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ABSTRACT

To investigate the electronic structure of the high-quality quasicrystals, photoe-
mission spectroscopy measurements have been carried out using synchrotron radiation
source in the photon-energy range 35-150 eV. The studied quasicrystals are icosahe-
dral Al;gPdagMnyg, AlgsCuapOsis, and AlgCuogRuys, and decngonal AlgsCo sCung and
Al»pCojsNis. Resonance photoemission near the transition from the shallow core levels
to the d valence bands has been employed to show that the feature close to the Fermi level
in the valence bands is predominantly due to the d electron states in the nearly-half-full
subshells (Mn, Fe, Ru, Os). The feature farther from the Fermi level has been identified
as being mainiy due to the d electron states in the full d subshells {Pd, Cu). In some
cases, the experimental partial densities of states have been obtained by taking advan-
tage of the synchrotron-radiation-based photoemission technique and the large changes
in the cross sections. The as-measured valence-band spectra were corrected for the ex-
perimental parameters and the background in order to make a meaningful comparison
between the spectra. The high energy-resolution ultraviolet photoelectron spectroscopy
measurements on icosahedral AlgsCugoFersRuzs prove that there is a pseudogap from
the d electrons close to the Fermi level. The studied samples were characterized by the
X-ray diffraction and the diffraction patterns were indexed based on several indexing
schemes. A description of the indexing procedures is presented. The experimental re-
sults of this work are related to the theoretical predictions of a pseudogap and spikiness
in the density of states. The unusual behavior of the resistivity of the quasicrystals is

interpreted in terms of disorder and other relevant theories.
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Chapter 1

INTRODUCTION

1.1 Quasicrystals

Quasicrystals (QC's) are a new form of matter which is distinguished from the other
two known forms, crystalline (¢) and amorphous. They possess a new type of long-range
translational order, called gquasiperiodicity, and a noncrystallographic orientational or-
der associated with the classically forbidden fivefold (icosahedral), cightfold (octagonal),
tenfold (decagonal), and twelvefold (dodecagonal) symmetry axes." The family of QC’s
consists mainly of icosahedral (i) and decagonal (d) systems. In spite of great experimen-
tal and theoretical effort, the atomic structure of these complex materials has not been
completely solved yet. The main thrust of the physical studies of QC's has been de-
voted to finding whether the quasiperiodicity leads to expected new physical propertics
which are significantly different from those of ¢- and amorphous materials.

The first few years of studies of QC's revealed that their physical properties are disap-
pointingly similar to those of the corresponding c- or the amorphous counterparty.i* 4
It was only later realized that the first QC’s, which were thermodynamically melastable,

possessed significant structural disorder, as manifested in the broadening of X-ray and/or
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clectron diflraction lines.™ In addition, they contained non-negligible amounts of second
phases. These poor quality samples impeded the detection of those properties which
were intrinsic to quasiperiodicity. They also led to confusion, especially in the area of
magnetlism of QC's, where some “unusual” magnetic properties were claimed to have
been observed.” Some of these properties were later shown™ to result from the presence

of magnetic second phases in the studied i-alloys.

1.2 Unusual properties of quasicrystals

A significant development in the studies of both structural and physical properties
of QC's occurred at the end of the eighties when the thermodynamically stable QC's
were discovered.™ * ¢ ®® These new QC'’s possess a high degree of structural perfection
comparable to that found in the best periodic alloys.™®* % Several unusual physical

properties have been found in the most intensively studied i-alloys:™ *

e First, their most salient feature, which is completely unexpected for alloys consist-
ing of normal metallic elements, is the very high value of f.he electrical resistivity
(p). For example, the low-temperature p values can reach about 10000 zQcm in
the Al-Cu-Fe!"'~'* and Al-Pd-Mn!"®~" i-alloys, about 30000 xQcm in the Al-Cu-
Ru i-alloys," and the extraordinary high values of the order of 107 uSlem in the
Al-Pd-Re i-alloys."®* These p values are several order of magnitudes lerger than
those of the constituent metals and of the amorphous alloys, and are compara-
ble to those of doped semiconductors. The conductivity values corresponding to
the above experimental p values are smaller than the Mott’s “minimum metallic

conductivity” of 200 2~'cm™! for the metal-insulator transition.”!

e Second, the temperature coefficient of p of these new i-alloys/™ &5 19-23 jg gap_

erally negative, which is inconsistent with the expected behavior for metals.
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e Third, the p values are extremely sensitive to the sample composition,'*=* which
is reminiscent of doping effects in semiconductors. Even for the same nominal
composition, they can change by more than an order of magnitude for samples
produced from the same batech.!" 29 This means the composition inhomogeneities

of & fraction of an at. % can significantly influence the clectronic properties of the

i-alloys.

e Fourth, the resistivity of these new i-alloys increases as their structural quality
improves (by annealing which removes the defects),™* 19-3 {n contrast to the

behavior of typical metals.

Other unexpected anomalies in the transport properties of i-alloys!™®*®* 19-23 involve a
very low electronic contribution to the specific heat (9), large and strongly temperature-
dependent Hall coefficients and thermoelectric power, and a non-Drude-like optical con-
ductivity. From a magnetic point of view, the stable i-alloys of high structural quality
are unusual in that they are diamagnetic'™* *? in spite of containing significant con-
centrations of transition-metal (TM) atoms.

QC’s of d-symmetry combine two structural characteristics: the atoms are ordered
quasiperiodically in planes which are stacked with translational periodicity. They repre-
sent thus an intermediate state between i- and c-phases.” The first stable d-alloys were
discovered in the ternary Al-Co-Cu and Al-Co-Ni systems.”™ * Samples of high struc-
tural quality can be produced in these two systems, which are therefore among the most
intensively studied. Most of the studies involving the d-alloys Al-Co-Cu and Al-Co-Ni are
associated with their various structural aspects.”™ A few physical measurements which
have been carried out on these two compounds showed that, as expected, the electrical
resistivity has metallic characteristics along the periodic direction, and exhibits a non-
metallic behavior, similar to that observed in i-alloys, in the quasiperiodic plane, -

Anisotropies in the Hall effect,™ * * thermopower,™ thermal conductivity,” and op-
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tical conductivity®™ have also been observed. These two compounds were also shown to

. . . 0]
be diamagnetic over a wide temperature range."*”

1.3 Current issues of quasicrystals

A fundamental question in the physics of i-alloys is on the origin of the unusually
high values of p. The first suggested interpretation, which is still prevailing, is based
upon the Hume-Rothery mechanism."*" As illustrated in the Appendix, this mechanism
implies the existence of a pseudogap in the electronic density of states (DOS) in the
vicinity of the Fermi level (Er)."? Initially, the Hume-Rothery mechanism was invoked,
both from experimental® *Y and theoretical arguments,*” in relation to the problem
of stability of QC’s. It was later linked“® to the observed large p values through the
Einstein equation®™ 1/p=conductivity=e2DN (E#) in which D is the electron diffusion
coefficient (diffusivity) and N(Er) designates DOS(Er). The correlation between the
high p and the low N(Ep) values was based upon the experimental observation of the
very small value of the electronic contribution to v, % *¥ which is directly proportional
to N(EFr).

The support for the Hume-Rothery mechanism in i-alloys comes also from the results
of the NMR*" and optical conductivity experiments*® which were interpreted in terms
of the low N(E) or the existence of « pseudogap in the DOS around Ep. The reduced
N(EF) is also consistent with the observed diamagnetism. Furthermore, almost all
soft X-ray-emission (SXE), soft X-ray absorption (SXA), photoemission spectroscopy
(PES), X-ray photoelectron spectroscopy (XPS), and inverse photoemission spectroscopy
(IPES) experiments which, as opposed to the experimental techniques mentioned earlier,
probe DOS directly at energies in the vicinity of Ep, have been interpreied® **! in terms
of the presence of the psendogap in the DOS around Ep. However, some methodological

problems of such an interpretation, which are related to the energy resolution used
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and to the lifetime broadening effects, and which will be discussed in Chapter 4, have
been indicated.™ A recent study of the i- Al-Cu-Fe film by tunneling microscopy claimed
to have detected a deep narrow pseudogap 60 meV wide at Ep.® The notion of a
structure-induced pseudogap in the DOS around Ef results not only from theory based
on the nearly-free-electron approximation*** but is also supported by the electronic
structure calculations for the lowest-order ¢-approximants of i-alloys,®*-*! including the
approximents containing the TM atoms.?**!

Apart from its seeming simplicity, expressed in the relation Q = 2kp, where Q
is the magnitude of the reciprocal lattice vector corresponding to the strongest X-ray
reflection and kp is the radius of the Fermi sphere, the Hume-Rothery mechanism is
so appealing because it; can explain qualitatively why the stable i-alloys have both the
highest values of p and lowest values of . It can also be used to rationalize qualitatively
why stable i-alloys exist only in a rather narrow composition range (& small change in
composition can shift the Er away from the DOS minimum). However, invoking the
Hume-Rothery mechanism to explain the stability and electronic properties of i-alloys is

open to criticism based on general theoretical grounds and on some experimental facts:

e First, fundamental to this mechanism is the concept of a Brillouin zone. It is not
clear, however, what is meant by the Brillouin zone in an i-alloy for which one

cannot define a unique unit cell.®™

e Second, the often used procedure in support of this mechanism of verifying whether
the equality @ = 2kr holds for a given i-alloy requires the values of the valencies
of its constituent elements in order to calculate the value of kp. These values are

unknown a priori and have to be assumed. Consequently, the whole procedure is

questionable.

e Third, a number of theoretical objections against the apparent correlation be-

tween the number of valence electrons per atom and a special structural stability
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in c-alloys was presented some time ago.®™ It was concluded®® that there is in
general no special stability associated with the Fermi sphere or surface touching

the Brillouin zone faces.

7 although the structure-induced pseudogap

As pointed out by Hafner and Krajéi,
at Ep scems to be a generic property of QC's, it is not a specific property distinguish-
ing the quasiperiodic from the periodic or aperiodic phases because it is also present
in some c- and amorphous alloys. This is supported by recent NMR, results*” which
show low values of DOS(EF) in both i-alloys and their c-approximants. According to
some electronic structure calculations done for the lowest-order approximants,®® 57~
the specific property of QC's seems to be the spikiness of their DOS, resulting from a
large number of non-degenerate flat bands. Such DOS spikiness does not oceur in ¢- or
amorphous systems,™

A possible existence of a pseudogap in the DOS around Er may be not the only reason
of the unusual electronic transport properties of stable QC's. There are three other
mechanisms which have been recently proposed in the literature.™ ®" The first one, which
is very qualitative in nature, is based on an internal structural model which assumes the
presence of conductive i-blocks which are surrounded by an insulating layered-structure
network.'® In this structural model the electrical conduction occurs via tunneling which
may explain qualitatively many of the electronic transport characteristics of QC’s. The
other two mechanisms invoke the concepts of localization and critical states,!®"

The electrical conductivity of stable i-alloys in the low temperature range has a char-
acteristic temperature dependence: it is propoftiona.l to T/2 for the lowest temperatures
and to T at higher temperatures.!" ** & ® ¥ These temperature dependencies, as well as
those of magnetoresistance, are usually explained using quantum interference theories
(the electron-electron interaction and weak-localization effects).!™ % * & * 8 Guch theories,

however, were originally developed for highly disordered conductors. Thus their appar-
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ent relevance to stable i-alloys indicates that these alloys are clectrically disordered.®
This, however, posecs a question: how can such electronic disorder be reconciled with the
apparent high degree of local atomic order in stable i-alloys, as determined by dillraction

and electron-microscopy experiments? This question will be discussed in Chapter 4.

1.4 Purpose of the project

The electronic transport measurements reviewed above have made an important con-
tribution to the understanding of the electronic structure of QC's. It should be stressed,
however, that these measurements provide indirect information on the DOS at one par-
ticular energy, i.e. the Ep. To determine the electronic structure of QC's one needs
information not only on the DOS(Egr), but also on the DOS below and above Ep.
Therefore, studies using spectroscopic techniques which probe DOS directly at energies
in the vicinity of Er are very desirable. The techniques such as XPS, PES, and SXE
spectroscopy have been employed by other research groups to study the DOS below
Ep, whereas the DOS above Er was probed with IPES and SXA spectroscopy in some
QC's.[ 87 These electronic structure studies lead to several conclusions, which will

be discussed in detail in Chapter 4 in relation to the present study, and which are briefly

summarized below:

o First, the most important finding is the apparent observation in some QC's of
the pseudogap at Ep, which is predicted by theory and suggested by the results
of electronic transport measurements. However, an unambiguous spectroscopic
verification of the existence of such pseudogap for QC's containing the TM elements
is very difficult because the experimentally measured intensity in the vicinity of
Ep is dominated by the TM 3d states, as is well known from similar studies of the

structural-induced minimum in the DOS in amorphous alloys.'™
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¢ Sccond, chemical shifts of the Al 2p lines are either zero or very small with respect
to similar c¢-compounds or pure clements. This disagrees with the theoretical
result'™ *! which predicts large shifts and thus confirms the conclusion of recent
theoretical studies'™ of the unreliability of predictions™ * based on calculations

performed on small clusters.

e Third, a close structural similarity between the valence-band spectra of QC's and

those of the corresponding c-compounds was found.

e Finally, various measured spectral features were ascribed to particular electronic
states of s, p, and d character, and some arguments for the hybridization between

sp and d states were presented.

The purpose of this research project is to study the electronic structures of the
high quality i-alloys AlrgPdaoMnio,"” AlgsCugoRuys,™ AlgsCusoOsys,® and d-alloys
AlgsCoy5-Cuap and AlzgCoysNijs™ using the synchrotron-radiation-based PES tech-
nique. By employing the photon-energy dependence of the photoionization cross section
(o) and the effect of the core-electron resonance, it is possible to identify the origin of
the prominent features in the valence bands of the studied alloys: In most cases, it is also
possible to separate the overlapping contributions due to the d electrons from different el-
ements. Before the emergence of the synchrotron-radiation-based PES technique, such a
separation of contributions of a given symmetry (s, p, d, f ) due to a specific element could
be only obtained from the SXE technique."™ High energy-resolution ultraviolet photo-
electron spectroscopy (UPS) measurements cf the i-alloy AlgsCuagFersRuy s were used®™
to study the shape of the valence band near Er. Based on the experimental results, at-
tempts were made to understand further the strange behavior of the resistivity in QC's.
In addition, X-ray diffraction (XRD) patterns of i-Alz;gPdaoMn;q," i-AlgsCuggRuys, "
and d-AlgsCo 5Cugg were indexed using several most-often-used schemes to assure that

the samples studied are predominantly single-phase and phasonless QC’s.
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1.5 Scope of the thesis

This thesis contains the research results part of which has been published during the
course of the graduate study.® '8 8838 A)55 the methodologies of the XRD pattern
indexing (Chapter 2) and of the PES data analysis (Chapter 3) are important contri-
butions achieved. In writing this thesis, a didactic approach was used by describing the
Fibonacei chain and 2D projection method as a gradual introduction to the conplex
structure of QC's (§2.3-4). The most-often-used indexing schemes are presented and
exact matrixes and equations are given to enable the reader to use them in praclice
or to compare the indexing results from various publications (§2.5-6). The methodol-
ogy of the data analysis of the PES spectra is described in Chapter 3. Whereas the
description of the PES technique and the raw data correction are given in §3.1-2, the
way how the physics information is obtained from the PES spectra is addressed in the
remaining sections of Chapter 3. As an example, the d-alloy AlgsCo 5Cuag is taken to
present in detail the analysis of the PES dats in ﬂmt chapter. After the XRD data
indexing of i-Al;pPdaoMnyg is presented in §4.1, the PES spectra are discussed in the
next subsections. Next, the PES results of the i-AlgsCuggOs)5 alloy are given in §4.2.
They are representative of the family of i-alloys AlgsCungMd,; (Md=Fe, Ru, Os). Fi-
nally, the UPS spectra of i-alloy AlgsCunsgFer sRuys are presented in §4.3 followed by the

discussion in §4.4.



Chapter 2

SAMPLE CHARACTERIZATION

2.1 Sample preparation

The procedure of sampl. preparation is extremely critical to the study of physical
properties of QC's. There are two reasons for this. First, almost all QC’s can exist
only in a very narrow composition range. Second, most physical properties of QC’s are
extremely sensitive to heat treatment and to composition.

Some QC’s are metastable in the sense that they can exist only in a certain temper-
ature range and transform into c-phases™ when heated above a certain temperature.
Others are stable in the sense that they will exist up to a melting point.®® The former
normally can be produced only in the form of ribbons, whereas the latter can be in the
forms of ribbon and ingot..

Ingots are prepared® by melting mixtnres of pure elemental constituents in an argon
atmosphere using an are furnace. In order to produce a homogeneous ingot, one has to
turn over the ingot in the furnace and remelt it for two or three times. ‘

Ribbons are produced® using a melt spinning apparatus. In this technique, a piece

of ag-cast but composition-uniformed ingot is melted in a quartz tube, which is in the

10
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center of a coil carrying a high frequency current. The melted liguid is squeczed and
injected onto a spinning wheel. Fig. 2.1 shows such an apparatus which was designed

during the course of the project.

squeezing
pressure

quartz tube

induction coil

/7N

®
flying wheel

Figure 2.1: Schematic view of the melt spinning rapid quenching apparatus.

Many factors have effects on the quality of the ribbons produced:

o A tangent speed of a few tens m/sec is needed in order to solidify the ribbon

rapidly. Different compositions may need different speeds;

o For most cases, a vacuum or a certain helium pressure in the experimental chamber

is needed to protect ribbons from oxidation;

e The other important parameters are the smoothness of the spinning wheel, the
pressure applied to the melted liquid, the size and the shape of the orifice at the
bottom of the quartz sample tube, the frequency and the current of the power

supply, and the induction of the coil.
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Table 2.1 shows all quasicrystalline samples® which are studied in this thesis. The

samples were kindly provided by Profs. A.-P. Tsai and A. Inoue of Tohoku University,

Japan.

