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INTRODUCTION

Workers at the National Bureau of Standards discovered the presence
quasicrystals in 1982, and published their results in 1984, after an Al-Mn alloy
produced 10-fold, 2-fold and 3-fold diffraction patterns, indicating that the sample
had 5-fold symmetry." This result surprised scientists, since 5-fold symmetry went
against conventional crystal concepts.? Prior to the discovery of quasicrystals,
crystals were viewed as well-ordered arrangements of atoms or molecules within a
latticework composed of identical “unit cells.” The unit cells were considered to be
the building blocks, each containing the same distribution of atoms, which fit
together regularly and periodically to fill space.® Thus, it was inherent in every
crystal strucfure that only certain symmetries could exist: the 2, 3, 4, and 6-fold
symmetries. A crystal could not possibly have 5-fold symmetry. Having 5-fold
symmetry in crystals would be like trying to tile a floor using only pentagonal tiles. It
would not be possible to cover the floor completely without overlap. Similarly, it is
impossible to pack shapes that have 5-fold symmetry in three dimensions without
some degree of frustration or overlap.? Quasicrystals overcome this apparent
contradiction, however, by consisting of atoms aperiodically arranged to achieve
long-range order.

Since their discovery, many different quasicrystals have been produced.
Quasicrystals can be structurally divided into three classifications: three-
dimensional, two-dimensional, and one-dimensional quasicrystals. The three-
dimensional classification contains quasicrystals with aperiodic spacing in three

directions. The only known materials in this group are the icosahedral quasicrystals,
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Conceptually, net planes are comparabile to lattice planes for periodic
crystals. Periodic crystal structures can be broken down into an infinite number of
geometrical points called lattices. Within the lattice, every point has identical
surroundings and all the lattice points are equivalent. The identical points of a lattice
can be arranged periodically in three-dimensional space in only 14 arrangements,
called Bravais lattices.” There are an infinite number of parallel lattice planes
associated with any Bravais lattice, each distinguished by its point arrangement (hkl)
and by its specific interplanar spacing (dw). Each set of lattice planes is stacked so
that all the atoms in the structure are included.> Additionally, these structures
exhibit translational symmetry. Thus, it is possible to translate, or move, one part of
the crystal so that it matches up precisely with another part of the crystal.
Consequently, by examining any small part of the crystal, the exact position and
spacing in any other part can be determined.?

In contrast, quasicrystals are not periodic and therefore do not contain a
lattice. As a result, quasicrystals lack lattice planes and do not exhibit translational
symmetry. However, quasicrystals do contain aperiodic stacks of atomic layers. In
Al-Ni-Co, the periodic stacking of the aperiodic atomic layers along the 10-fold axis
forms one set of net planes. Technically, these planes can be called lattice planes
since they are stacked periodically. Additionally, there are five symmetrically
equivalent stacks of net planes perpendicular to the aperiodic plane. As previously
mentioned, there are also aperiodically spaced planes inclined towards the 10-fold
axis. Technically, these inclined planes are not net planes because they are non-

equivalent and because aperiodically spaced planes cannot cut the 10-fold axis



periodically. Thus, they are not inclusive of all the atoms in the structure. Net
planes have to be spaced periodically in order to be inclusive. To achieve
periodicity, Steurer states that it is necessary to allow for a small amount of
corrugation. This is accomplished using the periodic average structure of
quasicrystals.8 Appendix 1 contains further discussion of the periodic average

structure of quasicrystals.
The work described in this thesis was designed to test the predictions about

the existence of stable net planes. This work focused on the (1,1,1,1,2) plane and

the (0,7,7,0,1) plane. Net planes are projected to be stable terminations of the

decagonal structure; therefore, faceting of vicinal surfaces to net planes would be
expected. This supposition was examined by cutting the (1,1,1,1,2) plane on the
predicted plane and three degrees off that plane in two different directions. Thus, if
a stable net plane did exist in the (1,1,1,1,2) plane, the cuts would produce identical

low energy electron diffraction (LEED) patterns. In addition, stable net planes
should produce LEED patterns and terrace-step structures that reflect the bulk
structure. This assumption was examined for the (0,1,1,0,1) plane by comparing

experimental LEED patterns and scanning tunneling microscopy (STM) images to

predicted LEED patterns and step heights.



