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Electron diffraction study of octagonal-cubic phase transitions in Mn-Si-Al
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We report the observation of two kinds of octagonal-cubic transition to eitheg-ta-type structure or the
Mn,Si crystal following annealing Mn-Si-Al octagonal quasicrystal at different heating speeds. A theoretical
analysis has been given and the simulated diffraction patterns match the experimental results well. It is
confirmed that there exist two kinds of phason strain fields, which transform the octagonal phase into the two
cubic crystalline phases, respectively. It is conjectured that the octagonal-cubic transitions feature the forma-
tion of local periodic structures.

Since the experimental discovery of icosahedralan octagonal quasicrystal was determined to be 8/mmm or
quasicrystals,a number of different quasicrystals have been8/m! Transmission electron microscopi{®EM) observa-
prepared and studied. Furthermore, many periodic structurdins showed that 45° microtwin domains @ Mn-type
closely related to quasicrystals have been discoveige-  structure coexisted with the octagonal phase in Mn-Si-Al and
cause they have local atomic structures and chemical confr-Ni-Si alloys, indicating that these structures were closely
position similar to the related quasicrystals, these kinds ofelated” The process of the transition between the octagonal
materials are named the “approximants” of quasicrystals. Ifuasicrystal and thgg-Mn-type structure crystal has been
experiments, quasicrystalline phases often coexist with theflescribed by the linear phason strain fi1d’In the present
approximant phases, and reversible transformations betwedhticle, the phase transformations in the octagonal ternary
quasicrystals and their approximants have been observedlloy of Mny(Si, Al) are studied in detail. The octagonal qua-
For instance, it has been reported that the AICuCoSi decag&icrystals were heated by different heating speeds, which re-
nal phase transforms to a microcrystalline state ¢6a7)  Sulting two different kinds of octagonal-cubic phase transi-
approximant at lower temperature, and vice véréa.this  tions as observed by TEM. Upon rapid heating, the
case, there is not a smooth shift of diffraction peak position®ctagonal phase transformed to ":BGV'”'%’PG structure, as
between those of the approximant and those of the decagoné@Ported in the Cr-Ni-Si octagonal alldg: While slow an-
quasicrystal, but instead, there is a coexistence of the twBealing resulted in transforming the sample into the;8In
sets of peaks with changes in relative intensities through thgrystalline phase. Our analysis confirmed that both of the
phase transition. On the other hand, in rapidly solidifiedoctagonal-cubic phase transitions were of phason-type. In or-
AIMNSi and AICrSi alloys intermediate structures during theder to describe the process of the octagonal-approximant
transformation of a decagonal quasicrystal to tenfold twindransition, distorted lattices in the higher-dimensional space
of a crystalline structure have been obser/@&kperimental ~ are introduced. The advantage of this approach is that the
electron diffraction patterns shows the continuous shift off€ciprocal quasilattices of approximants can be given directly
spots from the quasicrystal to thcentered orthorhombic @s well as the approximant tilings. From the tiling descrip-
phase through the intermediate stages. tion, it is proposed that patches of areas formed with the

Approximant structures can be described by the so-calle#flentical local periodicity during the octagonal-cubic transi-
“strip-rotation” projection schemé, the projected strip in tion. By the increase of strength of the phason strain, the
the higher-dimensional space is rotated away from the origi@réas with this kind of local periodicity become so large to
nal one generating the quasiperiodic tiling so that the rotateéll up the whole space, the final states are justfHen-type
strip is rational with respect to the higher-dimensional lattice Structure and the My$i crystal, respectively.

