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It is well-known that sev eral struc tural mod i fi ca tions of
decagonal quasicrystals (DQCs) ex ist in Al-Co-Ni al loys
with a wide compositional ra tio of Co/Ni [1]. These phases
are sta bi lized by chem i cal or der ing be tween Co and Ni,
how ever the in ves ti ga tion of the or der ing has never been
per formed be cause of con tain ing neigh bor’s el e ments Co
(Z = 27) and Ni (Z = 28). We vi su al ized atomic-scale el e -
ment maps for a PD3c phase (orthorhombic unit cell with
lat tice pa ram e ters a =5.2 nm, b = 0.4 nm and c = 3.7 nm)
[2], which is an im por tant ap proxi mant for un der stand ing
the struc tures of or dered Al-Co-Ni DQCs [3], in an an -
nealed Al71.5Co16Ni12.5 al loy by spher i cal ab er ra tion
(Cs)-cor rected STEM and atomic-scale EDS by us ing a
Cs-cor rected elec tron mi cro scope (JEM-ARM200F) in or -
der to elu ci date the na ture of the chem i cal or der ing [4].

Fig ure 1 shows an HAADF-STEM im age (a) and EDS
maps of Co and Ni el e ments (b: green, c: red). The 1.2 nm
clus ters are en closed by cir cles in Figs. 1(a) and 1(d). A
sep a ra tion of the Co- and Ni-rich ar eas is clearly ex hib ited
in the over lapped maps (Fig. 1(d)) with Co and Ni. As

shown in Figs. 1(a) and 1(d), the TM at oms in the 1.2 nm
clus ter are Co at oms (green), on the other hand, MSs lo -
cated in gaps be tween the 1.2 nm clus ters are oc cu pied by
Ni atoms (red). 

On the ba sis of the pres ent EDS mappings, it can be
con cluded that the chem i cal or der ing of Co and Ni oc curs
be tween the 1.2 nm clus ters and pen tag o nal MSs. It is rea -
son able to con sider that a change of the area ra tio of the
Co-rich 1.2 nm clus ters to Ni-rich pen tag o nal MSs causes a 
se ries of DQCs with dif fer ent Ni/Co ratios.
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Fig ure 1. a) HAADF-STEM im age and atomic-scale EDS maps of Co (green, b) and Ni (red, c) for the same area. (d) ovelapped

maps with (b) and (c).
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X-RAY EXPERIMENT AND SIMULATION

H. Takakura and R. Mizuno* 

Di vi sion of Ap plied Phys ics, Grad u ate School of En gi neer ing, Hokkaido Uni ver sity, Sapporo, Hokkaido,
060-8628, Ja pan

takakura@eng.hokudai.ac.jp

Most in ten sity of re flec tions in X-ray dif frac tion is af fected 
in vary ing de gree by mul ti ple dif frac tion (MD) ef fects.
When three or more re cip ro cal lat tice points make con tact
with Ewald sphere, the re flec tions sat is fy ing the dif frac tion 
con di tion are si mul ta neously ex cited. As the re sult of in ter -
ac tion be tween re flected beams, mod i fied in ten si ties of the
re flec tions are ob served. MD ef fects in qausicrystals (QCs) 
are thought to be more se ri ous than or di nary crys tals since
they are char ac ter ized by a dense set of re cip ro cal lat tice
points. In deed, a pre lim i nary ex per i ment on an icosahedral
Al-Cu-Fe QC has shown that the in ten sity of weak re flec -
tions can be sig nif i cantly changed by MD ef fects [1].  In or -
der to find a way to cor rect such an ex per i men tal arte fact, a
com plete un der stand ing of MD ef fects in QCs is nec es sary.

 Here we re port our study on MD ef fects in an
icosahedral Al-Cu-Ru QC. A flux grown QC with spher i -

cal shape (255 mm in di am e ter, Al67.0Cu18.8Ru14.2,  aico =
9.076 C) was used as a spec i men.  Mea sure ments were
made on the Enraf-Nonius CAD-4 diffractometer with
graph ite (002) monochromatized MoKa ra di a tion at room
tem per a ture. For sev eral re flec tions along dif fer ent sym -

me try axes, the y-scan was made in steps of 0.05°; the in -

ten sity at each y po si tion be ing de ter mined from w-2q

scan. In or der to in ter pret ob ser va tions, we also de vel oped

a com puter code for y-scan based on kinematical dif frac -

tion the o ries [2, 3]. Fig. 1 shows the y-scan pat tern of
331-113 re flec tion along a 3-fold axis. Al though the po si -
tions of most of MD peaks can be ex plained with the as -
sump tion that the QC has icosahedral sym me try, the
vari a tion of the in ten sity shows no 3-fold sym me try. This
seem ingly strange ob ser va tion can be ex plained by ani so -
tropy of mo saic spread in the flux grown QC. It is dem on -

