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Abstract

Despite the fact that B-Mn is paramagnetic at all temperatures, recent investigations
have shown that it is a metal on the verge of antiferromagnetic order. Dilute
substitution of various transition metal (Fe and Co) and non-transition metal (Al, Sn and
In) atoms in the 3-Mn lattice results in the stabilisation of short-range magnetic order at
low temperatures. However, geometrical frustration inherent in the -Mn lattice

inhibits long-range magnetic order in 3-Mn alloys.

In this thesis, the structural and magnetic properties of pure 3-Mn and -Mn;.4Aly in the
concentration range 0.03 < x < 0.2 have been investigated in order to gain an
understanding of the nature of the spin dynamics and magnetic ground states of these
systems. To achieve this, various experimental techniques have been employed; in
particular, neutron polarisation analysis , inelastic neutron scattering and muon spin
relaxation. The results of these measurements show that 3-Mn is an archetypal nearly
antiferromagnetic metal, while 3-Mn;.cAly displays magnetic properties consistent with
the formation of partially localised moments. Our measurements reveal a dramatic and
abrupt change in the fundamental nature of the spin dynamics in B-Mn;Al; at a

concentration of x = 0.09.

A novel reverse Monté-Carlo modelling procedure has been developed as part of this
thesis in order to analyse the nuclear and magnetic short-range order present in the

crystallographically complex -Mn structure.

The entire B-Mn;.<Aly series is characterised in terms of the temperature dependent
amplitude of the spin fluctuations in the material according to the self-consistent

renormalisation (SCR) theory.
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1 Physical Properties of 3-Mn Alloys

1.1 Introduction

Over the past few decades, considerable attention has been devoted to the investigation
of the physical and magnetic properties of the 3d transition metals. The 3d
ferromagnets Fe, Co and Ni, and the spin-density wave antiferromagnet Cr, have all
been extensively studied. Relatively little attention has however been devoted to the

magnetic and physical properties of elemental Mn.

Mn exists in four allotropic modifications at ambient pressure. The body centred cubic
(bcc) a-Mn phase is stable at ambient pressure to a temperature of 1000K. a-Mn
forms with space group 143m with 58 atoms per unit cell and four non-equivalent
crystallographic sites at Wyckoff positions 2a, 8c, and two sets at 24g [1]. The a-Mn
structure is depicted in figure 1.1. Between 1000K and 1370K, the simple cubic 3-Mn
phase forms with space group P4;32 containing 20 atoms shared between two
inequivalent crystallographic sites at Wyckoff positions 8¢ and 12d [2] (see figures 1.3,
1,4 and 1.5). For the next 40K between 1370K and 1410K, face centred cubic (fcc)
y-Mn is formed, and from 1410K up to the melting point of Mn at 1517K, we find bce
8-Mn. The phase diagram of Mn is shown in figure 1.2 [3]. The B-phase of elemental
Mn can be retained at room temperature by rapid quenching from the high temperature
B-phase. y-Mn undergoes a martensitic transition to a metastable face-centred
tetragonal (fct) structure on quenching to room temperature.  Attempts to obtain

metastable 5-Mn by quenching various Mn alloys have all proved unsuccessful [4].

B-Mn does not order magnetically down to the lowest temperatures, unlike both o-Mn

and y-Mn, which show antiferromagnetic order at Ty = 95K and 511K respectively.



Figure 1.1
The crystal structure of a-Mn. Site 1, II, I1I and IV Mn atoms are shown in green.
blue and dark blue respectively.

, red light
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The phase diagram of manganese [3].

Despite the absence of magnetic order in B-Mn, a number of recent studies of pure
B-Mn and B-Mn alloys have revealed some fascinating physical and magnetic

properties, which are detailed in this chapter.



1.2 The Crystal Structure of -Mn

The P4,32 simple cubic structure of f-Mn is unique in nature. Site I Mn atoms occupy
position 8¢ with <111> rotational symmetry and site Il Mn atoms occupy position 12d
with <110> rotational symmetry. The crystallographic structure of 3-Mn, based on the
study of Kripyakevich [2] is summarised in table 1.1 and depicted in figures 1.2, 1.3 and
1.4.

Table 1.1 A summary of the 3-Mn structure based on the study of Kripyakevich [2].

Space group Atom Site coordinates

P4,32 8c X,X,X x=0.061

X+ U.XX+Y

X,X+¥.X+¥%

X+ 4.X+14,X

X+ x+4.X+Y
X+%,X+¥%,X+%

X+ Y, X+ Y,x+%

X+ Y, x+%.x+ 4

"""""""""""" 12d  Kyy+4  y=0206

%Y.y + 74

%Y+ 0.y + N

%Y+ .Y+ 7

Y+ koY

y+%.%.Y

Y+V kY + N
Y+%%.Y+ %

Y,y + Vi i

Y.y +%%

Y+h.Y+ %

Y+ 5.5+ %%

As can be seen in figure 1.3, the site II B-Mn atoms form a distorted lattice of corner
sharing triangles. This is known as the “distorted windmill” arrangement, and was first

highlighted by Nakamura and co-workers [5].



Figure 1.3
The B-Mn crystal struct

ure. Site 1 Mn
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] 1> direction.
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Figure 1.4

The B-Mn structure with a site I atom at the unit cell corner. The site I and II Mn atoms
are shown forming a distorted lattice of corner sharing tetrahedra.

Figure 1.5

The first near-neighbour shell of a site I Mn atom in -Mn (the central site I atom is not
shown). This shell forms a distorted icosahedron with 3 site I and 9 site Il Mn atoms [2,6].



Figures 1.3, 1.4 and 1.5 depict three possible descriptions of the local coordination of
site I and site Il Mn atoms in the B-Mn matrix. = The icosahedral coordination of the
site I Mn atoms is most unusual, and is the basis of a centre of pseudo five-fold
symmetry similar to that observed in quasicrystal structures, many of which are Mn

alloys [6].

It has been pointed out by O’Keefe and Andersson [7] that if the site 11 Mn positions are

given by the coordinates in table 1.1 with,

_9-433
AT

=0.20346....

then the triangular lattice formed by the site Il Mn atoms, becomes a lattice of
equilateral triangles with each triangle the same size. The reported value of y is 0.206
according to Kripyakevich [2] or 0.2022 according to Shoemaker and co-workers [8].
In chapter 5, I shall show that the value of y in 3-MnAl alloys is very close to the

critical value given above.

The various local coordinations of 3-Mn shown above have been discussed by several
authors in terms of the possible existence of geometrical frustration between Mn
moments in the B-Mn lattice [5,9]. The concept of geometrical frustration and its

impact on the magnetic ground state will be fully discussed in section 2.5.

1.3 Previous Studies of f-Mn and -MnAl

1.3.1 Introduction

It has long been known that the introduction of dilute quantities of various transition
metal and non-transition metal impurities into pure B-Mn stabilises a static ordered
magnetic ground state in these alloys. One of the first investigations of this
phenomenon was by Kohara and Asayama, who used zero-field NMR to examine the
hyperfine fields in various 3-Mn alloys [10]. They showed the existence of some form
of static magnetic ground state (which they assumed to be antiferromagnetic) for f-Mn
alloys with impurity concentrations greater than; 3at% Al, 2at% Fe, 0.7at% Co, 0.5at%
Ni, 5at% Zn, 3at% In and 1at% Sb. Kohara and Asayama identified two possible



mechanisms for the formation of an ordered magnetic ground state. The first
mechanism involved the donation of d-electrons to the conduction band by Fe, Co, Ni
and Zn impurities. It was noticeable in Kohara’s study that 3-Mn alloys with Ti, V and
Cr, which are situated to the left of Mn in the periodic table, did not exhibit magnetic
order. Substitution of these transition metals into 3-Mn causes a depletion in the d-
electron number, whereas substitution of Fe, Co, Ni and Zn into B-Mn increases the d-
electron number.  An alternative mechanism for the formation of an ordered magnetic
ground state in 3-Mn alloys with Al, Sb and In impurities is an expansion of the B-Mn
lattice due to inverse chemical pressure. This followed the work of Moriya [11] who
showed that the appearance of magnetic order in metals was related to the interatomic
spacing of the material. The concept of moment localisation due to lattice expansion in

metals will be further discussed in section 2.4.3.1.

1.3.2 Mossbauer Spectroscopy Measurements

Several Mossbauer spectroscopy measurements have been performed on 3-Mn alloys
[12,13,14,15]. The study of Nishihara [15] showed that the hyperfine field at site I in
B-Mn alloys with Fe, Co and Ni is dependent only on the excess of d-electrons donated
to the band, as shown in figure 1.6. This result showed that B-Mn alloys are weak
itinerant electron antiferromagnets in which the value of the Mn moment is dependent
on the details of the conduction band. The contribution to the hyperfine field from the
lattice expansion is depicted in figure 1.7.  The value of the hyperfine field increases

with increasing lattice expansion for small d-electron excess Ang.

The Mossbauer measurements of Nishihara broadly confirm the NMR study of Kohara
and Asayama. Since the lattice expansion is small in B-Mn alloys with 3d-transition
metal impurities, the magnetic ground state is determined by the excess of d-electrons
donated to the conduction band. With non-magnetic and 4d transition metals, the

effects of lattice expansion become important.
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Figure 1.6

Variation of internal field with excess d-electron number in f-MnFe, p-MnCo and -MnNi
measured by Fe Mossbauer spectroscopy [15].
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Effect of lattice expansion on internal field for 3 values of Ang measured by Fe Mdossbauer
spectroscopy [15].



1.3.3 Specific Heat Measurements

In the 1970s and 1980s, the self-consistent renormalisation (SCR) theory of itinerant
electron magnetism was developed by Moriya [16]. This theory attempts to describe
metallic magnets by considering the effects of longitudinal amplitude spin fluctuations,
and orientational transverse spin fluctuations. Details of SCR theory will be given in
section 2.4. Using SCR theory, Hasegawa predicted that spin fluctuations in metals on
the verge of antiferromagnetic order would cause a strongly enhanced electronic
coefficient of the specific heat y[17]. In a normal metal the specific heat is given by,
C=9yT+BT’, %5,
where vy and B are the electronic and lattice coefficients. The specific heat study of
B-Mn and B-Mn alloys by Shinkoda and co-workers [18] found a strongly enhanced
value of y in pure B-Mn. A plot of y versus the change in d-electron number Ang in

various [3-Mn alloys is shown in figure 1.8.

80 r

60

= %
(=]

¥ (mJ/mol K°)

20 r

-0.1 0.0 0.1 0.2 0.3

Figure 1.8

The dependence of the electronic coefficient of specific heat y on excess d-electron number
Any. The solid line shows the functional dependence of the change in y given by equation
1.2 [18].
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Figure 1.8 shows that the change in vy throughout the series of B-Mn alloys studied is
expressed by one line, irrespective of the impurity species. Starting from Anyq = -0.04
for B-MnV, vy increases rapidly and peaks at Ang = 0.005. According to the SCR theory
the position of the peak in 7y is the critical point for the onset of antiferromagnetism,
corresponding to the value of the Stoner parameter, o0 = 1 (see section 2.3.2.3). The
position of pure B-Mn slightly to the left of the peak suggests that o is slightly less than

unity in the pure metal. The decrease in y follows the functional dependence

/Ang —0.008)/2, (1.2)
where Ang = 0.005 has been taken as the position of the peak in 7y corresponding to
o = 1. Hasegawa and Moriya have shown that the Néel temperature of weakly

antiferromagnetic metals is related to y by the relation,
y=A-BTy", (1.3)
where A and B are constants [19]. Figure 1.9 shows that this relation holds for the

B-Mn alloys studied by Shinkoda [18].

80

60

¥ (mJ/mol K?)
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0 5 10 15

T 3/4 (K3f4)
N
Figure 1.9

y versus Ty for antiferromagnetic B-Mn alloys, B-MnFe, B-MnCo and B-MnNi from the
specific heat study of Shinkoda [18].
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In demonstrating that the functional dependence of the electronic component of specific
heat closely follows the predictions of the SCR theory, this study of B-Mn was the first
to point out the crucial réle played by spin fluctuations in B-Mn alloys.  Although SCR
theory up to this point had successfully described the physical properties of many
itinerant electron ferromagnets such as MnSi and ScsIn [20,21], this study was the first

to provide support for the SCR theory of antiferromagnetic metals.

1.3.4 NMR Measurements of Spin Dynamics

There have been several NMR studies of spin dynamics in -Mn. [22,23,24]. Figure
1.10 shows a plot of the nuclear spin lattice relaxation time 1/T; for site I and Site II Mn

atoms measured by Kohori and co-workers [24].

N I T rrrt 1 1 L ll[ 1] ] LI III.I'___.".- 1 1 LI
P ]
‘. -\j ]
. o 1/T, = 800NT :
Site 11 ¢%
ite .; |
‘_'...,
5 1°F -*‘f“ P
\-,: : + _.-‘-@'"-Jr.x -1
S re _
r oA )
2%
Site I by
10 & =
E U = 17T 4353 NT i
I st
Y. )
L 1 ||||:|| 1 1 Illllll I 1 1:1111[ 1 | B O N 1 N
1 10 100

Temperature (K)
Figure 1.10

Temperature dependence of the nuclear spin-lattice relaxation rate 1/T, for sites I and Il in
pure [F-Mn measured by Kohori and co-workers [24].
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The observed temperature dependence of the 1/T, is well described by the equation,
%:anbﬁ, (1.4)
where the coefficients a and b describe the interactions between the nuclear spin and the
d-orbital and electron spin respectively [24]. The temperature dependence of 1/T;
given by eq. (1.4) was predicted by Moriya and Ueda using SCR theory [25] for
systems on the verge of antiferromagnetic order. This measurement provides further
confirmation that the physical properties of 3-Mn are well described by the predictions
of SCR theory. The values of the coefficient b = 800 for site II and b = 35.3 for site 1
indicate that the magnetic moment of the site Il Mn atoms is much larger than that of
the Site I Mn atoms. This result is supported by the band structure calculations of
Sliwko and co-workers [26] which are depicted in figure 1.11.

20 I I T T
Mn site 1

e 1.0 i
=
o
L7 0]
my
) 0.0 A ] 1 1
w
% 2.0 T T T T
P Mn site 11
1S)
oy
=
(] 1.0} o
a

0.0 L 1 1 |

-10.0 5.0 0.0 5.0

Energy (eV)

Figure 1.11

The spin dependent density of electron states for site I and Site II Mn atoms in [-Mn
calculated by Sliwko et. al. [26].



The density of states at the Fermi energy €r (given by E = 0 in figure 1.11) is shown to
be a minimum at site I and maximum at site Il. The calculations of Sliwko confirm that
the Stoner parameter o is only slightly less than unity for site II showing that the site 11

Mn atoms are on the verge of magnetic order [26].

A NMR study of the spin dynamics in [3-MnAl has recently been performed by
Nakamura and co-workers [5]. Figure 1.12 shows the temperature dependence of 1/T,
for B-Mny 97Alp 03 and B-Mng Al 1.

2.5 ——r—r—r—

1.5

1T, (kHz)

1.0

0.5 | i

0-0 i s 1 L L 1 L L L L | L 1 1 1 1 L L L I
0 50 100 150 200

Temperature (K)

Figure 1.12

The temperature dependence of 1/T, for f-Mn Al with x = 0.03 and 0.1 measured by
Nakamura et. al. [5]. The broken curve indicates a pYé dependence of 1/T; for

P-Mng.o:Alps .
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While 1/T; in B-Mngg7Alpes is found to obey a T2 temperature dependence in
accordance with SCR theory, 1/T; in B-MnyoAlp; is found to diverge at around SOK.
This behaviour is commonly seen in local moment systems undergoing a magnetic
transition.  This result is an indication that there may be a crossover from purely

itinerant moments in pure $-Mn, to partially localised moments in B-MnAl.

1.3.5 Magnetic Susceptibility Measurements of 3-MnAl

Magnetic susceptibility measurements taken by Nakamura and co-workers [5] are

shown in figure 1.13.
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Figure 1.13

Temperature dependence of the zero field cooled magnetic susceptibilities of the B-MnAl
concentrations shown, measured by Nakamura et. al. [5].
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Figure 1.13 shows that the magnetic susceptibility of pure 3-Mn is almost constant with
temperature, implying a Pauli paramagnetic susceptibility of the conduction electrons
(see section 2.3.1).  With increasing Al concentration, the susceptibility becomes
progressively larger and more temperature dependent, despite the fact that non-magnetic
Al atoms are being substituted for magnetic Mn atoms. For B-MngoAlp; and
B-MngsAlg, a peak in the susceptibility is observed. This data indicates that 3-MnAl
displays magnetic properties normally associated with a system of local magnetic
moments. The peak in the susceptibility was interpreted by Nakamura as an indication
of spin glass order in concentrated 3-MnAl alloys (see section 2.5). In chapter 4, our
own susceptibility measurements, broadly confirming Nakamura’s measurements, will

be presented and discussed.

1.3.6 Thermal Expansion Measurements of §-MnAl

Thermal expansion measurements of the 3-MnAl series taken by Nakamura and co-

workers [5] are shown in figure 1.14.

! I T I T

AL/L (*¥107)

0 100 200 300
Temperature (K)

Figure 1.14

The temperature dependence of linear thermal expansion for [-Mn;.Al, alloys with x=0,
0.05, 0.1 and 0.2 measured by Nakamura and co-workers [5].
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In pure B-Mn, the unit cell volume is found to increase steadily with increasing
temperature. For B-Mn;.cAly alloys with x > 0.05 there is a temperature independent
region in the thermal expansion curve at low temperatures. = The width of this
temperature independent region increases with increasing Al concentration. The origin
of this temperature independence at low temperatures has been attributed to
spontaneous volume magnetostriction in these alloys, and therefore an increasing
magnetic contribution to the thermal expansion. The influence of spin fluctuations and
moment formation on thermal expansion will be fully discussed in section 2.4.2.1. The
coefficient of linear thermal expansion deduced from these measurements is large for
pure B-Mn, with a value of ¥ = 30 x 10° K, and decreases linearly with increasing Al

concentration, to a value of k = 18 x10° K.

1.3.7 Inelastic Neutron Scattering Measurements of 3-MnAl

An inelastic polarised neutron scattering study of pure -Mn and (3-MngoAly; was
recently undertaken by Shiga and co-workers [9]. Analysis of the initial and final
neutron spin states enables the separation of the magnetic and nuclear contributions to
the measured neutron cross-section (see section 7.2).  Figure 1.15 shows the Q-
dependence of the measured squared magnetisation density M*(Q) multiplied by the
squared Mn magnetic form factor f/(Q) measured at the elastic line (AE = 0).
£(Q)M*(Q) is directly proportional to the measured magnetic neutron cross-section (see
sections 3.2.2 and 7.7.1).

The shape of f(Q)M*(Q) is similar for both $-Mn and B-Mng9Alo ;, with 2 maximum at
around Q = 1.5A™, corresponding to approximately twice the Mn-Mn near neighbour
distance. This indicates dominant antiferromagnetic correlations between Mn spins in
both B-Mn and B-MngsAlp;. The amplitude of the magnetisation density given in
figure 1.15 is likely to be significantly less than the true value since these measurements
were taken at high temperatures where spin fluctuations are likely to spread the
magnetic intensity over a wide energy range, and outside the energy window available

in Shiga’s measurement.

17



0‘3 T L . i i L] § L A | X ¥ L ¥ I ' " ” L3 T
A
L o2t E
g
7
(@
s
~ 01F -
2
8
0.0
T B ik i 1 i i i i 1 i L i i 1 i i i i ] i i i i 1
0.5 1.0 1.5 2.0 25 3.0
-1
Q (A"
Figure 1.15

The Q-dependence of f(QIM*(Q) of f-Mn (@ ) and B-Mnyodly; (O ) measured at the
elastic line, AE = 0, at a temperature of 290K by Shiga and co-workers [9].

The inelastic linewidth I', which is proportional to the spectral width of the spin
fluctuations in the material, was measured by Shiga for 3-Mn and B-MngoAlg;. The
measured inelastic neutron linewidths of B-MngoAly; are shown as a function of
temperature in figure 1.16. The inelastic linewidth I" for f-Mn was found to vary only
weakly with temperature with I" falling from ~30meV at 290K to ~20meV at 7K. This
result shows that strong spin fluctuations persist in 3-Mn down to very low
temperatures. The temperature dependence of I' in B-MngoAly; is markedly different
to that of pure 3-Mn, with I" falling steadily from ~10meV at 290K to ~0.7meV at 7K.
This indicates that the spin fluctuations in 3-Mn are substantially damped by the
introduction of Al. This has led Shiga to characterise the transition from the dynamic
-Mn systcm to the largely static B-MnyyAly; as a so-called quantum spin liquid (OSL)
to spin glass transition [9]. In this model the replacement of magnetic Mn atoms by
non-magnetic Al impurities, reduces the geometrical magnetic frustration between the
Mn spins, caused by their triangular coordination. In the frustrated 3-Mn lattice there
are likely to be several degenerate allowed spin configurations, with zero-point

fluctuations being sufficient to allow the spins to move between these configurations.
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Figure 1.16

The temperature dependence of the inelastic neutron linewidth I for B-MnAl, ; measured
by Shiga and co-workers [9]. The solid lines are fits to a Lorentzian lineshape.
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This dynamic magnetic ground state is termed a quantum spin liquid ground state. If
the frustration is relieved by the introduction of the Al atoms then the degeneracy of the
ground state spin configurations is gradually lifted until zero-point motions are not

sufficient to alter the ground state spin configuration.

1.4 Outline of this Thesis

In this thesis, I will investigate the magnetic and structural properties of pure 3-Mn and

B-MnAl alloys, addressing three main questions:

1) Why is B-Mn non-magnetic when both a-Mn and y-Mn are strongly
antiferromagnetic?

ii) By what mechanism does the inclusion of Al impurities in pure B-Mn stabilise
magnetic order?

iit) What is the nature of the spin dynamics and magnetic ground state observed in

B-MnAl alloys?

e In chapters 2 and 3, the basic theoretical concepts of metallic magnetism and
neutron scattering will be introduced.

e In chapter 4, details of the preparation and initial structural and magnetic
characterisation of f-Mn and 3-MnAl will be presented.

e In chapter 5, I will present an investigation of the structural properties of f-Mn and
B-MnAl. The nature of the transition from a-Mn to B-Mn will be investigated
using high resolution neutfon powder diffraction. The site occupancies of -Mn
with various impurities will also be presented. This study will show that the nature
of the magnetic ground state of 3-Mn alloys is crucially dependent on whether the
impurity atoms replace the magnetic site I1 Mn atoms, or the non-magnetic site I Mn
atoms.

e In chapter 6, I will present a muon spin relaxation study which will provide the first
magnetic phase diagram of the B-MnAl system, and will highlight an abrupt change
in the nature of the spin dynamics as Al is added to pure 3-Mn.

e In chapter 7, the nuclear short-range order and the quasi-static magnetic correlations

in B-MnAl will be investigated using XYZ neutron polarisation analysis.  The
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nature of the nuclear short-range order and the magnetic correlations will be
modelled by a Reverse Monte-Carlo method developed as part of this thesis.

In chapter 8, I will present an inelastic neutron scattering study of the evolution of
the spin dynamics in B-Mn and B-MnggAlp,. This study will show that the spin
fluctuation width in B-Mn and 3-Mng Al is much greater than the measurements
of Shiga have suggested [9]. These measurements will also provide evidence of a

crossover from purely itinerant moments in -Mn to partially localised moments in

B-Mng gAlg2.
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2 Metallic Magnetism

2.1 Introduction

Traditionally the theoretical description of metallic magnets is divided into two distinct
models. The Local Moment Model assumes the existence of well localised magnetic
moments in a metal. This model is particularly effective in describing the rare-earth
metals and alloys, but it has proved inadequate in describing metallic 3d transition
elements and alloys. The Itinerant Electron Model attempts to describe magnetic
metals where the unfilled electron orbitals form a conduction band, as is the case for the
3d transition metal elements. This model, however, has had only limited success in
accounting for the observed magnetic properties of the transition metals. Over the last
thirty years, a new theory has been developed which has proved very successful in
accounting for the observed physical properties of itinerant electron metallic magnets.
This is the Self~-Consistent Renormalisation (SCR) Theory, originally developed by
Moriya and Kawabata in 1973 [1]. In this theory it is postulated that the magnetic
properties of itinerant electron systems are governed by coupled transverse and
longitudinal spin fluctuations which are localised in reciprocal space. This is regarded
as the opposite limit to the local moment model, where the spin fluctuations are
localised in real space. The fact that these two limiting cases exist has led to the
postulation of a unified model of magnetism based on the nature of magnetic spin
fluctuations, which interpolates between the opposite extremes of the local moment and

itinerant electron models.

In this chapter the predictions and shortcomings of the local moment and itinerant
electron models will be highlighted. SCR theory will then be introduced and finally,
the notion of magnetic frustration and spin glass magnetic order will be discussed in

terms of its pertinence to the B-Mn;.zAly system.
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2.2 The Local Moment Model

In the local moment model, atoms in a magnetic material carry a magnetic moment of
fixed size. According to quantum mechanics, an atom occupies a particular eigenstate
having quantised spin and orbital angular momenta, #S = XAs and AL = XAl, where s
and 1 are the spin and orbital quantum numbers of each electron in the atom. The
magnetic moment of each atom is also found to be quantised in units of g = eh/2m,

known as the Bohr Magneton, and is given by
m = ug(L + 28) = gjugl, (2.1)

where the total angular momentum J = L + S, and gy is the Landé g-factor. If the
energy of the (2J+1)-fold degenerate eigenstate given by a particular value of J is well
separated from other states given by different J values, we can regard the atom as

possessing a fixed magnetic moment.

2.2.1 Non-Interacting L.ocal Moments

When a magnetic field, B, is applied to a system of local moments, each atom in that
system will posses a potential energy U = mygyugB. Assuming that the probability of
an atom being in a state with energy U is proportional to exp(-U/kgT), and that the
atomic moments in the magnetic material are completely uncoupled, the magnetic

susceptibility, ¥, is given by the Curie Law,

2 2 . al
xzp_oM =p,0NgJ [T J(J-i-l):_(_J_’ (2.2)
B 3k, T T

where,

C= l-loNgjzl-lBZJ(J +1) .

2.3
. (2.3)

2.2.2 Interacting Local Moments

Atomic magnetic moments may be coupled via direct or indirect exchange interactions,
in addition to the much smaller dipole-dipole and quadrupolar interactions. The energy
of a system of magnetic moments interacting via direct exchange is given by the

familiar Heisenberg Hamiltonian,
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H, =-Y.1,(;S;) (2.4)

i,j#i

where J is the interatomic exchange constant and i, j specify atomic sites over the
crystal. Weiss found that the existence of a spontaneous internal mean magnetic field,
Bin, proportional to the mean magnetisation, may be used to represent the sum of the
exchange forces present in a magnetic material. In this case the magnetic susceptibility

follows the Curie-Weiss Law,

C
%= ! (2.5)
T=0
where Bcw is the so-called Weiss constant,
JE
Oy =—5—7- (2.6)
g; U

2.2.3 Wavevector Dependent Exchange

While Heisenberg initially assumed that the exchange constant J was positive and
explained ferromagnetic materials, we now know that the sign, size and range of the
exchange interaction may be generalised to account for antiferromagnetic, ferrimagnetic

and helimagnetic systems. In these cases the exchange interaction can be expressed as,

Xq)=Y 3™, 2.7)
q

where J(q) is a wavevector dependent exchange parameter, which reflects the real space
variation of the exchange interactions within the material with a modulation wavevector
of q. Replacing J by J(q) in eq. (2.6), we can write the wavevector dependent

susceptibility as,

x@= (2.8)

C
g; Mg
where we have implicitly invoked the so-called Random Phase Approximation (RPA) in
assuming that each of the Fourier components in the wavevector dependent exchange
field is independent [2]. The ferro- or antiferromagnetic transition temperature T

will occur at the temperature given by the divergence of %(q), at

_ J@cC

Ten = e (2.9)
g, U
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Figure 2.1 shows 1/x(q) plotted as a function of temperature for various cases of -

vector in the case of a simple cubic structure.

From figure 2.1 we can see that substitution of q = (/a,0,0) into eq. (2.7) leads to a
negative exchange interaction constant, and hence antiferromagnetic order, with
neighbouring spins lying anti-parallel with one another. The Néel temperature Ty, is
given by the intercept on the negative temperature-axis. More complicated magnetic
structures are fully determined by the precise nature of J(q), which may be peaked at g-
vectors incommensurate with the lattice, or may exhibit complex “triple-q” (qx, qy and

q.) dependence, leading to a diverse range of magnetic structures.

1/x(q)
A

q = (1/a,0,0)

q = (1/22,0,0)

» T

Figure 2.1

Temperature dependence of the inverse wavevector dependent susceptibility 1/x(q) for
various values of q, assuming a simple cubic crystal structure.[2]

The Local Moment model has been well justified in magnetic systems where a well
defined and stable magnetic moment can be said to exist, as is the case in magnetic
insulators and rare-earth metals. However, direct Heisenberg exchange is relatively
uncommon in these materials; “superexchange”, mediated by a non-magnetic ligand, is
the dominant exchange interaction in the insulators, while the conduction electron

mediated RKKY interaction prevails in the rare-earth metals [2]. However the
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observation in many magnetic metals of magnetic moments having values which are
non-integer multiples of Mg, is not consistent with the local moment model. In
particular the observation of extremely small magnetisations in the weak ferromagnets
ZrZn, and Sc3In (0.12up and 0.04p per atom respectively), cannot be explained by the
local moment model, despite the fact that these metals obey the Curie-Weiss Law very
closely for T > Tg, albeit with an effective moment far greater than that found in the

ordered state.

2.3 The Itinerant Electron Model

2.3.1 Non-Interacting Itinerant Electrons

According to the nearly-free electron model, the eigenstates occupied by itinerant
conduction electrons in a metal are characterised by their wavevectors, k. These states
are occupied in accordance with the Pauli Exclusion Principle, with the k™ state
occupied with a probability given by the Fermi-Dirac function,

1

where g is the energy of the kth state and €r is the Fermi energy. In the absence of an

(2.10)

applied or spontaneous magnetic field, each eigenstate is 2-fold degenerate with respect
to electron spin. In the presence of a magnetic field, B, this degeneracy is lifted, with

the energy of each spin eigenstate being given by,

€ - msgsgB, for antiparallel spins
€= 2.11)

€k + msgsusB, for parallel spins.

We can visualise this situation as in figure 2.2 where the electron density of states is

split into a parallel and an antiparallel spin band.

After the electrons in the parallel band change their spin-state to equalise their potential

energies at the Fermi level, there is a surplus, AN, of antiparallel electrons,
_,D(gg)
AN =2 5 dE ’ 2.12)
= D(eF )msgsp'EB
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leading to a magnetisation per unit volume of M=ANug in the same direction as the
applied field, due to the negative gyromagnetic ratio of the electron.  Taking the
electronic Landé g-factor g = 2 and the magnetic spin quantum number mg = '2, we

arrive at the expression for the Pauli paramagnetic susceptibility,

= = ol D(ER); (2.13)

X

which is independent of temperature. This expression successfully describes simple
metals, such as the alkali metals, where the conduction electrons follow the free electron

gas model (see figure 2.3).

D(E)
A
parallel band

Figure 2.2

A schematic representation of Pauli paramagnetism at absolute zero. Electron states in the
shaded regions are initially occupied. On application of an external field B, the band splits
and the “up” and “down” electrons rearrange themselves to make their potential energies
equal at the Fermi level, gz This results in an net excess of spin “up™ electrons in a
magnetic field.

In the presence of a spatially varying mean molecular field of the form, Hcos(q.r) the g-

dependent paramagnetic susceptibility is given by the Lindhard function [4],

2 22
x(q) = lzl-l-ul-ln N 1+ 4kF q ln|2kF +q‘ , (214)
16¢, 4k .q |2kF —i
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where kg is the Fermi wavevector given by e = A’ky/2m. In the free electron
approximation the density of electrons states at the Fermi energy is given by D(er) =

3N/2¢gr, and we can combine egs. (2.13) and (2.14) to obtain,

o |1, ak-q7 |2k, +q|
X(Q) = X pau 2+ 8k .q IHIZkF“Q| >

(2.15)

where the term in brackets approaches unity as q tends to zero, as required.

2.3.2 Interacting Itinerant Electrons

2.3.2.1 The Hartree-Fock Model

Given a system of N electrons, the variational principle asserts that the n-electron
wavefunction, ¥, will be a solution to the Schrodinger equation, HY= EY, if it

minimises the quantity,

(H), :% (2.16)

One trial wavefunction is that given by factorising ¥ into a product of N one-electron
wavefunctions of the form,

W (r1,81, 12,52, 13,83, ., IN,SN) = W1(r,81)W2(r2,82)W3(r3,83). ... . wn(rnssn). - (2.17)
However, this wavefunction does not obey the Pauli Exclusion Principle, which requires
that the sign of ¥ changes whenever two of its arguments are interchanged. In order to
overcome this problem, we replace ¥ given by eq. (2.17) by a Slater Determinant of
one electron wavefunctions, which is a linear combination of the product of eq. (2.17)

and all other possible permutations.

v, (r,,s,) y,(r,,8,) R V,(ry,sy)

‘«l’g(rpS]) ¥, (r;.5,) . w V,(ry.sy)
W(Ir,,8,,5,8, 5 Xy ,Sy ) = ' ' ) (2.18)

Vy(r,s)  wy(r,,s,) - W (ry,sy)

Substituting this wavefunction into the Schrodinger equation leads to the Hartree-Fock

equation,
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hz

—— V2, () + U (), (1) + U™ (), (r)
2m

e (2.19)
—Z_[dr Y (v, (r)w;()8, . =&y, (r)

-

where U™(r) is the potential due to the nuclei and U¥***(r) is a potential due to the
sum of all other electrons in the material. The last term on the left hand side is known
as the exchange term, which results in a state of lower energy for parallel electron spins
si and s;. Thus, consideration of electron-electron exchange interactions leads to a
substantially altered band structure from that predicted by the free-electron model.
However, the Hartree-Fock model only describes electronic states in terms of one-

electron wavefunctions, y;, which are affected by interactions.

2.3.2.2 The Fermi-Liquid Model

The Fermi-Liquid model takes the proposition laid out in the Hartree-Fock model one
stage further. It asserts that in addition to modified one-electron energies due to
interactions, electron-electron scattering processes will occur. However, the
requirement that an electron can only be scattered into unoccupied states according to
the Pauli exclusion principle means that at a finite temperature, only electrons within
kgT of the Fermi energy, er, are available to be scattered. This leads to a temperature

dependence of the scattering rate;
1. A+B(k,T)?, (2.20)
T

where A is the scattering rate at T=0, and the coefficient B is independent of
temperature. This implies a temperature dependence of the electronic resistivity, p(T) o
T? at low temperatures, when phonon contributions to electron scattering are small. (see

section 4.5)

If an electron is excited above the Fermi energy, then Hartree-Fock type electron-
electron interactions increase the amount of energy required to complete this process.
This increase in energy is characterised by the effective mass, m, of the excited electron

or quasi-electron. The energy of this quasi-electron state will be given by,

30



2
e(k)=e:,:+}“1 li"
m

k—kg, (2.21)

where kg is the Fermi wavevector. The energies associated with quasi-electrons created

above the Fermi surface will affect the number of occupied quasi-electron states created

in the presence of an applied magnetic field, and hence the value of the paramagnetic

susceptibility. The resulting uniform susceptibility of a Fermi liquid is of the form [5]
_ 1 +%A,

= . 2.22
x l+Bo XPauIJ ( )

where the parameter A; depends on the quasi-electron effective mass, and B depends
on the nature of the quasi-electron distribution in k-space. Notice that if By falls from
0 to —1 as the electron interactions become stronger, the susceptibility becomes large,
displaying so-called exchange enhancement. The susceptibility for various metals is
shown in figure 2.3 [3]. The high values for the transition metals and Pd compared with
the alkali metals indicates the presence of exchange enhancement. If By = -1, the

susceptibility diverges, implying a transition to a ferromagnetic state.

2.3.2.3 The Stoner/Hubbard Model

The Stoner/Hubbard model [6] assumes an electron-electron exchange interaction of the
Hartree-Fock type, within the tight binding approximation. In this model, the exchange
interaction is significant only for itinerant d-electrons on the same ionic site. Within
the confines of this assumption, Stoner was able to describe the electron exchange
interactions by a mean molecular field, analogous to the Weiss molecular field
description of local moment exchange interactions. This molecular field takes the form,
Hn=YM, (2.23)
where 7y is the molecular field constant. Referring to figure 2.2, if this field arises
spontaneously the “up” and “down” electron spin bands will split, leading to a transfer
of An electrons per unit volume from the “up” to the “down” spin states. The net
magnetisation, M, is then,
M = 2Anpg = (ny - n1)Us. (2.24)
The increase in the number of parallel electron spins decreases the total exchange

energy in the material according to the Hartree-Fock equation (2.17), which can be
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Figure 2.3

Temperature dependence of the paramagnetic mass susceptibility of metals. The large
values associated with the transition metals and Pd indicate the presence of exchange
enhancement (from Kittel, [3]).
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equated to a decrease in the effective magnetostatic energy density within the molecular

exchange field, Hp, given by,
" " 1 2
AE,, =-[H,dM =-y[MdM =—E~yr(ni —n, Pg’. (2.25)
0 V]

This value is exactly half the relative displacement of the exchange split bands. If we
restrict our attention to conditions at absolute zero, where the electron states are filled
exactly to the Fermi energy, the kinetic energy of each electron transferred between the
spin-dependent bands must increase, since each flipped electron will be lifted into an
unoccupied state of higher energy. This increase in kinetic energy AEx will be given
by,

1
AN _E(nl_“T)
" AN/AE, D(g;)/2

(2.26)

If the net change is a decrease in total energy, the electron transfer between the spin
dependent bands will take place spontaneously, resulting in an excess population in the
spin “down” band. The condition for the appearance of spontaneous magnetisation is

therefore,

1 2
AE, > AE, :>E'y(ni —n; )iy D(eF)>1, 2.27)

= ID(ep)>1
where, I = ¥2 y(ny - I'IT)}J.32, termed the Stoner parameter, is a measure of the mean
exchange energy per electron. Figure 2.4 shows the theoretically calculated values of
D(er) and I and their product for various metals across the periodic table [7]. Eq. (2.27)
is known as the Stoner Criterion. From this equation it can be seen that the occurrence
of ferromagnetism in itinerant electron systems is closely related to the band structure in
the vicinity of the Fermi energy. The Stoner Criterion is likely to be satisfied for a
narrow, peaked electron density of states at the Fermi level, which is a characteristic

feature of the d-electron transition metals.

If the Stoner criterion is not satisfied, the molecular exchange field will nonetheless
affect the relative energy splitting of the spin-dependent bands in the presence of a
magnetic field. dE in eq. (2.12) will become,

dE = msgusB + I AN, (2.28)

leading to a paramagnetic susceptibility of the form,
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Figure 2.4

a) The Stoner exchange parameter, I, b) the density of states per atom at the Fermi energy,
D(er), and c) the product of I and D(er), as a function of atomic number, z, at room
temperature [7]. Fe, Co and Ni satisfy the Stoner Criterion and display ferromagnetism,
while Sc and Pd, display strong exchange enhancement.
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X-Pauli
=~ 2.29
X I~ ID(s,) (2.29)

This form of the susceptibility was first predicted by Hubbard, and is of the same form

as the Fermi liquid prediction of the exchange enhanced susceptibility (see figure 2.3).

