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ABSTRACT
The structural and magnetic properties of pseudo=binary

' compounds formed between the heavy rare earth metals and the
transitionsl metals iron, cobalt or nickel have been investigatedo

_ 'l;he present work is a continuation of the investigation

of the physical properties of the péeuﬁo-binary compounds named

above., The magnetic measurements were carried out on a vibrating

semple magnetometer in applied magnetic fields of up to 10KOe,

The range of temperatures used was from liquid helium (4.2%K) to
about 800%K,

Further evidence has been found that the room temperature
lattice spacing anomaly observc;.d in (G4, Y) Co,, (6a, Er) Co,
systems are due t§ a transition from the ferromagnetic to the
non-ferromagnetic state, with decreasing Gd concentration.

‘Transition metal moment collapse has been observed in
series Ho (Co, Ni)2 and Er (Co, Ni)z. The value of additional
3d - electrons at which the moment collapsed increases going from

yttrium to gadolinium compounds,
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+ CHAPTER I
1.1 _ Tonic magnetic moment.
The magnetic dipole ,moment': of an orbiting electron in a
circular path of radius r and angular frequency w is
‘ '“;:r = - erzw/ 2c (Ban. 1.1)
The relationship between w and r for an electron in motion about
an atom is constrained by the quantum limitation that the orbital
angular momentum must be a multiple of o This requires that
' the magnetic moment associated with orbital motion must be a
multiple of eh/2me, This quantity is known as the Bohr magneton
and has a value of 9427 x 1072 erg/gauss.
The angular momentum assoc_:ia,ted with the spin of an
electron can be characterized by a spin quantum number s = : %o
This spinning motior.L has an associated magnetic moment, which is
customarily written
MSP = gspM g | (Eqn. 1.2)
where g is a quantity called the spectroscopic splitting factor.
Since g = 2.,0023 for a free electron, the magnetic moment of a
SPiﬂning electron is almost exactly one Bohr magneton. If we
assume that the total angular momentum is givenby Russel =
Saunders coupling of spin and orbita'l motion and employ the
{ ' terminology of Lande then-the total magnetic moment of an atom
or ion is

M= 85 Mp J (Eqn. 1.3)
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Here g =1+J(J+1)+5(S+1)-L (L+1) (Ban. 1.4)
: 27 (T + 1)

is the Lande/g - factor,.
According to quantum mechanics, the total angular

momentﬁm vector of an atom has a magnitude # [J (T +1)] %,' but
the component which can be aligned with the axis of a magnetic
field must be one of the set % s wﬁere the aximuthal quantum
number my is a member of the set J, (J -_._1), (T =2) 00000y (4 = T), Jo
For each value of m., the total magnei;ic moment 4 of Eqn. 1.3 has a
component ngBmJ a].‘:Lgned with the field axis.

Such a componen‘l; acquires ‘a potential energy

UJsm = - gugniH " (Eqn. 1.5)
in a magnetic field of intensity H, and it is this set of possible
energies which must be considered with respeect to the Boltzmann
energy koT in determining the gross magnetization for a given H

and given To Thus tﬁe magnetic moment per unit volume is

J
M=N _ZJ (gugn;) exp (gugm; B/k T)

Jd
-ZJ =P (g’uBmJ" IVko“")-’. |

(Eqn. 1.6)

and efter substitution M = Nguy JB; )
where ¥ = (gup JH/x )
and BJ (y) is the Brillouin function, which after some

manipulations of the sums in Equation 1.6 has the form

By (y)=2031 coth (7 +1(y) - 3coth § (Eqn. 1.7)
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The Brillouin function varies from zero when the applied field

is_ zero to unity- for infinite field. Thus the saturation
magnetigation of a paramagnetic solid is M (0) = Ngug Jo  Under
weak field conditions, the Brillouin function is asymptotic to
BJ(i)Q,J& (3 +1) 37, y«1 and for these conditi;)ns the

paramagnetic susceptibility has a Curie law behaviour :

x = M =ng,uEZJ (+1) = ¢ (Eqn. 1.8)
) - T . .
3 koT
and each magnetic atom has an effective dipole moment

Meff gug J (7 +1) t _ (Eqn. 1.9)

For ferromagnetic ordering Weiss (Ref. 1.1) described the interaé¢tion
of a magnetic atom with the crystal by a molecular field, whose
magnitude Hm was proportional to the magnetic moment per unit
volume; that is |

Hy =y¥ _ | (Eqn. 1.10)

where y is called the molecular field constant. The idea of a

' molecular field leads directly to the Curie -,Weiss law for

susceptibility above the Curie poizrl'.'Tc

X = C '1.‘>'.l‘c = Vc (Ean. 1.11)

- For a given value of J, the plot M (T)/M (0) versus T/Tc yields a

universal curve, The best agreement with -exper:i.mental data is

for J = %,
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For an antifenom@étic solid at low temperatures the
“total energy of the crystal in the absence of an external magnetic
. £ield is lowest when dipoles of opposing magnetic Ments alternate,
This arrangement is very stable at low temperatures and the
susceptibility in an applied fiela is small. When the temperature
rises the efficiency of this dipole = dipolé interaction decreases
and the .susceptibility increases until at the Neél temperature Tﬁ
-the' spins become "free" to respond to a field. For still higher
temperatures the behaviour is paramagnetic, and the susceptibility
* follows a modified Curie law

x = e ' : (Eqn. 1.12)
T + 86

The low temperature ordering in a ferromagnetic material is similar
to that of an antiferromagnetic material, but the two opposing spin
systems have magnetic moments of unequal mgnitude and a net
spontancous magnetization results as the lowest energy state of the
system, This magnetization dec.rea'se.s to zero.magnitude when the
solid is warmed to the Curie pqint Tc and the behaviour is once
again paramagnetic at higher temperatures.

If the temperafure variation of the magnetization
ME and MB of two sublattices ié different, the resultant
magnetization M = M, + My is either a) always of one sign as shown -
in Fig. 1.1a) or reverses sign at some temperature T, Fig 1.1b) for
which/M, | = [Myo | This temperature is called the compensation

pointo




Fig. 1.1 PFerrimagnetic Magnetization/Teﬁﬁerature Curves.
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1,2  Itinerant electron model.

The original treatments of ferromagnetism assume that
the magnetic electrons are fixed on a particular ion. This is
the localized spin model. The nearest approach to this in a -
ferromagnetic metal is in 1‘:he ra:r-'e-ea;rth group elements in which
the magnetic moment of each ion arises from the partially filled
4f shell which is well inside the ion and can therefore be
. considered to be localized; bdbut ev;an here, we should still take
account of the .eff\ect of the non-miagnetic outer conduction
electrons. In the iron group glenients s however, the magnetic
moment of each ion arises from the electrons 'in the partially
‘Pilled 3d shell, Since the 3d shell is at the outside of the
ioh, the wave functions of the 3d electroms of neighbouring ions
overlap and a fairly narrow band of states is formed, This
. means that the "magnetic" electrons can move from ome ion to
ax;other (this is sometimes called the itinerant model) and so
the localized spin picture is no longer applicable. It is also
clear that the localized spin model cannot be strictly valid
because, if it was, the saturation magnetization of a ferromagnet,
~ when all elementary moments are aligned, shmzla correspond to an
intégral mmber'of_]éohr magnefons, whereas nonintégral valués
are actuslly found (Ni = 0.6, Fe = 2,2 and Co = 1,7 Bohr magnetons
respectively ). |

'.l'he. problem of itinerant versus localized spin models

"has been reviewed by Herring (Ref. 1,2) and from it we recall that




_— 6
the itinerant model is favoured by th'e fractional saturation
moments (Ref. 1.3) in the ferromagnetic state, by the electronic
"specific heat and by band calculations and Fermi surface
.measurements. The localized model however, appears to be more
appropriate for the description of neutron scattering form
factors, the magnetic entropy and the behaviour of dilute alloyse.
(Refo Lo4)o

1.3 Localizetion in the Band Model.

' Priedel (Ref. 1.5) has shown qualitatively that
localized magnetic moments are not incompatible with the band
approximatio#.