EXPERIMENTAL DESCRIPTION

All experiments were performed in one of two stainless steel ultrahigh
vacuum (UHV) chambers. To differentiate between the two chambers, they will be
referred to as “the LEED chamber” and “the VT-STM chamber.”

The LEED Chamber

Experiments in the LEED chamber operated at a typical base pressure of
2 x 107"° Torr. The chamber consists of a differentially-pumped ion gun for sample
cleaning, a single-pass cylindrical mirror analyzer (CMA) for Auger electron
spectroscopy (AES), and a low energy electron diffraction (LEED) optics system.
AES is used to detect impurities on the surface of the sample. LEED is typically
used to determine the structure of a crystal surface. Crystals are mounted onto a
coldfinger, which allows the samples to be cooled to 77 K and to be resistively
heated to temperatures greater than 10d0 K.
The Samples

The Al-Ni-Co samples used in the LEED chamber were cut from a boule
grown at the Ames Laboratory Materials Preparation Center. For reasons

mentioned previously on page four of the introduction, the first sample, ARR-2-102-

2, was cut three degrees off the (1,1,7,7,2) plane in the {0,1,1,0,1] direction. The
second sample, ARR-2-137-1, was cut parallel to the (1,1,1,1,2) plane. The final
sample, ARR-2-137-2, was cut three degrees off the (1,1,1,1,2) plane towards the

[1,0,0,1,1] direction. In order to orient the samples to the (1,1,7,7,2) face, Laue



patterns were utilized. For a complete description of how the Laue patterns were
used to orient the samples, refer to Appendix 2.
Cleaning

After being cut, the samples were polished to a mirror finish using 6 um, 1 um
and then 0.25 um diamond paste. The samples were subsequently cleaned by
sonication in acetone for 15 minutes followed by 15 minutes of sonication in
methanol. The samples were then mounted onto a tantalum plate. Next, the
tantalum plate was spot-welded to two tantalum rods, which were attached to the
coldfinger. The two tantalum rods allowed the sample to be heated resistively. The
sample temperature was measured with a W-5% Re vs. W-26% Re thermocouple
spot-welded to the back of the tantalum plate.

After being placed in UHV, the samples were cleaned using sputter and
anneal cycles. Carbon and oxygen were the major surface contaminants. in AES,
carbon produces a peak at 272 eV, while oxygen produces a peak at 503 eV. The
disappearance of these peaks was monitored by AES during the cleaning
procedure. The samples were sputtered at a beam voltage of 1.0 kV with argon
(99.99%), which was used as received from Matheson Gas Products, Inc. The
samples were sputtered for 30 minutes before annealing. The samples were
annealed at 400 K for 30 minutes. Subsequent anneals increased in temperature
increments of 100 K and continued to last for 30 minutes. When the annealing
temperature reached 900 K, the annealing time was increased to one hour.
Subsequent anneals after 900 K increased by 50 K increments, each with an

annealing time of one hour. When the final annealing temperature of 1100 K was



obtained, the samples were annealed for three to four hours. AES was employed
during the cleaning process to ensure a clean surface. After achieving a clean
sample surface, the samples were sputtered with argon for 30 minutes and annealed
at 1100 K for two to four hours before performing the LEED experiments.
LEED

Once a clean surface was obtained, LEED patterns were recorded using a
VCR. The VCR was coupled to a Page-MIT SIT 66 video camera, which was
focused on the LEED optics screen. Beam energy increments were synchronized
with the time display on the VCR while the tape was recording. LEED images were
then captured from the VCR tape to the computer using the computer program
NIH-Image, which is available at http://rsb.info.nih.gov/nih-image/.

The VT-STM Chamber

Experiments in the VT-STM chamber operated at a typical base pressure of
2 x 107 Torr. The chamber consists of an ion gun for sample cleaning, a combined
retarding field analyzer for AES and LEED optics system, and an Omicron variable
temperature scanning tunneling microscope (VT-STM). The VT-STM is used to
determine the surface structure of a sample.
The Sample

The Al-Ni-Co sample used in the VT-STM chamber was cut from a boule

grown at the Ames Laboratory Materials Preparation Center. The sample was cut to
the (0,1,1,0,1) plane, using the orientation recommended by Steurer after x-raying

the sample.