The exact shape of the Fermi surface in a metal may cause the mean electron exchange
interaction to be q-dependent, leading to a spatially varying mean molecular exchange
field. Assuming that the Fourier components of this exchange field are independent

(RPA) we can write the wavevector dependent susceptibility [8] as,

Xo(q) Xo(q)
o owee 2.30
(@) 1_217(0((1) 1-ax,(q)’ (2.30)
Ngszu‘Bz

where y0(q) is the non-interacting susceptibility given by eq. (2.15).

Ex

k
-G -G/2 0 +G/2 +G
Figure 2.5

Electron energy dispersion arising from an antiferromagnetically correlated exchange
field, H; The corresponding relation for H, = 0 (paramagnetism) is also shown.
Characteristic energy gaps are formed at the antiferromagnetic wavevector Q = G/2 where
G is the reciprocal lattice vector. To minimise energy, electrons reside below the energy
gaps, heaped up around the antiferromagnetic zone boundary.

For antiferromagnetic exchange, where the first divergence of x(q) occurs at q = G/2,
we define the so-called staggered magnetisation, My = M, — My, where M, and M, are

sublattice magnetisations,
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M, =% %} (nji - njt)

My =2 25 (mid - nit), (2.31)
where i and j are sublattice points which may or may not be associated with nuclear
positions in the lattice. The staggered exchange field is then defined as, Hy = yM,. It
can be shown [9] that the Hamiltonian constructed according to the Hartree-Fock
approximation for antiferromagnetic exchange, leads to an electron energy dispersion of

the form shown in figure 2.5

Defining the staggered susceptibility, xs = x(q = G/2), the condition for the appearance
of antiferromagnetism is, ays > 1, with the Néel Temperature T given by,

axs(Tn) = 1. (2.32)

2.3.3 The Dynamical Susceptibility

Further development of the Stoner Model was attempted by Izuyama [10], in which the

effects of fluctuations of the spin density in itinerant electron magnets were taken into
account. Making use of the random phase approximation, the frequency dependent
dynamical susceptibility of an interacting electron system under the influence of a

spatially and time varying applied field of the form Hcos(q.r - ot) takes the form,

%o(q,0) %o(q, )
(q,0)= = ! (2.33)
. _2I%(q,0)  1-ax,(q,0)
e
Ng. 1y

where %0(q,0) is the non-interacting frequency dependent susceptibility, given by a
dynamical generalisation of the Lindhard function (2.14). In the random phase
approximation, the dynamical susceptibility can be expressed in terms of the frequency

distribution of spin fluctuations, I'(q), as

y(q0)=—HD_ (2.34)
| i@
I'(q)
Taking the imaginary part of the dynamical susceptibility given by eq (2.34), we find,
1 . x(@I'(q)
— ,0) = " 2.35
X% (q.0) T +o° (2.35)
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which is a Lorentzian form, of width I'(q) and area y(q), centred at zero frequency.
This quantity can be directly measured using inelastic neutron scattering (see section

3.2.3).

Stoner calculated the contribution to the dynamical susceptibility from excitations of
quasi-electrons moving across the Fermi surface and changing their spin states. Such
excitations contribute to the dynamical susceptibility as a function of their wavevector
transfers, q and energy transfers, Z®. In the absence of exchange interactions these
single particle excitations are termed Stoner excitations. When exchange interactions
between quasi-electron and quasi-hole excitations and are taken into account, the spatial
and temporal fluctuations of the electron spin density may form co-operative normal

modes or spin waves.

o(q)
3

™\

Spin Waves

~Q
Figure 2.6

Theoretical prediction of the magnetic excitation spectrum for an itinerant ferromagnet

[11].

This occurs when the second term in the denominator of eq. (2.33), axo(q,0) = 1,
resulting in a singularity of the dynamical susceptibility. The predicted excitation
spectrum for a ferromagnetically correlated electron gas is shown in figure 2.6. The spin

wave branch calculated using the dynamical Lindhard equation is found to be quadratic

in q.
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2.3.4 The Validity of the Itinerant Electron Model

The itinerant electron model is able to explain the observed ordered moment per atom of
materials such as Fe, Co and Ni which are not integral multiples of the Bohr magneton.
Support for this model is also provided by the observation of narrow d-electron bands in
the 3d ferromagnets which are well described by the tight-binding model, and which are
consistent with the requirements of the Stoner Criterion for the appearance of
ferromagnetism. However, the itinerant electron model fails to explain the observed
susceptibility in the transition metals at finite temperatures, and predicts magnetic
transition temperatures of at least an order of magnitude too high when compared with
experiment. Most strikingly, it cannot account for the observed Curie-Weiss
susceptibility for T > Tc in the 3d ferromagnets. The failure of the Stoner Model has
been attributed to the invalidity of the random phase approximation at high
temperatures. According to the RPA spin fluctuations in the electron bands involve
excited quasi-electron states moving independently of each other, with only bound
quasi-electron-hole states undergoing electron exchange interactions. This model,
however, neglects the quasi-electron interaction with the quasi-hole created by the
excitation at high temperatures. When the quasi-electron-hole pair forms a bound state
it corresponds to a spin wave excitation. When a bound state is not formed the
excitation is of a unbound or dissipative nature, but nevertheless is an exchange
enhanced mode of the spin fluctuations. Thus, while the appearance of spin waves at
low temperatures is predicted, the failure of the Stoner model to include exchange
enhancement at high temperatures results in its inability to account for the paramagnetic
behaviour of the 3d ferromagnets, and the dramatic overestimation of the transition
temperatures. To refine the description of itinerant electron magnets then, one must
include the interaction of both collective and dissipative spin fluctuation components at

high temperatures.

2.4 The Self-Consistent Renormalisation Theory

In the Self-Consistent Renormalisation (SCR) theory [9], the free energy of an itinerant
electron system is calculated from the Hartree-Fock Hamiltonian, plus an additional

potential which includes a spin-correlation term included to take account of coupled
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exchange enhanced spin fluctuations. The inclusion of this potential represents the
renormalisation of the equilibrium state. Using the fluctuation dissipation theorem
[12], the spin correlation term, S(q,®), can be expressed in terms of the imaginary part
of the dynamical susceptibility, ¥ (q,®),

N#a

Mg p,)’ 1-exp(—ho/k,T) © (q,0). (2.36)

S(q,0) =

The spin correlation term in the Hamiltonian is determined using an assumed form of
the dynamical susceptibility, and correspondingly, the static susceptibility is evaluated
from the form of the renormalised free energy of the system, as determined by this
Hamiltonian. Taking the RPA expression for % (q,0) given by eq (2.35), the static
susceptibility inferred by this method is found to be inconsistent with the original RPA
form of x”(q,m) at finite temperatures [9]. The task of SCR theory is to find an
appropriate spin-correlation term for the Hamiltonian of the spin fluctuating system
which can then be solved in a self-consistent fashion. Moriya and Kawabata [13]
showed that in order to obtain a self-consistent solution of the renormalised free energy,
the dynamical susceptibility must be of the form,

%o(q,®)
1- 0, (q,0) + Mq,0)

x(q,0) = (2.37)

where A(q,») is the so-called renormalisation term. The detailed form of A(q,®)

depends on the exact nature of the assumed spin fluctuation correlations.

2.4.1 Curie-Weiss Susceptibility in Itinerant Electron Magnets

Perhaps the most remarkable result of SCR theory is that even the assumption of a non-
interacting electron gas with parabolic bands in the determination of the form of A(q,0),
leads to an approximate Curie-Weiss temperature dependence of the inverse static
susceptibility. Moriya, has used mode-mode coupling theory [14] to express A(q,®) in
terms of the thermal averages of the longitudinal spin density amplitude fluctuations

and fransverse spin density orientational fluctuations.
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2.4.1.1 [Itinerant Electron Ferromagnets

For a system of ferromagnetically correlated spin fluctuations, A(q,®) is given by,
Ma0) _Ogs % (q,0), (238)
Xo(q,0) 3
where, %o(q,®) is the non-interacting susceptibility, F; is the mode-mode coupling
constant and S;(q,) is the thermal average of the local longitudinal and transverse spin
density fluctuations. S; can be determined by the fluctuation-dissipation theorem, and
is of the form [15],
3k, T
<8,">= 5 D (@) (239)
5 B q

If we define the local susceptibility as the sum over q of x(q),
1
X =—2.%xq), (2.40)
N 4

then we can rearrange eq. (2.39) to give,

Ng, 1y S, (T)’
3k, T

(D)= , (2.41)

which is the form of the Curie Law. If we now substitute eq. (2.38) into the dynamical
susceptibility given by eq. (2.37), sum over all spin fluctuation energies and take the

inverse, we find that the q = 0 component of the susceptibility, %(0), can be expressed

by,

Xo 5 2

——=(1- 0))+—=FES

2(0) (1-0x,(0)) 3 110

VL I +§F,SL2
xX(0) Xu(0) 3

where yur is the Hartree-Fock susceptibility given by eq. (2.30).

(2.42)

This equation follows a Curie-Weiss form of the susceptibility assuming Si? rises
linearly with T. It should be emphasised that the magnetic transition temperature, given
by eq (2.42) when 1/x(0)=0, will be a positive value only if the Stoner criterion, ayo(0)
> 1, is satisfied. Figure 2.7 shows a number of numerical simulations of yo/x(T) given
by eq (2.42) for various values of oy, compared with the Stoner prediction for a

system with T¢c = 0.01K [16].
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Temperature dependence of the inverse magnetic susceplibility from numerical simulations
of a free electron gas, following eq (2.42). The Stoner prediction is also shown for
comparison[16].
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Figure 2.8

Temperature dependence of the squared local spin density amplitude S;° for a weakly
Jerromagnetic metal and a local moment system [9].
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The spin density fluctuation amplitude S;? at Tc is given by,

S.X(Tc) = 3/5 (M(0)/NY’, (2.43)
where M(0) is the magnetisation at T=0K. This implies that S;* will initially decrease
with increasing temperature, until it reaches 3/5 of its initial value at Tc, and then rises
linearly above Tc. This temperature dependence of S;* is shown in figure 2.8,

compared with the local moment case.

2.4.1.2 Itinerant Electron Antiferromagnets

For antiferromagnetically correlated spin fluctuations, A(Q) is given by,

MY _g3s 2 eM 0 2.44
XO(Q) 5(3 L + 5 ( ))1 ( )

where, F; is the mode-mode coupling constant for the Fourier components of the spin
density around the antiferromagnetic wavevector Q, and My(0) is the staggered
magnetisation per magnetic atom at T=0K. The magnetic susceptibility at q = Q will
then be [17,18],

1 1 5 2 2
— —FS FM “(0). 2.45
2Q 1@ 3 TEMAO) (243)

Eq. (2.45) is once again of a Curie-Weiss form with the intercept at 1/¢(Q) = 0 taking a

negative value when,
1
Xur (Q)

Since this condition can be satisfied even when axo(Q) < 1, eq. (2.46) applies to both

+FEM_*(0)>0. (2.46)

antiferromagnetic metals and antiferromagnetically correlated paramagnetic metals

(known as nearly antiferromagnetic metals).

2.4.2 Physical Properties of Itinerant Electron Antiferromagnets

The SCR theory has been applied to discuss various physical properties in addition to
the magnetic susceptibility discussed in the preceding section. Good agreement
between theory and experiment for itinerant electron ferromagnets has been
demonstrated in a number of systems, including MnSi, Scsln and ZrZn, [19,20,21].
There has been much less attention devoted to the itinerant electron antiferromagnets,

with the notable exception of the C15 cubic Laves phase compound YMn; and related
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alloys [22,23]. The predicted physical properties of itinerant electron antiferromagnetic

systems are summarised below.

2.4.2.1 Thermal Expansion

Since the squared spin density fluctuation amplitude S:? increases with increasing
temperature, the magnetovolume of the system should also increase. This is expressed

in terms of SCR theory as,
D
0.~ 3[R ]srm-s/0) @47)
q

where Q,, is the magnetic volume strain, B is the Bulk modulus, and D, is the g-
dependent magnetovolume coupling constant. For antiferromagnetic metals, it can be
assumed that 2Dy ~ Dq where Q is the antiferromagnetic ordering wavevector.

Therefore, summing over the Brillouin zone we have,
D
Q,(T)= NE?Q(S,‘Z(T)-SLZ(O))‘ (2.48)

This suggests that the temperature dependence of Q, is the same as that of S;°.
However, this effect is extremely difficult to test, unless one can isolate and subtract out
non-magnetic contributions to the thermal expansion. A study of the thermal expansion
of pure Cr and CrV alloys, by Roberts and co- workers, seems to support the SCR
prediction of an increase in S;* with increasing temperature, in the paramagnetic regime
[24]. The SCR theory also provides a qualitative explanation of the invar phenomenon,
in which ferromagnetic metals such as Fe;Pt and some Fe-Ni alloys display nearly
vanishing thermal expansion coefficients [25]. This effect arises due to the
compensation of non magnetic thermal expansion by a negative (constrictive) magnetic
contribution given by eq. (2.48). A negative contribution will occur when S;? decreases
with increasing temperature as it approaches T¢ from below, causing a reduction in the

magnetostriction.

2.4.2.2 Specific Heat

SCR theory predicts that the electronic coefficient of the specific heat for weakly

1|2 [26]. This leads to a relation of the

antiferromagnetic metals is proportional to |o -
form,

Y=7Yo- VIN" (2.49)
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where v is a constant. This relation has been supported by measurements on various

3-Mn alloys by Shinkoda and co-workers [27]. (see chapter 1)

2.4.2.3 Nuclear Spin Relaxation

Assuming a dominating Fermi-contact type interaction between nuclear and electronic
spins, and a Curie-Weiss temperature dependence of the staggered susceptibility, SCR
theory predicts a nuclear spin relaxation rate 1/T; of the form [28].

1 T

Cﬁ-‘i
T, (T-TyY"™’

(2.50)
This prediction has been supported by NMR studies of 3-Mn and $-MnAl [29,30,31].

(see chapter 1)

2.4.2.4 Electrical Resistivity

The SCR theory predicts a contribution to the electrical resistivity from
antiferromagnetically correlated spin fluctuations of the form,

0w T2 (2.51)
for metals close to the Stoner critical boundary, caxo(Q) ~ 1. In chapter 4 of this study,
it will be shown that the temperature dependence of the electrical resistivity of B-Mn

follows this prediction.

2.4.3 The SCR Unified Theory

Two theories of magnetism have now been introduced which apply to two mutually
opposite limiting cases: the local moment limit and the itinerant moment limit. We now
need to generalise the SCR theory to take account of the possible existence and

formation of local moments in metals.

Figure 2.9 shows the so-called Rhodes-Wohlfarth plot [32], in which pc/ps is plotted
against Tc for various ferromagnets, where pc is the effective magnetic moment per
atom as deduced from the Curie constant [eq. (2.3)] and ps is the saturation moment per
magnetic atom. In the local moment limit the ratio pc/ps = 1, whereas in the itinerant
electron limit pc/ps >> 1, since the saturation moment is independent of the Curie

constant.
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Figure 2.9
The Rhodes-Wohlfarth plot [32].

It is instructive to note that the values of p¢/ps are distributed very evenly between these
two extremes, suggesting the simultaneous existence of both local and itinerant
moments in many metallic magnets. This observation highlights the need for a unifying
theory which is able to interpolate between the local moment and itinerant electron

limits.

According to SCR theory the physical properties of local moment and itinerant systems
are determined purely by the nature of their spin density fluctuations. In local moment
systems the spin density fluctuation amplitude is fixed, implying magnetic moments
localised in real space. In itinerant electron systems, the spin fluctuation amplitude
varies with temperature, and is generally small compared with local moment systems.
Since these fluctuations are correlated in time as well as space they can only be
regarded as localised in reciprocal space and therefore, infinitely extended in real space.
It follows that all magnetic materials may be classified according to the amplitude, and

spatial extent of their spin fluctuations. Figure 2.10 shows Moriya’s classification
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diagram in which various magnetic materials are arranged according to the above

criteria [33].

2.4.3.1 Moment Localisation in Metals

A description of the formation of a local magnetic moment in a metal was given by
Anderson in 1961 [34], to account for the observation of localised magnetic moments
on transition metal impurity atoms in non-magnetic, metallic hosts. The Hamiltonian
describing a 3d impurity in a metallic host will take the form,

H = Hs.band + Ha-band + Himpurity + Hiopping T Hexhange. (2.52)

We can represent this situation schematically, as shown in figure 2.11 [35].

The hopping term Hyopping = V (also known as the sd mixing term) arises from the
hopping of electrons from the localised d-orbital to the conduction band. This term will
depend on the lattice constant of the host metal, with the hopping energy increasing as
the atoms become progressively more localised. The Himpurity term is simply,

Himpurity = Ungtnad, (2.53)
where U is the intra-atomic Coulomb repulsion between opposite spins in the localised
orbital, and n4t and ngl are the numbers of spin “up” and spin “down” electrons in the
localised orbital.

A
D(¢)

Virtual bound

impurity mode

Figure 2.11

Density of states of a d-band material, containing an impurity atom [35].
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Anderson showed that the condition for the appearance of a local atomic moment, with
electrons bound to the impurity d-state energy mode, is
U pa(ep) > 1, (2.54)

where p4(er) is the density of the virtual bound impurity d-states at the Fermi-energy.
For large p4(€r), the hopping term V should be small, since the presence of hopping will
serve to enhance the condnetion band density of states, and deplete the impurity density
of states. II the presence of exchange between two localised bound states is taken into
account, then Moriya has shown [36] that the condition for the appearance of a localised

magnetic moments with antiferromagnetic coupling is,

v
(U+4J)>1rt A

A tan"(xj
A

where A is the width of the virtual bound impurity state and J is interatomic exchange

(2.55)

energy.

In summary, favourable conditions for local moment formation in metals are, large
intra-atomic Coulomb and exchange energies, small energy width A, and small hopping
term V. The condition of eq. (2.55) is vital to the understanding of the pressure
dependence of the magnetic moment in many metallic antiferromagnets. In particular,
only 3kbar of external pressure are required to completely suppress moment formation
and antiferromagnetic order in YMn,. Assuming that U, A and J remain constant with
increasing pressure, one can see that the existence of a magnetic moment is crucially

dependent of the hopping term V, and hence the lattice constant of the metal.

2.4.3.2 Unified Susceptibility and Local Spin Density

In the unified SCR theory, there are two possible mechanisms for the appearance of a
Curie-Weiss susceptibility: the Heisenberg molecular field approximation for local
moments and the SCR form of the susceptibility given by equations (2.42) and (2.45).
Moriya has derived a single equation in which the susceptibility is consistent with both
the local moment and itinerant electron models [37]. This equation for ferromagnetic

coupling is,
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1 4kl Z[ T ~ 4 J (2.56)
%(0)  ToNuy T\1/%(0)+2V(0)-2V(q)  2V(0)-2V(q)

where, T, is the longitudinal stiffness constant, and,

V(g) =1/Si(q). (2.57)
The dominant contribution to eq.(2.56) will depend on the longitudinal stiffness
constant, which is a measure of the “stiffness” against a change of the spin fluctuation
amplitude. If To — 0, giving maximum longitudinal stiffness and representing the local
moment regime, eq. (2.56) reduces to

2 2
Xo = %:1(;%5 5 (2.58)
which is the familiar molecular field approximation for the Heisenberg model. In the
limit of large Ty and therefore small longitudinal stiffness, eq. (2.56) becomes,
1 _ ANIp,’S, " (TYT-Te)
; - 3kBTl]TC '

(2.59)

In eq. (2.59) the Curie-Weiss susceptibility arises solely due to the T-linear increase of
S1%(T), we can see that this contribution will become progressively smaller as Ty

becomes small and the longitudinal spin density fluctuations are dampened out.

Figure 2.12 depicts the predicted temperature variation of S;? (T) for systems with

varying longitudinal stiffness constants and degrees of moment localisation.

When T, is small, S;*(T) will rapidly increase with temperature until it reaches a limit
determined by the electron concentration and d-band structure. This is the phenomenon
of temperature induced local moment formation, and is expected in magnetic metals in
the intermediate regime between local and itinerant magnetic order. Favourable
conditions for the formation of temperature induced local moments are: a large p(er)
satisfying eq.(2.54), a small longitudinal stiffness constant and large exchange

enhancement.
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SCR theory predictions of the temperature dependence of S;” for various magnetic metals.
a) Pauli paramagnet (large T0)

b) Nearly antiferromagnetic metal

¢) Nearly antiferromagnetic metal with temperature induced local moments

d) Antiferromagnetic metal with temperature induced local moments (small T0)

e) Local moment system
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2.5 Magnetic Frustration and Spin-Glass Order

A magnetic material whose low-temperature state is a static but disordered system of
moments, rather than a long-range periodic spin structure is termed a spin-glass. In
order to achieve a spin-glass magnetic ground state, the magnetic interactions between
the spins must compete with one another, so that no single spin configuration exists
which is uniquely favoured by the interactions. The first systems to be characterised as
spin-glasses consisted of dilute transition metal impurities in noble metal hosts, and
included, AuFe and AgMn. In these systems the magnetic exchange between the
impurity ions is of the RKKY type, where the impurity moment polarises the
surrounding conduction electrons, in such a way that the sign of the electron
polarisation changes with distance from the impurity atom. The coupling between
impurities then depends on their separation, and since they are placed randomly in the
host matrix, the near neighbour interactions compete with one another and a spin-glass
state is formed. There are other types of interaction which can cause spin-glass like

magnetic order, including ferromagnetic coupling in the presence of large single ion
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anisotropy. However, the mechanism behind spin-glass order which is pertinent to -
Mn and B-MnAl is that of topological frustration of antiferromagnetically coupled

magnetic moments, and I shall limit my discussion of spin-glasses to this phenomenon.

2.5.1 Topological Frustration

There are several lattice types in which the site symmetry of localised spins in the
matrix, causes them to be frustrated. Two of these are the pyrochlore lattice [38,39] and
the kagomé lattice shown in figure 2.13. The pyrochlore lattice consists of a network of
corner sharing regular tetrahedra, while the kagomé lattice is a 2-dimensional lattice of
corner sharing triangles. Figure 2.13 b) demonstrates the existence of topological
frustration in the triangular lattice caused by near neighbour antiferromagnetic coupling.
Similarly, it is impossible for antiferromagnetic coupling to exist between a spin and

each of its nearest neighbours in the 3-dimensional pyrochlore lattice.

2.5.2 The Quantum Spin-Liquid to Spin-Glass Phase Transition

Numerical simulations of antiferromagnetically coupled spin configurations on the
perfect pyrochlore-type lattice have shown that spin-glass order should not occur in
these materials down to zero temperature [39]. Zero-point amplitude and orientational
spin fluctuations in these systems are sufficient to allow the ground state spin
configurations to vary, and prevent spin-glass freezing. These systems, which display
dynamic, short range, antiferromagnetic spin correlations down to zero temperature
have been termed quantum spin-liquids (QSL), due to the quantum origin of their spin
fluctuations. Experimental studies have shown that pyrochlore-type lattices are
extremely sensitive to chemical disorder, where the substitution of non-magnetic
impurities into the lattice quickly transforms the QSL into a spin-glass at low
temperatures. Intuitively, one can see that the replacement of a magnetic ion by a non-
magnetic impurity in a frustrated lattice, will lift the spin configurational frustration of
the neighbouring spins. Therefore, the ground state spin configurational degeneracy is
at least partially removed and the spins become frozen at low temperatures. Recent
studies of the C15 cubic Laves phase compound, Yo.93Sco3(Mn;4<Aly), have provided
broad support for the QSL model. In this system , itinerant Mn moments form on a
pyrochlore-like sublattice. With zero Al substitution, the system behaves like a

quantum spin-liquid, with a broad spectral width of spin fluctuations persisting to the
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lowest temperatures. The substitution of 5at% Al (x=0.05) is sufficient to relieve the
topological frustration in the Mn sublattice, the spin fluctuation spectral width narrows
and a spin-glass like magnetic ground state is formed at low temperatures. It is unclear,
however, whether the Mn spins are truly static in this system, as there is evidence of

residual spin fluctuations below the supposed freezing temperature [40].

Recent studies of the pyrochlore antiferromagnet Y2Mo,07 have indicated that spin-
glass order can also can occur in pyrochlore lattices without the presence of chemical
disorder [41].

It is an open question whether the observation of spin-glass freezing in topologically
frustrated systems is due to an underlying thermodynamic phase transition characterised
by a truly divergent correlation time, or to the characteristic spin relaxation time of the
system exceeding the time window set by the experimental technique. A suitable order
parameter for the characterisation of spin-glass phase transitions is the Edwards-

Anderson order parameter [42], defined as,
Qs = lim lim [(S;(0).S;(1))],, » (2.60)

where Si(t) is the local spin number at time t, and <S;(0).Si(t)> is the spin-spin
autocorrelation function. The “av” subscript denotes the mean autocorrelation function
over the crystal. qga will have a finite value when the spin-spin autocorrelation
function is finite as t — oo, that is, the characteristic spin relaxation time in infinite, and
therefore the spins are static. If the transition to the spin-glass state represents a
thermodynamical phase transition, then we would expect qga to follow the scaling
relationship,
qea < (Tr—T)P, (2.61)

where B is the critical exponent for the spin-glass transition. In addition, there are

critical exponents for the magnetic susceptibility and correlation length.

A recent study by Gingras and co-workers [41] has provided evidence of universal
critical exponents for both qga and magnetic susceptibility, with B in the range 0.6 to

0.9. These values of B are consistent with those found in conventional spin-glasses.
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2.5.3 Spin Dynamics of Spin Glasses

In conventional magnetic systems, magnetic spin relaxation from a non-equilibrium
state to a state of thermal equilibrium is assumed to occur exponentially. Suppose a
sample is placed in an external field, producing a net magnetisation component M in the
sample. When the external field is removed, the sample, which is not in thermal
equilibrium, will approach its equilibrium magnetisation M at a rate proportional to its
departure from the equilibrium value. We can write this as,

%=0)(M0 -M), (2.62)

where ® is a constant of proportionality. Integrating eq. (2.62) between O and t, we
find that,

M(t)=M,(1-¢e™). (2.63)
Eq. (2.63) indicates that the spins relax exponentially to their equilibrium state with a

time constant of @.

Computer simulations of the decay of the spin-spin autocorrelation function,

q(t) =(S;(0)8; (1)), (2.64)
in +/-J Ising spin glasses [43] showed that the time evolution of the spins was strongly
non-exponential. It was found that in the paramagnetic regime at temperatures close to
Ty, the time evolution of the autocorrelation function was given by,

q(t) = ¢ t* exp(-ot?), (2.65)
where the exponent 3 was found to increase from B=1/3 at T=T, to f=1 at temperatures
greater than ~4T,. At T < Tg, q(t) was found to decay algebraically as,

giy=ct”, (2.66)
The appearance of non-exponential or Kohlrausch relaxation in these computer
simulations was accounted for by the presence of a distribution of spin correlation times
P(t). The non-exponential relaxation then results from summing over individual
exponential contributions to the spin relaxation from uncorrelated localised spin

fluctuations weighted by P(1).

Recent muon spin relaxation [44] and neutron spin echo [45]studies have directly

observed non-exponential relaxation in spin glasses.
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Neutron Scattering

3.1 Introduction

The neutron is an electrically neutral particle, with a magnetic moment of y = 1.913ux,

where the nuclear magneton px = e#/2m, = 5.051 x 10% It

The energy of a neutron is related to its wavevector k by the equation,

n’k*? 81.72
E, = = , 3.1
¥ 2m 2 G

n

where E is in units of meV and A in units of A. Thermal neutrons at ~300K have a

wavelength, A ~1.7A, which is comparable to the interatomic spacing in solids, thus

allowing diffraction and interference effects to occur. There are two types of interaction

between the neutron and matter in a scattering experiment.

i)

Neutrons and nuclei interact at a range of between 10"*m and
10" m. This interaction range is much smaller than the thermal neutron
wavelength implying that the neutron is scattered isotropically by a
nucleus (S-wave scattering).

The neutron magnetic moment interacts with the magnetic field due to
unpaired electronic spins via a p.B interaction. The range of this
interaction is approximately the radius of the unpaired electron orbit, and
thus comparable to the thermal neutron wavelength. Neutrons scattered
from different points of the electron cloud are phase shifted with respect to
one another and therefore interfere, implying that magnetic scattering is

non-isotropic (non-S-wave scattering).

This chapter is a brief introduction to the basic concepts underlying the neutron

scattering studies of B-MnAl presented in chapters 5, 7 and 8.
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3.2 The Neutron Scattering Experiment

dQ

Sample
Figure 3.1

Geometry of a typical neutron scattering experiment.[ 1]

Figure 3.1 shows a typical scattering experiment in which neutrons of wavevector k and
energy E are scattered by a target sample. The scattered neutrons of wavevector k™ and
energy E' are counted by a neutron detector subtending a solid-angle element dQ). The
detector is placed along the direction defined by the unit vector Q = k'/k’, specified by
the polar angles (0,¢) relative to the incident beam, and can only count neutrons within
an energy element dE" of E'. The partial differential cross-section, is defined as the
neutron counting rate at the detector per energy interval, normalised by the incident

neutron flux.

d’c _ neutrons/secin dQ between E'and E'+dE’
dQdE* OIQIE

; (3.2)

where @ is the incident neutron flux. Integrating over all energy, we obtain the

differential cross-section,

2
d—°=j 49 im. (3.3)
dQ = dQdE
Finally, the fotal cross-section is obtained by integrating with respect to Q over 4n
steradians,
d’c
G = dQdE" . 34
s G
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The total cross section has the dimensions of area and is usually expressed in barns (b),

1 barn = 10% m*.

Assuming the Born approximation [2] in which the incident and scattered neutrons are

i(k.r)

described by plane waves of the form e, the partial differential cross-section is given

by,

d’c &k ? 2
= mﬂ Zp!\ps S(EA _E'A‘ +h(ﬂ), (35)

dQdE - ? (2Eh2)2 AN ss

where V is the interaction potential between the neutron and the sample resulting in a

(ksA[V[K's'AY)

transition of neutron wavevector k to k', and neutron spin s to s*. The target sample
undergoes a transition from an initial state A to final state A", with the delta-function
ensuring conservation of energy. The partial differential cross-section is then obtained
by summing over all possible initial and final neutron spin states s and target sample

states A, weighted by their probability of occurrence, pa and ps

3.2.1 Elastic Nuclear Scattering

The isotropic nature of the neutron-nucleus interaction implies that the interaction
strength may be characterised by a single parameter; the so-called scattering length b,
which will in general be a complex quantity depending on the particular nuclear isotope
and its spin-state. A suitable potential representing scattering from a rigid array of

nuclei with scattering lengths b; and positions R; is the Fermi pseudopotential [2],

2
2nh (3.6)

V(r) = Zbia(r—Ri)-
1

n
The differential cross-section resulting from the assumption of the Fermi
pseudopotential, and obtained by integrating eq. (3.5) over all energies may be written

as the sum of two contributions,

do
dQ

_do do

Sl +— (3.7)
Total dQ coherent dQ

incoherent
The coherent differential cross-section which arises due to interference effects between

the scattered neutrons from each nucleus is given by,
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2

do
38
s (3.8)

2

=[p*

Zei[Q,ri}
i

where Q = k¢ — k; is the neutron wavevector transfer and the sum is over all nuclei in the

coherent

lattice. The coherent differential cross-section representing the scattering from a single

unit cell of volume V can be obtained by factorising eq. (3.8) to obtain,

=21 550Gy FGu)» (3.9)
V h.k,1

do
dQ

coherent
where Gy is the reciprocal lattice vector for the (h k 1) family of lattice planes and
F(Gn) is the nuclear structure factor [3]. The delta-function in eq. (3.9) represents the
Bragg peak for the (h k 1) reflection which is located at wavevector transfers given by
Bragg’s Law,

Q = G (3.10)
The intensity of the Bragg reflection in eq. (3.9) is proportional to the square of the

nuclear structure factor,

[F(Gyu)| =D by e P, (3.11)
Ry

where Ry represents the position of each nucleus of scattering length b, within the unit

cell.

In a neutron powder diffraction measurement, a collimated neutron beam is incident
upon a finely powered crystalline sample, all crystal planes being presented to the
neutron beam simultaneously. For a given neutron wavelength, neutrons which satisfy
the Bragg condition of eq. (3.10) will be diffracted through an angle 26y and will be

located on the surface of a Debye-Scherrer cone (see figure 3.2).

Sample

\

20

>

Detector

Figure 3.2

A Debye-Scherrer cone in a powder diffraction measurement.
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The integrated cross section for a Bragg reflection of multiplicity j into the Debye-
Scherrer cone is given by [3],
A 2
oy =—|F(G . 3.12
= [F(Guw) 6.1
The coherent differential cross-section may also exhibit evidence of short-range order
in systems such as liquids and glasses where there are no coherent Bragg peaks.
Nuclear short-range order can also arise due to short-range correlations between nuclear

species in binary alloys and compounds, and nuclear displacement disorder.

The incoherent contribution to the elastic differential cross-section contains no
interference term between neutrons scattered from different nuclear sites, and is
therefore isotropic, giving a constant background to the elastic scattering. This
contribution is given by,
do
e

lincoherent

=N(b> - (b)?). (3.13)

This term is commonly known as the isofope incoherent differential cross-section.

So far we have considered elastic scattering from a rigid lattice. However, at finite
temperatures thermal vibrations in the lattice induce a phase mismatch between
neutrons scattered from different nuclear sites. To take account of this we must replace
the structure factor in eq. (3.11) by,
2 2
IF(Gy)|” = [F(Gyy)| e, (3.14)

where €2V is the Debye-Waller Factor,

eV =g T (3.15)

The Debye-Waller factor thus reduces the scattering intensity with increasing

wavevector transfer.

Neutron diffraction studies of f-Mn alloys shall be presented in chapter 5. In chapter 7,

nuclear short-range order in B-MnAl alloys will be investigated.
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3.2.2 Elastic Magnetic Scattering

Assuming a magnetic dipole-dipole interaction between the neutron spin and the
magnetic moments in the target sample, we can write the elastic magnetic differential

cross-section as,

2

do

do|  —gmy

Magnetic
in which the sum is over all lattice sites i and j and over all Cartesian directions,

1
ng Q)

Z(ﬁuﬁ - QaQB)ZeiQ‘(R'_R‘) <S8.%>< SJ.I3 >, (3.16)
1]

a.p

o.B =x,y,z. 7 is the neutron magnetic moment and ry is the classical electron radius,

2
,=— units) = 2. x107" m. :
. =—— (Sl units) =2.818x10™" 3.17
m

<S§;*> and <S> are the time averaged spin components on sites i and j. f(Q) is the
magnetic form factor and is the Fourier transform of the magnetisation density around
the magnetic ion. The form factor represents the non-isotropic scattering from magnetic
ions caused by the spatial extent of the electron distribution mentioned in section 3.1.
The effect of the magnetic form factor is to reduce the magnetic scattering intensity with
increasing Q. The form factors of many rare-earth and transition metal elements have
been parameterised by Brown [4] as a function of S where,
S = sinb/A = Q/4m. (3.18)

For Mn ions the magnetic form factor my be written as,

f(S)=A exp(-aS?) + B exp(-bS?) + C exp(-cS?) + D. (3.19)
The parameters for the Mn>, Mn®" and free Mn ions are given in table 3.1, and the form

factors for these ions are plotted in figure 3.3.

Table 3.1 Parameters for the free Mn, Mn®>* and Mn®" form factors [4].

A a B b C c D
freeMn | 0.2438 24963 0.1472 15.673 0.6189 6.54 -0.0105
Mn?** 0.4220 17.684 0.5948 6.005 0.0043 -0.609 -0.0219
Mn*’ 04198 14.283 0.6054 5469 09241 -0.009 -0.9468
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If(Q)

Figure 3.3

The squared form factor of the free Mn, Mn’" and Mn®" ions derived from the
parameterisation of Brown [4]

For a single free atom, the differential scattering cross-section is obtained by integrating

over all energy in eq. (3.16) to obtain,

dG 2 1 2 2

—_— = —g|f S S 3.20

il O )" 85I Q[ (S..8.), (3.20)
where S, :QA(SAQ) [7]. Using the rule for the triple product:

an(bnc) = (a.c)b — (a.b)c, we can show that,

A 2 2
(s,8,)=(s*-(Qs)) =3S(S+D). 3.21)
We can therefore write eq. (3.20) as,
do 2 [Tfu ]2 2 2
= == 7= 8 If(Q) S(S+1), (3.22)
dQ Magnetic 3 2 ’
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where the factor,

4
[%] —~0.073 barns . (3.23)

In chapter 7, the elastic magnetic scattering from -MnAl alloys will be investigated

using neutron polarisation analysis.

3.2.3 Inelastic Neutron Scattering

In an inelastic neutron scattering experiment, the neutron either gains an energy transfer
AE from the sample, or it loses AE to the sample. This can occur through the creation
or annihilation of a coherent excitation such as a phonon or spin wave, with AE centred
at the characteristic energy of the excitation. Neutrons can also gain or lose energy via
incoherent magnetic spin-fluctuations centred around the elastic line at AE = 0 (quasi-
elastic scattering). The total inelastic cross section measured in an neutron experiment
given by eq.(3.5) will, in general, include the inelastic magnetic response due to
coherent and incoherent magnetic excitations, and the phonon scattering response from
the coherent vibrational excitations in the crystal. To reveal information about the
magnetic spin-dynamics of the target sample, the phonon scattering has to be subtracted

from the measured partial differential cross-section.

The magnetic partial differential cross-section can be written as,

d’c

_ k_ (Yra )2 }_ i
dQdE' - I: gsf(Q)} S(Q,0), (3.24)

k hA |2

Magnetic
where S(Q,0) is the dynamical structure factor which provides information on the
spatial and temporal magnetic correlations in the sample.  Using the fluctuation-
dissipation theorem, S(Q,») can be related to the imaginary part of the dynamical
susceptibility of the system.  The fluctuation-dissipation theorem states that the
frequency dependent correlation function S(Q,®) is proportional to the imaginary part
of the response function of the system, which in this case is the dynamical susceptibility

[5]. We can thus write the dynamical structure factor as,
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S(Q,0) =—_[1+n(e)] - x"(Q.0). (3.25)
(gup) e

B

where [1+n(®)] is the so-called detailed balance factor. This factor is introduced to
take account of the fact that the relative thermal population of energy gain and energy
loss processes will depend on the temperature of the system [6]. At low temperatures
neutrons will predominantly lose energy to the sample by exciting it from the ground
state to an excited state. The detailed balance factor may be expressed as,

1

[1+n(e)]= (3.26)

The imaginary part of the dynamical susceptibility of a magnetic system is thus directly
observable in an inelastic neutron scattering experiment. Using the Kramers-Kronig

Relation [7] we can relate x”(Q,0) to the static wavevector dependent susceptibility

x(Q), as

X(Q) =~ j’—’-‘—@ﬁ do. (3.27)
Y ®

In chapter 8 I shall present an inelastic neutron scattering study of B-MnAl alloys.
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4 Preparation and Initial Characterisation of 3-MnAl

4.1 Introduction

All of the samples used in this study were prepared by the argon arc-melting technique,
in which appropriate amounts of the constituent metals are melted together using a high
current electric arc in a low pressure, pure argon atmosphere. [3-Mn;. Al samples with
Al concentrations in the range 0 < x < 0.2 were formed from high purity starting
materials; these being, electrolytically produced pure Mn flake with a purity of 99.98%
and Al ingot with a purity of 99.99%. After melting, the B-phase was stabilised in
these materials by annealing under a low pressure argon atmosphere in quartz ampoules
at a temperature of between 900C and 950C for at least 24 hours. The exact temperature
chosen was determined by the MnAl phase diagram presented by Hansen [1].

