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PREFACE

The Heusler alloys have been of interest since 1903 when F. Heusler
reported that ferromagnetic alloys could be made from non-ferromagnetic
constituents copper-manganese bronze and group B elements such as
aluminium and tin. A number of investigations have been conducted into
the magnetic properties of these alloys, and it has been established
that gheir ferromagnetism is closely associated with their chemical
(LQl) structure. However, the investigations have usuallj been
concerned with only one, or a very limited number of alloys, and
although several theories have been advanced to explain their properties
they have been based on very limited and sometimes conflieting data.

The present investigation has been conducted with a view to
obtaining more complete data on a larger range of alloys to provide s
better experimental foundation for theoretical calculations.

The thesis is divided into 9 chapters. The first 2 are a review of
eaxlier work and of the basic theories of magnetic ordering. Chapter 3
is concerned with diffraction theory, and chapter 4 with experimental
techniques. The experimental results for the various alloy series are
presented in chapters 5, 6, 7, and 8, and chapter 9 is devoted to a
summary and discussion of their structural and magnetic properties.

The work described in this thesis has been aided by many peéple to
whom I accord my most sincere thanks.
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of the manuscript.
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ABSTRACT

Four series of alloys have been prepared with the L21 or B2 structures
at the compositions CuzMnX, NiéMnX, ConnX, and szMnX, where X is a B
sub-group element such as Al, Si, Ga, Ge, In, Sn, or Sb. A further
series, with the Clb structure, has been prepared at the compositions
CuMnSb, NiMnSb, CoMnSb, and PdMnSbh. X-ray diffraction, neutron
diffraction, and magnetic susceptibility data have been used to determine
the chemical structures, the degrees and types of long-range order, and
the magnetic structures of all the alloys.

Manganese, the one element common to all the alloys, carries in
every case a large magnetic moment, usually about 4 B, which is coupled,
via some form of exchange interaction, to moments on neighbouring Mn
jons in an ordered magnetic structure. In addition to the traditional
ferromegnetic Heusler alloys geveral new intermetallic compounds with
the L21.or B2 structures have been discovered, some with antiferromagnetic
or complex spiral spin structures.

A generalized molecular field theory has been employed as a first
step in the theoretical analysis to indicate the major aspects of the
exchange forces that are present. The principal features that emerge
indicate that either several different exchange mechanisms are present
or that a single, oscillatory, relatively long-range exchenge force is
operating., Further lines of research are suggested that would lead %o
o more detailed understanding of the magnetic properties of this group

of alloys.
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CHAPTER 1

An historical suxvey of earlier investigations

In 1903 Heusler reported that manganese-copper bronze can be alloyed
with tin, aluminium, arsenic, antimony, bismuth or boron to produce
ferromagnetic alloys even though none of the constituent elements is
itself ferromagnetic.

Owing to its important bearing on the general theory of magnetism
this discovery excited consideiable interest and led to numerous further

investigations, Starck and Haupt (1903) measured the intemsities of
magnetization of several alloys in the Cu~Mn-Al and Cu-Mn-Sn systems,
and found ma.xima at the approximate compositions Cuzm.u and CMGHnSSn.
Ross and Gray (1910) reinvestigated the Cu-Mn-Sn system and found a
second, larger, maximum in magnetic intensity near the composition

Cu MnSn. In addition, they showed that the magnetization is affected
by heat treatment. Quenching from 580°C usually results in a marked
reduction in magnetization., Take and 'Semn.l (1914) made a systematic
Survey of magnetism in the Cu~Mn-Sn system and published magnetic

contours showing two pronounced maxime, one at Cu6Mn38n and the other,

and lerger one, at CuQMnSn.
Young (1923) investigated the structure of an alloy at the approx-

imate composition CuZHnAl using X-ray powder diffraction techniques.
He was able to show that the structure of the alloy depends upon its

Previous heat treatment. The weakly magnetic alloy that had been



2,
quenched from red heat was indexed as f.c.c. with a lattice parameter
370 kX, and the more megnetic 'naturally aged'! specimen as a mixture
of f.c.c. together with a b.c.c. structure of lattice parameter 2,98 kX.

Potter (1929) investigated the X-ray structure of single crystals
of Cuznnu and found that the alloy was b.c.c. with a lattice parametexr
2,95 kX, However the presence of f.c.c. superlattice lines indioa.ted
the existence of planes of low scattering power, and he was able to
show that the Al atoms were arranged on &u f.c.c. sublattice of cell
size 5.9 kX. He was unable to distinguish between the Cu and Mn atoms
because of the small difference in atomic socattering factors. The
directional magnetic properties were measured using the torsion method
and disc-shaped single crystals cut in the (100), (110), and (111)
planes. The results bore a striking similarity to those of f.c.c.
nickel, but were totally unlike those of b.c.c. iron. As it was thought
unlikely that the directional magnetic properties were much influenced
by the spatial arrangement of the Al atoms, it was suggested that Mn,
which was known to form several other ferromagnetic alloys, was also
arranged on an f.c.c. sublattice. The two possible structures which
would satisfy the requirements of chemical proportions, demnsity, and
X~ray data are shown in figure (1.1). In structure (1) the Cu atoms are
arranged on a simple cubic sublattice witp Mn and Al atoms at alternate
body-centres. In structure (2) there are four interpenetrating f.c.c.
sublattices, two of Cu, and one each of Mn and Al.

Persson (1929) working independently on a series of alloys of the

form (CuMn),Al came to the same structural conclusions. In addition he
3



/3,
showed that only alloys with Mn content >>19 At.% are ferromagnetic,
and concluded that this amount was necessary to produce an f.c.c. Mn
sublattice,

Bradley and Rodgers (1933) investigated the aluminium Heusler alloy
with the object of locating by direct experiment the positions of the
Mn atoms, and to test whether the change in structure without change of
composition would affect the ferromsgnetic character of the alloy. #n:
alloy at the composition Guz 2m0.65111.15 was investigated because it
exhibited an almost complete change in structure with heat treatment.
After annealing at 500°C and slow=cooling, the structure corresponded
to the 50u9A1 4 structure, and was practically non-megnetic. The same
alloy, after quenching from 800°C, had a b.c.c. structure with an f.c.c,
superlattice and was strongly ferromagnetic, confirming that the
magnetic properties of the alloy are structure dependent.

The difference between the atomic scattering factors of Mn and Cu,
of atomic numbers 25 and 29 respectively, is small, and to distinguish
between them is & matter of some difficulty. Bradley and Rodgers over-
came this problem by comparing accurate photometer measurements of
powder diffraction photographs taken using X-rays of different wave-
lengths, making use of the snomalies in atomic scattering factor which
occur when the frequency of the X-radiation is close to the character—
istic absorption frequency of the scattering element, Diffraction
photographs were taken using iron, copper, and zinc targets. The
scattering factors of Cu and Mn are depressed almost equally for copper

radiation, but the scattering factor of Mn is depressed more than that
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of Cu with iron radiation, and less than that of Cu with zinc radiation.
The disparity between the scattering factors of the Cu and Mn atoms is
thus accentuated with iron radiation and reduced by zinc radiation, The
enomalous scattering effects were evident from the change in relative
intensities of the 'odd' and 'even' superlattice lines, ipdioating that
the Mn atoms were also ordered. The intensities were such as to indicate
that the order is as shown in structure (1), figure (1l.l). The actual
Heusler (L21) structure is illustrated in figure (1.2).

0., Heusler (1934), working independently, derived the same structure
and showed that the lattice parameter had a maximum value of 5,935 kX
at the composition CuZHnAl. He also determined the megnetization after
various heat treatments, and recorded s maximum value equivalent to
3.4 Bohr magnetons per Ouznnll group.

The range of alloys known to have the Heusler structure has been
extended in more recent times, and their structural and masnet;o prop-
erties have been the subject of many investigations. The most reliable
results, together with those that hayve been the subject of the present

investigation, are tabulated and discussed in the appropriate chapters.
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CHAPTER 2

A survey of the theories of magnetic ordering

2.1 Introduction
The magnetic properties of materials are very varied but it is possible
to classify them into several groups characterized by their behaviour
in a magnetic field., The principal classifications are as follows.
Diamagnetism
Paramagnetisnm
Ferromagnetism
Antiferromagnetism
Ferrimagnetism.

The atomic origins of magnetism have been explained in terms of the
mgnetic moments associated with the orbital and spin motions of the
‘@lectrons. The explanations are summarized briefly below.

2.2 Diamagnetism

Diamagnetic materials have a small negative temperature independent
susceptibility X of magnitude of the order of 10 ”emu/mole. Diamagnetism
is a consequence of Lenz’s law applied to the orbital motion of electrons
round an atom, and is a property of all materials. However, since the
diamagnetic contribution to the total susceptibility is relatively

small for the materials that we shall be concerned with, it will not be

considered further.

2.5 Paremegnetism
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Each electron in an atom has an angular momentum 1 associated with its
orbital motion plus an intrinsic spin angular momentum s. In Russell-
Saunders coupling the individual momenta couple to give a total orbital
angular momentum L -Zi':li’ and a total spin angular momentum S -%_s_i.
Finally L and § couple to give a total angular momentum J = L + S.

Both the orbital and spin angular momenta bhave a magnetic moment
associated with them, the magnetic moment operators being

- dESL - oer

and % = - 2B§_
where B = |e[h/2mc = 0,927 x 10"2°emu, is the fundamental unit of magn-

(2.1)

etic moment entitled the Bohr magneton. 1o and B combine to give a
total magnetic moment W, where

u= ~B(L + 25) (2.2)
However, si.nce the ratios of magnetic moment to angular momentum are
different for the orbital and spin éasos, L and J are not pa.rallelg, N
precesses about J such that its component perpendicular to J averages
to zero and the component parallel to J, By is given by

W2 - 6P3(3 + DF (2.3)

vhere g is the Landé g-factor givem by

}+J(0 +1) ~L(L +1) & 8(5S+1
€= 20(J + 1

(2.4)
When a magnetic field is applied, the angular momentum is space quant-

ized, and only certain orientations are possible. The quantization rule
is such that the projection of J alomg the field direction has the
value mh, where m may take the values m = J, (J=1), (J=2), ...~(J=1),~J,

and the component of magnetic moment Hy parallel to the field is given
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by
Hy = ~Iep (2.5)
The potential energy of a dipole in a magnetic field is given by
E = pH = -mgpH (2.6)

and according to Maxwell-Boltzmann statistics the number of atoms having
the quantum number m is proportional to exp(-E/kT) = exp(mgpH/KT).

The total mégnetio moment per unit volume is thus given by

B4y
n ¥ mgpexp(mgpH/kT)
T ’

I = (207)

m=+J
T Jexp(meﬁH/kT)

vhich after some algebraic manipulation reduces to the form

27 +1 2J +1 1 - (2.8)
I = ngﬁ"[é 23 °°thE 23 ;Y"ﬁ“mém;}

The expression in brackets is known as the Brillouin function B(y)
vhere y = gJBH/kT. As J becomes very large B(y) approaches as a limit
the olassical Langevin function L(a), where L(x) = (cothy - 1/a) and
a = uH/kT.

At normal field strengths and ordinary temperatures gpmH/kT <K 1,
and the exponentials in equation (2.7) may be approximated by
(1 + gBmH/KT). Calculation results in an approximate paramagnetic
susceptibility

X = I/H = ng2d(J + 1)p2/3KkT = G/T (2.9)
This equation is known as the Curie law.
It has been assumed in the above analysis that any interaction

between neighbouring atomic moments is unimportant. The analysis may be
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extended to take into account the interaction of neighbouring atomic
" moments using the molecular field approach of Weiss (1907). It is
assumed that the effect of neighbouring moments may be represented by
an intermal field H

1
ective field H " is thus

proportional to the magnetization. The total eff-

B, = HE+ol (2.10)
vhere ¢ is the molecular field constant. Substitution of He for H in
equation (2.9) results in

X = wla/s(r - ady/K) = /(2 - 0) (212)
This is the Curie-Weiss law, where 0 - oy?n/}k is the paramagnetic Curie
temperature,
2.4 Perrogeetin
A ferromagnetic material is one in which the atomic moments are strongly
coupled and tend to be aligned parallel. As a result below a critical
temperature, the ferromegnetic Curie temperature 9!" such materials
Possess a spontaneous magnetization even in the absence of an applied
field,

Many ferromegnetic materials, however, exist in an apparently un-
magnetized state below their Curie togpomtuea, but exhibit a large
moment on the application of a small field. Weiss (1907) was able to
explain these results by postulating the existence of =small regions
called domains., Easch domain is spontaneously megnetized but the direction
of megnetization of each domain is not necessarily parallel, and the
material may have any nett magneiization from zero to the saturation

value at the temperature of measurement. The hypothesis of Weiss has
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since become well established.
The intensity of magnetization of a ferromagnetic may be calculated
on the assumption that the interaction between neighbouring magnetic
moments may be represented by a Weiss molecular field. Equation (2.8)

is then modified to become

where B(x) is the Brillouin function, and
x = gJB(H + cI)/kT (2413)

The spontaneous magnetization I(T) at temperature T may be obiained
in terms of I(0), the spontaneous magnetization at 0°K, by putting H = O
in equations (2.12) and (2.13). The resulting equations are

1(T)/1(0) = B(x) (2.14)
and I(1)/1(0) = KEx/nog’dr® (2.15)

Solution of these two simultaneous equations may be conveniently
obtained graphically from the non-zero intersections of the two curves
which are shown in figure (2.1a). P is the solution for T <05 and the
resﬁlting reduced spontaneous magnetizetion curves are shown in figure
(2.1b). Above T = 6, there is no spontaneous magnetization.

The calculated curves are in good agreement with many experimental
results, but detailed differences do exist, and the origin of the int-
ernal field was unexplained until Heisenberg (1928) applied the concept
of the exchange interaction.

2.5 The exchange interaction
An estimate of the magnitude of the internal molecular field may be

obtained from the Curie temperatures of typical ferromagnetic materials
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since uHy ~ kOp. For a material with o ~ 1000°K, and u ~ B per eton,
H, ~ 107 Oe, but the field due to a classical dipole B at a typical
nearest neighbour distance is mlO3 Oe.

Heisenberg (1928) first showed that a Weiss molecular field of the
correct order of magnitude could originate as a result of the quantum
mechanical exchange interaction between electrons from neighbouring
atoms. This may be best illustrated by considering the hydrogen molecule.

Suppose that the two hydrogen atoms A and B have wave functions *a
and V., and energy levels Ea end Eb respectively when moving independently.
Let the electrons have spin weve functions « or g corresponding to spins
+1/2 or -1/2 respectively. Then, as a result of the Pauli exclusion

principle, the total wave functions of the molecule must be antisymmetric,

and are
Vo= SN + ¥ @Y ®) @@ - a@p)]  (2.160)
(  a@a(2)
¥, - 2*a(1)¢b(2)-*a(2)*b(1)g§ B8 (2) (2.160)
«(L)B(2) + a(2)p(2)

where *1 is the singlet state corresponding to antiparallel alignment

of spins, and *11 répresents the. three triplet states associated with

rarallel alignment of spins. The energies of the two types of states are
B, = B, +Jp, (2.17a)

where Ec is the sum of the atomic and Coulomb interaction energies, and

J12 is the exchange integral given by
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Ji, = f VEQ¥R(2)v ¥, (2)¥, (1) avyav, (2.18)

v

12 is the mutual interaction energy of the two electrons, and dv,, dv2

1
are their volume elements. It is clear that the triplet ferromagnetic
state is only energetically favourable when the exchange integral is
positive.

The exchange energy H between two spins 8 and gﬁ may be re-expressed
in the Dirac (1935) form

H = =27 (2.19)

8
152484
where Ji is the exchange integral for the two electrons i and j.

J
Similarly we have for two atoms i and j, each of which has at least

one unpaired spin

H = - 2J. ~ (2.20)

O

where §1 = %fgi.

If it may be assumed that the exchange integral is negligible except
between nearest neighbours, the exchange enexrgy for a given atom i with

its j nearest neighbours is

H = =27, ggi% (2.21)

where Je is the exchange integral which is assumed isotropic.

The magnitude of Je may in principle be related to the Curie temp-
erature Q, and the Molecular field constant c by carrying out the sum-
mation of equation (2,21). This is not possible however without making
further approximations. One such approximation is the Ising (1925) model
vhich amounts in effect to assuming that the instantaneous values of the

neighbouring spins may be replaced by their time averages. Thus for z
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nearest neighbours

H = - 2z.re(sxisx‘_j + syisyj + sziszj) (2.22)
and if z is the axis of magnetization,
S.. =S. =0
SxJ ya
hence B = - 2285 . (2.23)
The magnetization I = ngﬁ§;j
hence H = -22JeSziI/ngB (2.24)

which is equal to the potential energy of the spin i in the Weiss
molecular field cl.

i.e. H = - g5,,pcI (2.25)

Equating (2.24) and (2.25) results in

c = 2zJe/n8292 (2.26)
And since 0 = cpzn/Bk
we have 6 = 22JeS(S +1)/3k (2.27)

2.6 Antiferromagnetism and ferrimagnetism
If the exchange integral Je is negative, rather than positive as in the

ferromagnetic case, then coupled spins will tend to antiparsllel align-
ment and antiferromagnetism or ferrimasgnetism will result.

The first theory of antiferromagnetism was developed by Néel and
extended by Van Vleck (1941) as a generalization of the Weiss molecular
field theory. In summary, it was supposed that, if the atomic lattice
of magnetic atoms is such as to permit its division into two equivalent

interpenetrating sublattices A and B such that A atoms have only B atoms
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a8 nearest neighbours and vice versa, then if only nearest neighbour
interactions are considered the exchange between atoms on sublattice A
is entirely with atoms on sublattice B. It was shown that such a system
possesses a- critical temperature, ON the Néél temperature, below which
the spins on the two sublattices are coupled antiparallel. Above °N the
moments are disordered as in a ferromagnetic above its Curie temperature,

and the susceptibility is given by the relation

22
S(S + 1
L G o (2.28)

which is identical to the Curie-Weiss law, but with a negative intercept
0 =~ ON.

Below the critical temperature, each sublattice acquires a spontaneous
magnetization and the susceptibility depends upon whether the applied
field is parallel or perpendicular to the antiferromagnetic axis.

When the external field is applied perpendicular to the antiferro-
megnetic axis the susceptibility below ON is constant and is given by

Yy o= ng2p2s(s + 1)/6x0y (2.29)

When the extefnal field is applied parallel to the antiferromagnetic
axis, its effect is to increase the magnetization of one sublattice and
to decrease that of the other. The susceptibility varies from zero at
0°K to a maximum equal to the perpendicular susceptibility at the Neel

temperature, and is represented by the equation

2 2523'
X1 = ﬁ%ﬁ:mﬁ%ﬁ‘l)-}wy;) (2.30)

where B(y) is the Brillouin function for

¥y = 2z]J|SS/kT (2.31)



14.
S is the mean value of S at temperature T, and z is the number of
nearest neighbours.
For powder, or polycrystalline, samples an average over all possible

‘orientations must be taken, and for cubic materials it is given by

X = 0, *’%*1 (2.32)

It follows that X(0) = %-X(ON), where X(0) and X(ON) are fhe suscept-
ibilities at 0°K and @ respectively.

Ferrimagnetism is the more general case of antiferromagnetism, and
occurs when the magnetizations of sublattices A and B are unequal, As a
result, ferrimagnetics possess a spontaneous moment below their critical

temperatures.

2,7 Band theories of ferromagnetism

In the discussions of ferromagnetism and antiferromegnetism so far
considered, it has been assumed that the magnetic moments may be regarded
as localized at the magnetic atom sites and that the exchange coupling
is a direct geisenberg exchange between nearest neighbours. In the ferro-
megnetic transition metals it is assumed that the magnetic moments
originate in the incomplete 3d shells, and the 3d wave functions of
adjacent atoms overlap sufficiently to'provide a direct exchange inter-
action of the appropriate magnitude and sign. However, since most ferro-
magnetic materials are either metals or alloys, it is clear that a
localized model that does not take into account the effects of the con-
duction electrons 1s at best incomplete.

When an assembly of free atoms is condensed into a solid the wave

functions of neighbouring atoms overlap, and the formerly discrete energy
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levels of the outer electrons become broadened into a band of available
energy states. The first calculations for the 3d and 4s band electrons
of the iron group transition metals were made by Slater (1936). The
energy band for the 3d electrons is relatively narrow and is overlapped
in energy by the much wider 4s band. Since the bands will be filled to
the same level, the number of electrons (or holes) per atom in each band
will in general be non-integral. This leads to an immediate explanation
of the experimentally observed fact of non-integral Bohr magneton numbers
of the ferromagnetic elements.

