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Abstract

The search for new metallic materials with outstanding properties has turned in recent
time to compounds with unit cells containing some tens to more than one thousand
atoms. The Taylor phase T-AlsMn is one example. The orthorhombic unit cell (space
group Pnma) contains 156 atoms, and the structure persists if Mn is substituted by Pd or
Fe. The structure is built up by ten layers perpendicular to the b-axis. Most of the atoms
are located at vertices formed by pentagonal columnar clusters. Some of the 8d and 4c
sites can be occupied by both Al and Mn. Thus inherent chemical and spatial disorder is
present in the lattice and is further pronounced by substitution of Fe/Pd for Mn. This
leads to random distribution of magnetic and nonmagnetic elements which is an
important ingredient for the observed spin glass behaviour. T-AlsMn is an approximant
of the decagonal quasicrystal which is also formed in this concentration range of the Al-
Mn system. The tiling approaches for the decagonal quasicrystal propose either
elongated hexagons or a combination of pentagons and rhombi. Following the definition
for approximants it can be assumed that the general building blocks in all samples are
very similar.

By the present magnetic investigations (performed between 2 K and 300 K and in
external fields up to 9 T) spin glass behaviour is obtained at low temperatures. Relative
to the mother compound substitution of Pd (Fe) decreases (increases) the freezing
temperature. Curie constant, Curie-Weiss temperature, and average magnetic moment
per magnetic atom evaluated using Curie-Weiss law fit well into the dependence on Al
content reported in literature. The influence of different crystal structure is not essential.
The time dependence of the magnetic moment points to broad activation energy
distributions with similar shape but different centre of gravity for Fe and Pd containing
alloys. For comparable temperatures the Fe containing compounds exhibit larger height
of the barriers than those without and with Pd substitution. For the decagonal
quasicrystal the mean effective activation energy is reduced compared to the one for the
T-phase compounds.

The aim of the Mdssbauer investigations was a comparison of the recorded spectra for
the two structure types at different temperatures to proof, if for >’Fe embeded in the
building blocks resolvable hyperfine interactions are observable. Above freezing
temperature at least two spectra are necessary for a reasonable analysis. Quadrupole
splitting and center shift are, within measuring accuracy, the same for both structure
types, strongly supporting that °’Fe is embedded in similar surroundings. It seems that
the occupation of the first neighbour shell with the available atom species is dominant
and charge density and distribution on the *’Fe probe atom are only slightly influenced
by changes of the Fe content. The results support the similarities between decagonal
compound and the approximant AlsMn.

The work was performed within the activities of the 6" Framework EU Network of Excellence
"Complex Metallic Alloys" and the Pakistan Overseas Scholarship Program for PhD in
Selected Fields.



Kurzfassung

Materialien mit Einheitszellen, die mehrere zehn bis tausend Atome enthalten, erlangten
in den letzten Jahren grof3e Bedeutung. Die Taylorphase T-AlsMn ist dafur ein Beispiel.
Die orthorhombische Einheitszelle (Raumgruppe Pnma) enthalt 156 Atome und die
Struktur bleibt erhalten, wenn Mn durch Pd oder Fe substituiert wird. Die Struktur ist
aus zehn Schichten, die senkrecht zur kristallographischen b-Achse liegen, aufgebaut.
Der Groliteil der Atome besetzt fiinfeckige Prismen. Einige der 8d und 4c Platze kénnen
sowohl von Al als auch Mn besetzt sein. Die chemische und rdumliche Ordnung ist
daher gestort und diese Stérung wird durch die Substitution von Fe bzw. Pd verstarkt.
Dies fuhrt zu einer statistischen Verteilung von Atomen mit und ohne magnetischen
Moment und liefert somit eine wesentliche Voraussetzung flr die Ausbildung einer
Spinglasordnung. T-AlzMn ist ein Approximant fiir den dekagonalen Quasikristall, der
ebenfalls in diesem Konzentrationsbereich des Al-Mn Systems gebildet wird. Die
Strukturbeschreibung dieses Quasikristalls mittels tiling geht von verzerrten Sechsecken
oder einer Kombination von Funfecken und Rhomben aus. Entsprechend der Definition
fiir einen Approximant sind die Blécke aus denen diese Strukturen aufgebaut werden, in
den Proben sehr dhnlich.

Bei tiefen Temperaturen zeigen die magnetischen Messungen (ausgefihrt im
Temperaturbereich zwischen 2 K und 300 K und in externen Feldern bis 9 T)
Spinglasverhalten. Relativ zur Ausgangsverbindung fallt (steigt) die Gefriertemperatur
mit der Substitution von Pd (Fe). Die aus den Analysen nach dem Curie-Weiss Gestz
erhaltenen Curiekonstanten, Curie-Weiss Temperaturen und mittleren magnetischen
Momente stimmen mit den in der Literatur angegeben Werten gut iberein. Der Einfluss
der unterschiedlichen Kristallstrukturen auf diese GroRen ist Klein.

Die Zeitabhangigkeit des magnetischen Momentes weist auf eine breite Verteilung der
Aktivierungsenergie hin, wobei die Form der Verteilung fiir die Fe und Pd substituierten
Proben gleich, der Schwerpunkt jedoch unterschiedlich ist. Die mittlere
Aktivierungsenergie der dekagonalen Probe ist kleiner als jene der kristallinen Proben.
Ziel der MéRbaueruntersuchungen war es zu Uberpriifen ob der Einbau von *'Fe an ver-
schiedenen Platzen in den die Struktur aufbauenden Blocken auf Grund der unterschied-
lichen Hyperfeinwechselwirkung nachgewiesen werden kann. Oberhalb der Gefriertem-
paratur waren mindestens zwei Subspektren fir die Analyse notwendig. Quadrupol-
aufspaltung und center-shift sind innerhalb der Messgenauigkeit fur beide Strukturtypen
gleich. Dies weist darauf hin, dass die lokalen Umgebungen fiir das >’Fe Testatom sehr
ahnlich sind. Es scheint, dass die Besetzung der ersten Nachbarschale mit der zur Ver-
fugung stehenden Atomart fur die Ladungsverteilung und -dichte bestimmend und die
geédnderte Fe-Konzentration von geringerer Bedeutung ist. Die Resultate Unterstiitzen
die Ahnlichkeit von dekagonalem Quasikristall und Approximant T-Al;Mn.

Die Arbeiten wurden im Rahmen des 6. Rahmenprogrammes EU-Network of
Excellence "Complex Metallic Alloys" und des Pakistan Overseas Scholarship Program
for PhD in Selected Fields durchgefiihrt.



1. Introduction

The search for new metallic materials with outstanding properties has turned in recent
time to compounds with unit cells containing some tens to more than one thousand
atoms. The main reasons for this are on the one side the progress on both the crystal
growth techniques and the techniques for physical property measurements and on the
other side the increase in computational power allowing theory to tackle problems posed
by these complex systems. In an overview Urban and Feuerbacher [1] characterized
these "giant unit cell crystals™ starting from the crystallographic point of view by the
appearance of typical cluster substructures, which defines by their length scales the
physical properties. These length scales deviate substantially from the scale defined by
the lattice parameters. A further characteristic is the inherent disorder caused by mixed
or fractional site occupancy and the occurrence of atomic arrangements in different
orientations inside the unit cell. Because of these particular structural features Urban
and Feuerbacher proposed to call these metallic materials "structurally complex alloy
phases” [1].

Another point of interest appeared with the discovery of an icosahedral (1) Al-Mn phase
(Shechtman et al. 1984 [2]) and was caused by the structural similarity of the atomic
arrangements inside the unit cell of these complex alloy phases with the short-range
order structure of quasicrystals. These quasicrystals possess long range aperiodic order
and crystallographically forbidden rational symmetries, and were thus fundamentally
different from the two other known types of solid structure, crystalline and amorphous.
They opened a new branch of crystallography and solid-state physics. The literature
devoted to physical properties of quasicrystals has been growing rapidly. There was
immediately great interest in determining whether similar phases would form in other
alloy systems, too. A number of quasicrystals with icosahedral and decagonal structure,
especially Al-based with wide variety of transition metal elements, have now been
discovered [3, 4]. Progress in the knowledge of the structure of quasicrystals was made
from comparisons of the known cluster structure of related crystalline metallics with the
basic elements forming quasicrystals. In principle both crystalline and quasicrystalline
structure types can be described with reference to an up to six - dimensional hypercubic
lattice using a projection formalism. The difference is that a rational cut of the high -
and the three - dimensional space is employed for the crystalline and an irrational one
for the quasicrystalline lattice. For this reason in quasicrystal literature the giant unit cell
metallics are frequently referred to as rational approximants [5].

To concentrate on particular subsets of the huge group of largely unknown multinary
alloys which exhibit a crystal structure along the above given definition the European
Network of Excellence Complex Metallic Alloys (CMA) [6] was founded. All samples
investigated in this thesis were prepared and characterized within this network [7]. The
focus lay on the less investigated Al-rich side of the Al-Mn alloy system with the
extension to the ternary Al-Mn-Fe and AI-Mn-Pd systems, which contain several
attractive complex metallic alloy (CMA) phases. The samples were produced from
constituent elements by levitation induction melting in a water-cooled copper crucible
under an argon atmosphere. Parts of the samples were annealed in argon at 900 and



930°C for up to one month and subsequently quenched into water. Metallurgical
investigations were performed by scanning electron microscopy. Phase compositions
were determined by energy dispersive X-ray analysis EDX and, inductively coupled
plasma optical emission spectroscopy. The latter analyses were used for the
determination of the oxygen and carbon contents in the samples and for the calibration
of the EDX measurements. In addition, the samples were studied by selected-area
electron diffraction in transmission electron microscopes and powder X-ray diffraction
in transmission mode.

As pointed out the focus of this thesis lay on the Al-rich side of the Al-Mn alloy system
with extension to the ternary Al-Mn-Pd and Al-Mn-Fe systems. One of the CMA -
phases formed in this concentration region is the orthorhombic Taylor - phase T-AlsMn
(space group Pnma). This structure was first studied by Taylor in 1961 [8]. It is built up
of ten atomic layers stacked perpendicular to the [010]-direction. By these layers
pentagonal columnar clusters are formed along the axis which can be seen as the
essential building blocks of these compounds. The unit cell contains 156 atoms with
some sites having mixed Al/Mn occupation, so that inherent chemical disorder exists in
the lattice [9, 10-12]. The Taylor - phase is known to possess highly interesting
magnetic [13-16], electronic [17], and mechanical [18] properties, making it a
promising starting material for technological applications like coating. The
investigations are further extended in the Al-Mn-Fe system, to the region in which the
quasicrystalline decagonal phase is formed as a solid solution.

Following the results of ab initio calculations, which were based on a tight-binding
linear-muffin-tin-orbital technique using the local-spin-density approximation and were
performed for decagonal AIMn compounds [13, 19], hybridization of Al-p and Mn-d
states causes the appearance of a pseudo gap at the Fermi energy, and the fulfillment of
local Stoner criteria governs the formation of Mn - moments. Hybridization is reduced
by the confinement of the atoms to fixed interatomic spacings and favors an impurity
like Mn local density of states. The presence of spatial randomly distributed moments
together with the tendency towards antiferromagnetic coupling are prerequisite for the
appearance of spin glass behavior.

In a spin glass material, as the system is cooled down from high temperature, spin
directions freeze starting from some temperature, as if a phase transition has occurred.
At the same time, spin directions remain largely uncorrelated as in the paramagnetic
phase [20].

Some samples with T-AlsMn and decagonal structure prepared in the above described
manner are recently investigated by another group of the CMA network [16]. The results
show at low temperatures spin glass behavior with its strange time dependence, some
scatter of the freezing temperatures in concentration dependence of the constituent
elements, and tendency towards antiferromagnetic coupling. Thus by the extension to
new samples with somewhat different Al concentration and by magnetic measurements,
which include the determination of the time dependence of the magnetization together
with the extremely local character of >’Fe Mé&ssbauer investigations it should be
possible to gain information about moment formation and to obtain knowledge about
the difference of near neighbour environments in both crystalline and decagonal
compounds.
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Spin glass behavior was again observed at low temperatures for all samples irrespective
of Pd/Fe content. It could be shown, that the two environments of the °’Fe probe atom,
which are present in the Taylor phase if random substitution is assumed of Fe for Mn
only - Fe completely surrounded by Al and Fe surrounded by both Al and Mn in the
nearest neighbourhood - are the dominant elements for the magnetic and hyperfine
interactions. It seems that in both the crystalline and the quasicrystalline compounds the
occupation of the first neighbour shell with the available atom species defines charge
density and charge distribution on the °’Fe probe atom, whereas changes of the Fe
content, in the restricted concentration interval in which single phased samples are
producible, have only slight influence. For the crystalline compounds the mean
hyperfine field and mean effective transition metal moment increase with increasing Fe
content. The results support strongly that similar interatomic configurations are present
in the decagonal compound and in T-AlsMn and that the exchange interaction on the
length scales of these configurations dominate the electronic exchange interactions.
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2. Structural Considerations

2.1 Crystal structure
The crystal structure of a material, which describes the arrangement of atoms in space,

can be defined in terms of symmetry considerations together with a unit cell. This unit
cell is given by the lattice parameters, the length of the cell edges and the angles
between them. The positions of the atoms inside the unit cell are determined by the set
of atomic parameters (X, Vi, i) which were measured from an origin (not inevitably be
occupied by an atom) and follow certain symmetry conditions. A perfect crystal is
considered to be constructed by a space lattice, i.e. by infinite regular repetition in space
of identical structure units. There are 230 basically different repetitive patterns [1, 2].

2.2 Quasicrystals
Quasicrystals are structural forms that are both ordered and nonperiodic. Their

symmetries can be considered to be between those of crystals and liquids [2, 3]. They
can be described by certain atomic arrangements that fill all the space but lack
translational symmetry in three dimensions. Classical theory of crystals allows only 2,
3, 4, and 6-fold rotational symmetries, but quasicrystals display symmetry of order
(fold) 8, 10, and 12. Just like crystals, they produce sharp (X-ray, electron) diffraction
patterns with defined structure [2].

The first of what later came to be known as quasicrystals was reported by Shechtman et
al. in 1984 [4]. They showed electron diffraction patterns of an Al-Mn alloy with sharp
reflections and 10-fold symmetry. The whole set of diffraction patterns revealed an
icosahedral structure. Since then many stable and meta-stable quasicrystals were found.
These are often binary or ternary metallic alloys with aluminum as one of the
constituents. Summaries of recent investigations are e.g. given in [5, 6].

2.2.1 Types of Quasicrystals
Regarding thermal stability, three types of quasicrystals are distinguished [7]:

o stable quasicrystals grown by slow cooling or casting with subsequent
annealing,
e metastable quasicrystals prepared by melt-spinning, and
e metastable quasicrystals formed by the crystallization from the amorphous
phase.
In two dimensions, present if one direction is periodic and perpendicular to
quasiperiodic layers, polygonal quasicrytals of the following types are distinguished [2]:
e octagonal quasicrystals with local 8-fold symmetry [primitive & body-centered
lattices],
o decagonal quasicrystals with local 10-fold symmetry [primitive lattice], e.g.
figure 2.1,
o dodecagonal quasicrystals with local 12-fold symmetry [primitive lattice]


http://en.wikipedia.org/wiki/Miller_index
http://en.wikipedia.org/wiki/Structure
http://en.wikipedia.org/wiki/Crystallographic_restriction_theorem
http://en.wikipedia.org/wiki/Bragg_diffraction
http://en.wikipedia.org/wiki/Dan_Shechtman

Figure 2.1: Diffraction pattern of a decagonal quasicrystal with 10-fold symmetry. Taken from [2].

In three dimensions, with no periodicity in any of these directions, the following types
are observed [2]:
o icosahedral quasicrystals (axes:12x5-fold, 20x3-fold, 30x2-fold) [primitive,
body-centered & face-centered lattices], and
o icosahedral quasicrystal with broken symmetry.