Cleaning

After being cut, the samples were prepared in the same manner as for the
LEED chamber. The sample was then mounted onto a special tantalum plate and
inserted into the chamber. The sample was heated radiatively using a tungsten
filament. Sample temperature was measured with a chromel-alumel thermocouple
mounted on the manipulator near the sample plate. This thermocouple had been
previously calibrated to correct for temperature differences between the sample
plate and the contact point of the thermocouple on the manipulator.

Once in UHV, the samples were cleaned using the same procedure as in the
LEED chamber. However, in the VT-STM chamber, the samples were sputtered
with argon at a beam voltage of 2.0 kV using a sputtering angle of 45°. By
sputtering at 45°, it was hoped that larger terraces would result in the STM images.
Also, the final annealing temperature was changed to 1075 K.
LEED

Once a clean surface on the sample was obtained, LEED patterns were
captured via a digital camera coupled to a computer. The digital camera was
focused on the LEED optics screen. When the desired beam energy was set using
the LEED optics controls, the image was captured using the Multi-LEED computer
program.
VT-STM

After a clean surface was obtained, the sample was transferred to the
VT-STM portion of the chamber. Although the VT-STM is able to conduct scans at

various sample temperatures, only room temperature scans were performed.



Imaging was performed in constant current mode using a sample bias of + 1.0 V and
a tunneling current between 0.3 nA and 0.5 nA. Images were scanned using an
electrochemically etched tungsten tip. STM images were recorded using the Scala
Pro 3.1 program. The STM images ranged over a wide scale, from 1000 x 1000 nm?

to 10 x 10 nm>.
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Since samples ARR-2-137-1 and ARR-2-137-2 produced identical LEED
patterns yet are not cut along the same plane, it is evident that they are faceting to
the same plane. Thus, these samples provide evidence that a stable net plane
linking the 10-fold and the 2-fold axes exists. The fact that ARR-2-102-2 produced a
different LEED pattern than the other two samples implies that its orientation also
causes it to facet to a stable net plane, albeit a different net plane than utilized by
samples ARR-2-17-1 and ARR-2-137-2. Comparison of LEED patterns from sample

ARR-2-102-2 to the LEED patterns obtained from the STM chamber indicates that

this sample faceted to the (0,71,1,0,1) plane. This result makes sense, since
sample ARR-2-102-2 was oriented three degrees off the (1,1,1,1,2) plane towards
the [0,1,1,0,1] direction.

A second type of LEED pattern was also found for all three samples in the
LEED chamber. These LEED patterns consisted of lines instead of spots, as
indicated in Figure 7. These lined LEED patterns tend to occur in samples that are
periodic in one direction and disordered in another. For example, LEED patterns
containing lines have been observed in experiments of adsorbate structures on
single-crystal surfaces.® ' " Further discussion on the lined LEED patterns can be

found in Appendix 3.
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The LEED patterns obtained from the sample oriented to the (O,T ,1,0,1)

plane were compared to LEED patterns predicted by Steurer for this particular plane
(see Figure 9). For a complete description of this comparison, refer to Appendix 4
The result of the comparison was that the experimental LEED patterns obtained for
the Al-Ni-Co sample did not adequately match the LEED patterns predicted by
Steurer. Therefore, it was concluded that the LEED patterns shown in Figures 8 and

9 were not the same.

As with the (1,1,1,1,2) surfaces, LEED images containing lines instead of

spots could be obtained for the sample oriented to the (0,1,1,0,1) plane. An
example of this type of LEED pattern is shown in Figure 10. These lined LEED
patterns are discussed further in Appendix 3.

Finally, the Al-Ni-Co sample in the VT-STM chamber also provided evidence
for the existence of net planes. As mentioned previously, sample ARR-2-102-2 from

the LEED chamber, which was cut three degrees off of the (1,1,1,1,2) plane in the
[0,1,1,0,1] direction, appeared to facet to the (0,1,1,0,1) plane. This faceting can

be verified in Figure 11. Here, the LEED patterns obtained for sample ARR-2-102-2
are compared to those acquired for the sample in the VT-STM chamber. ltis
apparent that the LEED patterns for the two different orientations are producing the