A quentitative 'collective electron theory of ferromagnetism' was
proposed by Stoner (1938)(1948)(1951) in a series of papers and reviews.
The theory is based on the following assumptions.

1. The 3d band is parabolic in the region of the Fermi level. i.e.

n(E)dE 25/ %s,

2. The electrons (holes) obey Fermi-Dirac statistics.

3. The exchange energy J(t) is proportional to the square of the relative
magnetization,'g, as in the Weiss theory, and may be written

() = - %-NkO'Cz, where N is the number of holes and 6' a parameter
which in the 'classical! treatment would correspond to the Curie
temperature.

The reduced magnetlzation and reciprocal susceptibility curves
derived by Stoner are in reasonable agreement with experiment. The l/X,T
curve is concave upwards near the Curie temperature but approaches the
corresponding ‘'classical curve' asymptotically at high temperatures.

The reduced spontaneous magnetization curves are always lower then the
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limiting 'classical! case. Later Wohlfarth (1951) extended the analysis
to apply to rectangular energy bands, but concluded that the band shape
is less decisive in determining many of the properties of ferromagnetic

substances than the form of the exchange energy J(g).
2.8 Indirect exchange theories

The localized and collective electron theories of ferromagnetism
approach the problem of explaining cooperative magnetic phenomena from
two opposite extremes, and attempts have been made to construct theoried
using models intermediate between the two. One such attempt is due tb
Zener (1951)(1952)(1953).

In the Zener model it is assumed that the }d electrons remain
localized whilst the 4s electrons form an energy band, and the inter-
actions are governed by the following simple principles.
1, The spin correlation between the electrons in the incomplete d shell
of a single atom within a solid is essentially the same as when it is
isolated in the gaseous state; the incomplete d shell of an atom in a
metal has the highest nett electron spin consistent with the number of
electrons therein. |
2. The exchange integral between d shells of adjacent atoms is of such
8 8ign as tends always to lead to antiferromagnetic alignment of the d
shell spins,
3. The spin of an incomplete d shell is strongly coupled to the spin of
the conduction electrons, and this coupling tends to align the incomplete
d shells in a ferromagnetic manner.

The type of megnetic structure that will prevail for a particular
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transition metal will depend upon the relative magnitudes of the vari;us

types of coupling.

The exchange energy due to the direct coupling of the d shells of
adjacent atoms may be represented by %usg per atom. Here Sd is the 4
average localized spin component per atom in Bohr magnetons, and « is g
positive exchange constant which decreases rapidly with a decreasing
amount of overlap of the d shells of adjacent atoms.

The s - d spin coupling results in an energy term of the form
-BSdSc, where Sc is the nett magnetization of the conduction electrons
in Bohr magnetons per atom. The coefficient § is positive and is the
order of magnitude of one electron volt. electron

Sincg, in the Zener model, there is a nett conduction/magnetization
Sc there must be an additional term in the emergy expression to represent
the increase in Fermi kinetic energy. Provided the inbalance in conduction
electron spin distribution is small the additional energy term may be
written %«sg. The coefficient ¥ is related to the Fermi energy E, and
the number of conduction electrons per atom n by the relation Y = 2E/3n.,

The total spin energy E, is thus

1.2 Lyg? 2.33) .
E, = Z08; - BS;S, + 575, (2.33)
Since the conduction electron contribution to the entropy of the system

is negligible, the equilibrium value of S, is that which minimizes E .
Hence, differentiating we obtain
(2.34)
Sc = (B/Y)Sd
Substitution ip (2.33) gives the equilibrium value

Es - %‘(a - BZ/Y)Ss_ (2o35)



18,
In order for ferromegnetism to occur the coefficient (a ~ 32/Y) must be
negative. When the coefficient is positive an antiferromagnetic structure
will result. |

Zener computed values of pz/Y for the ferromagnetic elements iron,
cobalt and nickel and compared them with the measured Weiss factors..
The computed values increase in the series Fe, Co, Ni in the same mannexr
a8 do the empirical factors, but are somewhat larger. The discrepancy
is however in the direction demanded by the postulate that direct
exchange between adjacent d shells is always antiferromagnetic.

The original Zener theory is oversimplified, but it is important in
that it drew attention to the fact that indirect exchange interactions
might contribute to the internal field. The Zener mechanism for polari-
zing the conduction electrons by the exchange interaction with the 4
electrons of the paramegnetic ion considers only first order energy
perturbations which lead to the physically unreasonable result of a
coupling independent of distance. k more complete theory of s - d inter-
action has been developed by Ruderman and Kittel (1954), Kasuya (1956)
and Yosida (1957). The Ruderman-Kittel-Kasuya-Yosida (RKKY) theory
shows that the spin density pi(r) is completely modified by the first

order perturbation of the wave functions, and is of the form

2
px(r) = %—; %.(1%2_ 2xJ (0)N"L EF(ka]E -R] )s:1 (2.36)

where 2n is the number of conduction electrons in the volume V. E is
the Fermi energy, and kh is the maximum wave vector for the unpolarized
state. J(k - k*) is the exchange integral between the conduction

electrons and the d core spin of the pubamagnetic ions. N is the number
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of lattice points, r is a position vector, B 1is the position vector of
the paramagnetic ions, and Sﬁ is the spin operator of a paramagnetic ion
with the z axis taken as the axis of spin quantization. The function
F(x) oscillates and is of the form '

F(x) = (x cos x - sin x)/x} (2.37)

The polarization is concentrated about the position of the Paramag-
netic ion, but oscillates and diminishes with distance. The periodicity
of the oscillations, which correspond to ferromegnetic and antiferro-
megnetic coupling, depend upon the wave vector kh and consequently the
conduction electron concentration, since n = (V/6w?)kz.

The RKKY interaction has been most successful in explaining the
magnetic properties of the rare earth metals, for which the experimental
data clearly indicates that the exchange must be long range and oscill-
atory in reml space. In addition, the incomplete 4f shells may be
considered as highly localized inside closed outer shells,

In the transition metals the situation is not nearly so simple, as
there are conflicting views as to the degree of localization of the 3d
electrons. However,AYosida (1957) applied the theory with some success
to some experimental results obtained on dilute Cu - Mn alloys, and
Mattig (1965) has tabulated the molecular field constants expected for
Ordered transition metal alloys with s.c., f.c.c., and 5.c.c. structures
in which the magnetic atoms are sufficiently far apart for the 4 shell
overlaps to pe unimportant.

Al though the exchange mechanisms so far considered are applicable

to many materials, it is evident that many ordered stoichiometric
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compounds exist in which it is unlikely that any of the above mechanisms
are responsible for the magnetic coupling. In particular, in the
transition metal oxides, the atoms that are strongly coupled antiferro-
magnetically are quite definitely separated by intervening, supposedly

mechanism

non-magnetic, oxygen ions. The accepted/for exchange spin coupling in
such materials was first suggested by Kramers (1934), and subsequently
developed as the theory of 'Superexchange' principally by Anderson
(1950, 1959, 1963).

The postulated supersxchange mechanism in MnO, for example, involves
the intervening 02- ion, It is supposed that in the ground state the 2
P electrons on the 02- ion are in identical orbitals and are consequently
antiparallel, Although there is no direct overlap of Mn 3d wavefunctions
there is a finite probability that a p electron will be transferred into
the 4 shell of the magnetic ion. As the transfer could only occur into |
an empty 4 orbital the remaining p electron would be spin parallel to
the‘full d orbits, and would interact by an assumed antiferromagnetic
interaction with the Mn ion on the other side. The resulting configur-
ation would be antiferromagnetic.,

The superexchange theory developed by Anderson may only be rigorously
epplied to insulating compounds. Another exchange mechanism was proposed
by Zener (1951), and extended by Anderson and Hasegawae (1955) and
de Gennes (1960), in order to correlate the electrical conducting and
magnetic properties of the mixed valency mangasnites of perovskite
structure such as (Lal_xCax)(Mn%:iMni+)03. Compounds at the extreme ends

(x = 0,1) are antiferromagnetic and semiconducting, but in the region
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0.2 <<x<{ 0.4 the conductivity is high and the materials are ferro-
magnetic.

The replacement of La3+ ions by Ca.2+ ions results in a corresponding
number of Mh3+ ions being replaced by Mn4+ ions. The migration of these
Mh4+ ions, which is accomplished by an Mn4+ ion capturing an electron
from a neighbouring Mn3+ ion gives rise to the electrical conductiwlty.
However the actual mechanism of electron transfer is important since
the Mn ions are separated by intervening 02- ions. Zener in his theory
of 'double exchange', postulated that the electron transfer must be
through the agency of the intervening 02" ion, and visuslized it as a
simultaneous transfer of electrons, from the Mn3+ ion to the 02- ion,
and from the 02_ ion to the Mn4+ ion on the other side. If the transfer
does not change the spin of the electrons, and the intra-atomic exchange
is sufficiently strong that only those configurations, where the spin
of the carrier and the local ionic spin are parallel, are important,
then electrons will be able to hop from one ion to the next only when
the two ionic spins are not antiparallel. This obviously leads to a
parallel spin coupling of the order of magnitude of the transfer
integral causing the electrons' motion. Thus the conducting mixed
valency mangenites have ferromagnetic components and the insulating ones
do not. De Gennes has shown that if the puie material is antiferromagnetic
a canted arrangement is the most stable in the mixed material. |
2.9 Summary
In conclusion it may be said that the mechanisms responsible for mag-

netic ordering are broadly understood. The superexchange mechanism is
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predominant in many insulating compounds, and in the rare earth metals,
vhere the 4f electrons are closely bound inside outer closed shells,
the oscillating RKKY interaction is most appropriate. In the transition
metal alloys, where the electronic structure is not so clearly defined,
localized, band, and intermediate models have all been applied with

varying degrees of success to the different systems.



23.

CHAPTER 3
X-ray and neutron diffraction

3.1 The geometry of diffraction

When & beam of X-rays or neutrons is scattered by a crystal, reinforce-
ment of the diffracted beam occurs at angles © given by the Bragg
equation
24 8in® = m\ (3.1)
where d is the separation of the scattering planes, A\ is the wavelength
of thé radiation, and m is the order of the refiection.
In the cubic system the separation of planes (hkl) is given by
a = af(n% 1% 122 (3.2)
where a is the lattice pgrameter of the unit cell, and h, k, 1 are the
Miller indices of the reflecting planes. Combination of equations

(3.1) and (3.2) give the Bragg equation for a cubic lattice

2
8in%0 = lab (h2+ k2+ 12) (3.3)
4a

3.2 X-ray diffraction
In X-ray diffraction, the fundamental scattering mechanism is the inter-

action between the Xiradiation and the charge of the electrons. The
scattering amplitude thus increages with the atomic number of the
scattering atom.

The intensity of a beam of X-rays diffracted by a cylindrical powder

sample is given by the formula
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2
1 20 .2
I > 520 sino IF A(°) (3.4)

The formula is made up of the following parts.

1. The Lorentz-polarization factor (1 + c05229)/(sin0 sin20) contains
the Lorentz factor 1/sin2é which is a measure of the probability that a
particular plane will be in a reflecting position, and the polarization
factor vhich arises because, although the incident beam may be unpolar-
ized, the diffracted beam is polarized and the effect on the intensity
is proportional to (1 + cosz20). In addition, in most detecting arrange-
ments, only a fraction proportional to 1/sin® of the radiation scattered
at an angle 6 is measured. |

2. The multiplicity factor j is the number of cooperating planes of the
same form for the particular reflection being measured.

3. The absorption factor A(6) is a complicated function of 6, the radius
r, and the linear absorption coefficient p of the specimen, but values
have been tabulated by Bradley (1935) as functions of © and ur.

4. The structure factor F(hkl) = z f (hkl) exp 27d.(hx + ky_+ 1z ), where
the atomic scattering factor f (hkl) is the ratio of the amplitude of
the wave scattered by an atom to that scattered by a single electron.

f is proportionél to the atomic number of the scattering atom at small
angles 0, but falls off as a function of (sin®)/A due to the spatial
distribution of the electrons. The calculated values are tabulated in
the Internatiaiial Tables for X-ray Crystallography, Volume 3, together
with the correction to be applied when the wavelength of the incident
radiation is near an absorption edge. |

At finite temperatures the atoms execute vibratiops about their
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equilibrium positions with the result that the atomic scattering factor

is reduced by a factor exp(—BsinZO/'}\z), where

2 - 3 6.5

h is Planck's constant, k is Boltzmann's constant,©is the Debye temp-
erature and M is the mass of the atom. x =@/T where T is the temper-
ature of the crystal.

The above expression for the temperature factor only applies strictly
to monatomic cubic crystals, but reasonable agreement can usually be
obtained for polyatomic crystals by using a mean value for©. Values
of O for the elements are tabulated in the International Tables for X-ray
Crystallography, Volume 3, and the functions exp(-B sin20/'h2), and
(#(x)/x + 1/4) in Volume 2.

The amplitude and phase of the resultant wave scattered from a
series of planes (hkl) is obtained from the algebraic sum of the waves
scattered by the individual atoms, and is

F(hkl) = X £ (hkl) exp 2mi(hx + ky + 1z ) (3.6)

where Xr Voo and Z, are the coordinates of the rth atom, and the sum-
mation is over one unit cell.

5«3 Neutron diffraction

The wavelength A associated with a particle of mass m and velocity v is
A = h/mv (3.7)
Neutrons which have attained thermal equilibrium in g reactor at a
temperature T will have a mean kinetic energy given by

fm’ - 2k (3.8)
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where v2 is the mean square velocity.

Combination of equations (3.7) and (3.8) gives the wavelength corres-
ponding to the root mean square velocities as

| A = b/(3mkr)/? (3.9)

The wavelength corresponding to 20°¢C is w~ 1.5 A, which is just the
right wavelength for diffraction by crystalline solids.

The intensity of a beam of unpolarized neutrons, scattered at an
angle © by a powder sample in the form of a vertical circular cylinder
fully bathed in the neutron beam, is given by the relation

I o j F°A(0)/sin® sin20 (3.10)

The relation is identical in form to equation (3.4) for X-rays, but
without the polarization factor. A(®), the absorption factor, varies
very slowly with angle, and for most materials can be ignored. The
geometrical structure factor is identical to that for X-rays; but the
atomic scattering factor f is replaced by the appropriate nuclear or
magnetic scattering length.

3.4 Nuclear scattering of neutrons
The fundamental scattering body in nuclear scattering is the nucleus,

and this leads to the immediate result that, since the dimensions of
the nucleus are small compared with the wavelength of the incident
thermal neutrons, the scattering is isotropic, and there is no form
factor fall-off with (sine)/a.

The neutron scattering power of & nucleus is usually expressed in
terms of a scattering length b, which is determined bﬁr the boundary

conditions at the surface of the nucleus. At present b cannot be



TABLE 3,1 ©Neutron and X-ray scattering data for the constituent

elements of the Heusler alloys. (From Bacon, 1962).

Element Atomic Neutrons X-rays
Number b (10" %m) £ (107 %en)
Al 13 0.35 3465
Si 14 0.42 5.95
T4 22 -0.34 6.2
Mn 25 -0.36 7.0
Co 27 0.25 T.6
Ni 28 1,03 7.9
Cu 29 0.79 8.2
Ga 3 0.72 8.8
Ge 32 0.84 9.0
Pd 46 0.59 12,9
In 49 0.36 13.9
Sn 50 0.61 13.9

Sb 51 0.54 14.2
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calculated, but is often expressed in terms of the potential and
resonance levels in the compound nucleus. The potential term is always
positive, but the resonance term may take negative values. Consequently,
in contrast to X-rays, b does not increase steadily with atomic number,
but behaves erratically, taking both positive and negative values, and
different values for different isotopes. The experimentally determined
values of b for the constituent elements of the Heusler alloys are shown
in table (3.1) together with the corresponding X-rey data.

The erratic behaviour of the scattering lengths has its advantages.
Whereas it is difficult to distinguish between the Mn atoms and other
transition metal elements by X~ray diffraction, it is pérticularly eary
with neutrons because of the negative scattering length of Mn. This

makes neutron diffraction a particularly useful technique for invest-

igating the degree of order of Heusler type alloys.

3.5 Magnetic scattering of neutréns

In addition to its mass, a neutron possesses a spin 1/2, and a magnetic
moment of 1.9 nuclear magnetons. The interaction of this moment with
that of a magnetic atom produces an additional magnetic scattering of
the neutron. Since the magnetic scattering is due to the unpaired
electrons, and not the nucleus, the magnetic scattering amplitude, p,
exhibits a form factor fall-off with (8ind)/A. The magnetic form factors
used for Mn, Co, and Ni are shown in figure (3.1).

Halpern and Johnson (1939) have shown that randomly oriented para-
magnetic ions have a differential magnetic scattering oross-section

dgbm per atom given by
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2,02
2 Y 2
&= 3 S(S + 1) 2 5 f (3.11)

me
where S is the spin quantum number of the scattering atom, e and m are
the electronic charge and mass respectively, c¢ is the velocity of light,
Y is the magnetic moment of the neutron in nuclear megnetons, and f is
the magnetic form factor.

Since the paramagnetic atoms are randomly oriented, the magnetic
scattering is entirely incoherent and adds to the background of the
powder diffraction pattern. In ordered magnetic materials the magnetic
moments are oriented in a regular manner, and the differential magnetio

scattering cross-section per ordered atom is given by
o = q282(32Y/mcz)2.f2 (3.12)
where g is the magnetic interaction vectér defined by

4 = g€ .W-% (3.13)

£ is a unit scattering vestor normal to the reflecting planes, and Y
is a unit vector in the direction of the magnetic moment.

The magnetic scattering amplitude p is defined as

2 2
p = (e“Y/mec®)st (3.14)
and hence equation (3.12) may be rewritten
22 )
do = q°p (3.15)

Halpern and J ohnson have shown that there is no coherence between
magnetic and nuclear scattering of unpolarized neutrons and the total
scattering cross-section do" is thus

ac = b2 4 qu2 (3.16)
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i.e., the intensities are added.
The total scattered intensity for any reflection is obtained by
calculating the total structure factor F for the unit cell. , The nuclear

structure factor Fn is given by

F, = ;br exp Zﬂ(hxr-q- ky_+ lzr) (3.17)

and the magnetic structure factor Fm by

F = )I;pr exp 2xi(hxr+ ky .+ lzr) (3.18)
The resultant intensity is proportional to F2 which is given by

2 2 2.2
F = Fn + q Fm (3019)

Now from equation (3.13),
¢ = 1-@F.w? = sin’a (3.20)

where o is the angle between £ and ‘Y. Thus if q2 is known for a
particular reflection, the orientation of the magnetic moments may in
principle be determined. However, for polycrystalline materisls only a
mean value of q2 from all reflecting planes of the same form is obtained,
and the most that can be calculated is the orientation of the moments
with respect to the ﬁnique axis. If no unique axis exists, as in a
cubic orystal for example, it is impossible to determine the moment
orientations from measurements on polycrystalline samples using
unpolarized neutrons.

In antiferromagnetic materials the magnetic unit cell is usually
twice the size of the chemical unit cell, and consequently the magnetic

and nuclear diffraction peaks are not superimposed, but in ferromagnetic
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materials the magnetic and chemical unit cells are usually the same
size and the magnetic and nuclear peaks are superimposed at the same
Bragg angle. The magnetic and nuclear contributions to the diffraction
peaks may be determined by three methéds. The best method is to vary qz.
This may be done by applying a magnetic field, sufficiently large to
saturate the sample, along or perpendicular to the scattering vector.
In the first case q2 = 0, and in the second q2 = 1, and the difference
between the two diffraction patterns is the magnetic scattering. If
suitable magnetic fields are not available measurements may be made
above and below the Curie temperature, but this method suffers from the
disadvantage that other parameters may change with temperature, and
corrections have to be applied. The third method is to compare the
intensities of diffraction lines at low and high angles. At low angles
the magnetic contribution may be large, but there is a rapid fall off
in magnetic contribution with engle due to the magnetic form factor,
and high angle lines have virtually no magnetic component. The disad-
vantage of .this method is that intehsitj.es cannot be measured as accur-
ately at high angles.