Such moments can originate from a local piling up of
electronic charge with one spin, compensated electrostatically
by an equal locel i‘epuls::.on of electrons with the opposite spin.
The displacements of charge can take place within the band, and
ca.n_result in fractional numbers of electronic charges. | This
is so since each electron-in the band contributes only an
1nf:|.n:|.tes:|.ma1 amount of the total polarization,

The extension of Stoner s band model which: Friedel
proposed is quite similar to the extension from the Zener
(Ref. 1.6) to the Yoshida (Ref. 1.7) model for superexchange of
d (or f) shells via conduction éleétronso The difference is
that Friedel's model involves a coupling via the same (d) band

within which the localized moments occur. In this treatment

the possible role of the conduction band was neglected. Localized
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moments should occur only if the band is-sufficiently narrow and
weak coupling occurs from one atnm to the next only if the band
is neither too empty nor too full,

This coupling may be ferromagnetic or antiferromagnetic,
depending on the exact structure and filling of the band, and
should give rise at high temperatures to a Langevin type of
paramagnetisme On the other hand, for a nearly empty or nearly
full band, they should be strongly coupled ferromagnetically
and give rise, at high temperatures, to a Pauli type of
paramagnetism,

In .the- same year a quantitative theory of the one
spin-problem was worked out by Anderson (Ref. 1.8) and the model
has become known by the author's name, It was first presented
'in comnection with the problem of dilute alloys, but has been
extended to pure metals, The case for many spins has been

- presented by Liu (Ref. 1.9) treating a 'ferromagnetin metal as
‘a lattice of overlapping Anderson - type loqalized moments.,
1.4,1 The Heavy Rare Earth Mctals.

In nature the oxides of the rare earth metals occur
in mixed ores such as monasite and lastnaesite. Scandium and
yttrium resemble the rare earth elements very closely in
chemical and physical properties and are present Iin rare earthe

containing oreso.

Our interest will be directed towards what are
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commonly called the heavy rare earth metals, i.e. thoss with a
more than half £illed Lf - shell. As stated previously, the
main carriers of the highly localized mﬁgnetic moment in these

-metals are the unpaired electrons in the 4f shell. The
paramagnetic moﬁent is accurately given by the application of
Hund's rules, which state that 1) the spin arrangement should
have the maximum total spin angular momentum (s), and 2) the

_ orbital arrangement _ should have the maximum orbital angular

R momentum (L) within the restriction of rule (1) and of the Pauli

exclusion principle. Then fhe total angular moment becomes

J =L + 8 for heavy rare earths, as showm in Table 1. The
radius of the 4f shell is small and the shell lies inside the
clc.;sed 58 and 515 shells, These outer st;ells contribute
significantly to the shielding of the 4f electrons and inﬁuence
the electronic and magnetic properties. The valence electrons
come from the 5d, 6s and 6p shells,

In general, most of the rare earth metals are

trivalent except europium and ytterbium, .i.n which the stable

. configurations are h.f7 and lq.f“", hence those are divalent.

" The total magnetic moment of rare earth metals in the
ferromagnetic state at absolute zero (Table 1.1) is given by
the sum of ‘i;he_l..f moment and a moment arising from conduction
electrons spin i)olarization. Except for 63, however, the Lf
magnetic moment may be reduced from the value of the free atom

due to the crystal field.
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Neutron diffraction results indicate.that the radius

of the 4f sh:ell is about 0.1 of the interatomic distance in the
meﬁis and about 0.3 of the atomic radius, and no evidence has
yet been found for the existence of a 4f band.

Systematic differences from element to element in
the heavy rare earths may be attributed to the so-called
lanthanide contraction, The origin of this decrease in lattice
'parameter lies in the fact that with increasing atomic number
the increase in the charge of the 4Lf electrons is insufficient
to completely screen the extra nuclear charge. ' Consequently
_ the increased electrostatic attraction causes the radii of
the 'outer shells to decrease. The crystal structures of the
heavy rare earth metals, except Yb, are_hexagonal close packed
(hep)o For the ideal packing of spheresin an hep structure
¢/a = 1.633, but for the heavy rare earth c/a varies from 1.59
fof Gd and 1.58 for Tb to approximately 1.57 for the remaining
elements. One possible explanation for the differenc.es in
c/a :i;s found in the changes of the symmetry of charge
distributions with increasing occupatioﬁ of the 4f shell electrons.
In these shells the orbital angular momentum is zero for Gd
(Tablé 1.1), indicating a more spherical charge distribution,
whereas in Ho a.nd Er the angular momentum reaches a max. value

of L = 6 and the 4f charge density is highly anisotropic.
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IMetal | 25 L | 7 | (&) [T (%) ‘Theoret. | Exper. |

Value moment

& (#B)
ca 7 | o | 35 - |293.2| 7.0 | 7.55
Tb 6 | 3|6 229 |221 | 9.0 903k
Dy 5 5 | 7.5 178.5| 8 10,0 | 10.6
Ho b 6 | 8 132 | 20 |10.0 10034
e | 3 | 6 |75| & | 196 9.0 9.0
T 2 5|6 56 | 22 7.0 7ok

5 | 3.5 | Does not order | 4.0 -

K

‘ Table 1.1 The magnetically ordered states for .heavy
rare earth metals. _
1,4,2 Magnetic Contributions to the Rare Earths,
The different types of magnetic structure that occur
| throughout the heavy rare earth metals (Ref. 1.10) can be
considered as the natural consequence of a single Hamiltonian for
the 4f localized moment system.
| - In this theory we deal with three types of energy
for the spin system corresponding 1:6 the localized ioms.

X =Hox +¥op +gems (Eqn. 1.13)

The first contribution is a long range oscillatory exchange

interaction first derived by Ruderman and Kittel for nmr studies,

" extended by Kasuya and Yosida for rare earth fefromagneticso
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This has the form

Rey = =10 (54, Sg) (Eqn. 1.14)
and is the dominant coupling term and will be discussed in detail
later, )

The second contribution is the anisotropy energy of
the unstrained lattice resulting from interaction of the
crystalline electric fiela caused by the charged rare earth ions
in the hep lattice. Although the point charge model is inadequate
for calculating magnitudes of the crystal field, the crystal
field does exhibit the symmetry of the ionic lattice. The
crystai field interaction consists of a large axial and smaller
planar anisotropy and its role in determining the magnetic
structures has been discussed by Elliott (Ref, 1.11).

The last contribution to # comes from magnetostriction
effects, These effects arise from the modification of the
crystal field splittings by the strain.

Hps = He +i m
Here %e is the elastic energy associated with the homogeneous
' strain components, and %m is the magnetoelastic interaction,
.coupl.ing the spin system to the strains, |

It can be shown that the Hamiltonisn of (Eqn. 1.13)
leads to the various types of magnetic structures (Ref. 1.12).
Evenson and Liu (Ref. 1.13) have given a general proof of the

theory that the first order transition from the helical state

to the ferromagnetic or conical ferromagnetic state in Tb, Dy,
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Ho and Er can be explained by the magneto - eiastic effect for
a general ordered spin stateo

The crystel field effects are relatively small, due to
the paired electrons in 5s and 5p states, and they are normally
| introduced as a perturbation on the spin = orbit coupling between
L and S. The situation is different for the transition metals,
in which the crystal field effects are very important, as

indicated in Table 1.2

Ions “Coulomb Energy Crystal Field Spin-Orbit
Differences Energies Energies

Fe group | 10 - 40 x 10°cu™! | 10 - 20 x 10%an™" | 100 - 800ca™

Rare Barth| 5 - 40 x 10°cm~ | ~ 200cm 600 =3000cm™

Teble 1.2 The contribution of energy for the spin system

corresponding to the localized ions.

The first column represents the ranges covered by the
difference' in energy between the ground term and the first
excited term, the absolute magnitudes of the Coulomb binding
enérgies for the transition sheil electrons are of the order
165cm-1° |

l.4s3 Exc e Interactions in the Rare Earths,

" Returning to the determination of o (Ean. 1.14),
the interaction between rare earth atomic moments must be an
indirect one, since overlap of the 4f wave functions, particularly
for the heavy elements, is exceedingly small, The most

satisfactory theory for this interaction is the Ruderman-Kittel-
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Kasuya-Yoside (RRKY) theory (Ref. 1l.lk, 15, 16 ).. This assumes
- that an exchange interaction -exists between the spin Si of a single
ion and spin Se of a conduction electron of the type xex = =/ (Si, Se)
whex;e " is the éxcha.nge energy and uses ; delta function to r;epresent
the ionic potential. The conduction electrons which are assumed
to be free are scattered under the influence Af this interaction,

This scattering leads to a polarisation of the electrons

in the vicinity of the ion (i) given in Ref, 1,17 by
Pi(r) = 9T z%r 8, F (Zr) (Eqno 1.15)
WoEy
where P(x) = x cosx = sinx x =2k
xli-

i is the atomic density of conduction electrons, V the atomic

- volume, EF the Fermi energy, kf the wave vector of the electrons
at the Fermi surface and r is the distance from the ion. The
function F(x), and hence the polarisation, is long range and
oscillatory, deceying as cos x/x3 at lafge distances.' This
polarisation interacts with a second ion with spin SJ at position-
r, and has the form -/'8 P, (r p ) and in the sbsence of spin-orbit
interactions is equivalent to a coupling.