strated that y-scan pat tern is sen si tive to the sym me try
change of QC struc ture as in or di nary crys tals.
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Fig ure 1. y-scan pat tern for 331-113 re flec tion of icosahedral Al-Cu-Ru QC.
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Since the avail abil ity of sin gle grain quasicrystals (QCs),
much re search has been done on de po si tion of el e -
ments/mol e cules onto these sur faces [1]. This re search has
pre dom i nantly been re lated to how the ad sor bates will ar -
range them selves ac cord ing to the struc ture onto which
they are be ing ad sorbed, ob served us ing STM. The QC
Ag-In-Yb is one such sam ple in which re cent work of this
man ner has been car ried out [2-5], whereas pre vi ous work
has been with Al-based QCs. It is con sid ered that
icosahedral (i-) Ag-In-Yb is com prised of Tsai-type clus -
ters [6]. These clus ters are in ter lock ing shells of the con stit -
u ent el e ments, end ing in a rhombic triacontahedral (RTH)
clus ter. Due to the mini mi sa tion of sur face en er gies the
Ag-In-Yb QC is pref er en tially cut through the clus ter cen -
tre. This pro vides par tic u lar “mo tifs” to be pre sented at the
sur face. It is at these mo tifs in which ad sor bates are ob -
served to pref er en tially ad sorb. 

A con tin u a tion of this ob ser va tion leads to the hy poth e -
sis that any suc ces sive de pos ited el e ments will act to rec re -

ate the clus ters that have been ter mi nated. This has been
re cently shown on i-Ag-In-Yb in a dis play of a sin gle el e -
ment 3-di men sional Pb QC (whereas pre vi ous re search
dem on strates 2D thin films) [7]. The re search car ried out
was on the 5-fold sur face in or der to re con sti tute this struc -
ture as sin gle el e ment. In or der to more com pre hen si bly
com plete the re search, the same is at tempted on the 3-fold
surface of the same i-Ag-In-Yb QC.

Data so far sug gests that the Pb ad sorbs ac cord ing to the 
3-fold sym me try of the sub strate. Fur ther de po si tion leads
to growth of tetragonal Pb is lands with ap prox i mately 1nm
base edges (as seen in Fig. 1), in pref er ence to com ple tion
of the pre vi ous monolayer.
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Fig ure 1. Growth of Tetragonal Pb Is lands on
i-Ag-In-Yb, 60 nm × 60 nm.
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The Al11TM4(TM=Ir, Rh) com pounds are bi nary 1/0
quasicrystalline ap proxi mants for Al-TM quasicrystals.
The struc ture is a prim i tive cu bic lat tice with the space
group P23 or Pm3 (the lat tice con stant a = 0.7674 and
0.76692 nm, re spec tively) [1]. Fig ure 1 shows the sche mat -
i cally il lus tra tion of the Al11TM4 com pounds. The unit cell
con tains “pseudo-Mackay” icosahedral clus ter and there is
a TM atom in cen tre of the TM icosahedron. But that pos -
sesses dis or dered Al site in side of the TM icosahedron. On
the other hand, the ter nary Al-Cu-TM 1/0 ap proxi mants
pos sess the FCC lat tice with the lat tice con stant = 1.5 nm
due to the or dered Cu site in side of the TM icosahedron.
How ever, we ob served very weak super lattice re flec tions
in the se lected area elec tron dif frac tion pat terns for bi nary
Al11Ir4 [2]. And Mihalkoviè re ported the su per struc ture for
Al11Ir4 com pounds by the o retic cal cu la tion. In this work,
we in ves ti gated the su per struc ture and the com po si tion de -
pend ence of the Al11Ir4 and Al11Rh4 by the pow der X-ray
dif frac tion method and trans mis sion elec tron mi cros copy
(TEM) study.

Al11TM4 with com po si tion rang ing from 70 to 75 % Al
were pre pared by arc melt ing un der an ar gon at mo sphere.
And the sam ples were an nealed at 1373K for about 72
hours in the quarts tube un der the ar gon at mo sphere, fol -
lowed by wa ter quenched. Pow der X-ray dif frac tion ex -

per i ments were car ried out us ing Cu Ka to ex am ine the
phase con sti tu tion. Ad di tion ally, TEM study were per -
formed by JEOL 2010F or TKP2 op er at ing at 200kV. The
sam ples for TEM were crushed by ag ate mortor and dis -
persed on mi cro-grid mesh.

