
u Ottawa 
L'Universite canadienne 

Canada's university 



FACULTE DES ETUDES SUPERIEURES 
ET POSTDOCTORALES u Ottawa 

FACULTY OF GRADUATE AND 
POSTDOCTORAL STUDIES 

I.'Univcisiic i muKlienne Canada's university 

Pu Wang 

Ph.D. (Physics) „ _ „ „ „ „ _ „ „ . „ . . 

Department of Physics 
FACiTLTOCOLlT̂ ^ 

Magnetic Properties and Mossbauer Spectroscopy of Novel Alloys 

TITRE DE LA THESE / TITLE OF THESIS 

Z. Stadnik 

CO:DIRECTfURĵ  
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Abstract 

This thesis is an experimental study of structural and magnetic properties, and hyperfine 

interactions in crystalline alloys Cu2GdIn, CrNiP, CrNiAs, EuCu2Si2, Cr2FeSe4 and icosahedral 

quasicrystals Al60Cr19.9Feo.iGe2o, Ag5oIn36Gdi4, ZnvvFeyScie. 

The Heusler alloy Cu2GdIn is shown to crystallize in the L2\ crystal structure (space 

group Fm3m) with a lattice constant of 6.6643(3) A . It is an antiferromagnet with the Neel 

temperature of 9.6(1) K, the effective magnetic moment of 7.98(4) //b per Gd atom, and the 

paramagnetic Curie temperature of -41.2(9) K. Its Debye temperature is 229(5) K. 

The alloys CrNiP and CrNiAs crystallize, respectively, in the Co2P-type structure (space 

group Pnma) and the Fe2P-type structure (space group P62m), with the lattice parameters a = 

5.7965(1) A,b = 3.5337(1) A , c = 6.8123(2) A , and a = 6.1128(2) A , c = 3.6585(1) A . CrNiP is 

shown to be a three-dimensional Heisenberg ferromagnetic with the Curie temperature of 

142.9(6) K, whereas CrNiAs is demonstrated to be a mean-field ferromagnet with the Curie 

temperature of 171.9(1) K. A long standing controversy concerning the Ni magnetic moment in 

these alloys is solved unequivocally: Ni atoms carry a magnetic moment of 0.14 jub in CrNiP and 

0.15(3) jUb in CrNiAs. The Debye temperatures of CrNiP and CrNiAs are, respectively, 261(3) K 

and 221(1) K. 

EuCu2Si2 is one of the first Eu-based alloys in which intermediate valence behavior of Eu 

was observed. It is demonstrated here that there are no valence fluctuations of Eu in this alloy: 

Eu atoms are divalent in the temperature range 2-300 K. The Debye temperature of EuCu2Si2 is 

shown to be 236(4) K. 
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Cr2FeSe4 is found to have antiferromagnetism with weak ferrimagnetism due to the two 

different distortions of the octahedral Cr3+ and the octahedral Fe2+. A negative magnetization is 

found in a magnetic field of 5 Oe and below due to the coercive-field magnetization reversal. 

The magnetization reversal disappears in a magnetic field larger than 65 Oe. 

The icosahedral quasicrystals Al6oCri9.9Feo.iGe2o, Ag50In36Gdi4, and Zn77Fe7Sci6 are 

shown to have a primitive six-dimensional Bravais lattice with a six-dimensional lattice constant 

of 6.558(2) A , 7.805(2) A , and 8.087(1) A , respectively. Al6oCri9.9Feo.iGe2o is a paramagnet with 

the effective magnetic moment of 0.312(3) hq per Cr/Fe atom. Its Debye temperature is 463(15) 

K. The temperature dependence of the electrical conductivity of Al6oCri9.9Feo.iGe2o is well 

accounted for quantitatively by theories of quantum interference effects. AgsoIn36Gdi4 and 

Zn77FevSci6 are shown to be spin glasses with the spin freezing temperature of 4.25(5) K and 

7.75(2) K, respectively. The hyperfine magnetic fields at 155Gd and 57Fe nuclei in AgsoInjgGdu 

and Zn77Fe7Sci6 are shown to set in at temperatures larger than the corresponding freezing 

temperatures. The frequency dependence of the freezing temperature in Zn77Fe7Sci6 is shown to 

be equally well accounted for by the Vogel-Fulcher law and the power law. Analysis of the aging 

effects observed in Zn77Fe7Sci6 leads to a major finding that the nature of the spin-glass state in 

this quasicrystal is fundamentally different from that of a canonical spin glass. The Debye 

temperatures of Ag5oIn36Gdi4 and Zn77Fe7Sci6 are, respectively, 199(2) K and 443(8) K. 
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Introduction 

Magnetic moments in crystalline solids have a variety of long-range arrangements, 

ranging from simple ferromagnetic to complex helical ones [1]. One of the aims of this thesis 

was to gain some insight into the magnetic moment arrangements in four crystalline alloys: 

Cu2GdIn, CrNiP, CrNiAs, and Cr2FeSe4. 

One of the fundamental parameters of a magnetic alloy is a local magnetic moment 

associated with each magnetic atom in the alloy [1], There has been a long-standing controversy 

concerning the Ni magnetic moment in CrNiP and CrNiAs alloys [2-4]. Another aim of this 

thesis was to unambiguously resolve this controversy. 

In 1984, Shechtman and his colleagues announced the discovery of the first 

quasicrystalline material (quasicrystal) [5]. This new metallic phase revealed five-fold rotational 

symmetry which is incompatible with any crystalline structure [6], One of the central issues in 

the physics of quasicrystals is the possibility of the existence of long-range magnetic order in 

these alloys. Initial intuition suggests that quasiperiodicity necessarily leads to frustration and is 

therefore incompatible with long-range magnetic order; a magnetic ordering in a form of a spin-

glass state [1] is expected. However, various theoretical models dealing with magnetism in 

quasicrystals indicate [7] the possibility of the existence of long-range magnetic order in these 

alloys. The aim of this thesis is to search for such a long-range magnetic order and to determine 

the nature of the magnetic ordering in three icosahedral quasicrystals: Al6oCri9.9Feo.iGe2o, and 

recently discovered AgsoIn36Gdi6 and Zn77FeySci6. 

The electrical resistivity of quasicrystals is much larger than that of the corresponding 

crystalline and/or amorphous alloys of similar composition and their temperature dependence is 
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opposite to that of metallic alloys [6]. One of the aims of this thesis was to account for the 

temperature dependence of the electrical resisitivity of the AleoCrig.gFeo.iGezo quasicrystal by 

theories of quantum interference effects. 

The ternary alloy EuCu2Si2 is one of the first Eu-based alloys in which the valence 

fluctuation of Eu was observed. There have been recently reports claiming that, in fact, no Eu 

valence fluctuations in this alloy occur [8, 9]. The aim of this thesis was to convincingly resolve 

this dispute. 

This thesis is organized in the following way. In Chapter 1 a review of crystal structure 

and magnetic properties of solids, a theory of Mossbauer spectroscopy and the electrical 

resistivity of disordered alloys is presented. Chapter 2 describes in detail the sample synthesis 

methods and the experimental techniques used in this study. Chapters 3-9 contain the published 

and submitted papers that are the publication work upon which this thesis is based. Chapter 10 

summarizes the results of this thesis. 
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Chapter I Theoretical background 

1.1 Crystal structures of solids 

1.1.1 Fundamental crystallography 

In solid state physics, the solids can be classified into crystalline materials, amorphous 

materials, and quasicrystalline materials. The atomic arrangement in a crystalline solid exhibits a 

long-range positional order. The atoms in amorphous materials are randomly arranged. The 

quasicrystalline materials form an ordered pattern that fill all the space but lack a translational 

symmetry. 

L L L1 Single crystals 

In a crystalline solid, the atoms, molecules, ions, or building blocks are arranged in an 

orderly repeating pattern extending in three dimensional space. This is a statement for a 

crystalline material from the crystallography point of view. These particles appear in a clearly 

defined geometrical relationship to each other. In crystallography, the layout of the particle 

positions in a crystalline solid is called a Bravais lattice, which consists of a finite array of points 

repeating periodically in 3D (three dimensions). The smallest repeatable identical unit in a 

Bravias lattice is called a unit cell. The lengths of the edges and the angles between the edges in 

a unit cell are called the lattice parameters. Figure 1 gives the schematic drawing of a unit cell 

with the lattice parameters. 
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Figure 1. The lattice parameters in a unit cell [1], 

The choice of unit cell might not be unique. One structure can be represented by different types 

of unit cells which can be converted between each other. In order to express the distribution of 

the atoms in a unit cell, a, b, and c can be used as unit vectors to form a crystallographic 

coordinate system. X, Y, and Z are the normalized lengths of a point in 3D in a unit cell along the 

a, b, and c directions starting from the origin, a, p, and y indicate the angles between the a, b, 

and c unit vectors. 

The crystallographic point group is a set of symmetry operations which consist of 

rotations and reflections from which the same geometric symmetry can be achieved by moving 

each point of the crystal while keeping one point fixed. There are five allowed rotations in 

crystal structures, i.e., 2n/\, 2n/2, 2rc/3, 2n/4, 2n/6. The symbols of the rotations are 1, 2, 3, 4, 

and 6, respectively. Similarly, the symbols for the reflection operations are 1, 2 (2 = m), 3, 4, 

and 6. The possible crystallography point group operations that can occur in conventional 

crystals are listed in Table 1 [2-4], and the geometric rotation and inversion operations are 

illustrated in Table 2. 
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Table 1 The possible 1, 2, 3 ,4 , and 6 fold symmetry operations in a single crystal [4], 

Rotation n 1 2 3 4 6 

Reflection 1 (2=)m 3 4 6 

n with parallel reflection 
planes (mirror) m 2mm 3m 4mm 6mm 

n with normal 2-fold axis 222 32 422 622 

n with mirror normal to n 2/m (3/m = 6) 4/m 6/m 

n with parallel planes 3m 42m 6m2 

n with normal and 
parallel planes mmm 4/mmm 6/mmm 

Table 2. The geometric rotation and inversion operations of 1, 2, 3, 4, and 6 fold symmetries [4], 

rotation inversion 
1 fold 

X 
360° 

o 

2 fold o 2 fold 

r 180° 
W] \ i 

3 fold 

^ 120° 
4 fold 

V k 90° w 
6 fold 

t 



The PG (plane group) is a set of operations which consists of rotations, inversion, reflections, 

translations, or the combinations of these, from which the same periodic structure in a plane is 

unchanged. Based on the following three criteria, the SGs (space group) and PGs can be 

classified in three dimensions: 1) according to the crystallographic point group, there are 32 

crystal classes [5]; 2) according to crystal families, 230 SGs can be classified into six categories: 

triclinic, monoclinic, orthorhombic, tetragonal, hexagonal, and cubic; 3) according to crystal 

systems, the classification collects the PGs into seven categories: triclinic, monoclinic, 

orthorhombic, tetragonal, trigonal, hexagonal, and cubic [5]. The classification based on the 

combination of the Bravias lattices and the crystal classes is listed in Table 3 [5-7], 

Table 3. The single crystal classification that combines the Bravias lattices and the crystal classes. 

Systems(7) 
Independent 

lattice 
parameters 

Crystal classes(32) 
Bravais lattices(14) 

Systems(7) 
Independent 

lattice 
parameters 

Crystal classes(32) 
P c i F R 

Cubic a=b=c 
a=p=y=90° 

m3m, m3, 43m, 
432, 23 

* 
r a 

Atjy: I A ' 

m 

Tetragonal a=b, c 
a=p=y=90° 

4/mmm, 42m, 
4mmm, 422, Aim, 4, 4 B / ' \[7 

Hexagonal 

oo^ 
.pT 

2 
II CO. II 
" 

I o 6Immm, 6mm, 6m2, 
622, 6/m, 6, 6 

s 
p 
^T? 

A r 

Trigonal 
a=b, c 

a=p=90°, 
y=120° 

3m, 3m, 32, 3, 3 
•CJ? V 

"f 

Orthorhom 
bic 

a, b, c 
a=p=y=90° 

mmm, mm2, 222 to 
7" 
yJ ! 

¥ 

Monoclinic 

a, b, c 
a=y=90°, p 

(+cyclic 
perm.) 

21m, m, 2 @ ® 
Triclinic a, b, c 

a, P,y 1, 1 
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The SG (space group) is a mathematical description of the symmetry inherent in the 

crystal structure of a solid. The crystallography SG symbol contains two parts; the first one 

characterizes the Bravais lattice whereas the second one characterizes the crystal class [3]. 

Lattice Class 

The complete "Lattice" symbols can be found in Table 3. The symbol for the crystal class 

consists of three elements § § which are similar to the ones give in Tab 1. In order to describe a 

plane in a solid lattice in a crystalline solid, a crystallographic coordinate system which consists 

of a crystallographic basis (basis vectors are lattice vectors) and a crystallographic origin (origin 

at a centre of symmetry or a point of high site symmetry) [3] is used. With a clearly defined 

coordinate system, the crystallographic planes are defined as a set of planes that intersect all 

lattice points. The planes in one set are parallel to each other and equally spaced. The distance 

between the adjacent planes is the <i-spacing. The specific set of planes can be described using 

three integer indices h, k, and /, which are called Miller indices. They are a symbolic vector 

representation for the orientation of a crystallographic plane in a crystal lattice and are defined as 

the reciprocals of the fractional intercepts which the plane makes with the crystallographic axes 



Figure 2. The intercepts of the plane along the unit cell axes [8], 

The Miller indices can be determined with following steps: first, determine the intercepts of the 

plane along the unit cell axes in terms of lattice constants; second, take the reciprocals of the 

intercepts and clear the fractions; lastly, reduce the reciprocals to the lowest terms. Figure 2 

demonstrates the concept of determining the indices. In order to illustrate and understand the 

relevant mathematical relationships and the diffraction geometry lattice, the concept of a 

reciprocal lattice, which was introduced by Ewald in 1921, became an important tool. The 

elementary translations in the reciprocal lattice are defined as [9]: 

* bxc , * cxa * axb 1 
a =—b =—c =—dhkl=—, (1) 

where V is the volume of the unit cell and d is the d-space between the neighboring parallel 

planes. 
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In a unit cell, atoms might appear in the equivalent positions that can be expressed by the 

symmetry operations (e.g. reflection, rotation, inversion, and translation). Symbolic and 

algebraic methods are employed to describe these operations. The symbolic description includes 

the finite symmetry operations which are performed based on the origin and the crystallographic 

axes, and the infinite operations which are performed based on the glide planes and the screw 

axes. The combined algebraic treatment can be written in the form [10]: 

where x\ y\ and z' indicate the resulting vectors, the matrices ry and correspond to the 

symmetry operations, and the x, y, and z are the original vectors. 

One of the most widely used crystallographic notations of atomic positions and the 

equivalent positions is Wyckoff code, which can be found in the international crystallography 

tables. A Wyckoff position is a point belonging to a set of points for which site symmetry groups 

are conjugate subgroups of the space group [11]. Some RR (Rietveld refinement) programs use 

the Wyckoff notations to identify the individual atoms in a unit cell, whereas other programs take 

the real x, y, and z values of a specific atom in a predefined unit cell coordinate system. 

By knowing the structure of crystals and its mathematical interpretation, one would like 

to investigate the real 3D structure of atoms and/or molecules. The atomic radii range from a few 

tenths of an angstrom to a few angstroms. They are a thousand times smaller than the 

wavelengths of visible light (roughly from 4000 to 7000 A). A wavelength to observe the 

structure of a solid at an atomic level is that of x-ray which are commensurate with both atomic 

sizes and the shortest inter-atomic distances. The index of refraction of x-ray is close to 1 for all 

(2) 
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materials. Therefore, x-rays cannot be focused by a lens to form the image of small objects such 

as atoms. However, the diffraction pattern of a crystal is a transformation of the crystal structure 

into reciprocal space, and the 3D crystal structure can be restored by transforming the diffraction 

pattern back into direct space. 

1.1. L 2 Ouasicrystals 

In conventional crystallography the five-fold symmetry, which was discovered by Dan 

Shechtman in 1982 [3], is forbidden. A simple understanding of quasiperiodic structures, which 

describe the structure of QCs (quasicrystals) from a crystallographic point of view, is given by 

the structural description of a quasilattice with two or more different unit cells, its symmetry, and 

decoration with atomic clusters [12]. Differing from the glasses and the crystalline materials, the 

QC structure can be generated by a nonrandom procedure, however, its unit blocks cannot be 

repeated in a long-range periodic order. The most successful QC models are: the Penrose model, 

the glass model, and the random-tiling model. 

The basis of the Penrose model is a Fibonacci series. A Fibonacci series consist of the 

successive numbers: wo=0, u\=\, u„=u„.\+u„.2, where n in the subscript of u and n is an integer. 

The value of u„.\iu„ converges to the value of the golden mean, x=l.618033 when n is large. The 

Fibonacci series can also be expressed in power form: r°=l, r '= r, x"= r""'+ r"'2, etc. In a 2D 

system, the Fibonacci series can be written: 

(3) 

By replacing u„+i with L, and u„ with S, Equation (3) can be written as [13]: 

(4) 
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where L represents 'long' and S represents 'short'. From equation (4), one can obtain the 

Fibonacci series when l i m , , ^ — = r (Table 4): 
un 

Table 4. The developed Fibonacci series [14], 

Series 
Number of 

Series 
L S 

L 1 0 

LS 1 1 

LSL 2 1 

LSLLS 3 2 

LSLLSLSL 5 3 

Un+1 u„ 

The Fibonacci series in a 2D Penrose tiling is shown in Figure 3. 

>—i y ( "> x ,> < \ t > (• :< -

PsA Vn/ i/^I KA\ w f y i \ VT A A TK 
/ f v ^ ' ; f y 7 y 7 K / l . 
• ^ K t ^ A A A ^ ) K > V \ y y—r I Y-. -f -J I V/ 

h ^ h ^ A f ^ b ^ A V ' K k 

aaayacm ( y f r ^ 
! ! ; i • Y \ ' / V * / j > -k\ > 7~*C y~-l > N~v VVV V / Hi-/? v ^ W V H -

^t \ V f I ! Y f \ \ V V / V/ 

Figure 3. 2D Penrose tiling with marked Fibonacci series. 
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One can find that the Fibonacci series and the purely randomized L and S sequence are similar to 

each other. This fact leads to the glass model of QC which suggests that the short-range ordered 

clusters are purely randomized over longer distances. The broadened peaks found in QC x-ray 

powder diffraction spectrum proved this hypothesis. From the thermodynamics point of view, the 

QCs are assumed to be stabilized by a configurational entropy originating from the short-range 

ordered clusters. A good agreement between the random-tiling model and the experimental 

results can be achieved by tuning the entropic parameters. 

Experimentally, the pentagonal (5, 5m, 52, 5 / m = 10, and 5m according to the missed 5 

fold symmetries in Tab.l), octagonal (8/mmm), decagonal (10/mmm), dodecagonal (12/mmm), 

and i (icosahedral) (m35) [14, 15] symmetries are found in powder x-ray diffraction patterns. 

Figure 4 gives the recently solved i-QC structure of the binary compound YbCds 7 [15], one of 

the very few stable QCs. 

- ^ 

\f> 1/ 

/ 

i . 

Figure 4. The i-QC structure o f YbCd5 7. 
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It can be seen from Figure 4 that three building units with unique atomic decorations are 

arranged quasiperiodically and fill the space. 

Based on crystallographic classification, approximants belong to the class of crystalline 

materials. The fundamental clusters (building blocks) of an approximant are clusters that consist 

of many atoms, rather than that of single atoms in a single crystal, and they are arranged in a 

long-range periodic order. In general, the building blocks of an approximant and a QC are 

similar to each other. This makes the physical properties of the two types of materials. The 1/1 

approximant only consists of one type of cluster, whereas the 2/1 approximant consists of two 

types. The schematic 3D structure is shown in Figure 5. 

LLL4 Amorphous materials 

The amorphous alloys are also called glasses. Their constituents (atoms or molecules) are 

arranged in a randomly packed fashion that is similar to the constituent arrangement in a liquid in 

frozen state. This implies that the amorphous solids have to be prepared with an extremely rapid 

quenching method. Compared to crystalline materials, amorphous solids normally possess higher 

electrical resistivity and lower density. They also look shinier and feel more ductile. 

I I L 

Figure 5. The schematic 3D structure o f the 1/1 and 2/1 approximants. 
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1.1.2 X-ray powder diffraction 

The engineering realization of x-ray diffractometer is discussed in chapter 2. The 

geometry of diffraction by lattices can be illustrated by Braggs' law. As shown in Figure 6, an 

incident front of waves with parallel propagation vectors is reflected by the planes (hkl) like 

mirror reflection. The path differences between the beams reflected by the neighboring planes 

are determined by A= dhkl sin 8. 

0, 28 - Bragg angles 

Figure 6. The geometric illustration of Bragg's law [16]. 

The constructive interference can be observed only when the relation 2A= nX is satisfied, where 

n is an integer and k is the wavelength of the incident wave-front. These physical and 

geometrical analyses result in the Braggs' law equation [16]: 

2d h k l sin 0hkl = r&, (5) 

In reciprocal space, the incident and scattered wave vectors can be defined as the inverse of the 

wavelength assuming there is no energy loss of the x-rays during the diffraction process: 
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|k01 = |kil = 1/A. The angle between k0 and ki is 26. The circle in Figure 7 indicates the 

Ewald's sphere in the case of 2D reciprocal lattice. 

Figure 7. The visualization of diffraction using the Ewald's sphere with radius 1/A, and the 2D reciprocal lattice [17]. 

If the wave-vectors ko and ki originate from the same point in the reciprocal space with the unit 

vectors a* and b*, the constructive diffraction can be observed along ki direction only when the 

difference vector between ko and ki is equal to d* (|d*|=l/<4y). For polycrystalline or pulverized 

specimens, the particles' orientation in the x-ray irradiated area is completely randomized. 

Ewald's 

Figure 8. The schematic of the powder diffraction cones produced by a pulverized sample [18]. 
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Therefore, the constructive diffraction can only be detected at those 20 angles that satisfy the 

relations mentioned above. Figure 8 illustrates the powder diffraction in 3D reciprocal space. 

Note that the intensities of the constructive ki cones are not discriminated. The intensities of the 

real x-ray powder diffraction spectrum are relative and depend on many factors, such as Lattice 

parameters, preferred orientation, x-ray absorption, porosity of the specimen, and the geometry 

and configuration of the x-ray diffractometer. The shape and width of the x-ray diffraction peaks 

are related to the crystallinity, disorder, defects, grain size, strain, and stress of the specimen, the 

spectral purity, the geometry, and beam condition of the diffractometer. 

1.1.3 Neu t ron dif fraction 

The neutron diffraction is a complementary technique to the x-ray powder diffraction. 

First, the similarity in wavelength of a neutron source used in a neutron diffraction measurement 

at room temperature (1.45 A ) [19] and the x-ray radiation (Kai: 1.54 A ) makes the neutron 

diffraction a suitable method for exploring the structure information in a solid. Second, the 

neutron is an atomic particle which has no electric charge [20, 21] and its mass is 2000 times 

larger than that of an electron. The neutrons interact with the atoms in a sample via nuclear rather 

than electrical forces, and the nuclear force is considered to be a short range interaction on the 

order of a few femtometers. This makes the neutron scattering less sensitive to the electric charge 

than x-ray or electron scattering [20], Last, the moment carried by a neutron gives rise to the 

magnetic Bragg scattering in a magnetic field produced by the unpaired electrons. Therefore, the 

direction and magnitude of the magnetization inside a solid can be studied [20], 
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1.1.3.1 Nuclear scattering wavelength 

The de Broglie wavelength of neutron is given: 

A = —, (6) 
mv 

where X is the wavelength, m is the mass, v is the velocity, and h is the Planck's constant. 

Assuming that neutrons act as an ideal gas, the RMS (root-mean-square) velocity can be 

evaluated by using Maxwell-Boltzmann distribution: 

E = -mv2 — -kT, (7) 2 2 ' v ' 

From equation (6) and (7), the wavelength of neutrons at temperature T can be calculated as [22]: 

= < 8 > 

Equation (8) shows that the wavelength of neutrons at 300 K is 1.54 A . 

1.1.3.2 Nuclear scattering cross-section 

The interactions between the neutrons and the nucleus during the scattering process are 

considered as short-range interactions. The results of the scattering process can be expressed in 

terms of a quantity know as a cross-section. In the polar coordinates, the partial differential 

cross-section can be defined as [23]: 

number of neutrons scattered per second into a small solid angle 
d2a _ dD. in the direction 6,<p with final energy between E and E +dE' ^q, 

dPdE' ~ <t>dndE' ' ^ ' 

Defining a neutron with wavevector k incident on a sample with a wavelength X, expressing the 

wavefunction of the neutron by <//a and of the scattering system by xx, the final state wavevector 
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and scattering system by k' and A', respectively, the general expression for the partial differential 

cross-section is [24]: 

^ = r f e ) 2 \m'W\k»mEx — Ey + E — £"), (10) 

where V is the potential of the scattering system. The mathematical expression of this potential 

can be written as a delta function, which is known as Fermi pseudopotential: 

V(r) = 2-^bS(r), (11) 

where b is the scattering length. 

1.13.3 Magnetic scattering 

Since neutrons carry a spin, the microscopic magnetic structure can be revealed by studying the 

interaction between the spin and the magnetic moment in a sample. In the case of magnetic 

scattering, equation (10) can be re-written as: 

^ ( ^ v 0 2 ) 

where y is a constant (y=1.913), e2W is the Debye-Waller factor, F(Q) is a Fourier transform of 

the spin density, also known as the magnetic form factor, and Smag (Q, a>) is the scattering 

function. The expression of Smag (Q, a>) is [25]: 

Smag (Q.CO) = ^ C ^ Sa,/?^,/? ~ QaQp l j eiQr>) <S% (0)Sf ( t ) ) e^** , (13) 

where a and (3 refer to x, y, and z, and s f is the P component of the spin of t he / h magnetic ion. 
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Other than the short-range interactions found in neutron scattering process only, the 

diffraction theories of neutron scattering and x-ray scattering are essentially the same. Therefore, 

the Rietveld Refinement analysis method can be applied to both scattering techniques. 

1.1.4 Rietveld refinement 

In order to refine and confirm the precise structural information of the crystalline 

specimen and eliminate device related errors from the x-ray powder diffraction spectrum, the 

Rietveld method (whole-profile) is employed in the data analysis. To apply the RR (Rietveld 

Refinement) analysis, the following procedure is followed [26]: 1) data collection, 2) background 

determination, 3) peak-shape selection, 4) profile parameters refinement, 5) structural parameters 

refinement, 6) restraints usage, 7) the result and discussions. 

1.1.4.1 Data collection 

In most modern laboratories, the x-ray powder diffractometers based on Bragg-Brentano 

geometries are used to obtain the raw x-ray spectrum. The following factor has to be taken into 

consideration in getting accurate data. First, the mechanical precision of the 20 relations of the 

diffractometer is critical in getting high quality raw spectra for RR analysis. This factor is 

determined by the device manufacture. However, certain mathematical treatments can be used to 

further reduce such types of system errors, i.e., correcting the 20 scale based on the spectrum 

obtained from mixing a standard sample with the specimen and applying the zero offset by 

software. The standard laboratory diffractometers are equipped with ADS (automatic divergence 

slits) which can greatly improve the SNR (signal-to-noise-ratio). However, the standard RR 

analysis software only accepts the spectrum obtained with FDS (fixed divergence slits). The two 

types of spectra can be converted by software. The x-ray penetration depths are different from 

sample to sample. The thickness of the pulverized sample has to be carefully calculated and 
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prepared to ensure the correct 20 geometry. The grain of the sample might possess a preferred 

orientation that can lead to incorrect intensity measurements. This can be solved or alleviated by 

rotating the sample while taking the measurement and paying attention during the sample 

preparation, although the RR software allows refinement of a preferred-orientation parameter. In 

principle, monochromatic x-ray radiation is the ideal source, which makes synchrotron radiation 

the best candidate. Conventional x-ray sources are generated from impacts of high-energy 

electrons with a copper target. By filtering out unwanted radiations, only the Kai, Ka2 lines, and 

some minor background x-rays remain.. RR programs can also take the doublet source into 

consideration in data analysis. 

1.1.4.2 Background determination 

Backgrounds could come from the x-ray sources, the sample tray or environmental 

interferences. They can be removed from the raw spectrum by subtracting a refined multi-degree 

polynomial or an empirical function that describes the specific background the best. 

1.1.4.3 Peak-shape selection 

The peak shapes are a function of both the sample (domain size, stress/strain, and defects) 

and the instrument (radiation source, geometry, and slit sizes) and they vary as a function of 26. 

The most widely used peak shape for x-ray is a pseudo-Voigt approximation of a Voigt function. 

The pseudo-Voigt function is simply a combination of Lorenzian and Gaussian components in 

the ratio 77/(1- rj), where t] is the pseudo-Voigt mixing parameter [26]. In general, the Gaussian 

component tends to dominant at low angles and the Lorentzian at high angles. RR programs give 

the user the right to choose the peak shape function. Satisfactory result can be obtained by trial 

and error and the relevant parameters can be refined by the programs. 
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/. 1.4.4 Profile parameters refinement 

When the structural model is incomplete, the calculated intensities might deviate 

significantly from the observed ones. In this case, the structure-free approach referred to as the 

Le Bail refinement (Le Bail et al., 1988) [26] can be used to obtain a satisfactory fit. The 

prerequisite for getting a good improvement is to refine the SG, the unit-cell parameters (a, b, c, 

a, p, and y), and the 26 correction (which includes both the zero offset and the deviations in 26 

caused by displacement of the sample from the centre of the 26 circle) [26]. Once good 

agreement between the lattice parameters and 26 is achieved, the FWHM (full width at half 

maximum) of the Gaussian component, as a function of 26, can be written in a form proposed by 

Caglioti et al. [27], 

FWHM2=t/tan2 6+ Ftan 6+W, (14) 

and that of the Lorentzian component can be written as 

FWHM=Xtan 6+Y/cos 6. (15) 

The FWHM parameters X and Y of the Lorentzian component can be easily refined for high-

resolution data. The Gaussian parameters U, V, and W should be constrained under some 

circumstances to avoid nonphysical results. The Le Bail refinement might result in a good match 

between the generated profiles and the experimental ones without correct structural parameters. 

However, the lattice parameters obtained from the Le Bail refinement can be used to refine the 

structural parameters in the complete whole-profile refinement. 

1.1.4.5 Structural parameters refinement 

The structural refinement should be performed with the correct structural model and all 

atomic positions. If the structural model is incomplete and some atomic positions are missing, 
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one can generate a difference Fourier map, which represents the difference electron density, by 

subtracting the electron density generated from the starting model from the one calculated from 

the experimental spectrum. The difference Fourier map can be used to calculate the missing 

atomic positions and complete the structural model. 

By completing all the preparations mentioned above, one can start refining the structure 

of the sample by comparing the generated profiles with the experimental ones. The least-squares 

residual functions can refine the specified parameters by minimizing the difference between the 

generated profiles and the experimental spectrum. In most cases, only 2-5 least-squares cycles 

are performed at a time to prevent the divergence of the refined parameters [26]. There are two 

criteria to monitor the progress of a refinement: the value of GOF (goodness of the fit) and the 

range of the refined parameters. If the GOF value (>1) is smaller than that of the previous 

refinement, it means that the refined parameters are converging for this round. After a set of 

least-squares cycles, the range of each parameter has to be carefully examined, i.e., the 

refinement could result in a negative of the square of a real variable. The adjustment of the 

atomic position parameters can affect the relative peak intensities. The thermal parameters, 

which are highly correlated with the scale and occupancy parameters, are related to background 

correction and peak broadening. It is advised to start the refinement of the structural parameters 

with the positions of the heavier atoms and then the lighter ones. Other refinements, such as 

refinements of the anisotropic parameters, are also possible to improve the overall reliability of 

the RR when a high quality spectrum is used. An acceptable structural refinement can require a 

hundred cycles or more for a sample with medium complexity in its structure [26], It is 

unavoidable to roll back to previous refinement and then adjust the refinement controls for a 
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better result. The refinements done by different persons might differ from each other depending 

on the experience and sequence of the refinement controls used by the individuals. 

1.1.4.6 Restraints usage 

The RR is performed by assuming the main structure and most of the atomic position 

parameters are correct. However, the situation is different from sample to sample. Sometimes, 

fine refinement of atomic positions is required. For example, the occupancies of two different 

types of atoms on two atomic positions can be refined by the RR programs with the restraint that 

the sum of the occupancies is 1. The geometric and chemical restraints, if used carefully, can 

enhance a considerable refinement. 

1.1.4.7 The results and discussions 

There are many RR programs available on the market. The interface and detailed 

operations are different from one to another. In general, the sequence of RR can be summarized 

as: 1. Import the raw spectrum to the RR program; 2. Apply the 26 correction and the zero offset 

compensation, if possible; 3. Convert the spectrum from ADS mode to FDS mode if necessary; 4. 

Determine and refine the background; 5. Input the SG, the lattice parameters, and the complete 

structural information of the sample; 6. Carefully control the parameters to be refined by 

following the principles mentioned above, monitor the result after each set of least-squares 

cycles, adjust the refinement controls, and redo current or proceed to the next refinement; 7. 

Evaluate the validity of the result and implement special setting, i.e., apply damping factors 

when the refined parameters cannot converge as needed; 8. Add the second phase or more phases 

if necessary and repeat the procedures 5-7 until a satisfactory result is obtained; 9. Output the 

results, do the quantitative analysis for different phases, and evaluate the results. 
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The RR method is a powerful tool to extract the structural details from the powder 

diffraction data for the crystalline materials. With sufficiently high quality data and carefully 

planned processes, about 200 structural parameters can be refined with great success [26], 

1.2 Magnetic properties 

1.2.1 Introduction 

Based on their magnetic properties, solids can be classified into the following categories: 

diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic, ferrimagnetic, and spin glass. 

Each of the above six categories will be discussed in details in this section. The first five 

categories are based on traditional magnetic classification method. The magnetic properties of 

these five conventional materials are represented in Figure 9. 
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Figure 9. The summary of the temperature dependence of the magnetization M, the inverse magnetic susceptibility 
1/X in various types of magnetic materials [28]. 

The history- and aging-related effects make the temperature-dependent magnetic 

properties of a spin glass different from the other five categories. The theoretical models of spin 

glass will be discussed in section 1.2.8. 

1.2.2 Dia magnetism 

Diamagnetism is a very weak form of magnetism that is only exhibited in the presence of 

an external magnetic field. It is the result of the changes in the orbital motion of electrons due to 

the external magnetic field. The induced magnetic moment is very small and in a direction 

opposite to that of the applied field. When placed between the poles of a strong electromagnet, 

diamagnetic materials are attracted towards regions where the magnetic field is weak. The 
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diamagnetism can be understood qualitatively by the Lenz's law of electricity. When the 

magnetic flux enclosed in a current loop changes, the induced current in this loop tends to 

weaken the change [29]. 

Assuming there are Z electrons in an atom, the susceptibility per cm3 can be estimated by 

Langevin's equation [29]: 

where N is the number of atoms per cm3, r 2 is the mean square of the distance between the 

nucleus. It can be seen from equation (16) that the diamagnetic susceptibility is always negative 

(the term r,2 is always positive). Diamagnetism exists in all matter. Since r(
2 will slightly vary 

with temperature, % is also temperature dependent, although this temperature dependent effect is 

very small. 

1,2,3 Paramagnetism 

Paramagnetism is the tendency of the atomic magnetic dipoles, due to quantum-

mechanical spin, in a material that is otherwise non-magnetic to align with an external magnetic 

field. This alignment of the atomic dipoles with the magnetic field tends to strengthen it, and is 

described by a relative magnetic permeability greater than unity (or, equivalently, a small 

positive magnetic susceptibility). 

In 1895, Pierre Curie showed a relationship between the susceptibility and the absolute 

temperature for certain class of materials which are known as paramagnetic materials: 

(16) 

(17) 

where C is a constant. This relation is the so-called Curie's law [30]. 
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The quantum mechanical basis of magnetism can be simply understood as below. Each 

atom has a principle quantum number n with n= 1, 2, 3.... which corresponds to the electrons 

occupying the K, L, M.. . shells. The value of the orbital angular momentum quantum number / 

ranges from 0 to n-\. The electrons with the orbital angular quantum number / are considered as 

s (7=0), p (/= 1), d (1=2), f (1=3),... electrons. The angular momentum of an electron can be 

calculated with hjl(l + 1). The magnetic quantum number mi ranges from - I to I. Each mi 

indicates a specific direction which is known as the quantization direction in accordance to the 

applied magnetic field. The spin quantum number ms which has the allowed values 1/2 and -1/2 

describes the component of the electron spin along the external magnetic field direction. The 

relations of the quantum numbers in the vector form are L = h, S = E; Th and J = L + S, 

where J is the total angular momentum and its values are in the range of: 

J=(L-S), (L-S+1), to (L+S-1), (L+S). (18) 

Therefore, the total magnetic dipole momentum of an atom can be evaluated as: 

fi = -9jHBJ, (19) 

where nB is the Bohr magneton, g j is the Lande spectroscopic g-factor and it has the form: 

gj — 1 + ^+ 1^+2jS( j+i) L<'L+1') [31]. The magnetization M of the system is a statistical average of 

the magnetic moment of each state by the probability that this state is occupied along the applied 

magnetic field direction. By applying the definition of the magnetic susceptibility^ = M/H, the 

derived magnetic susceptibility is given: 

= Nn0g2JU+i)ix2
B = c 

X 3kT T, ^V) 

where C = Nil°9 • Equation (20) proves the Curie's law from the quantum mechanics 

point of view [32], However, the distribution of different quantum states varies with the system 
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temperature. The quantum states in equation (20) should be modified by taking the thermal effect 

into account to reflect the real magnetic susceptibility of the system. The temperature dependent 

magnetizations of a few typical paramagnetic complex slats are illustrated in Figure 10. 
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Figure 10. The magnetization M ( i n ^B /atom) of a few paramagnetic complex salts containing Gd3+, Fe3+, and Cr3+ 

plotted vs. fJoH/T(in T/K) [33], 

1.2.4 Magnetically ordered states 

A high magnetization is observed in magnetically ordered materials even without the 

presence of an external magnetic field. These materials are characterized by a SM (spontaneous 

magnetization). The SM vanishes at temperatures higher than a particular value Tc, which is the 

Curie temperature. 

The phenomenological and the quantum-mechanical origin of SM are the Weiss field 

(molecular-field) and the Heisenberg exchange interaction (quantum-mechanical exchange 
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interaction), respectively. The existence of SM indicates that the magnetic field intensity of the 

magnetic dipoles in the substance is much larger than that of the externally applied magnetic 

field. The difference is known as the Weiss field or the molecular-field and takes the form: 

% = H + HZ = H + NwM, (21) 

where HT is the total magnetic field acting on a given dipole, Hm is the so-called molecular field, 

and Nw is the molecular-field constant [34], The enormous molecular-field was left unexplained 

by Weiss model until quantum mechanics was applied. In general, the Heisenberg model takes 

into account the interactions between the spins on the nearest-neighbors and a larger number of 

surrounding atoms. Its exchange Hamiltonian has the form [35]: 

Hexch. jEî y hj^iSj , (22) 

where /i7 are the exchange integrals between the spins located on sites i and j. By considering 

only the interactions between the spins on the nearest-neighboring atoms and assuming there are 

Z magnetic nearest-neighbor atoms, with equation (21), equation (22) can be written as [36]: 

u _ ~ZJnn (fl-l)2M-(M) _ -j T p "exch ~ ~J~2 (23) 9 Hb 

where Hm = ^ • Therefore, the phenomenological Weiss field model finds its 

quantum-mechanical proof [37]. 

The origin of the interaction between two electrons in the same atom is the same as that 

of the interaction between two electrons in two neighboring atoms. This interaction can be 

considered as the direct exchange interaction. It can lead to parallel and anti-parallel spin states. 

The direct exchange interaction can result in a strong interaction especially for 3d metals due to 

the overlaps between the neighboring 3d-electron charge clouds. A ratio rab/rd found by Slater in 

1930 is highly correlated to this exchange interaction, where rab is the inter-atomic distance and 
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rct is the radius of the incompletely filled d shell [38]. The Bethe-Slater curve which describes the 

empirical relationship between the exchange interaction and the ratio rab!rd is illustrated in Figure 

11 schematically. The theoretical basis of this relationship remains unclear despite its success in 

separating the ferromagnetic 3d elements from the anti-ferromagnetic elements. 

^exch 

— 

/ m 
rab 
'd 

/ c r 

Figure 11. The Bethe-Slater curve describing the variation of the exchange constant with inter-atomic separation rab 
and radius rd of the incompletely filled d shell [38], 

1.2.5 Ferroroagnetism 

1. 2.5,1 The theory 

A material with high magnetic permeability which imposes little resistance to orientation 

in the presence of an applied magnetic field, such as iron, steel, and nickel, is a ferromagnetic 

substance. If all magnetic dipoles in a system are aligned in accordance to the applied magnetic 

field, the maximum magnetic moment can be derived from summing the magnetic dipole 

moments (equation (19)) of ./Vatoms [38]: 

M(0) = NgnBJ. (24) 

Similarly, the magnetization of the sample at a given temperature can be written as [38]: 

M(T) = NgnBJB}(x), (25) 
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where x = ( 2 6 ) kT v 

and = — - coth ^ x - - coth - , (27) J 2) 2] 2] 2/' v ' 

where Bj is the Brillouin function. For a given ferromagnetic material, the H in equation (26) 

should be replaced by HT (equation (21)), thus, the susceptibility can be written as [39]: 

x = M l ( H + NwMy ( 2 8 ) 

For H= 0, the following relationship can be derived from equation (24) and equation (25) [38]: 

Mm-*'™- NNwgW 

From equation (28), one has x « 1 at high temperatures. Thus, the Brillouin function can be 

evaluated as [40]: 

( 3 0 ) 
J K J 3/ 3J 30J2 v ' 

One can introduce a parameter 7c which can be defined as [40]: 

T c = ^ k ( 3 D 

Thus, equation (29) can be simplified to [40]: 

an=LH(L)x, ( 3 2 ) 
M{ 0) 37 \TCJ 

The M(7)/M(0) v.s\ x and the M(T)/M(0) vs T/Tc curves are shown in Figure 12 and Figure 13, 

respectively. 
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Figure 12. The illustration of the spontaneous magnetization at a given temperature T [40], 

Figure 13. The spontaneous magnetization as a function of temperature, the curves are the analytical solution and the 
points represent the experimental data [40]. 