The B- phase was retained at room temperature by quenching the samples in water.

X-ray diffraction spectra of the B-Mn;.Al, samples were taken on a Philips reflection
geometry X-ray diffractometer. The use of reflection geometry X-ray diffraction was
found to be much more reliable than transmission geometry X-ray diffraction, which
produced a large background and low signal to noise ratio caused by the high degree of
X-ray fluorescence exhibited by Mn atoms. The samples were further characterised
“in-house” by dc susceptibility and electrical resistivity studies. The larger samples
required for neutron and muon measurements were prepared as separate ingots of
around 10g each, and then broken up, mixed and re-melted in order to ensure sample

homogeneity.

4.2 Sample Preparation Procedure

Appropriate quantities of the constituent elements were weighed to within an accuracy
of + 0.1 mg using a Sartorius electronic balance. The surface oxide layer on both the

Mn flakes and Al ingots was removed by etching in a dilute (~5%) solution of Nitric
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Acid. The argon arc-furnace was flushed prior to melting with pure argon at least three
times, after which any remaining impurities were removed by melting a titanium
“getter” ingot. Great care was taken not to thermally shock the samples during the
melting process. Mn is an extremely brittle metal, and goes through three structural
phase transitions before it reaches the melting point (1470K). Because of this, Mn is
prone to shatter if heated or cooled too rapidly. Accordingly, the samples were heated
using a small current, and cooled as slowly as possible by ensuring that the water
coolant flow through the furnace hearth was reduced to the minimum possible level.
The existence of gaseous impurities in the Mn flakes caused them to shatter on heating.
The Mn flakes were therefore melted repeatedly in order to remove these impurities.
Only after a solid pure Mn ingot was obtained was the Al added. The MnAl ingots
were turned and melted at least five times to ensure homogeneity. Re-weighing the
ingots after melting revealed high mass losses in the B-MnAl ingots, typically of around
2.5%. This mass loss is mainly due to the low heat of sublimation of Mn, and it was
assumed that Mn mass loss accounted for all of the mass lost in the melting procedure.
Consequently, the constituent elements were weighed in such a way as to allow for this

mass loss.

After annealing and quenching the ingots to produce the B-phase, X-ray, neutron
scattering, SR and dc susceptibility samples were prepared by finely powdering the
samples. Both X-ray and neutron diffraction measurements demonstrated that minimal
strain is produced by the powdering process in these samples. The dc magnetisation
samples were made by combining a small quantity (typically ~0.5g) of powder with
some Araldite epoxy resin, and fashioning into a sphere. It is highly desirable in
electrical resistivity measurements to have solid samples of uniform cross-sectional
area. This was achieved by cutting cuboid shaped samples of typical dimensions:
1.5mm x 1.5mm x 10mm, from the MnAl ingots with a spark eroder. The resistivity

samples were then annealed and quenched as described above.
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4.3 X-Ray Diffraction measurements

of The B-MnAl samples studied in this investigation were all initially characterised by
X-ray diffraction, in reflection geometry, on finely powdered samples. Figure 4.1
shows a typical room temperature X-ray diffraction pattern, in this case for B-MngoAlo ;.
All of the samples studied were found to be single phase with the simple cubic
B-Mn structure (see section 1.2). The results of our X-ray diffraction studies are
summarised in table 4.1, which shows the calculated lattice constants, the value of x’
given by the least-squares fit, and the R-factors for the refinements (see section 5.3).
The high values of both %* and the R-factors given in table 4.1 are symptomatic of the
poor quality of the X-ray data, which were affected by the high degree of Mn X-ray
fluorescence and the presence of preferred orientation in the samples studied. The
Reitveld analyses of the measured X-ray diffraction spectra suggested that the Al atoms
showed a strong occupational preference for site Il in the 3-Mn structure. However,
since this observation was complicated by the presence of preferred orientation, the site
occupation factors were varied in the analysis, with the Al atoms constrained to sit on
site Il of the B-Mn matrix. 1 shall present a neutron diffraction study of 3-Mn with
various impurity atom substitutions in chapter 5, which confirms that Al atoms

preferentially occupy site 11.

Table 4.1: Lattice parameters, %2 and R-factors of the -Mn; Al series

deduced from Reitveld analysis of our X-ray diffraction measurements.

X a(A) y? R-Factor
0 6.316(2) 2.06 0.043
0.03 6.330(1) 1.44 0.015
0.06 6.333(1) 2.54 0.062
0.08 6.342(1) 321 0.23
0.09 6.343(1) 1.56 0.025
0.1 6.351(1) 1.96 0.19
0.15 6.376(1) 2.99 0.63

0.2 6.388(1) 411 0.19

Figure 4.2 shows the Al concentration dependence of the lattice constant of our
B-Mn;.xAlx samples, which clearly demonstrates the uniform expansion of the -Mn
lattice on increasing Al concentration, rising from a = 6.316A in pure B-Mn to

a=6.3 SSA in B-Mng_gAlu_z.
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Figure 4.1

Room temperature Cu K, X-ray powder diffraction pattern of [-MngoAly; with Reitveld
profile refinement and difference pattern. The solid line is the calculated diffraction pattern
from a full Reitveld profile refinement of the data, produced by the FullProf suite of

programs.
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Figure 4.2

Concentration dependence of the lattice constant of f-MnAl alloys, measured by X-ray
diffraction. The solid line is a guide to the eye.
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4.4 _Magnetometry

4.4.1 Introduction

The magnetic volume susceptibility of a material is defined as the ratio of the
magnetisation per unit volume acquired in some steady applied magnetic field to the

applied magnetic field strength.

where the “dc¢” subscript implies the use of a dc applied magnetic field. Most methods
of measuring susceptibility (e.g. Vibrating Sample Magnetometry or SQUID
magnetometry) are indirect in that they measure the magnetisation of the sample and
then calculate the susceptibility using the above formula, assuming that M is
proportional to H. However, if a small amplitude ac magnetic field is applied, then one
can measure the modulation of the magnetisation of a sample to find the so called ac

susceptibility,

dM
= 4.2
Mo (4.2)

This technique assumes linearity between M and H only in the region of dH,_, and is
extremely useful for studying dynamical magnetic processes. ac susceptibility
measurements of the -MnAl samples were attempted; however, no signal above
background was observed. Linearity between M and H was found to hold for all

B-MnAl samples up to H = 12T.

Since conventional magnetometry techniques measure the bulk magnetisation of a
material, they are only sensitive to magnetic materials with a non-zero wavevector
dependent susceptibility (Q) at Q = 0.  Magnetic materials with well localised
moments will in general posses a non-zero ¥(Q = 0) in the presence of a external
magnetic field. This is not, however, the case for antiferromagnetically correlated

itinerant electron systems.
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4.4.2 The Demagnetisation Factor

When a magnetic material is placed in an applied magnetic field H,, magnetic poles are
set up on the surface of the material, which arise due to its magnetisation M. These
poles create a demagnetising field Hqy, opposed to the applied field, and result in an
internal magnetic field H; which is in general different to Hy. For elliptically shaped
samples it can be shown that,

Hi=H,-Hy=H,-DM (4.3)
where D is the so-called demagnetising factor and is dependent on the shape of the
material. The components of D for a spherical material are Dy = Dy = D, = 1/3, while
for a flat plate in the xy-plane, Dy = Dy = 0 and D, = 1. The components of D always
satisfy the requirement that that Dy + Dy + D, = 1. The magnetic susceptibility is then

given by,
M M
WS = L. M 44
" H, H,-DM (+4)
Therefore, since the measured susceptibility ¥,,1s given by
M
= 45
o =1 (4.5)
we can combine equations (4.4) and (4.5) to obtain,
X =—tm (4.6)

C1-Dy,,

4.4.3 Vibrating Sample Magnetometer Apparatus

The dc susceptibility measurements presented in this study were all carried out on a
Oxford Instruments 3001 Vibrating Sample Magnetometer (VSM). The material under
investigation is mounted in a delrin sample holder at the end of a carbon fibre rod and
inserted into an Oxford Instruments CF1200 continuous flow Helium Cryostat, which is
mounted in the bore of a 12 Tesla superconducting magnet. The sample is then vibrated
with an amplitude of ~1.5mm along the vertical axis in a uniform applied field. The
motion of the sample induces an emf in two detector coils, which is proportional to the
rate of change of the magnetic flux through them (Faraday’s Law). The vibration
frequency is set at 66Hz, to avoid any interference from 50Hz mains supply noise. The

centre of vibration of the sample can be positioned at the exact centre of the sense coil
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arrangement, to within an accuracy of £ 10um, in order to achieve the maximum output
signal. The induced emf, which is proportional to the magnetic susceptibility of the

sample, goes through a two-stage amplification process and is monitored by the VSM

electronics and recorded on a computer.

Sample \/

Rod \
Detector Coils

Two-stage

l
i

Amplifier

Computer

Superconducting Field Coils

Figure 4.3

Schematic layout of the vibrating sample magnetometer (VSM)
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The sample temperature is measured by a AuFe/Chromel thermocouple in direct contact
with a copper heat exchanger situated below the sample. Temperature control is
maintained by an Oxford Instruments ITC4 temperature controller. The VSM system is

fully computer controlled. A diagram of the VSM system is shown in figure 4.3.

4.4.4 Calibration of the VSM

The VSM is calibrated by adjusting the gain of the second amplifier stage while
measuring the saturation magnetisation of a Ni sphere of known mass. When
performing the calibration, it is helpful to use a Ni standard of a similar magnetic dipole
moment to the sample which is to be measured, so that the primary stage amplifier gain
remains the same. In our magnetisation measurements, we have used the value of the

Ni magnetic dipole moment per unit mass given by Aldred [2] of 54.85 emug™ at 300K.

4.4.5 Magnetisation Measurements of B-MnAl

Magnetisation measurements were carried out on [3-Mn;.cAl alloys with compositions,
x=0, 0.03, 0.06, 0.1 and 0.2. The measured magnetisation per unit mass in units of
emu g~ was converted to dc susceptibility in units of emu g” Oe” using eqgs. (4.5) and
(4.6). The volume susceptibility in SI units (dimensionless) was obtained using the
following formula,

Xv(SI) = xm (CGS) x 41 x p (CGS), 4.7

where p (CGS) is the sample density in units of g cm™.

The temperature dependence of xv (SI) for B-Mn, B-MngoesAlgos, B-MngoAlp; and
-Mng gAlg, is shown in figure 4.4. These results are in broad agreement with those of

Nakamura and co-workers presented in chapter 1 [3].

The temperature dependence of the dc susceptibility for B-Mn and B-MngosAlgos is
relatively weak, with a small rise being observed at around 40K. The feature at 40K
was observed to a greater or lesser extent in all the B-MnAl alloys studied, and was
attributed to the presence of Mn3;04 or Haussmannite as a surface oxide impurity in the

powdered 3-MnAl samples.
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The temperature dependence of the dc susceptibility of p-MnAl alloys cooled in zero field.
A peak in yy is exhibited by the fMnosdly; and p-MngsAly; concentrations.  The field
cooled branch of the susceptibility is also shown for p-MnggAly; indicating spin glass
behaviour for this composition.
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Mn readily oxidises in air to produce mainly MnO and Mn3O4. MnO is probably the
world’s most famous antiferromagnet (Tx = 120K) [4] and Mn3O4, which is a cubic

spinel material, becomes ferrimagnetic at a temperature of 42K [5].

The B-MngoAlp; and -MnggAly2 compositions display a much stronger temperature
dependence of v, with a peak in the susceptibility being observed at low temperatures.
This peak occurs at ~10K in B-MngoAlp; and ~34K in B-MnggAlp2. At temperatures
greater than the peak temperature, the susceptibility shows a steady decrease with

increasing temperature.

The temperature dependence of yv for PB-MnggAlp, displays history dependent
behaviour below T ~ 34K. This history dependence is an indication of spin glass
freezing at a temperature T,. Mean-field theories have identified critical lines in H-T
space (de Almeida-Thouless lines) below which history dependent behaviour is
expected in spin glasses [6]. In the ZFC branch, when the field is turned on at T < T
the frozen spins will slowly start to turn towards the direction of the applied field as the
temperature increases, and thermal energy is supplied to the system. The susceptibility
will therefore increase until the thermal fluctuations in the system are sufficient to
ensure that the spins no longer follow the field, and are therefore in the paramagnetic
state. This is the origin of the familiar cusp in the susceptibility of spin-glasses. In the
FC branch, the field is turned on at T > Tg, when all of the spins can respond to it, and
are frozen completely at T,. The susceptibility, therefore, flattens out at low
temperatures.  Although this description seems appropriate to the explanation of the
temperature dependence of yv for B-MnggAlg», the peak in the ZFC branch is not a

classical spin glass cusp in the susceptibility, but instead, a broad maximum.

In conclusion, these magnetisation measurements provide evidence for spin glass /like
behaviour in B-MnAl alloys at Al concentrations > 10at%. The observation of a
temperature dependent bulk susceptibility in 3-MngoAlg; and B-MnggAlg2, in contrast
to the weak temperature dependence observed in 3-Mn, is indicative of the formation of
at least partially localised moments in these alloys. The neutron scattering studies of

Shiga presented in chapter 1 [7] showed that the Mn moments in both 3-Mn and
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B-MngoAlp; were antiferromagnetically correlated; the wavevector dependent
susceptibility %(Q) displaying a maximum at the antiferromagnetic wavevector,
Q ~1.4A" and falling away towards zero at low Q. If B-MngoAly; were a purely
itinerant magnet, our magnetisation measurements of the bulk (Q = 0) susceptibility in
B-Mnyg9Aly; would display only the temperature independent Pauli susceptibility due to
the conduction electrons.  The formation of at least partially localised moments
however would explain our results, since the application of an external field to a system
of localised moments partially aligns these moments in the direction of the applied field,
and hence contributes to the bulk magnetisation of the sample, even when these

moments are antiferromagnetically correlated.

4.5 Electrical Resistivity

4.5.1 Introduction

Measurement of the temperature dependence of the electrical resistivity of a magnetic
material, can often provide a valuable insight into its structural and magnetic properties.
The functional form of the temperature dependence of the resistivity often provides
information on dominant electron scattering processes in the material of interest. This
technique is particularly useful in the study of itinerant electron magnets, where the
changes in the distribution of electron spin density at a magnetic phase transition will

affect the measured resistivity.

4.5.2 Contributions to the electrical resistivity

The temperature dependence of the phonon contribution to the electrical resistivity,

p(T) takes the form of the Grueneisen equation,

59[)‘rT X 8
p(T)z4[9lJ [ (i—:)de’ (4.8)

where Op is the Debye temperature of the crystal, and is a measure of the phonon

stiffness. For low and high temperature regions eq. (4.8) reduces to,
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« T° for T<<Op

Ppu(T) = (4.9)
o« T for T>>0p

In a system of uncorrelated local moments in the absence of any crystal electric field,
there will be a contribution to the resistivity pim, caused by the scattering of the
conduction electrons by these disordered localised spins. This contribution is

temperature independent and takes the form,

3nNm’
P = Jperp P &~ I0+D), (4.10)

where m* is the effective mass of the conduction electrons, J is the Heisenberg

exchange constant and (g;-1 )ZJ(J+1) is the de-Gennes factor.

Many metallic systems are well described by the Fermi-Liquid model outlined in
section (2.3.2.3), where quasi-electrons and holes occupying states within kgT of the
Fermi energy, may collide with each other, and are subject to changes in their effective
masses as result of electron-electron interactions. The Fermi-Liquid model predicts a
contribution to the resistivity pa(T), at low temperatures, of the form
pa(T) = BT, (4.11)

where B is a constant, with a value which depends on the Fermi energy and the
electron-electron interaction cross section, 6o. The presence of spin fluctuations in a
magnetic material will also contribute to the electrical resistivity since they scatter
conduction electrons via the so-called s-d exchange interaction [8]. In this model the d-
electrons (which may be either localised or itinerant) contribute to the spin fluctuations
which then scatter the s-band conduction electrons. Ueda has shown [9] that in weakly
antiferromagnetic metals, p(T) obeys eq. (4.11), and that the coefficient, B, tends to

diverge as it approaches the critical boundary, as

-1/2

Boc|a—1| (4.12)
for both weakly and nearly antiferromagnetic metals. At the critical boundary, a = 1,
p(T) no longer follows the Fermi-Liquid model given by eq. (4.11). Instead, the theory
predicts,

Pun(T) oc T2, (4.13)

where the subscript “nfl” signifies this non Fermi-Liquid scaling.
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In general, at the lowest temperatures, where there are no phonons present and the spin
fluctuations have been reduced to zero point motions, the resistivity of a material tends
toward a constant value known as the residual resistivity, po. This will include the local
moment contribution py,, but will also be affected by lattice imperfections, grain

boundaries and chemical impurities.

If the individual electron scattering processes are independent of one another, the total
measured resistivity will obey Matthiessen’s Rule, where the total resistivity is given by

the sum of the individual contributions.

P(T) = po + Ppn(T) + Pim(T) + pa(T) + ....... (4.14)

4.5.3 Electrical Resistivity Apparatus

The apparatus used to measure the electrical resistivity of B-MnAl samples in this study,
is based on a standard four probe method shown in figure 4.5. A known current density
is driven through the sample between probes 1 and 4 and the voltage dropped between
points 2 and 3 separated by distance, 1, is measured. The resistivity is then calculated
from the equation,

V(T)

p(T)= Tl

(4.15)

The advantage of this method is that contact resistance and the impedance of the contact

leads can be neglected.

1

Current Density J
_X_’

Figure 4.5

Standard arrangement for a four probe measurement of the electrical resistivity of a
sample with known cross-sectional area A.
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A schematic diagram of the electrical resistivity apparatus
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We employ an ac technique in which a low frequency (80Hz) square-wave constant ac
current is used, in conjunction with phase sensitive detection of the measured voltage.
This ac technique allows the elimination of thermal and contact emfs, since they do not

depend on the current direction and are averaged out to zero over a measuring cycle.

A schematic diagram of the electrical resistivity apparatus is shown in figure 4.6. A
constant ac current generator supplies a SmA current. This is passed to earth through a
100Q2 reference resistor and the sample. The sample is mounted in a copper sample
block together with an AlGaAs diode thermometer. Measurements can be taken over
the temperature range 2K to 330K by cooling the sample in a Janis “Supervaritemp”
continuous flow He cryostat. Temperature measurement and control is maintained by a
Lakeshore L330 temperature controller, connected to the AlGaAs diode sample
thermometer, and a control AlGaAs thermometer and copper wire heater which are
attached to the heat exchanger of the cryostat. The voltages across the sample and a 1Q2
resistor are monitored by two Brookdeal lock-in Amplifiers. Operation of the system
and data collection are fully computer controlled. A typical measurement takes of the
order of 18 hours, depending on the warming rate of the cryostat and the time constant
of the lock-in amplifiers. This enables the collection of several hundred data points at a
particular temperature. The data collection program includes an algorithm for the
removal of data points lying outside one standard deviation of the data set at each
temperature, before the final averaging takes place. This greatly reduces the signal to

noise ratio of the measurement.

4.5.4 Resistivity Measurements of B-Mn and B-MngoAlg;

Electrical resistivity measurements were successfully carried out on [-Mn and
B-MngoAlg;. Resistivity measurements of many other concentrations were attempted.
However these samples were found to contain many cracks and defects, especially at

high Al concentrations, and many broke or crumbled during the measurements.

Figure 4.7 shows plots of p(T) for B-Mn and B-MngoAlg;. The residual resistivity po,
was found to be large in these samples, with py ~ 81.2 pQcm for B-Mn and
po ~ 147.4 pQcm for B-MngoAlp;. The high temperature resistivity above ~120K is

very similar in the two samples, being roughly proportional to T in accordance with the
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high temperature phonon contribution given by eq.(4.9). Below, 110K, p(T) continues
to fall steadily in B-Mn, but in the B-MngoAly; sample, p(T) reaches a minimum at
~95K and then starts to increase with decreasing temperature. The appearance of a
resistivity minimum, followed by a negative temperature coefficient of resistivity is
consistent with the formation of local moments in 3-MngoAlg; (see section 2.4.3.1). If
local moments are being stabilised with decreasing temperature in this system, then
electrons removed from the conduction band will increase the resistivity of the material.
This observation of a negative temperature coefficient in B-MngoAly; is in agreement
with the measurements of Nakamura and co-workers. [3].  The appearance of a
negative temperature coefficient has been observed in several disordered binary alloys

such as Tipe7Alp 33, TiosVo2 and NiggCro2 [10].

In order to obtain the functional form of p(T) in B-Mn, a log-log plot of p(T) - po is
presented in figure 4.8. The low temperature region of the data below 20K is fitted to a

straight line, revealing the power law,

p(T) - po =BT, (4.16)
where y and B are found to be 1.503 and 0.056 respectively.

The value, y = 1.503, of the power coefficient shows that the functional form of p(T) for
B-Mn is in good agreement with Moriya’s prediction of p(T) for nearly and weakly
antiferromagnetic metals on the edge of the magnetic non-magnetic instability, given in
eq. (4.13).

In conclusion, our resistivity measurements show that 3-Mn exhibits non-Fermi liquid
scaling, consistent with the SCR theory prediction for nearly antiferromagnetic metals.
To our knowledge, this is the first observation of non-Fermi liquid scaling in a
paramagnetic elemental metal. The addition of 10at%Al to B-Mn causes a drastic
change in p(T) with a minimum at ~95K followed by a region where p(T) contains a
negative temperature coefficient. This observation, which is in qualitative agreement
with previous measurements [3] is consistent with the temperature induced formation of

local moments in the system.
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Temperature dependence of the electrical resistivity p(T) of f-Mn and -MnoeAle;. p(T) of
both p-Mn and -MngoeAly; in the high temperature region at T > 120K is proportional to
T indicating dominant phonon scattering of the conduction electrons. A minimum in p(T)
is observed at T ~ 100K in [-Mngyodly,, followed by a region where p(T) has a negative
temperature coefficient.
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Log-log plot of p(T) - py for f-Mn. The fit to a straight line of the form given by eq. (4.16)
shows that p(T) oc T°? at low temperatures in agreement with the SCR prediction for nearly
antiferromagnetic metals on edge of the magnetic non-magnetic boundary where ajyo~ I.
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5 Neutron Powder Diffraction Studies

5.1 Introduction

Two neutron diffraction studies have been undertaken as part of this thesis. Firstly, the
nature of the a-Mn to B-Mn phase transition has been investigated using real time
kinetic neutron diffraction. This study was undertaken in order to gain an insight into
the structural properties inherent in a-Mn and -Mn, which support the formation of an
antiferromagnetic ground state in a-Mn and prevent long-range magnetic order in

B-Mn.

Secondly, we have investigated the site occupancy and structural properties of dilute
B-Mn alloys with Al, In, Sn, Co and Fe. These alloys have been shown to possess a
static magnetic ground state by the NMR studies of Kohara and Asayama [1] and the
Mossbauer spectroscopy studies of Nishihara [2] (see chapter 1). We have identified
the lattice site in the 3-Mn structure which is preferentially occupied by the impurity
atoms in order to gain further understanding of the mechanisms behind the formation of

a static magnetic ground state in these alloys.

5.2 Time of Flight Neutron Powder Diffraction

In a time of flight neutron diffraction experiment a pulse of neutrons having a
distribution of wavelengths n(1) is scattered by a powdered sample. The neutron pulse
will contain a Maxwellian distribution of neutron speeds, the width of which is
determined by a neutron moderator situated in front of the neutron source. The
wavelength of a neutron of velocity v within the pulse is given by the de Broglie

equation,
A=—o. (5.1)

The speed of the neutron is determined by the time of flight t over the length of the
neutron flight path L, giving [3]
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_l_ _ t(ms)
A= o AMA) 3'956L( . (5.2)

m)

For elastic scattering the incident and scattered neutron wavevectors are such that
lkij = |k'|, so that the scattering triangle shown in figure 5.1 is isosceles with the
wavevector transfer given by,

4msin O
Q = (5.3)

Figure 5.2 shows the Q values available from eq (5.3) for a given scattering angle and

incident wavelength.

Figure S.1
Elastic scattering triangle in a neutron diffraction measurement with |k;| = |k’|.
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Figure 5.2

Q values available for a time of flight neutron diffraction measurement for a given
scattering angle. The time of flight axis from which the wavelengths are found is shown.
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Combining egs. (5.2) and (5.3) we can write the Bragg condition for a time of flight

diffraction measurement,

47 sin OmL 2n
=Gy =—
ht s 1 ‘ (5.4)
4 - ht
B omL sin @

The resolution of the observed d spacing is obtained by partial differentiation of eq.
(5.4) with respect to the three experimental degrees of freedom; 0, t and L. If these
variables are assumed to be independent, then the uncertainties add in quadrature so that

the resolution is given by,

1/
2 2 |72
R= %:[Aﬂz cot’ e+[%] J{%] } . (5.5)

High resolution is therefore achieved at high scattering angles and long flight paths and
times of flight. It can be shown that for a neutron diffraction experiment with the three
degrees of freedom in present in eq. (5.5) the experimental resolution is depends mainly
on the flight path with, R = 38/L, where & depends on the time spread of the neutron

pulse caused by the moderator [3].

5.3 Reitveld Refinement of Powder Diffraction Data

In the Reitveld refinement method, a structural model of the crystal structure is assumed

and the neutron intensities expected from the model are calculated using eqs. (3.11) and

(3.12). The model is iteratively adjusted and the calculated powder pattern is compared

with the measured powder pattern using a least-squares refinement procedure. The

quality of the fit is quantified by the following “R-factors”.

a) The Bragg R-factor Rg, is the sum of the magnitude of the residuals for each Bragg
reflection, normalised to the total observed intensity of all the Bragg reflections.

b) The profile R-factor R,, is the sum of the magnitude of the residuals for each point
in the powder pattern, normalised to the total integrated intensity of the pattern.

¢) The weighted profile R-factor Ry, is similar to R, but the residual of each point is

squared and weighted , the square-root being taken after the summation, i.e.,
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where the weighting factor w, = 1/I,0bs , 11 is the number of points in the pattern and
I obs and I caic are the observed and calculated intensities respectively.
The expected R-Factor Ry, is defined such that (pr/Rexp)2 = %% where %? is the

standard measure of the quality of a least-squares fit [4].

The model from which the theoretical intensity is calculated contains up to 400

independent parameters which may be adjusted during a Reitveld refinement. The

most important factors to be taken into account in a Reitveld refinement are outlined

below.

a) The scale factor accounts for the measured integrated neutron intensity.

b) The background is usually fitted to a polynomial function.

¢) The unit cell constants and atomic coordinates define the contents of the assumed
unit cell and hence the location and intensities of the Bragg reflections from eq
(3.12).

d) The zero shift adjusts the zero point of the measurement (often this value is
determined by independent calibration of the particular diffractometer and should
not be varied in the refinement).

e) The isotropic temperature factors Ui, in units of A? adjust the Bragg intensities
according to the Debye-Waller factor [eq. (3.15)].

f) The absorption correction accounts for the reduction in the observed intensity of a
Bragg reflection due to the attenuation of neutrons passing through the sample. This
correction is dependent on neutron wavelength and scattering angle. In the
backscattering limit (20 ~ 180°) the intensity is given by

I, = ;:T (-, 57)
where p 1s the linear absorption coefficient.

g) The peak shape is determined by the intrinsic instrumental lineshape and powder

particle size and strain effects. In a time of flight neutron diffractometer, the

intrinsic lineshape is described by the Ikeda-Carpenter function [3,5] which
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represents the combination of a Gaussian lineshape determined by the instrumental
resolution convoluted with a pulse shape represented by a sharp rise, followed by a
“fast” exponential decay arising from the slowing down of epithermal neutrons and
a “slow” exponential decay representing the thermal neutrons. Broadening effects
due to the sample are taken into account by convolving the lkeda-Carpenter function

with a Lorentzian lineshape.

5.4 The a-Mn to -Mn Phase Transition

5.4.1 Introduction

When a physical system is brought to a non-equilibrium state by a sudden change of
temperature the system will transform to the equilibrium state at a rate dependent on the
difference in Gibbs free energy between the initial and final states. The manner in
which the transformation proceeds will depend upon random fluctuations from the
initial state and whether these fluctuations raise or lower the free energy of the system.

A metastable system is resistant to all possible fluctuations.

In a heterogeneous phase transformation, the system can be separated into distinct
regions some of which have transformed and others which have not. The
transformation begins from nucleation centres and then spreads throughout the system
in a manner depending on the topology of the free energy surface. In forming a
nucleation centre, the stable region within the nucleus will decrease the free energy of
the system while the interface between the nucleus and the initial phase will, in general,
increase the free energy. The rate of creation and growth of the nucleation centres
therefore depends upon the ratio between these surface and volume contributions to the
free energy. For instance, if the increase in free energy at the surface of the nucleation
centre is small, more nuclei will be formed in a given volume and a given time. In the
limit that the surface free energy disappears altogether, all parts of the system will

nucleate simultaneously, in which case the phase transition is homogeneous.

Heterogeneous phase transformations can be subdivided into the following two types.
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a) Nucleation and growth transformations. —Nucleation centres are formed when a
thermal activation energy barrier determined by the free energy of the system is
overcome. The new phase grows at the expense of the initial phase by atoms
migrating across the interface between the nucleation centre and the initial phase.
The atoms move independently at a rate determined by the temperature of the
system and the free energy difference between the initial and final states.

b) Martensitic transformations. These transformations do not involve atomic
diffusion but a co-operative movement of several thousand atoms occurring at very
high velocity. Such a phase transformation is often called a “shear transformation”.
While a martensitic phase transformation occurs at a particular temperature, the rate
of the transformation is independent of the transition temperature. This
phenomenon cannot be explained by processes of thermal activation such as those

which occur in nucleation and growth transformations.

5.4.2 Isothermal Transformation Curves

The nature of a phase transformation may be investigated by examining the time
dependence of the volume of the transformed region at a constant temperature. This

time dependent behaviour is known as the isothermal transformation curve.

In a homogeneous transformation, all regions of the system have an equal probability of
transforming in a given time which is proportional to the untransformed volume
remaining at that time. A transformation from state o to state  can thus be expressed
in terms of the differential rate equation,
%:k(V—Vﬂ), (5.8)
where Vj is the volume of the transformed region, V is the total volume of the system
and k is the rate constant. Defining the B-phase fraction Sg = Vp/V eq. (5.8) can be
solved to obtain,

Sp = 1 —exp(-t/t), (5.9)

where t = 1/k is the time constant of the phase transformation.
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In nucleation and growth transformations it is assumed that a nucleation centre is
formed at a time to called the induction period. 1t is found experimentally that any
dimension of the transformed region increases linearly with time, until the transformed
regions impinge on each other, thereby interfering with each other’s growth rate. This
problem is essentially geometrical and was first addressed by Johnson and Mehl [6],
and later by Avrami [7,8,9]. Avrami proposed that growth and nucleation
transformations may be described in terms of the general equation,

S =1 —exp[-(t/1)"], (5.10)
where the exponent n represents the dimensionality of the growth of the nucleated
regions as shown in table 5.1. Eq.(5.10) is known as the Avrami-Johnson-Mehl (AJM)
equation.  If the exponent n = 1 the AJM equation reduces to eq. (5.9) and the

transformation is homogeneous.

Table 5.1 Type of growth process indicated by the exponent n in the AJM

equation.

exponent n Type of growth

1 homogeneous

I<n<?2 1 dimensional — “dendritic”
2<n<3 2 dimensional — “plate like”
3<n<4 3 dimensional

5.4.3 The High Resolution Powder Diffractometer (HRPD)

The HRPD diffractometer at the ISIS pulsed neutron facility is the highest resolution
neutron powder diffractometer in the world, with a resolution R = Ad/d ~ 4 x 10 in the
backscattering detector bank used in these measurements. HRPD is therefore ideal for
the study of phase transformations which may involve subtle changes in the dimensions
of the unit cell of the material under investigation. =~ The incident neutron pulse is
moderated by methane at 100K, providing HRPD with a wavelength range of 0.5A < A
< 12A, with the peak flux at A = 2A.  The high resolution on HRPD results from an
extremely long flight path of almost 100m from the target station at ISIS together with
optimal use of backscattering geometry. These two features minimise the At/t, AL/L

and cot’0 contributions to the resolution function given by eq. (5.5). Since this flight

94



path entails extremely long times of flight of the incident neutrons, a chopper is placed
in the beam line which admits 1 out of every 5 neutron pulses available at ISIS at a
repetition rate of 10Hz, in order to avoid pulse overlap. Our measurements were taken
using the backscattering ZnS scintillator detector on HRPD covering a scattering angle

range of 160° <26 < 176°.

S5.4.4 Experimental Procedure

The finely powdered Mn samples were placed in a vanadium sample can of 12mm
diameter and inserted into a standard ISIS furnace covering a temperature range of
300K to 1200K. The Mn samples were held at a temperature of S00C for at least lhr
before the temperature was raised rapidly at time t = O to the desired temperature
required for the measurement of the isothermal transformation curve. This ensured that
the sample was phase pure a-Mn at t = 0.  Raising the temperature from 500C to
slightly above the phase transition temperature (~700C) took approximately 5 minutes.
The excellent temperature control of the sample furnace on HRPD ensured minimum
overshoot of the desired temperature. Real time diffraction patterns were obtained in
time slices of between 5 and 15 minutes depending on the rate of the phase
transformation. A 5 minute measurement was found to be the shortest practical time
slice on HRPD.

5.4.5 Results

Figure 5.3 shows a typical measurement of the o-3 Mn phase transition. The observed
diffraction patterns are shown as a function of time at a constant temperature of 710K.
Four such measurements were performed at temperatures of 700K, 705K, 710K and
715K. The B-Mn phase fraction S at each time interval was obtained by full two-
phase Reitveld refinement of the measured diffraction patterns using the “General
Structure Analysis System” (GSAS) suite of programs [10]. A typical GSAS
refinement is shown in figure 5.4. The time dependence of Sg at each temperature is
shown in figure 5.5. The solid lines shown in figure 5.5 are fits of the data to the AJM
equation (5.8). The time constant and exponent found by fitting the data are presented

in table 5.1.
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Figure 5.5

Measured time and temperature dependence of the f-Mn phase fraction Sg for the a to

Mn transition.
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Graph of Inin(1/1-Sp) against In(t/t) demonstrating the scaling behaviour of the [-Mn
phase fraction expressed in the form of a straight line of slope n. n is found to be 1.04 +

0.02 for the a to  Mn phase transition.
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Table 5.1 The time constant T and exponent n for the o to B Mn phase

transition at the temperatures shown, found by fitting the data shown in

figure 5.5 to the AJM equation.
Temperature (C) T (minutes) n
700 +£0.5 310+ 10 0.79 +£0.03
705 £0.5 17542 1.05£0.01
710 £0.5 340+03 1.04 +£0.02
715+0.5 9.7+02 1.17 £ 0.06

The form of the AJM equation implies that the o to B Mn isothermal transformation
curves should scale with respect to time.  This is demonstrated in figure 5.6 which

shows the four isothermal transformation curves plotted in straight line form,

L)t
lnln{l_sﬁ]—nln[J, (5.11)

as a function of t/t. The curves scale precisely with an average gradient of
n=1.04+0.02.

Figure 5.7 shows that the time constants measure for the o to 3 Mn phase transition are
consistent with an Arrhenius process, of the form,

In(t) = Es/kgT + In(7o), (5.12)
where E, is the activation energy of the transformation. E,/ks was found to be

(1.4 +0.2)x10° C.
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Figure 5.7

Arrhenius behaviour of the temperature dependence of the time constant t plotted in terms
of In() vs I/T. The activation temperature was found to be (1.4 £0.2) x 10°C.

5.4.6_Discussion

The value of the exponent n = 1 found in this study implies that the o to B Mn phase
transition is homogeneous throughout the sample. This is perhaps not surprising since
the plase transformation is rather subtle, involving a very slight volume expansion with
both phases displaying cubic symmetry as shown in figures 5.3 and 5.4. We might
therefore expect that the free energy difference at the interface between the two phases
i1s extremely small, leading to homogeneous nucleation of the B-Mn phase.  The
metastable 3 to o Mn phase transformation which occurs at ~230C has been shown by
Husband and co-workers [11] to transform according to the AJM equation with an
exponent of n = 4. This is thought to be due to the large drop in free energy from the
local free energy minimum associated with the metastable f-Mn phase to the o.-Mn free

energy, leading to a large free energy barrier at the interface between the transformed
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regions and nucleation centres. Similar behaviour has been observed in the o to § and

B to o Sn transformations which have exponents of n = 2 and n = 5 respectively [12].

As can be seen from figure 5.4, the major peaks of «-Mn and -Mn are very close in d-
spacing. The transformation from a peak of index (4 2 0) in a-Mn to (2 2 1) in 3-Mn
corresponds to a subtle change of symmetry with the <1 0 0> planes of the o phase
forming the <1 1 0> planes of the B phase. As a result, the room temperature lattice
constants of o and B Mn (8.89A and 6.32A respectively) are such that,
aq~ 2 ap. (5.13)

The change of symmetry is accompanied by an overall lattice expansion of Ad/d = 4 x
107,

5.4.7 Conclusions

We have investigated the transformation kinetics of the o to 3 Mn phase transformation

using high resolution neutron powder diffraction.

The form of the observed isothermal o to 3 Mn transformation curves is well described
by the Avrami-Johnson-Mehl (AJM) equation with an exponent n = 1, implying that the

a to B Mn phase transition is homogeneous.

The o to B Mn phase transition involves a subtle change of symmetry with the

<1 0 0> planes of the 14 3m a-Mn phase forming the <1 1 0> planes of the P4,32 8-Mn

phase, with an associated 0.4% linear expansion of the lattice.

While a net expansion of the lattice might be expected to result in a greater distance
between neighbouring Mn atoms, and hence favour the formation of local magnetic
moments (see section 2.4.3.1), analysis of the Mn-Mn near neighbour distances found in
the current study and shown in table 5.2, reveals that 3-Mn is a closer packed structure

than o-Mn.
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Table 5.2 o and p Mn near neighbour distances at 700C for each of the
crystallographic sites shown.

Site a-Mn NN distance (A) | B-Mn NN distance (A)
| 2.81 241
II 2.62 2.70
I11 241 L
v 2.41 o

In the antiferromagnetic state, o.-Mn is thought to possess localised magnetic moments
on site I, the most localised site in the matrix [13]. However, the Mn atoms are much
more evenly distributed in the B-Mn structure with smaller Mn-Mn near neighbour
distances than the site I near neighbour distance in «-Mn. The closer atomic packing in
the B-Mn structure may therefore prevent moment localisation in the matrix. In
addition, it i1s likely that frustration between the triangularly coordinated site II Mn

atoms in the -Mn structure will prevent long-range magnetic order.

5.5 Site Substitution in B-Mn Alloys

5.5.1 Introduction

The NMR studies of Kohara and Asayama [1] presented in chapter 1 show that a static
magnetic ground state is often stabilised in dilute 3-Mn alloys with transition metal and

non-transition metal impurities.