Table 2.1: Summary of quasicrystalline samples studied in this thesis.
composition form heat treatment
i-AlzoPdogMnyg ingot 1123 - 1173 K, 10 h
i-AlgsCugoOs)5 ingot 1173 K, 48 h
i-AlgsCugRu,5 ingot 1173 K, 48 h
i-AlggCugoFer s Ruy 5 ingot 1173 K, 48 h
d-AlgsCoy5Cuag ingot 1123- 1173 K, 48 h
d-Al7CoygNijs ingot 1123 - 1173 K, 48 h

2.2 X-ray diffraction

2.2.1 Diffractometer

X-ray diffraction measurements on powder samples were performed on a Philips
X'Pert scanning diffractometer equipped with a PW3020 vertical goniometer. This
goniometer has a 173 mm radius and uses dc motors instead of conventional stepper
motors. & and 26 angles are monitored via two optical encoder disks mounted directly
on the drive shaft. This allows a 20 accuracy of about 0.003° to be achieved. The
diffractometer is also equipped with a variable divergent slit which keeps the illuminated
sample area at a constant length of 12.5 mm. A 0.1-mm receiving slit was used in the
XRD measurements. With these settings, the instrumental resolution was 0.007 A-1.

This resolution was determined from the full width at half maximum of the (111) peak



CHAPTER 2. SAMPLE CHARACTERIZATION 13

of a Si standard. Cula radiation was employed and the K line was eliminated by
using a Kevex PSi2 Peltier cooled Si detector. A value of 1.5405981 A was taken for the
CuK a; wavelength throughout all the calculations.™

The ingot or ribbon samples were first ground in a silica mortar. Then the fite powder
was mixed with methanol and allowed to dry on a low-background sample holder in order
to form a thin flat sample. The holder is made from a picce of single crystal Si and gives
a small contribution to the background of the XRD spectrum. A sample spinner was

used to further reduce the possible preferred sample orientation.

2.2.2 Data fitting and 20 correction

For each sample, two spectra were measured. The first spectrum was obtained using
only the pure sample. The second one was from a mixture of the quasicrystalline sample
and a 10 wt% Si standard reference material 640 b.™ Peaks of the latter were fitted to a
set of Lorentzians.” A parabolic background was assumed for each fitted 20 segment.
Results of the fitting are given in terms of peak positions, widths, heights, and integrated
areas.

The 29 angles were corrected for the possible instrumental aberration and specimen
displacement.”™ First, the difference of the peak positions of the Si standard and that
of the Si standard mixed with a specimen was calculated: A(20)s;=2035;_pzm—26gi_sd.
Next, the difference was fitted to a fourth order polynomial function of 2€.z, which
is referred to as A(20)gi_s«." Finally, all positions of the i- or d-peaks were corrected
according to the equation: 20 5rr=28¢sp—A(20)si_sit.

Three Fortran programs'™ were implemented during the course of the study for
indexing the i- and d-structures using several indexing schemes described in §2.5 and
§2.6. The input data file for the indexing programs needs three columns: the uncorrected

positions, widths and heights of all i- or d-peaks. The first line of the input file is for
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the five parameters of the A(26)s;_si curve. These parameters can also be entered from

the keyboard when running the programs.

2.3 Brief review of diffraction by crystals

A crystal lattice in 3D is defined by three fundainental translation vectors a;, ag, as
such that the atomic arrangement looks the same in every respect when viewed from the
point r and r'=r + mja; + moas + maaz.™ These vectors can be either conventional or
primitive. A lattice translation operation is defined as the displacement of a crystal by

a crystal translation vector
T = mia; + moas + maas. (2.1)

Miller indexes are very useful in describing the crystal structures. These indexes can be

determined by the following prescription:"
e find the intercepts x, y, z on the coordinate axis for the plane of interest;

® express the intercepts in terms of basic vectors of the unit cell: x/a;, y/ag, z/a3

(these are necessarily rational numbers);
e [orm the reciprocals a, /x, a2/y, 23/3;

® express as the triplet of the smallest integers hkl, written (hk!), which may denote

a single plane or a family of paralle! planes.

The distance from the origin to the plane (hk!) lying within the unit cell is the interplanar
spacing dp.

A reciprocal lattice is defined as

G(ny,ma,n3) = n1b; + nabs + naby, (2.2
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in which n,, ng, n3 are integers, b, is defined as

anXxXay

by = 2na1 (a2 x ag)’

(2.3)

and bo, bz can be obtained by cyclic permutations. The vectors a and b fullill the

relation
a;-b_,- = 21“5,-3'. (24)

A nD equal-side orthogonal lattice (i.e., a squarc when n=2, a cube when n=3, and a

hypercube when n > 4} has the following basis in the physical and reciprocal space

(al!aﬂ!“"laﬂ) = a(ehe2| "‘leﬂ.)!
27
(b11b2; »--1bu) = _a"(elgem'--:en)- (2.5)

Here (b;, bs,...,by,) is a set of basis vectors orthogonal to each other. If there is a

common factor n for (ny, ne, na) in Eq. (2.2), i.e. (ny, ne, na)=n(hki), then it can be

shown that

| Gnmgna | = 27[/(dhkl/n)| (26)
| Gy | = 27/ {dnwa), (2.7)

where dpy is the interplanar spacing for planes (hki).

The expansion of the Fourier analysis to & periodic electron density function n(r) in

N crystal with reciprocal lattice G is straightforward
n(r) = Y ngexp(iG-r). (2.8)
G .

This result is invariant under all crystal translation T, as defined in Eq. (2.1}, that leaves

the crystal invariant. Inversion of Eq. (2.8) gives

1
= = —iG-r). 2.9
ne vc-lden(r)exp( iG-r). (2.9)
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With Lhese definitions in mind, the diflraction condition can easily be derived. Sup-
pose that the wavevectors of the incoming and outgoing beams are k and k', respectively.
Then the difference of the phase factor between beams scattered from volume elements

r apart is exp|i(k — k') - r]=exp|—iAk - r]. The scattering amplitude is defined as

F = f dVn(r) exp [i(k — k') - ] (2.10)
- f dVn(r)exp(—iAk - r) (2.11)
=% f dVng expli(G — AK) -], (2.12)

G

When the scattering vector is equal to a reciprocal lattice vector Ak=G, then F=Vngq.
If ng is not equal to zero, a peak will show up at G. A very simple diffraction condition

can be written as
2dpisind = ni. (2.13)

This means that the set of reciprocal lattice vectors G determines all possible X-ray
reflections.

When the lattice cell is conventional instead of primitive, some values of ng in
Eq. {2.9) will be equal to zero. The peaks corresponding to zero-amplitude G's would
not appear in the diffraction spectra. The set of conditions that determines the allowed
and forbidden (hk!)’s are called the rules of extinction. For example, for a face-centered
cubic lattice k, k,! must be all odd or all even. Usually there are three kinds of Bravais
lattices in cubic system: simple cubic P(a), body-centered cubic I{a), and face-centered
cubic F(a). The side length of the conventional cubic cell is a. One can also use the
same conventional cubic cell for a face-centered cubic lattice having side of 2a, denoted
by F(2a}. The extinction rules of the cubic lattices are summarized in Table 2.3.

The structures of condensed matters are mostly investigated via diffraction experi-

ments (electrons, X-rays, or neutrons) which produce intensity distributions related to
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Table 2.2: Extinction rules of the cubic structures.

Bravais Miller indexes allowed reflection examples
F(2a) h, k, 1 all integers (100)
and all half integers (333)
P(a) h, k, 1 all integers (100)
I(a) h+k+1even (110)
F(a) h,k,! all odd or even (111), (204)

the Fourier transform of the structures. Long-range order means'! a finite number (pos-
sibly very large) of Fourier components, with sharp diffraction peaks. c-materials are
periodic and therefore must have long-range order. Disordered materials, such as gases,
liquids, and amorphous solids, have neither periodicity nor long-range order. However,
QQC's do not have a periodic structure, but have a perfect orientational long-range order.

The next section gives an example which introduces the concept of quasiperiodicity.

2.4 Fibonacci chain and cut-projection method

2.4.1 Fibonacci chain

Non-periodic long-range-ordered structures can be theoretically constructed using
any non-random procedure to generate atomic arrangements.™ A very useful 1D example
is the so-called Fibonacei chain. It consists of an infinite sequence of two segments: one
shorter denoted as S, and another longer denoted as L. One of several ways to obtain
the chain is to start with a certain finite sequence, say, L, and then operate with the
iterative rule S—L and L—LS." Infinite repetition of the operation gives an infinite

seqhence of L, S, which is obviously perfectly ordered at a long distance (not randomly
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at all). At any point in the chain, the type of segment (S or L) that must be found
is uniquely determined by the chosen starting sequence. According to the construction
rule, the growing strings in the successive iterations are L, LS, LSL, LSLLS, LSLLSLSL,
LSLLSLSLLSLLS..., etc. If the length ratio L/S of the two segments is an irrational
number, the sequence has no repetition distance. The canonical Fibonacci chain can be

obteined when the irrational number is equal to 7, the so-called golden mean
T = 2c0s36° = (1+v5)/2 = 1.618034... . (2.14)

The sharp peaks of the reflections for the Fibonacei chain can be obtained™ imme-
diately. However, it is more helpful to calculate the diffraction pattern by means of the
cut and projection method, as described in the following section. The ideas of the cut

and projection method can help to describe QC's in higher dimensions.

2.4.2 Cut and projection from 2D to 1D

The origin of quasicrystalline structures arises from the fact that their orientation
symmetries are not compatible with space groups which are accepted in the relevant
physical space."! But these forbidden point group symmetries may be accepted by pe-
riodic tiling at the cost of increasing dimensionality. The so-called projection and cut
procedures are widely used for this purpose and Fibonacci chain is a good starting point.

The following function," for example, is periodic in 2D

plz.y) = > 6(z = na)b(y — ma). (2.15)
nm
Fig. 2.2 shows the distribution of density points at the vertices of the square lattice. Its
Fourier components are distributed at the vectors of a square lattice with the spacing of
27 /a in reciprocal space as a periodic function"

Fav = 36(Q - Qu), (2.16)

hi
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o a

Figure 2.2: A square lattice of 2D (e) projects on a line of 1D space as a
1D periodic structure (o) as long as the slope of the 1D space into the 2D
is rational with respect to the lattice rows."!

where Qpp is a reciprocal lattice vector. This vector can be presented in an orthogonal
coordinate system or projected onto any 1D subspace as a straight line. For example,

R in Fig. 2.2 can be taken as a subspace. A simple geometrical analysis shows that

2 2
th: = —Hhel'*'“lr'h’eg
a a

2—:—(!; cose + h'sin a)ell + 2%(—!1 sina + h'cosa)e™. (2.17)

An alternative expression of Eq. (2.17) is

Qw = Qi + Qurn S (218)
where
Quw = P'Quw
- 2
= [Pther +wen)| =

h \2n

h! T

= [Pn(el.ez)]
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/
= (e1,ea) [D(P') ‘ )] 33, (2.19)
h! a
D(P') _ coslaa  cosasina (2.20)
cosasina sin®a .
Similarly, one has
Qe = P'Quw
h 2
= (ey,e2) |D(P") ( y ) — (2.21)
\
D(PY) = I-D(PY
sine —cosasina (2.22)
—cosasina cos*a ‘ .

For a case in higher dimensions, a projection operator is more convenient than the
geometrical analysis. Once the matrixes of the projection operators D(P") and D(P*)
are known, the calculations of Q'M. and Q‘M. are straightforward.

If tana is rational, the projected 1D structure of the infinite 2D lattice is a set of
discrete periodic sites. If tana is irrational, the projected 1D structure is no longer
periodic and is generally of no interest. However, & dramatic result comes about when
the projections on R' are not from the whole lattice (Fig. 2.3), but are restricted to those
points of the square lattice which are confined within a strip parallel to R'.™ This strip
has a width of A=a(cosc +sinc), and cosa/sina=7. It turns out that the distribution
of segments (L=acosa, S=asina) over R' oteys now & Fibonacci sequence (Fig. 2.3).
Thus the strip/projection scheme provides an easy way to generate a non-periodic, but
long-range ordered structure when the high dimensional periodic structure compatible
with the required symmetry operation is known.!"

This scheme simplifies the process of Fourier analysis of the diffraction patterns.

The Fourier components of a square lattice are equally intense peaks distributed at
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Figure 2.3: Illustration of the strip/projection method. The slope of R' is
irrational. Projections of the portion of the square lattice inside the trip
form a perfectly non-periodic, but long-range ordered structure. With the

slope equal to r, the Fibonacci chain is obtained.!"

the vectors Qux of the reciprocal square lattice [Eq. (2.16)]. It can be proven'™ that
the Fourier pattern of the strip is the convolution product of the Fourier pattern of

the infinite square lattice and the Fourier transform G(Q*) of a strip window function

W(z") (Ref. [1])

GQ") = A[sin (Q;A)] (Q;A)—l. (2.23)

From a view along R', the total diffractior: structure factor of the strip, or that of the
]

Fibonacei chain, is™
FIQY = 6@ - @u)s(@in)/a. (2.24)
hhl

Here Q' stends for the component of a continuous vector variable in the reciprocal space

along the strip direction R'. Q',,h. and Q,f,,. are the components of the discrete reciprocal
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periodic lattice in the same space along R' and R*, respectively, and are given by

] 2 1

) = —————(hT + &'
th a (2+T)I/-( )

and

Qi = ————(h't = h).
hh 7 1/2( )

i.e,, from Eq. (2.17),

Qi = -—h.el-i-—h'eo
a a

|
= Qe + Qiuet.

1.6 - -

1.0} -

{G/a)*

0.0 |- N
1 1 5 ] 1 | 1

—4 -2 0 2 4
Q' (2m/a)

| Figure 2.4: Relative intensity of XRD spots as a function of Q* for the

Fibonacci chain.

(2.25)

(2.26)

(2.27)

(2.28)
(2.29)
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2n
= h

Figure 2.5: Fourier pattern of the 2D strip shown in Fig. 2.3. Positions
are determined by § (QI—Q“M.). Diameters of the closed circles are propor-

tional to [G(Q*)/a]2. Open circles appear wherever [G (Q)/a)? £0.5% of the
maximum value of [G(Q")}/a]2.

It is clear that the positions of the diffraction spots of the Fibonacci chain are exactly
the same as those of the 2D infinite lattice. These positions are uniformly distributed
in the 2D reciprocal space and labeled by two integers (h, h'). These spots are sharp in
both cases. However, the intensities of the diffraction spots for the Fibonacci chain are
modulated by Eq. (2.23). The shape of [G(Q")/a]® which is proportional to the intensi-
ties of the XRD spots is shown in Fig. 2.4. When Q*A/2 is equal to 7, [G(Q")/a]?=0.
This means that only when |Q™| is within 27 /A=(2 + 7?11 + 1) (27 /Ja) = 0.7(2n /a),

will those diffraction spots have a significant measurable intensity (Fig. 2.5).

2.5 Icosahedral structure

Two kinds of quasicrystalline structures are studied in the thesis: i- and d-structures,

Both i- and d-structures are the 3D structures of QC's. The example in §2.4 of the
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Fibonacci chain shows that a space in a dimension higher than three is necessary in
order to explore the diffraction properties of QC's. It turns out that the i-structure may
be described in 6D space!®™~*" and the d-structure may be analyzed either in 5D or 6D
space ™

There are several schemes to describe i-structures. They were proposed respectively
by Elser,” Bancel et al.,™ and Cahn et al.® It is useful to make a comparison of
these schemes in order to enable the reader to make convenient identification of tke
diffraction patterns from various publications in which one of these schemes is used.
The 1D example in §2.4 has been presented in such & way that a generation of higher-

dimensional constructions is straightforward.

2.5.1 Elser scheme

In the Elser scheme,™ the i-quasilattice is obtained by projecting a subset of the
6D lattice °R, whose unit cell is a hypercube, into a special 3D hyperplane % The
orientation of this hyperplane with respect to the lattice is determined by the requirement

that the projected basis vectors

P n 0 o u ¢ Al !
(81,92,23,84,85,96) = P(el)emesle‘he&eﬁ)

= (e1,e e3,e4, 5 ) D(P') (2.30)

coincide with the six vertex axes of the icosahedron. This leads to a diffraction pattern

having the i-symmetry. The matrix presentation of the projection operator in Eq. (2.30)
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ist®!

(2.31)

\

It can be proven that this matrix and the matrix representing P, have rank three,

1 -1 -1 1 V5

and therefore each of them can produce only three independent vectors. The vectors

(e"l, eng, elg, e'f,,e'f.,,e':;) are along the six vertex directions of the i-quasilattice (Fig. 2.6).

By using Egs. (2.30) and (2.31), any reciprocal lattice in the 6D space can be projected

Figure 2.6: Icosahedron and the projected basis vectors (€}, €3, €3, €y, €5, €5)

of the icosahedral quasilattice.

~into the 3D space

| !
Q' (n1,n2,n3,n4,n5,m6) = P Q(n1, ng, na, na, np, ng)
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=1 2
P'(nye; + naea + naeg + ngey + nges + ngeg)—
asp

= | T 2%
= P (ehe‘.‘s ea,ememes)] (n11n21n31n41n5’n6) E"

l

[ 2
= (e}, ez, €3,y €5, eﬁ) [D (P )(nl, Nig, *y, N4, N5, ﬂs)T] E

(2.32)

The magnitude of Q"(nl,ng, n3, n4, ng, ng) is 4vsinf/ A and it can be determined from

an XRD spectrum. The last line in Eq, (2.32) allows one to caleulate

I o2n | & |8 I 2V
Q1 = pyn El Z;D(P )cjn:] : (2.33)
i=1 |j=

For example, for the peaI.k (221001) in the Elser scheme, Egs. (2.33) and (2.31) give

2 9
an(nhnmna' 4, nS:nG)I = \/E?;GD[(2\/5+ 2+14+ 1)- + (2 + 2\/5"‘ 1+ 1)2

+2+2+VE -1+ (2-2+1-1)2
F(2-2-1+1)2+(2+2 -1+ V)2
27

= 3.1495—. (2.34)
agp

For example,"” from the XRD spectrum of i-Al;gPdgoMn;g |Qu(221001)| was found to
be 3.091 A-1. Using Eq. (2.34) gives agp=6.402 A.