same LEED pattern. Thus, the two samples are faceting to the same plane.
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Figure 9: Predicted LEED patterns for decagonal Al-Ni-Co oriented to the (0,1, 1,0,7)plane. (a)
assumes a 1 nm penetration depth for the radiation , while (b) is for an infinitely thin net plan.
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An inspection of the STM images indicated that there were not any terraces
or step edges typical of periodic crystals or the 10-fold surface. Instead, the images
appeared to reveal a layered structure. This layering emerged regardless of the
scan size or the annealing temperature. However, these images did seem to
contain relatively flat areas separated by a sloped incline (see Figures 19 and 20).
At first it was thought that the sloped incline could be the step edge, similar to the
inclined step edges found on the 2-fold surface of Al-N-Co by Kishida et al.™ In
addition, the step heights predicted by Steurer contained sloped instead of sharp
steps (see Figure 21), which also seemed to support the idea of inclined step edges
for the net planes. Unfortunately, this conclusion is not borne out by the results.
Steurer predicted step heights of 2.15 A and 2.02 A. The height differences in the
STM images shown in Figures 20 and 21 were 0.32 A, 1.81 A, 1.10A, 2.36 A, 1.31

A, and 4.17 A, which varied greatly from the predicted step heights.
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Figure 21: Predicted step heights for Al-Ni-Co oriented to the (0,1, 1,0,1)plane.
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CONCLUSION

The experiments discussed here have examined the question of whether net
planes were stable terminations of the decagonal quasicrystal structure. This
hypothesis was tested using LEED and STM experiments. [f the net planes were
stable terminations, the faceting of vicinal surfaces to the net planes would occur.
This faceting would be indicated in LEED patterns. Additionally, stable net planes
would have terrace-step structure that reflected the bulk structure. This
consequence was examined using STM imaging.

The results indicated that stable planes linking the 10-fold and 2-fold axes in
Al-Ni-Co do exist. This conclusion is supported by the LEED experiments conducted

in the LEED chamber and the VT-STM chamber. Within the LEED chamber, two of

the samples, ARR-2-137-1 and ARR-2-137-2, appeared to facet to the (1 ,1,7,7,2)

plane. In contrast, the third sample, ARR-2-102-2, which was oriented three
degrees off the (1,1,?,7,2) plane in the [0,1,1,0,1] direction, faceted to the same
plane as the VT-STM chamber sample, which was cut to the (0,1, 1 ,0,1) plane.
Thus, the LEED patterns support the existence of stable net planes in decagonal
quasicrystals.

In addition, the incline planes exhibited characteristics that differed from the
10-fold axis. Firstly, the LEED patterns obtained for all samples in both chambers
were unique. All LEED patterns contained only one mirror plane and their intensities
would diminish quickly with time, indicating that they were very sensitive to surface

contamination. Secondly, all Al-Ni-Co samples cut to an inclined plane would
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produce a lined LEED pattern, indicating that they are periodic in one direction while
being disordered in another direction. Thirdly, the STM images obtained for the
sample in the VT-STM chamber did not produce terraces or steps. Lastly, the STM
images indicated that the net planes consist of “clusters” rather than atoms.

Finally, the experimental data obtained from the sample in the VT-STM
chamber did not agree with Steurer’s predictions. The LEED patterns produced by
the sample did not adequately match the LEED pattern predictions, and thus it was
concluded that they were not the same. Additionally, the STM images obtained did
not seem to produce step heights that could be equivalent to Steurer’s predicted

step heights of 2.15 A and 2.02 A. Therefore, neither the LEED patterns nor the
STM images supported the predictions for Al-Ni-Co oriented to the (O,T ,7,0,1)
plane.

In conclusion, it is apparent that stable net planes do exist in decagonal
Al-Ni-Co. These planes contain characteristics that make them unique from the
10-fold and 2-fold surfaces. However, the results obtained experimentally from
decagonal Al-Ni-Co oriented to the (01 101) plane did not agree with predictions

made by Steurer. Thus, it is apparent that more studies regarding the properties of

net planes should be undertaken.
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APPENDIX 1: The Average Periodic Structure of Quasicrystals

A characteristic of quasicrystals is that they do not exhibit periodicity in three-
dimensional space. However, using oblique projections of particular crystal
structures onto physical space, periodic average structures can be obtained.® To
understand the construction of a periodic average structure, it is necessary to review
the embedding of a quasiperiodic structure in a high-dimensional periodic space.
This embedding for a one-dimensional quasicrystal can be described by two
methods: the strip and projection method and the cut method.” Steurer employs the
cut method when demonstrating the construction of periodic average structure of a
one-dimensional quasicrystal (See Figure 27).