At temperatures above the Curie point 7c, the SM vanishes. For a small externally applied 

magnetic field, the saturation effects can be ignored. The magnetization can be derived from 

equation (25) and equation (27): 

hln i, _ n J_1 'I 
(33) M _ NgjXBU+})x 

where the x is given by equation (28). Using the definition of the magnetic susceptibility 

X = M/H, equation (28) becomes: 
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where C = a n d q = Nw wgW/C/+i) = E q u a t i o n ( 3 4 ) i s t h e S0-Called Curie-

Weiss law which describes the temperature dependent magnetic susceptibility of the 

ferromagnetic materials at temperatures higher than the Curie point. The temperature 

dependency of the reciprocal of the susceptibility above 7c is illustrated in Figure 14. 

Figure 14. The illustration of the temperature dependency of the reciprocal of the susceptibility of a ferromagnetic 
material above the Curie point. Tc is the ferromagnetic Curie point and 0 is the paramagnetic Curie point [41], 

1.2.5.2 Arrott plot 

The precise determination of the Curie temperature is of great interest in analyzing the 

magnetic properties of a ferromagnetic sample. A method proposed by A. Arrott in 1957 shows 

that a linear relationship between the terms A/3 and 77 or M2 and HIM for a ferromagnetic sample 

in the limit of small applied magnetic field around the Curie point can be found based on the 

mean-field approximation [42], 
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Figure 15. Magnetization cubed vs field for temperatures just below the Curie point (e < 0), at the Curie point 
(e = 0), and just above the Curie point (e > 0) [42], 

As can be seen in Figure 15, the curve hi vs H at Curie temperature is linear and its linear 

extrapolation passes through the origin, where e = 1 — y . The isotherms above and below the 

Curie point are somewhat nonlinear. 

1.2.5.3 Modified Arrott plot 

For samples that deviate from the mean-field theory, a modified model which introduces 

the critical exponential parameters y and (3 can be used to accommodate this deviation. This 

model is the so-called modified Arrott plot and its general expression is given by [43]: 

e r ^ o 1 " . <"> 

where 7\ and Mx are constants. As the temperature approaches Tc and the applied field is close 

to zero, the following four relations can be used to determine the parameters y, (3, and Tc\ 

lim"-°(3 = (W' r > T c ' (36) 

where J = \M/M1 \s~\ T = Tc, (37) 
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and limw^0 M = ( ^ f ,T<TC, (38) 

and 6 - 1 = y/f3. (39) 

The isotherms in the Ml/fi vs. (H/M)Uy plane show good linearity and the one at the Curie point 

passes through the origin [43]. The modified Arrott plot can effectively overcome the influence 

of the applied magnetic field and thermal effects [43], The linearity of the isotherms of the 

modified Arrott method can be clearly seen in Figure 16. 

Figure 16. The illustration of the modified Arrott plot in the M 1 vs. (H/M)"r plane from equation (35) [43], 

1.2.6 AntifeiTomagnetism 

In materials that exhibit antiferromagnetism, the spins of magnetic electrons align in a 

regular pattern with neighboring spins pointing in opposite directions. This is the opposite of 

ferromagnetism. Generally, antiferromagnetic materials exhibit antiferromagnetism at a low 

temperature, and become disordered above a certain temperature. This transition temperature is 
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called the Neel temperature above which the material typically becomes paramagnetic. 

An antiferromagnetic material can be considered as two overlapped sub-lattices, denoted 

by A and B. The magnetic moments are identical in magnitude in each sub-lattice, whereas their 

orientations are anti-parallel [44], This arrangement can be seen in Figure 17. 

The open circles represent the Y atoms, the dashed circles the Mn atoms, and the black circles the Ge atoms [44], 

This makes the total magnetism of an antiferromagnet zero at absolute zero temperature. Based 

on the postulated model above, the fields acting on the two sub-lattices can be written separately 

as: 

Ha=H + NaaMa+NabMb, (40) 

HB=H + NBAMA + NBBMB. (41) 

where NAA=NBB=N\, NAB=NHA=N2, and NtfN2 [44], 

From equation (40), equation (41), and the description above, the absolute values of MA and MB 

are the same [44]: 

\MA\ = \MB\ = l-Ng]LiB. (42) 

In a similar manner to the derivation done in the ferromagnetic section, one can find: 
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c 
( 43 ) 

where C = Nix0g2](J+\)iiB
2 

Tk ' ~ 
dp = jCM + N2), and TN = \c(Nx - N2), where TN is the Neel 

temperature and it is different from 6p in equation (43). At temperatures above TN, the Curie 

Weiss law is still valid. 

1.2.7 Ferrimagnetism 

A ferrimagnetic material is one in which the magnetic moment of the atoms on different 

sublattices oppose as in antiferromagnetism but the opposing moments are unequal and a 

spontaneous magnetization remains [45], This happens when the sublattices consist of different 

materials or ions (such as Fe2+ and Fe3+). 

In ferrimagnetic materials, the magnitude of the magnetic moments of the A and B sub-

lattices are different. Similar to the antiferromagnetic materials, the arrangement of the magnetic 

moments in the unit cell in a ferrimagnetic material can be illustrated in Figure 18: 

At temperatures higher than the Curie point, the Curie Weiss law is still valid, whereas the 

magnetic susceptibility behavior at temperatures lower than Tc are generally more complex. 

Assuming the applied magnetic field H is zero, the expression for the temperature dependent SM 

Figure 18. The magnetic moment arrangement in the unit cell of GdCo5 [45], 
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is given by: 

M(T) = \MA(T) - MB(T)\, (44) 

Ma(J) = Cf(NAAMA + NabMb), (45) 

MB(T) = (NBBMB + NBAMA), (46) 

r _ NAgA
2nB

2JA(JA+\) Q Tk , (47) 

r _ nb9B2HB2JB(JB+1) 

Cb ~ ~k • (48) 

From equation (44) to equation (48), one can tell that the A and B sub-lattice components are 

highly correlated. The Curie point of a ferrimagnetic substance can be calculated as [46]: 
Tc =\(CaNaa + CbNbb) + ~V(CaNaa - CBNBBy + 4 C a C b N a b N b a . (49) 

1.2.8 Spin glass 

1.2.8.1 Introduction 

Spin glass refers to a magnetic state of a system in which the interactions between the 

magnetic moments are "in conflict" with each other due to disorder so that the spins order in a 

non-periodic fashion - they "freeze" into random directions. Additionally, the state is 

characterized by very slow equilibration after perturbation and significant history-dependence 

[46]. 
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Figure 19. Comparison of the magnetization and their magnitude for (a) a ferromagnet, (b) an anti-ferromagnet, and 
(c) a spin glass in the limit of small applied magnetic field. For spin glass, the solid line indicates the FC (field 

cooled) curve and the dash line indicates the ZFC (zero field cooled) curve [46], 

The schematic magnetizations and their relative magnitudes of a ferromagnet, an anti-

ferromagnet, and a spin glass are compared in Figure 19, where the measurements are done in a 

small applied magnetic field. 

1.2.8.2 Spin glass and the E. i (Edwards-Anderson) model 

As indicated by the name, the term spin glass implies that the spin orientation in a spin 

glass is similar to the pattern of the randomly packed atoms in glasses. At temperatures above 7/ 

(known as freezing temperature), the magnetic moments of spin glass can be estimated by the 

Curie-Weiss's law. Depending on the magnetic history, the magnetization splits into two curves, 

the FC (field-cooled) and ZFC (zero-field-cooled) at temperatures lower than Tf. 

In 1975, Edwards and Anderson proposed a statistical method based on mean-field theory 

to study the disordered spin system. The Hamiltonian is given by [47]: 

# = i j J i j S i S j - g u B Z i S i , (50) 
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where Sj and Sj are the Ising-like spin variables for nearest neighboring pairs (i,j) and Jtj is the 

random interaction factor of the spin pair (/ , /) which has a Gaussian distribution: 

PQij) <* exp 

where the mean J0 is smaller than AJ. The couplings between the spin pair (/, j) are 

ferromagnetic if Jy > 0, and are antiferromagnetic if /y < 0 [37]. The time correlated spin 

distribution function at temperatures lower than Tf can be written as: 

qEA = l im t_ o o[<5 i( t )5i(0)>y]av. (52) 

where (... )T is the statistical average of a given set of interactions and [...]av is an average over 

the distribution of interactions (= configurational average) [47], This time correlation makes spin 

glass different from the paramagnetic materials and gives spin glass a "memory" effect. A 

partition function Z is introduced to calculate the free energy [48]: 

[F] = —T[lnZ] = - T f U i j d.JijP(jij)lnZ. (53) 

In the thermodynamic limit where an infinite number of atoms are considered, the free energy 

per degree of freedom / ( / ) = F(J)/N can be treated the same as its mean value [/]. This is the 

so-called self-averaging property of the free energy. Comparing with the calculation of the 

configurational average [lnZ\, the value of [Z"] can be obtained with ease. One can prepare n 

replicas of the original system, and [InZ] can be calculated with the relation [48]: 

[lnZ] = l i m n ^ 0 H I z l l . (54) 

This technique is the so-called replica method. Since the analytical solution of EA-Ising model is 

not conclusive, numerical simulations using Monte Carlo methods are used to evaluate the 

Uij-Jo) 
2A]2 (51) 
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validity of this model and reach fairly good agreement with the experimental data is obtained 

[49]. 

1.2.8.3 The SK (Sherrington-Kirkpatrick) mode/ 

The SK model extends the EA model in the infinite-range limit. The Hamiltonian can be 

written as [50]: 

H = - Z i < j J i j S i S j - h Z i S i , ( 5 5 ) 

Similarly, the Gaussian distribution function of the interaction has the form [50]: 

p Q i j ) K 7 exP i / I { j i j ~ j ) 2 \ (56) 

The normalization can be done by letting [50]: 

V t j U = % [ W i j ) 2 ] a v = j- ( 5 7 ) 

The original solution by using the replica method of the SK model shows that the low-

temperature phase is characterized by a single order parameter qsK [51]: 

Rsk = [(Si)2
T]av, ( 5 8 ) 

where qSK oc 1 — T / T f , qSK(J) vanishes at the finite temperature 7} , and is unity at T= 0. The 

phase transition at 7yis given by [51]: 

x(T) = C-(l-qSK). (59) 

The solution was shown later on by de Almeida and Thouless (AT) to be unstable down a line in 

the H-Tplane terminating at T= Tf for H= 0, and varying for small field as [51]: 
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with 8Tf = Tf (H - 0) - Tf(H). 

1.2.8.4 Other models and claims 

The AT instability represents an essential physics of spin-glass. A correction was made 

by Parisi in 1979 with a whole-order-parameter function q(x) (equation (58)) in the range 

0 < x < 1 below the AT line. This model predicts that q(x) has many minima at temperatures 

below Tf with a result derived from numerical simulation without meaningful explanation [51]. 

With the other two approaches, the characteristics of the phase below the AT line in the SK 

model were clarified. The first approach is the combination of the replica method and the self-

similar replica symmetry breaking proposed by De Dominicis in 1983. For the second approach, 

the q(x) is given by a dynamical formulation where the parameter x is related to a set of time 

scales [51]. The TAP (Thouless, Anderson, and Palmer) model shows that the magnetization of 

spin-glasses has many minima (solutions) in the phase space for a particular set of Jy. In the 

thermodynamic limit N—>oo, the minima are stable at finite temperatures in which they are 

separated from each other by an energy barrier the height of which diverges [51]. 
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Figure 20. The schematic plot of the free energy F of a spin glass as a function of a phase-space coordinate (f> which 
measures the projection of the considered state on a particular ordered state. The inset shows the situation in an Ising 

ferromagnet for comparison [51]. 

The distribution function q(x) is static and can be estimated by the average from equilibrium 

statistical mechanics without the magnetic field [52]: 

qEA = lim^oo lim^oo q(t), (61) 

and q = lim/7^0 l i m ^ ^ , l i m ^ q(t). (62) 

The time dependent autocorrelation function is given [52]: 

q(t) = [<Si(0)5i(£)>t']av, (63) 

where the time average (...)t> is performed over the observation time. It can be seen that the 

presence of a magnetic field breaks the spin reversal symmetry. The spectrum of relaxation time 

t ( x ) is a function of x. The distribution function q(x) reaches two extremes, in the shortest time 

limit where x=\ and in the longest time limit where x=0 as: 
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The SK model is non-ergodic below T/(H) and q(x) is close to time independent in the 

thermodynamic limit N—>co. The Monte Carlo simulation gives [52]: 

1 - q E A ( J ) K T 2 

KT) = C-(l-qEA)«T f°rT<<Tf 
(65) 

In the range T>Tf, one has: 

1 - q(T) oc T 

Xeq (7) = 7 (1 - <?) = const' 
(66) 

Figure 21. The predicted susceptibility by equation (65) and (66) vs. temperature by SK model with infinite-range 
interactions [52]. 

The Parisi order parameter function q{x) is related to overlap functions between different minima 

with 0<x<l [52]: 

<712 = i Z i ( S l ) ( S ? ) . (67) 
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The distribution function P(q) is the derivative of the inverse function x(q). One can find that 

there are restrictions on the values the overlaps can take. The physics origin of these restrictions 

is the ultrametric space which arises from a hierarchical structure of multi-minima in phase space. 

1.2.8.5 ZFC and FC 

The magnetic histories can be seen from the temperature dependent magnetic 

susceptibility curves in the ZFC (zero-field-cooled) and the FC (field-cooled) processes. The 

sample is cooled to the lowest temperature that is lower than Tf (low enough that satisfies the 

relation T « T f ) in zero applied magnetic field. Then, its magnetic moments are measured with 

the presence of a small field from the lowest temperature to a temperature above Tf. This is the 

ZFC procedure. The FC procedure is to measure the magnetic moments of the sample in a small 

external magnetic field as a function of temperature from below to above Tf. The ZFC procedure 

is irreversible while the FC procedure is reversible and time-dependent. The measured ZFC and 

FC curves of Zn77Fe7Sci6 are shown in Figure 22. 
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Figure 22. The measured ZFC and FC curves with an applied magnetic field 50 Oe. 
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1.2.8.6 IRMand TRM 

Two types of remnant magnetization which depend on the magnetic history can be 

observed with the presence of a small magnetic field, the TRM (thermoremnant magnetization) 

and the IRM (isothermal remnant magnetization). The TRM is measured in the following manner. 

The sample is quickly cooled in a magnetic field from a temperature above Tf to a temperature 

T «Tf and is kept in the field for a certain waiting time t, and then, the field is removed. The 

measured magnetization decreases as a function of time. For an IRM measurement, the sample is 

cooled in a zero field to a temperature below Tf, then, the field is turned on. After keeping the 

sample in the field for a certain waiting time t, the field is removed. The magnetization is 

measured as a function of time. For small fields, one has IRM(H, T)<TRM(H, T). For large fields, 

both IRM and. TRM saturate to the same value Mrs. This is illustrated in Figure 23 [53]. 
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Figure 23. The schematic magnetization of IRM and TRM vs magnetic field [53], 

The "spin clouds" model proposed by Tholence and Tournier in 1974 shows good 

agreement with the experimental data of spin glass and is given by: 
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dMr _ 1 j _ 
dlnlfr) — In(t)-lniflro) ' dT ' 

( 6 8 ) 

where r 0 is some intrinsic time constant and Mr is the remnant magnetization [54]. The aging 

effects can be clearly seen in Figure 24. 
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Figure 24. The TRM measurement o f Zn7 7Fe7Sci 

Although some agreement between the proposed models and the experimental results can be 

obtained, the physical basis of TRM and IRM are still controversial. 
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1.3 Mossbauer spectroscopy 

1.3.1 Introduction 

The scientific name of Mossbauer spectroscopy is recoil-free nuclear resonance 

absorption. The y-ray is used in obtaining a Mossbauer spectrum. This measuring technique is 

highly sensitive to energy changes of the order of 10"8 eV and has extreme sharpness of tuning 

[55], 

1.3.2 Recoil-free nuclear resonance absorption 

The y - r a y emission and absorption processes can be described with energy and 

momentum conservation laws. The atom will gain a recoil energy ER by emitting a y - r a y with EY 

for a given energy difference Eo between two energy levels of this atom. In accordance with the 

energy conservation law, the sum of ER and EY is equal to EQ, E0 = ER + EY. In accordance with 

the momentum conservation law, the absolute value of the recoil momentum and the emitted y -

ray momentum are equal, whereas their propagation directions are anti-parallel. The energy of 

the y - r a y emitted from a moving atom is shifted by: ED=vEy/c [56], where v is the velocity of the 

atom along the y - r a y propagation direction and c is the speed of light. Taking the energy 

conservation law and the Doppler Effect into account, the energy relationship of the emission 

processes can be written as: EY= EO-ER+ED [56]. By using the ideal gas model, and considering 

that the movement of the atoms is isotropic, the mean kinetic translational energy per degree of 

freedom of an atom is: Ek = ^kBT = where kB is the Boltzmann constant and v2 is the mean 

square velocity in the propagation direction of the y-ray. Therefore the Doppler broadening 

caused by the thermal energy EK can be estimated as: DT * 2/E~K ER. The absorption processes 

are similar to the emission ones: EY= EQ+ER-ED [56], The phenomena of resonance between the 
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emission and the absorption may occur when the y-rays involved in both processes have the 

same frequencies. In a solid, the atoms can be treated as solid balls located at joints in a 3D 

lattice and represented by springs connecting their nearest neighbors. In quantum mechanics, the 

lattice vibration energy is quantized. By replacing the average energy in classical theory by the 

quantized energy Et which is described by phonons, one can write: Et — hvE (n + — 

ha)E (n + j ) [57], where n is the quantum number, h is the Planck's constant, vE and coe are the 

frequency and the angular frequency of a simple Einstein model, respectively. If the recoil 

energy ER introduced by the emission or absorption of a y-ray is smaller than hvE, the energy 

difference between two neighboring quantized energy levels, there will be no phonons excited in 

the lattice. Thus the recoil energy of single-phonon processes can be estimated by introducing a 

recoil-free fraction/, and the recoil energy can be estimated as: ER = (1 — f)ho)E [58], 

The Debye model is more suitable than the Einstein model in describing the energy 

distribution of a solid at low temperatures. It is convenient to define a Debye temperature Od for 

the description of vibrational states of the solid: hvD = kBdD, where the energy of an oscillator 

can be described by phonons with a Debye frequency vD. The recoil-free fraction in the Debye 

model can be evaluated as: 

/ = «* ( -2 f t ) ; T < < 0 D ' (69) 

f = M-izk)>T>0°> ( 7 0 ) 

where the / i s also known as Debye-Waller factor [58], 
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The uncertainty in time of the y-ray emission and absorption processes can be best 

described by Heisenberg's uncertainty principle: 

AE-At>h. (71) 

The energy distribution of the transition has the Lorentzian or Breit-Wigner form [59], The 

energy uncertainty of the ground state is zero if its lifetime is infinite. Based on the uncertainty 

principle, the mean lifetime t of the excited state governs the width of the energy uncertainty: 

rr = h, where T is the full width at the half maximum of the transition spectral line. The 

intensity as a function of transition energy can be written as [59]: 

7 1 ^ ~ (£-£0/2+(r/2)2' ( 7 2 ) 

where Eo is the energy of the ground state. 

1.3.3 Ilyperfine interactions 

As discussed in the previous sections, the resolution of the Mossbauer spectrum is mainly 

limited by the natural line width governed by the uncertainty principle, and it makes the studies 

of electron- and spin-density distributions possible. There are three main hyperfine interactions 

corresponding to the nuclear moments determining the nuclear levels [60]: the isomer shift 

(electric monopole interaction), the nuclear Zeeman effect (magnetic dipole interaction), and the 

quadrupole splitting (electric quadrupole interaction) [60], 

1.3.3.1 Isomer shift 

The isomer shift arises from the electric monopole interaction of the nuclear-charge 

distribution over a non-zero volume of the nucleus in the exited and ground states and the 

electron charge density due to the s-electrons within the nucleus. This Coulomb interaction 

4 8 



varies the nuclear energy levels of the source and the absorber and results in a shift 5 which can 

be estimated as [60]: 

s = cs^(\xpAm2-\ipsm2), (73) 

where C is a constant, R is the radius of the nucleus, SR is the radius difference between the 

excited states and the ground states of the nuceus, and the term in the parenthesis gives the 

estimated electron density difference at the nucleus between absorber and source isotopes. 

The Mossbauer spectrum is related to both source spectrum and the absorber spectrum by 

Doppler motion, and gives a relative result. In order to determine the actual isomer shift, either 

the source spectrum or the absorber spectrum has to be fixed in advance. One effective solution 

is to use a standard reference. In most cases, the reference is a standard absorber. 

1.33.2 Nuclear Zeeman effect 

The interaction between a static magnetic field and the nuclear magnetic dipole can result 

in a splitting of the nuclear states. Consider that the spin of the nuclear state of the nuclear 

magnetic dipole is I without the presence of the external magnetic field and that the magnetic 

moment of such a dipole is ju, the spin will split into (21+1) sublevels with the eigenvalues [61]: 

Em = -^=-gN(3NHml, (74) 

where mj is the magnetic quantum number with the values 1,1-1, ...-/, gN is the nuclear Lande 

splitting factor, and J3N is the nuclear Bohr magneton. 

The direction of the external magnetic field can change the nuclear Zeeman pattern. 

Assuming the angle between the direction of the applied magnetic field and the y-ray 

4 9 



propagation direction is 6m, the angular dependence of the hyperfine interaction of Fe57 can be 

seen in Table 5, Figure 25 and Figure 26. 

Table 5. The angular dependence of the allowed transitions in a pure nuclear Zeeman pattern of Fe57, where 9m 

indicates the angle between the direction of the magnetic field at the nucleus and the propagation direction of the y-
ray [62], 

Transition A m Angular dependence 

+3/2—>+1/2 ±1 3/4(l+cos'#m) 

+ 1/2—>+1/2 0 sin 6m 

+ 1/2—>+1/2 + 1 '/4(l+cos2 em) 

< 
i ( 

* 
-i 
mT WfW 

AEm(g) &Em (e) 

Figure 25. The energy level transitions and the absorption pattern of a pure nuclear Zeeman effect of Fe [63]. 
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Figure 26. The Mossbauer transmission spectra of a-Fe at room temperature: a) Hex,=0, b) /7,,„=50k0c, 8m = 0°, and 
c) / /M ,=3.5kOe, 6 m = 90° [64], 

The magnetic hyperfine interaction is of advantage to study the magnetic properties of 

materials, especially for those samples whose lattice sites exhibit their own hyperfine pattern. 

The influence of impurities in specific environments to the concerned isotopes can be 

investigated. 

1.3.3,3 Quadrupole splitting 

If the nuclear charge distribution deviates from a spherical symmetry, the electric 

quadrupole moment eQ is nonzero and the electric quadrupole interaction will occur with the 

presence of a nonzero EFG (electric field gradient). The electric quadrupole moment can be 

expressed by a tensor: 
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Qij = f Pn O ) fax; - Stj r2)dr, (75) 

where pn is the nuclear charge, xt and Xj are Cartesian coordinates of r, and Stj is the Kioncckcr 

symbol [65]. The cylindrical symmetry of the electric quadrupole moment can be described with 

Xj and Xj, which are the coordinates in the principle axes system, and z, which is chosen as the 

preferred orientation. The sign of the electric quadrupole moment Q indicates the shape of the 

nucleus: positive for an elongated nuclear and negative for a flattened one. If the nuclear state 

spin quantum number /> 1/2 (otherwise, the shape of the nuclear charge distribution is spherical). 

The EFG caused by the electric charge distribution at nucleus is given by: 

"Vxx Vxy V vxz 
EFG = VE = -VVV = Vyx Vyy v vyz 

Vzx Vzy Vzz. 

If the symmetry of the electric quadrupole moment assumed above holds, only five components 

of the tensor are non-zero. By making \ VZZ \ > \VXX \ > \Vyy |, the EFG can be determined by two 

independent parameters: Vzz and rj, where t] = Vxx Vyy is the symmetry parameter, and its value 
"zz 

range is 0 < 77 < 1. The physical origins of the EFG are: the lattice contribution which are 

caused by the charges on distant ions surrounding the Mossbauer atom in a non-cubic symmetry 

and the valence electron contribution which is due to the anisotropic electron distribution in the 

valence shell of the Mossbauer atom [66]. 

Working out the first-order perturbation matrix, one finds that the eigenvalues EQ of the 

quadrupole splitting can be expressed as: 

E Q = ^ S t r ^ m i ~ I 0 + i m + r ] 2 / 3 ) \ (77) 
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where m/=I, I- l , . . . , - / is the nuclear magnetic spin quantum number [66]. 

The schematic Mossbauer spectrum and energy level diagram with allowed transition of 

Fe ofthe pure electric quadrupole splitting can be found in Figure 27. 

/—1 
\ *i •I 

I mi W 
a£0 

Figure 27. The pure quadrupole splitting in 57Fe with 7=3/2 in the excited state and 7=1/2 in the ground state [63]. 

1.3.3.4 Combined hyperfine interaction Mossbauer spectrum 

All three types of hyperfine interactions might occur in combination. The Fe57 Mossbauer 

spectra which contain the combine hyperfine interactions are given in Figure 28. 

1 = 3/2 

I »1/2 

% 

Isomer Shift 

u a: 

H*0,Vzz«0 H»0, Vzz>0 
— T | 3/2,. 3/2> 

© Q> 

i r 

s i 

|3/2,.1/2> 
13/2,-1/2 > 
l3'2,-3/2> 

11/2,* 1/2 > 
Magnetic Dipole Magn. Opole Splitting 
Splitting • El. Quadrupole 

Perturbation 
1 2 3 4 5 6 1 2 3 4 5 6 

v/mm$1 

Figure 28. The combined 57Fe Mossbauer spectra in a small applied magnetic field [66], 
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It is hard to distinguish different hyperfine interactions solely based on the raw Mossbauer 

spectra. However, one can retrieve the useful information by comparing the raw spectra with the 

well known standard spectra. 

1,4 Electrical resistivity of disordered alloys 

1.4.1 Classic and/or semi-classic approaches 

The first successful classic or semi-classic approach in interpreting the electric resistivity 

is Ziman theory in the weak scattering limit. The assumptions made in this model fail to explain 

the high resistivity caused by strong scattering in the electrically disordered alloys. These 

assumptions are that: the mean free path of the electrons is longer than the average atomic 

distance, the transition probability is estimated by the Born approximation, multiple scattering is 

ignored, and the scattering processes are treated as elastic. 

The Mott relation tried to explain the relative high resistivity found in amorphous alloys 

and quasicrystalline alloys by classifying the mobile electrons into two groups, s-electrons and d-

electrons. The s-electrons possess higher mobility and act as the main electric carriers due to the 

fact that their energy levels are higher than the Fermi level. On the contrary, the d-electrons are 

confined to the local atom sites and their vacancies might trap the s-electrons, so that the number 

of electric carriers is reduced. 

The theories that contain the classic concepts present fairly good agreement with the 

experimental results at high temperatures. However, at low temperatures, one has to take the 

quantum interference effects into account. The most widely accepted quantum models are: weak 

localization and enhanced electron-electron interaction. 
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1.4.2 Quantum approaches 

1.4.2.1 Weak localization and spin-orbit scattering 

The motions of the conduction electrons in the electrically disordered alloys can be 

described as waves where interference is possible. The result of the interference depends on the 

phase difference between the interfering waves. 

Consider the phase change of a single wave. If a wave with wavelength X moves a 

distance dq along its direction of propagation, its phase change is 2itdq/X. The wave number of 

such wave is k = 2idX. Therefore, the phase change can be re-written as kdq. Furthermore, it is 

convenient to use the momentum of the electron to express the phase change. From the de 

Broglie relation p = hk , one can write the phase change as p-dq/h in vector form. 

If a quantum particle travels between two points, there are many possible paths between 

these two points. Since the phase difference is very sensitive to the length difference of the path, 

most phase changes tend to cancel each other. Only for those paths with an infinitesimal length 

difference, will the wavefunctions be in phase and reinforce each other. 

When the magnetic field is applied, the electrons which execute an arbitrary closed path 

experience a phase change \BdS , where B is the magnetic field and dS is an element of area 

and the integral is over any surface bounded by the closed path. 

In 1959, Aharonov and Bohm claimed that if a charged particle encircled a region of 

magnetic field, it would suffer a change of phase in proportion to the magnetic flux enclosed by 

the path even though the particle never itself entered the magnetic field [67]. This effect is called 

the Aharonov-Bohm effect. It was verified by D.Yu. Sharvin and Yu.V. Sharvin in 1981 [67]. A 
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magnetic field is placed and confined inside a thin-walled cylinder made of lithium metal. Its 

direction is parallel to the axis of the cylinder. Then the resistance is measured between the two 

ends of the cylinder at low temperatures. The experimental diagram is shown in Figure 29. The 

resistance oscillates with a period of h/2e when the magnetic flux increases. The resistance vs. 

magnetic field curve is shown in Figure 30 [67], 

B 

Figure 29. Thin-walled cylinder with magnetic flux confined within the inner wall [67]. 

Figure 30. Change in resistance of thin-walled cylinder vs magnetic field showing its periodic variation with the flux 
[67]. 
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The scattering processes are only elastic at low temperatures maintaining phase 

coherence. When the electrons execute closed loops without inelastic scattering, they interfere 

with each other. Figure 31 illustrates two different paths, clockwise and anticlockwise, of the 

electron trajectories. 

Figure 31. Possible electron paths including a closed path in which an electron returns to its starting point. In the 
closed path there are two paths of equal length corresponding to the two senses in which the path can be traversed. 

There are indicated by the arrows [67], 

In order to calculate the weak localization effects, one has to calculate the probability of 

an electron leaving and returning to the original point in an enclosed path. The expression of the 

probability can be written as [67] 

where (/// is the wavefiinction of the anticlockwise path and t//? is the wavefunction of the 

clockwise path. The first two terms are just classical probabilities, whereas the last two are not. 

Generally, the phase differences between t/// and 1//2 are random. The effect of the interference 

A B 

(78) 
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terms average to zero when summed over all possible paths. In this case, the value of P is the 

same as the classical probability. In the case that the two paths are of identical length and 

experience identical scattering events, although encountered in the reversed sequence, y/i and if/2 

are completely in phase. Thus all four terms on the right-hand side of equation (78) have the 

same value. Compared the classical result, the value of P is doubled. 

The applied magnetic field inside the cylinder introduces a phase change eA </>/h of the 

wavefiinction for each electron that executes the closed loop, where A ^ is the change in 

magnetic flux. Consider the two electrons execute the loop in the opposite sense. The phase 

difference between the two wavefunctions of the electrons is 2eA(f>/h and varies periodically as 

the magnetic field increases. When the two electrons are completely out of phase, the coherence 

of the interference between them is destroyed. Thus the enhanced resistivity due to quantum 

interference also vanishes. In this case, the resistivity just takes the value predicted by the 

classical theories. The enhanced resistivity reaches its maximum value when the two electrons 

are in phase. The increased part of the resistivity proves the quantum interference effects 

predicted by Aharonov and Bohm. 

The effect discussed above is called "weak localization". As mentioned above, the enhanced 

scattering due to weak localization only happens at low temperatures when inelastic scattering is 

ignored. When the temperature increases, more and more phonons are excited and the inelastic 

scattering becomes more and more dominant. Since the inelastic scattering tends to destroy the 

coherence of the wavefiinction of some of the electrons that are participating in the enhanced 

scattering, the quantum interference enhanced resistivity also reduces. If the temperature keeps 

going up, the resistivity will increases with the number of thermally excited phonons after it 
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reaches a minimum value. Thus the resistivity minimum is formed. This explains why the TCR 

of amorphous alloys is negative at low temperatures and the resistivity is relatively high. 

The electrons are randomly scattered in an alloy. The probability that an electron returns 

to its starting point can be calculated based on classical diffusion theory. In a three-dimensional 

disordered system, an initial state of an electron is defined as being located at the origin at t = 0. 

At time t » T, where r is the elastic scattering time, the electron diffuses into a volume VD~ 

(Dtf\where D is the diffusion constant. Assuming that an electron with a wavelength X travels 

at a speed vF, it sweeps out a tube of XFvFdt in a time interval dt. The probability that an electron 

returns to its starting point is then [67] 

p{t)dt« £FvFdtl(4fiDt)V2. (79) 

The coherence of the electron wavefunction will be destroyed beyond the inelastic scattering 

time Tie. In order to find the total probability that the electron returns to its original point, one has 

to integrate equation (79) from the mean free time r of the elastic scattering to zie [67] 

r(t, 

\p(t)dt « 4 v , [ ( r r 1 / 2 - (r,,)-1/2]/(4^D)3/2. (80) 
r 

The Einstein relation is 

<j = e2DN(EF), (81) 

where N(Ef) is the electron density of states at the Fermi level. Combining equation (80) and 

(81), one has the expression 

A ^ = A * = _ A p = [ ( r )_1 / 2 _ ( y m ] / i 4 n D ) 3 / 2 ( g 2 ) 

D a p 

Using the relation D = vFl/3 and XF = 2n/kF, equation (82) can be written as [67] 
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by the inelastic scattering time. 

So far, the elastic and inelastic scattering contributions were taken into account. If the 

system contains heavy elements, spin-orbit scattering has to be incorporated. The two electrons 

that propagate in opposite directions around the closed loop may have the same or opposite spin 

directions. If the two partial waves have the same spin directions, the probability that the two 

electrons recombine after counter-propagation is enhanced above the classical value. If the spin 

directions are opposite, the recombination of the two partial waves will reduce the classical 

probability. 

Each electron in a pair has two possible opposite spin directions. Therefore, the two 

electrons can form four independent spin functions. The four states can be expressed as (tt)> 

(Tl)> ( i tX and The first three form the triplet combination, for which the total spin is7 = 1. 

Their projections in the magnetic field direction are m = +1, 0, -1 . The last term forms the 

singlet combination with j = 0 and m = 0. If the two partial waves have the opposite spin 

directions, there is only the singlet state. There are three such states where the two partial waves 

have the same spin directions. One assumes that there is no spin-orbit coupling involved in the 

scattering. The wavefunction is y/00 for the singlet state and 1////, if/10, if/0-1 for the triplet states. 

The interference term is given as [67] 

I = (l/2){|y/n |2 + ^ o l + h-,12 - K o f } • (84) 

6 0 



When there are no spin-orbit effects, the absolute values of the four terms are the same. The 

interference term is equal to the classical value. If the strength of the spin-orbit interaction is 

very large, the triplet electron waves are out of phase. The interference among the electron waves 

is destroyed. Therefore the sum of the first three terms in equation (84) is zero. The singlet term 

will not be influenced since the angle between the spin and the velocity is the same at the 

corresponding scattering event for both waves. Then the total contribution from this effect is 

negative. 

The strength of the spin-orbit interaction can be associated with the spin-orbit scattering time 

tso. The change of conductivity can be written as [67] 

When TSO is long compared to r,e, as discussed above, the exponential part is unity throughout the 

integration. Then the effect of spin-orbit does not show up. If rso is short compared to r,e, the 

triplet terms decay exponentially. Only the contribution from the singlet term survives. The 

contribution of the quantum interference term is then negative. 

The upper limit of rs0 is simply the inelastic scattering time. Beyond the limit, the 

inelastic scattering will destroy the coherence of the electrons. In this case, equation (85) will 

have the same form as equation (83). In the limit of zso « xie, the whole integral in equation (86) 

results in a simple expression 

A a/a = - j[l2vFdt / Dtv2 ] {(3 / 2) exp(-/ / r J - 1 / 2}. (85) 

(86) 
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It can be seen from equation (86) that the strong spin-orbit interaction can change the sign of the 

weak localization contribution from positive to negative. Because the inelastic scattering time is 

temperature dependent, its value is getting smaller when the temperature increases. Thus the 

weak localization contribution to conductivity may also change from absolute zero to high 

temperatures. 

The inelastic scattering time reflects the temperature dependence of conductivity of 

amorphous alloys. There are two major sources of the inelastic scattering, one is the electron-

phonon processes, and the other one is electron-electron processes. Then the inelastic scattering 

time is given [67] 

J - = - U - L (87) 
T- T T te e-e e-p 

where ze.e is the electron-electron scattering time and re.e is the electron-phonon scattering time. 

The electron-electron scattering time is given by [68] 

— = + ) 3 / 2 ( ^ ) 1 / 2 ] , (88) 
Te_e 8 EFh k kFl E 

where E is the energy of the electron which is of the order of kgT. Equation (88) shows that when 

disorder is weak (kpl is large), xe.e varies as T2, and for strong disorder (kfl is small), xe.e varies as 

Tm. The inelastic scattering time for electron-phonon processes can be evaluated as [69- 71] 

1 ocT2, f o r 7 » ^ (89) 
re_p Ik 

1 ocT4, f o r r « ^ - (90) 
lkB 

where vs is the sound velocity. 
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The spin-orbit scattering tends to randomize the electron spin directions. When the 

conduction electron penetrates inside the core of an ion, there is an electrostatic coupling 

between its spin and its angular momentum. This coupling increases sharply with the nuclear 

charge. Thus the spin-orbit scattering is associated with heavy elements. The spin-orbit scattering 

time TSO is believed to be temperature independent [72], The overall electrical conductivity 

expression for the WL effects can be written as [67] 

Here xi0 can be used to calculate the inelastic scattering time zie - zj0T p. The constant 3 in 

equation (91) is usually added to keep Aer(7) = 0 at T= 0. 

The weak localization theory shows that the interference between incident and scattered 

waves in a closed loop can be important. The short mean free path of the conduction electrons is 

neglected in classical theories. This model proposes a reasonable explanation for the negative 

TCR at low temperatures and comparably high resistivity. The spin-orbit scattering is an additive 

effect on this quantum correction associated with heavy elements. The weak localization effect is 

believed to persist from low temperatures to room temperature. 

1.4.2,2 Enhanced electron-electron interaction effect 

Apart from the weak localization effect, another quantum effect arises from the 

interaction between one electron and another. This interaction effect is called the enhanced 

electron-electron interaction effect. 

Equation k'-k = ±q holds for crystalline alloys. The plane wavefunctions are used to 

describe the motion of the electrons. In a disordered system, there is an uncertainty in k due to 

(91) 
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scattering. The uncertainty is of order 1//, where I is the relevant mean free path. The quantum 

effects emerge when q, the scattering vector, is small. Under the condition ql < 1, a smaller mean 

free path is involved, for which classical theories fail. The enhanced electron-electron interaction 

effect will show up in the limit of a short mean free path. Since the mean free path of the electron 

in a disordered system is short, multiple scattering processes are unavoidable. The classical 

diffusion model can be used to describe this effect at large distances and time intervals. Diffusion 

motion also changes the strength of the interaction between electrons. 

In order to calculate the contribution to the resistivity due to this effect, one can take the 

following steps. First, one has to find out the interaction forces between electrons. Second, 

perturbation theory can be used to calculate the interaction energy, which contains Hartree and 

exchange terms. Third, one should find out the contribution of each term. 

Since the total negative charges of the electrons in an alloy equal the total positive 

charges of the ions, the medium is electrically neutral overall. According to Coulomb's law, the 

force between electrons is repulsive. When two electrons are a few inter-atomic spacing apart, 

the electrostatic force between them due to Coulomb interaction is very small. Together with the 

repulsive force between the electrons, the imperfect screening makes the electron-ion 

pseudopotential so weak that perturbation theory can be used in calculations. The 

pseudopotential can be written in terms of its Fourier transform. Using the Thomas-Fermi 

screening approximation, the pseudopotential takes the form [67] 

V(q) = -[Ze2/e0q2lq2/(q2+a2)], (92) 

where Ze is the ionic charge, q is the scattering vector, and a2 = N(Eo)Ze2/so, where N(E0) is the 

density of states. In the limit of q = 0, V(q) = - 1 /N(E0). In this case, the charge of an ion is 
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perfectly screened. The pseudopotential is then independent of the ion. Figure 32 shows the 

potential in terms of Fourier transform. From the discussion above, the pseudopotential has 

negative value when q —> 0. This remarkable result shows that the force between electrons is 

attractive. The conductivity is enhanced due to this effect. This can be explained as follow. For 

Fermi electrons, q = 2kpsind. In the limit of q —• 0, the corresponding waves pass through the 

scattering centre without being deflected [67], 

Figure 32. The main features of the Fourier transform of the pseudopotential (schematic). 

The contribution of electron-electron interaction contains two sources. One is the 

diffusion channel and the other is the Cooper channel. The diffusion channel is a result of a 

direct interaction between an electron and a hole close to the Fermi level. The Cooper channel 

contribution describes the interaction between electrons and phonons. Each of the two 

contributions contains two terms: one is the Hartree term and the other is the exchange term. The 

Hartree term is the classical description of the interaction between electrons and the exchange 

term shows the quantum correction [67]. 
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First order perturbation theory is used to quantize the interaction energy. Two electrons 

are defined: one is in a state of energy E at r and the other is in a state of energy E' at r'. The 

spin states of the two electrons are taken into account. The spatial part of the wavefunction of a 

parallel spin pair of electrons can be written as [67] 

K t t ) = VE{r)ysE(r) - M O M ' ' ) • (93) 

The spatial part of the wavefunction of an anti-parallel spin pair of electrons is zero due to Pauli 

Exclusion Principle. Using the first order perturbation theory, the interaction energy can be 

written as 

£ i n t ( T T ) = (1/2) J J [ / ( t t ) K ( r -F ' ,0^(t t ) ]^ 3 F' , (94) 

where d3 f and d3 r' are the volume elements and V(r-r\t) is the interaction energy. The 

integration is throughout the volume of the material. Substituting equation (93) into equation 

(94), one has two terms. The first one is called the Hartree term and is given as [67] 

j ] ( 9 5 ) 

The second term is called exchange term and is expanded as 

- J \ v E { n ¥ \ ( n V { r - ? \ t ) ¥ \ { r ) ¥ E ( r ) d > r d l r . (96) 

The Hartree term can be interpreted as the classical interaction, whereas the exchange term is not. 

The exchange term, which is due to the quantum effect, arises from making the total 

wavefunction of the electron pairs antisymmetric. 