2.2.2 Tiling
Characteristic for quasicrystals are their diffraction patterns consisting of sharp

diffraction spots/peaks which cannot be indexed by three Miller indices and reciprocal
vectors. Mathematicians like Wang [8] described covering of planes using tiles in early
1960s. This idea was followed by the British mathematician Penrose, who suggested a
way to cover a plane in a nonperiodic fashion using different types of tiles. The
arrangement of these tiles (e.g. rhombi in figure 2.2) follows certain matching rules as
in the present case that in every vertex all angles are either 2%/5 and 4n/5 or =/5 and
3n/5 (see e.g. [9]). As important property self similarity is obtained, which means that
the order of the tails is reproduced within a certain periodicity. Figure 2.2 (left) shows
an example for this tiling. An equivalent tiling can be found for a three dimensional
(3D) -arrangement. This is called 3D-Penrose tiling/pattern, and is made up of
rhombohedra instead of the rhombi [2]. The resemblance noted between the icosahedral
quasicrystal and the 3D-Penrose pattern produced a paradigm shift in some fields of
crystallography and solid state physics approximately ten years later [2]. The main
relevance for structural considerations is the possibility to put atoms (they should be
rather seen as atom clusters) at the vertices of a derived tiling pattern and to perform the
Fourier Transform, to end up with a “calculated” diffraction pattern. Comparison with
the measured one indicates the successfulness of the tiling approach and allows
conclusions on the structure [10].
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Figure 2.2: Left: Penrose tiling performed with rhombi, taken from [2]. Right: Tiling description of
(010) planes of the T-phase, different lines depict alternative tiling, taken from [11].

2.2.3 Concept of higher dimensional space
The three integer Miller indices label the observable reflections of an ordinary crystal

with translational symmetry. Ordering is called non-periodic if it lacks translational
symmetry, what means that a shifted copy will never match exactly with its original.
The more precise mathematical definition is that there is never translational symmetry
in more than n—1 linearly independent directions, where n is the dimension of the
space filled. To assign integer indices to the diffraction spots/peaks of a polygonal
(icosahedral) quasicrystal 5 (6) indices (called generalized Miller indices) are necessary.
[12, 13]. The respective reciprocal vectors span a 5 (6) dimensional reciprocal space,
which must have his equivalent in an n-D real space (n = 5, 6). In this space the
structure is built up with its full periodicity. The location of the diffraction spots/peaks
observed for the quasicrystal structure results as a section of this n-dimensional
supercrystal with the 3-D physical space. The intensity is obtained from the respective
Fourier Transform of the electron density of the supercrystal. A detailed description of
this method is e.g. given by [12, 13].

The space groups for polygonal and icosahedral quasicrystals are calculated (see
e.g.[12]). There are 90 for octagonal, 34 for decagonal, 33 for dodecagonal, and 11 for
icosahedral quasicrystals.

2.3 Decagonal quasicrystals and approximants in the Al-Mn(Pd)

system

In addition to the decagonal quasicrystal and the orthorhombic Taylor-phase T-AlsMn a
large number of other thermodynamically stable phases are formed on the Al-rich side
of the Al-Mn(Fe/Pd) alloy system as discussed by [14]. The T-AlsMn phase is
considered to be an approximant of the decagonal (D) Al-Mn phase The structure is
built up of atomic layers stacked perpendicular to the [010]-direction. By these layers
pentagonal columnar clusters are formed along the axis which can be seen as the
essential building blocks [15]. The unit cell contains 156 atoms with some sites having
mixed Al/Mn(Fe/Pd) occupation, so that inherent chemical disorder exists in the lattice
[11, 15-17], as will be discussed in detail in the following chapter.

2.3.1 Taylor Phase T- AlzMn
One of the first who studied the structure of the high temperature phase T-AlsMn was

Taylor in 1961 [18]. He proposed an orthorhombic unit cell with dimensions a = 1.488
nm, b =1.242 nm and ¢ = 1.259 nm and the space group Pnma. Hiraga et al. (1993) [17]
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found the same space group (number 62) and dimensions a = 1.483 nm, b = 1.243 nm
and ¢ = 1.251 nm. Shi et al. (1994) [19] pointed out that the space group Pn2;a was a
better description for a sample of nominal composition Alss4sMn. They obtained
dimensions a = 1.4837 nm, b = 1.2457 nm, and ¢ = 1.2505 nm. The structure consists of
layers perpendicular to the b direction. One almost flat layer is embedded between two
puckered ones. Altogether there are six layers in one unit cell. From an ingot of nominal
composition Li;pMngoAlsg single crystals with Al;3;Mn are extracted by Pavlyuk et al.
(1995) [16]. The space group was again Pnma, the lattice parameters a = 1.4883 nm, b =
1.2447 nm, ¢ = 1.256 nm. Klein et al. (1997) [15] reported on investigations on a single
crystal with composition Alz,3Mny45Pds > having the same space group as T-AlsMn and
dimensions a = 1.4717 nm, b = 1.251 nm and ¢ = 1.2594 nm, but as discussed below,
different Al/Mn order on the respective lattice sites. A transition to another ternary
orthorhombic phase was proposed. Reinvestigation of the ternary Al-Mn-Pd system by
Balanetskyy et al. (2008) [11] confirm, however, the results of Gdeke and Liick (1995)
[20] regarding the extension of the homogeneity range and the non-existence of this
new ternary T-phase. For the lattice spacings of Al;sMn,, Balanetskyy et al. (2008)
found a=1.479 nm, b = 1.242 nm and ¢ = 1.259 nm.

Diffraction patterns of the AlzMn phase are shown in figure 2.3, together with those of
the Al-Pd-Mn decagonal quasicrystal. In the pattern the strong spots distribution of
AlzMn phase is similar to that of decagonal quasicrystal, as indicated by arrowheads.

a d
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Figure 2.3: Electron diffraction pattern of crystalline AlsMn (a-c) and of decagonal Al-Pd-Mn
phases (d-f). The distribution of strong spots is indicated by arrowheads. Taken from Hiraga et al.
1998 [17].

Hiraga et al. (1993) [17], Pavlyuk et al. (1995) [16], and Klein et al. (1997) [15]
determined atomic positions for T-AlsMn. They are reproduced in table 2.1 in such a
way, that equivalent positions which are named in different way by the groups are
arranged together. All authors reported that most of the sites are occupied only by either
aluminum or manganese but some of the sites show mixed occupancy.
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According to Hiraga et al.[17] Mn(5), Mn(6), Mn(8), and Mn(9) show mixed occupancy
with some aluminum and Al(6) show that with some manganese. With the exception of
the last mentioned Al(6) site this is also found by Pavlyuk et al. only the sites are named
different. TM(1-5)(Mn/Al) of Klein et al. stands for Mn(8), Mn(9) and Al(6-8) of
Hiraga et al. and Mn(3), Mn(1), Al(1), Al(8), and Al(4) of Pavlyuk et al, respectively.
The Al/Mn occupations of these sites are quite similar. Klein et al. proposed that (site
names after Hiraga et al.) Mn(1) to Mn(4) are half filled by Mn and Mn(5), Mn(6) are
half filled by Al and called the last two sites Al(13) and Al(14), respectively. These sites
are fully occupied by Hiraga et al and Pavlyuk et al. Al(16) of Hiraga et al. corresponds
to Al(10) of Pavlyuk et al and TM(6) of Klein et al., who assumed that all of the Pd is
embedded at this site if the structural model of T-AlsMn is applied (table 2.1). In
examining the intensity of the (020) reflex in X-ray diffraction patterns Balanetskyy et
al. (2008) [11] concluded that this assumption is too crude for a correct description of
the structure.

All groups report very similar values for the positions of the respective sites.
Concerning the Mn/Al occupation Hiraga et al. (table 2.1, red) found in total
4(4)+2.8+3.2+8+4+4.8 +0.8/1.2+0.8+4+3.2+4(5)+7.2+8(10) = 39.6/116.4. This leads to
Al 94sMn, very close to AlsMn. Taking the Pd content as Mn, Klein et al. (table 2.1,
blue) ends up with the total Mn/Al occupation 2(4)+8+4+4+2.4+2.4+1.2+5/2(2)+4+4+
2(5)+5.6+5.6+6.8+7(8)+3 = 35/99. From this atom count follows Al,gsMn. The Al
content is smaller than the one of the stoichiometric composition AlsMn, however not
all of the 156 sites are fully occupied. Pavlyuk et al. (table 2.1, green) end up with the
total Mn/Al occupation 4(4)+2.12+2.56+8+3.2+4/1.88+1.44+4.8+4(6)+8(11) =
35.88/120.12. From this atomic count one gets Al33,sMn. The Al content is now above
the stoichiometric one, in agreement with the starting composition. In this consideration
all of the sites are occupied by atoms.

Table 2.1: Atomic coordinates and occupation probabilities of Taylor phase T-Al;Mn as reported
by Hiraga et al. (1993) [17] (red) and Klein et al. (1997) [15] (blue), and Pavlyuk et al. (1995)
(green) [16].

Atoms Site X y z Occupation factor Total No
Mn/Al
atoms

Mn(1) 4c 0.0420 0.25000 -0.1462 1(Mn) 4/0

Mn(1) 0.03998 0.25000 0.85546 0.5(Mn) 2/0

Mn(9) 0.0417 0.25000 0.8530 1(Mn) 4/0

Mn(2) 4c 0.2333 0.25000 0.1783 1(Mn) 4/0

Mn(2) 0.23357 0.25000 0.17158 0.5(Mn) 2/0

Mn(7) 0.2348 0.25000 0.1749 1(Mn) 4/0

Mn(3) 4c 0.0535 0.25000 0.4543 1(Mn) 410

Mn(3) 0.0533 0.25000 0.4543 0.5(Mn) 2/0

Mn(4) 0.052 0.25000 0.453 1(Mn) 4/0

Mn(4) 4c 0.2261 0.25000 0.5217 1(Mn) 4/0

Mn(4) 0.22730 0.25000 0.52050 0.5(Mn) 2/0

Mn(6) 0.2249 0.25000 0.5236 1(Mn) 4/0

Mn(5) 4c 0.0565 0.25000 0.2429 0.7(Mn)/0.3(Al) 2.8/1.2

Al(13) 0.05142 0.25000 0.23361 0.5(Al) 0/2

Mn(5) 0.058 0.25000 0.242 0.53(Mn)/0.47(Al) 2.12/1.88

Mn(6) 4c -0.1669 0.25000 0.1530 0.8(Mn)/0.2 (Al) 3.2/0.8

Al(14) 0.84274 0.25000 0.15263 0.5(Al) 0/2

Mn(8) 0.8343 0.25000 0.1540 0.64(Mn)/0.36(Al) 2.56/1.44

Mn(7) 8d -0.1790 0.4429 0.6519 1(Mn) 8/0

Mn(5) 0.81942 0.44376 0.65449 1(Mn) 8/0
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Mn(2) 0.8202 0.4425 0.6534 1(Mn) 8/0
Mn(8) 8d -0.1831 0.4393 0.0379 0.5(Mn)/0.5 (Al) 4/4
TM(L)(Mn/Al) 0.81685 0.43746 0.03581 0.5(Mn)/0.5(Al) 414
Mn(3) 0.8167 0.439 0.0393 0.4 (Mn)/0.6 (Al) 3.2/4.8
Mn(9) 8d 0.1268 0.4383 0.1580 0.6(Mn)/0.4 (Al) 4.813.2
TM(2)(Mn/Al) 0.13220 0.43691 0.15809 0.5(Mn)/0.5(Al) 414
Mn(1) 0.1281 0.0628 0.1592 0.5(Mn)/0.5(Al) 414
Al(1) 4c 0.0937 0.25000 0.6607 1(Al) 0/4
Al(1) 0.09408 0.25000 0.66077 0.5 02
Al(12) 0.094 0.25000 0.659 1(Al) 0/4
Al2) 4c -0.1000 0.25000 -0.0399 1(Al) 0/4
Al(2) 0.89212 0.25000 0.94199 0.5 02
Al(15) 0.899 0.25000 0.96 1(Al) 0/4
Al(3) 4c 0.1042 0.25000 0.0403 1(Al) 0/4
Al(3) 0.11555 0.25000 0.02993 0.5 0/2
Al(13) 0.105 0.25000 0.039 1(Al) 0/4
Al(4) 4c 0.4031 0.25000 0.1493 1(Al) 0/4
Al(4) 0.39940 0.25000 0.13536 0.5 02
Al(16) 0.403 0.25000 0.148 1(Al) 0/4
Al(5) 4c 0.3196 0.25000 -0.1559 1(Al) 0/4
Al(5) 0.31703 0.25000 0.84278 0.5 0/2
Al(14) 0.318 0.25000 0.845 1(Al) 0/4
Al(6) 8d 0.0158 0.4357 0.3498 0.9(AD/0.1(Mn) 0.8/7.2
TM(3)(Mn/Al) 0.01204 0.43579 0.3519 0.3(Mn) /0.7(Al) 2.45.6
Al(L) 0.0162 0.066 0.350 1(Al) 0/8
Al(7) 8d -0.1906 0.4338 0.2701 1(Al) 0/8
TM(4)(Mn/Al) 0.81666 0.43358 0.27479 0.3(Mn) /0.7(Al) 2.45.6
Al(8) 0.8097 0.434 0.2702 1(Al) 0/8
Al(8) 8d 0.1296 0.4351 0.5351 1(Al) 0/8
TM(5)(Mn/Al) 0.12823 0.43438 0.53195 0.15 (Mn)/0.85(Al) 1.2/6.8
Al(4) 0.1299 0.435 0.535 1(Al) 0/8
Al(9) 8d -0.4797 0.4217 0.5495 1(Al) 0/8
Al(6) 0.51119 0.41030 0.53689 1(Al) 0/8
Al(11) 0.5193 0.421 0.549 1(Al) 0/8
Al(10) 8d 0.1812 0.3525 0.3489 1(Al) 0/8
Al(7) 0.18067 0.35284 0.34743 1(Al) 0/8
Al(5) 0.180 0.3525 0.350 1(Al) 0/8
Al(11) 8d -0.2258 0.3785 -0.1619 1(Al) 0/8
Al(8) 0.76863 0.37970 0.83666 1(Al) 0/8
Al(6) 0.7736 0.3779 0.8380 1(Al) 0/8
Al(12) 8d -0.0511 0.3736 05417 1(Al) 0/8
Al(9) 0.95003 0.37515 0.54539 1(Al) 0/8
Al(2) 0.949 0.374 0.5400 1(Al) 0/8
Al(13) 8d -0.2357 0.3763 0.4743 1(Al) 0/8
Al(10) 0.76708 0.37939 0.47575 1(Al) 0/8
Al(7) 0.765 0.3760 0.4740 1(Al) 0/8
Al(14) 8d -0.0491 0.3783 -0.2380 1(Al) 0/8
Al(11) 0.95384 0.38373 0.76158 1(Al) 0/8
Al(3) 0.9500 0.3780 0.7600 1(Al) 0/8
Al(15) 8d 0.1623 0.3764 -0.1635 1(Al) 0/8
Al(12) 0.15657 0.38402 0.83649 1(Al) 0/8
Al(9) 0.16291 0.3776 0.837 1(Al) 0/8
Al(16) 8d -0.0414 0.3882 0.1490 1(Al) 0/8
TM(6)(Pd/A) 0.95698 0.41779 0.15723 0.625(Pd) /0.375(Al) 5/3
Al(10) 0.9587 0.3919 0.1510 1(Al) 0/8

Since the atomic positions found by all groups are very similar, we reconstructed the
crystal structure with the values of Hiraga et al. (1993) [17]. The results for successive
layers perpendicular to the b- axis are shown in figure 2.4 and figure 2.5. Most of the
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Figure 2.4: Layers 8dl, 8d2 and 4cl
bottom to top. Brown, green small, green
large, and red correspond to positions
occupied by Mn, Mn/Al, Al/Mn, and Al.
Black line: unit cell. Positions for points K,
L are shown in graph of layer 4c1l. Small
differences in b appearing in layers 8d1,
8d2 are neglected.

Figure 2.5: Layers 8d3, 8d4 and 4c2 bottom to
top. Symbol colours are as in figure 2.4. Small
differences in b appearing in layers 8d3, 8d4
are neglected.

atoms are located at the vertices of small and large pentagons with edge lengths
associated with the golden ratio i.e. @1++/5)/2 ~ 1.618 [21], and at the centre of large
pentagons. The 10 layers forming the unit cell are stacked in the sequence (from bottom
to top) 8d1, 8d2, 4cl, 8d2, 8d1, 8d3, 8d4, 4c2, 8d4, 8d3 as schematically shown in
figure 2.6. The alternate presence of small pentagons and central atoms leads to
pentagonal columns along the b axis (as e.g. shown for the K and L positions), which
are surrounded by large pentagons and decagons, if surrounding Al atoms are also
included.
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A possible tiling performed with large pentagons and rhombi is indicated by the lines
connecting respective atom sites in figure 2.4 and 2.5. It should, however, be noted that

atoms in the layers 8d1, 8d2, 8d3, and 8d4 are slightly shifted along the b axis (see
figure 2.6).

b axis [nm]

5 axis (o)

C axis [nm]

Figure 2.6: Stacking of similar region of the layers shown in figure 2.4 and 2.5 in the sequence
(from bottom to top) 8d1, 8d2, 4c1, 8d2, 8d1, 8d3, 8d4, 4c2, 8d4, 8d3, and 8dl. Lines in red and

black correspond to the projections to a-c plane of the points K and L shown in the graph for layer
4cl in figure 2.4.