2.5.2 Bancel scheme

The Bancel scheme is slightly different than the Elser scheme. If the indexes in the
Bancel scheme are (nf,nf . nf ,nf . n: ,ng), then the corresponding indexes in the Elser
scheme are

E E E _E _E _E B B _.B B _B B
(ny,ng,n3,n4,n5,n) = 1-3(n1,n5,n5,n4,n§,n3). (2.35)

To calculate |Q'| corresponding to (110000)pgneer peak, Eq. (2.35) is used to convert
the index (110000)gancet to the index 73(100010)ger and then Eq. (2.33) gives the
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result which is exactly the same as the result in Eq. (2.34). Tt can be shown that

73(100010) £14er==(221001) gser. This relation is often referred to as au inflation Ly 3.

2,5,.3 Cahn scheme

There are three kinds of indexing notations related to the Cahn scheme:

C [=3 C (=] [#] [#4 . . . [+ [ c .c < [+
* (ny,ng,n3,ng,ng, ng )carn Which is equivalent to (ny, ny,ng, fig, ng, ng ) Bser]

o (h/h', k/K’, 1/1') which is equivalent to %(h FEVER R =L k= K =R k1) e
or %(h + k’yl + h" k + l'| k’ - h"l h-' - l, l’ - k)Ca]u“ alld

o N/M system in which |Q'| can be expressed as

/2
QY| = [N + M'r] (27r ) (236

2(2 + T) agp
N and M of Eq. (2.36) are given by

6
N = 2% n, (2.37)

=1

M = (n2+mns5) + (n; +na)* + (n3 + n6)® + 2[(ny — ne)(ne + ng)
+(n3 — ne)(n1 + n4) + (ng — ng)(na + ng)]. (2.38)

Let’s take the peak (221001) gyger of i-AlygPdaoMnyg as an example."” The corresponding
indexes of this peak in the Cahn scheme is (221010)conn. Eqs. (2.37) and (2.38) result
in N=20 and M=32 and Eq. (2.36) gives the same result for |Q"| as does Eq. (2.33).
So far three different kinds of i-structures have been observed.!™ They correspond
to the 6D hypercubic lattices F(2a), P(a), and I{a). The detailed calculations show
that N and M obey definite rules for the three lattices. The extinction rules for i-alloys
(Table 2.5.3) are similar to those for c-alloys (Table 2.3).
Based on the indexing schemes described above, a Fortran program INDEX,FOR™

was written to identify the XRD patterns of the i-alloys. One initia) i-peak has to
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Table 2.3: Extinction rules of the i-alloys.

Lattice |N M (n1, na, n3, 14, 15, 16)
F(2a) 4n 4m = 4. INT(N7/4) | any integers
4n+2 4m+1 = 4 INT({Nr—1)/4)+1 | any integers
4n+3 m= INT(NT) all half integers
P{a) 4n 4m = 4. INT(N7/4) any integers
4n-+-2 4m+1 =4 INT((N7—-1)/4) +1 | any integers
I(a) 4n 4m = 4-INT{N1/4) ‘):n,- = 2n

be assigned to the value of |Q!| (or 20) and the associated index. Then the program
calculates the value of lattice constant @, generates all possible peaks, and compares them
with the experimental ones. All forms of the indexes in the three schemes are given for
each matched i-peak in order to enable the reader to make convenient identification of

the i-peaks.

2.6 Decagonal structure

In contrast to the i-structure, the d-structure is periodic in one direction, usually
taken along the Z axis, and aperiodic in the XY plane. Two schemes are employed
widely to describe the d-structure. They were proposed respectively by Yamamoto et
al.®™ and Takeuchi et al.®™ This section outlines the basic ideas associated with these

two indexing schemes.
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2.6.1 Yamamoto scheme

In the Yamamoto scheme,® the d-quasilattice is obtained by projecting a subset of
the 5D lattice °R into a special 3D hyperplane %', Its orientation relative to the lattice
is determined by the requirement that the first four projected basis vectors (e'l, e!_,, el ey)
are in the X-Y plane and have an angle 2ir /5 (i=1, ..., 4) with respect to X direction.
The basis vector el:s is along Z dircction, i.e. along the periodic direction. The five
orthogonal unit vectors (e;, es, €3, &4, €5) are defined in such a way that ey, es, es span
the external space (Qu) and are along X, Y, Z direction, whercas e3, e4 span the internal
space (Q™).

The basic 5D lattice vectors of the decagonal structure are defined as

(a1,80,83,84,25) = (e, eq €3 eq,e5)Ma, (2.39)
where matrix M is defined as™®

(01—1 ca~1 ¢e3—1 eq—1 0
51 1] 53 84 0

-~ 2

M = W ea—1 e4~1 ¢—1 e3—=1 0 (2.40)

S2 54 S 83 0

\ 0 0 0 0 \/gc/(2a))

Here c;=cos(2mj/5) and s;=sin(275/5), where j=1, ..., 4. Unlike the i-structure where
a;=e;a, here one can see that a; is not equal to e;a, and all a;’s are not orthogonal.
Therefore the unit cell of the d-structure in the 5D space is not a hypercube.

The reciprocal basis vectors can be defined as™

2
(bll b2| b3| b4: bE) = (eh €q, €3, €4, eS)M_ITTr: (2'41)
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where matrix M ~! is defined as®™!

M-l o=

(e

81

Ce

Sl

32

It can be proven that a; - b;=2md;;.

€4

34

C3
53
C1

5

Cq
5S4
C3

33

0 0 0 0 \/Ea/c;

0
0
0

0

30

(2.42)

The projection matrix for the d-structure is similar to that in Eq. (2.31) and is given

bylﬂl

D(PII) —

0
0

\0

Sl

(Cl c

5

3

7]
(]

0
0
0

3 €4 0 \
§3 S84 0
0 0 0
0 0 0
0 0 VB5a/e /

(2.43)

The following equation is used to calculate the parallel component of Q for the d-

structure

[
Q (nls no, Nz, N4, '.'1.5)

£
]

£ (n1ey + nges + nges + naeq + nses)giz
[ Tl 27
(91,92,33,84195) D(P )(nlr no, N3, n4sn5) T

[(n101 + naca + nacy + nacq)

+ [(n181 + nasa + nassz + n484)

27
+ [ns'—
¢

]
Qzer + Qlea + Qles,

Je:

Ve

T
ey

trr——

v5a

a 1/2
Q' = (e +Q',,2+Q",2) .

s
ez

(2.44)
(2.45)
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For example,"™"! two peaks are assigned to the indexes (0,3,5,3,1) and (2,8,10,5,0), and

have values of Q' respectively 3.064 A-! and 5.080 A~!. The above cquations give

370.9 39.48

¢ —— = 3.064°
a= c=
13‘212 + 0 = 5.080%

Solving these two equations gives a=7.211 A and ¢=4.184 A.

2.6.2 Takeuchi scheme

In the Takeuchi scheme," five reciprocal vectors b} (i=1, ..., 5) arc arranged so that
they make an angle of 27 /5 between the adjacent ones in a plane perpendicular to the
vector b's. For the first five vectors, |b}| is taken to be equal to 2r /a, whereas the [bh)
is equal to 2x /c. Therefore, one can make use of equations similar to Eqs. (2.44) and
(2.45) to calculate Q'

For the two schemes described above, two Fortran programs D1INDEX.FOR and
D2INDEX.FOR™ were written for indexing the XRD patterns of d-structures. In order
to find out lattice constants a and ¢, the values of Q" and the corresponding indexes
have to be assigned to two chosen peaks.

Fig. 2.7 shows the XRD spectrum of the d-alloy Alg;Co;5Cusy. The Q“ values of
the peaks (00112) and (08 13 81) are respectively 2.038 and 0.875 A~!. Indexing the
spectrum gives a=7.182 A and ¢=4.166 A.
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Figure 2.7: XRD spectrum of the d-alloy AlgsCo)5Cus. The vertical lines
above the Bragg peaks correspond to the positions calculated for the Cuk oy
radiation.

2.7 Summary

This chapter can be summarized by ﬁoting that whereas the atomic structures of QC’s
in physical space are still being investigated, several models in 5D and 6D spaces are
well developed for indexing the XRD patterns. Three Fortran programs were written in
the course of the study for indexing the i- and d-structures using the often-used schemes.
Detailed descriptions, equations, and matrixes appearing in this chapter are expected
to be helpful for readers who are interested in indexing QC’s or making comparisons of

the indexing results from various publications.



Chapter 3

PHOTOEMISSION
SPECTROSCOPY

In this chapter, the first section gives an introduction to the PES technique. The
second section deals with the raw data correction. The remaining sections explain the
photoemission from different physics perspectives, such as resonance, DOS and partial
DOS (PDOS), pseudogap, spikiness, and core level shift. The PES spectre of d-alloy

AlgsCoy5Cugg were taken™ as examples in order to illustrate the process of analysis of

the PES spectra.

3.1 Photoemission spectroscopy technique

Photoemission can be summarized as a photon-in and electron-out"™ experiment
(Fig. 3.1). A monochromatic photon beam in the UV or X-ray range impinges on a
sample and induces the emission of the photoelectrons. Then the photoelectrons are
éollected and analyzed by an electron energy analyzer. The typical operation mode

of a PES experiment is an energy distribulion curve (EDC) mode. The EDC spectrum

33



CHAPTER 3. PHOTOEMISSION SPECTROSCOPY 34

ELECTRON ENERGY
m

N

\w

DENSITY OF STATES

Figure 3.1: Photoemission spectroscopy in a bird’s eye view.

represents the photoelectron intensity as a function of photoelectron energy. It is obvious
that a PES spectrum must reflect the population of the electronic states of the sample. "
Intuitively, when a photon of energy hv is absorbed, its energy is transferred to an
electron (Fig. 3.1) which "jumps” from its initial state at binding energy (Ep) to an

excited state above the vacuum level, with kinetic encrgy®®
Ex = hv+Eg—¢, 3.1)

where ¢ is the work function of the sample. Because of the energy conservation relation
in Eq. (3.1), it may be expected that the distribution of the excited photoelectrons will
reproduce the structures of the distribution of occupied states, i.e., the occupied density
of states."™ The PES spectrum of the Cu metal (from Fig. 12 in Ref, [83]) in Fig. 3.2
confirms this intuitive picture. One can easily identify the narrow and completely filled
Cu 3d band at around 3 eV below the Ep, and a wide, partially occupied conduction

‘band of s character. This kind of information is extremely important and can not be
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Figure 3.2: PES spectrum of Cu metal. The data were complied from Fig.
12 in Ref. [83].

obtained in such a direct way by any other technique.'™

When measuring photoelectrons which are excited with a continuously tunable light
source, which is possible by using synchrotron radiation, one has the option of varying
either the Ej window of the electron analyzer and keeping the hv fixed, or of varying hv
and setting Ex to a fixed value. There are further possibilities for combined variations
of hv and Ex."™ Two of them were employed in this project since the synchrotron
radiation source was used to collect most of PES spectra. There is a need for guidelines
for the interpretation of the spectra obtained in these different modes. For this purpose,
the result of a simplified one-clectron density of states model"® is described below.,

The number of photoelectrons excited to a final-state energy characterized by Ey is

f103)

giyen by
N(Ex,hv) o _[ d*kM;r(k)6[E (k) — Ei(k) — hv]8[Ef(k) - Ex]. (3.2)

The escape probability through the surface has been assumed to be independent of all
variables."®! The indexes i and f represent the initial and final states with energies E;

and Ey, respectively. Here E; is equal to Eg in this thesis and E; is equal to {Ex +
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¢). M;y(k) is the matrix element for dipole transitions between these states at the point
k in the first Brillouin zone."®™ Under the simplifying assumption that M;z(k) is also
constant throughout the Brillouin zone and further that one deals with flat initial-state

bands or has a breakdown of the k-sclection rule, one can rewrite Eq. (3.2)0%

N(Ek,hv) o« M-pi(Ey - hv)-ps(Ek), (3.3)

where p; and py arc initial- and final-state densities of the states, respectively. On the
onc hand, the k-selection rule, which allows only for direct transitions, will reduce the
number of states contributing to p; and p; in Eq. (3.3). On the other hand, one can
also make use of the k-selection rule to obtain more detailed information by using the
so-called angle-resolved PES spectra measurements.

The three types of spectroscopies which may be employed can be interpreted de-

pending on how the parameters Ex and hv are varied™ in Eq. (3.3):

¢ EDC spectroscopy, variation of Eg for a constant hv gives joint information on p;

and py,

e CIS (Constent Initial-State) spectroscopy, synchronous variation of Ex and hv

such that Ex—hv=FEpg-¢=constant gives py, and
e CFS (Constant Final-State) spectroscopy, variation of hv gives p;.

The first two types of spectroscopies were studied extensively during the course of
this research. Examples of EDC and CIS spectra will be presented in the following
sections of this chapter and throughout the next chapter.

Most of the PES spectra were collected at room temperature on beamline Ul4A at
the National Synchrotron Light Source at the Brookhaven National Laboratory. High
energy-resolution UPS data obtained recently at the University of Nechatel will be also

presented.®
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For the synchrotron-radiation-based spectra, kv values between 35 and 150 eV were
selected with a plane grating monochromator. The normal to the sample was at an
angle 45° to both the photon beam and the axis of a PHI 15-255 precision electron-
energy analyzer. The resulting overall resolution was about 0.4 eV. The samples were
cleaned in the experimental vacuum chamber eitlier by gentle mechanical abrasion in
situ using an alumina scraper or by Ar sputtering. The surface cleanliness of the samples
was frequently verified by monitoring the appearance of the oxide features in the PES
spectra of the Al 2p core-level lines and/or of the valence bands.™ The ambient pressure
in the experimental chamber was in the high 10~ Torr range. All the spectra presented
here were obtained from at least two different regions of the samples studied, and were
indistinguishable within the resolution of the experiment. The position of the Fermi
level was determined with an accuracy of 50 meV by measuring the Fermi edge of an
adjacent Al foil electrically connected to the samples.

For the UPS spectra, a He lamp was used as radiation light (He I: 21.1 eV, He II:
40.8 eV). The samples could be cooled down to about 13 K. They were cleaned by
scraping tn situ. The position of the Fermi level was determined with accuracy better
than 1 meV by measuring the Fermi edge of Ag evaporated onto the studied sample.
The resolution of an experiment- was obtained from the fitting of the Fermi edge region
of the Ag valence band to a linearly decreasing intensity multiplied by the Fermi-Dirac
distribution function and convoluted with a Gaussian (the FWHM of the Gaussian
defines the energy resolution). Resolutions better than 50 meV could easily be achieved.
Fig. 3.3 shows a part of UPS spectrum around the Fermi edge for Ag evaporated on a
sample of i-Zn-Mg-Y measured at a temperature of 13 K."® The solid line is a fit using

the procedure mentioned above. The fit gives the energy resolution of 5.240.2 meV.
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Figure 3.3: The Fermi edge region of the valence band for Ag evaporated

onto a sample of i-Zn-Mg-Y measured at T=13 K.P! The solid line is the
fit, as described in the text, which gives the energy resolution of 5.2+0.2
meV.

3.2 Raw data correction

In order to meaningfully compare the intensities of the synchrotron-radiation-based
PES spectra of a given sample, several corrections have to be taken into account,® First,
all PES spectra presented here were corrected for the energy dependence of the electron
transmission of the electron-energy analyzer. It was assumed that the transmission of
the analyzer is inversely proportional to the kinetic energy of the electrons."™! Next, the
PES spectra were normalized to the time-dependent photon flux. The secondary-electron
contribution was then subtracted by using the Shirley method."™ In this method, the
secondary-electron background intensity at each binding energy is assumed to be pro-
portional to the total integrated signal at lower binding energies.

The first two corrections slightly modify the shape of the raw spectrum. The back-
ground subtraction causes the largest change (Fig. 3.4). These corrected spectra can be

compared not only with respect to their shape but also in terms of their intensities.
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Figure 3.4: Effect of various corrections on the valence-band spectrum of d-
AlgsCo15Cuzy measured at hy=100 eV. (o) - the as-mensured spectrum, (%)
- the analyzer- and flux-corrected as-measured spectrum which was scaled
to the most intense peak of the as-measured spectrum, (v) - the secondary-
electron contribution to the analyzer- and flux-corrected spectrum, (s) - the
resultant spectrum after subtraction of the secondary-electron contribution.

