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GENERAL INTRODUCTION 

Quasicrystals were discovered in 1982 by Shechtman [1,2] and his coworkers. After 

the first discovery of A1,Mn icosahedral quasicrystal [l], hundreds of new alloys have been 

observed to form quasicrystalline phases. Now it is clear that quasicrystals are not at all a 

rarity but in fact are quite common. Quasicrystals are typically binary and ternary metallic 

alloys and most of them are A1 rich alloys. Quasicrystals can be classified into different 

categories according to different properties such as stability (metastable and stable), 

symmetry (icosahedral, decagonal) etc. 

The discovery of quasicrystals created quite a lot controversy mainly because of their 

forbidden rotational symmetry according to conventional crystallography. Quasicrystals are 

structures with long-range aperiodic order and crystallographically forbidden rotational 

symmetries (e.g., fivefold, eightfold, tenfold, and 12-fold rotation axes). These alloys have 

nearly perfect long-range structure order, which becomes apparent as sharp diffraction 

patterns, with the absence of translational symmetry in their structures. The International 

Union of Crystallography has recently broadened the definition of “crystals” to “any solid 

having essentially discrete diffraction diagrams.” [3] In this sense, quasicrystals could be 

referred to simply as “crystals”. However, the term “quasicrystal” is still used to serve a 

useful function in distinguishing these unusual materials from the conventional periodic 

crystals. 

Although enormous efforts have been made to determine the atomic structure of 

quasicrystals, no universally-accepted exact structure of a quasicrystal has been determined 

yet. One of the most popular structural models of the icosahedral Al-Pd-Mn quasicrystal was 
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proposed by Janot and Boudard. [4,5]. The basic structural unit of the model is a pseudo- 

Mackay icosahedron (PMI). The PMI consists of three centrosymmetric shells of atoms, with 

a total of 51 atoms, and with an overall diameter about lOA. These PMI pack into large, self- 

similar icosahedra, and so on. Chemical bonds are strong within the PMI, and intercluster 

bonds are weaker. 

Another interesting factor about quasicrystals is that many of their physical properties 

are quite unusual by the standards of common metals. Quasicrystals are very hard materials 

compared to normal metals. For example, the Vickers’ hardness of icosahedral (i)- Al-Cu-Fe 

is 800-1000 [6,7], which is comparable to the hardness of silica (750-1200) [8] and much 

harder than its individual components (70-200 for low-carbon steel, 40-105 for copper, and 

25-45 for aluminum [SI). The quasicrystal also exhibits a low coefficient of friction and it has 

relative “non-stick” character. [9,10] These properties lead naturally to speculation that 

quasicrystals may be useful in abrasive environments such as engines where hardness and 

low friction are needed. 

Although metallic, quasicrystals are poor thermal and electrical conductors. For 

example, the thermal conductivity of i-Al-Cu-Fe is about two magnitudes lower than its 

individual components and is comparable to yttria-doped zirconia. [6] This makes 

quasicrystal a potential candidate for thermal barrier materials. There are other potential 

applications of quasicrystals including sensors, cookware, and hydrogen storage. [6,9,11-151 

Some of the above interesting and useful properties of quasicrystals, such as low 

friction coefficient and low surface energy, involve surface phenomena. This motivates 

fundamental studies of structure, composition, and chemical reactivity of their surfaces. 
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Although quasicrystals were discovered 16 years ago and many bulk properties of 

quasicrystals have been studied and understood, the surface science of quasicrystals is still a 

completely new field. There are some very basic issues about quasicrystal surfaces that have 

yet to be resolved, such as the very nature of the surfaces themselves and the effects of 

various surface preparation techniques. With the availability of large single grains of 

quasicrystalline alloys, such as the icosahedral phase of Al-Pd-Mn, the study of surface 

structures and chemistry by techniques such as scanning tunneling microscopy (STM) [ 16- 

201, low-energy electron diffraction (LEED) [18,21-24] and x-ray photoelectron 

spectroscopy (XPS) [25,26] has become one of the most active areas in quasicrystal research 

over the past 3-4 years. A basic understanding of the intrinsic surface structure and 

composition of quasicrystalline alloys can be gained from such work. 

