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ABSTRACT

Measurements have been made of the lattice parameters,
density and magnetic characteristics of a series of alloys
between Terbium and Scandium. Both single crystal and poly-
crystalline materials have been used in this investigation.
It is found that the lattice parameters show a slight devia-
tion from Vegard's Law. The Néel témperatures follow a -

TNoC §1'33 dependence unlike the rare earth metals and other

alloy systems, where a TN&(_}O'66

law is obeyed.
(G = effective de Gennes function). The paramagnetic
Curie points show an approximate dependence on 62 unlike the
QPOC(_‘: variation observed for the rare earth metals and
the alloys with Yttrium.
Thermal expansion and magnetostriction measurements have
been made along the principal directions of single crystals

of alloys of composition Tb and Tb

0.89°%0.11 0.825°0.175"
An estimate of the exchange constants and their derivatives

has been made for the alloy Tb with the help of

0.89°%.11
the turn angle data provided by Dr. HI.R° Child.

The contribution of magnetostrictive energy has been
estimated in the two alloys following Cooper's analysis.
It is observed that the magnetostrictive energy drops rapidly
with composition and this is assumed to be the cause of

the absence of ferromagnetism even in materials containing

fairly high proportion of Terbium.
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GHAPTER 1

INTRODUCTION

1.1.(a) Electronic Structure of Rare Earths

A brief summary of the principal physical properties of the rare
earth metals is relevant in a report oﬂ the investigation of the
properties of a rare earth alloy system.

The members of Group IIIA of the periodic table (Atomiq nos. 57
to 71) are collectively known as the 'Rare Earths'. The lanthanides;
as they are alternatively classified, have very similar chemical
~ properties. This is due to the essentially unchanged outer electron
configuration through the series. The general representation

[ (xe) ua™® o™ 6% 5p° 1) *+*
where n increases from 0 to 1L from La(Z = 57) to ILu(Z = 71) and
(Xe) denotes the Xenon core fits the trivalent rare earth ions with
the exceptions of Europium and Ytterbium. They are normally divalent.
The outer {5d 6s) electrons are removed easily to form these ions.
The Lf shell lies deep in the atom shielded bty the 5s and 5p shells
and is generally assumed to be tightly bound and localised.

Scandium (Z = 21) and Yttrium (2 = 39)are frequently classified
as rare earths bhecause of their similar electronic and crystal

structures.

1.1.(b) Crystal Structure of Rare Earths

As the nuclear charge increases through the series, there is
growing attraction for the orbital electrons and the atomic radius
decreases while the density increases. This decrease in size ﬁith
increasing Z (known as the lanthanide contraction) results in a
progressive increase in bond strength if the number of bonding

electrons stays constant. This is manifested in increasing melting

P
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points. This regular behaviour is not followed by Eu and Yb because of
their divalent nature.

The seven elements La to Eu are known as the light rare earths,
while the rest are called the heavy rare earths. Among the light rare
earths, La, Pr and Nd exhibit a double hexagonal close-packed structure
(d.h.c.p.) with packing sequence ABACABAC .... at room temperature
while Ce has a f:c.c. and Eu a b.c,c. structure: "la~however tiansfobms to
a f.c.c. structure at higher temperatures while Ce shows the formation
of a d.h.c.p. phase below 260°K. There is also a collapsed phase in
Ce at low temperatures. Sm has a complicated nine-layer hexagonal
close packed structure with a stacking sequence ABCBCACAB .... . The
structure of Pm has not yet been reported;

The heavy rare earths together with Y and Sc exhibit a simple
h.c.p. structure at room temperature with s stacking sequence'ABAB.. .
Ihe exception is Yb which is f.c.c. The magnetic ordering at low
temperature in certain rare earths (e.g. Dy) has been reported to be
accompanied by a change to orthorhombic structure. The!lowering of
symmetry can also be treated as a deformed h.c.p. phase. Most of the
rare earths which have hexagonal structure at room temperature,
transform to a body centred cubic phase as they approach their
melting points. The exceptions are Er, Tm and Iu. GSCHNEIDNER (1)

discusses these in detail in his book.

1.2. Magnetic Properties and Magnetic Structure of Rare Earths

The Lf shell in the rare earths has been the subject of a great
deal of attention to explain the magnetic properties. The Lf
electrons can be specified by the appropriate combinations of the

magnetic quantum number (+3 to -3) with the spin states + and -3.
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The ionic S, L and J (spin angular momentum, orbital angular momentum
and the total angular momentum) may be calculated using Hund's rule,
Pauli's principle and Russell-Saunders coupling. The orbital and
spin momenta couple antiparallel in a shell which is less than half
full (i.e. J = L-S) and couple parallel when the shell is more than
half full (i.e. J = L+S). The observed ionic moment compares well

" with the value gqu/szjfjfij: where g is the Land¢ factor and Ky

is the Bohr magneton. The exceptions are Sm and Eu. The discrepancy
is cleared by using Van Vleck's postulate of contribution to
susceptibility from higher energy states. The metallic moments in
the paramagnetic state are glso véry near to the ionic value except
in Yb, which exists in a divalent state with a complete Lf shell.
This gives rise to a temperature independent susceptibility, which

is also observed in the terminal elements, La and Lu. The closeness
of the ionic and metallic moments in the paramagnetic state points to
the localized nature of the Lf electrons. Fig. 1.1 shows the
variation of the calculated and observed paramagnetic moment through
the series. Books on magnetism (e.g. CHIKAZUMI (2)) deal with this
topic in detail.

In spite of the localized nature of the Lf shell, the mgjority
of the rare earths develop magnetic order at low temperature. The
spin arrangement in the ordered state may be &etermined by neutron
diffraction experiments and has been the subject of investigation by
the Oak Ridge and other groups (3-13). The accumulated data on the
spin structure of the heavy rare earths in their ordered state can be
schematically represented as in Fig. 1.2.

The light rare earths have not been explored in as much detail
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as the heavy ones. The d.h.c.p. phase of Ce shows ordering at
~12,S°K. The ordering is ferrimagnetic in each plane but the overall
structure is antiferromagnetic. Single crystal Pr has recently been
reported by Lebech and Rainford (1L) not to show any ordering whereas
earlier experiments on polycrystalline specimens pointed to a structure
like that of Nd. In Nd, the moments on the hexagonal sites order at
about 19°K and the moments on the cubic sites order at 7.5°K. The-
spin structures of Pm and Sm have not been reported in the literature
yet. Eu orders to a helical antiferromagnetic structure below 91°K.

The heavy rare earths show peculiar magnetic behaviour and the
details are complicated. In Gd, the spins align ferromagnetically
below 293°K but the easy direction of magnetization is temperature
dependent. The single crystal magnetization data of Nigh et al.(15)
is in agreement with the neutron diffraction results as well as the
data on magnetocrystalline anisotropy published by Corner et al.(16)
and Graham (17). The saturation moment is found to be in excess of
the gJ value and this is attributed by Liu (18) to conduction electron
polarization. The antiferromagnetic ordering between 210°K and
293°K, as postulated by Belov et al.(19) has nct been cbserved in
neutron diffraction experiments.

Terbium and Dysprosium show a two step ordering process.
Below a characteristic temperature TN, the moments order ferromagneti-
cally in the basal plane, but the direction changes from one layer
to the next by an equal amount giving rise to a screw type spin
structure and the material behavesas an antiferromagnet. Below
another characteristic temperature To, the screw structure, also

known as helical or spiral structure, collapses and there is
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ferromagnetism with the easy direction in the basal plane. The two
characteristic temperatures, TN and TC’ are known as the Néel and
the Curie points respectively. The transition temperaiures for Tb
are 221°K and 229°K while for Dy they are reported at 179°K and 85°K.
The magnetization data of Hegland et al.(20) on Tb and Behrendt

et al.(21) on Dy are compatible with the spin structures.
Application of a magnetic field above a critical value in the Bﬁsél
plane destroys the helical arrangement and ferromagnetic ordering
results. This critical field is a function of temperature. The
saturation magnetic moment is in excess of the respective gJ values
and the conduction electron polarization is again thought to be the
cause.

In Holmium, the helicgl spin structure is observed between
1329k (TN)‘and 20°K (TC)n Below Tes the moments lie in a cone about
the ¢ axis. The magnetization data of 3trandburg et al.(22) are in
agreement with this structure. Critical fiel& effects are observed
as well as an excess moment due to the conduction electron
polarization. Recently, Koehler et al.(23) have investigated the
spin structure of Ho as a function of temperature and magnetic field
in great detail.

Erbilum shows a complicated spin structure called by different
authors by different names - sinusoidal, linear spin wave type or
oécillatory z component structure - in the temperature range 85°K
to 53°K. In this arrangement there is no order in the basal plane,
while the moment along the c axis varies sinusoidally in magnitude.
Below SBOK, Er goes into a quasi-aniiphase domain structure. 1In

this arrangement moments order in a helical configuration in the
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basal plane but along the ¢ axis there are several spins pointing in
one direction followed by an equal number in the opposite direction.
There is transformation to a conical arrangement below 20°K. The
scheme is in agreement with the single crystal magnetization measure~
menﬁs of Green et al.(2l) and high field measurements of Flippen and
others (25-27).

Thuldum goes into an oscillatory z component structure similar
to Erbium below 56°K and after going through a more complicated and
as yet unestablished structure between hOoK and.25°K finally forms
a quasi antiphase domain structure with a sequence of L spins up
followed by 3 spins down. The magnetizetiocn dasta of Schieber
et al.(28) at 1.2°K and 1L0 kGauss field points to a decoupling
of this 4T, 34 structure.

The high field measurements draw sttention to the large
anisotropy in these elements and except in the case of Gd, magnetic
fields of up to 150 kGauss are not large enough to overcome the
anisotropy.

Various electronic properties, e.g. the transport properties,
specific heat etc., have been investigated by several workers and
comprehensive references are available in the various review
articles (29-3L4) on the rare earths. Table 1,1 lists some of the

important parameters for these elements.

1.3. Magnetic Interactions in Rare Earths

The magnetic ordering in rare earths is due to some strong
interacticn. Because of the localized nature of the Lf electrons,
an indirect exchange mechanism has been postulated for the rare

earths. The idea was originally proposed by Zener {35) and several
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review articles deal with the subject. Rudermann znd Kittel (36)
first used this mechanism for inter nuclear coupling and this hes

been used for ions in metallic lattices by Kssuya (37) and Yosida (38).
It is commonly known as RKKY interaction. The ionic spins are assumed
to cause polarization in the conduction electrons which in turn
interact with other ionic spins.