One has to be careful of the influence of photons with multiples of the selected energy.
This is the case when using a synchrotron radiation source with a grating monochroma-
tor, especially when working at relatively low hv values with a given refocussing mirror.
The grating diffraction equation is d(sina — sind}=nA=n(he)/{(kv),"™ where d is the
grating groove spacing, a and b are the incidence and diffraction angles with rcs'pect; to
the grating normal. All the three parameters are the same for the multiples of the se-
lected hv. It turns out that the output beam is a mixture of photons with the first-order
energy hv, second-order energy 2hy, and so on. At the beamline U14A, the hv ranges
of interest are: 14-86 eV for the refocussing mirror 4 (P4), and 30-170 eV for the mirror
3 (P3).0e

Suppose a beam of photons with hv=70 eV is selected using P3 to measure a valcnéc

band of an Al-based material. The interesting range of Ep for a valence band is from
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~10 ¢V to 3 eV (Fig. 3.2). The corresponding range of Ex would be from 55 eV to 68
eV [see EEq. (3.1) and assume ¢=5 ¢V]. The 140 eV-energy photons also are transmitted
as the second-order diffraction. This kv is high enough to excite the Al 2p electrons
whose Ep=—72.6 ¢V. As a result, a peak appears around Ex=062.4 eV. In other words,
the spectral intensity in the valence band at Ex=62.4 eV, i.e. Eg=—2.6 eV, results from
the valence band excited by the 70-eV photons and from the Al 2p core level excited by
the 140-¢V photons. However, the P4 does not cause this problem because of its low

flux at 140 eV .1

3.3 Photoemission resonance

Resonance photoemission is a particularly useful technique in determining the origin
of atom-specific features in a valence band."® It is based on an enhancement of the
o of an outer-shell-electron as the excitation energy exceeds the threshold of an inner
excitation. For TM atoms the resonance takes place at excitation energies near the 3p
threshold. For example, the Co 3p—3d transition is expected to occur at hva50 eV,
For a TM atom with a ground state configuration of 3d®, resonance photoemission
involves two processes.®™ The first process is the direct excitation from the occupied

valence band, and can be expressed as
3p%3d" + hv — 3p°3d"~1¢;, (3.4)

where ¢; labels the state of a photoelectron to be detected. The other process involves
a 3p electron being excited into an unoccupied 3d state, which then decays through an
autoionization process. During the second process one 3d electron falls back to fill the
3p hole, thus transferring all its energy to a second electron which is emitted from the

atom. This process can be described as

3p°3d"™ + hv — 3p°3d™+! — 3p834" e, | (3.5)
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Since the final state in Eq. (3.4) is identical to that in Eq. (3.5), there must be a quantum
interference between the two processes. Thus, when Av is swept through the Co Jp—3d
threshold, the TM 3d-derived features resonate, i.e., they are enhanced or suppressed.

The line shape I(hv) of the resonance described by Eqs. (3.4) and (3.5) can be
characterized by the Fano profile!"”"

e+q)° .
% + Ine(he), (3.6)

where Ig(hv) is the nonresonant Co 3d emission, I,»(hv) is a noninterfering background

I(hl}) == Io(hv)

contribution, q is Fano’s asymmetry parameter, and e=2(hv—En)/T is the reduced
energy expressed in terms of the resonant energy (Egr), and FWHM (I'). A lincar

background In-(hv) was assumed during the fitting throughout the project.
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Figure 3.5: Valence bands of d-Alg5C0,5Cuz measured for different hv val-
ues around the Co 3p—3d transition. A, B, C, and D identify positions for
which CIS spectra were measured (Fig. 3.7)./*"

It can be seen in Fig. 3.5 that '™ as hv increases, the relative intensity of the peak

at Ep~—0.7 eV with respect to the peak at Ep~—3.7 eV decreases first, reaches its
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minimum at hv=60 ¢V, and then starts to increase for higher values of hv. Since in
the vicinity of the Co 3p—3d transition the changes of ¢ with hv are very small, the
suppression of the —0.7 eV feature at hv=60 eV indicates that it is mainly of the Co 3d

character.

INTENSITY (arb. units)
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Figure 3.6: CIS spectra for the indicated Ep values. The spectra were
calculated from the PES spectra in Fig. 3.5, as described in the text. The

solid lines are guides for the eye.™

A resonance photoemission experiment can be performed in the CIS mode." The
CIS spectra represent the dependence of the photoemission intensity on hy for selected
valence-band positions identified by their initial energy (Fp). These spectra can show
more clearly the photoemission intensity variations due to resonance. A CIS spectrum
can be obtained by two different methods,

The first method involves generating the CIS spectra directly from the valence-band
spectra measured for different hv. Such CIS spectra can be obtained from the valence

bands in Fig. 3.5 by plotting “he intensity at a given Ep versus hv (Fig. 3.6). The
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CIS intensity was calculated as an average of five PES intensity values around a given
Ep in order to diminish possible CIS intensity fluctuations. One can sce (Fig. 3.6)
that the resonance occurs for hv values around 60 eV and that it is strongest for the
Ep values between —0.7 and —1.0 eV. This corresponds to the peak position of one
of the two features in Fig. 3.5. It confirms that the peak in Fig. 3.5 close to Ep is
predominantly of the Co 3d character. The generated CIS spectra (Fig. 3.6) consist of
a small number of the experimental points (limited by the number of the PES valence
band spectra at different hv values). Thercfore these spectra do not lend themselves Lo

‘& more quantitative analysis.
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Figure 3.7: CIS spectra measured for the valence band positions A, B,
C, and D in Fig. 3.5, which are identified here by the same letters. The
solid line is a fit to a Fano profile and a linear background [Eq. (3.8)] with

parameters given in Table 3.1.1%9

The CIS spectra can be also measured by a synchronous scanning of the hv and Fg.
Such spectra for the Epg values corresponding to the positions denoted by A, B, C, and

D in Fig. 3.5 are shown in Fig. 3.7. One can clearly see & minimum for v around 60
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eV. The parameters obtained from the fit using Eq. 3.6 are given in Table 3.1.

Table 3.1: Parameters obtained by fitting the CIS spectra in Fig. 3.7 to the
Fano line shape {Eq. (3.6)] for the Eg values corresponding to the positions
A, B, and C indicated in Fig. 3.5.

Label Ep (eV) Iy Eg(eV) q I' (eV)

A -0.6  86(3) 59.7(2) 0.22(7) 4.6(3)
B -1.0  84(d) 60.2(2) 031(9) 4.7(3)
C -16  43(4) 60.0(5) 0.17(2) 4.7(6)

Even though a good fit of the CIS spectra was obtained (Fig. 3.7), the fitted param-
cters are correlated and therefore caution is required in their physical interpretation.
The Ep values (Table 3.1) are close to the corresponding Eg of the Co 3p core level.'®
A relatively broad character of the resonance is reflected in the large value of I'. The
strongest resonance occurs between Ep=—0.6 ¢V and Ep=-1.0 eV and it extends up
to Ep=—1.6 eV. The fact that the resonance takes place in a rather broad Eg region
can be interpreted as evidence of hybridization between the Co 34 and Al sp and/or Cu
3d states. It is concluded that the peaks at Eg=—0.7 and ~3.7 eV in the valence band
of d-AlgsCo,5Cugy (Fig. 3.5) are respectively due to the Co 3d and Cu 3d states.

3.4 Partial density of states

It is now widely accepted that PES valence bands measured at hv>40 eV represent
the initial DOS weighted by frequency-dependent dipole matrix elements and by the

a(hv) values of various s, p, d, and f states."®™ To a good approximation, it can be



CHAPTER 3. PHOTOEMISSION SPECTROSCOPY 45

assumed that the matrix elements do not change significantly over the width of the
valence bands. Thus the measured PES valence bands, when corrected for experimental
factors and for inelastically scattered electrons, are proportional to the DOS modulated
by the o values.

Before synchrotron radiation became available as a tunable excitation source, the
pariial spectral weights of a given state of a given clement in an alloy were determined
almost exclusively using the SXE technique. The use of synchrotron-radiation-based

PES allows one also to determine PDOS for some orbitals. '™

[ S

DOS (electrons/(eV otom))

BINDING ENERGY (eV)

Figure 3.8: PDOS’s of the Co and Cu 3d states in d-AlgsCoisCuyg (o) ob-
tained from the hv=60 eV and 63 eV valence bands in Fig. 3.5, and later
smoothed (¢). The broadened theoretical DOS (solid line) is from Ref. [111],
as described in the text.

By taking the difference between the on-resonance (hv=63 eV) and off-resonance
(hv=60 eV} valence bands in Fig. 3.5 and scaling to the heights of the peaks, one obtains
the PDOS’s of the Co 3d and Cnu 3d character respectively (open circles in Fig. 3.8). As

the difference spectra had a large scatter, they were smoothed (closed circles in Fig. 3.8)
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to allow a better comparison with the theoretical PDOS's of the Co and Cu 3d states "'

The clectronic structure of the hypothetical approximant AlgoCo14Cuygy of a d-alloy
Al-Co-Cu has been calculated in a recent study."*" The theoretical DOS, which was
kindly provided by Prof. T. Fujiwara, exhibits a well pronounced pseudogap at Ep.MY
In order to make a meaningful comparison between the theoretical and experimental
PDOS's, the former has to be appropriately broadened to account for the lifetime broad-
cning effects inherent to the PES technique and for the finite resolution of a PES exper-
iment. The theoretical Co 3d and Cu 3d DOS were first multiplied by the Fermi-Dirac
function at room temperature, then convoluted with a Lorentzian to account for the
lifetime broadening, and finally convoluted with a Gaussian to account for the instru-
mental broadening, The Lorentzian FWHM was taken in the form I'Y(|Eg| - Ep)®
(Ref. [112]) which is predicted by Fermi liquid theory."'™ The I') parameter, which fixes
the scale of the broadening, was chosen to be 0.02 eV~ since for this value one obtains
a good agreement between the theoretical and experimental widths of the Cu 3d DOS.
The Gaussian FWHM was 0.4 eV. As can be seen from Fig. 3.8, there is a striking

disagreement between the theoretical and experimental Co 34 DOS.

3.5 Minimum of density of states at the Fermi level

In order to compare the theoretical valence-band spectrum of the approximant of the
d-alloy Al-Co-Cu with an experimental spectrum of the d-alloy AlgsCo15Cugg at hv=100
eV, the theoretical PDOS’s of the Al, Co, anc Cu for different angular momenta"'" were
first multiplied by the corresponding o values"* and normalized for the numbers of the
electrons in the valence band.™® Their sum (Fig. 3.9), which differs only slightly from
the total theoretical DOS of an approximant of the d-alloy,"*" represents the theoretical
PES valence band which would be expected in a hypothetical PES experiment with an

infinitely high energy resolution and no lifetime broadening effects. A distinct and wide
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pseudogap at Er (Fig. 3.9) is predicted."!!
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Figure 3.9: Theoretical Av=100 eV PES valence band of a d-Al-Co-Cu alloy
which was obtained by summing the theoretical PDOS’s of the Al, Co, and
Cu associated with different angular momenta from Ref. [111] weighted by
the corresponding o values from Ref. [114] and by the composition and the

number of electrons.!""”

The theoretical PES valence band in Fig. 3.9 was next broadened in the same way
as described in §3.4 and compared with the valence band of d-AlgsCo,5Cusg measured
at hvy=100 eV (Fig. 3.10). A wide pseudogap at Ep predicted by theory™" is clearly
not present in the experimental valence band (Fig. 3.10). Furthermore, even by al-
lowing for the difference in composition between the approximant AlgsCoj4Cusy and
d-AlgsCo15Cuqg, the theoretical Co 3d spectral weight is much smaller than the weight
observed experimentally (Fig. 3.11).

It is useful to compare the valence bands of d-alloys d-AlgsCojsCugg and AlzgCoysNijs
with the valence bands of their constituent elements (Fig. 3.11). It can be noticed that
there is & clear shift of the Cu 3d spectral weight in d-AlgsCo15Cusg away from Ep as
compared with the corresponding spectral weight in pure Cu (Fig. 3.11). Such a shift is
expected to result in a decrease of the Cu 3d contribution to the DOS(Er). A similar
shift is not observed for the Co and Ni 3d spectral weights (Fig. 3.11). Consequently,
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Figure 3.10: Comparison between the valence band of d-AlgsCo,5Cug mea-
sured at Av=100 eV (o) and the broadened theoretical PES valence band
(solid line) from Fig. 3.9, as described in the text.

one can anticipate a non-negligible contribution of the Co and Ni 3d-like states to the
DOS(Er) for the d-AlgsCorsCusg and AlzgCoysNiys alloys.

The Al sp states are expected to spread throughout the valence bands of d-alloys
AlgsCoy5Cugg and AlypCoisNiys. However, this cannot be detected clearly in the mea-
sured spectra due to the small ¢ values of Al s and p orbitals."* These states contribute
to a broad spectral weight below Eg=—6 eV, where the contributions from the Co, Cu,
and Ni 3d-derived states are relatively small. This spectral weight could be also caused
by surface oxidation.”™ This possibility, however, can be excluded es the surface clean-
liness was carefully monitored during the PES experiments.

It can be concluded that the PES data presented here are conclusive evidence for the
lack of a pseudogap at Ep in the two d-alloys of high structural quality. This can be
interpreted as evidence that the Hume-Rothery mechenism does not play an important
role in the stability and transport properties of d-alloys. This finding agrees with the
suggestion based on the results of the recent optical conductivity®™ and the plane-wave

model*' studies, and is at variance with the interpretation of the electronic transport
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Figure 3.11: Comparison of valence bands of d-alloys AlgCo;3Cuzp and
AlnCosNijs with the valence bands of Al (Fig. 2 in Ref. [118]), Co, Cu
(the raw PES spectrum was kindly provided by T.-U. Nahm and S.-J. Oh;
the secondary electron contribution was subtracted from the original spec-
trum), and Ni (Fig. 4a in Ref. [117]; the secondary-electron contribution
was subtracted from the original spectrum) metals. All valence bands were
measured at hy=100 eV except for the valence band of the Al metal which
was measured with Mg Ko radiation (1253.6 eV). The spectra were nor-
malized to give a constant height between the maximum and minimum
recorded count.

data % 5" %l anqd the prediction based on the energy-band calculations.!!"
The lack of a pseudogap at Er in d-alloys means that there is a fundamental difference
between their electronic structure and that of i-alloys in which this pseudogap seems to

£ [1:3,4,8,9, 49, 62,

exis %I Therefore, one has to consider other unconventional mechanisms

to account for the unusual physical properties of d-alloys.
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3.6 Fine structure of density of states

The notion of a structure-induced pseudogap is believed to be a generic property of
QC's. It is theoretically predicted for both i-alloys®™ ¥ and d-alloys." But this predic-

%485 49 1t is not, however, a specific property

tion seems to be realized only in i-alloys,!"
distinguishing QC’s from the periodic or aperiodic phases because such & pseudogap was
shown to be also present in some amorphous"*® or c-materials."™ ¥ A property which,
according to some electronic structure caleulations,®® ® " ig specific only to QC’s is
the fine structure (spikiness) of their DOS (Fig. 3.9) resulting from a large number of
non-degencrate flat bands.

Although the spikiness is predicted to be attenuated™! in the d-Al-Co-Cu alloys
in comparison tlo the i-alloys by the effect of the periodic direction, it is still clearly
visible, especially in the vicinity of the Cu 3d peak (Fig. 3.9)."" The width of a spiky
peak is predicted™ "" to be of the order of 0.01-0.02 eV. The valence bands of d-alloys
AlgsCoysCugg and AlzgCoysNiys presented here show no evidence for the presence of
such spikes. These spikes have also not been detected directly in other spectmémpic
measurements of QC’s.!® 1% 4% ™

There are several possible explanations of the failure to detect these spikes in ex-
périment (provided that they indeed exist). Assuming a hypothetical case of a PES
experiment with no lifetime broadening, an energy resolution better than about 0.1 eV
is required (left panel of Fig. 3.12) to detect the spikes. In a real PES experiment, life-
time broadening effects are present (§3.4) and they smear out even further (especially
far from EF) the fine features in the DOS (riéht‘, panel of Fig. 3.12). It can be concluded
that the predicted"'!! DOS spikiness can be observed with the PES experiments of the
highest energy resolution (<20 meV), and only in the vicinity of Ep.

The most recent high-resolution UPS experiments,”® which are discussed in the next

chapter, do not show any evidence for the spikiness. SXE spectroscopy is not suitable for
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Figure 3.12: Left panel: Theoretical PES spectrum from Fig. 3.9 multi-
plied by the Fermi-Dirac distribution function at room temperature and
convoluted with a Gaussian of the FWHM equal to (a) 0.6, (b) 0.4, {c)
0.1, and (d) 0.02 eV. Right panel: Theoretical PES spectrum from Fig. 3.9
multiplied by the Fermi-Dirac distribution function at room temperature
and convoluted with a Lorentzian of the FWHM equal to [‘?‘(|Eg| - EF)?,
where ') =0.02 eV, and with a Gaussian of the FWHM equal to (a') 0.6,
(b’) 0.4, (c') 0.1, and (d’) 0.02 eV,

detecting such spikes because of the severe broadening effects™ around the Er inherent

to this technique.

3.7 Core level shift

The core level line shape can be best, expressed by the Doniach-Sunjié¢ profile!** '*

(1 - a)cos{ra/2 + (1 ~ a)arctan[(E£ — Eo)/(F/2)]},

I(E) = [(E = Eo)? + (T2 4)[t-72

(3.7)
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where 7 denotes the gamma function, « is the asymmetry parameter, I" is the FWHM
of the corresponding Lorentzian function which takes into account the finite hole-state
lifetime cffect, Ep is the peak position, and E is the energy which may be kinetic or
binding energy. When a=0, a Lorentzian is obtained. Similarly to the case of & valence
band, the line shape should be convoluted with a Gaussian function in order to take
into account the finite instrumental resolution. The spectrum resulting from Eq. (3.7)

is shown in Fig. 3.13

llllillllllllllll[
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F‘i,gure 3.13: Doniach-Sunjié line shape with a=0.2, '=0.04 eV, and E;=22.5
ev.