3.6 Magnetic scattering by spiral spin systems
The previous discussions have been concerned with magnetic scattering

from ferromagnetic or antiferromagnetic materials in which all the
magnetic atoms are aligned positively or negatively along a single
direction. However, it has been shown by neutron diffraction studies
that other more: complicated ordered arrangements can occur. In partic-

ular, spifel spin arrangements, in which the magnetioc moments in
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Successive planes are rotated through angles other than multiples of
180°, are observed.
In order to predict the magnetic scattering due to the additionsal
moment orientations it is necessary to generalize equation (3.18) and

to define a complex structure factor Em’ where

F,(h1) =« ypg exp2ni(hx + ky + 1z) (3.21)
r .

where 9 is the magnetic interaction vector for the rth atom. Replacing

9, by the full vector expression of equation (3.13), and substituting
in (3.21) gives

E(bd) = yp EE -%) -%) exp 2xi(hxs+ dy+ 12)  (3.22)

The positions and intensities of the magnetic reflections resulting from
& particular spiral spin systiem may be caloulated by substituting the
appropriate values in equation (3.22) and carrying out the summation.

There are many possible spiral spin configurations, three of which
are illustrated in figure (3.2), but the neutron diffraction patterns
arising from them are characterized by the appearance of pairs of
satellite magnetic reflections about the conventional Bragg positions,

For a simple sorew spiral such as is illustrated in figure (3.2a),
with the magnetic vector rotating about the [uvw] axis through an angle
# from one plane to the next, satellites to the Bragg reflection (hkl)
occur at angles corresponding to the generally non-integral indices
(vl kivA,14wf), where A= §/2x.

If there is only one type of magnetic atom (i.e. P, = p), then the
intensities of the normal ferromagnetic or antiferromagnetic Bragsg

22 2

reflections are proportional to ¢“p°, with ¢ given by equation (3.20).
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For a spiral spin configuration q2 is replaced by a mean value averaged
over all values of 9 of magnitude

a® = (1 + cos™)/4 (3.23)

where 7) is the angle between the spiral exis and the scattering vector.

3.7 The structure factors for a Heusler alloy

The chemicael structure of the Heusler alloys is shown in figure (1.2).

It is best considered as comprising 4 interpenetrating f.c.c. sublattices
4,B,C,D with coordinates (0 0 0), (1/4 1/4 1/4), (/2 1/2 1/2) and

(3/4 3/4 3/4) respectively, as in figure (1.1). The structure factor
for 4 such interpenetrating sublattices is non-zero when the Miller
indices of the reflecting planes are either all odd, or all even. The
even plenes may be divided into 2 groups, (h + k + 1)/2 odd, and

(b + kX + 1)/2 even. The generalized structure factors for the 3 groups

are then
A1l odd F(111) = |4§(fA— fC)2+ (f5- fD)zgl/ 2|
(h + Xk +1)/2 odd F(200) = |4(f,- £+ £~ fD)l (3.24)

(h + k +1)/2 even F(220)

|4ty £+ £ £)]
where :A’ fB’ fc, and fD are the atomic scattering factors for the
atoms on the respective sublattices.

F(111) and F(200) contain difference terms and correspond to the
order dependent superlattice lines. F(220) is the sum of the constituent
scattering factors and is independent of order. As we shall only be
concerned with relative intensities, the factors x4 may be neglected.

The structure factors for an ordered Heusler alloy, XZYZ, thus
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F(111) = |fy -1, |
F(200) = of, - (fY + fz)l (3.25)

P(220) = ofy + £y + £, |

3.8 The structure factors for g;g;b type alloy

In addition to the Heusler alloys with the composition XZYZ, another
series of alloys at the composition XYZ has been investigated. These
alloys have a structure very similar to that of the Heusler alloys, but
with one sublattice vacant, The structure is illustrated in figure
(3.3), The structure factors may be obtained from equation (3.23) by

substituting fc = 0, Hence

FO11) = éff( + (£ fz)zgl/ 2l

F(200) = |y - (£y+ fz)l (3.26)

p4a

F(220) = fx+f,+le

5.9 Order-disorder in ternary alloys
The state of long-range order of a binary alloy AB is conveniently

described in texrms of a long-range order parameter S, where

(No. of A atoms on sublattice A)

S - (No, of A atoms on sublattice A when randomly ordered
(No. of A atoms on sublattice A when fully ordered

~ (No. of A atoms on sublattice A when randomly ordered)

S defined in this manner is a useful parameter in that it is possible
to infer, with some quantitative precision, some of the important
features of the configurational state to which it is appropriate. In

particular, the intensities of the superlattice lines are proportional
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to 52.

It is not possible to describe the state of order of a ternary
alloy with only one order parameter except in the particular case when
the disorder is perfectly random. In practice, energy considerations
often dictate that the probability of one type of atom disordering is
not equal to that of another, and then a set of ordering parameters is
required. Unfortunately, their determination from superlattice line
intensity measurements is usually difficult end ambiguous. A limited
but imfommative solution may be obtained by considering only a restricted
number of ways in which the alloy is likely to disorder. Table (3.2)
illustrates seven such weys in which an alloy with the Heusler composition
XZYZ might be arranged on 4 interpenetrating f.cec. sublattices. oa, the
'Disordering parameter' is the fraction of either Y or Z atoms not on
their correct sublattices.
(1) is the arrangement of atoms in the ordered Heusler structure.
(2) and (4) represent @ state of disorder between only one X sublattice
and the Y or % sublattice respectively. As disorder of this type
proceeds the initial state of order is replaced by another state of
order, represented by a(2,4) = 1, with X atoms on A and B sublattices
say, and Y and Z atoms on C ahd D respectively. This structure is
11lustrated in figure (1.1), structure (2).
(3) end (5) represent the atomic arrangements to be expected if disorder
occurs between any of the X atoms and either of the Y or Z atoms
respectively., Maximum disorder of this form occurs at a(3,5) = 0.75,

but again this is order of snother form, the DO, (Fe3A1 type) structure.



TABLE 3.2 The arrangements of the atoms of an alloy X,YZ on 4 inter-

penetrating f.c.c. sublattices A, B, C, D, for the principal idealized

types of disorder.

(fhe disordering parameter a is the fraction of either

Y or Z atoms not on their correct sublattices.)

Type of
disorder

Sublattice
A

Sublattice Sublattice Sublattice
B C D

1.
Complete
order

2,
(X -1)
disorder

3
(X-Y=X)
disorder

& -2

disorder

5e
(X-2-X)
disorder

6.
(Y - 2)

- disorder

7.
(X-Y-x-2) (1-

disorder

(1 - a)X + aY
(a- g)X +-%Y
a - <)X + a2

-& &
1 2)X + 50

(1 - a)Y +aX X 2
l-a)f+ax (Q-9x+32 2
L X (1-a)2 +oX
Y QL-9Px+P  (1-a)s+aX

(1 -a)f +o2 X Q-a)2+ar

%a)}h g(m) (1-a)Y+ -;-(2x+z) (- -§u)X+ %(m) (1-a)Z+ %(2x+Y)
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(6) is the atomic arrangement when disorder occurs between the Y and 2
atoms only. Maximum disorder of this form occurs at «(6) = 0.5 and
corresponds to the ordered B2 (CsCl type) structure.
(7) represents random disorder. Complete diéorder, S = 0, occurs at
«(7) = 0.75.

The effects of the various types of disorder on the nuclear super-
lattice line intensities of CunAl are shown in figure (3.4). It is
of interest to note that, in marked contrast to binary elloys, disorder
can occur in such a manner as {o result in an increase in intensity of
either the odd or even superlattice lines.

It is found that in general one of the above types of disorder
predominates in alloys at the Heusler composition, and the state of
order can usually be satisfactorily described in terms of some degree
of preferential disorder, together with a small amount of random
disorder, The type of order that predominates, if any, is usually cleaxr
from graphs of F° versus a. In particular, disorder of type (6) which
often occurs in alloys containing Al, Ga, or In is easily recognized as
it only affects the odd superlattice lines. A comparison of neutron
diffraction, and X-ray diffraction data is usually sufficient to
determine unambiguously the state of order in a Heusler alloy.

The determination of the state of order of the Clb type alloys is
usually more complex since they are effectively quaternary alloys with
with 3 types of atoms and one vacancy distributed on 4 sublattices. In
eddition, there are 3 possible ways in which the atoms may be arranged

in the Clb structure., The 3 possibilities are shown in table (3.3).



However, provided the state of order is high, it is possible to
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distinguish between the 3 ordered configurations and to determine with

some confidence the type of disorder present.

TABLE 3.3 The 3 possible arrangements of an alloy XYZ on 4
interpenetrating f,c.c. sublattices A, B, C, D, assuming that

one sublattice (C say) is vacant, and there is no disorder.

Sublattice Sublattice Sublattice Sublattice

A B C D
1. X Y - Z
2. Y Z - X
30 Z X - Y
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CHAPTER 4
Experimental techniques

4.1 Alloy preparation
All the alloys were prepared in an essentially similar manner from

spectrographically pure elements supplied by Johnson Matthey & Co, Ltd.
The 5, 10, or 20 g ingots were made by melting the constituent elements
together in the appropriate proportions in an argon arc furnace. After
the initial melt the alloys were turned over and remelted 3 times, when-
éver possible, in order to emsure good mixing. Because on occaisions

the alloys were very brittle and shattered on remelting the first melt
was always mixed as thoroughly as possible. Care was always taken to
minimize any loss by vaporization., When the boiling point of one const-
ituent was lower than the melting point of another, as is that of Sb
below that of Pd or Co, half of the Mn was first melted with the Sb,

and the rest with the Pd or Co. The two halves were then melted together
vith minimal loss of material. Ingots were inspected and weighed after
removael from the furnace, and if for any reason any undue oxidation or
change in wedght had occurred, the melt was discarded.

The densities of the ingots were measured, and then the ingots were
crushed. About four large pieces were ground down into roughly ellipsoi—
dal ring-balance specimens approximately 3.5 mm long by 1.6 mm diameter,
The .reminders were crushed to powders in a hardened steel mortar. A

ring-balance specimen and small amounts of powder were sealed off under
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 vacuum in two small quartz tubes. The samples were amnealed for at

least 24 hours at temperatures between 500°C and 1000°C depending upon
the alloy. One sample was quenched into iced water, and the other was
slow-cooled %o room temperature, usually over 36 hours. X~-ray photo-~
graphs were taken of powder samples before annealing, after quenching,
and after slow-cooling, and any changes noted. The photographs taken
before annealing were always to some extent blurred due to the severe
c0ld working needed to produce the powder, but the principal lines
could usually be distinguished. The intensities and positions of the
lines on the photographs were compared with those calculated for a
Heusler alloy of that composition and density. If one or all of the
photographs appeared to indicate a Heusler alloy type structure, the
rest of the sample was sealed off under vacuum and given a similar heat
treatment,

4.2 Structural analysis

The structures of the alloys were initially investigated using X-ray
diffraction techniques. For most of the work a standard 9 cm Uniocam
Debye-Scherrer camera was used.

A glass fibre of about 100 microns radius was coated with a thin
layer of Canada balsam and evenly oovered with a thin layer of the
finest fnctién of the powder. The specimen was mounted on the rotator
at the geometrical centre of the camera, and an X-ray diffraction photo-
graph was taken using Ilford G industirial X-ray film in a van Arkel
mounting, Iron radiation, with & manganese beta filter, was usually used

in order to avoid fluorescence. The Bragg angles of the lines were
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determined from measurements of the positions of the lines using a

Cambridge Universal measuring machine. lattice parameters were determined
acourately from Nelson-Riley extrapolations of a, versus &(cosae/sinc +
00520/0). ILine intensities were estimated visually or were measured on
a Joyce~Loebel micro-densitometer, depending upon the acouracy required.
If the superlattice lines were expected to be very weak, photographs
were taken using a Philips 11.46 cm powder camera with fine collimation,

Iow temperature powder photographs were taken using a Philips camera
modified by Dr. F. H. Combley through which vapour, from a freely boiling
liquid nitrogen container, could be passed at various rates. The temper-
ature was measured using a thermocouple close to the specimen.

Acourate determinations of the magnetic and chemical structures of
the alloys, including qualitative estimates of degrees of order were
made using neutron diffraction techniques.

Neutrc'm diffraction facilities were provided on the DIDO high flux
reactor at A.E.R.E., Harwell, by arrangement with Professor G. E. Bacon.
Some initial work was done on the small BADGER diffractometer, but most
of the results were obtained on the larger high resolution CURBAN diff-
ractometer shown diagrammatically in figure (4.1).

The collimated beam of slow neutrons falls on the monochromating
orystal, and the monochromated beam is channelled through the shielding
to the centre of the spectrometer table. The emergent beam has a wave-
length of 1.056 A, and is of rectangular cross-section approximately
13" x 4", The intensity of the diffracted beam scattered by the specimen

10

is measured by the B~ enriched BF3 proportional counter.
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The counter rotates in a horizontal plane about a vertical axis
through the centre of the sprectometer table, and is programmed to count
at a fixed position until a preset momitor count is reached. The countexr
then steps wound through a small predetermined angle and then repeats
the count. The procedure is continued until a preset terminating angle
is reached. The counting is automatic and is recorded, together with the
counter angle and temperature, on a digital print out. A typical monitor
count is of the order of 4 x 106 neutrons at intervals of 1/5°.

The specimens were in the form of powders which were enclosed in
thin walled cylindrical cans. The initial work was done in copper cans
since the cryostat used had copper and stainless steel tails, but this
had the grave disadvantage that the (111) line of Cu usually fell on, or
close to, the (220) normalizing line of the alloy. When a vanadium tailed
oryostat and vanadium walled furnace became available the work was done
in titanium~-zirconium mull-matrix cans. Room temperature and furnace
runs were done in large cans approx. 3.8 cm x 1 cm diam,, with a sample
volume approx. 3 c:m3 o Cryostat runs were done in smaller cans approxz.

1 cm3 volume.

The furnace consisted of a simple electric heater fitted with a
eylindrical vanadium heat shield which encircled the specimen. Temper-
atures up to 150°C could be readily achieved.

The cryostat was constructed for use at liquid helium temperature,
but was equally suitable for use at liquid nitrogen temperature. The
specimen was attached to the end of a thick copper rod which was in good

thermal contact with the bottom of the innermost coolant container.
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Three sets of vanadium radiation shields enciroled the specimen which
quickly attained the temperature of the coolant. If it was necessary to
compare room and low temperature diffraction patterns, the room tempera~
ture run was done in the empty oryostat. The coolant was then introduced
without moving the cryostat. This enabled almost direct comparisons to
be made since the specimen remained in exactly the same position and,
apart from the temperature, the physical environment of the specimen
was unchanged,

Unfortunately there were no facilities aveilable for applying a
saturating magnetic field to the specimens, so magnetic structure det-
erminations were usually made by comparison of the diffraction patterns
above and below the ordering temperature., In some of the alloys, part-
icularly those containing cobalt, the Curie temperatures were too high
to permit this, and the magnetic and chemical structures had to be
deduced from room temperature data only. Fortunately, in most cases,
both the magnetic and muclear structure factors were such as to make
this method quite accurate.

4.3 Magnetic measurements

The magnetic properties of the alloys investigated were very varied,
and ﬁo Sucksmith ring-balances were found to be the most suitable
measuring instruments.

Magnetization measurements were made on the ferromagnetic alloys at
11 applied fields up to 16000 Oe, over a temperature range 77°K to

: approx. 1000°K, using a ring-balance basically as described by
" Suckemith (1939). | ! "“f““ﬂ

IR
PoLIgiAEd |
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The susceptibilities of paramagnetic and antiferromagnetic alloys

were measured at 3 applied fields, 3430, 7030, and 9900 Oe, over the
temperature range 77°K to approx 520°K, using a 'paramagnetic' ring-
balance as described by Sucksmith (1929).

Both balances are essentially similar, and depend for their oper-
ation upon the measurement of the force Fz exerted upon & specimen of
megnetic moment M in a non-uniform magnetic field. Fz is related to the
vertical field gradient by the equation

F, =M g% (4.1)
For a ferromagnetic specimen of mass m, and specific magnetization

GHT’ the equation becomes
)i

Fo = ™ 3z (4.2)
and for a paramagnetic material of susceptibility X, it may be writtem
. oH
e T (403)

Because of the difficulty of measuring 3—5 acourately both instrum-
ents are calibrated using pure materials of known magnetization or
susceptibility. A small, approximately ellipsoidal, specimen of spectro-
graphically pure iron is used to calibrate the ferromagnetic balance,
and a cylindrical sample of spectrographically pure palladium for the
paramegnetic balance,

In order to ensure that the calibration is valid for all specimens,
ferromagnetic measurements must be made in a region of the field where
the gradient g is constant and the change in absolute value of the
field is small., This is achieved by situating the specimen at the centre

of the magnet pole-pieces that have been stepped as in figure (4.2a).



a. Pole-tips and magnetic field for _ferromagnetic measurements.

."““?-“"m

b. Poletips and magnetic fied for susceptibility measurements
Fig. 4-2 ™
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The centre sections of the pole-pieces are inclined at approx. 5° to
the vertical, giving a small, effectively uniform field gradient over
the volume of the specimen.

In order to be able to compare susceptibilities directly, the speo-
imen must be in a region of the field where H %% is constant. As the - .
materials to be investigated have small and substantially field indep-
endent susceptibilities a region over which there is a steep field
gradient may be used. A suitable position is shown in figure (4.2b).

The force I'z exertéd on the specimen is measured by the deformation
produced in a ring of beryllium-copper strip, supported at the top, and
subject to the force at the bottom. The experimental arrangement is
shown in figure (4.3).

The angle turned through by a tangent to the ring is, to a first
epproximation, given by the equation

g= Fzraecose/4EI (4.4)
where r is the radius of the ring, I is its moment of inertia of cross-
section, and E is Young’s modulus. © is the angle between the itangent
. and the vertical. A maximum in @ ocours at about @ = 49° when

g = 0.140r°F /BT (4.5)

Plane mirrors are fixed at the positions 6 = 49°, and the ring

distortion is measured using an optical lever.

4.4 The electromagnets

The magnetic fields necessary to produce saturation in the ferromagnetic
materials, and sufficiently large field gradients to enable the suscep~

tibility of non-ferromagnetic materials to be measured, were produced
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by 4" electromagnets designed by Sucksmith and Anderson (1956). Energi-

8ing currents of up to 13 amps were supplied via a Westinghouse rectifier
from a 3~-phase Variac controlled supply. The pole~tips were in the form
of truncated cones tapering to approx. 3.5 om, with a cone angle 57°.

The pole-~gap was approx. 2 cm.

The magnet was mounted on an adjustable tripod base, and the whole
assembly could be moved horizontally along a track, in order to facilit-
ate adjustment and specimen changing.

4.5 The ring-balances

The femmm;tic balance consisted of a circular ring, approx. 5 om
diem,, of beryllium-copper gtrip 3 mm wide x+2 mm thick, supported in a
vertical plane at its highest point. A quartz tube approx. 30 cm x 2 mm
dism. was attached vertically to the lowest part of the ring. A copper
specimen holder was attached to the bottom end of the rod with Autostio
adhesive, lLateral constraint was provided by the 2 flat spirals, S,
which prevented the specimen from being pulled sideways without affect-
ing the linearity of the relationship between image displacement and
applied force. Light from a distant straight filament lamp was reflected
by the 2 mirrors, and foocussed by the lens L to an image in the focal
Plane of a travelling microscope capable of vertical traverse, and meas-
uring to 0,01 mm. The ring assembly was enclosed in an airtight glass
dome with optically flat windows, enabling the whole system to be evac-
uated. Damping was provided by light vanes dipping into silicone vacuum
oil,

The paramagnetic balance differed from the ferromagnetic balance in
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that it was required to measure much smaller forces. The ring was. ..
O¢l mm thick, and thinner spirals were used. The rod was made from
light German silver tube, but the weight was still such as to cause
excessive distortion of the ring. Increased damping was achieved by me~
king the damping 'vanes!' in the form of light hollow drume. The large
surface area provided the additional damping, and the upthrust reduced

the ring distortion without adding to the rigidity of the system.

4.6 Temperature control .

Temperatures between 77°K and room temperature were obtained using a
low temperature attachment devised by Crangle and Martin (1959). The
arrangement is shown in figure (4.4). It consists of 2 co-axial tubes,
closed at their ends, and capable of evacuation. Thé outer tube is of
thin walled German silver tube, and in operation is immersed in the
shaped Dewar vessel which is normally filled with liquid nitrogen. The
iner tube is of thin walled German silver tube down to the point Y,
where it is joined to the copper bottom. A small heater is set inside
the copper bottom, and a 6ontrolled heat leak is provided by the copper
bridge at X. The space between the 2 tubes is normally evacuated. Helium
exchange gas is contained in the inner container enabling the specimen
at Z to achieve almost the same temperature as the copper bottom. Temp~
erature control is achieved by balancing the heat input from the heater
against the controlled leak through the bridge.