In the RKKY interaction, the Lf spins §T the rare earth ion set
up a conduction electron spin polarization and the polarization
couples with the spins of the iuns at other sites to produce an
effective exchange. Analysis of such a mechanism within the molecu-
lar field approximstion and free electron model leads to a relation
of the form (39)

ke = cz° (gm})2 J (J+1) 5 F(zkf roj) eeeo(1.1)

a E, j £0

where 0 is the paramagnetic Curie point, k is the Boltzman's
constant, C is & constant of proportionality; Z, the number of con-
duction electron per atom, V, the atomic volume, Ef, the Fermi
energy and kf the Fermi wave vector and F(x) is of the form

x Cos x - Sin x. The summation is for atoms at various distances

L

X

roj from the atom at L The relationship invclves the quantity

(g—l)2 J (J + 1), which is called the de Gennes function and is
physically the square of the projection of & on J.

The RKKY model makes some rather sweeping assumptions and it
is rather fortuitous that the experimental observations fit in with
the model. The limitations have been discussed bty various authors
(LO-L1) and refinements have been made. Nevertheless the simple

model is a useful aid Lo an understanding of the ordering processes
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in the rare earths, particularly the heavy ones.

1.4, Intra Rare Earth Alloys

The study of intra rare earth alloys as weil as alloys of rare
earths with non magnetic diluents, Y and Se, offers.a very wide
scope because of the variety in physical properties. The majority of
the work on magnetic properties and magnetic structures in these
systems has been performed at the Ames, Oak Ridge and I.B.M.
laboratories. Experiments have been done on various polycrystalline
and single crystal samples.

A considersble amount of data on intra rare earth alloys have
been compiled and presenied by Bozer-.e. and his co-workers (L2-LL).
These are binary systems amongst the heavy rare earths excluding
Yb, which dces not form a continucus renge of solutions. The
magnetic ordering follows the same broad pattern as in the elements

themselves. The N&el points show a remarkable relation with the

<6

N 3 where

a&erage de Gennes function G. It is found that T

e

G =Zlec; G ...(1.2)
N being the concentration of the ith component with de Gennes
function G, is followed by many alloys as showm in refs. L2-Ll.

The 2/_3rd power law, as this relation is commonly known, is

empirical in origin.

1.5. Alloys of Heavy Rare Earths with Yttfium and Scandium

As mentioned before, Y and Sc have similar crystal structure
and electron configuration tc the heavy rare earths but do nat show
magnetic ordering, so the study of R-Y and R-Sc systems, where R is

a heavy rare earth is of interest in the investigation of the
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ordering processes in the heavy rare earths.

Dilution of heavy rare earfhs'by Y changes the magnetic inter-
action without much change in the physical size as the lattice
pérameter of Y is very close to that of Gd. Bulk magnetization(L5-47)
and heutron diffraction experiments (}48) show that dilution with Y
stabilises the helical structure at the e;pense of the collinear
structure in the R-Y allocys. The TN &.G /3 relationship is obeyed
and the initial interlayer turn angle (the turn angle between the
layers as the system goes into the helical arrangement) is a smooth
function of § as shown in Fig. 1.3. An examination of the data shows
a remarkable independence of the properties cf the alloys from the
properties of the rare earth constituent. The extrapolation of the
!évailablé data point to a ferromagnetic structure resulting froﬁ a
collapse of the helical structure around & = 11.5. For low G values
the helical structure stabilises with a limiting interlayer turn angle
~ 50°.

Nagasawa and Sugawara (L49) have reported susceptibility
measurements on dilute alloys of the Tb-Y system (low Tb concentration)
and the crystal structures of the slloys in the series have been
examined over a temperature range 779K to 330°K by Finkel et al.(50).
Some high pressure work has been done on the Tb-Y sgystem and some
other systems by McWhan et al.(97).

Of the R-Sc alloy systems only Gd-Sc alloys have Eeen investiga-
ted magnetically by Nigh et al.(51). Neutron diffraction measure-
ments on Gd-Sc, Tb-Sc, Ho-Sc and Er-Sc alloys have been made at
Oak Ridge (51,53). Fig. 1.4(i) and 1.L(ii) summarises the available
data on the ordering temperatures and turn angles as functions of G

and concentration for the different R-Sc allcys. Sc has a smaller
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atomic size and the slloys in genersl behave differenitly tc the R-Y
alloys. BEven for fairly high rare earth ccncentrations, no ferro-
magnetic ordering has been observed. The helical sntiferromagnetic
phase grows at the expense of the ferromagnetic phase but the alloys
cease to exhibit the helical structure if the rare earth concentration
falls to below about 25% and nc crdering is cbserved.

Wollan (54,55) has discussed the effect of alloying the heavy
rare earths with scandium. The smaller size of the scandium, he
points out, would have the same sort of effect as bringing the rare
earth atoms closer by the application of high pressure. A qualitative
agreement has been obtained for the Gd-Sc sllcys.

A mcre detailed investigaticn of the magnetlic ordering of

Tb-Sc system is the object of the present investigation.


http://investigati.cn

 CHAPTER 2

THEORET ICAL BACKGROUND

2.1. Basic Postulates of Ferroumagnetism

The bebaviour of a ferromagnetic material has teen explained on
the basis of the interaction of elementary stomic moments with an
internal magnetic field. The treatment is amply covered in mest
books on magnetism (56) and the :mportant feature- may te summarised
in the following way. i

Belew a characteristic temperature (Tc), known as the Curie
Temperature (or point), a ferromsgnet exhibits spontaneocus
magnetization. The temperature dependence of the spontaneous
magnetization per gram mole of the substance is ottained by the

simultaneous solution of the equations.

l‘ﬁ'[%g = Blx) cerson (2.1)
and M(T) kT . crenee (2.2)
M(0) NN, g2“32’]2
where M(T) = spontaneous magnetization at temperature T,
M(0) = Ng Hg Jd o= spentansous magnetization at
absolute zero
EJ(x) = Brilleuin function for tctal angular momentum J
k =  Boltzmann constant
N = Avogadrots Numter
Nw = Weiss molecular field constant
g = Landé‘g factor
and Hp = Bohr magneton

Above the Curie temperature there is no spontsneous magnetiza-
tion snd the system behaves as a paramagnel obeying the Curie-Weiss
relationship at temperatures higher than a few degrees above TF°

The paramagnetic Curie point, cbtained oy the extrapclation of the
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linear region of the I/X’vs T plot to ;’X - 0, iz different from TC’

The classical molecular field theory explains the experimentsal
observations with reasonable clarity. It does not, however, provide
any insight into the origin of the internali magnetic field also kncwn
as the Weiss molecular field., The internal field was shown by
Heisenberg (57) to be the result ci a quantum mechenics2 exchange
interasction. In the Heisenberg tormalism, the intev;ction between
two atoms of spins Si and.%j can be described by a Hamiitonian

given by :
e -2, s1.os) ceies 02,3

& iJ ~ ~
For a sclid with nearest neighbour exchange cnly, the Hamiltenian is

H - .23 Ql St . 8 veees (2.1)

. . . - . 4. sth
and the summstion is over the nearest neighbours of the i~ atom,
For a crystal with isotropic interactions, {nhe expression has ttc be

summed up over 8ll atoms and yields

M- - 22\) L Si. S cee. {2,5)
i3

In principle, the solution of such a Familtcnian should lead to
the explanation of ferrcmsgnetism. A genersl sciution hss ngt been
obteined, but there are special cases where analysis hss been made,

Tre localized momeni assumpticn ieading tce the Heisenterg
formalism is net valid in the case of meials and alioys which are
ferrcmagnetic. Very impeortant resulrz have Teen ctieined on the
basis of btand thecry. The approach cf Zener (35) snd the congequent.
extensicn to RKKY interacticn {3€.38,. wrich jz: reen scussed
briefiy in the previous chapter hes teen used tc cierify ihe rare

esrilr magnetism.
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2.2, Basic Postulates of Antiferromagnetism

It is also relevant to discuss briefly the phenomenon of
antiferromagnetism. If the exchange intvegral g in the Heisenberg
formulation is negative, the spins will line up antiparallel in the
ground state. An antiferromagnet can be classically considered to
be made up of two sublattices and the application of the molecular
field theory leads to the following conclusions. Above a character-
istic temperaiure called the Neel temperaiure (TN), the susceptibility

is related toc the temperature by
X =575 vev-: (2.6)
. A}

where © is the paramagnetic Curie peint. Beicw T, both sub-

N*
lattices possezes & spontaneous magneiizstion of equal nagnitgdeo
In the absence of any applied magnetic field, the sublattice
magnetizations are antiparallel. The magnetic field, in general,
will make an arbitrary angle with the spin axis. It is simpler to
consider a single crystal to examine the behaviour belOW'TNc When
the magnetic field is parallel to the spin axis, the susceptibility
?§n) is zerc at 0°K and increases to its va.ue at TN with increas-
ing temperature. Fcr the magnetic field applied perpendicular to
the spin axis, the susceptibility ();} is constant below TN" For
a polycrystalline specimen the susceptiocility

}$ =

c/3 x'?- cc 20 f-;2-7)

W
<
T

2.3. Helical Spin Systems

The initial atuempt to explsain ithe vehavicur of Dyspresium was
made by Liu 2% 8l.(58) on the basis ¢f sutlattice msgnetizations.

The neutron diffraction experimenis of Koenler et al1.(10), however,
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established the helical spin structure between T, and TC for

N
Dysprosium. This was prcposed by Enz (59}, who considered a long-
range interaction ccvering more than one _syer and containing both
positive and negative components. The equilibrium between these
interactions stabilisesthe helical structure.

The helical spin structure was first postulated for M’nO2 by

Yoshimori (60) and was observed in MnAu, by Herpin et al.(61). The

2
behaviour of a helical spin system in a magnetic field and the
effect of anisotropy energy with special reference to the heavy
rare earths was discussed by Miwa et al.(62}. Nagamiya (63) has
recently published a review article on the behaviour of helical
spin systems.