The cut method begins with a periodic two-dimensional square lattice. Here,
the square lattice (d4, dy) is decorated by a set of segment lines of height A with a
component only in the perpendicular direction V. These lines are often called
“atomic surfaces” or hyperatoms. If a line of an irrational slope is cut through the
lattice, the points at which parallel space V! intersects the atomic surfaces will
produce a quasiperiodic sequence of long and short segments, L and S respectively,
along parallel space. If the slope of the cut is equal to 1, the Fibonacci sequence is
constructed.® The average structure of the Fibonacci sequence is then generated by
oblique projection of the atomic surfaces onto parallel space. The oblique projection
direction is conducted along the gray strips shown in Figure 27. Although there are
an infinite number of oblique projections resulting in discrete average structures, the
direction illustrated is the only direction yielding a one-to-one mapping of the

quasiperiodic structure onto the periodic average structure. The thick horizontal line
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Figure 29: One unit cell of the average structure for the Penrose tiling decorated with the projected
atomic surfaces.® (used with permission)

Figure 30: Projected periodic average structure superimposed onto a Penrose tiling.® (used with
permission)
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This concept of periodic average structures can be utilized in the case of the
decagonal quasicrystal Al-Ni-Co. As mentioned previously, the quasiperiodic stacks
inclined towards the 10-fold axis technically are not net planes because they are not
inclusive of all the atoms. This is illustrated in the top parts of Figures 31a and 31b.
Here, x1, X2, and x3 represent physical (parallel) space components, while x4, and xs,
represent complimentary (perpendicular) space. Additionally, x3 is the 10-fold axis.
Therefore, in the top parts of Figures 31a and 31b, the 10-fold axis is plotted versus
a component of physical space. Thus, the dots shown are the positions of atoms in
Al-Ni-Co. Next, some of the predicted net planes were drawn into the figures. As
expected, not all of the atoms lie on the proposed net plane. To make the net
planes inclusive of all the atoms in the structure, it is necessary to obtain the periodic
average structure for Al-Ni-Co. Thus, the bottom parts of Figures 31a and 31b plot
the 10-fold axis versus a component of perpendicular space. Accordingly, the
oblique projections directions of two average periodic structures, AS-1 and AS-2, are
detailed. The resulting periodic average structures for the projections shown in the
bottom of Figures 31a and 31b are displayed in Figure 32 and Figure 33. Notice that

all of the hyperatoms now lie on the predicted net planes.®
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APPENDIX 3: LEED Lines
The LEED Chamber

As previously mentioned, LEED patterns containing lines rather than spots
were found for all three samples in the LEED chamber (see Figure 7). The LEED
patterns containing lines appeared to be as stable as those containing spots, if not
more so. For example, the LEED patterns containing lines were first discovered
after annealing at 900 K. However, no spots could be found in the LEED patterns
after annealing at this temperature. Only after increasing the annealing temperature
to 1100 K were the spots clearly visible. The lines, instead of disappearing with the
increased annealing temperature, actually grew more intense. The result was that
both the types of LEED patterns were obtainable. To switch between the two types,
the position of the sample in front of the LEED optics was varied.

All of the lined LEED patterns contained three common characteristics. First,
the lines were not consistent across the image. The lines towards the left of the
image are straighter, while the lines towards the right of the image possessed more
curvature. Second, when the beam energy was increased, the lines would move to
the left. As a result, the spacing between the lines decreased as the beam energy
increased. This characteristic is illustrated in Figure 38 below. Finally, upon close
examination, there appear to be diffraction spots of higher intensity along the lines.
These diffraction spots seem to correspond to the more prominent spots featured in
the spotted LEED patterns. Specifically, this means that at first the LEED pattern

contained lines, but as the sample was gradually moved horizontally in front of the
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The VT-STM Chamber

As with the (1,1,7,7,2) surfaces, the sample oriented to the (0,7,7 ,0,1)

plane produce LEED images containing lines instead of spots. Similarly, these
LEED patterns were obtained by varying the position of the sample in front of the

LEED optics (see Figure 11). Like the lined LEED patterns that appeared for the Al-

Ni-Co samples oriented to the (1,1,1,1 ,2) plane, these patterns moved towards the

left as the beam energy was increased. Additionally, the spacing between the lines
decreased as the beam energy increased. Lastly, these LEED patterns contained

diffraction spots of higher intensity that seemed to correspond with the spots in the

spotted LEED pattern appearing at the same beam energy.