Fig ure 2 shows se lected area dif frac tion pat terns of
Al72.5Rh27.5 and Al72.5Ir27.5 taken along [011] and [111] di -
rec tion. We ob served the superlattice re flec tions at h/2 k/2
l/2 for Al72.5Ir27.5 and Al72.5Rh27.5. In the case of [111] di -
rec tion of Al72.5Ir27.5, the superlattice re flec tions ap peared
at the point to break the 3-fold sym me try. It shown that the
type of su per struc ture of Al72.5Rh27.5 is dif fer ent from that
of Al72.5Ir27.5. Ad di tion ally, XRD superlattice peaks dis ap -
peared in the poorer Al com po si tions for Al-Rh sys tem.
The com po si tion de pend ence on the su per struc ture sug -
gests that the num ber of Al in side the TM icosahedron con -
trib ute to the su per struc ture.

1. Y.Grin et. al., Z.Kristallogr. 212, (1997), 439.
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224, 115 (2009).
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Fig ure 1. Sche matic il lus tra tion of Al11TM4 phase.

Fig ure 2. Se lected area elec tron dif frac tion pat terns of
(a)Al72.5Rh27.5 and (b)Al72.5Ir27.5.
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In this work the es ti ma tion of the amount of phason flips  in 
ran dom po si tions of the Fibonacci chain is done bas ing on
the Av er age Unit Cell con cept [1, 2, 3].

The phe nom ena called phasons for aperiodic crys tals
have many dif fer ent mean ings [4]. In this work what we
un der stand as phason is the lo cal re ar range ment of struc -
ture units known as phason flip. For the pur pose of this

work we con sider LS ® SL swap in the Fibonacci chain
se quence. As a con se quence of flip occurance, in ten si ties
of the dif frac tion peaks changes. The change is cur rently
taken into ac count by in tro duc ing Debye-Waller fac tor
with the per pen dic u lar space scat ter ing vec tor [5]. What we 
pro pose is to an a lyze phasons within the phys i cal space us -
ing the sta tis ti cal ap proach. Each sin gle tiles re ar range ment 
in flu ence change of the atomic po si tions dis tri bu tion,
which is char ac ter is tic for par tic u lar struc ture. De vi a tion
from the dis tri bu tion free of the phasons flips can be des ig -
nated and there fore the amount of flips is quan ti fied.

In or der to re trieve the in for ma tion about the amount of
flips we de velop power se ries ex pan sion of the char ac ter is -
tic func tion of the atomic po si tions dis tri bu tion. The char -
ac ter is tic func tion for quasicrystals is equal to the struc ture
fac tor. Mo ments of the dis tri bu tion are fit ted against dif -
frac tion data and the value of the sec ond mo ment gives in -
for ma tion about amount of flips in the struc ture. Higher
mo ments tend to dif fer from the theoretical calculation
(Fig. 1).
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We dem on strate atomic-scale chem i cal map ping us ing en -
ergy-dispersivoscopy (EDS) in scan ning trans mis sion
elec tron mi cros copy (STEM) for the lo cal struc tural/chem -
i cal anal y sis of ter nary Tsai-type ap proxi mants which are
mostly isostructural to Cd6Yb and Zn6Sc but the de tailed
struc ture de pends on al loy sys tems and their com po si tions
[1]. The struc tural/chem i cal vari a tion of ter nary ap proxi -

mants could af fect mag netic and elec tri cal prop er ties [2].
On the ba sis of STEM-EDS map ping com bined with
high-an gle an nu lar dark-field (HAADF) and an nu lar
bright-field (ABF) im ag ing, the struc tural/chem i cal vari a -
tion of Tsai-type ap proxi mants could be suc cess fully vi su -
al ized at atomic-res o lu tion. The re sults of the lo cal atomic
struc tures in sev eral Tsai-type ap proxi mants are pre sented. 

Figure 1. Fit ted val ues of the sec ond mo ment (black square),
fourth mo ment (blue cir cle) and sixth mo ment (red tri an gle) in re -

spect to the flip ra tio a.
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De vel op ment of a sin gle-crys tal growth pro ce dure for high
qual ity decagonal quasicrystals is a tech ni cal chal lenge.
Both pure and Fe doped (0.1-1.0 at. %) Al-Co-Cu and
Al-Co-Ni sin gle crys tals with decagonal sym me try up to 5
mm in length and 1.5 mm in di am e ter have been grown by
spon ta ne ous crys tal li za tion from a melt (Fig. 1). The ini tial
com po si tions of the melts cor re spond to the ar eas of ini tial
crys tal li za tion of the decagonal phases at the pseudo-bi -
nary phase di a grams. Phase, struc tural and chem i cal anal y -
ses re vealed high qual ity of the ob tained sin gle crys tals.
Ac cord ing to the back-Laue anal y sis the long axis of the
crys tals co in cides with the pe ri odic di rec tion.

