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ABSTRACT

This thesis is a study of magnetic properties of new icosahedral quasicrystals
Agsolni¢Gdys, ZnpF e:Scis and a 1/1 crystalline approximant AgsoIn3sGdys. The
AgsoInzsGdy4 and Zns7F e7Sé1(, quasicrystals are shown to have a primitive six-dimensional
Bravais lattice with a six-dimensional hypercubic lattice constant of, respectively, 7.805(2)
and 7.087(1) A. The crystal structure of the approximant AgsoInzsGdy4 is found to be of the
YbCdg type (space group Im3) with a lattice constant of 15.202(1) A. No evidence is found
for a transition to a ground state with long-range magnetic order in the temperature range 2—
300 K for all three alloys.

These three alloys are shown to be spin glasses. The spin freezing temperature of the
AgsolnisGdys and Zny;Fe;Sc¢ quasicrystals is, respectively, 4.25(5) and 7.75(2) K. The
unusual spin freezing in the approximant is found to occur in two stages: at ~3.6 K spins
develop short-range correlations but they continue to fluctuate at low frequencies, and then
long-range freezing is achieved upon further cooling to below ~2.4 K. The AgsolnisGdi4
quasicrystal and its 1/1 approximant are shown to belong to a category of strongly
geometrically frustrated magnets.

The frequency dependence of the freezing temperature in all three alloys is shown to
be equally well accounted for by the Vogel-Fulcher law and the power law. Analysis of the
ageing effects observed in the Zn77Fe;Sc;¢ quasicrystal leads to a major discovery that the
nature of the spin-glass state in this quasicrystal is fundamentally different from that of a
canonical spin glass.

The effective magnetic moment at Gd atoms in the Agsoln;¢Gd;4 quasicrystal and its
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1/1 approximant is found to be close to that of a Gd™ ion. The effective magnetic moment at
Fe atoms in the Zns;;Fe;Scig quasicrystal is the largest ever found in an Fe-containing
quasicrystal.

The hyperfine magnetic fields at ">Gd and *’Fe nuclei in the AgsolnzsGdys and
Zns7FesSci¢ quasicrystals are shown to set in at temperatures larger than the corresponding
freezing temperatures. The presence of the distribution of the electric quadrupole splitting in
the ' Gd Mossbauer spectra of the AgsolnisGd,;s quasicrystal indicates the existence of the
multiplicity of Gd sites. The binomial distribution of the electric quadrupole splitting and the
hyperfine magnetic field derived from the >’Fe Mossbauer spectra Zns7Fe;Scis quasicrystal
indicates the existence of two classes of Fe sites. The Debye temperatures of the
quasicrystals Agsoln;sGd,4, Zns,FesSci6, and the approximant Agsoln;¢Gd;4 determined from

the Mossbauer spectra are, respectively, 199(2), 443(8), and 199(1) K.
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1) INTRODUCTION

1.1) Quasicrystals

Solids are traditionally divided into two groups: crystalline and amorphous. The
dramatic discovery of an icosahedral (i) Al-Mn alloy by Shechtman et al [1] extended this
dichotomous division by introducing the notion of quasicrystals (QCs). These are materials
that possess a new type of long-range translational order, quasiperiodicity, and a
noncrystallographic orientational order associated with the classically forbidden fivefold,
eightfold, tenfold, and twelvefold symmetry axes [2, 3]. A main problem in condensed
matter physics is determining whether quasiperiodicity leads to physical properties which
are significantly different from those of crystalline and amorphous materials of the
same/similar compositions.

One of the central questions in the physics of QCs is that of the possibility of the
existence of long-range magnetic order in these alloys. The initial intuition suggests that
quasiperiodicity necessarily leads to geometrical frustration and is therefore incompatible
with long-range magnetic order. However, various theoretical models dealing with
magnetism in QCs indicate the possibility of existence of long-range magnetic order in QCs.
These models are geometrical models [4-7] and the physical ones, such as the Ising model
[8-15], the XY model [16—18], the Heisenberg model [19-25], and the Hubbard model
[26, 27]. A short review for those models will be given in the next chapter.

On the experimental side, all known QCs are either diamagnets, paramagnets or spin
glasses [28, 29]. The recent claim [30] of the existence of long-range magnetic order in

icosahedral (i) R-Mg-Zn (R = rare earth) QCs was shown [31-33] to result from the
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presence of magnetic impurities in the studied samples. Recent extensive neutron diffraction
studies [34-38] of i R-Mg-Zn and i R-Mg-Cd QCs, which are of very high structural quality
and which can be produced in a single-grain form, revealed the presence of short-range spin
correlations at low temperatures and the absence of long-range magnetic order; these QCs
are spin glasses. Figure (1-1) shows a photograph of a single-grain of i Ho-Mg-Zn [39].
Approximants to quasicrystals are complex crystalline alloys close in composition
and with a structural similarity to quasicrystals [40]. In this thesis magnetic properties of the
1/1 approximant AgsoIn;sGd,4 are investigated and compared with those of the icosahedral

quasicrystal AgsolnseGd,s.