) . o 06 - |
53155 _ (Eqn. 1.16) ‘

where I, = omzr®  R(xg) (Eqn. 1.17)

1 |
W2E, | S

gei.: -1

J i
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Thus the exchange interaction which exists between two spins'
has a similar oscillatory form to the conduction .electron'
| polarization. In order to include the effect of the spin-orbit'
coupling on the spins Si, S._j we have to use the projection of
S on J in these interactions. De Gemnes has shown that for
ELS ?» KT where EI.S is the spin-orbit coupl_ing energy, this
projection has the ‘form S = (g = 1) J.
Applying the interaction yeij in a molecular field
approximation to determine the paramagnetic Curie point leads
to an expression (1.10). Neglecting diréct coupling between-f
shells it follows that
2 2 .
k0 = MZ p (442 3(@+q) = F (Zkpr; ) (Ban. 1.18)
" . i}

Experimental results are in good agreement with RKKY theory for
many of the properties of the rere earth metals. (Ref. 1,17, 18, 19).

' Espécially remarkable agreement may be seen from the
variation of the observed Curie temperature with the de Genx;es
factor:- (g - 1)2 J(J +1) (Ref. 1.12). On the other hand,
however, band sfructure calculations and Fermi surface
‘determinations for the rare esrth metals (Ref.' 1.20) show that
theée are quite different from the almost free electron picture.
A cleer indication is given of the transition - metal like
behaviour to be expected for the conduction electrons. The
changes of the Fermi surface will affect the_ electronic
behaviour and have been used to interpret some of the magnetic

properties of the metals (Ref. 1,13 ).
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Further experiments to explore the Fermi surface and
en,ez:'gy bands are necessary before a full understanding of this
behaviour is possible. These will require purer materials
than are presently available,

1.4l Origin of exchange parameter " o

Recalling the Equation wSE = ="'SE for the s-f
) iﬁteraction, the experimental vaiue and sign of I’ is still
somewhat indefinite. Theoretical work (Ref. 1.21) shows that
in addition to the obvious constributions to /" due to the
positive exchange integral # between the 4f shell and the
conduction electrons, there is a negative interband m:.x:l.ng between
the conduction electrons and local moment electron orbitals.

Tﬁe implications of interband mi.x:.ng on electron
states neﬁ;' the Fermi surface were recognizéd in the 1930's,
but only recently have Anderson and Ciogston (Rg:f. 1.22, 8)

confirmed the importance of this mechanism. Tt;e interband

| mixing contributions to [ are very sensitive to the conduction -
elect;rox-m character; also /7 varies significantly with the _
condﬁction electron k direction. This can cause severe
anisotropies in the RKKY conduction - _e1ectron_spin density
distribution. -

" A simple example of interband mixing is as follows
(Fig. 1.2). Consider the mixing of two functions, an

unoccupied conduction - electron state of spin f which lies

Jjust above the Fermi surface and an occupied 4f ¢ level,
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<K

sFin ¢

Figure 1.2 A schematic representation of interband mixing for
Gd and its contribution to a "(0) defined for the

Fermi - surface electrons,
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Then this mixing will raise the energy of the state at the Fermi
surface._ This is termed an "emission" process since an occupied
Lf state has condﬁction = electron character part of the time,
There is also a similaer "absorption" process which involves the
Af ¢ virtual states (above the Fermi surface) and an occupied ¥
conduction - electron orbital,
| The combined effect of these processes is to lower the
minority spin ¢ conduction - electron energies and increase the
eﬁergies of the majority spin f electrons, so resulting in a
negative polarisation. | .

‘1.5 Rere - Farth - Transition Metal Compounds.

The intérmetallic compounds of the 3d - transiti&n
metals with the rare earth metals belong to two groups:

1, The compounds with a high trﬁnsitién metal content such as
AZB17’ AB5’ AZB75 AB3 and AB2 where A is a rare earth element
or yttrium and B is Fe, c'oo.rm, and

2, The compounds with high‘rare earth metal content as ABB’
A7Nij, Ahpoj and ANi.

The compounds of the first group have crystal
structures derived from the fundamental CaCuy (Ref. 1.23) and
CaZng (Ref. 1.2L) types by ordered substitutions of the atoms.

As the pseudo-binary compounds investigated in the
" present work were formed from intermetallic compouﬁds of the type

ABZ’ we shall now describe some properties of these,
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They belong to the large class of intermetallics
crysfallizing into the structures known as Laves phases, All
of them are cubic with a Mglu, structure (Fig. 1.3) (Strukturbericht
Type C15), which has 24 atoms/unit cell, Two other types of

Laves phases exist, the M@n2 hexagonal structure (C14 type) with
12 atoms/unit cell and the MgNi, hexagonal structure (03-6 type)
with 24 atoms/unit cell. These have been reported in some rare
earth manganese compounds (Ref. 1.25) and as impurity phases in
some pseudo-binary compounds (Ref. 1.26).

The Laves phases represent a very efficient method of
filling space and, with atomic size ration RA/RB-= 1,225, the
average number of lnearest neighbours in the structures is 13%.

It appears that the Mgcuz structure cannot develop unless the
radius ratio of components falls within certain limits, and it

-wa.s' originally thought that these structures are size stabilized
so that a size ratio close to an ideal value of 1.225 is required
for the phases to form. However the ideal ratio is the same for
all three phases and there does not appear to be any discrimination
lbetween the types on this basis; so that other factors appear to
be involved,

Laves and Witte (Ref. 1.,27) have stressed the impartance
of an additional requirement, ngmely that the number of electrons
per atom in the conduction band should be within a certain rangeo

This "valence" electron per atom concentration (VEC) dependence

has subsequently been confirmed on campounds with transition metals

(Ref. 1.28) and has been related to the density of states variation
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obtained from.hydrogen _solubility-, susceptibility and electronic
specif:ic heat measurements (Ref. 1.29). This dependence is
interpreted in terms of the interaction between the band
structure and the Fermi surface. In the solid state, there
is a tendency for any xpaterial to adopt a strcture in which
the Fermi _-surface is near a Brillouin zone boundary, where the
density of states is high, since the energy of the Fermi surface
will then be lower,

Previous recent studies determined that the cubic
C15 type is stable for vec 1,33 to 1.72 and the hexagonal Ci4
for vec 1.8 to 2,32, At higher vec the cubic type is again
stable and the intermediate ranges are usually twophase.

There must, however, be other, as yet unknown, factors
_ governing the stability of the Laves phases, since many systems
.which satisfy the requirements of size ration and vec do not
form :|.n these stru;:tureso Among these are the compoundé of
copper with rare earths and the scandium group metals, of which

not one forms in a Laves phgseo

e

Summary of magnetic properties of AJB2

The magnetic properties of these materials are complex
.and varied, and at present we cannot give a _satisfactor‘y unified
eiplamtion of their behaviour., In the following the essential
features. of the published work will be summarized. (Table 1.3).

Almoéf all A.Bz-are magnetically ordered. The magnetic

moments correspond to ferrimagnetic ordering with the moment of |
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Fare Fo 'qo Ty
Earths - .
Te MB_ Tc ,uB-‘ - Te ,UB
YT | 550 2.91 | | Pauli parem,
"Ce | 21| 2.4 Param, Pauli parem,
| P -| - 50 |32 | (a) | 0.8
Na - - |16 | 3.8 16 | 1.8
sm | 700 2,5 | 259 | 2.0 21 | 0.25
Gd | 813| 3.6 | 400 | .49 8 | 7.1
Tb 696 | 3.9 256 | 6.7 | 45 7.8
Dy | 70| 5 | 159 | 7.6 | 30 | 9.2
Ho | 600 5.2 | 95 [ 7.8 22 | 8k |
Er | 450 | 47 36 | 7.0 21 | 6.8
Tm | 610 | 2.52 18 | 47 (a) | 3.2
In | 610| 2.97 | Pauli Par. | Pauli Par.

a) Magnetic state uncertain.
Table (1.3) Magnetic Moments and Curie Temperatures

of AB2




19
the Fe, Co ions reduced from the free ion value of 2.2 Mp and
1.7 iy respectively, and zero magnetic moment of Ni.