A qualitative comparison to bulk structure data was used to understand the
spots of higher intensity found along the lined LEED patterns. This is a qualitative
comparison because structural coordinates are not available for the large single
crystal composition of Alz3Ni1gCo47 used here. However, structure coordinates are
available for Al72NizoCosg. Al73Ni1gCo17 tends to form a superstructure of the
Al72NixoCog structure; therefore, this comparison is not unreasonable. Using the

structure data of Takakura et al™ for Al7>NixCos, eight atomic layers were built and

rotated so that the (0,71,7,0,1) plane was exposed. As can be seen below in Figure

40, the bulk model predicts the lines observed in the LEED pattern from Figure 10.
When one or two layers were exposed, the atoms aligned periodically in one
direction and appeared to be disordered in the other direction. By taking the Fourier

transform of the single model layer in Figure 40a, faint lines appear. As the number
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APPENDIX 4: LEED Comparison

It was necessary to compare the experimentally obtained LEED patterns for

the Al-Ni-Co sample oriented to the (0,1, 1,0,1) plane (see Figure 8) to those

predicted by Steurer (see Figure 9). Thus, an obvious difference between the
predicted and experimental LEED patterns was discovered. The predicted LEED
patterns contain both a horizontal mirror plane and a vertical mirror plane, while the
experimental LEED patterns contain only a horizontal mirror plane. This difference
may have been caused by the calculation used to produce the predicted LEED
patterns. If the calculation introduced a center of inversion, the additional mirror
plane would result.

To compare the experimental LEED patterns to the predicted LEED patterns,
a vertical mirror plane needed to be inserted into the experimental LEED patterns.
This process will be explained for the image appearing at 40 eV, which was the
experimental LEED pattern most closely resembling the predicted LEED patterns.
First, the most intense LEED spots were traced onto an overlaying piece of paper.
Then, these traced spots were passed through the center of the image, creating a
center of inversion. Thus, the LEED pattern now contained a horizontal and a

vertical mirror plane. The resulting LEED image is shown in Figure 41.
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To aid the comparison between the experimental and the predicted LEED
patterns, it was necessary to widen the images shown in Figure 9. First, the height-
to-width ratio of the rectangle formed by the four innermost spots in Figure 41 was
calculated. Then, the images in Figure 9 were widened until the height-to-width
ratios for their corresponding rectangles equaled the ratio calculated from Figure 41.
The result is shown below in Figure 42.

10 Angotrosm =slice : plarne (<2, u2)

1 T
uz — -
-
- ) -
- - - - - -
o #
- - - - - -
- -
. .
L
1
o 2 1
. Projeciion : plone [(x2.02)
- T
oz - - —
- - - -
- - - -
i - - - -
- - - ; -
- - -
-
X - - - "o -
- - - s - - - -
- - - - - - -
" - - - - - L -
- - ) T 1 - _ - N -
o - - , - -
- - - -
- - - p - - -
. - -_ - - ._ - -
- - - - - h
- . N - - - - . -
- = - . - - - -
- -
" - - -
- - -
: . p -
- - . -
- - -
- -
et 1

1

Figure 42: Predicted LEED patterns obtained for Al-Ni-Co oriented to the (0,1,1,0,1)plane. Here

the images are widened to produce the same vertical/horizontal ratio as the image shown in Figure
41.
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When Figure 41 is compared to the images in Figure 42, there are some
similarities. However, upon close examination the following inconsistencies were
revealed. First, in order to show a relationship between Figures 41 and 42, spots
with very small intensities must be employed in the two images from Figure 42.
Using these spots counters the logic that the more intense spots in the predicted
LEED patterns would be more likely to appear in the experimental LEED pattern.
Second, there is not a satisfactory match in the alignment of the spots relative to
each other. Finally, when doublets appear in Figure 41, they are aligned diagonally.
According to both images in Figure 42, if doublets were to occur, they would be

aligned vertically. Thus, it was concluded that the images were not the same.
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