High temperature measurements, up to 1000°K, were carried out under
vecuum in the narrow cylindrical water-cooled furmace illustrated in

figure (4.5). The inner quartz tube, internal diameter 8 mm, carries
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windings of nichrome strip, closely wound over the specimen region. The
strip is firmly attached with Autostic cement, and is insulated from
the brass water jacket with asbestos paper. The heat capacity of the
furnace is small, enabling equihibrium temperatures to be attained with
rapidity. A temperature of 1000°K could be maintained with a heat input
of approx. 50 watts. Additional water cooling is provided on the main
body of the ring balance to prevent heat from reaching the spirals.

The paramagnetic balance incorporated a 'Pallador' thermocouple,
electrically insulated in fine quartz tubes threaded down the balance
rod. The measuring judction was adjacent to the specimen, and the fixed
Junction was in melting ice. Pallador was used because of its small
susceptibility, and large thermal e.m.f. over the range T7°K to approx.
520°K. The thermocouple e.m.f. was measured using a Tinsley potentiometer
coupled to a Pye Scalamp galvanometer. Susceptibility measurements were
made at only 3 field values, and the temperature could be kept steady to
within 1° over the short time necessary.

A chromel-eonstantan thermocouple was used in the ferromagnetic
balance as neither of the constituents are ferromagnetic, and it gives
e large thermal e.m.f. over the range 77°K to above 1000°K., As magnetiz—
ation measurements were made at 11 applied fields, the temperature had
to be held steady for about 5 minutes. This was achieved by fine manual
adjustment of the heater current, with the thermocouple e.m.f. displayed
on a 0 -~ 10 mV pen recorder. When potentials above 10 mV were being
measured, potentials in steps of 10 mV were backed off using a Tinsley

potentiometer, and only the difference was displayed on the recorder.
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4.7 Alignment and operation of ring-balances

The specimen holder, containing a standard specimen, was centred visually
in the pole-gap. A long focus microscope was then used to observe the
movement of the specimen when the field was awitched on and off. Horiz-
ontal adjustments were made until no sideways movement could be detected.
The position of optimum field gradient for the ferromagnetic balance
was obtained by adjusting the vertical height of the magnet until the
position of maximm deflection was found. The horizontal adjustment was
then rechecked. The optimum position of constant HOH/dz for the parame~
gnetic balance, shown in figure (4.2b), was also obtained by a vertical
traverse.

The magnetic fields at the speoimen positions were measured for a
series of values of energizing currents up to & maximum of 13 amps
using a Pye Scalamp fluxmeter, and a search coil of 30 ou’ turns.

Box corrections were obtained by measuring the deflection of the
empty specimen holder in several applied fields. The linearity of the
instruments was checked by comparing the deflections produced by diff-
erent masses of standard specimens. When pq.ramametic measurements
were made, small weights wére always added to the ring in oxder to
ensure that the rest position did not change for specimens of different
mass. Alignment checks were repeated periodically, and calibration runs
were made before and after each complete experimental run.

4.8 Analysis of results
The ferromagnetic specimens were polished to an approximately ellipsoi-

dal shape using fine emery paper. Demagnetizing corrections were estim-
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ated for the appropriate axial ratios using the demagnetizing factors
given by Stoner (1945). The effective field H is related to the a.ppiied
field HA by the relation

H = H, - No (4.6)
where N is theé appropriate demagnetizing factor, p is the density, and
UHT is the specific magnetization in a field H at temperature T.

Magnetic isothermals were plotted over a wide range of temperature,

end values of the spontaneous magnetization, Oop» Were obtained. At low

0O

Curie temperature O—OT was derived from 0’2 versus H/o plots. (Kouvel

1957). At low temperatures, extrapolation to 0°K was made using the

temperatures o T was obtained by linear extrapolation, but near the

relation :
Top = Too(L - a?/?) (4.7)
The results were converted to Bohr magnetons per 'molecule’', p, using
the expression
P = M, /Np (4.8)
where M is the 'molecular weight', N is Avogadro’s number, and B is the
Bohr magneton.

Susceptibility, and reciprocal susceptibility versus temperature
curves were plotted for paramsgnetic and antiferromagnetic alloys. Néel
temperatures were measured, and paramagnetic Curie temperatures were
extrapolated. Bohr magneton numbers were obtained from the slope of the

reciprocal susceptibility curve using equation (2.13).
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CHAPTER 5
Experimental results - Cu MnX and CuMnX

5.1 Introduction

The Heusler alloys contaiming copper were the first to be investigated
and have since been the subject of many investigations. The magnetic
results of most observers agree to within 10%, but it is'difficult to
determine which are the most reliable because the magnetic properties
depend critically upon the alloy structures, and quantitative measure-
ments of the extents of order are not usually given. The best available
data on the alioys is summarized below.

5.2 CuMaal

The most complete magnetization date on this alloy is given by Endo et
al (1964), and Oxley (Thesis, 1964)., The alloys were prepared by
quenching from 800°C followed by én anneal between 100°C and 200°C for

over 100 h. The results are summarized in table (5.1).

TABLE 5.1
8 (&) opolemi/e) oy (wy)  0p (°R)
5.95 97 % 4 3.7 £0.2 600 %10

Felcher et al (1963) investigated a specimen that had undexrgone a
similar heat treatment using neutron diffraction techniques at room
temperature. A magnetic field of 12000 Oe was used to separate the

magnetic and nuclear scattering contributions. They were able to show
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that the alloy was highly ordered with a long-range order parameter
8 = 0.98, and the magnetic moment, at least to within 0.1 Hps was
attributed to :the Mn atom.

Kimura et al (1962) have shown that at 750°C the alloy has the B2
(CsCl type) structure, and Ohoyama and Webster (To be published) have
shown from resistivity measurements made during rapid cooling that the
transition temperature for Mn - Al ordering is 650°C.

Sucksmith and Bates (1923) measured the gyromegnetic ratio, and
Lande splitting factor g = 2, and hence concluded that the magnetic
properties were due to the spin, and not the orbitel motion of the
electrons.

Potter (1929) showed from single orystal torque measurements that
the easy direction of magnetization is 111 .

5.3 Cuinln

An alloy at about the composition CuéMnIn was investigated by Coles,
Hume-Rothery, and Myers (1949). The alloy was ferromagnetic as cast,

and its magnetic properties Qere insensitive to heat treatment. The
alloy had the Heusler structure, but with a small amount of an additional
phase,

The alloy was reinvestigated by Oxley (Thesis, 1964), end his results
for a specimen quenched from 525°C are summarized in table (5.2).
TABLE 5.2

ag (4) Toolema/e) o (Bg)  Op (°x)

6.2 74 = 2 4.0 £ 0.1 520 %5
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5.4 OuMasn
Taglang and Fournier investigated the phase changes in the alloy'CuZHnSn,
and two successive transformations were observed. The Heusler structure
is only stable above 650°C, but may be retained at room temperature by
very rapid quenching.
Oxley (Thesis, 1964) reinvestigated the alloy and his results are

shown below in table (5.3).

TABLE 5.3
&y (4) Toolemu/e) 1oy (up)  Op (°k)
6.17 76 & 2 4.1 £ 0.1 (530)

The measured Curie temperature is an estimated value because the Heuslelp
structure is not stable at that temperajure, and precipitation of a
non-magnétic phase occurs.

5.5 Cu MnSb and CuMnSb

Heusler, Starck and ﬁaupt (1903) reported that an alloy containing Cu,
Mn, and Sb was ferromagnetic, but the ferromagneiism they detected was
probably due to the presence of Binary alloys of Mn and Sb.

Oxley et al (1962) reported that an alloy at the composition Cu,MnSb
had the Heusler structure but exhibited some antiferromegnetic character-
istics., A maximum in the susceptibility was observed at 38°K, but
Curie-Weiss behaviour was not observed above that temperature. However,
Oxley (Thesis, 1964) later suggested that the alloy was probably a
mixture of CuMnSb and Cu.

Nowotny end Glatzl (1952) showed from X-ray diffraction measurements
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that CuMnSb was probably ordered in the Clb type structure with a
lattice parameter 6.05 k.X., but they were unable to .distinguish
positively between the Cu and Mn sites.

20 g ingots were prepared for the present investigation at the
compogitions CuMnSb and CuZMnSb by arc melting with losses in melting
of 1.9% and 1.0% respectively. The CuMnSb was annealed at 725°C, and
the Cu,MnSb at 600°C for 24 h before quenching. X-ray diffraction
photographs of the two alloys appeared to be identical apart from a few
extra lines on the CuZMnSb photograph. The additional lines were indexed
a8 f.c.c. with a lattice parameter 3.68 A. The measured lattice
parameters are compared with those calculated from density measurements

in table (5.4).

TABLE 5.4
a, (4)

Aoy Densi

(&/cm

from Density Measured

CuMnSb 6.8 6.2 6.097
Cu MnSb 7.1 5.7 6.097
Cu + ; (3.61) 3.68

T.1
Cul§nSb ) 6.2 6.097

Good agreement is shown for CuMnSb, and similar agreement is also
observed for CuZMnS‘b if it is assumed to be a mixture of Cu and CuMnSb.
The proposed structures were oconfirmed by measuring the X-ray

diffraction line intensities with a microdensitometer. The measured
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and calculated intensities are compared in table (5.5).

TABLE 5.5

Debye-Scherrer line intensities Cu(Ka)

hkl Calculated Meamured

1. CuMn-Sb 2, CuMnSb- 3. Cu-MnSb CuMnSb

111 39 31 70 37
200 32 40 0.1 32
220 100 100 100 (100)
311 19 15 33 19
222 9 11 0.1 8
400 16 16 16 14
Cu MnSb Cu
hkl Calculated Measured Calcﬁlated
L21 Main lines Extra lines f.c.c.
111 13 42 22 22
200 4 30 10 ~10
220 100 (100) 5 6
311 7 ~17 5 7
222 2 7 2 2
400 16 15 1 ~1

It is seen that CuMnSb has the Cl, type structure (1) as illustrated
in table (3.3), although structure (2) cannot be entirely eliminated.
It is clear that Cu MnSb does not have the Heusler strucgure, but

consists of CuMnSb and Cu.
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Some additional very faint lines were observed on both CuMnSb and
CuzMnSb photographs. They could not be satisfactorily indexed, but
their intensities were only about 1/2% of the intensities of the main
lines. |

The neutron diffraction patterns of the two alloys at 77°K are shown
in figure (5.1). The 2 patterns are very similar except for the
increased width and intensities at the (220) and (311) positions on the
CuMnSb pattern due to the superposition of the (111) and (200) lines
respectively of copper. The calculated and measured intensities are

compared in table (5.6).

TABLE 5.6
Nuclear intensities
hkl ‘Calculated Measured
OMoS®/ Gu CuMnSb  CuMmSh
111 258 226 (226)
200 37.8 29 28
2205111 910405  (9T) 9T he
311 /500 218 Jo3.0 16 ‘ (161)/116
222 17.3 15 11
400 25.1 26 27

CuMnSb has the Cl, structure (1) with a small amount of random

b
disorder, equivalent to a(Random) = 0.06, or S = 0.92. The calculated
intensities are not shown for structure (2), because this structure mey

be definitely eliminated as the calculated intensities are very much
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different. It is also confirmed that Cu, MnSb consists of CuMnSb + Cu,
but the Cu lines are about 4 times as intense as expected. This can
only be due to contamination from the copper supporting rod. Both
alloys also show very weak additional peaks that could not be reedily
indexed.

The susceptibility and reciprocal susceptibility versus temperature
curves for the two alloys are shown in figures (5.2) and (5.3). Both
alloys show a field dependency over much of the measured range that is
characteristic of & small amount of ferromagnetic impurity.

At temperatures above 350°K CuzMnSb follows a Curie-Weiss law, but
at lower temperatures the effects of a small amount of ferromagnetic
impurity are noticed. An estimate of the ferromagnetic contribution
was obtained by subtracting the susceptibility predicted from Curie-
Weiss behaviour from the measured susceptibilities. The impurity has a
Curie temperature of 310 % 10°K, and a spontaneous magnetization
oo = 0+38 emu/g CupnSb. But, below 150°K the measured susceptibility
is less than that expected for a mixture of a paramagnetic and a ferro-
magnetic, which is understandable if the CuMnSb exhibits some antiferro-
megnetism below approximately 150°K.

The CuMnSb differs from the CuéMnSb, in that the ferromagnetic
impurity has a Curie temperature appfoximately 510°K, and the antiferro-
magnetic characteristics are more pronounced. A maximum in suscept-
ibility occurs at 150 * 10°K, but there is also a minimum at 100°K.

The neutron diffraction patterns at 77°K show no antiferromagnetic

peaks, but the diffraction pattern of CuMnSb at 4.2°K shown in
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(5.4) does. Antiferromagnetic peaks are observed at the (311), (331),
(511) positions for a megnetic unit cell with twice the dimensions of
the chemical unit cell. The (111) reflectién.expected at the angle
20 = 8.84° is absent, indicating that q2(111) = 0. Since the magnetic
unit cell is twice the size of the chemical unit cell, then assuming
the megnetic moments are confined to the Mn atoms, adjacent Mn atoms
along the cube axes are oppositely aligned. Also, since qa(lll) = 0,
the magnetic symmetry must be rhombohedrsl with the magnetic moments
aligned parallel and entiparsllel to the unique [l11] exis, as in Fe0

(Shull et al, 1951). The calculated and measured magnetic intensities

are compered in table (5.7).

TABLE 5.7
Magnetic intensities
hikl ° Calculated Measured
a = 213..0 Moo= 4.2 kg :
111 0 0 0
311 32/33 118 117
330 32/57 30 29
511,333 32/81, O 8 9

The agreement between the measured and calculated intensities is
excellent, indicating that the postulated gtructure is correct, and the
magnetic moment of 4.2 1 0.2 py at 4.2% 1is confined to the Mn atoms.
Unfortunately, no neutron diffraction measurements were madé on Cu,MnSb
at 4.2°K, and so no direct magnetic structure comparisons can be made.

However, the other results indicate that the two alloys are essentially
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gimilar. The differences in the susceptibility curves are probably
due to the slightly different ferromagnetic impurities resulting from

the different compositions and heat treatments.
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CHAPTER 6
Experimental results - NiZMnX and NiMnX

6.1 Ni MnAl

Raynor (1944) discovered a ternary phase in the Ni-Mn-Al system at the

composition Ni 4MnnA160 together with an additional metastable phase of
undetermined composition. Robinson (1952, 1954) showed that the alloys
had an orthorhombic unit cell.

Tsuboya and Sugihara (1961) discovered a ferromagnetic U phase in
the composition range 25-50 at.% Mn, 10-30 at.® Ni, and 40-52 at.% Al,
with a B2 structure. The other phases existing at compositions adjoining
the X phase did not exhibit ferromagnetism.

A 20 g ingot wes made at the composition NiZMnAl with a loss in
weight on melting of 1.6%. Samples were anmealed at 800°C for 24 h,
after vhich one was quenched, and the other was slow-cooled over 36 h,
X-ray photographs taken of the two samples were identical. The measured
and calculated results are compaved in table (6.1).

TABLE 6.1

8 Fz(O = 0) Calculated
0 Structure

&/cm’ density Measured  (111) (200) (220)

Density 8, from

144 324 8836 L2
6.7 5.8 & 5.821 A 234 144 8836 F43n
0 324 883 B2
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The lattice parameters aré in excellent agreement. The even super-
lattice lines were of the expected intensity for a Heusler alloy at
this composition, but the odd superlattice lines were not visible.

NiZMhAl has thus either the L2, structure with a large amount of Mn-Al

1
disorder, or the B2 structure which is equivalent to complete Mn-Al
disorder. Several weak lines, indexed as b.c.c. with 8y = 3.21 A, were
also observed.

The reciprocal susceptibility versus temperature ocurves for the
quenched and slow-cooled alloys are shown in figure (6.1). The two
alloys behaved a little differently. Above 300°K, both alloys are
paramegnetic, but the gslow-cooled alloy has the greater susceptibility,
Below 300°K the deviation from Curie-Weiss behaviour indicates some
form of antiferromagnetic alignment, but the field dependency is compléx.
In the quenched alloy, the susceptibility increases with field below
300°K. The susceptibility of the slow-cooled alloy increases with
field up to 215°K, but decresses with field in the region 215 to 300°K.
A possible explanation of the‘latter may be the presenQe of minute
amounts of ferfomagnetic phase formed during slow-cooling. The additional
phase could be due to very small regions.of Mn-Al order which, like
NiMnGa and NiMnIn, might be ferromagnetic, or it could be due to a
sub-microscopic precipitate.

Neutron diffraction measurements were made on the Quenched alloy at
77°K and 293°K. The diffraction patterns are shown in figure (6.2).

The measured intensities were corrected for the effects of temperature

o
using s mean atomic weight of 50, and a Debye temperature 378 K. The
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intensities of the measured nuclear lines are compared with the
calculated intensities in table (6.2).

TABLE 6.2

Nuclear intensities

hil Calculated Measured
L2 B2 (Mean)
111 82.3 0 0
200 397 397 356
220 396.6 396.6 (396.6)
311 70.1 0 0
222 183 183 184
400 103 103 90

It is seen that the alloy is highly ordered in the B2 structure. The 2
small peaks observed at the (111) and (311) positions at 293°K are
magnetic rather than nuclear in origin. This may be shown from the
ratio of their intensities, and in addition, the susceptibility results
indicate the onset of antiferromagnetism at 300°K.

The diffraction pattern at 77°K shows anfiferromagnetic peaks at
the (111) and (311) positions, but in addition there are satellites to
the (200) line, and a broadening at the base of the (220) line. The
presence of both antiferromagnetic and satellite lines indicates that
the magnetic moment configuration has antiferromagnetic and spiral
components, such as is exhibited by the antiferromagnetic cone spiral

shown in figure (3.2c). The measured magnetic intensities are compared
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in table (6.3) with intensities calculated on the assumption that the
magnetic moments are confined to the Mn atoms, and the structure ig as

in figure (3.2c), with the spiral axis [11]].

TABLE 6.3

20 Magnetic intensities
hkl Measured Calculated Measured Calculated

A=1/9 by = 4-2
B =30

111 18.13 18.15 62 61.8
311 35,16 35.15 15 14.6
200"  19.80 19.86 4.5 5.4
200t 22,20 22,20 5.5 4.7
220" ~28.5 28.2 ~2 2.0
230° - 30.1 - 2.0
220% ~31.0 31.5 w2 1.4 v

The intensities of the antiferromagnetic lines (111) and (311) are in

excellent agreement with the calculated results assuming a fundamental

component u cos B » 3.73 pp, where g is the cone 1/2 angle. Satisfactory

agreement is obtained for the (200) satellite lines if it is assumed

that the spiral component p sin g = 2.16 pp, and hence p = 30°. The

unresolved (220) satellite lines are also of the right order of magnitude.
The positions of the satellite lines are in reasonable agreement

with the calculated angles assuming A= 1/9, and a spiral axis [111] .

However, only slight changes in position and intensity would be expected

for other spiral axes, (e.g. [188]) and consequently the spiral axis
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cannot be defined unambiguously from this data. But, providing the
spiral axis is [100], [110], or [111], thenA = 1/9, which corresponds
to a rotation = 20° between adjacent antiparallel spins along the
spiral axis.

The magnetic properties of Ni,MnAl are summarized in table (6.4).

TABLE 6.4
oy Mo, 77 Koo Spin angle Cone 1/2 angle
°k by Extrapolated @ B

300 £ 10 4.3 0.2 4.4%0.3 20%1.5° 30 ¢ 3°

6.2 Ni MnGe
Hemes (1960) reported that an alloy at the composition NiMnGe was
ferromagngtic and probably had the L21 structure with a lattice parameter
5.85 A,

A 20 g ingot was made at the composition NithGa with a loss in
weight on melting of 0.5%. The alloy was annealed at 800°C for 24 h,
and then quenched. The calculated and megsured X-ray results are shown

in table (6.5).

TABLE 6.5
Density 8y from 2 F2(O = 0) Calculated
3 Structure
&/cm density Measured  (111) (200) (220)
36 0 12544 12
8.2 5.82 A  5.825 A 18 36 12544  F43m
16 16 12544 DO

3
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The lattice parameters are in excellent agreement. The odd superlattice
lines were very weak, but the even lines were absent, in agreement with
Hames' suggestion that the alloy has the Heusler structure.
The magnetic isothermals are shown in figure (6.3), and the magnet-
ization curves in figure (6.4). The principal magnetic features are

summarized in table (6.6).