' Neutron diffraction measurements (Ref. 1.25) on
TbNi, confirmed that Ni has zero moment apd this hds been
attributed (Ref. 1.30) to electron transfer from the rare earth
components to the Ni 3d shell, patting it into thé 3d'° state.

The measured moments of ANi, are therefore due to the rare earth

2
components only and it is evident that these are lower than the
free tripositive' ion values (Table 1.1). The reduced moments
have been attributed (Ref. 1.31) to partial quenching of the
orbital moment by the czysialliné field, Bleanej (Ref. 1.31)
estimated the energy level splitting due to the crystalline
field in this seri.e'so_

In ACo, the magnetic zj'e'sults , a8 pointed out by Ross

2
and Crangle (Ref. 1.32) and by Farrel and Wallace (Ref. 1.33)
were consistent _with the rare -earths possessing ‘their free ion
moment, aligned opposite to ﬁ constant cobalt spin moment.

~ This picture was further improved by Crangle and Ross
(Ref. 1.34), who suggested that the locslized A:énd Co moments
. were aligned ferromagnetically in the lighter rare earths and
antiferromagnetically in heavy rare earths. Neutron diffraction °
results (Ref. 1:35) indicate a Co moment of 1.0 % 0.2 My '
antiparailel to the heavy rare earths moment,

The measured Curie temperatures are consistent
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(Ref, 1.33) with the behaviour expected on the basis of a coupling
mgc_l_xa.nism via the conduction elé‘ctrons in that they are
prbpor‘_l:ional to the de Gennes function. Since the lattice
constants for this series are larger than the corresponding
ones in the Ni éer:l_.es, it is to be expected that quenching of
the other rare earth moments should be not larger than in the
httero

| The Co moment in Gd 002 is about 1.1 ,uB but is very
small in YCo2 and in-Lut!J'c.t2
moments are to be compared with the vaiue of 1.7 Mg in elemental

and CeCoz_is zero. These low

Co, and have again been attributed (Ref. 1.36) to electron
transfer from the rare earth components, Bleaney (Ref. 1.31)

" suggested that the moment carried by Co in compounds with a
magneltic partner is induced and should be proportional to

(g = 1)¥/g, where M is the moment carried by the magnetic partner
and g is its Lande factor. A measure of agreement was obtained
w:i.;th the experimental results. Schweizer (Ref. 1.37) has
studied -P1002 by neutron diffraction and finds /Jc 0= 0.5 ¥ 0.25 My
in this compound., He attributed the variation of cobalt moment
to ﬁglarj.zé.tion of the 3d electrons by the rare earth spin
throﬁgh the conduction electrons ,"the magnitude of the resulting
moment.be;'.ng thus related to the rare earth spin. This is the
same mechanism, presumably, as envisaged by Bleaney.

For the AFe, series it is to be expected that the rare

2
earth moments should be less affected by crystal field quenching
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than in either of the two former series, because of the ‘lattice
dilation. 'As_ment;iqned earlier iron has a moment of about
\2 My in the heavy rare earth compounds, while in !F32 it is ‘about
‘ 1.l|-,UBo The same explenation has been applied to this moment |
reduction from 2,2 Mg for elemental iron as for Co, i.e. that of
electron transfer (Refo 1.36). The Fe moments were analysed by
 Wallace and Skrsbek in terms of a permanent moment in all the
éompounds of 1.45 My with an additional induced component
proportional to (g - 1) Weg.
Pgeudo-Binary Serieg.

| Two types of pseudo binary rare-earth-transition metal
compounds have been investigated in the past. (&, A1) B, and
A (B, B’ )2 where A (or 51) represents a rare-earth element or
yttrium, and B (or \B1) represents a transition metal.

For emle , series Gd.x Y1-x 002 has been interpreted
by Taylor et. al. (Ref. 1.38) in terms of a triangular spin
configuration and by Lemaire and Schweizer (Ref. 1,39) in terms
of a variable Co moment , thc.mgh no mechanism for this variation
was proposed. It has not been possible in this compound to
obtain an equilibﬁtm concentration at which both the sublattice
magnetizations are equal, .

In the series Dy Y, - Fe, (Ref. 1.40) the equilibrium
concentration at which the iron and dysprosium sublattice moments
exactly cancel occurs at x = 0,28 z 0s01c Im addition, the

coercivity increases rapidly in this region and has a velue in
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excess of 10KOe at x = 0,35, T = 4.2%. In order to account"
for such results Piércy has suggested that the Fe moment in these
' compounds varies ponlinearly with x.
Oesterreicher and Wallace (Ref. l.4l) measured the
erystallogrephic and magnetic (susceptibilities and saturation
moments) characteristics for the systems Gd Al, - Gd Fe,,

Ga A1, - 6d Co, and Er Al; = Er Co,e  The C14 structure was

2 2 2
observed in all these series and the stabilify ranges for this
and the C15 terminal phase were ﬁxeasuredo |

Mansey et. alo (Ref. 1.42) havé presented lattice
spacings of several A (B, B’ )2 pseudo-binary series. All the
series investigated were single phese (C15) and the lattice
paraﬁeters showed positive deviations from Vegards law (1inear
interpolation) except for the series involving Ce. The latter
exception was explained by the variable valency of Ceo

Piercy and Taylor (Ref. 1l.43) examined the magnetic
'pzzoperties of ‘the series Y (Fe, Co)2 and explained the variation
of ‘the observed mo;nent throughout the series on the basis of an
itinerant moment associated with the transition metal ionso
o The magnitude of the 3d - electron moment is extremely
dependent on the detailed nature of the compound in which these
electrons reside, Indeed in both (Gd, Y) Co, and ¥ (Fe , Co)z,
the moment a-.ssociated' with the trensitional metal ions has been
found to decrease to zero over part of the composition range.

In an investigation of the origin of this moment collapse Taylor
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(Ref. l.ik) has examined the magnetic properti‘es of ¢d (Co, Ni)2
compounds and found a similar transition metal moment variation
as a function of composition, He described this behaviour in
terms c-af a rigid band model and has suggested that the nature of
thj.s collapse will depend critically on the- density of states
curve in the vicinity of the Fermi level,

Statement _of' Problem. |

Two basic problems still exist in the interpretation
of .the pfoperties_ ot_' the AB2 compoundss - One needs to know the
size of the crystal.field effect.which causes the lowering of the
moment carried by the A component and whether there.are other
reasons for the rare earth moment reduction below the free
triposifive ion vaiueo _

The magnitude of the effect is uncertain becaiuse of
the uncertainty in evaluatihg the component moments and because
of the great difficulties of crystal field calculations in these
materials, in which the exchange and crystal fields are of |
comparable magnitudeo |

Secondly, the transition metal moment is very variable,
The explanation in terms of electron transfer into the 3d shell
‘together with induced moments in some cases seems to Piercy.
(Ref. 1.26) to be untenable as a major cause of the variable
moments, éince the necessary degree of transfer varies so

greatiy for the different materials where elements with very
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simila.r- electronegativities are involved. He has given tixe
example that in Gd Ni,, about 0.6 electrons/Ni atom are required
while in Gd Fe, this is only about 0.2 electrons/Fe atom and,
again, the value for .YCoz and YFe2 are about 1.7 and 0,8 per atom
respectiveljo His explanation is based on itinerant electron
moment associated with transition metal ions and a localized
moment at the lanthanide ion.

The present work has been performed in order to obtain
further experimental results for a better understanding of these
problems. The appearance of fhe transition metal moment collapse
in some series determined which of the pseudo=binary compounds
might be most profitably examined, since Taylor (Ref. l.kk)
suggested that in going from yttrium to gadolinium compounds the
added electrons per atom value at which the moment falls to
' géro will increase..

The series chosen were Dy (Co, Ni)z, Ho (Co, Ni)z,

Er (Co, m)2 and the series Gd (Co, Fe)2 end Ho (Co, 1:-'.3)2
gave a coverage of the values of Curie temperatures and
magnet:.zat:.ons going from ANJ.2—’ A002 --'i'A‘r"e2

The series (G4, Er) Co, has also been measured to give
further evidence that the lattice spacing anomalies observed in
system (GAY)Co, (Refo 1.45) arise from the transition from the

ferromagnetic to the non-ferromagnetic state with decreasing

Gdtk:2 ‘concentration at room temperature.
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CHAPTER II

Description of Experimental Method.

2.1 Materials and Arc Melting of Compounds.

The majority of the specimens used in this investigation

have yeen made in our laboratory and the others have been supplied
by the University of Birmingham, Department of Physicel Metallurgy
and Science of Materials. | |
| The rare earth metals used in sample preparation were
supplied by Koch-Light Laboratories Ltd., in the form of ingots
with stated purities of 3N +.

