2 nm. Perpendicular to this direction —4,2) (b, direction. With a further simplification, the el-
periodicity is recognizable in rudiments in the middle part ofementary cell can be described by a double repetition of a
the tiling. basic motif plus the out-of-phase vector as is shown in the
lower part of Fig. 9. The corresponding simulated diffraction
C. Non-Fibonacci approximant pattern is presented in Fig. @). Although a strongly sim-
. . plified model was used for the simulation, it reflects the split-
A HRTEM image of a well ordered approximant, corre- ting of the strong reflections observed in diffraction pattern
sponding to the diffraction pattern of Fig(8, is shown in of Fig. 3(b). Using a model with fourfold repetition of the

Fig. 9. The 'am‘?'.'ar dgfects are ordered periodically as CaBasic motif plus out-of-phase vector results in the simulated

be seenon the tiling \.N'th edgg length 2 nm on the upper Paiitfraction pattern of Fig. 1@®). In this case the strong re-

.Of the f|gur§. Thedbrlght dot-like cqntr??tsdof the HRTEZ‘ ‘Iections seem to be elongated. In between, a large number of
Image can be used to construct a simplified structure modely o, refiections appear. It is clear that a disturbance of the

A.pract[cal ch(;]lcez of t'l!Pg hgsﬂbascljcbveﬁtofrs Ir1I;,_theh.sameperiodicity would smear out the weak reflections which
orientation as the 2 nm tiling, deflated by the factor. This 5,4 result in streaks in the diffraction pattern similar to the

results in edge lengths of 0.76 nm. By choosing this ti"ng'experimental diffraction pattern of Fig(c.

The splitting of the strongest reflections into a pair of new
ones with roughly equal intensities implies that the indexing

FIG. 8. Tiling, edge length 2 nm, which shows lamellar defects
FIG. 6. (a) Tiling, edge length 2 nm, of a HRTEM image com- (dotted line$ over the whole region recorded. It is periodic in the
ing from the same sample position as the diffraction pattern of Figdirection parallel to the defects witth=3.2 nm. Perpendicular to
1. (b) Besides pentagons and rhombi, there appear also kidnethis direction there are also first signs of a periodic arrangement in
shaped motifs in the tiling. The projection of vertices in perpendicu-the middle range of the tiling. The tiling is recorded at the same
lar space shows an anisotropic distribution. sample region as the diffraction pattern of Figd)2
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FIG. 9. HRTEM image of the
approximant, corresponding to
diffraction pattern of Fig. &).
The upper tiling, with edge length
2 nm, shows that the lamellar de-
fects are ordered periodically. For
the lower tiling drawn in the HR-
TEM image (edge length 0.76
nm), the fivefold contrast features
are used for representing the
structure. However, it cannot be
indexed completely. With a fur-
ther simplification as shown be-
low, the structure is described by a
twofold repetition of a basic struc-
ture motif plus an out-of-phase
vector. Using a tiling whose orien-
tation is turned around 90° and an
even smaller edge lengtf.4 nm
all vertices can be indexed. In the
area of the basic motifs the index-
ing results always from a sum of
two basic vectors.

tiling indexable ) . . .
with basis a: basic motif basic motif out-of-phase
! vector

of the strongest reflections does not necessarily correspondai'+ +___. Therefore, the sum of all components of vertices
to F'b"f.‘acc' nu_mbers. T_herefore, the present approximant ig o n;;fne within the basic motifs. However, with each pe-
not of Fibonacci type. This can also be concluded from dlrect '

AN . ) . iod in theb,, direction the sum changes by one because of
space observations: For Fibonacci approximants, the COMPG 6 out-of-phase vector. Hence, the acceptance domain
nents of the vectors to the identity period in the direct lattice . L o

makes a jump by each period in thg, direction. In con-

are determined by two Fibonacci numbers, respectlvelytrast' for Fibonacci approximants the equatioﬁgzlpi
@(Fn=Fm).Fm,—Fn.—Fn.Fm) and  (OF.Fs,—Fs, 55 ° o0 e the periods and
—F,), where m,n,r,s are integers. This is not true for =Z2i=10;=0 hold for the periodp andgq.
(5,2-4,—4,2). In contrast, the lattice of the basic motif
[with the translations (2,52,—2,1) and (0,3,2;2,—3)]
corresponds to a Fibonacci approximant, the so-called?®D
This shows that in this case, the formation of the non- Based on the experimental observations, the following
Fibonacci approximant is related to the formation of out-of-scenario for the transformation process and the sequence of
phase domains. intermediate states, schematically shown in Fig. 11, can be
When the indexing of the next neighbors of a vertexdeveloped.

changes with respect to the basic vectors with 0.76 nm edge The transition starts with increasing linear phason strain
length by &, then the indexing with respect to the basicresulting in a 1D QC. The building units show pentagonal
vectors with 0.4 nm edge length changes lemmﬁ symmetry; they are equally oriented within domains. These

V. DISCUSSION
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formation of the approximant can be expected to be much
lower than for the formation of normal-crystalline phases.
For example, in Al, Ni;;Cojss it was observel that a
metastable ND$known earlier as SST-lldecomposed after
annealing for almost 3000 h into a quasicrystal and the crys-
talline X phase. It might be worthwhile to note that at the
studied composition, twinned nanodomains with different di-
rections of linear phason strain as is the case for the usual
NDS's (Refs. 7—9 were not observed.