TABLE 6.6

Sp Transition %00 (emu/g) Hoo

g Temperature °K (Extrapolated) by
37913 227 £ 2 96 + 3 4,17 % 0.2

Typical ferromagnetic behaviour is observed down to 227°K, but at that
temperature the alloy becomes more difficult to saturate. The change
occurs over s very small tempersjure interval, and is reversible.

An X-ray photograph taken with a modified powder camers at 190°K
showed & tetragonal structure, a = 5.920 A, ¢ = 5.591 A, and c/a = 0.944.
It is to be expected that the magnetic and crystallographic changes are
related, and ocour together at 227°K.

Neutron diffraction patterns recorded at 293 and 77°K are shown in
figure (6.5). The measured intensities were corfected for the effects
of temperature using a mean atomic weight of 61, and a Debye témperature
310°K. The measured and calculated intensities at 293°K are compared
in table (6.7).

Excellent agreement exists between the measured and calculated

intensities if it is assumed that there is a small amount of random
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disorder equivalent to S = 0.97, and the entire magnetic.moment is

confined to the Mn atoms.

TABLE 6.7
Calculated intensities
hkl o, 093 = 2.90 Measured
12 S = 0.97 intensities
111 228 203 200
- 200 287 255 254
220 563 563 (563)
311 171 152 154
222 126 112 117
400 144 144 127

The low temperature diffraction pattern shows clearly the change to a
tetragonal structure, but it is noticed that in additiop there are
several extra weak lines. In view of the behaviour of NizMnAl it might
be expected that these lines are magnetic in origin, but this is most
unlikely since they do not occur in satellite pairs, and there is no
apparent form factor fall off with angle. The low temperature X-ray
photograph was inspected again very carefully and some additional very
faint lines were seen, but there was no exact correlation with the extra
neutron lines.

The low temperature neutron diffraction intensities are compared in
table (6.8). It is seen that the 3 sets of calculated intensities,
corresponding to 3 different moment orientations, do not differ very

much, but the best agreement is obtained if it is assumed that the



65.
moments are aligned along arbitrary [111] axes.
TABLE 6.8

Calculated intensities (S = 0.97)

hkl By 77 = 4.1 Measured
[o01) {010/100] [111]  intensities

111 237 235 236 242

200/020 198 181 187 187

002 73 87 83 83

220 201 196 197 199

202/022 369 369 37 3368)

It is difficult to explain the presence of the weak additional lines on
the low temperature diffraction pattern, particularly as the quantitative
agreement of the main lines is so good., Further X-ray and neutron
diffraction measurements over a wider temperature range would be of

value in determining their origin.

6.3 NiMnIn

Hames (1960) reported that NiMnIn was ferromagnetic at room temperature

and probably had the L2, structure with lattice parameter a; = 6.07 A.

1
A 20 g ingot was made at the composition Nij MnIn with a loss in
weight on melting of 1.2%. After being annealed for 24 h, part of the

sample was quenched, and the remainder was slow-cooled over 36 h.
X-ray photographs taken of the 2 samples were identical. The measured
and calculated results are compared in table (6.9).

The lattice parameters are in good agreement. Both sets of super-

lattice lines were clearly visible, with the odd superlattice lines in
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general a little stronger than the adjacent even superlattice lines,

a8 expected for the L21 structure.

TABLE 6.9

Density ay from a, FZ(O = 0) Calculated Structure

g/cm®  density Memsured  (111) (200)  (220)

576 324 16900 12
8.4 6.1 A 6.068 A 450 576 16900 F43m
484 484 16300 10,

The magnetic isothermals are shown in figure (6.6), and the
corresponding magnetization curve in figure (6.15). The principal

magnetic features are summarized in table (6.10).

TABLE 6.10
OF (OK) 0-00 (emu/g) *"00 (P’B) *
323 £ 4 85.5 £+ 1 4.40 % 0.05

Neutron diffraction patterns recorded at 293 and 77°K are shown in
figure (6.7). The measured intensities, corrected for the effects of
temperature.using a mean atomic weight 72 and a Debye temperature 306°K,
are compared with the calculated intensities in table (6.11). The
calculated intensities for the FZBm and DO3 structures are not shown,
but are very different from the measured values. The calculated
intensities are calculated on the assumptions that there is a small
amount of random disorder, corresponding to S = 0.95, and the magnetic

moments are confined to the Mn atoms. The agreement between the measured
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and calculated intensities, particularly at 77°K supports these

assumptions.
TABLE 6,11
Calculated intensities Measured intensities

hkl S = 0.95

Mo 77 = 42T By pgs = 2.16 % 293°K
111 160 101 162 125
200 411 383 407 408
220 460 441 (460) (441)
311 89 73 94 87
222 176 172 172 169
400 114 113 89 99

6.4 NiMnSn
Castelliz (1953) reported that NiMnSn had the L2; structure, homogeneous
along & narrow section NiMn Sn, _, with 1 € x< 1.6 and lattice
parameter 5.986 kX at x = 1. But, due to the small difference between
the atomic scattering factors of Ni and Mn, the Ni and Mn sites could
not be determined with any certainty, and Kripyakevich et al (1954)
reported that NiZMnSn had the I)O3 type structure.

Oxley (1964) reported that the alloy was ferromagnetic with a
saturation moment p’0,0 = 3.98 Hpe

A 20 g ingot was made at the composition NiZMnSn with a loss in
weight on melting of 0.9%. After annealing at 80000 for 24 h samples
were quenched and slow-cooled respectively. X-ray photographs taken of

the two samples were identical. The measured and calculated results
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are compared in table (6.12).
TABLE 6.12

2
Density &, from 8, P°(6 = 0) Calculated Stuct

g/on’  density lMeasured  (111) (200)  (220)

625 361 17161 L21

8.9 6.0 A 6.052 A 493 625 17161 F43m

529 529 17161 DO,

The lattice parameters are in good agreement. Both sets of superlattice
lines were clearly visible and of the expected intensity, with the odd
superlattice lines in general slightly stronger than adjacent even
superlattice lines.

The magnetic isothermals are shown in figure (6.8), and the
corresponding magnetization curve in figure (6.15). The principal
magnetic features are summarized in table (6.13).

TABLE 6.13

0p CK) gy (emn/&) oy (p)

344 + 3 7.7 %1 4,05 * 0.05

The neutron diffraction pattern recorded at 293°K is shown in figure
(6.9). Debye temperature corrections were made using a mean atomic
weight of 72, and an estimated Debye temperajure 306°K. The measured and
calculated values are compared ip table (6.14).

The DO3 structure is clearly inappropriate, but reasonable agreement

is achieved with the calculated intensities for the L21 structure
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if it is assumed that the entire magnetic moment resides on the Mn atoms.

TABLE 6.14

Calculated intensities Measured
hkl Nucleaxr L2, (total) intensities

12 D03 by ogz = 2-33

111 167 0.3 199 226
200 328 0.2 344 353
220 573 573 583 (583)
311 141 0.2 149 162
222 151 0.1 153 153
400 140 140 141 142
6.5 Ni MaSb

Castelliz (1951) investigated & series of alloys in the Ni-Mn-Sb system
and found e continuous trensition from NiMnSb to Ni MnSb. The alloy at
the composition NiZMnSb had a lattice parameter 6.001 kX, a Curie temp-
erature 140°C, and a saturation moment u = 3.5 Hge Under certain
conditions of heat treatment, some of the alloys had bends in their

o, T curves typical of a 2 phase magnetic structure.

A 20 g ingot was made at the composition N12MnSb. After annealing
at 800°C for 24 h, one sample was quenched and another was slow-cooled.
An X-ray photograph taken of the quenched sample was as expected for ab
Heusler alloy at this composition. The results are shown in table
(6.15).

The X-ray photograph taken of the slow-cooled specimen exhibited &
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few additional lines, and the main lines were slightly blurred, .
indicating the formation of an additional phase at some intermediate
temperature.

TABLE 6.15

8 72 (6 = 0) Calculated
Structure

densigy Measured (111) (200) (220)

Density & from
3

&/cm

676 400 17424 12,
9.0 6.0 A 6,000 A 538 676 17424 F43m
576 576 17424 Do3

The magnetic isothermals for the quenched alloy are shown in figure
(6.10) and the spontaneous magnetization curve in figure (6.15). The
principal features are summarized in table (6.16).

TABLE 6.16

op CB) gy (emw/a) uyy (up)

360 + 4 62,1 £1 3,27 £ 0.05

The shape of the o, T ourve differs from that of most ferromagnets in
that the approach to the Curie point is only gradual. 1In addition, the
measured magnetic moment is significantly less than that of most other
Heusler alloys.

The neutron diffraction pattern recorded at 293°K is shown in
figure (6.11), and the measured and calculated intensities are compared
in table (6.17). Debye temperature corrections were made using a mean

.atomic weight 74, and a Debye temperature 314°K. The agreement is
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sufficient to show that the alloy has basically the L21 structure, and
thg results are congistent with the assumption that the moments are
confined to the Mn atoms.

TABLE 6.17

Calculated intensities Measured

hkl Nuclear S = 0.90 intensities
12, Mo, 293 = 1455
11 142 116 128
200 348 265 238
220 503 506 (506)
311 120 92 95
222 160 121 123
400 130 130 113

Better agreement could be achieved if it is assumed that the presence
of a small amount of additional phase results in a departure from
stoichiometry. The additional phase, if ferromagnetic, could be the
cause of the unusual shape of the magnetization curve.
6.6 NiMnSb
Castelliz (1951) reported that the alloy at the composition NiMnSb had
the Clb structure with a lattice parameter 5.903 kX. The alloy was
ferromagnetic with a Curie temperature‘45000, and a saturation moment
5.8 ug.

A 20 g ingot was made at the composition NiMnSb with e loss in weight

on melting of 2%, The alloy was annealed at 800°C for 48 h and then
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quenched. An X-ray photograph was taken, and the results are shown in
table (6.18). The calculated F° values for the 3 possible C1, structures
are shown for comparison.

TABLE 6.18

Density a, from FZ(O = 0) Calculated Structure

a
0
g/cm3 density Measured (111) (200) (220) 1,

1460 2304 10816 'NiMn-Sb

2

1.5 5.92 A 5.929 A 1154 2916 10816 ~NiMnSb-

2604 4 10816 °°*Ni-MaSb

The lattice parameters asre in good agreement, and the superlattice lines
were of the intensity expected for structure (1), although structure (2)
could not be entirely ruled out. No additional lines were observed.

The magnetic isothermals are shown in figure (6.12) and the spontaneous
magnetization curve in figure (6.13). The principal magmetic features
are summarized in table (6.18).

TABLE 6.18

op °&) oy, (emu/e) gy (ug)

735 £ 5 96.3 1 4.05 £ 0.05

The neutron diffraction pattern taken at 293°K is shown in figure
(6.14) and the measured and calculated intensities, corrected for the
effects of temperature using a mean atomic weight of 78 and an estimated
Debye temperature of 294°K, are compared in table (6.19).

The excellent agreement confirms that the alloy has the Clb
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structure (1), with a small amount of random disorder, and the magnetic

moments are confined to the Mn atoms.

TABLE 6.19

Total intensities

Calculated “0,293 = 3.78

hkl Cl Cl S = 0,985

b b

1. NiMn-Sb 2, NiMnSb- 1. NiMn-Sb

Measured

111 386 130 374
200 102 391 99
220 161 161 161
311 286 70 277
222 36 169 35

400 38 38 38

379
99
(161)
274
35
37
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CHAPTER 7
Experimental results - Co,MnX and CoMnX

7.1 Co Makl

Alloys in the termary system Co-Mn-Al have been investigated by Raynor
(1945), but only in the Al rich region with up to 5.6% Mn and 4.0% Co.
4 20 g ingot was made at the composition Co,MnAl with a loss in
weight on melting of 2.4%. The alloy was annealed at 720°C for 24 h,
and then quenched. An X-ray photograph was taken and the measured and
calculated results are compared in table (7.1).

. TABLE 7.1

Density s, from (0 = 0) Caloulated o, .

a
0
g/cn®  density Measured (111) (200) (220)

144 256 8464 12,
6.90 57T A 5.756 A 340 144 8464  Fidm
0 256 8464 B2

The lattice paramefers are in reasonable agreement, but the odd super-

lattice lines were absent, indicating & B2 structure or a large amount

of preferential Mn—Ai disorder. In addition there were a few extra

weak lines which were indexed as f.c.c. with a lattice paremeter 3.628 A.
The alloy lost an unusually lerge amount of weight on melting, and

this could have been mainly Al. If so, this would be expected to leave

vacancies in the L21 or B2 structure, or an excess of Co and Mn.
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Schneider and Wunderlich (1949) investigated the binary Co-Mn systen
and have shown that at most compositions the structure is f.c.o., and
at 57 At.% Mn the lattice parameter is 3.628 A,

As the intensities of the additional lines were only approximately
1% of the intemsity of the main lines, the proportion of additionsl
phase is also only approximately 1%. This is about the amount that
would be expected if the main loss in weight on melting was Al.

The magnetic isothermals for the elloy are shown in figure (7.1),
and the resulting spontaneous magnetization curve in figure (7.17).
The principal megnetic features are summarized in table (7.2).

TABLE 7.2

% CB) oy (emi/e) uoy () by a5 (p) by og3 (i)
Co Mn

697 £ 3 112.1 +1 4.01 £ 0.04 0.61 £ 0.1 2.50 0.2

The neutron diffraction pattern recorded at 293°K is shown in
figure (7.2). The (111) and (311) peaks, which for the ordered Heusler
alloy would be the most intense, are extremely weasky indicating that the
alloy has the Heusler structure, but with a very large amount of prefer-
ential Mn-Al disorder. No additional peaks corresponding to the extra'
lines on the X-ray photograph were observed. This reinforces the
suggestion that they were due to a amall amount of binary Co-Mn alloy,
since such an alloy would have an extremely small neutron scattering
factor, and 1% would not be discernable from the background.

The total magnetic moment at 293°K is 3.72 Hpo but it is not known
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vwhat proportion is due to the Co atoms, and what is due to the Mn atoms.
Furthermore, as Co and Mn have different magnetic form factors, the
size of the magnetic contribution to the (220) line is not known. It
is thus not possible to use the intensity of the (220) line directly
for normalization purposes. However, since the ratios of the nuclear
intensities of superlattice lines of the same group are not affected by
disorder, and knowing the total magnetic moment, it is possible to
derive gpproximate values for the magnetic contributions to the (200)
and (222) superlattice lines. Resubstitution, followed by a regression
analysis to obtain the best fit between measured and calculated
intensities, resulted in the intensities shown in table (7.3).

TABLE 7.3

Calculated intensities Measured

hkl Nuclear w(Co) = 0.61, u(Mn) = 2.50 intensities

L2, L2, S = 0.93
a(Mn~-Al) = 0.4
111 80.8 107.7 4.1 4.9
200 23.6 25.2 22.0 22.0
220 22,2 43.5 43.5 (43.5)
311 68.6 T74.7 2.8 2.2
222 10.9 11.2 9.8 . 9.7
400 5.8 7.6 7.6 7.8

Temperature corrections were made using 50 as a mean atomic weight, and

a Debye temperature of 383°K.
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It is clear from the agreement between the measured and calculated
intensities that there is a small amount of random disorder, almost
complete Mn-Al disorder, and e substantial moment on the Co atoms.,
7.2 Lo MnSi .
No references were found to any ternary alloys in the Co-Mn-Si system.
A 20 g ingot was made at the composition CoéMnSi with a loss in
weight on melting of 0.9%. The alloy was annealed at 720°C for 24 h,
and then rapidly quenched. An X-ray photograph was taken, and the
measured and calculated results are compared in table (7.4).

TABLE 7.4

Density a, from 8 F2(° = 0) Calculated Structure

g/cn’ density Measured (111) (200) (220)

121 225 8649 12
7.40 5.65A 5.654 A 313 121 8649  F43m
) 225 8649 B2

The lattice parameters are in excellent agreement, and visually the
superlattice lines were as expected for the L21 structure.

The magnetic isothermsls are shown in figure (7.3) and the resulting
spontaneous magnetization-ourve in figure (7.17). The principal
magnetic features are summarized in table (7.5).

TABLE 7.5

OF (OK) O'oo (emu/g) ¥o0 (HB) 90’293 (“‘B) 90’293 (“:B)
Co Mn

985 ¢ 5 141.0 £+ 1  5.07 £ 0.04 0.74 + 0.07 3,52 £ 0.14
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The neutron diffraction pattern recorded at 293°K is shown in
figure (7.4). In contrast to Co MnAl the alloy is clearly highly

ordered in the L2, structure, and the odd superlattice lines may be used

1
to determine the positions and magnitudes of the magnetic moments. The
measured and calculated intensities are compared in table (7.6). The
measured intensities were corrected for the effects of temperature

using a Debye temperature 429°K, and a mean atomic weight of 50.

TABLE 7.6

Calculated intensities | Measured

hkl Nuclear u(Co) = 0.74, w(¥Mn) = 3.52 intensities

L2, L2 S = 0.97
111 94.2 143 135 136
200 16.9 21.5 20.2 18.9
220 28.0 62.5 62.5 (62.5)
311 80.0 90.8 85.4 85.0
222 7.8 8.0 7.5 8.7
400 7.3 9.9 9.9 10.4

Good agreement is achieved for all the lines. There is & small amount
of random disorder and a moment on both the Co and Mn atoms.

7.3 CoMnGa

Hames (1960) reported that an alloy at the composition Coz}mca. vas
ferromggnetic end probably had the Heusler structure, but was unable to
distinguish unambiguously between the Co, Mn, and Ge atoms., The same

structure was obtained on quenching and furnace cooling, but with



79,
slightly different lattice parameters, 5.77 A, and 5.78 A respectively.
A 20 g ingot was made at the composition 002MMGa with a loss in
weight on melting of 0.4%. The specimen was annealed at 800°C for 24 h

and quenched. Table (7.7) compares the calculated and measured X-ray

data.
TABLE 7.7
Density a, from 8y F2(0 = 0) Calculated Structure
g/cn’ density Measured  (111) (200) (220)

36 4 12100 12,
8.44 5.76 A 5.770 A 20 36 12100 F43m

25 25 12100 D0,

The odd superlattice lines were very weak but distinct, but the even
superlattice lines could not be resolved, as expected for the L21
stru.cture.

The magnetic isothermals are shown in figure (7.5) and the spomtaneous
magnetization curve in figure (7.17). The main features are summarized
in table (7.8).

TABLE 7.8

GF (OK) %00 (emu/g) Moo (pB) bo, 293 (“‘B) 90,293 (H-B)
Co Mn

694 % 3 93.3t1 4,05 £+ 0.04 0.49 £ 0.05 2,82 + 0.1

A neutron diffraction pattern was recorded at 293°K, and is shown

in figure (7.6). The measured intensities were corrested for the effects
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of temperature using an estimated Debye temperature of 316°K, and a
meen atomic weight of 61, The measured and calculated intensities are
compared in table (7.9).

TABLE 7.9

Calculated intensities Measured

hkl Nuclear u(Co) = 0.49, w(Mn) = 2.82 intensities

L2, L2, S = 0,96
111 188 222 204 202
200 1.8 6.7 6.2 6.8
220 68.6 89.6 89.6 (89.6)
311 160 167 154 156
222 0.8 1.2 1.1 1.0
400 17.8 19.4 19.4 19.3

It is noted that, even when fully ordered in the L21 structure, the
nuclear contributions to the even superlattice lines are very small,
and hence the magnetic contributions may be assessed very accurately,
It is clear from the results that apart from the lack of any tendency

for preferential Mn-Ga disorder, this alloy has very similar properties

to ConnAl.

7-4 GogMuGe

The only ternary alloy.in the system Co-Mn-Ge to be reported was by
Castelliz (1953), who reported that CoMnGe crystallized in a hexagonal
382 structure.

A 20 g ingot was made at the composition CozmnGe with a loss in
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weight on melting of 0.7%. After annealing at 800°C for 24 h, the
alloy was quenched. An X-ray photograph was taken, and the measured

and calculated results are compared in table (7.10).

TABLE 7.10
Density &, from e ¥°(0 = 0) Caloulated o .
g/em®  density Measured  (111) (200)  (220)
49 9 12520 L2
8.50 5.76 A 5.743 A 29 49 12321  F43m
36 36 12321 DO

The lattice parameters are in good agreement, and the superlattice line
intensities were as expected for the L21 structure., The odd lines were
very weak but clearly visible, but only one extremely faint even super-
lattice line could be resolved.