For the diffusion channel, the exchange term makes important contributions to the 

density of states due to the strong energy dependence. By doing some simplifications, the change 

in density of states is given as [67] 
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AN(s) oc jV(0)F(0)£1/2 l(hDf2. (97) 

It is clear from equation (96) that the density of states varies as e1/2. Using the Einstein relation 

(equation (81)) and the relation e = kBT, one can see that the conductivity varies as TU2. Figure 

33 shows the density of states at the Fermi level due to the exchange contribution. 

Figure 33. Minimum in the density of states at the Fermi level due to the interaction effect. 

The Hartree terms in the diffusion channel show that the interference between electron-

hole pairs can increase the mean free path of the electrons. The interference can be destroyed by 

the thermal incoherence and causes the conductivity to fall as TV1. 

In the Cooper channel, the phonon mediated attraction between electrons alters the 

density of states. The sign of the contribution of this effect depends on the net interaction 

between electrons. 

Similar to the weak localization, this diffusion process is destroyed by thermal incoherence 

rather than thermal inelastic scattering. The thermal coherence time zT can be evaluated as [73] 

Tr*h/(kBT). (98) 
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Combining all the effects, the total conductivity due to electron-electron interaction effects is 

given by [67] 

This parameter must be used in calculating the conductivity since the interaction between 

electron pairs is altered by the diffusive motion of the screening electrons [67], 

The influence of spin-orbit coupling does not appear in the literature. The qualitative 

explanation is that the spin-orbit scattering destroys the phase relationship between electron pairs. 

The electrons in a pair execute the closed loop in the same sense but possess opposite spin 

direction. Only the Hartree term is altered by spin-orbit scattering. In the absence of spin-orbit 

scattering, both contributions vary as T]/2 although with opposite sign. 

1.4.2.3 The full expression of quantum interference effects 

Combining equations (91) and (99), the overall electrical conductivity expression due to 

WL and EEI effects can be written as 

(99) 

where the Coulomb interaction parameter Fa is [67] 

(100) 

(101) 

Here 

AO = CR(0), (102) 
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A1 = - _L 
2 7l2h\DT< 

A2 = 
4 r , ' 

A3 = p, 

A4-- e2 1.3 4 3 
ft V£> 

(103) 

(104) 

(105) 

(106) 
47r2ft V2 v3 2 

where D is the diffusion constant, and z,0 is the elastic spin-orbit scattering relaxation time. The 

first term in equation (101) is the residual conductivity. The second term is due to the WL effects 

which contain spin-orbit scattering effect as well. The third term is due to the EEI contribution. 

Here the magnetic contribution is not included. 
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Chapter 2 Experimental details 

2.1 Introduction 

The experimental work carried out in this study consisted of two major steps: sample 

preparation and measurement of physical properties measurements. They are described in the 

following sections. 

The first section describes sample preparation. In this section, the instruments (including 

customized and newly-constructed experimental setups) and sample-making techniques are 

described, followed by corresponding methodologies and other technical details. Based on the 

experimental results obtained, the improvements in sample preparation will be discussed. 

The second section describes the measuring techniques and the instruments used in this 

study, i.e., the PANalytical® x-ray power diffractometer, a QD (Quantum Design®) MPMS® 

(Magnetic Property Measurement System) magnetometer, a Mossbauer spectrometer, and home-

made resistivity measurement system. The analysis of the results is discussed at the end. 

2.2 Sample preparation 

One of the key factors in sample synthesis is temperature. The desired crystal structure 

can be formed for a given sample at certain temperatures and under certain conditions. One basic 

sample synthesis method is to make an ingot consisting of the right stoichiometric concentration 

of individual elements. This method is adequate for some samples, whereas other samples might 

require further treatment. For example, the Cu2lnGd sample was prepared in an arc furnace and 

cooled naturally to room temperature without further treatment [74], such as annealing. Each 
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element used to produce a given sample has a different melting temperature. It is important to 

ensure that the temperature in the heating zone of the furnace exceeds the highest melting point 

of the elements. At this temperature, all the elements will melt and mix to form an ingot. 

2.2.1 Instrumentations 

Different types of heat treatment instruments are used depending on the sample 

preparation requirements. In this section, the following instruments are described: arc-furnace, 

electric furnace, programmable electric furnace, induction furnace, levitation setup, and sample 

weighing instrument. The typical temperature range of the electric furnace is from room 

temperature to a maximum temperature of around 1700 °C. The best temperature accuracy can be 

achieved by using a thermocouple as the temperature sensor. Induction furnaces can reach 

temperatures above 3000 °C. The induction furnace can induce current in the thermocouple and 

cause inaccurate temperature reading, therefore the less accurate infrared pyrometer is chosen as 

the temperature sensor in the induction furnace to accomplish the negative-feedback temperature 

control. The temperature generated by an arc furnace can be as high as 3500 °C. The main use of 

an arc furnace is to melt samples and produce ingots. Therefore the precise temperature control is 

less important. A manually controlled pedal is used to regulate the feeding current to adjust the 

plasma temperature. 

2.2.1.1 A rc furnace 

Argon and helium are the noble gases usually used in the arc furnace because they 

seldom react with most of the known materials at room and high temperatures. The temperature 

of the plasma in the arc furnace can easily exceed 3500 °C (6332 °F) [75], which is higher than 

the melting temperature of tungsten (3410 °C) [76], the element with the highest melting point. 
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Normally, the melting point of the compound is lower than the highest melting point of the pure 

elements. Therefore, the arc-melting method is widely used for ingot making. 

Another application of an arc furnace is to seal the metallic crucibles made of 

molybdenum, tantalum, and tungsten. The materials most often used to produce crucibles are 

alumina, silica, glassy carbon, molybdenum, tantalum, and tungsten [77], These materials are 

relatively stable at high temperatures. It is important to verify that the crucible material does not 

react with any of the elements before making the sample. For example, a glassy carbon crucible 

reacts with silicon at high temperatures [78], therefore, it is not suitable for making samples 

containing silicon [78]. The crucibles used in this study are made of tantalum due to the fact that 

it can be easily formed into the desired shape using a regular lathe and milling machine and it 

can be easily melted to seal the sample in an argon gas environment with an arc furnace. The 

disadvantages of using tantalum are: it is sticky when machining, it reacts with oxygen at 

temperatures higher than 600 °C, and it becomes soft at temperatures higher than 1500 °C [76], 

Howerver, tantalum is still the best crucible material available for use in this study. 

The arc furnace used in this study was purchased from Centorr associates INC. Figure 34 

shows the schematic structure of this furnace. It consists of upper and lower water-cooled 

sections separated by a transparent quartz observation tube. The quartz tube also serves as an 

insulator between the upper (negative polarity) section, and the lower (positive polarity) section. 

Electric power and water are fed to each of these sections by water-cooled power cables. A 

copper rod with a wooden handle crosses the top section via an insulator swivel ball which 

allows angular as well as vertical movement. A tungsten pin is attached to the end of the copper 

rod as the electrode. The bottom section contains a tapered opening which accepts different 
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copper hearths. Ports connected to the chamber are provided for inert gas inlet, outlet, and a 

rotary pump. 

By opening the valve to the rotary pump, the air in the chamber can be evacuated. The 

high-purity argon gas is then filled into the chamber with a pressure higher than one atmosphere. 

By carefully adjusting the outlet valve, a steady argon gas flow can be formed in the chamber. 

The outgoing argon gas goes through a water bath to prevent external air from flowing back to 

the chamber. It is very important to keep the pressure inside the chamber higher than the ambient 

pressure. During the melting process, the pressure might be reduced. This is due to the fact that 

the arc flame might melt the elements with high vapor pressure first, such as indium, causing a 

higher pressure at this moment. Once the high vapor pressure element reacts with other 

element(s) to form a compound with much lower vapor pressure, the overall pressure in the 

chamber drops drastically. If the total pressure is lower than one atmosphere, water can be 

sucked into the chamber through the water bath port. 

Once the elements are in place, the inert gas environment is ready, and the desired power 

is set, one can create an arc by touching the two tungsten pins on the copper rod and hearth. A 

titanium ball placed in the dent on the copper hearth is used to make uniform arc flame and 

remove any possible gas impurities from the furnace cavity. It is advisable to move the stinger 

around and over the elements in order to get a uniform and homogeneous melt. By repeating this 

procedures four to five times, excellent homogeneity of the ingot can be obtained. 

Although arc melting is proven to be a clean and efficient sample making technique, 

there are still some problems. First, it is inevitable to lose a certain amount of the sample during 

the process, typically one to two percent. As mentioned above, when high-vapor-pressure 
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elements are melted, a small amount of these elements might escape from the sample as a vapor 

and deposit on the inner surface of the chamber. Second, the elements might react with the 

copper hearth during melting since the temperature inside the chamber could be as high as 3000 

°C. 

Figure 34. Schematic drawing o f an arc furnace. 

An improved sample making technique is proposed in this study. By sealing the elements 

in a tantalum crucible filled with argon gas, the sample loss can be reduced. Since it is physically 

and chemically stable at high temperatures, tantalum is suitable in making crucibles. Figure 35 

shows a schematic drawing and the real image of a tantalum crucible. 
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Figure 35. The schematic drawing (left) and the picture (right) o f a tantalum crucible. 

The crucible consists of three parts: a tube, a plate-like bottom, and a cup-like lid. Arc 

furnace is used to join and seal the three parts. A modified water-cooled copper hearth used in 

this study is shown in Figure 36 (right). A removable copper block is used to clamp the tantalum 

tube with four stainless steel socket cap screws to ensure ideal thermal and electrical contact 

between the tantalum parts and the copper hearth. 

Copper j 
hearth 

Tantalum 
crucible 

! Sample 

Figure 36. The modified copper hearth for sealing a tantalum crucible. 
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It takes two steps to make a sealed tantalum crucible. The first step is to seal the bottom 

of the Ta tube with the Ta plate. The detailed mounting method is shown in Figure 36 (left). The 

second step is to seal the sample in the tantalum crucible. The tantalum cup with elements in it is 

clamped by the copper hearth, as shown in Figure 36 (right). The bottom position of the lid is 

crucial. It should be kept below the surface level of the copper hearth as a radiation shield. Since 

the hearth is water cooled and made of copper, the heat generated during the sealing process can 

be easily taken away from the wall of the tantalum tube and the bottom of the lid without heating 

the elements in the crucible. The mechanical fitting between the lid and the tube leaves a gap in 

between. Therefore the air inside the tantalum crucible can be evacuated during the purging 

process and argon gas can be filled into the crucible during the inert gas flow setup procedure. 

Compared to the direct arc melting method, the sealed tantalum crucible technique 

eliminates the sample loss completely. In addition, tantalum is more stable than copper at high 

temperatures, the sample can be heat treated in a cleaner environment. 

Since tantalum reacts with oxygen at temperatures higher than 600 °C, the tantalum 

crucible cannot be heated in the air directly. One can create an inert gas or vacuum environment 

for the tantalum crucible. This increases the sample making cost and complexity dramatically. 

The simplest solution is to seal the tantalum crucible into an evacuated or an inert-gas filled 

quartz capsule. This method requires special skills, and is time consuming. Another alternative is 

to build an air sealed furnace. It is easy to maintain and operate once it is set up despite the 

relatively high initial cost and complexity. 

76 



2.2.1.2 Electric furnace 

The most widely used instrument in sample making in solid state research is the electric 

furnace. The temperature range in a heating zone of an electric furnace can span from room 

temperature to around 1800 °C. 

The techniques used to construct an electric furnace are mature and reliable. The 

temperature control mechanism in the electric furnace is the same as that in a house stove. The 

heating element is an electric resistor. The temperature can be controlled by varying the input 

electric power. A sensor is attached to the heater and sends the temperature readout to the 

controller. Scientific furnaces are specially engineered to meet higher precision and higher 

temperatures than in a house stove, and therefore more stringent environmental demands in 

laboratories. The heating elements most often used are nickel-chromium[79], MoSi2 [80]), and 

platinum alloys, for temperature ranges from room temperature to 1150 °C, 1800 °C, and 2500 °C, 

respectively. There are mainly two types of temperature sensors: a thermocouple and an infrared 

pyrometer. The complexity and functionality of high-temperature controller have changed 

rapidly in the past two decades. Modern temperature transmitters can provide sophisticated 

control, feedback and processing capabilities with full featured micro processors in them. 

The fundamental setup of an electric laboratory furnace normally consists of a nickel-

chromium filament, a K-type thermocouple and on-off relay with set point input. The advantages 

of such system are: low cost, high repeatability, good coverage of the temperature range of 

interest and ease of construction. The drawbacks are: the heating zone is open to the air, the body 

is bulky, its position is fixed, the temperature response is slow, the temperature reading accuracy 

is low and it is not programmable. 
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As indicated in the last section, an inert gas or vacuum environment is required for a 

tantalum crucible at high temperatures. The only solution without requiring a sophisticated 

instrument is to seal the Ta crucible into a larger quartz capsule. Figure 37 shows a picture of the 

two-layer structure of such a sample capsule. 

Figure 37 The two layer structure o f a sample capsule. 

The two-layer structure of the sample capsule does provide the protection for the Ta 

crucible from being oxidized. It also brings more problems. In some cases, the sample should be 

rapidly quenched to room temperature from the annealing temperature in order to freeze the 

desired crystal structure formed at the annealing temperature. During the quenching process, the 

sample might experience complex phase changes if the quenching speed is not fast enough. 

Tantalum is a metallic element with good heat conductivity [76], whereas quartz, vacuum, and 

inert gases are good heat insulators which can slow down the quenching speed. The solution to 

this problem will be discussed in the next section. 
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2,2.1.3 Programmable Electric furnace 

2.2.1.3.1 Introduction 

An air sealed programmable furnace was designed and constructed in this study to solve 

the problems encountered in traditional electric furnaces. It has many advantages: A 

programmable precision temperature control system for faster and more accurate temperature 

control, inert gas or vacuum environment for heat treatment to avoid the oxidation of the 

elements with air and the reaction of the elements with water, a pressure regulation system to 

adjust the total amount of exchange gas in the furnace body, a furnace body position system to 

mix the elements uniformly and separate liquid and solid parts at the annealing temperature for a 

self-flux method of growing single crystals [81], a quick release structure to release the tantalum 

crucible directly from the heating zone of the furnace into cold water for rapid quenching, a dual 

helix heating filament structure to reduce the induced magnetic field in the furnace and the signal 

noise from the thermocouple, an observation window to provide the most direct visual 

information during the heating process and to be used to calibrate the infrared pyrometer, a 

hardware and software low-pass filter for temperature readings and position readings which can 

improve the SNR (signal-to-noise-ratio) by a factor of 20, and a water-cooled furnace body to 

reduce the hazards to the operator. 

The main structure of the furnace contains four parts: furnace body, supporting structure, 

electric circuits, and control program. 

2.2.1.3.2 The hardware structure 

The 3D drawing of the furnace body and two aluminum end blocks are shown in Figure 

38. The center piece of the body is made from a single aluminum block with a central through 
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hole and water circuits at the four corners. On the front side of this block, a slit serves as the 

observation window. Two end aluminum blocks are attached to the center piece by socket cap 

stainless steel screws with high-temperature silicone O-rings in between to form an air-sealed 

chamber and an enclosed water cooling loop. Being a good heat conductor, a water-cooled 

aluminum furnace body can efficiently take the heat away from the heating zone. The inner 

surface of the central cavity is polished to reduce energy loss through radiation from the heating 

filament. 

Figure 38. The furnace body and the end blocks of the electric programmable furnace. 

The heating filament is supported by a ceramic tube with a dual helix groove on its outer 

surface. The filament wire can be held in position by the groove at all temperatures. The physical 

dimension of the groove determines the temperature distribution of the heating zone. The 

material used to make the filament holder is machinable ceramic 960 from Cotronics Corp. This 

80 



material can withstand at temperatures up to 1800°C. Its only weakness is that the maximum 

temperature change rate is 5 C°/min. Above this rate, a thermal shock effect can cause the 

ceramic tube to crack. The nickel-chromium heating wire is wound on the ceramic tube and held 

by two stainless steel sleeves (Figure 39), which in turn are clamped in between the two 

aluminum end blocks inside the furnace body. The heat conductivity of stainless steel is between 

that of ceramic and aluminum making it a good choice to buffer the large thermal expansion and 

temperature gradient between the hot ceramic tube and the water-cooled aluminum end blocks. 

Figure 39. The high-temperature structure of the electric furnace that consists of a ceramic tube with the dual helix 
groove on its outer surface and two stainless steel sleeves. 

A K-type thermocouple is attached to the wall of ceramic tube in the center of the heating 

zone. The heater and thermocouple wires are routed outside the furnace via four sealed high-

temperature electrical feedthrough, as shown in Figure 40. 
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Figure 40. The detailed electric connections o f the electric programmable furnace. 

The sample quick-release structure is shown in Figure 41. Two inserts are attached to the 

aluminum end blocks with high-temperature silicone O-rings in between. 

_JL 

Figure 41. The sample quick-release structure o f the electric programmable furnace. 
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The ends of the inserts are two shaped ceramic blocks. They are connected to the metal 

parts of the quick-release structure by two ceramic rods. The Ta crucible is positioned by these 

two ceramic blocks in the center of the heating zone (Figure 42). 
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Figure 42. The tantalum crucible and the positioning structure o f the electric programmable furnace. 

The furnace body is attached to the supporting frame through an O-ring sealed rotatable 

structure. The gas pass on the stationary frame has three openings. One is connected to a pressure 

sensor. The other two are connected to the rotary pump and inert gas tank through two separate 

solenoid valves, respectively. A set of gears is installed between the furnace body and the 

supporting frame. A geared motor and a potentiometer are connected to the transmission gear set 

serving as the furnace body position servo system. The details of the transmission system are 

shown in Figure 43. 
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Figure 43. The transmission gear structure of the electric programmable furnace. 

The position of the furnace body can be programmed. A periodic movement of the 

furnace body, typically with a frequency between 0.1 Hz to 1 Hz, can mix the different elements 

inside a tantalum crucible during the melting process. The maximum rotation angle of the 

furnace body is 240 which makes it possible to turn the tantalum crucible upside down to 

separate the liquid and the solid when a self-flux method of growing single crystals is used [81]. 

The modified tantalum crucible structure for such an application is shown in Figure 44. 
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Figure 44. The schematic structure of the modified tantalum crucible for growing single crystals by a self-flux 
method. 

The electronic system consists of power units, signal conditioning circuits, and DAQ 

(Data AcQuisition) card from NI (National Instrument Inc.). The DAQ card used in this study is 

PCI 6229. It contains 16 bit analog input and output ports and 32 multi-purpose digital I/Os [82], 

Signal conditioning circuits are required between the DAQ card and the power units and sensors. 

Based on the mechanical structure of the furnace and the desired functions, the following tasks 

are accomplished with the signal conditioning unit: acquiring the temperature readings from the 

thermocouple, acquiring the position information of the furnace body, acquiring the pressure 

reading from the pressure sensor, sending the control signals to the DC power supply to drive the 

heater, sending the control signals to the geared motor to position the furnace body, and sending 

the control signals to the solenoid valves to control the pressure in the furnace body. 

The signals directly read from a K-type thermocouple are measured in mV. Equation 

(107) and Table 5 give the relation between the electrical readouts and the measured 

temperatures. 
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T = d0 + dx x V + d2 x V2 + d3 x V3 + d 4 x V4 + d5 x V5 + d6 x V6 + d7 x V1 + d8 x 

K8+d9 x I/9, (107) 

where T is the calculated temperature in °C, V is the voltage signal measured from the K-type 

thermocouple [83]. 

Table 6 Coefficients for equation (99) in different temperature ranges [83], 

Temperature 

range 

Coefficients 

-200 to 0 °C 0 to 500 °C 500 to 1,372 °C 

E range (mV) -5.891 to 0.000 0.000 to 20.644 20.644 to 54.886 

do 0.0000000E+00 0.0000000E+00 -1.3180580E+02 

d, 2.5173462E+01 2.5083550E+01 4.8302220E+01 

d2 -1.1662878E+00 7.8601060E-02 -1.6460310E+00 

d3 -1.0833638E+00 -2.5031310E-01 5.4647310E-02 

d4 -8.9773540E-01 8.3152700E-02 -9.6507150E-04 

d5 -3.7342377E-01 -1.2280340E-02 8.8021930E-06 

d6 -8.6632643E-02 9.8040360E-04 -3.1108100E-08 

d7 -1.0450598E-02 -4.4130300E-05 0.0000000E+00 

dg -5.1920577E-04 1.0577340E-06 0.0000000E+00 

d9 0.0000000E+00 -1.0527550E-08 0.0000000E+00 

The analog input range of the DAQ card is from -10 to 10 V. In order to make use of the 

maximum resolution of the DAQ card in the interested temperature range (from room 
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temperature to 1150 °C), a high-linearity and low-noise amplifier is adopted. The AD595 IC 

(integrated circuit) from Analog Devices Inc. is a monolithic amplifier with cold junction 

compensation and it is pre-trimmed for K-type thermocouples. It is recommended to calibrate the 

thermocouple with an ice-water mixture to achieve precise measurements for a regular 

thermocouple. The built-in ice point compensation circuits and self-contained Celsius calibration 

function in an AD595 help to avoid the cumbersome setup without sacrificing performance. The 

non-linear relationship between the measured temperature and the voltage readout from equation 

(99) could add huge work load to the conversion. Another benefit of using this IC is that it 

removes this nonlinear relationship and is laser wafer trimmed to achieve a calibration accuracy 

of 1 °C [84], This matches the rated accuracy of a K-type thermocouple [84], The major errors of 

a thermocouple usually arise from the thermocouple wire gauge and the uniformity of the 

constituents in the wire. The temperature reading error increases with temperature due to the 

increased diffusion mobility of the material impurities [84], This is equivalent to adding a 

random noise to a slow changing DC signal. Further corrections can be made electrically in 

hardware and mathematically in software. The AD637 IC from Analog Devices is a complete, 

high-accuracy, monolithic RMS-to-DC converter that computes the true RMS value of any 

complex signal. A crest factor compensation scheme in the AD637 can improve the SNR by a 

factor of 10 with less than 1% additional error [85], The amplitude adjustment circuits in AD637 

can bring the maximum output from an AD595 from 11.495 V to a level slightly lower than 10 V 

in order to match the input range of the DAQ card. Figure 45 shows the schematic circuit. 
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Figure 45. The schematic layout of the AD637, the RMS to DC converter [86]. 

The position sensor of the furnace body is simply a potentiometer that is driven by the 

geared motor. The gear connections are arranged in a cascade mode that can be seen in Figure 43. 

The moving probe of the potentiometer reflects the actual position of the furnace body. One 

fixed terminal of the potentiometer is connected to ground via a fixed resistor. The other fixed 

terminal is connected to a high-precision voltage reference via another fixed resistor. Therefore, 

the voltage range of the moving probe is confined between ground level and the reference 

voltage with a margin to both limits. The schematic circuit is shown in Figure 46. 
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Figure 46. The furnace body position sensing circuit for the electric programmable furnace. 
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Extra care was taken to reduce the noise signal for this circuit. External noise mainly comes from 

the environmental electro-magnetic interferences, with the 50-60Hz power line noise being the 

strongest. A common-mode noise reduction transformer and a hardware low-pass filter can 

efficiently remove it. High-quality electronic components and a well-designed printed circuit 

board are used to reduce the inherent noise of the components and reduce the external 

interferences. The power supply of this circuit makes use of high-precision and super low-noise 

voltage reference IC, ADR445, from Analog Devices Inc. [86], Further noise reduction can be 

achieved with software, which will be discussed in the software section below. 

The pressure sensor used in constructing the furnace is 40PC015G2A from Honeywell 

Inc. It is a monolithic amplified pressure transducer. The effective range of this sensor is from 0 

to 15 psi (pound per square inch) (1 atm = 14.695949 psi). This sensor is laser trimmed to ensure 

maximum of 0.20% non-linearity over the entire range of the output signal from 0.45 to 4.5 V. 

The output can be connected directly to the analog-in port on the DAQ card. This circuit uses the 

same noise reduction techniques as the position sensor: a common mode rejection transformer, 

the low-pass filter, and a high-precision low-noise voltage reference IC. Similarly, software 

noise reduction can also be used. 

Conventional electric furnaces take the AC power directly from the outlet and apply to 

the heating filament through a controlled relay. Due to the large instantaneous power variation, 

the physical size of the heating zone is designed to be large to eliminate temperature variation. 

Furthermore, the on/off temperature control requires even larger heat capacity for the heating 

zone to keep the sample temperature stable. The advantages of such a system are low cost and a 
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large effective heating volume. However, when high precision, low noise, and fast temperature 

response are required, a better solution is required. 

Most of modern high-output DC power supplies work in switching mode. The working 

frequency of such a PSU (Power Supply Unit) can vary from a few hundred Hz to a few hundred 

kHz, which is much higher than 50-60 Hz for traditional PSU. A higher working frequency helps 

to improve the transformer power conversion efficiencyand allows sue of a transformer with a 

mere compact size and a lighter weight. The power loss of such systems mainly comes from the 

on/off operation. Due to the delay of the current response of the switching components, the rising 

and falling edges of the on/off operation are not ideal for step functions but a finite step response 

with a slope. The area under the slopes is proportional to the power loss. A PWM (pulse width 

modulation) method is used to control and stabilize the output in switching mode PSU designs. 

The ratio of the on-duration and the off-duration in one period of the control signal, the so-called 

duty cycle, determines the output power. By varying the ratio, one can stabilize the output by 

using voltage or current as the feedback signal, depending on the application. The output from 

the secondary coil in the transformer can be smoothed by a passive low-pass filter consisting of 

resistor(s), capacitor(s), and inductor(s), or by an active regulator (IC). The frequency of the 

ripple in the output is the same as that of the PWM (pulse width modulation) signal. The 

amplitude of the ripple is mainly determined by the parameters of the low pass filter, the duty 

cycle, and the load. 

In comparison with traditional temperature control systems, the programmable switching 

mode PSU can provide more continuous and precise average power to the heater. The noise 

introduced to the sensors from this kind of power supply can be easily removed by the same 

techniques used for the position sensor and the pressure sensor. With this design, it is possible to 
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make the heating zone smaller to achieve higher temperature precision and more prompt 

temperature response. The PSU used in this study can provide 2000 W DC output and is 

controlled by a 0-5 V DC signal. Because of its high input impedance, this PSU can be driven by 

the analog output signal from the DAQ card directly. 

The required operations for positioning the furnace body are on/off control, direction 

control, and speed control. A DC motor is used to drive the furnace body due to its small size, 

high torque, and ease of operation as compared with a stepping motor. The most widely used DC 

motor driving circuit is an "H" bridge. Its working mechanism is illustrated in Figure 47. 
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Figure 47. The schematic drawing o f the "H" bridge circuit. 

When switches 1 and 3 are on and switches 2 and 4 are off, the current going through the 

DC motor is from left to right. When switches 2 and 4 are on and switches 1 and 3 are off, the 

current going through the motor is reversed. Thus, the motor rotation direction control can be 

achieved by this circuit with a single end power supply. The PWM can be used for speed control. 
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Therefore, two digital output channels from the DAQ card are sufficient for the required 

operations. The switches in Fig.47 are MOSFETs in real circuits. 

The pressure control is simply an on/off control. Two solid-state relays are connected 

between the solenoid valves and the AC outlets. The control signals are directly sent to the solid 

state relays from the two digital outputs on the DAQ card. 

The main program consists of two functional blocks: a control and a user interface. They 

were developed on the Labview platform: the IDE (Integrated Development Environment) from 

National Instrument. The following aspects of the control function are discussed here: software 

noise reduction, temperature control mechanism, position control method, the pressure control 

and overall control considerations. 

2.2.1.3.3 The Software design 

2.2.1.3.3.1 Software noise redaction 

The temperature, pressure, and position signals from different sensors in this system are 

mainly slowly varying DC signals with white noise on top of them. The aim of the noise 

reduction is to extract the slowly varied DC signal from the raw signal. Three mathematical 

methods to reduce the noise are used in this study. 

The first one is a RMS to DC converter. The noise reduction mechanism of this method is 

the same as that of the hardware solution discussed in the thermocouple section. The sub VI 

(virtual instrument) provided in the Labview platform can be directly used between the raw 

signal and the negative-feedback control program. 
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The second one is a low-pass filter which is also provided as a sub VI in the Labview 

program. The performance of this function block is shown in Figure 48. The left chart shows the 

signal taken directly from the sensor with the noise amplitude around ±3 V where the sampling 

rate is 10000 points per second. The right chart is the signal output from Labview low-pass filter 

sub VI with a significantly reduced noise amplitude ±0.08 V. The low-pass filter is a 7th order 

IIR type filter based on a Bessel topology [87], The low-pass filter cutoff frequency is set at 7.5 

Hz, which is far below the noise frequency from the power line at 60 Hz, but the noise level of 

the output signal increases drastically when the cutoff frequencies of the low pass filter increases. 

Figure 48. The comparison of the signals before and after the low-pass filter. 

The third type is an arithmetic average. The noise reduction is not as good as in the 

second type. However, it provides effective odd point removal mainly caused by temporary 

device failure. 

2.2.1.3.3.2 Temperature Control 

The most widely used control mechanism in industry and scientific research is "PID" 

(Proportional, Integral, and Derivative) control. The control is based on equation (108): 

V0 = P(e + I j e • dt + D (108) 
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where Vo is the heater output, e = Setp Value — Actual temperature. The "I" function tends 

to reduce the noise by calculating the sum of the differences over time, while the "D" control 

tends to magnify the noise on the output which prevents the system from reaching stability. 

a) 

b) 

P only 

P + I 

c) P + I + D 

Figure 49. The step responses of the P, PI, and PID temperature controls. 

The "P", "PI" and "PID" temperature control responses are shown in Figure 49. As shown in 

Figure 49 (a) for "P" control, there is a constant difference between the actual value and the set 

value. Figure 49 (b) shows the response of "PI" control where the actual value eventually 

approaches the set value, although it takes longer time. The combined "PID" control which is 

shown in Figure 49 (c) theoretically provides the best step response. However, the sample 

temperature with full "PID" control jumps around the set value with an amplitude of around 8 °C. 

Since the acquired temperature readings are discrete numbers, the derivative of the temperature 
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at a specific time is a positive or negative number with a fixed minimum value, which is much 

larger than the smallest increment in response of the actuator [88], 

Overall, the "PI" control gives the most accurate temperature regulation, around ±0.045 

°C over the entire temperature range in comparison to other combinations. 

2.2.1.3.3.3 Position Control 

Control of the furnace body position is realized from the Labview platform via a DAQ 

card. The Labview program calculates the direction and amplitude of the control signal based on 

the target and the measured position of the furnace body using the "P" control described in a 

previous section. A 500 Hz PWM control signal is generated by the Labview program and the 

internal counter on the DAQ card. The duty cycle of the PWM signal varies from 1 to 100%, 

which corresponds to slow and fast angular motion of the furnace body. 

2.2.1.3.3.4 Pressure Control 

The pressure regulation is based on on/off operations of two solenoid valves connected to 

the rotary vacuum pump and the inert gas tank, respectively. A latch mechanism is used to 

prevent the valves from switching on and off continuously by setting different thresholds for the 

on and off operations. For example, the valve for inert gas is turned on when the difference 

between the target pressure and the actual pressure is greater than 10 Torrs, and is turned off 

when the difference is lower than 0.5 Torrs. 

Due to the limitation of physical properties of the ceramic tube, the temperature change 

rate cannot exceed 5 °C/min. This has been taken care of in the temperature ramp generation 

program. However, due to the constraints of time and resources, the protection functions such as 

water failure and sample loading sensing are not implemented. 
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This concludes the introduction to the design of the electric programmable furnace. This 

furnace meets all the requirements stated at the beginning of the section and has been used to 

produce the samples investigated in this study. 

2.2.1.4 Induction furnace 

As an alternative solution to the arc melting method, induction melting gives a cleaner 

melting environment without losing sample mass. With this method, the heat is generated by 

inducing currents in the metallic crucible body or the sample chunks directly. Since no 

mechanical movement or arc plasma is involved, the heating process is more stable and gives 

less chance to introduce impurities. A double-layer quartz tube with water flow in between is 

used to hold the sample (Figure 50). The water inlet is located at the bottom of the outer quartz 

tube. The water outlet is located on the top end of the outer quartz tube. The bottom of the inner 

tube is located at the center position of the outer tube to hold the crucible. The induction coil is 

located around the sample level outside the quartz structure. The top opening of the inner tube is 

used to load the sample and set up the required vacuum or inert-gas environment. 

To pump and 
men gas 

Figure 50. The schematic sample mount o f an induction furnace. 
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The crucible materials that can be used in an induction furnace include tantalum, alumina, 

silica, and glassy carbon. When a metallic crucible is used, its body can act as the heating 

element due to the induction heating effect. A relatively high heat conductivity of the metallic 

material helps to make the temperature distribution of the crucible uniform. However, if the 

crucible material is non-metallic, such as glassy carbon, alumina, or silica, the samples must be 

metallic themselves to be heated and melted by the induction furnace. If the sample contains 

insulators and/or semiconductors, the resulting sample might be inhomogeneous. 

The RF (Radio Frequency) generator of the induction furnace is from Ameritherm Inc., 

model Hotshot 5. It consists of a RF PSU and a remote station to which the induction coil is 

connected. The entire system is water cooled. The maximum output power of this system can 

reach 2 kW [89]. The LCD of the front panel on the PSU unit reflects the real-time working 

status, including output power, current, and frequency. The RF generator can automatically 

adjust the working frequency based on the parameters of the induction coil, load, and power 

range to achieve the best power coupling between the internal circuits and the induction coil. An 

analog control is provided on the rear panel of the PSU. With a properly calibrated infrared 

pyrometer, a programmable negative-feedback temperature control system can be formed. 

2.2.1.4.1 Rapid quenching attachment 

Rapid quenching is required to produce amorphous and some quasicrystalline alloys. This 

can be achieved by ejecting the melted sample rapidly onto a fast spinning copper wheel to form 

a ribbon. The typical thickness of the ribbon is around 15 (im. The mass of the copper wheel 

must be large enough for its temperature to be considered constant during the quenching process. 

Since copper possesses excellent thermal conductivity, the heat applied to its surface from the 
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melted sample can be quickly taken away. With this technique, a temperature drop of about 106 

C°/s can be achieved. 

In order to prevent the molten sample from reacting with the air during the quenching 

process, a sealed inert gas environment is required. A motorized copper wheel is placed inside a 

sealed aluminum box. A vacuum pump connector and an inert-gas connector are provided on the 

aluminum box. The sample ingot is placed in a separate quartz tube with a small hole on the 

bottom. The quartz tube opening is connected to a pressure triggering setup. A specially designed 

water-cooled copper coil is placed on top of the copper wheel through an airtight electric 

feedthrough on the aluminum box and connected to the remote station. The end of the quartz 

tube is placed in the center of the coil. After the aluminum box is purged and filled with inert gas, 

the RF generator sends power to the induction coil. Once the ingot is melted, the pressure trigger 

is used to eject the molten sample onto the rapid spinning copper wheel, forming a ribbon. A 

picture of the rapid quenching setup is shown in Figure 51. 

Figure 51. The rapid quenching setup for the RF generator. 

2.2.1.5 Levi tation melting 

From Lenz's law, the magnetic field generated by the induced current tends to weaken 

the changing flux of the source field. This mechanism can be used for levitation melting, a 
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method that uses a specifically shaped coil to cause the sample to float while being heated. 

Figure 52 shows such a RF levitation coil. 

Figure 52. The levitation melting. 

The diameter of the coil in Figure 52 expands gradually upwards. At the top, there is one 

reversed winding. The corn-shaped coil forms a magnetic field gradient along the vertical 

direction. The interaction between the induced magnetic field inside the sample and the magnetic 

field produced by the induction coil generates a levitation force. By adjusting the frequency and 

the power applied to the coil, the levitation force can cancel out the gravity of the sample and 

make the sample suspend in the coil. The reversed winding generates an opposite magnetic field 

that forms a trap to stabilize the sample. It can be seen in Figure 52 that the sample is lifted in the 

air without touching any surface. Levitation melting can be realized in air, inert-gas, or a vacuum 

environment. This is considered the cleanest sample melting solution. However, there are some 

drawbacks that prevent this method from being widely used: non-metallic samples cannot be 

levitated with this method; different elements have different conductivity which can result in 

different levitation level in the coil unless a uniformly conductive ingot is used; the initial 
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levitation is hard to achieve due to the relative small 3D space, gas turbulence, and temperature 

dependent conductivity of the sample; it is difficult to retrieve the sample from levitated melting 

state without introducing impurities; and sample loss is unavoidable for low vapor pressure 

samples. 

2.2.1.6 Electronic balance 

Keeping a precise starting stoichiometric composition is extremely important in making 

high-quality, single-phase samples. An AB54-S, a high-resolution electronic balance from 

Monobloc with 0.1 mg minimum increment is used to weigh the elements in this study. 

2.2.2 Methodology 

2.2.2.1 Sample weighing 

The sample weighing accuracy directly affects the final sample quality. One should avoid 

using elements in powder or mesh forms as this inevitably leads to the loss of small amount of 

sample during transportation. Elements prepared in chunk and block forms can easily be handled 

and transported without mass loss. 

2.2.2.2 Sample sealing 

Most of the samples require inert gas or vacuum environment for heat treatment. If using 

the traditional electric furnace, the two layer quartz-tantalum capsule structure is required, as 

shown in Figure 37. The sealed tantalum layer provides a stable chemical and physical 

environment at high temperatures for the individual elements and prevents them from escaping. 

The quartz layer provides the protection for the tantalum crucible from being oxidized at high 

temperatures. However, the quartz capsule layer is not needed when the programmable electric 
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furnace is used. The sealed furnace body can provide the oxygen free environment by repeating 

the purging and inert-gas refilling processes a few times. 

2.2.2.3 Sample melting 

The goal of sample melting is to make a uniform ingot. Ideally, all elements are melted 

and mixed uniformly at a temperature higher than the melting points of all elements and cooled 

to room temperature to form an ingot. 

The arc furnace is preferred in ingot making due to the ease of use and the highest 

temperature it can reach. First, the precisely prepared stoichiometric elements are melted into an 

ingot and naturally cooled to room temperature in the arc furnace. Second, the ingot is cut into 

smaller pieces and re-melted into one piece. One can ensure the homogeneity of the ingot by 

repeating the second step four to five times. Each time, the purging and inert gas refilling 

processes have to be repeated a few times to make sure there is no oxygen left in the arc furnace 

chamber. 

The advantages of using an induction furnace to make the ingot are: it can provide a 

cleaner and more stable environment for the melting process in comparison with the arc furnace. 

Sample loss can be avoided when the sealed tantalum crucible is used to hold the sample. The 

temperature control in an induction furnace is more precise than the arc furnace. The induction 

furnace can provide a vacuum environment for the sample during the melting process whereas 

the arc furnace can only provide an argon or helium gas environment. However, it is difficult to 

take the ingot out of the crucible in an induction furnace. A cone-shaped crucible can help to 

remove the ingot completely. Sample loss is also avoided by using crucibles made by non-sticky 

materials (such as glassy carbon). However, sample loss is unavoidable when multiple re-melting 
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processes are involved. Moving the double-layer quartz tube up and down through the induction 

coil during the melting process can help to increase the homogeneity of the ingot. 

Having similar advantages and disadvantages to the induction furnace, the electric 

programmable furnace can provide more precise temperature control. Its furnace body movement 

can also be programmed. Therefore, different elements can be mixed in a more predictable and 

reliable way in the melting process. 

2.2.2.4 Sample annealing 

Sample annealing is used to form the desired crystal structure at a specific temperature 

and keep this crystal structure when the sample is cooled to room temperature. The annealing 

temperature is close to the crystallization temperature of the target alloy. The annealing time can 

vary from the time it takes the sample to be cooled naturally to room temperature in an arc 

furnace to a few months. 

The simplest annealing process is to cool the sample naturally to room temperature from 

the melting state in an arc furnace. 

An induction furnace can provide a cleaner environment when a tantalum capsule is used 

to hold the sample. The sealed tantalum capsule can avoid the sample loss during the annealing 

process. Normally, an infrared pyrometer is paired up with an induction furnace to achieve the 

negative-feedback temperature control and obtain the temperature of the sample. Therefore, the 

temperature of the sample can be programmed. However, the sample can only be cooled to room 

temperature naturally in the double-layer quartz structure at the end of the annealing process. 

When rapid quenching is required to prevent the sample going through the intermediate phase(s) 

during the cooling process, one has to look for other solutions. 

102 



A more precise sample temperature reading and temperature control can be obtained from 

a programmable electric furnace. As discussed in the programmable electric furnace section, a 

K-type thermocouple is used with a programmable DC PSU to form a negative-feedback 

temperature control loop. A temperature precision of ±1 °C can be achieved in the range of 25-

1100 °C. The sample temperature can be controlled as long as the temperature changing rate is 

less than 5 C°/min. The quick-release structure shown in Figure 41 and Figure 42 can quickly 

release the tantalum capsule into cold water in less than one second at the end of the annealing 

process. Since tantalum is a good heat conductor, the sample temperature can be dropped fast 

enough to room temperature to prevent the sample from going through undesired phase 

change(s). 

2.2.2.5 Sample storage 

Some samples are active in air or water. Traditionally, they are kept in a special oil to 

avoid degradation over time. To remove the oil from the samples can introduce impurities and 

mass loss. A cleaner and safer way to store the samples is to put the samples in a sealed 

desiccator filled with argon gas. 

2.3 Measuring techniques 

2.3.1 Introduction 

The x-ray powder diffraction, magnetic, Mossbauer, and electrical resistivity 

measurements are used to investigate the physical properties of the novel alloys in this study. 

Each of the experimental setups and the relevant techniques will be discussed in the following 

sections. 
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2.3.2 X-ray powder diffractometer 

The x-ray powder diffraction measurement is used to investigate the crystal structure of 

the sample. The wavelength of the x-ray used in a diffractometer is comparable or smaller than 

the distance between the neighboring atoms in a solid. Therefore, the x-ray diffraction pattern 

can reveal the detailed crystal structure of the sample. The x-ray powder diffractometer used in 

this study is from PANalytical research group. 
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Figure 53. The schematic drawing of the x-ray diffractometer [90], 

The structure of this diffractometer is shown schematically in Figure 53. The goniometer 

resides in an x-ray shielded hood. The HT generator is placed in a metal cabinet beneath the 

hood. The x-ray tube assembly provides the radiation source for two goniometers simultaneously, 

one on the left side and the other on the right side. D in Figure 53 shows the schematic 

arrangement of the right goniometer. The solid state x-ray detector electronics is located in the 
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cabinet beneath the HT-generator. The cooling water, control cables, and electric power are fed 

into the unit through the rear panel. The x-ray powder diffraction spectrum can be measured at 

different temperatures with proper attachments: high-temperature and low-temperature cameras. 