The tem per a ture de pend ence of the re sis tance both in
pe ri odic di rec tion and in the quasiperiodic plane as well as
magnetoresistance and mag ne ti za tion of the ob tained sam -
ples in ex ter nal mag netic fields of up to 18 T were stud ied.
Neg a tive magnetoresistance along the pe ri odic di rec tion
was ob served in the Fe doped sam ples at low tem per a ture
due to Kondo ef fect (Fig. 2).

The work was sup ported in part by pro ject ¹ 3.2076.
2014/K within the frame work of 2014-2016 grants of the
Min is try of Ed u ca tion of the Rus sian Fed er a tion.A por tion
of this work was per formed at the Na tional High Mag netic
Field Lab o ra tory, which is sup ported by Na tional Sci ence
Foun da tion Co op er a tive Agree ment No. DMR-1157490
and the State of Florida.
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Fig ure 1. Al-Cu-Co sin gle crys tal with decagonal sym me try.

Fig ure 2. Tem per a ture dependences of re sis tance of decagonal
Al-Cu-Co (0.2 at. % of Fe) at fixed ex ter nal mag netic fields of
0-18 T.
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A dis cov ery of bi nary icosahedral (i) quasicrystal (QC)
YbCd5.7 achieved a break through and the de scrip tion of the 
atomic struc ture of i-YbCd5.7 is now avail able [1, 2]. On the 
other hand, the atomic struc ture of ter nary QCs re mains
chal leng ing prob lem be cause of substitutional dis or der
can not be ig nored in this case.  Re cently, it has pointed out
the chem i cal or der ex its in the ter nary i-Yb12Cd36Mg52 as
well as pe ri odic 1/1 ap proxi mant phases in R-Cd-Mg
(R=Pr and Y) [3]. Be cause it forms in the wide com po si tion 
range with a con stant Yb con cen tra tion [4], it is pos si ble to
com pare the atomic struc tures con tain very dif fer ent Mg
con cen tra tions. This could pro vide new in sights for the sta -
bil ity and for ma tion of the QCs.

The sin gle-grained crys tals of i-Yb-Cd-Mg with two
dif fer ent com po si tions have been pre pared. The com po si -
tion has been ana lysed by ICP-AES and given by
Yb15.2Cd68.4Mg16.1 and Yb15.1Cd38.5Mg46.4. The dif frac tion
ex per i ment has been car ried out us ing in-house X-ray dif -
frac tion sys tem (Mo tar get) and 5166 com mon unique re -
flec tions have been mea sured. In ad di tion sup ple men tal
ex per i ment for dif fuse scat ter ing has been car ried out on
the beamline CRISTAL at the syn chro tron SOLEIL. Data
re duc tion in clud ing in te gra tion and ab sorp tion cor rec tion
has been per formed us ing a com puter pack age
CrysAlisPRO and the struc ture analysis has been
performed using QUASI07 [5].

On the dif frac tion pat tern we ob served char ac ter is tic
in ten sity dis tri bu tions of dif fuse scat ter ing at the po si tions
cor re sponds to F-type su per struc ture. We also found that
Yb15.2Cd68.4Mg16.1 showed sharper dif fuse scat ter ing than
Yb15.1Cd38.5Mg46.4, which in di cates that the F-type s.r.o re -

lates to the con cen tra tion and dis tri bu tion of Mg in the QC
structures.

We ana lysed their av er age struc tures (i.e. P-type struc -
ture) based on the 6-dimentional (6-D) model of i-YbCd5.7

[2]. In the re fined struc tures we found dis tinct chem i cal or -
der for Tsai-type rhombic triacontahedon (RTH) clus ter in
Yb15.2Cd68.4Mg16.1 rather than in Yb15.1Cd38.5Mg46.4; the
icosidodecahedron shell is pure Cd and the three fold edge,
five fold edge and edge can ter sites on the RTH shell are
pure Cd, Mg and Cd, re spec tively, for the
Yb15.2Cd68.4Mg16.1. On the other hand, we found a
substitutional dis or der by Cd and Mg on the dodecahedron
site, re gard less of the Mg con cen tra tion in the both sam -
ples. The de tails of re sult ing struc tures will be pre sented
and dis cussed to gether with the observed diffuse
scattering.