The structure of clean crystalline surfaces is commonly discussed in terms of the 

terrace-step-kink (TSK) model, in which atomically flat, low-Miller-index terraces are 

separated by steps with kinks. Many STM studies have revealed TSK features on crystalline 

surfaces. STM studies on decagonal Al-Co-Cu [16] and icosahedral Al-Pd-Mn [17] also 

revealed TSK-type features. Both studies suggested that quasi-periodicity was retained at the 

surfaces and that the surfaces consisted of rather flat terraces separated by crooked steps. 

Dynamical LEED analysis [23] of i-Al-Pd-Mn fivefold surface has shown that the surface 

consists of a mixture of closely similar, relaxed, bulklike terminations (terraces). 

However different surface preparation methods may result in totally different surface 

structure and morphology of quasicrystals. In the above STM and LEED experiments, 

surfaces were prepared by sputtering and annealing in ultrahigh vacuum. Surface 

compositions can be shifted from bulk values during both processes. For the example of i-Al- 
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Pd-Mn, the surface becomes Pd rich and A1 depleted during Art sputtering due to the mass 

difference of A1 and Pd atoms. Annealing at proper temperature will restore the surface 

composition close to bulk value. But if the annealing temperature is too high (above 1000K), 

preferential evaporation of Mn and A1 will begin to happen and result in a Pd rich surface 

again [31]. The alternative route of cleaving in-situ has also been investigated by STM [20]. 

The cleaved surface is significantly rougher than the sputter-annealed surface and does not 

show TSK features. Cleaving in-situ will retain the surface composition to the bulk value and 

produce clean surfaces. But the effect of cleaving to the surface structure is still unknown, 

even for simple metals. Both STM studies have been interpreted in terms of fundamental 

concepts of bulk quasicrystalline structure proposed by Janot and Boudard [4,5]. 

In this dissertation, we report on the surface structure of i-Al-Pd-Mn twofold, 

threefold, fivefold and i-Al-Cu-Fe fivefold surfaces. Our LEED studies indicate the existence 

of two distinct stages in the regrowth of all four surfaces after Ar' sputtering. In the first 

stage, upon annealing at relatively low temperature: 500K-800K (depending on different 

surfaces), a cubic phase appears. The cubic LEED patterns transform irreversibly to 

unreconstructed quasicrystalline patterns upon annealing to higher temperatures, indicating 

that the cubic overlayers are metastable. Based upon the data for three chemically-identical, 

but symmetrically-inequivalent surfaces, a model is developed for the relation between the 

cubic overlayers and the quasicrystalline substrate. The model is based upon the related 

symmetries of cubic close-packed and icosahedral-packed materials. These results may be 

general among Al-rich, icosahedral materials. STM study of Al-Pd-Mn fivefold surface 

shows that terrace-step-kink structures start to form on the surface after annealing above 

700K. Large, atomic ally-flat terraces were formed after annealing at 900K. Fine structures 
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with fivefold icosahedral symmetry were found on those terraces. Data analysis and 

comparison of our STM images and structure model of icosahedal Al-Pd-Mn [4,5] suggest 

that the fine structures in our STM images may be the pseudo Mackay (PMI) clusters which 

are the structure units of the structure model. Based upon our results, we can conclude that 

quasicrystalline structures are the stable structures of quasicrystal surfaces. In other words, 

quasicrystalline structures extend from the bulk to the surface. As a result of the effort 

reported in this dissertation, we believe that we have increased our understanding of the 

surface structure of icosahedral quasicrystals to a new level. 

Dissertation Organization 

Five papers are included in this dissertation. The first paper, “Structure and Stability 

of the Twofold Surface of Icosahedral Al-Pd-Mn by Low Energy Electron Diffraction and X- 

ray Photoemission Spectroscopy”, appears in Volume 78 of Physical Review Letters on 

pages 1050-1053, 1997. 

The second paper, “The 5-Fold Surface of Quasicrystalline Al-Cu-Fe: Preparation and 

Characterization with LEED and AES”, appears in Volume 385 of Surface Science on pages 

L923-L929,1997. 