In general, the quasicrystal structure can be considered as the The transition between quasiperiodic and periodic phases
limit of sequence of periodic structures with the increasingc@n be described by the one-parameter rotation in the higher-
unit cells of the approximants. Moreover, this kind of distor- dimensional spac®. Let A* denote a four-dimensional hy-
tion of the system is induced by the phason strain field, th?ercubic lattice in the four-dimensional spagé with the
phason degrees of freedom associated with translations in th@sisa =(e.¢), e €E, g eE’, i=1,...,4, and the reciprocal
perpendicular space. Therefore the transformation from thenea = (€' ,e'*), € €E, ¢* eE’, i=1,...,4, respectively.
quasicrystal to the approximant can be explained to be oBoth the two-dimensional physical spaEeand the perpen-
phason-typé&:’ dicular spacd=’ are the two unique invariant subspaces with

The two-dimensional octagonal quasicrystal is a metarespect to the point grouis=((gg,s)), wheregg represents
stable phase which was found in Cr-Ni-Si, V-Ni-Si, M8 the eightfold rotational operator asdhe reflection operator.
Al) alloy system&~%1n a previous study, the symmetry of Under an action of rotation oB*, the subspaceg andE’
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are rotated to the subspac&{¢)=R(4)E and E'(#)  structure transition or the octagonal-Mgi crystal transition.
=R(#)E’, respectively, wher®(¢) is the rotational opera- They are just the physical space components=1,...,4, of
tor with ¢ being the rotational angle. The absolute valuéof the basis of lattice\*. Thus

is related to the strength of the phason strain. The basis of

can be rewritten asa=[e&(#).&(#)], &($)<cE(¢), g=a(1,0),

e(p)eE'(¢p), i=1,..,4, and the reciprocal one’

=[€(¢).6* ()], (D) cE(e), &*(P)cE'(d), | Bh=ala,a),

=1,...,4. There are two families of rotatiof ¢) in the (5)
four-dimensional space such that both of the rotated sub- gs=a(0,D),

spacesE(¢) and E’'(¢) remain invariant with respect to
either of the unique two subgroups of the octagonal point o
group with fourfold symmetry. One subgroup is ga=a(-aa),
I ’ _ 2 r_ -1
dy=((g4,8")), whereg,=gs ands’=ggsgs ~. The corre-  \yhare =14/, For the octagonaB-Mn-type structure tran-
sponding rotatiorR(#) can be expressed by the matrix sition, the projection of the basis of lattidé* onto the per-

pendicular spacg/ (¢), i=1,...,4, is written as follows:

c 0 0 -s
0 s 0 91(¢)=alc(c,s),
RO=| < o ol 1)
s 0 0 c G (@) =alc[—a(cts),—a(c—s)],
(6)
where s=sin¢ and c=cos¢. For another subgroupml, g3(p)=alc(—s,c),
=<<g46,s>>, the rotational matrixR(¢#) has the following
i
form: 0(¢)=alc[a(c—s),~a(c+9)].
0 c -s O In the case of the octagonal-M8i crystal transition, the per-
c 0 0 -s pendicular space componergy ¢), i=1,...,4, of the basis
R(¢)= : (2 of lattice M* are
s 0 0
0 s c 1(¢)=alc(c+s,0),
By analyzing the experiments illustrated below, it can be
determined that the symmetry reduction from the point group Oo(¢)=alc[—a(c—s),—a(c—s)],
dg into its subgroupd, corresponds to the transformation (7)
from the octagonal phase to ti#eMn-type structure. While g5(p)=alc(0c+s),

the reduction to the subgroug, refers to the octagonal-
Mn5Si crystal transition.

Instead of the strip-rotation projection scheme for the de-
scription of the quasicrystal-approximant transformation, an
equivalent approach is proposed as follows. Métdenote a
distorted four-dimensional lattice in the four-dimensional
spaceE* with the basis

gs(p)=alc[a(c—s),—a(c—s)].