The Taylor phase samples of our interest about which we discussed in the later chapters
are Al;sMn, AlsMnyoPds, AlggMnasFes and AlggMnygFer,, which are abbreviated as
AM, AMP, AMF8 and AMF12, respectively. AM contains 75% Al and 25% Mn which
gives precisely AlsMn. In the structure model of Klein et al. (1997) [15] the amount of
3.2% Pd is embedded only on one Al site and occupation of the other lattice sites is
changed compared to the one of pure T- AlsMn. Assumptions that this preferential
substitution holds also for larger Pd content are highly speculative. For the Fe
containing alloys the Al content is 69% and 68% for AMF8 and AMF12, respectively.
In this case for both structural models the occupation numbers of the atomic sites
changes with respect to the one proposed for pure AlsMn.

2.3.2 Pentagonal cluster concept

The pentagonal cluster concept, introduced by Bostrém and Hovmoéller [22], was
mainly proposed to make analyses of high resolution electron microscopy investigations
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easier. It assumes a fundamental cluster, which is formed in both, the approximant and
the quasicrystal. This cluster is similar to a "wheel” with an "axis" and a "tire". Two
icosahedra form the axis. They are connected in such a way that the central atom of one
icosahedron is the apex atom of the other (figure 2.7, a). This axis, built up like the 19
atom cluster proposed by Romeu [23], is circumscribed by a tire formed from five
icosahedra (one of them is shown by wires in figure 2.7, b) which are coupled to each
other in the same manner as the axis. One edge of each circumscribing icosahedron is
made up by the two central atoms in the icosahedra of the axis. The building up of the
complete wheel cluster together with one of the 10 possible triangular faces (marked
chequered), which could be shared with another cluster, is shown in figure 2.7, c. In
total, the cluster contains 34 atoms.

(b)

Figure 2.7: Wheel cluster building up sequence (figure adapted from [22]).

One-dimensional strands or two-dimensional nets can form by connecting the wheel
clusters by the triangular faces to each other. A strand formed by connecting to two
other wheel clusters, a net by the connection to three. Two of the possible types of
strands, which were already found in approximants, are shown in figure 2.8.

(a) (b)

Figure 2.8: Part of the hypothetical strands (figure adapted from [22]).

The undulating 1-5 strand (figure 2.8, b) is found in AlsMn. Two of these strands are in
one unit cell and contain with the exception of eight all of the 156 atoms.
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2.3.3 Decagonal quasicrystals

Restricting to the binary Al-Mn and the ternary Al-Mn-Pd system around the Al
concentration of the samples investigated in this thesis, two quasicrystalline compounds
are observed, a metastable one around Alss4sMn and a stable one in Al-(Mn,Pd) alloys
with Al content around 70 at%. These compounds exhibiting one-dimensional
translational symmetry and long range order were named by Bendersky [14] decagoal
phases. Typical is the formation of quasiperiodic columnar clusters with decagonal or
pentagonal symmetry arranged parallel to the tenfold screw axis. The long correlation
length of these aggregations leads to the observed sharp diffraction spots in high
resolution electron microscopy (figure 2.3). The known periodicity ranges from
approximately 0.4 nm up to 3.6 nm, which corresponds to 2 up to 18 layers, stacked
over each other [24, 25].

Mainly two approaches are used to obtain models for the structure. One is based on the

section of a high dimensional (5D) periodic structure with the 3D superplane
representing real space. The other (the unit cell approach) is based on the assumption
that the crystalline approximants possess the same local atomic arrangement and that
this arrangement is packed aperiodically in the quasicrystal (e.g. [10]).

The metastable quasicrystal grows at low Mn concentration on the surface of already
formed icosahedral dendrites and nucleates directly from the melt by a first order phase
transition at Mn concentration around 22 at% [14]. Electron diffraction exhibits
symmetry 10/mmm and systematic extinctions of Bragg reflections which indicate 5D
space group symmetry P10s/mmc [14, 26, and e.g. 27 and references cited herein]. 2D
Penrose patterns based on structure factor calculations and 5D symmetry considerations
by [28, 10] lead to structure models with six layers along the tenfold axis with
periodicity 1.244 nm.

Analysis of single crystal X-ray diffraction investigations lead to full periodicity in 5D
space [13, 29, 30]. The structural model (superspace group P10s/mmc) derived in this
investigations is also built up by six non-equidistant slightly puckered layers. Two of
them are generated by the four 5D atoms in the asymmetric unit. Keeping the
occupation probability for Al of superatom 2 fixed to 0.9 occupation factors for Al of
0.84, 0.8, and 0.3 are obtained from the refinement for the remaining three superatoms
1, 3, and 4, respectively. From a comparison of calculated and measured electron
density it was estimated that the four superatoms represent only 85% of the electron
density of the quasicrystal. The missing 15% are included in the highly disordered part,
giving rise to the observed diffuse scattering and indicating a high degree of disorder.
The proposed model is in qualitative agreement with the one of Yamamoto and Ishihara
[28, 31]. The density derived with three superatoms, however, was too low and splitting
of two layers was introduced, finally leading again two four superatoms.

Resemblance of the local atomic arrangement is found to crystalline compounds with
different space groups and discussed by [26, 30, 32]. This resemblance was the starting
element for the different tiling approaches and the resulting structure models.

Based on comparison with crystalline w-Al;Mn structural subunits (hexagon, star,
decagon) are arranged on aperiodic flat and puckered layers to form the structure and to
lead to electron diffraction patterns comparable to the observed ones [33]. The derived
structure model was in general agreement with the one obtained by [30].

Tiling by three types of elements (crown, star and hexagon) was proposed by [34].
Structural subunits were derived under the assumption that the aggregation of the
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clusters should exhibit five fold rotational symmetry. The atomic arrangement (also
obtained in a subsequent paper by the projection method [35]) within the subunits form
flat (F) and pucker (P) layers stacked in the sequence PFpPFp to obtain the 1.2 nm
periodicity. Layer p (p) is related to layer P (P) by the mirror plane at layer F (F). Layer
P consists of two almost flat layers, the one near F contains only Al the other Al and
Mn. The same is valid for layer P with respect to layer F. In spite of some remaining
differences in the calculated diffraction patterns the overall agreement with the model
proposed by Steurer 1991 [30] was pointed out to be satisfactory. The resulting
composition was Alz gg7Mn very close to the one reported by [14].

A stable decagonal quasicrystal with composition Al;osMnyssPdi3 coexisting with an
icosahedral one with slightly higher Pd concentration AlzsMngsPd,; and an AlsPd,
crystalline phase was found by Beeli et al. [36] in samples heat treated around 800°C
and finally quenched (first in water and subsequently in liquid nitrogen). Upon
annealing at 800°C the orthorhombic Al;;Mn, phase was converted into the decagonal
quasicrystal. Four tiles (regular pentagons, 36° rhombi, 72° rhombi, and crowns) allow
random tiling with the prominent spots of the electron microscope pattern located at the
vertices. Patterns with higher resolution obey highly ordered decagons with bright spots
at the centre.

Steurer et al.[25] performed X-ray single crystal investigations and applied for the
analysis higher dimensional (5D) structure solution, Patterson and Fourier synthesis and
least square structure refinement. They restricted the structure analysis to Bragg
reflections only and neglected the diffuse scattering. Thus the obtained structure can
only be seen as an average of the real disordered structure. They assumed P10s/mmc for
the 5D superspace group and take not into account superatom 3 during the refinement.
With these constraints for superatom 1 two pentagons with total occupation factors px =
1 and 0.80 were obtained. The partial occupation factors for these components are pa =
0 (0.79), pmn = 0 (0.09), and ppg = 1 (0.12). For atom 2 a pentagram (total occupation
factors px = 1 and 0.53) with partial occupation factors pa; = 0.5 (0.9), pmn = 0.5 (0.1),
and ppg = 0 (0), for atom 4 one pentagon (total occupation factor px = 1) with partial
occupation factors pai = 1, pvn = 0, and ppg = 0, and for atom 5 a pentagram (total
occupation factors px = 1 and 0.61) with partial occupation factors pay = 0 (0), pmn =
0.60 (0.69), and ppq = 0.40 (0.31) are found. The intensity of the diffuse scattering was
of the same order as that of the Bragg scattering pointing to high degree of disorder in
the planes. This kind of scattering is not observed in metastable decagonal AlzgMny,.
Along the periodic direction, however, ordering is perfect, because no diffuse intensities
appear in the diffraction pattern. Again the metastable compound is different. There the
diffuse intensities indicate a doubling of the period [25]. From the electron density map
the cross sections of the columnar clusters were derived (figure 2.9).
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Figure 2.9: Sections of columns with diameter of 3 nm of Al;,sMnesPdy3 for the flat layer at x = 0.25

(left) and the puckered layer between x = 0.065 and 0.115 (right). Taken from [26].

The structure motifs are interconnected pentagons, trapezoids and decagons. These
motifs form the decoration of basic Penrose tiling with rhombi of edge length 0.2518
nm. The in-plane atomic distances (0.2581 nm and 0.296 nm for radius and edge length
of small pentagons, respectively) are larger than the shortest interplanar bond lengths
(0.232 nm). For comparison, they are in the order of 0.24 to 0.28 for crystalline AlsMn
[17 and discussion in chapter 6]. The units of pentagonal antiprismatic columns (one at
the centre and ten around it) appear to be those structure motifs, which stabilizes the
columnar clusters as independent structural building blocks. The crystalline
orthorhombic AlsMn structure shows similar stacking along the b axis (which is related
to the tenfold screw axis of the decagonal phase) as is shown in figure 2.10 for the
projection along the b axis of the two puckered 8d1, 8d2 layers and the flat layer 4c1.
This close relationship was also mentioned by Yamamoto 1996 [10] and used by Hiraga
and Sun 1993 [37] to propose a structural model for the compound of composition
Al;oPdi3sMny7; with periodicity 1.2 nm, which was also stabilized at 800°C. The
structural considerations were based on high-resolution electron microscopy
investigations and computer simulations. Structure image indicated the presence of ring
contrasts formed by decagons, star shaped pentagons, and squashed hexagons which
completely fill the observed area. Using the structure derived for crystalline AlsMn [17]
and the one for the metastable Al;sMny; [30] and placing a Pd/Mn atom at the centre of
the decagons, a structural model was proposed in which two mirror planes are situated
at z = 0.25 and 0.75. The other layers necessary to obtain the observed periodicity are
located at z = 0.06, 0.12, 0.38, 0.44 and 0.56, 0.62, 0.88, 0.94. The projection of these
layers along the periodic axis shows the mentioned decagons, hexagons, and stars
indicating that most of the space is filled by atomic columns interconnected to each
other. To solve the conflict in composition, the model leads Al4(Mn,Pd), a distribution
of the excess Al atom on Mn/Pd positions was proposed. Constructing a Penrose tiling
by projecting the 5D-superlattice on the 2D plane in addition to the three above
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Figure 2.10: Projection of the two puckered layers 8d1, 8d2 and the flat layer 4cl along the b-axis
for Taylor phase AlsMn. The building elements formed by pentagons and decagons are shown by
coloured lines. Colour of the symbols is the same as in figure 2.4. Tiling as shown in figure 2.2 right
is indicated in blue, a possible Penrose tiling in black.

mentioned tiles a ship-shaped octagon is observed. Since this kind of tile was only
observed experimentally in samples annealed for relatively short time, but disappears in
the one annealed for longer time, it seems not to be characteristic for stable decagonal
quasicrystals. Neglecting the inner part of the decagons (where three pentagons, two
rhombi and a crown shaped polygon are arranged), decagons, star shaped pentagons,
and squashed hexagons form the main tiles covering the 2D space.

The same structural subunits are derived from comparisons with the approximants T3
AlMnzn [32]. The atomic arrangement results again in a flat and a puckered layer.
From these studies it is assumed that the subunits of the stable phase are much larger
than the ones representing the metastable phase, since from comparison of the
diffraction patterns it follows that the quality of the former crystals is much higher.
Agreement with the electron density maps obtained by [25] is in some positions only
barely.
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To summarize the structural consideration concerning the quasicrystalline compounds,
which is based on a certainly arbitrary and incomplete literature survey, Al;osMnigsPdi3
can be seen as Pd stabilized isotype of the metastable Al;sMny, phase [25]. The
periodicity for both is approximately 1.2 nm according to which two quasi periodic
layers A (puckered) and B (planar) are observed. The stacking along the periodic axis is
ABAaba (small letters denote rotation of the layer by 36° against the one with large
letters). The 5D space group is centrosymmetric, P10s/mmc [25]. Building elements are
columnar clusters with typical diameters of 2 nm. The edge lengths for decagons and
pentagons forming these clusters are 0.25 nm and 0.29 nm, respectively, which are
larger than the short inter-planar bond lengths of 0.232 nm [25, 26].

In both the quasicrystalline and the crystalline phase a strong tendency for the formation
of pentagonal and decagonal clusters is found. Whereas some of these decagons gets
irregular in the crystalline phase, in the corresponding quasicrystalline layer they get
regular and appear isolated or in pentagonal clusters. The formation of undistorted
regular pentagons and decagons may thus be favourable energetically [25].

The decagonal sample on which we did our measurements has a composition of
Al71MnyoFeo which is abbreviated as AMF10. The structural characterization was
performed by Feuerbacher [38].
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3. Spin Glass

The following should only be seen as a short and very comprehensive overview without
any intention to summarize the extended literature. A spin glass is a magnet with
frustrated interactions, augmented by stochastic disorder, where usually ferromagnetic
and antiferromagnetic (AF) bonds are randomly distributed [1]. For this state, two
ingredients are necessary: There must be competition among the different magnetic
exchange interactions between the moments, in the sense that no single configuration of
the spins is uniquely favored by all the interactions (this is commonly called
‘frustration’), and these interactions must be at least partially random. These facts
suggest that the spin glass state is intrinsically different from conventional forms of
order and requires own formal concepts to be described [2].

In the last years spin glass systems have been investigated to a large extent, but in spite
of the huge number of papers, many characteristic properties remain not fully
understood [1, 3-6].

3.1 Frustration

In a square lattice with nearest-neighbor AF interaction as shown in figure 3.1(a) no
magnetic frustration is present, since all spins on this square lattice are antiparallel and
satisfy nearest-neighbor AF interactions. However, in a triangular lattice as shown in
figure 3.1(b) geometrical frustration occurs, since it is not possible to orient the spin on
the third site to satisfy the requirement of AF nearest-neighbor interactions with the
other two spins [7].

(a) (b)

Figure 3.1: (a) depicts no magnetic frustration in square lattice
but (b) depicts frustration in triangular lattice. Taken from [7].

3.2 Disorder

Due to some frozen-in structural disorder the interactions between the magnetic
moments may get “in conflict” with each other. Thus no conventional long-range order
(of ferromagnetic or antiferromagnetic type) can be established. Nevertheless these
systems exhibit with decreasing temperature a “freezing transition” at T to a state with a
new kind of “order” in which the spins are aligned on random directions. The nature of
this new kind of order as well as the character of the freezing transition is still not fully
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explained. The concepts range from a new type of phase transition [8] to fail for
establishing complete thermal equilibrium during observation time [7, 3].

3.3 Zero field cooling (ZFC) and field cooling (FC)

Among the exceptional properties of spin glasses compared to other magnetic materials
is the temperature behavior of their magnetic susceptibility, which reveals a kink at the
temperature Ty whose shape and position depend on magnitude and frequency of the
probing field [3].

