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On the anisotropy in the HRTEM images of a decagonal quasicrystalline
phase of the Al-Cu-Co-Si system
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Experimental evidence of an electrical and/or magnetic anisotropy was observed in the high resolution transmission electron microscope
(HRTEM) images of a decagonal quasicrystalline (DQC) phase of the Al-Cu-Co-Si system. X-ray energy dispersive spectroscopy (EDS)
spectra indicated a composition of Al60Cu23Co15Si2 for this phase. The anisotropy was responsible for poor contrast quality in the HRTEM
images along the periodic direction of this phase, whereas good image contrast was observed in the quasi-aperiodic ten-fold plane. Comparing
these results to findings previously reported for the Al62Cu20Co15Si3DQC, we conclude that the observed anisotropy is strongly dependent
on the selected chemical composition. After analyzing both the electrical and magnetic effects presented by a sample which is observed with
an electron microscope, we conclude that the electrical properties of the DQC phase might be responsible for these observations.

Keywords: Electron microscopy; decagonal quasicrystalline phase; EDS analysis; quasicrystals.

Evidencia experimental de una anisotropı́a eĺectrica y/o magńetica ha sido observada en imágenes de microscopio electrónico de transmisión
de alta resolución (HRTEM) del sistema decagonal Al-Cu-Co-Si de fase quasicristalina (DQC). Espectroscopı́a de enerǵıa rayos-X disper-
sados(EDS) indica que la composición de esta fase es Al60Cu23Co15Si2. La anisotroṕıa es responsable de la pobre calidad de contraste
en las iḿagenes HRTEM a lo largo de las direcciones periódicas de esta fase, mientras que el buen contraste de imágenes fue obser-
vada en los planos quasi-periódicos decagonales. Comparando los presentes resultados y los anteriormente reportados para la fase DQC
Al62Cu20Co15Si3. Concluimos que la anisotropı́a observada, es fuertemente dependiente de la composición qúımica espećıfica . Despúes
de analizar los efectos magnéticos y eĺectricas presentados por una muestra al observarse en el microscopio electrónico, concluimos que las
propiedades eléctricas de la fase DQC podrı́a ser la responsable de estas observaciones.

Descriptores:Microscoṕıa electŕonica; fase cuasicristalina decafonal; análisis EDS; cuasicristales.

PACS: 61.16.B; 61.66.D; 74.70.A; 81.10.A

1. Introduction

Physical properties of quasicrystals (QC) have opened up
an interesting field of study in materials science [1,2]. In
particular those QC phases that have shown anisotropies in
properties such as electronic transport, electrical conductiv-
ity, Hall effect, thermo-electrical power, and thermal conduc-
tivity, which are not well understood yet [2,3]. For example,
the stable icosahedra QC phase in Al-Pd-Re, Al-Pd-Mn, Al-
Cu-Ru, and Al-Cu-Fe alloys has been reported with a temper-
ature dependent electrical conductivity which increases when
temperature increases. In the Al-Cu-Co-(Si) system the QC
phases were reported with strong variations in electrical con-
ductivity with a very slight change in composition [3].

Transport anisotropy in the Al62 Cu20 Co15 Si3 decago-
nal QC (DQC) phase was reported by Lin Shu-yuanet al.[4].
They reported a linear dependence of the resistivity with tem-
peratures from 80 to 400 K for both periodic and quasi-
periodic directions but with negative thermal conductivity
coefficients. However Shibuyaet al. [5] measured a posi-
tive thermal conductivity in the Al70 Ni15 Co15 DQC phase
in both directions from 4 to 300 K. The specific heat and
thermal conductivities of the Al65Cu15Co20DQC phase were
measured at low temperatures (0.45K -105 K) by K. Edagawa

et al. [6] along the periodic and quasi-periodic directions. In
this case they indicated that the phonon contribution to the to-
tal thermal conductivity along the periodic direction showed
behavior similar to that of periodic crystals, but there were
some variations along the quasi-periodic direction. Thermo-
electric power was also reported as positive in the periodic di-
rection and negative in the quasi-periodic plane of this DQC
phase [6].