Figure (1-1) Photograph of a single-grain of icosahedral Ho-Mg-Zn quasicrystal. It is
shown on a mm scale, the edges are 2.2 mm long [39].

1.2) Icosahedral quasicrystals

Quasicrystals can be classified as icosahedral (i-), octagonal (o-), decagonal (d-) or
dodecagonal (dd-) phases [41]. Of special interest in this research are the icosahedral
quasicrystals. Understanding the structure of quasicrystals is necessary when trying to
explain how the structure affects the physical properties. According to crystallography rules

the quasicrystal symmetry is forbidden. However, more than 100 years ago some



mathematicians had introduced a family of quasi-periodic and almost periodic functions
which had a dense set of sharp peaks in the Fourier space [42]. Moreover, decagonal and
quasicrystalline tilings were known to Islamic architecture in the 12" century, as shown in
figure (1-2) [43]. Finally, nature is full of fascinating beauty built with the forbidden

fivefold symmetry, as can be seen in figure (1-3) [44, 45].

Figure (1-3) Left: photograph of a fivefold flower by Grata di Silenzio [44].
Right: photograph of another fivefold delicate violet flower by Aleksey Golyko [45].

1.2.1) Fibonacci chain

An important number that always will show in the calculations of quasicrystal



structure is the golden meanr. It is an irrational number that can be defined as
T =2c0s36° = (1 +/5 )/ 2. The ratio of distances, center to vertex and center to mid-edge, in

a pentagon is equal to 7/2[42]. The successive powers of the golden mean follow the
Fibonacci series. A Fibonacci series or chain, also called the musical sequence, can be
generated from two segments short (S) and long (L). Each S is replaced by L and each L is
replaced by L-S. For example, we start by S-L then by applying the above rule we have L-L-
S. Then applying the rule again on L-L-S, one has L-S-L-S-L. Appling this rule again leads to
the chain L-S-L-L-S-L-L-S.... The chain can grow with a perfectly determined scheme but

without periodicity. If one counts the number of times L is repeated, N, , over the number of

times S is repeated, N, in an long enough chain, the result will be the golden mean
7= lim (J—V—L—J
Ny +Ng—ow NS :

1.2.2) Tiling

Penrose [46] showed that one can fill a two dimensional space using two different
blocks by following simple rules (figure (1-4)). The two blocks are two rhombohedra, the
first one with angles 72° and 108° and the second with angles 36° and 144°. The blocks are
put beside each other in a way that the side arrows match for both blocks. The result is a

perfect lattice without the need of periodicity.



Figure (1-4) The Penrose pattern constructed from two different blocks [46].

In crystallography a crystal can be described in the reciprocal space using three
Miller indices (A, %, ). In one dimension quasicrystals in the form of Fibonacci chain, one
needs two independent variables to construct the chain. In three dimensions the number of
independent reciprocal lattice vectors is more than the spatial dimension. Therefore, a
hyperspace with six dimensions is needed to describe an icosahedral quasicrystal. The
reciprocal lattice vector for an icosahedral quasicrystal can be written as:

G=(n+hz)b +(k+kz)b,+(+17)p,, (1-1)

where b,, b,, b,, are reciprocal lattice unit vectors. Using six Miller indices

(h, W,k k1,1 ) one can describe the structure similarly to the classic crystal description.
The Fourier transform of the three-dimensional Penrose pattern matches well the

experimental electron diffraction pattern. Figure (1-5) shows both the calculated and the

experimental pattern for AI-Mn [47]. This suggests that the structure of an icosahedral is

closely related to the three-dimensional Penrose pattern.
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Figure (1-5) Bottom: experimental electron diffraction pattern of the icosahedral
quasicrystal Al-Mn for (a) fivefold axis, (b) twofold axis, and (c) threefold axis. Top: the
calculated Fourier transform of the three-dimensional Penrose tiling [47].

1.3) Roadmap of the thesis

An attempt is made in this thesis to search for such a long-range magnetic order in
the recently discovered Agsoln;sGdis and Zns7Fe;Sci¢ icosahedral quasicrystals which
contain the possible magnetic-moment carrying elements Gd and Fe.

Despite the fact that both icosahedral quasicrystals were found not to have such long-
range magnetic order, they open the doors to a new direction of research. Hopefully, more
researchers will be inspired by the fact that the nature of the spin-glass state in the
icosahedral quasicrystal Zn;7Fe;Sc¢ is fundamentally different from that of a canonical spin
glass. Does this occur only for the icosahedral quasicrystal Zn;;Fe;Scis or is it a
characteristic of all icosahedral quasicrystals?