The Al 2p core-level lines in Al metal and in d-alloys AlgsCo;5Cusg and AlzgCoysNiys
are compared in Fig. 3.14. One can notice that the Al 2p,/; and 2p3/0 lines are separated
in the Al metal (inset of Fig. 3.14), but they overlap in the d-alloys. The separation of
the Al 2p, /2 and 2p3/0 lines in the Al metal determined from a fit using the two Doniach-
Sunji¢ profiles [Eq. (3.7)] convoluted with a Gaussian (inset of Fig. 3.14) is 0.41(1) eV.
This is in good agreement with the value of 0.42 eV reported in the literature,

‘The Gaussian FWHM obtained from the fit was 0.418(7) eV. This value, together
with the observation of the Al 2p;/s and 2pasa components in the Al metal, confirms

that the overall resolution of the recorded PES spectra is about 0.4 eV. The main result
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Figure 3.14: Al 2p photoemission lines of the Al metal (c) and d-alloys

AlgsCo5Cuyg (s), and Al;gCosNi;s (A) mensured at k=100 eV. The lines

were normalized to give a constant height between the maximum and min-

imum recorded count. The inset shows the fit (solid line) of the Al 2p line

of the Al metal with two Doniach-Sunjié profiles (Eq. (3.7)] corresponding

to Al 2pyyy and 2py/y core levels, which are also shown, convoluted with a

Gaussian.
obtained from Fig. 3.14 is the observation of the shift of Ep of the Al 2p line in the
d-alloys AlgsCoy5Cusg and AlyCoisNiys respectively by 0.36(3) and 0.30(3) eV towards
lower |Eg| values with respect to Al metal.

There are only a few reports of shifts of the core-level lines in QC's with respect to
pure elements and/or to other c-alloys. Ederer et al.™! reported the chemical shifts of 0.2
eV between the Al-Mn alloys of different crystal structures and pure Al, and of less than
0.1 eV between the Al-Mn alloys of ¢- and i-structure. Matsubara et 21! found a 0.4
eV shift of the Al 2p and Li 1s lines towards higher |Eg| values in i-AlggLiag gCuge with
respect to the Frank-Kasper c-alloy AlgLizggCuga. The shift of |Eg| of the Al 2p line
in i-AlzoPd2oMn)o with respect to a pure Al metal was 0.27( 10) eV (§4.1 and Rel, [10]).
The values of the observed shifts are small and are comparable to those observed in

c-alloys."* The interpretation of the shift of Ep is complicated by the fact that it

consists of contributions due to chemical, configuration, and relaxation shifts."?” These
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contributions are difficult to evaluate theoretically even for simple binary alloys."?®

3.8 Summary

This chapter introduces the PES technique both in the theoretical and experimental
aspects. Based on Eq. (3.3), §3.1 presents a simple one-electron model which gives a
clear picture of the PES operation modes: EDC, CIS and CFS. §3.2 explains the raw
data corrections and indicates that one has to be aware of the influence of the higher-
order-energy photons when using the synchrotron radiation source. PES resonance can
be described by Eq. (3.6) and has been proven to be a usefu! method to explore the
electronic structures of the solids. By using the synchrotron radiation source, PDQOS’s
of d- and felectrons can be determined from the spectra measured at different iv values.
When comparing a theoretical spectrum with an experimental one, lifetime broadening
and instrumental resoltion broadening have to be taken into account by convoluting the
theoretical spectrum with Lorentzian and Gaussian functions. A pseudogap is one of the
most important issues of QC’s because it is connected to the mechanisms of the stability
and the high p in QC’s. The predicted spikiness has not been detected in the high-
resolution UPS measurements.’®™ Whereas the PES spectra of d-alloys AlgsCo15Cusg
and Al;,Co;5Niys are taken as examples in this chapter for describing the theory and
the technique of PES, the spectra of other important QC's are discussed in the next

chapter.



Chapter 4

RESULTS AND DISCUSSION

The first two sections of this chapter present the studies of the i-alloys AlygPdagMnygh
and Alg;CuggOs;s5."" The topics discussed here are the XRD pattern indexing and the
PES spectra. §4.3 describes the UPS spectra of i-Alg;CusgFersRus g measured with the
ultrahigh energy resolution.®™! The last section compares the PES and UPS results of
the spectra for i-alloys AlgsCugoMd;s (Md=0s, Ru, Fe, and FeggRugg)™ ™ * % ang

discusses tk= pseudogap, spikiness, and the resistivity behavior of the QC's.

4.1 z'-Alloy A170P d20MIl10

The stable i-alloy AlzgPdagMnyg was found in 1990."*" It differs from other stable
i-phases in that the samples are free of atomic disorder and phason strains even in the
rapidly solidified state."*” Furthermore, this phase exists in a wide composition range."®

Structural studies with different techniques show that this phase forms in & perfect i-

(101, 126—

state. 1 Therefore, this system is ideal for studies of its possible unusual physical

properties. %

55
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4.1.1 X-ray diffraction pattern

The XRD spectrum of the studied sample measured in the 20 range 6°-123° (Fig. 4.1)
shows the presence of the many Bragg lines, the weaker of which are usually not observed
in the spectra cbtained with a scintillation detector. This increased sensitivity for the
weak lines is due to the solid-state detector which has a higlier counting efficiency (due
to the elimination of a monochromuior in the diffracted beam) and lower background
count rate as compared to a conventional sciniillation detector.

For clarity, only some of the detected i-peaks in Fig. 4.1 are labeled with integers.
The vertical lines above all detected i-peaks correspond to the positions caleulated for
the CuK o, radiation. Notice the splitting of diffraction peaks for large 20 values due
to Kag radiation. The symbols (o) and (v) indicate the peak positions corresponding
to the strongest peaks of the hexagonal Al3Pd» and decagonal Al4Mn second phases,
respectively. The inset of Fig. 4.1 shows a part of the spectrum with low-intensity peaks.

The positions of all the detected Bragg lines corresponding to CuKe; radiation in
terms of the angle 20, and the wave number Q=47 s5in 81/, as well as their relative
intensities INT (normalized to a maximum of 100.0 for all detected i-peaks) and the
Lorentzian full width at half maximum (FWHM) I'g, were determined from the pro-
file fitting using the procedure described by Schreiner and Jenkins.™ The parameters
for 61 detected i-peaks, whose positions are indicated by the vertical lines in Fig. 4.1,
are presented in Table 4.1. Since there are several schemes employed to index the i-
lines, the indexes obtained from the most often used schemes!®™~*" (§2.4 and §2.5) are
presented here in order to enable the reader to make convenient identification of the
i-lines. The i-peaks are labeled with consecutive integers in column 1. These integers
correspond to the vertical lines in Fig. 4.1. Quue in A~! is the calculated Q value by
taking the line number 17 as the reference line. 11 and I2 are the indexes (N/M) and

(h/h', k/k', 1/') based on the indexing scheme of Cahn et al.® I3 and I4 are the in-
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dexes corresponding to the indexing schemes of Elser™ and Bancel et al.,"”™ respectively.
The symbol ninangnensng/2 in the I3 and M schemes is an abbreviation for the index
(n1/2}(n2/2)(n3/3}(ne/2)(n5/2)(ns/2). The fcc superlattice lines are those for which
N=4n+3 in the 1 scheme and which have the indexes in the form nynangngmsng/2 in

the 14 scheme.

o
|

»
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INTENSITY (10* counts)
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| I

—
|
—
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Figure 4.1: XRD spectrum of i-alloy AlyPd2sMn;o. The details are de-
scribed in the text. The inset shows a part of the spectrum with low-
intensity peaks."”

Most of the observed Bragg lines can be indexed to the i-structure. It is noticeable

that even the peaks with an intensity as small as 0.2% of the maximum intensity could
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be detected and indexed to the i-structure. There is an excellent agreement between the
observed Qespt and theoretical Qo1 positions of the peaks (Table 4.1). Out of the 61
detected i-peaks, 60 are at the positions within +0.001 A~? and only one (peak number
53) within £0.002 A-! of the values calculated for the six-dimensional face-centered
i-lattice. The peak widths (Table 4.1} are found to be limited by the instrumental
resolution, The presence of the superlattice lines (Fig. 4.1 and Table 4.1), for which N
in the N/M index®™ is equal to 4n+3 (the strongest superlattice line is the line number
7)1 confirms'** **¥ that i-Al;oPdogMn,g has the six-dimensional face-centered-cubic
Bravais lattice. The value of the six-dimensional cubic lattice constant agp=6.461 Ais
in a good agreement with values in the literature "> '*2! |

All other weak nonicosahedral Bragg peaks in Fig. 4.1, except three, are identified
with the peaks due to the presence of a small amount of the hexagonal AlsPds (JCPDS
file 6-0654) and decagonal AlsMn (JCPDS file 40-1080) alloys as the second phases. The
presence of these alloys in the Al-Pd-Mn phase diagram has been observed earlier with
electron microscopy techniques by Beeli et al. and Audier et al.®" It is thus concluded

that the studied sample is predominantly a single phase i-alloy.
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Table 4.1: Parameters characterizing the XRD pattern in Fig. 4.1, as de-
scribed in the text.!'”

No. 26; Qep Quie Tg INT 11 2 I3 14
1 0.692 0689 0688 0006 3.0 2/1 011000 100000 211111
9 14260 1013 1013 0010 06 3/3 101100 111111/2 331311 /2
3 15688 1113 1113 0009 05 3/4 011100 11111172 311111 /2
4 16503 1171 1170 0.010 0.3 d4/4 000200 110000 220011
5 22818 1614 1614 0008 1.6 7/8 112100 31ni/2 531133 /2
6 23.172 1.638 1.639 0007 69 6/9 011200 111000 110001
7 25494 1800 1.800 0.009 421 7/11 111200 311111 /2 111101 /2
8 26.840 1.893 1.803 0.008 105 8/12 002200 111100 111010
9 28,596 2.014 2.014 0006 11 10/13 122100 111110 221010
10 30514 2146 2147 0015 0.9 11/15 101300 331111 /2 531113 /2
11 31225 2195 2196 0,009 89 11/16 011300 331111 /2 331113 /2
12 35749 2504 2504 0009 13.7 14/21 102300 211100 210011
13 37.359 2612 2.612 0009 1.8 15/23 121300 333111/2 331111 /2
14 37.949 2652 2652 0007 56 15/24 112300 333111/2 111111 /2
15 38312 2677 2677 0008 16 16/24 222200 211110 210111
16 41.636 2.899 2.899 0.008 4.9 19/28 013300 333311 /2 531311 /2
17 41845 2913 2913 0007 767 18/20 122300 211111 100000
18 44.107 3.063 3.063 0.007 100.0 20/32 002400 221001 110000
19 45269 3.130 3.130 0.006 3.1 22/33 012410 221101 921011
20 47.090 3.258 3.250 0.006 2.6 23/36 132300 533111 /2 331111 /2
91 50227 3.462 3.462 0006 0.6 27/40 103410 533311 /2 551133 /2
92 50.402 3.473 3.474 0.007 0.7 26/41 013400 222100 111101
23 51641 3.553 3.553 0.007 8.3 27/43 113400 533311 /2 311111 /2
94 52403 3.601 3.600 0003 0.3 28/44 222400 311111 210001
95 55034 3.760 3.768 0.009 3.6 31/48 112500 553171 /2 531111 /2
96 58.025 3.056 3.956 0.000 1.7 34/53 122500 321111 220001
97 59.564 4.052 4.052 0009 0.3 35/56 013500 553113 /2 311111 /2
28 62.420 4.227 4.227 0.007 10.0 38/61 233400 322101 111000
29 63.492 4202 4292 0.007 86 39/63 123500 555111 /2 111111 /2
30 64.149 4331 4.331 0.007 6.4 40/64 242400 322111 111100
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60

31
32
33
34
35
36
37
J8
39
40
41
12
43
44
45
16
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

65.035
66.091
66.498
69.197
70.209
70.587
71.702
73.071
74.828
75.654
80.535
81.144
83.281
85.802
86.759
89.614
91.157
93.282
95.797
96.751
99.492
102.036
106.015
106.975
107.589
109.452
109.836
112,517
113.949
116.714
118.464

4.385
4.448
4.472
4.632
4.691
4.713
4.777
4.856
4.956
5.002
5272
5.305
5.420
5.553
5.602
5.748
5.826
5.931
6.052
6.097
6.225
6.341
6.515
6.556
6.582
6.659
6.675
6.783
6.839
6.944
7.009

4.386
4.448
4.472
4.631
4.691
4.713
4.777
4.856
4.956
5.003
5.273
5.305
5.420
5.552
5.602
5.748
5.826
5.931
6.052
6.098
6.226
6.341
6.513
6.556
6.582
6.659
6.675
6.783
6.839
6.944
7.008

0.004
0.006
0.008
0.0C8
0.007
0.013
0.012
0.008
0.008
0.005
0.007
0.003
0.008
0.009
0.006
0.008
0.007
0.007
0.010
0.008
0.009
0.009
0.012
0.009

0.009

0.016
0.009
0.008
0.005
0.008
0.008

0.3
0.2
0.2
2.9
1.1
1.0
6.4
1.4
32.9
0.9
3.1
0.3
0.5
0.8
0.2
10.6
8.5
0.8
0.5
1.4
0.7
0.5
0.5
2.7
1.2
0.4
0.7
0.5
0.4
4.6
7.8

42/65
43/67
43/68
46/73
47/75
47/76
50/77
51/80
52/84
54/85
59/95
&0/96
63/100
66/105
67/107
70/113
72/116
75/120
78/125
79/127
83/132
86/137
90/145
91/147
92/148
95/151
95/152
98/157
99/160

102/165.

104/168

104500
333400
114500
013600
113600
233500
213600
134500
004600
253400
343500
224600
253500
104700
014701
124700
244600
015700
344601
125700
334700
364500
015800
115800
115801
355600
125810
225801
354700
235800
464600

322200
733331 /2
555311 /2
332001
753113 /2
733333 /2
332111
755111 /2
332002
422111
755313 /2
422211
755333 /2
432002
775113 /2
432112
433101
955313 /2
433201
955333 /2
975113 /2
443101
522222
975115 /2
443102
977311 /2
977311 /2
533211/
977313 /2
444111
533212

310111
531113 /2
333111 /2
211010
331111 /2
111111 /2
320002
531113 /2
101000
221101
311111 /2
210100
531111 /2
211111
333111 /2
110010
200000
511111 /2
211001
331111 /2
531113 /2
310001
111110
311111 /2
211000
533131 /2
531111 /2
221000
311111 /2
101010
111010
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4.1.2 Resonant photoemission

To establish the main features in a valence band due to the Mn 3d states, the resonant
photoemission effect can be employed."™ For a transition metal (T'M) the resonance
occuis at excitation energics near the 3p threshold, which for the Mun 3p—3d trausition

occurs at about 47 eV. Resonance photoemission for Mun-containing alloys involves two

processes.
3p%3d® + hv — 3p“3d“e f (4.1)
and
3p53d° + hy — 3p°3d% — 3p%3dle,. (4.2)

As a result, the Mn 3d-derived features are enhanced or suppressed as the hv is swept

INTENSITY {arb. units)
w
c&
~.:"~o|.
Lo

BIMDING ENERGY {&V)

Figure 4.2: Valence-band spectra of i-AlypPdyyMn, for different hrv values
around the Mn 3p—3d transition. A, B, and C identify positions for which
CIS spectra were measured (Fig. 4.3).
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Figure 4.3: CIS spectra for the valence-band positions A, B, and C in
Fig. 4.2 that are identified here by the same letters and by their corre-
sponding Ep values. The solid line is a fit to the Fano profile [Eq. (3.6)]
and a linear background (shown by a dashed line), as described in the text.
The parameters are given in Table 4.2, :

through the 3p-34 threshold. It can be seen in Fig. 4.2 that, as the hv increases, the
intensity of the Eg=—1.0 eV feature is slightly suppressed at hv=47 eV. This indicates
that this feature may be predominantly due to the Mn 3d-derived states.

The CIS spectra for the Eg values corresponding to the positions denoted by A, B,
and C in Fig. 4.2 are shown in Fig. 4.3. One can clearly see the presence of resonance
for hv values around 47 eV. A linear background was assumed in the fit (dashed line
in Fig. 4.3). The fitted parameters (Table 4.2) are strongly correlated and therefore
caution is required in their physical interpretation. The strongest resonance occurs for
Ep=-0.64 eV, but it is also present for other two Ep values, i.e., in the region of the
valence band farther away from the Ep. The fact that the resonance takes place in a

rather broad valence-band region can be interpreted as evidence of hybridization between
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the Mn 3d and the Al sp and Pd 4d states. These seem to be consistent with the trend

Table 4.2: Parameters obtained by fitting the CIS spectra in Fig. 4.3 to
the Fano profile [Eq. (8.8)] for the E; values corresponding to the positions
A, B, and C indicated in Fig. 4.2.

Label Ep (eV) Iy Eg (eV) q [ (cV)

A -064 225(1.8) 47.5(3) 0.24(10) 3.7(6)
B -114 158(1.8) 48.5(3) 0.60(12) 4.5(8)
C  —1.64 11.5(25) 48.6(5) 0.72(21) 4.0(1.2)

250 |- /

7.

PHOTON ENERGY (eV)

Figure 4.4: CIS spectra for the indicated Ep values which were calculated
from the PES spectra of Fig. 4.2 and corrected by the curve (¢) from Fig. 4.5,
as described in the text. The solid lines are guides for the eye. ‘

of g, which diminishes with Ep (Table 4.2). This trend, combined with the fact that
a Fano line shape for small ¢ values shows a more pronounced dip at hv values just

below the resonance maximum (antiresonance),”® and with the results of a theoretical
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model which predicts™ that the d"~! atomic-like final states in TM compounds tends
to exhibit Fano-like resonance whereas the d"L (L designates a ligand hole) final states
corresponding to hybridized states show a more pronounced antiresonance behavior,
scems to support the idea of hybridization betwcen the Mn 3d and the Al sp and the
Pd 4d states.