Transition metal impurities are thought to occupy the non-magnetic site I in the §-Mn
matrix, where they either donate 3d electrons to the band, or polarise the surrounding
site II Mn spins (see chapter 1).  Non-transition metal impurities are thought to
preferentially occupy site II, where they may bring about magnetic order due to moment
localisation through lattice expansion, or the removal of spin-configurational
degeneracy brought about by possible geometrical frustration in the 3-Mn lattice [1,14].
The evidence for site preference of impurities in the 3-Mn lattice is however, mainly

indirect (Mdssbauer [2] and NMR [1,15]) and is still the subject of some debate.
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We have carried out a comprehensive neutron diffraction study of the alloys,
B-(Mng.05Sng 0s), B-(Mngoglngos), B-(MngoFeo 1), B-(MngoCoq1), and B-(Mn;.<Alx) with
x=0,0.03, 0.06, 0.08, 0.1, and 0.2, in order to determine their impurity site occupancies
and lattice expansion properties.  Determination of impurity site occupancy was
facilitated by the large contrast exhibited between the Mn atoms and the impurity
atoms, due to the negative scattering length of Mn. The measurements were performed
using the LAD neutron diffractometer at the ISIS pulsed neutron facility, and were

refined using the GSAS [10] suite of programs.

5.5.2 The Liquids and Amorphous Diffractometer (LLAD)

The LAD diffractometer is optimised for high neutron flux and low resolution
measurements of the structure factor S(Q) of liquid and amorphous materials.
However, the backscattering detector on LAD at 20 = 148° and with a total flight path
of L = 11.128m has a high enough resolution (Ad/d = 6 x 10™) for powder diffraction
measurements to be obtained. The incident neutron pulse is moderated by the same
100K methane moderator as HRPD.

5.5.3 Results

The measured diffraction patterns and Reitveld refinements of pure -Mn, -Mng 9Coq.1

and 3-MnggAlg, are shown in figures 5.8, 5.9 and 5.10 respectively.

The relative peak intensities in figures 5.9 and 5.10 are significantly different to those
observed in the pure B-Mn spectrum shown in figure 5.8, illustrating the effect of the
high contrast in neutron scattering length between the Mn and impurity atoms. The
fitting parameters obtained from Reitveld analysis of all the samples studied are
presented in table 5.3. The occupation factors and site preferences found are presented
in table 5.4.

Figure 5.11 shows the concentration dependence of the room temperature lattice
constant for all samples studied. The concentration dependence of the near neighbour
distances and lattice constants of the B-MnAl alloys studied in this investigation is

shown in figure 5.12.
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Powder diffraction pattern and GSAS Reitveld refinement of pure [-Mn at room temperature.
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The impurity concentration dependence of the lattice constant in the f-Mn alloys studied in
this investigation.
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Expansion of the site I and site II near neighbour distance compared with the lattice
expansion as a function of Al concentration in the f-MnAl alloys studied.
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5.5.4 Conclusions

We have investigated the site preferences of various dilute impurities in 3-Mn alloys.

e Our results show that the transition metal substituents Fe and Co preferentially
occupy Site I in the 3-Mn lattice, while the non-transition metal substituents occupy
site II, thus confirming the previous Mossbauer [2] and NMR [15] studies.

e The substitution of non-transition metal Al, In and Sn into B-Mn causes expansion
of the lattice (0.003 A/at% Al, 0.020A/at% Sn, and 0.023 A/at% In), while
substitution of the transition metals Fe and Co leaves the lattice constant almost
unchanged.

e Moment localisation associated with site II Mn atoms in B-MnAl [14] may be
associated with the Al concentration dependence of the site II near neighbour

distance, which is found to increase at a higher rate than the lattice constant.

The observation that Al atoms strongly prefer site Il in the 3-Mn matrix is crucial to
understanding the nature of the magnetic ground state in the f-MnAl alloys studied in
this thesis.  Since the site Il Mn atoms have been shown to possess large magnetic
moments [14,16] the substitution of non-magnetic Al atoms into the site Il sublattice
will introduce a magnetic defect in the matrix. This observation supports the
suggestion of Nakamura et. al. [14] that Al substitution lifts the spin configurational
degeneracy of the triangularly frustrated Mn atoms. Analysis of the static component
of the B-MnAl magnetic ground state presented in chapter 7 will be greatly facilitated
by the fact that both nuclear and magnetic disorder in B-MnAl resides solely on the site

II sublattice.

111



5.6 References

[1] T Kohara and K Asayama, J. Phys. Soc. Japan 37 (1974) 401

[2] Y Nishihara, S Ogawa and S Waki, J. Phys. Soc. Japan 42 (1977) 845

[3] C G Windsor, Pulsed Neutron Scattering (Taylor and Francis 1981)

[4] P R Bevington, Data Reduction and Error Analysis for the Physical Sciences,

(M°Graw-Hill, 1969)

[5] S Ikeda and J M Carpenter, Nucl. Inst. Meth. A235, (1985) 553

[6] W A Johnson and R F Mehl, Trans. Am. Inst. Min. (Metall.) Engrs. 135 416

[7] M Avrami, J. Chem. Phys. 7 (1939) 1103

[8] M Avrami, J. Chem. Phys. 8 (1940) 212

[9] M Avrami, J. Chem. Phys. 9 (1941) 177

[10] A C Larson and R B Von Dreele, GSAS: General Structure Analysis System, (Los
Alamos National Laboratory Report LAUR 86-748, 1994)

[11]J N Husband, K L Mason and J W Christian, unpublished work (1959)

[12] M lizumi, Physica 136B (1986) 36

[13] P de Doncker et al, J de Physique 49 (1988) C8-81

[14] H Nakamura, K Yoshimoto, M Shiga, M Nishi and K Kakurai, J. Phys. Cond.
Matter 9 (1997) 4701

[15] M Katayama, S Akimoto and K Asayama, J. Phys. Soc. Japan 42 (1977)97

[16] Y Kohori, Y Noguchi and T Kohara, J. Phys. Soc. Japan 62 (1993) 447

112



6 A Muon Spin Relaxation Study of 3-MnAl

6.1 Introduction

From the description of the magnetic and physical properties of B-Mn presented in
chapter 1, it is apparent that 3-MnAl affords an ideal opportunity to investigate the
processes of spin fluctuations, moment formation and frustration in a relatively simple,
almost elemental, 3d transition metal system. Muon spin relaxation (LSR) has already
proved a particularly powerful tool with which to study such phenomena, and previous
studies have provided valuable insights into the nature of spin fluctuations in YMny,
Y(Mn;<Fey), and Y(Mn;Aly), [1,2]. In this chapter, I shall present the results of a pSR
study of the effects of Al substitution on the spin fluctuations and magnetic ground state
of B-Mn.

6.2 _Theory of Muon Spin Relaxation

6.2.1 The Properties of Positive Muons

Positive muons are unstable second generation leptons which decay with a lifetime of
T = 2.2 us into a positron, a p-neutrino and a p-antineutrino. The properties of the

muon are summarised in table 6.1.

Table 6.1: The fundamental properties of the positive muon.

Mass 208.6 x m,
0.113 x m,
Spin 1/2h
Charge te
Magnetic Moment 3.183un

Gyromagnetic ratio y,/27 135.5 MHz T"!
Lifetime 2.197 us
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In the muon decay process, violation of parity causes the positrons to be emitted
preferentially along the direction of the muon spin.  The probability of detecting a
positron as a function of the angle between the muon spin polarisation and the positron
detector is given by,

P(0) = 1+ag cos0, (6.1)
where ag is termed the initial muon asymmetry parameter which is determined by the
kinetic energy of the muon, and varies between —1/3 and 1. The angular probability

distributions P(0) for ap = 1/3 and 1 are shown in figure 6.1.

90
120 2~ 60
150 1 30
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& 180 => . 0
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S 1
= P(6)
330
300

Figure 6.1

Polar plot of the angular probability distribution P(6) for positron emission from positive
muon decay. ay = 1 is shown in black and a, = 1/3 is shown in red.

6.2.2 The uSR Experiment

In a pulsed muon spin relaxation experiment, a pulse of muons which are spin polarised

in their direction of motion is thermalised in the sample under investigation.
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Figure 6.2

Schematic experimental arrangement for a muon spin relaxation (uSR) experiment. H,
shows the direction of the longitudinal field, which is turned off in a zero-field pSR
experiment. The z-direction is defined by the direction of motion of the muons.

The angular distribution of positron decay products P(8) leads to a spatial asymmetry in
the number of positrons counted in detector bank arrays in the forward and back
directions (see figure 6.2). The resulting positron count rates in the two detector banks

are

NF.B(t) = NF.B(O)exp[_ LJ[] iGz(t)]a (6.2)
T

where G,(t) is the longitudinal muon spin relaxation function.

G(t) is extracted from the measured count rates by taking the ratio

N (t)—aN,(t)
N () +aN (1)

R,(t)=a,G,(t)= (6.3)

where o is a normalisation term which accounts for the relative efficiencies of the
forward and backward detectors and the anisotropic absorption of positrons by the
sample and surrounding ancillary equipment. o is determined for each sample by
applying a field of 2mT perpendicular to the initial muon polarisation, in essence a
muon spin rofation experiment. The muon spin polarisation precesses at the Larmor
frequency, o1 = y,.B, and thereby periodically intersects the forward and backward
detector banks.  Upon taking the ratio given by eq. (6.3) we expect the muon
asymmetry plot to oscillate with frequency ®;, and to be modulated by a depolarisation

envelope, Gy(t).
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" N (t)—aNg(t)

N, () + 0N, () =a G (t)cos(om, 1), (6.4)

R, (1)

The value of o is assigned by inter-normalising the forward and backward detector
banks until the measured asymmetry oscillates around zero. Figure 6.3 shows a typical
uncorrected muon rotation spectrum of pure 3-Mn in a transverse field of 2mT. The
line is a least squares fit to the equation,

Ry(t) = a0Gy(t)cos(ort) + angcos(art) +k, (6.5)
where Ry(t) is the measured spectrum, k is the offset, ay, is a background asymmetry
term arising from muons thermalised in the silver sample holder and Gy(t) is a Gaussian
decay function. The value of a is found by iteratively assigning values of o to eq. (6.4)

until the measured value of k in eq (6.5) is equal to zero.

0.3 ¥ . ¥ ¥ T T T g T T T T T T T

Asymmetry

Time (us)
Figure 6.3

Muon spin rotation spectrum of pure f-Mn at 290K in a transverse magnetic field of 2mT
obtained on the ARGUS spectrometer, used to obtain the calibration factor a. The solid
line is a fit of eq. (6.5) to the data. a was found to be 1.132 for this measurement.
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6.2.3 Dead Time Correction

After detecting a single positron, the detector becomes unable to register further events
for a period T4 known as the detector dead time. The measured positron count rate ny, is
therefore less than the true count rate n,. In the so-called non-paralysable model [3]
positrons which hit the detector during the dead time will not extend the dead time
further. The true number of counts N; per detector in a time bin of width 1y s Ny = nt.
Similarly, Ny, = nyTs is the measured number of counts per detector. The number of
counts which must be added to correct for detector dead time is AN = N; — N,.  Within
the time bin 1, the total dead time is N,,tq and therefore AN = nN;,tp,. We can therefore
write,

N,-N_=n,N_7,
_ Ti
=NN.|l—]| . (6.7)

Ty

N, =— D=

Ty

The true number of counts can be determined provided 14 is known for each detector.

To measure 14 a measurement of the asymmetry of pure silver is performed.
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Longitudinal puSR spectrum of high purity silver before and after dead time correction.
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Since silver does not depolarise the muon ensemble, Ny = Ni(0)exp(-t/t,,) from eq. (6.2).
Substituting this expression into eq. (6.7) we obtain,
N, exp£— i} = —Nt(O)(—ti‘-]Nm +N,(0). (6.8)
T, : 24

Therefore, plotting Nmexp(-t/t,) against N, one obtains a straight line of gradient,
m = -Ny(0)(ta/t») from which 14 may be calculated. Figure 6.4 shows both corrected
and raw uSR spectra of high purity silver taken at room temperature. The fall off in the
uncorrected spectrum at short times where the muon count rate is highest, is attributed
to detector dead time effects. Detector dead times must be determined for each detector
element individually before grouping into the forward and backward detector arrays and

taking the asymmetry ratio of eq. (6.3).

6.2.4 Muon Depolarisation Functions

6.2.4.1 Muon Depolarisation Due to Static Dipolar Fields

For a concentrated randomly oriented system of magnetic moments, such as an array of
nuclear dipoles which appear static on the timescale of the muon lifetime, the x, y and z
components of the local magnetic field distribution may be represented by a Gaussian
function. If the local random dipolar fields are also assumed to be isotropic, then each

orthogonal field component is given by,

P(B,) = A—J-zznexp[~ 2152 ] (6.9)

where i= x, y, z and A is the Gaussian field distribution width. The second moment of

the distribution is defined as,

(6.10)

X,y.z ?

sz’y’z = IBx,y,zzp(Bx,y,z )dB

so that for a Gaussian distribution where P(Byy,) is given by eq. (6.9), the second

moment is given by M, = A%

If the muons are introduced into the sample at t = 0 with their spins aligned along the z-
axis then the time evolution of the z-component of the muon spin m, is given by,

m, = cos’0 + sinzecos(yuBt), (6.11)
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where B is the magnitude of the field that a particular muon experiences and 0 is the
angle between B and the z-axis. The depolarisation function is given by the statistical

average of m,,

G,(t) = [[[m,(H)P(B,)P(B,)P(B,)dB,dB,dB, 6.12)

O e il (6.13)

where the nuclear depolarisation rate, o, is related to the second moment of the field
distribution by,

o’ =y, My =y,2 A%, (6.14)
Eq. (6.13) is known as the zero field static Gaussian Kubo-Toyabe function [4].

In a longitudinal external magnetic field, B; in eq. (6.9) where i = z, should be replaced

by B, + Bexw. Taking the average of eq. (6.12) then yields,

2 2,2 4t 2.2
GGKTZ(t,(DL) =1- 202 (I = CXP(_ Gzt )CosmLt}—i_ziSJ.exp[_ Gzt JSin(Dl,th 2 (615)

O Op %

which is known as the applied field static Gaussian Kubo-Toyabe function [5]. As the
longitudinal field is increased, the contribution to the muon depolarisation from the
static dipoles, o, i1s dominated by the contribution from the external field. In this way
the application of an external magnetic field decouples the muon spin from the random
internal fields, decreasing the time dependence of the depolarisation and restoring the
asymmetry. Numerical solutions of eq. (6.15) have shown that in an applied
longitudinal field Bey = 5A, which is typically around 3mT for a system of nuclear

dipoles, the asymmetry is almost completely recovered.

If the system of static dipolar fields is sufficiently dilute, then one may assume a

Lorentzian field distribution of the form,

Y A
PB)=t—— 6.16
(8.) T (A’ +7,°B;") (6.16)

where A is the Lorentzian field distribution width.  Substituting this into eq. (6.12)

gives,

G (1) :%+§(1 —At)e ™, (6.17)
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which is known as the zero-field static Lorenizian Kubo-Toyabe function [4)].

6.2.4.2 Muon Diffusion in Static Spin Systems

The muon is assumed to jump between sites with a mean hopping frequency v, within
the strong collision model [6] which assumes that the muon experiences a sudden
change in the value of the local field and that there is no correlation between the fields
experienced by the muon before and after a jump. In this model, the evolution of the
polarisation of a particular muon immediately following a jump is described by the
static Kubo-Toyabe function [eq. (6.13)] with an initial amplitude determined by the
muon polarisation vector immediately prior to the jump. The total muon polarisation at
a time t is the superposition of the polarisation of each muon at that time.  The
probability that a muon has not experienced a jump is given by e, and therefore the
contribution to the total polarisation from those muons which have not jumped is given
by,
GO4t) = G (t)e™. (6.18)

The probability that a muon has jumped once at time t' and thereafter has remained

“v(t-t")

stationary is given by e and therefore its polarisation will be given by

(G (t)xe™) x (Gt - t)x ")), The total contribution to the muon

polarisation from these muons is therefore [5],
GV ()= vTG‘Krz(t')e'“'sz(t —t)e ™Vt (6.19)
0
The higher order terms can be successively derived by the recurrence relation,
G" = viG(")z(t‘)G(“_”z (t—t)dt', (6.20)
0

and therefore the total relaxation function given by the sum of eq. (6.20) between n = 0
and n =00 , G”*'(t) = X, G™ (1), can be written as,

¥
G,(t) = Gu() + V[ G (£~ £)Gu(t )dt (6.21)

and is known as the dynamic Kubo-Toyabe function.

Eq. (6.21) can be solved by taking the Laplace transform to obtain G**' (®), and using

a numerical algorithm to take the inverse Laplace transform giving the time domain
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depolarisation function. Alternatively eq.(6.21) can be solved by numerical methods

KT (t) requires considerable time

directly. However, since numerical calculation of G”
and computing power, G’~'(t) may be tabulated and fitted to the experimental data

using a linear interpolation routine [3].

An analytical expression for the dynamic Kubo-Toyabe has been derived [7] by
applying a perturbation expansion [8] to the strong collision model. The expansion of
(6.21) is performed on a time scale of 1/v and a field scale of o, and is therefore

expected to hold for o/v < 1. The analytical approximation in zero longitudinal field is,

2

G™.(t)= exp[zc

VZ

e -1 +vt]]. (6.22)

This function is compared to a numerical solution of eq. (6.21) in figure 6.5 as a

function of the dimensionless parameters R = v/c and T = ot.
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Figure 6.5

The dynamic Kubo-Toyabe function plotted as a function of the dimensionless parameters,
T=ot and R=v/o.  The numerical calculation of eq (6.21) is shown in red and the
analytical solution of eq. (6.22) in black. The analytical formula is shown to be a good
approximation of G°*".(t) for R > 1.
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6.2.4.3 Muon Depolarisation from Dynamic Spin Systems

If the magnetic field at the muon site is time dependent, the muon randomly samples
many local fields, weighted by their probability distribution. In this way the muon will
see a time average of the total field distribution, thereby effectively reducing the total

width of the distribution. This is the familiar motional narrowing phenomenon.

Motional narrowing is seen clearly in the behaviour of the dynamic Kubo-Toyabe
function, in which the effective depolarisation of the muons decreases as the muon
hopping rate v increases. Motional narrowing of the field distribution at the muon site
is also caused by fluctuating atomic spins surrounding a static muon. Making a
comparison between electronic and nuclear field widths A, and A,, we would expect A,
to be several orders of magnitude larger than A, since pux ~ 10”xug.  Despite this, for a
wide range of atomic spin fluctuation rates (10°Hz < v < 10"Hz) the parameter

R = v/c is in the fast fluctuation limit (R > 20), and eq.(6.22) reduces to,

2

s tJ, (6.23)
v

G,(t)= eXP[—

indicating that the muon depolarisation is well described by an exponential form [9,7].

Unlike the case of a diffusing muon however, one cannot assume that the modulation of

the field is sudden and uncorrelated in dynamic spin systems. The field modulation is

more appropriately described by the autocorrelation function,

(B(0).B(t))
(BOY)

where the brackets denote statistical averages. In a conventional paramagnet for which

qs(t) = (6.24)

2

there is no spin-spin correlation and a unique spin relaxation time at a particular
temperature (see section 2.5 3), the spin autocorrelation function is given by a simple
exponential,

q,(t) =exp(—vt), (6.25)
where v is the inverse of the spin relaxation time. The field autocorrelation function
qe(t) is also expected to follow this form. Despite the fact that the strong-collision
model can no longer be assumed, muon depolarisation is usually taken to be exponential
in form. This is justified by the fact that Kubo and Toyabe originally assumed an

exponential field autocorrelation of the form given by eq. (6.25) in the derivation of the
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dynamic Kubo-Toyabe function, from which they obtained a depolarisation function
which is not significantly different from that obtained using the strong collision model
[10]. If one then assumes the spin autocorrelation function given by eq. (6.25), the
muon depolarisation function due to fluctuating atomic spins in the fast fluctuation limit
is given by,

G, (t) =exp(—At), (6.26)
where A is the atomic contribution to the muon depolarisation rate. This is related to the

atomic field distribution width A and the characteristic spin fluctuation time t. by,

2 42
A
A= T i 1 (6.27)
(]_mo T, )
where ©y = y,.Bz, and By is the applied longitudinal field. It follows that in zero

applied field or in the limit of motional narrowing where 0 TI<< 1, eq.(6.27) becomes,
A=y, A, (6.28)
Referring to eqs. (6.14) and (6.28), eq.(6.26) reduces to the expression given in eq.

(6.23) where the fluctuation rate v = 1/1..

6.2.4.4 Muon Depolarisation from Spin Glasses

Muon depolarisation in conventional dilute spin glasses such as AuggoFepo1 and
Cug97Mng 3 has been described by Uemura and co-workers [10,11]. In Uemura’s
model, it is assumed that fluctuation of magnetic impurity moments in dilute spin
glasses leads to a time modulated field at the muon site. The dynamic range of this
field modulation will depend on the proximity of the muon to its neighbouring spins, as

illustrated in figure 6.6.

In Uemura’s treatment, the dynamic variable range of the local fields at each muon site

is approximated by a Gaussian distribution of width A = o/y,,,

2 2

B.

PO(B,) = —t—exp| -t | i=x,y,2, (629)
CV2T 20

The probability of choosing a muon at a site of width o is calculated to be,
2 a

p(A) = 1}—7e><p[-
TG

123

J , (6.30)

a
26>



so that the total field distribution obtained by summing over all muon sites weighted by

their probabilities, is a Lorentzian distribution of width a/y, given by,
P(B,) = [P°(B,)p(c)do, (6.31)
0

where the L superscript indicates a Lorentzian distribution.
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Figure 6.6

Schematic view of the different dynamic ranges of fields available at different muon sites in
a dilute spin-glass. The fluctuation of the Fe moments causes a wider range of local fields
available at muon sites closer to the magnetic atoms (taken from [11]).

If we now assume that we are in the fast fluctuation limit so that the muon
depolarisation at each site of width o is given by eq. (6.23), the total dynamic spin glass

muon depolarisation function is given by,

G* (0= TGz(t,c, v)p(c)do

- _[ )
Vv

This simple “root exponential” function has been shown to account for the observed

(6.32)

zero-field muon response in several dilute spin systems [11] and recently in the dilute

superparamagnetic cluster system Cug93Coo.02 [12].
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In concentrated spin glasses every muon site will be situated next to a magnetic ion.
Therefore it is expected that there will not be a wide variation of Gaussian field
distributions between the muon sites. If one then assumes a spin autocorrelation
function given by eq. (6.25) implying a unique spin relaxation time t. = 1/v at each
temperature, one obtains a muon depolarisation function which is close to exponential
in form. However, as was shown in section 2.5.3, the spin autocorrelation function in
concentrated spin glasses was found to follow so-called “stretched exponential” or
Kohlrausch relaxation given by eq. (2.65) [13],

q(t) = et™ exp[-(t/7)"], (6.33)
with the stretched exponential exponent B having a value of around 1/3 at T rising
towards the simple exponential value § = 1 at a temperature of around 4T,. It has been
shown by Campbell and co-workers [14] that the form of the stretched exponential
autocorrelation function and the muon depolarisation function are extremely similar,
though not identical, to each other. For instance, if we assume a stretched exponential
muon depolarisation function of the form,

G, (t) = exp|- (A0)"], (6.34)
with B = %, we can obtain the implied distribution of muon depolarisation rates A;

proportional to the relaxation times t;, via an analytic Laplace transform, giving

% At
PO Y= =2 exp[~—}‘ (6.35)
Z(E?Lf )'/2 4\,

If we further assume that the depolarisation of each muon is due to a local spin with a

relaxation time T;, then the spin autocorrelation function will be given by,
m t
q(t) = [P, )exp(-——)dr, , (6.36)
0 ok

where T; = aA;. This is calculated to be,

q(t):[nr i Jz (6.37)

art

If the calculated q(t) is compared with the assumed form of G,(t) it is found that the two
curves are quite similar and that they correspond to very similar relaxation times.
Numerical integrations of eq.(6.34) with $=1/3 and 2/3 performed by Campbell and co-

workers have confirmed the result obtained analytically for f = 1/2. A comparison of
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The comparison of the stretched exponential G.(t) shown in solid symbols, and the spin

autocorrelation function (open symbols) calculated analytically for f=1/2 and numerically
otherwise, presented by Campbell et. al. [14]. The curves have been arbitrarily shifted
along the time axis as only their relative shapes are important.

the stretched exponential depolarisation function and the autocorrelation function

calculated by Campbell et. al. is shown in figure 6.7.

The stretched exponential muon depolarisation function has been observed in many
concentrated spin glass systems, such as AgooMng; [14] and Y(MngoAlgi)2 [1,2].
However, the observation of stretched exponential muon depolarisation, while being
consistent with concentrated spin glass spin dynamics, cannot be relied upon to show
that the system under investigation is a spin glass.  Stretched exponential muon
depolarisation has recently been observed by Hillier et. al. [15] in long-range
antiferromagnetically ordered RENi;B,C compounds with RE = Er and Tb.  This
behaviour is thought to be due to a distribution of local relaxation times associated with

rare-earth single ion anisotropy in these systems.
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6.3 Experimental

6.3.1 The EMU and ARGUS Muon Spectrometers

Our muon spin relaxation measurements were carried out on the EMU and ARGUS

spectrometers at the ISIS pulsed muon and neutron facility at the UK’s Rutherford
Appleton Laboratory. ISIS produces high intensity pulses of spin polarised muons of
approximately 70ns FWHM at a repetition rate of 50Hz. Diagrams of the ARGUS and

EMU spectrometers are shown in figures 6.8, and 6.9.

Cryostat

Forward detector bank Sample position

Figure 6.8

The ARGUS muon spectrometer located on the RIKEN-RAL muon facility at the Rutherford
Appleton Laboratory. The forward and backward detector banks are each made up of 128
separate muon detectors.
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Figure 6.9

The EMU muon spectrometer located on the European Surface Muon facility at the
Rutherford Appleton Laboratory. The forward and backward detector banks each consist
of 16 muon detectors.
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The forward and backward muon detector banks on the ARGUS and EMU
spectrometers consist of a 128 and 32 positron scintillator counters respectively. The
photons emitted when a positron is captured by a scintillator travels along a Plexiglas
light guide to a photomultiplier tube where it is amplified and subsequently transmitted
to the data acquisition electronics. The data for each scintillator is stored in the form of
a time histogram with time bin widths of 16ns. The muon asymmetry spectrum is
obtained by grouping the individual detectors into the forward and backward detector
banks and taking the asymmetry ratio given in eq. (6.3). The EMU and ARGUS muon
spectrometers are both optimised to work in longitudinal geometry with longitudinal
fields of up to 0.4T and 0.35T available respectively. A set of 3 orthogonal Helmholtz
coils at the sample position is used to cancel the Earth’s magnetic field to within a few

uT for precise zero-field uSR experiments.

The principal advantage of the pulsed uSR technique is that the intrinsic beam-borne
background is extremely small, allowing reliable data to be collected to several muon
lifetimes. Consequently even small muon depolarisation rates can be measured with
some accuracy. However, the finite muon pulse width imposes constraints on the
upper limit of the muon spin relaxation rates that can be extracted from the data. In
particular the experimental convolution of the finite pulse width with the relaxation
function precludes the observation of both high relaxation rates and coherent muon
precession in transverse (internal or applied) fields exceeding SOmT. The onset of
magnetic order is therefore often signalled by an apparent decrease of the initial

asymmetry to one third of its high temperature value.

6.3.2 Background determination

The powdered B-Mn,.cAl; alloys were mounted as disk shaped samples, 30mm in
diameter and 2mm thick on silver sample holders. A gas flow (Oxford Instruments)
cryostat enabled measurements to be made over the temperature range from 1.5K to
300K. The time independent background asymmetry arising from those muons in the
beam penumbra which localise in the sample holder was determined by mounting Fe;O;
(haematite) at the sample position and performing a transverse field measurement at

ambient temperature. Those muons implanted into the silver sample holder experience
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negligible depolarisation and rotate at the Larmor frequency of 1.7MHz appropriate to a
2mT transverse field. Randomly oriented antiferromagnetic domains will immediately
depolarise muons localising in the haematite by a factor of 2/3, representing the
component of the muon polarisation transverse to the domain magnetisation.  The
remaining 1/3 component of the muon polarisation parallel to the domain magnetisation
is lightly damped due to the presence of water in the haematite. = The resulting
asymmetry plot is shown in figure 6.10, where the solid line is a least squares fit of the
data to the equation,

A(t) =a,, cos(2my,Bt)exp(—A,, t) +a, exp(—A,t), (6.38)

where, apg is the background asymmetry, B is the applied transverse field, Aag is the
small depolarisation rate of muons thermalised in the silver sample holder, ay is the 1/3
asymmetry component of the muons thermalised in the haematite and Ay is the
depolarisation rate of the 1/3 component. Background asymmetries were found to be
of the order of apg = 0.045 on ARGUS and a,g = 0.035 on EMU.
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Figure 6.10

Transverse USR spectra of haematite taken at ambient temperature on the ARGUS
spectrometer, used to determine the background contribution to the total muon asymmetry
due to muons implanted into the silver sample holder.
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6.3.3 Muon Depolarisation Spectra of f-MnAl

Typical muon spectra obtained from the B-Mn,;. Al samples are shown in figure 6.11.
It is possible to fit the background subtracted spectra from all samples at most
temperatures with the relatively simple relaxation function:

a,G, (1)=a,G™" . (t)exp[-(A1)"], (6.39)
in which G9*'(t) is the static Kubo-Toyabe function given by eq. (6.13), associated
with a Gaussian distribution of local magnetic fields at the muon site arising from
neighbouring nuclear spins. G (t) =exp[—(At)"] represents the magnetic spin
relaxation function arising from dynamic magnetic fields associated with the fluctuating
atomic spins. The multiplicative combination of the nuclear and magnetic relaxation
functions in eq. (6.39) is valid providing that the nuclear and atomic fields represent
independent channels for muon depolarisation. For the most part this is the case in
-Mn;.<Aly, although there may be some evidence for “double relaxation” processes

(see section 6.3.3.2).

Whereas the Kubo-Toyabe function, G°*"(t), provides direct information on the
interstitial site occupancy of the muon, it is Gyag(t) which provides an insight into the
spin fluctuations and moment localisation in B-Mn;.cAlx. Each of these terms will now

be discussed in detail.

6.3.3.1 Muon Site Determination in 3-MnAl

Figure 6.12 shows the background subtracted muon relaxation spectrum for pure 3-Mn
at a temperature of 5K in both zero field and a longitudinal field of 10mT. The solid
lines represent best fits of eqs. (6.39) and (6.26) to the data. For the zero field spectrum
the fitted nuclear depolarisation rate, o, is 0.37us”, while the magnetic depolarisation
rate, A is 0.03us”. B = 1, implying simple exponential relaxation. As can be seen in
figure 6.12, a 10mT longitudinal field is clearly sufficient to decouple fully the muon
from the small static nuclear fields. The residual magnetic depolarisation in the 10mT
applied field remains simple exponential in form, with A=0.03us™. Neither o nor A
exhibit significant temperature dependence in B-Mn. Such an absence of temperature

dependence in o is a clear indication of a stationary muon.
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Figure 6.11a

Background subtracted muon depolarisation spectra of f-MngoAlys at SK, 10K and 100K.
Solid lines shown are fits to eq. (6.39) with Gyuc(t) following a simple exponential form
given by eq. (6.26).
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Figure 6.11b

Background subtracted muon depolarisation spectra of [-MnggsAly;s at 33K, 43K and
240K.  Solid lines shown are fits to eq. (6.39) with Gyus(t) following a stretched
exponential form given by eq. (6.34)

133



Asymmetry

0.25 T

0.20

5 (] -.
015 F + T
0.10 .

0.05 | % *

000 1 L L — r 1 1 1 1 1 L

Time (us)

Figure 6.12

Background subtracted muon depolarisation spectra for pure p-Mn at 5K. Solid lines are
Jfits to eq. (6.39) for the zero-field data and eq. (6.26) for the 10mT data.
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Candidate interstitial sites for the muon in the B-Mn matrix can be established by using
finite element analysis to determine the second moment of the Gaussian field
distribution at all points within the unit cell. A%, and hence o*, can be calculated for the
case of odd half integer nuclear spins (such as Mn and Al for which 1=5/2) using the
relation [4,16]

£ 9 8( W, ]2 31+4 |1
=2 _—-ya+12| B2 £3 (6.40)
G ( )3[47: WY ] 1T S 10+ [4 Z S

When this calculation is performed for the -Mn lattice, taking the sum to a radial
distance of 12A, the nuclear depolarisation rate associated with almost all the candidate
muon sites within the cell is found to exceed greatly the experimentally determined
value of 0=0.37us”.  Figure 6.13 shows a contour map of the calculated values of ¢

for the (1 1 0) and (3/8 0 0) crystal planes.

Only the four crystallographically equivalent interstitial sites at (3/8,3/8,3/8),
(1/8,5/8,7/8), (5/8,7/8,1/8) and (7/8,1/8,5/8), for which ¢ is calculated to be 0.40us™,
can be accepted as viable muon sites. These sites have a distorted octahedral
coordination, as shown in figure 6.14 with six site II Mn near neighbours at a distance

of 1.97A from the muon site.

In order to confirm our muon site determination calculations, we have used a Monte-
Carlo simulation procedure to determine the nuclear dipolar field distribution at the
(3/8,3/8,3/8) muon site in 3-Mn. In this procedure, we randomly assign a nuclear spin
direction to each Mn nucleus up to and including the 3™ near neighbour shell around the
(3/8,3/8,3/8) site and calculate the resultant dipolar field. A field distribution in the x, y
and z directions is built up by repeated iterations of this procedure. The calculated field
distributions in the x, y and z directions were found to be isotropic and the field
distribution in the x-direction P(By) is plotted in figure 6.15a. The solid line is a fit to a

Gaussian distribution given in eq. (6.9).
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Figure 6.13

Contour maps of the calculated nuclear depolarisation rate o for the f-Mn (1 1 0) and
(3/8 0 0) crystal planes. A deep minimum is revealed at (3/8,3/8,3/8) where o = 0. 40us™".

This was found to be the only general interstitial lattice position with a value of o
consistent with the experimental data.
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Figure 6.14

The (3/8,3/8,3/8) muon site in f-Mn. The muon is shown in yellow, surrounded by a
distorted octahedron of site Il Mn near neighbours.
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Figure 6.15

a) Calculated muon field distribution at the (3/8, 3/8, 3/8) muon site in pure -Mn. The
solid line is a fit to a Gaussian distribution function.
b) Fractional difference between Gaussian fit and calculated field distribution.
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The second moment of the calculated distribution was derived numerically using eq.
(6.10) and was found to be M, = 1.95 x 107 T2, while the Gaussian fit gave
M, = A*=1.98 x 107 T2 These values of the second moment are both consistent with
the data, giving 6 = 0.376 ps" and 0.378 ps’ respectively. While at first glance, a
Gaussian distribution appears to be a fair representation of the calculated field
distribution at the (3/8,3/8,3/8) site, a plot of the fractional difference between the
calculated distribution and the fit, shown in figure 6.15b, shows a significant deviation
from the Gaussian form particularly within the wings of the distribution.  Our
calculated field distribution is in fact slightly narrower than a Gaussian. This point is
more clearly demonstrated in figure 6.16a which shows the resultant field distribution
P(B), where B = V(B,> + B,” + B,?). If P(By,) is Gaussian in form, then P(B) will be

Maxwellian in form,

2

5 B
P(B) x B~ -
(B)=B expl-o5

)> (6.41)

where A = Ay,  However, the fractional difference between our calculated field
distribution and a Maxwellian fit plotted in figure 6.16b, highlights the non-Gaussian
nature of the field distributions in the x, y and z directions, with the resultant field
distribution being much narrower than a Maxwellian, but peaked around the same field,

Bpeak = V2A = 0.62 mT.

In order to simulate the muon depolarisation function expected at the (3/8,3/8,3/8) site
in B-Mn, we have used Monte-Carlo uSR simulation techniques similar to those
described by Crook and Cywinski [17], except that no assumptions have been made as
to the nature of the nuclear field distribution. Instead we have used the calculated field
distribution at the muon site in 3-Mn explicitly in the simulation procedure. In figure
6.17 the zero-field muon depolarisation spectrum is shown, normalised to an initial
asymmetry, ap = 1. The solid line is our simulated muon depolarisation spectrum
multiplied by the exponential damping observed in pure B-Mn. Our simulation is in
remarkable agreement with the measured uSR spectrum, especially around the area of
the minimum between 3us and 8us, where the fit of the Kubo-Toyabe function shown
in fig. 6.12, shows a significant deviation from the data. The dip in the measured
spectrum at longer times may be attributed to quadrupolar coupling of the I = 5/2 Mn

nuclei to a radial electric field gradient set up by the interstitial muon [18]

139



0.14 |
0.12 |
0.10 |

0.08 |

P(B)

0.06 |
0.04 |

0.02 |

0.00 &

1.00

P(B)Max -P(B)sim 075

C ]

P(B)ysax 0.50 | ]
025 F {

0.00 [ ]

Lo ]

-0.25 _b ':

_0_50 Ol SIS AT O DRI 0 B I 0 SO [ T 00 U 0 W S I SO S IS O A 1 B 0

00 02 04 06 08 10 12 14 16 18 20
Field (mT)
Figure 6.16

a) Caleulated resultant muon field distribution at the (3/8, 3/8, 3/8) muon site in pure
B-Mn. The solid line is a fit to a Maxwellian distribution function.
b) Fractional difference between the Maxwellian fit and calculated field distribution.
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Figure 6.17

Background subtracted muon depolarisation spectrum for [-Mn at 5K, normalised to an
initial asymmetry of 1. The solid line is the simulated depolarisation spectrum, using the
theoretically calculated field distribution at the (3/8,3/8,3/8) muon site in -Mn.
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Our simulations then, provide an excellent description of the observed nuclear
contribution to the muon relaxation, and confirm our muon site determination
calculations. They also point out the tremendous sensitivity of the functional form of
the muon depolarisation to the precise nature of the nuclear dipolar field distribution at

the muon site [19].

However, while the field distribution at the muon site has been found to be non-
Gaussian, the second moment of that distribution, and hence the muon depolarisation
rate o, are found to be almost identical to those found by fitting a conventional Kubo-
Toyabe function to our data. Furthermore, the deviation from the Kubo-Toyabe form is
only apparent in our depolarisation spectrum for 3-Mn at 5K, shown in figures 6.12 and
6.17, which has on average, 3 times the counting statistics of our other uSR spectra
taken during the course of this experiment. The remaining uSR spectra are therefore
fitted to eq. (6.39), with the proviso that the nuclear field distributions are non-Gaussian

in nature.