The projections of the basis of the reciprocal latthd&

onto the physical and perpendicular space give both the vec-
tors g (¢) and g/ *, i=1,...,4, respectively. The physical
space component; (¢), i=1,...,4, of the reciprocal lattice

T o _ -1 / . vectors constitute the basis of the reciprocal quasilattice of
bi=[g.g (#]=[e.RA(He(P)c], i=1..4,3) approximant lattice,
wheregi=e cE andg (¢)=R~X(p)e (¢)/ccE'. The re- For the octagonab-Mn-type structure transition, the
ciprocal latticeM* of M* can be given with the basis physical space componengs (¢), i=1,....4, of reciprocal

lattice vectors is expressed as
bi =[g(¢).6 *1=[R™ U P)e (p)c,g*], i=1,..,4

(4) g1 (¢)=alc(c,s),
whereg” (¢) =R 1(¢)e" (¢)/ccE andg * =/ * cE'. Itis .o _
obvious that the orthogonal relationk;-bf =&, i,j G (¢)=alcfalcts),alc—s)], ®
=1,...,4. are satisfied. In terms of distorted four-dimensional .
lattices M4, a family of tilings of approximants with the O3 (¢)=alc(—s,c),
change of¢ can be obtained by the normal projection
method, and furthermore the reciprocal quasilattices can be g: (®)=alc[—a(c—s),a(c+s)].

gained directly.

The projection of the basis of lattidd* onto the physical In the case of the octagonal-M8i crystal transition, the
spaceg;, i=1,...,4, remains unchanged during the change ophysical space componengs (¢), i=1,...,4, of reciprocal
the angle¢, either in the case of the octagon@Mn-type lattice vectors are given by
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FIG. 2. Simulated diffraction patterns of the octagoga¥in-
FIG. 1. Selected-area electron diffraction patterns illusttate type structure transition are giveria) The octagonal phase is
and(b) octagonal phase transforms to the 45° microtwingdfin-  shown; (b) and (c) the intermediate phases with~4.07° and¢
type structure;(@—(d) octagonal phase transforms to 45° micro- ~14.4°, respectively(d) the superposition of two simulated dif-
twins of MngSi crystal, andc) the intermediate phase between the fraction patterns withp= +22.5°, respectively, which specifies the

octagonal and Mg8i crystalline phases. diffraction pattern of 45° twins o-Mn-type structure crystals.
gi (¢)=alc(c—s,0), octagonalg-Mn-type structure transition has been observed
in the Cr-Ni-Si octagonal alloj?'3 and some intermediate
g5 (¢)=alc[a(c+s),a(c+s)], phases investigatddee Figs. @) and 3c) in Ref. 12. If the
9) sample was heated slowly, the octagonal phase transformed
g5 (p)=alc(0c—s), to 45° microtwins of M@Si crystal[Fig. 1(d)]. The SAED
diffraction pattern in Fig. (c) shows an intermediate phase
gi (p)=alc[—a(c+s),a(c+s)]. between the octagonal and MSBi crystalline phases. The
B-Mn-type structure is a simple cubic phase with space
The perpendicular space componegt$, i=1,...,4, are group P4,32, and MiSi is a body-center cubic structure
just the projection of the reciprocal basis of lattiéé onto  with space groupm3m.*’
the perpendicular spaag™* , i=1,...,4, both in the case of To compare with the experimental results, some simulated
the octagonaB-Mn-type structure and the octagonal-Mm  diffraction patterns are plotted; Figs(a?—2(d) illustrate the
crystal transitions. Thus octagonalg-Mn-type transition, while the octagonal-N®i
crystal transition is shown in Figs.(@—3(d). During the
0" =a(1,0), transformation from the octagonal phase to Bwin-type
structure, the diffraction spots “rotate” around the eightfold
B =a(—a,—a), axis [Figs. 2b) and 2c)]. Some groups of the diffraction
(10) spots get closed together. When the absolute value of rota-
g5* =a(0,1), tional angle increases tpp|=22.5°, the system is trans-
formed into theB-Mn-type structure, the spots in each clus-
g =ala,—a). ter are superposed upon a single pdirty. 1(b) and Fig.