Paper ID, “Crystalline surface Structures Induced by Ion Sputtering of Al-rich 

Icosahedral Quasicrystals”, has been submitted to Physical Review B. 

Paper IV, “A comparison of the Three high-symmetry Surfaces of Al-Pd-Mn 

Quasicrystals”, is going to be submitted to Surface Science. 

Paper V, “STM Study of an Icosahedral Al-Pd-Mn quasicrystal Fivefold Surface”, is 

going to be submitted to Physical Review Letters. 
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General conclusions follow the last paper and references cited in this general 

introduction follow the appendix. 

The appendix documents a newly developed computerized Auger system. 



GENERAL CONCLUSIONS 

The main conclusions that can be drawn from the work presented in this dissertation 

are given below: 

a) Quasicrystalline - (like) structures are formed on i-Al-Pd-Mn twofold, threefold, 

fivefold surfaces and i-Al-Cu-Fe fivefold surface after Ar ion sputtering and annealing above 

700K. The results from LEED studies agree very well with the unreconstructed 

quasicrystalline surfaces. 

b) Crystalline cubic phases with CsCl structures are formed on i-Al-Pd-Mn and i-Al- 

Cu-Fe surfaces after Ar ion sputtering and annealing below 800K. There are multiple 

rotational domains on twofold and fivefold surfaces. The orientations of the cubic phases are 

[ 1 1 11 on threefold surface, [ 1 101 on twofold and fivefold surfaces. 

c) There is a close structure relationship between cubic and corresponding icosahedral 

phases. A model based on the related symmetries of cubic close packing and icosahedral 

packing is proposed to explain the orientation and number of cubic domains. 

d) STM study of Al-Pd-Mn fivefold surface shows that terrace-step-kink structure 

start to form on the surface after annealing above 700K. Large atomic flat terraces were 

formed after annealing at 900K. Fine structures with fivefold icosahedral symmetry were 

found on those terraces. Data analysis of our STM images and structure model of icosahedal 

Al-Pd-Mn suggest that the fine structures in our STM images may be the pseudo Mackay 

clusters which are the structure units of the structure model. STM study also supports 

unreconstructed quasicrystalline surface structure. 
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e) This database allows comparisons between different high-symmetry surfaces 

within a single alloy, and between different alloy surfaces having the same symmetry. We 

can assume that above conclusions may be general among AI-rich, icosahedral materials. 
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APPENDIX: AUGER INTERFACE 

HARDWARE 

The computerized Auger interface system consists of the following hardware 

components: Gateway 2000 E-3000 series Pentium 200/MMX computer, National 

Instruments PCI-MIO-16E-4 analog and digital I/O board, National Instruments SCB-68 68- 

pin shielded connector block, and a modified Auger Sweep Generator board. 

The block diagram of the original Auger Cylindrical Mirror Analyzer (CMA) control 

unit is shown in Fig.la. The sweep generator produces a ramp voltage of 0-1OV amplitude. 

Then the ramp voltage is sent to modulator and operational amplifier to produce high voltage 

€or CMA head. All the scan parameters are controlled in the sweep generator, e.g. scan start 

energy, scan range, and scan rate. The Auger signal from CMA head goes to the lock-in 

amplifier and then is plotted on an X-Y plotter. Because of the limitation of the resolution 

and signal input range of the plotter, the sensitivity of lock-in amplifier must be optimized for 

different elements (such as Pd and Al) in order to get good signal-to-noise ratio while 

measuring surface compositions. In conclusion, the manual operation of Auger spectrum 

acquisition is time consuming which may increase the surface contamination in ultra high 

vacuum. 

In order to improve the efficiency, a computerized Auger interface is built to 

automatically collect Auger spectrum and calculate the surface composition. The block 

diagram of the revised CMA control unit is shown in Fig. 1 b. The old sweep generator is 

replaced by the output from the analog and digital I/O board. And the X-Y plotter is replaced 

by the input to the analog and digital I/O board. The scan parameters now are controlled by 
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the software. And the Auger signal is digitized and then displayed and stored on computer. 