The transition metals (Fe, Co, Ni) were supplied from
the same firm in the form of rods and their stated purities were
LN8 +. The specimens were made in argon arc furmace, Each
component was cut, filed and weighed to 0,001 gms in argon
in a glove bax, The prepared quantities of any given compound

“varied between 2 and 5 gms. A rotary and a diffusion pump
were used fo evacuate the furnace chamber to a pressure’ of less
than 0.5 microns- Hg. The arc furnace was then flushed with
Argon (5N) to atmospheric pressure, pumped out a-gain and filled
to the operating pressure of ~ 200mm Hg. '
| Before the actual nielting of the components the furnace
was gettered for one minute with molten tantalum. After the
‘components were melted together the resulting ingot was remelted

twice after turning it over, for homogenisation. Sometimes
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during the second melting the ingot shattered, however by slowing
down the process these difficulties were overcome, and at no
time was thére a loss of weight of the specimen of more than 4%,
and usually it was very much less than this, After preparation
of the "button" specimné » there was a thin layer of oxide on
the surface which was easily removed by filing. -

When the specimens were broken with a mortar and
pestle all of them were found to be extremely brittle. Small
piéces s aiaout 100 mgm, were used as. specimens for the magnetometer,
and fine powders were éround for X-Ray diffraction measurements.

2,2 Vibrating Sample Magnetometer. |

The magnetic measurements were carried out using a
vibrating semple magnetometer comstructed by H.D. Ellis.(Ref. 2.1)
.and imfroved electronically by A.R.Piercy Ref. 1.26) (Fig. ?.1).
 Further modifications were mede during this work to improve
measuréments at liquid helium temperature.

The first description of this type of magnetometer
was published by Foner (Ref. 2.2)o 1In his design the specimen
is yibrafed perpendicularly to the direction of the applied
field at a fixed frequency. The oscillating magnetic field
produced by the specimen induces a signal in a multi-turn pick=-up
| coil, the magnitude of this signal providing a measure of the
megnetic moment of the specimen. The signal is combined with

a reference signal produced by a i'eference specimen (i.e. small
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coil carrying a D.C. current) oscillating in a second pick-up
coil. The resultant is amplified and passed to a phase
sensitive detector (the two signals being 180° out of phase)
and in our case is zeroed by altering the current through-the
D.Co reference coile
The 'detecfion coil system employed in the apparatus

used in this work eliminates the effects due to the instability
of the power supply driving the magnetic field. This is
achieved by constructing the pick-up in the form of two matched
" coils comnected in series opposition. -This has the advantage
~ that while "noise" signals are largely balanced out, the signal
from the pick up coils is twice that from a simple single coil.

| Brie-f description of the block diagram of the,magtometer

shown in Figure 2.2,
The driving oscillator is a Farnell Type LP Solid

State Oscillator feeding a 12 - volts sinusoidal signal into a
simple 2 - stage power amplifier at 70 c.p.S., which is inductively
coupled to the Advance vibratore

Details of the tuned amplifier (Grubb Parsons TA high
gain) and the phase-sénsitive detector, have been described by
Ellis (Ref. 2:1).

It is worthwhile emphasing two points, however. Firstly
tﬁe tuned amplifier has band stop filters originally tuned to

10 c.p.8S., but subsequently modified to have their stop band at
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70 CePoBo to avoid interference with the fundamental and harmonics

frequency of the main supply voltage and secondly the output from
the phase sensitive detector is related to the amplitude of the
supplied sigﬁal if the phase difference between the signal and
reference voltages is kept constant, .

The phase shifter and attenuator (Fig. 2.3) were

designed by Piercy and are described in his thesis (Ref. 1.26).

The D.C. coil (Ref. 2.1) is supplied from a 6 volts 80 ampere-

hour accumulator through a variable resistor. The current

(0 - 48 mA) s measured with a Cambridge Unipivot Type L

'milliamperemeter. The potential divider 250k is used to

reduce the mgnituzie of the signal for specimens with large
‘magnetization values.

Two sample pick-up coils have been made, one on a
former of PTFE rod for low tempefature work and the other one
from pyrophyllite for use at high temperatures. - Two matched
coils were wound on the former, both consisting of 400 turns of
46 SWG enamelled copper wire. " The coils are connected in series
opposition with a 6 mm gap between them. The coils on the
PTFE former are potted in "Durafix" cement, while those on the
pyrophyllite former are potted in "Araldite". This potting
serves to secure the windings and prevent shorting between the

turns.

The vibrating rod is a long drinking straw 4 mm in
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‘diameter, At the end -of the rod a fused silica tube is attached

with the specimen attached to the bottom. The weight of the
sample is usually in the raﬁge 20 = 100 mgms and the length kept
to less than 4.5 mms as described by Ellis (Ref. 2.1), Before
operation the pick up coil is adjusted so that its centre
coincides with the centre of the sample itself.

| The magnetic field was generated in a water cooled
solenoid constructed originally by Hutchinson (Ref. 2,3) but
rewound during this work. It consi_sts of nine flat coils of
copper strip, in the shape of "pancakes", mounted on a central
tufnol tube, ﬁth insulating spacers between them. The
calibration with a Hall Probe gave a linear dependence of field
with current at the rate of 42 Oé/Amp,I The solenoid was raised
into position on ;5. lifting platform which has also been
described previously (Ref. 22;1 )e |

The power supply for the solenoid is a Westinghouse

0 = 200 Volts D.C., 50kW Rectifier, with a continuously variable

output control.

253 Details of Measurements.

2:3.1 Crystal Structure..

_ The powered spécimens were exposed to CokKx radiation
in a Philips Debye-Scherrer powder camera of diameter 11,483 cm
- and ‘the lattice spacings were derived from the diffraction

patterns in the conventional way using the Nelson-Riley
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extrapolation. . The more usuel copper Kx line causes

' - fluorescence of the rare earth components and is therefore

unsuitable,

1

2.3,2 Calibration and Accuracy.
The equation relating the magnetization (¢ ) to the

current in the reference coil (io" )is G = ;f =Y (Eqn. 2.1)

-where w is the mass of the sample and Y is a constant, To obtain

this constant the current i, was calibrated against the
magnetization of a pure iron sample. The absolute magnetization
data of Weiss and Forrer (Ref. 2.4) was assumed to hold for this
specimen. The ﬁmctioz; is versus field (up to 8.4 kOe) was
measﬁi'ed at room and liquid nitrogen temjaeratures , the data
being extrapolateq. to the saturation values in each case. From

these two sets of measurements an average value of the

calibration constant was obtained and gavey = 0.0627 e.m.w/mA.

The equation for specimen magnetization, given in atomic units,

for other materialé is then:

=gt T [ s /molecule | (Eqn. 2.2)
w . 5586

where w is measured in gms and i, in mA. Considering the errors

in the separate terms of Egn. 2.2 an estimate of the total

accui-acy is made.
The quantities i - and w were measured to t 1% end y s
measured to within 1.5%,consequently the accuracy is of order

2 3.,5%, For small signals, the error is larger then this, due
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to noise which could not be eliminated using the present
detection sysfem. The smallest detectable magnetization was
5. 107 e.mu. corresponding to 0.1 mA,

2:3.3 The Demagnetiging Field.

The internal field Hi, i.e. the field inside the sample
| 'body, is different from the applied field H b& the demagnetizing
field HD’ due to the poles of the sample itself .

Hi = H = Hy Hy= NM ' (Eqn. 2.3)
M is the magnetization and I the demagnetizing factors
Unfortunately ND can only be derived exactly for an isotropic
ellipsoid as it is only for this shape that the magnetization
is uniformol _ |

In our case it was impracticable to make samples of a
definite shape as the compounds studied are both extremely
brittle and prone to oxidation. | In order to keep the
demagnetizing field small, samples were made with their length
approximately twice their width. The necessary correction
to the applied field H for samples of this shape is then a..
feﬁr percent (Ref. 2.5). This correction is of the same order

as the error of measurement determined earlier,

2;-}-,-& Temperature and Curie Point.