1. Tsai, A. P., Guo, J. Q., Abe, E., Takakura, H., & Sato, 
T. J. (2000). Na ture, 408(6812), 537-538.

2. Takakura, H., Gómez, C. P., Yamamoto, A., De Boissieu,
M., & Tsai, A. P. (2007). Na ture Ma te ri als, 6(1), 58-63.

3. Pay Gómez, C., Tsai, A.P. (2014) C. R. Phy sique, 15
30–39.

4. Guo, J. Q., Abe, E., Tsai, AP., (2002) Philo soph i cal Mag a -
zine Let ters, 81(1) 27-35.

5. Yamamoto, A., (2008). Sci. Tech. Adv. Mat., 9, 013001
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ELECTRON MICROSCOPY STUDIES OF BINARY NANOCOLLOIDAL
QUASICRYSTALS 

Y. Sakamoto1,2
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Quasicrystalline or der has been dis cov ered in many soft
mat ter sys tems such as self-as sem bly of dendrimers [1],
block co pol y mers [2], and bi nary nanocolloidal sys tems
[3]. Most of the sys tems show dodecagonal quasi crystal -
line sym me try with the char ac ter is tic length of 10 to 100
nm. Bi nary nanocolloidal crys tals made of two dif fer ent
nanoparticles are a prom is ing new class of ad vanced func -
tional ma te ri als with unique syn er getic and col lec tive prop -
er ties. These ma te ri als have been shown to ex hibit
ex cel lent struc tural di ver sity and a wide range of dif fer ent
stoichiometries in meso-scale. We have pre pared bi nary
nanocolloidal quasicrystals as in or ganic bulk ma te ri als by
sim ple sol vent evap o ra tion of nanocolloidal aque ous so lu -
tions. Char ac ter iza tion by elec tron mi cros copy and small

an gle X-ray scat ter ing re vealed the de tailed struc tures of
the bi nary nanocolloidal as sem blies as well as dodecagonal 
quasicrystalline sym me try as shown in Fig. 1.

1. X. Zeng, G. Ungar, Y. Liu, V. Percec, A. E. Dulcey, 
J. K. Hobbs, Na ture, 428 (2004) 157. 

2. K. Hayashida, T. Dotera, A. Takano, Y. Matsushita, Phys.
Rev. Lett. 8 (2007) 195502. 

3. D. V. Talapin, E. V. Shevchenko, M. I. Bodnarchuk, X.
Ye, J. Chen, C. B. Murray, Na ture, 461 (2009) 964. 

This work is sup ported by the Co op er a tive Re search Pro -
gram of “Net work Joint Re search Cen ter for Ma te ri als and 
De vices”, MEXT, Ja pan, and PRESTO, Ja pan Sci ence and 
Tech nol ogy Agency (JST).
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a)          b)

Fig ure 1. Elec tron mi cros copy im age of bi nary nanocolloidal quasicrystal (a) and its Fou rier diffractogram (b). 
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UNIFORM DISTRIBUTION & (QUASI-)CRYSTALLOGRAPHY

W. Hornfeck, P. Kuhn
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51170 Köln, Ger many, wolfgang.hornfeck@web.de

Crys tal struc tures are com monly de scribed in vok ing prin -
ci ples of sym me try and close pack ing. We like to draw at -
ten tion to an other, seem ingly less ex plored idea: the
uni form dis tri bu tion of at oms in space.

Sev eral ap pli ca tions were ex plored so far: (i) Multi pli -
ca tive congruential gen er a tors de vised for the con struc tion
of pseudo-ran dom num bers are closely re lated to crys tal lo -
graphic sublattice struc tures [1-3], whose uni form dis tri bu -
tion prop er ties can be as sessed by the so-called spec tral test 
[6]; (ii) Van der Corput’s bit-re ver sal method used for the
con struc tion of quasi-ran dom num bers shows re la tions to
pla nar quasiperiodic til ings of octa- and decagonal sym me -
try (Fig. 1, [4]); (iii) A mea sure for the uni form dis tri bu tion
of point sets, the star dis crep ancy, is used to dis cover a vari -

ant of the b-Mn struc ture with lo cal oc tag o nal sym me try
upon pro jec tion (Fig. 2, [5]); (iv) An other such mea sure,
the diaphony, ex hib its re la tions to the struc ture fac tor equa -
tion and the Patterson func tion and thereby con nects to the
meth od ol ogy of crys tal struc ture so lu tion from X-ray dif -
frac tion ex per i ments [6]. 

As it seems a rich field of po ten tial in ter re la tions be -
tween as pects of uni form dis tri bu tion the ory (e.g. as de -
scribed in [7]) and (quasi-)crys tal log ra phy is yet to be
uncovered.

1. W. Hornfeck & B. Harbrecht, Acta Cryst. A65 (2009)
532-542.

2. W. Hornfeck, Acta Cryst. A68 (2012) 167-180.

3. W. Hornfeck, Sym me try: Cul ture & Sci ence 24, (2013),
237-256. 

4. W. Hornfeck, Acta Cryst. A69 (2013) 355-364.

5. W. Hornfeck & P. Kuhn, Acta Cryst. A70 (2014) 441-447.

6. W. Hornfeck & P. Kuhn, Acta Cryst. A71 (2015)
doi:10.1107/S2053273315007123.

7. J. Matousek, Geo met ric Dis crep ancy - An Il lus trated
Guide. Hei del berg, Lon don, New York: Springer. 2010. 
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Fig ure 1. Til ing com posed of near-miss Penrose and Ammann-
 Beenker rhombs con structed  from the quasi-ran dom van der
Corput se quence [4].