The observed transition by the formation of out-of-phase

FIG. 10. (a) Simulated diffraction pattern with the simplified domains seems to be a special case among the transitions
model of Fig. 9. It reproduces neighboring reflections with similar between quasicrystals and approximants. Transitions includ-
intensities.(b) Simulated diffraction pattern with fourfold repetition ing twinned phason strained NDS’s as transition states trans-
of the basic structure motif plus out-of-phase vector. The split mairfform differently also at later stages of the transition because
reflections look due to their short distance as if they were elongatedhe transition is discontinuous regarding phason strain. Un-
Similar to Fig. Zd) there are further weak reflections recognizable.twinned phason strained states usually resulting from mate-
rial quenched from the melt also appear to be different. For
dhese states, out-of-phase domains are not reported, let alone
SReriodic ordering of out-of-phase domains. This might be
related to the fact that these transitions were not observed to
result in non-Fibonacci approximants. However, lamellar de-
ects that can be considered to form out-of-phase domains

o . : - ~are also possible for transition states of Fibonacci approxi-
character of the building units, as two adjacent building units - nts Ir? this case. the lamellae are rather formp(fd by

have the fivefold contrast features of the “Spokes” in COM- gy gnacci-type rhombi® Usually, these defects are even dif-
mon. This results in the occurrence of the vertex distanCgcit 1o remove by annealing. A similar role of out-of-phase
2.25 nm. With increasing phason strain vertices in this disyomains in the process of a transition between quasicrystal
tance agglomerate to lamellar defects and out-of-phase demg approximant has not been reported yet. However, ac-
mains are formed which results in split reflections in thecording to our unpublished results, similar transition states
diffraction patterns. The domains are preferentially orientecappear also in the system Al-Cu-Co, indicating a transferabil-
in a way that allows a period of 3.2 nm at the boundaryity of the results presented in this study.
plane. The increasing number of lamellar defects destroys The approximant observed in this study and the non-
the order of the 1D QC and enforces a periodicity of 3.2 nmFibonacci approximant described by Setial? differ re-
A periodic arrangement of the out-of-phase domains leads tgarding important features. The latter is built of thick and
the formation of a periodic approximant. thin rhombi with an edge length of 0.66 nm. There is no clear
The low-temperature ordering state without superstructurédication of an additional out-of-phase vector. Conse-
reflections and pseudofivefold symmetry known ag™8-2”  quently, the strong reflections are not split in this case.
belongs to the first part of the transition. It should be consid- This transition is on the one hand a continuous transition
ered as a transition state of a pentagonal or a decagonal qL@@cause the phason'strain direction is the same over large
sicrystal which exists at temperatures close to the sofitius. distances. Despite this fact, the structure can be regarded as
Whether the approximant is stable or only a transition stat§®Me kind of NDS's because twin domaitwith different

prior to the formation of normal-crystalline phases cannot bé)rle_nta.tlonhs of flvefolfd building um)san? out-gf-lphar?e do- ¢
decided from our experiments. The kinetic barriers for theMains |_n_t € range o nanometers are formed. in .t e case o
a transition by phason strained nanodomains it is assumed

that a misfit between a periodic and quasiperiodic structures
increases with the size of the transformed redibithere-

domains can be regarded as twin domains that could d
velop, for example, when the decagonal symmetry gets lo
by cooling the material. In the tiling kidney-shaped motifs
appear, allowing an unusual kind of overlap of building
units. This overlap is assumed to be related to the fivefol

Quasicrystal fore, the formation of small periodic domains could be fa-
! vorable. The question whether the formation of the out-of-
phase domains locally reduces jumps or shifts of atoms in
1D QC (lamellar defects) the process of the transition must be evaluated in a more
} detailed study.

3.2 nm periodicity (forced by defects)

v
Approximant (periodic _ The transition between quas_,icrystal a_nd approxin_w:_int on
arrangement of defects) differently annealed samples with a nominal composition of
Al;, Nig sCoyg is observed by electron diffraction and HR-

FIG. 11. Model for the sequence of states occurring in theTEM. The transition starts with increasing phason strain re-
course of the observed transition. sulting in an untwinned one-dimensional quasicrystal. In the

VI. SUMMARY
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course of this process a previously unknown overlap ofary plane. By annealing, a periodic arrangement of the lamel-
building units is observed which is related to the fivefoldlae can be achieved and a non-Fibonacci approximant is
character of the building units. This results in vertex posi-formed.

tions not indexable by tiles with an edge length of 2 nm.
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