Temperature measurements were carried out over the
range from liquid helium (4.2°K) up to 800%.,

A copper-constantan thermocouple was in contact with
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the Qp'ecimen to 'ezlaable precise measurement of the temperature
‘ of the sample, The wires used were "high conductivity" supplied
by Lewcos, and "thermocouple telconstant" supplied by Telcon
' Metais.,‘ The junction was melted in a gas flame,
The reference junction was held in liguid nitrogen
for temperatures up to room temperature and at 0°C for temperature
in excess of this. The thermel emfs were measured with a Pye
Portsble Potentiometer and the corresponding values of temperature
obtained from British Standard Tables (Ref. 2.6). Interpolation
between liquid h_elium and liquid nitrogen temperatures by -
comparison ﬁth standard tables waé done for temperatures below
- 190°C,
| " Standard techniques f'or-' low temperatures wére used,
The Helium dewar, which is located inside the nitrogen dewar,
is evacuated and filled with helium gas before the liquid is
transferred,
The temperature versus magnetization functi_bn we.s
taken during the warming up period. The rate of temperature
rise was sufficiently low for thermal equilibrium in the
specimen to be. obtained (Ref. 2.)s A heated oil bath (Lissapol
NX) was used to raise the specimen temperature to 200°C.
Measurements at hiéher temp_eratuljes are limited by the breakdown
of the insulation of the copper wire forming the sample pick up

coil. This difficulty has now been overcomé by Primavesi on a




ﬁew vibrating type magnetometer, which was used to obtain the
very .high temperature.measprement's.

The Curie temperatures (Tc_) were obtained by extrapolation
of the.linear portion of a graph of ¢~ 2 ve;'r_sus T. This is
possible since on expanding the Brillouin function in Equation
M = Nguy J_le (x) for- smll x we get G*O’Tz o (Tc <T).

2o }.Iﬁ Atomi;:,-momegt.

The relation between the Bohr magneton number p of a

material and the magnetization is given by-the equation

N Ay

. P = V& (Ban. 2.4)

The meaéurement of the absolute saturation magnetization G~ 0.0
. 0,

requires either infinite field or zero temperature. Thus we

have to extrapolate from high fields at liquid heiiuin temperatures

. (the lowest available temperature).

3 L

For our region of applied fields of 10 to 10" Oe we can

use the empirical relationship (Ref. 2.7).

" G'ﬁ,*r = ""s‘,r | _(1 -& =§2) + cH (Eqn. 2.5)
which is applicablé at low temperatures.r Here a>b»c are
c_onsfants and G~ s,T is termed the satﬁratic;n magnetization,

The difference between G-S,'.l‘ and G-O,T is so small in our case
that it cen be igho;'ed a.ndl céﬁsequently the saturation
magnetization wes cbtained at 4.2°K ﬁ'om Equation 2.5, by
'extr"'apolati.on of the G~ versus 1/H plot to 1/H =0 and this value

was takeﬁ to give the atomic moment,
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CHAPTER IIT

Results. -

'In this chapter are presented the results obtained by
using the apparatus and technique described in the previous
chapter. |

Some of the results of lattice parameters were
obtained from the Department of Physical Metallurgy and Science
of Materials at the University of Birmingham.

The results of terininal-values of compounds were
taken from the latest published work.

The lattice par—ameter values for the series
Gd (Pe, Qo)z, Ho (Fe, C’o)z, Ho (Co, Ni)z, Er (Co, Ni)z,

Dy (Co, Ni)2 and (Er, Gd) Co, are given in Tables 3.1 to 35
and a-re' plotted in Figures 3.1 to 3.3, él:ciuding series
Dy (C’o,'Ni)z and including series Gd (Co, 1\15.)2 and Er (PFe, Co)2
to show the overall variation. |

The magnetic properties reportei_i here are the
sé.furation moments (6“8) a;t 4,29, 77°K and room temperature
(taken as 290%K), the ferromegnetic Curie Temperatures (Tc)
aﬁd the magnetization-temperature behaviour. The determinatioﬁs
‘of the saturation moments and the Cﬁie temperatures are
describéd in Section 2.3d,eo

The G and Tc values are given in Tableé 3.6 to
3.16 and are presented in Figures 3.4 t6 30,11, excluding the

series Dy (Co, Ni)2 R




2
In Figures 3ok, 6, 8 ére also plotted the transition
" metal moments which are obtained if we subtract the pseudo=binary
- compound saturation moments from rare-carth moments.
" The ﬁagnetization—temperature behaviour is presented

in Figureé 3012.%0 3.35.




Composition .| Lattice Parameter (A) Atomic Volume
X | %o.0024 * 0.028°

2 (G& Fe2) C 7.376 | _ 16.72

1.6 - ' 7.385 . 16,77

1.2 C 7.36 16.62

0.8 | 7032 16,39

0.4 1 70292 16,16

0 (Gd Co,) 7;255 e : 15.93

# Ref., 3.1 |

** Ref. 3.2

Table 3.1 Lattice Parameters for Gd (Fe, Co)z.




Figure 3.1 Lattice spacings in the pseudo-binary series’

cd (PFe, c-o')2 and Ga (Co, Ni)2.

LATTICE' g
PARAMETER [A]

7.35.

7:30

7.25

720 5 : 7% 0

 GdFe, GdCoyz GdNi,

COMPDSITION X




Ceu;x_posit_ion Lattice Parameter (A) | Atdmic Volume
X ~ Zo.002 t 0.02°
2.0 (Ho Fe,) - 70299 . 16,20
146 | - 70301 - 16,21
1.2 | .21 16,04
0.8 - 77 ' 15,86
o4 7,211 15,62
J0e2 | 70186 15.46
0 (Ho Co,) 70166 15033
2 (Ho Coz) y ,
1.8 765 | 1535
16 70163 | 1531
102 . 7.156 : 15027
0.8 | 7.150 15023
0 (Ho Mi,) 74388 15011

* Ref. 3.1

' Table 3.2 Lattice Parameters for Ho (Fe ,Co)z; Ho (Co, Ni)z.




Figure 3.2 Lattice spacings in the pseudo~binary series

Ho (Fe, 00)2 and Ho (Co, .Ni)zo

7.30

LATTICE

PARAMETER ]

LA]

7:45

7:20

0o 2
Ho Coz

COMPOSITION X




Lattice Parameter (&) . |

Composition Atomic Volume
x * 0,002 t 0.0a°
2 (Er Co,) 701536 15.25
1,667 701516 1502k
1,332 701489 15,22
1,0 7.1459 15020
0,668 701429 15,18
00334 7.1380 15015
0 (ErNi,) 701319 15011

Table 3.3 lLattice Parameters for Er (Co, Ni)2

| Composition

Lattice Parameter ()

Atomic Volume

X * 0.0024 * 0.024°
2 (ny'coz)' 7.175 * . 15039
1.5 7.178 15041
1.0 7.169 15635
o (DyNi,) o149 ** 15,22
% Ref. 3.3 '
% Ref. 3.1

Table 3.4 Lattice Parameters for Dy (Co, Ni)ze




Figure 3.3 Lattice spacings in the pseudo-Binazy series

Er (Fe, 00)2 and Er (Co, Ni)zo

LATTICE 7.25
PARAMETER
[Al

7.20

7.15

7.10
2 0 2

E_r‘ Fee 5(02

composITION X



Composition

Lattice Parameter '

Atomic Volume

X (a)

1.0 (Er Co,) |  7.1560 = 0,0002 15027
0.83 701702  0.0002 15,36
0.67 7.1863 Z 0,0002 15.46
fo.50 7.202 £ 0,0005 15057
0,33 7.2244 2 0,001 15.69
0.17 7.2422 ¥ 0.0005 15,83
0 (Gd.GOZ) 702587 = 0,0002 15.9%

® Ref. 3.2

Table 3.5 Lattice Parameters for (Er, Gd) Co, %




Composition . Saturation moments Curie Temperature
X (g AOL) = 1% (°K)
| 2K 77K 290°%K

2.0 (G4 Fe,) | 3.6% 813 = '
106 3.69 3.1 1.6 861

1.2 holh  3.82 1.5 815

0.8 4,39 LoO4h 1.8 739 | \
0ok 461, 3,75 1.87 619 |
0 (ca Coz) | b9 ®e _ 400 °°
® Ref. 1l.34

3 Ref, 1039

Table 3.6 Magnetic Data for Gd (Fe, Co)2
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Figure 3.5 Curie Temperatures for Gd(Fe,Co)2 and
"~ @Gd(Co,Ni)p series
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Composition: Saturation Moments Curie Temperature
X | Hy /ML (°K)
' 4.2°K T7°K 290°K

2.0 (Ho Fe,) | 5.404 5.21 2.89 600 ©

1.6 5,66  5.398 3,09 602

102 ' 5.56 5.3  2.86 . 573

0.8 5458 5,086 2,42 x77

Oolt 6.61 5,667 1.91 411 ’
0.2 - - - - 228

0 (Ho Co,) | 7.8%* - - | 95 **
| 2 (Ho ;;) ‘

1.8 8,93 bl

1.6 | 8.8 - 4503

1.2 | 869 | 45

0.8 8.38 43.7

0 (Ho Niz) 8.4 2% | 22 o*

* Ref. 1o34

#% Ref. 1033

‘Table 3.7 Magnetic Data for Ho (Fe, Co)z, Ho, (Co, Ni)z.
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Composition Saturation Moments Curie Temperature
X Uy /0L 2 3% K
| 42K |