Fig. 4.4 shows the CIS spectra generated directly from the valence bands in Fig. 4.2
by plotting the height at a given EB valuc versus the Av. The height was calculated
as an average of five height values around a given Ep in order to remove the possible

height fluctuations. To correct the CIS spectra for the effect of the Av dependence of
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Figure 4.5: Atomic subshell ¢ as a function of hv for Mn 3d (a) and Pd 4d
(b) orbitals. Data are compiled from Ref. [114]. Curve (¢) is the weighted
average of curve (a) and (b) with the weights corresponding to the Mn
and Pd concentrations in Al;oPdyMn,o. Note the logarithmic scale on the
ordinate axis,

the effective o, they were divided by a weighted-sum of opyuq) and OMmn(ad) [curve (c) in

Fig. 4.5]. Fig. 4.4 shows clearly the presence of resonance at an energy corresponding
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to the Mn 3p—3d transition. The occurrence of the strongest resonance for Eg=~1.0
eV is interpreted as evidence that the feature in the valence band at Eg=—1.0 ¢V is
predominantly due to the Mn 3d-derived states. The fact that the resonance takes place

for a wide E'p range indicates that the Mn 3d and the Al sp and Pd 4d states are
hybridized.

4.1.3 PES spectra of i-Al;PdyyMn); near the Cooper mini-
mum
The features in the valence bands due to the 4¢ and/or 5d states in alloys containing

the 4d and/or 5d elements can be identified by taking advantage of the so-called Cooper

minimum effect”™! which is the occurrence of a clear minimum in the o for particular
p
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Figure 4.6: Valence-band spectra of i-Al;gPd»Mn;y for different hv values
in the vicinity of the Pd 4d Cooper minimum.

orbitals. This effect results from the presence of a node or nodes in the radial part of the
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4d and 5d (but not 3d) atomic wave functions."® The Cooper minimum in the T pd(ad)
was calculated to be at hv=115 ¢V for pure Pd"* [curve (b) in Fig. 4.5, but occurs
in Pd alloys at hvas130 eV."™ ™ While the curve (a) in Fig. 4.5 decreases slowly, the
curve (b) drops down dramatically and reaches & minimum, i.e., the Cooper minimum,
at hy=115 eV. One can thus expect a strong suppression of the contribution of the Pd
4d character to the valence band of i-Al;gPdgoMn;g for the values of Av close to 130 eV.

Fig. 4.6 shows that as hv increases from below the Cooper minimum, the relative
contribution of the Ep=-3.6 eV feature with respect to the Eg=—1.0 eV feature first
decreases, reaches a minimum at hva130 eV, and then starts to increase. Note that
the Cooper minimum effect is much more dramatic {Fig. 4.6) than the Mn 3p—3d

photoemission resonance effect (Fig: 4.2). It is thus concluded that the Eg=—3.6 eV
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Figure 4.7: Difference spectra obtained from the PES spectra in Fig. 4.6 by
subtracting from them the spectrum measured at kv=150 eV. The number
on the left side of each difference spectrum indicates the kv value of the
spectrum from which the hy=150 eV spectrum was subiracted.

feature is predominantly due to the Pd 4d-derived states.
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The Cooper minimum elfect can be demonstrated further by presenting the PES
spectra of Fig. 4.6 as difference spectra (Fig. 4.7). There is a dramatic change of the
difference intensities of the broad feature around —3.6 ¢V, which must be caused by
the Cooper minimum eflect (Fig. 4.7). The Mn 3d feature around —1.0 eV is better
separated from the suppressed Pd 4d feature. The 3d character in the difference spectra
(Fig. 4.7) spreads throughout the valence-band range. It decreases slowly as hy increases
because of the slow decrease in the omy,(3q) with the increase of hv |curve (a) in Fig. 4.5).
Therefore, it can be concluded that the position of the peak maximum of the Mn 3d-
derived states is at Ep=—1.0 eV with an uncertainty of 0.3 ¢V and that these states

extend deep below Er due to the hybridization with the Al sp and/or Pd 4d states.

4.1.4 Partial density of states

In order to determine the experimental Mn 3d and Pd 4d PDOS's, the PES spectra
measured for hv values close to the Pd 4d Cooper minimum™® were used since these
spectra exhibit the strongest variation in intensity (Fig. 4.2) caused by the large change in
the opa(sa).®* ' By taking the difference between the =100 and 120 eV valence bands,
which have been scaled either to the height of the Pd 4d or to the height of the Mn 3d
peak, one obtains the PDOS’s of the Mn 3d and Pd 4d character, respectively.®™ Since the
difference spectra have some scatter, they were smoothed to allow a better comparison
with the theory (Fig. 4.8). It should be stressed that, aparl from the expected minor
differences, the same shapes for the experimental Mn 3d and Pd 4d PDOS's are obtained
from the valence bands measured for other hv values close to the Cooper minimum.
However, the above subtraction method may lead to some artifacts for |Ep|>5 eV. This
is mainly due to the uncertainties associated with the correction of the raw PES data
for the secondary-electron background which sharply increases in this region,"”

A comparison between these PDOS’s and those measured with the SXE technique
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Figure 4.8: Comparison of the PDOS’s for the Mn 3d (left parel) and Pd
4d (right panel) in the i-Al\Pd-Mn alloys obtained from the PES spectra

{open circles)® and from the SXE measurements (dushed line)!™ ™ with

the corresponding broadened theoreticai results {solid line)[“], as described
in the text. All spectra for a given element were normalized to give an area
equal to the number of the d electrons (5 for Mn 3d and 10 for Pd 4d).ml

ié also shown in Fig. 4.8. The former exhibit more structure than the later. This is
perhaps not surprising in view of the lifetime broadening effects. These effects are much
more severe in the SXE technique than in the PES method."*

In a recent study® the electronic structure of several rational approximants of the i-
Al-Pd-Mn phase was calculated. In order to make a meaningful comparison between the
theoretical and experimental PDOS’s, the former were appropriately broadened using
the procedure described in §3.4. The Lorentzian FWHM was taken in the form of
T9(IEs| — Er)* (Ref. [112]) with T9=0.02 eV~! and the Gaussian FPWHM was set to
0.4 eV. A reasonable agreement is obtained between such broadened theoretical PDOS's
and the corresponding experimental ones derived from the PES spectra (Fig. 4.8). In
particular, the humps ai the left sides of the main theoretical Mn 34 and Pd 44 peaks
are also observed in the experimentsl PDOS’s.

In order to compare the theoretical total DOS calculated for the 8/5 approximant
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Figure 4.9: Comparison of the valence band of the i-Al;pPdyoMnyg alloy
measured at hv=100 eV (open circles)''” with the broadened theoretical
DOS for the 8/5 approximant of the i-Al-Pd-Mn alloy (solid line),"™! as

described in the text.
of the i-Al-Pd-Mn alloy® with the valence band of i-AlppPdogMn o measured™ at a
given hy, the theoretical Al, Pd, and Mn PDOS’s have to be first multiplied™ * by the
corresponding o values at that hv. Since these o values in the studied alloy are expected
to differ from their atomic values, the ratib of the ¢ values corresponding to the Mn
3d and Pd 4d orbitals had to be varied to get the best agreement between theory and
experiment.® The sum of the products of the theoretical PDOS's and the corresponding
o values was broadened in the same way as described before. A good agreement, was
obtained (Fig. 4.9) between the valence band measured at Av=100 ¢V and the broadened
theoretical DOS. It is thus concluded that the main features of the theoretical Mn 3d
and Pd 4d PDOS’s and of the total DOS calculated for the 8/5 approximant of the

i-AlzgPdooMnyg alloy are observed in the corresponding experimental PES spectra.
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4.1.5 Spikiness and pseudogap at Er

The theoretical calculations mentioned above®™! predict the existence of a structure-
induced pscudogap in the DOS around Ep for the higher-order approximants of the
i-alloy AlzpPdggMnys. Furthermore, the DOS is predicted to have a fine structure in
the form of many spiked peaks (Fig. 4.10). Neither the minimum of the DOS(Ep)
nor the DOS spikiness have been observed in the PES spectra within the resolution of
the experiment.™ There can be several reasons for this. First, as discussed in §3.6, a
much better resolution than the one used (0.4 ¢V) is needed to investigate the possible

existence of the predicted DOS(Er) minimum and the DOS spikiness. Second, there is

l ¥ L] L) L) ] T L) L] T [ L L] ¥ ¥ | L] ¥
2+ -
E
=)
©
>
[]
~
m
3
Qo
:i
2]
[an]
0F -
| R S N 1 1 1 b d ' B | 11 1 1 A 1
-10 -5 0 5

BINDING ENERGY (eV)

Figure 4.10: Theoretical DOS for the 1/1 approximant of the i-Al-Pd-Mn
alloy (model M2 in Ref. [54]).

some degree of chemical and topological disorder even in the QC’s which are regarded
as perfect from the structure point of view."™ % Chemical disorder is associated with
the fact that all known stable QC's are ternary alloys.™ * Topological disorder results

from the very.nature of quusiperiodicity which implies that no two crystallographic
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sites of a given atom are exactly the same. These two types ol disorder, which are
clearly observed with the experimental local probes,”™ *¥ may significantly influence the
electronic properties of QC'’s. In particular, they may smear out the DOS spikiness and
the DOS(EF) minimum. A further discussion of disorder is presented in §4.4.5. Aund

finally, the theoretical calculations may have to be improved, for example, by including

more atoms in the calculations.

4.1.6 Al 2p core level shift

The Al 2p core level lines in Al metal and in i-Al;pPdogMn g are compared in Fig. 4.11.

It can be noticed that the Al 2p;/s and 2pg/n are scparated in the Al metal (inset of
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Figure 4.11: Al 2p PES spectra of the Al metal (¢) and i-Al;pPd3oMn;
alloy (). The spectra were normalized to give a constant height between
the maximum and minimum recorded count. The inset shows the fit of
the Al 2p spectrum of the Al metal with two Doniach-Sunjié¢ profiles*
[Eq. (3.7)] corresponding to Al 2p;/2 and 2p3/2 core levels.

Fig. 4.11), but they overlap in the i-Al;gPd2gMn,¢ alloy. The separation of the Al



CHAPTER 4. RESULTS AND DISCUSSION 72

2p12 and 2p35 components in the Al metal found from the fit with two Doniach-Sunijié
profiles"®™ [Eq. (3.7)| is 0.41(1) eV, which is in a good agreement with the value of
0.42 ¢V reported in the literature."* The observation of the Al 2p,/0 and 2p3/0 lines in
the Al metal confirms that the overall energy resolution of the recorded PES spectra is
0.4 V. The main result obtained from Fig. 4.11 is the observation of the Ep shift in
i-AlzoPd2oMnyg by 0.21 eV towards higher {Ep| values with respect to Al metal. The
interpretation of the Fp shift is complicated by the fact that it consists of contributions
due to chemical, configuration, and relaxation shift."* These contributions are difficult

to evaluate theoretically even for simple binary alloys.
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4.2 z‘-Alloy A.165CU.200815

Os, Ru, and Fe metals have 5d, 4d, and 3d clectrons, respectively. These electrons
contribute to a common feature in the valence bands of the i-alloys AlgsCusgMd,s which
is located close to the Ep. The PES spectra of these i-phases™ ™ * * have common
characteristics which were discussed before. In this section i-AlgsCusgOsip is taken as

an example to present the PES data for the i-alloys AlgsCusgMd,s.

4.2.1 Resonance photoemission

To determine the main features in a valence band due to the Qs 5d states, the
ress.:ent photoemission can be employed (§3.3)."°™ ! For an Os metal one would expeet
the stronger 5p—5d transition to occur at about 44.5 eV (5p3/2—5d) and the weaker
4f—5d transition to take place at about 50.7 eV (4f7/2—5d)."™ The Os 5d-derived
features should be enhanced or suppressed"®” as the hv is swept through the 5p-5d and
| f-f'id thresholds. It can be seen in Fig. 4.12 that, as the hv increases, the relative
intensity of the peak at about Eg=—1.5 eV with respect to the peak at about Epz=—3.7
eV decreases first and reaches a minimﬁm at hr=44.5 eV. Then it incrcases slightly
between hv=>50 and 60 eV. This corresponds to the stronger 5p—5d resonance (the
4f—5d resonance is too weak to be observed in the measured valence bands) and thus
indicates that the peak at about Ep=-1.5 eV is predominantly due to the Os 5d-derived
states.

It should be noted thalt the 5p—5d and 4f—5d resonances occur in the region where
there is a strong decrease of ooysq) (Fig. 4.13), and consequently the decrease of the
relative intensity of the peak at Ep=—1.5 eV is due not only to the stronger 5p—5d
resonance, but also due to the decrease of Oos(6d). Nevertheless the decrease of the rela-
tive intensity of the Eg=—1.5 eV peak when going from hv=40 to 44.5 eV (Fig. 4.12) is

stronger than expected only from the o changes (Fig. 4.13), and supports the conclusion
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Figure 4.12: Valence-band spectra of i-Algs CuzOs)s for different hv values
around the 5p—5d and 4f—5d transitions. A, B, C, D, and E identify the
Ep values for which CIS spectra were measured (Fig. 4.14).

that the intensity change is mainly due to the Os 5p—5d resonance, and thus the feature
at Eg=—1.5 eV is predominantly due to Os 5d-derived states.

It is worth indicating here that the ¢ values presented in Fig. 4.13 are the atomic
values'"'" and are expected to be different in elemental metals and their alloys. In fact,
it is well established experimentally that,* due to the solid-state effects, ¢ values in
metallic systems differ significantly from the atomic values, ™™ Nevertheless, the trends
in the o(hv) are similar in metallic systems"™ to those in the corresponding atomic
systems.""! Therefore, in view of the lack of calculations of the o values in the metallic
alloys, the calculated atomic o values are very useful in interpreting the PES data.

As discussed in §3.3, CIS spectra show more clearly the resonant photoemission
intensity variation. The CIS spectra of i-AlgsCugOs;5 for the Ep values corresponding

to the positions denoted by A, B, C, D, and E in Fig. 4.12 are shown in Fig. 4.14, One



CHAPTER 4. RESULTS AND DISCUSSION 75

10!
[ |

10

CROSS SECTION (Mb)

10!
1

b e

10~?
]

50 100 180 200
PHOTON ENERGY (oV)

Figure 4.13: Atomic subshell o as a function of kv for Cu 34, Os 5d, Al 3s,
and Al 3p orbitals."'! Note the logarithmic scale on the ordinate axis.

can see an jntensity minimum for hv values around 44 eV, and another weak one around
51 eV. These spectra were fitted to two Fano profiles [Eq. (3.6)] in order to account for
the two 5p—5d and 4f—5d tra.nsit.ions mentioned above. A linear background I,, was
assumed in the fit. The parameters from the fit are given in Table 4.3. As expected,
the nonresonant emission parameters corresponding to the two transitions fulfill the
inequality 13/ > 13/? (Table 4.3). The resonance energies E?{ % and E}'{ % (Table 4.3) are
close to the corresponding core-level values for an Os metal. The broad character of
the resonance is reflected in the large values of I'/2 and I'"/2 (Table 4.3). The strongest
resonance occurs for Eg=-1.7 eV and the weaker resonances can be also observed both
below and above the Eg=—~1.7 eV value. The fact that the resonances take place in a
rather broad valence-band region can be interpreted as evidence of hybridization between

the Os 5d and the Al sp and/or Cu 3d states.
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Figure 4.14: CIS spectra measured for the valence-band positions A, B, C,
D, and E in Fig. 4.12, which are identified here by the same letters. The
solid line is a fit to two Fano profiles [Eq. (3.8)] and a linear background,

as described in the text. The parameters are given in Table 4.3.

Table 4.3: Parameters obtained by fitting the CIS spectra in Fig. 4.14 for
the Ep values corresponding to the positions A, B, C, D, and E indicated
in Fig. 4.12, to two Fano profiles [Eq. (3.8)] associated with the Os 5pg p—bd
and 4fy/;—5d transitions. The parameters with the superscripts 3/2 and
7/2 refer respectively to the Os 5p3/;—5d and 4f7/2—5d transitions.
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7.1(8)
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1.8(4)
1.8(6)
1.8(4)
1.9(5)
0.7(3)
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4.2.2 PES spectra of i-AlgCupOs;; near the Cooper mini-

mum

The features in a valence-band spectrum originating from the 4d or 5d states can
be identified by making use of the Cooper minimum effect."* The Cooper minimum
in the 0oe(sa) is at about Av=200 eV (Fig. 4.13)."" However, ils position and depth
are expected to be changed in alloys due to the solid-state effects."™! Usually, the shift
is about 30 eV towards higher Av values and the minimum is shallower™® than pre-
dicted by atomic calculations.""! Since the decrease in the gosq) in the 50-200 eV hv
range is expected to be about two orders of magnitude (Fig. 4.13), one can anticipate
& strong suppression of the contributién of the Os 5d character to the valence band of
| i-AlgsCusOsy5 for hr values close to the Cooper minimum.

Figure 4.15 shows that the relative contribution of the fqature at Eg=—1.5 ¢V (from
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Figure 4.15: Valence-band spectra of i~-AlgsCu2Os,; for different iy values
around the Cooper minimum of o¢o(s4)-
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Os 5d-derived states) with respect to the feature at Egrz—3.7 eV decreases steadily as
hv increases from 80 eV. At hr=130 eV, it is almost completely suppressed. In other
words, since 0gy(3q) decreases much slower with the increase of v than does the G0a(5d)»
and since g, (aq) for Av=130 eV is expected to be almost, two orders of magnitude larger
than go(sq) (Fig. 4.13), the hvy=130 eV valence band (Fig. 4.15) must be almost entirely
due to the Cu 3d emission. It is worth noting that the Cooper minimum effect is much

more dramatic (Fig. 4.14) than the Os 5p—5d photoemission resonance effect (Fig. 4.12).
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Figure 4.16: Photoemission intensity at Eg=—-1.5 eV as a function of hyv
obtained from the spectra in Fig. 4.15, as described in the text. The solid
line is a guide for the eye.