The magnetic isothermals are shown in figure (7.7) and the spontaneous
megnetization curve in figure (7.17). The principal features are
summarized in table (7.11).

TABLE 7.11

op (°k) T (ema/8) pog (bg) Ho,293 (k) Ho 293 (kp)
Co Mn

905 £ 3 116.3 1 5,11 £ 0,04 0.72 % 0,08 3,48 * 0.16

The neutron diffraction pattern recorded at 293°K is shown in
figure (7.8). The measured intensities were corrected for the effects

of temperature using an estimated Debye temperature 357°K and a mean
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atomic weight of 61. The measured and calculated intensities are

compared in table (7.12).

TABLE 7.12

Calculated intensities Measured

hkl Nuclear u(Co) = 0.72, w(Mn) = 3.48 intensities

L21 L21 S = 0,97

m 2 283 266 258
200 0.04 5.2 4.9 5.1
220 88.2 124 124 (124)
311 195 207 195 202
222 0.02 0.3 0.3 0.5
400 22,9 25.7 25.7 25.8

In this alloy, the nuclear comtributions to the (200} and (222)
peaeks are virtually zero and hence the magnetic contributions may be
assessed very accurately. |

The magnetic moment distribution within the alloy is very similar
to that of Co MnSi.

7.5 GogtnIn

An attempt was made to form an alloy at the composition ConnIn, but
the In did not go into solution.

7.6 Co, MnSn

Castelliz (1953) reported that an alloy at the composition Co MnSn had
the Heusler structure with a lattice patameter 5.977 kX. The structure

was verified by Kripyakevich et al (1954), but with a slightly different
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lattice parameter 5.991 kX. Oxley (1964) measured the magnetization
from 77°K to 293°K and derived a value of Moo = 5.0 Hp per CozmnSn
group.

A 20 g ingot was made at the composition CozmnSn with a loss in
weight on melting of 0.7%. The alloy was annesled at 720°C for 48 h
end then quenched. An X-ray photograph was taken and the measured and
calculated results are compared in table (7.13).

TABLE 7.13

Density &, from 8 F2(0 = 0) Calculated

0 0
g/cm®  Density Measured  (111) (200)  (220)

Structure

625 A41 16641 L21

8.68 6,06 A 6,000 A 533 625 16641 F43m

566 586 16641 DO

The lattice paremeters are in good agreement, and the line intensities
were as expected for the L21 structure. Both sets of superlattice lines
were weak but clear, but with the odd lines rather more intense than
adjacent even lined.

The magnetic isothermals are shown in figure (7.9) and the spontaneous
magnetization curve in figure (7.17). The principal features are summa-
rized in table (7.14).

TABLE 7.14

OF (OK) 0-00 (emu/g) 00 (P'B) P0,293 (P'B) “'0,293 (P'B)
Co Mn

829 + 4 97.4 £ 1 5.08 £ 0,05 0.72 £ 0.08 3,48 + 0.16
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The neutron diffraction pattern recorded at 293°K is shown in
figure (7.10). The measured intensities were corrected for the effects
of temperature using a mean atomic weight of 73, and an estimated Debye
temperature of 349°K. The measured and calculated intensities are
compared in table (7.15).

TABLE 7.15

Calculated intensities Measured

hkl Nuclear u(Co) = 0.72, u(Mn) = 3.48 intensities

L2, L2y S = 0.985
111 173 236 229 227
200 6.1 12.3 12.0 12.3
220 56.3 99.0 99.0 (99.0)
311 139 153 149 151
222 2.8 3.2 3.1 3.7
400 14.5 18.2 18.2 19.4

Exellent agreement is agein obtained for this alloy, and its magnetic
properties are very similar to those of ConnSi and CoéMnGe.
7.7 GoMasSb
No references could be found to any earlier investigations on an alloy
at this composition.

A 20 g ingot was made at the composition ConnSb, with a loss in
weight on melting of 0.6%, but it was noticed on crushing that a small
amount, 0.76 g, of Co was undissolved. After annealing at 720°¢C for

24 h the alloy was quenched. An X-ray photograph was taken and the
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calculated and measured results are compared in table (7.16).

TABLE 7.16

Density &, from F2(0 = 0) Calculated

0 %o
g/cm3 density Measured (111) (200) (220)

Structure

674 484 16900 L2,
7.84 6.29 A  5.929 A 580 674 16900 F43m

625 625 16900 DO3

The lattice parameters are not in very good agreement, but the difference
may be explained if it is assumed that there are some vacancies on the
Co sites due to the undissolved cobalt. The intensities of the super-
lattice lines were as expected for the L21 structure, but in addition
several other weak lines were observed. They were indexed as f.c.c.
with a lattice parameter 3.552 A. Cobalt has an f.c.c. structure with
ay = 3.542 A, and Schneider and Wunderlich (1949) have shown that a
Co-Mn alloy with approximately &% Mn has a lattice parameter 3.552 A.

A comparison of the intemsities of the extratlines with the main
L21 lines indicated that the alloy was really a mixture of approximately
5 At.% free Co and 95 At.% 001.751VInSb.

The magnetie isothermals for the alloy are shown in figure (7.11).
Up to about 600°K.the isothermals are typical of a ferromagnet, but
above that temperature the presence of an additional ferromagnetic phase
with a very high Curie temperature becomes evident. The spontaneous
magnetization curves are shown in figure (7.12). The curve for cazmnSb*

is the measured curve for the mixture. The lower curwe is the projected
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curve for a 5 At.% admixture of Co, assuming a magnetic moment of
1.716 Hg Per Co atom, and the curve for 95 At.% 001.751‘111Sb is the
difference between the two., The principal magnetic features are

summarized in table (7.17).

TABLE 7.17

Alloy o, (°K) %o (em/&) poy (uy) Mo, 293 (ug) Mo, 293 (kp)
Co Mn

Co, MnSb* - 101.8 1 - - -

Co ,sMnSb 600 + 10 98.7 * 2 4.90 £ 0.1 0.52 2 0,1 3,50 % 0,2

Co (1388)  (163.9) (1.716) (1.716) -

The neutron diffraction pattern recorded at 293°K is shown in
figure (7.13). The measured intensities were corrected for the effects
of temperature using e mean atomic weight of 73, and an estimated Debye
temperature of 319°K. The diffraction pattern clearly shows the
additional lines due to the undissolved Co. The measured and calculated
intensities are compared in table (7.18).

Nuclear intensities are shown for the alloys ConnSb and 001.75MnSb,
and the measured and calculated total intensities for the latter alloy
are compared. The odd superlattice line intensities are approximately
10% greater than calculated, but this may be explained if the proportion
of undissolved Co is slightly in excess of 5 At.%.

The distribution of magnetic moments in this alloy is very similar
to that of Co MnSn, but the Curie temperature is very much lower. This

may be due to the reduced proportion of Co in this alloy.
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TABLE 7.18
Calculated intensities
hkl Nuclear Col.75Mth Measured
Co,MnSb Coy 75Mth p(Co) = 0.52 intensities
L2, L2, p(Mn) = 3.5

111 138 149 198 229
200 9.9 6.4 18.6 18
220 45.3 37.3 67.4 (67.4)
311 117 126 | 131 164
222 4.5 2.9 4.2 4.2
400 11.7 9.7 12.1 11
7.8 CoMnSb

Nowotny and Glatzl (1952) reported that an alloy at the composition
CoMnSb had a Cl1 type structure with a lattice parameter 5.88 kX, but
were unable to definitely distinguish between the Mn and Co atoms. The
alloy at the stoichiometric composition contained 2 phases.

A 20 g ingot was made at the composition CoMnSb with a loss in
weight on melting of 0.5%. The alloy was annealed at 720°C for 48 h,
and then quenched. Anrx-ray photograph was taken, and the measured and
celculated results are compared in table (7.19).

The lattice parameters are in good agreement, and the superlattice
line intensities were consistent with the Cl, structures (1) or (2).
Several weak additionel lines indicated the presence of a small amount

of another phase.
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TABLE 7.19

Density s, from 5 F2(6 = 0) Calculated Structure

g/om®  density Measured  (111) (200) (220) €l
1405 2401 10609 »°CoMn-Sb

7.6 5.9 A 5.870 A 1201 2809 10609 2+ GoMnSb-
2601 1 10609 °°Co-MnSb

The megnetic isothermals for the alloy are shown in figure (7.14),
and the resulting spontaneous magnetization ocurve in figure (7.15).

The principal magnetic features are summerized in table (7.20).

k) Ooo (emu/e) uoy (Wp) Mo, 293 (M) - Mo, 293 (up)
Co Mn

ATL £ 4 95.8 ¢ 1 4.04 £ 0.05 0 % 0.2 3.30 ¢ 0.2

The neutron diffraction pattern recorded at 293°K is shown in
figure (7.16). The additional small peaks due to the second phese are
shaded. The extra reflections could noé be readily indexed. The
measured inténsities of the main clb lines were corrected for the
effects of temperature using an estimated Debye temperature of 297°K,
and a mean atomic weight of 77. The measured and calculated intensities
are compared in table (7.21).

It is clear that structure (2) is incorrect. Good agreement is
achieved for the Cl. structure (1), if it is assumed that thers is e

b
emall smount of random disorder, equivalent to S = 0.98.
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TABLE 7.21
Caloulated intensities
hkl Nuclear Clb 1. 8 = 0.98 Measured
1 CoMn-5b  2°CoMnSb- u(Co) = 0  intensities
p(En) = 3.30

111 146 35.7 187 188
200 0.5 125 23.3 20
220 17.8 17.8 - 33.9 (33.9)
311 123 30,2 128 128
222 0.2 57.4 3.2 3
400 4.6 4.6 5.7 6

It is of interest to note that this is the only alloy of the series

containing cobalt that has no measurable moment on the cobalt atoms.

This may be due to the fact that the proportion of Co atoms present is

less than that in the cobalt Heusler alloys, and is presumebly the

reason for the relatively low Curie temperature.



150

_.Ogr (emu/gm)

00

magnetization

Spontaneous
(8]
o

1

0 200 400 600 800 1000

Temperature

Fig 717 Spontaneous magnetization d__ versus temperature

or

for the alloys Co,MnAl, Co,MnSi, Co,MnGa,
_QonnGe. and Co,MnSn.




CHAPTER 8

Experimental results - szMnX and PAMnX

8.1 Pd_MnAl

No references were found to any earlier investigations of alloys in the ,
Pad-Mn-Al system.

A 5 g ingot was made at the composition Pd2MhA1 with a loss in weight
on melting of 1.6%. The alloy was annealed at 800°C for 24 h, and then
one sample was quenched and the other was allowed to slow-cool over one
week. X-ray photographs taken of the 2 samples were indistinguishable,

and the results are compared with the calculated results in table (8.1)."

TABLE 8.1
Density 8, from 8 F2(0 = 0) Calculated Struct
g/cm3 density Measured (1112) (200) (220)
144 2916 16900 L2,
8.4 6.2 A 6.165 A 1530 144 16900 F43m
0 2916 16900 B2

The lattice parameters are in good agreement, but none of the odd
superlattice lines were visible, suggesting either some degree of Mn-Al
disorder, or the B2 structure. In addition, one very faint line which
could have been the (111) line of Al was just visible.

Susceptibility measurements were made on both slow-cooled and

quenched samples, but the results were identical. They are shown in
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the form of a reciprocal susceptibility versus temperature curve in
figure (8.1). No minimum is observed, but a departure from Curie-Weiss
behaviour occurs at 240°K. The principal magnetic features are
summarized in table (8.2).

TABLE 8,2

ON (OK) OP (OK) H00 (P'B) o0 (P’B)
(Neutrons) (1/X, T)

240 £ 10 =215 30 4.4 £ 0.2 4.2 £ 0.3

The neutfon diffraction patterns obtained at 77°K and 293°K are
shown in figure (8.2). The small peak at approximately 26.3° is
relatively more intense than the corresponding X-ray line, and is
probably due to a small amount of undissolved aluminium. It is clear
from the absence of the odd superlattice lines at 293°K that complete
Mn-Al disorder exists, and the alloy has the B2 structure. The
calculated and measured intensities are compared in table (8.3).

The measured intensities for the (311) and (222) lines are not
included as they are seriously overlapped by the (200) line from the
copper supporting rod. But, the available informetion from the (111)
and (331) lines is sufficient to show that at 77°K the alloy has an
antiferromagnetic structure. If it is assumed that only the Mn atoms
have a magnetic moment, and that adjacent Mn atoms along the cube axes
are oppositely aligned, then agreement is obtained between measured and
calculated intensities for a magnetic moment 90,77 = 4.18 Hpe Extra-

polation to OOK, using a similar Brillouin curve to the ferromagnetic
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Pd Heusler alloys, indicates a magnetic moment at 0%k Hoo = 4.4 by

TABLE 8.3

Wuclear intensities Magnetic intensities

hkl Calculated  Measured Celculated Measured

B2 (Mean) My 77 = 4+18
11 0 0 92 92
200 147 139 0 0
220 144 (144) 0 (0)
311 0 - 25 -
222 67 - 0 -
400 37 38 0 0
331 0 0 p] 3

Unfortunately, it is not possible from these results to determine
the actual moment orientation as the magnetic symmetry is cubic and
there is no unique axis.

8.2 Pd MnSi

An alloy was made at the composition PdQMnSi, but X-ray photographs
indicated a polyphase structure. A small amount of Heusler phase might
have been present, but owing to the large number of other lines it was
not possible to tell with any certainty.

The alloy was paramagnetic at room temperature, but weakly ferro-
magnetic at 77°K.

It is possible, bqt by no means certain that the ferromagnetic

properties could be due to a small amount, say 5%, of Heusler phase.
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8.3 g@zmggg
No references could be found to any previous investigations of alloys
in the ternary Pd-Mn-Ga system.
A 5 g ingot was made at the composition szMnGa with a loss in
weight on melting of 1.9%. After annealing at 800°C for 24 h, one
sample was quenched and another was slow-cooled over 36 h, X-ray

photographs were taken of both samples, but they were indistinguishable.

The caloulated and measured results are compared in table (8.4).

TABLE 8.4
Density &, from &g F2(O = 0) Caleulated g4 0.
g/cm3 density Measured (111) (200) (220)
36 1296 21904 L21
9.6 6.1 A 6.180 A 410 326 21904 FA3m
0 1296 21904 B2

The lattice parameters are in reasonable agreement. The even super-
lattice lines were of moderate intensity but the odd lines were not
visible, suggesting either the B2 structure, or some preferential Mn-Ga
disorder,

Susceptibility measurements were made on both quenched and slow-
cooled samples with slightly different results. The results are shown
in the form of reciprocal susceptibility versus temperature curves in
figure (8.3). Both curves are typicel of a paramagnetic, or antiferro-
magnetic, alloy together with a smell amount of ferromagnetic impurity.

Both alloys exhibited a small field dependency below 205°K, and the
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1/%X, T curves have a point of inflection at about 205°K and slightly
different gradients in the paramagnetic region. All the above results
are consistent with szmnca having an antiferromagnetic structure with
OP<<'f108°K, together with a small amount of ferromégnetic, or possibly
ferrimagnetic, phase with a Curie temperature about 205°K. The slow- .
cooled alloy has the larger amount of ferromagnetic phase. The principal
magnetic features are summarized in table (8.5).

TABLE 8.5

oy (°K) op CK)  Hg g7 (M) Moo (p)
(Neutrons) (1/X, T)

mM< ON< 293 OP<—108 3.7 £ 0.3 >4.0 0.3

The neutron diffraction patterns obtained at 77°K and 293°K ave
shown in figure (8.4). The measured and calculated intensities were
corrected for the effects of temperature using an estimated Debye
temperature of 200°K, and o mesn atomic weight of 85. The measured and
calculated intensities are compared in table (8.6).

The agreement between meésured and calculated intensities is
reasonable. It is clear that there is only a slight tendency to order
in the L21 structure. Most of the alloy has the B2 structure with the
Mn and Gé atoms rendomly ordered on the Mn/Ga sites.

The antiferromsgnetic structure of the alloy is similar to that of
szMnAl, with the magnetic moments on the Mn atoms.

There are 2 possible explanations for the ferromagnetic impurity.

It may be associated with the small L21 fegions, or with a small amount
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of additional phase containing Mn and Ga.

TABLE 8.6

Nuclear intensities Magnetic intensities

hkl Calculated Measured Calculated Measured

L2, o(Mn-Ga) = 0.34 (Mean) by 77 = 3.7

111 215 38 45 T2 73
200 70 70 73 0 0
220 251 251 (251) 0 0
311 182 32 25 20 22
222 33 33 38 0 0
400 65 65 65 0 0

The latter explanation is to be preferred since Tsuboya and Sugihara
(1963) have shown that an alloy in the Mn-Ge system is ferrimagmetic
with a Curie temperature 470°K. It is not unlikely that a ferromagnetic
or ferrimagnetic binary alloy of Mn-Ga, with a Curie temperature of 205°K,
could exist at another composition, and the diffraction patterns do

show the existence of a small amount of additional phase. In addition,
a very diffuse peak is observed at 20 nl9° at 77°K. This pesk is

almost certainly due to another antiferromagnetic structure existing in
the small L2l regions, similar to that occurring in the L21 regions of
PdéMnIn.

8.4 Pd MnGe

No references were found to any earlier investigations of alloys in the

Pd-Mn-Ge system.
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A 5 g ingot was made at the composition szmnce with a loss in
weight on melting of 1.2%. After anmealing for 24 h at 800°C the alloy
was quenched. An X-ray photograph was taken and the measured and

calculated results are compared in table (8.7).

TABIE 8,7
Density e from 8 F2(6 = 0) Caloulated gu .
g/em’  density Measured  (111) (200)  (220)
49 1225 22201 12,
9.4 6.2 A 6.174 A 637 49 22201 F43m
49 49 22201 Do,

The lattice parameters are in excellent agreement, and the intensities
of the superlattice lines were as expected for the L21 structure. The
even lines were of moderate intensity, but the odd lines were very weak,
Several additional very weak lines were also observed on the photograph
in addition to the L21 lines.

The magnetic isothermals are shown in figure (8.5), and the resulting
spontaneous magnetization curve in figure (8.15). The principal magnetic

features are summarized in table (8.6).

TABLE 8.6

op (°8) 0, (%K) g, (emu/e) mgo (Bp) Mg (Mp)  Hyy (up)
(Neutrons) (1/%, T)

P,

170 £ 2 180 +,3 52 % 2 3.2+ 0.2 w3.2 3.7

The neutron diffraction patterns obtained at 77°K and 293°K are
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shown in figure (8.6). In addition to the L2, lines there are several
extra lines due to a small amount of a second phase. The line intensi-
ties were corrected for the effects of temperature using an estimated
Debye temperature of 225°K and a mean atomic weight of 86. The measured
and calculated results are compared in table (8.7).

TABLE 8.7

Nuclear intensities Magnetic intensities

hkl Calculated Measured  Calculated Measured

L21 p0’77 = 2.8
111 265 274 48 80
200 51 42 2 24
220 291 (291) 12 (12)
311 224 231 11 5
222 23 17 3 2
400 75 58 1 ©

The agreement between the measured and caloulated nuclear intensities

is reasonable, but the measured intensities of the odd lines are

slightly greater than is theoretically possihle for an alloy at the
composition szMnGe. However, this difference may be explained by a
small departure frbm stoichiometry resulting from the presence of the
second phase. The poor agreement between the measured and calculated
magnetic intensities of the odd lines is probably due to the experimental
error involved in measuring the small difference between 2 relatively

large quantities. The results do however suggest that the megnetic
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moments are confined to the Mn atoms.
8.5 Pd,Mnin
No references were found to any earlier investigations of alloys in the
Pd-Mn-In system.

A 20 g ingot was made at the composition PdZMhIn, with & loss in
weight on melting of 1.6%. After annealing at 800°C for 28 h, one
sample was quenched and another was slow-cooled over 1 week. An X-ray
photograph was taken and the measured and calculated results are

compared in teble (8.8).

TABLE 8.8
Density a, from 8 72(0 = 0) Calculated Structure
g/cm®  density Measured  (111) (200)  (220)
576 324 27556 L2,
9.9 6.3 A 6.373 A 338 576 27556 F43m
0 324 27556 B2

The lattice parameters of the 2 samples were identical, but the odd
superlattice lines were absent from the photograph of the quenched
alloy, and diffuse on the photograph of the slow-cooled alloy.

Quantitative measurements of the line intensities were made using a
Philips diffractometer with Cu(Ka) radiation. The measured and
calculated intensities are compared in table (8.9).