The existence of the screw spin system in Tk, Dy and Ho and
various rare earth alloys has been reported in great detail. The
spins in the tasal plane of the h,c.p. structure order
ferromagnetically. The spins in the next layer, though parallel to
one another, are at an angle to the preceding layer and this is
repeated. The interlayer turn angle @) can be experimentally
determined by neutron diffraction experimenis. The simplest
experiment is to observe the diffraction pattern for a poly-
crystalline sample. Above TN’ the pattern can be indexed on the
basis of the various hkf reflections compatible with the h.c.p.

structure and the lattice spacings. Below T,, magnetic satellites

N‘.‘
appear in the diffraction patterns. A pattern typical of the screw
or helical spin structure shows a satellite 000" about the

unscattered direction (origin) and alsc satellites 004Z about the

00% lines which are displaced from 00t »y the same amount as the
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displacement. of 000" from the origin, hk:=~ satellites are alsc
present. From the spacings of the 000" and 00%Z satellites, the
interlayer turn angle can be calculated. The temperature variation
of @ can be studied by observing the positions of the sateilites as
a function of temperature.

The Heisenberg exchange energy covsring the nearest and the next
nearest neighbours exchange in the case of a helical sbin structure

with turn angle @ mey be written as
= - 2 4 . ) ’g v 4
By = - M (‘ﬁo + 31 Cos @ +p) , Cos 26 ) vese 12.8)

where go is the exchange constant between the spins in a layer
gl is the exchange constant beiween two adjacent planes and
32 is the exchange constant for alternate planes and M;S is

the spontaneous magnetization. Fcr the stability of such a system

the condition

dEx _
o = ¢ (?.9)

has to be satisfied. This condition lesds to the relation

4

cos 8 = - —E-S'L“" cen-s (2.10)
"A2

From this relation it follows that the helical structure is stable

only when 3-1 and 22 are cpposite in nature and slso when

< : > . :
51 N gZ . If 91 )482 , the interaction

between the alternate planes is not strong enough to support the

helix’ and the system collapses to a normal ferromagnet as g is a

1

ferromagnetic exchange constant while A is an antiferromagnetic

2
exchange constant.



- 22 .

2.4, Effect of a Magnetic Field on a Helical Spin System

For an ensemble, as described abtove, the gpplication of a
magnetic field in the basal plane makes the energy take a value E

given by the equation

2 )
Ex = - Y ( So + gl Cos @ + 92 Cos 20 )

~ M_H % cos © seenc (2.1;)

When the magnetic field H reaches a critical value, it is
energetically favourable for the system to collapse to a
ferromagnetic state. This is manifested as a large increase in the
magnetization at a certain value of the magnetic field. Herpin
et al.(61) showed that the critical field Hcr is given by

Hcr = = 7,76 Ms s 5 Sinh G/E veronas (2.12)
This relation together with (2.10) prouvides a means for estimating

g 1 and g o Belov et al.(29) have discussed this in detail for

Dy and Ho.

2.5. Anisotropy in Rare Earth Metals and Alloys

In our discussion so far the anisotropy and magnetostrictive
energy terms, which are important in case of rare earth metals
and alloys, have not been included. Elliot(6l) has made the
importance of crystal field effects and associated magneto-
crystalline anisotropy clear. The electrostatic potential in a

hexagonal crystal is of the form
o o fo] o ;. 0 . O 6
=V + . +
V=V, oY (J) + Vh pxh {J) Ve Y Y (J) V6T12(J)
ceves (2.13)

m . .
where VZ are constants dependent on the structure,

a, B, Y are numerical constants
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and Yim (J) are the operator equivalents tor the spherical
harmonics for the total angular momentum J.
This intersction leads to a large axial and a smaller planar

anisotropy and the anisotropy energy has the form

W=K Sin2 o6+ K sin™ d + K. Sin6 P+ K

. b
1 » _.Sln PCos 6w

L
ceeoes (2.14)

3

where K, 's are constants and in general functionsof magnetic field
and temperature, P and ¢ define the direction of magnetization
relative to the c-axis and a axis respectively. Experimental
determinations of the anisotropy constants for some heavy rare

earths have been made (65-67).

2.6, Magnetostriction in Hexagonal Crystals

The expression for the magnetostrictivn in a hexagonal crystal
was derived phenomenologically by Mason (68). Gallen and Callen
(69-70) formulated a theory of magnetostriction srising from
single-ion crystal field effects in cubic crystals and extended it
to include two ion interactions and crystals of arvitrary symmetry.

They started from a Hamiltonian'}‘for & system asg
H-HR, N+ H, +H_ . (218)

where qun is the Hamiltcnian consisting of isctropic exchange and
the Zeeman intersction with an externsl fieli,:ﬂ o is the elastic
energy associgted with bomogenecus strain compcnents, ju me is the
magnetcelastic interacticn, and Jq a lg trhe magnetocrystaliine
enisotropy. The details of the anglysis sre aveided tut the points
impertant tc this investigation retzined.

The ZJ ne and '#a terms are *tresbed as periurbeations on the
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unperturbed term 1} n and }Je (wkich is c¢f the form 3 G :‘2\ is
treated as en 2dditive term. Clark ew &l.{7:) have used the Gallen

.and Callen formeiism for dysprosium 2nd using their symbols, the

magnetoelastic inferaction Hamilicnian can be written dewn as

| ] S A AL A AN
O R 7 f
-1t e M M Rre) « sy, )
. i
Bad 2,1 f,g

vieeee (2,16)
‘ . Py & My & . ;
In this expression Bj and Dj are cne~ion znd two-ion
temperature independent coupling ccnstents, (-?i”"‘J are
!J., 2 !

. L0 - , 2 : .
irreducibie strains, Ki“’ (Sf) snd ¥ “Sf,Sg) are spin

functions (cne-ion and twe-ion} as described in ref. 71. For
hexagonal symmetry the symmetry strsin: cre related t¢ the Cartesian

strains ty

xx Yy 2z

L, 2 Z ]
e®e = g L i Mt
zZ7 3
Y 1
- F o [ ‘

T N et Ty
eV . €

2 Xy

£ . &£ . ,
€ = & na = = 2e¢c e e
1 vz an z 27 (2.17)

The expression fcr magnetostriction is obtainei by minimizing the
free energy w.r.t. the strains and vreniorming the hexagonzl strains

to Cartesians strains and is given by
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. T e,. B B
L. i i j
1,3 J J
A G,0 2y .2 940 2 A @2 2\ _
0,2 2 2 1 Y,2 g 2 2
4 A - =) a4 A ’ 17 - -
v A B, (a, 3) 1 bz (B, E.“Na )

+

. ) E ’2 . — I 1
2 ExBy 00 ] + 22 (E,xax » B a) Ba ... (2.18)
where ax,ay and a, are the direction cosines of the magnetization

and Bx, By and EZ are the direction cosines for the direction of

measurement. The coefficients in (2,18) are explicitly given by

]

a,0 15 a0, . .

_ 5§ 0,0 N DsOre V) <3 S
>\2a,o Eﬁ._Dl 39(f,g) + D, ™ (,f,g,] ’f'sg s
f,g

EE SR EALLCREE
1= n 052 '
L350 %Ane) - 30,0 |
34

¢qt o% _ 1 >
XSf 5 g5,

A a2 3 1’ + B“’2] (s )2 - % sisa)>

3 een(2.19)
1z Vet &1
‘ ) o+ P -3e< - =
f,g
Y2 =2 2 1 > e B ¢t & .1
A% =B <(3§ )° - 35(s+1> + 3D 22(5,8) <5y 87 - 35,52,
f, g
282 = B ©2¢g" )2 Ls(se)r + ¢ 09r, gt 5 ¢ - L5 .50
> f,g i te
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These expressions contain B and I terms which sare the E and D

terms discussed before with symmetry etastic ccnstants absorbed into

them. The symmetry elastic comstanis are defined by

c,” = % (2c11 * 2, ¢t hclj * c33)
_c2a - _% (egy +0qp ~hoyyr 2oy
2 - % (-eq1 = Cpp * o3+ 033)
L 2(c,.-c.,) and ¢© = L, . ceee £2,20)
117712 Lk '

relative to the Cartesian constants. The equilibrium energy of
magnetostriction can be worked out from the eguiiibrium strains and
leadsto the value (ref. 33)

_ L ¥y, .o v2cz e
B = = 5 c(x ) el (2.21)

- . . o Y
Experimental evidence in dysprosium has shown that the 1,’2
v
coefficient fits single-ion behavicur indicating either DY’2<<B"2

or the one-ion and two-ion dependences ars very similer. Single-ion

theory predicts a temperature dependence of 2Y52 according to
2m = 20T, [ )]
: 5/2 ‘

where AY’2(O) is the value at T = O and

I\

T

L
2

(x}
. . . o 5 _ -1
In(X) being the hyperbolic Bessel function of order n. JZ- (¢)

is the inverse Ilangevin function of ihe reduced magnetization at

any temperature T. The values of these special functions can be
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obtained from 'The Handbook of Msthemetical Functions' (72)

An extension of the changes i1n energies of a system from the helical %o
the ferromagnetic structure as cutlined in eqns. 2.11 and 2.12 along
the phenomenological ideas of Elliot (64) allcws one to write down an
equality of the form.

Ehelica] - Eferromagnetic i Ems + E aniSOtropy'°’(z’23)

for the transition. Tt is possibie to estimate the difference of

energy Eferromagnetic ~ Ehelicai

by writing the different components
out explicitly. Feron et al{67)have discussed this in detail and
the temperature variation of this difference, which has been called
the 'driving energy' by Cooper{33)can he investigated. Cooper's
estimates for this 'driving energy! shows remarkable correlations

with the magnetostrictive energy and the analysis of Feron et al.(67)

also shows good agreement.
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CHAPTER 3

EXPERIMENTAL DETATLS

3.1 Description of the Single Crystals of Terbium-Scandium Alloy

The single crystals of Terb;um;Scandium alloys used in this study
were produced by Metals Research Ltd. The starving materials in the
case of all the alloys were Tefbigm and Scandium of-best available
purity. 2N8 Terbium and 3NS5 écandium were obtained from
Rare Earth Products Ltd. Trials with-materials of less purity did
not produée grain growth in alloys. The allqyi of different
compositions were prepared by cold crucible casting under high purity
Argon atmosphere using water cooled copper boats.