The following components of the x-ray powder diffractometer are described below: x-ray tube, 

goniometer, sample stage, variable slits, high temperature camera, low temperature camera, and 

user interface. 

The x-ray is generated by bombarding a copper anode with high energy electrons. The 

electrons are generated by the tungsten filament and accelerated towards the copper anode across 

a high potential of 45 kV. The current in the x-ray tube is set at 40 mA in normal operation. Due 

to the low conversion efficiency (normally less than 1%) from electrons to x-ray, the copper 

target has to be water-cooled to prevent it from being damaged by the heat generated during the 

conversion. The anode is precisely shaped to give accurate foci for the outgoing x-rays. The 

kinetic energy of the x-ray is equal to the difference between the incident electron energy and the 

binding energy of the excited electron. Due to Auger effects, Compton scattering, and the 

complex atomic energy levels in copper, the spectrum of the generated x-ray contains many lines, 

Koti- Kci6 [91]. By applying a proper filter, only a bichromatic radiation with Kai and Ka2 lines 

passes through and acts as the x-ray source. The wavelengths of the two lines are 1.540598 A 

and 1.544426 A , respectively. The schematic structure of the x-ray tube is shown in Figure 54. 
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Figure 54. The schematic structure of the x-ray tube [92], 

where L(s) indicate line foci and S(s) indicate spot foci. As seen from Figure 54, multiple x-ray 

beams can be generated by one tube with different directions and shapes. 

The Bragg-Brentano diffractometer 

The PANalytical x-ray diffractometer used in this study employs a vertical <9:2(9 

configuration. The geometry of such a goniometer is shown in Figure 55. The angle between an 

incident beam and the sample plane is defined as 6, and the angle of the incident and the 

diffracted beams is 26. The relative movements between the incident x-ray beam, the sample 

stage, and the x-ray detector are realized by a high precision and no-backlash mechanical system. 

The outgoing beam from the x-ray tube is focused at "F" (Figure 55). The beam goes through a 

divergent slit "DS" and reaches the specimen plate. The diffracted x-ray enters the detector 

through a receiving slit "RS". "SSI" and "SS2" are two sets of collimators which confine the 

width of the x-ray beam. The opening of the divergence slit is controlled by the program and 

varies with the 26 value so that the irradiated sample area remains constant during the 

106 



measurement. The resulted spectrum can be converted between the ADS (Automatic Divergence 

Slit) and the FDS (Fixed Divergence Slit) mode with the Xpert Plus Highscore program. The 

ADS mode provides better statistics in high 2d range compared to the FDS mode. 

In order to satisfy the parafocusing condition, the distance between "F" and the center of 

"S" should be equal to the distance between the center of "S" and "RS". The dotted arc indicates 

the focus pass in Figure 55, where /yis the radius of the dotted arc, and its length is the so-called 

sample shaft length. There are two goniometers in the diffractometer. The sample shaft length of 

the left goniometer is 230 mm and of the right goniometer is 173 mm. From the geometry shown 

in Figure 55, one can tell that the longer sample shaft gives higher angular resolution. Therefore, 

the left goniometer can reveal more details than the right one. The sample shaft angular accuracy 

of both goniometers is ±10 |irad, and the reproducibility is ±5 (xrad. 

<t 

Figure 55. The geometric arrangement of the Bragg-Brentano diffractometer [93], 

The most widely used x-ray detectors are scintillation counters, sealed gas proportional 

counters, and solid state (semiconductor) counters. The detailed structure of the detector (the 
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structure inside the dotted circle with a radius rm) might differ from the one shown in Figure 55. 

The sealed gas proportional counter and the Kevex® solid state counter are installed on the left 

and right goniometer, respectively. The solid state counter is more sensitive to x-ray than the 

sealed gas proportional counter. Therefore, it takes less measuring time to obtain the same 

statistics. 

The sample stage of the right goniometer is rotatable. The pulverized sample should be 

randomly distributed on the sample plane. The spin function of the sample stage can make the 

sample particles more randomly distributed. The spinning speed is fixed at 1 rev/s. The sample 

holder, which is placed on the sample stage, consists of a stainless steel rim, an aluminum plate, 

an elastic press (beneath the aluminum plate), and a precisely cut single crystal silicon wafer. 

The whole assembly is shown in Figure 56. One can apply a few drops of methanol or ethanol to 

the pulverized sample on the silicon wafer and gently shake the sample holder to make the 

sample powder spread uniformly on the wafer. When the liquid evaporates, the dried sample 

powder sticks to the silicon wafer even if the sample holder is tilted at 90°. The center of the 

surface of the silicon wafer is precisely aligned to the axis of the sample stage "S" in Figure 55. 

Figure 56. The x-ray powder diffraction sample holder. 
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Figure 57. The illustration of the deviation caused by the sample thickness [94]. 

The sample thickness plays an important role in obtaining a precise x-ray spectrum. As 

can be seen from Figure 57, the illuminated sample area (marked with S) is actually a small 

portion of a cylinder rather than a perfect flat plane. The deviation of the sample surface from the 

ideal position (solid line) can result in wrong counts-20 relationship of the measurement. The 

error caused by the sample thickness can be calculated as [95]: 

3 4 3 . 8 ' v ' 

where a is the angular aperture of the divergence slit in degrees, and 0 is expressed in radians. 

The sample thickness error and the goniometer misalignment can be corrected by mixing 

the sample with a standard reference, such as germanium or silicon. The peak positions from the 

standard reference can be indexed with high accuracy. The difference between the experimental 

and the theoretical 29 peak positions of the reference can be fitted with a fourth order polynomial, 

and furthermore the polynomial can be used to correct the sample spectrum. 
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2.33 Mossbauer spectrometer 

There are three Mossbauer spectrometers used in this research: a room temperature to 

high temperature Mossbauer spectrometer; 2 K to room temperature Mossbauer spectrometer, 

and a 2 K to room temperature Mossbauer spectrometer with a 9 T super-conducting magnet. A 

basic Mossbauer spectrometer consists of a radiation source, a loud-speaker type transducer, an 

absorber, and a y-ray detector. In this section, the general description of each element will be 

given, followed by the specifics of each type of a Mossbauer system. 

oooooonnno 
Magnet 

Figure 58. A schematic layout of a Mossbauer spectrometer. 

The schematic layout of a Mossbauer spectrometer is shown in Figure 58. The detector, 

absorber, source, and sample transducer (the magnet and coil combination) are aligned along the 

same axis. 

The useful radiation source is the resonant y-ray from an excited to ground state in a 

recoil-free fashion of specific isotope. The non-resonant y-ray from the same transitions, the 

radiation from all other transitions, and the secondary radiation produced in the matrix (mainly 

x-ray) contribute to the background. To a great extent, the decay effect and the nuclear 
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parameters determine the usefulness of an isotope [96], Normally, the source is made by 

implanting the excited nuclei into a solid matrix. 

The transducer is a close-loop (computer-controlled negative-feedback system) 

mechanical movement generator for the source or the absorber. Almost all modern Mossbauer 

spectrometers use a loud-speaker system as the transducer. The schematic structure of the 

loudspeaker transducer is shown in Figure 58. The source is attached to the pickup coil which 

moves in a homogeneous magnetic field that is generated by a rigidly fixed permanent magnet. 

The difference between the reference signal and the induced pickup signal is amplified and sent 

to the negative-feedback system to minimize the deviations. The error can be reduced to as low 

as 0.01% depending on the reference voltage waveform. 

There are three types of y-ray detector, the scintillation detector, the proportional counter, 

and the lithium-drifted germanium and silicon detectors. The scintillation detector converts the 

incoming photons or particles to a measurable electronic signal. The detector normally contains 

two parts, one is the scintillator, and the other is the photomultiplier. 

A multichannel analyzer which contains 512 or 1024 channels is used to store the 

detected counts. The velocity from -Vmax to +Vmax is divided into 512 or 1024 increments with 

the same spacing (dv) which corresponds to the channels in the multichannel analyzer. The 

synchronization of the channel number with the velocity increment is performed by advancing 

the address of the memory one by one triggered by an external clock. The start impulse coincides 

with the beginning of the waveform and enables the multichannel analyzer to start with channel 

1, the followed impulse corresponds channel 2 and so on, until the last channel in multichannel 

analyzer with the typical dwell time 50 to 100 /iscc per channel. The unfolded Mossbauer 
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spectrum is obtained by accumulating the counts in each channel from each period from the 

beginning of the measurement to the end. 

The layouts are the same for the three Mossbauer systems in this research. The 

differences among them are the peripheral setups. 

The room-temperature to high-temperature Mossbauer systems contain an air sealed 

absorber chamber which can provide the vacuum or inert gas environment for the absorber. This 

is essential when measurement is performed at high temperatures to prevent the sample from 

being oxidized. A programmable negative-feedback temperature control unit is used to regulate 

the absorber temperature. 

The 9 Tesla Mossbauer system with a 9 T super-conducting magnet features the 

SuperVaritemp system from Janis®. The absorber and source cooling is provided by the heated 

helium vapor to prevent the heat loads coming down from the top section of the cryostat. The 

liquid helium is fed to the sample chamber by a needle valve which can be adjusted by a knob on 

top of the flange. The sample chamber pressure can be regulated by a proportional valve and a 

vacuum pump combination. With the heater and the vaporizer located at the bottom of the 

sample chamber, the temperature of the source and the absorber can be stabilized to ±0.1 K 

around the set value. The sample chamber is isolated by a vacuum jacket which prevents the 

escaping warm gas from interacting with the main helium reservoir. The opening to the 

Mossbauer detector is a Mylar window vertically installed at the bottom of the cryostat. The 

source is attached to the loud-speaker transducer residing on the top of the sample insert outside 

the cryostat. Its velocity is measured by a Michelson Interferometer above the loud-speaker 
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transducer to get precise velocity information of the source. The schematic drawing of the head 

of the sample insert is shown in Figure 59. 

Figure 59. The schematic Michelson interferometer in the head of a sample insert used in the 9 T Mossbauer system. 

2,3.4 Magnetometer 

The magnetometer is a device that measures the time, the temperature, and the field 

dependent magnetic moments of a sample. The simplest magnetometer (zero-order pickup coil) 

is made of a single turn coil that is connected to a current meter. The induced current will be 

displayed on the current meter when the sample rapidly sweeps through the coil along its normal 

axis in a magnetic field. The maximum value of the induced current is proportional to the 

magnetic moment of the sample under that magnetic field. The resolution and sensitivity of such 

magnetometer is mainly limited by the sample mass, moving speed, coil size, magnetic field 

strength, and the magnetic susceptibility of the sample. To achieve higher sensitivity, one can 
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use the commercially available VSM (Vibrating Sample Magnetometer) and SQUID 

(Superconducting QUantum Interference Device) magnetometers. 

With VSM, the sample is attached to the end of a shaft that is connected to a loud-speaker 

transducer which introduces the sinusoidal movement to the sample in a static magnetic field. 

The induced signal from the pickup coil reveals the AC magnetic moment of the sample. The 

VSM used in this study was from Lakeshore® with maximum magnetic field 1 T. The sample is 

placed in a Janis cryostat. Its temperature can be set from 2 K to room temperature. However, in 

the small signal range, the background noise is relatively large for this system. 

More precise magnetic measurements can be done by using a DC MPMS system from 

QD with SQUID technology. Instead of measuring the induced current, the SQUID measures the 

absolute magnetic flux that goes through the pickup coils. A DC SQUID consists of a 

superconducting loop that has two Josephson junctions. The maximum superconducting current 

that flows through the device can be periodically modulated by the magnetic flux entering the 

loop with a period that is equal to the flux quantum. 

In the MPMS system, the second derivative pickup coils are exploited to achieve higher 

SNR levels. The working mechanism is shown in Figure 60. The vertical pickup coils consist of 

four circular coaxial loops with equal areas. The two central coils are wound in the opposite 

direction from the top and bottom ones. The second derivative pickup coils make the 

magnetometer insensitive to uniform and linearly varying longitudinal fields [97] in comparison 

to the zero and first order pickup coils. 
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Figure 60. The second order pickup coils of a magnetometer and the measured signal [98], 

The sample is moved from below the bottom coil to above the top coil by a motorized 

sample transducer. The measured signal is shown in Figure 60 (right) and fitted to: 

/ ( Z ) = + X(2) • Z + X(3) • (2[R2 + (Z, + X ( 4 ) ) 2 p - [R2 + (A + (Z + X(4) ) ) 2 ] ' f -

[R2 + ( - A + (Z + A-(4)))2]-3/2}, (110) 

where f(Z) is the raw voltage as a function of the sample position, A is the longitudinal coil 

separation with a value 1.519 cm, X(\) is a constant offset voltage, X{2) is the linear electronic 

drift parameter, X(4) is the shift of the sample along the axis of the magnet, and X(3) is the 

amplitude, from which the magnetic moment can be calculated as: 

Magnetic moment (EMU) = X (3)x longitudinal regression factor 
SQUID cal.factor xsensitivity factor xcorrection factor' 

(111) 

The longitudinal regression factor and the SQUID calibration factor are device dependent values. 

They can be found in the MultiVu® software [99], The sensitivity factor is determined by the 

sample scan range and the gain settings! The correction factor is a constant with a value 0.9125. 

The measured raw curve does not have the ideal pattern shown in Figure 60 (right) for small 
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signals, i.e., there might be coarse ripples, spikes, and linear background added to the basic 

pattern. The fitting function can extract the valid signal from the raw data without losing 

accuracy. 

Figure 61 shows the detailed structure of the pickup coils and the superconducting 

magnet in the MPMS. The transverse pickup coils shown in the figure are not installed in the 

magnetometer used in this study. They are used to investigate the magnetic properties along 

different orientations for single-grain samples with the optional sample rotation attachment. 

Figure 61. The detailed structure of the pickup coils and the superconducting magnet in the MPMS system [100], 
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The sample holder is made of non-magnetic material and mechanically attached to the 

sample transducer located on the top of the cryostat via a stainless steel and Be-Cu jointed stick. 

The recommended (by QD) sample holder material is a transparent straw [100]. This material is 

low cost and easy to obtain with small background signal (Figure 62 top). However, it is difficult 

to mount the pulverized sample on the straw and the straw can be deformed during the 

measurement. The deformation of the straw can make the sample deviate from the vertical axis 

of the cryostat and result in a larger near-field approximation error [97], The straw is made of 

transparent plastic which can degrade with time. If the straw breaks, the sample might fall into 

the sample chamber and result in permanent damage of the magnetometer. The best sample 

holder material for a magnetometer is known to be high-purity quartz [101]. The temperature 

dependent magnetic susceptibility of quartz is mostly flat from 2 K to room temperature with a 

magnitude of the order of 10"7 EMU/(g-Oe). Other materials, such as silicon, also possess the 

desired magnetic properties, while other characteristics (price and machineability) might not 

make them the best candidates. The recommended sample container from QD is a medical 

capsule. It is low cost and easy to obtain in different sizes. However, when the set temperature is 

lower than 4.2 K, the vacuum pump is used to reduce the pressure in the sample chamber. The 

pressure difference between the sample chamber and the space inside the medical capsule can 

cause sample loss and pollution in the sample space. To solve the above problems, a customized 

sample holder and container set is proposed in this study, as shown in Figure 62. 
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Figure 62. The pictures of the sample holder and container set. 

As can be seen in Figure 62, the sample mount system consists of three pieces of high-purity 

NMR quartz tubes, two pieces of teflon attachments, one sample container, and a Cu-Be spring. 

The sample container is clamped by two small NMR quartz tubes inside the bigger one. The end 

of the bigger quartz tube shrinks inward to prevent the inner pieces from sliding out. The teflon 

pieces are used to make the joint between the quartz tubes and the metal rod. The Cu-Be spring 

can compensate for possible thermal expansion from different parts of the sample holder in the 

entire temperature range and holds the sample container in a specific position. The ends of the 

quartz tubes are open to the sample chamber which allows the helium vapor to hit the sample 

container directly to reduce the temperature gradient along the vertical direction in the sample 

holder position. 
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Figure 63. The pictures o f the sample containers. The container on the left hand side is made o f high-purity quartz, 
and the one on the right hand side is made o f cast acrylic. 

The ideal sample container material should be the same as that of the sample holder. The sample 

container on the left hand side in Figure 63 is made of quartz. The background signal of this kind 

of sample container is negligibly small and beyond the measurable range of the magnetometer. It 

is ideal for small signal samples that are in chunk or block forms. The container shown on the 

right hand side in Figure 63 is made of cast acrylic. It can be precisely machined to give an air-

tight fitting between the cup and the lid. No sample leak occurs with this sample container even 

at temperatures below 2 K. The wall thickness of such a container is as small as 0.2 mm. 

Although cast acrylic is a poor heat conductor, it keeps the sample temperature the same as that 

of the helium vapor. The background signal from this sample container can be easily removed by 

the QD Multivu software. 
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Figure 64. The temperature dependent magnetic susceptibilities of a transparent straw and a cast acrylic cylinder. 

Figure 64 The magnetic susceptibility of a transparent straw and cast acrylic 

Figure 64 presents the measured magnetic susceptibility curves of the transparent plastic straw 

and the cast acrylic as sample container materials in the temperature range of 2-300 K. It is clear 
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that the transparent plastic straw is weak paramagnetic and the cast acrylic is weak diamagnetic 

in the temperature range of above. However, the absolute susceptibility value of a cast acrylic is 

three times smaller than that of the transparent straw. It makes the cast acrylic a better sample 

container material than the transparent plastic straw. 

2.3.5 Electrical resistivity measiuremeimt 

The samples to be measured range from insulators to superconductors and their physical 

dimensions are normally small, typically 5-10 mm in length, 2-5 mm in width, and 1-2 mm in 

thickness. To measure the electric resistivity, the four-wire method is used to provide high 

accuracy results. The four-wire method is shown schematically in Figure 65. 

Figure 65. The four-wire method for measuring the electric resistivity o f a sample. 

The blue bar in Figure 65 indicates the sample to be measured. The current source is attached to 

the two ends of the sample. A high input impedance voltmeter is connected to the points inside 

the current source connections, as shown above. The resistance to be measured is typically 106 

times smaller than the input impedance of a voltmeter. A seven and half digit precision scientific 

multimeter with input impedance above 10M Q is used. The sample is pushed against an 

electrically insulated surface which possesses a larger thermal mass (the capacity of a body to 

store heat) by the spring-load electric probes. The temperature of the surface is well controlled. 

121 



With this structure, one can ensure that the temperature acquired from the sensor is the same as 

the real temperature of the sample. The EMF effect in low-level measurements can be further 

reduced by reversing the current direction and calculating the mathematical average of the two 

absolute voltage readings [102]. The electrical resistivity can be calculated with the measured 

resistance value and the geometric dimension of the sample. 

Traditionally, silver paste or silver epoxy is used to attach the electrical terminals to the 

sample. The major drawback of this method is that the connections can break due to thermal 

expansion in the temperature range of 2-300 K. The mechanical spring-loaded electrical contact 

method is proven to be a more reliable solution. As can be seen in Figure 66, two types of 

mechanical sample holders were used to measure the electrical resistance in the temperature 

range of 2-300 K. The springs are made of Be-Cu, whose elastic coefficient is more or less 

constant in the temperature range of 2-300 K. This unique property makes this material the best 

for providing a constant pressure on the sample surface for the contacts for cryogenic 

applications. 

Figure 66. The sample holders for electric resistivity measurements. 
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The sample holder is attached to the end of an insert rod which is placed in the cryostat. The 

temperature of the sample is controlled by the combination of the heater installed on the sample 

holder and the cryostat. 
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Abstract 
The results of x-ray diffraction, magnetic susceptibility, and l55Gd Mossbauer 
spectroscopy studies of the rare-earth Heusler compound Cu2GdIn are reported. 
The studied compound has the L2\ crystal structure with the lattice constant of 
0.66643(3) nm. Cu2GdIn is an antiferromagnet with the N6el temperature TN = 
9.6(1) K. The temperature dependence of the magnetic susceptibility above 7"N 

follows the Curie-Weiss law with the effective magnetic moment of 7.98(4) f i n 

per Gd atom and the paramagnetic Curie temperature of —41.2(9) K. The 
Debye temperature of Cu2GdIn is 229(5) K. The temperature dependence of 
the hyperfine magnetic field follows a J — 7 / 2 Brillouin function. It is 
shown that the total contribution to the hyperfine magnetic field at 155Gd nuclei 
in Gd-containing Heusler compounds resulting from the conduction electron 
polarization is +9.8(2.5) T. 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

Heusler compounds are ternary intermetallic compounds having the general composition 
X2 YZ. In the traditional Heusler compounds, X and Y stand for d-electron transition metals and 
Z denotes an sp-electron element [1]. These compounds possess the characteristic L2\ crystal 
structure (space group Fm3m, No 225) with the unit cell consisting of four interpenetrating 
face-centred cubic sub-lattices. They have been extensively investigated for their magnetic 
properties [1]. The majority of these traditional Heusler compounds are ferromagnets and some 
of them order antiferromagnetically [1], 
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There is a small number of Heusler compounds in which Y is a rare earth element, 
R. These include the most intensively studied system Pd2RSn (R = Tb-Lu) [2-18], Pd2RIn 
(R = La, Gd, Ho, Yb, Lu) [ 19-23], Pd2RPb (R = Gd-Lu) [24], Pd2RSb (R = Gd-Er) [25,26], 
Pd2RBi (R = Dy-Er) [25, 26], Au2RIn (R = La-Nd, Er-Yb) [27, 28], Ag2RIn (R = La-Nd, 
Sm, Gd-Yb) [29-33], and Cu2RIn (R = La-Nd, Sm, Gd-Er, Lu) [34-41], In contrast 
to the traditional Heusler compounds, the majority of rare-earth Heusler compounds are 
antiferromagnets [3, 5, 7-9, 13, 15, 24, 25, 30-33, 35, 36, 38-41], 

In this paper we report on an investigation of magnetism of the Heusler compound 
Cu2GdIn through measurements of magnetic susceptibility and l 55Gd Mossbauer spectroscopy. 

2. Experimental procedure 

An ingot of nominal composition Cu2GdIn was prepared by melting constituent elements in an 
induction furnace on a water-cooled Cu boat under an Ar atmosphere. Purities of the starting 
elements were 99.999%, 99.999%, and 99.998% for Cu, In, and Gd, respectively. The melting 
was repeated four times, in each case after turning the ingot over. The total weight loss after 
the melting was 1.1%, 

X-ray diffraction measurement was performed at 298 K in Bragg-Brentano geometry on 
the PANanalytical X'Pert scanning diffractometer using Cu Ka radiation. The K/S line was 
eliminated by using a Kevex PSi2 Peltier-cooled solid-state Si detector. In order to avoid the 
deviation from intensity linearity of the solid-state Si detector, its parameters and the parameters 
of the diffractometer were chosen in such a way as to limit the count rate from the most intense 
Bragg peaks to less than 9000 counts s _ l [42], 

The magnetic susceptibility was measured with a Quantum Design superconducting 
quantum interference device magnetometer at various fields in the temperature range 4 .5-
295 K. 

The 155Gd MS measurements in the temperature range 1.5-20.0 K were conducted using 
a standard Mossbauer spectrometer operating in a sine mode and a source of ls5Eu(SmPd3). 
The source was kept at the same temperature as that of the absorber. The spectrometer was 
calibrated with a Michelson interferometer [43], and the spectra were folded. The Mossbauer 
absorber was made of pulverized material pressed into a pellet which was then put into an Al 
disk container of thickness 0.008 mm to ensure a uniform temperature over the whole sample. 
The surface density of the Mossbauer absorber of the studied compound was 352 mg c m - 2 . 
The 86.5 keV y-rays were detected with a 2.5 cm Nal(TI) scintillation detector covered with a 
0.6 mm Pb plate to cut off the 105.3 keV y-rays emitted from the source. 

The Mossbauer spectra were analyzed by means of a least-squares fitting procedure 
which entailed calculations of the positions and relative intensities of the absorption lines by 
numerical diagonalization of the full hyperfine interaction Hamiltonian. The interference £ 
factor for the El transition of 86.5 keV in l55Gd was fixed to the value of 0.0520, which was 
derived from the fit of the l55Gd Mossbauer spectrum of GdFe2 at 4.2 K (data not shown 
here). The resonance line shape of the Mossbauer spectra was described by a transmission 
integral formula [44, 45]. In addition to the hyperfine parameters, only the absorber Debye-
Waller factor f.d and the absorber linewidth r a were fitted as independent parameters. The 
source linewidth Ts = 0.334 mm s _ 1 and the background-corrected Debye-Waller factor of 
the source f* [44, 45], which were derived from the fit of the 15'Gd Mossbauer spectrum 
of GdFe2 at 4.2 K, were used. The l55Eu(SmPd3) source at 1.5 K emits a broadened 
emission line; from the fit of the 151 Gd Mossbauer spectrum of GdFe2 at 1.5 K we found that 
Ts = 0.708 mms" 1 . 
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Figure 1. Heusler L2\ crystal structure of Cu2GdIn. 

Table 1. Crystallographic data for Cu2GdIn. 

Atom Site Point symmetry X y Z Occupancy 

Gd 4a m3m 0 0 0 1.0 
In 4b m3m 1 2 t 2 1 2 1.0 
Cu 8c 43m 1 4 1 4 1 4 1.0 

3. Results and discussion 

3.1. Structural characterization 

The compound Cu2GdIn forms in the L2\ crystal structure with the space group Fm3m 
(No 225). Figure 1 shows the crystal structure of Cu2GdIn, and the crystallographic data for 
the Gd, In, and Cu sites are given in table 1. 

The x-ray powder diffraction pattern of Cu2GdIn is shown in figure 2. A Rietveld 
refinement of the x-ray powder diffraction data was performed, yielding the lattice constant 
a = 0.66643(3) nm. The studied sample contains a trace of Cu4GdIn second phase in 
the amount of 3.7(5) wt% as determined from the Rietveld refinement of the x-ray powder 
diffraction pattern (figure 2). The studied Heusler compound Cu2GdIn could be thus slightly 
off stoichiometry. 

3.2. Magnetic susceptibility 

The temperature dependence of the magnetic susceptibility x of Cu2GdIn measured in an 
applied magnetic field of 0.5 T between 4.5 and 295 K is shown in figure 3(a). The x(T) 
curve exhibits a sharp peak at 9.6(1) K (inset in figure 3(a)). This indicates that Cu2GdIn is an 
antiferromagnet with the Neel temperature 7n = 9.6(1) K. 

The x (T) data above 100 K could be fitted to a modified Curie-Weiss law 
C X = Xo + ——2P (1 ) 

1 — Op 
where xo is the temperature independent magnetic susceptibility, C is the Curie constant, and 

Nix2 

0P is the paramagnetic Curie temperature. The Curie constant can be expressed as C = - j p , 
where N is the concentration of magnetic atoms per unit mass and /xeff is the effective magnetic 
moment. Figure 3(b) shows the inverse magnetic susceptibility corrected for the contribution 

2 
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Figure 2. The x-ray powder diffraction spectrum of CujGdln at 298 K. The experimental data 
are denoted by open circles, while the line through the data represents the results of the Rietveld 
refinement. The upper set of vertical bars represents the Bragg peak positions corresponding to the 
principal Cu2GdIn phase, while the lower set refers to the positions of the minor impurity Cu4GdIn 
phase. The lower curve is the difference curve between the experimental data and the calculated 
curve. 

Xo, (x — Xo) 1 versus temperature; the validity of the Curie-Weiss law is evident. The 
values of Xo, C, and 0p obtained from the fit are, respectively, 5.50(17) x 10~6 e m u g ~ \ 
19.94(20) x 10"3 emu K g " 1 , and - 4 1 . 2 ( 9 ) K. This value of C corresponds to Heft of 
7.98(4) n B per Gd atom. 

For a free Gd3 + ion (electronic ground state 8S7/2), the theoretical value of /u,^ = 
gfJ-sVJ(J + 1) is 7.94 f iB [46], The fact that the experimental value //cff = 7.98(4) /xa is very 
close to the theoretical value of 7.94 /xb confirms that the magnetic moment is localized on the 
Gd3 + ions and that, as expected, Cu and In atoms carry no magnetic moment. The negative 
value of 0p indicates the predominantly antiferromagnetic interaction between the Gd3 + spins. 

3.3. Mossbauer spectroscopy 

Figure 4 displays 151Gd Mossbauer spectra of Cu2GdIn measured at temperatures above the 
Neel temperature. The Gd3 + ions are located in the Heusler structure at the site with the point 
symmetry m3m (table 1). This ensures a zero electric field gradient at the Gd3 + site and hence 
zero electric quadrupole splitting. The spectra in figure 4 exhibit thus no electric quadrupole 
interaction and are fitted with a single line. The parameters derived from the fits are given in 
table 2. 

The values of the isomer shift (relative to the 155Eu(SmPd3) source) 5 of ~ 0 . 4 2 mm s - 1 are 
characteristic for Gd atoms being in a bivalent state [47]. In terms of the Debye approximation 
of the lattice vibrations, the absorber Debye-Waller factor / a is expressed [48, 49] by the Debye 
temperature, ©D, as 

!-®D/T 

/ a ( r ) = e x p { - T „ 1 + 
4 Mc2k®D ( 0 1 

x dx 
1 (2) 

137 



J. Phys.: Condens. Matter 19 (2007) 346235 Pu Wang and Z M Stadnik 

T(K) 

Figure 3. (a) The temperature dependence of the magnetic susceptibility of Cu2GdIn, measured in 
an external magnetic field of 0.5 T. The solid line is the fit to equation (1) in the temperature range 
100-295 K. The temperature dependence of the magnetic susceptibility in the low-temperature 
range is presented in the inset, (b) The inverse magnetic susceptibility corrected for the contribution 
Xo. (x — Xo) - 1 versus temperature T of Cu2GdIn. The solid line is the fit to equation (1) in the 
temperature range 100-295 K. 

Table 2. Hyperfine interaction parameters derived from the fits to the 1 5 'Gd Mossbauer spectra of 
Cu2GdIn at various temperatures. 

T(K) <5 (mm s 1) Ta (mm s" 1 ) tfhf(T) / a ( % ) x2 

2 0 . 0 0 . 4 0 5 ( 3 ) 0 . 4 0 8 ( 1 0 ) 1 2 . 6 ( 3 ) 1 . 0 0 

1 2 . 6 0 . 4 1 5 ( 4 ) 0 . 4 2 5 ( 1 2 ) 1 3 . 3 ( 3 ) 1 .01 

1 0 . 2 0 . 4 2 2 ( 4 ) 0 . 4 6 0 ( 1 3 ) 1 3 . 7 ( 4 ) 1 . 1 3 

9 . 1 0 . 4 0 6 ( 3 ) 0 . 4 6 0 ( 1 2 ) 6 . 6 2 ( 3 2 ) 1 3 . 7 ( 3 ) 0 . 9 1 

8 . 1 0 . 4 2 1 ( 4 ) 0 . 4 6 1 ( 1 1 ) 1 2 . 5 1 ( 2 2 ) 1 3 . 8 ( 3 ) 1 . 0 1 

7 . 0 0 . 4 0 5 ( 4 ) 0 . 4 6 1 ( 1 0 ) 1 6 . 3 7 ( 2 0 ) 1 2 . 8 ( 4 ) 1 . 0 3 

5 . 9 0 . 4 1 4 ( 3 ) 0 . 4 6 1 ( 1 2 ) 1 8 . 5 1 ( 1 5 ) 1 3 . 8 ( 3 ) 1 .15 

4 . 9 0 . 4 0 7 ( 4 ) 0 . 4 6 0 ( 1 3 ) 2 0 . 5 6 ( 1 6 ) 1 3 . 8 ( 4 ) 1 . 2 0 

1.5 0 . 4 1 4 ( 5 ) 0 . 4 6 2 ( 1 4 ) 2 2 . 7 2 ( 2 7 ) 1 3 . 9 ( 4 ) 1 . 1 7 

2 
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VELOCITY (mm/s) 

Figure 4. ! 5 5Gd Mossbauer spectra of Cu2GdIn at various temperatures above the Neel temperature. 
Solid lines are fits, as described in the text. The zero-velocity scale is relative to the source. 

where Ey is the energy of the Mossbauer transition, M is the mass of the Mossbauer nucleus, 
c is the speed of light, and k is the Boltzmann constant. The analysis of the values of / a given 
in table 2 via equation (2) yields 0 d = 229(5) K. This value compares well with 0 D = 183 K 
for an isostructural Heusler compound Cu2LaIn [50]. 

151Gd Mossbauer spectra of Cu2GdIn measured at temperatures below the Neel 
temperature are shown in figure 5. They exhibit the presence of a magnetic dipole hyperfine 
interaction. It is not visually obvious that the 151Gd Mossbauer spectrum at 9.1 K results from 
a non-zero magnetic dipole hyperfine interaction, i.e., that the non-zero hyperfine magnetic 
field, //hf, sets in. The 9.1 K spectrum looks like a single-line spectrum, similar to those 
shown in figure 4. The fit of this spectrum with a single line yields Ta = 0.539(9) mm s - 1 

and x 2 = 0.99. A substantial increase of Ta from 0.460(13) mm s _ 1 for the 8.0 K spectrum 
(table 2) to 0.539(9) mm s _ 1 for the 9.1 K spectrum proves that indeed the observed broadening 
results from the non-zero HM being established in the 9.1 K spectrum. In addition, the value of 
X2 = 0.91 obtained for the fit of the 9.1 K spectrum with a Zeeman pattern (table 2) is smaller 
than the value of 0.99 obtained for a single-line fit. The parameters derived from the fits of the 
spectra in figure 5 with a non-zero magnetic dipole hyperfine interaction are given in table 2. 

Figure 6 shows the temperature dependence of the hyperfine magnetic field determined 
from the fits of the spectra in figure 5. The hyperfine magnetic field is generally proportional 
to the magnetic moment of Gd atoms. Its temperature dependence will reflect the latter 
and follows a Brillouin function [46]. The temperature dependence of HM{T) can thus be 

2 
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Figure 5. 155Gd Mossbauer spectra of Cu2GdIn at various temperatures below the Neel 
temperature. Solid lines are fits, as described in the text. The zero-velocity scale is relative to 
the source. 

expressed as 

Hht(T) = Hm(0)BJ(X), (3) 

where //hf(0) is the saturation hyperfine magnetic field, Bj (x) is the Brillouin function defined 

27 + 1 / 2 7 + 1 \ 1 / x \ 
BAx) = — coth x j - - coth ( _ ) 

and 
3 J Hhf(T) Tn 

(4) 

(5) 
J + 1 ffM(0) T 

A least-squares fit of the HM(T) data to equation (3) with J = 7 / 2 yields HM(Q) = 23.68(25) T 
and Tfi = 9.5(1) K. The value of 7n determined from the fit is in excellent agreement with the 
value determined from the susceptibility measurement. 

The hyperfine magnetic field at the 155Gd nuclei in Cu2GdIn can be expressed as the sum 
of three terms 

Hhf = Hcp + HS + Ha. (6) 

The core polarization field, Hcp, is due to the exchange interaction between the local Gd 4f 
electrons and the core electrons. Its value, —34.0(2.0) T [51-53], is assumed to be independent 
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T(K) 

Figure 6. The temperature dependence of the hyperfine magnetic field of Cu2GdIn. The solid line 
is the fit to a J = 7 / 2 Brillouin function (equation (3)), as explained in the text. 

of the Gd environment in solids. The negative sign arises from the fact that Hcp is antiparallel to 
the parent Gd 4f magnetic moment. The self-polarization term, Hs, results from the conduction 
electron polarization by the spin of the parent Gd atom and is usually parallel to the Gd 
magnetic moment. The transferred field, H„, is due to the conduction electron polarization 
by the surrounding Gd spins. For collinear magnetic structure, it is parallel to the Gd magnetic 
moment. In the absence of an externally applied magnetic field, one cannot determine the sign 
of the measured HM- However, in many Gd compounds the sign of //hf was demonstrated to be 
negative [54-57]. Assuming thus that HM(0) = —23.68(25) T allows one by using equation (6) 
to determine the total contribution from the conduction electron polarization Hs + Ha to be 
+ 10.32(2.25) T. 

The magnitude of the hyperfine magnetic field at the 155Gd nuclei in an isostructural 
Heusler compound Ag2GdIn at 4.2 K is 24.8(8) T [58], By using the same analysis as above, 
one finds that in Ag2GdIn the total contribution from the conduction electron polarization is 
+9.2(2.8) T. One can thus conclude that the total contribution to the hyperfine magnetic 
field at the 155Gd nuclei from the conduction electron polarization in Gd-containing Heusler 
compounds is +9.8(2.5) T. 

4. Conclusions 

A rare-earth Heusler compound Cu2GdIn has been studied with x-ray diffraction, magnetic 
susceptibility, and 155Gd Mossbauer spectroscopy. This compound has the L2\ crystal structure 
with the lattice constant of 6.6643(3) A. Gd magnetic moments order antiferromagnetically 
with the Neel temperature 7n = 9.6(1) K. The temperature dependence of the magnetic 
susceptibility above TN follows the Curie-Weiss law with the effective magnetic moment of 
7.98(4) / is per Gd atom and the paramagnetic Curie temperature of —41.2(9) K. The Debye 
temperature of Cu2GdIn is 229(5) K. The temperature dependence of the hyperfine magnetic 
field at the l55Gd nuclei follows a J = 7 /2 Brillouin function and the saturation hyperfine 
magnetic field is —23.68(25) T. It is shown that total contribution to the hyperfine magnetic 
field at 155Gd nuclei in Gd-containing Heusler compounds resulting from the conduction 
electron polarization is +9.8(2.5) T. 
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Abstract 
The results of x-ray diffraction, dc magnetization, and 61 Ni Mossbauer spectroscopy studies of 
the ternary phosphide CrNiP are reported. This compound crystallizes in the orthorhombic 
Co2P-type structure (space group Prima) with the lattice parameters a = 5.7965(1) A , 
b = 3.5337(1) A , and c = 6.8123(2) A . NiCrP is a ferromagnet with Curie temperature 
7c = 135.1(1) K. The ferromagnetic-to-paramagnetic transition is characterized by the critical 
exponents p = 0.355(22), y = 1.241(18), and S - 4.585(20). Their values are close to those 
of a 3D Heisenberg ferromagnet. The temperature dependence of the magnetic susceptibility 
above 7c follows the modified Curie-Weiss law with a paramagnetic Curie temperature of 
142.9(6) K and effective magnetic moment per transition-metal atom of 1.70(2) /nn. The 
magnetic moment per formula unit at 4.2 K is found to be 0.816(13) /xu. The hyperfine 
magnetic field at61 Ni nuclei at 4.2 K of 32.3( 1.3) kOe implies that the Ni atoms carry a 
magnetic moment of 0.14(8) /in, and that the moment carried by the Cr atoms is 0.68(9) fin-
The Debye temperature of NiCrP is 261(3) K. 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

The crystallographic and magnetic properties of the ternary 
transition-metal phosphides ( T i - j T j ^ P (T, T ' = transition 
metal) have been the subject of numerous investigations [1], 
These ternary compounds crystallize in two different crystal 
structure types: the orthorhombic Co2P-type structure and 
the hexagonal Fe2P-type structure. These two structure 
types have a common sub-cell where there are two kinds of 
transition-metal sites: the tetrahedral site surrounded by four 
P atoms and the pyramidal site surrounded.by five P atoms. 
The phosphides (T|_^T't)jP show almost all possible types 
of magnetic ordering: ferromagnetism, antiferromagnetism, 
canted antiferromagnetism, and paramagnetism. The 

4 Author to whom any correspondence should be addressed. 

0953-8984/08/285227+07530.00 

ternary phosphides containing Ni, (Fei_vNiv)2P [2-9] and 
(Cri_,Niv)2P [10, 11], are ferromagnets. It has been argued 
both qualitatively [3] and theoretically [4, 7, 12, 13] that Ni 
atoms in these phosphides carry a negligible magnetic moment, 
i.e., that the magnetic moment is carried solely by Fe or Cr 
atoms. 

The ternary phosphide CrNiP is an itinerant ferromagnet 
with the Curie temperature, 7c, of 140-146 K and the magnetic 
moment per formula unit, /xpu, of 0.83-0.85 f i B [10, 11, 14]. It 
has been argued theoretically on the basis of a narrow d-band 
model [12] that Ni atoms in CrNiP carry no magnetic moment 
and that all the moment is carried by Cr atoms. On the other 
hand, electronic band structure calculations predict [13] that 
in the phosphide CrNiP, Ni atoms carry a non-zero magnetic 
moment of 0.06 fin and Cr atoms carry a magnetic moment 
of 0.97 /XIJ. 

1 © 2008 IOP Publishing Ltd Printed in the UK 
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The above controversy concerning the Ni magnetic 
moment in CrNiP can be resolved by using experimental 
techniques which probe this moment directly, such as the 
rarely used 61 Ni nuclear magnetic resonance (NMR) or 61 Ni 
Mossbauer effect (ME). If there exists a magnetic moment on 
the Ni atoms in CrNiP, the hyperfine magnetic field at 61 Ni 
nuclei determined from 61 Ni NMR or 61 Ni ME spectra must 
have a non-zero value. In this paper, we report on structural, 
magnetic, and 61Ni ME studies of the ternary phosphide CrNiP. 

2. Experimental procedure 

A polycrystalline sample of CrNiP was prepared from powders 
of Cr, Ni, and P with purities of 99.99%, 99.99%, and 
99.999%, respectively. The powders were mixed in the desired 
proportion, sealed in an evacuated silica tube and annealed at 
873 K for 2 days and then quenched. The reaction product was 
next subjected to a vacuum heat treatment at 1073 K for 2 days 
and then quenched. Finally, the ingot was pulverized, mixed 
well and heated again in vacuum at 1173 K for 7 days and then 
quenched. 