Fig ure 2. Low-dis crep ancy vari ant of b-Mn with lo cal oc tag o nal
sym me try upon pro jec tion [5].
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TO BE, OR NOT TO BE, A QUASICRYSTAL: THE STRANGE CASE OF NiZr
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The dis cov ery of quasicrystals by Shechtman et al. about
30 years ago [1] trig gered some fierce de bate re volv ing
about the ex is tence of this novel and pe cu liar state of mat -
ter, with Linus Pauling as the main op po nent will fully ex -
plain ing away some of the ob served elec tron dif frac tion
fea tures as a phe nom e non of mul ti ple twinning. Ex per i -
men tal ev i dence dis proved Pauling’s ar gu ments, while
award ing Shechtman the No bel Prize in Chem is try for the
year 2011 seem ingly set tled the mat ter. How ever, the field
of com plex me tal lic al loys is al ways good for a sur prise.

Study ing the non-equi lib rium so lid i fi ca tion of the
intermetallic glass-for mer NiZr from a deeply undercooled
melt, we reproducibly ob served, by means of a high-speed
cam era, the for ma tion of a decagonal so lid i fi ca tion front,
tra vers ing atop the sur face of a spher i cal drop let of mol ten
NiZr, pro cessed by elec tro static lev i ta tion. A sub se quent
anal y sis of the as-so lid i fied microstructure em ploy ing
elec tron back scat ter dif frac tion re vealed the pres ence of a
mul ti ple twin with a ten fold do main struc ture, sim i lar to
prior ob ser va tions made by Kuo et al. us ing high- res o lu -
tion transmission electron microscopy.[2]

Their model of the ten fold twin is sup ported by a spe -
cial ax ial ra tio a/b ~ 1/3 found for the CrB-type,
orthorhombic crys tal struc ture of NiZr, yield ing the ex -

pected an gle of a  = 2 tan-1(a/b) ~ 36° be tween neigh bour -
ing twin do mains, in clud ing a pro posed rel a tive shift of
(1/4)[110]. More over, Parthé showed that the CrB-type it -
self can be con ceived as re sult ing from a twinning at the
unit-cell level [3], while Andersson et al. pop u lar ized the
ideas of crys tal lo graphic shear and (cy clic) inter growth
struc tures in or der to de scribe a pleth ora of com plex in or -
ganic crys tal struc tures [4], in clud ing a num ber of de riv a -
tive struc tures com posed from a ba sic CrB-type struc tural

mo tif by lo cally ap ply ing dis tinct modes of twinning (ibid., 
p. 236). How ever, de spite this pre vi ously known vi tal in -
gre di ents, the rec ipe is more com plex in the case of NiZr.

We pro pose a dis tinct model of the ten fold twinning ob -
served in NiZr [5] based on a rel a tive shift of (~1/6)[110],
in stead, and ap plied to ad ja cent twin do mains in a cir cu lar
man ner. The model is unique in the sense that it ad di tion -
ally in volves a slight ide al iza tion of the atomic co or di nates, 
re sult ing in a very spe cial, de for ma tion-free twin do main
bound ary lo cally iden ti cal (!) to the bulk struc ture of NiZr.
More over, CrB-type NiZr in this spe cial ten fold twinned
microstructure gains fea tures of a quasicrystal, es pe cially
those of decagonal long-range orientational or der in clud -
ing scal ing re la tions based on the golden ra tio, blur ring the
dis tinc tion, from a Fou rier space point of view, be tween a
mul ti ple twin and a quasicrystal in an in trigu ing way. Sum -
ma riz ing all the de tails, we con clude that a quasicrystalline
seed nu cle ates in the undercooled melt of NiZr and pro -
ceeds to grow, quite nat u rally in terms of the pro posed
struc tural model, into a highly-co her ent tenfold twinned
dendritic microstructure on the macroscale.

1. D. Shechtman, I. Blech, D. Gratias, J. W. Cahn, Phys. Rev.
Lett. 53 (1984) 1951-1953.

2. W. J. Jiang, Z. K. Hei, Y. X. Guo, K. H. Kuo, Phil. Mag.
A52 (1985) L53-L58.

3. E. Parthé, Acta Cryst. B 32 (1976) 2813-2818.

4. B. G. Hyde, S. Andersson, In or ganic Crys tal Struc tures,
New York: John Wiley & Sons, 1989.

5. W. Hornfeck, R. Kobold, M. Kolbe, D. Herlach,
Quasicrystal nu cle ation in an intermetallic glass-for mer,
arXiv:1410.2952 [cond-mat.mtrl-sci].
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STRUCTURE OF THE ORTHORHOMBIC e16 PHASE IN THE Al-Pd-Ru SYSTEM
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060-8628, Ja pan
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The struc tural in for ma tion on the crys tal line ap proxi mants
as sumes a cru cial role for study ing atomic struc ture of

quasicrystals. Var i ous orthorhombic en (n = 6, 16, 22, 28)
phases, ap proxi mants to decagonal quasicrystals, form in

sev eral Al based al loys [1]. Among the en phases, the struc -

ture of only e6 phase was de ter mined by Boudard et al. [2].