Zone melting techniques using induction heating did not
produce any large grains. For each alloy, the castings in the form
of rods were annealed at about 1300°C and grains of useful size were
obtained. Single crystal discs were cut from these ingots by spark
machining. Single crystals of the following specifications and

details were obtained.-

NOminal Composition Disc origntation = Diameter Thickness.
Plane of dise contains mm mm

Tbg.9 5.1 basal plane 4.97+0.05 1.16+0,02

band c axes 501010.05 0.91+0.02

Toy. g SCO.Z basal plane 5.24+0.0% 0.64+0,02

a and c axes 5.23+0.05 1.18+0.03

Tb0,7 800.3 basel plane 5.15:9.05 1.03+0.02
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The offcuts from the ingots were used for the determination of
exact composition; lattice parameter measurements and density

determination.

3.1(b) Prepearation of Polycrystalline Specimens

The polycrystalline materiasls used in this study were prepared
by arc melting appropriate quantities cf Terbium and Scandium obtained
from Koch-light Laboratories in an atmosphere of pure argon using. a
non-consumable Tungsten electrode. The alloys were remglted several
times to ensure homogeneity. Uoss of weight during preparation was
negligible indicating that thecomposition of the alloys obtained
were very near to the desired value. The arc melted buttons were
amnealed for a period of 7 days at 700% under a vacuum of abcut
L

10" "torz.

3.2 X-ray Examination

The single crystals were fivsi examined for their quality and
orientation by standard back reflection Lave photographs. The
back reflection photographs show & spread in the cbserved spots
indicating a spread due to deviations from the ideal structure.
This coupled with the departure from the orientations listed in
Table 3.1 amounts to a i}o to :20 deviation from those mentioned
in the Table.

The surfaces for X-ray exsmination were prepared in the
following manner., After polishing with fine grade emery paper
(L/0), an etching solution containing 50%concentrated Nitric Acid
and 50% glacial Acetic Acid was used. The etching solution was
removed by washing the discs in water free Acetone. To examine

the surface under a microscope a chemical etching technique due
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to Roman (73) was used. A solution containing

20ml  lactic Acid

5ml  Phosphoric Acid

10ml  Acetic Acid

Iml  Sulphuric Acid
and 15ml Nitric Acid

was used to etch the surface after polishing with'emery paper and
diamond paste. The etching solution was'applied'with a swab for-
about 10 seconds and the specimen washed with Ethyl Alcohol. The
surfaces, thus prepared, were found to contein very small quantites
of a second phase as inclusions most likely to be oxides.

The single crystal discs had to be oriented in various directions
for the measurement of directionail properties. They were mounted on
g goniometer head in a Philips X-ray set. A special attachment was
used to facilitate the removal of the discs from the gonimeter to the
cryostat preserving the information about the directions. The single
crystal disc was stuck onto a specimen holder with 'Durofix?
adhesive. The specimen holder had a tapped hole and could be
screwed on to a cylindrical brass tube with a thread to take the
specimen holder. A brass bleck attachment was used to hold the
cylindrical brass tube in position on the goniameiérheadm The
alignment of the brass block was checked by replacing the
cylindrical tube by another one of the same diameter with a hole
running down the axis. When aligned properly the pencil.of
X-radiation went through the hole and the disc face was pérpendicular
to the direction of the pencil.

Back reflection photographs were used in the ususl way to
determine the orientation. The specimen holder was aligned so that

one of the major axes in the disc was parallel to the bése of the
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goniometer. In this part of the investigation it was found that
stereogréphic projection for various directions of the incident
beam was necessary. As detailed information was not available in
any publication a simple computer programme was used to calculate
the various interplanar angles in the hexagonal close packed
(h.c.p.) structure for an appropriate c/a ratio. These angles were
used to plot steographic projections and the Lane patterns were
analysed by the usual techniques and the crystal axes identified.
Koepke and Scott(7L) have published a report on the preparation of
stereographic projections for h.c.p. structure. Appendix 1 shows
stereographs obtained for the basal plane, ac and be h.c.p. crystals

for ®/a = 1.58.

3.3. Determinations of Composition of Alloys

The offcuts from the single crystals produced by
Metals Research Ltd., were used to establish the composition of the
alloys accurately. The nominal compositions were known and several
techniques were tried to obtain a better estimate.

An X-ray fluorescence spectrometer in the Geology Depariment
of Durham University was used to compare the intensities of the
characteristic emission lines in the alloys with the intensities in
pure Terbium. The technique was not very successful in
establishing the composition to the desired accuracy but was useful
in checking the homogeneity of the specimen and the presence of
impurities. The emission from a piece of alloy was checked as it
was scanned along the surface. The count rate was reasonably
uniform indicating a good homogeneity. The possible existence of
impurities such as other rare earths and crucible material was

investigated. No evidence of any crucible material was found
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even at the most sensitive setting of the instrument.

The method, however, was not capable of estimating the
compositions accurately enough for the following reasons. The peaks
from the Terbium emission were asymmetric. The probable cause was
a non-uniform background and possible presence of very small
quantities of other rare earths with peaks very near the Terbium
peaks. Also, -the eorrection factors for shielding effects are not
precisely known. The estimate of composition was only certain to
+0.5% in the alloy.

A better estimate of the composition was obtained using atomic
absorption analysis facilities at International Research and
Development laboratories in Newcastle-upon-Tyne. The absorption
spectra from solutions prepared by dissolving known amounts of the
alioys were compared with standard specimens, and the scandium
content established. Spectrographic examinations revealed the
presence of iron in small quantities. This was probably added
during specimen preparation. The scandium content could be
established to +0.1% and Terbium was supposed to mske up the rest.
No estimate of the oxygen and other gaseous impurities could be
obtained and as such cannot be quoted. It is probably correct to
assume that the impurity level was the same as in the parent -

materials.

3.4. Jattice Parameter Measurements

The offcuts from ingots from which the single crystals were
cut and filings from the arc melted buttons were used to measure
room temperature lattice parameters. The filing was done in an

argon atmosphere in a glove box to minimise the effect of
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oxidation. Standard Debye-Scherrer powder diffraction methods were
used with CoKa and CrKa radiation,

The lattice parameters'were obtained by indexing the diffraction
pattern with the help of a Bunn chart and then applying the
procedure of Cohen(75) to treat systematic errors and obtain the

'a' and 'c! parameters.

3.5. Density Determination

The density determination was done bty simple hydrostatic method.
The density of the specimen was determined by measuring its loss of
weight in monobromebenzene. The liquid chosen was obtainable in
water free condition and did not have any chemical reaction with
the alloys. Knowing the density of monobromobenzene, the density

of the alloys w.r.t. water were calculated.

3.6, Thermal Expansion and Magnetostriction Measurements

(a) Choice of Styrain Gauge

Thermal expansion and magnetostriction were measured using
strain gauge techniques. The choice of the gauge used was
governed by the physical consideration of the size of the specimens,
the temperature range of operation, the suitability of adhesives and
the effect of magnetic field. ITnitial tests were made using Budd
foil gauges and the recommended two component adhesive. The
adhesive was found to be prone to breakdown with temperature cycling
and the gauges did not give reproducible results. This was most
likely due to the variation in the quality of bonding at different

temperatures,

Tests were made with Kyowa strain gauges with the compatible
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two-component. epoxy adhesive. The KF-1-C3 gauge with EP-18
adhesive was used in the preliminary studies and prooduced satis-
factory results. These strain gauges were of foil type of 1lmm
active length, 120 ohms nominal resistance and of gauge factor
approximately 2. The gauge backing was trimmed to a size suitable
for sticking on a L.5mm diasmeter disc. This did not produce any

deterioration in performance of these gauges. -

(b) Fixing of Gauges

The discs were aligned, as discussed before, and the goniometer
assembly was then transferred under a travelling microscope. The
cross-wires of the microscope were aligned so as to be in the
directions of the principzl axes of the disc, The goniometer was
held in a fixed posifiion under the microscope by a stand and
clamp arrangement. The surface of the specimen was cleaned with
trichloroethylene and the adhesive applied. The gauge wes positioned
on the surface in the desired orientatién. The markings on the
gauge backing showing the direction of the grid were aligned w.r.t.
the cross wires of the microscope. The adhesive was cured at
room temperature (~QO°C) for 24 hrs. while the gauge was held
under pressure. A pressure of 10 p.s.i. was applied by putting

weights on the gauge.

(¢) Alignment-of Gauges

The smallness of the gauge, the need to transfer the
goniometer from the X-ray set to under the microscope
and the fact that the width of the grids and the two markings on the
gauge were almost of the same size as the cross wires on the

microscope reduced the accuracy of the orientation of the gauges
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relative to the axes of the crystals. A combination of all the
limitations involved will put a reasonable estimate of the error
in the gauge orientation and the crystal axes in the i}-h degrees

range.

(d) Comparator Gauge

The gauge resistance and the insulation to the specimen were.
checked before transférring the aisc into the cryostat for measure~
ments. A fused silica disc was used to mount another strain gauge
to be used as a comparator gauge. TFused silica was chosen as the
material to support this gauge, also known as a 'dummy gauge’,
because it has a very small thermal expansion coefficient and a
comparison of the gauge stuck on any material with the dummy gauge

should reveal the behaviour of the material under examinations,

(e) Calibration of Gauges

The reistance of a strain gauge changes when it expands or
contracts and if R and I denote the resistance and length and

R and 1L, the change in R &nd L, the ratio
2y
R _

T’V’L = K. ces e (3-1)
is called the 'gauge factor', For most of the gauges in common
use K has a value around 2. As calculated by Biermasz and Hockstra
(76) it can be shown that

K=2+(C-1)(1~20) eeee (3.2)
where C is a constant independent of the elastic strain and o is
the Poisson'sratio for the gauge material. The second part of
the expression provides the deviation from the value of 2.

The gauge factor K varies with temperature. The variation
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can be experimentally investigated using an apparatus devised by
McClintockm).Several investigators have looked into the temperature
variation of K for different gauges. The results show that the
gauge factor is capable’of a change from a few per cent to 50% of
its room temperature value in a temperature range of about 300 degrees.,
The KF-1-C3 gauges were tested using an arrangement similar to that
of McClintock to check the temperature variation of K. The value of
K at 77°K in some of these gauges veried by up to 5% of its room
temperature value in some cases. A majority of the gauges, however,
showed a variation at 77°K of about 3% of their room temperature
value. The testing being destructive, it was not possible to
deterﬁine this variation in the gauges used for the actual
experiments.