It is clear that the slow-cooled alloy has the L2, structure, with

1
some preferential Mn~In disorder. The quenched alloy has a sikilar

structure, but with much more, possibly complete, Mn-In disorder.
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TABLE 8.9

Calculated intensities Measured intensities
- L2l B2 Slow-cooled Quenched
111 520 0 240 0
200 292 292 290 390
220 16000 16000 (16000) (16000)

Susceptibility measurements made on both quenched and slow-cooled
alloys gave different results. The results are illustrated in
figures (8.7a) and (8.Tb) in the form of susceptibility and reciprocal
suséeptibility versus temperature curves. A maximum in the susceptibi-
lity occurs for the slow-cooled alloy at 142°K, and the quenched alloy
shows a slight departure from Curie-Weiss behaviour over the same
temperature range. The principal megnetic features are summarized in

table (8.10).

TABLE 8.10

Alloy oy (°%) 6p (°K) o (Hg)  bpy (up)
(Neutrons) (1/%, T)

Slow-cooled 142 % 3 50kt 5 4.3 £0.2 4.1 £0.3

Quenched 17 <9N<293 -50 t 8 ~ 4.3 4.1 £ 0.3

The neugron diffraction patterns obtained at 77°K and 293°K for the
2 alloys are shown in figures (8.8) and (8.9). The room temperature
diffraction patterns clearly show the different dégrees of Mn-In order.

The measured intensities were corrected for the effects of temperature
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using a mean atomic weight of 97, and an estimated Debye temperature of
125°K. The measured and calculated nuclear intensities are compared in

table (8.11).

TABLE 8.11
Nuclear intensities
hkl Calculated Measured
L2i S = 0.97 Slow-cooled Quenched
o(Mn-In) = 0.06,a(Mn~In) = 0.29
111 102 64 15 63 15
200 154 124 124 124 124
220 165 165 165 (165) (165)
311 91 57 13 62 13
222 5 60 60 - -
400 42 42 42 42 40

Excellent agreement is obtained between the measured and caloulated .
intensities. It is clear that &s anticipated by the X-ray results, the
difference between the 2 samples is the extent of Mn-In disorder.

The neutron diffraction patterns at 77°K illustrate the 2 types of
antiferromagnetic order that exist. ’

The additional antiferromegnetic peaks that appear on the diffraction
pattern of the slow-cooled alloy at T7°K msy be indexed as (111), (311),
(331), etc. reflections of a magnetic unit cell with lattice parameter
twice that of the chemical (L21) unit cgll. indicating that successive

Mn atoms along the cube axes are oppositely aligned., The magnetic
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structure model illustrated in figure (8.10) gives satisfactory
agreement with the experimental data. The structure is similar to that
determindd by Shull et al (1951) for MnO. The magnetic lattice consiste
of parallel (111) planes within which all the Mn atoms are coupled
ferromagnetically. Neighbouring (111) planes are coupled antiferro-
magnetically.

An alternative model was postulated by Li (1955) for MnO, and e
similar structure could apply to this alloy. The Li model gives
similarly positioned antiferromagnetic lines, but with intensities
independent of the directién of moment orientation. The intensities
would be equivalent to those of the Shull model with moments aligned
along (100) directions.

Since the postulated magnetic symmetry is rhombohedral, the orient-
ation of the spin direction to the unique [111] axis may be determined

from the formula derived by Shirene (1959) -

<boszn) = g(n - 1) 8in%e + (n 4+ 2x) coszzeg a;zd2

where‘n is the angle between the magnetic and scattering vectors,

n = h2+ k2+ 12

, r = hk + K1 + 1h, a* is the primitive translation of the
reciprocal lattice, and 8 is the angle betweem the spin direction and
the unique axis.

The values of sin 6 obtained from several reflections using the
above formule are shown in table (8.12) together with the measured and
calculated intensities.

It is seen that the moments are aligned at right angles to the

wnique [111) axis, i.e. in the (111) plane. It is not possible from
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these measurements to determine the orientations within the (111)
planes, but the most symmetrical arrangement is along <{110) directions

in the (111) plane.

TABLE 8.12
Magnetic intensities
hkl sin 0 Calculated Measured
(a = 2a,) Ho 77 = 314
111 - (119) 119
311 1.00 % 0,01 37 37
331 0.99 * 0,01 24 25
511,333  0.99 % 0.01 23 23

As the moments are not aligned along {100) directions, the Li model
is not a possible alternative.

' The magnetic neutron diffraction measurements indicate that the
average moment per Mn site at 77°K is 3.14 Hgs but the nuclear scattering
data shows that only 89% of the Mn atoms are on Mn sites. If it is
assumed that only the chemically ordéred Mn atoms are magnetically
ordered, then the magnetic moment fer contributing Mn atom is 3.8 Hge

The moment per Mn atom at 0°K may be oalculated if the relationship
between the degree of magnetic order and temperature is known. If it is
assumed that the PdéMnIn follows a similexr ordering curve below its
Neel temperature to Pd MnSn and PdéMth below their respective Curie
temperatures, then the extrapolated magnetic moment is Hoo ™ 4.3 By per

Mn atom.
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The neutron diffraction pattern of quenched PdMnIn at 77°K shows
diffuse peaks which can be indexed as (111) and (311) on the enlarged
antiferromagnetic unit cell, but in addition there are inereases in
intensity at the positions of the (111) and (311) nuclear peaks. These
increases may be explained, as in szMnAl, in terms of an antiferro-
magnetic unit cell equal in size to the Heusler chemical unit cell, It
has been shown that the Mn and In atoms are randomly ordered on the B
and D sites over substantial regions of the quenched alloy. In these
regions the chemical order is the B2, CsCl typa; with one sublattice
occupied exclusively by the Pd atoms and the other by Mn and In atoms
randomly. If the Mn atoms on adjacent Mn/In sites are antiferromagneti-
cally aligned as in Pd2MnAl, then additional magnetic peaks would be
expected to.occur at the (111), (311), etc. positions of the nuclear
pesks of the ordered Heusler alloy. In table (8.13) the calculated
intensities for the proposed structure, assuming an average moment per
Mn site at 77°K of 2.0 Hgs 8re compared with the measured values.

TABLE 8.13

hkl Magnetic intensities

(a = ao) Calculated Measured

90’77 = 2.0
111 (23) 23

311 7 1

If it is assumed that only the regions of B2 type chemical order

contribute to this type of antiferromagnetism, then the aotual moment
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per.contributing Mn atom at 7Z°K is 3.7 “jf

No conclusions can be reached concerning the moment orientation in
the B2 regions as the magnetic symmetry is oubic, and henoce there is no
unique axis.

8.6 PdMnSn
No references were found to any earlier investigations of alloys in the
Pd-Mn-Sn system.

A 20 g ingot was made at the composition szunSn with a loss in
weight on melting of 1.2%, After annealing for 48 h at 800°C, one
sample was quenched and another was slow-cooled over 36 h, but no
differences were observed. The results from the X-ray photographs that
were taken are compared with the calculated results in table (8.14).

TABLE 8.14

- ted
Density a; from 8, 72(0 = 0) Caloulate S

g/cn’ density Measured (111) (200) (220)

625 289 27889 L21

9.7 6.4 A 6.380 A 457 625 27889 FA3m
121 121 27889 20,

The lattice parameters'are in excellent agreement, and the superlattice
lines were visually of the intensity expected for the L21 structure.
The actual intensities of the firet 3 lines, measured using a
diffractometer, are compared.in table {8.15).

The magnetic isothermals are shown in figure (8.11), and the

resulting spontaneous megnetization curve in. figure (8.15). - The
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principal magnetic features are summarized in table (8,16).

TABLE 8,15

X-ray intensities Cu(Ka)

hkl Calculated Measured

L2
111 571 660
200 259 310
220 16230 (16230)
TABLE 8.16

0p (°8) 65 (k) oy, (emu/E) My (k) Moo (M) oo (kp)
(Neutrons) (1/X%, T)

18913 201+3 61.0%1 4.23 £ 0.07 4.23 £ 0.1 3.9 % 0.3

TABLE 8.17

Nucleai intensities Megnetic intensities
hkl Calculated Measured S = 0,97 Measured

12, | S = 0.97 Mo, 77 = 4-0

111 185 174 174 88 93
200 96 90 92 43 38
220 231 231 (231) 27.6 (27.6)
311 156 137 148 25 27
222 44 42 - 7 -

400 59 59 55 2 0
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The neutron diffraction patterns obtained at 77°K and 293°K are
shown in figure (8.11). The intensities were corrected for the effects
of tempersture using a Debye temperature of 225°K and an estimated mean
atomic weight of 97. The measursd and calculated intensities are
compared in table (8.17).

The agreement between measured and celculated intensities is good
if it is assumed that there is & small amount of random disorder,
equivalent to S = 0.97, and that the entire moment resides on the Mn
atoms,

8.7 Pd,MnSb

Hemes (1960) reported a new ordered s-new—erdered alloy at the composition
Pd MnSb which was very weakly magnetic at room temperature, but due to

the weakness of the superlattice lines was unable to determine defink-
tely the detail of the ordered structure.

A 20 g ingot was made at the composition szMth with a loss in
weight on melting of 1.5%. The alloy was annealed at 800°C for 48 h,
and then one sample was quenahed and another was slow-cooled over 36 h,
but no differences were observed. The results from the X-ray photo-
graphs are compared with the caloulated results in table (8.18).

The lattice parameters arecin good agreement and the superlattice
lines were visually of the intensity expected for the L21 structure.
The actual intensities of the first 3 lines, measured using a diffract-
ometer, are compared in table (8.19). |

The magnetic isothermals are shown in figure (8,13) and the resulting

spontaneous magnetization curve in figure (8.15). The prinoipal
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magnetic features are summarized in table (8.20).

TABLE 8.18
Density @, from 2 F2(0f= 0) Calculated Structure
g/cm®  density Measured  (111) (200)  (220)

676 256 28224 12,
9.2 6.5 A 6.424 A 466 676 28224 F43m

144 144 28224 DO,

TABLE 8.19

X-ray intensities Cu(Xa)

hkl Calculated Measured

L2,
111 610 650
200 228 210
220 16480 (16480)
TABLE 8.20

0p (°K) 6, (°K) oy, (em/g) oo ()  Hop (Mp) Koo (Mp)
(Neutrons) (1/%, T)

247+ 3 259 %3 63.0%1  4.40 £ 0.01 4.40 £ 0.1 4.1 % 0.3

The neutron diffraction patterns obtained at 77°K and 293°K are
shown in figure (8.14). The intensities were corrected for the effeots
of temperature using an estimated Debye temperajhre of 225°K and a mean

atomic weight of 97. Theé measured and calculated results are compared
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in table (8.21).

TABLE 8.21

Nuclear intensities Magnetic intensities
hkl Calculated Measured L21 Measured

L2, a(Pa-Sb) = 0.4 Ho,77 = 4+2

111 162 163 163 103 108
200 113 102 101 52 51
220 211 211 (211) 3 (31)
311 136 137 137 31 29
222 52 47 - 8 -
400 54 54 44 3 1

Good agreement is obtained between measured and calculated nuclear
intensities if it is assumed that some preferential Pd-Sb disorder
exists. However, it should be noted that slight departures from
stoichiometry can giwe the same result. The magnetic intensities show
good agreement if it is assumed that the entire moment resides on the
Mn atoms.
8.8 PdMnSb |
Hames (1960) reported that an alloy at the composition PdMnSb had the
Clb structure and was ferromagnetic at room temperature.

A 20 g ingot was made at the composition PAMnSb with a loss in
weight on melting of 1.8%. After annealing at 650°C for 48 h, one sample
was quenched and the other was slow-cooled over 36 h, but no differences

were observed. The results from the X-ray photographs are compared
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with the calculated results in table (8.22).

TABLE 8,22

Density ay from ag B F?(Q = 0) Calculated Structure

g/cm®>  density Measuved  (111) (200)) (220) €1,
2792 900 14884 1PaMn-Sb

7.9 6.24  6.233 4 650 5184 14884 °'PdMaSb-

3042 400 14884 °°Pd-MnSb

The lattice parameters are in good agreement. The odd superlattice
lines were of moderate intensity but the even lines were very much
weaker, indicating the Cl, structure (1) or (3). In addition, several
weak lines, which could not be satisfactorily indexed, were also
observed.

The magnetic isothermals for the alloy ere shown in figure (8.16)
and the resulting spontaneous megnetization curve in figure (8.17).
The principel magnetic features are summarized in table (8.23).

TABLE 8.23

oy (K)  ogp (omi/e) g (i)

523 1 4 80.0 t 1 4.06 £ 0.05

As the alloy had a relatively high Curie temperature, a neutron
diffraction pattern was only obtained at 293°K. The diffraction pattern
is shown in figure (8.18). As with the X-ray photograph several
additional week reflections are present. The measured intensities were

corrected for the effects of temperature using a mean atomic weight of
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94, and an estimated Debye temperature of 150°K. The measured and

calculated intensities are compared in table (8.24).

TABLR 8.24
Calculated intensities Measured
hk1 Nuclear CL,_ 19 . 0,95  intensities
l-pamn-gb 2'Pa-MuSb By po5 = 3-44
111 217 224 244 245
200 17.8 10.2 43 .43
220 64 64 82 (82)
311 184 189 174 174
222 8.2 4.7 11 11
400 16.5 16.5 18 18

110.

As with the X-ray results, the calculated nuclear intensities for

the structures (1) and (3) do not differ much, but structure (1) is the

most probable because of its similarity to the L2l structure, The

measured and calculated magnetic intensities, assuming that the entire

moment is confined to the Mn atoms, and that there is some random

disorder, are in excellent agreement,

It is of interest to note that, in contrast to the slloys containing

cobalt, this alloy has a much higher Curie temperature than the ferro-

magnetic Heusler alloys containing palladium.
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CHAPTER 9
Summg;z and conclusions

9.1 Introduction

Any discussion of the intrinsic magnetic properties of an intermetallic
compound must consider two principal featuresy; £irstly, the electronio
configuration and spin distribuéion responsible for the observed
magnetic moment, and secondly the coupling mechanisms responsible for
the cooperative behaviour of the moments.

In chapter 2 a survey was given of the principal theories of
magnetic ordering. It is known that the coupling mechanisms originate
in the quantum mechanical part of the electron Coulomb energy known as
the exchange energy, and direct, indirect, and superexchange mechanisms
are well established. However, there are deep differences in opinion
about the electronic states of the electrons contributing to the
observed magnetic moment, In insulating compounds the situation is
relatively simple. The energy levels of the incomplete 3d or 4f
shells, although modified by the electrostatio fields of neighbouring
ions, are nevertheless fairly discrete and are occupied by an integral
number of electrons in accordance with Hund's rule. The nett moment
of each ion is coupled to neighbouring ions via a direct or super-
exchange interaction. In metals, however, the situation is complicated
by the presence of conduction electrons, and a wide spectrum of

viewpoints is held,
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nsider the magnetic moments as localized

and regard the

At one extreme one can cO

in & menner essentislly similar to that in insulators,

effects of the conduction electrons as a minor perturbation. Non-

etic moments are explained as the average of 2 oxr more

integral magn
gh the metal. This approach

integral moments distributed randomly throu

has the attraction of simplicity, but is too restrictive for all but

limited application.

At the other extreme is the collective electron theory. In this

approximation it is assumed that the 3d and 4s electrons are sufficiently

perturbed to permit jtinersnt behaviour, and a continuum of energy

levels exists. Since the 3d and 48 bands are occupied to the same

maximum Fermi energy level, the number of electrons in each band will

be in general non-integral, Furthermore, if the exchange coupling

favours parallel alignment, say, of the magmetic moments of the 3d

the energies of those aligned parallel to the given direction

electrons,
aligned entiparallel will be raised with

will be lowered, and those

respect to the Fermi level. Consequently the numbers of spins in the
two directions will not be equal, and there will be a nett spontaneous
magnetization corresponding in general to a non-integrel number of Bohr

plied extensively to the

magnetons per atom. This theory has been ap

ferromagnetic transition metals but again further applications are
e theory treats all

limited. In transition metel alloys for example th

the 34 electrons collectively and makes virtually no distinction

between the constituent elements.

The limitations of these extreme models become increasingly evident
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when they are employed to explain the intrinsic magnetic properties of
intermetallic compounds. When the intermetallic compound conteins a
rare-earth metal, the 4f electrons are well gscreened and may be considered
to be effectively localized. The atomic moment is generally the same
irrespective of the local environment, and the coupling between the
moments of different atoms is via an interaction involving the conduction
electrons, possibly of the RKKY type. Tn contrast when the intermetallic
compound contains a transition group element such as iron or manganese
the situation is less definite. The 3d electrons are not so well
screened, and the observed atomic moment varies appreciably with enviro-
nment; not only from one compound to enother, but slso between crystall-
ographically different siteg within the same compound. For example,
Wathans et al (1958) were able to show from polarized neutron diffraction
measurements that the 2 crystallographically different iron sites in
Fe3Al have different average moments. The A iron sites with 4 PFe and
4 Al atoms as nearest neighbours have an average moment of 1.46 £ 0.1 B,
but the D sites which have 8 Fe atoms as nearest neighbours have an
average moment 2,14 # 0.1 B. The Al sites have no detectable moment.

Tt is clear that the effect of the Al atoms is to reduce the moment on
adjacent Fe sites, but not on the more distant Fe sites that are
completely surrounded by iron atoms and possess & moment very close to
the 2.2 B observed in metallic iron.

It is evident from the above discussion that neither of the extreme
viewpoints is entirely appropriate to the particular case of transition

group intermetallic compounds. A more viable theory is to be found



114.
intermediate between the two extremes. It would require partial
localization of the 3d electrons, but would permit a degree of itiner-
acy to enable them to participate to a limited extent in exchange
interactions involving different atoms. The magnitudes of the atomic
moments would be in genersl non-integral and would be dependent upon
the environment of neighbouring atoms. Coupling between adjacent atoms
could involve direct interactions between the 3d electrons, but longer
range interactions between more distant quasi-localized 3d electrons
would involve the conduction electrons possibly via some RKKY type
interaction. In addition, in favourable circumstences, some form of
superexchange might occur vie an intervening atom.

9.2 The molecular field theory

Although intermetallic compounds are different from ionic compounds in
that they cannot be fully described in terms of a strictly localized
model, it is still possible to discuss thelr intrinsic magnetic
properties in terms of the molecular field theory, provided that
necessary allowance is made for deviations such as non-integrel atomic
moments.

In the original molecular field theory, Weiss (1907) represented
the interaction of a magnetic atom with the remainder of a [erromagnetic
crystal by an effective field He proportional to the average nett moment
of the crystal, as described in equation (2.10).

H, = H+ecl (2.10)(9.1)

The relationship between the exchange integral Je and the Curie

temperature @ was developed in section (2.5) by summing over z nearest
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neighbours and resulted in the energy expression of equation (2.27)

30 = 223 S(S + 1) (2.27)(9.2)

where 6 = OF.

The molecular field theory was extended, principally by Néel, to
the antiferromagnetic cese when Je is negative. It was assumed that
the antiferromagnetic lattice could be divided into 2 antiparallel
ferromagnetic sublattices A and B such that A atoms only had B atoms as
nearest neighbours and vice-versa. The result of a summation over
nearest neighbours only, is an expression identical to equation (9.2)

but with 6 = —ON.

9.3 The generalized molecular field theoxy

The molecular field theory as developed by Weiss and Néel is limited as
it considers only nearest neighbour interactions, and predicts that

G/ON - -1. Experimental velues differ very widely from this ratio, and
furthermore some antiferromagnetic lattices, notably the f.c.c. lattices,
cannot be divided into a simple 2 sublattice arrangement as required by
the Néel treatment.

A generalized molecular field theory that overcomes these objections
and includes second and more distant neighbour interactions has been
developed, and is described in detail by Smart (1966). In summary, the
magnetid lattice is divided into as meny sublattices as is necessary to
ensure that an atom hes no interaction with another atom on the same
sublattice, then the molecular field exerted on an atom on the ity

sublattice is obtained by summation of contributions from all the other

sublattices. Finally, the generalized energy expression (9.3) is
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obtained in place of equation (9.2)
N
30 = 25(5 + 1) T 2,9, - (9.3)
iml L

where z 1 is the number of 1th neighbours of a particular atom over

which J,, the exchange interamction between 11;h neighbours, operates.

i?
N is the number of sets of neighbours for which J, £ 0.