There are two distinct ways to measure the susceptibility with a small dc field. The first
is to apply the field far above T and cool the sample in this field to T < Ts all the while
recording the magnetization M, this method is called field cooling (FC). Secondly, we
can cool the sample in zero field far below Tr and apply the field at this low
temperature. Then, we heat the sample while measuring M to T > Ty. Here we use the
term zero field cooling (ZFC). Figure 3.2 illustrates the different temperature
dependencies obtained for the susceptibility y measured with a field of 0.6 mT with FC
and ZFC conditions for CuMn (1 and 2 at % Mn [9, 10]). The FC susceptibility
becomes constant in value and to a great extent independent of time if we stop and wait
at a given T < Tt. (Only at extreme sensitivities and very long waiting times is there a
drift in ). On the other hand the ZFC susceptibility is zero until the field is applied then
with the field on and T constant, the ZFC susceptibility jumps to a value comparable
with that found from y,. However, now there is a slow, clear drift upwards which
continues over many decades in times.
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Figure 3.2: Field cooled (a), (c) and zero field cooled (b), (d) for CuMn
(1 and 2 at. %Mn) as a function of temperature; taken from [9, 10].

The first kind of system to be studied widely consisted of dilute solutions of magnetic
transition metal impurities in noble metal hosts, like AuFe, AgMn and CuMn [11]. The
impurity moments produce a magnetic polarization of the host metal conduction
electrons around them which is positive at some distances and negative at others [1].
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Figure 3.3: AC-susceptibility data for AuFe with 5 and 8 at %Fe for zero external
fields (full lines) and for various applied static fields; from Canella and Mydosh
[11].

It was in the early 1970s that sharp cusps were discovered in the ac susceptibility of the
so called ‘canonical’ spin glasses AuFe and CuMn [11]. Tf was defined by the
(frequency dependent) maximum in yxac. Figure 3.3 shows how an applied dc-field
rounds off the peak. Notice that the peak decreases in magnitude and shifts to lower
temperatures as the external field increases. Already in applied fields of 20-30 mT the
peak is smeared out and a broad maximum remains. This field effect is surprising, since
we have a Ts of ~ 25 K being strongly affected by an external field of ~ 10 mT, although
KeTs >> UerBa. (Assuming Mesr = 10 pg, then 10 mT corresponds to a temperature of
0.067 K.) Such distinct temperature effects were totally unexpected from early
speculation based upon a random molecular field model and the previously measured
high field susceptibilities. This means that spin glass state has a peculiar sensitivity even
to a small external field.

3.4 Magnetic interactions

The different types of magnetic interactions, which can be important in allowing the
magnetic moments in a solid to interact with each other and may lead to magnetic order,
can be Dipole-Dipole, Tunnelling Exchange, Superexchange, Direct Exchange, and
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. The last two are of special
importance with respect to the values of the obtained freezing temperatures.

The (indirect) RKKY exchange is usually considered in metals. The local magnetic
moments interact co-operatively with each other via the conduction electrons [12].
Theoretical and experimental work on (weakly) disordered metals with elastic mean
free path | > 1/kr and < R (the intermoment spacing) shows that the interaction is not
exponentially damped, but its sign is alternating and depend on R e.g. [13-17].
Combined with the spatial disorder this provides conditions for a spin-glass state [18].
Investigations of the characteristics of conduction electrons by electrical transport
experiments follow immediately the first works on spin glasses [19-23]. The results
point to clustering and magnetic correlations far above Tg, but are too complex to be
described by present scattering theories [1].

Direct Exchange interaction, especially between d electrons, may lead to the formation
of magnetically correlated regions, the size of which is strongly dependent on the local
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spatial atomic order. Special care has to be taken to distinguish this state from the
superparamagnetic one [1, 24].

Other interactions, for instance the dipole interaction of the magnetic moments (which
also introduce anisotropy into the considerations), have been considered (e.g. [25, 1]).
The resulting exchange energies are, however, low as compared with the freezing
temperatures.

3.5 Dynamics

Spin glasses differ from most magnetic materials in having dynamics on many time
scales. The magnitude of magnetization created by an external magnetic field below Tt
depends on the pre-history of the system. For example, if one measures the
susceptibility in fields oscillating with different frequencies one may get different
results at all measuring frequencies, indicating that the system has characteristic
excitation and relaxation times (figure 3.4). These characteristic times can at low
temperatures by far exceed the duration of the experiment.
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Figure 3.4: Zero field susceptibility as a function of temperature and various
measuring frequencies; from Mulder et al. [1, 26].

If the time dependence is described in the simplest way as a thermally activated process
with one characteristic barrier, an exponential decrease according to a simple Debye
process

M(t) = M(0) exp(-t/z) (3.1)

is expected, where the characteristic relaxation time 7 is given by the Arrhenius equation

7 = 19 eXp(E/KT) (3.2)
E is the effective barrier height, which has to be overcome by thermal activation. A
logarithmic instead of the before mentioned exponential time dependence is an
indication that not one energy barrier but a broad distribution of barrier energies is
present. In that case the centre of gravity of the distribution leads to the mean activation
energy E. The logarithmic behavior allows the determination of a creep rate

I'=dMm/dint (3.3)
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which is related to the effective barrier height by
E = KT (dM/dO)/ I (3.4)

where 6= T/T¢ [27].

A second method of analysis is taken from the investigations on real glasses. The
empirical law to describe the viscosity of supercooled liquids is called VVogel-Fulcher
law [28]. Written for use in describing T shifts with measuring frequency this becomes

W= Wy exp[—Ea/kB (Tf — TO)] (3.5)

To is a new parameter, without precise physical meaning, for which some attempts have
been made to relate it to the interaction strength by assuming the presence of clusters in
a spin glass [1].

A third approach draws on the standard theory for dynamical scaling near a phase
transition at T [5, 6]. The conventional results for dynamical scaling relates the critical
relaxation time T to the correlation length & as r ~ &% . Since & diverges with temperature
as &~ [T/(T-T¢)]”, we can write for spin glasses on approaching T from above [29, 30]

T= Ty (ﬂ)—zv (3.6)

Fitting with this equation leads to reasonable and perhaps not unphysical values. The
problem which remains is that for zv values around 10 were obtained from magnetic
measurements whereas values around 2 follow from high field Mdssbauer and Muon
Depolarization (USR) measurements as well as Monte Carlo simulations [31].

Dynamics of magnetic correlations have been observed in spin glasses up to
temperatures ten times the freezing temperature. Examples for detailed investigations
performed by Mdssbauer measurements are given in [32], uSR (Uemura et al. [33],
Keren et al. [34]), neutron spin echo (Murani [35, 36] and Mezei [37]) and for high field
Mdossbauer measurements (Posinger et al. [38-44] and Bogner et al. [45-48]).

3.6 Spin Glass Models and Theories

In 1975 Edwards and Anderson (EA) proposed the picture for the sudden random
freezing of a spin glass [8]. Based on this approach Sherrington and Kirkpatrick (SK)
developed a mean field theory (MFT) for Ising spin glasses within an infinite-range EA
model where every spin couples equally with every other spin. The exchange coupling
on two different moment-pairs i and j is assumed to be Gaussian. The variance and the
mean of this distribution is determined by the demand of infinite range. Using the
"replica trick" (the replicas, reflecting the spin configuration, are treated as
undistinguishable) they ended up with an order parameter (linear in T) from which both
the observed phase diagram with transitions from the paramagnetic to the spin glass
state and the temperature dependence of the susceptibility exhibiting the experimentally
observed cusp are obtained. The most important problem which remains, however, is
the negative value of the entropy at low temperature. Detailed analysis of the SK model
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showed that its solution is unstable at these temperatures both in the spin glass and in
the ferromagnetic regime [48]. In the presence of an external field the instability follows
the AT-line given by

T#(Bs) = Tr(0)- aB,”"* 3.7)

(ais a constant which can be exactly determined for an Ising spin glass) [1].

To overcome the problems of the SK model, Parisi in 1979 [50] introduced a replica
symmetry breaking scheme by which the restriction of indistinguishableness of the
replicas is removed by an iterative procedure. In the limit of infinite number of
iterations the size for the subdividing blocks of the order parameter matrix gets
continuous, thus the information for all order parameters in the different sub-blocks is
condensed in the function g(x) (Parisi order parameter) and 0 < x < 1 correspond the unit
interval [4]. From this it follows that below T; the susceptibility is independent of
temperature, strongly resembling the results obtained from FC measurements, and that
the entropy at T = 0 is zero. By defining an "overlap™ and a "distance™ for two spin
states the picture of a "multi-valley landscape” for the free energy can be derived where
beside the pure equilibrium states many metastable minima at higher energies are
present, which can be populated on cooling the spin glass below T; [1, 4]. The time
necessary to go from one valley to an other depends on the height of the lowest saddle
point in the barrier between these valleys indicating the presence of many relaxation
times.

T
1

Figure 3.5: Schematic picture of the droplet model. A droplet of length
scale L has all its spins reversed, creating ground state I'’; from Fisher
and Huse [55-57].

Remaining in mean field theory and avoiding the replica method Thouless et al. [51, 1,
4] derived an order parameter quadratic in temperature for the low temperature regime
and linear in T near Tt by subtracting a "reaction field" from the Weiss molecular field.
The susceptibility and the entropy go to zero, for zero temperature.

A completely different approach was performed by McMillan [53, 53] and Bray and
Moore [54] in a series of numerical studies of domain walls and their scaling properties.
Fisher and Huse [55-57] broadened these intention and presented the "droplet model” as
a phenomenological scaling theory of droplet excitations in short-range Ising spin glass
phases. The phenomenological approach is based on the existence of a distribution of
droplets or dynamical domains [58] of correlated reversed spins and account fairly well
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for some experimentally derived properties [59]. The basic idea is to define a ‘droplet’
in the ground-state as the lowest energy excitation of length scale L around a particular
point x;. Within this droplet all spins are placed in the opposite direction with respect to
those in the ground state (figure 3.5). A broad distribution of free energies F_ a Y(T)L®,
where Y is the stiffness constant and @ a new exponent, characterizes the droplets. If ®
>0, as is expected for d = 2, then the low-lying excitations can be created on longer and
longer length scales, thereby destroying the frozen spin glass phase. Computer
simulations indicate that @ becomes positive just below d = 3, so a marginal phase
transition is anticipated for 3D spin glass. A distribution of droplet free energies p(F.)
can be determined, and then correlations between the droplet free energies are
calculated . This leads to non-linear susceptibility x which is infinite when d > (1+¢) @
(o 1s an exponent governing the dependence of p and F.). Hence, a true phase transition
is expected when this condition is satisfied [28]. Annihilation and creation of droplet
excitations determine the equilibrium low-frequency dynamics of the ordered phase.
Thermal activation over energy barriers is assumed for those droplets which are
thermally active. The characteristic time for the droplet to form or grow to scale L is
that necessary to surmount this energy barrier. Thus a droplet of scale L will last for

T=T7,EXD [kE—_BI_j (3.8)
B

where the free energy barrier Eg can be scaled by Eg = LY with y being a new
independent exponent ® < y < d-1. This scaling equation leads to an extremely slow
logarithmic decay of temporal correlations.

Malozemoff and Barbara [60] proposed the fractal cluster model, a scaling theory of
spin glasses by considering clusters of correlation length ¢ diverging as [(T-Tg)/T{]™.
Markovian, Two Level Jump Processes (MTJP) can be used to describe the existence of
short-range correlations up to temperatures several times Tras was proved by a number
of experiments e.g. [38 - 48]. The growth in size with decreasing temperature, as well as
rotations in external fields, of the net magnetization of these correlated regions is used
as an explanation for the experiments [31].
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4. Sample Characterization

An icosahedral phase | (Icosahedral Pm35) and a decagonal phase D (Decagonal
P10s/mmc) with parameter b = 1.240 nm are stable in the Al-Mn-Pd system [1]. Two
other ternary phases T and R of orthorhombic symmetry are also known. The Taylor
phase, variously called T-AlsMn, AlsMny; (HT) or H (space group Pnma), has a
homogeneity range in the binary Al-Mn system as indicated in figure 4.1, which gets
enlarged in the ternary Al-Mn-Pd system. Typical lattice parameters are a = 1.4873-
1.4726 nm, b = 1.2420-1.2514 nm and ¢ = 1.2547-1.2605 nm [1]. The orthorhombic R
phase (space group Bbmm, Pearson symbol 0S156, structure type Alsz;MngNiy) has
lattice parameters of a = 2.388 nm, b = 1.243 nm and ¢ = 0.778 nm and occurs around
the composition AlggMnisPds. The literature data on the ternary phases of this system
were reviewed by [1, 2]. It was shown that the orthorhombic T-phase is a high
temperature phase in both the binary Al-Mn system and the Pd-poor ternary Al-Mn-Pd
system. During solidification this phase is involved in several reactions which lead to
the formation of seven three-phase isothermal surfaces in the solidus (figure 4.1). The
homogeneity region is extended into the ternary region of Al-Mn-Pd as a solid solution
(gray area in figure 4.1) and no indication for the existence of different orthorhombic T-
phases as reported by [3] were found.

Figure 4.3: Positions of the investigated samples in the phase diagram showing the projection of the
solidus surface as determined by Balanetskyy et al. [1]. Single phase areas are marked in gray,
numbers denote temperature in °C. AM and AMP open green dots, AMF8 and AMF12 full green
dots, and decagonal AMF10 red star.

The Taylor phase samples of our interest about which we discussed in the later chapters
are Al;sMngs, AlsMnyPds (green open symbols in figure 4.1) AlggMnysFeg and
AlggMnyFe1, (green full symbols), which are abbreviated as AM, AMP, AMF8 and
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AMF12 respectively. Preparation and structural investigations were performed by
Feuerbacher [4]. AM contains 75% Al and 25% Mn which gives precisely AlsMn. In
the structure model of Klein et al. (1997) [3] for a sample containing 3.2 at% Pd all of
these Pd-atoms are embedded only on one Al site and occupation of the other lattice
sites is changed compared to the one of pure T- AlsMn proposed by [5, 6]. Assumptions
that this preferential substitution holds also for larger Pd content are highly speculative.
For the Fe containing alloys the Al content is 69% and 68% for AMF8 and AMF12,
respectively. Since these samples are single phase, the homogeneity region is in the case
of Al-Mn-Fe more extended into the ternary region than for the Al-Mn-Pd system
(shown in figure 4.1). In the structural model of Hiraga et al. [5] it is assumed that the
sites Mn 5, 6, 8, 9 and Al 6 are occupied by both Al and Mn (see table 2.1 and
discussion in chapter 2). It seems to be reasonable that only these occupation numbers
are simultaneously changed (by 0.919 and 0.906 for AMF8 and AMF12, respectively)
to take into account the varying Al content and that the occupation of the other sites
remains unchanged. In accepting this, one can further assume that Fe is embedded only
on Mn sites which will help to understand the Mdssbauer results (chapter 6).

The decagonal sample on which we did our measurements was Al;1MnigFes (red star in
figure 4.1). In this alloy the Al content is 71 at%. The sample is abbreviated as AMF10.
Preparation and structural characterization was again done by [4]. Some of the sites are
not fully occupied by both Al and Mn (see discussion in chapter 2). So Fe can in
principle be embedded on both the Al or the Mn places. However, taking into account
the Mossbauer results, it is highly probable that in the decagonal compound too Fe
substitutes only Mn.
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5. Magnetic measurements

5.1 Experimental

All DC magnetic measurements were performed by means of a 9 T vibrating sample
magnetometer (VSM) of Quantum Design Physical Property Measurement System
(PPMS) with vibrating frequency 40 Hz and amplitude 2 mm.

The basic principle of operation for a VSM is that a changing magnetic flux induces a
voltage in a pickup coil. The time-dependent induced voltage is given by.

Vcoil x % (5.1)
o = () (%)

In above equation @ is the magnetic flux enclosed by the pickup coil, z is the vertical
position of the sample with respect to the coil centre, and t is time. For a (dot shaped)
sample sinusoidally oscillating along the centre of the pickup coil, the voltage is based
on the following equation

Veoir = 2mfCmA sin(2nft) (5.3)

with C the coupling constant, m the magnetic moment of the sample, A the amplitude of
oscillation, and f the frequency of oscillation.

The sample is attached to the end of the sample rod that is driven sinusoidally. The
centre of the oscillation is positioned at the vertical centre of the gradiometer pickup
coils. The precise position and amplitude of oscillation is controlled from the VSM
motor module using an optical linear encoder signal feedback from the VSM motor. The
voltage induced in the pickup coils is amplified and lock-in detected in the VSM
detection module. The position encoder signal is used as reference for the synchronous
detection and the in-phase and the quadrature signals are recorded. These signals are
averaged and sent over the CAN bus to the VSM application running on the PC [1].