To check the accuracy of the value of A?/L measured with a gauge
in the experiments, measurements were made on copper. A copper disc
cut frem SN pure material was used and the values of AL/L between
77°K and 300°K were compatred with those of Nix and McNair (77). It
was found that the strains obtained from the gauges were lower than
the values of Nix and McNair by L% to 8%. This difference
(average of about 6%) was due to the combination of the effect due
to the temperature variation of X and the effect of the layer of
adhesive between the specimen and the gauge. The layer of
adhesive does not transmit the true strain to the gauge because
of its finite thickness and appreciable elasticity.

The specimen in its mount and the dummy gauge on fused silica
were fixed in close proximity to one another inside the same

enclosure. This placed both the gauges in very similar environment
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and the difference in behaviour between the two gauges should result
from the alloy under investigation. To verify this assumption an
arrangement where the gauge on the specimen is replaced by a gauge
on a fused silica disc was used. The differential thermal strain
was measured between 77°K and 300°K and was found to be 2 orders

of magnitude smaller than the strains due to the specimens under
investigation. The effect of magnetic field on the gauges was.

also investigated. Between 200°K and 300°K, the éffect is.very
small but increases at lower temperatures. At 77°K, the transverse

5

magnetostrain due to the pair of gauges was found to be .10~ while

the longitudinal strain was .5 x 107,

(f) Cryostat and Electromagnet

The specimen with its attached gauge and the dummy gauge on
fused silica were fixed inside an enclosure as shown in Fig. 3.1.
The whole assembly was attached to a rigid head with arrangement
for suspending the dewars. The specimen chamber could be evacuated
and filled with Helium gas for heat exchange. The inner space was
then evacuated to any desired pressure up to the limit of the
rotary pump. The evacuation provided control on the rate of warm-
ing up. Under rotary pump vacuum (.0.1 mm of Hg) the initial warm-
ing up rate was 3°K min and the time taken to cover from 77°K to
room temperature was about L hrs.

The temperature of the specimen was measured by a copper-
constantan thermocouple. One junction of the thermocouple was
soldered onto the brass specimen holder and was in good thermal
contact with it. Tt was about 2mm. away from the specimen. The

reference junction was held at liquid Nitrogen temperature. The
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thermo-e.m.f, was measured with a Pye portable potentiometer in
conjunction with an external Scalamp galvanometer. The thermocouple,
constructed from '"high condubtivity" copper and "thermocouple"
constantan, gave the same e.m.f. at different fixed points as in the
British Standard Tables. Between liquid Nitrogen and the room.
temperature, the temperature of the specimen could be determined
within +3°,

Some measurements were also made between 77°K and h.2°K. The
liquid Helium temperature was attained by standard double dewar
techniques. In this case, of course, the accuracy of'the temperature
determination was lower. This thermocouple has very low thermo-
power near liquid Helium temperature and as such the temperature
mea;urement was accurate to within about 3°K. The gauge behaviour
was alsoerratic at low temperatures, particularly below about 30°K.

The magnetic field for magnetostriction measurement was
provided by an electromagnet. This has been described in detail
by Roe (78). The electromagnet was made up of two coils in
series. Each of the coil cases had resin insulated copper strip
wound about a 10cm diameter soft iron core in 3l layers, with
17 turns per layer. Tufnol spacers provided space for cooling
water flow between the layers. The soft iron cores acted as pole
pieces and the separation was L.8lcm. The soft iron cores. were
mounted on a base which could be rotated about the axis of the
magnet and the whole assembly was on a rail and could be moved in
and out of its location. The magnet was cooled by distilled
water circulated by a pump. This was a closed system, the distilled
. water being cooled by passing it through a multiple tube heat

exchanger with continuously flowing mains water. The magnet had
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a resistance of just over 10 and the current was supplied by a
S0kW, 200 amps D.C. supply. The ripple in the voltage output did
not have any serious effect on the measurement.

The space available between the pole pieces was not enough to
accommodate a’double dewar systeé,for work below 77°K, so all the
magnetostriction measurements were limited to liquid Nitrogen
‘pemperatufe and above. The magnetic field as a function éf the
current was measured with a Hall probe. It was found to be uni-
form within :%% over a volume of about 30m% and this was
sufficient for the requirements of the experiment.

The specimen was centred in the magnetic field by using a
cathetometer. The magnet could be rotsted through 360° and
alignment in two perpendicular directions as well as adjustment
of height placed the specimen in the middle of the field.

The deformation of the specimen (i.e. the strain A['/L) was
measured by measu?ing AR/R for the strain gauge. This variation
in resistance can be measured by using either an a.c. or a d.c.
arrangement.. In view of the fact that the specimen was magnetic
in certain circumstances, the d.c. method was preferred. The
two strain gauges (active and passive) made up two arms . of
a Wheatstone bridge network. The electrical leads from the
gauges were brought out of the cryostat using conventional )
vacuum lead throughs. Two wire-wound resistors of 1200 made
up the ratio arms of the bridge. A 1.2Q sliding resistor
was used between the 1209 resistors to provide for matching

slight difference in the resistances of different gauges. Two

100k helipots were used in parallel with the gauges. At
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room temperature the helipots were set at the same value. The sliding
resistor was adjusted to give a null reading in the output.

The bridge was energised by a Mallory mercury cell and the
current was adjusted by a potentiometer and monitored by a milliam-
meter. The output of the bridge was amplified by a Pye photo-
electric galvanometer amplifier,Fig. 3.2. shows the circuit details
for tHe bridge. _ )

The current through the gauges was kept at Sma. Though the
gauges are capable of handling higher currents accordinglto the
specification, it was found that there were instabilities at higher

currents. This was due to inhomogeneous heating in the gauges;

operation at Sma gave stable and reproducible results.

(g) Measurement of Strain

The change in the length of the active gauge due to magneto-
striction or thermal expansion dhanged the resistance of the gauge.
The helipot in parallel with the active gauge or the other one was
changed to bring the output back to zero. The reading on the
helipot required to restore the balance in the bridge can be used

to obtain the strain AIVL directly through the relation.

Ay = Sk R,'R ceenss (3.2)
R R
where S = gauge resistance,
K = gauge factor,
R = initial helipot reading in ohms
and R? = final helipot reading
For a typical set of date if S = 1200
K =2 R = 90 x 10°%

1 3 .
and R = 60 x 10°Q , then é% = 3,33 x 1o'h
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For the circuit used with the galvanometer amplifier and Scalamp

7

galvanometer a strain of 5 x 10 ' could be detected.

&he problem of thermal e.m.f's was faced during the course of
these experiments. Even with careful matching of the lead wires
to the gauges, thermal e.m.f's could not be eliminated completely.
A multiwaf switch was used to sample the thermal e.m.f. detector
at the Scalamp gaivanométer, as well as to monitor the drif£ of
the galvanometer amplifier. The switch was also used to
energise the bridge and reverse the direction of current through
the bridge. A simple method was tried to overcome the thermal
e.m.f. A small e.m.f. was fed on to the amplifier input in
opposition to the thermal e.m.f. to balance it out. The small
e.m.f. was delivered from a copper-constantan thermocouple
maintained between 77°K and 273°K with a suitable potential
divider. The thermal e.m.f. at its maximum was equivalent to a

pseudo-strain of 10-5

at the gauge temperature of 77°K. There
was no observable thermal effect above a cryostat temperature
of about 150°K.

As discussed before, the accuracy of the strains measured
in these experiments was checked by comparing the result against
copper. The strain measured by this system was always less
than that obtained by interferometric data by (5 + 2)% between
77°K and room temperature, so thé experimental method provided
a means of measuring the deformation with a high.point to point

reproducibility and relative accuracy,but low absolute accuracy.

The comparison against the copper data is shown in Fig. 3.3.
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3.7 Magnetization Measurement

A vibrating sample magnetometer of Fcner type was used to
determine magnetization of the alloys. The details of the apparatus

have been described by Piercy(79).

(a) Vibrating Specimen Magnetometer

The apparatus was a nul] output instrument and the block
diagram is shown in Fig. 3.4. -The single crystals as well as
polycrystalline materials vibrated in a magnetic field provided
by a water cooled solenoid. A 'sample'! coil around the specimen
and a 'monitor' coil were individually twin coils connected in
series opposition. An electrical signal could be observed dependiﬁé
on the magnitude of the magnetization. This was amplified and passed
to the phase sensitive detector and meter. This signal could be
balanced by passing a suitable current to the d.c. coil from a 6 volt
battery., The magnitude of this current, measured by a milliammeter
was a measure of the magnetization. As the signal from the 'sample'
pickup coil could in some cases be too large to be balanced by the
monitor! coil, a potential divider using a 250 k  helipot was
used. Coherent noise in the "monitor' coil was backea off using
a phase shift network and an attenuator,

The disc shaped specimen were stuck by Darofix! in a groove
cut in a quartz tube as shown in the inset in Fig. 3.5. The
apparatus was suitable for handling a 5.5mm. long specimen and in
the configuration used the magnetic field was along the diameter
of the disc and along the axis of the quartz tube. The diameter
of disc chosen to be along the quartz tube axis was one of the

principal crystal sxes. The strain gauges stuck on the discs
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served as a useful secondary standard to check the alignment.

Takipg all the factors into account, the accuracy in the direction
of aliénment was about :po. The centre of the disc and the centre
of the 'sample! coil were made coincident by measuring the positions
w.r.t., fixed points as well as by checking the output of the !'sample!
coil as a function of position. The temperaturesof the specimens
were measured by a copper-constantan thermoéﬁuple passing through
the specimen holder tube and the junction of the thermocouple was in
close proximity of the specimen. The thermo-e.m.f. was measured by
a portable potentiometer and Scalamp galvanometer. For polyecrystalline
specimens a lump of the material was stuck at the end of a quartz
specimen tube, the direction not being of any importance in these

cases.

(b) Data and its Treatment

The current measured by the milliammeter could be converted to
magnetization by calibrating the instrument. Samples of pure Iron
and Nickel of known mass were used and the data of Weiss and Forrer(80)
was used. If o 1is the magnetization per unit mass and v is
the mass of specimen used and a current I is required to balance

the signal from the 'sample'! coil, then

L .
g = A /w cesew (303)

where A is a constant. To obtain the magnetization per atom (ﬁ )

in an alloy 'AB?, containing a fraction x of element A, the relation

W= gé%% ceees (3.4)

where M is the effective atomic weight of the alloy given by

M=xM + (1 - x) My e (3.5)
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where MA and Mﬁ are the atomic weights of the elements A and B. The
equipment could measure a minimum magnetization of 5 x 10-3 e.m.u.
éorresponding to I of 0.1 mA. The overall accuracy in ¢ was
estimated to be +3%.

