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We have found nanoscale quasicrystal-like structural states exhibiting pseudotenfold nanobeam electron-
diffraction patterns in the course of nanocrystallization process of an Fe23B6 structure in an
�Fe0.5Co0.5�72B20Si4Nb4 metallic glass. An existence of the intermediate states between the quasicrystal-like
and Fe23B6 structures indicates that the quasicrystal-like structure is approximate to the Fe23B6 structure
including no icosahedral atomic arrangement. The pseudotenfold electron-diffraction patterns are understood
from a combination of three types of tiles found in the Fe23B6 structure. The three types of tiles can produce
decagonal units which do not have any icosahedral atomic arrangement.
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It has been well established that atomic structures of me-
tallic glasses organized from some characteristic local atomic
structures, such as icosahedral, prism, bcc-like, fcc-like, and
other atomic polyhedral clusters.1–4 The icosahedral atomic
cluster has been paid special attention among the atomic
clusters because its formation was predicted from liquid
states of metallic glasses, and its symmetry is not compatible
with a translational symmetry in crystals.5 In a monoatomic
Lennard-Jones system, the icosahedral cluster was found to
have a lower energy than crystalline clusters.5,6 Although re-
alistic metallic glasses comprise multicomponent atoms with
different atomic sizes, an existence of icosahedral�-like�
atomic ordering has been reported for metal-metal type
metallic glasses by many researchers.7–10

Especially in Zr-based metallic glasses, an icosahedral
atomic arrangement is known as a basic structural unit of
Ti2Ni-type �big-cube� phase which is formed during the first
crystallization process.11–17 In addition, Li and Inoue pointed
out that the Ti2Ni-type structure can be regarded as a crys-
talline approximant of the icosahedral quasicrystal.17 A con-
cept of “crystalline approximant” was introduced for Al-
based icosahedral quasicrystals to understand structural
details of quasicrystal structures.18 This is because that
atomic positions can be accurately determined only for crys-
talline structures by using experimental diffraction tech-
niques. According to the concept, we can find the crystal
structure called “crystalline approximant” that is close to the
quasicrystal structure based on the characteristic zone-axis
diffraction patterns. In a case of the Zr-based metallic
glasses, icosahedral atomic clusters, which are found in the
Ti2Ni-type structure, are expected to be formed in the quasi-
crystal structure and its icosahedral local atomic ordering is
well consistent with the predictions for the glass structures
by a large number of experimental and theoretical studies.
Although this perspective seems reasonable and acceptable,
direct experimental evidences are necessary to understand
the structural linkage among glass, quasicrystal, and crystal-
line approximant structures.

In the metal-metalloid type metallic glasses, on the other

hand, the trigonal prism structures with central metalloid at-
oms were found to be dominant19,20 in a relatively high con-
centration range of the metalloid elements.20,21 Considering
this fact, it is unlikely that the quasicrystal structure is found
to exist in metal-metalloid type metallic glasses. Recently,
however, we have found quasicrystal-like structures in the
course of nanocrystallization in the Fe48Cr15Mo14C15B6Tm2
bulk metallic glass �BMG�,22,23 although the structure has
imperfect quasiperiodicity compared with the quasicrystal al-
ready found in many metal-metal type metallic glasses. In
addition, we have also presented three structural states of
quasicrystal-like structure, �-FeCrMo �cI58 �-Mn-type�
crystalline approximant, and intermediate structure between
them, in the same alloy. The appearance of the quasicrystal-
like structure is considered to be reasonable because of the
structural similarity between the quasicrystal structure and
the crystalline approximant with respect to the structural
units with icosahedral atomic arrangements. Very recently,
in an �Fe0.5Co0.5�72B20Si4Nb4 BMG, we have also found
quasicrystal-like structures, which are similar to the Fe23B6
structure �cF116 Cr23C6-type� with no icosahedral atomic
cluster, in an �Fe0.5Co0.5�72B20Si4Nb4 BMG. In this Rapid
Communication, we report the structural features of the
quasicrystal-like structures examined by using nanobeam
electron-diffraction �NBED� technique. An origin for the
pseudotenfold diffraction patterns is also discussed based on
the Fe23B6 structure.