5.1.1 Determination of freezing temperature

To determine the freezing temperature (Ty), the specimens were mounted in a standard
brass sample holder and fixed with two quartz cylinders. After installing the sample was
cooled from room temperature to 2 K in zero magnetic field. No wait time for thermal
equilibration was passed before the respective magnetic field was applied and recording
of the data starts immediately after reaching both the respective field value and 2 K. The
zero field cooled measurements (ZFC) were performed point wise up to room
temperature, with a temperature sweep rate of ~1 K/min and an increment of 0.5 K
below T:. Above T; the sweep rate was ~3 K/min and the increment 10 K. The
temperature was then decreased under the same conditions to record the field cooled
(FC) curve. The temperature T¢ was determined from the cusp in ZFC measurement.
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5.1.2 Magnetic measurements

The samples were brought to the measuring temperature from above T; in zero magnetic
field. Magnetic susceptibility was determined from temperature scans in fixed external
fields (persistent mode).

The time dependence of the magnetic moment was recorded in the interval between 2 K
and temperatures close to T; in external fields of 0.5 T, 1 T, and 2 T after zero field
cooling from temperatures T, above the freezing temperature. The wait time before
applying the respective field was 10 min to allow thermal equilibration. Immediately
after reaching the respective field the measurement was started. Relaxation was
recorded for 1 hour. Temperature stability for this time interval was usually better than
+ 0.1 K for 2 K and + 0.6 K for higher temperatures. To stabilize temperatures below
8 K in total waiting times of approximately one half hour were necessary during which
the sample temperature changes in undefined manner. To determine the creep rate from
the slope of moment versus In(t) representations the typical time to be omitted at the
beginning was In(t/1s) = 5 (i.e. tp = 148.1 s). At this time the magnetization used for
normalization (Mo) was taken. Within measuring accuracy no influence of the choice of
To (60 to 300 K) could be found, as long as To > 2 Tx.

5.2. Effective moments

As discussed in chapter 4 five different samples were prepared for this investigation.
With the exception of AMF10 all samples show the T-Al;Mn structure, where Pd and
Fe occupy 8d and 4c sites. AMF10 crystallizes as decagonal quasicrystal.

For calculating Curie constant C (emu K/mole), Curie-Weiss temperature 6. (K), and
average magnetic moment per magnetic atom et (Us) we should consider the
susceptibility measurements as shown in figure 5.1 and 5.2 for Mn and Mn-Pd samples
AM and AMP, and in figure 5.3 for Mn-Fe compounds AMF8, AMF10 and AMF12.
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Figure 5.1: Inverse susceptibility and susceptibility for Al;sMn,s. Red line: mean of fits of
measurements at the mentioned different external fields according to a Curie-Weiss law.
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Figure 5.2: Inverse susceptibility and susceptibility for the Pd containing sample AMP. Red line:
mean of fits of measurements at the mentioned different external fields according to a Curie-Weiss
law.

We selected 5 different external fields between approximately 0.001 T and 4 T to make
the measurements reliable. The entities discussed in the following are the means
obtained from the measurements in these fields. For AM and AMP samples C and &,
values were calculated by using the Curie Weiss law.

-1 _T-6,
X C

(5.4)

The values are given in and table 5.1. Since in the temperature interval 150 K to 250 K for all
compounds some very small (perhaps systematic) deviations are present between fitting and
measurements which were sometimes better visible in x(T) representations the latter diagrams
are also shown in figures 5.1, 5.2 and 5.3. For the iron containing samples the extended
Curie-Weiss law was used to take into account the larger curvature of »(T) compared to
the un-substituted and the Pd containing compound.

X=Xo+ 725 (55)
The resulting values for y,, given in figure 5.3, are in the order of 3 10 emu/mole (when we
take the formula unit for the calculation of mole as done by [2]). In comparison -2.3 107
emu/mole was reported for icosahedral Al;,,MngPd,; [3] and 6 10 to 1 10 emu/mole were
obtained for binary Al-Mn quasicrystals with Mn content around 20 at% using the above
definition for mole. This large spread in y, can be taken as an indication for a strong influence of
sample preparation on this quantity.

Curie-Weiss temperatures for the un-substituted and the Pd containing sample are
negative indicating a predominant antiferromagnetic coupling between atoms carrying a
moment (figure 5.4). Whereas for the two un-substituted samples (one investigated by
Dolinsek et al. [2], the other in the present investigation) with slightly different Al
content approximately the same 6. values were obtained, rather large differences appear
for the Pd substituted compounds although all samples were prepared in similar way
(table 2.1). In spite of the scatter in &, present for samples with low Fe content (table5.1,
figure 5.4) generally 6. increases with increasing Fe content and gets positive for
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Figure 5.3: Inverse susceptibility and susceptibility for the Fe containing samples AMF8, 10 and
12. Red line: mean of fits of measurements at the different mentioned external fields according to
an extended Curie-Weiss law.

AMF12, indicating a strong contribution of Fe to the magnetic exchange interaction.
The effective moments were calculated from the Curie constants (figure 5.5, table 5.1)

using.
Cc
Heps = 2.83 /m (5.6)
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Table 5.1: Freezing temperature T, Curie constant C, Curie-Weiss temperature 6., and average
magnetic moment per magnetic atom L in comparison to the one reported by Dolinsek et al. [2] for
samples prepared in the same way. In "sample column™ black color show our samples and blue
measured by [2]. Final values of magnetic moment for our samples are shown in green.

Sample/Abbriviation Ts C 0. Meff Mef et
Dolinsek | moment on Mn,| moment on
etal. [2] | no moment on Mn and

Pd/Fe Pd/Fe
(K) [emuK/| (K) (Us) (Ms) (Me)
mole)

T-Al;sMnys [T-AM 245 P7.77 [14.2 2.98
T-Al:sMny7 [T-AM 220 25.90 [11.0 2.80 2779
T-Al:sMnysPd, /T-AMP2 247 [22.00 [-32.0 2.70 2.65% 2.55%
T-Al7sMny3Pd, /IT-AMP4 21.1 20.20 [10.0 2.70 2.65% 2.45%
T-Al;sMnyPds /T-AMP5 220 22.79 [10.9 3.02 2.70
T-Al73MnyPdg /T-AMP6 16.2 (18.10 [23.0 2.60 2.63% 2.32%
T-AlsMnasFe, /T-AMF2 229 220 [33.0 P60 [2.67% 2579
T-AlsMngysFe, /T-AMF4 233 260 [370 P70 [2.81% 2.59%
D-AlzsMn;Feg ID-AMF6 22.3 [22.60 [-23.0 2.60 2.94% 2.50%
T-AlegMﬂngEg /T-AMF8 32.0 [38.00 -7.0 3.64 3.13
D-Al;1MnygFe; o /ID-AMF10 295 [36.30 | 4.7 3.91 3.17
T-AlggMnyFe, IT-AMF12 (35.0 |45.00 |15.0 4.25 3.36

9 Calculated from C values reported by [2]

In agreement with literature on alloys with this Al content [4] we assumed that Pd carry
no moment and take this into account in the calculations of pes In contrast Fe was
assumed to carry a moment. As first approximation the content of Mn and Fe was added
and a mean W per transition metal atom, TM, was calculated (figure 5.6). For the two
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Figure 5.4: Dependence of Curie-Weiss
temperature 6. for samples with different
Al content (numbers close to symbols)
and different structure (T...Taylor, D...
decagonal) on the concentration of
Pd/Fe.
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un-substituted compounds of the T-phase the one with the smaller Mn content has an
approximately 7% higher effective moment. Generally an increase of pes with Mn
content is observed, which above 14 at% Mn does not depend very much on sample
structure and preparation conditions (figure 5.7). For ternary alloys the dependence on
Pd content seems to be more complicated.

35 T T T T T T T T T T T T
Fe Pd
34T 'm A Tthis work E?'
33F O A TDolinsek [2] -
3o ™ D this work 71 1
O D Dolinsek [2] 69 u
u
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£ I
= 30F475 % .
E 2ol 75
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328173 .
L 73 73
2.7} A T3 B
F 73 73
2.6 - O 73 A b
2.5 1 " 1 " 1 " 1 " 1 " 1 " 1
0 2 4 6 8 10 12

Fe/Pd-Concentration

Figure 5.6: Dependence of average magnetic moment per magnetic atom (TM) pe(ug) for Al-
Mn-(Pd/Fe) samples with different Al content (numbers close to symbols) and different
structure (T...Taylor, D... decagonal) on the concentration of Pd/Fe. Pd was assumed to
carry no moment.

Large scatter in e are observed e.g. for icosahedral quasicrystals prepared under
different conditions (figure 5.8). In this context sample AMP also exhibits higher pes
compared to the similarly prepared samples investigated by [2]. For the Fe containing
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Figure 5.7: Dependence of effective moment Figure 5.8: Concentration dependence of effec-

on Mn concentration derived from Curie tive moment per Mn atom derived under the
Weiss fits for Al-Mn samples with different assumption of zero moment on Pd for Al-Mn-Pd
structures (T...Taylor, I...icosahedral, A... compounds with different structure (T...
amorphous, O...orthorhombic) and prepared Taylor, I...icosahedral) and prepared under
under different conditions. Line is only a different conditions. Line is only a guide for the
guide for the eye. eye.
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compounds in agreement with [2] an increase of the effective moment per TM atom is
observed with increase of Fe. For the decagonal compounds lower s values compared
to the samples with T-phase are obtained.

The formation of magnetic moments on the Mn sites was investigated by ab initio
calculations of the electronic and magnetic structure using a tight-binding linear-muffin-
tin-orbital technique based on the local-spin-density approximation [9, 10].
Hybridization of Al-p and Mn-d states causes the appearance of a pseudo gap at the
Fermi energy which suppresses the magnetic instability on a large number of the lattice
sites. The fulfillment of local Stoner criteria (n(Ef)l > 1, with n the local density of
states and | the intra-atomic exchange integral) which is supported by a high Mn-Mn
coordination (present on some lattice positions, see Table 2.1, chapter 2) governs the
appearance of the moment. In substitutionally disordered solutions the confinement of
the atoms to fixed interatomic spacings reduces the hybridization and leads to an
impurity like Mn local density of states (DOS). The pinning of the peak in the DOS at
the Fermi level enhances the formation of a moment because of the half-filled Mn-band.
In the idealized structural model for the Taylor phase the composition Al7gsMnygs IS
realized, which is higher in Al content compared to the one used in the present study
(AlzsMnys). In addition only seven different Mn sites are mentioned whereas according
to the structural model of Hiraga [11] nine different Mn sites are present if the site Al(6)
(see table 2.1, chapter 2) is neglected at which only 10% of the possible eight atoms are
substituted by Mn. Hafner and Krajci [10] obtained from the self-consistent calculations
moments for two of the seven sites of 1.0 pg and 0.66 g, and for the remaining other
five values of 0.1 pg and below. Equally spread over the seven sites this would in mean
result in a moment around 0.3 pg, which would lead to pes ~ 0.8 pg assuming g = 2.
Experimentally pess ~ 1.1 g is found according to figure 5.7 for Mn content of 20.5 at%
neglecting in the extrapolation all influences of the different chemical environments.
Although slightly underestimating the value of the Mn moment these calculations give
strong evidence for the presence of electronically different Mn sites which is in
agreement with the results of Mdssbauer investigations discussed in chapter 6.

5.3 Freezing temperatures

The temperature dependence of the susceptibility for the mentioned samples measured
in an external field of approximately 10 mT is summarized for low temperatures in
figure 5.9. Below approximately 50 K magnetic exchange interactions become
dominant as indicated by the different values of the susceptibility derived from
measurements in various fields (figure 5.10). For all samples irreversibility appear
between ZFC and FC measurements below approximately 30 K. The peak in the ZFC
curves gets rounded and shifts to lower temperature with increasing field (figure 5.10).
Both dependencies are strong indications for spin glass behaviour.

Field dependence of the freezing temperature (defined as the maximum appearing in the
ZFC magnetization) is summarized in figure 5.11. In the present investigations we only
considered T¢(B,) for sample AM determined in fields up to 5 T, for AMP up to 4 T, and
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Figure 5.9: Temperature dependence of ZFC (full) and FC (half open
symbols) susceptibility for the five samples determined in external field
of approximately 10 mT.

for AMF8, 9 and 10 up to 8 T because these are the highest fields for which a maximum
in the ZFC branch was ascertainable without fail. For higher fields the base temperature
of the present investigations does not allow a determination of T¢. A fit for the field
dependence of T (B,) for the different samples (figure 5.11) according to

Te(Ba) = T¢ (0) + b(B,)* (5.7)

leads to values for ¢ between 0.10 and 0.15 (figure 5.12). For Ising spins this parameter
is calculated to be 0.66 (Thouless — d’Almeida line [12, 13]). For vector spin glasses it
amounts 2 (Gabay - Toulouse line [14]) and taking into account anisotropy one ends up
with values between 0.33 and 0.66 depending on the ratio of anisotropy to magnetic
exchange energy [14]. All values are higher than the ones obtained from the present
investigations. These discrepancies are often observed experimentally (e.g. [13]), but
have, to the authors knowledge, not been explained satisfactorily up to now.

The typical shift of T; to higher temperatures with increasing measuring frequency was
observed in ac-susceptibility investigations of [2, 14] for samples with composition
AlzsMny7, AlsMnyPd, and  AlzsMnyPds. Although we could not repeat these
measurements with our samples because of lack of experimental possibilities it is highly
probable that similar frequency dependencies would appear. Thus together with the
observed time dependence, which will be discussed below, spin glass behaviour
characterizes the magnetic properties at low temperatures. Figure 5.13 gives an
overview of the influence of the different Fe/Pd substitutions on Tt in comparison with
results obtained for other samples with Al content around 70 at% reported in literature.
Taking into account the difference in the Al concentration (numbers close to the
symbols) of the two sets of samples investigated by [2] and in the present work there are
scatters in T¢ which are not in agreement with the Mn concentration dependence found
for other samples of this area of the Al-Mn system (figure 5.14) and which are not
explainable at present, e.g. for the border compounds the sample with larger Al content
has a higher T¢, and similarly the sample with 2% Pd exhibit a higher T¢ compared to
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that with 2% Fe. In general, however, T decreases with substitution of nonmagnetic Pd,
whereas the freezing temperature increases by substitution of magnetic Fe atoms.
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The samples showing the Taylor phase (2, 4, 8, and 12 at% Fe) have slightly higher T
values than the compounds forming as decagonal quasicrystal (6 and 10 at% Fe) [19].
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Figure 5.11: Field dependence of the freezing
temperature T; for the five measured samples.
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5.4 Time dependence of magnetisation
The time dependence of the magnetization was measured in the way mentioned in
chapter 5.1.2 and exhibits for all samples within the chosen time interval a logarithmic
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behaviour (figures 5.15 to 5.19). Part of the results are already published in [19]. With
increasing temperatures small deviations from this logarithmic behaviour are obtained.
(e.g. data recorded at 9K and 0.5T in figure 5.15). Above T; no relaxation was
observed within experimental resolution.

From the logarithmic behaviour the creep rate normalized to the magnetization at the
starting time to was determined (figure 5.20). Uncertainties due to aging are small, as
the aging effects in this type of samples are found to be below 5% ([2] and discussion
below). For all investigated samples S shows strong temperature dependence with a
maximum appearing at approximately T¢/4 for 0.5 T and much lower values for 2.0 T.
With increasing temperature the mean effective activation energy increases for all
external fields 0.5 T, 1.0 T, and 2.0 T (figure 5.21). This is in contradiction to what is
expected, as both the barriers which evolve with decreasing temperature should
decrease and the time dependence of the magnetization should become stronger with
increasing T. Interpreting, however, E as the centre of gravity of an energy distribution
this increase can be understood. For a given temperature, part of the relaxations on the
low energy side of the distribution function does not contribute to the time dependence
of the magnetization, because already having reached thermal equilibrium within the
experimental time scale. This can be expressed by introducing a cut-off energy which
shifts to higher values for higher temperatures, shifting also the centre of gravity to
higher energies. The steepness of the increase of E(T) is a measure of the width of the
energy distribution. Increase of the applied field reduces the effective barrier height,
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leading to smaller E values. The appearance of similar temperature dependences of E
(the results for 0.5 T are once again summarized in figure 5.22) points to similar shapes
of the barrier distributions for the different samples, although differences of the absolute
values are present. Small values are found for samples AM and AMP which amongst
themselves show no difference within the measuring accuracy. Higher values are found
for the Fe-substituted samples, with negligible differences for 8 and 12% Fe, but lower
values for the decagonal quasicrystal AMF10. An interpretation of the time dependence
within a classical droplet model allows an interpretation of E in terms of magnetic
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cluster sizes. In that sense the magnetic entities rotating in the external field are larger in
the Fe-substituted than in the Pd- and the unsubstituted sample, which is not unexpected
as Fe increases magnetic coupling. Although the T-phase is an approximant of the
decagonal quasicrystal — that means that the structural building blocks are very similar —
the intrinsic energy landscape is clearly different. It is surprising that the barriers are
higher in the T-phase, although the over-all symmetry is lower in the decagonal phase.
In summary, the relaxation measurements point to broad distributions of activation
energies. Although the shape of these distributions is very similar for the investigated
samples, the centre of gravity is different. Higher values are obtained for the Fe
containing compounds, indicating, that magnetic correlations are stronger.