The resistivity in the Al65 Cu15 Co20 and Al70 Ni15 Co15

DQC phases was measured from 4 to 600 K by Shu-yuan et
al. [4] and Martinet al. [7], and they observed a metallic be-
havior along the periodic direction and nonmetallic along the
quasi-periodic direction. Many authors agree that the con-
ductivity in the QC plane of the DQC phase is very low (σp/
σq ≈ 50 – 150 at low temperatures) but it increases with tem-
perature and composition [3]. Hall conductivity has also been
reported that is anomalous. Yun-pinget al. [8] measured it in
the DQC phases of the Al-Ni-Co, Al-Cu-Co and Al-Si-Cu-
Co systems, finding a slight dependence with temperatures
between 80 and 330 K. Moreover, the Hall coefficient RH

changed sign when the magnetic field was rotated 90◦ from
the tenfold axis. In fact, they indicated that the anisotropy
observed by Zhang Dian-Linet al. [9] in Al-Si-Cu-Co is a
universal property for materials with decagonal QC symme-
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try because of the strong interaction of the Fermi surface with
the quasi- Brillouin Zone boundaries.

Most of the QC alloys exhibit diamagnetic, paramagnetic
and spin-glass properties. Ferromagnetic and magnetic prop-
erties have been reported to be anisotropic for some QC sys-
tems [10]. Satohet al. [11], for example, measured the
magnetic moment of the icosahedral and decagonal phases
in Al70 Pd30−x Mnx and found that the saturation moment
for icosahedral phase is higher than for the decagonal phase.
Markertet al. [12] carried out a dc magnetization and electri-
cal resistivity analysis of a single-domain of Al70 Ni15 Co15

DQC phase and reported a weak anisotropy for their mag-
netic properties. Added to this, a small ferromagnetic compo-
nent, a Curie-like component, and a weak super-conducting
transition at T=3.2 K were observed. Anisotropic magnetic
properties for the Al72 Ni12 Co16 DQC phase were also re-
ported by Yamadaet al. [13]. They found that this quasicrys-
tal is essentially diamagnetic with an anisotropic susceptibil-
ity of 2.0× 10−7 emu/(g.Oe) along the quasi-periodic plane
and -3.7× 10−7 emu/(g.Oe) along the periodic axis.

The magnetic susceptibility and diamagnetic behavior for
crystalline phases Al70 Ni15 Co15 and Al62 Cu20 Co15 Si3
have been also reported elsewhere [14]. However, accord-
ing to the data given in Ref. 14, at room temperature (RT)
the resistivity is still rather low, 63 microOhm/cm along
the periodic direction and 510 microOhm/cm in the quasi-
periodic plane. At RT, this did not change drastically with
the composition and is of the same order of approxima-
tion. The susceptibility of Al-Cu-TM (TM, transition met-
als) and Al-Pd-TM quasicrystalline alloys was measured in
the temperature range from 4.5 to 270 K. A temperature-
independent contribution ofχo and a Curie-Weiss contribu-
tion (χ− χo) =C/(T –θ) was obtained in all cases, but with
a negative value ofθ, which implies anti-ferromagnetic in-
teractions. In Al65 Cu15 Co20, Al70 Pd10 Co20 and Al72
Pd20 Cr8 alloys, a remarkable dependence on temperature
was found [15]. L̈uck and Kek [16] carried out measurements
of temperature dependence of the magnetic susceptibility on
decagonal phases Al65 Cu15 Co20 and Al70 Ni15 Co15. They
obtained a diamagnetic behavior at room temperature, which
changes to paramagnetic when the temperature increases.