X-ray diffraction measurements were performed at 298 K 
in the Bragg-Brentano geometry on the PANanalytical X'Pert 
scanning diffractometer using Cu Ka radiation. The Kfi line 
was eliminated by using a Kevex PSi2 Peltier-cooled solid-
state Si detector. In order to avoid the deviation from intensity 
linearity of the solid-state Si detector, its parameters and the 
parameters of the diffractometer were chosen in such a way as 
to limit the count rate from the most intense Bragg peaks to 
less than 9000 counts s"1 [15], 

The magnetic measurements were carried out with 
a Quantum Design superconducting quantum interference 
device magnetometer at various fields in the temperature range 
5.0-300 K. 

The 6 lNi ME measurements were conducted using a 
standard Mossbauer spectrometer operating in sine mode, 
using the 67.4 keV transition in 61Ni [16, 17]. Both the source 
and the absorber were in direct contact with liquid helium in 
a cryostat. The spectrometer was calibrated with a 6.35 /xm-
thick a-Fe foil [18], and the spectra were folded. The single 
line sources o f 6 i Co (half life = 99 min) in 62Ni0.85Cr0.i5 (fl2Ni 
enriched to 97.7%) were activated in the MAinz MIcrotron 
(MAMI) using the nuclear reaction 62Ni(y, p)6lCo, with 
bremsstrahlung including the giant resonance region of 20-
25 MeV necessary for this nuclear reaction to occur. A 
pneumatic tube approximately 50 m long was used to transport 
small platelets ( 4 x 4 mm2) of 62Nio.85Cro.i5 to the activation 
position. Immediately after an activation of about 2 h, the 
radioactive source material was pneumatically ejected and 
transported into a cryostat in which the Mossbauer absorber 
was already cooled to 4.2 K. Three sources had to be used to 
obtain a Mossbauer spectrum of sufficient signal-to-noise ratio. 
The Mossbauer absorber was made of pulverized material 
pressed into a Teflon sample holder. The surface density of 
the Mossbauer absorber of the CrNiP alloy was 719 mg cm - 2 . 
The 67.4 keV /-rays were detected with a 2.0 mm Nal(TI) 
scintillation detector. 

The measured 61Ni Mossbauer spectrum was analyzed 
by means of a least-squares fitting procedure which entailed 
calculations of the positions and relative intensities of the 
absorption lines by numerical diagonalization of the full 
hyperfine interaction Hamiltonian. In the principal axis system 
of the electric field gradient (EFG) tensor, the Hamiltonian can 
be written as [16, 17] 

H = gnNHh 

eQV, 

i, cos e + 

+ M 3/, / ( / + !) + (1) 4 / ( 2 / - 1) L z 2 

where g is a nuclear G-factor of a nuclear state, /XN is the 
nuclear Bohr magneton, HM is the hyperfine magnetic field 
at a nuclear site, e is the proton charge, Q is the quadrupole 
moment of a nuclear state, / is the nuclear spin, Vu is the z 
component of the EFG tensor, r/ is the asymmetry parameter 
defined as fj = \(VXX — Vyv)/V,,| (if the principal axes are 
chosen such that < | Vyv | < | Vzz |, then 0 ^ rj ^ 1), 
0 is the angle between the direction of //hi' and the V„-axis, 
<p is the angle between the V, t-axis and the projection of HM 

onto the xy plane, and the /,, /+, and /_ operators have their 
usual meaning. During the fitting procedure, the g factors and 
the quadrupole moments for 61 Ni (/g = 3/2, /cx = 5/2) 
were constrained to gcx = 0.1905 and gg = —0.499 87, and 
Gcx = -0.196b and g g = 0.1626, respectively [19], 

The resonance line shape of the Mossbauer spectra was 
described by a transmission integral formula [20, 21]. In 
addition to the hyperfine parameters, only the absorber Debye-
Waller factor / a and the absorber linewidth Ta were fitted 
as independent parameters. The source linewidth Ps = 
0.440 mm s_ 1 and the background-corrected Debye-Waller 
factor of the source f* = 0.11 [22], were used in the fit. 

3. Results and discussion 

3.1. Structural characterization 

The ternary phosphide CrNiP forms in the Co2P-type crystal 
structure with the space group Prima (No. 62). Three 
different 4c positions (x, z) are occupied by Cr, Ni, and P, 
respectively, which correspond to four formula units of CrNiP 
per unit cell. The crystal structure of CrNiP is shown in 
figure 1. The Cr atoms are pyramidally coordinated by five 
P atoms and the Ni atoms are tetrahedrally coordinated by four 
P atoms. 

The x-ray powder diffraction pattern of the sample studied 
is shown in figure 2. A Rietveld refinement of the x-ray powder 
diffraction data was performed yielding the lattice parameters 
a = 5.7965(1) A , b = 3.5337(1) A , and c = 6.8123(2) A . 
The obtained atomic positions for the Cr, Ni, and P sites are 
listed in table 1 and the interatomic distances are listed in 
table 2. The sample studied contains traces of second phases of 
CrNiP (space group P62m [23]) in the amount of 9.7(3) wt% 
and of Cr203 (space group R3c) in the amount of 1.8(2) 
wt%, as determined from the Rietveld refinement of the x-ray 
powder diffraction pattern (figure 2). 
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Figure 1. Crystal structure of CrNiP. The pyramidal and tetrahedral 
coordinations of the Cr and Ni atoms are indicated. 

10 20 40 50 60 70 
26 (deg) 

90 100 

Figure 2. The x-ray powder diffraction spectrum of CrNiP at 298 K. 
The experimental data are denoted by open circles, while the line 
through the circles represents the results of the Rietveld refinement. 
The upper set of vertical bars represents the Bragg peak positions 
corresponding to the principal CrNiP phase, while the lower two sets 
refer to the positions of the minor impurity phases of CrNiP (space 
group P62m [23]) and Cr203 (space group R3c). The lower curve 
shows the difference between the experimental data and the 
calculated curve. 

Table 1. Atomic positions for the orthorhombic phosphate CrNiP 
obtained through Rietveld analysis. 

Atom Site 
Point 
symmetry X y z Occupancy 

Cr 4c m 0.0271(3) i 0.1673(2) 1.0 
Ni 4c m 0.1423(2) i 0.5642(2) 1.0 
P 4c m 0.7608(5) \ 0.6274(3) 1.0 

50 100 150 200 250 300 
T(K) 

Figure 3. The temperature dependence of the magnetization of 
CrNiP, measured in an external magnetic field of 15 kOe. The solid 
line is a guide for the eye. The inset shows the temperature 
dependence of the square of the magnetization and the solid line is a 
linear fit of the data around Tc. 

100 150 200 
T(K) 

250 300 

Figure 4. The temperature dependence of the inverse magnetic 
susceptibility of CrNiP, measured in an external magnetic field of 
15 kOe. The solid line is the fit to equation (2) in the temperature 
range 150-300 K. 

Table 2. Interatomic distances (in A) for the orthorhombic 
phosphate CrNiP. 

3.2. Magnetic properties 

The temperature dependence of the magnetization M of CrNiP 
measured in an applied magnetic field of 15 kOe between 5.0 
and 300 K is shown in figure 3. This phosphide is obviously a 
ferromagnet. For a mean-field ferromagnet, M2 « TQ — T near 
TC [24]. From a linear fit of M2 versus T (inset in figure 3), TC 

was estimated to be 152.7(1.2) K. 
The temperature dependence of the inverse magnetic 

susceptibility x ° f CrNiP is shown in figure 4. In the 

Cr Ni P 

IP 2.424(3) IP 2.210(3) INi 2.210(3) 
2P 2.446(2) IP 2.253(3) INi 2.253(3) 
2P 2.566(2) 2P 2.267(2) 2Ni 2.267(2) 
2Ni 2.700(2) 2Ni 2.571(1) lCr 2.424(3) 
2Ni 2.726(1) 2Cr 2.700(2) 2Cr 2.446(2) 
INi 2.730(2) 2Cr 2.726(1) 2Cr 2.566(2) 
INi 2.785(2) lCr 2.730(2) 2P 3.344(4) 
2Cr 2.901(1) lCr 2.785(2) lCr 3.493(3) 
2Cr 3.109(2) 
IP 3.493(3) 

paramagnetic region the x (T) data could be fitted to a modified 
Curie-Weiss law 

X = Xo + T-9„ (2) 

where Xo is the temperature independent magnetic suscepti-
bility, C is the Curie constant, and 0P is the paramagnetic 
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2 0 3 0 

H (kOe) 

Figure 5. The magnetization isotherms versus the magnetic field at 
temperatures between 129 and 150 K. The solid lines are guides for 
the eye. 

T 1 1 1 1— 

2 3 4 

H/M (g kOe/emu) 

Figure 6. The Arrott plot for CrNiP. The solid lines are guides for 
the eye. 

3000 r 

5> 2000 r 
E 
03 

t 1000r 

100 200 300 400 

(H/M)1'1, (g Oe/emu)1'Y 

Figure 7. The modified Arrott plot for CrNiP with P = 0.365 and 
Y = 1.336. The solid lines are guides for the eye. 

1 3 0 1 3 2 1 3 4 1 3 6 138 140 
T(K) 

Figure 8. The temperature dependence of the spontaneous 
magnetization and the inverse initial susceptibility. The solid lines 
are fits of the experimental data to equations (3) and (4). 

Curie temperature. The Curie constant can be expressed as 
C = t-jjf-, where N is the concentration of magnetic atoms 
per unit mass, k is the Boltzmann constant, and /xeff is the 
effective magnetic moment. The values of xo> C, and 9„ 
obtained from the fit are 7.67(97) x 10~5 e m u O e - 1 mol , 
0.723(13) emu O e _ l K m o l - 1 , and 142.9(6) K, respectively. 
This value of C corresponds to of 1.70(2) /.IB per 
transition-metal atom. The positive paramagnetic Curie tem-
perature is consistent with the ferromagnetic ordering, and the 
value of 9P is close to TQ. 

Figure 5 shows a series of magnetization isotherms 
measured in the vicinity of 7c, estimated above. The 
usual procedure for extracting the spontaneous magnetization 
M$(T) = , the inverse initial susceptibility x ^ ' = 

and 7c from the M(H) isotherms is to make 
use of the Arrott plot [25], M2 versus H/M. According 
to mean-field theory, near 7c this plot should consist of a 
series of parallel lines for different temperatures, with the 
line at T = 7c passing through the origin, and the MS(T) 
and XcT1^) a r e determined from the intercept values on the 
ordinate (T ^ 7c) and abscissa (T > 7c), respectively. 
However, in the present case the curves in the Arrott plot 
(figure 6) are nonlinear and concave. This shows that CrNiP 
is not a mean-field ferromagnet. Therefore, we analyzed the 
M(H) data using a modified Arrott plot [26], in which ML/FL is 

plotted versus (M/H)l/r, where and y are critical exponents 
defined through the relations [27] 

M s ( T ) = M 0 ( - s f , s < 0 (3) 

X o \ T ) = ( h 0 / M 0 ) s \ £ > 0 , (4) 

where e = (T — 7 c ) / 7 c , and M0 and ho/Mo are the critical 
amplitudes. At Tc, a critical exponent S relates M and H 
by [27] 

M = DHl/s, s = 0, (5) 

where D is a critical amplitude. Different values of ft and 
y were taken as trial values and it was found that the values 
of f ) = 0.365 and y = 1.336, which are similar to those 
of the three-dimensional (3D) magnet [28], resulted in nearly 
straight lines for sufficiently high fields (figure 7). Using the 
modified Arrott plot (figure 7), a linear extrapolation of the 
straight lines of the isotherms from fields above 2.0 kOe to 
c M / H ) l ' y = 0 and Ml/t> = 0 yields intercepts on the M w 

and (M/H)l/y axes, respectively, from which the values of 
MS(T) and Xo are computed. These values as a function 
of temperature are plotted in figure 8. The fits of the M$(T) 
and Xo"' (T) data (figure 8) to equations (3) and (4) respectively 
give P = 0.355(22), Tc = 134.91(3) K and y = 1.241(18), 
Tc = 135.24(3) K. The value of Tc for CrNiP is then taken 
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H (kOe) 

Figure 9. The magnetization isotherm versus the magnetic field at 
135.5 K. The solid line is the fit to equation (5). 

H (kOe) 

Figure 10. The magnetization isotherm versus the magnetic field at 
4.2 K. The solid line is a guide for the eye. The inset shows the 
modified Arrott plot with ft = 0.355 and y = 1.241. The solid line is 
a linear fit to the high-field data. 

as 135.1(1) K. The critical exponents obtained in this way 
are close to those of the short-range 3D Heisenberg model 
predictions (fi = 0.3689(3), y = 1.3960(9)) [28], 

To obtain the value of S, we plot M versus H for the 
closest measured isotherm, 135.5 K, to Tc = 135.1(1) K in 
figure 9. The fit of this isotherm to equation (5) (figure 9) gives 
S = 4.585(20). This value is close to the value of S = 4.783(3) 
expected [28] for a 3D Heisenberg ferromagnet. 

The critical exponents f), y , and S should fulfill the Widom 
exponent relation [29] y — (8 — 1) = 0. The determined values 
of p, y, and S satisfy this relation well ( -0 .103(108) ) , within 
experimental error. 

The magnetic field dependence of the magnetization 
measured at 4.2 K is shown in figure 10. The magnetization 
does not saturate, even in a field of 50 kOe. The saturation 
magnetization at 4.2 K was obtained from a modified Arrott 
plot (inset in figure 10) by a linear extrapolation of the 
high-field data to (M/H)l/r = 0. This yielded Ms = 
32.17(53) e m u g - 1 , which corresponds to the magnetic 
moment per formula unit fiFU = 0.816(13) hb, or to the 
magnetic moment per transition metal (TM) (assuming that P 
atoms carry no magnetic moment) /XTM = 0.408(7) 

s? 
z 1 0 0 
o 
r n 

9 8 a> 9 8 
S 
U) 
z 9 6 < 9 6 
rr 
i -
_i 9 4 
LU 
0C 

-6 -4 -2 0 2 4 6 
VELOCITY (mm/s) 

Figure 11. The 61Ni Mossbauer spectrum of CrNiP measured at 
4.2 K. The solid line is a fit, as described in the text. The 
zero-velocity origin is relative to the source. 

3.3. Mossbauer spectroscopy 

Figure 11 shows a 61Ni Mossbauer spectrum of CrNiP 
measured at 4.2 K. The Ni atoms are located in the crystal 
structure at the site with the point symmetry m (table 1). 
This ensures a non-zero electric field gradient at the Ni site 
and hence a possible non-zero electric quadrupole splitting. 
The spectrum in figure 11 clearly exhibits the presence of 
a poorly resolved hyperfine magnetic interaction. It was 
fitted with the transmission integral by diagonalization of 
the hyperfine Hamiltonian (equation (1)). The following 
values of the hyperfine parameters were inferred from the 
fit: r a = 0.399(8) m m s - 1 , the isomer shift (relative to the 
61Co(Nio.85Cro.i5) source) S = 0.017(15) m m s - ' , Vzz = 
- 0 . 1 3 7 ( 8 1 ) x 1022 V m " 2 , / a = 6.9(2)% and Hh{ = 
32.3(1.3) kOe. 

The value of Ta is only slightly larger than the natural 
linewidth rn a t = 0.385 m m s - 1 [19], as expected. Similarly 
to what has been found for other metallic systems [17, 30], the 
values of S and Vzz are essentially equal to zero. In terms of the 
Debye approximation for the lattice vibrations, the absorber 
Debye-Waller factor / a is expressed [16, 17] by the Debye 
temperature, ©D, AS 

where Ey is the energy of the Mossbauer transition, M is the 
mass of the Mossbauer nucleus, c is the speed of light, and k is 
the Boltzmann constant. The value of / a obtained from the fit 
via equation (6) yields ©D = 261(3) K. 

A non-zero value of i/hf implies a non-zero value of 
the nickel magnetic moment ju-Ni in CrNiP. There is no 
firmly established relationship between the measured Hhf 
and /XNi- There are two major contributions to HM at the 
nuclei of TM elements in metallic alloys [16, 17]: the core 
contribution, due to the polarization of core s electrons and the 
polarization of the conduction electrons by the 3d electrons 
(i.e., by the on-site magnetic moment), and the conduction 
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electron contribution, due to the polarization of the conduction 
electrons by the surrounding magnetic moments. The first 
contribution is proportional to the local magnetic moment /xi, 
whereas the second contribution is assumed to be proportional 
to the average moment per magnetic atom /XJM Thus, a 
phenomenological relation is used [31] 

Hh, = a/z | + btxj M, (7) 

where a and b are assumed to be constant for a given alloy 
system. This relation enables one to estimate the value of 
from the measured values of HM and /XTM. provided that the 
values of a and b are known from an earlier calibration. Due 
to the scarcity of data on the values of HM at 61 Ni nuclei in 
Ni-containing alloys, the values of a and b are known only for 
a few alloy series [32-36], From an earlier calibration for the 
ternary pnictide CrNiAs for which the Ni magnetic moment 
is known from the neutron diffraction study, we found that 
a = 63(5) kOe/Ain and b = 57(5) kOe//x„ [37], Using 
the value of yttTm determined above and the measured value 
of HM, one obtains /̂ Ni = 0.14(8) /XB from equation (7). It 
is thus concluded that the Ni atoms in the CrNiP ferromagnet 
do carry a magnetic moment. This finding is at variance with 
the theoretical prediction of /xNj = 0 in CrNiP [12] and in 
agreement with the prediction based on the electronic structure 
calculations of the non-zero in CrNiP [13]. Since the 
Ni and Cr magnetic moments are coupled ferromagnetically 
in CrNiP, the values of /ZNi = 0.14(8) fin and /xi-u = 
0.816(13) iiB imply that the Cr atoms carry a magnetic 
moment of 0.68(9) /xn. 

4. Conclusions 

The ternary phosphide CrNiP has been studied by means 
of x-ray diffraction, magnetization measurements, and 61 Ni 
Mossbauer spectroscopy. The studied compound has the 
orthorhombic Co2P-type structure (space group Prima) with 
the lattice parameters a = 5.7965(1) A , b = 3.5337(1) A , 
and c = 6.8123(2) A . The Curie temperature 7c is found 
to be 135.1(1) K and three critical exponents are determined 
P = 0.355(22), y = 1.241(18), and <5 = 4.585(20). The 
values of these critical exponents are close to those of a 3D 
Heisenberg ferromagnet. The temperature dependence of the 
magnetic susceptibility above TQ follows the modified Curie-
Weiss law with the paramagnetic Curie temperature of 142.9(6) 
K and the effective magnetic moment per transition-metal atom 
of 1.70(2) /zB. The magnetic moment per formula unit at 4.2 K 
is found to be 0.816(13) / i , T h e hyperfine magnetic field of 
32.3(1.3) kOe at M Ni nuclei at 4.2 K implies that the Ni atoms 
carry a magnetic moment of 0.14(8) /XB, and that the moment 
carried by the Cr atoms is 0.68(9) /XB- The Debye temperature 
of CrNiP is 261(3) K. 
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Abstract 
The results of x-ray diffraction, dc magnetization, and 61 Ni Mossbauer spectroscopy studies of 
the ternary arsenide CrNiAs are reported. This compound crystallizes in the orthorhombic 
Fe2P-type structure (space group P62m) with the lattice parameters a = 6.1128(2) A and 
c = 3.6585(1) A . CrNiAs is a mean-field ferromagnet with Curie temperature TQ = 171.9(1) K 
and the critical exponents fi =0 .514 (18 ) , y = 1.010(16), and S = 2.922(10). The temperature 
dependence of the magnetic susceptibility above 7c follows the modified Curie-Weiss law with 
a paramagnetic Curie temperature of 176.0(3) K and effective magnetic moment per transition 
metal atom of 2.42(1) fin. The magnetic moment per formula unit at 4.2 K is found to be 
1.114(33) /xu. The hyperfine magnetic field at61 Ni nuclei at 4.2 K of 41.5(1.0) kOe implies that 
the Ni atoms carry a magnetic moment of 0.15(3) /XH, and that the moment carried by the 
Cr atoms is 0.95(6) )xn. The Debye temperature of CrNiAs is 221(1) K. 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

The ternary transition-metal arsenides (Ti_vT^)2As 
(T, T' = transition metal) have been investigated intensively 
with respect to their crystal structures and greatly varying phys-
ical properties [1-26]. These compounds crystallize either 
in the hexagonal Fe2P-type structure or in the orthorhombic 
Co2P-type structure. Common to these two structure types is a 
sub-cell where there are two kinds of transition-metal sites: the 
tetrahedral site surrounded by four As atoms and the pyramidal 
site surrounded by five As atoms. The arsenides (Ti_vT' t)2As 
show almost all possible types of magnetic ordering: ferromag-
netism, antiferromagnetism, ferrimagnetism, and spin glass. 
The ternary arsenides containing Ni, ( C r ^ N i ^ A s [10], are 
ferromagnetic for 0.45 < x ^ 0.7 and antiferromagnetic for 
0.4 < jc sj 0.45. 

The ternary arsenide CrNiAs is a ferromagnet with the 
Curie temperature, 7"c, reported to be in the range of 182-
195 K [1, 6, 10, 12, 22, 25] and the magnetic moment per 

4 Author to whom any correspondence should be addressed. 

0953-8984/08/325230+07S30.00 1 

formula unit, /xFu, reported to be in the range of 1.10-
1.19 /ZD [6, 10, 12, 22], It has been argued [22] that Ni atoms 
in CrNiAs, similarly to the case for the ferromagnetic ternary 
phosphides (Cri_vNi v)2P [27], carry no magnetic moment and 
that all the moment is carried by Cr atoms. On the other 
hand, electronic band structure calculations by Ishida et al 
[23] predict that /xq = 1.19 /xu and /xNi = 0.11 /xn and 
those by Tobola et al [24] conclude that /XQ- = 1.23 /XQ and 
/xjMj = 0 . 1 2 /X|3. Early neutron diffraction measurements of 
CrNiAs at 77 K suggested [12] that the Cr and Ni magnetic 
moments, /xcr and /iiNi, are coupled ferrimagnetically with 
/xcr = 0.55(15) /xB and /xNj = —0.65(15) It was 
concluded from recent neutron diffraction measurements [25] 
that ,txcr = 1-25(5) f iB and /xNi = 0.15(3) 

The above controversy concerning the Ni magnetic 
moment in CrNiAs can be resolved by using experimental 
techniques which probe this moment directly, such as 
rarely used 61 Ni nuclear magnetic resonance (NMR) or 61 Ni 
Mossbauer effect (ME). If there exists a magnetic moment on 
the Ni atoms in CrNiAs, the hyperfine magnetic field at 61 Ni 
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nuclei determined from 61Ni NMR or 6 1Ni ME spectra must 
have a non-zero value. In this paper, we report on structural, 
magnetic, and 61Ni ME studies of the ternary arsenide CrNiAs. 

2. Experimental procedure 

A polycrystalline sample of CrNiAs was prepared from 
powders of Cr, Ni, and As with purities of 99.99%, 99.99%, 
and 99.999%, respectively. The powders were mixed in the 
desired proportion, sealed in an evacuated silica tube and 
annealed at 873 K for 2 days and then quenched. The reaction 
product was next subjected to a vacuum heat treatment at 
1073 K for 2 days and then quenched. Finally, the ingot was 
pulverized, mixed well and heated again in vacuum at 1173 K 
for 7 days and then quenched. 

X-ray diffraction measurements were performed at 298 K 
in Bragg-Brentano geometry on the PANanalytical X'Pert 
scanning diffractometer using Cu Ka radiation. The K/J line 
was eliminated by using a Kevex PSi2 Peltier-cooled solid-
state Si detector. In order to avoid the deviation from intensity 
linearity of the solid-state Si detector, its parameters and the 
parameters of the diffractometer were chosen in such a way as 
to limit the count rate from the most intense Bragg peaks to 
less than 9000 counts s"1 [28]. 

The magnetic measurements were carried out with 
a Quantum Design superconducting quantum interference 
device magnetometer at various fields in the temperature range 
5 .0-300 K. 

The 61 Ni ME measurements were conducted using a 
standard Mossbauer spectrometer operating in sine mode, 
using the 67.4 keV transition in 6 1Ni [29, 30], Both the 
source and the absorber were in direct contact with liquid 
helium in a cryostat. The spectrometer was calibrated with 
a 6.35 /^m-thick a-Fe foil [31], and the spectra were folded. 
The single line sources of 6 l C o (half life = 99 min) in 
62Nio.85Cro.i5 (62Ni enriched to 97.7%) were activated in the 
MAinz MIcrotron (MAMI) using the nuclear reaction 62Ni 
(y, p) 61Co, with bremsstrahlung including the giant resonance 
region of 20-25 MeV necessary for this nuclear reaction to 
occur. A pneumatic tube approximately 50 m long was used 
to transport small platelets ( 4 x 4 mm2) of 62Nio.85Cro.i5 to the 
activation position. Immediately after activation of about 2 h, 
the radioactive source material was pneumatically ejected and 
transported into a cryostat in which the Mossbauer absorber 
was already cooled to 4.2 K. Three sources had to be used to 
obtain a Mossbauer spectrum of sufficient signal-to-noise ratio. 
The Mossbauer absorber was made of pulverized material 
pressed into a teflon sample holder. The surface density of the 
Mossbauer absorber of the CrNiAs alloy was 839 m g c m - 2 . 
The 67.4 keV y-rays were detected with a 2.0 mm Nal(Tl) 
scintillation detector. 

The measured 6 l Ni Mossbauer spectrum was analyzed 
by means of a least-squares fitting procedure which entailed 
calculations of the positions and relative intensities of the 
absorption lines by numerical diagonalization of the full 
hyperfine interaction Hamiltonian. In the principal axis system 
of the electric field gradient (EFG) tensor, the Hamiltonian can 

^ Cr Ni As 

Figure 1. Crystal structure of CrNiAs. The pyramidal and 
tetrahedral coordinations of the Cr and Ni atoms are indicated. 

be written as [29, 30] 

H = gMN^hf [/* cosO + \ (j+e~"p + Le"f} sin©] 

+ 4 7 ^ T ) [ 3 / « - / ( / + 1) + 5 ^ + / - ) ] - (1) 

where g is the nuclear g-factor of a nuclear state, MN is the 
nuclear Bohr magneton, Hhf is the hyperfine magnetic field 
at a nuclear site, e is the proton charge, Q is the quadrupole 
moment of a nuclear state, I is the nuclear spin, Vzz is the z 
component of the EFG tensor, i) is the asymmetry parameter 
defined as T] = \(VXX — Vyy)/Vzz\ (if the principal axes are 
chosen such that | V „ | < \Vyy\ < |Vzz |, then 0 ^ rj ^ 1), 
9 is the angle between the direction of //hf and the V^-axis, 
<f> is the angle between the Vxx-axis and the projection of //hf 
onto the xy plane, and the Iz, /+, and /_ operators have their 
usual meaning. During the fitting procedure, the g factors and 
the quadrupole moments for 6 1Ni (Ig = 3 /2 , /ex = 5 /2 ) 
were constrained to gc x = 0.1905 and gg = —0.499 87, and 
<2ex = - 0 . 1 9 6 b and Qg = 0.162 b, respectively [32], 

The resonance line shape of the Mossbauer spectra was 
described by a transmission integral formula [33, 34]. In 
addition to the hyperfine parameters, only the absorber Debye-
Waller factor /„ and the absorber linewidth Ta were fitted 
as independent parameters. The source linewidth Ts = 
0.440 mm s _ 1 and the background-corrected Debye-Waller 
factor of the source f* = 0.11 [35], were used in the fit. 

3. Results and discussion 

3.1. Structural characterization 

The ternary arsenide CrNiAs crystallizes in the Fe2P-type 
crystal structure with the space group P62m (No. 189). In this 
structure type, the Cr and Ni atoms occupy, respectively, the 
3g and 3f sites, whereas the As atoms occupy both the lb and 
2c sites. The unit cell contains four formula units of CrNiAs. 
The crystal structure of CrNiAs is shown in figure 1. The local 
surroundings of the Cr atoms are square pyramids of five As 
atoms, whereas the Ni atoms are located in tetrahedra of four 
As atoms. 
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26(deg) 

Figure 2. X-ray powder diffraction spectrum of CrNiAs at 298 K. 
The experimental data are denoted by open circles, while the line 
through the circles represents the results of the Rietveld refinement. 
The vertical bars represent the Bragg peak positions corresponding to 
the CrNiAs phase. The lower solid line represents the difference 
curve between experimental and calculated spectra. 

T(K) 

Figure 3. Temperature dependence of the magnetization of CrNiAs, 
measured in an external magnetic field of 10 kOe. The solid line is a 
guide for the eye. The inset shows the temperature dependence of the 
square of the magnetization and the solid line is a linear fit of the data 
around Tc. 

Table 1. Atomic positions for the hexagonal arsenide CrNiAs 
obtained through Rietveld analysis. 

Atom Site Point symmetry x y z Occupancy 

Cr 3g m2m 0.5729(3) 0 i 1.0 
Ni 3f mlm 0.2515(2) 0 0 1.0 
Asl lb 62m 0 0 | 1.0 
As2 2c 6.. i ^ o 3 3 " 1.0 

The x-ray powder diffraction pattern of the sample studied 
is shown in figure 2. A Rietveld refinement of the x-ray powder 
diffraction data was performed yielding the lattice parameters 
a = 6.1128(1) A and c = 3.6585(1) A. The obtained atomic 
positions for the Cr and Ni sites are listed in table 1 and the 
interatomic distances are listed in table 2. The sample studied 
is single phase. 

80 

1 60 ® 

0 
0 5 0 100 150 2 0 0 2 5 0 3 0 0 

T(K) 

Figure 4. Temperature dependence of the inverse magnetic 
susceptibility of CrNiAs, measured in an external magnetic field of 
10 kOe. The solid line is the fit to equation (2) in the temperature 
range 195-300 K. 

3.2. Magnetic properties 

The temperature dependence of the magnetization M of 
CrNiAs measured in an applied magnetic field of 10 kOe 
between 5.0 and 300 K is shown in figure 3. This arsenide 
is obviously a ferromagnet. For a mean-field ferromagnet, 
M2 oc 7c — T near TC [36]. From a linear fit of M2 versus 
T (inset in figure 3), 7c was estimated to be 181.4(1.5) K. 

The temperature dependence of the inverse magnetic 
susceptibility x of CrNiAs is shown in figure 4. In the 
paramagnetic region the x (T) data could be fitted to a modified 
Curie-Weiss law 

C 
X = Xo + -——' (2) 

l — t>p 

where xo is the temperature independent magnetic suscepti-
bility, C is the Curie constant, and dp is the paramagnetic 
Curie temperature. The Curie constant can be expressed as 
C = - j f 1 , where N is the concentration of magnetic atoms 
per unit mass, k is the Boltzmann constant, and /u.eff is the 
effective magnetic moment. The values of xo> C, and 6>p 

obtained from the fit are 1.57(2.34) x 10 7 emu Oe 1 mol 
1.461(6) emuOe" 1 Kmol" 1 , and 176.0(3) K, respectively. 
This value of C corresponds to /Xeff of 2.42(1) /XB per 
transition-metal atom. The positive paramagnetic Curie tem-
perature is consistent with the ferromagnetic ordering, and the 
value of 0P is close to TQ. 

Figure 5 shows a series of magnetization isotherms 
measured in the vicinity of 7c, estimated above. The 
usual procedure for extracting the spontaneous magnetization 
MS(T) = l im w ^o M, the inverse initial susceptibility Xo"1 = 
lim/z^o (H/M), and 7c from the M(H) isotherms is to make 
use of the Arrott plot [37], M 2 versus H / M . According to 
mean-field theory, near 7c this plot should consist of a series 
of parallel lines for different temperatures, with the line at 
T = TC passing through the origin and MS(T) and x 0 ~ ' ( r ) are 
determined from the intercept values on the ordinate (T < 7c) 
and abscissa (T > TC), respectively. Figure 6 shows the Arrott 
plot for CrNiAs. It consists of approximately parallel lines for 
fields larger than 6.0 kOe. The critical isotherm crossing the 
origin is found at 171.5(4) K. 
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Table 2. Interatomic distances (in A) for the hexagonal arsenide CrNiAs. 

Cr 4As 2.580(1) Ni 2As 2.328(1) Asl 6Ni 2.389(1) As2 3Ni 2.328(1) 
lAs 2.611(1) 2As 2.389(1) 3Cr 2.611(1) 6Cr 2.580(1) 
2Ni 2.684(1) 2Ni 2.663(1) 
4Ni 2.918(1) 2Cr 2.684(1) 
4Cr 3.152(1) 4Cr 2.918(1) 

H ( kOe) 

Figure 5. Magnetization isotherms versus magnetic field at 
temperatures between 164 and 220 K. The solid lines are guides for 
the eye. 

According to the static scaling law equation, the second-
order phase transition around 7c is governed by a set of critical 
exponents p, y, and S through the relations [38] 

Ms(T) = M 0 ( - s f , e < 0 (3) 

X0l(T) = (h0/M0)e\ s> 0, (4) 

where s = (T — 7 c ) / 7 c , and Mo and ho/Mo are the critical 
amplitudes. At Tc, a critical exponent S relates M and H 
by [38] 

M = DHl/s, e = 0, (5) 

where D is a critical amplitude. Using the Arrott plot 
(figure 6), a linear extrapolation of the straight lines of the 
isotherms from fields above 6.0 kOe to ( M / H ) = 0 and M — 
0 yields intercepts on the M and (M/H) axes, respectively, 
from which the values of Ms(T) and X.Q](T) are computed. 
These values as a function of temperature are plotted in 
figure 7. The fits of the MS(T) and X o ' ( T ) data (figure 7) 
to equations (3) and (4) respectively give p = 0.514(18), 
Tc = 171.99(14) K and y = 1.010(16), 7fc = 171.83(6) K. 
The value of 7c for CrNiAs is then taken as 171.9(1) K. The 
critical exponents obtained in this way are very close to those 
predicted by the mean-field theory (P = 0.5 and y = 1.0). 

To obtain the value of S, M is plotted versus H at 
172.0 K in figure 8, the measured temperature closest to 

H/M (gkOe/emu) 

Figure 6. The Arrott plot for CrNiAs. The solid lines are guides for 
the eye. 

Tc = 171.9(1) K. The fit of this isotherm to equation (5) 
(figure 8) gives S = 2.922(10). This value is close to the value 
of S = 3.0 predicted by mean-field theory. 

The critical exponents P,y, and S should fulfill the Widom 
exponent relation [39] y~P(S — 1) = 0 . The determined values 
of P, y, and 5 satisfy this relation well (0.022(56)), within 
experimental error. 

The magnetic field dependence of the magnetization 
measured at 4.2 K is shown in figure 9. The magnetization 
does not saturate, even in a field of 50 kOe. The saturation 
magnetization at 4.2 K was obtained from the Arrott plot (inset 
in figure 9) by a linear extrapolation of the high-field data 
to (M/H) = 0. This yielded Ms = 33.52(1.01) ernug"1 , 
which corresponds to the magnetic moment per formula unit 
fipu = 1.114(33) hb, or to the magnetic moment per transition 
metal (TM) atom (assuming that As atoms carry no magnetic 
moment) /XTM = 0.557(17) /XB. 

3.3. Mossbauer spectroscopy 

Figure 10 shows a 6 l Ni Mossbauer spectrum of CrNiAs 
measured at 4.2 K. The Ni atoms are located in the crystal 
structure at a site with point symmetry mlm (table 1). 
This ensures a non-zero electric field gradient at the Ni site 
and hence a possible non-zero electric quadrupole splitting. 
The spectrum in figure 10 clearly exhibits the presence of 
a poorly resolved hyperfine magnetic interaction. It was 
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170 175 
T(K) 

Figure 7. Temperature dependence of the spontaneous magnetization 
and the inverse initial susceptibility. The solid lines are fits of the 
experimental data to equations (3) and (4). 

20 30 
H (kOe) 

Figure 8. Magnetization isotherm versus magnetic field at 172.0 K. 
The solid line is the fit to equation (5). 

fitted with the transmission integral by diagonalization of 
the hyperfine Hamiltonian (equation (1)). The following 
values of the hyperfine parameters were inferred from the 
fit: r a = 0.395(9) mm s _ l , the isomer shift (relative to the 
6 1Co (Nio.85Cr0.i5) source) S = 0.042(13) mm s " \ Vzz = 
-0.012(44) x 1022 Vm"2, /a = 4.3(1)%, and Hht = 
41.5(1.0) kOe. 

The value of Ta is only slightly larger than the natural 
linewidth rn a t = 0.385 mm s - 1 [32], as expected. Similarly 
to what has been found for other metallic systems [30, 40], the 
values of S and Vzz are essentially equal to zero. In terms of the 
Debye approximation for the lattice vibrations, the absorber 
Debye-Waller factor / a is expressed [29, 30] by the Debye 
temperature, ©D, as 

fa(T) = exp 
E2 

Y 

4 Mc2k®D 
1 + 

( © D ) I O 

@ D / T X Ax 
1 

(6) 
where Ey is the energy of the Mossbauer transition, M is the 
mass of the Mossbauer nucleus, c is the speed of light, and k is 
the Boltzmann constant. The value of / a obtained from the fit 
via equation (6) yields ©d = 221(1) K. 

A non-zero value of //hf implies a non-zero value of 
the nickel magnetic moment /XNi in CrNiAs. There is no 
firmly established relationship between the measured //hf 

34; 

32| 

3 30| 
E 28 : 
a> 
2 26| 

2 4 ; 

22 : 

-lLL. 
0.0 0.2 0.4 0.6 0.8 1,0 1.2 1.4 

H/M (g kOe/emu) 
I i i i i I i i i i I i I—I—L 

10 20 30 
H (kOe) 

40 50 

Figure 9. Magnetization isotherm versus magnetic field at 4.2 K. 
The solid line is a guide for the eye. The inset shows the Arrott plot. 
The solid line is a linear fit to the high-field data. 

- 4 - 2 0 2 
VELOCITY (mm/s) 

Figure 10. The 61Ni Mossbauer spectrum of CrNiAs measured at 
4.2 K. The solid line is a fit, as described in the text. The 
zero-velocity origin is relative to the source. 

and nm- There are two major contributions to H^f at the 
nuclei of TM elements in metallic alloys [29, 30]: the core 
contribution, due to the polarization of core s electrons and the 
polarization of the conduction electrons by the 3d electrons 
(i.e., by the on-site magnetic moment), and the conduction 
electron contribution, due to the polarization of the conduction 
electrons by the surrounding magnetic moments. The first 
contribution is proportional to the local magnetic moment m , 
whereas the second contribution is assumed to be proportional 
to the average moment per magnetic atom /XJM Thus, a 
phenomenological relation is used [41] 

//hf = + biijM, (7) 

where a and b are assumed to be constant for a given alloy 
system. This relation enables one to estimate the value of 
fix from the measured values of H^t and /XTM> provided that 
the values of a and b are known from an earlier calibration. 
Due to the scarcity of data on the values of //hf at 6 1Ni nuclei 
in Ni-containing alloys, the values of a and b are known 
only for a few alloy series [42-46]. For the ternary pnictides 
Cr-Ni-X (X = metalloid), a = 63 kOe//uB and b = 
57 kOe//U.B [47], Using the value of /XTM determined above 
and the measured value of //hf, one obtains ^Ni = 0.15(3) fib 

157 



J. Phys.: Condens. Matter 20 (2008) 325230 Z M Stadnik eta/ 

from equation (7). It is thus conc luded that the Ni a toms in the [13 
C r N i A s ferromagnet do carry a magnet ic moment . This f inding 
is at variance with the theoretical prediction o f [i^n = 0 in I ' 4 

C r N i A s [22, 2 7 ] and in agreement with the prediction based 
on the e lectronic structure calculat ions o f the non-zero /xN i [ | 5 

in C r N i A s [23, 24] , S ince the Ni and Cr magnet ic m o m e n t s 
are coupled ferromagnet ical ly in C r N i A s , the values o f /u.Ni = [16 
0 . 1 5 ( 3 ) n n and n f u = 1 . 1 1 4 ( 3 3 ) imply that the Cr atoms 
carry a magnet ic m o m e n t o f 0 . 9 5 ( 6 ) /nB . ^ 

4 . C o n c l u s i o n s t 1 8 

R e f e r e n c e s 

[19 

[21 

T h e ternary arsenide C r N i A s has been studied by means 
o f x-ray diffraction, magnet izat ion measurements , and 61 Ni 
M o s s b a u e r spectroscopy. T h e studied c o m p o u n d has the [20 
hexagonal Fe2P-type structure (space group f 6 2 m ) with the 
lattice parameters a = 6 . 1 1 2 8 ( 1 ) A and c = 3 . 6 5 8 5 ( 1 ) A . 
T h e Curie temperature Tc is found to be 171 .9(1) K and 
three critical exponents are determined /S = 0 . 5 1 4 ( 1 8 ) , y = [22 
1 . 0 1 0 ( 1 6 ) , and <5 = 2 . 9 2 2 ( 1 0 ) . T h e values o f these critical 
exponents are c l o s e to those o f a mean-f ie ld ferromagnet. The [23 
temperature dependence o f the magnet ic susceptibil i ty above 
Tc f o l l o w s the modif ied C u r i e - W e i s s law with a paramagnetic 
Curie temperature 176 .0(3) K and an ef fect ive magnet ic j25 
m o m e n t per transition metal atom 2 . 4 2 ( 1 ) yu,B. T h e magnet ic 
m o m e n t per formula unit at 4 . 2 K is found to be 1 .114 (33 ) [26 
T h e hyperfine magnet ic field o f 4 1 . 5 ( 1 . 0 ) k O e at 6 l N i nuclei 
at 4 . 2 K impl ies that the Ni a toms carry a magnet ic m o m e n t 
o f 0 . 1 5 ( 3 ) /U,B, and that the m o m e n t carried by the Cr atoms is 
0 . 9 5 ( 6 ) /xB . T h e D e b y e temperature o f C r N i A s is 2 2 1 ( 3 ) K. [29 
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Abstract The l 5 1Eu Mossbauer effect study in the temperature range 2.2—299.5 K on 
pulverized single crystals of EuCu2Si2 synthesized from an indium flux is presented. In 
contrast to previous studies on polycrystalline samples in which valence fluctuations for Eu 
were reported, we find that the Eu atoms are divalent in the whole temperature range. 
Therefore, there are no charge fluctuations of Eu in EuCu2Si2. 