A ribbon of �Fe0.5Co0.5�72B20Si4Nb4 metallic glass24 was
made by single-roll rapid quenching. The ribbon was about
0.8 mm in width and 20 �m in thickness. In order to ob-
serve the nanocrystallized microstructure by transmission
electron microscopy �TEM�, the ribbon specimens were an-
nealed isothermally at 873K for 1 h in a vacuum furnace.
Specimens for TEM observation were prepared by elec-
tropolishing �acetic-perchloric acid� at room temperature.
The specimens were finally prepared by using an ion milling
�GATAN PIPS� with a low voltage of 2.5 kV and a glancing
angle of 4 deg. Selected area electron-diffraction �SAED�
patterns and dark-field images were taken by 200 kV TEM
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�LEO-922D� equipped with an omega-type energy filter.
NBED patterns were obtained by 300 kV TEM �JEM-
3000F�. The amount of electron dose for the nanoprobe in
NBED was 2.0�1019 e /cm2 �measured by a Faraday
gauge�, almost ten times smaller than that for the conven-
tional high-resolution electron microscope imaging. The
SAED patterns and images were recorded on imaging plates
�IP� and read using IP readers. The NBED patterns were
recorded using a TV-rate camera by scanning the nanoprobe
on the specimen continuously with a scanning speed of about
10 nm/s.

Isothermal holding at 873K for 1 h led to form a poly-
crystalline microstructure. Figure 1�a� shows an energy-
filtered dark-field image obtained from the annealed speci-
men. In the image, we can see many bright dots indicating
densely formed nanocrystalline grains with sizes of less than
10 nm. To obtain average structural information from the
crystallized specimen, we examined a reduced interference
function �Qi�Q�� derived from an energy-filtered SAED pat-
tern of the annealed specimen. A procedure for obtaining the
i�Q� curve from SAED is referred to the previous paper.25

The �Qi�Q�� profile is shown in Fig. 1�b�, together with the
corresponding SAED pattern. For comparison, a calculated
Qi�Q� profile obtained from the Fe23B6 structure is also
shown. Here, i�Q� means the interference function and Q is
the scattering vector defined as Q=4� sin � /�, where � is
the scattering angle and � the electron wavelength. In the
Qi�Q� profile, we see many subpeaks due to the crystalliza-
tion as well as main peaks. All the peaks and subpeaks for
the crystallized specimen can be basically explained from the
Fe23B6 structure as was mentioned in the previous work.26

Only from the Qi�Q� profile, however, it is hard to under-
stand the local structural changes toward a formation of
Fe23B6. Next we took many single electron-diffraction pat-
terns �more than 100� from a whole region of the specimen
using a NBED technique, in order to examine the structures
of local regions.

By using a TV-recording NBED technique, we obtained
several types of diffraction patterns from the crystallized
specimen annealed at 873K for 1 h. Here we show two types
of NBED patterns from perfect Fe23B6 and Fe23B6-like struc-
tures �Figs. 2�a� and 2�b��. For comparison, the calculated
NBED pattern of the Fe23B6 structure is shown in Fig. 2�a��.
The electron incidence is parallel to the �110� direction. The
experimental NBED pattern of Fig. 2�a� is well consistent
with the simulated pattern shown in Fig. 2�a��. On the other
hand, the NBED pattern of Fig. 2�b� is slightly different from
the perfect Fe23B6 pattern. In the pattern of �b�, for example,
five strong spots marked by arrow heads are clearly seen in
the higher scattering angle region. Note that it is difficult to
see such strong spots on the opposite side, because of a slight
deviation from the zone axis. In addition, a ratio of �g2� / �g1�
in �a� is 1.50�=�g660� / �g440��, whereas a ratio of �g4� / �g3� in �b�
is about 1.62 which is nearly equal to the golden ratio
�1.618�. The golden ratio is well known as an important ratio
to characterize quasicrystal structures. To understand differ-
ences in both the patterns, enlarged patterns of the regions
surrounded by squared area in Figs. 2�a� and 2�b� are shown
in Figs. 2�c�, 2�d�, and 2�c��, and 2�d��, respectively. Both of
the patterns Figs. 2�c�� and 2�d�� are close to a �partial�
pentagonal shape compared with the patterns �c� and �d�.
From these results, the Fe23B6-like NBED pattern of �b� is
partially characterized by the patterns usually obtained from
quasicrystal structures.