The paramsgnetic Ccurie temperature thus represents merely the
algebraic sum of all the exchange interactions acting on a given atom.

wWhen a state of magnetic order exists, below a iransition temperature
OC = QN or 6., then the situation is different. Essentially kOo is e
measure of the energy required to bring a material from a state of
perfect order to one in which all long range o'rcj.er is destroyed. It is

made up of a series of contributions which can be either positive or

negative, and may be represented by equation (9'4)f

N
= 25(S + 1) ¥ ?izi'].j_ (9.4)

i=1
where ‘Y'i = #1. The contribution YiJ i of an ith neighbour is positive if
the exchange interaction is such as to support the existing moment

th

3k0,

orientation, and negative if vice-versa. Hence Y Tl 1 when i
neighbours are aligned parallel, and - 1 when they are aligned
antiparallel.

9.4 Application of the generalized molecular field theory to alloys’
with the 12, and B2 structures with one magnetic atom

In order to perform the summations in equations (9.3) and (9.4) it is
necessary to consider firstly where the magnetic momentis may be said to

be localized, and secondly how many sets of exchange interactions act
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upon g particular moment.

The neutron diffraction results indicate that in most of the alloys
investigated the moment is localized on one site, that of the Mn atom,
“except when the alloy contains cobalt when part of the moment is
usually on the Co éite. In view of this, the generalized theory will
be developed for L2, and B2 alloys initially on the sssumption that
only one type of magnetic atom, the Mn atom, is present. The effect of
an additional moment will be considered later. Furthermore, it will be
assumed that for a particular alloy at the composition X MnY the moment
exhibited by each Mn atom will be the same, whether the slloy is ordered
.~ in the B2 or L21 gtruotures. The experimentsl results are in acoord
with this, and it is also reasonable theoretically since the immediate
environment of each Mn atom is unchanged at the body centre of a oube
of 8 nearest neighbour X atoms. In additdon, it will be sssumed that
the same exchange interaction exisis between equally spaced Mn ions in
both B2 and L21 alloys, provided that the intervening atoms, -if any,
are the same. ‘

It is reasonsble to consider that up to 4 exchange interactions
may act upon any one Mn atom. The 4 types of interaction are illustrated
in figure (9.1). Table (9.1) gives the number of neighbours z, over
which the exchange interaction J1 operates in the L21 and B2 structures.
TABLE 9.1

zy Zg Zy 24

L2, 0 12 0 6
B2 3 6 4 3/2




Fig 9 1a B2 structure X, (MnY)

(—O_—J A—-—O/JQ

\
\ ® ®
JZ\‘ I
S
d/ "c/v Jg/
Fig 9-1b L2, structure Xz MnY

%) e O >
X Mn Y Mn or Y

L]

The exchange interactions J, Jp J3 and J, for the

B, and L2, structures.
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If p = 3/2S(S + 1) then for 4 exchange interactions equation (9.3)

becomes

kp@ = 20y + ?2J2 + 23J3 + z4J4 (9.5)
Substituting for Z4 for the B2 and L2l structures results in the
equations

kpe = 30 + 63, + 4J5 4 2J4 (9.6)
for the B2 structure, and

k9 = 127, + 63, (9.7)

for the L21 gtructure.
The equations that may be derived from equation (9.4) depend upon
the type of magnetic order that exists below the critical témperature.

In ferromagnetic materials, Y& =+1, © =6_, and equations identical

P
(9.6) and (9.7) are obtained. Thus, it is not possible from molecular
field theory to determine the values of the individual exchange
interactions that act on an atom in ferromagnetic materials, but only
their algebraic sum, and the limiting values expressed by the inequalities
£(1.3) and A(2.5). ’
Tt should be noted that no distinction is made here between 8 and
6y since no allowance has been made for short range order effects. In
the calculations, @ is used wherever possible in preference to QF'
Antiferromagnetic structures exhibited by s.c., b.c.c., and f.c.c.
magnetic lattices have been described by ter Haar and Lines (1962), and
Smart (1966). Simple cubic and f.c.c. magnetic lattices may each
exhibit 3 types of entiferromagnetic order, types 1, 2, and 3 respectively.

All the antiferromagnetic B2 alloys investigated exhibit s,c. type 1
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ordering, with nearest neighbours arraqged antiferromagnetically. The
antiferromagnetic L21 alloys exhibit f.c.c. tyfe 2 ordering, with adjacent
ferromagnetic (111) planes aligned entiperallel as in figure (8.10).
Substituting for Zg and Yi = + 1 or — 1 respectively for parallel oxr

antiparallel moment orientation, in the energy equation (9.4) results

in the equations

kpoy = =30y + 63, = A3 + %J4 (9.8)
for B2 s.c. type 1 antiferromegnetism, and

kpoy = - 63, (9.9)
for L2. f.c.c. type 2 antiferromagnetism.

1
It is noted that the nett contribution of the.exchange interaction

J2 to equation (9.9) ig zero since half the moments involved are aligned
parallel, and the other half antiparallel.

In the antiferromegnetic L21 alloys, J2 and J4 may be obtained
explicitly from the simultaneous equations (9.7) and (9.9) by substituting

@ and ON In the antiferromagnetic B2 alloys, expressions may be

2.
obtained for (J,+ 4J;) and (I + J ) by substituting © and Oy in

1 3 2 ZA N1
equations (9.6) and (9.8), but if it is assumed that J3 = 0 then J, may
be obtained explicitly. If the alloy can be ordered in both B2 and L21
structures then in principle a comparison can be made of the values

obtained for J2 and J4 in the two cases.

9.5 Application to the alloys PdéMg&

A1l the P4, MnX alloys containing group 111 B elements Al, Ge or In are
antiferromagnetic and may be obtained with the B2 structure. With

appropriate heat treatment further ordering into the L21 structure is
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possible in some cases. The alloys containing group 1V B elements Ge
and Sn or the group V B element Sb are ferromagnetic and are doubly
ordered in the L21 structure.

A summary of the structural and magnetic features is given in
table (9.2), and the ¢alculated exchange integrals are tabulated in
table (9.3).

TABLE 9.2

Alloy Structure a, (a) p (°x) Op (°k) Sy (°x) ¥o0 (8)

240 £ 10 4.4 % 0.2

szMnAl 132' 6.165 =215 £ 30

Pd MnGa. B2 6.180 <-108 - 210 £ 50 4.2 + 0.3
L2, ' - 180 = 90 t

Pd MnIn B2 6.373 =50 £ § - 150 = 40 4.3 = 0,2
L21 " 50+5 - - 142 £ 3 '

Pd,linGe L2 6.174 180 +3 170t 2 - 3.2 0.2

PdMnSn L2, 6,380 201 +3 189t 3 - 4.23% 0.1

P4 MnSb L2, 6.424 259+ 3 24T t 3 - 4.40% 0.1

TABLE 9.3

Alloy (J1+:§f3)/9 Io/p I, /e I+ %4)/9

Pd_MnAl =76 £ 7 2% 3

PdMnGe * <-53 £ 10 <30 % 15 -30 % 15 <15 % 15

Pd MnIn -37 = 5 16 + 1 -24 1 4 %2

Pd_MnGe - 30> %2>1o 10>J,>30 15%1

Pd MnSn - 34> %2>11 12>73,>-34 17#1

Pd, MnSb - U>1,>15 U>I,>-44 22+2

P
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It is noted that in all the alloys J2 is almost certainly positive,

and (J,+ 4J,) and J
<1%3> 4
elements. The most complete data is available for PdZMhIn. If it is

are negative for the alloys containing group 111 B

assumed thatLJ, is small relative to Jl, then J1 is negative, J2 is

3
positive, and J A is negative. In addition |7 4| > |J2| . Hence, if only
one exchange mechanism is present it must be oscillatory and must not
fall off too rapidly with distance. A mechanism such as the RKKY
interaction may be appropriate. Alternatively several different
mechanisms, possibly including a form of superexchange, may be operating.
Tt is clear however that alloys that contain elements from the same

sub group, that might be expected to have similar electronic configurations,

do have similar chemical and magnetic structures.

9.6 Application to the alloys Nizﬂgz

In the alloys NizMnX the magnetic moments are principally confined to
the Mn sites, and consequently it might be expected that the alloys will
have magnetic properties that are gimilar to those of the corresponding
alloys in the series szMhX. The observéd gtructural and magnetic
features are summarized in tabie (9.4) and the calculated exchange
integrals are shown in table (9.5).

A1l the L21 alloys are ferromggnetic but the one alloy with a B2
structure has a complicated antiferromagnetic cone spiral spin structure.
The replacement of Pd by Wi results iﬁ a reduced cell size and an
increase in magnitude of the ferromagnetic exchange forces. The anti-

ferromagnetic exchange forces in the L21 alloys containing group 111 B

elements may still be present, but are not so dominant. In Ni MnAl J,
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is still negative but not sufficiently so as to dominate and produce &

simple type 1 antiferromagnetic structure.

TABLE 9.4

Alloy  Structure ay (4) ©p (’k) o (k) oy K)o (B)
NiZMhAl B2 5,821 200 £ 50 - 300 £ 10 4.4 % 0.3
NiZMnGa L2l 5.825 379 % 3 - 4.17 £ 0,2
NizMnIn L21 _ 6.068 323 £ 4 - 4.40 £ 0,05
NiMaSn 12, 6.052 304 % 3 - 4.05 %+ 0.05
NiéMnSb L21 6.000 360 T 4 - 3,27 £ 0.05
TABLE 9.5

Mloy  J,/p 3,/ (I,+ %4)/ P

NiZMnAl Antiferromagnetic cone spiral

NiinGa 64>J,>21 21>Jp-64 321
P P

NiMnIn 54>J>18 18 >J 4>-54 27T 1
P P

WigmSn 58>J,>19 19> JIp-58 29 %1

‘ P :
NiJinSb 60 >§ >20 20>Jp>-60 30 £ 1
, EQ ;¢>

Smart (1966) has shown that when the ratios of the exchange integrals
fzll between certain limits then é non-collinear structure will have a
lower energy than either a ferromagnetic or antiferromagnetic arrangement.
This is evidently the case with NizMnAl. The extrapolated paramagnetic
and ferromagnetic Curie temperatures would be aboutl 200°K whereas the
spiral transition temperature is BOOOK. The Néel temperature for type 1

order would presumebly be between the two.
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It NizMnAl could be ordered into the L21 structure it would probably
be ferromaghetic. Conversely, if the alloys NizMnGa and NiéMnIn could
be preferentially disordered into the B2 structure then some form of
amtiferromagnetic structure, or at least a reduction in Curie temperature
would be expected.

9.7 Application to the alloys Co,MnX

It is unprofitable to analyse the magnetic structures of the alloys
containigg Co in terms of the simple molecular field theory since too
many possible exchange forces must be considered. However, several
distinct features of these alloys are evident from the summary of magnetic

and structursl data in table (9.6).

TABLE 9.6
Alloy Structure a4 (A) op (°x) Ho0 (8) H293(C°) (8) p293(Mn)(B)
CozﬂnAl B2 5.756 697 £ 3 4.01 1+ 0.04 0.61 £ 0.1 2.50 £ 0.2

CoinSi L2 5.654 985 £ 5 5.07  0.04 o0.74 * 0.07 3.52 * 0.14

CoMinGa L2, 5.770 694 £ 3 4.05  0.04 0.49 * 0.05 2.82 % 0.1
CojinGe 12 5.743 905 * 3 5.11 + 0.04 0.72 £ 0.08 3.48 £ 0.16
CognSn L2, 6.000 829 * 4 5.08 * 0,05 0.72 * 0.08 3.48 % 0.16

Coy 5inSb 12, * 5.929 600 10 4.9 # 0.1 0.52 # 0.1 3.50 # 0.2

—

All the alloys containing group 1V B elements have very similar
properties, They have a nett moment of about 5 B per molecule and
individual atomic moments of approximately 3.5 § and 0.75 B per Mn and
Co site respectively. The Curie temperatures decrease with increasing

lattice parameter in the series Si, Ge to Sn.
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The alloys containing group 111 B elements have lower nett moments
of about 4 B and correspondingly lower Curie temperatures. In common
with the other series, the alloy containing Al is ordered in the B2
structure, and is presumably subject to Mn - Mn exchange forces of the
type Jp. If Jy is negative this may explain why Co tnil has & Curie
temperature lower than might be expdcted relative to the alloy containing
Ga. Alternatively, Mn - Co - Mn exchange interactions along J3 may be
a contributing factér.
MnSb has a nett moment similar to that of the alloys

1.75

containing group 1V B elements, but has a relatively low Curie temperature.

- The alloy Co

This is almost certainly the effect of a reduction of the number of
exchange interactions due to vacancies on some of the Co sites,

9.8 Application to the alloys CuéM§§

The Heusler alloys containing Cu have been the subject of many investig-
ations, but this series is gtill the most incomplete, probably because
the L21 structure usually only forms after very careful heat treatment,
and additional phases are often present. A summary of the best available

data is given in table (9.7).

TABLE 9.7

Mlloy Structure sy (4) 0p (°K) oo (B)

CuMnAl L2, 5.95 600 10 3.7%0.2
CuginIn L2y 6.2 520 £ 5 4.0 £ 0.1
CunSn L2, 6.17 (530) 4.1 £ 0.1

In contrast to the other series, the most stable L21 alloys contain
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group 111 B elements. All the alloys have a total moment of about
4 B and are strongly ferromagnetic, when they are ordered in the L21
Structure. If the L21 structure is destroyed by appropriate heat
treatment there is no tendency towards partial disorder into the B2
Structure, completely new phases are formed, and these phases are non-
ferromagnetic. The formation of magnetic order is clearly dependent
upon the presence of certain types of chemical order.

9.9 Application to_the alloys XMnSb with the Cl. structure

b
In general, Heusler alloys form most readily when they contain group 1V B

elements, There is a tendency to form the B2 structure with group 111 B
elements, and it is often difficult to dissolve completely 50 At.% of
element X in alloys containing the group V B element Sb. However,
intermetallic compounds with the Cl, structure form readily at the
equiatomic composition XMnSb. At this composition highly ordered
Vacancies occur in the lattice and the electron per atom ratio is clearly
much different from that in the Heusler series. A summary of the
Principal magnetic features is given in table (9.8).

TABLE 9.8

Mloy ay (&) 6y (°K) wyy (B)

————

PdinSb  6.233 523 1 4 4.06'1 0.05
ViMnSb 5.929 735 + 5 4.05 # 0.05
CoMnSb  5.870 471 * 4 4.04 + 0.05

CuMnsh 6,097 Antiferro 4.2 t 0.2

————

The nett moment per molecule is approximately 4 f and is concentrated
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at the Mn sites. In the alloys containing P3d and Ni the exchange
integrals J2 and J4 are altered so as to give Curie temperatures that
are higher than those of the alloys in the corresponding L21 gseries.
The reverse behaviour is shown by CoMnSb, but this is further evidence
that the high Curie temperatures of the 002MhX alloys is largely due to
exchange forces involving the moments on the Co atoms. On the other
hand, CuMnSb has a susceptibility that is complicated and is field

dependent, but is definitely antiferromagnetic at low temperatures.,

9.10 Summary and conclusions

A wide range of related alloys has peen investigated. Mangsnese is the
one element common to all of them, and in every case the lMn ion carries
a large magnetic moment, usually about 4 B, which is coupled via some
form of exchange interaction to neighbouring Mn ions in an ordered
magnetic structure. In addition to the ferromagnetic configurations
associated with the traditional Heusler alloys, antiferromagnetic and
complex spiral spin structures have been revealed.

Some nev igtermetallic compounds have been discovered, and their
structures have been determined. In some casés, such as CuéMnSb ahd
CuMnSb, earlier data has been shown to be incomplete or of doubtful
validity. Lattice parameters have been determined from X~ray diffraction
photographs, and.neutron diffraction data has been employed to determine
quantitatively the extent and type of long range order. Magnetic
structures have been determined from magnetic and neutron Qiffraction
data.

An gttempt has been made to describe the magnetic structures in
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terms of a molecular field theory, and although it is not suggested
that this approach is at all rigorous its application does indicate the
probable signs and orders of magnitude of the exchange integrale that
are present. Several important features do emerge. In particular, if
elements from within a particular B sub group are.considered, the lettice
parameter increases with increasing'atomic number, but this is usually
accompanied by a decrease in magnipude of both positive and negative
exchange integrals. It is not possible from these results to say
whether the decrease in the exchange integrals is primarily an effect
of the change in element, or ig due to,the increase in lattice parameter.
However, Austin and Mishra (1967) have shown that a reduction in cell
size, caused by an increase in pressure, of some of the ferromagnetic
Heusler alloys containing Ni, results in a small increase in Curie
temperature.

Tt is clear however that alloys containing elements from the same
sub group do tend to form similar chemicel and magnetic structures, and
a change from one sub group to another usually haes & marked effect on
the exchange integrals. Apart from CulmsSb, antiferromsgnetisn ooours
only in alloys containing group 111 B elements, and the alloys containing
group 1V B elements are exclusively ferromagnetic.

Qualitatively the inerease in conduction concentration that
presumably occurs on substitution of an element from a higher sub group
results also in a relative increase in the ferromagnetic exchange
integrals. But, it is difficult in the absence of any quantitative -

information about the conduction electron polarization or concentration
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to make any detailed calculations of exchange forces, or to attempt to
fit the results to an RKKY curve.

Tn order to further the investigation of the effect of the
conduction electrons on the exchange integrals it would be of interest
to perform additional measurements on these alloys so that the details
of their electronic structure could be determined. It would also be
most helpful if additional members of an alloy series could be formed
with the L21 or B2 structures in which the degree of long range order
could be carefully controlled. Complete control of the degree of
B2 - L2l order in szMnIn, for example, would enable an assessment to
be made of the validity of this type of molecular field approach.
Further important information could be obtained if a continuous series

of L2l or B2 alloys could be formed at chmpositions such as

Pd.ZMn(InXSn._L_X) .
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APPENDIX

Molecular field calculations for L2

1 and B2 alloys

The molecular field theory is developed in section (9.4) for s.c. type 1
magnetic lattices with half the lattice sites occupied randomly by
magnetic atoms, and for f.c.c. type 2 magnetic lattices. A summary is
given below of the molecular field equations for alloys with L21 and B2
chemical structures but with ferromagnetic or type 1, 2,or 3 anti-
ferromagnetic lattices. The magnetic lattices are defined in the same
manner as ter Haar and Lines (1962) and the summations have been made
over the 4 interactions illustrated in figure (9.1).

a). Simple cubic magnetic lattice (B2 chemical)

Paramagnetic or ferromagnetic order O = 33, + 6J, + 4J3 + §J4
2
Antiferromagnetic order type 1 po = -3J, +6J, - 43, + 3J
N1 1772 T T 94y a(1.1)
type 2 POy 1 20, + 4J3 + %J4

type 3 Pys = Iy =205 =435+ %J4)

n
L

b). Face-centred cubic magnetic lattice (L21 chemical )

Paramagnetic or ferromagnetic order pé = 12J2 + 6J4

Antiferromagnetic order type 1 PONl = -4J2 + 6J4
A(1.2)

type 2 POy = - 6J4

type 3 pON3 = -4J2 + 2J4

For each possible state of magnetic order there is a characteristic
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transition temperature OF or OI’ but the particular type of order that
will occur will be the one corresponding to the highest transition
temperature. This type of order will persist at lower temperatures
provided that the exchange forces are not temperature dependent.
Conversely, if a particular type of order is observed, then the transition
temperature corresponding to that type of order is greater than the
transition temperatures corresponding to the other possible types of
order.

Hence, when s.c. type 1 order persists ONl(sc):> Ops Oyp end ONB’
and when f.c.c. type 2 order exists GN2(f°C):> OF’ gNl and QNS' When
the alloys are ferromagnetic OF:> gNl’ ONZ and ONB'

Applications of the above inequalities %o equations A(1.1) end
A(1.2) enables the following limits to be put to the values taken by
the exchange integrals.

a). Ferromegmetism (B2)

Jl + 2J2 > 0 g
Jy + 4, + 475 > 0 4(1.3)
Jl + %JB > 0

b). Antiferromagnetism type 1 (B2)

3 - 23, < 0 g
Iy 4 A = 4, <O % A(1.4)
I+ 4393 <0

It is noted that in the B2 structure J4 has no effect on the type
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of order that persists. Furthermore, if it is assumed that J3 = 0,
then Jl is positive if ferromagnetism exists, and negative if type 1
antiferromagnetism exists.

¢). Ferromagnetism (L2,)

>0 J0<JT A(1.5)

d). Antiferromasmetism type 2 @21.1

- - A(1.6)
J4< 0, J2<IJ4\

In this case the type of magnetic order that persists depends

entirely upon the relative signs and magnitudes of J, and J4'
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