To show the effect of the Cooper minimﬁm in a more quantitative way, a plot of the
photoemission intensity at Eg=—1.5 eV as a function of hv is presented in Fig. 4,16, This
intensity was obtained as an average of 11 intensity values around E p=—1.5eV. One can
see clearly a strong decrease of the photoemission intensity with increasing hv. However,

this decrease is not one order of magnitude, as expected from Fig. 4.13, but by about
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the factor of five. As mentioned above, this is caused by the solid-state eflects '™ '™
However, the trend in the vgysa) dependence on hv in the studied alloy (Fig. 4.16) is
similar to that based on the atomic calculations (Fig. 4.13), The contribution due to
the Cu 3d-like states is well separated at Av=130 eV from that originating from the Os
5d-like states (Fig. 4.15) and has its peak at Eg=-3.7 e¢V. The weak and broad spectral
weight around Ep=-6 eV (Figs. 4.12 and 4.15) can be ascribed to the Al sp-derived
states, based on the results of SXE studies of Al-based i-alloys.!*”

Under the assumption that the dipole matrix elements [Eq. (3.2}] arc constant over
the width of the valence band, the measured PES valence bands, when properly cor-
rected for the experimental factors and for inelastically scattered electrons, are generally
proportional to the DOS modulated by the ¢ values. In the particular case of the i-
AlgsCugOs) 5, the valence bands measured for hv values which are outside the 5p—5d
resonance and for which ocy(3d)004(5q), are expected to well represent the total DOS
of the d character. Since ¢y, (39)=00s(sq) Occurs at around hv=>50 eV (Fig. 4.12), the
vicinity of that hv value should represent well the total d-derived DOS in the studied

alloy. Additional arguments in support of this statement will be given below.

4,2.3 Partial density of states

The analysis presented above made it possible to unambiguously ascribe the two main
features in the valence bands of i-AlgsCuggOs;s to the Os 5d- and Cu 3d-derived states.
To determine the experimental electronic structure associated with the occupied states
of an alloy, it is also necessary to establish partial spectral weights due to s, p, d, and f
electrons of a given element in the alloy. These partial weights are generally proportional
to the PDOS associated with a given state of that element, as was discussed above.
Before the advent of synchrotron radiation as a tunable e'xcitation source, such PDOS

was determined almost exclusively using the SXE technique.” The use of synchrotron-
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radiation-based PES technique allows one also to determine the PDOS for some orbitals,
s i3 demonstrated below.

The PES valence-band spectra represent mainly the DOS of d and f character be-
cause of their large o values relative to the values associated with the s and p orbitals
(Fig. 4.13)."" Thus, to a first approximation, the contribution to the valence band of
i-AlgsCuz00s;s from sp states can be neglected. The valence-band intensity I(kv, Ep)

of i-AlgsCuggOs;5 can be represented byt **!
I, Ep) = C(hv)ocu(hw)Dcu(Eg)/Zou + 00s(hv)Doy(EB)/ Z0d,  (4.3)

where Dg, and Dg, are the Cu 3d and Os 5d PDOS's, respectively. The PDOS is

assumed™ to fulfill the normalization condition
SD{(Ep)A(ER) = N:Zi (4.4)

where N; and Z; are respectively the concentration and the number of d electrons of
the i-th element. Here it is assumed that one has Ng,=20, No,=15, Zc,=10, and
Zos=6. The instrumental factor is represented by C(hv). In principle, this factor
should be independent of hv if the corrections to the as-measured valence bands, which
are described in §3.2, could be done ideally and if one could know precisely the values
of acy(aq) and doysq) in the studied alloy. Since in practice this cannot be achieved, the
factor C'(hv) has a weak dependence on hv.

In order to assess the reliability and the reproducibility of the Os 5d and Cu 3d
PDOS’s in i-AlgsCugp0sys which were obtained from the PES spectra, two approaches
were used. In the first approach, a difference spcctrum was obtained by direct subtraction
of the hv=-90 eV spectrum from the hv=80 eV spectrum in Fig. 4.15 (triangles in
Fig. 4.17). It presents the Os 5d PDCS because the small change of g¢yq) in the hv
range 80-90 eV (Fig. 4.13) assures that the Cu 3d contribution effectively cancels out in

the difference spectrum. Note that the direct subtraction is equivalent to the assumption
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Figure 4.17: Difference between the hv=80 and 80 eV spectra from Fig. 4.15
obtained by a direct subtraction (a), and by a subtraction following the
scaling to the Os 5d features of the two spectra (o), as described in the
text. They represent respectively the Os 54 and Cu 3d PDOS's. The sum
(») of the difference spectra represents the total DOS of the d character in

i=AlgsCuspOsys .{bl

that C(hv) and ogy(hv) are independent of hv which, as indicated above, is justified to
a first approximation. Next, the difference between the same valence-band spectra was
calculated as I(90 eV)—hqo,/ (80 eV) by scaling the hv=80 eV spectrum with the factor
hos=0.61 to match the height of its Os 5d feature to that of the Av=90 eV spectrum
(open circles in Fig. 4.17); this is a graphical attempt to account for the differences
between the gog(hv) values at Av=80 and 90 eV. This procedure assures that the Os
5d contribution cancels out in the difference spectrum which thus represents the Cu 3d
PDOS. Thr - otal d-derived. DOS is shown by the filled circles in Fig. 4.17. All the three
DOS plots in Fig. 4.17 fulfill the normalization condition in Eq. (4.4). Applying this
method to other valence bands in the vicinity of the Os 5d Cooper minimum leads to
essentially the same Os 5d and Cu 3d PDOS’s as those shown in Fig. 4.17,

The second approach of obtaining the Cu 3d and Os 54 PDOS’s from the measured
valence bands is based on Eq. (4.3) for two different hv values. The factors C(hv)
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Figure 4.18: PDOS’s of the Os 5d-derived states {(a) and Cu 3d-derived

states (o) obtained from the Av=80 and 130 eV spectra in Fig. 4.15 and by

using Eq. (4.3), as described in the text. Their sum (o) represents the total

DOS of the d character in i-AlgCugyOs)s.
corresponding to theses values are then determined from the total integrated intensily
of the experimental valence bands, the normalization condition of Eq. (4.4), and the
values of o, (hv) and oo.(hv). Because of the expected shift of the Cooper minimumn
by about 30 eV towards higher hv values in the studied alloy, which was mcntidncd
earlier, the modified gg,(hv) va.lue;.s corresponding to the atomic values ag,(hv — 30)
were used.”™ ! The Cu 3d and Os 5¢ PDOS's obtained in this way by using the hvr=80
and 130 eV valence bands in Fig. 4.15, as well as their sum, are shown in Fig. 4.18. 11
should be stressed that essentially the same results as thosec in Fig. 4.18 are obtained for
other pairs of the measured valence bands. As can be seen by comparing Figs. 4.17 and
4.18, the Cu 3d and Os 5d PDOS’s obtained by the two methods are very similar. This
gives us confidence in their reliability.

By using Eq. (4.3), one should be able to reproduce the experimental valence hands

measured for all iy values provided that the Cu 3d and Os 5d PDOS’s in Fig. 4.18 are a
good measure of the true Cu 3d and Os 5d DOS’s in i-AlgsCugoOs; and provided Lhat
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Figure 4.19: Comparison of the valence bands generated from Eq. (4.3) by
using the empirical Cu 3d and Os 5d PDOS’s from Fig. 4.18 () with the
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the og,(hv) and go.(hv) values used are accurate enough. The reproduced valence bands

calculated for all hv values are compared with the corresponding experimental valence

bands in Fig. 4.19. Obviously, a perfect agreement (Fig. 4.19) between the experimental

and the generated valence bands occurs at hr=80 and 130 eV. This is because these

two experimental valence bands were used to determine the Cu 3d and Os 5d¢ PDOS’s

in Fig. 4.18. Keeping in mind the simplicity of the model expressed by Eq. (4.3), there

is a pood apreement between the predictions of the model and the experimental data

(Fig. 4.19).
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4.3 UPS data Of i-A165C1120Fe7.5R117_5

Based on the arguments presented before, high energy-resolution (<0.1 eV) spectro-
scopic experiments are indispensable for the direct and unambiguous detection of the
theoretically-predicted pseudogap around Ep and the spikiness of the DOS in QC’s.™ ' #1

This section presents the recent high energy-resolution UPS results on the i-alloy Algs-

CugoFer sRuz 5.1
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Figure 4.20;: High resolution valence band of i-AlgsCugoFez sRuz 5 measured

at hv=40.8 eV and at 14.5 K. The raw data!®™ were corrected for the
secondary-electron background. The inset shows the fit to a Lorentzian-
type pseudogap in the vicinity of Ep, as described in the text.

Fig. 4.20 shows the UPS valence-band spectrum of the i-AlgsCugolersRuzy alloy
measured at hv=40.8 eV and at temperature 14.5 K. Two broad features can be observed.
Based on the results of the studies on the i-alloys AlgsCuggFe 5™ and AlgrCugoRu,ys,"™
the first one at Fg~=—0.8 eV must be due to the Fe 3d- and Ru 4d-derived stales,
whereas the second one must be due to the Cu 3d-derived states. Three observations are

apparent from Fig. 4.20. First, there is a strong intensity decrease towards Ep which
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starts at Ey=—0.8 ¢V. This decrease can be interpreted as being due to the presence of
a pscudogap in the vicinity of Ep. A more quantitative interpretation is given below.
Second, an abrupt intensity decrease occurs at around Ep=0 ¢V, which is obviously due
to the Fermi edge cut-off. The presence of a clear Fermi edge constitutes & convincing
proof that the system is metallic. The fit of the leading Fermi edge gives a Gaussian
FWHM of 55(1) meV as the instrumental resolution. Third, there is no evidence for the
existence of the spikes which should clearly be scen for the energy resolution used in the

experiment, as discussed in §3.6.

Ry
v
I

AlgsCu,gFe, sRuy,

INTENSITY {arb. units)

—60 ~-40 =20 0 20
BINDING ENERGY {meV)

Figure 4.21: UPS valence bands of i-AlgsCugoFer sRuz s measured at
hv=21.2 eV and at temperatures 14.5 K (o), 80 K (o) and 160 K {a).
The solid lines are the fits to a linearly decreasing intensity multiplied by
the Fermi-Dirac function at the corresponding temperature and convoluted
with a Gaussian.

One can reproduce the observed structure of the valence band close to Er (inset of
Fig. 4.20) by using a simple model.®” This model assumes that the normal DOS, ie.,

the DOS at 0 K, would be a linear function around Ep if there is no gap. This normal
- DOS is then multiplied by a Lorentzian dip centered at Ep with the FWHM, I';, and
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the gap depth C with respect to the normal DOS to account for the pseudogap gap,
and convoluted with a Gaussian to account for the instrumental resolution. One can
obtain a relatively good fit (inset in Fig.4.20) {or I';=0.33 ¢V and C=45%. It should
be pointed out that these fitted parameters are not unique. This is because the choice
of the fitted range, and therefore of the linear function, is rather arbitrary, as is the
Lorentzian gap form which may not be necessarily centered at the Ep. Nevertheless,
the high energy-resolution spectrum shows that the valence band has a gap close to Ep.

The significant intensity of the DOS(Er) demonstrates that this system is metallic.

AlggCU oFe, sRU,
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Figure 4.22: UPS valence band of i-AlgsCuggFe; sRu7s measured at hv=21.2
eV and at temperature 14.5 K with the fitted theoretical spectra. The
solid line and the broken line are the “real” spectra at T=0 and 14.5 K
respectively at an infinity resolution, as described in the text.

The valence bands of i-AlgsCusgFer sRurs measured at hv=21.2 eV and at different
temperatures are presented in Fig. 4.21. The temperature evolution of the leading edge
of these bands follows the temperature evolution of the Fermi-Dirac function. This
additionally confirms the metallic character of the i-AlgsCuggler sRuz,; alloy.

The spectrum measured at 14.5 K is shown in Fig. 4.22 with two “theoretical” curves,
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in addition to the spectrum fitted curve. The solid and the broken lines represent the
“real” spectra which would have been obtained by carrying out the measurements at
T=0 and 14.5 K, respectively, and with an infinitely high resolution. The fit of this
spectrum gives 10 meV {Gaussian FWHM) for the instrumental resolution. Similar
results were also obtained for i-AlgsCugpFe;s and other stable i- and d-alloys, except for
the i-Al-Pd-Re system.™ For the i-Al-Pd-Re system, no well-defined Fermi edge was
observed and there is also a very low intensity at Ep (Fig. 6 of Ref. [61]). This shows
that the ¢-Al-Pd-Re system is nonmetallic. The UPS spectra (Figs. 4.21 and 4.22 in this
work and Figs. 3-6 in Ref. [61]) clearly show that no spikes can be observed, and that
all the i-systems other than i-Al-Pd-Re are metallic.

In conclusion, the high resolution UPS measurements™ *! provide a direct experi-
mental proof that there is a wide pseudogap in the vicinity of Ep. This gap must be
partially responsible for the observed high values of p.® All known QC's, except for
i-Al-Pd-Re, are metallic as evidenced by a clearly developed Fermi edge.® No spikes

could be detected in all PES spectra measured so far.

4.4 Discussion

4.4.1 PES spectra of i-AlyPdyyMn)o and related c-alloys

The result for the peak positions of the Pd 4d-derived states at —3.6 eV and Mn
3d-derived states at —1.3 eV agrees well with the values of —3.5 eV and —1.0 eV,
respectively, obtained in a recent SXE study'™ ™ of i-Aly; PdjgMnyo (Fig. 4.8). However,
the Mn 3d-states are spread wider (Fig. 4.8) than suggested by the SXE result.”™ SXE
studies of i-Aly;PdigMn;™ ™ and i-Al;gPdoMng™*® show the existence of the peak
in the intensity associated with the Al s states and the large intensity associated with

the Al p states at Ega—6 eV. Therefore the weak spectral weight below Eg=-—6 eV
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Figure 4.23: Comparison of the PES valence band of i~Al;gPdyyMnyg men-
sured at hy=60 eV with that of a Pd metal measured also at hv=00 eV
(the raw PES spectrum of Pd metal was kindly provided by Nahm and Oh;
the secondary-electron contribution was subtracted from the original spec-
trum) and with the XPS valence bands of Al;Pd and AlPd c-alloys from
Fig. 12 of Ref. [139] (the secondary-electron contribution was subtracted
from the original spectra). The spectra were normalized to give a constant
height between the maximum and minimum recorded count.

observed in the valence band of the studied sample (Figs. 4.2 and 4.6) can be ascribed
to the Al sp-derived states.

It is well established from the XPS and UPS experiments that in pure Pd™and
Mn!"*! there is a high DOS(Ep). Depending on the hv range used, the observed broad
peak in the Pd valence band lies in the range from ;1.3 to —2.3 eV (Fig. 4.23)."* For
pure Mn, two features at Epx—0.5 to —1.0 and —3.0 eV are present in the valence
band."*" The presence of the Pd 4d-derived peak at Eg=—3.6 eV in the valence band of
i-AlzpPdypMn;g as compared to the corresponding peak in a pure Pd metal (Fig. 4.23),
clearly indicates the shift of the Pd 4d-derived states in the i-alloy-away from Ep. This
shift should lead to the decrease in the Pd contribution to the DOS(Er). Such a shift is
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also observed in the valence bands of ¢c-Al3Pd and ¢-AlPd alloys (Fig. 4.23) and it clearly
leads to a decrcase in the Pd 4d contribution to the DOS(Ep) (Fig. 4.23). A similar
shift, of the Mn 3d-derived states cannot be seen in the recorded spectra (Figs. 4.2, 4.6
and 4.7).

The depression of intensity as the Ep approaches Ep observed in the PES®" ™ and
SXE® ™ ™ 138 149 gpectra of the QC’s containing TM elements has been interpreted as
evidence for the opening of a theoretically predicted!®*™=* 143 14! pseyudogap at Ep. It
should be kept in mind, however, that there are at least two effects which lead to the
intensity decrease as the Ep approaches Er. The first one is a simple Fermi cut-off,
which would be especially important for the QC’s with TM elements whose d states
significantly contribute to the measured intensity around Ep. In the case of the studied
i-AlzgPdagMn,g, the Mn 3d-derived states must contribute to the measured intensity at
Er because of the closeness of the feature due to the Mn 3d states to the Ep. The second
effect leading to the decrease of intensity as the Ep approaches Ep could be associated
with the opening of a pseudogap at Ep. It can only be concluded from the medium
resolution PES studies that the PES spectra are indicative of a possible opening of a
pseudogap at Ep in i-Alz;oPdogMnyg. Its existence is proven by the high resolution UPS

results, 5

4.4.2 Valence bands of the studied i-alloys

When the valence band of the i-AlgsCugpOs)s is compared with those of other ther-
modynamically stable i-alloys, AlgsCusoRu,s,"? AlgsCugoFe;s,”™ and Al;gPdgMnyg,™
two common characteristics stand out (Fig. 4.24). First, the Cu 3d- and Pd 4d-derived
features are pushed away from Ep in comparison to their locations in pure Cu and
Pd metals, whereas the features associated with the Os 5d-, Ru 4d-, Fe 3d-, and Mn

3d-derived states remain close to Ep. Thus one would expect & relatively small contri-
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bution to the DOS at Eg from the Cu 3d- and Pd 4d-like states and a non-negligible,
although also small, contribution due to the Os 5d-, Ru 4d-, Fe 3d-, and Mn 3d-like
states (Fig. 4.24). It should be pointed out that this arrangement of the two features
seems reasonable in that Cu and Pd have a full subshell, whereas Os, Ru, Fe, and Mn
have a nearly-half-full subshell of the d electrons. This favors the hybridization between
the Al sp, TM s electrons and the d electrons in the nearly-hall-full subshell. Second,
there is a strong reduction of the PES intensity as the Ep approaches Ep. The decrease

of intensity as the Eg approaches Ep has been interpreted as evidence for the opening
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Figure 4.24: Valence bands of i-alloys AlgCugOs)s (o),'bl subshell of
AlgsCugRuys (o), AlgsCuzoFers (v, and AlnPdoMnyg (0 )" measured
respectively at h»=80, 90, 100 and 100 eV. The raw data of Alf;.-,CumFemI"’
has been corrected for the energy dependence of the electron transmis-
sion of the electron-energy analyzer, normalized for the photon flux, and
corrected for the secondary-electron background. The spectra were nor-
malized to give a constant height between the maximum and minimum
recorded count.

of a theoretically-predicted® ~** pseudogap at Ep. A discussion of the critical issues

of the physics of QC’s, which is associated with a pseudogap, spikiness, and the high
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resistivily behavior, is presented in the following subsections.