6.3.3.2 Concentration Dependence of the Nuclear depolarisation rate

The nuclear depolarisation rate has been extracted from the zero field pSR spectra of all
seven B-Mn;.<Alx samples at ambient temperature. ~As both Mn and Al are spin 5/2
nuclei it is expected that the principal contribution to the concentration dependence of &
will arise from the lattice expansion associated with Al substitution. ~However, the
concentration dependence of o, plotted in figure 6.18 shows a considerably more rapid
decrease with increasing Al concentration than that expected from the lattice expansion
alone.  In addition a slight discontinuity in the monotonic decrease of o with

concentration is observed between x=0.09 and x=0.10.
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Figure 6.18

Plot of the nuclear depolarisation rate o, vs. Al concentration. © is seen to decrease in a
roughly linear fashion, with a sharp drop around 10at% Al. The expected decrease in o
calculated using the neutron diffraction data presented in chapter 5 is also shown. The
lines shown are guides to the eye.
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It is tempting to account for the discrepancy between the calculated and observed values
of o by invoking a local distortion of the 3-Mn,; (Al lattice around the muon site. Such
a dilation of the host lattice is consistent with the so-called small polaron model, within
which the muon exerts an electrostatic repulsion on the neighbouring nuclei [20,21,22].
This model, which is also used in the description of hydrogen in metals, predicts local
displacements of up to a few per cent of the inter-atomic spacing, (for example, 5% in
pure Copper [21]), while the lattice distortion falls off as a power law in distance for
more distant neighbouring atomic shells. If the discrepancy between the measured and
calculated values of ¢ is attributed entirely to a local distortion, over and above the
concentration dependent expansion of the lattice, we estimate a local linear lattice
distortion which rises from 2.9% in pure B-Mn to 8.2% in 3-MnggAlg2. These values
are of the same order as those observed in pure Cu [21]. The concentration dependence
of the local lattice distortion shown in figure 6.19, emphasises the apparent change in

behaviour between x=0.09 and x=0.1.

An alternative explanation for the apparent additional and excessive decrease in ¢ with
increasing Al concentration may be provided by the phenomenon known as “muon-
nuclear-spin double relaxation” [23] wherein the precession of nuclear dipoles in strong
fluctuating atomic fields leads to motional narrowing of the nuclear dipolar field
distribution. Within this model the increasing discrepancy between the measured and
calculated o is a consequence of the increasing localisation of atomic moments as Al is
added to B-Mn and the lattice expands. The discontinuity in the concentration
dependence of ¢ between x=0.09 and x=0.1 is then seen as evidence for a marked

change in the nature of the Mn moments at this concentration.
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Figure 6.19

The calculated local lattice distortion around the interstitial muon site expressed as a
percentage of the lattice constant, plotted against Al concentration. The lines shown are
guides to the eye.
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6.3.3.3 Spin Dynamics of f-MnAl

In section 6.3.3 it was shown that the muon spin relaxation spectra for all the
3-Mn; <Al alloys are well described by eq. (6.39),
a,G,(t)=a,G™" .(t)exp[—(A)"].

In fitting this relaxation function to the data the background contribution to the total
initial asymmetry, ape, was fixed at the experimentally determined values. The initial
asymmetry, ao, the nuclear depolarisation rate o, the magnetic depolarisation rate, A,
and the exponent 3 remain as free parameters. In all cases ¢ is found to be temperature
independent, and remains within a few percent of the values extracted from the high
temperature spectra of the respective alloys in which the contributions to the muon
depolarisation from the atomic fields are extremely motionally narrowed. The

temperature dependence of ag, A and 3 is shown in figures 6.20 and 6.21.

It is immediately apparent, even from a cursory inspection of figures 6.19 and 6.20, that
the muon spin relaxation function, Gumag(t), changes dramatically and suddenly as the

Al concentration increases beyond x=0.09.

A. B-Mny Al with 0 <x < 0.09

For 3-Mn;.xAl, alloys with x<0.09 the relaxation function is simple exponential in form,
with B in eq. (6.39) refining to unity at all temperatures. The temperature dependence
of the initial asymmetry, ag, shows clear evidence of the approach to a magnetic
transition at low temperatures in all alloys. However the decrease in the initial
asymmetry is gradual, indicating that this transition is essentially inhomogeneous in
character.  Moreover, at the lowest temperatures, ao falls below 1/3 of its high
temperature value, indicating the persistence of residual atomic spin dynamics below
the transition. While it is not possible to extract reliable transition temperatures from the
temperature dependence of ag, the relaxation rate, A, shows a marked critical-like

divergence at low temperatures.
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The temperature dependence of, a) the initial asymmetry ay and b) the muon depolarisation
rate A for f-Mn, Al with x=0.03, 0.06, 0.08 and 0.09. Solid lines in a) are guides to the
eye and in b) are fits to the data of the critical form given in eq. (6.42)
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The temperature dependence of, a) the initial asymmetry ap, b) the atomic depolarisation
rate A and c) the stretch exponent B, for -Mn; Al with x=0.1, 0.15 and 0.2. Solid lines in
a) and c) are guides to the eye, and in b) are fits to the data of the critical form given in eq.
(6.42)
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It has been possible to fit the critical form

MT)=A [ T, ]Y, (6.42)

| T-T,
to the temperature dependence of A, as shown by the solid lines in figure 6.20.
Although at present we attach little physical significance either to such critical scaling
or to the critical exponent itself, eq. (6.42) is useful in allowing the magnetic transition
to be parameterised consistently. For all B-Mn;xAly alloys with x<0.09 we find an
intrinsic depolarisation rate of A, ~ 0.02us™. Significantly this value is close to that of
the temperature independent magnetic depolarisation rate found for pure B-Mn. The
critical temperature, T, increases slightly with concentration from 1.5K for x=0.03 to

6.4K for x=0.09. y remains relatively independent of concentration taking values in the

range 1.1 to 1.4. A summary of the fitted parameters is given in table 6.1.

Table 6.1 Nuclear depolarisation rate, o, and the fitting parameters, T, Ao
and y from eq. (6.42) for -Mn, Al,.

Al conc. (at%) o (ush) T. (K) Ao (us™) v

0 0.371(5) 0

3 0.362(5) 1.78(5) 0.023(1) 1372)
6 0.356(5) 1.76(5) 0.023(1) 1.12(2)
3 0.345(5) 2.42(5) 0.014(1) 1.27(2)
9 0.347(5) 6.40(5) 0.017(1) 1.43(2)
10 0.321(5) 24.4(5) 0.020(1) 0.74(2)
15 0.317(5) 30.8(5) 0.022(1) 1.25(2)
20 0.318(5) 37.9(5) 0.026(1) 1.42(2)

B. B-Mny Al with 0.09 <x<0.2

There is an abrupt change in the nature of the spin fluctuation spectrum of B-Mn;_cAl,
between concentrations of x=0.09 and x=0.1 with the muon spin relaxation exhibiting a
sudden transition from simple exponential to stretched exponential behaviour. The
exponent B in eq. (6.39) is no longer temperature independent, but is now found to
decrease from unity at high temperatures to a value close to 1/3 at the transition
temperature, as shown in figure 6.21c.  Moreover the initial asymmetry exhibits a

relatively sharp magnetic transition (figure 6.21a), although there remains some
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evidence of residual spin fluctuations below the transition temperature. The
temperature dependence of A is not significantly different from that observed at lower
concentrations: its divergence towards the magnetic transition is still well described by
the critical form of eq. (6.42) and the intrinsic depolarisation rate, A,, remains close to
0.02us”. However, the transition temperatures associated with the critical divergence
are now significantly higher in these more concentrated alloys, rising from 24.4K for
B-MngoAlp; to 379K for B-MnggAly2.  These transition temperatures are in close
agreement with the values obtained from the magnetisation measurements described in
chapters 1 and 4. The parameters obtained from the fitting procedure are given in

Table 6.1.

6.4 Discussion

Our pSR measurements have highlighted a remarkable evolution of atomic spin
fluctuations with increasing Al concentration in 3-Mn;_ Aly. Three distinct regimes have

been identified.

Firstly, in pure B-Mn we observe simple exponential relaxation, implying a single spin
fluctuation frequency. The muon spin relaxation rate, A, is found to be small and
independent of temperature. This result is in marked contrast to the observed \T
dependence of the nuclear relaxation rate 1/T; measured by NMR as shown in chapter 1
[24,25]. In situations where the muon relaxation is dominated by the Fermi contact

field at the muon site 1/T; and A are expected to scale according to the relation
1
wre A - rat). (6.43)
1

where A}, and AM® are the hyperfine coupling constants for the interstitial muon and

the Mn atom respectively. The breakdown of this scaling indicates a significant
fluctuating atomic dipolar contribution to the muon relaxation which is at least
comparable with any Fermi-contact field contribution. At the Mn nuclear site, it is
assumed that the Fermi-contact field is the dominant contribution to the nuclear
relaxation, and indeed the SCR theory prediction of a VT dependence in 1/T; assumes

this [26]. However, for antiferromagnetically correlated spins, the electron spin-density
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at the interstitial muon site may be extremely small, effectively eliminating any Fermi-
contact contribution, and allowing the dipolar contribution to dominate the muon
depolarisation [27]. The temperature independence of A in pure -Mn is therefore
suggestive of a system of antiferromagnetically correlated, longitudinally fluctuating

atomic moments, in the extreme motional narrowing limit.

Secondly, for B-Mn;.xAl; with 0.03 < x < 0.09, we still observe simple exponential
relaxation. However the muon depolarisation rate A diverges at low temperatures,
accompanied by a gradual drop in the initial asymmetry indicative of the formation of a
static magnetic ground state. In general, such a static magnetic ground state with
randomly oriented internal fields, will result in a time independent muon asymmetry of
exactly 1/3 of its high temperature value, since 1/3 of the muon ensemble remains
polarised along the static field direction, while fields orthogonal to the muon spin

direction will immediately depolarise the remaining 2/3. A fall in a to below 1/3 of its

high temperature value implies a residual fluctuating field component at the muon site
in these alloys, at low temperatures. In addition, the gradual decrease a, with
decreasing temperature indicates a steady statistical growth of strongly depolarising
regions within the sample, rather than a critical phase transition at a well defined
temperature. However, the observation of a divergent muon depolarisation rate A in
these alloys is an indication that a truly static field component is formed at the muon
site at low temperatures, and that Al concentrations of as little as 3at% are sufficient to

dampen the zero-point spin fluctuations in 3-Mn.

Thirdly, for B-Mn;Alx with x > 0.1, we observe stretched exponential relaxation,
generally associated with spin glass order. The initial asymmetry ao falls sharply at the
magnetic transition temperature in contrast to the more gradual decrease in ap observed
in the dilute alloys. The critical form of A(T) is very similar to that observed in dilute

B-Mn,.4Aly alloys.
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The most striking difference between the dilute 3-Mn;.cAly alloys with x < 0.09, and the

more concentrated alloys, is an abrupt rise in transition temperature, along with a

concomitant change in the nature of the spin dynamics from a simple to a stretched

exponential form. This is depicted in figure 6.22 which shows the magnetic phase

diagram of 3-Mn,_ Al system determined by these uSR measurements.
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Figure 6.22

Magnetic phase diagram of the f-Mn; Al system.

exponential relaxation are shown.

6.5 Conclusion

15 20

Al Concentration (at%)

The regions of simple and stretched

We have undertaken a muon spin relaxation study of B-Mn;<Al,. We have identified

the interstitial muon site in the material and have observed a nuclear contribution to the

muon relaxation function which is consistent with a non-Gaussian distribution of

nuclear dipolar fields at the muon site.
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We have provided a systematic account of the dynamical magnetic behaviour in
B-Mn; <Al for 0 < x < 0.2. These measurements have provided the first published
phase diagram of the B-MnAl system and have revealed a remarkable change in the
nature of the spin dynamics at Al concentrations of greater than 9at%. This spin
dynamical behaviour has been interpreted in terms of both amplitude spin fluctuations
and transverse spin fluctuations arising from the band nature of the magnetic
correlations in 3-Mn and local moment characteristics promoted by the introduction of
Al. The process of increasing Mn moment localisation as the Al substitution increases
has been attributed to lattice expansion, local magnetic disorder and a reduction in the

degree of magnetic frustration present in the 3-Mn matrix.
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7 A Neutron Polarisation Analysis Study of f-MnAl

7.1 Introduction

A diffuse neutron scattering experiment in which the incident neutron beam is polarised
and the scattered neutrons are analysed for their final spin state, is a powerful tool for
the analysis of both nuclear and magnetic short-range order in antiferromagnetically
correlated systems.  Analysis of the x, y and z components of the neutron spin-
dependent scattering allows total and unambiguous separation of the nuclear and
magnetic contributions to the differential scattering cross-section. In this chapter we
present an XYZ neutron polarisation analysis study of B-Mn;.Aly alloys with x = 0.03,
0.06, 0.1 and 0.2. This experiment was undertaken in order to gain information on the
nature of the magnetic correlations between Mn atoms in the 3-MnAl system, taking
into account the role played by any possible nuclear short-range order between the Al

impurity atoms in the 3-Mn matrix.

7.2 Theory of XYZ Neutron Polarisation Analysis

The theory of the XYZ difference method of neutron polarisation analysis has been

presented by Scharpf and Capellmann [1] and will be briefly summarised here.

We start with the expression for the neutron partial differential cross-section given by
equation (3.5). For magnetic scattering, we can define an interaction potential V in eq.
(3.5) which describes the interaction of the electron magnetisation density M(r) and the
magnetic dipole moment of the neutron as,

V=1

M(r).B, (1), (7.1)

0

where B,(r) is the magnetic dipole field of the neutron,

Bn(r)=V,/{V,A By } (7.2)

|r—rn
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and |u.| = yun is the magnetic dipole moment of the neutron. To obtain the magnetic
cross-section we need to evaluate the matrix element <k'|V|k> in eq. (3.5). Defining the

wavevector transfer Q = k' - k, we can write,

(K

where Lyt is the component if the neutron spin perpendicular to Q [1].

VIk) = (k'

M(r).B, (r)\k) = M(r).{%/\{pn Algl]ei‘”] =M(r)pm, e, (73)

z z
& A
y
P
A
- > X
k V4
A
PP, y
A
Non-Spin Flip
X
Spin Flip
Figure 7.1

The geometry of an XYZ neutron polarisation analysis experiment with initial polarisation
in the z-direction.

If we choose the geometry of our neutron scattering instrument so that Q is always in the
x-y plane as shown in figure 7.1, each detector will lie at an angle o with respect to the

x-axis in the direction,

g = (cosa,sin a,0) . (7.4)

Q
We can then write the magnetic interaction matrix element given by eq. (7.3) as,
My, =p, (M, sin’ a—M, sinocosa)+p, (M, cos’ a—M, sinocosa) —p,M,
=M u,

(7.5)
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where My, M, and M, are the components of the magnetisation density, pu, = -yYUNG, 1S
the spin dependent magnetic moment of the neutron and o, are the Pauli spin matrices
for the neutron spin [2].  Equation (7.5) highlights the well known result that only
those components of the magnetisation perpendicular to the wavevector transfer Q will

be effective in scattering the neutrons [3,4].

We now need to include the nuclear contribution to the interaction potential V, in which
the spin-dependent nuclear scattering lengths must be taken into account (see section

3.2 1). The total interaction is then described by,

i .

(k|V]k) = ETC_[e“’“““)(bzmh +B¥.o )+ [r"z—""]M(r).a S } (7.6)
ml]

where beon is the coherent nuclear scattering length, BE is the nuclear spin-dependent

scattering length and R is the position vector of the nucleus. Using the properties of

the Pauli spin matrices in the x, y and z directions,

0 1 0 —i 1 0
o, =[ ], o, :[_ l} and o, :[ J, (7.7)
1 O 1 0 0 -1

it can be shown that the total cross-section given by eq. (3.5) with the interaction
potential given by eq (7.6), for a power diffraction measurement, can be separated into

the following partial differential cross-sections [1,2].

(&% Y =g( d’c ] +l( d’c ]
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The subscripts SF and NSF in egs (7.8) signify spin flip or non-spin flip scattering cross
sections in the directions indicated. Referring to figure 7.1, the polarisation component
P, of the neutron spin will either be in the same direction as the incident neutron
polarisation P, and hence contribute to the NSF partial differential cross-section in the
z-direction, or P*, will be in the opposite direction to P having been spin flipped by the
sample, therefore contributing to the SF partial differential cross-section in the z-
direction. The contributions to the total cross-section in eq (7.8) have the following

definitions.

The nuclear coherent partial differential cross-section is given by,

d’c K,
— X b’S(Q, ). 7.9

The spin incoherent partial differential cross-section is given by,

2 %
( d%c l =%BQSSI(Q@). (7.10)
I

dQdE

The isotope incoherent partial differential cross-section is given by,

2 .« —
[ d%c 1 =kz(b2*(5)2)sn(Q’m). (7.11)
I

dQdE

The magnetic partial differential cross-section is given by.
d%c K2(rpy }
[ L =ﬁ—(~’~%”f] fQFMA Qo) (7-12)
AG

where ME(Q,G)) is the Fourier transform of the spatial magnetisation density.

By combining the measured partial differential cross-sections given by eq. (7.8) one can
separate out the different contributions from one another, with the exception that the
isotope incoherent cross-section cannot be distinguished from the nuclear coherent

cross-section. Once the spin incoherent cross-section is found via,

d’s | _3|, (¢ ) (&) (do) -
dQdE |, 2| | dQdE |, |dQdE |, (dQdE | | '

we obtain the nuclear coherent (neglecting the isotope incoherent contribution) and

magnetic cross sections using the equations,
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dOdE ) . \dQdE), (dQdE ), ~ 3(dOdE ),

. ; , (7.14)
(dzc] :2[(126] _g[ dzcj
dQdE ), |\dQdE ), 3 dQdE ), |

A full derivation of these equations is given in references [1] and [2].

7.3 __The Polarised Neutron Spectrometer, D7

7.3.1 Lavout of D7

Our neutron polarisation analysis measurements were performed on the polarised
neutron spectrometer D7 at the Institut Laue-Langevin (ILL) in Grenoble. The layout
of D7 is shown in figures 7.2, 7.3 and 7.4. D7 is a general-purpose long wavelength
multidetector spectrometer. The neutron polariser and analysers can be removed if
desired to facilitate conventional diffraction measurements. The inclusion of a neutron
chopper enables energy analysis of the scattered neutrons by the time-of-flight method
(see section 8.2.1). Our measurements of B-MnAl were performed using D7 in
diffraction mode, with the chopper removed. Neutrons from the HI5 cold neutron
source at the ILL are monochromated by a focusing graphite monochromator crystal.
The take-off angle from the monochromator crystal defines the incident neutron
wavelength. The three wavelengths available on D7 are, A = 3.1A, 4.8A or 5.7A. The
neutrons pass through a beryllium filter which removes higher orders of the incident
wavelength, A/n where n = 2, 3, ... etc.  The neutrons are then polarised by a
supermirror polariser (see figure 7.5) and pass through a Mezei = spin flipper which is
turned on when measuring the SF cross-section and turned off when measuring the NSF
cross-section. The neutron polarisation, which is in the z-direction, is maintained by a
neutron guide field of around ImT. The neutrons pass through the sample which in our
measurements was situated in an ILL “Orange” Cryostat, placed in the centre of 3
orthogonal Helmholtz coils, known as the spin furn coils. These coils rotate the initial
neutron polarisation by n/2 from the z-direction onto the x- or y-direction before hitting
the sample and then rotate the scattered neutrons back by -m/2.  This allows the

sequential measurement of the SF and NSF cross-section in each direction.
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Figure 7.2

Otto Schérpf with the D7 polarised neutron spectrometer [J].
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Figure 7.3

Schematic diagram of D7. Three 45 degree detector banks are placed on one side of the
instrument, with the 4" bank positioned to cover the blind spot created by the spin turn
coils. The neutrons arrive at the polariser via a graphite monochromator and a beryllium

filter.

Figure 7.4

Aerial view of the D7 spectrometer layout [6]
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The neutrons then enter the detector banks, each of which consists of a neutron guide
field, 8 removable supermirror analysers and 16 *He detector tubes (see figure 7.4).
With the supermirror analysers in place only 8 detectors are used in each bank. The 8
detectors are placed 6 degrees apart, each bank subtending an angle of 45 degrees.
With four identical banks, there are in total over 6000 supermirrors on D7. The banks
can be placed on either side of the instrument and can cover scattering angles from

20 = 7° to 160°. Figure 7.5 shows the supermirror polariser/analyser used on D7.

General view of a polarising collimator constructed of a
group of curved Supermirrors in 2 magnetic field.

e

Figure 7.5

The supermirror polariser/analyser used on D7 [7]

A polarising supermirror consists of alternate nonmagnetic and magnetic Ni layers, the
latter being magnetised in plane by permanent magnets situated above and below the
layers.  Since the scattering potential of the magnetised Ni layers depends on the
direction of the spin of the incident neutron, neutrons of one spin state are reflected by
the supermirror at the Bragg angle which corresponds to the layer thickness, while all
the other neutrons are transmitted by the Ni layers and then absorbed by a suitable

substrate on the non magnetic layers. By selecting a suitable range of layer thicknesses
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it is possible to extend the wavelength range of total reflection for one spin state while
almost completely suppressing the other spin state. The neutron supermirror polariser
comprises a number of such individual supermirrors in the form of a collimator. The
supermirrors are curved to ensure that all neutrons are reflected at least once on a mirror

surface.

The transmission of the supermirror polariser and analysers is dependent on the incident
wavelength used in the measurement. Figure 7.6 shows the wavelength dependent

transmission of the supermirrors used on D7.
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Figure 7.6

Wavelength dependence of the supermirror transmission on D7 [8]

In our measurements of B-MnAl the incident wavelength used was 3.02A.  Using this
fact and the above wavelength dependence of the supermirror analysers, we can extract
the energy window over which we are integrating eq.(7.8) to extract the differential
cross-sections in this measurement.  Figure 7.7 shows the supermirror analyser

transmission as a function of neutron energy transfer, where we have used the equation,
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AE:E~E‘:81_72[ﬁ—%], (7.15)

where E and E’ are in incident and scattered neutron energies respectively.
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Figure 7.7

The transmission of the supermirror analysers as a function of energy transfer with
incident wavelength 2=3.024. This represents the energy window of the experiment over
which egs. (7.8) are integrated. The upper limit of the energy window is given by the
incident energy of the experiment.

Figure 7.7 demonstrates that the available energy window is extremely narrow on D7.
Consequently, measurements of the magnetic cross-section on D7 should only be
attempted for static magnetic materials. In view of this fact, our measurements of
B-MnAl were all taken at the lowest possible temperature of 1.2K, where our uSR
measurements had indicated a transition to a largely static magnetic ground state.
Since pure B-Mn does not show a transition to a static magnetic ground state at low

temperatures, measurement of the magnetic cross-section of 3-Mn was not attempted.
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7.3.2 Operation of D7

All of the supermirror analysers on D7 are arranged to transmit neutron spins in the
positive z-direction. Therefore, in order to measure the SF cross-sections in eq. (7.8)
the spins are flipped by a Mezei « spin flipper so that only neutrons that have been spin
flipped by the sample will be counted (see figure 7.4). The operation of the © spin
flipper is depicted in figure 7.8.

Guide Field TIEULEON BN Guide Field
" precessing inside A
flipper coil
&® =flipper X
ficld
i o +|4
¢ $ normal to ‘ ‘
Flipped neutrons ® plare ® Polarised peutrons
Figure 7.8

The operation of a nspin flipper [2]

The neutron is flipped in a flipper field Hy as a result of a classical Larmor rotation.
The transition from the neutron guide field to the flipper field is sudden, corresponding
to an adiabatic change in field, ensuring that the neutron energy state is unchanged
during the flipping process. Before a neutron polarisation analysis experiment, the
current in the 7 spin flipper coil is adjusted until the field in the coils is given by,

67.825

H=H,=
AL

s (7.16)
where A is the neutron wavelength in A and L is the coil width in cm [2].

In practice, after the flipper current has been set to the current given by eq. (7.16) a
correction coil must be included in the spin flipper to compensate for the neutron guide

field. The correction current is adjusted until the transmission of the analyser in front

of the transmission monitor is a minimum, corresponding to the maximum number of
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spin flipped neutrons. After setting the flipper currents, the typical flipping ratio in the
transmission monitor is,

_ transmitted neutron counts/incident neutron counts with flipper off _ 3540

FR. = : TRT
" transmitted neutron counts/incident neutron counts with flipper on

In order to obtain finer coverage of the available angular range on D7 it is possible to
successively step the detector banks by an angle during the measurement. In our
measurements the detector banks were each stepped in 5 one degree increments so that

each measurement consisted of 4x8x5 = 160 data points between 10° <26 < 170°.

In addition to full XYZ polarisation analysis, D7 may also be operated in z-up/z-down
mode, in which the spin turn coils are removed from the instrument and the SF and NSF
cross-sections are measured in the z-direction only. Full separation of the nuclear and
magnetic cross-sections can now be performed only if the spin incoherent cross-section
is known in advance. In our measurements the spin incoherent cross-section was found
for B-MnggAlp, using full XYZ polarisation analysis. Thereafter our measurements
were performed in z-up/z-down mode. Performing measurements in z-up/z-down

mode reduces counting time in a typical experiment by a factor of 2.

7.4 Corrections to the Raw Data

In order to obtain the absolute cross-section from the raw number of neutron counts, the
following corrections must be applied.

1) The relative detector efficiency correction

1) The supermirror analyser transmission correction

iii) The background scattering correction

iv) The sample self-attenuation correction

V) The absolute scale of cross-section

7.4.1 The Relative Detector Efficiency Correction

In order to correct the data for detector efficiencies, a measurement of the total (SF plus

NSF) differential cross-section of vanadium is performed. Vanadium has the property
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that the total neutron scattering cross section is almost 100% spin incoherent. Since the
scattering is incoherent, V scatters isotropically over 4n steradians. The number of
neutron counts in each detector should therefore be the same if all of the detectors are
equally efficient. The measured V counts, having been corrected for self-attenuation
(see section 7.4.4) and background scattering (see section 7.4.3), therefore give the
relative efficiencies of each detector assuming that a full integration over energy has
been performed. This is quite a good assumption on D7, since the total cross-section of
V is largely elastic with inelastic phonon contributions to the scattering being small.
The measured neutron counts are therefore divided by the corrected vanadium integrals

in order to correct the raw data for relative detector efficiency

7.4.2 The Supermirror Analyser Transmission Correction

In order to ensure an accurate separation of the SF and NSF cross-sections, the flipping

ratios of each of the supermirror analysers has to be measured.  Variations in the
flipping ratios of the analysers will occur since a finite number of neutrons of the wrong

spin state will be incorrectly transmitted.

In order to measure the flipping ratios of each supermirror analyser, the SF and NSF
cross-sections of amorphous quartz are measured in each direction. The cross-section
of quartz (Si0O,) is entirely non-spin flip. The flipping ratio for each detector is then
defined as,

FR - normalised NSF cross-section .

- - (7.18)
normalised SF cross-section

In order to obtain similar statistical counting errors in the NSF and SF cross-sections,
the SF cross-section is usually measured for between 15 and 20 times longer than the

NSF cross-section.
Once the flipping ratios for each detector are obtained, neutron counts are swapped

between the measured SF and NSF channels in proportion to the flipping ratio of each

detector.
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7.4.3 The Background Scattering Correction

The total background scattering in a neutron experiment arises from scattering from the
cryostat and sample holder, scattering from parts of the instrumentation and air
scattering. We can separate the total background scattering into two components.
B;  This term represents background scattering from neutrons which have
passed through the sample position.
B, This term represents background scattering from neutrons which have
not passed through the sample position.
We can therefore write the relation,

Liample = (T(®)sampiexT) + (T(O)sampiexB1) + B, (7.19)
where Iample is the measured neutron counts, T(B)wmple 1s the angle dependent
transmission coefficient of the sample and I is the corrected number of counts. The
definition of T(8)smpie Will be given in section 7.4.4. In order to find the background
terms B; and B, two measurements need to be performed. Firstly, the scattering from
an empty sample holder, Iempy is measured.  Iempyy Will include both background
contributions which allows us to write,

Lempty = B1+ Ba. (7.20)
Secondly, the scattering from a sheet of cadmium in place of the sample is measured.
Cd is opaque to neutrons at the energies available on D7, and therefore the measured Cd
counts, Ig will only include the second background term,
Iea = Ba. (7.21)
Combining eqs. (7.19), (7.20) and (7.21) we arrive at the expression for the background
subtracted counts,
1= T"(8)sampte (Lsampie-Tea) — (lempty — Lea)- (7.22)

7.4.4 The Sample Self-Attenuation Correction

The angle dependent transmission coefficient of a cylindrical sample is given by the
Blech-Averbach formula [9],

T(0) = exp[ -(a; + bisin®0)(1R) — (az + basin®0)(UR)?], (7.23)
where the coefficients a;, az, b; and b, are,

a; =1.7133 a; =-0.0927

b; =-0.0368 b, =-0.3750,
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and where p = Noy is the linear absorption coefficient and R is the radius of the
cylindrical sample. pR may be calculated from the equation
Isample
=m0 exp(~24R), (7.24)
Impty
where Lampie and Iempy are the measured counts in the transmission monitor with the
neutrons passing through a very thin slit formed with cadmium metal in front of the
sample can. The cadmium slit ensures that the counted neutrons have passed through a

thickness of sample equal to the sample diameter.

7.4.5 The Absolute Scale of the Cross-Section

In order to obtain the absolute differential cross-section in units of barns st” atom™. We
need to normalise I given by eq. (7.22) by the number of atoms in the sample. The
absolute scale is obtained from the measured vanadium intensity. Vanadium has a well
known differential cross-section of 5.07 barns atom™. We can therefore write,

Ivmadium - 5 07

= = (barns st”atom™ . (7.25)

vanadium
The absolute differential cross-section is then given by,

do 507 /N ..

— (7.26)
dQ  4n 1, /N,

7.5 XYZ Neutron Polarisation Analysis of B-Mny Al ,

Fully corrected magnetic, nuclear and spin incoherent cross-sections of B-MnggAlg-
obtained from the x, y and z SF and NSF cross-sections using eqs. (7.13) and (7.14) are

shown in figure 7.9.

Figure 7.9a shows a strong magnetic response in [3-MnggAlo, peaked at Q ~ 1.4A".
This data is very similar to the graph of the Q-dependence of f*(Q)M?*(Q) measured by
Shiga and co-workers, shown in figure 1.14 [10]. The nuclear cross-section shown in

figure 7.9b shows the (1 1 0), (22 1) and (3 2 1) nuclear Bragg peaks.
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The a) magnetic, b) nuclear and c) spin incoherent cross-sections obtained for B-MnggAlp 2.
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There is also an indication of a diffuse peak in the nuclear cross-section centred at Q ~
1.6A™".  This implies short-range substitutional order between the Al impurities in
B-Mng gAlp2. The spin incoherent cross-section of Mn shown in figure 7.9¢ was found

to be,

[i‘i} =73+03mb st’ Mn atom™. (7.27)
Q)

This result is in agreement with the previously reported value measured using pure
B-Mn by Davis and Hicks [11] of 9 + 5 mb st Mn atom™. Their result is slightly
higher due to the fact that they assumed that the magnetic scattering of pure B-Mn
would be negligible. This is in fact not the case, even at the elastic line, as will be

shown in chapter 8.

The XYZ neutron polarisation analysis data taken for B-MnggAlg, allow us to draw
several useful conclusions.  The magnetic scattering is strong and approaches zero at
Q = 0A", the nuclear cross-section displays nuclear substitutional short-range order, and
the spin incoherent cross-section is small for 3-MnggAlp2. Since the spin incoherent
cross-section is small, it was decided that the remainder of the experiment would be
conducted in z-up/z-down mode. The value of the spin incoherent cross-section needed
to isolate the magnetic and nuclear scattering using eq. (7.14) was hereafter estimated to
be the value required to reduce the magnetic cross-section to zero at
Q = 0A™". From eq.(7.14) this means that the background level of the SF cross-section
was assumed to be 2/3 of the spin-incoherent cross-section. Since the spin-incoherent
cross-section measured for B-MnggAly, is small compared to the magnetic cross-
section, it was concluded that any error in the estimation of the spin-incoherent cross-
section would not significantly affect the extracted magnetic scattering. The significant
advantage of measuring the samples in z-up/z-down mode was that the counting time
need for equivalent statistical errors in the data was halved. This allowed us to obtain
more data points in the measured spectra by stepping the detector banks in 1° steps as

described in section 7.3.2.
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7.6 Nuclear Short-Range Order in B-MnAl

7.6.1 Theory of Nuclear Short-Range Order

For a binary alloy of the form A,..B., the nuclear disorder cross-section may written as,

do
_— =LS(Q), (7.28)
(dﬂ Luc
where L is defined as,
L =c(1 —c)(bg —ba)%, (7.29)

and where bs and bg are the scattering lengths of the A and B nuclei. S(Q) is the
structure factor of the nuclear disorder scattering and manifests itself as a modulation to
and otherwise isotropic background. If the binary alloy forms a random solid solution,
there being no nuclear short-range correlations, S(Q) = 1 and eq. (7.28) represents the
well known Laue scattering. In the mean-field approach suggested by Moss and

Walker [12] S(Q) can be written as,

S(Q)=(1+V(@Q)~, (7.30)
where V(Q) is the Fourier transform of the pair interaction potential,
VQ) =) V'(R,)e" . (7.31)
RII

The pair interaction potential V' (R;) is proportional to the interaction between a nucleus
at an arbitrary origin and a nucleus of the same type at position vector R,,. In the limit
of small V(Q) we can make the approximation,

[d_c] =LI-VQ+VQ-V@Q+...)’ (1.32)
dQ NUC

where we have assumed that terms in V*(Q) and higher are negligible. If one further
assumes that first near neighbour interactions are dominant, eq.(7.32) can in principle be
spherically averaged to produce an expression for the nuclear disorder cross-section

appropriate to a powder measurement [13]. This calculation is however impractical for
B-Mn.

Although the underlying symmetry of B-Mn is simple cubic, the point group symmetry
is non-centrosymmetric. This means that if we take an arbitrary origin in the 3-Mn
matrix, the near neighbour nuclei do not fall into well defined nuclear shells with well

defined coordinations. To illustrate this point: if we assume that substitutional disorder
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will be restricted to the site II sublattice in B-Mn since the Al nuclei show a strong
occupational preference for site II in the B-Mn matrix (see chapter 5), we can calculate
the site II near neighbour shells around an arbitrary Al atom. Table 7.1 shows the first

25 neighbouring shells around an arbitrary site II origin in pure 3-Mn.

Table 7.1 The first 24 neighbouring shell coordination numbers and shell
distances of an arbitrary site II nucleus in the pure f-Mn matrix.

n Z, R, (A)
1T 6 26557
2 2 3.2675
3 2 3.8958
4 4 43696
5 2 4.4259
6 4 4.5555
7 4 46312
8 4 5.1505
9 4 5.1982
10 2 5.2646
11 4 5.7698
12 4 6.2506
13 6 6.3200
14 8 6.3816
15 2 6.5248
16 4 6.5715
17 4 6.7700
18 4 6.8190
19 4 6.9892
20 4 7.2984
21 4 7.3773
22 2 7.4241
23 4 7.6188
24 2 7.7155

Table 7.1 shows that the near neighbour shells around site II in 3-Mn are extremely
tightly spaced. For instance, shells 8, 9 and 10 have almost the same radial distance
from the origin. In consequence, consideration of the first 24 near neighbour shells

only covers a radial distance of 7.7155A. Another consequence of the non-
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centrosymmetric point group is the that the coordination numbers of the shells do not

increase with increasing radial distance.
The calculation of the radial average eq. (7.32) is therefore extremely complicated due

to the complex -Mn crystal structure and would probably need to include many terms

in R, to cover the required radial correlation distance.

7.6.2 The Warren-Cowley Formalism

According to the formalism of Cowley [14] the nuclear disorder structure factor may be

expressed as,

S(Q) =Y, Ogye'®Rem, (7.33)
N

where the sum is over all atomic sites N at position vectors Ron. Oy 1s the Warren-
Cowley (WC) parameter for site N, which is defined using the conditional probabilities

Pon'* of finding a [ nucleus at site N if a v nucleus is at the origin, i.e.,

P BA P BB—C
Oy =1- 02 = °"l‘_c ; (7.34)

where ¢ is the concentration of the B nucleus. Factorising eq.(7.33) to obtain the
Warren-Cowley parameters for near neighbour shells, and taking the polycrystalline

average we obtain the expression,

S(Q) =Y, 0gnZ, % ; (7.35)

where the sum is over n near neighbour shells of radial distance R, from the origin each

with coordination number Z,. Combining eqs. (7.28) and (7.35), the nuclear disorder

cross-section can then be written as,

AR 2 sin(QR,) sin(QR,) ] (7.36)
D1 sel=c)ibg=bi)?| 1+ 0z ) 4 gz, TSR o
(dﬂ e c(l-c)(bg —bp) [ 012 QR 0242 QR,

where we have used the result that o = 1. Notice that in a randomly substituted
binary alloy, the conditional probability of finding a B nucleus is the concentration c,
ensuring that the Warren-Cowley parameters are equal to zero as required. The sum in
eq. (7.36) should be performed over sufficient nuclear shells so that the short-range

correlation length is less than the radius of the largest shell considered.
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Attempts at a least-squares fit of eq. (7.36) to our nuclear diffuse scattering data over
the B-Mn nuclear shells proved to be fruitless. The first difficulty is that the shells are
extremely close packed and contain relatively few nuclei. One is therefore forced to
include a very large number of terms in the sum of eq. (7.36), with each fitted WC
parameter having extremely little statistical significance in the fit. =~ The second
difficulty is that in attempting to fit eq.(7.36) to the data with a predetermined number
of WC parameters, one is forcing the inclusion of Fourier components in the sum which

may not be physically consistent with each other.

In order to extract physically meaningful WC parameters from the measured nuclear
diffuse cross-section, we have developed a Reverse Monté-Carlo algorithm which
calculates eq.(7.36) from first principles and iteratively compares the calculated cross-

section to the measured cross-section.

7.6.3 RMC Modelling of Nuclear Disorder Scattering

A full listing of the RMC nuclear disorder modelling program “INTA” is given in
appendix A.

In our program a 3-Mn lattice of 4x4x4 unit cells with periodic boundary conditions is
generated. Since we are assuming that the nuclear disorder resides completely on site 11,
we have 12 atoms per unit cell giving 4x4x4x12 = 768 nuclei in the simulation. The
impurity concentration and the Laue scattering level, L (eq. (7.29)) are input by the user.
The program then randomly assigns Al atoms to lattice positions until the desired
concentration level is reached. Alternatively, the user can specify the Al positions by
using a nuclear position file, previously generated by the program. The program then
calculates the conditional probabilities of finding an Al atom in the nth near neighbour
shell with each Al atom in turn taken as the origin. The probabilities are then summed
and averaged, and the WC parameters calculated from eq (7.34). The cross-section is
calculated, summing over the first 24 near neighbour shells, and the calculated cross-
section is compared to the measured cross-section. The goodness of the fit of the

calculated cross-section to the data is given by the usual definition of 3> [16],
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do(Qy)|  do(Qy)| )
2 %w{ dQ cal dQ spr

.
= 737
X 5 , (7.37)

where D is the number of experimental data points and where w is the weighting factor,

defined as,
1
W=—————,
(Eexp (QD ))

where Eex(Qp) is the experimental error of the Dth data point.