Standard déuble dewar techniques were usgd for liquid Helium
temperature work and a single dewar was used between ?ZOK and room
temperature. The spééimen was-éu;roundéd by a helium gas atmosphere
during the measurements.

The magnetization measurements yielded information about the
paramagnetic Curie point, effective paramagnetic moment, the Neel
point, the ferromagnetic Curie point, the saturation magnetization
at different temperatures and the behaviour of the critical field
required to trigger a transition from the antiferromagnhetic to the
ferromagnetic state.

For the determination of the paramagnetic Curie point (Op)
and the effective moment in the paramagnetic state (péff)’ a graph
of l/o against the temperature T was plotted. The intercept on
theT axis for the linear porticngave the value of Qp. The
gradient of the graph was used to obtain the Curie constant C.

If C is expressed in e.m.u. 'K gm mole-l'Oehl, then

Mopp = 2.83 /C ee.. (3.6)

gives the value of bore in Bohrmagnetons/ion. In case of the alloy
YAB! described by the eqn.(3.5), the effective paramagnetic moments

of the alloy and the constituents are related by

byp = ['qu x + uBz (1 - x):]% e (3.7)
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where effective paramagnetic moment per ion of AB,

Han

Hy effective paramagnetic moment per ion of 4,

and uB

When B is a non-magnetic constituent,

effective paramagnetic moment per ion of B.

Mg = Wy 4 x cees (3.8)

This relation was-used fo obtain the paramagnetic moment per
terbium ion.

There are several methods for the determination of ferromagnetic
Curie point from the experimental data. In this investigation 02
was plotted as a function of temperature (T) in a given magnetic
field of strength H. The extrapolation to 02 = 0 gave a set of
values of T as a function of H, from different sets of experiments.
The extrapolation to H = O gave a temperature Td’ which was
considered to be the ferromagnetic Curie point. The data connect-
ing H and T gave the variation of critical field with temperature,

gfi T plots showed characteristic peaks at the Ngél point, which
disappeared at magnetic fields higher than the critical value. The
position of the Ngél point was a function of the magnetic field and
the extrapolation to zero field was taken to be the Neel point (TN).
To obtain the saturation moment, theCf"vs.%ﬁA plot was extrapolated
to H = oo . The resultant value of ¢ was taken to be the saturation
moment. To obtain the saturation moment per terbium atom from the
alloy, it was assumed that the scandium atom does not carry any

moment. Under these circumstances

pr/ion _ balloy/ion vesees (3.9)

X
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where /400 is the saturation moment per terbium jon,

g alloy/ion is the saturation moment per ion:of the
alloy and x is the fractional concentration of terbium. The majority
of the data were taken in isofield condition and the saturation
magnetization at any temperature T was obtained by the extraction of
information from several o - T (isofield) curves. This was not
altogether satisfactory but the apparatus was not suitable for use

at temperatures intermediate between the various fixed tamperature

baths (liq.Ne, lia: N,s dry ice, pentane slush etec.).

The specimens used in all the experiments performed on single
crystals were disc shaped. The shape is not conducive to tﬁe
calculation of the effect of the demagnetizing field. Any
éstimation of the demagnetizing factor for non-ellipsoidal bodies
is open to errors as pointed out by Zijlstra(Bl)t The value of the
demagnetizing factor for an oblate ellipsoid is perhaps the nearest
to that of the discs used in the experiments. For a ratio of 5.1
for the length of the axes the value of the demagnetizing factor
is approximately‘b;lZ. For a disc magnetized along the diameter,
this is small and so all the resﬁlts are quoted in terms of the

applied magnetic field.
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EXPERIMENTAL RESULTS

4.1 X-ray Lattice Parameter and Density Measurements

The fa' and ‘¢! parameters at room temperature of the alloys
are shown in Fig. L.1. The powder diffraction patterns obtained
consisted of sharp lines and analysié of the data yieided'éstimates
of the lattice parameters to i0.00S R. The 'a' axis parameter lies
on a straight line joining the terminal values within experimental
accuracy while the fc'! axis parameters at intermediate compositions
fall below this line. Vegards! Law is not obeyed for this parameter.
Deviations have been noted in other rare earth alloy systems. The
X-ray densities (o Xx-ray) of the alloys were estimated from the

lattice parameters and compositions using the relatienship

p X-ray = %% veee (L.1)
where Z = No. of atoms per unit cell (= 2)
A = Formula weight,
a2 Y3
V = Cell volume ( = 2—2"=<)
and N = Avogadro's number

Independent measurements of the densities were made using
pycnometric methods as described in the previous chapter. The
results of the X-ray density and the pycnometric density
ﬂéasurements are shown in Fig. L.2. Within experimental errors
involved the two agree well, with the pycnometric density always
giving a slightly higher value. The corresponding values for
the terminal elements also show the same characteristic, the
pycnometric density being slightly higher than the X-ray densitj.

The densities and the lattice parameters for the various alloy
compositions are listed in Table L.1.
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TABLE L.1
. Density
Alloy La’;tlce Paramiter ams/c. c.
o X-ray Pycnometric
+ 0.005 A + 14

Ty, 895%0. 11 3.57 5.6L6 _ 7.8 7.85
T00.825%0.175 3.551 5592 7.55 7.64
Tb0.695500°305 3.514 5.568 6.96 7.07
Tbo's SCO.S 35)456 5-’-‘-55 6.01 6.08
oy, 35 50,65 3.408 5.395 5.21 5.25

Tby, o5 S0 7c 3.383 5.353 %.58 4.67
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L,.2 Magnetization Measurement

Magnetization was measured along the principal directions of the.
alloy discs and onpeolycrystalline lumps. The results are given in

the sequence of increasing scandium concentrations.

Sc

(a) Tby gg Scg 19

Figs. 4.3 and L.L show the magnetization ;gainsé field (o -H)
plots at three different temperatures for the a and b directions.
The ¢ axis is magnetically very hard and the ¢ -H plots are linear.
The a axis is the easy direction of magnetization and shows a good
degree of saturation while the b axis ¢ - H curve at L.2°K shows a
gradient even at a field of 10 kOe. The sgturation moment along
the a axis has been estimated and the moment on each terbium atom
calculated.

Fig. L4.5 shows the variation of ¢ against T for some values of
the magnetic field for the a direction. There is very little change
in o between h.ZoK and about 100°K when it shows a fall. The
transition from the helical antiferromagnetic state to the ferro-
magnetic state is associated with this change in magnetization.

As discussed in the previous chapter, the variation of the

critical field with temperature and the ferromagnetic Curie point
can be estimated. A cusp in the o -T curve just below 200%K is
observed in lower magnetic fields. The cusp is swamped at

highe; fields and only a trace is present. The cusp is associated
with the Néél point and TN is obtained by extrapolation to zero
magnetic field. Fig. L.6 shows the temperature variation of the
critical field in this alloy. It is linear up to about 190°K

above which the data is not clear enough to say whether there

SETa T
PE Y LR
{ S L2 MAY 1972
\\\ .r‘_i_h‘ilﬂ.l U]
~ \_&(SR-\,.“



13 OD

Q00

@m“'l gn

o0

‘bo.gcg SCO- \i

‘ol owmis

- 57

T= 4-2°1 _

——
ar s wa e mermanm e ad

P
.f"“ﬁ -

Jo——

/F

T=77°k

‘Fig. 4.3

10



- 58 -

)

=}

0.8Q Seq
3

b
oxte

200

200

e-mulﬁ

\oo




s T (elelrd Q) 201 oS Q
_l vl.l/ ] 1 h a 0
o0% 7°0 s
~ 00l
0m }' g <
H E.m\ Ny
>
|
O\
n
1 - @02
wn
=
Sikve 0 ._m.c
1"25¢ b3og, -
ST 201 2y = 1
’ - ©C¢




- 60 -

/ !bc,.sqi'c.\\

\30 \50 7o \ao 210



L A



- 62 -

QoT

1
W_mo_ - a9} oY

W._X.JM q
;.OUW bg'o

20 €1 =Y

sk el

400¢

Fig. 4.8



09\ Q O\ Qs
0T OQ.N . : ;
202 7Y =4
& /
) Sixv
_—.OJM L3 QAJL\

\n

(vt ) 0

o\

Fig. L.9



- 6L -

is a fall off, as observed in some heavy rare earth metals and some
alloys. Above  the Néel point, the magnetization results were used
to obtain l/ X against T plots. It is observed that l/ x shows a
Curie-Weiss type of behaviour, but deviation is observed as the
Neel temperature is approached. From the l/x vs T plots, the
paramagnetic Curie points along the different axes and the effective
paramagnetic moments were calculated. Fig. 4.7 shows the l/X vg T
plots along the different axes. Figs. L.8 and 4.9 show the o-T
plots for the alloy along the b and ¢ axes. The details along the
b axis are essentially the same as those for the a éxis, whereas

the ¢ axis data only show the cuspat the Neel point and do not

show the increase corresponding to the antiferromagnetic to
ferromagnetic ordering. The polycrystalline Curie point may be
well represented by a weighted average of the basal plane and the

¢ axis 8p values according to
2 1 .
Qp(poly) = /3 Qp(basal) + /3 Qp(c-ax1s) ceees (Lo1)

(b)  Tby goeS¢q 175

The magnetization characteristics of this alloyare:similar

to thoseof Tb and the results are shown in Figs.

0.89 °%0.11

4.10-4.12. The details are so similar tothose of Tb0.89 ScO.ll

that it is not of great importance to explain the figures.

(c) Other Compositions

Magnetization was measured for the alloys of composition

0.695 5%. 3052 0.5 5%.57 TPy, 35 5%.¢5 274 0y 55 Sy g5
With the exception of Tb0.25 Sc0.75 which does not show magnetic

ordering, the alloys showed an antiferromagnetic ordering. The
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results for the alloys which show antiferromagnetic ordering may
be characteristicaliy represented by the behaviour of Tbo SSCO g
and shown in Fig. L.13.

The magnetic data is summarised in Table 4.2.