This thesis is organized in the following manner. In chapter (2) a review of
quasicrystals, types of magnetic ordering in solids, and spin glasses is presented. Chapter (3)
describes the synthesis of the studied quasicrystals and the approximant and the

experimental techniques used to investigate their structural and magnetic properties. In



chapter (4) the results of the structural and magnetic studies of the icosahedral quasicrystal
Agsoln;¢GGd;4 are presented and discussed. Chapter (5) is devoted to the structural and
magnetic studies of the icosahedral quasicrystal Zns;Fe;Scis. The results of the structural
and magnetic studies of the 1/1 approximant Ags¢ln;sGd;4 are presented and discussed in
chapter (6). Chapter (7) summarizes the results of this thesis and proposes further direction

for research.
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2) MAGNETIC THEORY AND BACKGROUND

2.1) Introduction
To understand the source of magnetism in a free atom, one needs to consider the
orbital and spin motion of electrons in that atom and the interaction between them. The total

orbital angular momentum for a given atom or ion is:
L=3L, 2-1)
where the summation is over all the electrons, and the total spin angular momentum is [48]:

§=35.. @2)

Each of the above two summations is equal to zero over a complete electron shell. The L

and S are coupled through the Russell-Saunders coupling which is a spin-orbit interaction to

-

form the total angular momentum J =L+8. J can have multiplet values ranging from
J=(L-8),(L-S+1), to(L+S-1),(L+S). The angular momenta I and Sexerta torque

on each other which force them to move around the constant vector J , as can be seen in
figure (2-1). The magnetic moment of that atom is [48]:
p=—g g, (2-3)

JJ+D+8S +1)=L(L+1)
2J(J +1)

where g = l:l + } is called the Landé spectroscopic g-factor and

Uz = eh/2mc is the Bohr magneton.
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Figure (2-1) Spin-orbit interaction between the angular momenta L and S. H, =—p,L,

Hs =—8MpS> P = Hy + Hg,and [l = [1,,,, c0s O [48].

2.2) Non-magnetic materials

2.2.1) Diamagnetism

When an atom or an ion has all the electronic shells filled the total orbital angular
moment of each electron pair will sum to zero, as mentioned above, and no net magnetic
moment will appear on the atom. Once such atom is placed in a magnetic field B, the field
will interact with each electron spin. The field-induced energy shift in the ground-state

energy due to this interaction is [49, 50]:

2
o = V) =

where Z is the total number of electrons in the atom and <r2> is the mean square distance of

the electrons from the nucleus. The susceptibility of a solid composed of N such atoms or

ions can be calculated, using the Larmor diamagnetic susceptibility or Langevin



susceptibility, as [49, 50]:

(2-5)

NO&AE, N e*Z ;,
== =(r),
V OB V 6mc

where V is the volume of the NV atoms. One can conclude several facts from equation (2-5).
First, the diamagnetic susceptibility values are negative which means that the induced
moment in such atoms is in the opposite direction of the applied magnetic field. Second,

diamagnetic susceptibility values are independent of temperature. Third, diamagnetic
magnetization M = yB,values are small compared to the applied magnetic field B, ; they

are of the order of 10, The molar susceptibility can be defined as y, = (N, (V' / N)), where

N, is Avogadro’s number. Molar susceptibility typical values are of the order of —107* to

~107°cm’/mol [50]. These small values of diamagnetic susceptibility can be neglected in

non electron-closed-shell systems at low temperatures.

2.2.2) Paramagnetism
In contrast to the negative susceptibility contribution of diamagnetic atoms or ions,

paramagnetism contribution to susceptibility is positive. When a free atom or ion has an odd
numbser of electrons, or the inner electron shell is partially filled, and J # 0, then that atom
will have a net permanent magnetic moment g which is described in equation (2-3). This

free atom or ion will have a paramagnetic susceptibility.
The energy levels for such an atom when placed in a magnetic field B is [49]:

U =-m,gu,B, (2-6)

where m; is the magnetic quantum number that describes the component of J along the

particle direction and has the values of J, J-1, . . . , -J. For example, the energy levels for
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one electron, with a single spin and zero orbital spin in a magnetic field directed along the
positive z-axis, are U = :I:(%)(2),UBB and the total energy split is 2B, as can be seen in

figure (2-2) [49]. In the low-energy state, the magnetic moment is parallel to the magnetic

field.

m;

1
y g K

2uB

/N

2

Figure (2-2) Energy levels splitting for one electron in a magnetic field directed along the
positive z-axis [49].

In the general case where the orbital spin is not equal to zero, the atom has 2./ +1

equally spaced energy levels. The magnetization of N atoms is [49, 50]:

J)
M= NgJyBB{gk‘]‘? } @7
B

where Bj is called the Brillouin function and is defined as:

B,[x]= 2£ ;1 ctnh{ (2J2 ;l)"} - %cmh{%}. (2-8)

In the limit of 2B/k,T ({1 the susceptibility can be calculated as [49, 50]:

Xc = = (2-9)

_Nplu; C.
3k,T T’

where p is called the effective number of Bohr magnetons and p = g./iJ (J +1)). Equation
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(2-9) is the Curie 