(7.38)

After the initial calculation of %% up to 5 Al nuclei atoms are swapped randomly with
Mn nuclei and the cross-section is recalculated. If the value of % is less than the
original value then the moves are accepted. The process is then repeated with moves
only being accepted if %” is less than the previously accepted x* value.  Each time a
move is accepted, the program outputs files containing the calculated fit to the data, the
conditional probabilities for each shell and the Mn and Al nuclear position file, enabling
the progress of the program to be monitored without interruption.  The program
continues until a tolerance value of % input by the user is achieved. The program was
found to achieve a reasonable fit to the data in about 30 minutes, corresponding to
around 2000 moves. The program was run in two stages with 5 Al nuclei initially
swapped with Mn nuclei per move, followed by only 1 swap per move as the value of

became smaller.

50 ¢

0 200 400 600 800 1000 1200

Number of moves

Figure 7.10

Plot of i versus the number of moves for a typical run of the RMC modelling program
“INTA”. The solid line demonstrates that i decreases exponentially.
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The variation of %> with the number of moves for a typical program run is shown in

figure 7.10. The solid line in figure 7.10 indicates that % decreases exponentially with

the number of moves. INTA was run several times with different initial random

configurations. The results, within statistical accuracy were the same.

Extracting the WC parameters from the measured data in this manner has several

advantages over a straightforward least-squares fitting procedure:

1) No assumptions are made as to the shell sizes and coordinations.

i1) The WC parameters obtained are physically consistent with one another.

iii)  The procedure automatically produces a table of the Mn and Al nuclear
positions.

iv) The WC parameters are automatically constrained to lie within the limits;

Olmin = -¢/(1-¢) — Olmax = 1.

7.6.4 Results

The measured nuclear cross-sections of B-Mngg7Alg03, B-MngosAlg s, B-MngoAlg; and
B-MnggAlp, measured using z-up/z-down neutron polarisation analysis is shown in
figure 7.11. The nuclear Bragg peaks have been removed from the raw data. Figure
7.11 shows that the experimental cross-sections are extremely well represented by the
simulation output. The pair probabilities P,">, and corresponding WC parameters o,
calculated using eq (7.34), for each of the alloys studied, are given in table 7.2. The

pair probabilities are plotted as a function of radial distance in figure 7.12.

The dependence of P.®® on radial distance was parameterised using a damped cosine
function, shown as a solid line in figure 7.12. The errors shown in figure 7.12 and given
in table 7.2 are the standard errors calculated from variance of the distributions of the
pair probabilities for each of the 24 shells used to generate the calculated cross-section
using eq. (7.36). The standard procedure for extracting errors in the fitting parameters
associated with a least-squares fitting procedure (see, for example [16]) is inappropriate
here, since in our RMC procedure the pair probabilities are not arbitrarily adjusted
fitting parameters. They are ab-initio values calculated from the modelled crystal
lattice, and therefore are inter-dependent.  Errors associated with the ” fit could

therefore not be extracted from our simulations.
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Figure 7.11

Nuclear cross-sections of a) [-Mngg:Alp s and b)f-MngosAlyes with nuclear Bragg peaks
removed. Solid line is simulated cross-section from “INTA”.
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Figure 7.11 (continued)

Nuclear cross-sections of ¢) [-Mnoodly; and d) [-MngsAlp> with nuclear Bragg peaks
removed. Solid line is simulated cross-section from “INTA".
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The graphs of the dependence of the pair probabilities on radial distance all display the
same frequency of oscillation around P,” = ¢ where c is the Al concentration, with the
first peak in the curve coming at around R = 4A.  This corresponds to a Q of ~1.6A™
which is the position of the first maximum in the nuclear cross-section for all the alloys
studied. The parameters obtained from a fit to a damped cosine function of the form,
an(R) = cos(-kR)exp(-dR), (7.40)

are given in table 7.3.

Table 7.3 Laue scattering level and parameters obtained from eq. (7.40) for

the concentrations shown.

Laue scattering k(A d (A
(mb st atom™)

B-MnoorAloes |15 3.03£0.06 0.95+02
B-MngosAlgos | 29 3.07£0.02 0.64+0.04
B-Mng oAl 43 3.03+0.02 0.53+0.03
B-Mng gAlg2 68 3.05+0.02 0.54+0.04

While the frequency of oscillation remains constant throughout the concentration range
studied, the damping of the nuclear correlations decreases as the Al concentration
increases, implying that the correlation length of the nuclear disorder increases with

increasing Al concentration.

In conclusion, we have isolated the nuclear disorder cross-section of B-Mn;.(Al, with
x=0.03, 0.06, 0.1 and 0.2, and extracted the short-range Warren-Cowley parameters
using an RMC algorithm. Al impurities display a tendency to anti-cluster in the -Mn
site II sublattice with the first maximum in the nuclear disorder cross-section appearing
at Q ~4A™. The range of the short-range nuclear correlations increases with increasing
Al concentration whereas the frequency of oscillation of the WC parameters remains
unchanged, implying that the effective pair interaction potentials between Al impurities
in the 3-Mn matrix are independent of Al concentration. Figure 7.13 shows the output

positions of Mn and Al nuclei in 3-Mng gAlg 2 generated by “INTA”.
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a=6.385A

Figure 7.13

Depiction of the site f-Mn sublattice of B-MngsAly> using the nuclear position file
generated by “INTA”. Mn atoms are shown in blue and Al atoms in green. The f-Mn unit
cell is shown in the centre. The triangular coordination of the Mn atoms is clearly seen to
be disrupted by the introduction of Al, supporting the assertion that relief of geometrical
Jrustration occurs in the -Mn structure when Al is added.
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7.7 _Magnetic Short-Range Order in -MnAl

7.7.1 Theory of Magnetic Short-Range Order

The expression for the magnetic differential cross-section is obtained by integrating eq.
(7.12) to obtain

_dg _z Y ) 2 3
[dfl)m - 3( 2 ] f@) s@M* (@), (7.41)

where M(Q) is the Fourier transform of the spatially dependent magnetisation density

M(r). M*(Q) can be written as,

M2(Q)=g.’S(S+ 1)2Mexpi‘“‘~ ; (7.42)

~ S(S+1)
where Sy and Sy are the atomic spin vectors at an arbitrary origin and the Nth atom
respectively.  S(S+1) is the self correlation term.  Factorising eq. (7.42) into near

neighbour shells and taking a polycrystalline average we obtain the expression [15],

d_O' _E M 2 2 2 SD'SI> Siﬂ(QRI)
[dg]m = 3[ 5 ) f(Q) e, S(S+l){1+S(S+I)N, QR ] , (7.43)

where the factor 2/3(r07/2)2 = (0.049 barns, gs2 = 4 for Mn atoms and R, and N,, are the

radii and coordination numbers of the nth near neighbour shells respectively, and where
we have assumed that there are no concentration driven variations in the magnetic
moment distribution arising from nuclear short-range order, so that S(Q) = 1 in eq
(7.41). However, we know from the previous section that there is marked nuclear
short-range order present in the Mn site II sublattice. The possibility of nuclear short-
range order affecting the moment distribution is therefore extremely likely to affect the
measured magnetic cross-section in this experiment. In order to obtain an expression

for the magnetic differential cross-section therefore, we have to perform a spherical

average of fg(Q)S(Q)Mz(Q).

In practice, this calculation is extremely complicated, especially for the complex 3-Mn
structure. 'We have therefore used a further reverse Monté-Carlo algorithm to model

the magnetic moment distribution in B-MnAl
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7.7.2 RMC Modelling of Magnetic Diffuse Scattering

The RMC program “MAG” for the modelling of our experimental magnetic neutron
scattering data was based on the program “INTA” described in section 7.6.3. A full
listing of the program “MAG” is given in appendix B.

In our magnetic diffuse scattering RMC modelling program “MAG”, the nuclear
positions and species are defined by the nuclear position file which is output from the
program “INTA”, with periodic boundary conditions being defined as before.
Magnetic Heisenberg spins of unit length are then assigned to each Mn atom in the
matrix and are oriented randomly.  Alternatively, the spin directions and nuclear
positions can be read from a previously generated magnetic position file. The value of
the B-MnAl lattice constant and the estimated value of S(S+1) is input by the user. The

fact that the spins have unit length satisfies the requirement that,

$,S.) /s
—é(sug =(8,8.). (7.44)

The magnetic short-range correlations are therefore calculated by taking the dot product
of each Mn spin with each other Mn spin taken as the origin in turn. The magnetic
correlation parameters are then summed and averaged for each shell, and the cross-
section is calculated from eq. (7.43) where the sum is performed over the first 24 near
neighbour shells. Since eq. (7.43) is calculated over a lattice where the Al positions are
known, the nuclear short-range order structure factor S(Q) is automatically taken into
account. The calculated cross-section is compared to the fully corrected experimental
data in the same way as in the program “INTA”. Up to 5 Mn spins are rotated at
random and the cross-section is recalculated and compared with the data. Any move in
which the value of %” is less than the value found in the last accepted move is accepted.
In addition, the value of S(S+1) may be varied in “MAG” using a traditional gradient
search of the best fit value [16]. Each time a move is accepted output files containing
the calculated cross-section, magnetic spin configuration and the magnetic short-range
correlation parameters for each of the first 24 near neighbour shells are generated. The

program is executed until a tolerance level input by the user has been satisfied as before.

“MAG” takes very much longer to converge than “INTA”, as there are many more

degrees of freedom in the direction of a spin vector, than in the occupation of a nuclear
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site by Mn or Al nuclei. Good agreement between the calculated cross-section and the
data for all of the B-MnAl alloys studied was found after approximately 30,000 moves
in the program (between 12 and 24 hours CPU time depending on the number of Mn
spins in the model). MAG was run several times with different initial random

configurations. The results, within statistical accuracy were the same.

This approach to the modelling of magnetic short-range order in -MnAl relies on two
assumptions.

i) Only site II Mn atoms carry a magnetic moment. This observation has been borne
out by NMR and Mdéssbauer studies as well as theoretical band structure calculations
(see chapter 1).

ii) The value of the Mn moment is constant throughout the lattice. We need to make
this assumption in order to assert that the magnetic short-range correlations are merely
dependent on the angle between the Mn spins. This assumption may be justified by the
fact that the magnetic moment carried by Mn atoms in the 3-Mn matrix is determined
by the details of the band rather than the local magnetic environment. It will be shown
in chapter 8, that while B-MnAl adopts characteristics consistent with partial moment

localisation, it remains essentially an itinerant system.

7.7.3 Results

The fully corrected measured magnetic differential cross-sections of [-Mngg7Alp 03,
B-Mno9s4Alo 06, B-MngoAlg; and B-MnggAly, are presented in figure 7.14. These cross-
sections were extracted from the measured z-up/z-down cross-sections using eq. (7.14),
with the value of the spin incoherent cross-section obtained as described in section 7.5.
The simulated magnetic cross-section produced by “MAG” is shown to provide an
excellent description of the magnetic data.  The extracted magnetic short-range
correlations for each of the first 24 near neighbour shells as a function of radial distance

are shown in figure 7.15 and tabulated in table 7.4.
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Magnetic cross-section of a) -MnggAlys; and b) [-Mngodlses. The solid line is the
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Figure 7.14 (continued)

Magnetic cross-section of ¢) B-Mnyodly, and d) P-Mnysdly, The solid line is the
calculated magnetic cross-section produced by the program “MAG”.
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Table 7.4 magnetic short-range order correlation parameters from the
“MAG” simulation program for the 3-MnAl alloys shown

B-Mng 97Alo 03 B-Mng 94Alo 06 B-MngoAly B-Mng gAlo 2
n R, <So,Sv> R, <S0,Sw> R, <So,Sv> R, <S0,Sv>
1 2659 033(1) 2662 030(1)  |2668 033(1) [2683 031(1)

2 3.272 0.28(1) 3.275 0.15(2) 3.283 0.47(2) 3.301 0.49(2)
3 3.901 -0.21(1) 3.905 -0.10(2) 3.914 -0.28(2) 3.935 -0.28(2)
4 4376 -0.02(1) 4.380 -0.17(1) 4.391 0.00(1) 4414 0.03(2)
5 4432 0.08(2) 4.436 0.04(2) 4.447 0.08(2) 4.471 0.0(2)

6 4.562 0.04(1) 4.566 0.02(1) 4.577 -0.07(1) 4.602 -0.02(2)
7 4.638 0.03(1) 4.642 0.08(1) 4.653 -0.08(1) 4.678 -0.03(2)
8 5.158 0.23(1) 5.162 0.24(1) 5,175 0.21(1) 5.203 0.02(2)
9 5.206 0.01(1) 5.210 0.14(1) 5223 0.08(1) 5.251 -0.02(2)
10 | 5272 0.16(2) 5.277 0.20(1) 5.290 0.16(2) 5.318 0.04(2)
11 | 5.779 -0.15(1) 5.783 -0.18(1) 5.798 -0.07(1) 5.829 0.10(2)
12 | 6.260 0.09(1) 6.265 -0.05(1) | 6.281 0.13(1) 6.314 0.13(2)
13 6.330 0.07(1) 6.335 0.07(1) 6.351 0.08(1) 6.385 0.01(1)
14 | 6.391 -0.03(1) 6.396 0.01(1) 6.412 -0.02(1) 6.447 0.00(1)
15 | 6.535 -0.07(1) 6.540 -0.10(2) 6.556 -0.03(2) 6.591 0.02(2)
16 | 6.581 0.00(1) 6.587 0.06(1) 6.603 0.00(1) 6.639 0.02(2)
17 | 6.780 -0.03(1) 6.786 0.06(1) 6.803 -0.07(1) 6.839 -0.08(2)
18 | 6.829 0.06(1) 6.835 0.12(1) 6.852 0.01(1) 6.889 -0.06(2)
19 | 7.000 -0.09(1) | 7.005 0.01(1) | 7.023 0.04(1) | 7.061 -0.01Q2)
20 | 7.309 -0.11(1) 7.315 -0.18(1) 7.334 -0.13(1) 7.373 0.01(2)
21 7.389 0.00(1) 7.394 -0.12(1) 7.413 -0.05(1) 7.453 0.10(2)
22 | 7435 -0.08(1) | 7.441 -0.04(1) | 7.460 -0.07(1) | 7.500 0.05(2)
23 7.630 0.02(1) 7.636 -0.03(2) 7.656 0.05(2) 7.697 -0.10(2)
24 | 7.727 0.01(1) |7.733 0.13(1) | 7.753 0.01(1) | 7.794 -0.05(2)

The errors in the magnetic correlation parameters listed in table 7.4 and shown in figure
7.15 were produced in the same manner as the errors in the pair probabilities (see
section 7.6.4). The oscillation observed in the magnetic correlation parameters could

not be parameterised by a damped cosine function.
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Magnetic correlation parameters extracted from “MAG” as a function of shell radius, for
a) B-Mnpo:Aly 03 and b) B-Mnp oAl s The solid lines are guides to the eye.
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The oscillatory behaviour of the magnetic correlation parameters is very similar in all
four B-MnAl compositions studied, with the 1** and 3™ near neighbour shells strongly
antiferromagnetically correlated, and the 2" near neighbour shell strongly
ferromagnetically correlated.  The radius of the second shell (between 3.27A and
3.30A) corresponds to Q ~ 1.9A™, where we see a small peak in the experimental cross-
section. A broad region of ferromagnetic correlations is observed centred at around R
= 5.2A corresponding to Q ~ 1.2A™". This peak in the magnetic correlation parameters
falls steadily with increasing Al concentration, from around 0.23+0.13 for
B-Mng97Alg 03 to 0.02+0.05 for B-MnggAlp2. This indicates that the correlations are of
longer range in the more dilute B-MnAl alloys, and is borne out by the fact that the
magnetic cross-section becomes increasingly broad as the Al concentration increases.
However, figure 7.15 shows that the magnetic correlations in the first 3 shells increase
as the Al concentration increases. This may be due to the fact that the frustration
inherent in the B-Mn matrix is being disrupted by the introduction of Al atoms,

therefore facilitating the alignment of the neighbouring Mn spins.

It is instructive to investigate how the magnetic correlations between individual atoms
in each shell are distributed around the mean value.  An average correlation of
<80.Sy> = 0 may either imply an even distribution of spins around 4n steradians (and
therefore a total absence of correlations), or a sharp distribution of spins oriented at 7/2
radians to one another.  The analysis of each individual distribution of magnetic
correlations will also allows us to analyse the errors inherent in the calculation of the

mean magnetic correlation of the each distribution.

The normalised distributions of the magnetic correlations for the first 6 near neighbour
shells are shown in figure 7.16. The errors shown are the statistical errors based on the
size of each distribution sample. Notice that the errors in shells 2 and 3, each with a
coordination number of 2, are considerably larger than those on shell 1 which has a
coordination number of 6. These distributions clearly demonstrate the rapid fall-off in
magnetic correlations with radial distance in each of the compositions studied with the
distribution of magnetic correlations for shell 6 being almost flat. The distributions for

shells 9-24 are all more or less flat.
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7.8 Discussion

While the magnetic correlations extracted from the measured magnetic cross-sections
do not change dramatically with Al concentration in 3-MnAl, the measured Mn spin
number changes significantly.  Figure 7.17 shows a plot of the Al concentration

dependence of S(S+1) for the four B-MnAl samples studied in this investigation.

030 —m/——m—m——m—m——m—————

0.25

0.20

0.15 /
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S(S+1)

Effective moment (1)

0.05

5 _IO_- o 15 - . 0
Al concentration (at%)
1 i i

0.00 . . . . ;
0 5 10 15 20
Al concentration (at%)
Figure 7.17

The quantum mechanical square of the spin quantum number S as a function of Al
concentration.  The inset shows the concentration dependence of the effective Bohr
magneton number. The lines shown are guides to the eye.

Figure 7.17 shows that S(S+1) rises with Al concentration from 0.122+0.002 for -
Mng 97Alp .03 to 0.27440.001 for 3-MnggAlg,. This corresponds to a rise in effective Mn
moment from 0.70£0.02 pg in B-Mngo7Alp o3 to 1.04+0.02up in B-MnggAlp 2, as shown
in the inset of figure 7.17. From figure 7.17 there appears to be a discontinuity in the
observed increase of S(S+1) with increasing Al concentration between [3-Mngo4Alg 06
and B-MngoAlg;. It is tempting to associate this discontinuity with the sudden change
of spin dynamical behaviour and increase of magnetic transition temperature observed
between Al concentrations of 9at% and 10at% observed in our uSR study presented in

chapter 6 (see figure 6.22). The most likely explanation for the observation of a
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decrease in the effective moment with decreasing Al concentration is that there are
residual dynamic spin fluctuations present in the more dilute B-MnAl compositions
which reduce the magnetic intensity around the elastic line and contribute to the
magnetic intensity lying outside the available energy window. Our inelastic neutron
scattering measurements presented in chapter 8 will show that there are considerable
spin-fluctuations persisting down to low temperatures in both pure [B-Mn and
B-Mng sAlg 2, despite the observation of a critical divergence in A observed in our pSR
measurements. The values of the effective moment of the Mn spins in the B-Mn alloys
studied in this experiment should therefore not be considered as accurate. However,
the overall shape and nature of the nuclear and magnetic short-range correlations have

been successfully analysed both qualitatively and quantitatively.

7.9 Conclusions

We have used neutron polarisation analysis to investigate both nuclear and magnetic
short-range order in B-MnAl.  We have developed a reverse Monté-Carlo modelling
algorithm to extract the Warren-Cowley nuclear short-range order parameters and the

magnetic correlations in the material.

e We have observed strong short-range order scattering due to Al nuclei anticlustering
on the site II 3-Mn sublattice.

e We have found that the sudden change in the spin dynamics of B-MnAl between
9at% and 10at% Al observed by puSR does not result in a dramatic change in the
nature of the antiferromagnetic spin correlations.

¢ Our RMC modelling programs have allowed us to analyse the magnetic correlations
in B-MnAl while automatically accounting for the effects of the observed nuclear
short-range order. The measured magnetic cross-sections suggest strong
antiferromagnetic coupling of neighbouring site II Mn spins over the first 3 near
neighbour shells. For dilute B-MnAl alloys there is a small peak in the magnetic
correlations at R =~5.1A, which dies away as the Al concentration increases. This
indicates that the correlations in dilute B-MnAl are of longer range than those in the
more concentrated alloys. However, no evidence of long-range antiferromagnetic

order has been found in any of the 3-MnAl alloys.
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8 An Inelastic Neutron Scattering Study of 3-MnAl

8.1 Introduction

The inelastic polarised neutron scattering study of pure 3-Mn and 3-Mng9Alg; by Shiga
and co-workers [1] presented in chapter 1, showed that the introduction of Al into the
-Mn matrix significantly reduces the spectral width of the spin fluctuations present in
the pure metal. This observation, which has been supported by our own uSR study of
B-MnAl alloys presented in chapter 6, has led Shiga to characterise the transition from
the dynamic magnetic ground state of pure B-Mn to the largely static magnetic ground
state of B-MngoAly; as a quantum spin liquid (QSL) to spin glass transition. However,
Shiga’s measurement of the inelastic linewidth was performed at an incident neutron
energy of 34meV and consisted of only 11 data points per measurement with rather
large error bars (see figure 1.15). Shiga’s measurement of the magnetisation density in
B-Mn and B-Mng oAl suffered from the same problem as the measurements taken on
D7 presented in chapter 7 of this thesis, namely that the differential magnetic cross-
section was not integrated over all energies, therefore underestimating the calculated

values of the mean Mn moment.

In order to expand and improve on Shiga’s original study, we have used inelastic
neutron scattering to study the spin dynamics and magnetic ground states of pure 3-Mn
and [-MnggAlgs. Our measurements were performed at an incident energy of
Ei = 100meV ensuring that a broad range of spin fluctuation energies was observable.
The staggered magnetic susceptibility has been extracted from these measurements (see
eqs. (2.53) and (3.26)) via a full energy integration of the data.  Finally, we have
interpreted our results in terms of the self consistent renormalisation (SCR) theory of

spin fluctuations described in chapter 2.
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8.2 Inelastic Neutron Scattering

8.2.1 Time of Flight Inelastic Neutron Scattering

In a time of flight inelastic neutron scattering experiment, we wish to measure both the

incident and scattered neutron energies and wavevectors. In a neutron scattering
experiment, the neutron energy ho and the wavevector transfer Q abide by the

conservation laws,
Q=k-k, (8.1)

and po =2 (2 —k?). (8.2)

The momentum conservation defines the scattering triangle of the scattering event. On
a pulsed neutron source the neutron time of flight is used to determine either k; or k.
In a direct geometry spectrometer, the incident neutron wavevector k; is known and the
scattered wavevector k' is determined by measuring the time of flight of the neutron
over the scattered flight path L,, thus defining the neutron velocity,
L, _nk

t m

(8.3)

The layout of a direct geometry inelastic spectrometer and the range of scattering

triangles available to a single detector at angle 20 is shown in figure 8.1

Lo Detector

Source

Figure 8.1

Layout of a direct geometry inelastic neutron spectrometer on a pulsed source.  The
incident wavevector is fixed by a Fermi neutron chopper. Also shown is the range of
scattering triangles available to each detector at angle 20 which is scanned by analysing
the neutron time of flight.
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The kinematical constraints of the conservation laws restrict the available range of Q-
space observable in an inelastic neutron experiment. Applying the cosine rule to eq.
(8.1) we obtain,

QI = kif* + k[ — 2[kik"| cos(26). (8.4)
Rewriting this equation in terms of the incident energy E; = #’|k;/*/2m, and the energy
transfer 7o given by eq. (8.2) we obtain the Q- trajectory for a single detector at
scattering angle 20 as,

2

% = 2E, — ho — 2cos(20)[E, (E, — ho)] 2. (8.5)

A graph of the region of Q-® space available from eq. (8.5) for an incident energy of

E; = 100meV on the HET spectrometer used in this study is shown in figure 8.2.

100

S|
Q
g
85
S 0
[_‘
83
0]
=
W8]

-100 =

Figure 8.2

The region of Q-w space available on the HET spectrometer at an incident energy of
100meV. The shaded regions represent the four detector banks present on the HET
spectromeler.
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Figure 8.2 shows the region over which the dynamical structure factor S(Q,®) can be

extracted from the measured partial differential cross-section using eq. (3.19).

8.2.2 The HET (High Energy Transfer) Spectrometer

The High Energy Transfer (HET) neutron spectrometer is a direct geometry time of
flight instrument at the ISIS pulsed spallation neutron facility at the Rutherford
Appleton Laboratory. A schematic diagram of the HET spectrometer is shown in

figure 8.3.

Closed Cycle
Refridgerator
Monitor 3

Ni Chopper 4m, 3°-7°
Ckllrgg;; sample detector bank
2.5m, 9°-29°
2 5m. 130°-140° detector bank
detector bank

4m, 110°-125°
detector bank

Figure 8.3

The HET spectrometer at the ISIS pulsed neutron source.

A pulse of neutrons from the source arrives at the HET spectrometer after having been
collimated to reduce beam divergence. The presence of a nimonic chopper rotating at
the incident neutron pulse frequency of 50Hz removes unmoderated fast neutrons and
gamma-rays produced by the proton target station. A particular neutron energy is then

selected from the incident pulse using a curved-slit Fermi chopper shown in figure 8.4.
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Na
W < =

Figure 8.4

A curved-slit Fermi chopper with slit width w and peripheral speed v, [2].

The Fermi chopper allows the passage of neutrons of pulse width At around the incident
time of flight t; given by [2],

w v}
At = E +% R (8.6)
where w is the slit width, v, is the peripheral chopper speed, f is the frequency of
rotation and o is the angular collimation of the incident beam. The incident time of
flight is selected by applying a suitable phase shift to the chopper rotation.  The
curvature of the slits accounts for the fact that the neutrons have finite velocity vo. The

radius of curvature of the slits will be given by [2],

R = 4‘;& ‘ (8.7)

From eq. (8.6) the resolution At/t; will be improved as the rotation frequency is

increased in multiples of the incident neutron pulse frequency (50Hz).

There are 4 choppers available on HET which have different radii of curvature and slit
widths optimised for various incident energies and resolutions. In this measurement,
the HET “sloppy” chopper was used.  This chopper has relaxed resolution and is
optimised for maximum incident neutron flux. At the incident energy of 100meV used
in this measurement the sloppy chopper provided a resolution of AE,« = 4.43meV and

an incident neutron flux of 14,400 neutrons/cm?/sec.
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Neutrons scattered by the sample are detected by four detector banks covering the
scattering angles, 3°-7°, 9°-29°, 110°-125° and 130°-140°, as shown in figure 8.3. The

range of Q-m space covered by these detector banks is shown in figure 8.2.

8.3 Experimental Results

8.3.1 Introduction

Powdered B-Mn and B-MnggAlg, samples were mounted as flat plates of typical
dimensions, 4.5cm x 4.5cm x 0.5cm, sandwiched between thin layers of Al foil.
Approximately 50g of powder was used in each case. The samples were placed in a top
loading closed cycle refridgerator (CCR) enabling temperature coverage from 15K to
300K. The measured spectra were corrected for energy dependent detector efficiency
and sample absorption, and converted to absolute cross-section units using the
LEONARDO inelastic neutron scattering analysis package. Constant Q cuts of the
measured spectra were also obtained using the LEONARDO package.

Typical inelastic neutron spectra obtained for $-Mn and B-MnggAlp, are shown in
figures 8.5 and 8.6 in the form of contour plots of the partial differential cross-section
*6/6QFE as a function of both the modulus of the wavevector transfer |Q| and the
energy transfer AE. The shape of the spin fluctuation response observed in both pure
B-Mn and PB-MnogAlpz is very similar and appears not to change greatly with
temperature, except for the effects of detailed balance which suppresses the neutron
energy gain (AE < 0) response at low temperatures (see section 3.2.3). A peak in the
magnetic response is observed at around Q ~1.4A™ in both B-Mn and B-MnggAls.
The phonon response which dominates the scattering at high Q, where the magnetic
response is reduced almost to zero due to the magnetic form factor, can clearly be seen

in the high angle bank data shown in figure 8.6.

207



e R L N O TR T LR TR ) LR LR 20
80 o]
g - i
:_é, 60_ -
& 40t ]
= B :
& s
=1 [
5 20t I
g - e
84] L it
OF o
20} i
O 1 O Y O ol iy
1 2 3 4 5
Q] (A
WL N L L L L L L L N =1 2()
" | B-Mn 303K | - !
80 =
9 L ..
fé, 60_ 1
3 1 [
S 40t 1 &
= B A
= L
= i 4
& 20t .
# - 4
m = -
OF =
201 =
i 1 O O B ll]lllillIll}lllllIllj_llrllllllllll“
1 2 3 4 5
Ql (A1)
Figure 8.5

Contour plots of F /8 for pure P-Mn at 15K and 303K. The quasi-elastic spin
fluctuation response is clearly visible, peaked around Q = 1.44".  The spin fluctuation
response is extremely broad extending out beyond 40meV, and changes little with
temperature, apart from the effects of detailed balance.
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Figure 8.6

Contour plots of & &0 for f-MnysAly, at 15K and 303K.  The high angle data are
shown with the coherent phonon excitations clearly visible around AE = 20meV. The spin
Sluctuation response is very similar to that observed in pure [(-Mn, and depends little on
temperature.
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8.3.2 Subtraction of the Phonon Response

In the absence of neutron polarisation analysis it is impossible to separate the magnetic
and phonon contributions to the measured inelastic partial differential cross-section.
Often, the phonon scattering can be measured using a non-magnetic “blank™ sample
with the same structure as the sample under investigation. For example, the magnetic
rare-earth ions in intermetallic compounds may be replaced by non-magnetic lanthanum
ions to produce a non-magnetic version of the parent compound.  However, this

technique is unsuitable for the study of B-Mn alloys as no other metal forms with the

B-Mn structure.

8.3.2.1 Measurement of the Phonon Response

The magnetic contribution to the measured partial differential cross-section in a neutron
scattering experiment decreases as a function of the square of the magnetic form factor
as discussed in section 3.2.2. If the Mn®" form factor is assumed, then at Q = 5A™ the
magnetic cross-section is reduced to 5.7% of its Q = 0A™ value, and falls to 0.01% of its
Q = 0A™" value at Q = 9A™ (see figure 3.3). However, the phonon contribution to the
partial differential cross-section rises quadratically with increasing Q and may be
approximated by [3],
d’6/dQdEphonon ~ A(0) + B(0)Q?, (8.8)

where B(®) is the contribution from single phonon scattering events in which one or
more phonons are created, and A(o) is the contribution from multiple phonon scattering

events in which one or more phonons are created more than once by the same neutron.

The form of the phonon cross-section as observed in the high angle detector banks on
HET, is such that

B(o) %ﬂl(“’)] , (8.9)

where Z(®) is the generalised phonon density of states (PDOS) and [1 + n(®)] is the

detailed balance factor.
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The form of B(w) for B-Mn was parameterised by fitting three Gaussian lineshapes to
the energy loss side of the spectrum obtained from the 135° detector bank on HET as
shown in figure 8.7. The contribution to d’c/dQdE from the elastic line and the

multiple scattering tail above AE = 40meV has been subtracted from the fit shown.

At low energy transfers the phonon spectrum may be described by the Debye
approximation in which the longitudinal and transverse phonon modes are
approximated by the linear dispersion relationship [4],

o =cxQ, (8.10)
where ¢ is a constant. Therefore, at temperatures less than the Debye temperature, the
single phonon density of states can be written,

Z(0) = axe?, (8.11)
where o i1s a constant. Z(o) is, therefore, obtained from the parameterised form of
B(m) using eq. (8.9), and is then adjusted so that the low energy transfer region (AE <
5meV) is quadratic in ®. Finally, Z(®) is normalised to unit area. The final form of

the single phonon density of states of pure 3-Mn is shown in figure 8.8.

— T T T T T T T T[T T T T T

I T T S §

'

d’6/dQdE (mb st atom™)

0.2 ':"' " ]
: '\'"‘1

UU i I I i L 1 i A N P M L | L 1 L 1 (- 1 1
] 10 20 30 40 50

Energy (meV)
Figure 8.7
The form of B(w) of pure -Mn parameterised by fitting the neutron energy loss response of
the high angle (1359 bank data to three Gaussian lineshapes, shown as a solid line. This

measurement was faken at a temperature of 109K. The multiple scattering contribution
above 40meV and the elastic line contribution have been excluded from the fit.
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Figure 8.8

The single phonon density of states, Z(®) for pure -Mn, derived from the parameterised
Jorm of B(w) shown in figure 8.7 using eqs. (8.9) and (8.11) and normalised to unit area.

8.3.2.2 Monté-Carlo Phonon Simulations

The calculated form of Z(®) may be used as input to a Monté-Carlo phonon simulation
program called “DISCUS” written by M W Johnson [5]. The simulation output
produces the phonon scattering cross-section as a function of energy transfer at a
constant scattering angle input by the user, fully corrected for temperature and neutron
absorption.  The phonon simulation was performed for sixteen different scattering
angles corresponding to specific detectors on HET. A simulation was also obtained for
the 135° detector bank so that the simulated phonon cross-section could be compared
with the experimental phonon cross-section used to calculate the phonon density of
states. This provided a check on the internal consistency of the simulation procedure.
The output phonon simulations as a function of energy transfer at constant scattering
angle were converted to functions of both AE and Q using eq. (8.5) to produce a grid of
the simulated phonon cross-section. Cuts at constant energy transfer AE were then
extracted from the simulated dzo‘/deE,,hom grid and eq. (8.8) was fitted to these
constant AE cuts. In this way the A(®) and B(®) contributions to the phonon cross-

section were extracted and the entire d°6/dQdEhonon grid was calculated.
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Constant energy transfer cuts through the total phonon cross-section of pure -Mn at 109K
simulated using the “DISCUS” Monté-Carlo program. The observed Q dependence was
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the diagrams.
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The single phonon and multiple phonon contributions B(w) and A(w) extracted from fitting
eq. (8.8) to the constant energy transfer cuts of the simulated phonon cross-section of pure

G-Mn at 109K shown in figure 8.9.
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Figure 8.11

Temperature dependence of the phonon cross-section d T dSCE honon for pure [-Mn
derived from A(w) and B(w) using eq. (8.8). The data for each temperature was derived by
multiplying the 109K data by the relevant ratio of detailed balance factors.
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Figure 8.12

The simulated phonon cross-section of pure f-Mn at 109K at low Q from 0.847" 1o 3.24.
This region covers the low angle detector banks on HET at an incident energy of 100meV.
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Figure 8.9 shows six constant energy cuts through the simulated d’c/dQdEpnonon grid
fitted to eq. (8.8). The form of A(®) and B(w) extracted from these fits is shown in
figure 8.10. Figure 8.11 shows the phonon scattering at a constant wavevector transfer
of 1.4A™ calculated from the values of A(®) and B(w) using eq. (8.8). The response at
each temperature was found by multiplying the simulated response at 109K by a ratio of
detailed balance factors,

d’o | __d'o|  [1+n(@)]
dQdE| ~ dQdE| "~ [1+n (0)]

(8.12)

The values of d’6/dQdE o at each temperature found in this way were found to agree
well with the measured phonon response at high angles.  Finally, the d*6/dQdEnonon
grid calculated from these simulations is shown in figure 8.12. The Q range shown in
figure 8.12 of 0.6 < Q < 3.2 corresponds to the Q range of the low angle detector banks

on HET at the incident energy used in this experiment (100meV).

After subtracting the calculated phonon cross-section from low angle data, the magnetic
response remains, isolated from the total scattering. The form of the phonon cross-
section calculated for pure B-Mn was found to scale well with the measured phonon
response in 3-MnggAlg, at high angles. Therefore, in order to isolate the magnetic
scattering from the total scattering for B-MnggAlg2, the calculated dgcfdeEphum grid

was scaled to the experimental data at high Q before subtraction.

8.3.3 Analysis of Results

8.3.3.1 Modelling of the Inelastic Cross-section at Constant Q.

It was shown in section 3.2.3 that the magnetic partial differential cross-section can be

written as,

d'o _EMP }
dQdE =% n |59 | Q) (8.13)

magnetic 1

where the structure factor S(Q,®) can be related to the imaginary part of the dynamical
susceptibility of the system using the fluctuation-dissipation theorem [6],
N

(g1p)°

S(Q,0) = [1+n(m)]%x”(Q,w), (8.14)
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where the symbols have their usual meanings. In section 2.3.3 it was shown that the
o-dependence of the dynamical susceptibility was Lorentzian in form with,

ox(QT(Q)

x'(Q,0)= rQ o

(8.15)

Therefore, combining equations (8.13), (8.14) and (8.15) we can write the magnetic
partial differential cross-section as,

d’c _ k' N(yr, )?
dQdE k, n(2u,)’

magnetic

oX(QI(Q) w16

Q) [1+n(w)] rQ) 10’

where we have assumed that g = 2. The partial differential cross-section at a constant
Q is then given by a Lorentzian lineshape of width I" multiplied by ®, with an area

proportional to the Q-dependent magnetic susceptibility x(Q) of the system.

The measured, phonon subtracted, spectra at constant Q cuts through the measured
inelastic response were modelled by eq. (8.16) convoluted with the spectrometer
resolution which was measured using pure vanadium and taken to be a Gaussian with a
FWHM of 3.66meV. The elastic contribution to the scattering was simultaneously

fitted to an Ikeda-Carpenter function (see section 5.3).

Fits of eq. (8.16) plus an elastic lineshape to the measured response in 3-Mn and
B-MngsAlg2 at Q = 1.4A7" are presented in figures 8.13 and 8.14 for various sample

temperatures.

The fitting parameters used to model the observed constant Q cuts of the inelastic

response were as follows.

a) The lkeda-Carpenter function used to fit the elastic line was determined by three
parameters; the elastic integrated intensity, He, the exponential damping coefficient,
Aa and the elastic linewidth I'y. Both Ay and I'y were found to be independent of
temperature and wavevector Q, with A ~ 3.4meV and [';; ~ 1.7meV for pure 3-Mn
and Aq ~ 2.7meV and 'y ~ 2.7meV for B-Mng gAlp 2.

b) Equation (8.16) used to model the magnetic quasi-elastic response was determined
by two parameters; the inelastic linewidth [, and the inelastic intensity Hine which

is directly proportional to the wavevector dependent susceptibility x(Q).
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Figure 8.13

The partial differential cross-section of pure [-Mn at Q = 144" at T = 15K, 159K and
303K. The solid lines are fits of eq. (8.16) plus an elastic lineshape given by an Ikeda-
Carpenter function all convoluted with the instrumental resolution function. The energy
gain side (AE < 0) illustrates the effects of detailed balance, while the energy loss side of
the spectra shows remarkably little temperature dependence.
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Figure 8.14

The partial differential cross-section of f-MnysAly> at Q = 1.44" at T = 15K, 58K and
209K. The solid lines are fits of eq. (8.16) plus an elastic lineshape given by an Ikeda-
Carpenter function all convoluted with the instrumental resolution function.  The energy
loss side of the specira now displays strong temperature dependence.
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The parameters derived from the fits of the Q = 1.4A™ data shown in figures 8.13 and
8.14 are presented in tables 8.1 and 8.2 and figures 8.15 and 8.16. Since the value of
Q = 1.4A"" corresponds to the peak in the magnetic response observed in figures 8.5 and
8.6, the measured wavevector dependent susceptibility  x(Q)  at
Q = 1.4A™ corresponds to the staggered susceptibility y of both B-Mn and B-Mng 3Aly.2,

as defined in section 2.3.2.3.