L.3 Magnetostriction and Thermal Expansion Measurement

- The prime object of these measurements was to obtain the. xrjzterm
of -the Callen and Callen expression (eqn. 2.18) to evaluate the
magnetostrictive energyand thus obtain an estimate for the driving
force to ferromagnetism and S0 magnetostriction measurements were
made on the two alloys which show ferromagnetism.

Preliminary measurements were made on single crystals of
terbium, dysprosium and holmium as an exercise in evaluating the
performance of the experimental apparatus. Fig. ;.1 shows the
thermal expansion for the b and ¢ directions of a terbium single
crystgl.

.Thermal expansion was measured between 77°K and 292°Kk along
the a,b and ¢ directions of the Tb0.89 Sco,ll alloy single
crystal and the results are shown in Fig. 4.15-4.16. Along the
basal plane directions, a change in the gradients of the AL/ LvsT
curves is observed around the Néél temperature and a discoﬁtinuity
at the Curie point is observed. Along the c axis, there is contraction
as the specimen is cooled down from the room temperature. Below
the Néel temperature, the axis expands with decreasing
temperature. There is a sharp contraction at the Curie point and
at lower temperatures a small:-contractionis observed. The 'ALVL
vsT curves are used to calculate the values of the

expansion coefficients and these are shown in Fig. L.17.
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The magnetostriction along the basal plane 'a! direction and
along the fc' direction was measured at room temperature. The magneto-
striction for the paramagnetic range = H2 and this behaviour
was observed as shown in Fig. 4.18 for the c axis.

Experiments were performed on the basal plane specimen to.
observe the strain along the a axis as the field was rotated and also
to observe the strains as the field was applied along the a and b
directions. Fig. h.lgzzglws the a axis magnetostrain as a fgpction
of the angle of the magnetic field with the b direction at 77°K and
194°K for H = 10.25kOe. Fig. h.éSZZQOWS the variation of the
magnetostrictive strain along the a direction when a field of
10.25k0e is applied along the a and b directions. The measurement
of this is relevant to the estimation of the XY’Z coefficient iﬂ
the Callen and Callen expression. Measurements of the. thermal
strain for H = O are also included in Fig. 4.20. The measurement
of the strain along the b direction with fields along the a and b.

. direction also yields the value of AY’Z and within experimental
errors this was not different from those obtained for the a axis
measurements. ‘s axis measurements could not be made to yield
reproducible results. The specimen, because of its large
anisotropy, could not be held satiéfactorily in position. Uée of
strong adhesives produced erratic results, possibly due to the
strain induced by the adhesive.

Measurements on the TbO 825 Sc alloy discs were also

0.175

made along the scheme outlined for
(P8)  (f83)

Fig. h.21kand h.22kshows the a and c axis thermal expansion

('AIVL) over the temperature range 80°K-290°K for the alloy.

Tb0.89 ScO.ll alloy discs.
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Fig. L.21 also shows the magnetostrain induced when the field is
applied along the a direction as well as perpendicular to it.

Only one single crystal disc for Tb could be

0.695 5%. 395
obtained containing the basal plane. A check on the thermal

expansion along the a axis was made.
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CHAPTER 5
DISCUSSION

5.1 Magnetic Phase Diagram

The neutron diffraction experiments on terbium-scandium alloys
conducted by Child et al.(52,53) were used to produce a magnetic phase
diagram. Fig. SF;:z%st the magnetic phase diagram of the system as
deduced from the magnetic measurements. There are three regions.

In the region 1 the system is paramagnetic, in the region 2 there
is antiferromagnetism with the spins forming a helical system and
in the region 3 the system behaves as a normal ferromagnet. As the

boundary between region 2 and 3 falls sharply with composition it

is not easy to define the boundary line accurately.

5.2 Variation of Ordering Temperature with de Gennes Function

The magnetic measurements have also been used to observe any
correlation between the ordering temperatures and the de Gennes
function for the alloys. The paramagnetic Curie points of the
alloys are plotted against the effective de Gennes functions (®
for the alloys on a logarithmic plot in Fig. 5.2. It is found
that the paramagnetic Curie points approximately obey a ep«,a2I9:?
law. . The heavy rare earths obey a Qp « G law and this is
also approximately followed for the alloys of the heavy rare
earths with yttrium. The only information available about the
scandium alloys is for the Gd-Sc system as measured by Nigh
et al.(51) and an inspection of their data shows that a
6 « 8l75

« representation approximately fits the results.

As pointed ocut in the introductory remarks the Néel points
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of the heavy rare earths, intra rare earth alloys and alloys
between yttrium and the heavy rare earths follow a universal

TN a;ég/B law. This law i;'also obeyed for the Curie temperatures
of some Gadolinium alloys which do not show an'antiferromagnetic
phase as well as for the Curie temperature of gadolinium metal
itself. The Néél points of the terbium-scandium alloys are plotted
against the de Gennes function in Fig. 5.3. The data can be
approximately represented by a TN a:§1°33t0°05 law. The available
data on the other rare earth-scandium systemswere inspected and

it was found that the 2/3rd power law is not obeyed for these
systems, The exponents in the TN « G representation are found
to have the values n = 1.5 for Gd-Sc, n = 1.33 for Tb-Sc and

n = 1 for Ho-Sc and Er-Sc alloys. The values of n are not to be
given a great deal if importance as regards their accuracies.

What is important, however, is that the power law shows a
monotonic variation as the heévy rare earth component is changed.
The 2/3rd power law is not a natural consequence of the RKKY
theory. In all previous investigations of alloys containing
appreciable proportibnsof rare earths this law has been found to
be obeyed. The experiments of Nagasarra et al.(L8) on the Tb-Y¥
system containing small amounts of Tb pointed out that the 2/3rd
power law breaks down for the alloys containing less than 10
atomic percent Terbium and there is a limiting concentration

of Tb for magnetic ordering. Similar effects are also observed

in the measurements of Nelson and Legvold(82) on Dy~-Y alloys.

5.3 Moments in the Alloys

From the table 4.2 we cobserve that the saturation magnetic

moment per terbium atom in the ordered state for the two alloys
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which show the ferromagnetic phase is higher than that predicted
by the gJ value. This can be attributed to a contribution by the
conduction electron polarization. The effective moment per
terbium ion in the paramagnetic state is also found to be higher
than that predicted for the free ion. Following Weinstein's(L7)
treatment the room temperature values of the susceptibility may be

used to obtain the value of the effective moment per terbium ion

at infinite dilution. This also leads to a value of

Mopr = <l°'219°2)“3'

5.4 Comments on the Interaction in the Terbium-Scandium System

Wollan (55), as mentioned before, treated the observed
properties of the Gd-Sc and Tb-Sc allo&s with an approach based
on the postulate that alloying with scandium reduces the spacing
of the rare earth ions and this has the same effect as applying
pressure to the system. This effectively reduces the ordering
temperature. The trend in the properties of the terbium-
scandium alloy is observed as this volume contraction effect would
predict. McWhan et al.(83) and Milstein ef al.(8lL) have discussed
the results of high pressure experiments in terms of the RKKY
model. In the molecular field model, the RKKY model does not
allow for any dependence on the size of the lattice but.is only
a function of /a. The ®/a valuesin these alloys do not change
a great deal. So the free é%ectron model, in a first order
picture, cammot account for the observed properties in these
alloys. It was also pointed out by McWhan et al.(83) that the
2/3rd power law for the Néel roints is not a universal one and

in their investigations dTN/dP scaled with G. In these results,
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the observed b/Brd power law and the various power laws in the
other scandium alloys point to the fact that these power laws
may be related to the contraction of the lattice. To show that the
exponents have a monotonic dependence on the rare earth component,
we plot the exponents as a function of the atomic No. as shown in
Fig. 5.4. Specht(lil) pointed out that a change in the free electron
Fermi wave number causes appreciable changes in the ordering
characteristics. From a free electron model, the Fermi wave number
will change appreciably as scandium ié alloyed with terbium. This
may be the reason why the ordered structure is not observed even
for high terbium concentrations. There have been suggestions as
well that the absence of ordering may be due to the fact that each
terbium ion may not have two nearest neighbour: terbium ions to
maintain long range order. But at 25¢ terbium concentration the
probability of the nearest neighbour terbium ions is high.
Alternately as Nagasawa et al.(L9) suggested it may be.due to a
mean free path effect, In this scheme the conduction electron
polarization may for some reason lése its memory before it gets

to the next terbium ion to sustain the ordering and thus reduce

the interaction., But it is unlikely to be the reason for the
absence of long range interaction in the alloys with a high
proportion of terbium. The interaction between the ions in

these alloys, in the RKKY model, depends on the conduction

electron susceptibility which is referred to as X.q) in the
literature. Appropriate theories have not yet been developed

to take care of the variations in X(q) due to the cémplex

band structures and the effect which will be produced by
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compression. The addition of scandium may produce changes in
x(q) which will cause the absence of crdering in the alloys.
The Fermi surface should also show complicated changes over the
sequence and this will be reflected in the x(q) and thus in the

ordering of these alloys.

5.5 Exchange Constants and their Variation

The magnetization meassurements for the two alloys which
showed ferromagnetic phases were used to obtain the data on the
variation of critical field with temperature as shown in
Figs. 4.6 and L.12. This data in conjunction with the data on
turn angle variation with temperature for a Tbo.9Sco.l alloy
supplied by Dr. H.R. Child(85) of Oak Ridge laboratories were
) used to evaluate the exchange constantsg.l a.nds2 for the
Tb0,89 Sco.ll alloy. It must be emphasised that importance must
be laid on the trend rather than the precise values of‘Sl_and

and

32. Fig. 5.5 shows a plot of the exchange constants 1 ‘5

derived using formuiae (2.10) and (2.12) for the Tb0.89 Sco°11
alloy. The thermal expansion measurement on the same alloy
along the c axis can be used to evaluate the lattice
parameter at these temperatures and plot the exchénge constants
as functions of the c axis spacing as shown in Fig. 5.6. A
comparison of these results with those in ref. 2.9 shows.the
similarity of the effects. This shows the strong dependence
of the exchange constant on the details of the helix.

The above treatment following the simplgst model obviously
has .the scope for improvement. In itself the simple model .

has goi no way of catering for the variation of
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the exchange const.a.ntsgl and 3-2 with temperature intrinsically.
It is obvious that gl and 8-2 which arise from the RKKY inter-
action will have a dependence on the interplanar spacing along
the axis of the hexagon. Darnell et al (86) used this concept
following the discussion in Jarrett et.al. (87).