Characteristic NBED pattern with pseudotenfold symme-
try was also obtained from the annealed specimen as shown
in Fig. 3. Interestingly, we can see pseudotenfold diffraction
patterns with ten strong diffraction spots along concentric

FIG. 1. �a� An energy-filtered dark filed image and �b� a reduced
interference function Qi�Q� profile obtained from the specimen an-
nealed at 873K for 1 h. The dark-field image was taken by using a
part of the first halo ring and the enlarged image is also shown in
the inset of �a�. A SAED pattern used in making the Qi�Q� profile is
also shown in the inset of �b�.

FIG. 2. Two types of NBED patterns, �a� perfect Fe23B6 and �b�
Fe23B6-like patterns, obtained from the specimen annealed at 873K
for 1 h. The electron incidence is parallel to the �110� direction of
the Fe23B6 structure. The simulated diffraction pattern is also shown
in �a��. For comparison, the surrounded areas in the patterns of �a�
and �b� are enlarged in �c�, �d�, �c��, and �d��, respectively.
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circles corresponding to the first and second halo rings of the
glass states. Note that distances between neighboring
diffraction spots observed on the first halo ring were found to
be fluctuated within the range of 6%. Inside a position of the
first halo ring �in the lower scattering angle region�, we
cannot see any strong spot which should be observed in
quasicrystal structures. The NBED pattern is quite similar to
the pseudotenfold pattern already found in the
Fe48Cr15Mo14C15B6Tm2 BMG.22

In this study, we found the quasicrystal-like structure
�Fig. 3� as well as the Fe23B6-like intermediate structure be-
tween the quasicrystal-like and Fe23B6 crystal structures
�Fig. 2�. The Fe23B6 structure can be regarded as a crystalline
approximant for the quasicrystal-like structure, because of
the existence of the Fe23B6-like intermediate structure. It is
therefore important to consider how to construct the
quasicrystal-like structure based on the Fe23B6 structure in-
cluding no icosahedral atomic structure as a structural unit.
Figure 4�a� shows schematic diagram with an �110� projec-
tion of the Fe23B6 structure. A periodic atomic arrangement
is seen in the projection, although the arrangement is some-
what complicated. However, we can draw linkages which
produce characteristic tiling consisting of deformed penta-
gons and two types of rhomboids. It was found that these
three types of tiles make a deformed decagonal unit as
shown in Fig. 4�b� and slight atomic displacements lead to
form the exact decagonal unit as shown in Fig. 4�b��. Note
that the two types of rhombic tiles found in the unit are just
identical to those found in the Penrose tiling. Once we had
obtained the three types of tiles, which can make the exact
decagonal unit, as shown in Fig. 4�c�, we tried to construct a
plausible structural model giving the pseudotenfold NBED
pattern as shown in Fig. 3. One possible example of the
structural model is shown in Fig. 4�d�. A space can be filled
by the three types of tiles which form the decagonal unit.
Interspaces between the decagonal units �indicated by A� can
also be filled by the tiles of type 3 �see Fig. 4�c��. A Fourier
transform pattern obtained from the model is shown in the
inset of Fig. 4�d�. The Fourier transform pattern exhibits a
pseudotenfold pattern with no strong spots inside a position
of the first halo ring. Note that the strong ten spots were
formed just on a position of the first halo ring. The feature of
the Fourier transform pattern is similar to that of the experi-
mental NBED pattern as shown in Fig. 3. The high-
resolution image observation might reveal atomic arrange-
ments of the quasicrystal-like states. In this stage, however, it

is still difficult to take the image because of the low reso-
lution of the transmission electron microscope ��0.17 nm�
and quite small sizes of the grains.