Key words valence fluctuation • divalent Eu 

1 Introduction 

The ternary alloy EuCu2Si2 is one of the first europium-based alloys in which intermediate 
valence behaviour was observed [1]. It is also one of the most well studied [2-5]. Previous 
151 Eu Mossbauer studies of EuCu2Si2 [ 1 , 4 , 5] found that the effective valence of Eu 
changes from ~2.6 at room temperature to ~2.8 at lowest temperature. 

Recently, single crystals of EuCu2Si2 were synthesized from an In flux and studied again 
[6, 7], Surprisingly, magnetic susceptibility, electron-spin-resonance, and specific heat 
results [6, 7] are consistent with Eu being in stable divalent state. Here, we present the 
preliminary '^'Eu Mossbauer spectroscopy results on the single crystals of EuCu2Si2. We 
demonstrate that Eu in EuCu?Si2 is in the divalent state in the temperature range 2 - 3 0 0 K. 
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Figure 1 l 5 1 Eu Mossbauer 
spectra of EuCu2Si3 at various 
temperatures above the magnetic 
ordering temperature. The zero of 
the velocity scale is relative to the 
l 5 l Sm(SmF3) source at room 
temperature. The solid line is a 
least-squares fit, as described in 
the text. 
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2 Experimental procedure 

Single crystals of EuCu2Si2 were synthesized from an In flux, as described in [7], They 
were found to be single phase, crystallizing in the tetragonal ThCr2Si2 structure with lattice 
constants <z=4.10 A and c=9.93 A [7], 

I 5 , E U Mossbauer measurements were performed in the temperature range 2 .2-299.5 K 
with a standard Mossbauer spectrometer operating in a sine mode using a 330 mCi 151 Sm 
(SmF3) source kept at room temperature. The spectrometer was calibrated with a 6 .35-pm 
a-Fe foil, and the spectra were folded. The Mossbauer absorber was prepared by mixing the 
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Figure 2 Temperature depen-
dence of the normalized area 
under the resonance curve. The 
solid line is a least-squares fit 
based to the expression for the 
Lamb-Mossbauer factor within 
the Debye model of lattice 
vibrations. 

100 150 2 0 0 2 5 0 3 0 0 

TEMPERATURE (K) 

pulverized crystals of EuCu2Si2 with powdered BN to ensure a uniform thickness of the 
absorber and the random orientation of sample particles. This mixture was then put into a 
plastic sample holder. The surface density of the Mossbauer absorber was 18.0 mg Eu/cm2, 
which corresponds to the effective absorber thickness 8.1/,, where /a is the absorber Lamb-
Mossbauer factor. 

3 Results and discussion 

The Mossbauer spectra of EuCu2Si2 at selected temperatures above the antiferromagnetic 
ordering temperature 7^=8.5 K [8] are shown in Figure 1. In contrast to the Mossbauer 
spectra of a polycrystalline EuCu2Si2 [ 1 , 4 , 5], the spectra of the studied specimen consist 
of one line located at —8.65 mm/s. This shows that Eu is divalent and there are no signs of 
valence fluctuations in the temperature range 77.5-299.5 K.. 

The spectra in Figure 1 result from a pure electric quadrupole interaction. They were 
fitted with the transmission integral and the positions and relative intensities of absorption 
lines were calculated by numerical diagonalization of the hyperfine Hamiltonian [8], The 
source '5 1Sm(SmF3) used is not a monochromatic source as 1 5 'Sm nuclei are located in the 
SmF3 matrix at the site of noncubic symmetry. By measuring the spectra of the cubic EuSe 
we determined [8] that the electric quadrupole coupling constant eOe V/y in our source is 
-3 .98(13) mm/s (0g=O.9O3 b [9]), which is very close to the value found in [10], The 
precise shape of the source emission line was taken into account in the fits of the spectra in 
Figure 1. 

The values of the electric quadrupole coupling constant eQeVzz and the asymmetry 
paramer i] obtained from the fits of the spectra in Figure 1 are temperature independent [8] 
and are, respectively, 6.11(8) mm/s and 77= 1.0(1). The temperature dependence of the area 
under the resonance curve (Figure 2) derives from the temperature dependence o f / a . The fit 
of the relative area to the expression for / , within the Debye theory of lattice vibration gives 
the Debye temperature 0D=236(4 ) K. This value is close to the value of 210 K found from 
the specific heat data for the polycrystalline EuCu2Si2 [2], 

The Mossbauer spectra of EuCu2Si2 at selected temperatures below and around 7"N are 
shown in Figure 3. It is evident that these spectra are the spin relaxation spectra, even at the 
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Figure 3 " Eu Mossbauer 
spectra of EuCu2Si2 at various 
temperatures below and around 
the magnetic ordering tempera-
ture. The zero of the velocity 
scale is relative to the 1 5 ' Sm 
(SmF3) source at room tempera-
ture. The solid line is a least-
squares fit, as described in the 
text. 
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lowest temperature of 2.2. K. They were fitted (Figure 3) using the line shape function 
given by Blume and Tjon [11]. The analysis of these relaxation spectra are discussed in 
detail elsewhere [8]. Here we notice that the isomer shift S of these spectra is —8.68 mm/s. 
This demonstrates that the Eu atoms in the studied alloy are divalent. 

The temperature dependence of 8 of the spectra in Figures 1 and 3 is shown in Figure 4. 
It is evident that 6 changes very little with temperature and its value proves that Eu in 
EuCu2Si2 is divalent in the temperature range 2.2-299.5 K. Consequently, there are no 
charge fluctuations of Eu in EuCu2Si2. 
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Figure 4 Temperature depen- _g g 
dence of the 15IEU isomer shift in 
EuCuiSi2 . 
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4 C o n c l u s i o n s 

T h e 1 5 1 E u M o s s b a u e r e f f e c t s tudy in the temperature range 2 . 2 - 2 9 9 . 5 K o n a ternary a l l o y 

E u C u 2 S i 2 s y n t h e s i z e d f r o m an In flux h a s b e e n presented . T h e v a l u e s o f the e lectr ic 

q u a d r u p o l e c o u p l i n g cons tant e Q a V / ; , and the a s y m m e t r y paramer r/ are, r e s p e c t i v e l y , 6 . 1 1 

( 8 ) m m / s and rj= 1 .0 (1 ) . T h e D e b y e temperature o f the s tudied a l l o y is 2 3 6 ( 4 ) K. T h e Eu 

a t o m s are in s table d i v a l e n t state in the temperature range 2 . 2 - 2 9 9 . 5 K.. 
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Abstract 

Low-field negat ive magne t i za t i on , of the o r d e r of - 1 0 " ' e m u / g - O e , f r o m 4.2 K u p to r o o m t e m p e r a t u r e a n d higher (350 K), a n d 
coercive-field magne t i za t ion reversal are b o t h present in Cr ( 3 _ v ) F e v X 4 for X = S, Se, T e a n d x = 0 to 3, a n d fo r C r 5 T e 8 a n d C r 7 T e 8 . F o r 
C r 2 F e S e 4 the zero-f ie ld-cooled ( Z F C ) magne t i za t ion is negat ive for 5 Oe a n d below. T o o b t a i n a m o r e detai led knowledge of the magne t i c 
phases involved in the observed magne t i za t i on versus t e m p e r a t u r e M(T) curves, we ob t a ined a n d s tudied n e u t r o n d i f f r a c t i o n (n.d.) scans 
o n the c o m p o u n d C r 2 F e S e 4 , t aken a t 14 t e m p e r a t u r e s f r o m 4.2 to 300 K . F o r this s a m e n .d . sample , the t e m p e r a t u r e for m a g n e t i z a t i o n 
reversal of value - 3 x 10~4 e m u / g - O e is 80 K in 40 Oe appl ied field, then the reversal d i s a p p e a r s for 65 O e appl ied field. T h e complex 
magne t i c in te rac t ions respons ib le fo r this reversal are revealed in the hysteresis curves. 
© 2007 Elsevier L td . All r ights reserved. 

Keywords: A. Chalcogenides; D. Magnetic properties; D. Magnetic structure 

1. Introduction 

For over four decades, transition metal chalcogenides 
have attracted much attention ([1-3,13], and references 
therein), and they are now being studied for their 
interesting magnetic and thermoelectric properties in view 
of possible applications in technology [4-10]. These ternary 
and binary compounds, in three different crystallographic 
structures, have been found to give a surprisingly large 
negative magnetization in low applied fields, from 4.2 K to 
room temperature and above. The present paper describes 
this phenomenon and also shows the more common 
magnetization reversal at low temperatures for slightly 
higher applied fields. Negative magnetization has often 
been reported for the case where two opposing magnetic 
moments are not equal; however, it is shown from our 

'Corresponding author. Tel.: + 1 613 562 5800x6792; 
fax: + 1 6135625190. 

E-mail address: glamarchfi/science.uottawa.ca (G. Lamarche). 

0022-3697/$-see front matter © 2007 Elsevier Ltd. All rights reserved, 
doi: 10.1016/j.jpcs.2007.10.012 

magnetic neutron diffraction (n.d.) study that non-com-
pensation is not the mechanism. 

The majority of transition metal chalcogenides have the 
monoclinic NiAs defect structure with ordered vacancies 
and cation sites 2(c) and 4(/') each in octahedral coordina-
tion. To form the magnetic cell, the a- and c-axes are most 
often doubled, and for the compounds Cr5X8 and Cr 7X 8 

the b-axis is also doubled to accommodate ordered 
vacancies. The spinel sulfide Cr2FeS4 is an exception, with 
the Cr in octahedral coordination, the Fe in tetrahedral 
coordination and no ordered vacancies. The other excep-
tion studied, and found to have low-field negative 
magnetization, is Fe2 + Se2 with the orthorhombic marca-
site structure, where FeSe6 octahedra share edges and form 
chains of linked octahedra. 

In the monoclinic defect structure, Bertaut et al. [1] 
defined four different antiferromagnetic (a.f.) orderings of 
the cation spins (named A, B, C, and D ) in the magnetic 
cell. Chevreton and Andron [2] reported an a.f. refinement, 
type C, in their 4.2 K n.d. scan, while Adachi et al. [3] 
found a ferrimagnetic refinement of their 77 K n.d. scan. 
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N o complete n.d. study from 4.2 to 300 K at appropriate 
neutron wavelength, permitting to separate antiferromag-
netic and ferromagnetic Bragg peaks and also to define 
critical temperatures and other characteristics, has yet been 
reported. Recently, Snyder et al., [4] found magnetization 
reversal for Cr2FeSe4 between 45 and 80 K with 
M / / / = - 4 x 10~6 emu/g-Oe. In our M(T) studies, we 
found reversal for fields 20, 40 and 60 Oe. The reversal 
at 80 K is shown later, for a field of 40 Oe with 
M / H = - 3 x 10~4 emu/g-Oe at 4.2 K, and is attributed to 
a secondary coercive-field reversal, judging from negative 
inflections in the first and fourth quadrants of the M(H) 
hysteresis curves. 

In ac non-linear susceptibility studies of the spinel sulfide 
Cr2FeS4, Tsurkan et al. [6] found broad negative curves of 
value —0.0042 emu/g at 60 K, where we found, as that same 
temperature in our dc magnetic studies of Cr2FeS4, a broad 
dip (maximum negativity) in M(T), and ferrimagnetic 
hysteresis of + 0.0035 emu/g-Oe superposed on the nega-
tive magnetization of—0.234emu/g-Oe in Earth's field. Ac 
magnetization studies of our Cr2FeSe4 samples by Junod 
[7] suggested our dc pattern but did not reveal any 
significant diamagnetism for Cr2FeSe4. 

Magnetization reversal at low temperatures is common 
and easily identified from hysteresis runs, while very low-
field negative magnetization is a new and intriguing 
phenomenon. Negative magnetization at various fields, 
and not due to reversal, has been reported and attributed 
to inhomogeneity of the sample, to surface phenomena and 
to competing magnetic interactions. Those magnetizations 
had different behavior to that observed in our homo-
geneous chalcogenides. Our magnetization experiments 
first discovered the low-field phenomenon in the selenides 
[8], and then in the sulfides and the tellurides, which have 
higher critical temperatures, up to 350 K [9], The negative 
magnetization can be modeled from the Ginzburg-Landau 
(GL) theory by coupling two or more magnetic subsystems 
without referring to microscopic origins of their moments 
[10], This theory predicts bistable states and controlled 
magnetic memory in systems, with magnetic coupling. 
Therefore, detailed knowledge of magnetic structures 
might be very important for further search and specifica-
tion of prospective materials with negative residual 
moments, with possibilities for spintronics. As a first step 
toward an understanding of the microscopic physics 
behind the negative magnetization, a magnetic n.d. study 
from 4.2 to 300 K was undertaken on a homogeneous 
sample of Cr2FeSe4. 

The magnetic cell in Fig. 1(a) shows the cations forming 
chains (by t2g orbitals) along the c-axis and rows of cations 
in triangular arrangement in the ab plane. The 6-axis spin 

Fig. 1. (a) The magnetic cell for antiferromagnetic Cr2FeSe4 showing the 
chemical cell doubled on a- and c-axes: (O) Fe, ( • ) Cr, ( • ) vacancy, 
(b) One-quarter of the magnetic cell showing the Se anions on their 4(<) 
sites at y = 0 and y = j. Two of the anions at y = + are shown each bonded 
to two Fe cations and one Cr cation at intermediate angle: (O) Fe, ( • ) Cr, 
( • ) vacancy. 
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components are not illustrated. The chemical cell 
(Fig. 1(b)) shows the anions in 4(0 sites with the cations 
participating in interlayer cation-anion-cation bonding, 
where the strongly polarizable anions contribute 2p 
electrons to the empty Cr 3 + eg orbitals. 

For crystals with low symmetry, antiferromagnetism is 
always accompanied by weak ferrimagnetism, as given by 
theoretical symmetry considerations. The value of our 
negative magnetization, attaining —2.3 x 10"' emu/g-Oe in 
Earth's field, is at least 102 times the value of the weak 
ferrimagnetism found from our low-field hysteresis runs. 

2. Magnetic measurements 

Previous to our magnetic n.d. study, our compound in 
very fine platelets form was studied by a custom assembled 
SQUID magnetometer [11], where the sample is moved 
between two astatic coils. In this instrument, the applied 
magnetic field generated by a Cu wire solenoid is well 
defined and not ambiguous as in the case of a super-
conducting solenoid, where a remnant field has to first be 
destroyed at least at the sample position, leaving the 
possibility of generating unknown fields in regions outside 
that position through which the sample has to be exposed, 
as it is brought in, prior to zero-field-cooling (ZFC) 
measurements. 

In Fig. 2(b), circles give the ZFC M/H as a function of 
temperature for a field of 1.65 Oe, and the solid line gives 
the magnetization per Oersted of a similar sample recorded 
continuously in a field of 1.5 Oe, as the temperature varied, 
with the sample stationary in the vertical position, adjusted 
at the center of one of the two astatic coils, to have the 
largest signal. We observe very similar behavior eliminating 
the possibility of a reversal of magnetization due to some 
inhomogeneous field when the sample is moved for 
measurements. The samples in Figs. 2 -4 were all taken 
from the n.d. material described below. 

M(T) studies are shown in Fig. 2(a) at Earth's field 
(0.56 Oe) at 5 0 e and 40 Oe. The sample weight is 0.1308 g. 
FC and ZFC runs have the same pattern. The 40 Oe ZFC 
run shows the low-temperature magnetization reversal at 
80 K. Later, in Fig. 4 (inset), we give the temperatures of 
reversal for applied fields of 20, 40 and 60 Oe from M(T) 
studies. 

A Lakeshore vibrating sample magnetometer (VSM) was 
used in hysteresis studies at various temperatures. Fig. 3 
shows the low-field hysteresis for the n.d. sample for + 3 Oe 
applied field at 95 K, and the hysteresis for ± 5 0 e at 10 K. 
For the 95 K hysteresis, the sample had previously been 
exposed to a field of 1000 Oe, while for the 10 K hysteresis 
the sample had not been exposed to a field greater than 
0.56 Oe prior to measurements. In the second case, we saw, 
at all temperatures, similar loops shifted down to ne-
gative values 100 times stronger. The loops give 
MjH = + 9 x 10"4 emu/g-Oe at 10K, + 6 x 10"4 emu/g-Oe 
at 95K, and + 8 x 10"4emu/g-Oe at 150K ( ± 3 0 e , not 
shown). Inflections in the curves are real and reproducible. 

a 

0.015 

0.0 i 

0 .005 

"a 

-0.005 

-0.01 

-0.015 

b 

Fig. 2. (a) M(T) curves for Earth's field, for at 5 0 e (ZFC and FC), and 
for 40 Oe (ZFC). (b) ZFC magnetization of Cr2FeSe4 measured by 
SQUID as the sample is moved in a magnetic field of 1.65Oe (O) and ZFC 
magnetization in 1.5 Oe measured by SQUID with the sample stationary 
at optimum position. 

Fig. 4 shows three hysteresis patterns for temperatures 5, 
90, and 150K, at higher fields, for ± 1 0 0 0 0 e . The 
inflections that are evident at 90 K are also visible in the 
150K curve (shown) and the 200 K curve (not shown). At 
190 K and above, we do not see any magnetic Bragg peaks 
from the n.d. study, only short-range order, while the 
hysteresis curve at 200 K is ferrimagnetic and the coercive 
field is narrower than for the 150K hysteresis. The 
ferrimagnetism in high field at 90 K is 2.5 x 10~3 emu/g-
Oe. For 5 K (shown), and also at 30 K, we found 
antiferromagnetism hysteresis with weak ferrimagnetism, 
+ 1 x 10 - 4 emu/g-Oe. 

The inset in Fig. 4 shows the temperature of magnetiza-
tion reversal for three applied fields. The hysteresis curve at 

3( 
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-0.000} 

Fig. 3. Hysteresis patterns ± 3 0 e at 150K, and ± 5 0 e at 10 K. 

H(Oe) 

Fig. 4. Hysteresis patterns ± lOOOOe at 5, 90, and 150K. The inset gives 
the low temperatures of magnetization reversal for three applied fields, 20, 
40 and 60 Oe. 

90 K with a negative inflection in positive field is typical 
of curves in those low temperatures. The M/H value of 
the negative inflection is —1.8 x 1 0 - 4 emu/g-Oe, while 
our value from the M(T) curve for 40 Oe is —3 x 
10"4 emu/g-Oe at 4.2 K. 

3. Neutron diffraction 

The six grams of Cr2FeSe4 for the n.d. experiment were 
prepared by solid solution in quartz tubes in batches of 1 to 

2g, heating to 1050 °C, annealing at 625 °C, and then 
quenching. Stoichiometry Se4 12 is necessary to avoid cation 
excess. The platelet portions were selected and studied, and 
those having the same M(T) curve were then intimately 
mixed to obtain the final homogeneous 6 g n.d. sample. 
Diffraction scans were obtained at the C2 spectrometer on 
the N R U reactor of Chalk River Laboratories, at 14 
different temperatures from 4.2 to 300 K, in Earth's field, 
for neutron wavelength 2.3696 A, for 26 from 5° to 85°, and 
for 29 from 35° to 115°. 

The nuclear Rietveld profile refinement is given in 
Fig. 5(a) for the 280 K scan, the a.f. refinement for the 
4.2 K scan in Fig. 5(b) and the nuclear and ferrimagnetic 
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Fig. 5. Rietveld profile refinements for Cr2FeSe4 neutron diffraction scans 
with I = 2.3696 A: (a) nuclear solution at 280 K; (b) antiferromagnetic 
solution at 4.2 K; (c) ferrimagnetic and nuclear solutions at 4.2 K. 
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refinements for the 4.2 K scan in Fig. 5(c). Strong a.f. 
magnetic peaks are indexed. All 14 scans were refined to 
give the temperature variation of atom parameters and of 
magnetic peaks. The profile parameters are the default 
values G(U), G(V), G(FV) for the pseudovoigt profiles with 
small Lorentzians L(U) = 2 and L(V) = 2, to satisfy the 
profile tails. The magnetic solutions were refined on the 
n.d. scans by the Rietveld profile refinement (GSAS [12]) 
using four sets of Hartree-Fock coefficients in the magnetic 
form factors for Cr3 + and for Fe2 + . 

In the Rietveld ferrimagnetic refinement, the (0 0 4') peak 
is the only strong ferromagnetic peak, and only the Cr3 + 

spins are contributing. Fortunately, the nuclear peak (0 0 2) 
is very small. The F e 2 + spins contribute to the 
(1 0 I ) ( 2 ' 0 2 ' ) and (1 0 1)(2'02') peaks, and to a few other 
nuclear peaks (/ = In). The temperature dependence of the 
integrated intensities (Gaussians) of strong a.f. peaks 
(1'03') , (1' 1 3') and (3'03') and the ferromagnetic (004 ' ) 
peak is given in Fig. 6(a), along with the thermal 
dependence of the tail of the (0 0 4') peak. 

The ferromagnetic peak (0 0 4') at 29 = 23.4° has the 
characteristic Bragg rise and then a slower decrease 
identifying long-range order coexisting with short-range 
order. The long-range order was extracted for the intensity 

a 

0.7 

0.6 

4 0.5 

99 

t-
1 0.4 « 
1 0.3 
2 an « 

b 0.2 

0 . 1 

0 b 

0 50 100 150 200 250 300 
TOO 

Fig. 6. (a) Integrated intensities of magnetic Bragg peaks, and of the semi-
diffuse peak in the tail of (004') . (b) Integrated intensity of the diffuse 
peak at 26 = 24°. 

plot, using the peak width characteristic of the other 
magnetic peaks. The errors in the integration are within the 
size of the symbols used in the plot, while the error in the 
neutron counts is equal to (counts)1'2. The sample was 
studied with a low temperature D T A instrument developed 
in our laboratory. The leading edge of the D T A 
peak found on the cooling curve gives a transition at 
185 K ( + 5). 

The values of magnetic moment are 2.57(5)/IB on the 
2(c) sites and 1.74(5)/xB on the 4(0 sites. The value of the 
magnetic moment on C r 3 + at 4.2 K is reduced to 55% from 
the theoretical spin-only value. For F e 2 + the reduction is 
62% from the spin-orbital value, or 48% from the spin-
only value. F e 2 + in octahedral sites has a strong orbital 
contribution to the magnetic moment. The absence of the 
magnetic peak (1' 01') at 29 = 12.25° at all temperatures is 
a proof that the values of C r 3 + and F e 2 + magnetic 
moments are compensated. 

In Fig. 1(a), a-axis components are exaggerated for 
visibility, the refined angles are 3.75° from the c-axis for 
C r 3 + and 3.43° for Fe2 + . The b-axis spin components are 
MY= |0.337(2) (MCI)HbI and MY = |0.441(4) (M F e )^ B | . 
Then 2 |M y (Cr) | - |M v (Fe ) | gives M\H = 6 x 10"4emu/g-
Oe. The value of M / / / on the initial curve of the low-
field hysteresis (Fig. 3) is 1.3 x 1 0 - 4 e m u / g - O e at 0 . 5 0 e and 
2.3 x 10 - 4 emu/g -Oe at l.OOe. The value found at three 
high-field hysteresis curves, 250, 500 and 1000 Oe, is 
4 x 1 0 - 4 emu/g-Oe. The values found are valid provided 
the ferrimagnetic order is complete (all spins having 6-axis 
components). However, there is some short-range order in 
the a-b planes and in the planes (1 0 1) and (1 0 1) up to 
300 K (Fig. 6(b)). The thermal dependence of the integra-
tion of the weak scattering (Lorentzian distribution) 
located under the first set of strong peaks for Cr2FeSe4 at 
26 = 24° has a shape which is a positive parallel to the 
negative M(T) curves obtained at low fields, as shown in 
Fig. 2(a) and (b). This could be incidental, but it shows that 
the ferrimagnetic solution could be more complicated than 
given by the refinement. 

4. Nuclear structure 

The strong nuclear peaks have shoulders that could not 
be satisfied by varying the profile parameters. Simulations 
with all published parameters for Fe compositions 1 < x < 3 
were not at all conclusive, and did not permit to identify 
the shoulders. The origin is probably stacking faults and 
twinning, both common in hep structures. Our 2(c) and 4(0 
cation site occupancies, 0.93 (Cr on 4(0) and 0.88 (Fe on 
2(c)), are in agreement with the 9% F e 3 + population found 
from the Mossbauer study of Goya and Sagredo [5]. 

Table 1 gives the 300 K lattice parameters and the atom 
positions in space group I2/m. The temperature variations 
of [1 and cja are shown in Fig. 7. The ratio cja is invariant 
from 4.2 to 120 K., after which the extreme distortion, 
c/a = 1.879, of the Se octahedra decreases only slightly. 
The temperature variation of angle /j shows a cusp at 
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Table 1 
Cr2FeDSe4 lattice parameters and atom positions in space group I2/m at 
300 K 

Atom Site .Y y z Occupancy 

• 2(a) 0 0 0 0 
Fe 2(c) 0 0 0.5 0.88 Fe/0.12 Cr 
Cr 4(0 0.0299 0 0.2384 0.93 Cr/0.07 Fe 
Se(l) 4(0 0.3329 0 0.8643 1.0 
Se(2) 4(0 0.3302 0 0.3799 1.0 

a = 6.267(1) A, b = 3.606(1)A, c = 11.726(4) A, ^ = 91.03(1)°, 
c/a = 1.871, density = 5.945 g/cm3, Uiso = 0.03115, preferred orientation 
( 0 0 1 ) = 1.19, R„ = 0.1268. 

91.25 

917 

91.15 

^ 91.1 

91.05 
» 

91 

1.83 

1.878 

1.876 •8 
1.874 

1.872 > 1.87 
0 50 100 150 200 250 300 

T(K) 

Fig. 7. Temperature variation of the cell parameters /! and c/a. 

180K, the Neel temperature, and an inflection at 
100-110 K. The diffraction scans were searched for 
possible impurities, elements, oxides and selenides, and 
none were found. 

5. Discussion: magnetic structure 

Cr 3 + and Fe2 + are on 4(z) and 2(c) sites in octahedral 
coordination with hcp Se anions, Se(l) and Se(2), 
respectively. The cation chains C r 3 + - F e 2 + -
Cr3 + - D - C r 3 + -Fe 2 + - C r 3 + - D - along the c-axis have 
cation separation within the critical intercation separation 
Rc [14] for direct exchange through Se octahedra having a 
common face. These interactions are the strongest of the 
structure. 

Covalence in the interlayer cation-anion-cation bonding 
is the main reason for the reduction of the magnetic form 
factors [15], In Fig. 1(b), one-quarter of the magnetic cell is 
given to show the 4(0 sites of Se atoms. At y = j, the two 

Se situated between the cation vacancy positions are shown 
each bonded interlayer at an angle 126.6° to two Fe2 + and 
one Cr3 + , with a.f. interaction, while the two other Se at 
y = \ are involved in ferromagnetic bonding of one Fe~ + 

and two Cr3 + , with the same angle 126.6°. 
The critical intermediate angle for antiferro- to ferro-

interactions is between 125° and 150°. In our structure, 
there is another consideration related to the orbitals of the 
cations involved in the bonding. From theoretical con-
siderations on cation-anion-cation bonding [16], when the 
cation has empty eg orbitals (Cr3 + ), the interaction is 
ferromagnetic, and when the cation has half-filled eg 

orbitals (Fe~ + ), the interaction is antiferromagnetic. In 
the case of exchange of cations, 9% for our sample of 
Cr2FeSe4, the interactions could be disturbed. 

6. Conclusions 

In hysteresis runs at 170-180 K and higher, we find 
ferrimagnetic patterns for the short-range order observed 
in our n.d. scans. The short-range magnetic ordering is 
along the 6-axis, and this lattice moment could participate 
in magnetic coupling to the electronic subsystem. The 
negative magnetization observed cannot be related to the 
Fe cation alone, either on 2(c) sites or on 4(/) sites, because 
we have found negative magnetization in the compounds 
Cr3X4 (S, Se, Te), as well as in Cr5Te8, Cr7Te8, Cr48Te52, 
Cr2TiTe4, Ti2CrTe4, Ti3Te4, and V3Te4. In our M(7) study 
of Cr3Se4, the very sharp a.f. peak at 80 K, which identifies 
the transition at 80 K from commensurate order below 
80 K to incommensurate order above 80 K [17] is clearly 
superposed on a negative magnetization. The pattern of the 
weak ferrimagnetism of Cr2FeSe4 in the low-field negative 
magnetization is not so evident. For the negative magne-
tization at 4.2K, the Earth's field value is —2.3 x 10"' emu/ 
g-Oe, and for 5 0e , the value is —1.3 x 10~2 emu/g-Oe. 

We conclude that our n.d. sample has antiferromagnet-
ism with weak ferrimagnetism due to the two different 
distortions of the Cr3 + octahedra and of the Fe2 + 

octahedra. Previously reported M(T) studies of Cr2FeSe4 

did not include magnetization in fields below 50 Oe and 
gave 7 N = 208-260 K [5,6,13], all in very high field. This 
low-field phenomenon is found only below about 5 0 e 
for the chalcogenides, except for the cases of semi-
conductor doping of the vacancies, which gave negative 
magnetization up to 40 Oe. The temperature range of the 
negative/positive behavior, extending to 60 K above room 
temperature, is already sufficiently high for spintronics 
applications. 
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Abstract 
The results of x-ray diffraction, 57Fe Mossbauer spectroscopy, magnetic 
susceptibility, and electrical conductivity studies of the metastable icosahedral 
alloy Al6oCri99Feo.|Ge2o are reported. The observed broadening of the 
diffraction Bragg peaks reflects the presence of the topological/chemical 
disorder. The distribution of the electric quadrupole splitting derived from 
Mossbauer spectra indicates the existence of a multiplicity of Fe sites. The 
average quadrupole splitting decreases with temperature as T3 / 2 . The vibrations 
of the Fe atoms are well described by a Debye model, with the Debye 
temperature of 463(15) K. The temperature dependence of the magnetic 
susceptibility follows the Curie-Weiss law with the effective magnetic moment 
of 0.312(3) per Cr/Fe atom. The origin of the presence of the magnetic 
moment, and its absence in similar crystalline alloys, is discussed. The 
temperature dependence of the electrical conductivity can be successfully fitted 
with the use of theories of quantum interference effects, and values for spin-
orbit and inelastic scattering times are extracted from the fits. The scattering 
process in the studied quasicrystal is dominated by inelastic electron-electron 
scattering. 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

Solids are traditionally divided into two categories: 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], 

Soon after the discovery of the first i QCs in the binary Al-TM (TM = transition metal) 
system, it was found that the addition of a metalloid (Me) improves their structural quality [3]. 
These ternary Al-TM-Me i alloys were mainly studied with respect to their formation and 
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structural properties [4-6], The only physical property investigated was the electrical resistivity, 
p. It was found that in the i alloys Al-Mn-Ge [4, 7], Al-Mn-Si [8, 9], and Al-Cr-Ge [4, 7], 
p exhibits a nonmetallic behaviour (i.e., 3 p / 8 T is negative). For the Al-Cr-Si i alloys, 
contradictory findings were reported: Inoue et al [4] reported that p is of metallic type ( d p / 3 T 
is positive) whereas Kimura et al [7] found that p is of nonmetallic type. The unexpected 
increase of p with decreasing temperature was interpreted qualitatively in terms of the electron-
electron interaction and weak localization effects [8, 9]. 

In this paper, we report on structural, Mossbauer spectroscopy (MS), magnetic, and 
transport studies of the i alloy Al6oCri9.9Feo.|Ge2o-

2. Experimental procedure 

An ingot of composition Al60Crn) 9Feo.iGe2o was prepared by arc melting in an argon 
atmosphere a mixture of high-purity Al, Ge, Cr, and Fe enriched to 95% in an 57Fe isotope. 
The ingot was melt spun in air by ejecting molten alloy at 1423(10) K through a 0.7 mm 
orifice in a quartz tube onto a surface of a copper wheel rotating with a tangential velocity of 
71 (1) m s - 1 . The resulting ribbons were about 2 cm long and 2 mm wide. 

X-ray diffraction (XRD) measurements were performed at 298 K in Bragg-Brentano 
geometry on the PANanalytical X'Pert scanning diffractometer using Cu Ka radiation. The 
Kp line was eliminated by using a Kevex PSi2 Peltier-cooled solid-state Si detector. In order 
to avoid the deviation from intensity linearity of the solid-state Si detector, its parameters and 
the parameters of the diffractometer were chosen in such a way as to limit the count rate from 
the most intense Bragg peaks to less than 9000 counts s _ l [10]. To allow for the possible 
instrumental aberration and specimen displacement, corrections were made to the 20 angles 
using a fourth-order polynomial calibration curve [11] obtained from the scan of the specimen 
mixed with 10 wt% of a Si standard [12]. 

The 57 Fe Mossbauer spectroscopy (MS) measurements in the temperature range 4.2-
299.7 K were conducted using a standard Mossbauer spectrometer operating in a sine mode 
and a source of S7Co(Rh) at room temperature. The spectrometer was calibrated with a 
6.35 /u,m-thick a-Fe foil (with a surface density of 107 /xg 57Fe cm - 2 ) [13], and the spectra 
were folded. The full linewidth at half maximum of the inner pair of the a-Fe Zeeman pattern 
was 0.203(3) m m s - 1 and this value can be regarded as the resolution of the Mossbauer 
spectrometer. The surface density of the Mossbauer absorber of the i Al6oCri9.9Feo.iGe2o 
alloy was 34 /xg 57Fe cm - 2 . This absorber can therefore be regarded as being thin [14], The 
electrical resistivity measurement was made with a standard dc four-probe method between 2.0 
and 300 K. The magnetic susceptibility was measured with a Quantum Design superconducting 
quantum interference device magnetometer in a field of 1 kOe between 2.0 and 300 K. 

3. Results and discussion 

3.1. Structural characterization 

The XRD pattern of the studied sample measured in the 29 range 20°-100° (figure 1) shows 
the presence of 11 i Bragg peaks, the weaker of which were not observed earlier [4, 5] in 
the patterns obtained with a scintillation/proportional counter. This increased sensitivity for 
weak lines is due to the solid -state detector which has a higher counting efficiency (due to 
the elimination of a monochromator in the diffracted beam) and lower background count 
rate as compared to more conventional detectors used in combination with a diffracted-beam 
monochromator [10]. Two weak Bragg peaks due to an unidentified second phase are also 
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2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0 
26 (deg) 

Figure 1. The XRD spectrum of an Al6oCri.;i)Feo.iGe2o alloy at 298 K. The vertical lines labelled 
with indices N/M above all detected i Bragg peaks correspond to the positions calculated for the 
Cu Kofi radiation, as explained in the text. The position, full width at half maximum, and relative 
intensity of each detected i peak are given in table I together with the corresponding index. The 
symbol T indicates the peak positions corresponding to an unidentified second phase. 

Table 1. Positions in terms of 2$i (in degrees) corresponding to Cu Kai radiation and 2exp (in 
A '), full width at half maximum PQ (in A '), and relative intensity INT normalized to 100.0 of 
all detected icosahedral Bragg peaks. Qcii (in A ') is the calculated Q value by taking the position 
of the fourth line with the /1 index 18/29 as the reference line. /1 and 12 are the indices (N/M) 
and (A/A', k/k', / / / ' ) based on the indexing scheme of Cahn el al [17], whereas 13 and /4 are the 
indices corresponding, respectively, to the indexing schemes of Elser [ 18] and Bancel etal [ 19], 

20, Gexp fical TQ I N T / I 12 13 / 4 

22.813 1.613 1.615 0.032 5.7 6/9 011200 111000 110001 
26.343 1.859 1.865 0.024 5.5 8/12 002200 111100 n i o l o 
35.276 2.472 2.467 0.018 0.9 14/21 102300 211100 2100ll 
41.198 2.870 2.870 0.019 89.5 18/29 122300 211111 100000 
43.415 3.017 3.018 0.028 100.0 20/32 002400 221001 110000 
51.449 3.540 3.547 0.016 0.8 28/44 222400 311111 210001 
61.389 4.164 4.164 0.039 6.7 38/61 233400 322101 111000 
63.058 4.266 4.267 0.046 2.3 40/64 242400 322111 111 100 
73.529 4.882 4.882 0.024 24.9 52/84 004600 332002 101000 
87.989 5.666 5.663 0.031 8.2 70/113 124700 432112 110010 
89.411 5.738 5.740 0.044 3.7 72/116 244600 433101 200000 

observed (figure 1). The positions of all the detected i Bragg peaks corresponding to Cu Kai 
radiation (the value of its wavelength A. is 1.5405981 A [15]) in terms of the angle 261 and 
the corresponding wavenumber Qcxp = An sin0|/A, as well as their relative intensities and 
full widths at half maximum TQ, were determined from the profile fitting using the procedure 
described by Schreiner and Jenkins [16]. These parameters corresponding to 11 detected i 
peaks, whose positions are indicated by vertical lines in figure 1, are presented in table 1. This 
table also contains the theoretical positions Qcd\ which were calculated by taking the position 
of the second most intense i peak as the reference. Since there are several schemes employed 
to index the i peaks, we present in table 1 the indices that correspond to the most frequently 
used schemes [17-19]. 

There is a good agreement between the observed Qcxp and the theoretical QCd\ positions 
of the i Bragg peaks (figure 1 and table 1). The absence of Bragg peaks that correspond 
to half-integer indices confirm that the i AleoCriggFeo.iGe2o QC has a simple icosahedral 
(SI) six-dimensional Bravais lattice characteristic for i alloys that cannot be produced as 
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Figure 2. The 57Fe Mossbauer spectrum of the icosahedral Al^jCri^Feo i Ge2o at 299.7 K. The 
zero-velocity scale is relative to a-Fe at room temperature. 
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Figure 3. The 57Fe Mossbauer spectrum (a) of the icosahedral AlsoCri^Feo iGe2o at 297.4 K fitted 
(solid line) with the distribution P(A) shown in (b). The zero-velocity scale is relative to a-Fe at 
room temperature. The residuals are shown above the spectrum. 

thermodynamically stable. The value of the six-dimensional hypercubic lattice constant 
calculated from the value Qexp that corresponds to the (18, 29) i peak is 6.558(2) A. The widths 

? —l 
r Q of the i peaks is significantly larger than the instrumental resolution (about 0.006 A ) of 
the XRD spectrometer. This broadening, as well as the small shifts of Qcxp from their ideal 
positions Qcal, indicates the presence of some structural disorder in the i Al6oCri9.9Feo.iGe2o 
QC. 

A Mossbauer spectrum of the i Al(,oCri9 9Feo.iGe2o QC (figure 2) measured in a wide 
velocity range shows a pattern due to the presence of only the electric quadrupole interaction; no 
patterns due to the presence of magnetically ordered Fe-containing second phases are detected. 

3.2. Mossbauer spectroscopy 

The Mossbauer spectrum of the i Al6oCri9.9Feo.iGe2o QC consists of a broadened doublet 
(figure 3(a)) which results from the distribution of the quadrupole splittings, P(A) [20]. A 
quadrupole splitting 

A = ^ e i v z z i ( i + i i , 2 ) 1 / 2 , ( i ) 
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Physical properties of the icosahedral quasicrystal Al6()Criij i;Feo |Ge2o 8385 

4 (mm/s) 

Figure 4. A 3D projection of the distributions P(A) for the icosahedral Al6oCri9.9Feo.iGe2o-

where e is the proton charge and Q is the electric quadrupole moment of the 57Fe nucleus. 
The asymmetry parameter rj = (Vxx — Vyy)/Vzz, (0 < rj < 1), where Vyy, Vxx, and 
Vzz are the eigenvalues of the electric field gradient (EFG) tensor in order of increasing 
magnitude [14]. The distribution P( A) is the consequence of the distributions of the EFG 
and of the asymmetry parameter. The Mossbauer spectrum in figure 3(a) was fitted with the 
constrained version [21] of the Hesse-Riibartsch method [22], A slight asymmetry of the 
spectrum was accounted for by assuming a linear relation between the centre shift, <5, and 
the quadrupole splitting A of the elemental Lorentzian doublets of full width at half maximum 
r , S = <5o + aA, where So and a are fitted parameters [20]. The best fit of the Mossbauer 
spectrum of the i AlgoCrigjFeo.iGeio QC (figure 3(a)) could be obtained with the probability 
function P(A) shown in figure 3(b). The elemental doublet parameters obtained from the fit are 
T = 0.216(7) mm s _ 1 , 5 0 = 0.212(2) mm s~', and a = 8.66(1.22) x 10"5. The average values 
of S and A over the distribution P( A) are S = 0.212(2) mm s"1 and A = 0.452(1) mm s _ 1 . 

The presence of a wide distribution P{A) observed here (figure 3(b)) and in other 
i QCs [20] is direct evidence for the multiplicity of Fe sites. In other words, P ( A) is a signature 
of an intrinsic topological disorder present in the i QC. The lack of ab initio calculations of the 
distribution of the EFG in i QCs inhibits a comparison of the experimentally determined P{A) 
with theory. Such calculations are very desirable since the experimentally determined shape of 
P{ A) could be directly used to determine which of the proposed structural models of a given 
i QC is the most appropriate. 

Distributions P{A) similar to that in figure 3(b) were determined from the fits of the 
Mossbauer spectra of the i Al6oCri9.9Feo.iGe2o QC measured at other temperatures (figure 4). 
One can note a small increase of A with decreasing temperature. The temperature dependence 
of A could be fitted (figure 5) to the empirical equation 

A(T) = A(0)(1 - BT3/2), (2) 

where A(0) is the value of A at 0 K and B is a constant. Such a 7 3 / 2 temperature 
dependence has been observed in many metallic noncubic crystalline alloys [23], in some 
amorphous [24, 25] alloys, and recently in QCs [25, 26] over temperature ranges from a few 
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T(K) 

Figure S. The temperature dependence of the average quadrupole splitting of the icosahedral 
AI6oCr|i)i()Fe() iGe2o- The solid line is the fit to equation (2), as explained in the text. 

K to the melting point. This seemingly universal T3/2 dependence is not well understood. 
Its origin seems to be associated with a strong temperature dependence of mean-square 
lattice displacements and, to a lesser extent, with the temperature dependence of lattice 
expansion [27], The values of A(0), B determined from the fit for the i Al«)Cr|C).9Feo.iGe2o 
QC are 0.480(1) mm s~', 1.08(5) x I0"5 K"3 /2 . The value of B is similar to that found for 
other metallic amorphous alloys and QCs [24-26]. 