2,0 (Er Co,) 7.0 * 36
1.666. 7;2 29
1.332- 7.08 .29
1,00 6.91 | 28
0.668 . 27.7
033k 1 1.0 N 27

0 (Er Ni-z) | 6.8 * : 21 ¢
Er Co 1 °6FeO.li- | 5033 25005
% Ref. i°33

Table 3.8 Magnetic Data for Er (Co, Ni)z; Er (001 ¢ Fe, h)
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Composition Saturation moments Curie Temperature
X My /L (°K)
4.2°K
2,0 (Dy c°2) 7.6 * 159 ¢
1.5 9.75 142.5
1.0 8.85 131
0 (Dy Ni,) 9.2 ® 30*
" % Ref. 1.33

Table 3.9 Magnetic Data for Dy (Co, N:!.)zo




% Ref, 1039. g

Composition | Saturation Moments | Curie Temperature
X My /Molecule (%K)
42K 77°K 290K Z5
1.0 (Br Co,) - 7.0 ¢ 36 ©
1 0.83 6,05 3.61 0,13 138
0,67 502k 423 0,13 226
0.50 5.06 ko5 0,29 270
0.33 5403 hok 1469 330
0,17 498 he8h 2,42 - 378
0 (6a co,) . 4.9 ° 400 ®®
¢ Ref. 1.33

Table 3.10 Magnetic Data for (Gd, Er) Co,e
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Figure 3.25  G/T curve for Er (Co, ¢ Feo.n)
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Figur;e 3:26  G/T curve for Er (Co, cec Niy 55 )
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Figure 3.28 G /T curve for Er (()o1
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1
" CHAPTER IV
Discussi@
4.1 Structures and Lattice Parameters. -
All the compounds examined in this work were found to
.be crystallized in the C15 phase. No other phase has been
identified, although the X-Ray ﬁattem contained a few other
1_i_.nes which could not be indexed, This is in agreement with
measurements on other series (Ref. l.45) of this type. The
X-Ray diffraction pattern of Gd Co

2
exhibited strong diffraction lines in addition to these

by Harris et. al. (Ref. 3.2)

cﬁaracteristic of the C15 structure and metallographic examination
revealed that Gd_002 was in a two phase condition after
homogenising for one week at 500°C. The extra diffraction
lines could be indexed to a rhombohedral, Rsm_ structure,
-indicating that the second phase is probably Gd Co3 (Ref. 4.1,
2, 3).
| The difficulty in obteining a sample of G4 Co, in the
single phase condition is consistent with this phase being
formed by a peritectic type reaction. Buschow and Van der Goot
(Refe 4.1) reported that long homogenisation treatments (8 weeks
at 600°G-) were required to obtain Gd 002 as a single- phase
compound.. - .

This gives us evidence that in pseudo-binary
compéunds in general there may exist small amounts of at least

-one other phase than C15,_ and since these will have different



2
magnetic propert:iies from '.l:he host lattice some anomalies may
occur in the observed magnetic behaviour.

In the series Ho (Co, Ni)2 end Er (Co, N:i.)2 the
lattice specings plotted against composition (Fig. 3.2, 3) show
only small positive deviations from Vegerds Law, The valency
states of the rare earth metals, and the interactions between
them ard cobalt and nickel are therefore similar,

For the G4 (Fe, co)2,.ﬂo (Fe, 00)2 and Er (Pe, 00)2
(Ref. 1.42) systems, however, large positive deviations are
'showno This behaviour suggests a difference between the
interactions of rare earth metals with cobalt and nickel on
the one hand and with iron on the dthero

- Manséy eto ale (Ref. 1.42) assumed that if there
is a linear variation of the Curie temperature (Tc) for
Er (Pe, 00)2 with concentration then the alloys up to 50 mol%®
Er Coz. wili have Curie temperatures above room temperature,
" and. this will contribute to the large positive deviations of
the lattice spacings from ideality to an expansion of the
lattice on qrderingo _

Our results (Fig. 3.9) showed that alloys of up to

nearly 80 mol% Er Co, have Curie temperature above room

2
temperature and similarly for Ho (Pe, OI:'o)2 (Fig. 3.7) where
the Curie point becomes equal to 300°K at 85 mol%.

The explanation above does not, however, account




/

| 3

_for' the maximum in the lattice spacing - composition curve
observe;d at about 8 mol¥ Er Co,, 10 'mol% Ho Co, and 15 mol%
Gd Co,e ' |

However, it could be related to the variation of
T, since in the series Gd (Fe, Co), a maximum mc&s at about
20 mol¥% Gd Co,e '

The system (G4, Er) Co, hes been examined in order to
determine whether the proposal that the room temperature lattice
spacings of Gd 002 ‘and related compounds are affected by their
magnetic state at this temperature (Ref. 3.1, 1.26) is correct
and whether the deviations from Vegard's Law arise at least
"partly from a zero field megnetostriction for those specimens
whose Curie point is above room temperature.

The room temperature (23°C) lattice spacings of some
(.Gd1-x __Erx) Co, alloys are plotted against x in Fige. 4.la
together with the lattice spacings of scme (Gd1_:y Yy) Co,
alloys obtained by Christopher e{:. al. (Ref. 1ol5)o

The variation of the Curie temperature across the
series is shown in Fig. 4.lb and given in detail in Table 3.10,
and it is apparent that samples for which 0 < x < 0.45 are
magnetically ordered at the temperature of lattice spacing

measurement.

N

The Curie temperatures of the Gd1-y Yy C,o2 alloy

series investigated by Taylor et. al. (Ref. 1.38) are also

given on this figure and again the ordering temperatures pass
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&
through :room temperature at about the middle of the concentration
range (yv0.4)o It is evident from Figure 4.la that there is a
pronounced change in slope of the lattice spacings of both alloy
systems with decreasing Gd 002 concentration. This occurs at
about x = 0.45 and y = O.45, i.e. close to where the Curie
temperat;.;re becomes equal to the temperature of the X-Ray
measurements (i.e. room temperature ).

Thus at the low Gd'Go2 concentration side of these
critical concentrationé the lattice spacings of both series of
alloys correspond' to the non-ferromagnetic state, and
extrapolation of the 1inear'variation qf' the lattice parameter
w:.th concentration in the ralnge to the pure G4 602 gives a
value of 7,234 : 0,001 kX in esch case, for the lattice
spacing of a hypothetical, non-ferromagnetic form of this
términal compound.

The high-temperature lattice spacings of Gd 002
heve been determined by Msnsey (Ref. 3.1), and if the variation
of the lattice spacings with temperature above the Curie point
is extrapolated to ro.om temperature then a lattice spacing of
702333 : 0,0005 kX is obtained for the non-ferromagnetic form
~of ca Co, (Fige Lole )o Within the experimental accuracy,
this value is icienticai with that obtained from the lattice
spacings of the "two alloy series discussed above and shown in

Fige 4ola, This can be taken as further evidence that the




. 5
lattice spacing anomalies observed in these systems are due to
a transition from the ferromagnetic to the non-ferromagnetic

state with decreasing Gd sz concentration at room temperature.