Al though the struc ture of e16 phase was in ves ti gated in the
Al-Rh sys tem by the strong-re flec tions ap proach [3] and in
the Al-Pd-Co sys tem by a com bi na tion of HREM and sin -
gle crys tal X-ray dif frac tion [4], no pre cise struc ture has
been re ported so far. In the pres ent work, we solved the

struc ture of e16 phase in the Al-Pd-Ru sys tem by means of
sin gle crys tal X-ray dif frac tion with the spec i men ex tracted 

from crys tals grown by the self-flax method. The e16 phase
be longs to the space group B2mm (No. 38). The re fined cell 
pa ram e ters are a = 23.821(3) C, b = 16.7183(6) C, c =
32.71(1) C. The least-squares soft ware of SHELXL was
used for the struc tural anal y sis [5]. The re fine ment con -
verged with R1 = 0.0756 for the ob served 44157 re flec -
tions. The pro jected struc ture along the b axis can be
de scribed with a til ing of ba nana-shaped nonagon and pen -
ta gon (Fig.1), whose edge length is ~7.7 C. Pseudo-
 Mackay icosahedral (PMI) clus ters oc cupy the ver ti ces. A
PMI clus ter con sists of cen tred Tran si tion-Metal (TM),
sym me try-bro ken in ner Al shell, a TM icosahedron and Al
icosidodecahedron. Three sym met ri cally in de pend ent PMI 
clus ters dou bly-pile up along the b axis in each unit cell.
The di am e ter of the icosahedron is ~8.4 C. Ad ja cent PMI
clus ters in a plane nor mal to the b axis are con nected via a
com mon two-fold axis (b-link age). Their TM icosahedral
shells share edges and the icosidodecahedral shells inter -
pen etrate each other. Be sides, three types of small
icosahedral clus ters oc cupy in side each tile.

1. S. Balanetsky, B. Grushko, T. Y. Velikanova, Z.
Kristallogr, 219, (2004), 548.

2. M. Boudard, H. Klein, M. De Boissieu, M. Audier, H. Vin -
cent, Philos. Mag. A, 74, (1996), 939.

3. M. Li, J. Sun, P. Oleynikov, S. Hovmoller, X. Zou, B.
Grushko, Acta Cryst., 66, (2010), 17.

4. K. Yubuta, S. Suzuki, R. Simura, K. Sugiyama, in
Aperiodic crys tals, S. Schmid et al. (eds.), 2013, pp.
231-236.

5. G. M. Sheldrick, Acta Cryst. A, 64, (2008), 112.
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Fig ure 1. The struc ture of Al-Pd-Ru e16 phase pro jected along
the b axis.
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It has been pre dicted by an ex ten sion of the so-called
KTHNY the ory [1, 2] that melt ing of two-di men sional
quasicrystals oc curs in a two step pro cess when in creas ing
the tem per a ture: First, ther mally ex cited dis lo ca tion pairs
dis so ci ate and as a con se quence de stroy the quasi-long
ranged po si tional or der but not the orientational or der. The
ex pected in ter me di ate phase was termed the pentahedratic
phase [2]. In the sec ond step, the dis lo ca tions dis so ci ate
into disclinations and the orientational or der is de stroyed as 
well.

By us ing Monte-Carlo and Brownian dy nam ics sim u la -
tions, we study the melt ing pro cess of decagonal col loi dal

quasicrystals by ana lys ing the po si tional and
bond-orientational cor re la tion func tions dur ing the melt ing 
pro cess. We ob serve an in ter me di ate state with quasi-long
ranged orientational or der but only short ranged po si tional
or der. Ana lys ing the or der ing of the in ter me di ate state re -
veals net work-like struc tures of de fects spanning through
defect-free areas.