Landry and Stevenson (88) used. a similar
term in their analysis of their attempt to account for the
temperature variation of the turn angle. Lee (89) included the
-variat.ion of both 3'1 and 8-2 with the ¢ axis parameter. Following
Lee!s analysis the energy of a hélical spin system as expressed

in eqn.(2.8) is modified to

2 .
Eox = 1 (9_2&) Y - M:s2 Egl(o) + ?3(1_1_ ('(:-Co);Cos e
i

Co
- m? Ejz(o) . 22 (c-CO)g Cos 20 ... (5.1)

where €0 is the equilibrium interlayer separation, Y the Young's
modulus and the other symbols have the same significance

as in egn.(2.8). On minimization of the energy, i.e. applying

the condition ah‘ex = O,the equilibrium c axis strain can be
dc
represented by
2 ;
Al =CMs EE_JF;COSQ +f_‘:‘g CosZO;-(S.E)
Y de de ’

From the experimental data on Tb the c axis

0.89°%0.11’

magnetostrain in conjunction with the magnetization and tur

d d
angle values have been used to estimate l/Y - and l/Y _dczf .

These have the values

1 YEQ; = 0.023 on’/erg
de '




4,

and 1'/Y = = - 0.p10 cm?/erg

Similar analyses have been made by Rhyne et al.(90) for
holmium and Landry's(91) treatment of dysprosium is based on a
model which is a modification of Leel!s model. It is to be

stressed that the importance of this analysis is to provide an

d
indication of the relative magnitudes of —a%_ and -E% and the

numbers are not precise. No parameter for Y is used as the
relative magnitudes are of interest. The ratio

d
a-= 1/dc has been estimated by Palmer (92) for dysprosium

§

‘and holmium from elasticity measurements and he obtained values

/dc

not widely different from those given by this model. The value

of a for Tb falls between those of dysprosium and

0.89°%.11
~ holmium.

From the values °f31 andﬁ2 as functions of the c axis
lattice parameter an estimate of a may be made. The value
obtained is .3 as compared to 2.3 from the above anai&sis.

Lee also pointed out that the basal plane strain induced
when a system is in the helical state may be due to the effect
of the c axis strain. The c axis expands in the antiferro-
magnetic region and this magnetostrain may cause a contraction
in the basal plane. This would cause the ¢ and a axis strains

to be related through a "magnetic Posson's ratio! as defined

by Na = " pare

An estimate of the value of ¢ has been made for Tb0.89 Sco.11

between the two transition temperatures T. and TN' In Fig.

C

5.7 the value of p is plotted against T and it is observed
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that o stays reasonably constant between 150°K and 180°K and
only departs from this character near TN. So it seems that
the basal plane strain is due to the axial stresses in the
helical reglon,

The two constant model for the helical spin structure has
been used in this analysis following the tneatment of similar
systems. Bjerrum Mgller et al.(93), however, have used a four
constant model to fit inelastic neutron scattering experiment
results on the ferromagnetic phase of terbium. A four: constant
model is obviously far more complicated and doés not lead to
immediate simple solutions as does the two constant model.
More experimental results on the spin wave dispersion curves in
different systems would provide us with further information

about the limitations of the two constant model,

5.6 Estimate of the Magnetostrictive Energy

It was pointed out in the introduction to the magnetostric-
tion measurements that it was of interest to estimate the con-
tribution of the magnetoelastic energy in these alloys.

Figs. 5.8 and 5.9 show the variations of the A vs2 parameter

for Tbo.g9 Sco.ll and Tb0.825 Sco.175 2lloys with temperature.

The experimental curves fit in reasonsbly well with the single
ion expression of Callen and Callen. From the extrapolation

¥
of the A ’2(T) curve a value of AYs2

at T = 0°K can be

estimated. The magnetoelastic energy can be derived from the
Y Y
AYs2 term with the use of the symmetry elastic constant c .

There is no experimental data for cY available for: these

alloys.
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An attempt has been made to estimate the value of cY from
the available data on the heavy rare earths. The single crystal
elastic constants for some rare earths (Dy, Ho, Gd and Er) have
been measured by various workers (92,94-95). The attempt to
derive the values for the terbium-scandium alloys from these
measurements is obviously open to criticism. In the absence of
any other meang the de Geﬂﬁes function and the ordering tempera-
tures of the alloys have been considered as two criteria to
correlate them with the heavy rare earths. A plot of &1 and
c12, the elastic constants which give the value of cY, against
the atomic number of the rare earths was made. The ordering
temperatures of the heavy rare earths were also plotted as a
function of the atomic number and an apprcpriate effective
atomic number was alloted to each of terbium-scandium alloys
compatible teo their ordering temperatures. This effective

atomic number was then used to obtain a value of 01 and 10
and consequently CY. In view of the simplicity of this
approach no account of the temperature dependence of the elastic
constants was taken (up to 20% in case of Palmer's data). The

Y
estimated values of the ¢ constant for the alloys were

¢' (b 20 x 10% °K/atom

0.89%%.11)
d ¢ (Tby goeS )= 22 x 10* °K/at
and ¢ (Tby gpgScy 19g)= 22 X atom
and the values of the energy obtained for the two alloys were

Ems (T

and E (T
ms

0%K) 1.25%K/atom for Tb

0.89°%0.11

0.825°%,175

From Cooper's(33) analysis of the terbium results it is found
that the corresponding energy for pure terbium is 2°K/atom.
Comparing these values, it can be seen that the magnetoelastic
energy is falling rapidly with the addition of scandium to

0°%k) = 0.8%°/atom for Tb
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terbium as shown in Fig. 5.10. If we assume: that the driving force
from the helical antiferromagnetic state to the conventional
ferromagnetic: state is provided by the magnetostriction, thenthe
ferromagnetic phase will be absent in alloys with quite high
concentrations of terbium as the extrapolation of the line in
Fig. 5.10 goes to zero for an alloy containing about 75 atomic
percent terbium. -

In order to find out whether the variation of the driving

energy as defined in eqn.(2.23) by

A = Ehelica.l ~ Eferromagnetic

followed the same dependence on temperature as the magnetostrictive
energy over the helical spin arrangement range,.a plot for A

against the reduced magnetization on a logarithmic scale was

made for the Tbo.89Sc0.11 alloy. It is found that the fuéctlon
2
31(1 - Cos 6) H follows a
- <
M Cos © M
o

ML dependence within the accuracy of this scheme as shown in

Fig. 5.10. The magnetostrictive energy derived from the %7’2
values plotted in Fig. 5.11 showsan approximate M§ dependence

as the temperature is raised. Since A 1is related to the

driving energy as EHrivinE M2 A , it can be concluded that the
Méldependence is also obeyed in the case of  the.driving energy.

As discussed by Feron et al(67)anisotropy energy and elastic energy
terms should also be considered for their contributions to the

‘A term. But in the temperature range where the antiferro-
magnetic arrangement occurs the contribution due to anisotropy

can be considered to be small and the change in the elastic .
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energy will also be small from the inspection of the available

data on the heavy rare earths.
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CHAPTER 6

6.1 Summary

The neutron diffraction measurements on the terbium-scandium
alloys pointed to significant differences in the properties from
those of the terbium-yttrium alloys. Magnetic measurements on the
terbium-scandium alloys substantiate these findings.' It»is found
?hat the paramagnetic Curie points follow a higher power dependence
‘on the effective de Gemnes function (Opg;az) in contrast to the
linear variation found for the terbium=yttrium alleys. It is
also found that the Neel points follow a T, « Gh/B law for the

N
2/
series as opposed to the T, o« & 3 law, which is followed by all

N

the alloys of heavy rare earths twith yttrium and the intra rare
earth alloys. These differences are attributed to possible
changes in the interaction due to the contraction of the lattice.
Since a simple model of the RKKY interaction does not cater for
any variations due to changes in lattice spacings, it is
possible that the interaction is changed by a change in the
Férmi wave number or changes in x (q), the conduction electron
susceptibility.

The magnetostriction and thermal expansion measurements

on single crystals of alloys of compositions Tb nd

0.89°%.11 ®
Tb0.825 s°o.175 have been used to estimate the magnetostrigﬁ%ve
energy and this energy falls off rapidly with the addition of
scandium to terbium. If the ferromagnetic ordering is due to
the magnetostriction in the system, the absence of a ferro-

magnetic phase, even in alloys with a high proportion of terbium,
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If the ferromagnetic ordering is due to the magnetostriction
in the system. the absence of ferromagnetic phase,even in alloys
-with a high proportion of terbium, will be accounted for by the
fall off in the magnetostrictive energy.

An estimate of the interlayer exchange constants and their

derivatives has also been made for the Tb alloy with

0.89°%.11
the help of turn angle data provided by Dr. H.R. Child of the
Oak- Ridge Laboratories. They have the same qualitative variation

as the heavy rare earths (e.g. Dysprosium).

6.2 xSuggestions for Further Work

There are several interesting features in these alloys which
need attention. Single crystals in the critical composition
range (73-77 atomic percent terbium) will provide more
information about the ferroﬁagnetic-antiferromagnetic transition.
Elastic constant measurements over the whole range of composition
will be useful to permit estimation of the energy terms
accurately. To get a better idea of the energy in the ordered
state the anisotropy contribution needs to be taken into
account. Experiments to obtain these constants should provide
useful information.

Inelastic neutron diffraction experiments will be very
useful in obtaining the exciton spectra and will be of great
help in the understanding of the system. If very pure
materials are available, Fermi surface measurements will be
interesting to observe the effects of the céntraction of
the lattice. This may provide us with an answer to the

nature of the interactions in these alloys.
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APPENDIX I

SYereographic Projections for Hexagonal Crystals

Standard projections for the three principal directions in
hexagonal crystals were necessary in course of these investigations.
The (0001) projection is available from any standgrd book
(e.g. ref. 75), bvut the (1120) and (10I0) projections were not
obtainable directly. Koepke and Scott's work (ref. Th)
mentions these but no projections are produced.

A simple computer programme to work out the angle between
the planes (h k 1) and h'k'1l'), where the indices were varied
from O to 3, was used. Figs. Al to A3 show the standard
projections for the-three principal directions on starndard
Wulff nets. These projections are for the c/a value of 1.58.
This is useful for most héavy rare earths and théir alloys.

It is not difficult to plot these for other values of c/a.
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