HRTEM images are very sensitive to the electrical and/or
magnetic conductivity properties of the sample. In this
work we report an anisotropic behavior for the periodic
and quasi-periodic directions of the DQC phase of the
Al62Cu20Co15Si3 alloy. It is shown that this anisotropy was
responsible for the shift observed in the electron microscope
when the sample was oriented along either of the two peri-
odic directions of this QC phase, resulting in poor contrast
HRTEM images. These results are complementary to those
reported in the previous work by Laraet al. [17], where the
Al62Cu20Co15Si3DQC phase was successfully analyzed with
good images of the periodic directions obtained by HRTEM.

FIGURE 1. A) Selected area diffraction pattern of the decagonal
quasicrystalline phase and their corresponding HRTEM images.
A-B) Ten-fold direction. C-D) D-two-fold direction. E-F) P-two-
fold direction. In the case of the two-fold directions, the HRTEM
images are the best ones recorded because the instability that they
always presented.

2. Experimental procedure

Melting the constituent elements in amounts corresponding
to their atomic ratio, an Al62Cu20Co15Si3 alloy was made.
The melting and growth processes were carried out in a dou-
ble elliptical mirror furnace as reported elsewhere [17, 18].
The radiation of a 600 W halogen lamp was focused on the
sample by elliptical mirrors heating it at 1600 K for 120s
on the top of a rotational graphite substrate (in an argon at-
mosphere) and cooled to room temperature in approximately
300s. During heating the sample took the shape of a spherical
drop and convection currents mixed the components. A one-
centimeter-diameter solid spherical drop was obtained and
broken into two pieces by bare-hands. The SEM, X-ray and
X-ray EDS analysis of this spherical drop has already been
reported [19].

One of the parts was ground and the powder was sup-
ported in holey carbon copper grids for TEM analysis. An
analytical electron microscope JEOL TEM 100CX operated
at 100 KV was used for conventional TEM observation. Elec-
tron diffraction patterns were obtained using a± 60◦ go-
niometer and a double tilt holder. For HRTEM observation,
a JEOL HRTEM 4000EX microscope with a 0.17 nm point-
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to-point resolution and operated at 400 KV was used. This
microscope has a “cold finger” device which permits the ob-
servation of the sample at liquid nitrogen temperature (73 K)
and reduces the contamination process of the sample. Char-
acteristic x-ray EDS analysis was obtained with a JEOL TEM
2010 microscope that has NORAN EDS equipment attached.

3. Results

The presence of the decagonal QC phase was confirmed by
selected area diffraction patterns (Fig. 1). This phase was
characterized by the periodic parameterc*=0.4nm. In grains
with a decagonal structure, the composition measured with
EDS was Al60Cu23Co15Si2 [19]. Their HRTEM images
along the ten-fold axis show the well-known contrast fea-
tures (Figs. 1a and b). However, along the ten-fold axis
any image shifts have a good quality presentation. On the
other hand, when a HRTEM image was to be taken from any
of the two 2-fold axes, some image distortion appeared be-
cause the sample was never stable. This happened even at the
temperature of liquid nitrogen (73 K). The best images along
these directions (Figs. 1c-e) were taken with the help of the
computer image program SYS, which is on-line with the mi-
croscope JEOL-4000EX. The quality of these images can be
compared with those shown in Figs. 7 and 8 of the decagonal
phase along the two 2-fold axes in Ref. 18. The truth is that
there is no point of comparison.

The electron microscopy analysis reported in Ref. 18
never showed any shift such as the one observed in this work.
This indicates the existence of a type of electrical and/or mag-
netic behavior in the two 2-fold axis periodic planes that does
not exist in the ten-fold axis plane. Comparing the EDS re-
sults of those reported in Ref. 18 (Al62Cu20Co15Si3) with
those reported in Ref. 19 (Al60Cu23Co15Si2) for the sample
reported in this work, it is clear that this behavior depends on
the chemical composition of the DQC phase.