Table 8.1: Fitting parameters derived from the partial differential cross-

section of pure f-Mn at Q = 1.4A™". Plots of these parameters are shown in

figure 8.15

Temp He Hinel Cinel 2(Q=14A") 1/%(Q=1.4A")
(K) (mbst' Mn atom™)  (mbst' Mnatom™)  (meV) (s> meV" Mn atom™)  (meV Mn atom pg?)
15 33.8 43 8.3 0.061 16.5

58 30.2 12.3 12.0 0.045 22.1

109 27.1 19.1 14.9 0.037 26.9

159 259 225 18.8 0.030 33.1

209 23.6 27.1 23.1 0.028 36.3

302 21.6 30.9 27.9 0.022 46.2

Table 8.2: Fitting parameters derived from the partial differential cross-
section of B-MnygAly, at Q= 1.4A". Plots of these parameters are shown in

figure 8.16

Temp He Hinel Cinel 1(Q=14A") 1/ (Q=1.4A")
K) (mbst” Mnatom™)  (mbst’ Mnatom™)  (meV)  (up’meV' Mnatom®)  (meV Mn atom pg?)
15 188.0 2.9400 16.6 0.049 20.2

58 177.7 11.7000 13.8 0.055 18.1

109 156.8 22.5500 13.9 0.057 17.7

159 146.3 28.9100 16.7 0.050 20.1

209 139.2 31.2600 18.4 0.041 24.4

302 135.2 37.0600 29.7 0.033 29.9
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Figure 8.15

Plots of the temperature dependence of the fitting parameters of the inelastic partial
differential cross-section of pure -Mn at Q = 1447, a) Shows a steady increase in the
intensity of the elastic line with decreasing temperature, while b) shows a concomitant
decrease in the inelastic scattering intensity. c¢) shows that the inelastic linewidth I,
decreases linearly with decreasing temperature. d) Shows that the staggered susceptibility
derived from the inelastic intensity follows a Curie-Weiss law, in accordance with the
predictions of the SCR theory. The lines shown are guides to the eye.
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Figure 8.16

Plots of the temperature dependence of the fitting parameters of the inelastic partial
differential cross-section of F-Mnysdly; at Q = 1.447.  a) and b) show similar behaviour
Jor the elastic and inelastic intensity as was found in pure f-Mn. The inelastic linewidth
Lot Shown in c) displays a minimum at T ~70K. The staggered susceptibility shown in the
inset of d) reaches a maximum at T ~ 70K coincident with the minimum observed in the
temperature dependence of I, The inverse staggered susceptibility is shown to follow a
Curie-Weiss law for temperatures above the peak position. The lines shown are guides to
the eye.

222



In pure 3-Mn, the integrated intensity of the elastic line is found to increase steadily
with decreasing temperature as shown in figure 8.15a while the inelastic intensity is
shown in figure 8.15b to fall sharply with decreasing temperature. Figure 8.15¢ shows
that the inelastic spin fluctuation linewidth I, is directly proportional to the
temperature. The form of the staggered susceptibility is shown in figure 8.15d to obey
a Curie-Weiss law in accordance with the predictions of the SCR theory for nearly and
weakly antiferromagnetic metals (see section 2.4.1.2). The observation of temperature
independence on the energy loss side of the 3-Mn spectrum has also been observed in
the Kondo lattice system UCu4Pd; [7], where this behaviour was interpreted as an

indication of non-Fermi liquid scaling of the dynamical susceptibility.

While the temperature dependence of the elastic and inelastic integrated intensities
found in B-MnggAlg 2 is very similar to that observed in pure 3-Mn, figures 8.16¢ and
8.16d reveal striking differences in the form of both the inelastic linewidth and the
staggered susceptibility. I, no longer displays Korringa-like behaviour, but passes
through a minimum at T ~ 70K and then increases with decreasing temperature tending
towards a value of I'ina(T=0K) ~ 18meV. A peak is observed in the temperature
dependence of the staggered susceptibility xs at T ~70K. Above this temperature, 7 1s
found to obey a Curie-Weiss law. The observed peak in y(T) is somewhat reminiscent
of the peak observed in the magnetisation measurements performed on $-Mng sAlg 2 (see
figure 4.4). Both pure B-Mn and B-MnggAly, have large inelastic linewidths at the
lowest temperatures studied, indicating the presence of strong zero-point spin
fluctuations. The Curie-Weiss nature of the staggered susceptibility will be discussed

in section 8.3.3 4.

8.3.3.2 Analysis of the Wavevector Dependent Susceptibility

The values of x(Q)fz(Q) for B-Mn and [-MnggAlp, extracted from the integrated
inelastic intensity of constant Q cuts through the inelastic cross-section using eq. (8.16)

are plotted in figures 8.17 and 8.18.
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Figure 8.17

The wavevector dependent susceptibility of pure B-Mn derived from the integrated inelastic
intensity of the magnetic cross-section at constant Q using equation (8.16). The solid lines

are guides to the eye.
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Figure 8.18

The wavevector dependent susceptibility of [-MnysAly, derived from the integrated
inelastic intensity of the magnetic cross-section at constant Q using equation (8.16). The

solid lines are guides to the eye.
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The Q-dependence of 3(Q)f*(Q) illustrated in figures 8.17 and 8.18 is very similar to the
Q-dependence of the elastic magnetic cross-section of the 3-Mn,. Al alloys presented

in the neutron polarisation analysis study presented in chapter 7 (see figure 7.14).

In pure B-Mn, %(Q)f(Q) is peaked around Q = 1.4A™ at all temperatures. x(Q)f*(Q) is
sharply peaked around Q = 1.4A™ at T = 15K. At higher temperatures, the peak in
x(Q)Ff(Q) broadens and reduces in intensity with increasing temperature. In
-Mng gAlg 2, the peak in x(Q)fg(Q) is much broader at low temperatures, and a second
peak is observed at approximately Q = 2.0A”.  This second peak in x(Q)f*(Q)
disappears at T > 159K, above which the form of x(Q)f*(Q) is very similar to that

observed for pure 3-Mn.

The observation of a magnetic response which is sharply peaked around Q = 1.4A™ in
pure B-Mn and more broadly peaked in B-MngsAly2, and the appearance of a second
peak in the susceptibility at around Q = 2.0A™ in B-MnggAlg», is fully consistent with
our observations of the elastic magnetic scattering presented in chapter 7 (see section
7.7.3). This behaviour indicates that the magnetic correlations are of longer range in
pure B-Mn and dilute 3-MnAl alloys, than in the more concentrated alloys. However,
figures 8.17 and 8.18 show that the intensity of the magnetic response integrated over
all energies changes little between pure B-Mn and B-MngsAlg2, in contrast to our
observation of increasing elastic magnetic intensity in [3-MnAl alloys as the Al
concentration increases. This implies that the apparent reduction in the Mn moment in
dilute B-MnAl alloys observed in our neutron polarisation analysis study (see figure
7.17) is due to an increasingly inelastic component of the magnetic scattering, which is

not observable on D7 due to the narrow energy window available (see figure 7.7).

8.3.3.3 The Local Susceptibility x.

The local susceptibility at each Mn atom in B-Mn and B-MnggAlg, is derived by
integrating the wavevector dependent susceptibility over Q, as given by equation (2.40).
Defining <x(Q)>gm to be the sum over x(Q) up to a maximum value of Q = Q,, we

have,
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Qm
[x(@4dQ

<UD >qu=4

S (8.17)
/3 an

To facilitate this calculation, eq. (8.18) was approximated to a form based on the

modulus of the wavevector transfer [8],

3 1Q)Q;
< (Q>gu=t—- (8.18)

2Q

i=1
The value of <x(Q)>gm as a function of Q,, is found to increase from zero wavevector
transfer, and then to oscillate about a constant value as Q,, increases. This constant
value is taken to be the local susceptibility y;, since the oscillation ensures that an
integration over an adequate Q range has been performed. An example of the Qpn
dependence of <y(Q)>qm is shown in figure 8.19. The limit of Qy, in the low angle
bank on HET at E; = 100meV is 3.2A™", which is only enough to observe the first

maximum in the oscillation of <x(Q)>qm.
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Figure 8.19

The values of <x(Q)>pm shown as a function of Q,, for B-MngsAly> at a temperature of
159K.  The value of the local susceptibility y; is taken to be the level at which <x(Q)>om
oscillates at high wavevector transfers.
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The temperature dependence of the inverse of the local susceptibility 1/y;, thus derived
for B-Mn and B-MnggAly2 is shown in figure 8.20. The error associated with the

determination of 1, was typically around 10%, or + 0.05 pp® meV™" Mn atom™.

Figure 8.20 shows that the form of x;. is Curie-Weiss like at all temperatures in 3-Mn
and for T > 70K for B-MnggAlp2. Fitting 1/yy. to a straight line of the form,
l=l(T—em), (8.19)
. G
we can calculate the mean Mn moment per atom via eq. (2.3),
C  g’S(S+1)
5-11;2 3ky

(8.20)

?

where Henean = 8 S Us. (8.21)

Taking gs = 2 for Mn, we obtain S = 0.68 + 0.01 giving pmeam = 1.36 £ 0.02up per Mn
atom in B-Mn, and S = 0.72 £+ 0.02 giving Hmenn = 1.44 £ 0.04pp per Mn atom in
B-MngsAlp2. The value of the Curie-Weiss constant determined from fitting eq. (8.19)
to the data was Ocw = 295 = 2K for B-Mn and Ocw = 136 = 3K for
B-MnggAlg.
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Figure 8.20

The Curie-Weiss temperature dependence of 1/y;. The solid lines are fits to eq. (8.19).
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The value of the pmeawn = 1.44 £ 0.04up for B-MnysAlp> 1s in close agreement with the
value reported by Nakamura and co-workers [9] of tmean = 1.5 £ 0.2p5.  However, the
foregoing analysis assumes that there is a well defined localised paramagnetic moment in
B-Mn and B-MngsAlp>.  While B-MngsAlg, displays certain characteristics of local
moment formation, as indicated by our magnetisation (chapter 4) and uSR (chapter 6)
studies, it is likely that both B-Mn and (3-Mng sAl > are essentially itinerant in nature. A
more valid approach to the analysis of the local susceptibility ;. and staggered

susceptibility ., is provided by the SCR theory introduced in chapter 2.

2.1.1.1 Analysis of % and y, Using SCR Theory

It was shown in section 2.4.1.1 that the local susceptibility ;. is related to the square of
the thermal average of the longitudinal and transverse local spin fluctuation amplitude
<S;>* [10] by the equation,

Ngszunl <§, >
3k, T '

X (T) = (8.22)

If <S;>” is independent of temperature, then eq. (8.22) is of the form of the Curie Law
[eq. (2.2)]. The observation of a Curie-Weiss dependence of %;(T) in itinerant electron
systems can only be described by eq. (8.22) with a temperature dependent spin
fluctuation amplitude <S;(T)>’>. Values of <S;(T)>* calculated using eq. (8.22) for B-
Mn and [3-Mng sAly» are plotted in figure 8.21. The solid lines in figure 8.21 are guides

to the eye.

The temperature dependence of <S;(T)> changes dramatically from pure B-Mn to
B-MnygAly,. In pure B-Mn, <S;(T)> increases linearly with increasing temperature,
which from figure 2.12 is indicative of a nearly antiferromagnetic metal with a small
longitudinal stiffness constant (see section 2.4.3.2). In B-MngsAly,, <S;(T)>” increases
more rapidly than for B-Mn, and then shows a tendency to saturate at a value of
approximately <S;>* ~ 0.33. This behaviour is characteristic of temperature dependent
local moment formation, discussed in section 2.4.3.2, and suggests that the Mn moments

in 3-Mng gAly» are partially localised due to an increased longitudinal stiffness constant.
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Figure 8.21

The temperature dependence of the square of the thermal average of the longitudinal and
transverse local spin fluctuation amplitude <Sy(T)>" for pure B-Mn and f-MngsAly>. The
form of <S,(T)>* indicates the presence of purely itinerant Mn moments in pure S-Mn and
the partial localisation of the Mn moments in -MnosAly, — The point shown in red
indicates the magnetic transition temperature of [-MnysAly> given by eq. (8.25) The
dotted line indicates the expected temperature dependence of <SyT)>" of an
antiferromagnet below the transition temperature.
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The value of the saturation moment indicated by the saturation amplitude of <S;>* ~
0.33 for B-MnggAlgz is i ~ 1.15us.  This value is in broad agreement with both the
value of p = 1.5 £+ 0.2up obtained by Nakamura et. al., and the value of p = 1.44 £

0.04u obtained from a conventional fit of the local susceptibility to a Curie-Weiss law.

The fact that the values of the Mn moment in 3-Mng gAlg 2 calculated using conventional
local moment theory and SCR theory are of the same order, is suggestive of the
increasing local moment nature of B-MnAl alloys with high Al concentrations.
However, a Curie-Weiss analysis of the local susceptibility of 3-MnAl alloys is clearly
an inadequate description of the data, due to the variation of the Mn spin fluctuation

amplitude with temperature shown in figure 8.21.

Having obtained the form of the temperature dependence of the local Mn spin
fluctuation amplitude, we can now use ey. (2.45) to parameterise the observed staggeied
susceptibility at Q = 1.4A™ in terms of the mode-mode coupling constant F,, the square
of the staggered spin magnetisation per Mn atom at T = 0K, M*(0) and the non-
interacting Hartree-Fock contribution to the susceptibility xur(q), where q is the
antiferromagnetic wavevector, via

1 5 0 o 1 )
—=F| 28,V +————+M2(0) |. 8.23
s S[3< ) +stm-(qJ+ ( )} G2

In order to fit the observed temperature dependence of the staggered susceptibility of
B-Mn and B-MnggAly, (see figures 8.15 and 8.16) to eq. (8.23), the temperature
dependence of <S; >* shown in figure 8.21 was parameterised by fitting a straight line in

the case of pure 3-Mn and a quadratic in the case of 3-Mng Al 2.

Figure 8.22 shows the temperature dependence of the inverse staggered susceptibility of
B-Mn and B-MngzAly, fitted to eq. (8.23). The values of F, and [1/Fgur(q) + MSZ(O)]
obtained from the fits are shown in the figure. Since eq. (8.23) is defined only for the
paramagnetic regime, the fit of the 3-Mng gAly, data is shown above the position of the

peak in s at T ~ 70K (see figure 8.16d).
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are shown.
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Taking the value of the ordered Mn moment of pu ~ 1.05up/Mn atom for 3-Mng gAlg2
obtained from our neutron polarisation analysis study (see figure 7.17), the value of
MZ(0) in B-Mng Al is approximately ~0.275 /Mn atom. Therefore, from the value of
[1/Feur(q) + Mc2(0)] = 0.12 + 0.01ps* obtained from the fit of eq. (8.24) to 1/ shown
in figure 8.22, we can infer that,

1/%ur(q) ~ - 7.192 meV Mn atom uB'Z.
From eq. (2.30), a negative value of 1/¢ur(q) indicates that the Stoner condition for the

appearance of magnetic order, oy > 1, is satisfied in 3-Mng gAlj2.

Since the magnetic transition temperature is defined as the point at which 1/ys = 0, we
can rearrange eq. (8.24) to obtain,
SU(T") = 3/5[1/Faxmr(q) + MS(0)], (8.24)
= 0.072 £ 004 for $-Mng gAlg 2.

where T is the transition temperature predicted by SCR theory. This is shown as the
red point in figure 8.21, and indicates a transition temperature of T° ~ 53K for
B-MnggAlo,. This value of the transition temperature is higher than that obtained from
our magnetisation (Ty = 34K) and uSR (T = 38K) measurements. This discrepancy is
accounted for by the fact that the SCR theory does not take the effects of moment
frustration into account, which will inevitably depress the magnetic transition
temperature of the system. The SCR prediction of the temperature dependence of
<S;>? below the magnetic transition temperature is shown as the dotted line in figure

8.21.

For pure B-Mn we can assume that there is zero ordered moment per Mn atom at
T = OK. Therefore, the non interacting Hartree-Fock susceptibility in pure B-Mn is
given by,

1/xur = 16.762 pup® mev' Mn atom™,

which is the intercept on the 1/y; axis at T = OK.
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8.4 __Discussion

The inelastic polarised neutron scattering study of Shiga et. al. [1] presented in chapter 1
indicated that the introduction of Al into the B-Mn lattice resulted in a significant
reduction in the Mn spin fluctuation spectral width, from 20meV at 7K in pure -Mn to
0.7meV at 7K in B-MngoAlg;. This observation led Shiga to characterise the transition
from the dynamic B-Mn ground state to the largely static B-MngoAlp; ground state as a
quantum spin liquid (QSL) to spin glass transition. = Our measurements, however,
indicate that the spectral width of the spin fluctuations in 3-Mn is not reduced by the
introduction of Al. We do, however, observe a sharp reduction in the inelastic intensity
of both B-Mn and B-MnggAly, together with a concomitant rise in the elastic intensity

as the temperature decreases.

The observation of a persistent dynamic component in B-MnggAlg, is consistent with
our USR measurements (see chapter 6). Figure 6.21a shows that the initial muon
asymmetry ag(T) in B-MnggAlg, recovers to 1/3 of its high temperature value at T ~ 5K,
indicating a truly static magnetic ground state only at that temperature. The lowest
available temperature in our inelastic neutron study was 15K, at which point the initial
muon asymmetry lies well below 1/3 of its high temperature value, indicating residual

spin dynamics below the observed magnetic transition temperature of T, = 38K.

The most striking difference between pure B-Mn and B-MnggAly > is the change in the
nature of the staggered susceptibility ys and the local Mn spin fluctuation amplitude
<SL>2. The forms of the temperature dependence of Y, %1 and <SL>2 in both B-Mn and
B-MnggAlg, are in extremely good agreement with the theoretical predictions of the
SCR theory of nearly and weakly antiferromagnetic metals. = The form of the
temperature dependence of <S;>° indicates that B-Mn is an archetypal itinerant electron,
nearly antiferromagnetic metal, with <S;>* increasing linearly with temperature.
<S;>* in B-MnggAly, displays a tendency to saturate at high temperatures, thus
displaying both itinerant and local moment characteristics in accord with Moriya’s

unified theory [10].
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8.5 Conclusions

We have undertaken an inelastic neutron scattering study of B-Mn and B-MnggAlga.
We have shown that the large zero-point spin fluctuation spectral width of pure B-Mn is
not greatly reduced by the introduction of Al. Our measurements do not, therefore,

support the notion of a dynamic QSL to static spin glass phase transition.

The form of the magnetic scattering obtained by integrating over the entire inelastic
linewidth agrees well with the form of elastic magnetic scattering observed in our
neutron polarisation analysis study (chapter 7). The intensity of the magnetic scattering
is found not to vary greatly between -Mn and -MngsAlg2, indicating that the loss in
magnetic intensity observed in our neutron polarisation analysis study is due to an

increasingly inelastic component of the scattering cross-section.

The temperature dependence of the staggered susceptibility is found to be Curie-Weiss
like in the paramagnetic regime for both B-Mn and B-Mng 3Aly 2 as predicted by the SCR
theory. The form of the observed temperature dependence of the local Mn spin
fluctuation amplitude indicates the presence of purely itinerant moments in -Mn and

partially localised moments in 3-MnggAly .
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9 Conclusions and Further Studies

In this thesis, I have characterised the magnetic and structural properties of pure 3-Mn
and 3-Mn, Al alloys with concentrations in the range 0 < x < 0.2, using a combination
of experimental techniques. I have attempted to describe the mechanism by which the
inclusion of non magnetic Al impurities in the non-magnetic 3-Mn lattice results in the
stabilisation of short-range magnetic order, and to characterise the nature of the spin

dynamics and the magnetic ground states of the B-Mn;. Al series.

9.1 Structural Properties

We have demonstrated that the formation of -Mn from o-Mn results in a close packed
crystal structure in which there is geometrical frustration between the triangularly
coordinated site Il Mn moments. Al impurities display a strong preference for the site
I1 crystallographic position in the 3-Mn matrix, lending support to the contention that
the introduction of Al impurities in 3-Mn disrupts the spin configurational degeneracy
associated with the site II sublattice. We have also shown that there exists short-range
order of the Al impurities on the site II 3-Mn sublattice, with the Al nuclei displaying

anticlustering behaviour.

9.2 Magnetic Properties

9.2.1 In-house Characterisation

Magnetisation studies of B-Mn;.4Aly reveal spin glass like behaviour for concentrations
x> 0.1. The observation of a temperature dependent bulk susceptibility in B-Mn;_ Al
alloys with x > 0.1 in contrast to the weak temperature dependence observed in pure

-Mn indicates partial moment localisation in the concentrated alloys.
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We have observed non-Fermi Liquid scaling properties of the electrical resistivity of
pure 3-Mn with p(T) o< T2 at low temperatures, in accordance with the SCR prediction

for nearly antiferromagnetic metals.

9.2.2 uUSR Measurements

From our muon spin relaxation (WSR) studies, we have obtained the first published [1]
magnetic phase diagram of the B-Mn; Al series (figure 6.22). This phase diagram
reveals an abrupt rise in the transition temperature of B-Mn;Alx alloys at a
concentration of x = 0.09, which is accompanied by a change in the nature of the spin
dynamics from simple exponential to stretched exponential, indicating spin glass-like

magnetic relaxation in the paramagnetic state of the more concentrated alloys.

It is tempting to interpret this remarkable behaviour in terms of a quantum spin liquid to
spin glass phase transition. Nakamura and co-workers [2] have observed magnetic
ordering in B-Mn Al for x > 0.05, using NMR, and have attributed this magnetic
order to just such a transition process.  Their observations of the temperature
dependence of the nuclear relaxation rate 1/T; show a \T dependence for B-Mng ¢7Al 03
going over to a critical divergence in 1/T; vs. T for B-MngoAlo; (see chapter 1). It
would be instructive to investigate whether this change in the temperature dependence
of the nuclear relaxation rate in B-MnAl occurs at Al concentrations between 9at% and
10at%, where we observe the crossover from simple to stretched exponential spin
dynamics. However, our results are in broad agreement with those of Nakamura, in
that spin glass like magnetic behaviour is only observed in B-Mn;. Al alloys with

x 2 0.1, the NMR signal for alloys with x < 0.1 being too weak to observe.

The question remains as to what precipitates this extraordinarily abrupt crossover region
in the B-MnAl phase diagram at an Al concentration between 9at% and 10at%. One can
identify three main mechanisms which will affect the degree of local moment formation

and the nature of the spin dynamics in B-MnAl.
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a) Lattice expansion

As the B-Mn lattice expands with increasing Al substitution, the intersite electron
hopping rate will decrease (see section 2.4.3.1), leading to a narrowing of the spin
fluctuation spectral width. However, neutron diffraction studies of the B-MnAl series
presented in chapter 5 reveal no discontinuity in the lattice constant at the crossover

concentration.

b) Local environment
The substitution of non-magnetic Al atoms onto the magnetic site 11 3-Mn sublattice
introduces a degree of disorder into the matrix, and disrupts the magnetic exchange

between the magnetic site II Mn atoms.

c) Spin configurational degeneracy

Recent work by Asada [3] has shown a high degree of spin configurational degeneracy
in B-Mn, brought about by geometrical frustration in the site I 3-Mn sublattice. We
believe that substitution of non-magnetic Al atoms into this sublattice reduces this
frustration and, at least partially, lifts the spin-configurational degeneracy, thereby
reducing the spectral width of the spin fluctuations in the manner suggested by Pinettes

and Lacroix [4].

The indication of a unique spin relaxation time in dilute 3-Mn;_cAly alloys provided by
our LSR measurements implies that the nature of the spin relaxation in these alloys is
determined by the details of the 3d electron band, where itinerant moments, forming on
site II Mn atoms, do so uniformly throughout the lattice, as determined by the density of
3d electron states at the Fermi energy. The sudden appearance of a broad distribution
of spin relaxation times in B-Mn;. Al alloys with x > 0.09, indicated by the stretched
exponential form of the muon relaxation function, implies that the spin dynamics in this
regime are determined by a wide range of local magnetic environments over the site II
Mn atoms, as the degree of local magnetic disorder increases. The muon therefore,
becomes increasingly sensitive to localised transverse spin fluctuations, characterised by
a broad distribution of relaxation times. The reduction in the muon initial asymmetry

to well below 1/3 of its high temperature value indicates that while these transverse spin
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fluctuations effectively “freeze”, longitudinal (amplitude) spin fluctuations still persist

to very low temperatures.

9.2.3 Neutron Polarisation Analysis Studies

Analysis of the magnetic short-range order in 3-MnAl alloys at low temperature using a
novel Monté-Carlo procedure shows that the nature of the magnetic correlations in
B-MnAl changes little throughout the series. The strength of the magnetic correlations
increases but extend over a shorter range as the Al concentration increases.  This
concentration dependence of the magnetic correlations is consistent with a system in
which long-range antiferromagnetic order is disrupted by geometrical frustration of the
Mn spins at the dilute end of the series and local chemical disorder at the concentrated
end of the series. — However, since the magnetic correlations are similar in form
throughout the B-MnAl concentration range, the abrupt nature of the crossover region in
the uUSR phase diagram should not necessarily be interpreted as a transition between
magnetic ground states at a critical Al concentration, but rather as a consequence of a

sudden change in the nature of the fundamental spin dynamics.

9.2.4 Inelastic Neutron Scattering Studies

Inelastic neutron scattering studies of pure -Mn and B-MnggAl, reveal that the wide
spin fluctuation spectral width at low temperatures in pure B-Mn is not significantly
reduced by the introduction of Al, and that there remains a significant dynamic
component to the magnetic ground state at low temperatures. This observation is in
full agreement with our uSR measurements. However, the magnetic ground state of
B-MnggAlp, is observed to be largely static at low temperatures.  Analysis of the
integrated magnetic intensity reveals that our polarised neutron scattering experiment
measured only the dominant elastic contribution to the magnetic cross-section at these
temperatures. The observed decrease in the static Mn moment with decreasing Al
concentration is, therefore, assumed to be due to an increasingly large contribution to

the magnetic response from residual dynamical spin fluctuations at low temperatures.
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The staggered susceptibility of both B-Mn and B-MnggAlg, displays Curie-Weiss
behaviour in the paramagnetic regime in full agreement with the predictions of the SCR
theory. The origin of the Curie-Weiss temperature dependence is interpreted in terms
of the temperature dependence of the thermal average of the local spin fluctuation
amplitude, which indicates purely itinerant moments in pure B-Mn and partially

localised moments in 3-Mng gAlg 2.

9.2.5 Comparison of uSR and Inelastic Neutron Measurements

It has been shown [5,6] that in the case of a Lorentzian spin fluctuation lineshape, the
muon spin relaxation rate A is related to the Q-dependent susceptibility and linewidth

according to the relation,

BT\ 2(Q)
A =| — _— 9.1
. (N]§T(Q) @

where B is a coupling constant and the subscript n signifies that A is determined from
neutron measurements. In practice we do not have detailed information about I'(Q),
since we are measuring the powder averaged I'(|Q|) over a small Q-range. However, it
would appear from our inelastic neutron data that the Q-dependence of I'(Q) is weak.

We may therefore write eq. (9.1) as [6],

BTy,

A, =
=

9.2)

Thus, the functional form of A(T) measured in a uSR experiment may be derived from
the inelastic linewidth and local susceptibility measured in an inelastic neutron
experiment. It has recently been shown that this relationship holds extremely well for
the C15 laves phase compounds, YMn; and Y(MngoAlg.1)2 [6].

Figure 9.1 shows the form of the muon depolarisation rate derived from our inelastic
neutron scattering data (A,) for B-Mn and B-MnggAlp2, compared with the measured
muon depolarisation rate from our pSR study (Ausg) scaled to the data at high
temperatures by the coupling constant B. Figure 9.1 shows that eq. (9.2) does not hold
for either 3-Mn or B-MnggAlg2. In fact, the form of A,(T) is much more reminiscent of

the temperature dependence of the NMR relaxation rate 1/T, shown in figure 1.12.
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The muon depolarisation rate A, of f-Mn and p-MngsAly; derived from our inelastic
neutron data using eq. (9.2) compared to the measured muon depolarisation rate A,
scaled to the data at high temperatures using the value of B shown. A,(T) is shown to
Jollow a T'? temperature dependence in common with the NMR relaxation rate 1/T;.
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Figure 9.1 shows that the paramagnetic low temperature region of A,(T) approximately

follows a T'? dependence, in common with 1/T;.

This observation leads one to conclude that the muon and inelastic neutron data do not
scale according to eq. (9.2) for the same reason as the muon and NMR relaxation rates
are found not to scale according to eq. (6.43) (see section 6.4). Namely, that the muon
and nuclear and atomic spins are sensitive to different local environments and relaxation

rates.

As discussed in section 6.4, the Fermi contact contribution to the spin relaxation rate at
the interstitial muon site may be greatly reduced if the system is antiferromagnetically
correlated. Therefore, while the NMR and inelastic neutron measurements are sensitive
to the intrinsic spin relaxation rate, the muon relaxation rate is determined only by the
fluctuating dipolar fields at the muon site. One would therefore expect that the NMR
and neutron data would scale with each other according to eq. (9.2) but not necessarily
scale with the muon data. In contrast, the temperature dependence of both the inelastic
neutron linewidth and the muon depolarisation rate in YMn; and Y(Mn;.4Aly), is found
to follow an Arrhenius law of the form, A = Agexp™" and I' = Tgexp™ ' [6].
Therefore, while antiferromagnetic correlations prevail in these systems, the Fermi
contact interaction does not determine the spin relaxation and the conflict between the

USR and NMR relaxation rates is avoided.

9.3 Classification of B-MnAl

In this thesis we have shown that B-Mn is an archetypal nearly antiferromagnetic metal.
The measured temperature dependence of the NMR 1/T;, the specific heat, the
resistivity and the staggered susceptibility 7 all follow the functional forms predicted
by the SCR theory of nearly antiferromagnetic metals. We have demonstrated that the
addition of Al to B-Mn results in the formation of partially localised magnetic moments
and a spin glass-like magnetic ground state at low temperatures. Between 9at% and
10at% we have observed an abrupt change in the nature of the fundamental spin

dynamics of B-MnAl from simple to stretched exponential.
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Referring to Moriya’s classification diagram (figure 2.10), the increased amplitude of
the spin fluctuations and the observation of partially localised moments allows us to
characterise 3-MnggAlp, as an intermediate system at the centre of the diagram. On the
evidence of our magnetisation and inelastic neutron scattering experiments, one might
expect that the route followed by the B-Mn,.xAly series across the classification diagram
shown in figure 9.2 would be given by a smooth transition from pure B-Mn to B-
Mny gAlp2 involving a gradual process of moment localisation and a gradual increase in
the spin fluctuation amplitude. The precise route across the Moriya classification
diagram will be determined by further inelastic neutron scattering studies of

intermediate 3-Mn; <Al concentrations, scheduled on HET.

The most likely origin of the abrupt increase in the observed transition temperatures of
B-Mn; (Aly, is the sudden lifting of the degeneracy of the Mn spin configurations, and
the creation of a unique local spin configuration, caused by the reduction in the
topological frustration of the Mn moments. This reduction in frustration will suddenly
decrease the spectral width of the amplitude spin fluctuations, allowing the spin
dynamics to become dominated by the transverse spin fluctuations associated with ever

more localised Mn moments in the system.

Local in Spin Fluctuations Local in
— Q space real space
m
B-Mn

L5,
B'M“o,uAlo,
\ AE

B'Mno.sAlo,z

Amplitude

Saturated

Figure 9.2

The positions of B-Mn and B-MnysAl,, on Moriya’s classification diagram estimated from
our inelastic neutron scattering and ISR studies.
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It is clear from this study that the characterisation of the transition from (-Mn to
B-Mng gAlg 2 as a quantum spin liquid to spin glass transition [2] is an oversimplification
of the problem. Our studies show that while we see a well defined magnetic transition
temperature in the more concentrated -MnAl alloys, there remains a residual spin
dynamical component of the magnetic ground state. This indicates that, while the
transverse spin fluctuations associated with partially localised moments may be

critically damped, some amplitude spin fluctuations remain.

9.4 Suggestions for Further Study

As a further investigation of the magnetic properties of the B-MnAl system, we shall be
undertaking a comprehensive study of the pressure dependence of the electrical
resistivity.  Such studies have provided valuable insight into the réle played by spin
fluctuations in the laves phase compounds YMn, and YCo; [7]. Analysis of the
pressure dependence of p(T) will allow us to characterise the magnetic properties of the
B-MnAl series as a function of lattice constant alone in alloys with fixed chemical

disorder.

The analysis of the magnetic diffuse scattering of 3-MnAl using Monté-Carlo modelling
has proved a very successful method of analysing magnetic short-range order in
powdered samples, while simultaneously taking nuclear short-range correlations into
account. Having established the basic framework for this type of analysis, there is a

great deal of scope for future work.

Investigations of B-MnFe and B-MnCo alloys are also planned, in which the formation
of a magnetic ground state is related to 3d electron donation (see sections 1.3.2 and
1.3.3), and in which the substituent atoms reside on the site I 3-Mn sublattice (see
chapter 5). It will be instructive to classify these alloys in terms of their moment

localisation and spin dynamical properties.
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Appendix A

The code of the Reverse-Monté-Carlo program “INTA” used to model the nuclear

diffuse scattering in f-MnAl alloys in chapter 7 is here annotated and listed.

The program was compiled and run on a Digital VMS Alpha computer. The intrinsic
function “RAN(I)” is specific to VMS FORTRAN 77 and generates an random number

between 0 and 1 from the integer seed 1.

Cc

C Reverse Monte-Carlo program to model nuclear disorder scattering in

C a binary alloy.

Cc
PROGRAM INTA

c

c ROSS STEWART: CREATED 12/5/98

c LAST MODIFIED 22/5/98

&
IMPLICIT NONE

c
INTEGER X2 (1000),Y2(1000),22(1000)
INTEGER X3(1000),Y¥3(1000),23(1000)
INTEGER XSEP,YSEP, ZSEP,CURR,ACOUNT, SNUM
REAL TOLL, SUMDSQ,OLDDSQ, STEP, STAR, SUMDSQ1 (10) , LAUT (10)
REAL A,CONC,LS,SDIST(30),DIST(1000),RAN,DIST2(1000),LATT
REAL QD(200),C0OD(200) ,ERRD(200) ,WC, PROB,RES (200) , SUMSINC(200)
REAL SINCF(30,200),CAL(200),LAUE,CHISQ(90000),GRACHI (10)
INTEGER HOLD,NUMD, PFLAG, HOLDX, HOLDY, HOLDZ , F
INTEGER LOOP,COUNT,NX,NY,NZ,MX,MY, MZ,N,YES (30) , ITER, RSHELL, NMN
INTEGER NAL,HIT,I,HITS(1000),AL(1000),MAIN,C(100),HOLDAL
INTEGER FIRST,LAST, INDCENT,CENT,COORD(30), SHELL,NUM, SH, NAT (30)
INTEGER SWAP(10),MISS(1000),ARSE,MCOUNT, GOODAL (1000), SENT
INTEGER COUNTAL, COUNTMN,NINSH, PAV(30),G,L,SCOORD(30), SUMS
LOGICAL SORTED
CHARACTER*60 TITLE
CHARACTER*8 DFILE,PFILE,UFILE
CHARACTER*33 DAFILE, PAFILE,CHIFILE
CHARACTER*30 PARFILE
CHARACTER*1 ANS

c

C Title

e
PRINT*, ' '
PRINT*, 1 hhkhkdhhkdhhhbhbdbhhbhbdhbdhdbdbdbhbddhbhbddhbdbhbdbdbdbhbhrrht
PRINT*, ' * IIIIII NN NN TTTTTTTT AA el
PRINT*, ' * LL NNN NN T AAAR ¥
PRINT®, * = II NNNN NN 3K AN AA 7t
PRINT*, ' * II NN NN NN TT AAAARA *:!
PRINT*, ' * II NN NN NN T AA  AA L2
PRINT*, ' * LTI NN NNNN TT AR AR #d
PRINT*, ' * IIIIITI NN NNN TT AA  AA x4
PRINT*’ t hhhkhkdkhhhdhhdhhhbhhddhrdhdddrhhbhdhhhbhhbhhbhhhdrhi?
PRINT*, ' '
PRINT*, ' RMC Modelling of Nuclear Diffuse Scattering’
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PRINT*, ' by Ross Stewart'

PRINT*, ' '

PRINT*, ' University of St Andrews, May 1998"
PRINT*, ' !

PRINT*, "' !

Parameters

aan

I=9762
PARFILE='MUSERL: [JRSZ2.NUC_SIM]PAR.DAT'

F=8
OPEN (UNIT=F, FILE=PARFILE, STATUS='OLD')
PRINT*, ' Input Data File (.DAT assumed) ---- '
READ(F,73) DFILE
DAFILE='MUSER1;[JRS2.NUC_SIM]'//DFILE//’.DAT'
PRINT*, ' Generate Random substitution (R) or '
PRINT*, ' read positions from "pos" file? (P) ----
READ (F,72) ANS
IF(ANS.EQ.'P'.OR.ANS.EQ.'p') THEN

PFLAG=1
ELSE

PFLAG=0
END IF
PRINT*, ' Input impurity concentration ---- '
READ (F,*) CONC
PRINT*, ' Input Laue Scattering level (barns/st/atom) --- '
READ(F, *) LAUE
PRINT*, ' Input Lattice constant (A) ---- '
READ(F,*) LATT
PRINT*, ' Input tolerence level ---- '
READ(F,*) TOLL
PRINT*, ' Input number of swaps per iteration (max 5) ----
READ (F, *) SNUM
PRINT*, ' Input name for output files ---- !
READ(F,73) UFILE

1

c
A=LATT*1E-04
&
C Format Statements
G
T FORMAT (A60)
72 FORMAT (Al)
73 FORMAT (A8)
c
C Read in data
c
OPEN (1, FILE=DAFILE, STATUS="'OLD"')
READ(1,71)TITLE
READ (1, *) NUMD
DO L=1,NUMD
READ(1,*) QD(L),COD(L),ERRD(L)
END DO
CLOSE(1)

IF(PFLAG.EQ.1) GO TO 222

Coordinates for Site II nuclei

Q0O

X2(1)=3750
Y2 (1)=7965
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G

C Generate two unit cells in X,Y,

L5

C

Z2(1)=9535

X2 (2)=8535
Y2(2)=3750
Z2(2)=7965
X2 (3)=7965
Y2 (3)=9535
Z2(3)=3750
X2 (4)=8750
Y2 (4)=7035
z2(4)=465

X2 (5)=4535
Y2 (5)=1250
Z2(5)=2035
X2 (6)=2965
Y2 (6)=5465
22 (6)=6250
X2 (7)=6250
Y2 (7)=2965
Z2 (7)=5465
X2 (8)=465

Y2 (8)=8750
Z2(8)=7035
X2 (9)=2035
Y2 (9)=4535
z22(9)=1250
X2(10)=1250
Y2(10)=2035
Z2(10)=4535
X2 (11)=5465
Y2 (11)=6250
Z2(11)=2965
X2(12)=7035
Y2 (12)=465
Z2(12)=8750

COUNT=0
DO NX=0,1
DO NY=0,1

DO Nz2=0,1

and Z directions IN FIRST QUADRANT

CALL UNITGEN (X2,Y2,22,NX,NY,NZ,COUNT)

END DO

END DO
END DO
COUNT=0

C Transform nuclei in first quadrant onto other seven quadrants

c

40

MX=-2
MY=0
MZ=0

CALL QUADGEN (X2,Y2,22,MX,MY,MZ, COUNT)

IF (COUNT.EQ.1l) THEN

MX=-2

MY=-2

MZ=0

GO TO 40
END IF

IF (COUNT.EQ.2) THEN

MxX=0
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=-2
MZ=0
GO TO 40
END IF
IF (COUNT.EQ.3) THEN
MX=0
MY=0
MZ=-2
GO TO 40
END IF
IF (COUNT.EQ.4) THEN
MK=-2
MY=0
MZ=-2
GO TO 40
END IF
IF (COUNT.EQ.5) THEN
MX=-2
MY=-2
Mz=-2
GO TO 40
END IF
IF (COUNT.EQ.6) THEN
MX=0
MY=-2
MZ=-2
GO TO 40
END IF
IF (COUNT.EQ.7) THEN
COUNT=0
END IF

N=768

C Number of Al nuclei in matix
IF (CONC.EQ.0) THEN
NAL=0
ELSE
NAL=N*CONC
END IT
NMN=N-NAL

Set all nuclei to be Mn

aaQ

DO LOOP=1,N
AL (LOOP) =0
END DO

Randomly assign the Al nuclei

Q0o

COUNT=1
IF (NAL.GT.0) THEN
DO LOOP=1,NAL
200 LS=RAN (T)
HIT=INT (LS*N)
DO L=1,COUNT-1
IF(HIT.EQ.HITS(L)) GO TO 200

END DO
IF (HIT.EQ.0) GO TO 200
HITS (COUNT)=HIT
COUNT=COUNT+1
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AL (HIT)=1
END DO

END IF

PRINT*, 'THERE ARE ', COUNT-1,' AL ATOMS'

GO TO 223
C
C Read Al and Mn nuclear positions from a previously generated
C input file

C
222 PRINT*, ' Input position file (.POS assumed) ---- '
READ(F,73) PFILE
PAFILE="MUSER1: [JRS2.NUC SIM]'//PFILE//'.POS'
N=768
OPEN (12, FILE=PAFILE, STATUS='OLD")
DO LOOP=1,N
READ(12,*) X2 (LOOP), Y2 (LOOP), ZZ2(LOOP), AL(LOOP)
END DO
CLOSE(12)
CLOSE (F)
c
C Count Al and Mn nuclei
C
223 COUNT=1
ACOUNT=1
DO LOOP=1,N
IF(AL(LOOP) .EQ.0) THEN
MISS (COUNT)=LOOP
COUNT=COUNT+1
ELSE
HITS (ACOUNT)=LOOP
ACOUNT=ACOUNT+1
END IF
END DO
IF(PFLAG.EQ.1l) THEN
PRINT*, 'THERE ARE ',ACOUNT-1,' AL NUCLEI'
NAL=ACOUNT-1
NMN=N-NAL
END IF
C
MCOUNT=0
C
C*********************************************i—**************‘i—*********
|34
C Work out shell transformations
C
SENT=5
DO LOOP=1,N
XSEP=X2 (LOOP)-X2 (SENT)
YSEP=Y2 (LOOP)-Y2 (SENT)
ZSEP=Z2 (LOOP)-Z2 (SENT)
DIST (LOOP)=SQRT (REAL (XSEP**2)
+ +REAL (YSEP**2)
+ +REAL (ZSEP**2) )
END DO
(64

C Sort DISTANCE and separation arrays into ascending distance order
Cc

SORTED=.FALSE.