Lo2 Magnetic Properties
4e2.1 Gd (Fe, Co), geries

The data for the intermediate compositions show a
continuous change in going from Gd I"e-'2 to Gd Co,. ~ The observed
variation of Curie temperature with composition (Fig. 3.5) is
somewhat surprising, having a maximm value of '.l“= at about

20 mol¥% Gd Co This -effect must arise from the details of

e
the coupling mechanism in these compounds and may be related
to the changes in lattice parameter (Fig. 3.1).
The peak observed in the magnetization of Gd (Co g Fe, 02,)

at about 135% (Fig. 3.14) and at about 130% in Gd (Co, , Fey g)
(Fig. 3.13) may be due to a large decrease in the magneto-
crystalline anisotropy. . The measurements at higher fields
would provide useful information about this behaviour. The
deérease in magnetization which appeared in all intermediate
compositions for ﬁhich a megnetization mexima was observed is
probably also related to a variation of the magneto crystalline
anisotropy energy with temperature.

| If we compare the variation of Curie temperature with

composition in going from Fe-»Co-»Ni compounds with the curve

éhowin_g the magnetization - composition behaviour, there is no
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obvious relationship between the composition dependence of

these two parameters. The Curie temperature drops close to the
pure Gd 002 compdsition, but the cha.ngé of magnetization in this
region is very small. _ |

‘_ A tz;ansitio'n metal moment collapse in the G4 (c°1-x, N:'LK)2
series has been de_écribéd by Taylor (Ref. l.4k), as mentioned
eariier. On the basis of an itinerant electron model he
showed that_ in terms of a rigid band, thg moment behaviours
shown for these compoﬁnds appear to imply that the Fermi level
intersects both sub-bands in Gd 602. This is not unreasonable,
as 1;he exchange interaction strength appears to be relatively
small, as indicated by the Curie temperatures, With the
addition of nickel to the system one would expect that the
moment would initially increase, due to the addition of
.electrons to the 3d - band, until the band is full. The;
Curie temperatures indicate a decrease in the spin up - spin
down sui.b-band separation with increasing nickel content, and
this will opposé the moment change dﬁe to the earlier process.
Once 'Fhe- spin-up ;ub-ban& is full, of course, both
processes will contribute to a decrease in tﬁe .observed transition
metal moment, The nature of this decrease will then depend
critically on the density of states curve in the vicinity of the
i

‘Fermi level. Since this Fermi level must be close to the top

of the band for these compositions, this can readily result in
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a ﬁoment collabse of the type; obse.rved;

Teylor also compared this behaviour with the Y (Fe, CO)Z
observations, where the collapse was observed at much lower -
adﬂiti;énal electron concentration (Fig. 4.2).

He suggeste& that if we assume that the spin-up -
spin down sub-band separation arises both from the rare-earth-
transition meétal interaction (taken to be the predominant
| mechanism) and from the transition metal - transition metal
inte;‘action, -then for a éiven band shape the magnitude of the
' observed transition meta;l moment in any system will depend on
' the rare-earth partner, Further, the detailed form of the
variation of this moment with addition of electrons into the
3d band will also depend on the rare-earth atom involved,

Since the lanthanide contribution to the splitting can
~be expec'ted'to vary as the sublattice spin one might expect
that in going from yttrium to gadolinium compounds the added
electrons per atom value at which the moment falls to zero
will increase,

lio2,2 Ho (Fe, Co), and Ho (Co, Ni), serieg.

In previous series the. derivation of the transition
metal momgnts was not difficult since gadolinium is essentially
free from crystal field effects and consequently its moment
can.be taken as being constant and known, over the .whole series.

In this series the moment of Ho Ni, (8.#/43 /molecule )
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can be taken as due only to the holmium ions, since the nickel
.ions are known to carry zero moment (Ref. 1.25)o Neutron
- diffraction studies of Ho Co, (Ref. 1.33), however, suggest a
value for pp = 9e5Mpo ‘The results in the Ho (Co, Ni)
region of. Figure 3.6 however suggest that a transition metal
contribution to the tétal moment only appears at-about 10%
nickel, and extrapolation of the results obtained for > 10%
nickel, to pure Ho 0'02 would lead to a holmium moment of 9.2 ,UB.
This is in reasonable agreement with the n;eutron observations
and will be ta.keﬁ as the holmium moment in what follows.
Extrapolation then leads to Mgy = 100 Mpe The holmium
moment in Ho Fez,-.is assumed to be 10,0 'UB in agreement with
the free ion value,. _ . ..

Subtraction of the observed molecular moments from
the M Ho variation acrosé the series then leaves the contribution
- from the transition metal ions, These are shown in Fig. 3.6,
and as may be seen again show a sudden decrease with an increase
in the number.of addc;d 3d - electrons. It is interesting. that

at the.Ho Co, composition the cobalt moment is appreciably less

2
than 1 ,uB. The Curie temperatures also decrease rapidly in the

vicinity of the moiment collapse.
These results indicate that the considerations about
the gadolinium series may also be applied to this series,

The spin-up sub-band is filled at about 60 mol%
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Ho '002, and is followed by a decrease in the observed transition
metal moment, As indicated by the variation of the Curie
temperatures, there is also a decrease in the spin up - spin dowm
~sub-band separation with increasing cobalt content. The
magnetization=temperature (¢ /'1‘) curves for the whole series
were well behaved and showed no anomalies of the type observed
in gadolinium series.

The Curie temperature- results do not show a maximum
of the type observed for Gd (Fe ,' 00)2 which could be related
to the maximm of the lattice paramete'r curve for Ho (Fe, Co)zo

Instead, the Curie tempefatqre remains constant up to 20 mol%

Ho Cbzo

40293 Erbium compounds,

Using the method adopted in the holmium compounds,
the Erbium moments in this series appear to be 9 Mps 7.2 My
and 6.8y respectively for Er Fe,, Er Co, and Br Ni,
respectivelyo

This value is appreciably lower than that reported
elsewhere for the cobalt compound (Ref. 1.33) and the implications
of this are discussed later.

Subtraction of the observed moments again leads to the
transition metal moment values shown in Figu:z;e 3.8, where the
sudden increase in moment is again evident.

It appears from this that /460 in Er C‘o2 is




10
approximetely Oo1 /MB’ very severely less than that assumed .
previously and observed in neutron diffraction studies (Ref. 1.33)e
However, if the cobalt moment is to have the reported value of

100,44B in Er Co,, the erbium moment itself must change rapidly

29
between the cobalt and nickel compounds and little, if at all,
between cobalt and iron compounds.

This is in marked contrast to the lattice parameter
variation across the series and it would be difficult to
reconcile the moment changes with crystal field effectse The
transition metal moments derived assuming a linear erbium moment
change from 6.8 to 8°9'UB are also showm in f‘igure 3680 Under
these conditions there appear to be two concentration regions
for which the transition metal moment shows a rapid decrease,

The almost constant Curie -temperatures in the Er (Co, Ni)2
_region would tend to support the earlier treatment, with the .

transition ions only developing & moment for x<0.9 in Er (Fe 1 -xcox)2°

L.2.4 Dy (Co, Ni)2 series.

This series has been observed to have time dependent
maghetizations at 4.2°K and the evalﬁation of saturation
magnetizgtién values is difficult. The reasons for this are not
yet understood but it is possible that it has its origin in the
magnetocrystalline anisotropy. The approximate observed magnetic
moments (Table 3.9) seem to have values comparable to the crystal

field reduced Dy Ni2 moment and consequently in the 6ompositions
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studied (Ref. 1:33) the transition metal is again carrying a
very small moment, |

The Curie temperatﬁres (Table 3.9) are slightly above
the straight line connecting Curie temperatures of Dy 002 and
Dy Nize Further measurements are necessary befor'e any
explanation of these measurements is possible,

From these series -we can not determine unambiguously
the magnetic moment of the individual transition metals. .
H<->wever, we can investigate transition metal moments as a whole
and compare their variation in series using various rare earth
.partnerso The results of the previous sectioﬁs show ‘i:hat if
we plbt the varia’(;ion of the transition metal ionic moment as a
function of the number of electrons added to 1.:he 34 - band
(Fig. .l+.2, 3), the value at which the moment falls to zero is
different for different rare earths.

Actually the value at which the moment collapses,
increases in goiné from yttrium to gadolinium conpom'xds..
The collapse may not be complete in the erbium series and a

residual moment may remain after the initial collapse,
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CHAPTER V
Summeary
Tlhle pseudo-binary series of the intermetallic compounds

AB,, presented in this work almost complete the investigation of

2
" some properties of this type of compound, ('A' represent only
heavy rare earth metals). The tra.nsition’metal moment collapse
has been confirmed, and .has an obvious relation to the Curie
temperature variation and hence to the exchange interaction,
although it seems likely that the latter will depend on the
moment values themselves.

As has been stated in the previous section there is
a relatioh between the value at which the moment collapse.occurs
and rare earth element iﬁolved. The exact form of this
relation has not yet been found, but it is evident that the
value of additiohal 3d - electrons at which the moment is
almost zero increases going from yttriﬁm to gadolinium compoundse.

An estimate of the values of the mé.gnetic moments
of holmium and erbium in Ho 002 and Er Go2 compognds are smaller
than the previously reported results which were obtained from
neutron deffraction_ measurements. The anomalous temperature -
uQ.gnetization belizaviour of some compounds was related to a
variation of the magnetocrystalline anisotropy energy with
temperature.

The room temperature lattice spacing anomaly observed



2
in (G4, Er) Co, series is due to a transition from the
ferromagnétic to the non-ferromagnetic state with decreasing

G4 concentration.
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