The average centre shift at temperature T, 5(7"), determined from the fits of the spectra of 
the studied sample measured at different temperatures is given by 

s(T) = a0 + wn, (3) 
where So is the intrinsic isomer shift and <5SOD(7") is the second-order Doppler (SOD) shift 
which depends on lattice vibrations of the Fe atoms [14]. In terms of the Debye approximation 
of the lattice vibrations, 5.SOD(7") is expressed [14] by the Debye temperature, ©D, as 

9 kT ( T \ 3 f@n/T x3dx 
8SOD(T) = - - — — / - , (4 ) 

2 Mc\@dJ Jo e ' - 1 

where M is the mass of the Mossbauer nucleus, k is the Boltzmann constant, and c is the speed 
of light. By fitting the experimental data 8(T) (figure 6) to equation (3), the quantities 8q and 
0 D were found to be, respectively, 0.331(2) mm s _ l and 463(15) K. The value of found 
here is comparable to the values of © D found for other i QCs [25, 26]. 

3.3. Magnetic susceptibility 

The magnetic susceptibility of the i Al6oCri9.9FeQ.|Ge2o QC measured in an applied magnetic 
field of 1 kOe between 2.0 and 300 K is shown in figure 7. Between 20 and 300 K, the x(T) 
data can be well fitted to 

C 
X = X o + = — — , (5) 

1 — Up 

where xo is the temperature-independent magnetic susceptibility, C is the Curie constant, 
and 8P is the paramagnetic Curie temperature. The Curie constant can be expressed as 

Nu2 

C = - j f 1 , where N is the concentration of magnetic atoms per unit mass and /zclf is the 
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T ( K ) 

Figure 6. The temperature dependence of the average centre shift of the icosahedral 
Al6oCri9.9Feo.iGe2o- The solid line is the fit to equation (3), as explained in the text. 
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Figure 7. The temperature dependence of the magnetic susceptibility of the icosahedral 
Al6oCri9.9Feo.iGe2o, measured in a field of kOe. The solid line is the fit to equation (5), as explained 
in the text. 

effective magnetic moment. The values of xo< C, and 9P obtained from the fit are, respectively, 
4.33(1) x 10"6 e m u g - 1 , 6.15(13) x 1(T5 emu Kg" 1 , and -22 .1 (9 ) K. This value of C 
corresponds to /xcff of 0.312(3) /XB perTM atom. Magnetic susceptibility measurements on an 
i QC of a similar composition AlgsC^oGeis [28] found 9P = —10.9 K and /zeff = 0.45 /XB per 
Cr atom. 

A deviation from the Curie-Weiss law below 20 K (figure 7) may be due to the presence of 
some magnetic impurity in the sample. The negative values of 9P indicates the predominantly 
antiferromagnetic interaction between the TM atoms, which was also observed in other i A l -
TM QCs [28, 29]. Magnetic susceptibility measurements in Al-Cr crystalline alloys showed 
that Cr atoms do not carry a magnetic moment [30]. No measurable magnetic moment on Cr 
atoms was found in the i Al74Cr2oSi6 QC [31]. A sizeable magnetic moment of 0.312(3) /xb 
observed here confirms an earlier observation [28] that there is a local magnetic moment on Cr 
in the i Al-Cr-Ge QC. 

The non-zero value of /xeff on the Cr atoms in the i Al-Cr-Ge QCs, and its absence in Al-Cr 
crystalline alloys, raises the question of its origin. It is conceivable that the i symmetry induces 
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a large density of states at the Fermi level, N(Er), and hence leads via the Stoner criterion to the 
formation of the magnetic moment on the Cr atoms [32], There are neither electronic structure 
calculations nor the experimental electronic structure studies for the i Al-Cr-Ge QC available 
to ascertain the possibility of the high N(Er). However, one can use the following qualitative 
argument to show that this value must be small. The formation and stability of the i QCs 
appears to be qualitatively explained in terms of the Hume-Rothery rules [3]. The i QCs seem 
to form for certain well defined values of the electron-per-atom ratio e/a [3], At these critical 
ratios the Fermi sphere of radius k? just touches a Brillouin zone plate, i.e., 2kp = Q. This 
corresponds to the opening of an energy gap at the Fermi surface, giving rise to a minimum 
of N(Er). Assuming the valence electron numbers of + 3 for Al, + 4 for Ge, —4.66 for Cr, 
and —2.66 for Fe [3], one can find that the value of e/a for the i Al6()Cri99Feo.iGe2o QC is 
1.670. The radius of the Fermi sphere is calculated from the equation k\: = (3^2M c) i / 3 , where 
nc is the electron concentration. The electron concentration can be derived from the relation 

= , where d is the mass density of the alloy, M is its atomic weight, and NA is the 
Avogadro number. With the value e/a = 1.67, one gets 2k? = 2.880 A - 1 . The latter compares 
well with the Q value of 2.870 A 1 corresponding to the 18/29 i peak (table 1). It thus appears 
that i symmetry, similarly as is the case for the i Al-Mn QCs [33], is not responsible for the 
formation of a magnetic moment on the Cr atoms. 

The most probable origin of the non-zero magnetic moment on the Cr atoms in the 
i Alf,oCri9.9Feo.iGe2o QC is the presence of the topological disorder inherent to the i structure. 
This interpretation was first suggested in [34] in relation to the i Al-Mn QCs. It was later 
justified theoretically [35], It is well known that magnetic interactions depend crucially upon 
interatomic distances. In alloys containing TM atoms it was shown using total-energy band 
calculations [36] that there is a system-dependent critical separation between the TM atoms 
below which they do not carry a magnetic moment; this moment appears for separations larger 
than the critical one. This general result then implies that the presence of topological disorder, 
which involves different TM-TM separations, in an alloy may be crucial for the formation of 
a magnetic moment. The presence of this disorder in the studied i Al6oCri9.9Feo.iGe2o QC is 
clearly manifested in the broadening of the i Bragg peaks and the appearance of the distribution 
P( A). 

3.4. Electrical conductivity 

The temperature dependence of p and of the electrical conductivity cr (cr = 1 / p ) for the 
i AlfioCrig.gFeo.i Ge2o QC is shown in figure 8. The most salient feature of this dependence is a 
remarkably large value of p, as compared to that of amorphous and crystalline alloys of similar 
composition, and the negative dp/dT over a large temperature range. At low temperatures, 
p increases with temperature from p2K = 1398.2 /u,Q cm and passes through a shallow 
maximum at 37.2 K where P37.2K = 1407.6 /xfi cm; the total increase from 2 to 37.2 K, 
(P37.2K — P2k)/P37.2k = 0.7%, is very small. Above this temperature, p decreases almost 
linearly with increasing temperature to PIOOK = 1345.5 nQ, cm, thus by 4.4% of its maximum 
value. 

The temperature dependence of a in QCs was shown to be well described by the 
quantum interference effects (QIEs), i.e., the electron-electron interaction (EEI) and the weak 
localization (WL) effects [37], The form of the temperature dependence of a due to QIEs is 

a(T) = o(0) + A aEEl(T) + ACTWL(7"), (6) 

where CT(0) is the temperature-independent background conductivity, ACT^I is the EEI 
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T(K) 

Figure 8. The temperature dependence of the electrical resistivity and conductivity of the 
icosahedral Al<soCri9.9Feo.iGe2o. 

contribution, and ACTWL IS the WL contribution. The EEI contribution [38] is written as 

1.3 e2 / 4 3 \ [kT 

where Fa is the Coulomb interaction parameter and D is the diffusion constant. The WL 
contribution [38] is in the form 

=
 + (8) 

where rso is the spin-orbit scattering time and r, is the inelastic scattering time. The last term 
in equation (8) is added in order to get ACTWL = 0 at 7" = 0. Only r, in equation (8) is 
temperature dependent and is usually expressed by a simple power law r, = r,oT~p , where 
r,o is a constant and the exponent p depends on the type of inelastic scattering mechanism. 
Combining equations (7) and (8), the final form of the expression for the conductivity due to 
QIE corrections is 

a ( J ) = CT(0) + a j f + />(Vl + cTd - - 3 ) , (9) 

where the fitted parameters a = - b = c = and d = p. 

The value of the diffusivity can be estimated using the Einstein equation for the Boltzmann 
conductivity er(0) = e2N{Ev)D. The value of cr(0) = 717.3(1) Q"1 c m - 1 was obtained 
from the extrapolation of the experimental a(T) data (figure 8) to 0 K. N(E\-) was estimated 
from the electronic specific heat coefficient y of 1.0 mJ (mol - 1 K~2) [39] via the relation 
y = jr2£/V(£V)/3. This gave D = 0.175 cm2 s - 1 . The electrical conductivity of the 
i Al6oCri9.9Feo.iGe2o QC was fitted to equation (9) (figure 9), and from the values of a, b, 
c, and d one can extract values of F„, rso, r,o, and p (table 2). It is not obvious up to what 
maximum temperature, 7"max, do QlEs contribute to a(T) [37]. It was demonstrated [40] that 
QIE corrections to a{T) in the i Al-Cu-Fe QCs extend up to 7"max = 300 K. We first fitted 
the subsection of the a{T) data between 2 K and Tmax = 100 K (figure 9(a)). A good fit 
was obtained with sensible values [37, 40, 41] for the F„, t so , r,o, and p parameters (table 2). 
It can be seen that the fitted curve continues to describe a(T) data well above 100 K up to 
about 200 K. Next we fitted the subsection of the a{T) data between 2 K and Tmdx = 200 K 
(figure 9(b)). A good fit for slightly different values of F„, rso, r,o, and p (table 2) is evident. 



8390 Z M Stadnik and P Wang 

0 50 100 150 200 250 300 
T ( K ) 

Figure 9. The electrical conductivity (red curve) fitted (solid line) to equation (9) between 2.0 K 
and (a) 7"max = 100 K, (b) 7"max = 200 K, and (c) 7"max = 300 K, as explained in the text. The 
experimental and fitted curves in (b) and (c) are shifted by 10 and 20 c m - 1 , respectively. 

Table 2. EEI and WL parameters obtained from the fits of o (T) to equation (9) between 2.0 K and 
Tmax-

Tmax (K) Fa rso (ps) r,o (ps) P 

100 0.885(13) 0.521(86) 104(21) 1.27(1) 
200 0.902(2) 0.659(23) 128(5) 1.29(4) 
300 0.923(2) 0.895(25) 166(5) 1.31(4) 

The fitted curve describes cr(T) data well above 200 K up to about 220 K. Figure 9(c) shows 
the fit in the entire temperature range 2-300 K for the Fa, TSO, T,O, and p parameters given in 
table 2. 

The Coulomb interaction parameter Fa found here (table 2) is within the range 0.6-1.5 
found for other i QCs [40, 41]. The value of rso of ~ 1 ps is of the same order of magnitude as 
that found in other i QCs [40, 41]. At 300 K, i; is of the order 0.1 ps, which is consistent with the 
corresponding values found in i Al-Cu-Fe QCs [40, 41], The p value of about 1.3 indicates 
that the scattering mechanism in the studied QC is dominated by inelastic electron-electron 
scattering [40]. It is concluded that QIE corrections to a account well for the temperature 
dependence of o{T) up to room temperature. 

4. Conclusions 

A distribution of the electric quadrupole splitting in the studied quasicrystal reflects the 
presence of a structural disorder. The temperature dependence of the average quadrupole 
splitting follows the T3/1 dependence. The vibrations of the Fe atoms are well described by 
a Debye model, with the Debye temperature of 463(15) K. The formation of the magnetic 
moment of 0.312(3) /MB per Cr/Fe atom results from the topological disorder inherent to the 
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icosahedral structure. The temperature dependence of the electrical conductivity up to room 
temperature is well accounted for quantitatively by theories of quantum interference effects. 
The scattering process in the studied quasicrystal is dominated by inelastic electron-electron 
scattering. 
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Abstract 
The results of x-ray diffraction, magnetic susceptibility, and 155Gd Mossbauer 
spectroscopy studies of the recently discovered icosahedral quasicrystal 
AgsoIn3f,Gdi4 are reported. The studied quasicrystal has a simple six-
dimensional Bravais lattice with the six-dimensional hypercubic lattice constant 
of 7.805(2) A. The observed broadening of the diffraction Bragg peaks reflects 
the presence of the topological/chemical disorder. The temperature dependence 
of the magnetic susceptibility follows the Curie-Weiss law with an effective 
magnetic moment of 8.15(1) /XD per Gd atom and the paramagnetic Curie 
temperature of —37.1(2) K. The studied quasicrystal is a spin glass with 
a freezing temperature of 4.25(5) K. The presence of a distribution of the 
electric quadrupole splitting in the Mossbauer spectra indicates the existence 
of a multiplicity of Gd sites. The values of the principal component of the 
electric field gradient tensor and the asymmetry parameter at these sites are, 
respectively, -4.91(10) x 1021 V cm - 2 and rj = 1.00(20). The Debye 
temperature of AgjoInifiGdn is 199(2) K. The hyperfine magnetic field sets in 
at a temperature higher than the freezing temperature. 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

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 
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twelvefold symmetry axes [2]. 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. 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. There are geometrical 
models [3] and physical models, such as the Ising model [4], the XY model [5], the Heisenberg 
model [6], and the Hubbard model [7]. 

On the experimental side, all known QCs are either diamagnets, paramagnets or spin 
glasses [8], The recent claim [9] of the existence of long-range magnetic order in i R-Mg-
Zn (R = rare earth) QCs was shown [10] to result from the presence of magnetic impurities 
in the studied samples. Recent extensive neutron diffraction studies [II] 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. 

Recently, new metastable i QCs were discovered in the AgsoInv,Ri4 system [12]. These 
QCs are formed by replacing all of Cd in the binary i YbCdsj QC [13] with Ag and In, and 
Yb with other R elements. It is thus expected that the crystal structure of the i AgsoIn^Ru 
QCs must be similar to that of the i YbCdjj QC. Very recently, the crystal structure of the 
i YbCd5.7 QC has been solved [14]. It is based on three building units (rhombic triacontahedra 
linked with acute and obtuse rhombohedra) arranged quasiperiodically with unique atomic 
decorations. One would expect that R atoms are located at the Yb sites (on the vertices of 
the icosahedron and inside the acute rhombohedron) and the Ag and In atoms are distributed 
among the Cd sites. The new i Ag^In^R^ QCs are expected to posses well localized and 
sizeable 4f magnetic moments on the R elements and perhaps exhibit long-range magnetic 
order. In this paper, we report on structural, magnetic, and l55Gd Mossbauer spectroscopy 
studies of the i alloy AgsoInifiGdu. 

2. Experimental procedure 

An ingot of nominal composition AgsoInieGdn was prepared by melting constituent elements 
in an induction furnace on water-cooled Cu boat under an Ar atmosphere. Purities of the 
starting elements were 99.999%, 99.999%, and 99.998% for Ag, In, and Gd, respectively. The 
melting was repeated four times, in each case after turning the ingot. The total weight loss after 
the melting was 1.5%. The ingot was then melt spun in an Ar atmosphere by ejecting molten 
alloy through a 0.7 mm orifice in a quartz tube onto a surface of a copper wheel rotating with 
a tangential velocity of 47 m s - 1 . The resulting ribbons were about 1.0 cm long and 20 fim 
thick. 

X-ray diffraction (XRD) measurements were performed at 298 K in Bragg-Brentano 
geometry on a PANanalytical X'Pert scanning diffractometer using Cu Ka radiation. The K/S 
line was eliminated by using a Kevex PSi2 Peltier-cooled solid-state Si detector. To allow for 
the possible instrumental aberration and specimen displacement, corrections were made to the 
26 angles using a fourth-order polynomial calibration curve [15] obtained from the scan of the 
specimen mixed with 10 wt% of a Si standard [16], 

The magnetic susceptibility was measured with a Quantum Design superconducting 
quantum interference device magnetometer at various fields in the temperature range 2.0-
300 K. 
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The l55Gd Mossbauer spectroscopy measurements in the temperature range 1.5-10.4 K 
were conducted using a standard Mossbauer spectrometer operating in a sine mode and a source 
of l55Eu(SmPd3). The source was kept at the same temperature as that of the absorber. The 
spectrometer was calibrated with a Michelson interferometer [17], and the spectra were folded. 
The Mossbauer absorber was made of pulverized material pressed into a pellet which was then 
put into an Al disc container of thickness of 0.008 mm to ensure a uniform temperature over the 
whole sample. The surface density of the Mossbauer absorber of the i Ag5oIn36Gdi4 alloy was 
304 mg cm - 2 . The 86.5 keV y-rays were detected with a 2.5 cm Nal(Tl) scintillation detector 
covered with a 0.6 mm Pb plate to cut off the 105.3 keV y-rays emitted from the source. 

The Mossbauer spectra were analysed by means of a least-squares fitting procedure which 
entailed calculations of the positions and relative intensities of the absorption lines by numerical 
diagonalization of the full hyperfine interaction Hamiltonian [18]. The following hyperfine 
parameters are obtained from the fits: the hyperfine magnetic field at a nuclear site, //hf, the z-
component of the electric field gradient (EFG) tensor, Vzz, the asymmetry parameter, r/, defined 
as r) = | (V x x — Vyy)/Vzz | (if the principal axes are chosen such that | Vxx| < |V,,v| < |V„|,then 
0 < »? < 1), the angle between the direction of Hm and the V,,-axis, 6, and the angle between 
the Vjj-axis and the projection of Hm onto the .xy-plane, <j>. During the fitting procedure, the 
g-factor and the quadrupole moment ratios for l55Gd ( l s = 3/2, ICK = 5/2) were constrained 
to, respectively, gcx/gg = 1.235 and Qcx/Qg = 0.087 [19]. The interference I'-factor for the 
El transition of 86.5 keV in l55Gd was fixed to the value of 0.0520, which was derived from 
the fit of the l55Gd Mossbauer spectrum of GdFe2 at 4.2 K [20]. 

The resonance line shape of the Mossbauer spectra was described by a transmission 
integral formula [21]. In addition to the hyperfine parameters, only the absorber Debye-
Waller factor / a and the absorber linewidth Ta were fitted as independent parameters. The 
source linewidth r s = 0.334 mm s~' and the background-corrected Debye-Waller factor 
of the source f* [22], which were derived from the fit of the m G d Mossbauer spectrum 
of GdFe2 at 4.2 K [20], were used. The 155Eu(SmPd;0 source at 1.5 K emits a broadened 
emission line; from the fit of the l5 lGd Mossbauer spectrum of GdFe2 at 1.5 K we found that 
Ts = 0.708 mm s"1 [20], 

3. Results and discussion 

3.1. Structural characterization 

The XRD pattern of the studied sample measured in the 29 range 5°-100° (figure I) shows 
the presence of 19 i Bragg peaks, the weaker of which were not observed earlier [12] in the 
patterns obtained with a scintillation/proportional counter. Four weak Bragg peaks due to an 
unidentified second phase are also observed (figure 1). The positions of all the detected i Bragg 
peaks corresponding to Cu Ka; radiation (the value of its wavelength X is 1.5405981 A [22]) in 
terms of the angle 2#i and the corresponding wavenumber Qcxp = 4jr sin 9i/k, as well as their 
relative intensities and full widths at half maximum TQ, were determined from the profile fitting 
using the procedure described by Schreiner and Jenkins [23]. These parameters corresponding 
to 19 detected i peaks, whose positions are indicated by vertical lines in figure 1, are presented 
in table 1. This table also contains the theoretical positions Qcai which were calculated by 
taking the position of the second most intense i peak as the reference. Since there are several 
schemes employed to index the i peaks, we present in table I the indices that correspond to the 
most frequently used schemes [24-26], 

There is a good agreement between the observed g c x p and the theoretical gcai positions 
of the i Bragg peaks (figure 1 and table I). The absence of Bragg peaks that correspond 
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26 (deg) 

Figure 1. The XRD spectrum of an Ag5oIni6Gdi4 alloy at 298 K. The vertical lines labelled with 
integers above all detected i Bragg peaks correspond to the positions calculated for the Cu Kai 
radiation, as explained in the text. The position, full width at half maximum, and relative intensity 
of each detected i peak are given in table I together with the corresponding index. The symbol • 
indicates the peak positions corresponding to an unidentified second phase. 

Table 1. Positions in terms of 26»i (in deg) corresponding to Cu Kai radiation and Qcxp (in A - 1 ) , 
full width at half maximum f y (in A '), and relative intensity INT normalized to 100.0 of all 
detected icosahedral Bragg peaks, which are labelled with consecutive integers in column I, as 
obtained from the fit [23], The integers correspond to the vertical lines in figure 1. Qcai (in A - 1 ) 
is the calculated {7-value by taking the position of the second line with the /1 index 18/29 as the 
reference line. 11 and 12 are the indices (N/M) and (h/ti, k/k'. I/I') based on the indexing scheme 
of Cahn el al [24], whereas /3 and 14 are the indices corresponding, respectively, to the indexing 
schemes of Elser [25] and Bancel el al [26], 

Label 20, Qexp Ccal To INT /I 12 13 / 4 

1 26.146 1.845 1.842 0.025 0.5 12/16 022200 211000 31 IT r I 

2 34.388 2.411 2.411 0.024 44.0 18/29 122300 211111 100000 
3 36.229 2.536 2.535 0.027 100.0 20/32 002400 221001 110000 
4 41.230 2.872 2.876 0.034 22.4 26/41 013400 222100 111101 
5 42.832 2.978 2.980 0.037 11.3 28/44 222400 311111 210001 
6 50.831 3.501 3.499 0.036 3.5 38/61 233400 322101 111000 
7 52.104 3.582 3.585 0.039 4.4 40/64 242400 322111 111100 
8 60.376 4.102 4.102 0.031 23.9 52/84 004600 332002 101000 
9 64.008 4.323 4.321 0.040 13.3 58/93 233600 333101 210000 

10 65.169 4.393 4.391 0.043 10.1 60/96 224600 422211 2 1 0 I 0 0 

11 68.637 4.599 4.596 0.069 6.9 66/105 104700 432002 211 l l l 
12 71.426 4.761 4.758 0.034 1.7 70/113 124700 432112 110010 
13 72.485 4.822 4.822 0.034 3.9 72/116 244600 433101 200000 
14 75.698 5.005 5.009 0.052 2.7 78/125 344601 433201 211001 
15 76.916 5.073 5.071 0.037 3.8 80/128 004800 442002 220000 
16 80.149 5.251 5.249 0.085 3.5 86/137 364500 443101 310001 
17 82.674 5.388 5.392 0.016 0.4 90/145 015800 522222 111110 
18 83.815 5.448 5.448 0.041 4.1 92/148 115801 443102 211000 
19 90.709 5.803 5.801 0.028 1.8 104/168 464600 533212 111010 

to half-integer indices confirm that the i AgsoIn.ifiGdu QC has a simple icosahedral 
(SI) six-dimensional Bravais lattice characteristic for i alloys that cannot be produced as 
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T(K) 

Figure 2. (a) The temperature dependence of the magnetic susceptibility of the icosahedral 
Ag5oIn36Gdi4, measured in an external magnetic field of 30 Oe. The solid line is the fit to 
equation (1) in the temperature range 50-300 K, as explained in the text, (b) The inverse magnetic 
susceptibility corrected for the contribution xo. (X — Xo) -1 versus temperature T of the icosahedral 
Ag5oIn36Gdi4. The solid line is the fit to equation (1). 

thermodynamically stable. The value of the six-dimensional hypercubic lattice constant 
calculated from the value gexp that corresponds to the (18, 29) i peak is 7.805(2) A. The widths 
TQ of the i peaks is significantly larger than the instrumental resolution (about 0.006 A ) of the 
XRD spectrometer. This broadening, as well as the small shift of Qexp from their ideal positions 
2cai, indicates the presence of some structural/chemical disorder in the i AgsoIn36Gdi4 QC. 

3.2. Magnetic susceptibility 

The magnetic susceptibility x of the i Ag5oIn36Gdi4 QC measured in an applied magnetic field 
of 30 Oe between 2.0 and 300 K is shown in figure 2(a). The sample was zero-field cooled to 
the lowest temperature and the measurement was performed while warming the sample up to 
300 K. The x(T) curve exhibits a definite peak at 4.20(5) K, indicating magnetic ordering. The 
X ( T ) data above 50 K could be fitted to a modified Curie-Weiss law, 

C 
x = x o + - — — , (1) 

1 — up 

where xo is the temperature-independent magnetic susceptibility, C is the Curie constant, and 

is the paramagnetic Curie temperature. The Curie constant can be expressed as C = 
where N is the concentration of magnetic atoms per unit mass and /u.eff is the effective magnetic 
moment. Figure 2(b) shows the inverse magnetic susceptibility corrected for the contribution 
Xo. (X ~ Xo) - 1 versus temperature; the validity of the Curie-Weiss law is evident. The values 
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T(K) 

Figure 3. The temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC) 
magnetic susceptibility of the icosahedral Ag5oIn36Gdi4, measured in an external magnetic field 
of 30 Oe. 

of xo» C, and 0p obtained from the fit are, respectively, 8.57(10) x 10~6 emu g ~ \ 9.91(3) x 
10 - 3 emu K g _ 1 , and —37.1(2) K. This value of C corresponds to /xeff of 8.15(1) /xb per Gd 
atom. 

For a free Gd3+ ion (electronic ground state 8S7/2), the theoretical value of /^ff = 
gHB^/J( J + 1) is 7.94 /xb [27], The fact that the experimental value ^eff = 8.15(1) MB is very 
close to the theoretical value of 7.94 /xB confirms that the magnetic moment is localized on the 
Gd3+ ions and that, as expected, Ag and In atoms carry no magnetic moment. The negative 
value of 0P indicates the predominantly antiferromagnetic interaction between the Gd3+ spins. 

To determine the nature of the magnetic transition at 4.20 K, we measured the temperature 
dependence of the zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility 
around 4.2 K in an applied magnetic field of 30 Oe (figure 3). The occurrence of a bifurcation 
between the ZFC and FC data at the freezing temperature Tf = 4.25(5) K is evident. Above Tf 
both ZFC and FC data are identical. Such a behaviour of the ZFC and FC susceptibility data is 
characteristic of a spin glass [28]. The i AgsoIn36Gdi4 QC is thus a spin glass with a freezing 
temperature 7> = 4.25(5) K. 

The occurrence of a spin-glass behaviour requires both randomness and frustra-
tion [28, 29]. The frustration parameter / , defined as / = —9P/Tf [30], is an empirical 
measure of frustration. Its value for the i Ag5oIn3eGdi4 QC is 8.7(1), which indicates that the 
studied QC belongs to a category of strongly geometrically frustrated magnets [30]. 

There are two other Gd-containing i alloys, ZnsoMg^Gds with face-centred icosahedral 
(FCI) structure [31] and Cd5oMg4oGdio with SI structure [32], which are also spin glasses. The 
values of 0P and Tf for these i alloys are, respectively, - 3 8 K, 5.5 K and -37 .8(1 .0 ) K, 4.3(1) K. 
These are very similar to the values of —37.1 (2) K, 4.25(5) K found here for the i Ag5oIn36Gdi4 

QC with SI structure. It would thus appear that SI and FCI Gd-containing i alloys have very 
similar bulk magnetic properties. 

All three known Gd-containing ternary i alloys, Zn5oMg42Gdg [31], Cd5oMg4oGdio [32], 
and Ag5oIn3eGdi4 studied here, exhibit no long-range magnetic order and are spin glasses. 
Is then the spin-glass state inherent to the quasicrystalline structure of these alloys or does it 
result from structural/chemical disorder present in them? ZnsoMg42Gd8 and Cd5oMg4oGdio 
QCs are thermodynamically stable, whereas the Ag5oIn36Gdi4 QC is metastable. The fact that 
the spin-glass state occurs both in thermodynamically stable and metastable i QCs seems to 
exclude the structural disorder as the main reason for its occurrence. These three Gd-containing 
ternary i QCs possess some chemical disorder which may lead to the development of the 
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VELOCITY (mm/s) VELOCITY (mm/s) 

Figure 4. The 155Gd Mossbauer spectrum of the icosahedral AgsoIn36Gdi4 at 10.4 K fitted (solid 
line) with (a) one quadrupole pattern and (b) a distribution of quadrupole patterns. The zero-velocity 
scale is relative to the source. 

spin-glass state. The fact that the thermodynamically stable binary i QC YbCd5 7 with no 
chemical disorder is not a spin glass [33] seems to support this suggestion. 

3.3. Mossbauer spectroscopy 

Figure 4(a) shows a 151Gd Mossbauer spectrum of the i Ag5oIn36Gdi4 QC at 10.4 K, i.e., 
well above Tf. This spectrum exhibits a substantial electric quadrupole hyperfine interaction. 
For 155Gd nuclei, the quadrupole moment of the excited nuclear state with spin /ex = 5/2, 
gex = 0.12 b [19], is significantly smaller than that of the ground nuclear state with spin 
Ig = 3/2, Qg = 1.30 b [34]. This causes the quadrupole splitting of the excited nuclear 
state, which is sensitive to the sign of Vzz and the magnitude of r), to be smaller than the 
natural linewidth rnat = 0.250 mm s~'. Consequently, only the absolute value of the effective 
quadrupole splitting parameter A| f f = eQg\Vzz\ + i]2/3 can be derived from a Mossbauer 
spectrum of a sample in the paramagnetic state [35]. The parameters derived from the fit 
(X2 = 1.10) of the 10.6 K Mossbauer spectrum (figure 4(a)) are: the isomer shift (relative to 
the 155Eu(SmPd3) source) 8 = 0.513(8) mm s"1, A f = 2.030(27) mm s"1, / a = 9.9(2)%, 
and r a = 0.508(23) mm s - 1 . Although a relatively good fit was obtained, the value of Ta 

is unphysically large. This large value of Ta indicates the presence of a distribution of A®ff. 
In a QC, variations of the local coordination from site to site are expected to give rise to 
a distribution of the parameters Vzz and »; [36]. The distribution of A| f f was simulated by 
fitting the 10.6 K Mossbauer spectrum with six component quadrupole patterns with A^ff-values 
extending from 0.0 to 1.5 mm s _ 1 ; the absorber linewidth was fixed to the value of rnat and the 
same values of 8 and / a were assumed for all components. The parameters deduced from the fit 
assuming a distribution of A| f f (figure 4(b)), 8, the average A| f f , A| f f , and / a are given in table 2. 
The 151Gd Mossbauer spectra of the i A g 5 o I n 3 6 G d i 4 QC at 5.9 and 5.3 K (figure 5) display the 
presence of a distribution of A®ff and were fitted in the same way as the corresponding spectrum 
of the i Ag5oIn36Gdi4 QC at 10.6 K; the parameters derived from the fits are given in table 2. 

The 151Gd Mossbauer spectrum of the i Ag5oIn36Gdi4 QC at 4.4 K, i.e., slightly above 
Tf, clearly shows (figure 5) the presence of a combined electric quadrupole and magnetic 
dipole hyperfine interactions. It was analysed by assuming a distribution of the quadrupole 
splitting constant Ag = eQgVzz, and the same value of was used for all component 
patterns; the value of 0 was fixed to 0.0° in the fit. The negative value of the average A^, 
Ag = eQgVzz, obtained from the fit (table 2) clearly establishes that the Vzz component of the 
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Figure S. 155Gd Mossbauer spectra of the icosahedral Ag5oIn36Gdn at various temperatures. Solid 
lines are fits, as described in the text. The zero-velocity scale is relative to the source. 

Table 2. Hyperfine interaction parameters derived from the fits to the 151Gd Mossbauer spectra of 
the icosahedral AggoInisGdu at various temperatures. 

T( K ) <5 (mm s 1) A | f f or A s (mm s" 1 ) n Whf(kOe) /a (%) x 2 

1 0 . 4 0 . 5 1 1 ( 7 ) 2 . 4 9 8 ( 3 7 ) 9 . 9 ( 1 ) 0 . 9 9 

5 . 9 0 . 5 2 2 ( 7 ) 2 . 5 4 1 ( 5 1 ) 1 0 . 0 ( 1 ) 1 . 0 6 

5 . 3 0 . 5 1 2 ( 8 ) 2 . 3 8 5 ( 8 7 ) 1 0 . 0 ( 1 ) 1 . 1 9 

4 . 4 0 . 5 0 1 ( 9 ) - 2 . 2 1 2 ( 4 5 ) 1 . 0 0 ( 2 0 ) 6 9 . 8 ( 7 . 5 ) 1 0 . 1 ( 2 ) 1 . 0 4 

1 .5 0 . 5 1 6 ( 1 6 ) - 2 . 4 2 6 ( 9 5 ) 0 . 8 4 ( 2 4 ) 1 1 9 . 6 ( 1 1 . 2 ) 1 0 . 5 ( 2 ) 1 . 1 0 

EFG tensor at the Gd sites in the i Ag5oIn36Gdi4 QC is negative. The complete set of the EFG 
tensor parameters at the Gd sites in the i Ag5oIn36Gd|4 QC determined experimentally here is: 
Vzz = - 4 . 9 1 ( 1 0 ) x 1021 V c m - 2 and i] = 1.00(20). The 151Gd Mossbauer spectrum of the 
i Ag5oIn36Gdi4 QC at 1.5 K (figure 5) was fitted in the same way as the corresponding spectrum 
at 4.4 K; the parameters derived from the fit are given in table 2. 

The studied i Ag5oIn36Gdi4 QC is formed [12] by replacing all of Cd in the binary 
i YbCd5 7 QC [13] with Ag and In, and Yb with Gd. It is thus expected that the crystal structure 
of the i Ag5oIn36Gdi4 QC must be similar to that of the i YbCd5.7 QC. The crystal structure of 
the i YbCd5.7 QC has been recently solved [14]. One would expect that Gd atoms are located at 
the Yb sites (on the vertices of the icosahedron and inside the acute rhombohedron) and that the 
Ag and In atoms are distributed among the Cd sites. Clearly, the existence of the multiplicity of 
Gd sites observed here is compatible with this structural model. The complete set of the EFG 
tensor parameters at the Gd sites in the i Ag5oIn36Gdi4 QC determined experimentally here 
could be compared with the corresponding parameters obtained from ab initio calculations of 
the EFGs for a possible structural model for the i Ag5oIn36Gdi4 QC, similarly as has been 
done for the i Al -Cu-Fe QC [37], This could lead to the solution of the structure of the 
i A g 5 o I n 3 6 G d i 4 Q C . 
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In terms of the Debye approximation of the lattice vibrations, the absorber Debye-Waller 
factor / a is expressed [18] by the Debye temperature, ©d, as 

where Ey is the energy of the Mossbauer transition, M is the mass of the Mossbauer nucleus, 
c is the speed of light, and k is the Boltzmann constant. The analysis of the values of / a given 
in table 2 via equation (2) yields ©D = 199(2) K. This is the lowest value among the known 
ternary i QCs. This value compares well with the anomalously low value of @D (in the range 
138-145 K) for the i Yb5.7Cd QC [33, 38]. 

The freezing temperature determined by the Mossbauer effect, Tt
m, is defined as a 

temperature at which the magnetic dipole hyperfine interaction sets in. The presence of the 
magnetic dipole hyperfine interaction in the Mossbauer spectrum of the i Ag5oIn3sGdi4 QC at 
4.4 K, and its absence in the Mossbauer spectrum at 5.3 K, shows that 7"r

m lies between 4.4 and 
5.3 K. Clearly, T™ is larger than 7}. The systematically higher values of 7"™ than 7r have been 
observed for many spin-glass systems [28, 39]. The inequality 7"r

m > 7} results from a time 
window of an experimental technique used to determine the freezing temperature: as the time 
window decreases, the freezing temperature increases [28, 39]. 

4. Conclusions 

A newly discovered icosahedral quasicrystal AgsoIn^Gdu has been studied with x-ray 
diffraction, magnetic susceptibility, and i55Gd Mossbauer spectroscopy. The studied 
quasicrystal has a simple six-dimensional Bravais lattice with the six-dimensional hypercubic 
lattice constant of 7.805(2) A. The observed broadening of the diffraction Bragg peaks reflects 
the presence of the topological/chemical disorder. The temperature dependence of the magnetic 
susceptibility follows the Curie-Weiss law with the effective magnetic moment of 8.15(1) 
per Gd atom and the paramagnetic Curie temperature of —37.1 (2) K. The studied quasicrystal 
is a spin glass with a freezing temperature of 4.25(5) K. The presence of the distribution of the 
electric quadrupole splitting in the Mossbauer spectra indicates the existence of a multiplicity 
of Gd sites. The values of the principal component of the electric field gradient tensor 
and the asymmetry parameter at these sites are, respectively, —4.91(10) x 1021 V cm - 2 and 
ri = 1.00(20). The Debye temperature of the studied quasicrystal is 199(2) K. The hyperfine 
magnetic field sets in at a temperature higher than the freezing temperature. 
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Abstract 
The structural, magnetic and Mossbauer spectral properties of the icosahedral quasicrystal 

Zn77Fe7Sci6 are reported. The thermodynamically stable quasicrystal Zn77Fe7Sci6 has a prim-

itive six-dimensional Bravais lattice at room temperature with a six-dimensional hypercubic lattice 

constant of 7.087(1) A . Based on dc magnetization measurements, no evidence is found for a tran-

sition to a ground state with long-range magnetic order in the temperature range between 2 and 

300 K. The temperature dependence of the dc magnetic susceptibility follows a modified Curie-

Weiss law with a paramagnetic Curie temperature of 10.6(2) K and an effective magnetic moment 

3.55(1) hb per Fe atom. The dc zero-field-cooled and field-cooled susceptibility data indicate that 

the studied quasicrystal is a spin glass with freezing temperature Tf = 7.75(2) K. This is further 

confirmed by observing ageing effects through the dc zero-field-cooled magnetization and the ther-

moremanent magnetization time decays, and by the analysis of the frequency dependence of Tf 

using the Vogel-Fulcher law, and the dynamic scaling behavior near T f . However, the observed 

increase of the thermoremanent magnetization with the magnetic field in the low-field regime is in-

compatible with the ultrametrically organized phase space of a canonical spin glass. The nature of 

the spin-glass state of the icosahedral quasicrystal Zn77Fe7Sci6 is therefore fundamentally different 

from that of a canonical spin glass. The bimodal distribution of the electric quadrupole splitting 

and of the hyperfine magnetic field derived from Mossbauer spectra indicates the existence of two 

classes of Fe sites. The average quadrupole splitting decreases with temperature as T 3 / 2 . The 

hyperfine magnetic field sets in at a temperature of 9.87(5) K, which is significantly higher than T f . 

The vibrations of the Fe atoms are well described by a Debye model, with the Debye temperature 

of 443(8) K. 

PACS numbers: 61.44.Br, 75.50.Kj, 75.50.Lk, 76.80.+y 
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I. I N T R O D U C T I O N 

Quasicrystals (QCs) are a new form of the solid state which differs from the other two 

known forms, crystalline and amorphous, by possessing a new type of long-range transla-

tional order, quasiperiodicity, and a noncrystallographic orientational order associated with 

the classically forbidden symmetry axes.1 A central problem in condensed-matter physics is 

determining whether quasiperiodicity leads to physical properties which are significantly dif-

ferent from those of crystalline and amorphous materials of the same/similar compositions. 

One of the main questions in the physics of QC's is tha t of the possibility of the existence of 

long-range magnetic order in these alloys. The initial intuition suggests tha t 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 the existence of long-range magnetic order in these alloys. These models 

are geometrical models2 and the physical ones, such as the Ising model,3 the XY model,4 

the Heisenberg model,5 and the Hubbard model.6 

On the experimental side, all known QC's are either diamagnets, paramagnets or spin 

glasses.7 The recent claim8 of the existence of long-range magnetic order in icosahedral (i) R-

Mg-Zn (R = rare earth) QC's was shown9 to result from the presence of magnetic impurities 

in the studied samples. Recent extensive neutron diffraction studies10 ,of i-R-Mg-Zn and 

i-R-Mg-Cd QC's, which are of very high structural quality and which can be produced in 

single-grain form, revealed the presence of short-range spin correlations at low temperatures 

and the absence of long-range magnetic order; these QC's are spin glasses. 

Recently, new thermodynamically stable i QC's were discovered in the Zn-TM-Sc (TM 

= transition metal) system.11 These QC's are formed by replacing some of the Zn in the 

binary 1/1 approximant Z ^ S c 1 2 with TM. As the 1/1 approximant CdeYb of the thermo-

dynamically stable binary z-YbCd5.7 QC is isostructural with the Zn6Sc, it is expected tha t 

the structure of the i-Zn-TM-Sc QC's must be similar to tha t of the ?-YbCd5.7 QC. The 

crystal structure of the i-YbCd5.7 QC has been solved very recently.13 It is based on three 

building units (rhombic triacontahedra linked with acute and obtuse rhombohedra) arranged 

quasiperiodically with unique atomic decorations. One would expect tha t Sc and T M atoms 

are distributed among the Yb sites (on the vertices of the icosahedron and inside the acute 

rhombohedron) and the Zn atoms are located at the Cd sites. The new i-Zn-TM-Sc QC's 
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could possibly possess sizeable 3d magnetic moments on the TM atoms14 and perhaps ex-

hibit long-range magnetic order. We report in this paper on structural, magnetic, and 57Fe 

Mossbauer spectroscopy studies of the i alloy Zn77Fe7Sci6. 

II . E X P E R I M E N T A L M E T H O D S 

As starting elements, Zn shots (purity 99.999%), Fe foil (purity 99.99%) and Sc chunks 

(purity 99.9%) were used as received; Fe element was enriched to 95.4% in a 57Fe isotope. 

Appropriate amounts of these elements corresponding to the composition Zn77Fe7Sc16 were 

weighed (±0.1 mg) and weld-sealed under an argon atmosphere into a tantalum container. 

The container was in turn held within an evacuated SiC>2 jacket to avoid its air oxidation. 

The mixture was melted at 1000°C for 2 h, followed by annealing at 700°C for 120 h. 