Because of the large input range of the I/O board, now we can use the highest sensitivity 

(1OmV) of the lock-in amplifier for all Auger peaks. 

Fig. 2a is the schematic diagram of the original Sweep Generator board. Please notice 

two connectors which are labeled by big arrows: Pin 13 “TO HV PWR SUPPLY” and J1 

“OUTPUT”. Fig. 2b is the schematic diagram of the modified Sweep Generator board. Now 

J1 becomes the output ramp signal from computer and connected to Pin 13 directly. By doing 

this, we by passed the whole board and use the board just as a connector from the computer 

to the high voltage power supply. 

Fig. 3 is the diagram of the SCB-68 connector block. Three channels are used for 

input and output of Auger interface: A/D input channel 0 (pin 68 and 34, differential mode) 

is connected to the output (-1 to +1V) from lock-in amplifier (Auger signal); A/D input 

channel l(pin 33 and 66, differential mode) is connected to the D/A output from computer to 

measure the output ramp signal (0 to lOV) which can be converted to the CMA energy; D/A 

output channel 0 (pin 22 and 55) is connected to the J1 connector on the modified Sweep 

Generator board as the output ramp signal (0 to lOV) from the computer. 

SOFTWARE 

The Auger data acquisition software is written in National Instruments LabView 4.1 

programming language. Fig. 4 shows the front control panel of the main Auger program. The 

control panel consists of three major parts. The upper left frame controls the scan parameter: 

start energy, end energy, scan rate, and number of scans. The plots in the upper right and 

lower part of the panel display the Auger spectrum. The upper right plot displays the real 
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time Auger signal; and the big lower plot displays the averaged final Auger spectrum. The 

upper center frame contains the information needed to calculate the surface composition: 

peak position and sensitivity factors. The normalized peak intensities and the final 

composition are also displayed in this frame. 

The upper left frame serves as the "Sweep generator" board of Auger electronics. You 

can define "start energy", "end energy", and "scan rate" for each scan. You can also change 

energy resolution. A resolution (smaller number) will produce a larger file and more memory 

will be used during acquisition. O.lOeV/point turns out to be a good setting. 

The upper left plot is the real time display of the Auger spectrum. It plots Auger 

intensity vs. energy during acquisition. The x value is the energy during the first scan. 

The lower large plot is the averaged Auger spectrum. It plots the averaged spectrum 

after all scans are finished. The x value is energy (eV). 

The upper center frame contains the element information used for calculating 

composition. Emin and Emax define the energy ranges of peaks which you wanted to use for 

composition calculation. Be sure to use correct sensitivity factor for each peak. A list of 

common sensitivity factors is shown below the input table. (You can always add more 

elements by using the "text" tool. 

Before you run the program, you need to setup the numbers in the upper left frame: 

start energy, end energy, energy resolution, scan rate, and number of scans. You need to also 

setup the peak information for calculation. 

To run the program, press "run" button in the tool bar. You will be asked to enter the 

temporary file name. The default name is "AugerTmp.txt". If you already saved last 

measurement, you can always use the default name and replace the old temporary file. 
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When the data acquisition is finished, the averaged Auger spectrum will be displayed 

in the lower plot. And composition will be calculated according to the element information 

you provide in the upper center table. The program then will ask you to save the data. The 

data is saved as text format. You can use other programs such as Igor or Axurn to read the 

data later. 

If you want to recalculate the composition by using different peak and sensitivity, you 

can run the program again. Be sure to change the "# of scans" to 1 and other scan parameters 

to be the same as the saved data before running. When the program asks you to input the 

temporary filename, choose "CANCEL", then "OKt. The program will ask you to choose a 

file to be opened. Choose the saved data file and press "OKt. Then the program will ask you 

to choose a file to save. The data you are about to save is the same as the last file. So just 

enter a temporary file name such as "temp". You can always delete it afterwards. Then the 

new composition will be displayed in the upper center part. Use "Positiodsize" tool to add 

number of peaks. Use "Operate value" tool to change the values. If you don't want to include 

certain peaks (such as 0, C) for composition, make the Emin=Emax and recalculate the 

composition. 
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