2(d)]. Depending on the orientation of the rotatiB(i¢p), the

Ternary alloy of the composition MiSi;sAl; was pre-  [01] diffraction of the 8-Mn-type structure has the orienta-
pared by melting of the high-purity elements into an Ar-arction of 22.5° or—22.5° with respect to the0001] diffraction
furnace. Rapidly solidified MyiSi, Al) alloy films about 20 of the octagonal phase, both of the two orientations of the
um in thickness were prepared by the melt-spinning methogB-Mn-type structure correspond to the opposite angles of
in Ar atmosphere. The quenching speed wa3-1f °C/s.  rotationR(¢), that is,¢=22.5° or p=—22.5°. It is obvi-
The films were thinned by Ar-ion milling in order to perform ous that the opposite angles correspond to the phason strains
TEM studies. TEM observations were carried out in a Philipsof equal magnitude and opposite sign.
CM20 working at 200 kV. The process of the octagonal-A&i crystal transition is

Figure 1a) is the selected-area electron diffraction shown in Fig. 3. One can see that the diffraction spots shift
(SAED) pattern taken from the MiSi, Al) octagonal phase. along the radial directions. One part of diffraction spots are
It can be seen that this pattern shows the perfect eightfolgulled toward the center, at the same time another part of
symmetry. When the sample was heated rapidly, the 45° mispots is scattered apart from the center. FigiagiBustrates
crotwins of g-Mn-type structure formedFig. 1(b)]. The an approximant withp~ —2.5°, which is consistent with the
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FIG. 3. Simulated diffraction patterns of the octagonal;Bin FIG. 4. The octagongB-Mn-type structure transition can be de-

crystal transition are giver(a), (b), and(c) illustrate intermediate scribed by the tilings(a) The quasiperiodic tiling represents the
phases with¢~—2.5°, ¢~—9.74°, and¢p=—36.95°, respec- octagonal phaseg=0°); (b) and(c) the intermediate phases with
tively; (d) the superposition of two simulated diffraction patterns ¢~4.07° and¢$~14.4°, respectively; the large squares denote unit
with ¢=*=45°, respectively, specifying the diffraction pattern of cells of approximants(d) the g-Mn-type structure is shown with
45° twinned MnSi crystals. $=22.5°.

diffraction pattern of the intermediate phase shown in themal projection method of quasicrystals. Projecting the lattice
Fig. 1(c). As well as the octagongs-Mn-type structure tran- points ofM* belonging to the strip, which is obtained by the
sition, the diffraction spots converge into clusters during thetranslation of a unit cell oM* along the subspacg, the
octagonal-MgSi crystal transition. In the Mysi crystalline  tilings representing the octagonal-cubic phase transition can
phase with the absolute value of rotational angé=45°,  be pictured. Figures (4—4(d) is the tiling model for the
the spots in each cluster are superposed upon a single poistructural transformation from the octagonal to tBévin-

[Fig. 1(d) and Fig. 3d)]. One can see that ti@1] diffraction  type structure, as well as Figs(as-5(d) describing the

of the MnSi crystal has either 0° or 45° orientation with octagonal-MgSi crystal transition. In the case of the
respect to th¢0001] diffraction of the octagonal phase, both octagonals-Mn-type structure transition, if the rotational
of the two orientations correspond to the opposite rotationaangle ¢ satisfies the relations sin(4%52¢)=p/q and

angles, eithegp=45° or p=—45°. cos(45%+2¢)=m/n, where the two pairs of integers q
By superposing the two simulated diffraction patterns of
the B-Mn-type structure withp=22.5° and¢=—22.5° to- AN

[ ]
gether, a simulated diffraction pattelfiig. 2(d)] is obtained (I
which coincides with the diffraction pattern of 45° twins of
the B-Mn-type structurg[Fig. 1(b)]. In the same way, the
superpositionFig. 3(d)] of two simulated diffraction pat-
terns of MnSi crystal with ¢=45° and¢= —45° matches

the diffraction pattern taken from 45° twins of M®i crystal. VYRRV

By symmetry, in the octagonal phase there is no physical &< > S
difference between the phason strain fields with the positive NnaA/ Vaaaayanan
and the negative signgepresented byt ¢, respectively.