X-ray diffraction (XRD) measurements were performed at 298 K in Bragg-Brentano ge-

ometry on the PANanalytical X'Pert scanning diffractometer using Cu Ka radiation. The 

Kf3 line was eliminated by using a Kevex PSi2 Peltier-cooled solid-state Si detector. In 

order to avoid deviation from intensity linearity of the solid-state Si detector, its parameters 

and the parameters of the diffractometer were chosen in such a way as to limit the count 

rate from the most intense Bragg peaks to less than 9000 counts/s.15 To allow for possible 

instrumental aberration and specimen displacement, corrections were made to the 29 angles 

using a fourth-order polynomial calibration curve16 obtained from a scan of the specimen 

mixed with 10 wt % of a Si standard.17 

The dc magnetic susceptibility was measured with a Quantum Design superconducting 

quantum interference device (SQUID) magnetometer at various magnetic fields in the tem-

perature range 2.0-300 K. The ac magnetic susceptibility data were collected in a Quantum 

Design physical property measurement system between 2.0 and 30 K in a 1 Oe ac magnetic 

field and zero external magnetic field for frequencies varying from 20 Hz to 10 kHz. 

The 57Fe Mossbauer spectroscopy (MS) measurements in the temperature range 1.9-289.4 

K were conducted using a standard Mossbauer spectrometer operating in sine mode and a 
57Co(Rh) source at room temperature. The spectrometer was calibrated with a 6.35-/im-

thick a-Fe foil,18 and the spectra were folded. The full linewidth at half maximum of the 

inner pair of the a-Fe Zeeman pattern was 0.210(2) mm/s and this value can be regarded 

as the resolution of the Mossbauer spectrometer. The Mossbauer absorber consisted of a 
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mixture of pulverized material and boron nitride, which were pressed into a pellet that was 

put into an Al disc container of thickness 0.008 mm to ensure a uniform temperature over 

the whole absorber. The surface densities of the Mossbauer absorbers of the i-Zn77Fe7Sc16 

QC were 1.10 and 1.21 nig 57Fe/cm2 for measurements below and above 4.2 K, respectively. 

III . R E S U L T S A N D D I S C U S S I O N 

A . S t r u c t u r a l c h a r a c t e r i z a t i o n 

The XRD pattern of the sample measured in the 29 range 5-90° (Fig. 1) shows the 

presence of 39 i Bragg peaks. Bragg peaks of very small intensity due to an unidentified 

second phase are also observed (Fig. 1). The positions of all the detected i Bragg peaks 

corresponding to K a i radiation (the value of its wavelength A is 1.5405981 A 1 9 ) in terms of 

the angle 261 and the corresponding wave number Qexp = 47r sin 8i/\, as well as their relative 

intensities and full widths at half maximum TQ, were determined from the profile fitting using 

the procedure described by Schreiner and Jenkins.20 These parameters, corresponding to 39 

detected i peaks, whose positions are indicated by vertical lines in Fig. 1, are presented 

in Table I. This table also contains the theoretical positions Qcai which were calculated by 

taking the position of the second most intense i peak as the reference. Since there are several 

schemes employed to index the i peaks, we present in Table I the indices that correspond to 

the most frequently used schemes.21"23 

The form of indices of the observed i Bragg peaks (Table I) shows that the i-Zn77Fe7Sci6 

QC has a primitive six-dimensional Bravais lattice. There is good agreement between the 

observed QeXp and theoretical Qmi positions of the i Bragg peaks (Fig. 1 and Table I). The 

value of the six-dimensional hypercubic lattice constant calculated from the value Qexp that 

corresponds to the (18,29) i peak is 7.087(1) A . The width T Q of most of the i peaks is very 

narrow: for example, TQ = 0.009 A~l corresponding to the (52/84) i Bragg peak (Table I) 

is nearly equal to that of the (400) Bragg peak of the Si standard (0.008 A - 1 ) measured 

with the same x-ray diffractometer. This is indicative of a high degree of structural order of 

the studied QC. 
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B . M a g n e t i c m e a s u r e m e n t s 

1. dc magnetic susceptibility 

The magnetic susceptibility x of the i-Zn77Fe7Sc16 QC measured in an applied magnetic 

field of 50 Oe between 2.0 and 300 K is shown in Fig. 2(a). The sample was zero-field cooled 

(ZFC) to 2.0 K and the measurement was performed while warming the sample up to 300 

K. The x{T) curve exhibits a definite peak at 7.74(4) K indicating magnetic ordering. The 

x{T) data above 40 K could be fitted to a modified Curie-Weiss law 

X ^ X o + j S ^ , (1) 

where Xo is the temperature-independent magnetic susceptibility, C is the Curie constant, 

and Qp is the paramagnetic Curie temperature. The Curie constant can be expressed as 
N/j,2 

C — ^ J , where N is the concentration of magnetic atoms per unit mass, fj,eff is the 

effective magnetic moment, and kB is the Boltzmann constant. Figure 2(b) shows the inverse 

magnetic susceptibility corrected for the contribution Xo> (x —Xo) - 1 versus temperature; the 

validity of the modified Curie-Weiss law is evident. The values of xo, C, and Qp obtained 

from the fit are, respectively, 1.07(1) x 10"5 emu/g, 1.80(1) x 10"3 emu K/g, and 10.6(2) K. 

This value of C corresponds to /xe// of 3.55(1) fiB per Fe atom. 

The positive value of Qp indicates the predominantly ferromagnetic interaction between 

the Fe atoms. The magnetic moment of 3.55 fiB per Fe atom is the highest ever reported 

for a stable QC containing a TM element.7,14 Recent electronic structure calculations24 for 

a cubic approximant to the «-Zn77Fe7Sci6 QC predict the magnetic moment per Fe atom in 

the range 1.2-2.4 fj,B. 

To determine the nature of the magnetic transition at 7.74 K, we measured the temper-

ature dependence of the ZFC and field-cooled (FC) magnetic susceptibility around 8.0 K in 

an applied magnetic field of 50 Oe (Fig. 3). The occurrence of a bifurcation between the 

ZFC and FC data at the freezing temperature Tf = 7.75(2) K is evident. Above Tf both 

ZFC and FC data are identical. Such a behavior of the ZFC and FC susceptibility data is 

characteristic of a spin glass.25 The J-Zn77Fe7Sc16 QC is thus a spin glass with a freezing 

temperature Tf = 7.75(2) K. 
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Relaxation effects in the dc magnetization 

An ageing phenomenon, which was discovered by Lundgren et al.,26 is an inherent charac-

teristics of a spin-glass system. The measurement of ageing effects in spin glasses is carried 

out either via the ZFC magnetization decay measurement or the complementary thermore-

manent magnetization (TRM) decay measurement.25 The first involves cooling the sample 

in zero magnetic field from above 7) to the measuring temperature Tm below 7), allowing 

the sample to stay at Tm a certain waiting time tw, and then applying a small magnetic field 

and recording the change of magnetization with time. The second utilizes cooling the sample 

in a small magnetic field from above Tf to Tm below T f , keeping the sample at Tm for time 

tw, and then rapidly removing the magnetic field and recording the change of magnetization 

with time. The dependence of the magnetization decays on tw is called ageing. 

Figure 4 shows the ZFC magnetization decays at Tm = 4.8 K = 0.62Tf and in 20 Oe for 

different waiting times. It is clear from the figure that the measured ZFC magnetization 

strongly depends on tw: the longer the tw, the slower the decay of the ZFC magnetization. 

The system becomes "stiffer"for larger waiting times. This confirms the existence of aging 

processes in the i-Zn77Fe7Sci6 QC. The observed dependence of the ZFC magnetization on 

tw is the same as that observed for canonical spin glasses.25 

Among the various functional forms that have been proposed to describe the magnetiza-

tion decay, one of the most successful in describing the data is a stretched exponential of 

the form 

where Mq relates to an intrinsic ferromagnetic component, Mr is a glassy component, r r is 

the characteristic time constant, and n is the stretched exponential exponent.27 The time 

constant r r and the exponent n are related to the relaxation rate of the spin glass. The 

data could be well fitted to Eq. (2) as evidenced by the solid lines in Fig. 4. The values 

of the fitted parameters are listed in Table II. To within experimental error, n and Mr are 

independent of tw, whereas r r increases with tw. The independence of n and Mr on tw was 

observed for canonical spin glasses.27'28 

The ageing phenomenon in the i-Zn77Fe7Sci6 QC was also studied by the TRM decay 

measurements. Figure 5 shows the TRM decays for different waiting times at a cooling field 

of 50 Oe and at Tm = 4.8 K = 0.627) and Tm = 6.0 K = 0.777). The following observations 

(2) 
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follow from the data (Fig. 5): (1) the TRM decreases substantially as Tf is approached; 

(2) the larger the tw, the larger the TRM; (3) the time decay of the TRM slows down as tw 

increases. These three dependencies are precisely the same as those observed for canonical 

spin glasses27-30 and can be explained within the context of an ultrametric organization of 

the metastable states in a spin glass.29,30 

The ultrametric topology of the metastable states was predicted by Parisi via replica-

symmetry solution31,32 of the Sherrington-Kirkpatrick infinite-range spin-glass model.33 A 

pure state a of a spin glass is characterized by the thermal average magnetization at a 

site i, mf. An overlap function between two states a and (3 is qa@ = TV-1 YliLi rnfm^, 

where TV is the total number of spins, which are assumed here to be of Ising type. The 

self-overlap qaa is the Edwards-Anderson order parameter34 and it fulfills the relation 

—Qea(T) < qal3 < Qea{T). The number NS of metastable states, or equivalently the 

number of relative minima of the free energy, is equal to the number of solutions to the 

Thouless-Anderson-Palmer equations.35 Close to T f , Ns increases exponentially with T as36 

Ns = exp [(8/81) TV (1 — T/Tf)6]. As a result, the complexity of the free-energy landscape 

in configuration space increases dramatically with decreasing T. It was shown32,37 that the 

structure of the organization of the metastable states obeys a property called ultrametricity: 

for any three states a, (3, and 7 , having mutual overlaps qaf3, q"1, and q^, at least two of 

the overlaps are equal and the third is larger than or equal to the other two. This property 

can be represented as a hierarchical tree-like organization of the states38 (Fig. 6). As the 

temperature is lowered from, say, Ti to T2 (T2 < T\ < T f ) , a given metastable state a at 7\ 

gives "birth" to Na new states at T2. 

The three dependencies of the TRM observed here for the studied i-Zn77Fe7Sci6 QC 

and for canonical spin glasses can be explained29,30 within the framework of the ultrametric 

organization of the metastable states (Fig. 6). When the spin system is cooled to Tm in 

the magnetic field H, it explores during the waiting time tw different metastable states 

in the phase space by jumping over the energy barriers. Assuming that the jumps occur 

via a thermally activated process, the part of the phase space explored is characterized by 

the highest surmounted energy barrier Amax that depends on Tm and tw and is given by 

Amax(Tm, tw) = TmIn , where r is a macroscopic attempt time. At the end of the waiting 

time tw, the magnetic field is reduced from H to zero, and the TRM decay is measured. 

Here, two closely related processes take place. First, a new set of metastable states with 
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zero magnetization replaces the set of the metastable states with magnetization Mpc as the 

ground state. Second, this results in a "tilt"in the free-energy surface which rapidly empties 

those occupied states with Mpc with energy barriers less than or equal to the change in 

Zeeman energy, HMpc• This accounts for the rapid change of the magnetization (so-called 

reversible part) upon cutting the magnetic field H to zero. For longer times, the diffusion 

process from occupied states with Mpc with energy barriers larger than HMpc to the states 

with zero magnetization occurs. This leads to the slow decay of the so-called irreversible 

part of the magnetization (TRM). For longer waiting times, the weight of the populated FC 

phase space bounded by energy barriers larger than the change in Zeeman energy increases, 

and consequently, the magnitude of the TRM should increase. Moreover, because of a larger 

fraction of states surrounded by higher energy barriers for longer waiting time, it takes a 

longer time for the system to leave these states and decay towards the "sink" among low-

barrier heights which have been overcome by HM F C • This explains why the decay of the 

TRM is slower for longer waiting times. 

The existence of the ultrametrically organized phase space in a spin glass can also be 

evidenced by studying the TRM decay as a function of the cooling field H, which should 

be in the low-field region where the ZFC and FC magnetizations differ substantially.30 The 

decay of the TRM for tw = 3600 s at Tm = 4.8 K = 0.627) and Tm = 6.0 K = 0.777) as a 

function of the cooling field H is shown in Fig. 7. It is clear from Fig. 7 that the magnitude 

of the TRM increases with the cooling field. The TRM dependence on H observed here is 

exactly opposite to that observed for a canonical spin glass where the TRM decreases with 

H. The decrease of the TRM with H is expected for the ultrametrically organized phase 

space in a spin glass30: the larger the cooling field H, the smaller the region of populated 

states bounded by barriers of height A ( t w ) > HMpc, so that a smaller TRM remains after 

H —> 0. We thus have to conclude that the observed increase of the TRM with H in the 

i-Zn77Fe7Sci6 QC is inconsistent with the ultrametrically organized phase space. This result 

contradicts the spin-glass nature of the ground state in the i-Zn77Fe7Sc16 QC in the sense 

of a canonical spin glass. 
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3. ac magnetic susceptibiity 

The in-phase component x' a n d the out-of-phase component x" of the ac magnetic sus-

ceptibility for i-Zn77Fe7Sci6 QC, measured in the temperature range from 2 to 30 K and for 

selected frequencies between 20 Hz and 10 kHz, are shown in Figs. 8(a) and 8(b), respec-

tively. Both X'{T) and x'(T') curves show maxima whose amplitudes and positions depend 

on the frequency / of the applied ac magnetic field. There is a sharp peak in x'{T) which 

can be used to define T f . x'(T) attains a maximum at Tf that shifts towards higher tem-

peratures with higher frequencies, which is typical for conventional spin glasses.25 Below 

the maximum, the magnitude of x' is frequency dependent, but it becomes independent of 

frequency at temperatures just above T f . This behavior is qualitatively similar to that of 

conventional spin glasses.25 The out-of-phase component x" is vanishing above T f , but is 

nonzero for temperatures just below T f , which implies dissipation not only at the freezing 

transition but also for temperatures below it, a common feature of spin glasses.25 

The frequency dependence of T f , which was determined from the maximum of the data 

in Fig. 8(a), obtained by curve fitting, is shown in Fig. 9. A quantitative measure of 

the change of the freezing temperature with frequency in spin glasses is represented by the 

relative change in Tf per decade change in / defined as25 

( 3 ) 

From a linear fit of the data in Fig. 9, and using the average value of Tf = 8.08 K for the 

range of frequencies used, we find that K = 0.016(1). This value is a factor of 3 greater than 

that observed for the canonical Cui_ xMn x spin glass but comparable to that of several other 

canonical spin glasses.25 We note that the value of K reported for another i-Tb9Mg34Zn57 

QC is 0.049.39 

There are basically two different interpretations of the spin freezing phenomenon in spin 

glasses25: one is a cluster model in which the system is considered as a set of interacting 

superparamagnetic clusters and the other is a model which assumes the occurrence of a true 

phase transition. The frequency dependence of Tf in spin glasses is described within the 

cluster model by the phenomenological Vogel-Fulcher law25'40 

f = fo exp [—Ea/Ub (Tf — T0)], (4) 

where f0 is a characteristic frequency, Ea is the activation energy, and T0 is the Vogel-
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Fulcher temperature which is a measure of the interaction strengths between clusters in the 

spin glass.41 Equation (4) implies a linear dependence of 1/(7/— To) with log(/). The best fit 

of the T f ( f ) data to Eq. (4) (Fig. 10) yields fQ = 7.20(22) x 1011 Hz, EjkB = 25.1(2.6) K, 

and T0 = 6.87(47) K. Similarly to what was observed for other spin glasses,40 T0 < Ea/kB. 

The values of / 0 , Ea/kB, and T0 obtained for the i-Zn77Fe7Sci6 QC are in general agreement 

with similar parameters reported for other spin-glass systems.25'39,40 

The frequency-dependent maximum of x'{T) indicates the freezing temperature Tf where 

the maximum relaxation time, r , of the system is equal to the characteristic time 1 / / set by 

the frequency of the ac-susceptibility measurement. The scaling theory near a phase transi-

tion at Tc predicts that the temperature dependence of r obeys the power-law divergence25,42 

r = TO ( p - ^ J \ Tf> Tc, (5) 

where r0 is the microscopic relaxation time, z is the dynamic exponent relating the cor-

relation length £ and r as r oc and v is the critical exponent for the correlation 

length f oc ( J - l ) The best fit of the T ; ( / ) data to Eq. (5) (Fig. 11) gives 

r0 = 1.47(32) x 10"12 s, Tc = 7.72(8) K, and zv = 6.77(1.14). The derived values of r0 

and zv are similar to those for the canonical Cui_xMnx spin glass.25,43 

C . M o s s b a u e r s p e c t r o s c o p y 

The Mossbauer spectra of the i-Zn77Fe7Sc16 QC recorded at temperatures at which no 

magnetic dipole hyperfine interaction44 is present are shown in Fig. 12. All the spectra con-

sist of a broadened doublet which results from the distribution of the quadrupole splittings, 

P(A).4 5 A quadrupole splitting 

& = \eQ\V„\y/l+ (6) 

where e is the proton charge and Q is the electric quadrupole moment of the 57Fe nucleus. 

The asymmetry parameter r) = \ (V x x — Vyy) /Vzz|, (0 < T] < 1), where Vxx, Vyy, and Vzz are 

the eigenvalues of the electric field gradient (EFG) tensor in order of increasing magnitude.44 

The distribution P(A) is the consequence of the distributions of the EFG and of the asym-

metry parameter. The Mossbauer spectra in Fig. 12 were fitted with the Voigt-based 

quadrupole distribution method of Rancourt and Ping.46 To account for a small asymme-

try of the spectra, a linear coupling between the centre shift,5, and A for the elementary 
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Lorentzian doublets was assumed. The best fits of the Mossbauer spectra in Fig. 12 could be 

obtained with the probability quadrupole splitting probability distribution functions P(A) 

shown in Fig. 13. 

The determined distributions P(A) (Fig. 13) clearly have a bimodal character. This is 

in contrast to the unimodal distribution P(A) observed for the thermodynamically stable 

i-Al62.5Cu24.5Fei3 QC.47 The bimodal character of P(A) may be indicative of the presence 

of two classes of Fe sites in the structure of the i-Zn77Fe7Sc16 QC. The lack of ab initio 

calculations of the distribution of the EFG in the i-Zn77Fe7Sc16 QC inhibits a comparison of 

the experimentally determined P(A) with theory. Such calculations are very desirable since 

the experimentally determined shape of P(A) could be directly used to determine which of 

the possible structural models of the z-Zn77Fe7Sci6 QC is the most appropriate. 

The average value of the quadrupole splitting, A, at a given temperature was calculated 

from the P(A) distribution at that temperature (Fig. 13). One can note a small increase 

of A with decreasing temperature (Fig. 14). The temperature dependence of A could be 

fitted well (Fig. 14) to the empirical equation 

A(T) = A(0) (1 - BT3/2) , (7) 

where A(0) is the value of A at 0 K and B is a constant. Such a T3 /2 temperature dependence 

has been observed in many metallic noncubic crystalline alloys,48 in some metallic amorphous 

alloys,49'50 and recently in QCs47'50'51 over temperature ranges from a few K to the melting 

point. This seemingly universal T3 /2 dependence is not well understood. Its origin seems to 

be associated with a strong temperature dependence of mean-square lattice displacements 

and, to a lesser extent, with the temperature dependence of lattice expansion.52 The values 

of A(0) and B determined from the fit for the ?-Zn77Fe7Sci6 QC are, respectively, 0.527(1) 

mm/s and 8.87(44).x 
1 0 - e K - 3 / 2 _ T h e y a l u e o f B 

is similar to that found for other metallic 

amorphous alloys and QCs.49,51 

The Mossbauer spectra of the i-Zn77Fe7Sci6 QC measured at temperatures at which the 

magnetic dipole hyperfine interaction44 is present are shown in Fig. 15. They were fitted 

with the Voigt-based hyperfine magnetic field, H^f, distribution method of Rancourt and 

Ping.46 A linear coupling between 8 and Hhf, and the quadrupole shift44, e, and H^f, for 

the elementary sextets was assumed. The best fits of the Mossbauer spectra in Fig. 15 were 

obtained with the hyperfine magnetic field probability distribution functions P(Hhf) shown 
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in Fig. 16. 

Similarly to the case of the P( A) distributions, the P(Hhf) distributions are also bimodal 

(Fig. 16). This is suggestive of two classes of Fe sites in the structure of the i-Zn77Fe7Sci6 

QC. The average value of the hyperfine magnetic field, Hhf, at a given temperature was 

calculated from the P(Hhf) distribution at that temperature (Fig. 16). The temperature 

dependence of Hhf is presented in Fig. 17. The temperature at which Hhf vanishes, that was 

estimated from the extrapolation of the Hh/(T) data in Fig. 17, is 9.87(5) K. If one defines 

the freezing temperature of a spin glass determined from MS, Tj1, as the temperature at 

which the magnetic dipole hyperfine interaction disappears, then Tj1 = 9.87(5) K. Clearly, 

T f 1 is significantly larger than the freezing temperature Tf = 7.75(2) K determined from 

the dc magnetic susceptibility data. The systematically higher values of Tj4 than Tf have 

been observed for many other spin-glass systems.25'53 The inequality T ^ > Tf results from a 

time window REXP of an experimental technique used to determine the freezing temperature. 

For MS, REXP is given by the Larmor precession time TL of the nuclear magnetic moment 

in the hyperfine magnetic field. In the case studied here, tl = 1.2 x 10~7 s ( f t = 8.4 

MHz) for Hhf = 106.2 kOe at 1.9 K. With a wide distribution of the relaxation times r of 

fluctuating spin clusters in a spin glass,25'53,54 those clusters fluctuating with r larger than 

Texp of a given experimental technique will appear frozen and will be discerned at a higher 

temperature than by the experimental technique characterized by a smaller REXP. Thus, 

one expects to observe an increase of Tf with decreasing REXP, which is indeed universally 

observed in spin glasses.25'53 

The average centre shift at temperature T, S(T), determined from the fits of the spectra 

in Figs. 12 and 15 is given by 

where So is the intrinsic isomer shift and ŜODC^1) is the second-order Doppler (SOD) shift 

which depends on lattice vibrations of the Fe atoms.44 In terms of the Debye approximation 

of the lattice vibrations, Ssod(T) is expressed44 by the Debye temperature, QD, as 

where M is the mass of the Mossbauer nucleus and c is the speed of light. By fitting 

the experimental data (Fig. 18) to Eq. (9), the quantities So and Qd were found to be, 

5(T) = 80 + 5SOD(T) (8) 
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respectively, 0.226(1) mm/s and 443(8) K. The value of Qp found here is comparable to the 

values of QD found for other i QCs.47,50 '51 

I V . S U M M A R Y 

A new thermodynamically stable i QC Zn77Fe7Sci6 has been studied with x-ray diffrac-

tion, dc and ac magnetic susceptibility, and 57Fe Mossbauer spectroscopy. It has a primitive 

six-dimensional Bravais lattice at room temperature with the six-dimensional hypercubic 

lattice constant of 7.087(1) A . Based on dc magnetization measurements, no evidence is 

found for a transition to a ground state with long-range magnetic order in the temperature 

range between 2 and 300 K. The temperature dependence of the dc magnetic susceptibility 

follows the modified Curie-Weiss law with the paramagnetic Curie temperature of 10.6(2) 

K and an effective magnetic moment of 3.55(1) /iB per Fe atom. The dc zero-field-cooled 

and field-cooled susceptibilty data indicate that the studied QC is a spin glass with the 

freezing temperature Tf = 7.75(2) K. This spin-glass state of the i QC Zn77Fe7Sci6 is fur-

ther confirmed by observing ageing effects through the dc zero-field-cooled magnetization 

and the thermoremanent magnetization time decays, and by the analysis of the frequency 

dependence of Tf using the Vogel-Fulcher law and the dynamic scaling behavior near T f . 

However, the observed increase of the thermoremanent magnetization with the magnetic 

field in the low-field regime is incompatible with the ultrametrically organized phase space 

of a canonical spin glass. The nature of the spin-glass state of the i QC Zn77Fe7Sci6 is thus 

fundamentally different from that of a canonical spin glass. The bimodal distribution of 

the electric quadrupole splitting and of the hyperfine magnetic field derived from Mssbauer 

spectra indicates the existence of two classes of Fe sites. The average quadrupole splitting 

decreases with temperature as T3 /2 . The hyperfine magnetic field sets in at a temperature 

of 9.87(5) K, which is significantly higher than T f . The lattice vibrations of the Fe atoms 

are well described by a Debye model, with the Debye temperature of 443(8) K. 
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FIG. 1: The XRD spectrum of the j-Zn77Fe7Sci6 quasicrystal at 298 K corrected for the Cu Ka2 

lines. The vertical lines labeled with intigers above all detected i Bragg peaks correspond to the 

positions calculated for the Cu Ka\ radiation, as explained in the text. The position, full width 

at half maximum, and relative area of each detected i peak are given in Table 1 together with the 

corresponding index. The symbol • indicates the peak positions corresponding to an unidentified 

second phase. 
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FIG. 2: (Color online) (a) The temperature dependence of the magnetic susceptibility of the i-

Zn77Fe7Scj6 quasicrystal, measured in an external magnetic field of 50 Oe. The solid line is the 

fit to Eq. (1) in the temperature range 40-300 K, as explained in the text, (b) The inverse 

magnetic susceptibility corrected for the contribution xo> (x ~~ Xo) - 1 versus temperature T of the 

i-Zn77Fe7Sci6 quasicrystal. The solid line is the fit to Eq. (1). 
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FIG. 3: (Color online) The temperature dependence of the zero-field-cooled (ZFC) and field-cooled 

(FC) magnetic susceptibility of the i-Zn77Fe7Sci6 quasicrystal, measured in an external magnetic 

field of 50 Oe. 
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FIG. 4: (Color online) The time dependence of the ZFC magnetization for an applied magnetic 

field of 20 Oe at 4.8 K for different waiting times tw of the i-Zn77Fe7Sci6 quasicrystal. The solid 

lines are the fits to Eq. (2). 
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FIG. 5: (Color online) The TRM time decays at H = 50 Oe for the different waiting times tw at 

(a) 4.8 K and (b) 6.0 K of the i-Zn77Fe7Sci6 quasicrystal. The solid lines are guides for the eye. 
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FIG. 6: (Color online) The hierarchical organization of the metastable states in a spin glass. The 

coarse-grained free-energy surface is represented at each level corresponding to a given temperature. 

When the temperature is decreased (T2 < T\ < Tf), each valley subdivides into others. Ageing 

refers to jumping of the system over ever increasing energy barriers during the waiting time tw. 
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FIG. 7: (Color online) The TRM time decays for tw = 3600 s at (a) 4.8 K and (b) 6.0 K for 

different cooling fields H of the z-ZnyyFeyScie quasicrystal. The solid lines are guides for the eye. 
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FIG. 8: (Color online) The temperature dependence of the in-phase magnetic susceptibility ( a) 

and out-of-phase magnetic susceptibility x" (b) measured for different applied frequencies from 20 

Hz to 10 kHz for the i-ZnjjFejSc^a quasicrystal. 
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FIG. 9: (Color online) The frequency dependence of the freezing temperature Tf for the i-

Zn77Fe7Sci6 quasicrystal. The solid line is the best linear fit to the Tf data. 
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FIG. 10: (Color online) The frequency dependence of the freezing temperature Tf for the i-

Zn77Fe7Sci6 quasicrystal. The solid line is the best fit to Eq. (4). 
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FIG. 11: (Color online) The frequency dependence of the freezing temperature Tf for the i-

Zn77Fe7Sci6 quasicrystal. The solid line is the best fit to Eq. (5). 
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FIG. 12: (Color online) The 57Fe Mossbauer spectra of the i-Zn77Fe7Sci6 quasicrystal obtained 

at the indicated temperatures fitted (solid lines) with the quadrupole splitting distributions -P(A) 

shown in Fig. 13. The residuals are shown above each spectrum. The zero-velocity origin is relative 

to a-Fe at room temperature. 
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FIG. 13: (Color online) The quadrupole splitting distributions P(A) which fit the best the 57Fe 

Mossbauer spectra in Fig. 12. 
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FIG. 14: (Color online) The temperature dependence of the average quadrupole splitting of the 

z-Zn77Fe7Sci6 quasicrystal. The solid line is the fit to Eq. (7). 
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FIG. 15: (Color online) The 57Fe Mossbauer spectra of the i-Zn77Fe7Sci6 quasicrystal obtained 

at the indicated temperatures fitted (solid lines) with the hyperfine magnetic field distributions 

P(Hhf) shown in Fig. 16. The residuals are shown above each spectrum. The zero-velocity origin 

is relative to cc-Fe at room temperature. 
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FIG. 16: (Color online) The hyperfine magnetic field distributions P ( H h f ) which fit the best the 

57Fe Mossbauer spectra in Fig. 15. 
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FIG. 17: (Color online) The temperature dependence of the average hyperfine magnetic field of 

the i-Zn77Fe7Sci6 quasicrystal. The solid line is a guide for the eye. 
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FIG. 18: (Color online) The temperature dependence of the average center shift of the i-Zn77Fc7Sci6 

quasicrystal. The solid line is the fit to Eq. (8), as explained in the text. 
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TABLE I: Positions in terms of 29\ (in degrees) corresponding to Cu Ka\ radiation and Qexp (in 

A " 1 ) , full width at half maximum T Q (in A - 1 ) , and relative area A normalized to 100.0 of all 

detected icosahedral Bragg peaks. Qexp (in A"1) is the calculated Q value by taking the position 

of the ninth line with the 71 index 18/29 as the reference line. 71 and 12 are the indices (N/M) 

and (h/h ' ,k/k ' , l / r ) based on the indexing scheme of Cahn et al. (Ref. 21), whereas 73 and 74 are 

the indices corresponding, respectively, to the indexing schemes of Elser (Ref. 22) and Bancel et 

al. (Ref. 23). 
Label 20i Qexp Qcal A l\ 12 13 14 

1 8.791 0.625 0.627 0.016 0.1 2 / 1 011000 100000 2 1 I I I I 

2 15.002 1.065 1.067 0.011 0.3 4 / 4 000200 110000 220011 

3 21.098 1.493 1.495 0.014 3.0 6 / 9 011200 111000 110001 

4 24.401 1.724 1.726 0.011 1.2 8 / 1 2 002200 111100 110010 

5 26.108 1.842 1.836 0.017 0.9 10 /13 122100 111110 221020 

6 28.791 2.028 2.029 0.008 1.9 12/16 022200 211000 311111 

7 32.547 2.286 2.283 0.015 1.5 14/21 102300 211100 210011 

8 34.792 2.439 2.441 0.007 0.2 16 /24 222200 211110 210111 

9 38.002 2.656 2.656 0.014 51.5 18 /29 122300 211111 100000 

10 40.017 2.791 2.792 0.012 100.0 2 0 / 3 2 002400 221001 110000 

11 41.145 2.866 2.862 0.015 5.0 2 2 / 3 3 012410 221101 221011 

12 42.970 2.988 2.989 0.010 3.7 2 4 / 3 6 022400 222000 221111 

13 45.677 3.166 3.167 0.011 43.6 2 6 / 4 1 013400 222100 111101 

14 47.473 3.283 3.283 0.008 5.7 28 /44 222400 311111 210001 

15 48.368 3.342 3.342 0.009 2.6 3 0 / 4 5 102500 321001 320011 

16 50.041 3.450 3.452 0.010 1.3 32 /48 004400 321101 320111 

17 52.564 3.612 3.607 0.015 0.3 3 4 / 5 3 122500 321111 220001 

18 54.057 3.707 3.709 0.008 0.3 36 /56 013510 322100 221010 

19 57.878 3.947 3.949 0.009 0.8 4 0 / 6 4 242400 322111 111100 

20 58.713 3.999 3.999 0.014 0.3 4 2 / 6 5 104500 322200 310111 

21 62.383 4.224 4.222 0.010 1.0 4 6 / 7 3 013600 332001 211010 

22 63.765 4.308 4.310 0.009 1.3 48 /76 233510 332101 211011 

23 64.520 4.354 4.355 0.010 0.7 5 0 / 7 7 213600 332111 320002 

24 67.248 4.517 4.518 0.009 12.0 52 /84 004600 332002 101000 

25 67.994 4.561 4.562 0.011 2.4 5 4 / 8 5 253400 422111 221101 

26 69.361 4.641 4.642 0.007 0.6 56 /88 024600 333100 310011 

27 71.375 4.758 4.759 0.010 7.5 5 8 / 9 3 233600 333101 210000 

28 72.718 4.836 4.837 0.008 5.4 60 /96 224600 422211 210100 

29 73.430 4.876 4.877 0.009 0.9 6 2 / 9 7 015600 432101 320110 

30 74.755 4.952 4.953 0.006 0.2 6 4 / 1 0 0 253510 432111 321011 

31 76.706 5.061 5.062 0.009 4.0 6 6 / 1 0 5 104700 432002 211111 

32 78.010 5.134 5.135 0.005 0.2 68 /108 114710 432102 221001 

33 81.243 5.311 5.312 0.008 1.7 72 /116 244600 433101 200000 

34 81.953 5.349 5.348 0.009 0.6 7 4 / 1 1 7 235600 433111 222010 

35 83.229 5.417 5.418 0.007 0.4 76 /120 015710 433200 320001 

36 85.128 5.517 5.518 0.010 0.5 7 8 / 1 2 5 344601 433201 211001 

37 86.399 5.584 5.585 O.OO737.2 80 /128 004800 442002 220000 

38 87.055 5.618 5.620 0.007 0.2 82 /129 144700 442102 321111 

39 88.367 5.685 5.686 0.008 1.3 84 /132 024800 522221 320102 
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TABLE II: Results of a fit to Eq. (2) of ZFC magnetization decays at T = 4.8 K and H = 20 Oe 

for different waiting times tw. 
tu, (s) M 0 ( 1 0 - 3 e m u / g ) Mr ( 1 0 ~ 3 e m u / g ) Tr (103 s) n 

600 3.93(3) 0.77(8) 3.08(2) 0.467(95) 

1800 3.87(3) 0.83(5) 3.14(2) 0.519(43) 

3600 3.90(3)) 0.92(4) 5.08(8) 0.555(23) 

10800 3.87(4) 0.88(4) 7.53(11) 0.550(23) 

18000 3.80(5) 0.88(4) 7.84(12) 0.576(27) 
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Chapter 11 Conclusions 

Structural and magnetic properties and hyperfine interactions of five crystalline alloys 

Cu2GdIn, CrNiP, CrNiAs, EuCu2Si2, Cr2FeSe4 and three icosahedral quasicrystals 

Al6oCri9.9Feo.iGe2o, Ag5oIn36Gdi4, Zn77Fe7Sci6 have been studied with x-ray and neutron 

diffraction, DC and AC magnetic susceptibility, and 155Gd, 61Ni, 57Fe Mossbauer effect 

techniques. 

The rare-earth Heusler alloy Cu2GdIn has the L2\ crystal structure with a lattice constant 

of 6.6643(3) A . Gd magnetic moments order antiferromagnetically with a Neel temperature 7N = 

9.6(1) K. The temperature dependence of the magnetic susceptibility above TN follows the Curie-

Weiss law with an effective magnetic moment of 7.98(4) nB per Gd atom and a paramagnetic 

Curie temperature of -41.2(9) K. The Debye temperature of Cu2GdIn is 229(5) K. The 

temperature dependence of the hyperfine magnetic field at the 155Gd nuclei follows a J = 7/2 

Brillouin function and the saturation hyperfine magnetic field is -23.68(25) T. It is shown that 

the total contribution to the hyperfine magnetic field at the 155Gd nuclei in Gd-containing Heusler 

compounds resulting from the conduction electron polarization is +9.8(2.5) T. 

The ternary phosphide NiCrP has an orthorhombic Co2P-type structure (space group 

Prima) with the lattice parameters a = 5.7965(1) A , b = 3.5337(1) A , and c = 6.8123(2) A . The 

Curie temperature 7c is found to be 135.1(1) K and the three critical exponents are determined to 

be p = 0.355(22), y = 1.241(18), and d = 4.585(20). The values of these critical exponents are 

close to those of a three-dimensional Heisenberg ferromagnet. The temperature dependence of 

the magnetic susceptibility above 7c follows the modified Curie-Weiss law with a paramagnetic 

238 



Curie temperature of 142.9(6) K and an effective magnetic moment per transition metal atom of 

1.70(2) JLIb. The magnetic moment per formula unit at 4.2 K is found to be 0.816(13) ^B- The 

hyperfine magnetic field of 32.3(1.3) kOe at the 61Ni nuclei at 4.2 K implies that the Ni atoms 

carry a magnetic moment of 0.14(8) ^B, and that the moment carried by the Cr atoms is 0.68(9) 

/JQ. The Debye temperature of NiCrP is 261(3) K. 

The ternary arsenide NiCrAs has the hexagonal Fe2P-type structure (space group P62m) 

with the lattice parameters a = 6.1128(1) A and c = 3.6585(1) A . The Curie temperature Tc is 

found to be 171.9(1) K and the three critical exponents are determined to be /? = 0.514(18), y = 

1.010(16), and d = 2.922(10). The values of these critical exponents are close to those of a mean-

field ferromagnet. The temperature dependence of the magnetic susceptibility above Tc follows 

the modified Curie-Weiss law with a paramagnetic Curie temperature 176.0(3) K and an 

effective magnetic moment per transition metal atom 2.42(1) //B. The magnetic moment per 

formula unit at 4.2 K is found to be 1.114(33) fiQ. The hyperfine magnetic field of 41.5(1.0) kOe 

at 61Ni nuclei at 4.2 K implies that the Ni atoms carry a magnetic moment of 0.15(3) //B, and that 

the moment carried by the Cr atoms is 0.95(6) JUQ. The Debye temperature of NiCrAs is 221(3) 

K. 

The 151EU Mossbauer effect study in the temperature range 2.2-299.5 K on a ternary 

alloy EuCu2Si2 synthesized from an In flux has been presented. The values of the electric 

quadrupole coupling constant eQgVzz and the asymmetry parameter rj are, respectively, 6.11(8) 

mm/s and r/ - 1.0(1). The Debye temperature of the studied alloy is 236(4) K. The Eu atoms are 

shown to be a stable divalent state in the temperature range 2.2-299.5 K. 

Cr2FeSe4 is found to have antiferromagnetism with weak ferrimagnetism due to the two 

different distortions of the Cr3+ octahedral and of the Fe2+ octahedral. A negative magnetization 
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is found in a magnetic field of 5 Oe and below due to the coercive-field magnetization reversal, 

which was not studied in the low field limit. The magnetization of this sample is -3><10"4 emu/g-

Oe in a magetic field of 40 Oe at 80 K. The magnetization reversal disappears in a magnetic field 

larger than 65 Oe. 

The icosahedral quasicrystal Al6oCri9.9Feo.iGe2o has a simple six-dimensional Bravais 

lattice with the six-dimensional lattice constant of 6.558(2) A . The observed broadening of the 

diffraction Bragg peaks reflects the presence of the topological/chemical disorder. The 

distribution of the electric quadrupole splitting derived from Mossbauer spectra indicates the 

existence of a multiplicity of Fe sites. The average quadrupole splitting decreases with 

temperature as T3'2. The vibrations of the Fe atoms are well described by a Debye model, with 

the Debye temperature of 463(15) K. The temperature dependence of the magnetic susceptibility 

follows the Curie-Weiss law with the effective magnetic moment of 0.312(3) per Cr/Fe atom. 

The origin of the presence of the magnetic moment, and its absence in similar crystalline alloys, 

is elucidated. The temperature dependence of the electrical conductivity can be successfully 

fitted with the use of theories of quantum interference effects, and values for spin-orbit and 

inelastic scattering times are extracted from the fits. The scattering process in the studied 

quasicrystal is dominated by inelastic electron-electron scattering. 

The icosahedral quasicrystal Ag50In36Gdi4 has a simple six-dimensional Bravais lattice 

with the six-dimensional hypercubic lattice constant of 7.805(2) A . The observed broadening of 

the diffraction Bragg peaks reflects the presence of the topological/chemical disorder. The 

temperature dependence of the magnetic susceptibility follows the Curie-Weiss law with the 

effective magnetic moment of 8.15(1) per Gd atom and the paramagnetic Curie temperature of 

-37.1(2) K. The quasicrystal Ag50In36Gdi4 is a spin glass with a freezing temperature of 4.25(5) 
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K. The presence of the distribution of the electric quadrupole splitting in the Mossbauer spectra 

indicates the existence of a multiplicity of Gd sites. The values of the principal component of the 

electric field gradient tensor and the asymmetry parameter at these sites are, respectively, 

-4.91(10) x 1021 V cm" and rj = 1.00(20). The Debye temperature of this studied quasicrystal is 

199(2) K. The hyperfine magnetic field sets in at a temperature higher than the freezing 

temperature. 

The icosahedral quasicrystal Zn77Fe7Sci6 has a primitive six-dimensional Bravais lattice 

at room temperature with the six-dimensional hypercubic lattice constant of 7.087(1) A. Based 

on DC magnetization measurements, no evidence is found for a transition to a ground state with 

long-range magnetic order in the temperature range between 2 and 300 K. The temperature 

dependence of the DC magnetic susceptibility follows the modified Curie-Weiss law with a 

paramagnetic Curie temperature of 10.6(2) K and an effective magnetic moment of 3.55(1) /uB 

per Fe atom. The DC zero-field-cooled and field-cooled susceptibilty data indicate that the 

studied QC is a spin glass with a freezing temperature Tf = 7.75(2) K. This spin-glass state of 

this quasicrystal is further confirmed by observing ageing effects through the DC zero-field-

cooled magnetization and the thermoremanent magnetization time decays, and by the analysis of 

the frequency dependence of Tf using the Vogel-Fulcher law and the dynamic scaling behavior 

near Tf. However, the observed increase of the thermoremanent magnetization with a magnetic 

field in the low-field regime is incompatible with the ultrametrically organized phase space of a 

canonical spin glass. The nature of the spin-glass state of the quasicrystal Zn77Fe7Sci6 is thus 

fundamentally different from that of a canonical spin glass. The bimodal distribution of the 

electric quadrupole splitting and of the hyperfine magnetic field derived from Mossbauer spectra 

indicates the existence of two classes of Fe sites. The average quadrupole splitting decreases 
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with temperature as T3/2. The hyperfine magnetic field sets in at a temperature of 9.87(5) K, 

which is significantly higher than Tf. The lattice vibrations of the Fe atoms are well described by 

a Debye model, with the Debye temperature of 443(8) K. 
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