FIRST=1

LAST=N-1
80 IF (.NOT.SORTED) THEN
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SORTED=.TRUE.

DO 90 LOOP=FIRST,LAST
IF (DIST(LOOP).GT.DIST(LOOP+1)) THEN
HOLD=DIST (LOOP)
HOLDAL=AL (LOOP)
HOLDX=X2 (LOOP)
HOLDY=Y2 (LOOP)
HOLDZ=Z2 (LOOP)
DIST (LOOP)=DIST (LOOP+1)
AL (LOOP)=AL (LOOP+1)
%2 (LOOP) =X2 (LOOP+1)
Y2 (LOOP)=Y2 (LOOP+1)
Z2 (LOOP) =72 (LOOP+1)
DIST (LOOP+1)=HOLD
AL (LOOP+1)=HOLDAL
X2 (LOOP+1)=HOLDX
Y2 (LOOP+1)=HOLDY
Z2 (LOOP+1)=HOLDZ
SORTED=. FALSE.
END IF
90 CONTINUE
LAST=LAST-1
GO TO 80
END IF
o
C Ignore shells greater than 8 angstroms away
c
DO 120 LOOP=1,N
DIST (LOOP)=DIST (LOOP) *A
IF (DIST(LOOP).GT.8.0) THEN
NINSH=LOOP-1

GO TO 12
END IF
120 CONTINUE
G
C Sort nuclei into shells
&
12 NUM=1
SHELL=0
DO 110 LOOP=1,NINSH
IF ((DIST(LOOP+1)-DIST(LOOP)).LT.0.001) THEN
NUM=NUM+1
ELSE
COORD (SHELL+1 ) =NUM
SDIST (SHELL+1)=DIST (LOOP)
SHELL=SHELL+1
NUM=1
END IF
110 CONTINUE
&
RSHELL=SHELL-1
G
C Reinspect spins and assign
COUNTAL=1
COUNTMN=1

DO LOOP=1,N
IF(AL(LOOP) .EQ.1) THEN
HITS (COUNTAL)=LOOP
COUNTAL=COUNTAL+1
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ELSE
MISS (COUNTMN)=LOOP
COUNTMN=COUNTMN+1

END IF
END DO
c
C Check on internal consistency
c
IF(COUNTMN-1.NE.NMN.OR.COUNTAL-1.NE.NAL) GO TO 876
L4
C Initialise arrays
£
DO LOOP=1,RSHELL
YES (LOOP) =0
NAT (LOOP) =0
END DO
C

c**********************************************************************

C Start of main Loop

c
999 CONTINUE
c
c calulate sum of probability of each shell
c
DO L=1,NAL
CENT=HITS (L)
IF(AL(CENT) .NE.1) THEN
PRINT*, 'MISTAKE AT ',ITER,CENT,AL(CENT)

END IF

c

C Transform to neighbours and apply boundary conditions
C Identify and add AL

(e
DO LOOP=1,N
XSEP=X2 (LOOP)-X2 (CENT)
YSEP=Y2 (LOOP)-Y2 (CENT)
ZSEP=2%2 (LOOP) -Z2 (CENT)
X3 (LOOP)=X2 (LOOP)
Y3 (LOOP)=Y2 (LOOP)
73 (LOOP) =22 (LOOP)
IF(XSEP.GT.20000) X3 (LOOP)=X2 (LOOP)-40000
IF(YSEP.GT.20000) Y3 (LOOP)=Y2 (LOOP)-40000
IF(ZSEP.GT.20000) 23 (LOOP)=2%2 (LOOP)-40000
IF(XSEP.LT.-20000) X3 (LOOP)=X2 (LOOP)+40000
IF(YSEP.LT.-20000) Y3 (LOOP)=Y2 (LOOP)+40000
IF(ZSEP.LT.-20000) Z3(LOOP)=%Z2 (LOOP)+40000
XSEP=X3 (LOOP) -X2 (CENT)
YSEP=Y3 (LOOP) -Y2 (CENT)
ZSEP=%3 (LOOP) -Z2 (CENT)
DIST2 (LOOP)=SQRT (REAL (XSEP**2) +REAL (YSEP**2)
§ +REAL (ZSEP**2) ) *A
DO ITER=2, RSHELL
IF(ABS (DIST2 (LOOP)-SDIST (ITER)).LT.0.001) THEN
IF (AL (LOOP).EQ.1) YES(ITER-1)=YES(ITER-1)+1
NAT (ITER)=NAT (ITER) +1
END IF
END DO
END DO
END DO
&

C Re-initialise arrays
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DO LOOP=1, RSHELL-1
PAV (LOOP) =YES (LOOP)
NAT (LOOP) =0
YES (LOOP) =0

END DO

C compare simulation with experimental data

SUMDSQ=0.0

DO L=1,NUMD
SUMSINC(L)=0.0

END DO

Calculate pair probabilities and Warren-Cowley parameters
Calculate simulated cross—-section

Qaana

DO LOOP=1, RSHELL-1
PROB=REAL (PAV (LOOP) ) / (NAL*COORD (LOOP+1) )
WC=1.0+( (PROB-1.0)/(1.0-CONC))
DO L=1,NUMD
SINCF (LOOP, L) =REAL (COORD (LOOP+1) ) *WC
& *3IN (QD(L) *SDIST (LOOP+1) )/ (QD(L) *SDIST (LOOP+1) )
SUMSINC (L)=SUMSINC (L) +SINCF (LOOP,L)
END DO
END DO
c
C Calculate Chisqg
c
DO L=1, NUMD
CAL(L)=LAUE* (1+SUMSINC (L))
RES (L)=(COD(L)-CAL (L) ) /ERRD (L)
SUMDSQ=SUMDSQ+ (RES (L) **2)
END DO
SUMDSQ=SUMDSQ/FLOAT (NUMD)

Is tolerance satisfied

QaaQ

IF (SUMDSQ.LT.TOLL) THEN
CALL ACCEPT (AL, GOODAL)
CHISQ (MCOUNT)=SUMDSQ
GO TO 666
END IF
C
66 FORMAT (' CHISQ =',F8.4,2%,'-—— compared with ',F8.4,
2 MOVE',I5,' ACCEPTED')
67 FORMAT (' CHISQ =',F8.4,2x,'—--— compared with ',F8.4,
+! MOVE',I5,' REJECTED')
c
C Accept first move
C
IF(MCOUNT.EQ.0) THEN
CALL ACCEPT (AL, GOODAL)
CHISQ (MCOUNT)=SUMDSQ
OLDDSQ=SUMDSQ
CALL OUT (X2,Y2,%Z2,SDIST, PAV, RSHELL, GOODAL, NUMD, QD, COD, CAL, ERRD
+ ,UFILE)
GO TO 333
END IF
&
C Allow moves which minimise SUMDSQ
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IF (SUMDSQ.LT.OLDDSQ) THEN

CALL ACCEPT (AL, GOODAL)
CALL OUT (X2,Y2,%22,SDIST, PAV, RSHELL, GOODAL, NUMD, QD, COD, CAL, ERRD

+ ,UFILE)
WRITE(*, 66) SUMDSQ, OLDDSQ, MCOUNT
CHISQ (MCOUNT)=SUMDSQ
OLDDSQ=SUMDSQ

ELSE
WRITE (*, 67) SUMDSQ, OLDDSQ, MCOUNT

END IF

DO LOOP=1,N
AL (LOOP) =GOODAL (LOOP)

END DO
C
C Swap 5 Al atoms with Mn
C

333  SWAP(1)=HITS (INT (RAN (I)*REAL (NAL))+1)
SWAP (2) =HITS (INT (RAN (I)*REAL (NAL) ) +1)
SWAP (3) =HITS (INT (RAN (I)*REAL (NAL))+1)
SWAP (4) =HITS (INT (RAN (I)*REAL (NAL))+1)
SWAP (5) =HITS (INT (RAN (I)*REAL (NAL))+1)
SWAP (6)=MISS (INT (RAN (I)*REAL (NMN))+1)
SWAP (7)=MISS (INT (RAN (I)*REAL (NMN))+1)
SWAP (8)=MISS (INT (RAN (I)*REAL (NMN))+1)
SWAP (9) =MISS (INT (RAN (I) *REAL (NMN) ) +1)
SWAP (10)=MISS (INT (RAN (I)*REAL (NMN))+1)

Check nuclear type

Qa0

DO LOOP=1,5
IF (AL (SWAP (LOOP) ) .NE.1) GO TO 333
IF (AL (SWAP (LOOP+5) ) .NE.O) GO TO 333
END DO

DO LOOP=1,10
DO L=1,10
IF(SWAP (L) .EQ.SWAP (LOOP) .AND.L.NE.LOOP) GO TO 333
END DO
END DO

DO LOOP=1, SNUM
AL (SWAP (LOOP) ) =0
AL (SWAP (LOOP+5) ) =1
END DO

a0

Re-inspect spins and assign

COUNTAL=1
COUNTMN=1
DO LOOP=1,N
IF(AL(LOOP).EQ.1) THEN
HITS (COUNTAL)=LOOP
COUNTAL=COUNTAL+1
ELSE
MISS (COUNTMN)=LOOP
COUNTMN=COUNTMN+1
END IF
END DO
IF(COUNTMN-1.NE.NMN.OR.COUNTAL-1.NE.NAL) GO TO 876
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PRINT*, "' '

MCOUNT=MCOUNT+1
GO TO 999
c
C End of main loop
C************************************************************i’*********
c
666 PRINT*, 'Tolerance achieved'
PRINT*, 'END'
PRINT*, " !
CHIFILE=’MUSER1:{JRSZ.NUC_SIM]'//UFILE//'.CHI'
OPEN (3,FILE=CHIFILE, STATUS='UNKNOWN")
DO LOOP=1,MCOUNT
WRITE (3, *) LOOP,CHISQ (LOOP)

END DO

CLOSE (3)

CALL OUT (X2,Y2,22,SDIST,PAV,RSHELL, GOODAL, NUMD, QD, COD, CAL, ERRD

+ ,UFILE)

GO TO 101

c
C Consistency check failed
c
876 PRINT*, 'ERROR - FAILED CONSISTENCY CHECK'
&
101 END
c

ChrErhdhdddddhhhdbhbdhhhdddhbdbhbhbhbhbbdhddbhdddbdddddhhbdhhdhdbhbhhdbdbrhbbdhbhdhidddst

C
SUBROUTINE UNITGEN (X2,Y2,%2,N¥,NY,NZ, COUNT)
C
INTEGER X2 (1000),Y¥2(1000),22(1000)
INTEGER NX,NY,NZ,COUNT, LOOP
IF (NX.EQ.0.AND.NY.EQ.0.AND.NZ.EQ.0) THEN
RETURN
END IF
DO 101 LOOP=1,12
X2 (12+ (COUNT*12) +LOOP) =X2 (LOOP) + (NX*10000)
Y2 (124 (COUNT*12)+LOOP)=Y2 (LOOP)+ (NY*10000)
72 (12+ (COUNT*12) +LOOP) =22 (LOOP) + (NZ*10000)
101  CONTINUE
COUNT=COUNT+1

RETURN
END
&
C**********************************************************************
@
SUBROUTINE QUADGEN (X2,Y2,%2,MX,MY,MZ, COUNT)
¢
INTEGER X2 (1000),¥2(1000),22(1000)
INTEGER MX,MY,MZ,COUNT, LOOP, B
B=96
DO 100 LOOP=1,B
X2 (B+ (COUNT*B) +LOOP) =X2 (LOOP) + (MX*10000)
Y2 (B+ (COUNT*B) +LOOP) =Y2 (LOOP) + (MY*10000)
72 (B+ (COUNT*B) +LOOP) =22 (LOOP) + (MZ*10000)
100  CONTINUE
COUNT=COUNT+1

RETURN
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c

END

C*****'k****',Ir***********************************************************

Cc

Cc

c

SUBROUTINE ACCEPT (AL, GOODAL)
INTEGER AL(1000), GOODAL(1000)

N=T768

DO LOOP=1,N
GOODAL (LOOP ) =AL (LOOP)

END DO

RETURN
END

C****************************-Ir*****************************************

2

c
(4

SUBROUTINE
+0UT (X2,Y2, 22, SDIST, PAV, RSHELL, GOODAL, NUMD, QD, COD, CAL, ERRD
+,UFILE)

INTEGER X2 (1000),Y2(1000),22(1000),PAV(30),GOODAL(1000) ,NUMD
INTEGER LOOP, RSHELL

REAL SDIST(30), LAUE

REAL COD(200),CAL(200),ERRD(200),0D(200)

CHARACTER*8 UFILE

CHARACTER*33 OFILE, PFILE, RFILE, FFILE

OFILE='MUSER1: [JRS2.NUC_SIM]'//UFILE//'.OUT'
PFILE="MUSERL: [JRS2.NUC_SIM]'//UFILE//'.POS'
RFILE="MUSERL: [JRS2.NUC_SIM]'//UFILE//"'.RAW'
FFILE='"MUSERL: [JRS2.NUC_SIM]'//UFILE//'.FIT'

OPEN (1, FILE=OFILE, STATUS="UNKNOWN ')
DO LOOP=1,RSHELL-1
WRITE(1,*) SDIST (LOOP+1),PAV(LOOP),0.0
END DO
CLOSE (1)
OPEN (2, FILE=PFILE, STATUS="UNKNOWN ')
DO LOOP=1, 768
WRITE(2,*) X2(LOOP), Y2 (LOOP), %2 (LOOP), GOODAL (LOOP)
END DO
CLOSE(2)
OPEN (3, FILE=RFILE, STATUS="'UNKNOWN ')
DO LOOP=1, NUMD
WRITE(3,*) QD (LOOP),COD (LOOP) , ERRD (LOOP)
END DO
CLOSE (3)
OPEN (4, FILE=FFILE, STATUS="UNKNOWN"')
DO LOOP=1, NUMD
WRITE(4,*) QD(LOOP), CAL(LOOP), 0.0
END DO
CLOSE (4)

RETURN
END

C***************************i—*-ir********************************iri—*-ir**:ir*
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Appendix B

The code of the Reverse-Monté-Carlo program “MAG” used to model the magnetic

diffuse scattering in $-MnAl alloys in chapter 7 is here annotated and listed.

The program was compiled and run on a Digital VMS Alpha computer.
function “RAN(I)” is specific to VMS FORTRAN 77 and generates an random number

between 0 and 1 from the integer seed L.

c

a0

@]

Cc

Reverse Monte-Carlo program to model magnetic disorder scattering in
a binary alloy.

PROGRAM INTMAG

ROSS STEWART: CREATED 20/5/98
LAST MODIFIED 22/5/98

IMPLICIT NONE

INTEGER X2 (1000),¥2(1000),22(1000)

INTEGER X3(1000),Y3(1000),%3(1000)

INTEGER X4 (1000),Y4(1000),%4(1000)

INTEGER XSEP,YSEP, ZSEP, HOLDX, HOLDY, HOLDZ

REAL TOLL, SUMDSQ, OLDDSQ, DUM, THETA, THI, MUX (1000) ,MUY (1000)
REAL MUZ(1000),PI,YES(30),PAV(30),FFS(200),PLIER, SELF
REAL A, CONC,LS,SDIST(30),DIST(1000),RAN,DIST2(1000)

REAL QD(200),COD(200),ERRD(200),WC, PROB, RES (200), SUMSINC (200)
REAL SINCF(30,200),CAL(200),LAUE,FFl,FF2, FF3, LATT

REAL GMUX (1000),GMUY (1000),GMUZ (1000), SUMDSQ1 (10)

REAL CHISQ(90000),STEP, STAR,SELT (10),GRACHI (10)

INTEGER IIOLD,NUMD, PFLAG, IPRINT

INTEGER LOOP,COUNT,N, ITER, RSHELL, NMN, CURR

INTEGER NAL,HIT,I,HITS(1000),AL(1000),MAIN,C(100),HOLDAL
INTEGER FIRST, LAST, INDCENT, CENT, COORD (30), SHELL, NUM, SH
INTEGER SWAP (10),MISS(1000),ARSE,MCOUNT, SENT, VFLAG,NAT (30)
INTEGER COUNTAL,COUNTMN,NINSH, G, L, SUMS, SNUM, F

LOGICAL SORTED

CHARACTER*60 TITLE

CHARACTER*8 DFILE, PFILE, UFILE, MPFILE

CHARACTER*33 DAFILE, PAFILE, MPAFILE,CFILE

CHARACTER*1 ANS

CHARACTER*31 PARFIL

C User input

C

PRINT*, r R R R
PRINT*, ' * MM MM AA GGGGGG *!
PRINT*, ' * MMM MMM AARRA GG et
PRINT*, ' * M MMM AA BAA GG GGG *!'
PRINT*, ' * MM MM AAAAAA GG GG *!
PRINT*, ' * MM MM AA AA GGGGGG *'
PRINT*, ' ek e ok e e e ok ok e e ok ke ok ke e e ok ke ok ok ok ok ok T
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PRINT*, " !

PRINT*, ' RMC Modelling of Magnetic Diffuse Scattering'
PRINT*, ' '
PRINT*, ' by Ross Stewart'
PRINT*, ' University of St Andrews, May 1998'
PRINT*, ' !
PRINT*, * '
c
C Input Parameters
C
I=9762
IPRINT=0
F=8
PARFIL="'MUSERL: [JRS2.NUC_SIM]MAGPAR.DAT'
OPEN (UNIT=F, FILE=PARFIL, STATUS='OLD"')
g
PRINT*, ' Input data file (.DAT assumed) ---- '
READ (F,73) DFILE
DAFILE='MUSERL: [JRS2.NUC_SIM]'//DFILE//'.DAT'
PRINT*, ' Input position file from INTA (.POS) ---- '
READ (F,73) PFILE
PAFILE="MUSERL: [JRS2.NUC_SIM]'//PFILE//'.POS'
PRINT*, ' Generate random spins (R) or '
PRINT*, ' read from magnetic position file (P)? ---—-— '
READ(F,72) ANS
IF (ANS.EQ.'P'.OR.ANS.EQ.'p') THEN
PFLAG=1
ELSE
PFLAG=0
END IF
PRINT*, ' Input S5(S+¥l) —==~=
READ(F,*) SELF
PRINT*, ' Do you want to wvary (V) or fix (F) S(5+1)? —-—-—-= '
READ(F,72) ANS
IF(ANS.EQ.'V'.OR.ANS.EQ.'v') THEN
VFLAG=1
PRINT*, ' Look for hits? ---——- '
READ (F,72) ANS
IF(ANS.EQ.'Y'.OR.ANS.EQ.'y'"') IPRINT=1
PRINT*, ' Inpul Stepsize —-—-——— '
READ(F,*) STEP
STAR=5.0*STEP
ELSE
VFLAG=0
END IF
PRINT*, ' Input Lattice constant (A) --— '
READ (F,*) LATT
A=LATT*1E-04
PRINT*, ' Input number of spin rotations (max 5) ----= '
READ (F, *) SNUM
PRINT*, ' Input Tolerance level ---- '
READ (F,*) TOLL
PRINT*, ' Input name for output files ---- '
READ(F,73) UFILE
&
N=768
PI=3.1415927
c
C Format statements
c

71 FORMAT (A60)
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T2 FORMAT (Al)
73 FORMAT (A8)

C
C Read in data
C
OPEN (1, FILE=DAFILE, STATUS="'OLD"')
READ(1,71)TITLE
READ (1, *) NUMD
DO L=1,NUMD
READ(1,*) QD(L),COD(L),ERRD(L)
END DO
CLOSE(1)
(&
C Calculate Free Mn form factor
c
DO LOOP=1,NUMD
FF1=0.2438*EXP (-24.963* ( (QD(LOOP) /12.566) **2) )
FF2=0.1472*EXP(-15.673* ( (QD(LOOP) /12.566) **2) )
FF3=(0.6189*EXP (-6.54* ( (QD(LOOP) /12.566)**2)))-0.0105
FFS (LOOP)=(FF1+FF2+FF3) **2
END DO
c
C "Plier" is (gamma*ro)**2
C
PLIER=0.1936807
C
C Read in Mn and Al atomic position file
c
OPEN (2, FILE=PAFILE, STATUS="'OLD")
DO LOOP=1,N
READ(2,*) X2 (LOOP),Y2(LOOP),Z2 (LOOP) ,AL(LOOP)
END DO
@

C'\l-**'ir**‘i-**-Jr****************************ir***************************

&
C Sort out neighbouring shells and coordinations

C
SENT=5
DO LOOP=1,N
XSEP=X2 (LOOP) -X2 (SENT)
YSEP=Y2 (LOOP) -Y2 (SENT)
ZSEP=2%2 (LOOP)—-Z2 (SENT)
DIST (LOOP)=SQRT (REAL (XSEP**2)
+ +REAL (YSEP**2)
4 +REAL (ZSEP**2) )
END DO
e

C Sort DISTANCE and separation arrays into ascending distance order
Cc
SORTED=.FALSE.
FIRST=1
LAST=N-1
80 IF (.NOT.SORTED) THEN
SORTED=.TRUE.

DO 90 LOOP=FIRST, LAST
IF (DIST(LOOP).GT.DIST(LOOP+1l)) THEN
HOLD=DIST (LOOP)
HOLDAL=AL (LOOP)
HOLDX=X2 (LOOP)
HOLDY=YZ2 (LOOP)
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HOLDZ=Z2 (LOOP)
DIST (LOOP)=DIST (LOOP+1)
AL (LOOP)=AL (LOOP+1)
X2 (LOOP) =X2 (LOOP+1)
Y2 (LOOP)=Y2 (LOOP+1)
Z2 (LOOP) =22 (LOOP+1)
DIST (LOOP+1)=HOLD
AL (LOOP+1)=HOLDAL
X2 (LOOP+1)=HOLDX
Y2 (LOOP+1)=HOLDY
Z2 (LOOP+1)=HOLDZ
SORTED=. FALSE.
END IF
90 CONTINUE
LAST=LAST-1
GO TO 80
END IF
64
C Ignore shells greater than 8 angstroms away
c
DO 120 LOOP=1,N
DIST (LOOP)=DIST (LOOP) *A
IF (DIST(LOOP).GT.8.0) THEN
NINSH=LOOP-1

GO TO 12
END IF
120 CONTINUE
&
C Sort into shells
C
12 NUM=1
SHELL=0
DO 110 LOOP=1,NINSH
IF ((DIST(LOOP+1)-DIST(LOOP)).LT.0.001) THEN
NUM=NUM+1
ELSE
COORD (SHELL+1 ) =NUM
SDIST (SHELL+1)=DIST (LOOP)
SHELL=SHELL+1
NUM=1
END IF
110 CONTINUE
C
RSHELL=SHELL-1
C
C inspect spins and assign
C
COUNTAL=1
COUNTMN=1

DO LOOP=1,N
IF(AL(LOOP) .EQ.1) THEN
HITS (COUNTAL)=LOOP
COUNTAL=COUNTAL+1
ELSE
MISS (COUNTMN)=LOOP
COUNTMN=COUNTMN+1
END IF
END DO
NAL=COUNTAL-1
NMN=COUNTMN-1
IF (NAL+NMN.NE.N) GO TO 876
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33

(@]

C
c
C
99
c
Cc
c

Qaa0an

CONC=REAL (NAL) /REAL (N)
PRINT*,"' Input file consistent with a ',CONC,'% concentration’

Assign spin directions randomly or read from file

IF(PFLAG.EQ.1) THEN
PRINT*, 'Input magnetic position file (.MOS assumed) ---- '
READ (F,73) MPFILE
MPAFILE='MUSER1: [JRS2.NUC SIM]'//MPFILE//'.MOS'
OPEN (4, FILE=MPAFILE, STATUS='OLD")
END IF
COUNT=1
DO LOOP=1,N
IF(AL(LOOP) .EQ.0) THEN
IF(PFLAG.EQ.0) THEN
X3 (COUNT) =X2 (LOOP)
Y3 (COUNT) =Y2 (LOOP)
Z3 (COUNT) =Z2 (LOOP)

DUM=RAN (I)*PI

IF (RAN(I).GT.SIN(DUM)) THEN
GOTO 33

END IF

THETA=DUM

THI=RAN(I)*2.0*PI

MUX (COUNT)=SIN (THETA) *COS (THI)
MUY (COUNT) =SIN (THETA) *SIN (THI)
MUZ (COUNT)=COS (THETA)

ELSE
READ (4, *) X3 (COUNT),Y3 (COUNT),Z3 (COUNT),
+ MUX (COUNT) , MUY (COUNT) ,MUZ (COUNT)
END IF
COUNT=COUNT+1
END IF
END DO

IF (PFLAG.EQ.1) CLOSE(4)
CLOSE (F)

initialise arrays
DO LOOP=1, RSHELL
YES (LOOP) =0
NAT (LOOP) =0
END DO
MCOUNT=0
********************START OF MAIN‘ LOOP***************************
9 CONTINUE

calculate sum of each shell

DO L=1,NMN
CENT=L

Find neighbours, calculate total dot product of each shell
for all Mn atoms

DO LOCP=1,NMN
XSEP=X3 (LOOP)-X3 (CENT)
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oNeNe]

YSEP=Y3 (LOOP)-Y3 (CENT)
ZSEP=2%3 (LOOP) -Z3 (CENT)
X4 (LOOP)=X3 (LOOP)
Y4 (LOOP)=Y3 (LOOP)
74 (LOOP)=%3 (LOOP)

Boundary Conditions

IF(XSEP.GT.20000) X4 (LOOP)=X3(LOOP)-40000
IF(YSEP.GT.20000) Y4 (LOOP)=Y3(LOOP)-40000
IF(ZSEP.GT.20000) Z4 (LOOP)=23(LOOP)-40000
IF(XSEP.LT.-20000) X4 (LOOP)=X3(LOOP)+40000
IF(YSEP.LT.-20000) Y4 (LOOP)=Y3(LOOP)+40000
IF(ZSEP.LT.-20000) 24 (LOOP)=2%3 (LOOP)+40000
XSEP=X4 (LOOP)-X3 (CENT)
YSEP=Y4 (LOOP) -Y3 (CENT)
ZSEP=%4 (LOOP) -Z3 (CENT)
DIST2 (LOOP)=SQRT (REAL (XSEP**2) +REAL (YSEP**2)

E +REAL (ZSEP**2) )} *A
DO ITER=2,RSHELL

IF (ABS (DIST2 (LOOP)-SDIST (ITER)).LT.0.001) THEN
YES (ITER-1)=YES (ITER-1) + (MUX (CENT) *MUX (LOOP) ) +

¥ (MUY (CENT) *MUY (LOOP) ) +
+ (MUZ (CENT) *MUZ (LOOP) )
NAT (ITER-1)=NAT (ITER-1) +1
END IF
END DO
END DO
END DO

Convert to <S50.51> values

DO LOOP=1,RSHELL-1
PAV (LOOP) =YES (LOOP) /REAL (NAT (LOOP) )
NAT (LOOP) =0
YES (LOOP)=0.0

END DO

Calculate theoretical cross-section

SUMDSQ=0.0

DO L=1,NUMD
SUMSINC(L)=0.0

END DO

DO LOOP=1, RSHELL-1
DO L=1,NUMD
SINCF (LOOP, L) =REAL (COORD (LOOP+1) ) *PAV (LOOP)

+ *SIN(QD(L)*SDIST (LOOP+1) )/ (QD(L) *SDIST (LOOP+1))
SUMSINC (L) =SUMSINC (L) +SINCF (LOOP, L)
END DO
END DO

Compare with experimental cross-section data and obtain ChisSg

IF(VFLAG.EQ.1) THEN
DO CURR=1,10
SELT (CURR) =SELF-STAR+ (CURR*STEP)
DO L=1,NUMD
CAL (L) =FFS (L) *SELT (CURR) *PLIER* ( 1+SUMSINC (L))
RES (L)=(COD(L)~-CAL (L)) /ERRD(L)
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SUMDSQ1 (CURR) =SUMDSQL1 (CURR) + (RES (L) **2)
END DO
SUMDSQ1 (CURR)=SUMDSQ1 (CURR) /FLOAT (NUMD)
END DO
c
C Test dShiSqg/d(s(s+1l)) and to adjust S(S+1) value (if desired)
G
DO CURR=2,10
GRACHI (CURR) = (SUMDSQ1 (CURR) —SUMDSQ1 (CURR-1) ) /STEP
IF(IPRINT.EQ.1) PRINT*, SELT(CURR),GRACHI (CURR)
IF (GRACHI (CURR) .LT.0.0.AND.GRACHTI (CURR-1).GT.0.0) THEN
SELF=SELT (CURR) - (STEP/2)
IF(IPRINT.EQ.1) PRINT*, 'GOTCHALl'
END IF
IF (GRACHI (CURR) .GT.0.0.AND.GRACHI (CURR-1) .LT.0.0) THEN
SELF=SELT (CURR) - (STEP/2)
IF(IPRINT.EQ.1) PRINT*, 'GOTCHAZ2'
END IF
END DO
END IF

Calculate final Chisg
SUMDSQ is normalised ChiSg

QaQaan

DO L=1,NUMD
CAL(L)=FFS (L) *SELF*PLIER* (1+SUMSINC (L))
RES (L)=(COD(L)~-CAL(L))/ERRD (L)
SUMDSQ=SUMDSQ+ (RES (L) **2)

END DO

SUMDSQ=SUMDSQ/FLOAT (NUMD)

Is tolerance satisfied?

Qo

IF (SUMDSQ.LT.TOLL) THEN
CALL ACCEPT (NMN, MUX,MUY,MUZ, GMUX, GMUY, GMUZ )
CHISQ (MCOUNT)=SUMDSQ
GO TO 666

END IF

66 FORMAT (' CHISQ =',F8.4,2%,"'-——- compared with ',FB8.4,
+' MOVE',I15,' ACCEPTED')

67 FORMAT (' CHISQ =',F8.4,2x,"'--- compared with ',F8.4,
+! MOVE',I5,"' REJECTED')

Accept first calculated spin configuration

aQaaQ

IF (MCOUNT.EQ.0) THEN

CALL ACCEPT (NMN,MUX,MUY,MUZ, GMUX, GMUY, GMUZ)

CHISQ (MCOUNT)=SUMDSQ

OLDDSQ=SUMDSQ

CALL OUT (X3,Y3,%3,SDIST, PAV, RSHELL, NUMD, QD, COD, CAL, ERRD
KL , GMUX, GMUY, GMUZ , SELF, NMN, UFILE)

GO TO 333
END IF

Allow spin re-orientations which reduce SUMDSQ

Qa0

IF (SUMDSQ.LT.OLDDSQ) THEN
CALL ACCEPT (NMN,MUX,MUY,MUZ, GMUX, GMUY, GMUZ )
CALL OUT (X3,Y3,%3,SDIST, PAV, RSHELL, NUMD, QD, COD, CAL, ERRD
+ , GMUX, GMUY, GMUZ , SELF, NMN, UFILE)
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34

Cc

c************************END OF MAIN LOOP**************************

c
666

Cc

WRITE(*, 66) SUMD5Q, OLDDSQ, MCOUNT
CHISQ (MCOUNT)=SUMDSQ
OLDDSQ=SUMDSQ
ELSE
WRITE(*,67) SUMDSQ, OLDDSQ, MCOUNT
END IF
DO LOOP=1, NMN
MUX (LOOP) =GMUX (LOOP)
MUY (LOOP) =GMUY (LOOP)
MUZ (LOOP) =GMUZ (LOOP)
END DO

Rotate up to 5 spins at random

SWAP (1) =INT (RAN (I)*REAL (NMN) ) +1
SWAP (2) =INT (RAN (I)*REAL (NMN) ) +1
SWAP (3) =INT (RAN (I)*REAL (NMN) ) +1
SWAP (4) =INT (RAN (I)*REAL (NMN) ) +1
SWAP (5) =INT (RAN (I)*REAL (NMN) ) +1
DO LOOP=1,5
DO L=1,5
IF (SWAP (L) . EQ.SWAP (LOOP) .AND.L.NE.LOOP) GO TO 333
END DO
END DO

DO LOOP=1, SNUM
DUM=RAN (I)*PI
IF (RAN(I).GT.SIN(DUM)) THEN
GOTO 34
ENDIF
THETA=DUM
THI=RAN (I)*2.0*PI
MUX ( SWAP (LOOP) ) =SIN (THETA) *COS (THI)
MUY (SWAP (LOOP) ) =SIN (THETA) *SIN (THI)
MUZ ( SWAP (LOOP) ) =COS (THETA)
END DO

PRINT*, "' '

MCOUNT=MCOUNT+1
GO TO 999

PRINT*, 'Tolerance acheived'

PRINT*, 'END'

PRINT*, "' °
CFILE='MUSER1: [JRS2.NUC SIM]'//UFILE//'.CHI'
OPEN (3,FILE=CFILE, STATUS='UNKNOWN")

DO LOOP=1,MCOUNT

WRITE(3,*) LOOP,CHISQ (LOOP)

END DO

CLOSE (3)

CALL OUT (X3,Y3,2%3,SDIST, PAV, RSHELL, NUMD, QD, COD, CAL, ERRD
+ , GMUX, GMUY, GMUZ, SELF, NMN, UFILE)

GO TO 101

C Consistency check failed

(&
876
G

PRINT*, 'ERROR - FAILED CONSISTENCY CHECK'
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101 END
c
Qo ok ek ok ok ok ok ok ok ok ok ok ok ok ok ok ko ke ko ko ok ok ok sk ok ok ok sk ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok
&
SUBROUTINE ACCEPT (NMN,MUX,MUY,MUZ, GMUX, GMUY, GMUZ)
(82
REAL MUX(1000),MUY(1000),MUZ (1000),GMUX (1000} ,GMUY (1000)
REAL GMUZ (1000)
INTEGER NMN

DO LOOP=1,NMN

GMUX (LOOP) =MUX (LOOP)
GMUY (LOOP) =MUY (LOOP)
GMUZ (LOOP) =MUZ (LOOP)

END DO

RETURN
END
G
(O e ok o ke e e ok ok ok ok ke o ok ke ok ok ok ok ke ok ok ke ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok sk ke ok ok ko
c
SUBROUTINE OUT (X3,Y3,23,SDIST, PAV,RSHELL,
+ NUMD, QD, COD, CAL, ERRD, GMUX, GMUY , GMUZ , SELF,NMN, UFILE)

INTEGER X3(1000),Y¥3(1000),23(1000) ,NUMD, NMN
REAL PAV(30),GMUX(1000),GMUY (1000),GMUZ (1000)
INTEGER LOOP, RSHELL

REAL SDIST(30),SELF

REAL COD(200),CAL(200),ERRD(200),QD(200)
CHARACTER*8 UFILE

CHARACTER*33, OFILE, PFILE, RFILE, FFILE

OFILE="MUSERL: [JRS2.NUC_SIM]'//UFILE//'.OUT'
PFILE='MUSERL: [JRS2.NUC_SIM]'//UFILE//'.MOS'
RFILE="MUSERL1: [JRS2.NUC SIM]'//UFILE//'.RAW'
FFILE='MUSER1: [JRS2.NUC_SIM]'//UFILE//'.FIT'

Output <S0.51> file in "genie" format

Qa0

OPEN (1, FILE=OFILE, STATUS='UNKNOWN ")
WRITE(1,*) SELF
DO LOOP=1,RSHELL-1

WRITE(1,*) SDIST(LOOP+1),PAV(LOOP),0.0
END DO
CLOSE (1)

Atomic position and magnetic configuration file

Q0o

OPEN (2, FILE=PFILE, STATUS="'UNKNOWN"')
DO LOOP=1, NMN
WRITE(2,*) X3 (LOOP),Y3(LOOP),Z3(LOOP),GMUX (LOOP) ,GMUY (LOOP)
+ ,GMUZ (LOOP)
END DO
CLOSE (2)

C Raw data file in "genie" format
OPEN (3, FILE=RFILE, STATUS="UNKNOWN")
DO LOOP=1,NUMD

WRITE(3,*) QD(LOOP),COD(LOOP), ERRD(LOCP)
END DO
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CLOSE (3)

C
C Calculated cross-section in "genie" format
C
OPEN (4, FILE=FFILE, STATUS="'UNKNOWN" )
DO LOOP=1,NUMD
WRITE(4,*) QD(LOOP), CAL(LOOP), 0.0
END DO
CLOSE(4)
C
RETURN
END
C
C

C*****************************************-Jr*******i—*************i—**
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