The octagonal phase could be distorted under the action of I~
either of the two phason strains with the opposite sign, both 3
of them appear equiprobably. So it is natural that the system§

transforms to 45° crystal twins. ] mu -
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It is obvious that the simulated diffraction patterns are Y Ni\i“l
consistent with the experimental ones, in the case of either T HHN R
the octagonaB-Mn-type structure transition or the 7(2')' Kk (d)

octagonal-MgSi crystal transition. Therefore, it can be veri-

fied that the two octagonal-cubic phase transitions are of FiG. 5. The octagonal-Mysi crystal transition can be described
phason-type, and the reduction of the octagonal point sympy the tilings.(a) The quasiperiodic tiling represents the octagonal
metry corresponds to the unique two subgroups with fourfolthhase ¢$=0°); (b) and (c) the intermediate phases with
symmetry, respectively. ¢~—9.74° andg=—36.95°, respectively; the large squares de-

By virtue of the distorted higher-dimensional lattibé*, note unit cells of approximantgg) the Mn;Si structure is obtained
the tiling of approximant structure can be given by the nor-with ¢=—45°.
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and m, n are coprime, respectively; the tiling obtained is type structure transition, the correspondent rotational angles
periodic which represents a rational approximant structure o are about 5° and 12.5°, respectively, which are larger than
the octagonal phase. For the octagonak$rerystal transi-  the rotational anglep~4.07° of the approximant shown in
tion, the approximant structure is obtained when the rotafig. 4(b).

tional angle¢ satisfies the relation tan(45°¢)=v2(p/q), In summary, by taking advantage of the distorted higher-
where the integerp andq are coprime. ~dimensional lattice, the reciprocal quasilattice of the approx-
~ In the case of the octagongHVin-type structure transi- jmant is given directly, as well as the approximant tiling.
tion, the rotatlonalo angleib can be chosen as$  Eyrthermore, It is presumable that by means of this kind of
=1/ arctan(4/3)-45°]~4.07°, the tiling shown in Fig. gistorted lattice one can constitute the atomic surface in the
4(b) repr_esents an approxmant_structure W|th_t_he square unHigher-dimensional space, and then the process of the
cell. During the octagonal-Mgi crystal transition, an ap- qasicrystal-approximant transition can be described by the
proximant structure with the square unit cell is illustrated ing + method-81° by which the locations of atoms are ob-
Fig. 5b) when we choose the casg=45°—arctan{2)  tained by intersecting the atomic surface with the physical
~—9.74°. When the absolute value of the rotational anfle space.

continues to increase, within this tiling model it can be found Through our theoretical analysis, it can be concluded that
that the approximant consists of domains separated bie simulated diffraction patterns are in good agreement with
walls” [see Fig. 4c) or Fig. Sc)]. All the domains have the  (he experimental results. This implies that there exist two
same local periodic structure, which is just the structure oings of phason strain fields in the octagonal phase, both of
the g-Mn-type structure crystalor the MnsSi crysta). The  them cause the transformation of the octagonal phase into
areas of local periodic structure become larger with the ingpic crystalline phases. Different phason fields give rise to
crease of the absolute value#fIn the final states, either the jifrerent transformations. one leading to ti@Mn-type
B-Mn-type structureOW|t.r¢=22.5°[Flg. Ad)] or the MnSi gtrycture phase upon the rapid heating of the sample and
crystal with¢= —45° [Fig. 5(d)], the local periodic structure  another to MgSi crystalline phase upon slow heating. From
is not local any more, which extends to cover the wholeg tjling model, it is conjectured that the state close to the
space. It should be mentioned that the tiling model proposegpic state consists of cubic phase domains separated by
above is two-dimensional, which describe only a transition,5is.” The cubic phase may have different local atomic

from quasicrystal to an approximant with a square base.  strycture from that of the octagonal phase.
The approximant structure with stronger phason strain has

been investigated experimentally. For instance, the electron This work was financially supported by the Strategic Re-
diffraction patterns illustrated in Figs(l® and 3c) of Ref.  search GrantNo. 7000728 of the City University of Hong
12 showed intermediate phases during the octaggdh- Kong.
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