4. Discussion

The fact is that there are differences in the electrical and/or
magnetic behavior between the two two-fold and the ten-fold
axes of the DQC phase which are a function of its chemical
composition. These differences affect the kind of interaction
between the electron beam and the sample that will result in
a poor quality of the HRTEM images. We visualize this be-
havior from both the electrical and magnetic points of view
in the following way.

i) Magnetic effect

If the sample produces a magnetic field of such intensity that
it could modify the trajectory of the electron beam, this mod-
ification will result in resolution loss in the microscope. Let
Bk be the component of the total magnetic field produced by
the QC sample,e the electron charge, andVj its velocity in

the beam, andεijk the Levi-Civita tensor; then the Lorentz
force is given as:

Fi=eεijkVjBk

The main effect ofFi on the beam trajectory is to change
its direction, producing a perturbation shown in the shift ob-
served in the HRTEM images. The magnetic field produced
by the QC sample should be strong enough in the conditions
of the TEM operation (73 K when the cold finger device was
used and a vacuum of 10−10 Torrs). If the magnetization vec-
tor were parallel to the 10-fold symmetry so that the sample
was observed along the periodic direction, the environment
would have a maximum of magnetic force deviation in the
electron beam.

ii) Electrical effect

In the case of the electrical anisotropy, the electron beam is
modified in the trajectory due to the electrical charge of the
sample. This is a common situation in dielectric samples such
as ceramics, where a very low density of charge is enough to
produce this kind of behavior in the sample-electron beam in-
teractions. So the electron beam might suffer a charge effect
in the DQC phase under the observation conditions of the mi-
croscope (73 K when the cold finger device was used and a
vacuum of 10−10 Torrs).

If the magnetic field is not strong and Hall contributions
are negligible the electrical current in the sample would not
have thermoelectric contributions and the fallowing consid-
erations are valid.

If the electric field isEi produced by the total accumu-
lated charge in the DQC phase of a conductivity gij , the
current densityJj in the material is given by,

Jj = gjiEi

where gij is a second rank tensor and, in the case of the
DQC phase, its symmetry is related to the point group of the
decagonal phase. If we choose the Z-axis of the coordinate
system along the periodic axis of the decagonal QC phase so
that the XY-plane is in the ten-fold QC plane, the nine com-
ponents of the electric conductivity tensor are:

gij =




gxx gxy gxz

gyx gyy gyz

gzx gzy gzz




From here we have 3 possibilities:

I. When the electrical field is parallel to the Z–axis, the
expression forJ gives:

Jx = gxzE Jy = gyzE Jz = gzzE

The combination of Jx and Jy gives the effective cur-
rent in the QC plane and Jz goes along the electrical
field.
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II. When the electric field is in any specific direction and
the material structure is such that the tensor-matrix is
a diagonal matrix produced by high symmetry of the
sample, then we have:

Jx = gxxEx, Jy = gyyEy Jz = gzzEz

Again, the combination of Jx and Jy gives the effective
current perpendicular to the crystalline planes which
are parallel to the Z-axis, and Jz follows the periodic
axis.

III. When the electric field is along Z-axis and gij is a di-
agonal matrix, then Jz is present and any anisotropy
effect is generated.

It is clear that any of these contributions I, II, III will
modify the beam going through the sample of DQC
producing some of the anisotropies observed.

5. Final Remark

The experimental observations presented here indicate that
the images taken along the periodic directions of a DQC can
be improved upon. The anisotropy of the conductivity ten-
sor, gij , will be affected to different degrees, depending on
the crystallographic orientation of each phase, as specified by
cases I and II. The observed anisotropy is a strong function of
the chemical composition, and the crystallographic symme-
try of the alloy. We can conclude that the anisotropy of the
HRTEM images has an electrical origin, and the observed
shift is a result of the magnetic effects.
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Mat. Sci. Eng. A150(1992) 87.
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