1. P. De, R. A. Pelcovits, J. Phys. A, 22, (1989), 1167.

2. P. De, R. A. Pelcovits, Phys. Rev. B, 38, (1988), 5042.
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CATALYTIC MECHANISM IN QUASICRYSTALS BASED ON LOCALIZED
ANHARMONIC VIBRATIONS
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Among many surprizing prop er ties of quasicrystals (QCs)
is their high cat a lytic ac tiv ity [1, 2]. There is no sin gle the -
ory of ca tal y sis, but only a se ries of prin ci ples to in ter pret
the un der ly ing pro cesses. An im por tant pa ram e ter of the
chem i cal ki net ics is the ac ti va tion en ergy, i.e. the en ergy
re quired to over come the re ac tion bar rier. The lower is the
ac ti va tion en ergy, the faster the re ac tion rate, and so a cat a -
lyst may be thought to re duce some how the ac ti va tion en -
ergy. Re cently, it has been shown [3-5] that in a crys tal line
ma trix, the ac ti va tion en ergy may be re duced at some sites
due to a spe cial class of local ised an har mon ic vi bra tions
(LAVs) of at oms, known also as dis crete breath ers [6] or
in trin sic lo cal ized modes [7]. LAVs can be ex cited ei ther
ther mally or by ex ter nal driv ing, re sult ing in a dras tic ac -
cel er a tion of the re ac tion rates in their vi cin ity. Build ing
upon this rec og ni tion, a new par a digm is emerg ing in the
the ory of ca tal y sis, whereby LAVs may be vi a ble can di -
dates for cat a lysts in var i ous systems.  

In this con text, we pres ent atomistic sim u la tions of
LAVs in 1-D QCs and a model of ca tal y sis in QCs that can
take place at spe cial sites pro vided by their in her ent to pol -
ogy. A strik ing site se lec tive ness of LAV for ma tion in dis -
or dered struc tures like pro teins [5] al lows one to sug gest
that their con cen tra tion in quasicrystals may be very high
as com pared to reg u lar crys tals where LAVs arise ho mo ge -
neously, and their ac ti va tion en ergy is rel a tively high.  Di -
rect ex per i men tal ob ser va tions [8] have shown that in the
decagonal quasicrystal Al72Ni20Co8, mean-square ther mal

vi bra tion am pli tude of the at oms at spe cial sites greatly ex -
ceeds the mean value, and the dif fer ence in creases with
tem per a ture. This might be the first ex per i men tal ob ser va -
tion of LAVs, which have shown that they are ar ranged in
just a few nm from each other. So in this case, one deals
with a kind of ‘or ga nized dis or der’ that stim u lates for ma -
tion of LAVs, which may ex plain a strong cat a lytic ac tiv ity
of some quasicrystals. Ver i fi ca tion of this hy poth e sis can
open the new ways to wards en gi neer ing of cat a lysts based
on computer modeling of LAVs in quasicrystals. 
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Struc tural per fec tion of the Cd-Yb icosahedral quasicrystal 
phases pre pared by dif fer ent tech niques has been stud ied
by sin gle-crys tal X-ray dif frac tion. Two Cd-Yb icosa -
hedral phases have been pre pared ei ther by the Bridge man
tech nique (sam ple-1) or by slowly cooled from the melt
(sam ple-2), and they were an nealed at 673 K for sev eral
weeks. High-res o lu tion sin gle crys tal X-ray dif frac tion has
been car ried out on the JAEA beamline at SPring-8. In ad -
di tion, sup ple men tal X-ray dif frac tion data was col lected
us ing X-ray Mo source for large re cip ro cal in ten sity maps.
Dif frac tion data have been ana lysed us ing CrysAlisPRO
and all equiv a lent zero-th re cip ro cal lay ers per pen dic u lar
to two-, three- and five-fold axis have been re con structed.

For the sam ple-1 Bragg peaks were ob served at their
ideal po si tions cor re spond ing to the icosahedral sym me try. 
On the other hand, the sam ple-2 ex hib its Bragg peak shift
from their ideal po si tions, char ac ter is tic to a liner phason
strain. Fig ure 1 shows two-fold re cip ro cal lay ers are nor -

mal to each other for the sam ple 2. The peak shift is clearly
vis i ble on the two-fold layer per pen dic u lar to 0/0 0/0 0/2,
which in di cates a sym me try break ing for two-fold axes 0/0
0/2 0/0 and 0/-2 0/0 0/0 as well as two mir ror planes (0/-2
0/0 0/0) and (0/0 0/2 0/0). Whereas, the peak shift is not
clear on the other plane nor mal to 0/2 0/0 0/0. By check ing
an other re cip ro cal lay ers, we found the sym me try of the
sam ple-2 is lower than 2/m.
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(1986) 13.

The syn chro tron ra di a tion ex per i ments were per formed at
JAEA beamline in SPring-8 (Pro posal No. 2013A-E09).
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Fig ure 1. (a) Ste reo graphic pro jec tion of the icosahedral sym me try. Re con structed re cip ro cal lay ers per pen dic u lar to (b) 0/0 0/0 0/2
and (c) 0/2 0/0 0/0. Ar row heads on (b) in di cate the Bragg re flec tions shifted from their ideal po si tions. The N/M in dex is af ter the
Cahn and Gratias scheme [3].