For further information on the dynamics below T¢ the influence of different waiting
times at zero field (the residual field present in the superconducting coil after a certain
field-run is in the order of 0.1 mT in the used equipment) on the subsequently
determined ZFC (measuring field 10 mT) magnetization was investigated (figure 5.23).
Similar, but much more extended experiments were also performed on Al;3sMny,7,
Alz3sMny3Pd, and D AlzsMnyiFeg by Dolinsek et al. [2]. To remind these samples are
prepared under the same conditions but have slightly different Al content. In the present
measurements the following (compared to [2] slightly modified) one stop protocols are
used: The sample was cooled in zero field from 300 K to 15 K (below the spin glass
transition temperature) and kept at this temperature for a certain time (1 min up to 3
hours) without changing the field conditions in the equipment. Afterwards, cool down
was continued to 8 K still in zero field (lower temperature were not possible because of
experimental conditions for cool-down). In contrast to all other experiments the usual
waiting time for thermal equilibration was skipped and the measuring field of 10 mT
was applied instantaneously. Warm-up was started immediately after reaching the field
keeping the value of the field constant (as in usual ZFC measurements). No influence of
waiting time is visible in magnetization at this temperature (cooling the sample further
has led to rejuvenation, that means after the negative temperature step the system
behaves as if it had been quenched from above Tr without any interrupt). Around the
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Figure 5.22: Temperature dependence of the mean barrier
height E obtained at 0.5 T for the investigated samples. The
lines are guide for the eye.
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temperature of the waiting time in zero field (in this experiments 15 K) deviations of the
magnetization from the values recorded without any waiting time in the cooling process
appeared (the sample exhibits memory of the wait) and disappeared again at higher
temperatures (figure 5.23). In agreement with Dolinsek et al. [2] it is observed that
(although the deviations increase with waiting time) the largest amount of the drop in
magnetization appears at short times (figure 5.23 right bottom). To examine the
influence of cooling rate, sample AM was re-measured with the same conditions as
described above and with a cooling rate decreased by a factor of 100 keeping the other
conditions unchanged (inset figure 5.24). The resulting differences between the
measurements ME Refl (measured within the first run of experiments) and ME Ref2
(measured within the second run) reflects the repeatability of the experiments. Adding
the difference in magnetization between these two measurements at 40 K (influences of
cooling conditions should be of minor importance at this temperature above Ts) to the
one of ME Refl the data called "ME Refl corrected” were obtained, which for all
temperatures agree well with those of ME Ref2 (figure 5.24). Thus, although close to
the accuracy of the present experiments, the observed influence of cooling rate on
magnetization is reliable and indicate the non-equilibrium states passed through by
varying the temperature.

In a series of experiments Dolinsek et al. [2] were able to show further that this memory
effect on pre-treatment conditions in zero field (i) is present at various waiting
temperatures below Ty, (ii) diminishes (appears) after positive (negative) temperature
steps (in the order of 2 K) within the spin glass phase around the waiting temperature,
and (iii) is restricted to the spin glass phase itself. They explained this behaviour by
gradual freezing of the spin system on cooling and the formation of droplets of
antiferromagnetically coupled spins which thermally equilibrate during the waiting time
and are only slightly influenced by changes of small magnetic fields. The spin order
within the droplets is in a more stable condition than the rest of the spin glass matrix
and thus needs a higher temperature for a spin reversion in standard ZFC measurements.
Thus at the waiting temperature a smaller magnetization is measured compared to the
one observed in investigations without an interrupt in the cooling process. Although this
empirical picture explains to a certain degree the observed memory effects, it lacks in
describing why most of the droplet formation is already finished in a time interval of
several minutes (figure 5.23).

The aging dynamics was studied in past extensively both experimentally and
theoretically and papers discussed in the following are certainly only a very restricted
excerpt with the aim to show that the description is still under discussion. The group at
the University of Uppsala investigated or take part on investigations of archetypical spin
glasses (first paper in 1986 [21], present one in 2010 [22]), super spin glasses [23, 24]
and small particles [25]. Quite similar results as shown in figure 5.23 are given in [22,
26] for conventional spin glasses, indicating that the antiferromagnetic order in the
present samples is not the essential driving mechanism for the observed memory and
rejuvenation. By introducing a strong separation of time scales governing the dynamics
at different length scales (which are determined by the temperature of the sample)
Bouchaud et al. [27] tried to reconcile droplet description (in which the dominant
excitations are coherent fluctuations on length scale |, and where the dynamics is
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governed by thermal activation over barriers of height determined by a combination of |
and the free-energy e.g. [28] and references herein) and hierarchical description (in
which it is assumed that the large number of independent metastable states composing
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spin glass state are organized in a hierarchical manner and wandering in the landscape
formed by these states describes the dynamics e.g. [29] and references herein). Inherent
in the model are vanishing free-energy barrier heights at Ts. The growing coherence
length of an aging spin glass (predicted in the droplet model) gets in this computation
broader validity in the sense that larger length scales needs longer time to evolve.
Idealizing in neglecting the presence of an energy barrier distribution, for a given
waiting time t,; at a certain temperature T, (below Ty) the aging dynamics is dominated
by a characteristic length 1;. Larger length scales are frozen and smaller length scales
are allowed to equilibrate. After a temperature reduction to T,, because of the proposed
strong separation of time scales, it is possible to freeze out the dynamics with 1; (which
will therefore keep the memory of the stay at T;) and to select the one typical for T, with
length scale |, which was equilibrated at T;. The states have to appear according to their
Boltzmann weights. In going from T; to T, these weights are changed and the system
has to evolve towards a new state, even if the landscape of free-energy is not changed
significantly (rejuvenation). The two main problems of this model are the independence
of cooling rate and the restriction to a temperature dependent free-energy landscape
(caused by the influence of the frozen larger length scale after temperature steps) which
excludes simple two level descriptions. The first is in contradiction to the results of [30]
and [31] as well as to the results shown in figure 5.24 agrees, however, with results of
[32]. As discussed above, experimental situation does not allow a more precise
contribution to this debate. Viddal and Roshko [33] argued against the second problem
by showing that aging and memory are not restricted to collective freezing but are also
observable in systems exhibiting irreversibility, hysteresis and progressive blocking
during cooling. The correlated regimes may interact with each other, but relax
independently over their own energy barrier. The model they proposed contains a free-
energy landscape decomposed in an ensemble of one dimensional fragments, each with
a double-well free-energy profile in a two state configuration. The numerical
simulations of the temperature and time dependence of the magnetization for a system
prepared under zero field cooled conditions including waiting times resembles the ones
obtained for spin glasses completely and thus the ones shown in figure 5.23, too. A two
level jump model was successfully used by [34] two describe the dynamics observed in
high field Mdssbauer and pSR experiments (which have much shorter characteristic
time scales as the above discussed magnetization measurements) on classical spin
glasses above their respective freezing temperatures. Lee and Young ([35] and
references cited herein) were able to show that analogous to three-dimensional Ising
spin glasses with short range interactions also vector spin glasses in three dimensions
exhibit a phase transition at finite temperature. Based on this result (and using the value
reported for Ts) Berthier and Young investigated the aging dynamics [36] and influence
of temperature cycles [31] in three dimensional Heisenberg spin glasses for conditions
which are similar to the experimental ones without external fields and were able to give
a widely consistent explanation of aging, memory and rejuvanation. In their Monte
Carlo calculation they used the Edwards-Anderson hamiltonian, a cubic lattice of 60°
sites and periodic boundary conditions. Since the system studied was large enough to
overcome finite size effects (possibility of random walk of the overall spin direction
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Figure 5.24: Dependence of the magnetization on cooling rate
for sample AM. Inset: Cooling rate and measuring time for runs
ME Ref2 and ME Ref3.

during the simulation without energy-cost), it was possible to show that, after a quench
in temperature (from T infinity) into the glassy state (T < Ty) and afterwards staying for
a certain waiting time t, at constant T, physical quantities like susceptibility keep
evolving with time as the system tries to reach equilibrium. The basic entity investigated
for this conclusion was the correlation C(r,t,,) of the relative orientation of two spins at
distance r and time t,, to each other. At a given T the decay of C(r,ty) with r gets slower
at large t,, indicating the growth with time of a dynamical correlation or coherence
length I(T,ty), which by itself strongly depends on T. For short distances r compared to |
the spins were found to be in local equilibrium. Thus only the system as whole is not
equilibrated and it is this increase in | for large waiting times ("old" samples) which
leads to a growth with time of a random (because of the quenched disorder
characterising the spin glass phase) ordering (aging of the sample). They assumed that
equilibration proceeds by activation over barriers of heights which are a function of |
and were able to show that for this Heisenberg spin glass, if it is quenched in a first step
to T; < T¢ and kept there for a time t;, the decay of the ac-susceptibility at the lower
temperature T, is not a continuation of the decay at T; for the time interval t; <t, <t; +
to. The system forgot that it is "old", and seems to be "rejuvenated"” by the temperature
step. If the system temperature is changed after t,, > t;+t, in a further step back to Ty it
behaves (after a short transient) as if the step to T, has not occurred. The system has
kept a "memory"” of the first aging step. Both effects, rejuvenation (although not
observed to appear fully) and memory, are indications that changing the temperature
leads only to modest changes in length scale but huge changes in time scale. Excitations
of size I, are frozen at T,. Dynamics at this temperature is due to excitations of smaller
length scale |, which were already equilibrated at T; and aging is much less active at
building spatial correlations. Finally it should be mentioned that in these investigations
influences on the dynamics are observed caused by both cooling rate below and starting
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conditions above Ts. Starting the quench to low temperature from above approximately
12.5-T¢ has no influence on the dynamics. This is close to the observation of [34] who
found dynamics up to temperatures approximately 10-Ts.

To summarize this excerpt, within the constraint of the present experimental conditions
(only dc-magnetization measurements could be performed, which always need the
application of an external field) it seems that the concept of a coherence length which
strongly depend on temperature and waiting time is able to describe the dynamics
observed in the investigated samples.
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6. Hyperfine interactions

6.1 Theoretical Background

For a nucleus embedded in a solid matrix a certain probability exists to emit a y-
quantum without recoil and without exiting a phonon in going from the first exited state
to the ground state. The probability for this process is determined by the Lamb-
Maossbauer factor. The equivalent probability exists for the same nucleus to absorb this
y-quantum in going from the ground to first exited state. Assuming that emission is
independent for each nucleus it gets possible to detect y-radiation with an energy
uncertainty corresponding to the lifetime of the exited state of the respective nucleus.
This is called recoilless gamma ray emission and absorption, now referred to as the
"Mdssbauer Effect”. Energy shifts can be obtained by using a Doppler motion between
source (where the emitting nuclei are placed) and absorber (where the absorbing nuclei
are placed)

ho = hwy (1-2) (6.1)

(hw, energy difference between exited and ground state of the respective nucleus, v
velocity of the source, and ¢ velocity of light) [1]. For the present investigations
transmission geometry was used. In this geometry the Doppler modulated y-ray passes
through the absorber and the counting rate behind the absorber is detected. In using the
proper electronics and driving unit for the Doppler motion the velocity scans can be
accumulated (Md0ssbauer spectra are recorded) and a so called line (minimum in
counting rate) appears, the shape of which can be calculated by computer programs. The
position is obtained from calibration measurements of the Doppler velocity.

The energies of the nuclear levels (in the present experiments *’Fe, ground state lg = 1/2,
exited state 1, = 3/2 ) are modified by their environment. This leads to shifts of the
measured line position or the appearance of new lines in the spectra. The positions of
these lines are proportional to the energy difference of the nuclear levels, and the line
intensities are related to the angle between the gamma-ray and the nuclear spin moment.
If the source material and the external conditions (temperature, external field) are kept
constant information about the absorber material can be gained [1].

In expanding the potential build up by both the electrons of the atom which contains the
above discussed nucleus and all electrons of the atoms of the environment which forms
the solid matrix one ends up with two contributions to the electrostatic exchange
energy: the isomer shift and the quadrupole interaction.

The isomer shift IS arises from the monopole (Coulomb) exchange interaction of the
electron charge density at the nucleus and the non-zero volume of the nucleus. In the
experiment this contribution is present from the source and the absorber and cannot be
separated. Thus the line position is given by

IS = =272 A <72 > [|5(0)]% — [1p(0)|? ] (6.2)

h(A)O 3
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(with Z atomic number, e charge, A< r’> > mean difference in nuclear radii between
excited and ground state, w electron wave function at the nucleus, S source, and A
absorber) [1]. Since only s electrons have a non-vanishing probability for presence at
the nucleus, IS gives the difference in s electron density between the source and the
absorber. As the shift cannot be measured directly it is quoted relative to a known
absorber (for the present experiments relative to the source °’CoRh).

Generally, IS is superposed by the second order Doppler shift SOD which takes into
account atomic vibrations caused by the temperature of the sample. The sum of the two
terms is called center shift CS.

CS=1IS + SOD (6.3)

Assuming that in first approximation the phonon spectrum can be described by the
Debye model, the temperature dependence of SOD can be related to the Debye
temperature é by

<SOD(T) > =

39D/T 3
_3KkT %+3(Tj X 6.4

2mc | 8T ¢9_D e’ -1

0

(m mass of the °'Fe nucleus, kg Boltzmann constant, and x=#Aa/kT). In figure 6.8 the

obtained values for the Debye temperature and the results following from the fits
according to equation (6.4) are shown.

The second term of the above mentioned expansion of the potential takes into account
charge distribution from electrons with zero probability of presence at nucleus For
asymmetric electric fields generated by these charges the electric field gradient (EFG)
tensor can be transformed to its principal axis. Nuclei with angular momentum quantum
number | > 1/2 have a non-vanishing nuclear quadrupole moment. Exchange interaction
between this moment and the EFG removes degeneracy leading to a splitting of the state
and thus to the appearance of two lines with energy difference called quadrupole
splitting QS. Introducing for EFG an asymmetry parameter defined as

Vex—V.
n= """ (6.5)

VZ zZ

one gets the Hamiltonian which has to be solved for exited and ground state

H,y = #21_1)[313 — P+ o+ 13)] (6.6)
(Q nuclear quadrupole moment, | angular momentum, in the bracket angular momentum
operators).

In the case of an isotope with I, = 3/2, such as °'Fe, this state is split into two substates
m; = £1/2 and m, = £3/2. This is shown in figure 6.1, giving a two line spectrum or
"doublet" [2].
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Figure 6.1: Quadrupole splitting for a 3/2 to 1/2 transition.
The magnitude QS = 2%, (p=0) is shown. The
spectrum for a powdered absorber is sketched [2].

In the presence of a magnetic field the nuclear spin moment experiences a dipolar
interaction with the magnetic field (Zeeman splitting). The total effective magnetic field
at the nucleus, Bes is given by

Bett = (Bcontact + Borital + Bdipolar) + Bapplied (6.7)

the first three terms being due to the atom's own partially filled electron shells. Beontact IS
caused by the difference in spin up and down states of the electrons close to the nucleus
(Fermi contact term), Bowita IS due to the orbital moment of those electrons, and Bgipolar
is the dipolar field due to the spin of the electrons in the neighbourhood [1]. This
magnetic field splits nuclear levels Iy into (21y+1) substates (N exited or ground state).
The Hamiltonian to be solved for the exited and the ground state is

_ U

(un nuclear moment of exited or ground state, respectively). The energy difference
between exited and ground state gives the different line positions. The selection rule is
determined by the kind of radiation (in case of °’Fe, magnetic dipolar, resulting in Am, =
0, £ 1). This gives six different lines for a 3/2 to 1/2 transition neglecting quadrupole
interaction. The line spacings being proportional to Bes. The spectrum is sketched in
figure 6.2.