4.4.3 Instrumental resolution and a pseudogap

As mentioned before, the decrease of intensity is indicative of a possible opening
of a pseudogap at Ep. Such an interpretation of the medium resolution spectroscopic
measurements, however, is open to criticism because, as noted earlier," * % there is
an alternate interpretation which would lead to the intensity decrease as the energy
approaches Ep. It invokes a simple Fermi cut-off, which would be especially important
for the QC's with TM elements whose d-states, as was demonstrated before, contribute
to the measured intensity around Ep. In the case of the studied alloys, the d-derived
states do contribute to the measured intensity at Ep (Figs. 4.17, 4.18, and 4.24). It
can be only concluded that the medium resolution PES results presented so far in the
literature are indicative of a possible opening of a pseudogap at Ep, but they do not
prove its existence.

The PES experiments performed so far on QC's had an energy resolution, which is
dependent on the hv used,”™ between 0.3 and 0.7 eV, with the exception of one PES study
conducted with the energy resolution 0.233 eV.*" The only IPES study reported so far
had an energy resolution of 0.7 eV."® The SXE and SX A studies previously reported had
an energy resolution, which is dependent on the element considered, in the rahge70.2-0.7
eV, and a relatively high uncertainty of 0.1-0.3 eV associated with the determination
of the position of Ep. It was suggested® that these energy resolutions are not high
enough, and in the case of the SXE/SXA studies, the uncertainty in determining the
location of Ep wé.s too large and the lifetime broadening effects too severe, to warrant
the claims of a definite spectroscopic verification of the existence of a pseudogap at
Ep. Therefore the high energy-resolution PES/IPES and/or SXE/SXA experiments are

essential for obtaining convincing experimental evidence for the possible existence of
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such a pseudogap.

The interpretation of the low energy-resolution spectroscopic datal® 86-70 72, 75 174
almost exclusively in terms of the Hume-Rothery mechanism is unfounded.® Ouly the
high energy-resolution PES experiments, as shown in §4.3 and in Refs. [61, 84], can verily
unambiguously the possible existence of a pseudogap around Er in QC’s. It can be added
here that high energy-resolution PES measurements were instrumental in the direct
observation of the superconducting gap in high-T, superconductors,"** ™! {he pscudogap
in the charge-density-wave systems,"™ '*! the structure-induced pseudogap in liquid
and amorphous alloys,”™ the pseudogap in some fullerens,"* and the metal-insulator
transitions in some inorganic compounds.!*" Naturally, the most credible evidence for
the possible existence of a pseudogap at Ep in QC's could be obtained by combining
the high energy-resolution of PES with that of IPES.™

As shown in §4.3, the ultrahigh energy-resolution UPS experiments®™ " provide a
direct experimental proof that there is a wide pseudogap from the d-clectrons in the
vicinih)i of Er, which must be then partially responsible for the observed high values
of p.®! All known QC's, except the i-Al-Pd-Re system, are metallic as evidenced by a
clearly developed Fermi edge. The lack of the Fermi edge in the i-Al-Pd-Re system is
consistent with its insulator behavior at low temperatures.”® ¢! The possible reasons

for the absence of the predicted spikiness of DOS are discussed in §4.4.4.

4.4.4 Broadening effects and spikiness

It was mentioned in Chapter 1 that the predicted pseudogap around Epin QC's is
a generic, but not a specific property distinguishing QC'’s from the periodic or aperiodic
materials.® The property which seems to be specific only to QC's is the spikiness of
their DOS (Figs. 4.10 and 4.25).% %% *7-%) This spikiness is associated with a large num-

ber of non-degenerated flat bands in QC’s and the presence of TM elements in QC's
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Figure 4.25: Theoretical kv=100 eV PES valence band of an i-Al-Cu-Fe al-
loy obtained by summing the theoretical Al, Cu, and Fe PDOS’s associated
with different angular momenta from Ref, [53] weighted by the correspond-
ing ¢ values and by the composition and the numbers of the electrons.

results in its amplification.™ *” The width of a spiky peak is of the order of 0.01-0.02
eV (Figs. 4.10 and 4.25)."**"-%) The valence bands of i-alloys presented here, includ-
ing the UPS bands measured with an energy resolution of 10 meV, show no evidence
for the presence of such spikes. These spikes have also not been detected in the PES,
IPES, SXE, or SXA experiments performed so far,!1% 4% 63-70. 72-74,76-76, 62,138 Thove a0
at least two possible explanations for the failure to detect those spikes experimentally:!®
the lifetime broadening effects associated with the experimental techniques and disorder
in QC's,

As discussed in §3.6, the spikiness is smeared out completely for typical PES/IPES
and SXE/SXA energy resolutions. This spikiness is expected to be preserved, but only
in the vicinity of Ep, for energy resolutions better than 0.1 eV (§3.6). Near Ep, PES

and IPES are certainly the only experimental techniques with a resolution not affected
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by lifetime broadening which can detect such spikiness.
The second explanation invokes the possibility of chemical and topological disorder
in QC’s of high structural quality, which will be discussed in the next seetion. Such a

disorder can wash out the spikiness of DOS induced by quasiperiodicity.

It can be concluded that high energy-resolution{<0.1 eV) speetroscopic experiments

are indispensable for the direct and unambignous delection of the theoretically predicted
pseudogap around Ep and the spikiness of DOS in QC's. The high resolution UPS
spectra in the close-E g region performed so [ar do not give any evidence [or the existence
of the spikiness. One can wonder whether such spikiness does exist al all; perhaps, the

spikiness is an artifact resulting from calculations carried out for small clusters of atoms.

4.4.5 Disorder and electronic structure

As mentioned in Chapter. 1, there seems to be a contradiction between the fact that,

stable, " perfect” (no phason strain) QC’s have a high degree of structural perfection and
the apparent relevance of the quantum interference theories in explaining the tempera-
ture and field dependence of p.®™ A plausible explanation of this apparent contradiction
was suggested,” which may also be relevant to the problem of the experimental ob-
servation of DOS spikiness. This suggestion deals with two kinds of disorder in QC's:
chemical disorder and topological disorder."

The chemical disorder is related to the chemical composition of the QC’s. There are
at present 22 known stable QC’s:™ 14 i-systems Al-Cu-Li, Mg-Ga-Zn, Al-Cu-(Fe,Ru,Os),
Al-Pd-(Mn,Re), and the recently discovered Al-Pd-Mg'"*" and Zn-Mg-RE (RE=Y, Gd,
Tb, Dy, Ho and Er),™*® and 8 decagonal systems Al-Co-(Cu,Ni}, Al-Pd-Mn, Al-Rh-
(Cu,Ni), and Al-Pd-(Fe,Ru,0s). They are all ternary alloys and 15 of them are based on
aluminum. If one envisages that their structure consists of an sp-electron-type sublat-

tice and a d-electron-type sublattice, then clearly one expecls the presence of chemical

.
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disorder in these sublattices (for example, in the CuFe, CuRu, ZCuOs, PdMn, PdRe
sublaltice).™

The topological disorder results from the nature of QC's. The concept of quasiperi-
odicity implies that no two crystallographic positions of a given atom are exactly the
same.™¥ This can be viewed as a sort of topological disorder.!™

Although these two types of disorder are not seen in the diffraction and electron
microscopy experiments on stable QC'’s, they are clearly detected, but not separated,
in other experiments which are more sensitive to the presence of such disorder.®™ For
example, local probes such as Méssbauer spectroscopy™®® and NMR!"! clearly detect
the presence of a distribution of quadrupole splittings in high-quality stable i-alloys."™
Such a distribution can only exist if there is a chemical and/or topological disorder in the
investigated samples.” Also the NMR parameters, the Knight shift and the spin-lattice
relaxation rate, indicate the presence of some disorder modes.™ ™" A recent study on
the propagsation of acoustic shear waves in a single-grain i-Al-Pd-Mn alloy shows the
similarity of the acoustic properties of this alloy to those of amorphous metals."*” The
results of these experiments!®~"*! demonstrate that chemical and /or topological disorder
is present also in the high-quality, phason-free, stable i-alloys and therefore the disorder
must be taken into account in attempts to understand the physical properties of QC'’s.
In particular, this disorder may explain why quantum interference theories are successful
in explaining some of the electronic transport properties of stable QC's." This disorder
may also wash out the DOS spikiness predicted by the caleulations which are performed

for ideal, disorder-free systems.®

4.4.6 Resistivity of quasicrystals

As discussed before, one of the most unusual properties in the QC's is that they

have the unexpected high p values in comparison to their component metals. There are
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experimental arguments which indicate that the Hume-Rothery mechanism alone is not
sufficient to explain the high values of p.*™ The dramatic changes of p (up to two orders
of magnitude) with composition/'® 4 1% 30=33. 383,18 5 d structural quality! ¥ 13138 18
have been observed for the i-samples whose values ol « differ only by up to aboul 10%.
For example, the values of p (at 2 K) and « for i-AlgPdaRejn are respectively 0.1 Qem
and 0.28 mJ/molK? (Ref. [154]). The corresponding values for i-Alg:PdayReyp are 1 Qem
and 0.25 mJ/molK?® (Ref. [154]). Asboth 1/p in the Einstein equation and 4 are propor-
tional to N(Ep), the above experimental fact indicates that the big values of p cannot
be associated only with the minimum of DOS(Ef). Additionally, the Einstein equation
assumes that 1/p is proportional to the electron scattering time, which implies that p
should decrease by removing the defects. The opposite is observed for i-alloys."™ 0=
This proportionality also predicts that p should increase with increasing temperature,
which is contrary to the observed steep decrease of p with temperature well above the
Debye temperature."® *?'~2 Since 1/p in the Einstein equation is proportional to the
product DN(Fg), the unusually large values of p may also originate from the reduced
D.e

The arguments presented above suggest that a simple interpretation based on the
Einstein equation is not applicable to i-alloys and therefore alternative approaches are
required to explain the unusual properties of these alloys. These new approaches are
based on the concepts of tunneling, localization, and critical states."™ One of the first
of such approaches, which is very qualitative and which claims to give a good explana-
tion of the electronic properties of i-alloys, is based on an internal structural model."™
It assumes the presence of the conductive i-blocks which are enveloped by an insu-
lating layered-structure network.”® For this structural model the electrical conduction
should occur via tunneling. Such tunneling, however, should lead to deviations from
Ohm's law which was shown to be perfectly obeyed in the i-Al-Cu-Fe film for bias volt-

ages varying by seven orders of magnitude."*® Another approach invokes the concept
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of localization.™ Inherent to this concept is the notion of disorder which causes the
clectrons to become localized, i.c., spatially confined to some region of an i-alloy.?* ®!
Conduction then occurs via thermal activation between the localized states (hopping).
Consequently, the very large values of p can occur for the finite values of DOS(ER).
‘The use of this localization approach to explain the electronic transport properties of
i-alloys was suggested by Kimura et al."*" and was later invoked and elaborated in the
following works."*!=*"*¥ The third approach is based upon the idea of the new type of
Lthe clectronic states, the so-called critical states, which are intermediate between the
extended electronic states in metals and the localized electronic states in insulators.®!
Such states were shown theoretically to exist in one- and two-dimensional quasiperiodic
systems."™ Although it is not clear whether the critical states can occur in realistic
three-dimensional quasiperiodic systems, they may have profound consequences on the
clectronic transport properties of QC’s.l' 4150181 [t can be concluded that there is no
generally accepted explanation of the unusual transport properties of QC's and that it is

still unclear to what extent can these properties be associated with the quasiperiodicity.



Chapter 5

CONCLUSIONS

Methodologies of XRD pattern indexing and PIS data analysis, as one of the two
major parts of the thesis, were developed. Three programs were written for the most-
often-used schemes for indexing the i- and d-structures. The XRD indexing results
showed that the studied samples are predominantly single phases. After the corrections
for the experimental parameters and background, the PES spectra can be compared
not only with respect to their shapes but also in terms of their intensities. This is
especially important in analyzing the synchrotron-radiation-based PES data. Study
of the electronic structure of QC'’s is the other major part and constitutes the main
purpose of this thesis. Three topics were studied: PDOS and total DOS, pseudogap,
and spikiness.

Resonance photoemission effect was employed in establishing the features originated
from the d-states in the nearly-half-full subshell in the PES valence bands. The positions
of the maximum suppression due to the resonance for i-Al-Pd-Mn, d-Al-Co-Cu, i-Al-
Cu-Ru, and i-Al-Cu-Os alloys were found to be at Ep~-0.64, —0.8, —1.3, and —1.7
eV, respectively. Because these features are very close to the Er, they must be, at least,

partially, responsible to the stability and the unusual resistivity behavior of the studied

98
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QC’s. The d electrons in the full subshells (Cu-3d and Pd-4d) were found to be shifted
further away from the Ep. This arrangement must favor the hybridization between the
Al sp, TM s clectrons and the d electrons of these nearly-half-fuil subshells. By taking
advantage of the synchrotron-radiation-based PES technique, the experimental PDOS's
and total DOS of the d-electrons in some cases have been obtained. The PDOS's and the
theoretical results were thus compared, whenever the latter were available, and relatively
good agreement was observed.

It was shown that the spectroscopic measurements (XPS, PES, SXE, SXA, IPES)
performed so far by various groups did not have sufficiently-high-energy resolution to
unambiguously solve the problem of the possible pseudogap in the DOS near the Ep.
It was demonstrated in this thesis that by using the low-temperature and ultrahigh
resolution UPS technique on the sample of i-AlgsCungFer sRurs alloy, the pseudogap
can be ambiguously observed. Fitting of the gap to a Lorentzian dip centered at Ep
gives its FWHM=0.33 eV and the depth C=45%. This spectrum also shows that this
i-alloy is metallic, as evidenced by a clearly developed Fermi edge. The same conclusion
could be reached for all other QC's studied by the UPS technique, except the i-Al-Pd-Re
system which does not have a clear Fermi edge and its DOS(EF) is nearly zero, which
is consistent with its insulating behavior at low temperatures.

These UPS experiments also conclusively showed that there are no spikes in the DOS
of QC's predicted by theory, although the spikiness is believed to be a specific property
of QC’s in distinguishing the quasiperiodic from the periodic or aperiodic phases. It
was suggested that disorder, which is not inciuded in theoretical calculations, may be
responsible for the absence of the spikiness. The predicted spikiness may be an artifact
resulting from the fact that the numbers of atoms used in the calculations were too
small.

It was argued that the low DOS(Ey) is only one of several factors responsible for the

high values of p. Another one, which may be more important, is the structural nature
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of the QC’s. This can likely be interpreted using two models which are associated with
the localization effects whose relevance confirms the importance of disorder in QC’s and
with the critical states. The knowledge and understanding of the electronic structure of
QC's is indispensable to explain the unusual behavior of p and other properties of QC's

and it deserves further investigations both theoretically and experimentally.



Appendix A

HUME-ROTHERY THEORY

This appendix presents the basic Hume-Rothery theory with regard to the stability
of solids"! and its theoretical prediction of the minimum of the density of states at the
Fermi level.*"

According to Hume-Rothery's observation, three factors are important in determin-
ing the formation of a solid solution and the equilibrium diagram of phases: the atomic
size-factor, the electronegative effect, and the relative valence effect. The first factor
states that where the atomic diameters of solvent and solute differ by more than about
15% of that of the solvent, the ” size-factor” is unfavourable and the solid sblution is very
restricted. When the atomic diameters are within this limit, the size-factor is favourable
and a. considerable range of solid solutions may be formed. The second factor indicates
that the more electronegative the solute element, and the more electropositive the sol-
vent (or vice versa), the greater is the tendency for the formation of stable intermediate
compounds. The last factor states that when other things are equal, a metal of lower
valency is regarded as more likely to dissolve one of higher valency than vice versa.

Hume-Rothery suggested that certain electron-atom ratios (e/a) tend to be charac-

teristic of the 3,7, and ¢ phases in many related systems. The ratio e/a is defined as

101



APPENDIX A. HUME-ROTHERY THEORY 102

the sum over valences weighted by the composition and divided by the total number of

atoms. For example, Table A.1 shows the ¢/a and the chemical formulas for the Cu-Zn

system.!'®

Table A.1: e/a and chemical formula of the Cu-Zn system.

Phase il ¥ €
Suggested chemical formula CuZn CugZng CuZny
e/a 3/2 21/13 7/4

Very often the valences are assumed to be the number of electrons in excess of the last
completed shell, as shown in Table A.2."* These phases are sometimes called electron

phases or Hume-Rothery compounds.

Table A.2: Valences of the elements in the Hume-Rothery model.

Valence Element Group
1 Cu, Ag, Au 1
2 Be, Mg, Zn, Cd, Hg . I
3 Ga, Al, In 11
4 Si, Ge, Sn, Pb v
5 P, AS, Sb Bi V) Vv
0 Fe, Co, Ni, Ru, Rh, Pb, Pt, Ir, Os VIII

Mott and Jones demonstrated*” that at these critical e/a ratios, the Fermi sphere
Jjust touches a Brillouin zone plane, i.e. one has 2kp=|Q|, where Q is a veetor of the
reciprocal lattice corresponding to the strongest Bragg peak. In this case an cnergy gap
opens at the Fermi surface, giving rise to a minimum in the DOS and to & lowering of

the total electronic energy."s
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