As was mentioned earlier, we already found the
quasicrystal-like structure exhibiting pseudotenfold diffrac-
tion pattern in the Fe48Cr15Mo14C15B6Tm2 BMG. It was also
found that the quasicrystal-like structure was similar to the
�-FeCrMo structure including icosahedral atomic clusters
which are considered to be found in quasicrystals. However,
no icosahedral atomic cluster is found in the Fe23B6 structure
discussed in the present study. Nevertheless, the pseudo-
tenfold diffraction pattern can be obtained from the
quasicrystal-like structure which is linked to the Fe23B6
structure. This is because that the three types of tiles, which
can give the decagonal diffraction pattern, was actually
found in the Fe23B6 structure as mentioned above. Our find-
ing shows that such an isotropic structure has a close rela-
tionship with a glass �or liquid� state, even if icosahedral
atomic arrangements are not important in this alloy system.

The quasicrystal-like structure is considered to be related
to the medium range ordered �MRO� structure in glass states.
This is because strong diffraction spots are found only on a

FIG. 3. Pseudotenfold NBED pattern obtained from the speci-
men annealed at 873K for 1 h. To visualize weak spots in the higher
scattering angle region, a high contrasted NBED pattern is also
shown in the right side.

FIG. 4. �Color online� �a� An �110� projection of the Fe23B6

structure. The larger and smaller circles denote the Fe and B atoms,
respectively. The linkages between Fe atoms make a tiling with
deformed decagonal units. �b� A deformed decagonal unit found in
the Fe23B6 structure. �b�� An exact decagonal unit obtained by
slight atomic displacements into the deformed unit. �c� Three types
of tiles found in the decagonal unit. �d� A preliminary structure
model giving the pseudotenfold diffraction pattern, in which the
there types of tiles as structural motifs of Fe23B6 are linked each
other. A Fourier transform pattern obtained from the model is also
shown in the inset. The Fourier transform pattern with ten strong
spots is well consistent with the experimental obtained pattern of
Fig. 3. Arrows in the model mean orientations of the structural
motifs with five different directions, which contribute to give the
isotropic diffraction pattern with ten strong spots.
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position of the first halo ring.26 We actually found that the
position of strong NBED spots gradually changes from the
halo ring positions to the Fe23B6 positions in the course of
the crystallization.26 Therefore, it is reasonable to consider
that the quasicrystal-like structure showing a pseudotenfold
NBED pattern �Fig. 3� appears during a change from the
glass to crystalline approximant states. In order to elucidate
the MRO structure in glass states, it is necessary to under-
stand the local atomic structure of the quasicrystal-like struc-
ture. We believe that our viewpoint is one of the important
strategies to elucidate the glass structure.

In the course of the nanocrystallization of Fe23B6 in an
�Fe0.5Co0.5�72B20Si4Nb4 BMG, we have found a quasicrystal-
like structure using a TV-recording NBED technique. The
quasicrystal-like structure has a close relationship with the
Fe23B6 structure, because the intermediate Fe23B6-like struc-

tural state was actually found. The pseudotenfold diffraction
patterns from the quasicrystal-like structures in the present
alloy probably come from a combination of the three types
of tiles found in Fe23B6 where icosahedral atomic arrange-
ments do not exist. This means that the structural motifs
without icosahedral atomic arrangements can make up the
tenfold quasicrystal-like structure giving a pseudotenfold dif-
fraction pattern. Such an isotropic quasicrystal-like structural
state is closely related to the glass �or liquid� state, although
including no icosahedral atomic arrangement.
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