60



Figure 6.2: Magnetic splitting of the nuclear energy
levels for a field Be and diminishing quadrupole
splitting. The resulting spectrum for a powdered
absorber is sketched [2].

6.2 Experimental

All measurements were performed with a standard constant acceleration spectrometer in
transmission geometry. The *’CoRh source was mounted on the driving system and
kept at room temperature. All CS data are given relative to this source. Calibration of
velocity scale was performed with a-Fe foils. Line widths (full width at half maximum,
FWHM) of the calibration spectra are typically 0.24 mm/s. For temperature variation
between 4.3 K and room temperature a continuous flow cryostat was used in which the
sample is kept in He-exchange gas. Temperature stability was + 0.5 K at temperatures
above 77 K and + 0.2 K below. For the measurements the samples were crashed by
hand by means of an agate mortar to a fine powder and afterwards sealed between two
teflon foils. For analyses of the spectra a computer code was used by which the full
Hamiltonian including electrostatic and magnetic hyperfine interaction is solved [3] and
sample thickness is taken into account after [4].

6.3 Results

For the two crystalline samples the spectra recorded above the respective freezing
temperature (examples are shown in figure 6.3 and 6.4) exhibit asymmetries with
respect to line intensity and slope which does not allow an analyses with only one
quadrupole split spectrum where the different Fe sites are simply taken into account by
allowing line broadening. The same holds for the decagonal sample, although the
difference in line intensity at 294 K is less pronounced (figure 6.5). To the best
knowledge of the author no Mdssbauer investigations on crystalline Taylor phases with
Mn content around 25 at% are reported. Well investigated are icosahedral quasicrystals
(i) with attempts to relate the results to various structure models. In contrast to the
present investigations which show rather similar spectra for crystalline and
quasicrystalline compounds, for I- Als(MnFe) the recorded spectrum exhibit broad lines
and were analyzed by means of two quadrupole doublets with small differences in CS
and large ones in QS pointing the presence of two different sites for the transition metal

61



atoms. In the crystalline compound only one spectrum was necessary for a proper
analysis with values of CS and QS close to the one with the larger intensity in the
quasicrystalline compound [5]. The presence of two kinds of Mn sites with a
preferential substitution of Fe on the one which carry no moment was proposed for I-
Al74Sig(MnFe)y [6]. This interpretation was heavily discussed and based on investiga-
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Figure 6.3: *’Fe transmission spectra of the crystalline Taylor phase sample AMF8 at different
temperatures. The subspectra used in the fit are indicated by red and green, the result of the least-
square fit by black.
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tions of I-AlgMny (*’Al and *>Mn NMR spectroscopy [7], *'Fe doped samples [8]), I-
AISiMn (isomorphically substituted by 28 at% Fe or by a mixture of 17 at% (CrosFeos)
[9]), I-AlgMny44Fes s [10], and I-AlCuFe alloys it is argued that the spectra are more
reliably analyzed by a distribution of quadrupole splitting. To evaluate the distributions
correlations between isomer shift and quadrupole splitting were introduced which are
physically not a priori justified, but argued to be present in a more recent investigation
[11]. The distribution of quadrupole splitting resembles a multiplicity of Fe-sites and

AMF12

relative transmission

velocity [mm/s]

Figure 6.4: *'Fe transmission spectra of the crystalline Taylor phase sample AMF12 at different
temperatures. The subspectra used in the fit are indicated by red and green, the result of the least-
square fit by black.
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Figure 6.5: >’Fe transmission spectra of the quasicrystalline decagonal sample AMF10 at different
temperatures. The subspectra used in the fit are indicated by red and green, the result of the least-
square fit by black.

reflects an intrinsic disorder in the icosahedral structure [12-15]. A broad distribution of
the value of the local electric field gradient tensor on the Al sites was also concluded
from MNR and NQR investigations [16]. On the other hand for AlgsCuzgxFeisx
systematic variations were found of both CS and QS for the wide concentration interval
-10 < x < 10, whereas changes among the three structurally different states icosahedral,
crystalline, and amorphous remain small [17]. These results are contrasted by
investigations of the influence of mechanical grinding [18]. Not only for the un-milled
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sample the spectrum differs from the one reported in [17], huge broadening is obtained
after 200 hours grinding. Investigations along the stability boarder for Fe and Cu
content of both the icosahedral structure and the rhombohedral 3/2 approximant exhibit
only small changes of CS and QS, but significantly larger ones in crossing from one
border to the other at constant concentration [11]. Preferential site occupancy was
assumed for 1-AlgsCriaxFex, 3 < x < 14 [19] and a distribution of quadrupole splitting
was used to analyze I-Ti-Mn-Fe-Si compounds [20].

Investigations on decagonal AIMn compounds focus on Al contents around 80 at%. A
broad distribution for the electric field gradient and large similarities of the spectra to
the icosahedral ones was observed by NMR measurements on >*Mn [21]. The
Maossbauer results are either analyzed by a superposition of two broadened quadrupole
split spectra [22-24] or a quadrupole distribution assuming a linear correlation between
quadrupole splitting and isomer shift [10]. Large differences were observed between the
overall shape of the spectra of I-AlgsCuxFe;s and decagonal Algs(C0o.96F€0.04)20CU15
[23]. The spectrum of the latter compound is also different from the one of the present
investigation (figure 6.5), whereas for decagonal compounds (without Mn, but Al
content around 75 at%) AlssPdisFe;o [25] and AlzsNigFess [26] the shape of the spectra
are similar to the one of AMF10. Since all analyses are based on structural
considerations (decorations of Penrose tiling) of the quasicrystal in the following the
attempt was made to start with the structural model of the crystalline compound and to
transform the thus found fitting routine onto the quasicrystalline sample.

For the crystalline Taylor phase, the distances to the nearest neighbours are calculated
for the different sites occupied by Mn using the program package "Crystallographica”
Version 1.60a (table 6.1). The radius of the sphere around the source atom was
determined by 1.05-(r(Al) + r(Mn)) = 0.294 nm, with r(Al) = 0.143 nm, r(Mn) = 0.137
nm (typical for metallic bonds), and choosing 1.05 as an arbitrary overlap factor. Within
this sphere, which can be seen as the first neighbor shell, atoms on Mnl and Mn7
positions have only Al atoms as nearest neighbours. For all other sites, both Mn and Al
are present (table 6.1). It can be assumed that for these two positions, because of the
strong Al-p Mn-d hybridization (see e.g. [27] and discussion herein) the charge density
and distribution are different compared to the ones of the other sites for which both
atom species are present in the first shell. Assuming (i) that Fe substitutes only Mn and
not Al and (ii) that no preferential embedding of Fe on the different lattice sites is
present (random distribution) two groups of subspectra with different isomer shift and
quadrupole splitting can be expected. According to the occupation numbers given by
Hiraga et al. [28] (see table 2.1, chapter 2) twelve atoms are on sites surrounded by Al
only (four on Mnl and 8 on Mn7) whereas (rounded) 28 atoms are on the other sites,
leading to the (approximate) sample concentration Al;sMnys. From this numbers a ratio
of 0.3:0.7 should be present for the relative intensities of the subspectra representative
for these environments. The Taylor samples of the present investigations (AlgsMngsFeg
and AlggMnyoFe;,) are lower in Al content which may cause (if assumptions (i) and (ii)
are still valid) a change in this intensity ratio by approximately 8%. This value is,
however, far within the measuring accuracy for alloys not enriched with °’Fe.
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Table 6.1: Interatomic distances within a sphere of 0.294 nm around the respective source atom for
the different sites occupied by Mn in the Taylor phase following the structural refinements of
Hiraga et al. and taking the thus reported lattice parameters a = 1.483 nm, b = 1.243 nm, ¢ = 1.251
nm [28]. Lattice sites are numbered as in table 2.1, chapter 2. Partial occupation by both atomic
species Al and Mn is denoted by *'d".

source atom

target atom

distance (nm)

source atom

target atom

distance (nm)

Mn1 All4 0.238603 Mn2 Al13 0.251403
Mnl All4 0.238603 Mn2 Al13 0.251403
Mn1 Al15 0.238732 Mn2 Al4 0.254413
Mn1 Al15 0.238732 Mn2 Mnéd 0.257768
Mn1 Al9 0.247303 Mn2 Al3 0.257796
Mnl Al9 0.247303 Mn2 Al10 0.260290
Mn1 Al2 0.248926 Mn2 Al10 0.260290
Mn1 Al3 0.250652 Mn2 Al7 0.262867
Mnl All 0.253682 Mn2 Al7 0.262867

Mn2 Mn5d 0.274366

Mn2 Mn9d 0.283391

Mn2 Mn9d 0.283391
Mn3 Al12 0.243986 Mn4 Alll 0.247714
Mn3 Al12 0.243986 Mn4 Alll 0.247714
Mn3 Al4 0.257707 Mn4 Al2 0.258897
Mn3 Al10 0.263809 Mn4 Al10 0.259610
Mn3 Al10 0.263809 Mn4 Al10 0.259610
Mn3 Mn5d 0.264504 Mn4 All 0.262279
Mn3 All 0.265066 Mn4 Mn3 0.269777
Mn3 Mn4 0.269777 Mn4 Mnéd 0.270081
Mn3 Al6 0.271041 Mn4 Al8 0.271473
Mn3 Al6 0.271041 Mn4 Al8 0.271473
Mn3 Al8 0.275604 Mn4 Mn8d 0.281172
Mn3 Al8 0.275604 Mn4 Mn8d 0.281172
Mn5d All6d 0.253746 Mnéd Al16d 0.253325
Mn5d All6d 0.253746 Mnéd Al16d 0.253325
Mn5d Al10 0.260799 Mnéd Mn2 0.257768
Mn5d Al10 0.260799 Mnéd Al10 0.258812
Mn5d Al3 0.263139 Mnéd Al10 0.258812
Mn5d Al4 0.264460 Mnéd Al2 0.260917
Mn5d Mn3 0.264504 Mn6d Al4 0.268226
Mn5d Al6 0.273510 Mnéd Mn4 0.270081
Mn5d Al6 0.273510 Mn6d Al7 0.273662
Mn5d Mn2 0.274366 Mn6d Al7 0.273662
Mn5d Mnod 0.276890 Mnéd Mn8d 0.276905
Mn5d Mn9d 0.276890 Mn6d Mn8d 0.276905
Mn7 Al5 0.239836 Mn8d Al16d 0.259828
Mn7 All12 0.249805 Mn8d Al10 0.268689
Mn7 Al15 0.249868 Mn8d Alll 0.268694
Mn7 All4 0.250059 Mn8d Al13 0.270865
Mn7 Al13 0.251568 Mn8d Mn6d 0.276905
Mn7 Al10 0.254341 Mn8d Al15 0.279499
Mn7 Alll 0.255899 Mn8d Mn4 0.281172
Mn7 Al6 0.285222 Mn8d Al2 0.282889
Mn7 Al7 0.287665 Mn8d Al7 0.290775
Mn7 Al8 0.288254 Mn8d Al8 0.292440
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Mnad All6d 0.257401 Aléd Al10 0.266201
Mnod Alll 0.270968 Aléd Al12 0.270986
Mnad Al10 0.272616 Aléd Mn3 0.271041
Mnad Al14 0.273886 Aléd All6d 0.271631
Mnod Al13 0.274459 Aléd Mn5d 0.273510
Mnad Mn5d 0.276890 Aléd Al14 0.274686
Mnod Al3 0.279207 Aléd Al12 0.278122
Mnod Mn2 0.283391 Aléd Al4 0.284983
Mnad Al7 0.285006 Aléd Mn7 0.285222
Mnod Al6 0.289968 Aléd Al8 0.286737

Aléd Mnod 0.289968

To overcome the problem of correlations between isomer shift and quadrupole splitting
and to take into account the asymmetries in the overall spectral shape the analyses for
the crystalline samples above T; were thus performed with a superposition of two
subspectra and (to reduce the number of free parameters) the constraint of equal line
widths. (The physical reason for the use of two subspectra should not be confused with
the one introduced to fit icosahedral or decagonal quasicrystals.) For a single
measurement the fit is certainly not unique, however, gains on reliability if the results
exhibit smooth dependence on temperature and Fe content. The ratio of the relative area
of the subspectra scatters around 75:25 (figure 6.6) and is in fair agreement with the
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Figure 6.6: Relative intensities against
temperature of the subspectra used to fit
the recorded *’Fe transmission spectra of
the mentioned samples. The sum of the area
of the subspectra used for the fits below the
freezing temperature (small symbols) is
shown by open symbols. Lines are only
guide for the eye.

ratio estimated from the above discussed subdivision according to the occupation of the
first shell with Al. The line width is only approximately 50% larger than the one
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obtained in the a-Fe calibration spectra (figure 6.7). In spite of the constraint of similar
line widths for the subspectra, in the fittings the dominant part for this parameter is the
spectrum with the large area. Thus this increase reflects that charge density and
distribution are not very different on the *’Fe nucleus embedded in the individual
environments which are collected within this subspectrum although the number of Mn
atoms in the first neighbor shell differs between two and four (table 6.1). Assuming that
assumptions (i) and (ii) are still valid the difference between the (in mean "main™ two)
environments (Fe on positions which are completely surrounded by Al in the first shell,
small spectral area, and Fe on positions with Mn/Al in the neighborhood, large area) in
both charge distribution (field gradients given by QS, figure 6.7) and charge density
(isomer shift given by CS, figure 6.8) on the >’Fe nucleus is resolvable within measuring
accuracy. The temperature dependence of the quadrupole splitting was fitted to QS(T) =
QSo - bT *2 as observed in many non-cubic compounds [29] and in comparable
quasicrystalline materials [30] (figure 6.7). The resulting b values are of order of 10 ~°
mm/(sk*?). To make contribution of this size reliable it is, however, absolutely
necessary to determine the temperature dependence of the lattice spacings because the
usual changes in inter atomic distances with temperature may lead to changes in QS
which are at least comparable.
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For both subspectra both QS and CS does not change significantly with Fe content and
with structure (figure 6.7, 6.8). This is in line with the results reported in literature. Only
slightly smaller value for QS, but comparable values for CS are obtained for T -
AlzsMnissFegs [22]. For the icosahedral compounds at room temperature CS scatters
around 0.22 mm/s (relative to a-Fe) and QS values are slightly smaller (around 0.35
mm/s) [11, 23, 31] than the ones found in the present investigations, indicating, as
proposed earlier, a higher degree of order for these compounds. Most interesting is,
however, the small difference of the weighted mean of these quantities (to get rid of the
different fitting procedures) with those evaluated for rhombohedral and decagonal
AlCuFe [11,23], decagonal AINiFe [26], and AIlPdFe [25]. Neglecting in first
approximation the influence of volume on the isomer shift (proper corrections are at
present not possible because lack of lattice spacing data), this points to charge density
on the *’Fe atoms in these compounds mostly determined by Al-(s,p) and Fe-d
hybridization and not by the type of transition metal atom in the neighbourhood. This
may also explain the small differences in CS obtained for the two subspectra
representing the main environments, completely and partly surrounded by Al. Because
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of the quadrupole distributions used in the analyses of the spectra comparison of mean
values are only possible. All arguments concerning the analyses of broadened, structure-
less quadrupole split Mdssbauer spectra given in literature are certainly applicable, too.
To remind, however, again, the advantage of the present analysis was the possibility to
start with crystalline compounds and to transform the fitting routine developed for these
samples onto the decagonal compound assuming that local surrounding of approximant
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and quasicrystal are very similar. Within this analysis one ends up with charge
distributions (local field gradients) quite different for the two surroundings. The value
of QS is larger for Fe completely surrounded by Al. To speculate on differences caused
by the local arrangement of neighbour atoms is highly questionable in this complicated
structure. Also questionable, but perhaps more reliable, may be the assumption that Al-
(s,p) and Fe-d hybridization dominates the charge distribution and is "less distorted” (in
the sense of keeping a high value) for >’Fe probe atoms completely surrounded by Al
(the picture of hybridization needs at least some periodicity). Additional near neighbour
transition metal atoms will thus disturb (locally) the hybridization giving rise to smaller
asymmetries in the charge distribution around the *'Fe nucleus.

The Debye temperatures (derived from the temperature dependence of CS using the
Debye model, see chapter 6.1) are for the two groups of Fe sites within measuring
accuracy the same for crystalline AMF8, different for AMF12, and exhibit no clear
concentration dependence (figure 6.8). For the decagonal sample the value for &
obtained for the subspectrum with large area is roughly the same as the one of the
crystalline samples pointing to a rather similar stiffness for the Fe bonds. The value for
the other group (in the present fitting assumption Fe on those Mn sites which are
completely surrounded by Al in the first neighbour shell) is, however, smaller compared
to the one of the crystalline compounds. & = 331 K was found for *Fe in a-Fe [32]. In
rapidly quenched Al-0.02 at% Fe 6, = 240 K [33] and from a >’CoAl source experiment
6 = 210 K are reported [34]. Thus one would expect that & varies considerably for the
two subspectra. This is not observed in AMF8. The low & values of Fe doped Al are,
however, contrasted by the one obtained for pure Al from elastic constant and velocity
of sound data (& = 462 K [35]). From y-ray and neutron diffractometry 6, = 476 K was
estimated for a crystalline AlggsFeiqs alloy [33], and for crystalline AlgFe, and AljsFey
6 = 469 K, and 495 K, respectively, are derived from CS(T) data [36]. Higher values
are reported for 1-Al635CuyFer2s, b =539 K (using standard Mdssbauer spectroscopy
and fitting with a quadrupole distribution), and 1-AlgCuzssFe1zs, 6 = 580 K (using
quasi-elastic Mdssbauer spectroscopy by synchrotron radiation). From specific heat and
elastic constants values of 536 K and 548 K are derived [37] for Ale1.4Cugs 4Fes32 which
is very similar in concentration. In comparison from specific heat measurements & =
377 K and 343 K were evaluated for annealed and as cast I-AlggCuyoFess, respectively.
Differences of this order of magnitude are known for these two measurement methods.
Stadnik and Zhang [24] derived for decagonal AlgsC015CuigoFeos &b = 546 K and
mentioned the significant differences in reported values for & in literature. Including
the data obtained from specific heat measurements for decagonal AlgsCuz0Co15 (b =
596 K [38]) and AlxNiisCois (b = 589 K [39]) lattice stiffness is larger for these
constituents (irrespective of the structure) than the one of the presently investigated Al-
Mn-Fe.

Below the freezing temperature the recorded spectra exhibit magnetic hyperfine
exchange interaction (figure 6.3-6.5). In the analyses each subspectrum from the high-
temperature fits is further subdivided into 3 spectra with increased line width to
simulate a hyperfine field distribution. A further subdivision does not lead to a better
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agreement between fitting result and measurement. The sum of the relative area of these
3 subspectra is in fair agreement with the one obtained from the high-temperature fits
(figure 6.6). Center shift and quadrupole splitting scatter within each group only within
measuring accuracy around the weighted mean (figure 6.7, 6.8). The hyperfine field
distribution was derived by folding Lorentzians positioned at the derived discrete
hyperfine field values with widths two times the measured FWHM of the respective
spectrum (figure 6.9). As usual for spin glasses the width gets broader with decreasing
temperature. The mean hyperfine field determined from centre of gravity of the
hyperfine field distribution increases with Fe content for the crystalline samples (8.1 T
and 8.4 T for AMF8 and AMF12 at 4.3 K, respectively) and amounts 8.0 T at the same
temperature for decagonal AMF10. The same trend is observable for pe#/TM (figure
5.6, chapter 5). The value for AMF10 is also smaller. One has to keep in mind that the
Al content for the samples is slightly different (69, 68, and 71 at% for AMF8, AMF12,
and AFM10, respectively). The agreement, however, can be seen as a support for both
fitting assumptions (i) and (ii). From the present experiments it is not possible to
conclude on the value of the Fe moment since the hyperfine field at the nucleus must be
seen as the sum of two contributions with (usually) opposite sign, the core and the
valence part and only the first one is proportional to the moment. No characteristic
changes for both the magnetic and the electrostatic hyperfine interaction for the
decagonal sample are present compared to the crystalline ones.
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In summary the Mdssbauer investigations point to a very small dependence of the
derived hyperfine parameters on Fe content in the crystalline samples. It seems that the
occupation of the first neighbour shell with the available atom species is dominant and
charge density and distribution on the >’Fe probe atom are only slightly influenced by
changes of the Fe content whereas for the crystalline compounds the mean hyperfine
field increases with increasing Fe content. These results support further the similarities
between decagonal compound and the approximant AlsMn.
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/. Summary

Magnetic and Mdssbauer investigations were performed on the orthorhombic Taylor
phases, T-AlsMn (space group Pnma) and the decagonal compound Alz1MnygFesq. Parts
of the results were already published in [1].

The homogeneity range of Taylor phase in the binary Al-Mn system is enlarged in
ternary system Al-Mn-Pd and even more in Al-Mn-Fe. Hiraga et al. [2], Pavlyuk et al.
[3], and Klein et al. [4] determined the atomic coordinates. All authors reported (i) very
similar values for the positions of the respective sites and (ii) that most of the 156 sites
are occupied only by either aluminum or manganese. Exceptions are, according to
Hiraga et al. four Mn sites, where mixed occupancy is present with some aluminum,
and one Al site on which some Mn is embedded. With the exclusion of the last
mentioned Al site this is confirmed by Pavlyuk et al. only the sites are named different.
This holds also for Klein et al., but they proposed a different filling and assumed that all
of the Pd is embedded on one single Al site. Balanetskyy et al. [5] concluded that this
assumption is too crude for a correct description of the structure. Performing an atomic
count and calculating from this the Mn/Al occupation Hiraga et al. ends up in their
structural model with Al,¢4Mn. Adding the Pd content to Mn, Klein et al. gets Al, gsMn,
(an Al content below the stoichiometric one) whereas Pavlyuk et al. obtained Alz 34sMn.
The Al concentration of this structural model is above the stoichiometric one. We used
therefore the structural model proposed by Hiraga et al. for the considerations
concerning the number of Mdssbauer spectra used in the analysis. The 156 atoms are
spread over ten layers perpendicular to the b direction in the unit cell. Most of the atoms
are located at the vertices of small and large pentagons and at the centre of large
pentagons. The samples investigated in this thesis are Al;sMngs, Al;sMnyoPds,
AlggMny3Feg and AlggMnyoFeso. They are abbreviated as AM, AMP, AMF8 and AMF12
respectively. Preparation and structural investigations were performed by Feuerbacher
[6]. For the Fe containing alloys it seems to be reasonable that only the occupation
numbers of the sites on which both atomic species are embedded are simultaneously
changed (by 0.919 and 0.906 for AMF8 and AMF12, respectively) to take into account
the varying Al content and that the occupation of the other sites remains unchanged.
The decagonal sample on which we did our measurements was abbreviated as AMF10.
Preparation and structural characterization was again done by [6]. The periodicity along
the decagonal axis is approximately 1.2 nm according to which quasi periodic puckered
layers and planar ones stacked on each other are present. In both the quasicrystalline
and the crystalline phase a strong tendency for the formation of pentagonal and
decagonal clusters is found. Taking into account the Mdssbauer results, it is highly
probable that in the decagonal compound too Fe substitutes only Mn.

From dc-magnetic measurements negative Curie-Weiss temperatures 6. were obtained
for the un-substituted and the Pd containing sample, indicating a predominant
antiferromagnetic coupling between Mn atoms carrying a moment. 6. increases with
increasing Fe content and get positive for AMF12, pointing to a strong contribution of
Fe to the magnetic exchange interaction. In agreement with literature for alloys with Al
content around 70 at% e.g. [7] we assumed that Pd carry no moment and take this into
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account in the calculations of pe. In contrast Fe was assumed to carry a moment. As
first approximation the content of Mn and Fe was added and a mean s per transition
metal atom was calculated. In agreement with [8] an increase of this moment is
observed with increase of Fe. For the decagonal compounds lower s values compared
to the samples with T-phase were obtained.

For all samples irreversibility appear between ZFC and FC measurements below
approximately 30 K. Both, the rounding of the peak in the ZFC curves and the shift to
lower temperature with increasing field indicate spin glass behaviour. The exponent of
~ 0.1 in the fit of the field dependence of the freezing temperature does neither fit to
Ising [9, 10] nor vector spin glasses [10]. In general, T decreases with substitution of
nonmagnetic Pd, whereas it increases with Fe substitution. The samples showing the
Taylor phase have slightly higher T; values than the compounds forming as decagonal
quasicrystals.

The time dependence of the ZFC magnetization exhibits below T for all samples within
the chosen time interval a logarithmic behaviour allowing the determination of the creep
rate S which can be normalized to the magnetization at the starting time. A strong
temperature dependence and a maximum appearing at approximately T¢/4 for 0.5 T and
at much lower values for 2.0 T was observed for S. Thus the mean effective activation
energy E, which is related to S [11], increases for all external fields with increasing
temperature. Since both the barriers which evolve with decreasing temperature should
decrease and the time dependence of the magnetization should become stronger with
increasing T, this result is understandable if E is interpreted as the centre of gravity of a
broad energy distribution. For a given temperature, part of the relaxations on the low
energy side of the distribution function does not contribute to the time dependence of
the magnetization, because they are already thermally equilibrated within the
experimental time scale. This can be expressed by introducing a cut-off energy which
shifts to higher values for higher temperatures, shifting also the centre of gravity to
higher energies. Increase of the applied field reduces the effective barrier height, leading
to smaller E values. An interpretation of the time dependence within the classical
droplet model allows an interpretation of E in terms of magnetic cluster sizes. In that
sense the magnetic entities rotating in the external field are larger in the Fe-substituted
than in the Pd- and the un-substituted sample, which is not unexpected as Fe increases
magnetic coupling. Despite of the similarity of the structural building blocks of T-phase
and decagonal quasicrystal the intrinsic energy landscape is different. The barriers are
higher in the T-phase, although the over-all symmetry is lower in the decagonal phase.
One stop protocols for the waiting times at zero external field during cooling were used
to gain information on the dynamics below T After a second temperature step
downwards, rejuvenation is observed, that means after the step the system behaves as if
it had been quenched from above T; without any interrupt. Similar results were obtained
for Al;3Mny7, AlsMngsPd, and D AlzsMngiFeg by Dolinsek et al. [8], samples prepared
under the same conditions but having slightly different Al content. The behavior
indicates that non-equilibrium states are passed through by varying the temperature very
similar to those reported for conventional spin glasses [12]. The evolution with time of
the susceptibility towards equilibrium was investigated in three dimensional Heisenberg
spin glasses by Monte Carlo simulations [13]. These calculations show that for the spin
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system the dynamical coherence length I, which depends strongly on T, is in local
equilibrium for short distances compared to |. The system as whole is, however, not
equilibrated. For large waiting times ("old" samples) I increases. This leads to a growth
with time of a random (because of the quenched disorder in the spin glass phase)
ordering ("aging" of the sample). Assuming that equilibration proceeds by activation
over barriers of heights which are a function of | it could be shown in the calculations
that the system forgot that it is "old", it seems to be "rejuvenated™ by a stepwise cooling
from T, to T,. If the system temperature is changed in a further step back to T, it
behaves as if the step to T, has not occurred. The system has kept a "memory" of the
first aging step. Within the constraint of the present experimental conditions (only dc-
magnetization measurements could be performed) it seems that the concept of barrier
height dependence on coherence length which by itself strongly depends on temperature
and waiting time is able to describe the dynamics observed in the investigated samples.

For the two crystalline samples the *’Fe Mdssbauer spectra recorded above the
respective freezing temperature exhibit asymmetries with respect to line intensity and
slope which does not allow an analysis with only one quadrupole split spectrum where
the different Fe sites are simply taken into account by allowing line broadening. The
same holds for the decagonal sample, although the difference in line intensity at 294 K
is less pronounced. Investigations on Fe containing decagonal AIMn compounds focus
on Al contents around 80 at%. The Mdssbauer results are either analyzed by a
superposition of two broadened quadrupole split spectra [14, 15, 16] or a quadrupole
distribution assuming a linear correlation between quadrupole splitting and isomer shift
[17]. Since all analyses are based on structural considerations (decorations of Penrose
tiling) of the quasicrystal the attempt was made to start with the structural model of the
crystalline compound and to transform the thus found fitting routine onto the
quasicrystalline sample. For the crystalline Taylor phase, the distances to the nearest
neighbours are calculated for the different sites occupied by Mn. Within a sphere of
0.294 nm, which can be seen as the first neighbor shell, two Mn-atoms have only Al
atoms as nearest neighbours. For all other Mn-sites, both Mn and Al are present. It can
be assumed that for these two positions, because of the strong Al-p Mn-d hybridization
(see e.g. [18]) the charge density and distribution are different compared to the ones of
the other sites for which both atom species are present in the first shell. Assuming (i)
that Fe substitutes only Mn and not Al and (ii) that no preferential embedding of Fe on
the different lattice sites is present (random distribution) two groups of subspectra with
different isomer shift and quadrupole splitting can be expected. According to the
occupation numbers given by Hiraga et al. [2] a ratio of 0.3:0.7 should be present for
the relative intensities of the subspectra representative for these environments. The
analyses for the crystalline samples above Ts were thus performed with a superposition
of two subspectra and (to reduce the number of free parameters) the constraint of equal
line widths. The obtained ratio of the relative area of the subspectra scatters around
0.25:0.75. The line width is only approximately 50% larger than the one obtained in the
a-Fe calibration spectra indicating that charge density and distribution are not very
different on the °’Fe nucleus embedded in the individual environments which are
collected within a subspectrum. For each subspectrum both QS and CS does not change
significantly with Fe content and with structure. This is in line with the results for
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quasicrystalline compounds reported in literature. Most interesting is, however, the
small difference of the weighted mean of these quantities (to get rid of the different
fitting procedures) with those evaluated for rhombohedral and decagonal AlCuFe [15,
19], and decagonal AINiFe [20] and AlPdFe [21]. Neglecting in first approximation the
influence of volume on the isomer shift, this points to charge density on the *>'Fe nucleus
in these compounds mostly determined by Al-(s,p) and Fe-d hybridization and not by
the type of transition metal atom in the neighbourhood. This may also explain the small
differences in CS obtained for the two subspectra representing the main environments,
completely and partly surrounded by Al.

The Debye temperatures (derived from the temperature dependence of CS using the
Debye model) are for the two groups of Fe sites within measuring accuracy the same for
crystalline AMF8, different for AMF12, and exhibit no clear concentration dependence.
For the decagonal sample the value for & obtained for the subspectrum with large area
is roughly the same as the one of the crystalline samples pointing to a rather similar
stiffness for the Fe bonds. The value for the other group (in the present fitting
assumption Fe on those Mn sites which are completely surrounded by Al in the first
neighbor shell) is, however, smaller compared to the one of the crystalline compounds.
Below the freezing temperature the recorded spectra exhibit magnetic hyperfine
exchange interaction. In the analyses each subspectrum from the high-temperature fits is
further subdivided into 3 spectra with increased line width to simulate a hyperfine field
distribution. The sum of the relative area of these 3 subspectra is in fair agreement with
the one obtained from the high-temperature fits. CS and QS scatter within each group
only within measuring accuracy around the weighted mean. The hyperfine field
distribution was derived by folding Lorentzians positioned at the derived discrete
hyperfine field values with widths two times the measured FWHM of the respective
spectrum. As usual for spin glasses the width gets broader with decreasing temperature.
The mean hyperfine field determined from centre of gravity of the hyperfine field
distribution increases with Fe content for the crystalline samples (8.1 T and 8.4 T for
AMF8 and AMF12 at 4.3 K, respectively) and amounts 8.0 T at the same temperature
for decagonal AMF10. The same trend is observable for pe#/TM. The value for AMF10
is also smaller. One has to keep in mind that the Al content for the samples is slightly
different (69, 68, and 71 at% for AMF8, AMF12, and AFM10, respectively). The
agreement, however, can be seen as a support for both fitting assumptions (i) and (ii).
From the present experiments it is not possible to conclude on the value of the Fe
moment since the hyperfine field at the nucleus must be seen as the sum of two
contributions with (usually) opposite sign, the core and the valence part and only the
first one is proportional to the moment.

No characteristic changes for both the magnetic and the electrostatic hyperfine
interaction for the decagonal sample are present compared to the crystalline ones. The
Mossbauer investigations point to a very small dependence of the derived hyperfine
parameters on Fe content in the crystalline samples. It seems that the occupation of the
first neighbour shell with the available atom species is dominant for both the decagonal
quasicrystal and the crystalline Al3;(Mn,Fe) compounds.
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